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Abstract: Solid oral dosage forms are mostly preferred in pharmaceutical formulation development due to patient convenience, ease of 
product handling, high throughput, low manufacturing costs, with good physical and chemical stability. However, 70% of drug candidates 
have poor water solubility leading to compromised bioavailability. This phenomenon occurs because drug molecules are often absorbed 
after dissolving in gastrointestinal fluid. To address this limitation, delivery systems designed to improve the pharmacokinetics of drug 
molecules are needed to allow controlled release and target-specific delivery. Among various strategies, amorphous formulations show 
significantly high potential, particularly for molecules with solubility-limited dissolution rates. The ease of drug molecules to amorphized is 
known as their glass-forming ability (GFA). Specifically, drug molecules categorized into class III based on the Taylor classification have 
a low recrystallization tendency and high GFA after cooling, with substantial “glass stability” when heated. In the last decades, the 
application of mesoporous silica nanoparticles (MSNs) as drug delivery systems (DDS) has gained significant attention in various 
investigations and the pharmaceutical industry. This is attributed to the unique physicochemical properties of MSNs, including high loading 
capacity, recrystallization inhibition, excellent biocompatibility, and easy functionalization. Therefore, this study aimed to discuss the 
current state of good glass former drug loaded mesoporous silica and shows its impact on the pharmaceutical properties including dissolution 
and physical stability, along with in vivo study. The results show the importance of determining whether mesoporous structures are needed in 
amorphous formulations to improve the pharmaceutical properties of drug with a favorable GFA. 
Keywords: mesoporous silica nanoparticles, good glass-forming ability, characterization, dissolution, in vivo study

Introduction
Water solubility of drug is significantly important in drug development, as molecules absorption occurs after their dissolution in 
gastrointestinal fluids, directly impacting bioavailability.1 In drug dosage development, oral solid dosage forms are often selected 
due to the ease of product handling, convenience for use, low manufacturing cost, with good physical, and chemical stability.2 

However, 75% of drug candidates are classified into Biopharmaceutics Classification System (BCS) classes II and IV.3 This 
makes a delivery system essential, as 84% of drug products in the market still require a proper and absorption system for the 
treatment of diseases.2

Amorphous formulations are increasingly becoming a popular method in drug discovery to enhance bioavailability, 
particularly for novel chemical entities with low water solubility.4 This significant increase has led to the study focusing on 
converting API into amorphous forms. For instance, during melt extrusion, the formulation is heated, converting the crystal-
line API to a molten state, and cooling to a solid state. The API can become kinetically stuck in a disordered, amorphous state 
or pass through a liquid to a solid phase, reverting into its original or another crystalline form throughout the cooling process. 
Physical stability is a crucial factor during processing and storage, determining the suitability of the API for amorphous 
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formulation. However, current knowledge regarding the tendency of organic molecules to form crystals after cooling from the 
undercooled melt state and its connection with the long-term physical stability of the resulting glass is rudimentary. This shows 
that understanding important physicochemical factors affecting crystallization tendency would help design dosage forms for 
new chemical entities.5

A classification system of glass-forming ability (GFA) based on the recrystallization tendency of drug during cooling 
and heating cycles has previously been proposed.5 GFA class (I) refers to drug that recrystallize during cooling of the 
melt at a rate of 20 K/min. Meanwhile, class (II) did not recrystallize during the cooling of the melt at 20 K/min but 
recrystallized in the following heat cycle at 10 K/min. Finally, GFA class (III) drug is neither recrystallized during 
cooling of the melt at 20 K/min nor the following heat cycle at 10 K/min.5,6 Classes of GFA (1 to 3) represent poor, 
modest, and good glass formers, respectively. This classification system based on arbitrary categories was further 
substantiated, showing that drug can be classified according to their inherent crystallization tendency, regardless of the 
predefined categories.7 This shows that drug molecules in class (III) have both high GFA after cooling and elevated 
“glass stability” when heated above Tg.7,8

In recent years, nanomedicine has become the leading edge of nanotechnology, generating great expectations in the 
biomedical field.9 Silica nanoparticles with mesopores, referred to as MSNs, were also used due to uniform and tunable 
pore size, easy independent functionalization of the surface, internal, and external pores, including the gating mechanism 
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of the pore opening, which characterized their distinctive and potential as drug carriers. Several investigations have been 
carried out on the use of these carriers for loading a variety of cargo ranging from drug to macromolecules such as 
proteins,10,11 DNA,12,13 and RNA.14,15 An exhaustive set of literature is available, with continuous study evaluating new 
methods for using mesoporous silica nanoparticles (MSNs) in drug delivery. Several reviews regarding MSNs in 
improving the solubility of drug,16,17 as well as controlled/sustained DDS,18 and applications in biomedicine19 have 
been published.

The incorporation of drug into MSNs is a promising strategy to stabilize its amorphous form.20 MSNs are thermo-
dynamically stable and more favorable for drug to remain in a disordered rather than crystalline state inside the pore due 
to its small carrier size.21 Moreover, two mechanisms responsible for illuminating drug crystallization inhibition include 
(i) the molecular interaction between functional groups of drug molecules as well as the surface of MSNs, namely 
hydrogen bonding, and (ii) the nanoconfinement effect of MSNs, which suppresses nucleation and crystal growth as the 
pore size is smaller than the critical crystalline nuclei.22 Considering silica surface interaction, the large MSNs surface 
area has an additional free energy. Drug adsorption in the amorphous state is thermodynamically favorable due to its 
lower free energy state compared to the crystalline form.23,24 When drug molecules occupy all MSN surfaces, the excess 
drug no longer has direct contact but starts forming additional layers on the top of the initial monolayer.25,26 

Consequently, the nanoconfinement effect of MSNs provides physical stabilization against the crystallization from the 
excess amount of amorphous drug. The surface area and pore volume also influence the loading capacity and 
crystallization.27

Several studies reported the incorporation of drug with good glass former ability (GGFA drug) into MSNs. Therefore, 
this study aimed to systematically summarize and discuss characterization of (GGFA drug) within MSNs, which affect 
their pharmaceutical properties, including solubility, dissolution, and physical stability, as well as in vivo analysis. In this 
review, we summarize the classification system of GFA, MSNs as drug delivery carrier systems, and the studies of GGFA 
loaded MSNs. Moreover, the review also elucidates the characterization of GGFA drug loaded MSNs, and their impact 
on in vitro and in vivo studies.

Drug with Good GFA (GGFA Drug)
A classification system of GFA based on the recrystallization tendency of drug during cooling and heating cycles has 
previously been proposed. The GGFA drug, categorized into class III based on Taylor’s classification,5 commonly 
showed neither crystallization after cooling nor reheating.28 The poorly water-soluble molecules categorized into class III 
based on Taylor’s classification are represented in Table 1

Crystallization Tendency from Melt Screening Using Differential Scanning Calorimetry 
(DSC)
The crystallization tendency of molecules from the undercooled melt state was assessed using DSC screening method. 
For class (III) molecules, the result is the absence of crystallization or reheating at the melting point after chilling down 
below Tg. However, in the case of nilutamide and nimesulide, crystallization was observed when tested after reheating at 
a slow heating rate (2°C min-1).

DSC data obtained were used to make further fascinating observations. For example, local anesthetic procaine did not 
crystallize after cooling from the undercooled melt at a slow cooling rate (1°C min−1) and was resistant to crystallization 
on reheating. This observation exemplifies the significant variation in crystallization tendency between molecules of 
similar structures.5

Numerical Evaluation of GGFA Drug
Class (III) molecules show significant characteristics when cooled from the undercooled melt state, including high 
relative GFA. Compared to class (II) molecules, the majority of molecules did not crystallize after being heated at a slow 
pace (2°C min−1), and none of the systems showed crystallization at an intermediate rate (10°C min−1). After reheating at 
2°C for one minute, nilutamide and nimesulide both crystallized but showed no significant effect in one of the triple runs. 
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Table 1 The Poorly Water-Soluble Molecules are Categorized into Class III Based on Taylor’s Classification

Molecule Structure Solubility Activity Mechanism of Action Reference

Aceclofenac 0.058 μg in 
1 mL at 

25°C

Nonsteroidal anti- 
inflammatory drug 

(NSAID)

Inhibits the prostaglandin production by selectively hindering Cyclo-oxygenase 2 
(COX-2). It is a potent inhibitor of cyclooxygenase (COX), a key enzyme in the 

synthesis of prostaglandins and thromboxanes.

[29,30]

Clotrimazole 5.6 μg in 
1 mL at 

25°C

Antifungal Inhibits the biosynthesis of ergosterol by impeding the demethylation of 14 alpha 
lanosterol and hinders sarcoplasmic reticulum ca2+ ATPase, depletion of 

intracellular calcium, and blocking of calcium-dependent potassium and voltage- 

dependent calcium channels. 

[31,32]

Felodipine 0.019 mg in 

1 mL at 

25°C

Anti-hypertension Blocking calcium channels, mainly in vascular smooth muscles, causes a reduction in 

vascular resistance, which subsequently results in blood pressure lowering.

[33,34]

Fenofibrate 0.69 mg in 
1 mL at 

25°C

Anti- 
hypertriglyceridemia

Upregulate lipoprotein lipase, induce high-density lipoprotein (HDL) synthesis and 
decrease liver production of apolipoprotein C. Fibrates enhance the clearance of 

triglyceride-rich particles and plasma catabolism and fatty acid oxidation via acyl 

CoA synthetase and other enzymes.

[35,36]

Ibuprofen 21 mg in 1 
L at 25°C

Anti-inflammatory Inhibition of prostaglandin precursors. The inhibition of COX-2 activity decreases 
the synthesis of prostaglandins in mediating inflammation, pain, fever, and swelling.

[37,38]

Indomethacin 2 μg in 1 mL 
at 25°C

Nonsteroidal anti- 
inflammatory drug 

(NSAID)

Inhibits the synthesis of prostaglandins produced by cyclooxygenase (COX) 
enzymes.

[39,40]
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Itraconazole 1 ng in 1 mL 
at 25°C

Antifungal Inhibits the ergosterol synthesis, which maintains the cell membrane in fungal. This 
impaired ergosterol synthesis leads to fungal membrane abnormalities capable of 

increasing permeability and disrupting fungal cell membrane integrity, changing 

membrane-bound enzyme activity.

[41,42]

Ketoconazole 40 μg in 
1 mL at 

25°C

Antifungal ● Inhibit the cytochrome P450 14 α-demethylase enzyme that is responsible for 

inhibiting the biosynthesis of triglycerides and phospholipids by fungal.
● Inhibits the synthesis of lanosterol, a necessary precursor for ergosterol 

biosynthesis.
● Inhibits the activity of the enzyme 21-hydroxylase.

[43,44]

Ketoprofen 11.24 µg in 
1 mL at 

25°C

Nonsteroidal anti- 
inflammatory drug 

(NSAID)

Inhibit the cyclooxygenase (COX) enzyme capable of increasing the production of 
prostaglandins, and prostaglandin E2 (PGE2) as anti-inflammatory

[45,46]

Loratadine 0.004 mg in 
1 mL at 

25°C

Anti- allergic Inhibits H1-receptors located on respiratory smooth muscle cells, vascular 
endothelial cells, the gastrointestinal tract, and immune cells. Loratadine is 

a competitive histamine antagonist that does not cross the blood-brain barrier.

[47,48]

Miconazole 0.17 
±0.0002 mg 

in 1 mL at 

25°C

Antifungal Preventing the synthesis of ergosterol by inhibiting in a competitive manner the 
lanosterol 14α-demethylase.

[49,50]

Nilutamide Insoluble in 

water

Antiandrogen Nilutamide is a non-steroidal anti-androgen with high- affinity, which focuses on the 

androgen receptor (AR) ligand binding and blocks the transcription of androgen 
response elements (AREs).

[51,52]

(Continued)
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Table 1 (Continued). 

Molecule Structure Solubility Activity Mechanism of Action Reference

Nimesulide 0.01 mg in 
1 mL at 

25°C

Nonsteroidal anti- 
inflammatory drug 

(NSAID)

Inhibits the enzyme cyclo-oxygenase (COX), thereby blocking the formation of 
prostaglandins that are important in pain and inflammatory pathways.

[53,54]

Pimozide 0.007 mg in 

1 mL at 

25°C

Antipsychotic Reduced the proliferation of brain cancer cell lines by inducing apoptosis. Inhibited 

the expression of anti-apoptotic markers.

[55,56]

Probucol 5 ng in 1 mL 

at 25°C

Anti-hyperlipidemic ● Prevent oxidative stress-induced tissue damage, improving the occurrence and 

development of diabetic nephropathy through antioxidation and protecting 

against diabetic nephropathy.
● Reduce oxidative stress and inhibit neuronal apoptosis after spinal cord injury by 

activating the signaling pathway.

[57,58]

Procaine 5 mg in 

1 mL at 

25°C

Local anesthetic Blockade of neurotransmission through the inhibition of sodium channels along 

nerve fibers. After epineural and neural diffusion, procaine reversibly and 

preferentially binds to active sites on the cytoplasmic aspect of neuronal voltage- 
gated sodium channels.

[59,60]

Ritonavir 5 µg in 1 mL 

at 25°C

Antiretroviral Binding to HIV-1 protease, which causes cleavage of protein precursors generating 

new viral particles. Protease inhibitors disrupt this cleavage process, interrupting 
the production of new viral particles.

[61,62]
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These results showed that class (III) molecules have strong “glass stability” after reheating above Tg and high glass 
transition temperatures (GFA) after cooling.

For each class (III) molecule, fragility and strength parameters were calculated. The range of values reflects 
moderately fragile or delicate liquids, which is equivalent to class (II) compounds. Since there was no crystallization 
during reheating, the GS parameters for class (III) molecules could not be calculated. Trg is not a perfect predictor of 
crystallization tendency, as evidenced by class (I) molecules which show the lowest average Trg values [0.69±0.02], and 
class (III) molecules with highest values [0.73±0.04].

In conclusion, inorganic systems have several data to support the correlation between GFA and crystallization 
behavior. However, these criteria are not the best in forecasting GFA of organic molecules due to the lack of a strong 
connection between the evaluated qualities and the observed crystallization behavior in this study, within the classes of 
molecules.5

Role of Physicochemical Properties
The propensity of molecules to crystallize depends on their inherent physicochemical characteristics. However, inter-
preting the observed crystallization tendency with these characteristics can be challenging due to the complexity of the 
process. Based on the PCA results, class (I) molecules have lower MW, simpler structures, and fewer compared to class 
(III) molecules, with more structural complexity. The crystalline lattice structure constrains the orientation of molecules 
for crystallization to take place. Additionally, class (I) molecules have greater average Tmelt, DHfus, DSfus, and lower 
(more negative) DGv values. A lower entropy of fusion suggests that the entropy of the liquid is relatively low or higher 
in the crystal. Meanwhile, a lower heat of fusion shows that less energy is required to fracture the crystalline lattice. The 
free energy differences between the crystalline and amorphous states are greater (more negative) for class (I) compounds 
and lower (less negative) for class (III) compounds, as estimated using the Hoffman equation.5

Since a higher melting material requires more energy to shatter the crystalline lattice, the observed tendency of class 
(I) compounds to have higher melting points relative to class (III) compounds is also considered. Therefore, it can be 
concluded that class (I) molecules possess a stronger driving force for nucleation and a higher inclination to crystallize 
compared to class (III). Despite the complexity of the crystallization process, the average values of the descriptors for 
class (I) and class (III) molecules showed several differences. This makes it impossible to predict the crystallization 
behavior after cooling from the undercooled melt.28

MSNs
MSNs are made through hydrolysis and condensation of silica precursors such as tetraethoxysilane (TEOS) around 
micelle templates. These micelles are produced by supramolecular self-assemblies of surfactant molecules, followed by 
template removal through calcination or solvent extraction, as shown in Figure 1. The two basic methods of synthesizing 
MSNs include liquid-crystal templating and cooperative self-assembly of micelle and silica sources.63 MSNs can also be 
made in a variety of sizes, from nano to microscale, with enormous surface areas between 700 and 1000 m2/g, as well as 
pore volumes between 0.6 and 1 cm2/g. Various morphologies such as spherical, rod, ellipsoid, and platelet are created 
suited for a variety of biological applications depending on the reaction conditions. Although the average pore sizes of 
MSNs are between 2 and 5 nm, it can be synthesized to 30 nm in size, allowing for the accommodation of bigger 
compounds such as proteins in addition to tiny molecules. Furthermore, silanol groups affect the surface characteristics of 
MSNs, ranging from hydrophobic to hydrophilic, which allow for optimal drug loading parameters and release profiles 
for various therapeutic compounds.

Factors Affecting Pore Size
Small-molecule surfactants are used in the synthesis process, producing MSNs with pore sizes below 5 nm, such as 
MCM-41. However, its application as a carrier for large guest molecules such as proteins or nucleic acids may be 
restricted.64 This shows the necessity of developing large-pore MSNs (LPMSMs) to accommodate the large-size guest 
molecules including enzymes, enable the load of high amounts of different cargos, and promote drug dissolution rates. In 
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this study, the impact of important parameters such as surfactant type, hydrothermal temperature, and introducing organic 
swelling agents (SAs) on controlling the pore size of MSNs was discussed.

The type and area of the hydrophobic groups in the templating surfactants mainly affect MSN pore size. Generally, 
tetra-alkylammonium salts are the most commonly used surfactant family in the preparation of ordered mesoporous 
silicas. Jana et al investigated the effect of different alkyl chain lengths of tetra-alkylammonium salts on pores diameter 
of MSNs. The results showed that an increase in surfactant chain length from C8 to C22 enlarged pore size from 1.6 to 
4.2 nm.65 This showed the importance of surfactant chain length in pore size, where any alteration in the carbon chain 
length can modify the pore size of MSNs by approximately 4.1 nm.66,67

The addition of organic SAs is an effective method to increase the pore diameter of MSNs. Specifically, SAs can enter 
the hydrophobic core of micelles, causing an increase in size.68 In this context, benzene and its derivatives,65,69 linear 
hydrocarbons,70,71 cyclic hydrocarbons,72 and long-chain amines73 have been used as micelle expanders. For example, in 
acidic triblock copolymer templating systems, the pore diameters of MSNs might be increased by 40 nm using 
1,3,5-trimethylbenzene (TMB) as a micelle expander, resulting in disordered mesostructures.69 This shows that using 
blends of two SAs to expand the pore size of MSNs can be an effective method, resulting in highly ordered MSNs with 
significantly more pore size augmentation.74,75

Factors Affecting Particle Size
Nano-sized MSNs have advantages compared to their bulk counterparts, such as high dispersibility and quick mass transit.76,77 

Meanwhile, controlling particle size at micron scale is more challenging, facilitating the focus on nanoscale management. 
Since the hydrolysis rate of silane and siloxane bond condensation are both highly affected by pH, it is essential to control the 
particle size of MSNs.78 Previous investigations have shown that pH increases can lead to a higher TEOS hydrolysis rate. 
However, the TEOS condensation rate is not monotonic, reaching a maximum value of pH 8.4 and declining on both sides.76 

This phenomenon leads to the preparation of MSNs with diameters ranging from tens to hundreds of nanometers using a quick 
pH-shifting method based on TEOS hydrolysate.79 Rapidly increasing the pH from 2 to 6.0–9.0 can enhance the simultaneous 
formation and growth of silica/surfactant nuclei. This results in controlled particle sizes within the nanoscale range due to the 
fast condensation of silica with a strong electrostatic attraction between silica and cationic surfactants.

Another essential component in the synthesis of MSNs is reaction temperature, which has a considerable impact on 
particle size. This is because higher reaction temperature increases the rates of hydrolysis and polymerization of silica 
precursors, resulting in particle expansion.80 Lv et al showed that changing the reaction temperature from 40 to 95°C 
increased the particle size of MSNs from 21 to 38 nm.81

MSNs as Drug Delivery Carrier Systems
The significant success of MSNs as DDS is based on their physical and chemical properties. Specifically, MSNs can provide 
a novel therapeutic armamentarium capable of addressing main challenges in conventional medicine, such as the lack of drug 
specificity, the narrow window of efficacy of some medicines, the possible low drug solubility and/or stability, the adverse 
pharmacokinetic profiles, and the side effects. Generally, nanoparticles used as DDS are required to fulfill some basic 
requirements, as illustrated in Figure 2. These include loading the maximum amount of cargo molecules, on-demand releasing 

Surfactant 

Micelles Mesoporous 
Silica

Water TEOS 

Hydrolysis and 
Condensation 

Removal 
Template

Figure 1 Schematic illustration for the synthesis of MSNs. Reprinted from J Control Release, Volume 262, Maleki A, Kettiger H, Schoubben A, Rosenholm JM, Ambrogi V, 
Hamidi M. Mesoporous silica materials: from physico-chemical properties to enhanced dissolution of poorly water-soluble drugs. 329–347. Copyright 2017, with permission 
from Elsevier.17
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to avoid premature release, precisely delivering the cargo to the diseased tissue and penetrating deep into the tumor in cancer 
treatment.

Loading and Protecting the Therapeutic Cargo
The two different methods of loading drug into MSNs include in situ during the synthetic path or post-sorption 
(physisorption or chemisorption).64 Post-sorption is a separate step following particle synthesis, which allows indepen-
dent optimization of loading conditions. The most common methods include physical adsorption from solution into the 
mesopores or the outer surface and covalent grafting. In any case, the larger surface area and pore volume of MSNs 
ensure higher drug loading compared to other nanoparticles. This allows the use of fewer nanoparticles of MSNs for the 
potential treatment of the same disease, which could be crucial in addressing toxicity issues. An additional benefit of 
using MSNs as drug carriers is the protection of cargo molecules loaded inside the mesopores from tough environmental 
factors in the systems such as degradation due to enzymatic or extreme pH.

Release Therapeutic Cargo on-Demand
A nanocarrier should have ability to release high local concentrations of the therapeutic cargo on-demand after the 
application of a stimulus to be considered ideal, leading to smart DDS.83 This method is essential, particularly when the 
cargo is cytotoxic, avoiding premature release of the transported cargo before reaching the targeted tissues, which 
improves the nanomedicine efficiency and reduces side effects. The stimuli-responsive method is essential for MSNs due 
to their peculiar and unique textural characteristics. Although it is relatively easy to load a therapeutic cargo into the 
mesopores of MSNs, preventing the diffusion of molecules from mesoporous channels is crucial. To address this 
limitation, there is a need to close the pore entrances with a cap after the cargo is loaded inside mesoporous network 
of cavities. The pore diameter of MSNs allows the use of large molecules to block the pore entrances. After the 
application of certain stimuli, the cap agents would detach from the pore entrances triggering the cargo on-demand. 
These capping systems can be divided into three main groups, namely reusable caps, based on a bulky ability to bind 

Synthesis 

Characterization  Stability   

Quality 
Assurance    

Penetration 

Uptake  In Vivo  

Figure 2 Representative plot map from an MSNs platform to the preclinical studies, including the synthesis of MSNs, show of their stability, therapeutic cargo loading into 
the pores, quality assurance or characterization of loaded platform, smart release behavior, penetration into tumor mass, cellular uptake, and in vivo study. Reprinted from 
Manzano M, Vallet-Regí M. Mesoporous silica nanoparticles for drug delivery. Adv Funct Mater. 2020;30(2). © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.82
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reversibly, completely reversible caps using the principle of reversal affinity of a ring-shaped macromolecule into a steam 
with two or more binding sites, and irreversible caps which function using a chemical bond cleavage of the capping 
molecule leading to a permanent separation from the pore entrance of MSNs.84 Internal and external stimuli have been 
widely used for triggering the release of therapeutic cargo from MSNs.85–87

GGFA Drug Loaded MSNs
The studies of GGFA loaded MSNs are represented in Table 2.

Preparation of GGFA Drug Loaded MSNs
Based on previous studies, the loading of GGFA drug into MSNs can be accomplished through various methods, which 
are divided into solvent-free and solvent-based, as shown in Figure 3.

Table 2 The Studies of GGFA Drug Loaded MSN

No. Active 
Compound

Mesoporous Type Drug 
Loading 
Method

In Vitro Study In Vivo Study Ref.

1. Aceclofenac MSNs Solvent 
evaporation

Improve sustained release of 
aceclofenac for 15 hours (compared 
with pure active compound).

– [88]

2. Aceclofenac MCM-41 Solvent 
evaporation

Increase profile release (at pH 4.5) in 
comparison with plain drug.

Increase maximum concentration in 
plasma (Cmax), AUC, and oral 
bioavailability in comparison with 
free aceclofenac and aceclofenac 
suspension.

[89]

3. Aceclofenac Mesoporous 
formulation (MS11/72) 
and nonporous silica 

(NP)

Solvent 
evaporation

Dissolution efficiency (DE) of 
mesoporous and nonporous silica 
was ~2 times more than that of plain 
drug and marketed tablets.

Enhance 189% and 164% in oral 
bioavailability (AUC0-8) for 
aceclofenac-loaded mesoporous 
formulation (MS11/72) and 
nonporous silica (NP), respectively, 
when compared to plain 
aceclofenac.

[89]

4 Clotrimazole Ordered Mesoporous 
Silica (OMS) of the 

MSU-H type,

Supercritical  
CO2

The amount of incorporated 
clotrimazole was observed to 
increase with higher incorporation 
time for 12 h. Longer times (18 h) 
did not affect the incorporated 
amount. The maximum drug loading 
was 34% w/w, which was three 
times higher than the value obtained 
by adsorption from ethanol solution 
(9.0% w/w).

[90]

5 Felodipine Mesoporous silica 
Syloid® XDP 3050

Solvent-free 
methods and 
solvent-based 
methods.

Dissolution of all Felodipine-Syloid 
samples was much higher than that 
of the physical mixtures, both raw 
and spray-dried materials (p < 0.05).

[91]

6 Felodipine MSNs The solvent 
evaporation 
method

Deliver felodipine in an 
approximately zero-order manner in 
12 h, in in vitro dissolution studies

The half-life of felodipine in the 
push-pull osmotic pump tablets was 
prolonged 1.8-fold, the bioavailability 
was increased by 18% and the 
maximum plasma concentration was 
reduced by 25%.

[92]

(Continued)
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Table 2 (Continued). 

No. Active 
Compound

Mesoporous Type Drug 
Loading 
Method

In Vitro Study In Vivo Study Ref.

7 Felodipine Mesoporous silica 
nanospheres (MSN)

Solvent-based 
methods.

Compared with pure Fel, Fel-MSNs 
showed a much faster release 
behavior.

Nanoparticles possessed good 
stability and strong mucosa adhesive 
ability.

[93]

8 Fenofibrate Mesoporous silica 
(SBA-15)

(i) physical 
mixing, 
(ii) melt,  
(iii) solvent 
impregnation,  
(iv) liquid CO2 
and  
(v) supercritical 
CO2 methods.

All the processing methods resulted 
in enhanced drug release compared 
to the unprocessed drug with the 
impregnation, liquid, and SC-CO2 
producing the greatest increase at 
t = 30 min.

[94]

9 Fenofibrate SBA-15-A MCM-41 Solvent 
impregnation

Increase in release rate in the 
release experiments under sink 
conditions as.

Increase the area under the plasma 
concentration-time profile.

[95]

10 Fenofibrate Mesoporous Silica 
(MSN)

(a) Solvent 
Method 
Melting 
method

Drug-loaded at 20% and 33% 
dissolved rapidly in 15 minutes and 
reached the supersaturated 
concentration in comparison with 
crystalline fenofibrate.

- [96]

11 Fenofibrate MSNs Evaporation 
method

Fenofibrate-MSNs are made as 
a PPOP (Push-Pull Osmotic Pump) 
tablet dissolved rapidly in GI fluids 
and absorbed into the blood 
circulation.

PPOP tablets controlled the release 
of drug due to slower absorption. 
Bioavailability of PPOP increased by 
approximately 60.32% compared 
with the reference drug.

[97]

12 Ibuprofen Mesoporous silica 
(MCM 41).

The adsorption 
method’ The 
incipient 
wetness

The rapid release was observed in 
the IBP-loaded MSNs. 
A hundred percent release is 
observed at the end of in vitro 
experiment.

[98]

13 Ibuprofen Amino-functionalized 
mesoporous silica 

(Amino-MSR)

organic solvent 
drying method

The IBU release rate and amount 
were significantly improved in the 
stimulated gastric fluid (SGF) 
medium. Particularly, Amino-MSR 
exhibited controlled drug release 
behavior because of the stronger 
host-guest interaction.

IBU/Amino-MSR showed better 
anti-inflammatory effects and higher 
relative bioavailability (203%).

[99]

14 Indomethacin Activated Mesoporous 
Silica (AMS)

Solvent 
method

Reduced IC50 of cytotoxic cells 
significantly.

[100]

15 Indomethacin MSNs and Mesoporous 
Silica Nanospheres 

(MSNSs)

A combination 
of adsorption 
equilibrium and 
solvent 
evaporation

Faster release and dissolution of 
Indomethacin-MSNRs. Drug-loaded 
in MSNRs released 100% in 1 hour, 
while the active drug (bulk) released 
27% after 1.5 hours.

Bioavailability of Indomethacin- 
loaded in MSNRs and MSNSs is 4 
and 2.2 times higher than drug 
solution. Maximum concentration  
(Cmax) and AUC of drug-loaded in 
MSNRs are higher than drug-loaded 
in MSNSs and drug solution.

[101]

(Continued)
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Table 2 (Continued). 

No. Active 
Compound

Mesoporous Type Drug 
Loading 
Method

In Vitro Study In Vivo Study Ref.

16 Indomethacin MSN Sol-gel method - IND-loaded MSNs inhibited tumor 
growth by up to 70.09% and 
decreased the frequency of mitosis 
in tumor tissues, which was up to 
37.95% lower compared to the IND 
groups.

[102]

17 Itraconazole Mesoporous Silica 
Nanospheres (MSNs)

The wetness 
impregnation 
method

Improve the release rate of 
itraconazole and reach almost 100% 
release.

The bioavailability of 50 nm MSNs 
with 37.5% itraconazole-loading is 
higher than the commercial drug.

[103]

18 Itraconazole Mesoporous Silicon 
(TOPSi and TCPSi) and 

Non-ordered 
Mesoporous Silica 

(Syloid AL1 and Syloid 
244)

The immersion 
method

Released drug loaded in TCPSi and 
Syloid AL1 faster than in TOPSi, 
Syloid 244, and the pure drug.

- [22]

19 Ketoconazole MSNs Sol-gel Method Salicylic Acid/Ketoconazole (SA/ 
KET)-loaded in MSNs showed 
a higher inhibition zone of Candida 
albicans.

Speed recovery and negative results 
of culture test of rabbits that were 
given SA/KET-MSNSs than SA/KET 
suspensions.

[104]

20 Ketoprofen SBA-15 Immersion- 
rotavapor 
method

Dissolution of KP amorphous inside 
the SBA-15 pores was very rapid 
compared to the plain crystalline KP. 
During the first 5 min, dissolution 
study showed very high release 
rates, approximately 50% of KP was 
released, while plain KP lasted for 
120 min to reach 45%.

After 1 h, the KP-loaded SBA-15 had 
a percentage inhibition of 82% in 
edema, while the standard reference 
showed 52%.

[105]

21 Nimesulide Functional MSNs 
(F-MSNs)

Solvent 
evaporation 
method

Improve NMS dissolution due to 
their significantly higher drug 
dissolution profiles compared to 
NMS

Enhanced bioavailability of 
Nimesulide by prolonged MRT and 
increased maximum concentration  
(Cmax) and AUC.

[106]

22 Probucol AMS-6 MCM-41 SBA- 
15

Wetness 
Impregnation 
method

Probucol-AMS6 increases the 
responses of antioxidants to extra/ 
intracellular ROS.

- [107]

23 Procaine KIT-6 SBA-15 Sol-gel Drug loaded into KIT-6 and SBA-15 
and conjugated with SO3H. Fast 
diffusion exists when drug loaded 
with KIT-6-SO3H. The conjugation 
also increases the loading absorption 
of molecules of drug.

- [108]

24 Ritonavir SBA-15 Solvent 
incipient 
wetness 
impregnation

Released 100% of drug in 5 minutes 
with a maximum concentration  
(Cmax) of 14 µg/mL in comparison 
with the crystalline drug of ritonavir.

[109]

25 Ritonavir MCM-41NPs (2D) 
MCM-48NPs (3D)

Solvent 
evaporation

Enhanced solubility of ritonavir- 
loaded MCM-41NPs and MCM- 
48NPs in comparison with pure 
active drug. Dissolution and diffusion 
rates are faster in MCM-48NPs than 
in MCM-41NPs due to the 3D 
structure.

Ritonavir-loaded MCM-48NPs 
increased maximum concentration  
(Cmax) and AUC to 2.48 and 1.94 
greater than the active pure drug.

[110]
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The solvent-based methods for loading GGFA drug into MSNs could be challenging. This could be due to the procedure 
requires multiple stages using large amounts of solvents, which are often difficult to control in terms of filling factor. The removal 
of the solvent is necessary to achieve the acceptable levels specified in the guidelines of the International Conference on 
Harmonization (ICH) Q3 (R5). Thus, using less toxic and safer solvents, such as ethanol, supercritical, or near-critical CO2, can 
be as an alternative in the loading drug process into MSNs or for human pharmaceutical applications. The selection of a solvent 
has also a significant impact on the loading GGFA drug process into MSNs. Moreover, the highest GGFA drug solubility in the 
solvent is not necessarily the best candidate for getting a high filling factor. Some methods were carried out to load GGFA drug 
into MSNs such as adsorption, solvent evaporation, incipient wetness impregnation, etc. Meanwhile, the solvent-free methods 
can generate a high degree of GGFA drug loading in MSN without consuming time. This method does not require an organic 
solvent for loading GGFA drug into MSN, thus this process is an environmentally friendly method. Moreover, the concentration 
of GGFA drug in MSN is easily predictable, as it is directly influenced by the ratio between GGFA drug and MSN.111

Characterization of GGFA Drug Loaded MSNs
Powder X-Ray Diffraction (PXRD) 
The PXRD was conducted to characterize the amorphization of drug within MSNs. Kumar et al reported aceclofenac 
incorporated into MSNs, where sharp peaks for crystalline aceclofenac were observed at 22.043°, 24.305°, 25.724°, and 
31.900°. Aceclofenac-loaded porous silicas showed typical mesoporous silica reflections in 2–8 with no significant difference 
in d (1 0 0) spacing, confirming the stability of the structure during loading. However, decreasing d100 peak intensities showed 
that drug was filling pores. The XRD of all drug-loaded formulations showed an amorphous halo with a drop in the intensity 
and number of crystalline aceclofenac peaks, showing a decrease in crystallinity or partial amorphization. A characteristic 

Solvent-based Method

Adsorption 

Solvent Evaporation 

Incipient Wetness Impregnation

Diffusion Supported Loading

Supercritical Fluid Technology

One-pot Drug Loading and Synthesis

Co-spray Drying

Covalent Grafting

Solvent-free Method

Physical Mixing 

Melt Method

Co-milling

Microwave Irradiation

Loading GGFA Drug Method into Mesoporous Silica 

Figure 3 The different methods used to load GGFA drug into MSNs. Reprinted from Trzeciak K, Chotera-Ouda A, Bak-Sypien II, Potrzebowski MJ. Mesoporous silica 
particles as drug delivery systems—the state of the art in loading methods and the recent progress in analytical techniques for monitoring these processes. Pharmaceutics. 
2021;13(7):950. Creative Commons.111
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peak at 25.7° of reduced intensity suggested that the amorphization of drug was incomplete (not 100%). This condition also 
shows incomplete encapsulation in the pores of mesoporous matrix, as some crystalline drug was found on the surface of all 
silicas. Compared to loaded silicas, drug-loaded MS11/72 only indicated two reduced-intensity aceclofenac peaks at 24.3 and 
25.7. This showed that the majority of drug molecules were trapped inside mesoporous channels of MS11/72 or finely 
precipitated as an amorphous substance.89 Elrahman et al reported the incorporation of ketoprofen into SBA-15, where the 
physical mixing of crystalline ketoprofen and SBA-15 samples showed reflexes associated with the presence of crystalline 
ketoprofen. Meanwhile, the absence of crystalline ketoprofen responses supported the amorphous nature of ketoprofen loaded 
into SBA-15-K and SBA15-AP(1:10)-K samples.105

The PXRD results of the RTV amorphization after preparation by solvent evaporation method were also reported in 
a previous study, as presented in Figure 4. The characteristic diffraction peaks of RTV crystal were observed in the 
PXRD pattern, while RTV prepared by solvent evaporation method showed halo patterns without any characteristic 
peaks. Similar results were observed in the RTV-loaded MSNs, where a halo pattern without any characteristic peaks was 
observed. This showed that the RTV amorphous was successfully formed by the solvent evaporation method in the RTV 
alone or after being incorporated into MSNs.112 Although the PXRD did not detect the presence of an amorphous form, it 
was discovered that the absence of crystallinity in the samples could not be used to confirm the amorphization of drug by 
spotting the halo pattern in the diffractogram.113

DSC Measurement 
DSC is used to characterize the physical state and location of drug within MSNs by observing their glass transition temperature of 
melting point. Observations have shown that when drug is in the pores of MSNs, the melting point or Tg would be lower 
compared to the crystalline state.111 Moreover, DSC can also be used to determine the maximum loading of an amorphous drug.3 

DSC analysis was used to investigate the physical state of Felodipine in mesoporous silica. Based on the results, the DSC curve of 
pure felodipine had a single endothermic peak at 143.7°C, corresponding to its intrinsic melting points. However, there was no 
melting peak of felodipine loaded in MSNs, showing a non-crystalline state (amorphous state). This showed that felodipine did 
not recrystallize during the encapsulation procedure and was present in its non-crystalline state within the pores.93

DSC scans of probucol-loaded mesoporous materials confirm the presence of crystalline drug at loading exceeding 
100% pore filling, compared to amorphous probucol confinement within mesopores at lower drug loading. The existence 
of two endothermic peaks from DSC scans in samples (>40% wt%) suggested the presence of a polymorphic crystal 
combination. As shown in Figure 5, the ratio in the enthalpy of melting of crystalline probucol to drug loaded 

3 10 20 30 40
2 ( )

b

a

c

Figure 4 The PXRD patterns of (a) RTV crystal, (b) RTV amorphous, and (c) RTV/MSNs = 3:7. Reprinted from Budiman A, Aulifa DL. A comparative study of the 
pharmaceutical properties between amorphous drugs loaded-mesoporous silica and pure amorphous drugs prepared by solvent evaporation. Pharmaceuticals. 2022;15 
(6):730. Creative Commons.112
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mesoporous materials can be used to assess the amount of crystalline material in the samples. For the larger pore 
materials SBA-15 and AMS 6, 40% loading resulted in 5% crystalline drug and 10% for MCM-41. Meanwhile, loading 
greater than 40% wt caused a rapid increase in the % crystallinity. A shift in the water desorption endotherm to a lower 
temperature suggested that crystalline probucol adsorption increased the hydrophobicity of the samples. Due to the 
increased amount of recrystallized, hydrophobic probucol in these samples, drug loading over full pore filling was 
predicted to produce a reduction in drug release kinetics.107

DSC analysis was conducted to determine the loading amount of cyclosporine A (CYP) into MSNs, as shown in Figure 6. 
Based on the results, the DSC curve of pure and CYP prepared by solvent evaporation showed an endothermic peak at 123.8°C 
and 123.2°C, respectively. This phenomenon was attributed to their glass transition temperature (Tg) without any melting 
peak, showing the absence of recrystallization of CYP after reheating. The ΔCp of glass transition event from CYP also 
decreased with a significant reduction in the concentration loaded in MSNs (CYP/MSN). The Tg of CYP was observed in the 
weight ratios of 7:3 and 5:5, suggesting the existence of CYP in an amorphous state outside of the mesopores. In contrast, the 
Tg of CYP/MSN1 = 3:7 was not detected in the DSC curve, showing monomolecular adsorption on silica surface of MSNs. 
Consequently, the loading of 30% CYP could be almost the maximum value to be loaded MSNs. The maximum amount of 
CYP within MSNs was also quantitatively determined by plotting the concentration of the CYP amorphous state and its 
ΔCp values. The results showed that the maximum amount of CYP/MSNs was 26.9%, with a linear coefficient of 
determination (R2) value of 0.98.3
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Figure 5 The amount of crystalline material is determined by DSC as a percentage. Reprinted from Eur J Pharm Sci, Volume 138, Lau M, Giri K, Garcia-Bennett AE. 
Antioxidant Properties of Probucol Released from Mesoporous Silica. 105038. Copyright 2019, with permission from Elsevier.107

Figure 6 DSC curve of (a) CYP amorphous state, CYP/MSNs = (b) 7:3, (c) 5:5, and (d) 3:7. Reprinted from Budiman A, Aulifa DL. Characterization of drugs with good glass formers 
in loaded-mesoporous silica and its theoretical value relevance with mesopores surface and pore-filling capacity. Pharmaceuticals. 2022;15(1):93. Creative Commons.3

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S453873                                                                                                                                                                                                                       

DovePress                                                                                                                       
2213

Dovepress                                                                                                                                                        Budiman et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy is a universal study tool used to examine the chemical status of drug within MSNs and can be applied to 
confirm the interaction between drug and silica surface.114 The itraconazole has electronegative oxygen centers, contributing 
to the occurrence of the hydrogen bonding between the electrons lone pairs associated with nitrogen atoms and surface silanol 
groups in MSNs. After being loaded in MSNs, a free carbonyl vibration around 1700 cm−1 shifted to around 1675 cm−1, 
suggesting the hydrogen bonding between the carbonyl oxygen atom with the surface hydroxyl. The incorporation of 
itraconazole into MSNs caused a bathochromic shift of the silanol vibrations at 3750 cm−1 due to hydrogen bonding with 
carbonyl groups of itraconazole. This showed that surface interaction between itraconazole within MSNs can also affect the 
amorphization of itraconazole.115 FTIR spectra of the modified and non-modified SBA-15 carriers before and after ketoprofen 
adsorption were also reported. The elimination of the absorption band at 1690 cm−1 showed that carbonyl stretching vibrations 
in carboxylic groups in the adsorbed drug was caused by ketoprofen adsorption on modified SBA-15.116 Following drug 
adsorption on amino-modified SBA-15, a distinctive band at 1558 cm−1 was found, corresponding to stretching vibrations of 
ionized carboxylic groups, as shown in Figure 7,116 confirming the ionic nature of drug-carrier interaction.117 The formation of 
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Figure 7 FTIR spectra of (A) the major absorption bands in 4000–400 cm−1 range: (a) SBA-15, (b) SBA-15-AP(1:10), (c) SBA-15-K, (d) SBA-15-AP(1:10)-K, and (e) 
ketoprofen. (B) The part of the FTIR spectrum showing the absorption band (stretching vibration) of carbonyl groups and ionized carboxylic groups. Reprinted from Appl 
Surf Sci, Volume 258(19), Moritz M, Łaniecki M. SBA-15 mesoporous material modified with APTES as the carrier for 2-(3-Benzoylphenyl)propionic acid. 7523–7529. 
Copyright 2012 with permission from Elsevier.118
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absorption bands at 1446 cm−1 and 1650 cm−1 in ketoprofen-loaded samples confirmed the presence of aromatic stretching 
C-C vibrations and carbonyl stretching vibrations associated with aromatic rings, respectively.118

Thermal Gravimetric Analysis (TGA)
Weight loss due to drug degradation followed by desorption of volatile components through a gradual increase in sample 
temperature using TGA can be used to determine the proportion of the total drug content. This is because MSNs carrier is more 
thermally stable compared to organic guest molecules.111 As shown in Figure 8, TGA analysis was carried out to determine the 
thermal stability of mesoporous silica samples KIT-6, SBA-15, procaine-loaded KIT-6 SO3H, and SBA-15-SO3H. Initially, all 
samples lost weight at around 150°C due to the physical absorption of water. Additionally, there was no weight loss caused by 
KIT-6 and SBA-15 disintegrating, showing that the samples were thermally stable KIT-6-SO3H and SBA-15-SO3H showed 
thermal degradation between the temperatures of 200 and 600°C. Compared to mesoporous silica, KIT-6, and SBA-15, the 
functionalized KIT-6-SO3H and SBA-15-SO3H indicated weight losses of approximately 30.6% and 31.2% approaching 
650°C, respectively, due to PrSO3H group decomposition. Furthermore, between 300 and 500°C, a large exothermic peak 
related to the breakdown of organic moieties of procaine-loaded KIT-6-SO3H and SBA-15-SO3H was detected. The total 
weight loss for procaine medication was considerably increased at 650°C, reaching 51.5% and 44.2% for procaine-loaded 
KIT-6-SO3H and procaine-loaded SBA-15-SO3H, respectively. These TGA results significantly suggested that the procaine 
medication was successfully loaded.108

Scanning Electron Microscope (SEM)
SEM is a powerful tool for investigating various nanostructured materials, including drug-loaded MSNs. This tool can 
create images of API within MSNs by scanning the surface with an electron beam, visualizing, and providing a 3D 
view.111 A previous study by Uejo et al has reported SEM images of fenofibrate-loaded MSNs. The SEM image of the 
physical mixture (PM) of fenofibrate-loaded MSNs showed both bulk fenofibrate powder and a fiber-like MSN structure. 
This showed that fenofibrate molecules interacted with MSNs during drug incorporation process and changed dispersion 
state compared to the PM sample. The micropores of MSNs served as an important factor in this particular dispersion 
state. Furthermore, the morphology of the sample with 66% fenofibrate-loaded showed particles that could be adsorbed 
onto the outer surfaces of MSNs fiber-like structure.96

Figure 8 TGA patterns of MSNs, MSNs/(CHI/ACA)3 and MSNs/(CHI/ACA). Reprinted from Mater Sci Eng C, Volume 47, Hu L, Sun H, Zhao Q, et al. Multilayer encapsulated 
mesoporous silica nanospheres as an oral sustained drug delivery system for the poorly water-soluble drug felodipine. 313–324. Copyright 2015, with permission from 
Elsevier.93
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In vitro Study
Dissolution Study
Dissolution study was conducted to evaluate the behavior of GGFA drug-loaded MSNs after dispersion. Lau et al 
reported dissolution profile of probucol-loaded MSNs, conducting in vitro dissolution tests were carried out on simulated 
intestinal fluid (SIF) under sink conditions.107 The burst release at drug loading of <30% wt was caused by amorphous 
PB from the pores of MSNs. This is because drug loading above complete pore filling can cause the recrystallization of 
probucol resulting in the decrease in drug release kinetics. Full release of probucol was achieved below this level except 
for MCM-41, where only 13.1% of probucol-loaded MSNs released the full amount of drug-loaded. This showed 
a strong dependency of release kinetics on the diffusion properties of dissolution media for the smaller pore material of 
MSNs.119 Furthermore, dose-dependent release profiles between 30 and 100 mg were evaluated to understand dissolution 
kinetics of probucol. At greater doses, a little increase in the amount of PB produced, followed by the absence of sink 
conditions, and the total percentage of medicine released declines. The formulation of SBA-15PB 29.9% only releases 
67% of loaded PB after 24 hours at a dose of 100 mg. This tendency was observed across all mesoporous materials in this 
study, showing that PB reached its saturation state >30 wt% in dissolution media.120 Drug release patterns of the 
commercially available felodipine rapid-release and sustained tablets were also examined for comparison to confirm the 
practical application value of the produced formulation. The felodipine dissolving rate from felodipine-loaded MSNs was 
faster compared to the commercially available rapid-release felodipine tablet.93

Dissolution test of ritonavir-loaded MSNs was also carried out in 50 mM phosphate buffer pH 6.8 at 37°C under non- 
sink conditions, according to a previous study,3 as shown in Figure 9. Ritonavir crystal showed a slow dissolution rate to 
an RTV concentration of 0.24 μg/mL after 400 min, while dissolution of ritonavir amorphous was higher compared to the 
RTV crystal, at a concentration of 1.3 μg/mL. Specifically, ritonavir amorphous did not show the “spring-parachute” 
phenomenon but indicated rapid dissolution at the beginning of dissolution test, followed by a decrease in drug 
concentration due to its recrystallization. This phenomenon occurred because ritonavir amorphous prepared by solvent 
evaporation was not well dispersed in dissolution medium caused by the formation of large agglomerations, leading to 
a slower rate.121 In contrast, dissolution profile of ritonavir-loaded MSNs showed a spring-parachute phenomenon. The 
rapid dissolution of ritonavir amorphous was observed at the beginning of the test with a concentration of 2.22 μg/mL 
after 30 min, followed by a decrease in drug concentration due to associated nucleation and crystallization. Subsequently, 
their monomolecular dispersion of ritonavir amorphous within MSNs led to good dispersibility in dissolution medium at 
the beginning of dissolution test. Despite achieving a supersaturated solution, the release of ritonavir amorphous from 
MSNs was incomplete. The strong interaction between drug and the surface leads to an incomplete release of ritonavir 
from the pores of MSNs.122
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In vitro anti-Fungal Performance
The effect of drug loading on the antifungal activities was reported by Masood et al. In vitro, antifungal activities of pure 
salicylic acid (SA)/ketoconazole (KCZ) and SA/KCZ-loaded MSNs were observed on days 3, 5, 7, and 14. However, the 
differences in inhibition zone were observed between pure drug and drug-loaded MSNs. On day 3, the pure drug showed 
an inhibition zone of around 16.20 mm, while drug-loaded MSNs was 16.90 mm. After 14 days, the maximum value was 
observed at 16.70 and 17.90 mm for pure drug suspensions and drug-loaded MSNs, respectively. These results showed 
that the activity of SA/KCZ loaded in MSNs is a better formulation as compared to the pure SA/KCZ suspension.104

In vivo Study
Various biological effects including pharmacokinetics and anti-inflammatory pharmacodynamics were studied to evaluate the 
behaviors of nimesulide in MSNs system. The pharmacokinetic profiles and parameters are presented in Table 3. The result 
showed that nimesulide-loaded MSNs offered advantages in enhancing nimesulide bioavailability, as indicated by prolonged 
mean residence time (MRT), maximum concentration (Cmax), time to reach Cmax (Tmax), and area under the curve (AUC). 
The relative bioavailability of nimesulide-loaded MSNs was around 887.03%. By loading into MSNs, the oral bioavailability 
of nimesulide was enhanced due to the higher dissolution of the nimesulide amorphous within the carriers compared to 
crystalline NMS. Therefore, it was concluded that nimesulide-loaded MSNs showed a more effective drug delivery effect 
compared to crystalline state.106

Figure 10 shows the gradual increase in the paw edema degree in rats over time when administered normal saline, 
indicating the successful establishment of the model. The swelling rate profiles showed that nimesulide had an anti- 
inflammatory pharmacodynamic effect. Specifically, nimesulide-loaded MSNs showed a stronger anti-inflammatory pharma-
codynamic effect compared to nimesulide crystal, indicating that the improved oral bioavailability led to a more effective 
therapeutic effect. The swelling inhibition rate of nimesulide-loaded MSNs was stronger, reaching a maximum multiple of 
1.54 times compared to nimesulide crystal. This suggested that nimesulide-loaded MSNs delivered more nimesulide in 
response to in vivo environment, thereby presenting a stronger anti-inflammatory pharmacodynamic effect.106

The acceleration test was conducted to investigate the stability of the prepared nanoparticles. Figure 11 shows the 
confocal laser scanning microscopy (CLSM) pictures of different sections after 45 min. The cytomembrane and the 
nuclei were dyed red and blue, respectively, while the fluorescein isothiocyanate (FITC) presented a green fluorescence, 
which was formed through the superposition of three elements. In the control group, green fluorescence appeared in 
duodenum, as well as in jejunum and ileum of the dosing group. Consequently, the FITC solution was delivered into the 
intestinal tract, and FITC-labeled nanoparticles were also translated.93

After 6 h, green fluorescence did not appear in any section for the control group, suggesting easy removal of FITC 
solution. However, for the dosing group, green fluorescence could be observed in the duodenum, jejunum, and ileum, 
showing that FITC-labeled nanoparticles had a stronger mucosa adhesive ability. After 12 h, for the dosing group light 
green fluorescence in the ileum was still observed, suggesting the strong mucosa adhesive ability of nanoparticles. 
Moreover, after 24 h, FITC-labeled nanoparticles were completely removed in the three sections of the intestine.93

Masood et al reported in vivo antifungal studies, wound healing studies, and histopathology studies on rabbits from 
the formulation of SA/KCZ-loaded MSNs. Antifungal studies were conducted to assess the efficacy of the optimized 
formulation of SA/KCZ-loaded MSNs in a rabbit model compared to SA/KCZ suspension. Fungal infection was induced 

Table 3 The Pharmacokinetic Parameters of Nimesulide After Oral 
Administration of Nimesulide, and Nimesulide Loaded MSNs.106

Parameters Nimesulide Nimesulide Loaded MSNs

AUC(0-t) 175.827 ± 99.008 1228.069 ± 253.489

MRT(0-t) 6.019 ± 0.214 9.133 ± 0.430

t1/2z 8.049 ± 2.810 5.394 ± 0.648
Tmax 4.000 ± 0.000 5.333 ± 1.155

Cmax 22.199 ± 14.127 95.808 ± 3.347
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in rabbits using isolated colonies of Candida albicans, showing that SA/KCZ-loaded MSNs indicated superior efficacy in 
eradicating infection, as none of the experimental animals presented a positive culture test. In contrast, in the case of SA/ 
KCZ suspension, four out of six animals showed a positive culture test. Meanwhile, in the control group, all six animals 
showed a positive culture test with an average value of log CFU 4.24 ± 0.52. Rapid recovery from fungal infection was 
observed in the case of SA/KCZ-loaded MSNs, with no rabbits showing signs of a positive culture test. The significant 
effectiveness of SA/KCZ-loaded MSNs can be attributed to their improved bioadhesive nature, high occlusive property, 
enhanced oxygen supply to cells due to the porosity of silica nanoparticles, persistent keratolytic action along with 
antifungal properties, absence of bacterial growth based on silica particles, and continuous controlled availability of drug 
at the site of action.104

The wound healing studies of SA-KCZ loaded MSNs showed significant morphological changes on the 1st, 3rd, 7th, 
and 14th days. After treated drug-loaded MSNs, the edges of the wounded skin converged towards the center, appearing 
contracted and more healed compared to the control group. On the 3rd day after the injury, the superficial area of the 
wounded skin in both SA/KCZ suspension and SA-KCZ loaded MSNs was dried, with reduced inflammation around the 
wounded skin and a gradually forming pale yellow layer of crust. Although the wounded area decreased in both groups, 
the wound remained circular and larger in the control group. In contrast, the treated group showed a softer texture, and 
the wound was irregularly oval or circular with a smaller diameter. After 14 days, the wounded skin surface in the control 
group had transformed into hard crusts of a pale black appearance, with some having shed, showing skin tissue 
underneath. In the treated group, the wounded area had almost completely healed, with a small crust in the SA/KCZ 
suspension-treated group and no crust in MSN-treated group. As shown in Figure 12, the wounded skin treated with 
drug-loaded MSNs formulation showed rapid tissue repair.104

Histopathology slides showed evidence of hemorrhage and the accumulation of extracellular matrix (ECM) in sheet- 
like formations in the control group on day 1. However, the control group showed significantly less macrophage 
accumulation compared to the two treated groups. In the SA-KCZ suspension-treated group, evidence of hemorrhage, 
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Figure 10 The anti-inflammatory effects of nimesulide-loaded MSN formulations on mouse ankle swelling. Reprinted from Microporous Mesoporous Mater, volume 294, Guo 
Y, Wu L, Gou K, et al. Functional mesoporous silica nanoparticles for delivering nimesulide with chiral recognition performance. 109862. Copyright 2020, with permission 
from Elsevier.106
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accumulation of RBCs, and blood clots were visible. SA/KCZ-loaded MSNs showed evidence of hemorrhage, accumu-
lation of RBCs, blood clots, and a smaller amount of sheet-like ECM appearance.

On day 14, sheet-like ECM and some wavy fibrous strands were found, but no appearance of follicular cell bases was 
observed in the control group. In the SA-KCZ suspension, most of the sheet-like extracellular structure had been replaced by 
wavy fibrous strand-like structures with evident infiltration by macrophages. This was attributed to the commencement of 
follicular base formation and trans-differentiation of cells. Comparatively, more differentiated cells compared to the control 
group and SA-KCZ suspension treated were found. The tissues in the SA/KCZ-loaded MSNs were healing rapidly, and skin 
was growing faster compared to the control and drug suspension. These results showed that the combination of drug-loaded 
MSNs showed a potential strategy to improve patient compliance by accelerating the healing of fungal infections.104

Author Perspective
This section discussed the speculated mechanism of drug dissolution from GGFA drug loaded MPS. Based on the results, 
dissolution of GGFA drug crystal was very low due to its poorly water-soluble drug. In the case of drug amorphous, drug 
gradually dissolved in dissolution medium, leading to low dissolution rate. This could be due to the interaction of water 
with the surface of the agglomeration of drug amorphous formed after dispersion into dissolution medium. The formation 
of agglomeration decreased the surface area of drug, leading to low wettability, and resulting in a low dissolution rate. In 
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Figure 11 CLSM pictures of the duodenum, jejunum, and ileum after 45 min were given by control group and dosing group. Reprinted from Mater Sci Eng C, volume 47, Hu 
L, Sun H, Zhao Q, et al. Multilayer encapsulated mesoporous silica nanospheres as an oral sustained drug delivery system for the poorly water-soluble drug felodipine. 313– 
324. Copyright 2015, with permission from Elsevier.93
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the case of drug-loaded MSNs, the GGFA drug was rapidly released and dissolved after dispersion into dissolution 
medium, leading to a high dissolution rate. This significantly high rate is attributed to the monomolecular dispersion of 
drug within MSNs, capable of improving the wettability of drug. According to the Noyes–Whitney/Nernst–Brunner 
equation, dissolution rate of drug was improved because of the surface area, which was wetted by dissolution medium.123

Regarding the bioavailability study, the absorption of poorly water-soluble drug, including GGFA drug, was enhanced only 
when drug was in a supersaturated state.124 Drug absorption commonly occurs by passive diffusion through movement from 
a higher concentration to the lower to achieve equilibrium. Based on absorption, the soluble drug in the body fluid, such as 
interstitial space, will move into the endothelium of blood vessels. Consequently, the solubility of drug in the aqueous 
compartment of the body plays a critical role in the absorption mechanism through passive diffusion. Drug absorption of drug 
loaded MSNs should be higher compared to crystal and amorphous. The high supersaturation of drug within MPS was 
achieved due to the monomolecular dispersion in dissolution medium. Meanwhile, absorption should be lower compared to 
drug-loaded MSNs due to their low wettability caused by agglomeration formation leading to a low dissolution rate.

Previous studies reported that higher concentrations of molecularly dissolved drug could significantly increase 
permeation rates.125–127This showed that the absorption of GGFA, poorly water-soluble drug, in MSNs formulation 
was considerably absorbed by the intestinal epithelium. Furthermore, the permeability could only be increased by high 
concentrations of molecularly dissolved drug. This showed that the absorption of GGFA-loaded MSNs could increase the 
concentration of molecularly dissolved API driven by passive diffusion. Improving the bioavailability of poorly water- 
soluble GGFA drug showed promising potential in enhancing their pharmacokinetics, efficacy, and safety by loading into 
MSNs. The speculated mechanism of bioavailability and efficacy improvement from GGFA drug in MSNs systems is 
summarized in Figure 13.

A B C

Day 0

Day 1
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Day 7

Day 14

Figure 12 Wound healing effect in (A) control, (B) SA/KCZ suspension, and (C) SA/KCZ-loaded MSNSat day 1, day 3, day 7, and day 14. Reprinted from Masood A, 
Maheen S, Khan HU, et al. Pharmaco-technical evaluation of statistically formulated and optimized dual drug-loaded silica nanoparticles for improved antifungal efficacy and 
wound healing. ACS Omega. 2021;6(12):8210–8225. Copyright 2021; American Chemical Society. Creative Commons.104
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Conclusions
In conclusion, this study contributed to elucidating different mechanisms of GGFA drug with and without MSNs, including their 
impact on dissolution, bioavailability, and pharmacological activity. The results showed that the formation of agglomeration from 
GGFA drug after dispersion in the bulk medium led to the slow release at the beginning of dissolution test. The nanosized of drug 
within MSNs improved their dissolution profile, leading to the improvement of bioavailability as well as efficacy of GGFA drug. 
However, there were challenges in the preparation of the GGFA drug within the MPS system, particularly in selecting the 
preparation method and dissolution profile. Despite generating a supersaturated solution, the strong interaction between GGFA 
drug and the surface of MSNs resulted in the incomplete release of drug in the bulk medium, posing challenges for development. 
Moreover, this study provided fundamental insights into the GGFA drug within the MPS system, which was significant when 
formulating strategies to improve the pharmaceutical properties of poorly water-soluble drug.
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