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ABSTRACT:

Mesoporous silica nanoparticles (MSNs) have emerged as promising multifunctional excipients in pharmaceutical
formulations, particularly in tablet drug delivery systems. Tablets remain the most preferred dosage form due to their
cost-effectiveness and ease of manufacturing; however, limitations in compressibility and compactability restrict the
widespread application of direct compression techniques. Mesoporous silica materials, characterized by pore sizes
between 2-50 nm, offer unique advantages such as high surface area, tunable pore structure, biocompatibility, and
chemical stability. These properties contribute to improved powder flow, enhanced compactability, and better tablet
performance. Nanosized colloidal silica further aids in reducing interparticle friction and electrostatic interactions,
thereby improving processability and uniformity. Additionally, MSNs play a crucial role in enhancing drug loading
and release characteristics. Both solvent-based methods (adsorption, incipient wetness impregnation, solvent
evaporation, and one-pot synthesis) and solvent-free techniques (melt method, microwave irradiation, microwave-
assisted synthesis, and co-milling) have been extensively explored for efficient drug incorporation into mesoporous
structures. The choice of method significantly influences drug loading efficiency, physical state, and release kinetics.
Furthermore, the concentration of mesoporous silica critically affects tablet properties, including flow behavior,
compressibility, and disintegration. Overall, mesoporous silica-based systems offer a versatile and effective approach
to overcome formulation challenges, making them highly suitable for advanced drug delivery applications.

KEYWORDS:
Mesoporous silica nanoparticles (MSNs), Tablet formulation, Direct compression, Drug loading, Solvent-based
methods, Solvent-free methods

THE INTRODUCTION:

Tablets remain one of the most preferred drug delivery systems (DDS) because they are economical and easy to
manufacture, especially through direct compression (DC). Despite these advantages, DC is utilized in less than 20%
of pharmaceutical formulations because both active pharmaceutical ingredients (APIs) and excipients require suitable
compressibility and compactability to produce tablets successfully. To overcome these limitations and enhance tablet
properties, additional carriers and excipients are often incorporated into formulations.'

Mesoporous silica consists of silica materials possessing pore sizes ranging from 2—50 nm. According to [UPAC
classification, these pores fall between microporous materials (<2 nm) and macroporous materials (>50 nm).> In
nanotechnology, mesoporous silica has emerged as an important advancement, with MCM-41 and SBA-15 being
among the most widely studied forms.” These nanoparticles are actively investigated for applications such as catalysis,
imaging, and drug delivery. Furthermore, mesoporous silica films with diverse pore arrangements have also been
developed. Due to its biocompatibility, chemical stability, and favourable safety characteristics, silica has gained
considerable attention in pharmaceutical formulations. It enhances compact ability by minimizing surface roughness
and strengthening interparticle interactions.*’

Nanosized colloidal silica is commonly added to solid dosage forms to improve powder flow and handling. It spreads
over excipient particle surfaces, reducing direct contact between particles. As a result, frictional resistance and
electrostatic attraction decrease, leading to improved flow properties. Larger silica particles also function as glidants
by preventing adherence of powders to manufacturing equipment such as punches and dies. During tablet compression,
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nanosilica promotes efficient particle rearrangement, decreases cohesive forces, and improves packing behavior.
Collectively, these properties contribute to better processability and uniform tablet quality.®

The amount of mesoporous silica incorporated into tablet formulations strongly influences performance. At low
concentrations (<1%), it effectively acts as a glidant. However, excessive quantities may increase cohesive interactions,
negatively affecting powder flow and compressibility. Conversely, the highly porous nature of mesoporous silica
nanoparticles (MSNs) promotes water absorption and expansion, generating internal pressure that accelerates tablet
disintegration. Their low density and small particle size also allow close interaction with dissolution media, enabling
rapid tablet breakup.’
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These methods are mainly employed to improve drug release kinetics through mesoporous silica nanoparticles (MSNs).
1. Adsorption method

In this technique, MSNs are immersed in a concentrated drug solution, allowing drug molecules to adsorb onto their
surfaces. The drug-loaded particles are then separated through filtration or centrifugation and dried to remove residual
solvent. This method is particularly useful for hydrophilic, hydrophobic, and thermosensitive drugs because it operates
at relatively low temperatures. However, poorly soluble drugs present challenges because higher drug concentrations
can block mesopores and reduce loading efficiency. The process is also time-consuming and may result in uncertain
loading levels and drug wastage.

The solvent selected plays a major role in loading efficiency. For instance, valsartan exhibited greater loading in
dichloromethane than methanol, despite methanol providing higher drug solubility. Similarly, aprepitant demonstrated
significantly better loading in chloroform than methanol. Polar solvents such as dimethyl sulfoxide and dimethyl
formamide were found unsuitable for loading ibuprofen into MCM-41.

2. Incipient Wetness Impregnation Method

This technique is widely applied in catalyst synthesis and drug incorporation into mesoporous particles. A concentrated
drug solution is gradually added to silica until the liquid volume matches the pore volume. The wet powder is dried
for 24 hours and vacuum-treated at 40°C for 48 hours. Excess surface drug is later removed by solvent washing. The
washing step is particularly important because it greatly affects drug content. For example, washing MCM 41 reduced
encapsulated ibuprofen levels from 1350 mg/g to 500 mg/g. Key advantages of this method include accurate drug
loading and efficient utilization of MSN pore capacity. High drug loading (5-40% w/w) can be achieved using
concentrated solutions and repeated impregnation cycles.

3. Solvent Evaporation Method

This commonly used approach involves dissolving both the drug and silica in a volatile organic solvent such as ethanol
or dichloromethane. The solvent is subsequently removed using heating or rotary evaporation. The method influences
the drug’s physical state, localization, and release profile within the carrier system.

4. One-Pot Loading and Synthesis Method

Drug incorporation can also occur during MSN synthesis itself. Typically, MSNs are synthesized using sol-gel
techniques with surfactant micelles serving as templates, which are later removed through calcination or extraction.
Conventional approaches require multiple steps and often result in limited loading and burst release. The one-pot
approach combines MSN synthesis and drug encapsulation simultaneously, thereby reducing processing time and
improving loading efficiency. For example, researchers have utilized myramistin micelles, an antibacterial agent, as
templates during sol-gel synthesis to integrate drug loading directly into MSN fabrication.

Solvent-Free Methods
Solvent-free methods are advantageous because they reduce processing time and allow higher drug loading. Drug
concentration within mesopores can also be predicted more easily based on the API/MSN ratio.
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1. Melt Method

In this process, a drug—mesoporous silica mixture is heated above the drug’s melting point, enabling the molten drug
to penetrate silica pores. Studies have shown that this thermal solvent-free technique loads ibuprofen into MCM-41
more effectively than incipient wetness methods, achieving filling capacities of approximately 60%. However, this
method is only suitable for thermally stable drugs because elevated temperatures may degrade sensitive compounds.
2. Microwave Irradiation

This technique employs controlled microwave heating to load drugs into silica particles while preventing thermal
degradation. Waters and colleagues successfully applied this method to load fenofibrate into silica materials such as
SBA-15.Microwave irradiation within the frequency range of 300 MHz-300 GHz generates heat by interacting with
polar and charged molecules. These molecules align with the oscillating electromagnetic field, causing rapid motion
and internal heating. Compared with conventional heating, microwave heating provides uniform energy distribution,
shortens processing time, improves yields, and reduces by-product formation.

3. Microwave-Assisted Synthesis

Microwave-assisted synthesis has significantly improved the preparation of mesoporous silica nanoparticles. Unlike
traditional heating methods, which rely on surface-to-core heat transfer, microwave irradiation produces volumetric
heating, enabling rapid nucleation and homogeneous temperature distribution. This method greatly decreases synthesis
time from several hours to only minutes while offering better control over pore structure, particle size, and surface
characteristics. It also minimizes by-product formation and reduces purification requirements, making it an
environmentally friendly alternative to conventional hydrothermal methods. Microwave-assisted synthesis has been
extensively utilized for preparing ordered mesoporous structures such as SBA-15, SBA-16, and MCM-41 for
applications in catalysis, drug delivery, adsorption, and environmental remediation.

4. Co-Milling

Co-milling is a versatile technique used for producing submicron particles and inducing amorphization. Studies have
demonstrated that organic compounds such as benzoic acid and 4-fluorobenzoic acid can be successfully incorporated
into MCM+-41 pores using planetary ball milling.

Drug loading depends on the drug-to-silica ratio, with loading capacities exceeding 50% reported at a 1:1 ratio. The
process also enables uniform distribution of guest molecules throughout the mesoporous structure. Hedous and co-
workers observed that co-milling SBA-15 with ibuprofen enhanced drug incorporation, achieving approximately 40%
loading by weight. Compared to solvent-based techniques, co-milling offers simplicity, reduced processing time, and
easier scalability for industrial applications.®
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