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Abstract

:

Diabetes mellitus, a chronic metabolic disease with an alarming global prevalence, is associated with several serious health threats, including cardiovascular diseases. Current diabetes treatments have several limitations and disadvantages, creating the need for new effective formulations to combat this disease and its associated complications. This motivated the development of therapeutic strategies to overcome some of these limitations, such as low therapeutic drug bioavailability or poor compliance of patients with current therapeutic methodologies. Taking advantage of silica nanoparticle characteristics such as tuneable particle and pore size, surface chemistry and biocompatibility, silica-based nanocarriers have been developed with the potential to treat diabetes and regulate blood glucose concentration. This review discusses the main topics in the field, such as oral administration of insulin, glucose-responsive devices and innovative administration routes.
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1. Introduction


In 2016, the World Health Organization reported 422 million adults living with diabetes (around 8.5% of the adult population), representing almost four times more individuals than in 1980. This was mainly attributed to type 2 diabetes and its risk factors, including overweight and obesity. Every year, around 1.5 million deaths are directly attributed to diabetes, being the ninth cause of death globally [1]. In Portugal, numbers from 2014 reveal that 9.2% of the population suffered from diabetes, accounting for 5% of deaths at all ages [2]. The increasing prevalence and the severe health risks associated with diabetes triggered the research to develop new therapeutic approaches to fight the increasing incidence of this disease as well as ameliorate the symptoms, life quality and life expectancy of diabetic patients.



In recent years, new therapeutic strategies have been proposed for diabetes, either for oral delivery of antidiabetic drugs or to achieve a more controlled hypoglycaemic effect. Several nanomaterials of distinct composition, such as lipid [3,4,5,6] and polymer [7,8,9,10] nanoparticles, metal organic frameworks [11,12] and silica nanoparticles [13,14,15], have been reported for improving oral bioavailability of antidiabetic drugs. Lipid nanoparticles increased the oral bioavailability of antidiabetic peptide drugs. However, the clinical application of the system is limited by its low encapsulation efficiency and poor stability in aqueous fluids [16]. Polymer nanoparticles provide good encapsulation efficiency and varied chemistry and can be prepared from biocompatible polymers, such as polylactic acid (PLA) and polyethylene glycol (PEG) [17]. However, they easily disaggregate in biological fluids, which limits the oral bioavailability of the drug and may cause hypoglycaemia if a burst release in the bloodstream happens [16]. Metal organic frameworks have also been studied for diabetes treatment, but to a much lower extent and consequently with many questions still to be addressed, such as stability, intestinal permeation and safety [16]. In contrast, silica nanoparticles have excellent physicochemical stability, good biocompatibility, high loading capacity (porous silica) with controllable particle size, surface area and pore volume, and an easily modifiable surface [16,18]. Accordingly, several studies demonstrate that the capacity of silica nanoparticles to be used has a potential alternative for diabetes therapy [19]. Furthermore, among inorganic coating materials, amorphous silica (SiO2) is by far the most frequently used material for bioapplications [20]. The silica shell provides a springboard for direct functionalization with readily available organofunctional silane coupling agents for subsequent conjugation with drugs or biomolecules [21,22,23].



Mesoporous silica nanoparticles (MSNs) are the most frequently studied in the context of antidiabetic therapy, but other silica nanocarriers have also been reported [24]. Using MSNs, several molecules with antidiabetic effects have been investigated, with a particular focus on insulin [13,14,15]. Although the antidiabetic effects of various polyphenols are well known [25,26] nanosilica-loaded polyphenols for diabetes treatment have not yet been reported [27]. Nevertheless, these systems have been tested in the treatment of other diseases, including different types of cancer such as breast cancer [28,29], prostate cancer [30], melanoma [31] and others [32], as well as cardiovascular diseases [33].



Here, we present a review of the work that has been developed employing silica-based nanoparticles for treating diabetes. The main approach of the works described here aims to control/reduce glucose blood levels, yet other therapeutic goals have also been proposed. First, we introduce the diabetes mellitus disorder and the existing treatments, followed by a brief description of silica nanoparticle properties and synthesis methods, emphasizing MSNs. Then, we discuss the nanosystems proposed for insulin delivery through different administration routes, their characteristics, strengths, and limitations, as well as for other drugs with hypoglycaemic effects. The main objective of this review is to compile relevant works and provide a critical point of view on silica nanoparticles’ usage in managing diabetes and its related complications.




2. Diabetes Mellitus


Diabetes mellitus, commonly known as diabetes, is a set of metabolic disorders characterized by hyperglycaemia related to a deficiency in insulin secretion, insulin action or both [34]. Insulin is a peptide hormone synthesized by the β-cells of the pancreas, responsible for regulating the storage and release of energy during feeding and fasting, controlling blood glucose levels [35]. Among its many effects, this peptide stimulates GLUT4-mediated cellular glucose uptake in muscle and adipose cells. The transport respects the gradient concentration through facilitated diffusion, not requiring ATP. Insulin receptors recognize insulin and allow glucose to be transported through the cellular membrane (Figure 1) [36]. The symptoms of diabetes may include frequent urination, increased hunger and thirst, weight loss, and unconsciousness [37].



Although there are many subclassifications of diabetes, its two main forms are type 1 and type 2 diabetes. Other forms of diabetes are less common and include gestational diabetes, which develops during pregnancy. Furthermore, any diseases of the exocrine pancreas that damage the pancreas can result in diabetes, including pancreatic cancer and cystic fibrosis, drugs or chemicals, and infections such as congenital rubella. Several genetic disorders lead to the development of diabetes, such as maturity-onset diabetes of the young, caused by genetic defects of β-cell function, genetic defects in insulin action genetic syndromes, including Down syndrome and Klinefelter syndrome, among many others [34,38].



Type 1 diabetes is autoimmune-mediated diabetes caused by the destruction of the β-cells of the pancreas by the immune system, usually leading to absolute insulin deficiency. Only 5 to 10% of diabetic individuals have this type of diabetes [34].



Type 2 diabetes is mainly caused by insulin resistance in target cells, leading to alterations in β-cells size and function. Patients often suffer from both defects in insulin secretion and action, making it unclear which anomaly is the primary cause of hyperglycaemia [34]. Due to a compensation mechanism of the body attempting to produce more insulin, the body increases insulin production to combat hyperglycaemia, leading to an increase in the size of islet cells and pancreatic β-cells. On the other hand, chronic hyperglycaemia caused by chronic over-nutrition has proven to induce β-cells apoptosis, diminishing their function. Apoptosis is caused by endoplasmic reticulum stress, a high intracellular calcium level, the production of reactive oxygen species (ROS) and oxidation stress [37]. This type of diabetes is the most common, with approximately 90 to 95% of total cases. This form of diabetes usually occurs in adults with insulin resistance and presenting relative insulin deficiency. Nevertheless, these individuals normally do not need insulin treatment to survive [34]. There are probably many different triggers for this form of diabetes. However, most individuals with type 2 diabetes are obese, and even those not obese according to standard weight criteria may have a higher percentage of body fat distributed mainly in the abdominal area [34,39].



2.1. Health Risks


The persistent hyperglycaemia caused by diabetes is linked to long-term damage, malfunction and failure of several organs, including the eyes, kidneys, nerves, heart and blood vessels [34]. Diabetes is a well-known risk factor for coronary heart disease and ischemic stroke. By itself, diabetes increases from two to three times the risk of coronary heart disease, major stroke subtypes, and deaths attributed to other vascular causes. Diabetic people tend to have more severe forms of coronary lesions. In fact, diabetes is three times more strongly related to fatal myocardial infarction than to non-fatal myocardial infarction. Actually, 10% of vascular deaths in adults in developed countries have been attributed to diabetes [40].



Other severe health problems might be caused by diabetes. Around 1 million people are blind due to diabetes. Diabetic retinopathy is the leading cause of blindness, and it is caused by long-term damage to the small blood vessels in the retina [41]. Diabetes is also among the leading causes of kidney failure [42].




2.2. Treatments


An efficient diabetes treatment must guarantee optimum and balanced blood glucose concentrations, as well as reduce long-term diabetes-related complications [34].



Since type 1 diabetes is caused by a lack of insulin production and secretion, insulin administration is the crux of treatment. However, insulin therapy alone fails to achieve target glycaemic control in the majority of individuals with type 1 diabetes and is associated with side effects, such as hypoglycaemia and weight gain [43]. For type 2 diabetes, diet and exercise may be sufficient therapies, but if these lifestyle changes do not yield adequate improvement, then drug treatment should be initiated. In some cases, insulin treatment may also be required, particularly in patients with abnormal glucose control in the latter phase of the disease. The major non-insulin-based oral therapies for type 2 diabetes include sulfonylureas and meglitinides (insulin secretagogues), biguanides (reduce hepatic glucose production and glucose intestinal absorption), peroxisome proliferator-activated receptor-γ (PPARγ) agonists (thiazolidinediones/glitazones) (insulin sensitizers), GLP-1 agonists and dipeptidyl peptidase-IV inhibitors (incretin mimetics), α-glucosidase inhibitors (e.g., acarbose) (reduce the intestinal absorption of glucose), amylin analogues (pramlintide acetate) (delay gastric emptying, suppress the secretion of glucagon and inhibit appetite) and SGLT2 inhibitors (gliflozins) (reduce the renal reabsorption of glucose) [44]. Although oral hypoglycaemic drugs (either administered as monotherapy or given in combination) are generally considered safe, as with many other drugs, they are associated with unwanted side effects, such as severe hypoglycaemia, weight gain, gastrointestinal symptoms such as metallic taste in the mouth, abdominal distress and diarrhoea, mild anorexia and nausea [44,45,46]. Moreover, lower therapeutic efficacy owing to improper or ineffective dosage regimen, altered side effects due to drug metabolism and lack of target specificity, solubility and permeability problems are major drawbacks associated with the use of the above-mentioned conventional drugs [44].



Therefore, circumventing the stated issues related to conventional drug usage is necessary [39]. In this context, nanoformulations present numerous benefits and have emerged as an interesting approach. Nanoparticles not only increase the solubility of the drug but also allow for a reduction in the dosage, a rapid onset of action, a controlled drug release profile, fewer side effects, optimized drug delivery, expanded drug half-life, minimized patient variability, and optimized bioavailability. So, they can resolve several of the drawbacks of current antidiabetics [47,48]. Moreover, nanoformulations often promote cellular drug uptake or disrupt cellular efflux mechanisms, such as the P-glycoprotein or target particular receptors that further strengthen the pharmacokinetics and pharmacodynamics profile of numerous antidiabetic molecules [44].





3. Silica Nanoparticles


3.1. Types and Properties


Nanotechnology is the science of engineering materials and systems on a scale usually less than 100 nanometres [49]. It involves developing diverse organic and inorganic-based nanomaterials, using various components, including phospholipids, polymers such as chitosan, dextran and polyethylene glycol (PEG), cholesterol, carbon, silica and several metals [50]. Nanoparticles are similar in size to many vital biomolecules, such as antibodies, membrane receptors, nucleic acids, and proteins. These mimicking size features, together with their high surface area to volume ratio, make nanoparticles a powerful tool in modern nanomedicine [51].



Silica nanoparticles are inorganic nanoparticles of different types, including the ones represented in Figure 2: conventional non-porous silica nanoparticles, MSNs, hollow mesoporous silica nanoparticles (HMSN) and core-shell silica [18]. MSNs and HMSNs are the most commonly employed silica-based nanoparticle treatments for diabetes [52,53,54], and for this reason, the ones that will be more detailed addressed in this review. Silica nanoparticle applications have been widely investigated in the realm of biomedicine, namely as nanocarriers to load a wide range of cargo, from medicines to macromolecules such proteins, DNA and RNA [55].



Mesoporous silica-based materials were first reported in the early 1990s by Mobil Company [56]. They are highly attractive for drug delivery due to their well-defined and controllable microstructure and excellent biocompatibility [57]. The superior chemical, mechanical and textural stability and textural properties, such as exceptionally large surface area, pore volume and tuneable pore sizes, provide greater drug loading and surface functionalization [30,57,58]. The great flexibility in surface functionality is owned by the silanol groups (-Si-OH) available for modification [30]. All this provides superior cargo loading capacities [58]. Additionally, HMSNs have a higher drug storage volume than MSNs due to the hollow centre of the nanoparticle [59].



Mesoporous materials are defined as having a pore size in the range of 2–50 nm [60]. However, typical pore diameters are between 2 and 5 nm, with different particle sizes ranging from nanoscale to microscale, with large surface area (from 700 to 1000 m2/g) and high pore volume (from 0.6 to 1 cm3/g) [61]. The pore size could be varied and tuned through the choice of surfactants used to synthesize MSNs to achieve greater loading capacity for molecules of different sizes and shapes [60]. The characteristics of the nanocarriers, such as size, shape, and pore size, are fundamental since they directly impact drug delivery. Pore size influences the loading and release of the drug. For instance, an enlarged pore might be advantageous for allocating bulky molecules such as insulin. Cellular interaction, for example, might be affected by the shape of the nanoparticles [62]. The size and surface charge of the nanoparticles can even have an impact on intestinal permeation, in the case of insulin being favoured by negatively charged small-size nanoparticles (less than 100 nm) [24].



Although the morphological and textural properties of MSNs may affect the release profile, these can in principle be adjusted by appropriate surface modification. A common approach is gated release, consisting in blocking the exit of the pores after entrapping the drug inside. The release of the encapsulated molecules is triggered by endogenous (e.g., pH, redox) or exogenous (e.g., light, ultrasound) stimuli. Gatekeepers are molecules or particles that open the pores in response to these stimuli and lead to cargo release (Figure 3) [60]. In MSNs for oral delivery, pH is the most common stimulus used [13,14,15], while for other administration routes, a glucose-responsive release is the most employed [53,63,64].




3.2. Main Preparation Methods


The synthesis of MSNs is based on the Stöber method, which was developed in 1968 and still continues to be the most extensively used method to prepare non-porous silica [65]. Briefly, the Stöber method uses the sol-gel process and consists in the hydrolysis and condensation of a silica precursor (typically tetraethyl orthosilicate (TEOS), but other silicates such as tetramethyl orthosilicate (TMOS) and tetramethoxyvinylsilane (TMVS) can be used), in water and ethanol, with ammonia as catalyst. Synthesis can be achieved in acid and neutral conditions as well. The alkoxide monomers are hydrolysed and condensed into a colloidal solution (sol), which is a precursor for forming a network of polymer or discrete particles (gel). By varying the concentration of the silicate and the amount of solvent and catalyst, fine-tuning of particle size and shape is achieved [60,65].



The sol-gel method described above is the basis for the synthesis of MSNs. The inorganic network is formed around a soft (e.g., surfactant, polymer) or hard template (e.g., polymer beads, metal, metal oxide). The cationic surfactant-templating method using cetyl-trimethylammonium bromide (CTAB) or similar, is still the most widely used method [66]. The cationic surfactant forms ellipsoidal micelles with a hydrophobic core where TEOS becomes solubilized, thus enlarging the micelles that switch from ellipsoidal to spherical shape. The hydrolysed monomers of TEOS become hydrophilic, leaving the core of the micelle to the aqueous surroundings. Because these monomers have a negative charge density, they tend to adsorb onto the positively charged CTAB micelles via electrostatic interaction. As TEOS is consumed, the micelles become smaller until all TEOS is hydrolysed, and the silica network is formed around the micelles. Finally, the micelles aggregate, resulting in particle growth and forming a mesoporous structure [67]. The method is often referred to as swelling-shrinking mechanism (Figure 4). Non-ionic surfactants and block polymers can also be employed to prevent the irreversible aggregation of MSNs during synthesis [68] and to help control the mesostructure [69]. By varying the type and concentration of silica precursor and surfactant and reaction conditions, it is possible to synthesize mesostructured silica materials with highly tuneable properties and morphologies, including parallel hexagonal mesochannels, radially oriented mesopores and hierarchical mesostructures; for example, MCM-41 and SBA-15, which have been widely employed for drug delivery [60,67,70]. After synthesis, removal of the surfactant is necessary. This can be done by extraction or calcination, although dry air calcination is less recommended since it promotes agglomeration [66].



Hollow mesoporous nanoparticles (HMSNs) are prepared following similar procedures using a core template that, in the end, is removed, leaving an empty core [71]. Examples of hard templates include polymers, silica or carbon-based templates [54,72]. Soft templates take advantage of different techniques, including emulsion, micelle, vesicle-based, gas bubble and electrospray techniques. Another way to synthesize HMSNs is with self-templating methods that do not require a core template [73].



Other methods have been used to synthesize silica nanoparticles. In the microemulsion method, nanodroplets of oil-in-water (o/w, normal micelle) or water-in-oil (w/o, reverse micelle) work as nanoreactors in which silica nanoparticles are formed, through hydrolysis and condensation reactions (Figure 5). The former (o/w) are suitable for synthesizing organically modified silica [74], while the latter allow for the production of ultrasmall (<10 nm) conventional amorphous silica nanoparticles [75]. Ionic or non-ionic surfactants stabilize the micelles and nanodroplets, whose diameter determines the size of the synthesized nanoparticles [76]. Microemulsions are also employed in the synthesis of hollow and yolk/shell silica nanospheres [77].




3.3. Cytotoxicity


Silica nanoparticles present in vitro and in vivo toxicity, as reviewed by Murugadoss et al. [78]. The in vitro toxicity of silica nanoparticles (cytotoxicity, genotoxicity and immunotoxicity) was concluded to be size-, dose- and cell type-dependent. In vivo effects (namely, endothelial dysfunction, haemolysis, and neurotoxicity) were mainly observed in acutely exposed animals and were dependent on the route of administration and physicochemical properties of silica nanoparticles. Furthermore, in vitro tests suggested that porous silica nanoparticles are less cytotoxic than non-porous silica nanoparticles [79]. Spherical MSNs are also shown to be less cytotoxic and remain longer in the bloodstream than MSNs with other shapes [80]. Despite the alleged controversy over the toxicity of silica nanoparticles [81], the use of synthetic amorphous silica as a food additive has already been approved by the Food and Drug Administration (FDA) [82] and European Food Safety Authority (EFSA) [83]. Besides, some silica nanoparticles have already been tested or approved for clinical trials [84,85,86]. MSNs were already tested in humans, in a clinical study involving 12 adult men, to enhance the bioavailability of the poorly soluble drug fenofibrate [87].





4. Silica-Based Nanocarriers for Glycemia Control


4.1. Glycemia Control Mediated by Insulin


4.1.1. Oral Insulin Delivery Nanosystems


Most therapeutic proteins are administered by the parental route. The administration of insulin for diabetes treatment is done subcutaneously. Multiple problems are associated with these invasive administration routes, which lead to poor patient compliance. Consequently, only 40% of patients achieve long-term glycaemic control. The complexity of the insulin treatment routine and the need to use needles are considered the main factors influencing low patient compliance [88]. For some patients, insulin administration implies pain, trauma and distress, especially for people with needle phobia [89]. It can also provoke infections, immune reactions, and hyperinsulinemia. Oral insulin administration could help surpass these problems, avoiding needles and mimicking a normal insulin pathway without a burst increase in insulin concentration, providing better glucose homeostasis. This would be a much more convenient way to control glucose levels, improving patients’ quality of life. Additionally, oral administration is more cost-effective because it avoids using needles and other injection materials [88]. However, the oral bioavailability of insulin is very low, since this protein faces multiple physical and chemical barriers in the gastrointestinal tract (GIT) before it can reach the bloodstream. The first barrier would be the mucous layer, which filters out drugs and proteins with a positive charge. The intestinal epithelium only allows the passive diffusion of lipophilic drugs with a molecular weight lower than 700 Da, a value far exceeded by the 5800 Da of insulin. Consequently, intestinal permeability is a critical step in the oral administration of insulin and one of the main factors responsible for the low bioavailability of the protein. Moreover, the highly acidic pH in the stomach leads to protein denaturation. Another important contribution to the low bioavailability of insulin is proteolysis through the action of enzymes such as pepsin, trypsin, chymotrypsin and elastase [89].



Because of all the problems associated with the low oral bioavailability of insulin, glucose level control by oral administration of insulin alone is essentially impossible. Many studies have addressed this issue by using nanomaterials, including silica nanoparticles [90]. Lamson et al. [24] have found that small silica nanoparticles (<100 nm) with a negatively charged surface act as physicochemical permeation enhancers, by binding intestinal surface receptors that mediate the opening of tight junctions. Studies with diabetic mice revealed that these nanoparticles improve the oral bioavailability of insulin when co-administrated with insulin and exenatide (further discussed in this review). In contrast to other studies, here the peptides were co-administrated with the nanoparticles and were not encapsulated. Nevertheless, this study provided the scientific community with strong evidence of the role of silica nanoparticles as intestinal permeation enhancers of peptides. This was the only study in which commercially available nanoparticles were used.



Despite the exciting results of Lamson et al. [24], the primary approach to enhancing the oral bioavailability of insulin has been the delivery of insulin-loaded nanoparticles [13,14,15]. MSNs are very attractive for the delivery of bulky molecules such as insulin owing to their high biocompatibility, stability and loading capacity of large molecules, especially in nanoparticles with enlarged pores [91,92]. Additionally, they offer protection against multiple external agents that affect protein integrity [93]. Table 1 lists several MSN-based carriers for insulin delivery. As seen in Table 1, MSNs often need surface modification in order to modulate encapsulation, release and targeted delivery. Overall, these systems are designed to release insulin triggered by variations in pH and/or glucose. Glucose sensitivity is usually provided by functionalizing with phenylboronic acid or derivatives [94,95]. The 1,2-, 1,3- or 1,4-diols on the saccharides react with hydrophobic boronic acids, forming hydrophilic cyclic boronic esters, in a reversible reaction [96,97]. Increasing glucose concentration shifts the equilibrium towards more hydrophilic forms that can swell or disintegrate polymer coatings or gatekeepers and trigger the release of encapsulated insulin. pH sensitivity is usually achieved by surface modification with polymers containing ionizable pendant groups, i.e., with pH-sensitive polymers [98].



Jain et al. [52] developed MSN functionalized with boronic acid and coated with polyacrylic acid, a pH-sensitive polymer. The system was capable of performing glucose-sensitive and pH-dependent insulin release, i.e., it was responsive to two stimuli. The small-pore MSNs showed a fast insulin release, with approximately 80% release after 40 min at nearly neutral pH. In contrast, at simulated gastric conditions (pH = 2), the release of insulin was considered neglectable (the peptide was kept inside the pores, safe from the harsh gastric condition). This was possible because the polyacrylic acid coating contracts at such low pH conditions, imprisoning insulin inside the mesoporous. This study clearly shows the importance of polymeric coating in this type of nanoparticle, preventing unwanted early release. However, contrary to the authors, we consider that 80% release after 40 min (at intestinal and physiologic conditions) is not a sustained release. It would have been important to have control with non-coated nanoparticles in order to evaluate the role of polyacrylic acid in preventing a burst release under more neutral pH conditions. Glucose-responsive release was indeed observed, but the difference in insulin release between the lowest (10 mM) and the highest (50 mM) glucose concentration was less than 7%, which could possibly not be enough to have a significant impact on glycaemic control. Unfortunately, no data related to the possible antidiabetic effect of the system were reported, nor those related to the cellular permeation of the released insulin or the nanoparticle. The nanoparticles showed good biocompatibility. However, it was unclear if the proposed nanosystems indeed have the potential to deliver insulin, resulting in sufficient hypoglycaemic control.



More recently, dendritic MSNs, i.e., dendrimer-like MSNs tableted with the succinylated β-lactoglobulin, were used for a pH-dependent release of insulin and protection from degradation [13]. Dendritic MSNs of various textural properties were obtained by changing the nature of the organic solvent. More specifically, MSNs prepared with aromatic solvent (toluene) presented larger pore size, volume, and surface area than MSNs prepared using cyclic (cyclohexane) or linear (hexane) organic solvents. Dendritic MSNs with pore sizes of 7.6 nm and 11.7 nm, synthesized in hexane and toluene, respectively, were subsequently tested for insulin loading and release. The loading technique, which took advantage of the opposite charges of insulin (positive) and dendritic MSNs (negative) at pH 4, led to 20 wt% loading. Tablets with succinylated β-lactoglobulin protein were prepared to endow pH-dependent release properties. This method provided a good release control, with less than 10% release in gastric fluid conditions and up to 80% release at pH 7.4. Thiol-functionalized dendritic MSNs were tested, since this functional group provides mucoadhesive properties that influence mucous permeability. However, it was found to cause protein damage, which might lead to insulin misfunction. Nevertheless, non-functionalized dendritic MSNs alone could enhance insulin permeation, suggesting that the nanocarrier as prepared could ensure intestinal cellular transport of insulin. These conclusions were supported by human epithelial colon cells’ (HCECs) live cell imaging data. These were very interesting results, showing how important permeation tests are and how the nanoparticle’s structure and functionalities can influence insulin stability and integrity. Nevertheless, the study lacked antidiabetic or glycaemic regulation tests, hindering conclusions about the real therapeutic effect.



Other nanosystems have been reported for glycaemic regulation. For example, dendritic MSNs coated with alginate-g-3-aminophenylboronic acid and others coated with chitosan-g-3-fluoro-4-carboxyphenylboronic acid. These two nanocarriers with opposite charges, loaded with insulin, form polyelectrolyte complexes that were tested for their capacity to release insulin in response to glucose concentration. Gastric conditions promote electrostatic interactions between the two coating compounds, making it difficult for insulin to leak out of the nanoparticles, thus preventing its release. These polyelectrolyte complexes seem to better prevent insulin release at gastric conditions than the system previously discussed, with the release being less than 10% in the first 2 h. For physiological conditions (pH = 7.4), insulin release was higher when glucose concentration was higher. Although permeability studies are important to infer the bioavailability of insulin, the in vivo studies on diabetic rats demonstrated a significant hypoglycaemic effect of the system, presumably by self-regulating insulin release and enhancing the bioavailability of insulin [99].



Esmaeili et al. [14] used MCM-41 MSNs coated with polyamide amine dendrimer and placed in chitosan-gelatine scaffolds to deliver insulin in diabetic-induced male rats. The in vitro release was investigated in a pH range from 4.4 to 8.4 and it was observed that insulin release is retarded with increasing pH. Under physiological conditions, insulin release started after around 8 h. Such a slow release might limit the therapeutic effect. On the other hand, for lower pH values, release is much faster. At pH 4.4, 10% insulin release was observed after 2 h, which limits oral delivery due to early release in the GIT. It is essential to mention that in all pH conditions, 100% release was achieved. This means that insulin does not remain trapped inside the mesopores, showing how effective these nanoparticles are in releasing its cargo. When tested in vivo, the system did show the ability to reduce blood glucose levels in diabetic rats compared to the control. Confocal images in the liver and blood detected permeability to delivered insulin. However, glucose levels do not seem to decrease in what would be an ideal scenario. Indeed, average blood glucose values before insulin administration (between 430–440 mg/dL) dropped only to values slightly above 350 mg/dL. Despite the positive results, the work lacks some important data, such as the release profile in gastric conditions, which is vital for oral delivery of drugs, and a more detailed follow-up of glycaemic control. It would also be valuable to compare the results with a group treated with insulin administered through the traditional route. Moreover, in order to consider the applicability of oral insulin by using this carrier, more effective glycaemic control must be shown.



Gao et al. [15] provided a complete study using zwitterion-functionalized MSNs. Amine-functionalized MSNs were covalently linked to deoxycholic acid, a bile acid, and then coated with the zwitterion sulfobetaine [12]. The nanoparticles were hydrophobic after modification with deoxycholic acid and hydrophilic after zwitterion functionalization. This approach improved nanoparticle mucus penetrating ability and transepithelial absorption and provided remarkable affinity with epithelial cells (Figure 6). In fact, the cellular uptake of functionalized MSNs was improved by 10 and 8 times for Caco-2 and E12 cells, respectively. The results also indicated that the nanocarrier avoided lysosomes, in which harsh conditions would damage insulin. It also increased the absorption of loaded insulin in all intestinal segments and showed a hypoglycaemic effect in diabetic rats. The results showed that the blood glucose level reduced to 45% 1 h after administration and reduced to the same level as subcutaneous insulin administration after 6 h, with the hypoglycaemic effect lasting 10 h. This prolonged hypoglycaemic effect might be related to the gradual release of insulin from the nanocarrier, the high insulin loading and the stability of the loaded insulin against protease hydrolysis provided by the porous structure of MSN. This study brought very important knowledge and showed that oral delivery of insulin is possible and comparable to subcutaneously administered insulin. Zwitterion functionalization was very effective and clearly showed the important role of coating and functionalization in improving nanosystem features. It would be relevant to know the stability and integrity of insulin and the release profile in gastric conditions to better understand the route of insulin throughout the GIT into the bloodstream. This knowledge is especially important considering that other previously mentioned studies reported interactions between coating molecules and insulin that might influence its action.



Zhang et al. [91] proposed a very exciting approach in which MSNs loaded with insulin were modified with functional groups to mimic a virus surface capable of penetrating through the mucus layer and the intestinal epithelium. The nanosystem was able to reduce blood glucose levels in diabetic rats by approximately 50%, and this effect lasted longer than that of subcutaneously administered insulin. The structural stability of insulin after being released from the coated MSNs was not significantly altered, thus maintaining its activity. Additionally, no significant toxicity was detected in preliminary in vitro or in vivo studies.




4.1.2. Non-Oral Insulin Delivery Systems


Other approaches have been proposed that do not involve the oral administration of insulin, but mainly focus on the controlled release of insulin and stimuli-triggered release. As expected, diabetes treatment focused on glucose-responsive release is a common approach, allowing for a self-regulated release of insulin to avoid burst release and its consequences, such as hypoglycaemia. As mentioned before, functionalization with phenylboronic acids is a typical strategy to endow glucose-sensitive properties to the nanocarriers. In this context, Hou et al. [63], prepared MSN (average size ~190 nm) modified with carboxyphenylboronic acid. The insulin was loaded in the pores and the MSNs were coated with sodium alginate that worked as a gatekeeper for insulin. The nanosystem was intravenously administrated to diabetic mice and was able to release insulin selectively in response to glucose concentrations. With only one dose of the nanosystem, the blood glucose level was kept normal for 12 h. While this therapeutic strategy does not avoid many of the problems previously mentioned in the conventional administration route, primarily associated with needle injection, it does help prevent hyperinsulinemia, since insulin is slowly released in response to glucose concentrations.



MSNs (100 to 120 nm) functionalized with phenylboronic acid as a glucose-responsive linker and ZnO nanoparticles (5 to 10 nm) as gatekeepers were used for controlled insulin release [53]. Here, the anthracene-based monoboric acid 3 was a sensitive linker to regulate insulin release, which was entrapped in the mesopores using a gatekeeper mechanism with zinc oxide dots that physically blocked the pores, preventing insulin from being released. The nanoparticles were administered intravenously and transdermally through a hyaluronic acid-based microneedle patch with efficient skin penetration (Figure 7). The system showed no hypoglycaemic risk in either administration way and effectively controlled blood glucose levels in type 1 diabetic rats. Additionally, the microneedle patch reduced the pain of injection and demonstrated its convenience as an administration route. Xu et al. [64] reported a similar approach, in which a microneedle device was used for transdermal administration of H2O2-responsive MSNs for the controlled release of insulin in response to glucose concentrations. Glucose oxidase was also encapsulated. This enzyme transforms glucose into gluconic acid, generating H2O2 that breaks the host–guest complexation between 4-(imidazoyl carbamate)phenylboronic acid pinacol ester and α-cyclodextrin, which is responsible for insulin confinement inside the pore, resulting in insulin release. The system was able to control blood glucose levels in diabetic rats without a hypoglycaemic effect and maintained lower blood glucose levels for longer than free insulin. In both cases, insulin release was relatively low. In the former study [53], even for the highest glucose concentration (900 mg/dL), insulin release did not reach 50%; in the latter [64], insulin release was around 70% for a higher glucose concentration (360 mg/dL). The administration route was very convenient and provided good results. However, other studies have reported MSNs with better insulin release profiles, such as the one described hereafter.



Oroval et al. [100] synthesized enlarged pore MSNs functionalized with 1-propyl-1-H-benzimidazole and coated with cyclodextrin-modified glucose oxidase. The expanded pores, with an average pore diameter of 11.8 nm, served as an insulin storage compartment; the release of insulin was self-regulated and dependent on glucose concentration. The enzymatic reaction between glucose and the cyclodextrin-modified glucose oxidase, which acted as a gatekeeper, resulted in the hydrolysis of glucose into gluconic acid, causing a local pH drop that led to the protonation of benzimidazole groups, and consequently insulin release. In vitro tests in simulated blood plasma showed a good glucose-responsive insulin release of the nanosystem. Insulin release was dependent on glucose concentrations, achieving ca. 90% for 15 mM glucose (270 mg/dL) and reaching 100% at 40 mM (720 mg/dL). The authors predicted that the material could release the amount of insulin necessary to decrease blood glucose levels to normal values. A very important advantage of an enzymatic reaction is the high selectivity, which ensures that insulin, or any other loaded molecule, is only released when glucose is present. Despite the auspicious results of this study, no in vivo studies have been reported, limiting the conclusions about the real antidiabetic effect.



In recent years, several works have been developed aiming to create an intelligent delivery system combining two key features, self-regulated drug release and real-time release monitoring, using different types of nanoparticles and drugs. This technology has been most studied using antitumoral drugs with various stimuli responses and monitoring techniques, including in vivo and in situ release monitoring [102,103,104,105,106]. Some successful examples of nanosystems using this approach use silica nanoparticles [107,108,109]. In the field of diabetes treatment, using smart silica nanoparticles with real-time release monitoring, less work has been done compared to antitumour drugs. In fact, we could only find one work reporting the synthesis of MSNs with both self-regulated and monitored release of an antidiabetic drug (insulin) [101]. The nanocarrier comprised amino-functionalized MSNs modified with alizarin complexone, where gluconated insulin was graphed via a benzene-1,4-diboronic acid-mediated esterification reaction. Gluconated insulin worked as a gatekeeper molecule and hypoglycaemic agent (Figure 8). When excited with 460 nm radiation, the boronated ester exhibited an emission peak at 570 nm, which can be quantified. Glucose caused the dissociation of boronate ester, which stopped fluorescent emission and set free gluconated insulin, which could perform its hypoglycaemic effect. It also led to cargo release from the mesopores, which in this case is the hypoglycaemic drug rosiglitazone maleate. The study successfully correlated loss in fluorescence emission with the release of both drugs caused by glucose concentration. Unfortunately, no tests were performed to evaluate the antidiabetic effect of the nanosystem. However, taking into consideration other studies using MSNs loaded with different hypoglycaemic drugs that had demonstrated antidiabetic effects, as well as a good release profile achieving almost 80% release for a glucose concentration of 80 mM, it seems reasonable to predict the good antidiabetic effect of this nanosystems or any other using this nanocarrier load with a different hypoglycaemic drug.



In conclusion, previous studies have shown that mesopores have an important role in protecting insulin from external adverse conditions and provide a controlled and slow release of insulin as well, which is crucial for proper glycaemic control, and that silica nanoparticles have an essential role in promoting insulin transport across the intestinal epithelium. Furthermore, the monitoring capacity of the nanocarriers opens a whole new sight for glucose level control and diagnosis. It was clear that the versatility of silica nanoparticles regarding surface modification and functionalization and the role of the molecules used as coating agents, gatekeepers and permeability enhancers are crucial for the successful applicability of these nanosystems in therapeutic strategies. All the nanosystems mentioned above are summarized in Table 1.





4.2. Glycemia Control Mediated by Other Drugs


The works discussed in this section refer to the use of silica nanoparticles as nanocarriers for antidiabetic drugs other than insulin for type 2 diabetes treatment. These works are summarized in Table 2.



4.2.1. Metformin Delivery Systems


Metformin is an antidiabetic drug used in type 2 diabetes [114] and the most prescribed drug for type 2 diabetes treatment [115]. Metformin glucose-lowering effect is somewhat complex but shortly occurs by inhibiting hepatic gluconeogenesis and opposing the action of glucagon [116]. Although metformin does not have the same bioavailability problems as insulin, nanoformulations have been prepared to improve applicability. This happens, for example, by using HMSNs functionalized with poly(3-acrylamidophenylboronic acid) as a gatekeeper for metformin, which is sensitive to glucose concentration. The nanoparticles were applied in a microneedle’s device for transcutaneous application. This resulted in an intelligent glucose-responsive device that was able to control blood glucose levels with a similar performance to injected metformin. The release profile of the drug shows that regardless of the glucose concentration, metformin release stops after approximately 5 h, and for higher glucose concentration (400 mg/dL) metformin release stopped at 70%. We hypothesize that with a more prolonged and higher release of metformin (as in other previously discussed studies), glycaemic control could last longer and have a better performance than free metformin [54].



Silica nanoparticles can also prevent excessive drug intake. The confinement of metformin inside the pores of MSNs can cause a controlled release of the drug, thus preventing the burst concentration increase verified with isolated drug ingestion. With this purpose, Patiño-Herrera et al. [110] developed a pH-responsive system comprising MSNs loaded with metformin and coated with chitosan, to avoid excessive drug dosage. The nanosystem was able to control the release of metformin depending on the pH of the media, which in theory should reduce the amount of metformin necessary to have a therapeutic effect. However, no in vivo tests have been reported proving this hypothesis.




4.2.2. Exenatide Delivery Systems


Exenatide is an analogue of glucagon-like peptide-1 (GLP-1), an important regulator of metabolic homeostasis released by intestinal L cells in response to glucose and other ingested nutrients [92]. The drug is usually given to patients with type 2 diabetes as an adjunctive therapy in cases where other drugs like metformin do not result in adequate glycaemic control. It is administrated by subcutaneous route, thus having all the related problems already mentioned for insulin. Additionally, it has a very short half-life of only 2.4 h and a bioavailability between 65 and 75%, requiring two daily doses [117]. Silica nanoparticles could help provide controlled release, extend the half-life, and enhance the bioavailability of the peptide.



In this context, Chen et al. [111] demonstrated that the half-life time of exenatide could be improved, confining the peptide in the mesopores of MSNs, particularly in the case of rod-shaped SBA-15. The loaded MSNs were tested in vivo in diabetic mice by intravenous administration, and it was observed that the half-life time was extended up to 14.5 h and the bioavailability was increased, resulting in a prolonged hypoglycaemic effect.



Improving the oral bioavailability of exenatide is a major challenge, but, for the same reasons as insulin, would be a crucial step towards formulating an oral therapeutic solution. This was what Abeer et al. [92] attempted to do using large-pore (~10 nm) dendritic MSNs functionalized with phosphonate groups and coated with chitosan. The in vitro permeation tests showed that bioavailability increased 1.7 times compared to unloaded exenatide. Chitosan slowed exenatide release, which is important to prevent burst release. The in vitro triple co-culture model also suggested that coating with chitosan improved the permeation of exenatide. Unfortunately, no antidiabetic, blood glucose control, or any in vivo data were reported, limiting the discussion and conclusions that could be drawn from this work.



In summary, although only two studies involving encapsulation of exenatide in silica nanoparticles were reported, they provided interesting results that trigger curiosity for more studies involving similar strategies, with more comprehensive approaches, and more well sustained results. It would be important to provide the scientific community with data related to the stability, integrity and activity of the peptide, and more studies regarding the intestinal permeation of exenatide and its mechanisms. Also needed are studies on different nanosystems with different features for an even better release control and in vivo tests for a solid understanding of the potential of the nanosystems involving exenatide and silica nanoparticles.




4.2.3. Other Delivery Systems


Glimepiride is a drug applied in the treatment of type 2 diabetes. This molecule has poor water solubility and a short half-life time of approximately 5 h. Yu et al. [72], loaded glimepiride onto HMSNs coated with gelatine to improve glimepiride water solubility and regulate its release rate. This resulted in an improved bioavailability of the drug and a more controlled release that extended the concentration of the drug for a longer period. The in vivo tests with diabetic mice showed an improved hypoglycaemic effect.



16-Hydroxycleroda-3,13-dine-16,15-olide is a natural supplement extracted from Polyalthia longifolia. This natural compound showed an ability to inhibit dipeptidyl peptidase-4, which is an enzyme responsible for GLP-1 degradation, ultimately leading to increased blood glucose levels. Although 16-hydroxycleroda-3,13-dine-16,15-olide has an antidiabetic effect, its low water solubility limits its applicability. Silica nanoparticles, in this case MSNs, were used to improve the bioavailability of this compound by modulating its solubility through encapsulation. The in vivo tests in diabetic mice also revealed the potential to regulate blood glucose levels [112].



Liraglutide, a GLP-1 receptor agonist, has been widely used to treat type 2 diabetes. Moreover, it has been shown that fibroblast growth factor 21 improves glucose metabolism and insulin resistance. Geng et al. [113] hypothesized that these two compounds might have a synergistic effect and therefore developed MSNs functionalized with amino groups and loaded with liraglutide and a fibroblast growth factor 21 plasmid. The nanosystem lowered blood glucose levels, significantly enhanced glucose tolerance, and exhibited a synergistic effect.



Being a nanocarrier for antidiabetic drugs, silica nanoparticles have been used not only directly in regulating glucose levels and diabetes therapy but also as glucose sensors. A key step for diabetes diagnosis and control is glucose detection and quantification; however, few studies have used silica nanoparticles for that purpose. Examples are non-porous and porous silica nanoparticles in needle-type amperometric subcutaneous glucose sensors using nitric oxide [118]. Core-shell silica nanoparticles have also been used to determine H2O2 and glucose via etching silver nanoprisms [119,120]. These nanoparticles have been employed in many different studies with some relation to diabetes, including the controlled release of nutrients [121] and nitric oxide [122] in transplanted tissue. In addition, poor wound healing is a critical side effect of diabetes, for which a small number of works using silica nanoparticles have been published [123,124,125]. Other side effects of diabetes have also been studied with approaches using silica nanoparticles, including encapsulated Echinacea purpurea ethanol extract [126], and triterpenoids from Petri dish-cultured Antrodia cinnamomea [127] for modulation of diabetes-induced reproductive dysfunction, cerium(III) chloride-loaded MSNs for alleviation of diabetic cataract development and progression [128], and resveratrol-loaded MSNs in immunoregulation and insulin resistance alleviation for diabetic periodontitis therapy [129].






5. Conclusions and Future Perspectives


Several studies have been published in the last few years taking advantage of the outstanding characteristics of silica nanoparticles applied to diabetes treatment (more specifically, to blood glucose control and regulation). Silica’s contributions are diverse, ranging from its almost exclusive use as a reservoir, due to its mesopores with large and tuneable volume and diameter, to more complex roles, such as enhancing intestinal permeation. The applicability of silica nanoparticles is very diverse and versatile, allowing for different administration routes and modes of action. The results discussed in this review are auspicious and clearly show that silica nanoparticles can be helpful in addressing the current challenges in diabetes therapy, protecting and enhancing the bioavailability of insulin, or enhancing the solubility of poorly soluble drugs. We consider that MSNs are still little used for encapsulating antidiabetic drugs other than insulin, with only 7 studies found, and only 2 for metformin and exenatide. Considering the recent and increasing interest in phenolic compounds as antidiabetic agents and the improved therapeutic effect of polyphenols encapsulated in silica nanoparticles, we believe that this would be an important contribution in the field of antidiabetic therapy. However, more work needs to be done to address how nanoparticles and drugs interact, the real therapeutic effect and the mechanisms involved in the intestinal permeation of drugs and nanocarriers. It seems very important to deeply study MSNs as enhancers of intestinal permeation to ascertain if they have the same effect as non-porous silica nanoparticles. Transdermal drug delivery is very convenient and provides good glycaemic control. However, insulin release was not particularly high. Future works should address this topic and work on developing a nanosystem with enhanced insulin release for better glycaemic control. Although the dual functionality nanocarrier technology is still in a very early stage, the future of silica nanoparticles for diabetes treatment might be the combination of different strategies. For instance, using MSNs as glucose sensing agents and reservoirs for insulin, storing the protein for a controlled release mediated by glucose and/or pH stimuli. Lastly, it would be extremely valuable to estimate the cost-effectiveness of a potential silica nanosystem for diabetes treatment, compared to traditional alternatives, regarding production and storage and therapeutic effectiveness.
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Figure 1. Representation of the mechanism of action of insulin on the cellular uptake of glucose through GLUT4. 
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Figure 2. Types of silica nanoparticles: non-porous silica nanoparticles, mesoporous silica nanoparticles (MSN), hollow mesoporous silica nanoparticles (HMSN) and core-shell silica nanoparticles. The grey colour represents silica materials, while blue represents the nanoparticle’s core, which is a different material. 
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Figure 3. Schematic illustration of the release of a drug from gated MSNs in response to stimuli [60]. 
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Figure 4. Schematic illustration of the swelling-shrinking mechanism. 
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Figure 5. Illustration of a normal and a reverse micelle in the microemulsion method to synthesize silica nanoparticles. 






Figure 5. Illustration of a normal and a reverse micelle in the microemulsion method to synthesize silica nanoparticles.



[image: Bioengineering 10 00040 g005]







[image: Bioengineering 10 00040 g006 550] 





Figure 6. Representation of how zwitterion-functionalized MSNs were built and how they work [15]. (Reprinted with permission from [15]. Copyright Elsevier, 2021. More details on “Copyright and Licensing” are available via the following link: https://www.mdpi.com/ethics#10). 
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Figure 7. Representation of a microneedle device/patch releasing silica nanoparticles. 
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Figure 8. MSNs performing glucose-dependent drug release with real-time monitoring through fluorescent emission [101]. (Reprinted with permission from [101]. Copyright American Chemical Society, 2016. More details on “Copyright and Licensing” are available via the following link: https://www.mdpi.com/ethics#10). 
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Table 1. Silica nanosystems used for insulin delivery, administration route, main characteristics, and conclusions.
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Administration Routes

	
Nanoparticle Type

	
Stimuli Response

	
Chemical Modifications

	
In Vivo Tested

	
Main Conclusions

	
Ref.






	
Oral

	
Non-porous silica

	
None

	
Non-modified, COO− and NH3+

	
Yes

	
Enhanced intestinal permeation of insulin by negatively charged and small-size NPs

	
[24]




	
MSNs

	
pH and glucose

	
Functionalized with boric acid and coated with polyacrylic acid

	
No

	
pH-dependent and glucose-triggered release of insulin

	
[52]




	
Dendritic MSN

	
pH

	
Thiol groups

	
No

	
Succinylated β-lactoglobulin tablets with dendritic MSNs with good pH-dependent release (80% at pH 7.4)

	
[13]




	
Dendritic MSN

	
pH and glucose

	
Alginate-g-3-aminophenylboronic acid or chitosan-g-3-fluoro-4-carboxyphenylboronic acid coating

	
Yes

	
Self-regulates insulin release, demonstrating a significant hypoglycaemic effect on diabetic rats

	
[99]




	
MSNs

	
pH

	
Polyamide amine coating

	
Yes

	
Chitosan-gelatine scaffolds containing NPs enhanced permeability of insulin and reduced blood glucose levels in rats

	
[14]




	
MSNs

	
pH

	
Deoxycholic acid and coated with sulfobeataine 12

	
Yes

	
Increased absorption of loaded insulin and hypoglycaemic effect in diabetic rats

	
[15]




	
MSNs

	
None

	
Several virus-mimicking functional groups

	
Yes

	
Enhanced penetration through the mucus layer and epithelium and effective hypoglycaemic effect

	
[91]




	
Intravenous

	
MSNs

	
Glucose

	
Carboxyphenylboronic modified and sodium alginate coated

	
Yes

	
Effective blood glucose levels control in response to glucose concentration

	
[63]




	
Intravenous and transdermal

	
MSNs

	
Glucose

	
Phenylboronic acid zinc oxide NPs

	
Yes

	
No hypoglycaemic risk and effective blood glucose level control

	
[53]




	
Transdermal

	
MSNs

	
Glucose

	
4-(imidazoyl carbamate)phenylboronic acid pinacol ester, α-cyclodextrin and glucose oxidase

	
Yes

	
Blood glucose levels control without hypoglycaemic effect

	
[64]




	
Not proposed

	
MSNs

	
Glucose

	
1-propyl-1-H-benzimidazole and cyclodextrin-modified glucose oxidase coating

	
No

	
Self-regulated delivery system with enlarged pores with great insulin release control

	
[100]




	
MSNs

	
Glucose

	
Alizarin complexone and gluconated insulin

	
No

	
Self-regulated release of insulin and hypoglycaemic drug rosiglitazone maleate and insulin, together with real-time release monitoring

	
[101]
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Table 2. Silica nanosystems incorporating drugs for blood glucose control.
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Drug

	
Administration Routes

	
Nanoparticle Type

	
Stimuli Response

	
Chemical Modifications

	
In Vivo Tested

	
Main Conclusions

	
Ref.
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Metformin

	
Transdermal

	
HMSNs

	
Glucose

	
poly(3-acrylamidophenylboronic acid)

	
Yes

	
Effective glucose-responsive release to control blood glucose levels

	
[54]




	
Not proposed

	
MSNs

	
pH

	
Chitosan coating

	
No

	
pH-dependent controlled release of metformin

	
[110]




	
Exenatide

(peptide)

	
Intravenous

	
MSNs

	
None

	
None

	
Yes

	
Peptide half-life time extended up to 14.5 h, increased bioavailability and prolonged hypoglycaemic effect

	
[111]




	
Not proposed

	
Dendritic MSNs

	
pH

	
Phosphonate groups and chitosan coating

	
No

	
Bioavailability of exenatide increased 1.7 times, and controlled release dependent on the pH

	
[92]
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Glimepiride

	
Oral

	
HMSNs

	
None

	
Gelatine coating

	
Yes

	
Improved bioavailability of glimepiride and hypoglycaemic effect

	
[72]
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16-hydroxycleroda-3,13-dine-16,15-olide

	
Oral

	
MSNs

	
None

	
NH2

	
Yes

	
Improved bioavailability and blood glucose levels control

	
[112]




	
Liraglutide and fibroblast growth factor 21

(peptides)

	
Intravenous

	
MSNs

	
None

	
NH2

	
Yes

	
Blood glucose level control owing to the synergistic effect of both drugs

	
[113]
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