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ARTICLE INFO ABSTRACT

Keywords: Loading poorly soluble active pharmaceutical ingredients (API) into mesoporous silica can enable API stabili-
Bioavailability improvement zation in non-crystalline form, which leads to improved dissolution. This is particularly beneficial for highly
Dissolution lipophilic APIs (log D74 > 8) as these drugs often exhibit limited solubility in dispersion forming carrier poly-
ED;E clfsadmg mers, resulting in low drug load and reduced solid state stability. To overcome this challenge, we loaded the

highly lipophilic natural products coenzyme Q10 (CoQ10) and astaxanthin (ASX), as well as the synthetic APIs
probucol (PB) and lumefantrine (LU) into the mesoporous silica carriers Syloid® XDP 3050 and Silsol® 6035. All
formulations were physically stable in their non-crystalline form and drug loads of up to 50 % were achieved. At
increasing drug loads, a marked increase in equilibrium solubility of the active ingredients in biorelevant me-
dium was detected, leading to improved performance during biorelevant biphasic dissolution studies (BiPHa + ).
Particularly the natural products CoQ10 and ASX showed substantial benefits from being loaded into mesoporous
carrier particles and clearly outperformed currently available commercial formulations. Performance differences
between the model compounds could be explained by in silico calculations of the mixing enthalpy for drug and

Mesoporous silica
Solubility enhancement

silica in combination with an experimental chromatographic method to estimate molecular interactions.

1. Introduction

To achieve sufficient bioavailability, it is necessary to first dissolve
an adequate dose fraction of the active pharmaceutical ingredient (API)
in an aqueous gastrointestinal fluid (Barthe et al., 1999; Martinez and
Amidon, 2002). High API concentrations in solution increase the driving
force for absorption through the intestinal membrane (Taylor and
Zhang, 2016). Subsequent to the absorption, the API enters systemic
circulation and is transported to the relevant side of action where the
biological activity can take place (Martinez and Amidon, 2002). Un-
fortunately, a decrease in water solubility limits the dissolution, ab-
sorption and hence bioavailability of active ingredients, whereby a high
degree of compound lipophilicity and/or hydrophobicity are key factors
(Ditzinger et al., 2019a). Compounds that have high Tm values and low
to moderate log P values are commonly referred to as ’brick-dust’
compounds, whereas those with low Tm values and high log P values are

known as ’grease balls’. The brick-dust compounds have limited solu-
bility by their solid-state, where the breakdown of the crystal lattice is
the most challenging step. On the other hand, the grease balls have the
solvation step in water as the primary obstacle for drug dissolution
(Ditzinger et al.,, 2019a). This becomes particularly problematic
considering that roughly 40-90 % of the APIs currently in development
encounter solubility issues (Loftsson and Brewster, 2010; Ting et al.,
2018). However, this problem is not only limited to synthetic APIs but
also affects substances of natural origin. Especially tri- and tetraterpenes
(e.g. astaxanthin and coenzyme Q10) experience reduced water solu-
bility, attributed to their lipophilic isoprenoid chains (Atriya et al.,
2023; Schulz et al., 2006). Absorption via the lymphatic pathway after
incorporation into chylomicrons can be assumed to occur for this type of
lipophilic natural products (Schulz et al., 2006). Nevertheless, the
lymphatic pathway also requires in situ micellization of the dissolved API
with the aid of bile salts and absorption only occurs after emulsification
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(Managuli et al., 2018). Addressing this concern, several approaches
have been suggested to improve absorption of highly lipophilic APIs,
which includes lipid-based formulations targeting enhanced solubiliza-
tion and an increase in absorption through the lymphatic pathway
(Schulz et al., 2006). The surfactants and lipids contained in especially
the self-emulsifying formulations promote integration of the API in
micellar inclusion complexes even when only small solvent volumes are
present (Neslihan Gursoy and Benita, 2004). However, the bioavail-
ability improvement achieved by these formulations may sometimes be
compromised, as the formation of stable micellar complexes can hinder
intestinal absorption accompanied by the overall issue of limited dose
strength of lipid-based systems.

One of the most preferred techniques, that is widely used for
increasing solubility and bioavailability especially of poorly soluble
synthetic APIs, is stabilizing the drug in its amorphous state. Amorphous
materials have higher solubility and dissolve faster than their crystalline
counterparts (Taylor and Zhang, 2016). Unlike the crystalline form,
dissolving amorphous material does not require breaking of the crystal
lattice structure so concentrations can be reached beyond the thermo-
dynamic solubility (Singh and Van den Mooter, 2016). Consequently,
various strategies have been postulated to hinder recrystallization while
maintaining the solubility benefits of an amorphous molecular structure
(Brouwers et al., 2009). These approaches include co-grinding (Li et al.,
2019a), co-amorphous formulations (Karagianni et al., 2018), prepara-
tion of polymer-based amorphous solid dispersions (ASD) (Baghel et al.,
2016; Postges et al., 2022; Taylor and Zhang, 2016), or mesoporous
silica-based systems (Hate et al., 2020; McCarthy et al., 2018; Price
et al., 2019; Vranikova et al., 2020). Considering ASDs, polymeric ex-
cipients decrease molecular mobility of the API and thereby enable a
stabilization in amorphous form, although this is thermodynamically
unfavorable (Bookwala and Wildfong, 2023). Nonetheless, this strategy
can pose a challenge for lipophilic active ingredients, as poor solubility
in the polymer matrix results in limited drug loading and eventually
formulation instability as high kinetic concentrations in the polymer
matrix elevate the risk of recrystallization and phase separation during
storage (Janssens and Van den Mooter, 2009; Wolbert et al., 2022).

Another proven technique for maintaining active ingredients in a
non-crystalline form is using mesoporous silica particles as a carrier
material (Ditzinger et al., 2019b; Niederquell et al., 2023). Drug loading
can be achieved either with solvent-based techniques, for example
incipient wetness impregnation or by solvent-free methods like drug
melting or the use of supercritical fluids (Li et al., 2019b; Seljak et al.,
2020). Mesoporous systems are known for their ability to inhibit the
crystallization process of drugs by confining them in carrier pores,
especially if the pore size is comparable to the critical nuclei size. Shen
et al. (2017) suggested that a drug would remain in a non-crystalline
form within the mesopores if the pore size were smaller than 12 times
the molecular size of the API (Shen et al., 2017). More refined estimates
can be found in the literature based on the classical theory of homoge-
neous nucleation assuming that only nuclei larger than a critical
nucleation size can grow and cause formulation instability (Descamps
and Willart, 2018; Knapik et al., 2016; Vranikova et al., 2020).
Furthermore, the molecular mobility of APIs incorporated in small
enough pores is significantly lower than in the bulk (Vranikova et al.,
2020). Consequently, there is not surrounding polymer matrix needed as
in case of ASDs, which appears beneficial for enabling the use of highly
lipophilic/ poorly soluble APIs. Comparable to ASDs, the non-crystalline
form allows for a significantly higher release of active ingredients than
the crystalline molecular form. In addition, Le et al. (2019) observed an
increase in dissolution performance as drug load increased, even sur-
passing the theoretical monolayer capacity of Syloid® XDP 3050 used as
a carrier (Le et al., 2019). Dening and Taylor, on the other hand,
observed a notable decrease in diffusive flux for ritonavir loaded SBA-15
when the theoretical monolayer surface coverage was exceeded (Dening
and Taylor, 2018). Accordingly, the effects of different drug loads on
solubility and release of different APIs from mesoporous silica carriers
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has not yet been fully elucidated und further work is necessary.

The aim of our study was to explore how various drug loads of highly
lipophilic (log D7 4 > 8) synthetic APIs (probucol and lumefantrine) and
natural products (coenzyme Q10 and astaxanthin) impact the solubility
and dissolution behavior of the active ingredients in various media. The
term natural product refers to extracts of natural origin, which are
composed of several structurally related but not identical active in-
gredients. The astaxanthin enriched oleoresin contains more than 20
different mono- and diesters of astaxanthin. Thereby the sum of all in-
dividual components is referred to as “the active ingredient”. By com-
parison, synthetic APIs typically consist of only one molecular species
with precisely known structural identity. Syloid® XDP 3050 (average
pore diameter: 22.9 nm (Waters et al., 2018)) and Silsol® 6035 (average
pore diameter: 6.0 nm (Cokenakes, 2021)) were used as mesoporous
carriers. In addition, the suitability of this formulation principle for
improving the biorelevant dissolution performance of the highly lipo-
philic and poorly soluble model APIs was investigated using a biphasic
dissolution assay.

2. Materials and methods
2.1. Materials

Coenzyme Q10 (CoQ10) (purity > 99.1 %, CAS 303-98-0) from Abcr
GmbH (Karlsruhe, Germany), astaxanthin (ASX) enriched Haemato-
coccus pluvialis oleoresin (10.1 % ASX content) from BDI-BioLife Science
GmbH (Hartberg, Austria), probucol (PB) (purity > 99.7 %, CAS
23288-49-5) and lumefantrine (LU) (purity > 99.6 %, CAS 82186-77-
4), both from Swapnroop Drugs & Pharmaceuticals (Aurangabad, India),
were used as model compounds. CoQ10 oily dispersion (Nature Made®
CoQ19, Pharmavite®, Northridge, CA, USA), CoQ10 micelles (Nova-
SOL® Q, Aquanova AG, Darmstadt, Germany) and astaxanthin micelles
(NovaSOL® Astaxanthin, Aquanova AG, Darmstadt, Germany) were
used as reference market formulations. Syloid® XDP 3050 (average pore
diameter: 22.9 nm, pore volume 1.69 cm®/g, surface area 287 m?/g
(Waters et al., 2018)) and Silsol® 6035 (average pore diameter: 6.0 nm,
pore volume 0.90 cm?’/g, surface area 476 mz/g (Cokenakes, 2021))
were donated by Grace GmbH (Worms, Germany). Tri-potassium
phosphate, sodium hydroxide (VWR Chemicals, Darmstadt, Germany)
and tri-potassium citrate (Carl Roth, Karlsruhe, Germany) were used as
buffer concentrate. Sodium dihydrogen phosphate and di-sodium
hydrogen phosphate (VWR Chemicals, Darmstadt, Germany) were
used to generate 0.1 M phosphate buffer (pH 6.8). Sodium taurocholate,
lecithin, 0.1 N hydrochloric acid (HCl) and 1-decanol were obtained
from VWR Chemicals (Darmstadt, Germany). Formic acid, dimethyl
sulfoxide (DMSO) and HPLC grade solvents ethanol, methanol, acetone,
dichloromethane (DCM) and acetonitrile (ACN) were purchased from
VWR Chemicals (Fontenay-sous-Bois, France). HPLC grade water was
received from Fisher Chemicals (Loughborough, UK).

2.2. Preparation of drug loaded mesoporous silica particles

Mesoporous silica was loaded using incipient wetness impregnation
(Trzeciak et al., 2021). Different concentrations of CoQ10, ASX, PB and
LU in DCM were used. For evaluation of drug-load-dependent solubility
in biorelevant medium, silica with drug loads between 0.1 % and 50 %
(w/w) (refer to Table S1 and Fig. 4) were produced. Solubility of the
compounds in DCM limited the maximum achievable drug load to the
values as shown in Table 1. Due to different pore volumes, 1.50 mL/g of
DCM was used for loading of XDP 3050 and 0.75 mL/g for Silsol 6035.
Under continuous stirring, the DCM stock solutions (SL) were added
stepwise to the silica powder in a beaker. Stirring was continued until all
the liquid was absorbed into the pores and a seemingly dry powder was
obtained. Subsequently, the formulations were protected from light and
the solvent was evaporated under atmospheric conditions for 24 h in a
drying oven. Residual solvent analysis was performed by headspace (HS)
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Table 1
Preparation of loaded mesoporous silica; including the maximum achievable
drug concentration in the dichloromethane (DCM) stock solution (applied sol-
vent volume for drug loading: 1.50 mL/g (XDP 3050) and 0.75 mL/g (Silsol
6035)) and the total drug load (w/w) of the obtained formulation (determined by
HPLC).”

Formulation Concentration in DCM stock solution Total Drug Load
[mg/mL] [%]
CoQ10: Silsol 670 33.1
6035
CoQ10: XDP 3050 670 49.8
ASX: Silsol 6035" 67 3.3
ASX: XDP 3050" 67 5.9
PB: Silsol 6035 290 17.8
PB: XDP 3050 290 30.3
LU: Silsol 6035 290 17.9
LU: XDP 3050 290 30.1

4 ASX content of Haematococcus pluvialis oleoresin used for silica loading was
10.1%, therefore the total drug load was reduced.

— gas chromatography (GC) (refer to 2.4; GC detection of residual sol-
vent). Drug load was evaluated by high performance liquid chroma-
tography (HPLC) (refer to 2.3; HPLC method).

2.3. HPLC method

CoQ10, ASX, PB and LU were quantified using a Shimadzu HPLC
system (LC-2010A HT, Shimadzu Corporation, Kyoto, Japan). Four
different HPLC methods were used (Table 2) (Miao et al., 2006; Mosca
et al., 2002). A Nucleodur C18ec column (250 mm x 4.6 mm, 3 ym
particle size, Macherey-Nagel, Diiren, Germany) was used for samples
containing CoQ10 and ASX and a LiChrospher RP-18 column (125 mm x
4.6 mm, 5 pm particle size, Merck Millipore, Billerica, MA, USA) was
used for PB and LU quantification. The column temperature was set to
40.0 °C and LabSolutions software (Shimadzu Corporation, Kyoto,
Japan) was used for monitoring and integration of all peaks. For drug
load quantification of mesoporous silica formulations, samples equiva-
lent to 10 mg active ingredient were sonicated for 10 min with 50.0 mL
DCM in an amber colored volumetric flask. Subsequently, samples were
collected, immediately filtered through a 0.22 pm poly(tetrafluoro-
ethylene) (PTFE) syringe filter and 10 pL (1 pL for ASX containing
samples) were directly injected into the HPLC system. Sample collection
was also performed for determination of apparent and equilibrium sol-
ubility and after each dissolution run. Standard curves were prepared
freshly for each run and served as reference for quantification and for
correct peak identification.

2.4. Gas chromatographic (GC) detection of residual solvent

Residual content of DCM after drying was analyzed using a Focus GC
connected to a TriPlus RSH Autosampler unit (Thermo Fischer Scientific,
Waltham, MA, USA). A FS_CS_624 capillary column (30 m x 0.32 mm,

Table 2
Composition of the mobile phases (v/v), solvent flow and detection wavelength
used for coenzyme Q10, astaxanthin, probucol and lumefantrine quantification.

Active Mobile Mobile Flow Elution Detection
ingredient phase A phase B [mL/ wavelength
min] [nm]
Coenzyme ethanol methanol 1.00 isocratic 275
Q10 (65 %) (35 %)
Astaxanthin acetone water 0.80 gradient 474
(83-98 (17-2 %) (60 min)
%)
Probucol ACN (90 water (10 1.00 isocratic 254
%) %)
Lumefantrine ACN (90 water (10 1.00 isocratic 350
%) %)
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1.8 pm film thickness, 6 % cyanopropylpolysiloxane, CS-
Chromatographie Service GmbH, Langerwehe, Germany) was used for
all measurements. Analysis was performed in headspace (HS) modus
and a flame ionization detector (FID) set to 240 °C was used for detec-
tion. Accurately weighed samples of 50 mg were mixed with 1.0 mL
DMSO and incubated at 50 °C for 10 min. Subsequently, 1.0 mL of the
gas phase was injected into the GC and the column oven was heated from
50 to 140 °C at a rate of 10 °C/min, followed by a 4 min plateau at
140 °C. Nitrogen (2.0 mL/min) was used as carrier gas and a split flow of
1/5 was applied during injection.

2.5. X-ray powder diffraction (XRPD)

X-ray Powder Diffraction (XRPD) was conducted in reflection mode
using an XPert MRD Pro (PAN-alytical, Alemlo, The Netherlands) at 45
kV and 40 mA with an XCelerator detector and nickel filtered CuKol
radiation. Scanning range was set from 5 to 45° 20 with a step size of
0.017° 26.

2.6. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measurements were per-
formed by utilizing a Mettler-Toledo DSC 2 (GieBen, Germany) equipped
with a nitrogen cooling system and nitrogen as purge gas (30 mL/min).
Samples of approximately 10 mg were accurately weighed into
aluminum pans with a pierced lid. A conventional method, consisting of
a heating cycle from 25 to 100 °C (CoQ10 and ASX) or to 170 °C (PB and
LU) with a constant heat rate of 10 °C/min was used for all
measurements.

2.7. Equilibrium solubility

For determination of equilibrium solubility in various media (0.1 N
HCI, phosphate buffer pH 6.8, Bi-FaSSIF-V2 pH 6.8 and 1-decanol) the
shake flask method was used (Table 3). Sodium taurocholate and leci-
thin were added to 0.1 M phosphate buffer (pH 6.8) to generate biphasic
dissolution adapted-fasted state simulated intestinal Fluid-V2 (Bi-

Table 3

Molecular weight (MW), pK, values (Mano et al., 2018; Patel et al., 2013; Pro-
bucol: DrugBank Online; Trumpower, 2012), log Dy 4 (du Plessis et al., 2015;
Gershkovich and Hoffman, 2005; Jannel et al., 2020; Sy et al., 2012), number of
H-bond donors and acceptors (predicted by ChemAxon), and saturation solu-
bility in 0.1 N HCI, phosphate buffer pH 6.8, Bi-FaSSIF-V2 and 1-decanol
(determined by HPLC) of coenzyme Q10, astaxanthin, probucol and lumefan-
trine (mean + SD); n = 3.

Parameter Coenzyme Astaxanthin @ Probucol  Lumefantrine
Q10
MW [g/mol] 863.3 596.8 516.8 528.9
published log 14.7 13.3 10.9 8.3
D74
published pK, 13.3 10.6 10.3 8.2
Number of H- 0 2 2 1
bond donors
Number of H- 4 4 2 2
bond
acceptors
S (0.1 N HCD) 0.1 +£0.0 0.3+0.1 33+04 1.5+0.2
[ng/mL]
S (Buffer pH 0.1 +£0.0 0.4 +0.2 09+0.3 0.2+ 0.1
6.8) [ng/
mL]
S (Bi-FaSSIF- 55+23 11+1.4 20+1.2 21+0.1
V2) [pg/mL]
S (1-decanol) > 5000 > 5000 > 5000 > 5000

[ng/mL]

[a] (with exception of the solubilities, all astaxanthin values are given for the
unesterified molecule).
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FaSSIF-V2) (Denninger et al., 2020). An excess of neat CoQ10, ASX, PB,
and LU and their corresponding loaded silica formulations was incu-
bated in 20.0 mL medium (aqueous/organic). The excess was at least 20
times the equilibrium solubility of each drug. With an increase in drug
load of the silica formulations, the excess amount of active ingredient
also increased. Experiments were performed using a GFL 1083 shaking
incubator (Gesellschaft fiir Labortechnik GmbH, Burgwedel, Germany)
at 37.0 °C £ 0.5 °C. After 48 h, samples of 1000 pL were collected,
filtered through a 0.22 ym PTFE syringe filter and directly injected into
the HPLC system (refer to 2.3 HPLC method).

2.8. Apparent solubility/ kinetic concentration

To determine the apparent solubility (i.e., kinetic concentrations) of
CoQ10, ASX, PB and LU in biorelevant medium, solvent shift experi-
ments were conducted. The same dissolution apparatus as for biphasic
dissolution measurements was used (refer to section 2.11). In contrast to
BiPHa + measurements the organic phase was omitted. Acetone stock
solutions (SL) of CoQ10, ASX, PB and LU with concentrations of 40 mg/
mL were prepared and the assays were initiated by adding 250 pL into
50.0 mL biorelevant medium to receive a potential concentration of 0.2
mg/mL. Concentrations were determined for 270 min (equivalent to
biphasic dissolution) using an 8454 UV/VIS DAD spectrophotometer
(Agilent, Waldbronn, Germany) including scattering correction
(method). In addition, after 15 min and 270 min samples were collected,
filtered and directly injected into the HPLC system.

2.9. Compound-silica interactions and in vitro drug release

2.9.1. COSMO-RS calculations

To access the interactions between the amorphous silica surface of
XDP 3050 and Silsol 6035 and the model drugs, simplified drug-silica
bulk calculations were based on the software COSMOquick (BIOVIA
COSMOgquick, Version 2020, Dassault systems, France). The excess
enthalpy (Hex) of drug and silica was estimated at 37 °C as a measure of
molecular drug-excipient interactions similar to Price et al (Price et al.,
2019). He is also referred to as the enthalpy of mixing AHp;, with the
advantage that the “self-cohesion” of the pure components is taken into
account, compared to other interaction energy values, for example from
molecular docking:

AHmix = Zka;/;ix - Zka;J(ure (1)
k k

In this general equation xx holds for the molar fraction of a compo-
nentk, Hkmix is the enthalpy of compound k in the mixture, whereas Hllﬁm
represents the enthalpy of the pure component k.

The use of AHp;y as interaction parameter is a simplification as it does
not take the situation on the surface with the water phase into account.
However, this binary drug-excipient interaction can exhibit rank-order
performance correlations as it was, for example, reported in drug in-
teractions with precipitation inhibitors (Price et al., 2019). For a more
detailed description of the calculations performed within the software
package, the reader is referred to (Loschen and Klamt, 2012).

2.9.2. Thin layer chromatography (TLC)

In addition, thin layer chromatographic (TLC) experiments were
carried out. Silica gel TLC plates with fluorescence indicator (silica gel
60 Fas4, 10 cm x 10 cm) manufactured by Merck (Darmstadt, Germany)
were used for the analysis. CoQ10, ASX, PB and LU were dissolved in
DCM (1 mg/mL) and 2 pL of the optioned solutions were applied to the
TLC plate, allowed to dry, and then eluted with petroleum ether - ethyl
acetate - acetic acid 70:20:10 (v/v/v). Organic solvents were necessary
to achieve sufficient eluting power. After evaporation of the eluent, the
separated spots were visualized and marked under UV illumination at
254 nm and retarding- front (Rf) values were calculated.
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2.9.3. Monophasic non-sink dissolution

To ensure consistent hydrodynamics, the BiPHa + apparatus (refer to
section 2.10) was used for the monophasic non-sink dissolution studies.
Similar to the apparent solubility measurements, the organic phase was
omitted. Loaded XDP 3050 or Silsol 6035 formulations (maximum drug
load) equivalent to 10 mg of active ingredient were transferred to hard
gelatine capsules (size 4) and introduced into the dissolution medium
using a metal sinker. Concentrations were determined for 270 min
(equivalent to biphasic dissolution) using an 8454 UV/VIS DAD spec-
trophotometer (Agilent, Waldbronn, Germany). In addition, the
endpoint concentrations (270 min) were determined by HPLC.

2.10. Biorelevant biphasic dissolution

Biphasic dissolution studies were performed using a fully automated
small scale dissolution device developed by Denninger et al. (2020)
(Denninger et al., 2020). The device consisted of a water bath containing
four cylindrical vessels (three samples and one blank) tempered to 37.0
=+ 0.5 °C. Dissolution studies were performed with 50.0 mL of 0.1 N HCl
(pH 1.0) as start medium to mimic the stomach conditions. After 30 min,
the pH was increased stepwise from 1.0 to 5.5 (simulating the upper
small intestine) and finally to 6.8 (simulating the lower small intestine)
by adding Mcllvaine buffer concentrate. Simultaneously Bi-FaSSIF-V2
(Denninger et al., 2020) was added to generate a biorelevant dissolu-
tion medium and the aqueous phase was covered with 50.0 mL of 1-dec-
anol to simulate intestinal absorption. The endpoint of the dissolution
measurements was set to 270 min. Samples equivalent to 10 mg CoQ10,
ASX, PB or LU were accurately weighed into hard gelatine capsules (size
4) and introduced into the dissolution medium by a metal sinker with a
mesh size of 1 mm. To prevent fine particulate and hydrophobic neat
CoQ10, PB and LU from directly floating into the 1-decanol layer,
dicalcium-phosphate tablets with 20 % drug load (equivalent to 10 mg
active ingredient) were produced, grinded down using mortar and pestle
and transferred to hard gelatine capsules. An Agilent 8454 UV/VIS DAD
spectrophotometer (Agilent, Waldbronn, Germany) equipped with 1.0
mm flow-through cuvettes was used for concentration measurements in
both media. Full flow filters with 1 ym pore size were used to reduce
scattering in the aqueous medium caused by undissolved material.
Remaining scattering during UV-measurements was eliminated using a
LabView® application programmed by Denninger et al (Denninger
et al., 2020). In addition, the endpoint concentrations (270 min) in both
media were determined by HPLC (refer to Section 2.3).

3. Results
3.1. Physicochemical characterization

The molecular weight (MW) of the model compounds ranged from
516.8 to 863.3 g/mol, whereby the molar mass of naturally occurring
ASX could increase to up to 1200 g/mol due to ester formation with fatty
acids (Table 3). Corresponding to the molecular structures.

(Fig. 1), the log Dy 4 values were very high, ranging from 8.3 to 14.7.
Attributed to the long isoprenoid chains, the natural products CoQ10
and ASX showed slightly higher log D7 4 values in contrast to the syn-
thetic APIs PB and LU. The pK, value were observed to be between 8.2
and 13.3 and while this was not physiologically relevant for an acidic
pKa, the basic nitrogen atom of LU was expected to be protonated along
the gastrointestinal pH (basic pK, 8.2), introducing a charge into the
molecule thereby increasing solubility. Accordingly, a 7.5 times higher
solubility at pH 1 than at pH 6.8 was detected. For CoQ10 and ASX no
pH dependent solubility behavior was observed. Nevertheless, for all
tested compounds, low concentrations between 0.1 and 3.3 pg/mL were
detected in aqueous media. However, when biorelevant surfactants like
lecithin and taurocholate were added, solubility generally increased.
CoQ10 showed the most significant improvement, with a 55-fold in-
crease. However, only low absolute concentrations of the active
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Fig. 1. Chemical structures of the model compounds: astaxanthin (A) (shown as unesterified molecule; the Haematococcus pluvialis extract contains manly mono- and

diesters), coenzyme Q10 (B), probucol (C) and lumefantrine (D).

ingredients were observed ranging from 1.1 to 5.5 ug/mL in the medium
even with surfactant addition. As a result, all media provided solubility-
limited non-sink dissolution conditions. In contrast, model compounds
exhibited solubility above 5 mg/mL in 1-decanol, indicating sink con-
ditions in the absorption compartment during biorelevant biphasic
dissolution studies.

3.2. GC detection of residual solvent

Incipient wetness impregnation was used for drug loading of the
mesoporous silica. DCM was found to have the highest solution capa-
bility for the model compounds thereby enabling the highest possible
drug load. Related to the toxicological side effects, DCM has a limit value
of 600 ppm in oral pharmaceutical formulations (ICH Q3C (Interna-
tional council for harmonisation, 2021)). Thus, residual solvent detec-
tion using HS-GC-FID was performed (Table 4). Except for the PB-Silsol
6035 formulation (99.2 + 15.3 ppm DCM) residual solvent amounts
below 10 ppm were detected. The recovery of the method was tested at
three concentration levels (40, 200 and 600 ppm) and was found to be
105.6 + 1.7 %. Accordingly, the obtained results complied with the ICH
guideline.

3.3. Solid state characterization

The solid state of the drug loaded silica formulations was investi-
gated after manufacturing and drying using DSC (Fig. 2) and XRPD
(Fig. 3). For simplicity, only the results for the formulations with the
highest possible drug load were shown.

During the DSC experiments, it was observed that all highly loaded
silica formulations lacked crystallinity, while the neat model compounds
(excluding the ASX enriched oleoresin) had a crystalline structure.
Neither the pure mesoporous silica nor the loaded silica formulations

Table 4

Residual dichloromethane (determined by HS-GC-FID) in coenzyme qlO0,
astaxanthin, probucol and lumefantrine loaded xdp 3050 and silsol 6035 for-
mulations; n = 6.

Active ingredient Residual dichloromethane [ppm]

Silsol 6035 XDP 3050
Coenzyme Q10 <10 <10
Astaxanthin <10 <10
Probucol 99.2 £15.3 <10
Lumefantrine <10 <10

exhibited any glass transitions. Neat CoQ10, PB and LU, on the other
hand, displayed sharp melting peak at 50.1 + 0.8 °C, 127.2 + 1.0 °C and
126.9 + 1.3 °C, respectively. The ASX enriched oleoresin however
contained ASX dissolved in a lipid-containing, semi-solid matrix, for
which no melting peak was detected.

The DSC results were confirmed by XRPD measurements (Fig. 3).
Regardless of the silica or lipophilic model compound examined, neither
the pure mesoporous silica nor highly loaded formulations exhibited any
detectable crystallinity. However, pure CoQ10 showed crystallinity,
with distinct reflection peaks at 18.7° and 22.9° 26 ASX displayed no
remaining crystallinity due to the lipid-containing extract matrix, as
mentioned above. In their unformulated state, both PB and LU exhibited
sharp reflection peaks similar to CoQ10. For PB the highest intensity
peaks were observed at 16.0°, 18.0°, and 19.1° 260, while for LU the
peaks were observed at 5.6°, 21.0°, and 23.1° 26.

3.4. Drug loading degree dependent solubility in biorelevant medium

The drug loading degree dependent solubility of all four model
compounds was investigated in phosphate buffer pH 6.8 and biorelevant
medium (Bi-FaSSIF-V2). In phosphate buffer the model compound
concentrations measured were found to be only slightly increased when
compared to the equilibrium solubility of the pure active ingredients
(Table S1 and Table S2). Contrastingly, in surfactant containing bio-
relevant medium the concentrations were strongly dependent on the
loading degree of the mesoporous silica, except for a compound
dependent loading quantity that had no effect on solubility (Fig. 4). In
general, solubility was observed to increase linearly with the drug
loading degree. However, the increase was dependent on the chosen
model compound and the silica type. Silsol 6035 exhibited a greater
extent of solubility improvement compared to the XDP 3050
formulations.

For CoQ10 the most significant impact on solubility in biorelevant
medium was measured, with the maximum-loaded Silsol 6035 formu-
lation exceeding the equilibrium solubility in biorelevant medium of 5.5
pug/mL by a factor of 128 (703.3 pg/mL), while the maximum-loaded
XDP 3050 formulation exceeded it by a factor of 107 (588.6 pg/mL)
(Fig. 4A). Notably, the XDP 3050 formulations with 1-15 % (w/w)
CoQ10 drug load did not impact solubility. However, only the 1 %
loaded formulation of Silsol 6035 achieved no effect. Due to the high
matrix content of the ASX-enriched oleoresin, lower drug loads were
achieved compared to CoQ10 (0.1 — 5.9 %). Nevertheless, all loaded
silica formulations improved solubility, except for the one with 0.1 %
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Fig. 2. DSC thermograms (exo up) of coenzyme Q10 (A), astaxanthin (B), probucol (C), lumefantrine (D), XDP 3050, Silsol 6035 and the mesoporous silica for-

mulations with the highest achievable drug load.

drug load (Fig. 4B). The 5 % loaded XDP 3050 formulation showed the
greatest increase in solubility (180x; 198.3 ug/mL), while Silsol 6035
showed a maximal solubility improvement by a factor of 93 (102.4 pg/
mL). For PB, the 1 %-loaded silica formulations did not impact solubil-
ity, while positive results were observed for all other drug loads. Silsol
6035 showed an improvement factor of 128 (255.3 ug/mL), whereas
XDP 3050 improved the solubility of PB by a factor of 108 (215.1 pg/
mL) (Fig. 4C). LU formulations exhibited the least impact on solubility
improvement in the biorelevant medium. Only the maximum loaded
formulation of XDP 3050 achieved an effect, resulting in an improve-
ment by a factor of 20 (73.8 pg/mL). Silsol 6035 performed better, with
a maximum improvement factor of 35 (41.9 pg/mL) (Fig. 4D).

Besides the loading quantity of the silica carrier particles, the model
compound solubility in biorelevant medium was additionally influenced
by the amount of loaded silica formulation per solvent volume. This
correlation was exemplarily investigated for the CoQ10 - XDP 3050 and
Silsol 6035 formulations with the highest possible drug load (Fig. 5).
When the formulation quantity per mL increased, the concentration of
CoQ10 in solution increased linearly for both types of silica. However,
this effect was more pronounced for XDP 3050, resulting in significantly
higher CoQ10 concentrations in solution when compared to loaded
Silsol 6035 of the same formulation quantity. The difference in CoQ10
concentration achieved in solution by both mesoporous carriers thereby
raised notably with increasing formulation quantity.

3.5. Apparent solubility/ kinetic concentration

Solvent shift experiments were conducted to investigate the apparent

solubility (i.e., kinetic concentration) of the model compounds (Fig. 6).
CoQ10, PB, and LU exhibited comparable solubility profiles. At the
beginning of the measurements, the concentration was 18-28 times
higher than the equilibrium solubility. However, over time, the con-
centration decreased due to precipitation of the dissolved active ingre-
dient. As a result, after 270 min, the concentration of the dissolved
active ingredient reached its lowest point. Nevertheless, the concentra-
tion remained still above the equilibrium solubility (Table 3). The
presence of additionally suspended XDP 3050 or Silsol 6035 in the
aqueous medium had no effect on the concentration profile (Figure S1).

CoQ10 achieved the highest concentration of all the tested model
compounds. Compared to the crystalline drug, solubility was increased
18.7-times after 6 min, reaching 103 pg/mL. However, the concentra-
tion gradually decreased to 69.5 pg/mL after 270 min (Fig. 6A). Due to
the paste-like consistency at room temperature of the ASX enriched
oleoresin, it formed large droplets immediately after the solvent shift,
resulting in ASX concentration of approximately 1 ug/mL throughout
the experiment (Fig. 6B). The concentration of PB reached 56.6 pg/mL
after 6 min, which represented a 28.3-fold increase compared to the
crystalline substance. The concentration decreased to 38.9 pg/mL dur-
ing the experiment (Fig. 6C). The solubility of LU improved by a factor of
17.5, achieving a concentration of 36.7 pg/mL (6 min), with a subse-
quent gradual decreased to 30.0 pg/mL (Fig. 6D).

3.6. Monophasic non-sink dissolution

The apparent solubility profiles obtained by solvent shift experi-
ments were compared with monophasic non-sink dissolution profiles in
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Fig. 3. X-ray powder diffraction (XRPD) diffractograms of coenzyme Q10 (A), astaxanthin (B), probucol (C), lumefantrine (D), XDP 3050, Silsol 6035 and the

mesoporous silica formulations with the highest achievable drug load.

biorelevant medium (using the BiPHa + apparatus without the organic
absorption sink). Since, the results of the shake flask experiments
revealed that the solubility of the model compounds increased with
increasing drug load, only the formulations with the highest possible
drug load were evaluated.

The results showed that there was a substantial increase in the
release rate of CoQ10 generated by the loaded XDP 3050 and Silsol 6035
formulations, when compared to the crystalline compound. The con-
centration of CoQ10 increased rapidly for both formulations, with 80.3
pg/mL being released for loaded XDP 3050 and 34.4 pg/mL for loaded
Silsol 6035 already after 60 min, thereby notably exceeding the equi-
librium solubility of 5.5 ug/mL (Fig. 6A). However, during the mea-
surements the release rate decreased notably, and the concentration of
CoQ10 increased only slowly. After 270 min, XDP 3050 released 93.0
pg/mL of CoQ10, while Silsol 6035 released 43.2 pug/mL. For the XDP
3050 formulation, the concentration of CoQ10 at the end of the disso-
lution measurement closely matched the apparent/amorphous solubility
observed in the solvent shift experiment.

Mesoporous silica loaded with the ASX enriched oleoresin showed
similar effects compared to CoQ10. The release rate was initially high
but decreased over time, reaching a plateau already after 60 min
(Fig. 6B). The XDP 3050 formulation showed a release of 58.0 pug/mL,
while the Silsol 6035 formulation had a release of 23.6 ug/mL. Both
concentrations were decisively higher than the equilibrium solubility of
ASX in biorelevant medium (1.1 pg/mL). However, unlike CoQ10, both
loaded silica formulations surpassed the apparent solubility of ASX
measured in the solvent shift experiment. In addition, there was no

evidence of extract precipitation or droplet formation.

During investigation of the PB and LU formulations, it was observed
that the silica formulations of both APIs did not achieve the same release
rates as the CoQ10 and ASX formulations (Fig. 6C/D). After 270 min,
only low concentrations, which were well below the apparent solubility,
were observed and no rapid release kinetics could be detected. Instead, a
slow release with steadily increasing PB and LU concentrations was
observed. Nevertheless, the equilibrium solubility had already been
exceeded after 120 min for both active ingredients. The PB-loaded XDP
3050 reached 6.3 png/mL after 270 min, and PB-loaded Silsol 6035
reached 13.7 ug/mL. This represented an increase by 3.2-6.9 compared
to the unformulated compound. XDP 3050 and Silsol 6035 formulations
loaded with LU increased solubility by a factor of 4.1-2.7 and achieved
8.7 ug/mL and 5.6 ug/mL, respectively.

In general, for all model compounds, the measured concentration of
active substance in solution remained stable over a period of 24 h and no
precipitation was observed (Figure S2).

3.7. Interaction of the model compounds with the silica surface

To assess the extent of molecular interactions between the different
model compounds and amorphous silica, COSMOquick calculations of
the enthalpy of mixing AHp;, and TLC experiments (Table 5) were car-
ried out.

Comparable values for AHy,;, ranging from —9.25 to —12.68 kJ/mol
were obtained for ASX, LU, and PB. However, a notably lower enthalpy
of —4.35 kJ/mol was calculated for CoQ10. In contrast, TLC analysis
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revealed comparable Rf-values of 0.85 to 0.89 for CoQ10, ASX, and PB,
while for LU exhibited a lower value of 0.40.

3.8. Biorelevant biphasic dissolution

Similar to the results obtained from shake flask experiments, it was
found that with increasing drug load of the silica formulations an in-
crease in model compound concentration in the 1-decanol absorption
sink of the BiPHa + biorelevant biphasic dissolution was overserved
(Figure S4). Therefore, only the formulations with the highest drug load
were examined in terms of their dissolution behavior.

Loading of CoQ10 onto XDP 3050 enhanced the water solubility of
CoQ10 and 22.3 % release was detected after 30 min (Fig. 7A). The self-
emulsifying micellar formulation (1. commercial formulation for com-
parison), however, was the most effective at optimizing water solubility.
It released 70 % of the active ingredient in the first 30 min. The oily
dispersion formulations (2. commercial formulation for comparison)
and Silsol 6035 showed no improvement in solubility compared to un-
formulated CoQ10, that reached a concentration of 2.0 % after 270 min.
Focusing on the 1-decanol absorption sink, the mesoporous silica for-
mulations demonstrated a pronounced increase in partitioning rate
when compared to unformulated CoQ10 and both market formulations
(Fig. 7B). Pure CoQ10 reached an end concentration of 1.5 % in 1-dec-
anol (270 min), the two market formulations achieved 3.6-4.0 %, rep-
resenting an increase by a factor of 2.4 to 2.7. In contrast, the silica
formulations reached decisively higher concentrations. For the loaded
Silsol 6035 formulation, in the organic medium a CoQ10 concentration
of 15.3 % was measured after 270 min, which represented a 10-fold
increase compared to pure active ingredient and a 3.8 to 4.3 increase
compared to the market formulations. The formulation containing XDP
3050 reached the highest CoQ10 concentration among all formulations
tested, measuring 18.4 % in the 1-decanol layer. This displayed a five-
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Table 5
Rf-values and COSMOquick enthalpy of mixing at 37 °C obtained for coenzyme
Q10, astaxanthin, probucol and lumefantrine.

Active ingredient Rf-Value AH, i, [kJ/mol]
Coenzyme Q10 0.85 —4.35
Astaxanthin 0.88 —12.68
Probucol 0.89 —9.63
Lumefantrine 0.40 —9.25

fold increase compared to the commercial formulations.

Regarding the ASX formulations, both mesoporous silica carriers
demonstrated an increase in ASX solubility in the aqueous dissolution
medium (Fig. 7C). The concentration profiles were comparable, with
peak concentrations of 4.6 % detected after 30 min. In contrast, the
unformulated extract reached minimal dissolution in water and main-
tained a concentration below 1 % throughout the dissolution measure-
ment. The self-emulsifying micellar formulation (commercial
formulation for comparison) dissolved quickly and completely,
achieving 90 % release after 30 min. In the organic phase, only the silica
formulations exhibited a notable increase in partitioning rate and con-
centration, with ASX concentrations of 6.0 % being measured for the
XDP 3050 formulation and 5.7 % for the Silsol 6035 formulation after
270 min (Fig. 7D). Neither the unformulated extract nor the micelles
were able to achieve end concentrations higher than 1 %. Thus, the silica
formulations improved ASX partitioning into the organic absorption
sink by 8 to 15 times compared to the market formulation.

For PB and LU no reference commercial formulations were available.
Thus, the unformulated active ingredients were used for comparison.
Both mesoporous silica formulations improved the water solubility and
partitioning rate of PB and LU. However, the effects were less pro-
nounced compared to CoQ10 and ASX.

Regarding formulations containing PB, the use of Silsol 6035 as a

carrier led to an increase in concentration in the aqueous medium and
after the addition of biorelevant surfactants (30 min), the concentration
reached 17.3 % (Fig. 8A). Subsequently, a reduction to 8.9 % was
observed. The unformulated active ingredient only reached 1 % after 30
min, which further decreased to 0.5 %. For loaded XDP 3050 only a
minor increase in solubility was detected, with a measurement of 5.2 %
PB in the aqueous medium after 30 min. In the organic medium how-
ever, both silica formulations enhanced the partitioning rate, with XDP
3050 and Silsol 6035 achieving PB concentration of 2.3 % and 2.7 %
(270 min), respectively (Fig. 8B). This corresponded to a five-fold in-
crease compared to unformulated PB, which reached 0.5 % at the end of
the biorelevant dissolution test. Although the Silsol 6035 formulation
increased the concentration of PB in the aqueous medium, it did not
show an improvement in partitioning rate compared to the XDP 3050
formulation.

Results from the dissolution measurements of LU indicated only
minor improvements in aqueous solubility and partitioning rate into the
organic phase for loaded Silsol 6035 and XDP 3050. Nonetheless, the
Silsol 6035 formulation exhibited an increase in the maximum LU
concentration in the aqueous medium from 1.8 % (measured for un-
formulated LU) to 8.0 % after the addition of biorelevant surfactants
(Fig. 8C). The concentration gradually decreased to 4.1 % throughout
the test. In contrast, using XDP 3050 as a carrier had a reduced impact on
LU solubility, with a concentration of 4.3 % measured after 30 min,
which subsequently decreased to 2.1 %. In comparison to the PB for-
mulations, the enhanced solubility of LU led to a greater partitioning
rate into the 1-decanol layer (Fig. 8D). After 270 min, 3.0 % and 2.1 %
were measured for the Silsol 6035 and XDP 3050 formulations,
respectively. This represented an improvement of 3 and 2.1 compared to
unformulated LU, which reached a concentration of 1.0 %.
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4. Discussion

In the current study, we investigated how the drug load of the
manufactured mesoporous silica formulations impacted solubility in
various media and biorelevant biphasic dissolution performance. For
this purpose, four highly lipophilic and poorly soluble natural products
and synthetic APIs were chosen as model compounds. Despite the
structural diversity of the model compounds, with increasing drug load a
distinct improvement in solubility in biorelevant medium was observed,
greatly surpassing the equilibrium solubility and improving biorelevant
biphasic dissolution performance.

4.1. Investigation of the solid state

At very high drug loads of up to 50 % (w/w), both mesoporous silica
carriers could stabilize all model compounds in a non-crystalline form,
as DSC and XRPD measurements after manufacturing of the formula-
tions revealed no remaining crystallinity (Fig. 2 and Fig. 3). Mesoporous
carriers are known for their ability to inhibit crystallization processes of
drugs by confining them in their internal ordered pore structure with
nanopores in a diameter range of 2-30 nm, especially if the pore size is
comparable to the critical nuclei size (Dening and Taylor, 2018;
Vranikova et al., 2020). According to the theory of homogeneous
nucleation, only nuclei larger than a critical nucleation size can grow
and cause formulation instability. If the pore size is smaller than about
12 times the molecular size of the drug, it is estimated that drug would
be sufficiently confined in the nanopores to remain in a non-crystalline
form (Shen et al., 2017). XDP 3050 and Silsol 6035 have an averaged
pore diameter of 22.9 nm and 6.0 nm, respectively. Considering the
relatively large molecular dimensions of the model compounds (MW of
up to 860 g/mol; see Table 3), the space in the mesopores was insuffi-
cient for crystallization to occur and the model compounds remained in
a non-crystalline state. Usually, a monomolecular surface coverage of
the silica particles is targeted to harness the molecular interactions with
the silica surface. However, Le et al. showed that depending on the
investigated API 200 to 300 % surface coverage could be achieved, while
still preventing drug recrystallization (Le et al., 2019). In addition, Hate
et al. achieved non-crystalline formulations of atazanavir loaded mes-
oporous SBA-15 with drug loads of up to 50 % (w/w) (Hate et al., 2020).
Even with multi-layer adsorption of drug within the pores, the mecha-
nism of nanoconfinement could prevented recrystallization (Antonino
et al., 2019).

4.2. Solubility behavior

Unlike the crystalline form, dissolving non-crystalline material does
not involve breaking the crystal lattice structure. This enhances in-
teractions with solvent molecules, resulting in an exceedance of the
thermodynamic solubility (Singh and Van den Mooter, 2016). Conse-
quently, loaded silica formulations exhibited notably increased equi-
librium solubility (Fig. 4). The ability to generate supersaturated
solutions is described in the literature for a variety of different silica and
active ingredients (Dening and Taylor, 2018; Ditzinger et al., 2019b; Le
et al.,, 2019; Price et al., 2019). However, depending on the model
compound and silica carrier used, a drug load dependent threshold value
below which no improvement in equilibrium solubility occurred was
observed. This might be related to the formation of a dynamic adsorp-
tion equilibrium between the silica surface and the drug molecules.
Dening and Taylor described adsorption of ritonavir to SBA-15, which
was used as a mesoporous carrier, as the reason for the incomplete
release of ritonavir from these formulations (Dening and Taylor, 2018).
Assuming that a model compound and silica specific amount of active
ingredient would remain adsorbed on the silica surface, increased drug
load could compensate for the adsorbed fraction and increase dissolu-
tion. An ingress of water may lead to competitive interactions of active
ingredient with water molecules on the silica surface, leading to a
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displacement of active ingredient. If non-crystalline active ingredient is
released from the mesopores, it could be directly solubilized by the
surfactants lecithin und taurocholate present in the biorelevant medium.
Hereby, the released fraction is stabilized in solution, even at high
concentrations. Thus, an increased degree of turbidity of the aqueous
medium was observe for the highly loaded silica formulations. However,
if surfactant-free medium such as phosphate buffer was used, the
released active ingredient could not be stabilized in solution and pre-
cipitation occurred (Table S1 and Tabel S2).

The differences in model compound concentration observed between
both mesoporous silica carriers can be attributed to their differing pore
sizes. The smaller pores of Silsol 6035 (6 nm) enabled for equally high
concentrations already at lower drug loads, when compared to XDP
3050 with an average pore size of 23 nm. The higher capillary forces in
the smaller pores of Silsol 6035 promoted the ingress of water and the
competitive displacement of active ingredient from the silica surface.
However, the extent of the solubility improvement strongly depended
on the model compound studied, with CoQ10 showing the greatest ef-
fect. The differences in equilibrium solubility improvement might be
explained by the strength of interaction between the model compounds
and the silica surface on the one hand, and the interactions between the
drug molecules themselves (i.e., self-cohesion) on the other hand. The
strength of interaction is represented by the enthalpy of mixing AHpix
(Table 5). CoQ10 had a significantly lower enthalpy of —4.35 kJ/mol
compared to the other model compounds, indicating a higher tendency
to be brought in solution. In addition, CoQ10 showed the highest
apparent solubility (Fig. 6). Conversely, the lowest equilibrium
solubility-enhancing effect among all formulations was observed for LU.
TLC experiments revealed a lower Rf value of 0.40, indicating a stronger
interaction with the silica surface compared to the other model com-
pounds (Rf value between 0.85 and 0.89) (Table 5). In addition, (with
the exception of the semi-solid ASX oleoresin) LU showed the lowest
apparent solubility. The combined estimation of molecular drug-silica
interactions by the theoretical calculations together with the chro-
matographic screening method appears to be a promising approach.
While the binary AHp;, calculations were based on sound quantum-
chemical and thermodynamic level of theory, the values were based
on simplified binary drug-silica interactions in the bulk, while the water
phase on the surface was neglected. Therefore, AH,;;, can be considered
as a measure of intrinsic drug affinity to silica. This was complemented
with the chromatographic screening method in which a mobile phase
was present to capture further effects of solvation or possible ionization
such as possibly for LU.

4.3. Mono- and biphasic dissolution results

In line with the shake flask experiments, all silica formulations
showed increased mono- and biphasic dissolution performance at the
investigated dose of 10 mg active ingredient per vessel (Fig. 6). A similar
behavior was observed by Price et al. who found a rapid release kinetic
for non-crystalline dipyridamole, glibenclamide and fenofibrate loaded
onto mesoporous Parteck SLC (Price et al., 2019). However, monophasic
dissolution studies resulted in significantly lower concentrations for all
model compounds when compared to the 48 h shake flask measure-
ments. This discrepancy could be attributed to the fact that the model
compound concentration depended not only on the drug load, but also
on the amount of formulation per volume of dissolution medium (Fig. 5).
The extent of increase varied based on the mesoporous silica type used,
which explains the lower concentration measured in the aqueous me-
dium during CoQ10 - Silsol 6035 dissolution experiments compared to
XDP 3050, although shake flask experiments had shown a greater sol-
ubility enhancing effect for Silsol 6035. During the shake flask experi-
ments, a notably larger excess of formulation was used. In addition to
the active ingredient, the silica carrier particles themselves also dissolve
partially (up to 120 ppm), which in turn can influence the dissolution
behavior of the active ingredient. Indeed, saturation of the solvent with
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silica was previously reported to have a significant effect on drug release
(Andersson et al., 2004). However, the dependence of this effect on the
structural properties of the active ingredient and mesoporous silica
carrier still requires further investigation.

Biorelevant biphasic dissolution with proven in vivo relevance not
only for synthetic APIs (Denninger et al., 2023, 2021) but also for nat-
ural products (Brenner et al., 2023), was used to ruffly estimate the in
vivo performance of the highly loaded silica formulations in comparison
to currently available commercial formulations. Since preliminary re-
sults based on CoQ10 — XDP 3050 formulations revealed an increase in
dissolution performance with increasing drug load (Figure S4), only the
formulations with the highest possible drug load were tested. An in-
crease in the concentration in the organic phase was to be expected, as
only dissolved active ingredient is available for partitioning into the
organic medium (Brenner et al., 2023).

Although the silica formulations of CoQ10 and ASX released lower
amounts of active ingredient in the aqueous medium compared to the
self-emulsifying commercial formulations (Fig. 7), they showed notably
higher partitioning rates into the organic absorption sink than all other
formulations. The increased partitioning rate compared to the com-
mercial formulations may be attributed to the quick release kinetic of
active ingredient from the mesopores after adding biorelevant surfac-
tants (refer to Fig. 6). As a result, CoQ10 and ASX become readily
available for transfer into the organic phase, reducing the concentration
of the active ingredient in the water phase. This stimulates more active
ingredient to be released from the reservoir in the mesopores, creating a
dynamic equilibrium that allows for a high partitioning rate into the
organic phase while maintaining a low absolute concentration of active
ingredient in the aqueous medium. Denninger et al. also discovered that
ritonavir demonstrated a high partitioning rate in the organic phase,
while its concentration in the aqueous medium remained low (Den-
ninger et al., 2020). By contrast, the micellar inclusion complexes
formed by the self-emulsifying formulations were too stable to allow for
sufficient transfer of CoQ10 or ASX into the organic absorption sink
(Miller et al., 2011). The in situ formed micelles entrapped the active
ingredient and therefore, the amount of free drug available for parti-
tioning into the organic layer was limited (Locher et al., 2016).

Compared to CoQ10 and ASX, for the PB and LU formulations
reduced improvements were observed (Fig. 8). This initially seems
surprising, as the PB-Silsol 6035 formulation notably improved water
solubility. However, it is likely that the formation of stable micellar
inclusion complexes with the biorelevant surfactants lecithin and taur-
ocholate hindered partitioning across the aqueous/organic interface,
which resulted in a decrease in PB accumulation in the organic ab-
sorption sink. Accordingly, even when dissolution of a supersaturated
PB solution was studied, only a minor increase in partitioning rate was
achieved (Figure S5). Nevertheless, an increase in the partitioning rate
was observed for both PB and LU loaded silica formulations. The low
solubility-enhancing effect of the loaded silica formulations, in combi-
nation with a slow release kinetic, might explain the less pronounced
increase in partitioning rate of LU. Active ingredient that was removed
from the aqueous medium through partitioning into the organic ab-
sorption sink could only be replenished slowly from the reservoir inside
the mesoporous silica particles.

Due to their very high lipophilicity (log Dy 4 > 8; see Table 3), all
model compounds had an extremely low affinity to water and therefore,
only insufficient concentrations were reached during dissolution ex-
periments. Consequently, surfactants were necessary to achieve suffi-
cient active substance concentrations in solution. Lecithin and
taurocholate were available as biorelevant surfactants in the dissolution
medium and differences in such mixed micelle partitioning likely
contributed to a less optimal dissolution enhancement of PB and LU (see
Fig. 7 and Fig. 8) compared to CoQ10 and ASX.
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5. Conclusion

Highly loaded mesoporous silica particles represented an excellent
formulation approach for very lipophilic, poorly soluble active in-
gredients. The presented method enabled the formulations to have high
drug loads of up to 50 % (w/w), while still stabilizing the active in-
gredients in a non-crystalline form. Furthermore, the formulations
greatly enhanced the solubility of the active ingredients in biorelevant
medium, leading to improved performance during biorelevant biphasic
dissolution studies. Particularly the natural products CoQ10 and ASX
showed substantial benefits from being loaded onto mesoporous carrier
particles and clearly outperformed currently available commercial for-
mulations. This paper introduced the calculation of a mixing enthalpy
for drug and silica as well as an experimental chromatographic method
to estimate molecular interactions between drug and carrier. The given
in silico approach was meant to characterize an intrinsic affinity of drug
to silica, whereas the chromatographic method had a mobile phase that
complemented the calculations by capturing possible effects of solvation
and ionization in solution phase. The usefulness of these pre-formulation
approaches would have to be demonstrated with further compounds to
draw firm conclusions. Further investigations are also required to unveil
the detailed mechanistic relationships between the interactions of the
mesoporous silica particles and various structurally different APIs as
well as performance evaluation in vivo.
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