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A B S T R A C T

Mesoporous silica are promising bio-enabling carriers for poorly soluble drugs. However, a comprehensive un
derstanding of drug-silica interactions and their impact on drug release remains limited. Apart from urgently 
needed experimental tools, predictive in silico tools that consider drug-carrier interactions in aqueous media are 
currently lacking. To address this gap, a novel in silico approach (silica-water partitioning coefficient) was 
introduced in this study. A series of ten drugs were loaded onto a mesoporous carrier (Parteck® SLC 500), and 
the products were analyzed using differential scanning calorimetry (DSC) and X-ray powder diffraction (XRPD). 
In vitro dissolution (USP II) profiles of drug-loaded formulations were analyzed and correlated with a newly 
introduced silica-water partitioning coefficient derived from chemical potential calculations using the 
Conductor-like Screening Model for Real Solvents (COSMO-RS). Strong correlations were observed between 
dissolution parameters, such as the initial release slopes (Pearson r = -0.98; p = < 0.05) and AUC values (Pearson 
r = -0.79; p < 0.05), and the calculated chemical potential-based partitioning coefficient. This study introduces a 
predictive method based on COSMO-RS-derived chemical potentials to estimate silica-water partitioning for 
drugs, thereby predicting their release performance from mesoporous silica formulations. The results demon
strate that these calculated chemical potentials can qualitatively rank the drug release kinetics in aqueous media. 
Further investigation with additional compounds and carrier types may broaden the applicability of this 
approach as a mechanistic tool for mesoporous silica formulation development and contribute to narrowing the 
gap toward future clinical translation.

1. Introduction

Mesoporous silica-based formulations (MS) and amorphous solid 
dispersions (ASDs) are well-established formulation strategies to 
enhance the solubility and stability of poorly water-soluble drugs by 
stabilizing the drug in a non-crystalline form (Argyo et al., 2014; 
Bremmell and Prestidge, 2019; Kawabata et al., 2011; Khan et al., 2022; 
Maleki et al., 2017; McCarthy et al., 2016; Mehmood et al., 2017; Nar
ayan et al., 2018; Prestidge et al., 2007; Qian and Bogner, 2012; Roggers 
et al., 2014; Santos et al., 2011; Tang et al., 2012; Vallet-Regí et al., 
2018). ASDs typically consist of a drug molecularly dispersed in a 
polymer matrix that stabilizes the amorphous form by increasing the 
glass transition temperature and reducing molecular mobility. 

Supersaturation upon dissolution is often maintained through 
polymer-drug interactions and the inhibition of nucleation and crystal 
growth (Chiou and Keyphrases, 1971; Leuner and Dressman, 2000). In 
contrast to polymer-based amorphous solid dispersions, mesoporous 
silica (MS) formulations utilize inorganic carriers with defined meso
pores to confine drug molecules in a spatially restricted environment. 
According to the IUPAC classification, mesoporous materials possess 
pore diameters between 2 and 50 nm, a range particularly relevant for 
drug delivery, as it enables efficient adsorption while permitting mo
lecular mobility for desorption. This physical confinement, in combi
nation with interfacial interactions at the silica surface, can suppress 
crystallization and modulate drug release kinetics. Although such sys
tems often have limited drug-loading capacity and typically do not 

* Corresponding author at: University of Applied Sciences and Arts Northwestern Switzerland, Pharma Technology and Biotechnology, Hofackerstr. 30, CH-4132 
Muttenz Switzerland.

E-mail address: martin.kuentz@fhnw.ch (M. Kuentz). 

Contents lists available at ScienceDirect

European Journal of Pharmaceutical Sciences

journal homepage: www.elsevier.com/locate/ejps

https://doi.org/10.1016/j.ejps.2025.107283
Received 15 July 2025; Received in revised form 10 September 2025; Accepted 18 September 2025  

European Journal of Pharmaceutical Sciences 214 (2025) 107283 

Available online 19 September 2025 
0928-0987/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-6362-3959
https://orcid.org/0000-0001-6362-3959
https://orcid.org/0000-0003-2963-2645
https://orcid.org/0000-0003-2963-2645
mailto:martin.kuentz@fhnw.ch
www.sciencedirect.com/science/journal/09280987
https://www.elsevier.com/locate/ejps
https://doi.org/10.1016/j.ejps.2025.107283
https://doi.org/10.1016/j.ejps.2025.107283
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejps.2025.107283&domain=pdf
http://creativecommons.org/licenses/by/4.0/


inherently maintain supersaturation in aqueous media, they can offer 
advantages over conventional ASD approaches based on hot-melt 
extrusion or spray drying. These advantages may include improved 
physical stability through spatial confinement, as well as enhanced 
chemical stability (Ditzinger et al., 2019; Zhang et al., 2022). The ma
terial used in this study, Parteck® SLC 500, is a disordered mesoporous 
silica with a high specific surface area and an average pore diameter 
within the mesoporous range (6.1 ± 0.01 nm) (Vraníková et al., 2020). 
It has been previously applied in studies on drug-silica interactions and 
loading-dependent amorphous stability (Niederquell et al., 2023; 
Vraníková et al., 2020). Beyond their stabilizing capacity, MS materials 
are pharmaceutically attractive due to their GRAS (Generally Recog
nized as Safe) status and ability to shield drugs from moisture, oxygen, 
and light.

In the literature, MS have frequently been discussed in the context of 
stabilizing poor glass formers i.e., compounds with low glass-forming 
ability (GFA class I and II) that are prone to recrystallization and often 
require precipitation inhibitors for supersaturation maintenance (Baird 
et al., 2010; Wyttenbach et al., 2016). However, MS drug delivery is 
equally relevant for GFA class III compounds, which are intrinsically 
more stable in their amorphous form and tend to remain metastable in 
supersaturated solutions, often without requiring polymeric precipita
tion inhibitors. Although MS-based formulations have yet to gain 
widespread adoption in the pharmaceutical market, their unique capa
bilities in stabilizing and delivering poorly soluble drugs are driving 
ongoing research and development efforts, making them a versatile drug 
delivery platform. However, a significant knowledge gap remains 
regarding the molecular interactions between individual drugs and silica 
surfaces and how these interactions influence stability and drug release. 
Besides this research gap, most publications focus on only one to three 
model compounds, even though it is important to study a broader 
dataset. Additionally, the performance of MS formulations is often 
benchmarked against crystalline drug forms using dissolution experi
ments, which are time-consuming. Therefore, it would be beneficial to 
have either computational or simple experimental tools to anticipate 
release performance before embarking on time-consuming biopharma
ceutical in vitro experimentation. To approach these research gaps, our 
recent investigations explore intrinsic and apparent molecular in
teractions between drugs and mesoporous silica, particularly concerning 
formulation stability (Niederquell et al., 2025, 2023). While intrinsic 
affinity represents a direct binary interaction between the drug and 
silica surface, an apparent interaction occurs in the presence of a solvent 
or water phase.

An important experimental methodology in this context has been the 
use of so-called in situ sorption studies, as demonstrated by the group of 
Lynne Tailor, which provide valuable insight into drug adsorption onto 
mesoporous silica surfaces (Dening et al., 2019; McCarthy et al., 2020). 
The drug loading sorption method involves the adsorption of drug 
molecules from a solution onto mesoporous silica materials based on 
interactions between the drug and the silica surface. When the drug is in 
a supersaturated solution, it can adsorb onto the large surface area of 
silica, forming both monolayers and multilayers within the mesopores. 
The driving forces for this sorption include hydrogen bonding between 
the drug and surface silanol groups of the silica, and other interaction 
mechanisms like electrostatic forces and Van der Waals forces (Eugene 
Papirer, 2000; Hate et al., 2020a; Niederquell et al., 2025).

Apart from experimental studies of drug-carrier interactions, much 
work has been done also in silico, but most approaches focused on the 
binary interaction of drug and silica (Delle Piane et al., 2014; Gignone 
et al., 2015; Narayan et al., 2022; Niederquell et al., 2023). Accordingly, 
these molecular modeling approaches calculate the intrinsic interactions 
between the drug and the mesoporous silica carrier, which may be useful 
for drug loading or stability considerations. However, their relevance to 
drug release remains unclear because water has not been explicitly 
considered. Water has been otherwise considered in, for example, other 
predictions based on the conductor-like screening model (COSMO), 

which has been used in the pharmaceutical field, ranging from solubility 
predictions (Klajmon, 2022; Klamt et al., 2002; Mac Fhionnlaoich et al., 
2024) to partitioning analyses (Mahmoudabadi and Pazuki, 2020; 
Warnau et al., 2021). These prior applications highlight the ability of the 
model for so-called “real solvents”, i.e., COSMO-RS, to capture solvation 
and partitioning phenomena that have pharmaceutical relevance. 
Therefore, it would be interesting to use such modeling also in the 
context of drug-silica interactions in an aqueous environment.

A particular strength of COSMO-RS is the combination of quantum- 
chemical surface charge predictions with thermodynamic modeling 
(Loschen and Klamt, 2015). By calculating the chemical potentials of the 
drug in a silica or water environment, a silica-water partitioning coef
ficient can be obtained. We tested whether a COSMO-RS-derived sili
ca-water partition coefficient could be compared and correlated with 
dissolution kinetics of ten mesoporous silica formulations. Rather than 
aiming to optimize formulation parameters such as supersaturation or 
physical stability, the focus was on assessing whether the calculated 
affinities toward silica and water can explain the extent and rate of drug 
desorption into aqueous media. To this end, drug loading was restricted 
to the theoretical monolayer adsorption capacity, thereby minimizing 
potential interference from crystallization or intermolecular drug-drug 
interactions. In addition, primarily glass-forming ability (GFA) class III 
compounds were selected for their good amorphous stability, reducing 
the likelihood of drug crystallization either during loading or on drug 
release, which would both be a perturbing factor in the framework of the 
current study to compare the silica partition coefficient with experi
mental release performance. As the latter quality attributes of drug 
release, the logarithmic initial slope of drug release rate and the loga
rithmic area under the concentration-time curve (AUC) were consid
ered. Beyond identifying correlations, this study also sought to provide 
mechanistic insights into drug release behavior from mesoporous car
riers, supporting early preformulation with the assessment of such a 
formulation strategy and later guiding the rational development of 
silica-based drug products.

2. Materials and methods

2.1. Materials

The model drugs (Fig. 1), including carvedilol, diclofenac (free acid), 
ivermectin, ketoconazole, lopinavir, pimozide, probucol, and ritonavir, 
were obtained from Biosynth Ltd. (Compton, United Kingdom), and 
indomethacin was purchased from Acros Organics Ltd. (Geel, Belgium), 
and quinidine was received from Sigma-Aldrich Chemie Ltd. (Buchs, 
Switzerland). The disordered mesoporous silica carrier Parteck® SLC 
500 was kindly supplied by Merck KGaA (Darmstadt, Germany). 
Organic solvents such as acetone, acetonitrile, dichloromethane, and 
methanol, as well as other chemicals such as potassium dihydrogen 
phosphate, sodium hydroxide, and dioctyl sulfosuccinate sodium salt 
(DOSS), were obtained from Merck KGaA. Ammonium acetate and 
acetic acid were purchased from Fluka Analytical - Honeywell Inc. 
(Charlotte, USA). Ortho-phosphoric acid was procured from Carl Roth 
GmbH & Co. KG (Karlsruhe, Germany). The water used throughout the 
study was prepared with an Arium® 61,215 water purification system 
from Sartorius Stedim Biotech Ltd. (Göttingen, Germany). All excipients 
were used as supplied, without further purification.

2.2. Methods

2.2.1. Drug state characterization

2.2.1.1. Differential scanning calorimetry (DSC). Differential scanning 
calorimetry was used to characterize the physical state of the drug 
substances. The measurements were carried out with the STARe System 
DSC 3 from Mettler Toledo GmbH (Greifensee, Switzerland). The heat 
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flow difference between the two independent furnaces was measured, 
with the blank furnace used as a reference. The pure active ingredients, 
blank mesoporous silica carrier, and drug-loaded silica powders were 
measured. In addition, physical mixtures consisting of silica particles 
and active ingredients were analyzed at a ratio corresponding to the 
monolayer loading capacity (MLC). For this purpose, 5 to 10 mg of the 
sample was placed and crimped in a standard 40 μL aluminum pan with 
pierced lids. The samples were subjected to two heating and two cooling 
cycles. The temperature was varied from 25 to 270 ◦C with a heating/ 
cooling rate of 10 ◦C/min. The data were analyzed using the STARe 
software.

The glass forming ability (GFA) of the drug substances was classified 
based on their crystallization behavior during thermal processing using 
the same DSC measurement method. A more detailed description of the 
method can be found in the literature (Baird et al., 2010). Compounds 
were categorized into three GFA classes according to established 
criteria: 

GFA Class I (poor glass formers): These compounds crystallize 
readily upon cooling from the melt, indicating a low resistance to 
recrystallization and poor glass stability.
GFA Class II (intermediate glass formers): These substances form an 
amorphous glass upon cooling but tend to recrystallize either during 

storage or upon subsequent reheating, suggesting moderate kinetic 
resistance to crystallization.
GFA Class III (good glass formers): These compounds remain amor
phous upon both cooling and reheating, demonstrating high glass 
stability and a minimal crystallization tendency from the melt.

2.2.1.2. X-ray powder diffraction (XRPD). In addition to the measure
ments of pure drugs, X-ray diffractograms were recorded to confirm the 
amorphous character and evaluate the stability of the physical mixtures 
and drug-loaded mesoporous silica formulations. Therefore, an X-ray 
diffractometer (R-XRD Phaser D2) from Bruker AXS Ltd. (Karlsruhe, 
Germany) was employed. The device was equipped with a Co and Cu 
KFL tube (30 kV, 10 mA) as the radiation source and a 1-D Lynxeye® 
detector. The measurements were carried out at a voltage of 30 kV and a 
current of 10 mA. The sample was rotated at 15 rpm, and the anguar 
scanning range for each sample was from 6◦ (2θ) to 40◦ (2θ) with a step 
size of 0.02◦ (2θ) at 2.0 s per step. Under these conditions, the detection 
limit for the crystalline content was approximately 1 % w/w.

2.2.2. Loading of the mesoporous silica particles
The monolayer capacity (MLC), which is the drug loading for a 

theoretical monolayer adsorption on mesoporous silica surfaces, was 
calculated using Eq. (1). This approach has been well described in the 

Fig. 1. 2D chemical structures of 10 selected pharmaceutical active substances.
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literature (Bavnhøj et al., 2019; Dening and Taylor, 2018; Le et al., 
2019). The specific surface area (SSA) for the utilized silica particles was 
taken from previously published measurements (Niederquell et al., 
2023) using nitrogen and the “Brunauer Emmett Teller” (BET) method. 
NA represents Avogadro’s number, Mw is the molecular weight, and for 
the maximum projected contact area (SAM), the two largest molecular 
dimensions of the individual drug molecules were used, which were 
estimated using the Molecular Modeling Pro Plus 8.2.1 software 
(Norgwyn Montgomery Software Inc., North Wales, USA). 

MLC [%, g / g] =
SSA⋅Mw⋅1020

SAM⋅NA
(1) 

The drug-loading of the mesoporous silica powder (Parteck® SLC 
500) was carried out according to the incipient wetness impregnation 
method (Khalbas et al., 2024a, 2024b). For the loading process, a 
Chemyx Fusion 200 syringe pump from Chemyx Inc. (Stafford, USA) was 
employed. Before loading, the silica particles were dried for 12 h at 100 
◦C and a vacuum of 550 mbar in a vacuum drying oven of type KVST-11 
from Salvis Plc. (Reussbühl, Switzerland). Two different solvents were 
used for loading due to the different solubilities of the active ingredients. 
Acetone was used for carvedilol, diclofenac (free acid), and lopinavir, 
while dichloromethane was the choice for indomethacin, ivermectin, 
ketoconazole, pimozide, probucol, quinidine, and ritonavir. All drug 
solutions had a concentration of 20 mg/mL and were added dropwise to 
1 g of mesoporous silica at a rate of 0.1 mL/min while using continuous 
mild stirring (50 rpm) of the mesoporous silica (MS) carrier on a mag
netic stirring plate. Using a precise automated syringe pump for the 
dropwise drug loading, a typical accuracy of about ± 2 % can be ach
ieved. Subsequently, the samples were placed in a drying cabinet to 
allow solvent evaporation. Taking the calculated MLC into account (see 
Table 1), the MS carrier was loaded with different volumes of drug so
lution. The loaded silica samples were then left for 24 h at 60 ◦C and a 
vacuum of 500 mbar in a KVTS-11 drying oven. This temperature was 
chosen due to the boiling points of the solvents: acetone ~ 56 ◦C and 
dichloromethane ~ 40 ◦C. The loaded mesoporous silica samples were 
then sealed airtight and stored in a desiccator to protect them from 
moisture until further use. The actual gained mass after drug-loading 
and drying was verified gravimetrically and kept as close as possible 
to the calculated MLC. Therefore, the silica particles were weighed on 
the XS205DU analytical balance from Mettler Toledo GmbH (Greifensee, 
Switzerland) with a readability of 0.01 mg. The mass gain in percent ( % 
g/g) was determined based on the weight difference between the dried 
empty silica carrier and that after drug loading and drying.

2.2.3. Solubility determination
Samples (n = 3) were prepared by adding excess drug to 4 mL of 

dissolution medium (phosphate buffer at pH 6.8 with 0.5 % (w/v) 
dioctyl sulfosuccinate sodium salt (DOSS)). The samples were left at 

room temperature (25 ◦C) for 24 h with continuous stirring on a mag
netic stirrer at 200 rpm. Subsequently, to separate undissolved drug 
particles, the samples were centrifuged at 15,000 rpm for 10 min in an 
Eppendorf 5420 microcentrifuge from Eppendorf Plc. (Hamburg, Ger
many) and additionally filtered with titanium HPLC syringe filters 
(diameter: 17 mm, membrane: PTFE, pore size: 0.45 μm). The samples 
were diluted with dissolution medium, and the concentrations were 
determined using HPLC.

2.2.4. Dissolution measurements
For the release of the loaded silica formulations, a USP type II (model 

DT 600) dissolution apparatus from ERWEKA, Plc. (Langen, Germany) 
was used. A phosphate buffer at pH 6.80 ± 0.02 with 0.5 % (w/v) DOSS 
was used as the release medium. The pH was adjusted to 6.8 with 1 M 
sodium hydroxide solution before adding 0.5 % (w/v) DOSS. This sur
factant concentration was selected to ensure sufficient wetting and 
dispersion of the mesoporous silica while avoiding notable micellar 
solubilization, which could obscure drug-silica interaction effects. The 
paddle position was adjusted to 25 ± 2 mm above the vessel bottom in 
accordance with USP requirements. Each vessel contained 250 mL of 
release medium, and the paddle speed was set at 25 rpm. In each vessel, 
120 mg of the drug-loaded mesoporous silica formulation was intro
duced, where the drug amount targeted the MLC of the given drug. At 
intervals of 2, 3, 4, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150, and 
180 min, 2 mL each were sampled and replaced with the same volume of 
fresh phosphate buffer. The collected samples were filtered using an 
HPLC titanium syringe filter (diameter: 17 mm and 0.45 μm pore size of 
the PTFE membrane) into HPLC vials. The concentration of the samples 
was then analyzed via HPLC in triplicates.

2.2.5. Concentration determination using high-performance liquid 
chromatography (HPLC)

The HPLC measurements were performed on an Agilent Infinity 1260 
II system (Agilent Technologies GmbH, Waldbronn, Germany), which 
was equipped with the following components: G7167A multisampler, 
G7112B binary pump, G1316A column oven (Agilent 1100 series), and 
G1314B variable wavelength detector (Agilent 1200 series). The column 
used was an XBridge BEH C18 from Waters Ltd. (Eschborn, Germany) 
with a pore size of 130 Å, particle size of 5 μm, inner diameter of 4.6 mm, 
and length of 150 mm. Data acquisition and evaluation were done with 
the Agilent OpenLab CDS ChemStation software Rev. C.01.10 [287].

Various mobile phases were used for HPLC analysis. Acetonitrile was 
used in combination with either purified water (B1), purified water with 
0.1 % phosphoric acid (v/v) at a pH of 2.3 (B2), or purified water with 
0.1 % acetic acid (v/v) and 10 mM ammonium acetate at a pH value of 
4.5 (B3). Prior to use, the mobile phases were additionally filtered 
through a polyethersulfone (PES) membrane filter (pore size: 0.22 μm, 
diameter: 47 mm) from Membrane Solutions, LLC. (Auburn, USA) at a 
vacuum of 300 mbar. Calibration curves were made by preparing stock 
solutions with 1 mg/mL of the individual drugs in acetonitrile. The stock 
solutions were filtered through 17 mm-sized titanium HPLC syringe 
filters (membrane: PTFE, pore size: 0.45 μm) from Infochroma Plc. 
(Goldau, Switzerland). The theoretical monolayer capacity (MLC) was 
considered, and the stock solutions were further diluted to 1:2, 1:4, 1:8, 
1:16, 1:32, 1:64, and 1:100 (v/v). Each dilution was prepared and 
measured in triplicates. The measurement methods were optimized 
based on pre-experimental runs, and for the concentration de
terminations for each API, individual settings, such as mobile phase 
compositions and wavelengths, were chosen (see Table 1). The mea
surements were performed at 25 ◦C, an injection volume of 10 μL, and a 
flow rate of 0.8 mL/min, except for lopinavir, where a flow rate of 0.6 
mL/min was used, were employed.

2.2.6. Molecular modeling - calculation of chemical (pseudo-) potentials
Chemical potentials of drug in a silica phase (μs(silica)) or aqueous 

environment (μs(water)) and the chemical potential for self-association of 

Table 1 
Calculated theoretical Monolayer Capacity (MLC), mobile phase composition, 
and UV wavelength for the HPLC concentration determination of 10 individual 
drugs. Eluents A and Bx are specified in the text.

Substance name MLC [% g/g] Mobile phase 
composition eluent 
A [% v/v] and given 
Bx [% v/v]

Wavelength [nm]

Carvedilol 16.1 60 40 (B2) 240
Diclofenac (free acid) 22.1 70 30 (B3) 270
Indomethacin 18.6 70 30 (B3) 260
Ivermectin 22.3 95 5 (B1) 245
Ketoconazole 12.4 70 30 (B3) 244
Lopinavir 19.3 70 30 (B1) 215
Pimozide 19.5 70 30 (B3) 280
Probucol 22.6 98 2 (B1) 242
Quinidine 21.2 70 30 (B3) 235
Ritonavir 19.9 70 30 (B3) 215
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drug molecules (µs(self)) were calculated using COSMOquick v. 2020 
from BIOVIA, Dassault systems SE (Vélizy-Villacoublay Cedex, France). 
10 drugs were assigned as solutes, whereas a water molecule and a small 
slab of amorphous silica were used as the molecular basis for modeling 
of the phases for drug partitioning. Fig. 2 depicts a schematic repre
sentation of the entire COSMO-RS workflow for obtaining chemical 
(pseudo-) potentials. In brief, COSMO-RS is based on Density Functional 
Theory (DFT) calculations to generate a discrete molecular surface 
embedded in a virtual conductor (Klamt, 2011). Each segment of this 
surface is characterized by its area and shielding charge density (σ), 
which reflects the electrostatic screening by the environment and the 
back-polarization of the solute molecule. The resulting surface charge 
density distribution is then adapted to the actual dielectric constant of 
the solvent, effectively simulating the electrostatic interactions between 
the molecule and the solvent (Eckert and Klamt, 2002). While the sur
face charge density distribution is obtained by DFT calculations, sub
sequent statistical thermodynamics of these surface segments are used to 
determine the chemical potentials (μ) of molecules in liquids (Klamt, 
2005; Klamt et al., 1998). Compared to the general COSMO-RS scheme, 
the COSMOquick approach applied in this work offered accelerated 
computation by assembling sigma profiles of new molecules from a large 
database of DFT results using a fragment-based method, as previously 
described in the literature (Loschen and Klamt, 2012).

In line with the workflow (Fig. 2), diverse equilibrium properties and 
complete phase diagrams can be calculated. (Eckert and Klamt, 2002; 
Klamt et al., 1998). The present study was making use of the calculated 
(pseudo-) potentials to obtain a drug to silica affinity parameter in 
presence of water, which can be viewed as a partitioning coefficient 
between a solute and the carrier surface and water. In general, solute 
equilibration between any two phases, P1 and P2, provides a partition 
coefficient K(P1-P2) according to Eq. (2): 

K(P1− P2) = exp
(

μ0
P2 − μ0

P1

RT

)

(2) 

where µ0 is the chemical potential under standard conditions (with the 
phase as a subscript), R is the gas constant, and T is the temperature. In 
the present study, drug partitioning between a silica surface and an 
aqueous bulk phase was of interest. For practical purposes, the ther
modynamic calculations may assume the silica surface as a supercooled 
bulk phase, and for the chemical potentials, μs denotes a given chemical 
(pseudo-) potential that was obtained by the described COSMOquick 
approach. Subsequently, a silica-water partition coefficient Ksi-w was 
estimated using Eq. (3): 

ln(KSi− W) ≅
(μS(water) − μS(silica)

RT

)
(3) 

2.2.7. Statistical analysis and data representation
Correlation analyses were performed using Statgraphics Centurion v. 

19.6.06 (Statgraphics Technologies Inc., Warrenton, USA). Correlation 
analyses were based on the calculated chemical potentials and drug 
dissolution performance parameters, including the initial slope and AUC 
values. Linear Pearson correlation coefficients were calculated and 
complemented with Spearman rank correlations regarding the possible 
occurrence of nonlinearity or outliers. The initial dissolution slope was 
obtained from the linear range (interpolation of the first few concen
tration points) of the release curves. For the representation of graphs and 
calculation of AUC-values (“quick tool for integration”) for each drug 
from the whole dissolution curves (n = 3), the software OriginPro 2017 
from OriginLab Corp. (Northampton, USA) was used. Other calculations 
were based on Excel from the 365 apps for enterprise package from 
Microsoft Corp. (Redmond, USA). The standard deviations were gener
ally obtained from experiments in triplicate unless stated otherwise.

3. Results and discussion

3.1. Manufacture and physical analysis of formulations

In the early stages of preformulation, it is necessary to assess the 
potential of any formulation technology for new drug candidates. 
Therefore, an in silico ranking of drug dissolution from mesoporous silica 
products would be highly valuable for pharmaceutical scientists. 
Currently, there are some molecular simulations, but in a full-atomistic 
version, they can only treat comparatively small systems, especially 
when a quantum-chemical approach has been taken (Delle Piane et al., 
2014; Gignone et al., 2015). Moreover, the currently available simula
tions in pharmaceutics focus on binary drug-silica interactions without 
considering an aqueous phase for drug release. COSMO-RS is interesting 
in this context as it combines quantum-chemical calculations with sta
tistical thermodynamics of the surface segments (Klamt, 2005, 1995; 
Klamt et al., 1998). The present work focused on the difference in the 
calculated chemical potentials normalized by RT, and in line with Eq. 
(3), this is a drug’s silica to water partition coefficient. Although the 
solid silica is hereby treated as a supercooled liquid, which is a simpli
fied approximation, this approach provides a practical way to calculate 
chemical potentials. Accordingly, these values should be deemed as first 
approximations that can be suitable for ranking of compounds regarding 
experimental drug release performance. This consideration provided a 

Fig. 2. Schematic representation of the COSMO-RS approach using quantum chemistry (density functional theory (DFT)) and statistical thermodynamics (sigma 
profiles and potentials) to obtain molecular properties. Further details about this schematic COSMO-RS approach can be inferred from the literature (Klamt, 2005; 
Klamt et al., 1998; Loschen and Klamt, 2012).
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hypothesis for the current study, and 10 different drug-loaded meso
porous silica formulations were prepared via the incipient wetness 
impregnation method. To study drug desorption from silica surfaces, the 
drug-loading concentration was kept intentionally at the theoretical 
monolayer capacity level (MLC level), and the mass gain during the 
drug-loading process was gravimetrically verified to be close to the 
targeted MLC values (Table 1). Additionally, Table 2 shows the glass 
forming ability classification (class I = crystallize rapidly from a melt, II 
= crystallize slowly from a melt and III that do not crystallize from a 
melt upon re-heating and re-cooling (Baird et al., 2010)), the 
drug-solubility in the dissolution medium and the charge state at 
physiological conditions (+= positively charged, - = negatively charged 
and 0 = neutral).

X-ray diffraction (XRD) and differential scanning calorimetry (DSC) 
were used for the basic drug state characterization. As a result, all 
formulation samples were predominantly amorphous. Possible traces of 
crystallinity can occur during the loading process, but this was not 
deemed as critical for formulation performance attributes as long as no 
further drug crystallization occurs. In addition to drug concentration, 
the pore size distribution of the mesoporous carrier material, glass- 
forming ability (GFA) of the drug, and choice of solvent during drug 
loading can significantly influence the success of amorphous drug 
loading. The GFA describes how readily a compound can form and 
remain in the amorphous (glassy) state, which is a key factor in 
designing amorphous solid dispersions (ASDs) (Augustijns and Brewster, 
2012; Wyttenbach and Kuentz, 2017). Good glass formers (GFA class III) 
remain amorphous on cooling and reheating, while intermediate glass 
formers (GFA class II) form an amorphous glass but recrystallize over 
time during storage or upon reheating. Finally, poor glass formers (GFA 
class I) typically crystallize immediately upon cooling from a melt. It has 
been described that class II and I drugs can recrystallize during the 
solvent-based loading process, thereby blocking the mesopores of the 
carrier so that the drug possibly remains at the surface (Alhalaweh et al., 
2014; Ditzinger et al., 2019; Wyttenbach and Kuentz, 2017). The GFA of 

the drugs used is shown in Table 2. For diclofenac (free acid), iver
mectin, and quinidine, there was no information about the GFA avail
able in the literature; therefore, the categorization was based on our own 
DSC measurements of the pure drug substance. Pimozide and quinidine 
exhibited a crystallization and a melting peak during the second heating 
and were therefore classified as GFA class II substances (see Table 2). 
The choice of mostly GFA III and class II compounds was to avoid drug 
crystallization issues during drug loading as well as to enable a better 
comparison of release profiles, that are potentially less complicated by 
fast drug precipitation on release (Ditzinger et al., 2019).

3.2. Calculations of chemical potential-based silica-water partitioning 
coefficient

To evaluate the partitioning behavior of selected APIs between a 
silica surface and an aqueous phase in silico (drug affinity to silica 
during dissolution), the chemical potentials in both environments were 
computed using COSMOquick, and the results are listed in Table 3.

The chemical potential for the self-association of drug molecules 
(µs(self)) contributes to solubility but not explicitly to drug partitioning. 
Moreover, at a theoretical monolayer capacity (MLC), drug interactions 
with the silica surface are of higher importance than self-interactions of 
drug molecules, at least in diluted aqueous conditions. The last column 
in Table 3 gives the calculated silica-water partitioning coefficient in 
line with Eq. (3), and notable differences between the compounds were 
obtained. Higher values in this column suggest a relatively greater 
apparent drug affinity for silica in the presence of water. However, these 
calculations involve certain simplifications. Most notably, silica is 
assumed to be a supercooled bulk phase. Therefore, the current study 
aimed to derive a parameter capable of at least qualitatively ranking 
different drugs based on their affinity to silica during the drug release 
process.

Table 2 
Glass forming ability (GFA), the equilibrium solubility in the dissolution medium (phosphate buffer pH 6.8 with 0.5 % (w/v) DOSS), and the physiological charge state.

Substance GFA class Solubility [μg/mL] Physiological charge stateF

Carvedilol IIIA, B 36.1 ± 0.01 +

Diclofenac (free acid) IIIB 485.6 ± 0.00 –
Indomethacin IIIB, C, E 485.1 ± 0.02 –
Ivermectin IIIB 4.8 ± 0.01 0
Ketoconazole IIIA, B, C, E 241.9 ± 0.02 0
Lopinavir IIIB, D 34.4 ± 0.03 0
Pimozide IIB 113.9 ± 0.02 +

Probucol IIIA, B, E 166.7 ± 0.02 0
Quinidine IIB 1013.2 ± 0.13 +

Ritonavir IIIA, B, D, E 5.7 ± 0.02 0

Sources: A: (Alhalaweh et al., 2014); B: measured 2 heating & 2 cooling cycles (individually within a range of 25 ◦C - 270 ◦C and 10 ◦C/min) with DSC; C: (Panini et al., 
2019); D: (Wyttenbach and Kuentz, 2017); E: (Baird et al., 2010); F: (Knox et al., 2024).

Table 3 
Calculated chemical (pseudo-) potentials for self-association (µs(self)) and solvation (µs) between drug-silica, drug-water, and the silica-water partitioning coefficient of 
drug molecules (µs(water) - µs(silica)) / RT (according to Eq. (3)) at 37 ◦C.

Substance name µs(self) (kJ/mol) µs(silica) (kJ/mol) µs(water) (kJ/mol) (µs(water) - µs(silica)) / RT (-)

Carvedilol − 14.44 − 51.50 25.70 29.94
Diclofenac (free acid) − 8.78 − 33.31 19.84 20.61
Indomethacin − 11.19 − 39.53 19.82 23.02
Ivermectin − 62.78 − 131.15 − 10.42 46.82
Ketoconazole − 22.26 − 81.66 6.07 34.02
Lopinavir − 37.13 − 83.29 13.63 37.59
Pimozide − 27.39 − 68.13 17.56 33.23
Probucol − 43.81 − 74.65 27.38 39.57
Quinidine − 12.07 − 43.24 17.60 23.59
Ritonavir − 34.81 − 108.53 5.58 44.25
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3.3. Experimental in vitro dissolution testing of drug-loaded silica 
formulations

Traditional dissolution testing is important for formulation devel
opment and characterization of bio-enabling drug delivery systems, like 
for example, supersaturating mesoporous silica-based formulations. It is 
important to consider that the design and execution of the dissolution 
test can strongly influence the outcomes of the study (Augustijns and 
Brewster, 2012). In this study, dissolution testing was performed using a 
USP Apparatus II (paddle method) with 250 mL of phosphate buffer (pH 
6.8) containing 0.5 % (w/v) dioctyl sodium sulfosuccinate (DOSS) as the 
dissolution medium. All experiments were conducted at 37 ± 0.5 ◦C. 
Fig. 3 shows the course of the cumulative concentrations of the 10 
pharmaceutical drugs. In all cases, drug dissolution from the meso
porous silica formulations was incomplete after 3 h of observation, 
which aligns with strong drug-silica interactions and potential 
re-adsorption processes, rather than late precipitation, as indicated by 
the stability of plateau concentrations throughout the observation 
period. The experimental design — incorporating monolayer drug 
loading to minimize drug-drug effects and a medium volume (250 mL) 
that transitioned from sink to non-sink conditions depending on solu
bility — was thus well-suited for investigating drug-silica interactions 
under controlled conditions. Among all tested APIs, quinidine exhibited 
the highest drug release after 3 h, with a release fraction of approxi
mately 62 %. This, at physiological conditions positively charged drug 
substance, also showed the highest solubility in the dissolution media 
(see Table 2). In contrast, ketoconazole, ritonavir, and ivermectin 
demonstrated the lowest drug release over the same period, with a 
released fraction of approximately 22 %, 27 %, and 29 %, respectively. 
Ritonavir and ivermectin also possessed the lowest solubility in the 
dissolution media (Table 2). Notably, within the first two minutes of the 
dissolution process, at least 7 % of the drug was released across all 
formulations. The most pronounced increase in drug release occurred 
within the initial 5–10 min for all tested substances. Subsequently, the 
cumulative drug release rate slowed down considerably. After 90 min, a 
plateau for most drugs was reached, after which the drug concentration 
in the dissolution medium remained constant. Only carvedilol, diclofe
nac (free acid), indomethacin, and quinidine showed, in comparison to 
the beginning, a slower but continuous increase in drug dissolution till 
the end.

Theoretically, the steepness of the initial release slope would be to 
some extent determined by the drug-silica interactions. However, 
further molecular properties can be influential for drug release, so a high 
spring effect can, for example, affect the initial increase of drug 

concentrations (Sun and Lee, 2013). As for such a spring effect and 
hence the propensity of a drug to supersaturate, it was shown previously 
to greatly depend on GFA (Blaabjerg et al., 2018). As the model drugs in 
the current study were mostly good glass-forming compounds (Table 2), 
the effect of supersaturation propensity was not expected to dominate 
the overall drug release. However, it is still expected that such 
drug-specific properties beyond apparent drug affinity to silica would 
affect the kinetics of drug release from mesoporous formulations.

Based on Fig. 3, the performance parameters (initial slopes and AUC 
values) were obtained. The supersaturation ratio was determined from 
the solubility-normalized concentrations at the end of the dissolution 
process, averaged from the last three measuring points of the plateau. 
Table 4 lists the results obtained for the three parameters for the selected 
10 active pharmaceutical drugs (APIs). These calculated ratios indicate 
the final saturation level, where values < 1 represent undersaturated 
solutions, values equal to or close to 1 represent saturated solutions, and 
values > 1 represent supersaturated solutions.

Overall, ivermectin, ritonavir, carvedilol, and lopinavir showed the 
highest supersaturation levels at the end of the dissolution experiments, 
as reflected by the plateau region at the end of their respective disso
lution curves. The fastest initial dissolution, as indicated by the slope 
values within the first 5–10 min, was observed for quinidine, carvedilol, 
and ketoconazole.

Remarkably, ivermectin and ritonavir were supersaturated during 
the entire dissolution experiment, while having the lowest solubility 
values in the dissolution media compared to the other drug substances 
(Tables 2 and 4). Carvedilol and lopinavir showed levels of a saturated 
solution state, whereas the rest of the drugs (diclofenac (free acid), 
indomethacin, ketoconazole, pimozide, probucol, and quinidine) were 
undersaturated during release kinetics (see Table 4). Moreover, quini
dine, carvedilol, and ketoconazole exhibited the fastest initial dissolu
tion rates, whereas quinidine, pimozide, and indomethacin 
demonstrated the highest area under the curve (AUC) values after 3 h. 
The results indicate that differences in relative saturation levels may 
contribute to a potential mechanism that can be confounded with 
apparent drug-carrier interactions, ultimately influencing drug release 
kinetics. However, from a practical perspective, it is common for more 
than one mechanism to govern the performance of a supersaturating 
formulation, either in vitro or in vivo (O’Dwyer et al., 2019).

3.4. Correlation analysis – chemical potentials as a predictive tool for 
qualitative dissolution performance?

As mentioned before, the calculated silica-water partitioning 

Fig. 3. Dissolution curves of 10 drug-loaded mesoporous silica formulations (n 
= 3) over 3 h at 37 ◦C in phosphate buffer (pH 6.8) and 0.5 % DOSS.

Table 4 
Performance parameters of drug release kinetics (i.e., initial slopes and AUC 
values of drug concentrations 0–180 min) and supersaturation ratio at the end of 
the dissolution process (means of the last three points) of 10 drug-loaded mes
oporous silica formulations (n = 3) at 37 ◦C.

Substance 
name

Initial slope of 
drug release 
[µg⋅mL⁻¹⋅min⁻¹]

AUC of 
concentrations 
[µg⋅min⋅mL⁻¹]

Supersaturation 
ratio1 at the end of 
the experiment (180 
min) [-]

Carvedilol 2.16 ± 0.09 6209± 349 1.11 ± 0.04
Diclofenac 

(free acid)
0.35 ± 0.05 5735± 434 0.074 ± 0.00

Indomethacin 1.02 ± 0.01 7745 ± 291 0.10 ± 0.00
Ivermectin 1.16 ± 0.12 4911 ± 374 6.33 ± 0.11
Ketoconazole 1.85 ± 0.15 5220 ± 829 0.13 ± 0.00
Lopinavir 1.67 ± 0.12 6154 ± 514 1.09 ± 0.03
Pimozide 1.77 ± 0.17 8840 ± 370 0.46 ± 0.00
Probucol 1.53 ± 0.11 6195 ± 134 0.23 ± 0.00
Quinidine 2.86 ± 0.15 9622 ± 746 0.06 ± 0.00
Ritonavir 1.42 ± 0.18 4506 ± 525 4.77 ± 0.11

1: Supersaturation ratio: (C/Csat, where C is the drug concentration and Csat is 
the equilibrium solubility).
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coefficient was coined as a potential characteristic of apparent drug- 
silica affinity to correlate with experimentally determined dissolution 
performance. A simplifying assumption here was treating silica as a 
supercooled bulk liquid. A similar assumption has been previously 
made, particularly when considering the solubility parameters of drugs 
in various solvation and solubility-related studies (Alanazi et al., 2020; 
Alqarni et al., 2021; Kalam et al., 2019; Shakeel et al., 2020; Shakeel and 
Alshehri, 2020). COSMO-RS is here certainly a more advanced way to 
model thermodynamic properties of drugs and their excipient mixtures, 
and it addresses several of the shortcomings of solubility parameters that 
were discussed before in the literature (Jankovic et al., 2019).

The silica-water partition coefficient, according to Eq. (3), was 
compared with the drug release characteristics. Thus, Figs. 4 and 5
display the linear shared correlations in scatter plots between the initial 
logarithmic slope or the area under the curve values (AUC until 180 
min) on the y-axis and the silica-water partitioning coefficient ((µs(water) 
- µs(silica)) / RT) of the drugs on the x-axis. For the correlation analysis, 
only eight drugs were considered, while diclofenac (free acid) and 
indomethacin were treated as outliers. These two pharmaceutical active 

ingredients (APIs) belong to the group of nonsteroidal anti- 
inflammatory, small acidic drugs. Both have carboxyl groups and exist 
with pKa values of 4.0 and 4.5, mostly in a deprotonated/ionized form at 
physiological pH. Both showed a very low apparent affinity for silica 
(low silica-water partitioning coefficient), and except for quinidine, 
which had an even higher solubility, these two drugs showed the highest 
solubility in the phosphate buffer at pH 6.8. The relatively high solu
bility combined with the low carrier affinity was likely a key factor in the 
latter affinity not being prominently observed in the correlation analysis 
of the release performance of the two drugs. Besides exhibiting unusual 
studentized residuals (with values < 3) in the regression model, diclo
fenac is known to self-associate in aqueous media; the acid function 
interacts with itself and forms dimers (Kozlowska et al., 2018). It con
tains two aromatic rings and a chlorine-substituted, hydrophobic core. 
The carboxylate group makes it anionic, but the rest of the molecule is 
strongly hydrophobic, which promotes aggregation. Owing to this ag
gregation, the drug desorption kinetics (initial slope of drug concen
tration) were apparently reduced. Likewise, indomethacin is known to 
undergo self-association through the formation of hydrogen-bonded 
carboxylic acid dimers in solution (Taylor and Zografi, 1997), which 
can attenuate its apparent dissolution behavior. Therefore, the observed 
unusual studentized residuals of diclofenac and indomethacin in the 
regression analysis were attributed primarily to such self-aggregation.

Moreover, ionizable drug acids that exhibit relatively high solubility 
at an intestinal pH would not make best candidates for bio-enabling 
formulations, such as mesoporous silica-based drug delivery systems 
(Amidon et al., 1995; Charalabidis et al., 2019). The same arguments 
hold true for quinidine, which is classified as biopharmaceutical clas
sification system (BCS) class I drug (Mori et al., 2012), whereas the other 
model compounds were drugs of class II (Buscarini et al., 2024; Chua
suwan et al., 2009; Fu et al., 2019; Guo et al., 2014; Hamed et al., 2016; 
Sodeifian et al., 2021; Steenekamp et al., 2024) and IV (Saeed et al., 
2021; Salim et al., 2023). Overall, regarding the correlation analysis, the 
logarithmic initial slope values exhibited a strong linear Pearson cor
relation with the silica-water partitioning coefficient (r = –0.98, p <
0.0001) and a Spearman rank correlation of r = –0.98 (p < 0.01). The 
logarithmic AUC values also correlated with the silica-water partition
ing coefficient, with a Pearson correlation of r = –0.79 (p = 0.02) and a 
Spearman rank correlation of r = –0.86 (p = 0.02). Additionally, when 
the logarithmic initial slope of the percentage of nominal drug released 
was considered, a Pearson correlation of r = –0.86 (p = 0.006) and a 
Spearman rank correlation of r = 0.81 (p = 0.03) with the silica-water 
partitioning coefficient were observed. These strong correlation re
lationships, illustrated in Figs. 4 and 5, indicate that a higher 
silica-water partitioning coefficient reflects a greater affinity of the drug 
to the silica surface and, consequently, a lower initial slope of drug 
release into the dissolution medium.

Similarly, Fig. 5 illustrates that a greater affinity to silica corresponds 
to a lower area under the curve (AUC) of the dissolved drug concen
trations over the entire dissolution period (180 min). However, as 
indomethacin and diclofenac (free acid) were the only negatively 
charged drugs (Table 2), their release kinetics were not expected to 
depend significantly on silica interaction under ionizing pH conditions, 
as mentioned previously. Ionizable acids are expected to weakly interact 
with silica because of repulsive forces. However, as discussed earlier, 
drug aggregation via the carboxylate groups could have greatly reduced 
such repulsive forces in the experiments. As the in silico model was not 
taking such aggregates into account, this would explain the deviation 
from the general trendline. The topic of electrostatic interactions is of 
broader interest. In this regard, previous work (Hate et al., 2020a) 
investigated the effects of electrostatic interactions between drug mol
ecules and silica surface on the dissolution of weakly basic drugs from 
mesoporous silica-based formulations as a function of medium pH. The 
authors concluded from their findings that, compared to the formation 
of hydrogen bonding interactions, drug-silica electrostatic interactions 
lead to higher adsorption and lower drug release. The experimental data 

Fig. 4. Initial slope of drug release versus silica-water partition coefficient plot 
for eight drugs (and two outliers) with correlation coefficients. By definition, 
the slope was initially expressed in the following unit: [µg⋅mL-1⋅min-1].

Fig. 5. Area under the curve (AUC) values versus silica-water partition coef
ficient plot for eight drugs with correlation coefficients. The AUC values were 
initially expressed in the following unit: [(µg⋅min)⋅mL-1].
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in the present work supports such a view, that strong interactions with 
silica limit drug release, but also suggests that electrostatic interactions 
alone do not fully account for the observed desorption behavior. For 
example, carvedilol, a weak base with a pKa of approximately 7.8 is 
primarily protonated and thus positively charged at pH 6.8 (Yuvaraja 
and Khanam, 2014). Although this leads to attractive electrostatic in
teractions between the drug and the negatively charged silica surface, 
carvedilol showed a relatively low silica water partitioning coefficient 
and therefore limited drug-silica affinity (Figs. 4 and 5). The complexity 
of the dissolution process of a drug-loaded mesoporous silica formula
tion can be largely attributed to the interplay of more than one 
contributing factor; therefore, the release kinetics of any compound are 
not governed solely by the charge state of the drug at the pH of the 
dissolution medium.

In Fig. 5, the previously identified “outliers” for the initial slope of 
drug concentrations, diclofenac (free acid) and indomethacin, are less 
distant from the data cloud of the other drugs. They were not included in 
the correlation analysis for consistency and hence, comparability of the 
analysis in Fig. 4. While this previous analysis focused on the initial 
stage of the drug release process, the AUC values are representative of 
the drug dissolution process over the entire experimental time (3 h). 
During this long dissolution time, other influential factors besides drug 
desorption from silica can be influential regarding the dissolution per
formance. In general, it is expected that the physicochemical properties 
that govern solubility and supersaturation propensity influence kinetic 
profiles and have a higher impact on the AUC of the entire experiment 
duration compared to the short time of the initial release. However, 
according to the dissolution profiles in Fig. 3, the drug concentration 
plateaus were not all leveling off during the 3 h observation time. There 
were no decreases in concentrations observed that could have otherwise 
indicated a marked drug precipitation of drugs that were 
supersaturated.

Notably, quinidine exhibited extreme behavior across several drug 
properties, including the highest solubility in the dissolution medium 
(lowest supersaturation ratio), highest initial drug release and AUC 
plateau values, and low affinity to silica. In contrast, ivermectin had the 
lowest solubility in the dissolution medium (highest supersaturation 
ratio), a medium initial slope of drug concentration, low AUC level, and 
highest affinity to silica. In summary, the release process from meso
porous silica appears to be governed by a complex interplay of multiple 
factors; however, the apparent drug-silica affinity plays a dominant role, 
especially in the initial stage of drug release. Overall, it is very 
encouraging that, for neutral and positively charged drugs, there was a 
very good correlation found between the silica-water partitioning co
efficient (based on chemical potentials) and the experimental perfor
mance parameters of drug release (initial slopes and AUC values). Still, 
despite extended observation over 3 h, none of the tested active phar
maceutical ingredients (APIs) achieved complete release, suggesting 
that a fraction of drug molecules remained adsorbed to the mesoporous 
silica surface. This persistent retention likely reflects a dynamic equi
librium between desorption and re-adsorption processes, as previously 
observed in the literature (Turku et al., 2007). Another study (McCarthy 
et al., 2018) further showed that the extent of irreversible adsorption is 
highly pH-dependent. Given the isoelectric point of silica (~pH 2), its 
surface bears a significant negative charge at physiological and higher 
pH levels, with charge density increasing markedly between pH 6 and 11 
(Atkin et al., 2003; Sharma et al., 1996), and this promotes in particular 
electrostatic interactions.

Incomplete release from mesoporous systems is a widely reported 
phenomenon, even at low drug loadings (Le et al., 2019), and is 
commonly attributed to reversible and irreversible drug-silica in
teractions (Hate et al., 2020a). Consistent with this, the literature de
scribes cases of incomplete release for most evaluated drugs in this study 
(i.e., ritonavir and lopinavir (Dening et al., 2019), indomethacin 
(Garcia-Bennett et al., 2018; McCarthy et al., 2020), ketoconazole (Hate 
et al., 2020a), ivermectin (Velho et al., 2024), carvedilol (Mahdi et al., 

2022), diclofenac (Ghiorghita et al., 2022), probucol (Lau et al., 2019)). 
If sink conditions or a diffusion barrier (membrane) are present, release 
may approach completion better, as there would be a sink for the drug to 
diffuse away. Hate et al. (Hate et al., 2020a) e.g., showed that atazanavir 
eventually reached 100 % release when an absorptive sink was used.

The utility of COSMO-RS chemical potentials to approximate the 
silica-water partitioning behavior, and their strong correlation with 
drug release metrics (i.e., initial slope and AUC), provides the means to 
at least rank formulation release performance. This is encouraging for 
formulation scientists, who can harness this approach for formulation 
development.

In the future, more experiments with different drug candidates, 
higher drug loadings, and different aqueous surrounding dissolution 
media should be performed for a more complete understanding of the 
molecular drug-silica interactions during the complex release process.

4. Conclusions

This study introduces a novel in silico method for investigating drug- 
silica interactions in aqueous environments, addressing a critical 
knowledge gap in the rational design of mesoporous silica-based de
livery systems for poorly soluble drugs. Using a silica-water drug par
titioning coefficient from COSMO-RS calculations, good linear and rank 
correlations with the experimental drug release characteristics were 
obtained. The findings of this study underscore the importance of 
considering drug-specific physicochemical properties, such as ionization 
state, solubility, and glass-forming ability, in tandem with the surface 
characteristics of the mesoporous silica carrier (surface area, pore size, 
and silanol-siloxane ratio). Notably, while electrostatic interactions 
contribute substantially to the drug affinity for the silica surface, they do 
not solely govern the desorption process. The results support the view 
that drug release kinetics from mesoporous silica systems are not 
dictated by a single dominant interaction but rather by the collective 
effect of multiple, often competing, molecular mechanisms.

The current study compared drugs relative to their ability to form a 
monolayer on the carrier surface. At such low drug loadings near the 
theoretical monolayer capacity (MLC), the dominant interactions occur 
at the solid-liquid interface and involve a complex balance of electro
static attraction or repulsion (Hate et al., 2020a, 2020b), hydrogen 
bonding, and dispersion (van der Waals) forces, suggesting a persistent 
equilibrium between desorption and re-adsorption, and highlighting the 
potential for irreversible binding phenomena (McCarthy et al., 2018, 
2016). The presented in silico approach offered a valuable theory-based 
tool to at least qualitatively rank drug release performance. This would 
be highly valuable in a pharmaceutical profiling phase where minimal 
amounts of drug are available to guide formulation development. By 
enabling an early mechanism-based ranking of drug-silica interactions, 
this method also has the potential to reduce the experimental screening 
time in preformulation practice.

While this study focused on GFA class III drugs with low drug loading 
to enable a clear mechanistic interpretation of silica-water partitioning 
effects, future investigations may extend this approach to include GFA 
class I compounds. However, due to their poor amorphous stability and 
high crystallization tendency, such compounds would require specif
ically adapted formulation strategies, such as surface functionalization 
of the carrier or co-formulation with crystallization inhibitors. In a 
broader context, future work should also explore different drug loadings 
and dissolution media at varying pH values to gain further insight into 
how these factors influence drug-silica interactions and ultimately drug 
release. Moreover, the development of quantitative models for drug 
release may benefit from incorporating additional physicochemical pa
rameters of the carrier material. However, the present study already 
contributes to advancing the mechanistic understanding of apparent 
drug-silica interactions, thereby supporting the rational design of mes
oporous silica-based drug delivery systems.
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