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Supramolecular mesoporous silica nanoparticles (MSNs) offer distinct properties as opposed to micron-sized silica particles in terms of their crystal structure, morphology–porosity, toxicity, biological effects, and others. MSN biocompatibility has touched the pharmaceutical realm to exploit its robust synthesis pathway for delivery of various therapeutic molecules including macromolecules and small-molecule drugs. This article provides a brief review of MSN history followed by special emphasis on the influencing factors affecting morphology–porosity characteristics. Its applications as the next-generation drug delivery system (NGDDS) particularly in a controlled release dosage form via an oral drug delivery system are also presented and shall be highlighted as oral delivery is the most convenient route of drug administration with the economical cost of development through to scale-up for clinical trials and market launch.
Keywords: mesoporous, silica, nanoparticles, insulin, pharmaceutical, oral
INTRODUCTION
The development of a new oral delivery system for small molecular weights and biologics could bring significant benefits to suffering patients due to its simplicity of the method of administration which can avoid the pain compared to the regular injection methods. Mesoporous silica (MPS) particles coupled with enteric coating polymer are also possible and like “dual-technology” working along together to provide the desired release profile. This mini-review will provide a discussion on the history and potential use as next-generation drug delivery system of mesoporous silica nanoparticles, especially in modified-release strategies.
HISTORY OF MESOPOROUS SILICA NANOPARTICLES
The prelude of mesoporous development dated back to the 1990s with the first synthesis of mesoporous silica materials from aluminosilicate gels. The research team from Mobil Research and Development Corporation, located in Paulsboro, New Jersey (United States), accomplished the synthesis by employing the templating mechanism of the silica liquid crystal and cationic surfactants in 1992 (Narayan et al., 2018). Thereafter, the mesoporous inventions with various geometrical shapes such as thin film (Pevzner et al., 1999) and cylindrical have been known as “MCM” to represent Mobil Crystalline Materials or Mobil Composition of Matter. About 3 years gap, another invention of mesoporous silica was attempted by researchers in Japan (Inagaki et al., 1996). This time a layered polysilicate kanemite was used as the template with quaternary ammonium surfactant to form folded sheets with a highly ordered mesoporous structure which was thereafter named folded sheets mesoporous (FSM) (Inagaki et al., 1996). The syntheses were reported to take place best initially in high pH ∼ 11 to allow effective cation exchange and subsequently readjusted to pH 8.5 for the condensation process.
Another venture had seen researchers from the University of Santa Barbara, California, demonstrated the first highly ordered amorphous silica structure in 1998 by testing various surface-directing agents from non-ionic and low molecular weight surfactants including sorbitan-based Tween® series, Brij™, and Pluronic® series with a diluted aqueous organic concentration media (Zhao et al., 1998). They found that the best working pH was approximately below 2 which was the isoelectric point of cationic silica to consistently yield highly ordered silica species using tetraethyl orthosilicate or tetraethoxysilane (TEOS) as silica precursor. Subsequently, the mesoporous from this family has been called ‘Santa Barbara Amorphous’ coded with “SBA.” In 2000, SBA-based mesoporous were further evolved by substitution of relatively more expensive TEOS with inexpensive sodium metasilicate as the source of silica (Kim and Stucky, 2000) yielding cubic MSN.
In 2001, a new templating method was developed by the Technology University of Delft (denoted as TUD), Netherlands, without the need to employ any surfactants. Three main ingredients for this method were water, silica source (i.e. TEOS), and inexpensive water-miscible organic material such as triethanolamine which is commonly used as a buffer. These materials were subjected to homogenous mixing, followed by aging, solidification, and calcination yielding foam-like mesoporous silica nanoparticles.
Additionally, the research team from the Hiroshima University of Japan had exploited the effects of polymerizing styrene molecules to polystyrene during the synthesis of mesoporous silica in 2009 (Nandiyanto et al., 2009). The synthesis process started with a water-in-oil emulsion composed of cationic surfactant to stabilize the emulsion while behaving as a template for the silica nanoclusters to grow as well as the polymerization of styrene. Both molecules self-assembled inside the micelles of which the surfactants and the polystyrene were finally removed leaving the mesoporous silica in a spherical shape. Such silica nanoparticles were, hence, named as Hiroshima Mesoporous Material (HMM).
As mentioned earlier, we can see the invention centered around porous silica is highly robust and competitive. Of particular importance is the synthesis of nanoporous silica materials which is customizable in terms of the pore size, shape, composition, and spatial nano-environment within the matrix with numerous possible chemical reactions, including silanol functionalization. Porous materials can generally be classified as macroporous (>50 nm), mesoporous (2–50 nm), and microporous materials (<2 nm). Mesoporous silica range provides high specific spatial areas and large pore volume which are of technological importance for numerous possibilities of inclusion with therapeutic molecules. The possible size for the latter is estimated to be around 1 to 0.6 nm (Heikkil et al., 2007) to ensure it fits the confined pores. Without the need for silanol functionalization, any molecule with an acidic functional group like ibuprofen is anticipated to be encapsulated well within the mesoporous matrix.
The particle size of MSN can also be engineered as required by altering the pH of the synthesis medium or by the addition of size-effecting co-template like glycerol (Wang et al., 2009; Johansson et al., 2011). Varying particle size or aspect ratios of the particles affected cellular uptake (Hao et al., 2012), internalization rates, and various cellular function including cell proliferation, cytoskeleton formation, migration, adhesion, and apoptosis (Xinglu et al., 2010; Lin et al., 2018). These also suggested that larger particles demonstrated a slower initial in vitro drug release followed by a more rapid drug release compared to the smaller particles with rapid burst release followed by gradual release.
The role of surfactants to modulate porosity–morphology is highly significant as they determine the final geometrical shapes and pore architectures of the mesoporous silica nanoparticles. These shapes (spheres, oblong, platelets, short rods and long rods, and others) (Figure 1) and pore architectures (hexagonal, cubic, lamellar, and others) were recently reported to have a role in cellular responses. Differences in shapes also affect the biodistribution and clearance upon administration depending on the route of drug administration (Shao et al., 2017; Zheng et al., 2018). As dose uniformity is one of the required quality aspects for pharmaceuticals, spherical mesoporous nanoparticles (Leena et al., 2019) have been frequently researched as a potential delivery carrier for drugs owing to the ease of controlling the homogeneity of the drug loading efficiency as compared to other non-spherical shapes. However, Shao et al. (2017) found that differences in endocytosis routes caused long-rod-shaped MSN to exhibit more intracellular internalization than short-rod-shaped MSN and sphere-shaped MSN in both cancer and normal cells. In 2018, Zhang and co-workers researched on the oral delivery of indomethacin using MSN where it was found that rod-shaped MSN had higher drug loading (29.04%) and more enhanced dissolution compared to sphere-shaped MSN (22.29%) (Zheng et al., 2018).
[image: Figure 1]FIGURE 1 | Various types of mesoporous silica nanoparticles can be designed based on the intended purpose.
CONTROL OF PORE SIZE, PORE VOLUME, AND MESO-STRUCTURAL PORE ORDER
Pore size is a crucial determinant in mesoporous silica nanoparticles which influence drug loading capacity and drug release profile (Muñoz et al., 2003; Izquierdo-Barba et al., 2005). The selection of surfactant species significantly affects the pore size and meso-structural ordering of the particles. It was observed that larger pores of mesoporous silica resulted from a longer chain length of surfactant and smaller pores resulted from those with a shorter chain length (Yano and Fukushima, 2004; Ganguly et al., 2010). Moreover, it appears that an increase in the concentration of surfactant yielded higher pore volume while an increase in the concentration of catalysts produced higher pore diameter, larger particle size, and lower pore volume (Seo et al., 2014; Soto et al., 2016; Wu et al., 2016). The resultant porosity–morphology of mesoporous silica nanoparticles can also be adjusted by optimizing the temperature, acidity, and stirring time during the synthesis process.
Numerous surfactant types have been observed to significantly influence meso-structural ordering arrangement of the mesoporous silica nanoparticles. Earlier account reported that the CTAB surfactant concentration influenced the meso-structural arrangement of MSN (Beck et al., 1992). Similar to the solvent evaporation method to prepare PLGA micro/nanoparticles (Doolaaneaa et al., 2014) and other complex emulsion or nanoemulsion-based formulations (Yusof et al., 2014; Mohamed et al., 2022), a sufficient concentration of surfactant molecules shall be employed to produce a stable emulsion, as in the case of the silica–surfactant interface. Here, the micelles cannot be formed or self-assembled at very low surfactant concentration thus the resultant nanoparticles would be template-deficient, in contrast, a disordered structure was resulted when CTAB concentration was too high (Beck et al., 1992). Moreover, TEOS, as a provider of the silica species, was reported to influence the meso-architectural ordering of mesoporous silica nanoparticles. It is claimed that the lower amount may be insufficient to craft the mesoporous structure; however, a higher TEOS amount showed a disordered mesostructure (Akinjokun et al., 2016). Therefore, an ideal balance has to be reached between the different components used. Furthermore, meso-structural ordering was usually reported to occur in a diluted aqueous medium where the acidity of the medium also played a crucial role (Palmqvist, 2003).
A co-templating agent like N, N-dimethylhexadecylamine (DMHA) could also be the co-modulator in controlling the pore size owing to its effect in stabilizing the silica-surfactant template solution during the nanoparticle synthesis (Gu et al., 2013). Another variety, a wormhole-like arrangement of mesoporous silica nanoparticles, was demonstrated when analogs of CTAB, namely, cetyltrimethylammonium chloride (CTAC), were used as the pore-generating template. For the stellate-like arrangement of mesoporous silica nanoparticles, it was generated by varying the counter ion to a much larger tosylate ion (CTATOS) which consequently increased the pore radius (Möller and Bein, 2017).
ADVANTAGES LEADING TO APPLICABILITY IN DRUG DELIVERY
Over the recent years, mesoporous silica nanoparticle has gained wide popularity owing to its desirable properties. This is mainly due to their unique properties which make it possible to engineer a near-perfect carrier as the researchers desired. Some of the distinctive properties include the ordered particle shape, particle size, pore shape, pore size, and high specific surface areas over volume. The possibility of tuning and modification during MPS synthesis is endless: their pores can be hexagonal, cubic, lamellar, et cetera; and their morphologies can be spheres, rods, discs, powders, et cetera. Their ability to endure surface modification and functionalization also charmed the researchers. Recently, the surface morphology of mesoporous silica was modified to look like a virus while the interaction of lipid membrane toward it was investigated in detail (Haffner et al., 2021).
In contrast to traditional porous silica materials, mesoporous silica exhibits exceptionally organized pore pattern. The regular and customizable pore size and nano-architectured matrix, the gating mechanism of the pore opening, and the convenient functionalization of the surface silanol group (Pandita et al., 2014; Han et al., 2018) have made it promising drug carriers. Various model drugs including macromolecules, namely DNA (Tao et al., 2014), RNA (Tao et al., 2014; Hanafi-Bojd et al., 2016; Möller et al., 2016), proteins (Deodhar et al., 2017), and small molecular weight drugs such as ibuprofen (Heikkil et al., 2007) and doxorubicin (Yuan et al., 2016); and most recently, co-delivery of doxorubicin and paclitaxel Yan et al. (2020) have been loaded into various designs of the mesoporous silica nanoparticles. The presence of porous channels within nanoparticle matrices provides relatively huge internal spatial for drugs to be placed and diffuse out according to the exposed dissolution media.
SAFETY ASPECTS OF MESOPOROUS SILICA FOR DRUG DELIVERY
Silica is a natural inorganic substance that exists abundantly in our environment, in contrast to other metal oxides like iron oxides and titanium oxides. It possesses greater biocompatibility with the human body compared to those oxides. Moreover, U.S. Food and Drug Administration (Title 21: Sec. 172.480, 2017) already declared the nontoxic and biocompatible nature of silica or silica dioxide. Hence, mesoporous silica nanoparticles are also considered safe to be used in pharmaceutical formulations where it enters the human body as potential drug carrier.
As a type of synthesized silica, the mesoporous range are thermally, hydrothermally, and hydrolytically stable with high surface areas (≥1000 m2/g) and >1600°C melting point (Sigma-Aldrich, 2018). Thus, this has made them an ideal carrier in adsorption, separation, and catalysis in the engineering field, biomedical field, and pharmaceutical where sterilization is needed especially in tissue engineering (Arcos and Vallet-Regí, 2010) or any implant-based drug delivery systems. Furthermore, similar properties are also beneficial in pharmaceutical applications notably as drug carriers that can enhance the stability of the active pharmaceutical ingredient (API) within their mesopore matrices (Laitinen et al., 2013; Antonino et al., 2019).
MESOPOROUS SILICA AS THE NEXT-GENERATION DRUG DELIVERY SYSTEM
Current Status and Challenges of Drug Delivery Systems
Translation from the lab to clinical use for many drug delivery systems (DDSs) delivering macromolecules such as peptide drugs, antibody-drug conjugates, DNA- and RNA-based drugs indicated for diseases like diabetes, cancer, and neurotherapeutic pain still remain a challenge. Preserving the labile macromolecules against manufacturing conditions while ensuring the active form of folded peptide molecules finally reaches the targeted site of action at sufficient concentration are among the common factors that bog down the progress to clinical use. Delivery of cytotoxic drugs to treat solid tumors and metastatic are difficult in terms of targeting (Kashkooli et al., 2021) with some carriers exhibiting untoward premature release of drugs causing intolerable adverse effects such as bone marrow toxicity, which precluded their clinical use (Cazzamalli et al., 2017). Largely dependent on the route of drug administration, the aforementioned are due to insufficient stability of the DDS carriers in vivo, poor bioavailability and solubility of drugs, and lack of specificity by targeting ligand. Various nanoparticles including mesoporous silica-based, decorated, coated, cloaked, or linked with stimuli-responsive materials and some with targeting ligands have been synthesized to overcome the challenges (Wang et al., 2019; Yan et al., 2019; Hu et al., 2021; Zhang et al., 2021; Yang et al., 2022). Recently, an improved performance, targeted delivery of mesoporous organosilica nanoparticles (MONs) has been designed to be immunogenic by coating it with 4T1 breast cancer cell membrane while responsive to X-ray as the external activator that controlled the drug release (Shao et al., 2020). An orally delivered diselenide-bridged MON conjugated to polyethyleneimine demonstrated the ability to scavenge pro-inflammatory cell-free-DNA and reactive oxygen species (ROS) in ulcerative colitis and Crohn’s disease mouse model (Shi et al., 2022). In general, desirable characteristics of an NGDDS include non-toxic, biocompatible, having a robust synthetic pathway, tunable functionalization with any stimuli molecules or targeting ligands, customizable size, sufficient drug payload, ability to slowly release the drugs, and exhibit properties that can enhance solubility and permeability of the encapsulated drugs.
Improvement in Solubility and Permeability
The process of releasing the orally delivered drug from any dosage form to be absorbed into the human body system can be categorized as either immediate or modified drug release. Immediate drug release formulations dissolve within 30 min upon encountering bulk stomach solution, hence they are preferred when a fast onset of action is required during the therapy (Khaled et al., 2018; Sager et al., 2019). Unlike immediate-release, modified-release formulations can deliver a relatively more accurate dose of an active pharmaceutical ingredient (API) by controlling its release rate (delayed release, sustained release, prolonged release, et cetera) or by releasing at a specified targeted site in the body (H. Yan et al., 2020; Yang et al., 2018; Yan et al., 2020). By modifying the drug release, the therapeutic level of the drugs or any therapeutic compound can be achieved more effectively without the need for multiple dosing unlike the conventional formulations resulting in minimization of the anticipated side effects.
Mesoporous silica nanoparticles continue to show their great potential for oral drug delivery due to their large pore volumes, good stability, tunable particle, and pore shape and size as well as large surface area over volumes (Chen et al., 2004; Linbo et al., 2013). Such desirable properties generally lead to high drug loading during fabrication and improved solubility and dissolution rate upon oral consumption (Chaudhari and Gupte, 2017). The cumulative effect is a notable improvement in the bioavailability of the drugs in the blood owing to an increase in solubility and permeability properties. Carboxyl-functionalized MSN loaded with nimesulide and indomethacin exhibited an excellent in vivo bioavailability at 4–8 h with plasma concentration (Cmax = 104.1 ± 5.4 μg/ml and Cmax = 160.8 ± 8.1 μg/ml, respectively) along with effective anti-inflammatory effects (Gou et al., 2021). In addition to providing protection against harsh conditions in the gastrointestinal tract (GI tract), MSN was also found to be having good biocompatibility and low toxicity. There were no significant changes found for lipopolysaccharide in the serum and pathological characteristics after oral administration of mesoporous silica nanoparticles (Vol and Gribova, 2015).
In 2019, C. Han and co-workers (2019) synthesized carvedilol-loaded mesoporous silica and mesoporous carbon nanoparticles. They found that both carriers had low cytotoxicity level with viability of Caco-2 cells of more than 80% even for the highest sample concentration (500 μg/ml). The carbon carrier showed excellent drug loading efficiency of 16.7% while the silica carrier exhibited 7.9% loading (C. Han et al., 2019). The silica carrier exhibited a better dissolution profile with >70% cumulative dissolution, compared to the carbon carrier indicating better compatibility between the drug and carrier with little to no interaction resulting in more efficient drug release.
Mehmood et al. (2020) had researched the oral delivery of a hepatitis C virus inhibitor called sofosbuvir for sustained-release formulation in order to improve its bioavailability. Mesoporous silica nanoparticles were subjected to amino-functionalization using 3-aminopropyl triethoxysilane (APTES) and proceeded with drug loading. The formulation showed thermal stability while successfully entrapping 29.13% of the API. A significant increase in sofosbuvir bioavailability was observed up to 2-fold with a 3-fold prolonged-release behavior during in-vivo study using Sprague–Dawley rats.
Increase Bioavailability by Delayed-Release Strategy
The strong stability and advantageous features of mesoporous silica empowered its suitability to be used in the modified release formulations (Chen et al., 2004; Muhammad et al., 2011; Linbo et al., 2013). Oral delivery of the antibiotic meropenem was researched by Raza et al. (2021), where the researchers used liquid carbon dioxide to load the API into the mesoporous silica along with Eudragit® coating. The latter is responsible to provide the delayed-release property. The formulation was successfully able to exhibit enteric coating function where permeability was significantly increased to more than 2-fold for absorptive transport without any decrease in its antibacterial activity during the in-vitro antibacterial activity and time-kill assay against S. aureus and P. aeruginosa.
In 2020, Cai et al. (2020) designed a delayed-release oral dosage formulation of an anticancer drug (doxorubicin), for colon-targeted delivery using chitosan-gated, hollow mesoporous silica spheres. The formulation was found to have 35.2% drug loading while exhibiting a colonic enzyme-responsive manner of drug release during in-vitro study. These chitosan-capped mesoporous silica nanospheres were also biocompatible and stable according to the cell cytotoxicity results.
A Promising Carrier for Oral Delivery of Insulin
Oral insulin delivery has many issues due to the high possibility of degradation of the API (USP32–NF27, 2013). Research for insulin by oral delivery has been quite a while with none yet to enter the market. Mesoporous silica nanoparticles may be a promising NGDDS that researchers can focus on for the oral route. Formulation with mesoporous silica nanoparticles demonstrated the ability to protect insulin and improved its permeability without involving high temperature during the drug loading process (Siavashani et al., 2014; Agrawal et al., 2017). Mesoporous silica nanoparticles can also be modified with functionalization or coating as strategies to modify the drug release (Agrawal et al., 2017; Mahony and Morris, 2021). Gao et al. (2021) functionalized the mesoporous silica by coating it with deoxycholic acid and sulfobetaine-12 to load peptide drug, i.e., insulin. The zwitterionic coating appeared to be compatible with the mesoporous silica and resulted in a high drug loading of 22.2% with improved cellular permeability up to 8-fold for E12 cells and 10-fold for Caco-2 cells. Furthermore, the in-vivo study result was also outstanding whereby an effective hypoglycaemic effect was observed in diabetic rats.
CONCLUSION
Based on the robust synthesis pathway that created various mesoporous morphology shape of the silica-based nanoparticles, this potential drug delivery carrier could be a very promising NGDDS. As the oral route is the most convenient for drug administration coupled with natural characteristics of mesoporous desirable for this route, and ease of scaling-up owing to established advancement that has been made in oral dosage form technology, it is recommended to delve into this innovative technology with more efforts focusing on oral drug delivery in the future.
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