Biopharmaceutical characterization and formulation
development of poorly water-soluble phytochemicals
using in vivo predictive biphasic dissolution

Dissertation
Zur

Erlangung des Doktorgrades (Dr. rer. nat.)

der
Mathematisch-Naturwissenschaftlichen Fakultat
der

Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von

Marvin Benedikt Brenner
aus

Bremen

Bonn 2024






Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat

der Rheinischen Friedrich-Wilhelms-Universitdt Bonn

Gutachter/ Betreuer: Prof. Dr. Karl G. Wagner
Gutachter: Prof. Dr. Matthias Wist

Tag der Promotion: 03.05.2024
Erscheinungsjahr: 2024






Meiner Familie

Die Dinge sind nie so, wie sie sind.
Sie sind immer das,
was man aus ihnen macht

Jean Anouilh






Abstract

Abstract

Nature offers a vast variety of different substances, some of which are known to have
health-beneficial effects on humans. Thus, many of these compounds are frequently used
as dietary supplements or herbal medicinal products. However, biological effects are often
limited by low water solubility and resulting insufficient bioavailability. Consequently, a
need for the development of bioavailability-enhanced formulations arises.

To ensure efficient and cost-effective formulation development, researchers rely on in vivo
predictive in vitro methods to determine the impact of different formulation principles on
bioavailability. Addressing this issue, human pharmacokinetic data of five phytochemicals
and their corresponding bioavailability-enhanced formulations was used to implement an
in vivo predictive biphasic dissolution method (BiPHa+). BiPHa+ was applied for the
characterization of 19 different curcumin (CUR), resveratrol, coenzyme Q10 (CoQ10),
guercetin and astaxanthin (ASX) formulations.

Despite analyzing structurally diverse model extracts and regardless of the formulation
principles tested, dissolution results in excellent agreement with the human
pharmacokinetic data were obtained for all formulations. A comparison with conventional
monophasic dissolution methods emphasized the advantages of the BiPHa+ in terms of
powerful prediction. For the resveratrol, CoQ10, and ASX formulations the combination of
aqueous non-sink dissolution with an overlaying organic absorption sink proved to be the
optimal approach, as conventional methods failed to provide in vivo relevant dissolution
data.

Upon analyzing commercial formulations of CoQ10 and ASX only slight improvements in
bioavailability were found, highlighting the need for further development of improved
formulations. Addressing this drawback, BiPHa+ was utilized as an in vivo relevant
screening tool for subsequent formulation development.

Initially, CoQ10 was used as a model compound, and a screening process was conducted
to identify the optimal polymers for manufacturing of solid dispersions. Kollidon® VA64
and hydroxypropyl cellulose (HPC)-SSL were found to be the most effective options.
However, the combination of VA64 with Eudragit® EPO in ternary solid dispersions further
improved the effect, resulting in 6-7 times higher CoQ10 concentration in the organic

absorption sink of BiPHa+ compared to the commercial formulations.
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Since none of the investigated polymers could stabilize CoQ10 in the amorphous state, the
use of Syloid® XDP 3050 and Silsol® 6035 as mesoporous carriers for drug loading was
identified as an alternative formulation principle. In order to investigate the effect of
loading into silica for different lipophilic compounds, formulations containing CoQ10, ASX,
probucol and lumefantrine were produced.

Using incipient wetness impregnation, drug loads up to 50% could be achieved. Shake
flasks experiments revealed that an increase in drug load led to a significant increase in
biorelevant medium solubility. This effect was consistent across all model compounds
tested, resulting in an increase by a factor of up to 180. The use of both mesoporous
carriers facilitated the stabilization of active ingredients in a non-crystalline form, while
BiPHa+ measurements demonstrated a marked increase in the partitioning rate into the

organic absorption sink.
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General introduction

1. General introduction

1.1. Natural products with biological activity in humans

Natural products are an essential source of compounds with biological activity in humans
[1,2]. In many regions of the world, they form an important basis in the primary healthcare
of people and are regularly taken as medicine or dietary supplement [3]. In particular,
plants and extracts produced from plant parts are of central importance due to their
extraordinary diversity of different ingredients. Nonetheless, a wide array of organisms
generate primary and secondary metabolic products with remarkable biological
properties. Among these, microorganisms, fungi, algae, and marine animals have gained
considerable attention too [4—7]. Focusing on the vast variety of substances and substance
classes produced by the aforementioned organisms, a need arises to systematically classify
them. The most important substance classes with some example compounds are listed

below.

Table 1: Most important substance classes occurring in natural products used for treatment of
various diseases, including some example compounds

Substance class Example compounds

Alkaloids [8,9] Capsaicin, Morphine, Nicotine, Vincristine, Caffeine
Carbohydrates [10] Glucosamine, Hyaluronic acid, Heparin, Mannitol
Fatty acids [11,12] Eicosapentaenoic acid, Docosahexaenoic acid
Peptides and Proteins [13,14] Exenatide, Ziconotide, Bromelain

Polyketides and Curcumin, Gingerol, Hyperforin

Polyphenols [15,16] Daidzein, Resveratrol, Quercetin, Theaflavin
Steroids and Brassicasterole, Boswellic acid, Withaferine A
Terpenes [17-19] Coenzyme Q10, Astaxanthin, B-Carotene

Owing to the wide variety of substance classes and their diverse properties, it comes as
no surprise that purified natural substances or extracts are utilized to treat numerous
common diseases. These treatments are predominantly aimed at addressing metabolic
and cardiovascular diseases, neurologic and neurodegenerative diseases, cancer, and anti-

infective applications [8,11,12,15,20].
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1.1.1. Comparative analysis of extracts versus conventional active pharmaceutical
ingredients

When comparing conventional active pharmaceutical ingredients (API)s to natural
products or extracts from natural sources, noticeable distinctions evolve. In general,
conventional APIs contain only one or a small number of active ingredients with a precisely
known identity, structure, and purity. Prior to the manufacturing of the final drug product,
the active ingredient(s) usually undergo various purification steps to eliminate impurities
from the production process, and the efficiency of these procedures is confirmed
analytically [21]. As a result, the biological effects caused by the application can be
precisely attributed to one (or few) active ingredient(s) or their metabolites [22].

Extracts are often complex mixtures that consist of numerous substances, sometimes even
containing over 20 structurally related components. For example, when examining
astaxanthin-containing extracts from microalgae, a study by Miao et al. found the
presence of 23 different astaxanthin derivatives in the extract [23]. This makes it
challenging, if not impossible, to determine the effects of individual compounds when
in vivo studies are conducted. While not all extracts contain such a large number of
structurally related active ingredients, they are derived from natural sources like plant
parts, which contain both the desired substances, usually in low concentrations, and
various other matrix components in much higher quantities [2].

Furthermore, the extraction process applied significantly affects the range of different
substances present in the crude extract. This means that using different solvents, such as
organic ones with different polarities or solvent mixtures, can result in entirely different
crude extracts from a single source material [24]. Determining the pharmacological impact
of each individual component found in an extract can often be a challenging task. As a
result, extracts are frequently utilized as a combination of their components, which are
then recognized as the "active ingredient" for therapeutic purposes. Often extracts are
then evaluated by the content of substances with known biological activity and adjusted
to a defined concentration of these compounds [25,26]. In such instances, it is critical to
maintain strict control over the extraction process and the conditions applied to ensure
optimal and reproducible results [24]. In addition, the content of active ingredients in the
starting material depends on environmental influences such as the availability of nutrients

or external stress factors on the source organism [27].
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1.2. Analytical characterization of complex mixtures

As elucidated in chapter 1.1.1, natural products and extracts made thereof usually consist
of complicated matrices, wherein the desired substance(s) are present in comparatively
low concentrations, alongside other components that are not relevant to the biological
activity [2]. While these matrix components themselves may not affect the biological
activity, they can complicate analytical processes. Furthermore, when multiple active
substances with comparable structures are present, due to similarities in their UV/VIS
spectra it can be difficult to differentiate between them using basic detection methods
such as UV/VIS spectrophotometry. This often results in them being classified as sum
parameters [28]. To overcome this difficulty and conduct a comprehensive analysis, it is
essential to use chromatographic separation techniques, followed by the detection and
guantification of individual constituents. High performance liquid chromatography (HPLC),
gas chromatography (GC) or capillary electrophoresis (CE) hyphenated with a suitable
detector (e.g. UV/VIS diode array detector (DAD), flame-ionization-detector (FID) or mass
spectrometer (MS)) are often used for this purpose [29]. Mass spectrometry offers a
distinct advantage over other detection techniques as it allows for detection limits to
reach very low levels owing to the high sensitivities of the detector. Additionally, it enables
the definite identification of the compounds separated in the chromatographic process by
their characteristic fragmentation pattern [30]. (High performance) Thin-layer
chromatography (TLC) is a method that primarily offers qualitative information.
Nonetheless, it is highly suitable as a simple and rapid screening technique for ensuring
identity for example of a new batch [31,32].

Nevertheless, most chromatographic analysis, at least in the field of target analytics, are
based on the principle that the substances of interest are known. However, in cases where
the identity of at least some substances in the sample is not known, extracts can
alternatively be assessed by evaluating the sum of all its ingredients with respect to
specific individual properties. For example, the total antioxidant activity of an extract can
be evaluated as a sum parameter using in vitro assays [33].

Apart from the chromatographic and in vitro techniques aforementioned, nuclear
magnetic resonance (NMR), near-infrared spectroscopy (NIR) or biosensors can also be

utilized for the purpose of capturing data on the composition of the sample [33—-35].
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1.3. Bioavailability assessment of multi-component extracts in humans

Oral bioavailability (BA) of extracts, also referred as nutraceuticals is commonly defined as
the fraction of the ingested biocomponent that reaches the systemic circulation to be

distributed to organs and tissues and finally achieve the bioactivity [36,37].
BA = F; x Fg, x Fy, x Fr, (Equation 1)

Whereby F. is the fraction of a biocomponent in the ingested nutraceutical, Fg, is the fraction
accessible to intestinal absorption (bioaccessibility), F,, is the fraction absorbed through the
intestinal wall, and Fr, is the fraction left after chemical and enzymatic transformation that enters
the systemic circulation [37,38].

Typically, BA is measured in in vivo pharmacokinetic studies by comparing the relative
percentage of the area under the curve (AUC) after oral application of a formulation to
that after intravenous (i.v.) application [37]. Therefore, blood samples are collected at
predefined timepoints and subjected to laboratory analysis to ascertain the
concentrations of active substances or their metabolites. Due to their typically low
concentrations, chromatographic separation techniques hyphenated with sensitive
detectors such as fluorescence detectors or MS are essential [39]. Additionally, some
natural products undergo extensive metabolism upon absorption, such as glucuronidation
or sulfation, leading to a reduction in the concentration of free active substance below
limit of detection. Therefore, enzymatic cleavage is necessary prior to quantification
[40,41].

When using i.v. application, the active ingredients enter the bloodstream directly without
any release, absorption, or metabolization occurring beforehand. Therefore, the AUCyy
serves as a reference point with BA assumed to be 100% [42]. However, i.v. application is
not always safe for natural products, making it difficult to measure BA after oral application
relative to i.v. reference data. In these cases, a reference formulation is first applied orally,
which is assumed to exhibit no BA improvement, such as the native and unformulated
extract. After an appropriate washout period, the bioavailability-enhanced reference
formulation is applied to the same subject, and the AUCs of both formulations, at the same
oral dosage, are compared with each other. The increase in AUC is reported as the fold
difference and is subsequently used to evaluate the performance of the formulation

developed [40,43,44].
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1.4. Formulation strategies for bioavailability impaired poorly soluble extracts

Since many natural products exhibit low BA in humans as a result of their poor solubility,
susceptibility to degradation within the gastrointestinal tract, or rapid metabolization, it is
necessary to develop formulations with improved BA to enlarge their therapeutic
potential [40,45,46]. A wide variety of different strategies are described in the literature.
Nevertheless, there exist two primary approaches for enhancing the BA of natural
products. The first method involves improving water solubility to elevate absorption via

the enterocytes, thereby heightening BA [40,43,45].

Table 2: Formulation principles targeting an improvement of water solubility.

Formulation principle Example market formulations

Micellar inclusion complexes NovaSOL® Vineatrol, NovaSOL® Curcumin
Cyclodextrin inclusion complexes Cavacurmin®, CavaQ10®

Liposomes/ Phytosomes Meriva®, Quercefit®, Longvida®
Nanoparticles Nano Quercetin, Theracurmin®
Amorphous formulation curcuRouge®

The second method entails inhibiting metabolizing enzymes in enterocytes and/or
hepatocytes or efflux transporters in enterocytes to amplify the proportion of
unconjugated active substances in the blood stream, which is typically responsible for the
biological effect [47-49].

Table 3: Formulation principles targeting the inhibition of metabolic enzymes or efflux
transporters.

Formulation principle Example market formulations
Addition of Piperine Resveratrol- Piperine, Pro Curmin Complete Il
Addition of Turmeric oils BCM-95°®

It has been reported that the principle of inhibiting metabolizing enzymes may not be the
most efficient in terms of BA enhancement, when compared to solubility improvement
[41]. Furthermore, there exist specific formulation approaches, particularly for highly
lipophilic compounds like tetraterpenes, that seek to achieve absorption through the
lymphatic pathway in parallel with dietary lipids, via the inclusion of lipids into the

formulation, and thereby enhance the absorption characteristics [43].
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1.5. In vivo predictive in vitro methods for bioavailability assessment

During the development of BA - enhanced formulations, a reliable testing system that can
accurately estimate the impact of different formulation principles on the in vivo
bioavailability of active ingredients is crucial. Evaluating bioavailability in vivo can be both
costly and time-consuming, making it impractical for assessing formulations in their
developmental phase. Consequently, several in vitro techniques have been invented to
predict in vivo outcomes [37].

The United States Pharmacopeia (USP) enumerates several dissolution techniques such as
the paddle or basket apparatus, which may be potential candidates for such predictive
assays [50]. However, these systems only represent the human gastrointestinal tract in a
very simplified way, which results in a loss of in vivo predictivity [28].

To overcome these limitations, testing methods which better reflect in vivo conditions in
terms of pH values, solvent volume and residence time have been developed, such as in
vitro digestion models [41,51] or biphasic dissolution approaches [28,52,53]. In vitro
digestion models use sequential mouth, gastric, and intestinal digestion phases to
simulate the conditions in the human gut. In this experimental procedure, a medium
similar to the conditions of the human digestive system is prepared through the manual
addition of buffer and enzyme solutions. Subsequently, the dissolution behavior of the
target molecule is studied. These models can be single or multiple-compartment static,
semi-dynamic or fully dynamic systems [54].

In contrast, during biphasic dissolution, samples are introduced into a biorelevant aqueous
medium under non-sink conditions. During the dissolution measurement the pH value of
the medium is adjusted and an absorption-sink is created by covering the aqueous
medium with an organic medium, which is assumed to be predictive for the in vivo
conditions in the small intestine [28,52].

Apart from the aforementioned techniques, simulating of permeation directly through
biological barriers, specifically the intestinal wall, by using cell models based on Caco-2
monolayers is also a possible option [41]. Furthermore, combination models that enable
the recording of active substance dissolution in biorelevant medium while simultaneously

monitoring the process of diffusion across the intestinal wall have been introduced [55].
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2. Evaluation of analytical and physicochemical properties of
poorly soluble extracts of natural origin

2.1. Introduction

The diversity of substance classes found in nature (consider section 1.1) makes it difficult
to classify them. Nevertheless, by focusing solely on their water solubility, we can
distinguish between two categories: those that readily dissolve in the solvent volume
present in the gastrointestinal tract and those with restricted solubility in water. The latter
type of compounds tends to have lower BA compared to their more soluble counterparts,
due to their inability of crossing the intestinal membrane in undissolved state.

Polyphenols are a diverse and widely distributed group of natural products that have
gathered considerable interest in science and development (Table 4) [56]. This is
predominantly related to their antioxidant properties, which have been widely studied.
Additionally, polyphenols demonstrate a multitude of other properties, which makes them
interesting for health care applications. However, a significant challenge associated with

some polyphenols is their limited water solubility [57].

Table 4: Classification of polyphenols, including substance class name, basic structure and carbon
framework, and some example compounds.

Substance class General structure Carbon framework  Example compounds

C Simple phenols Cs, CsCy, CsCo Arbutin, Hydroquinone
HO R
R1
(@]
HO‘@_( Phenol carboxylic acids CeCy Gallic acid, Vanillic acid
OH

R
R' OH Coumaric acid,
R@ﬁo Phenylpropanoids CsCs Ferulic acid,
R Curcumin (Dimer)

Flavonoids CesC3Cs Quercetin, Naringenin

O Resveratrol

& O Stilbenes CsC,Cs e-Viniferine
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In Table 4, various structural types of polyphenols are presented, of which flavonoids,
stilbenes, and some phenylpropane derivatives are particularly interesting for health care
applications. Substances like curcumin (CUR), quercetin, and trans-resveratrol (refer
Figure 1 and Figure 2) are widely used as nutritional supplements and herbal medicinal
products to assist with a range of health issues. Their antioxidant, anti-inflammatory, and
anticancer properties are of particular interest [58—60].

However, before using extracts enriched with polyphenols as nutritional supplements or
herbal medicinal products it is crucial to properly analyze and characterize them. This
analysis provides information about the active phenols present and especially about
glycosylation patterns and oligomerization, which helps determine their therapeutic value.
To effectively separate the polyphenols, reversed-phase (RP)-HPLC is commonly used, with
standard C18 columns (also in the form of core-shell particles or monolithic columns) and
water-containing eluent mixtures being the preferred options [61]. To detect the
polyphenols, various detectors are available, including DAD and fluorescence detectors,
as well as mass spectrometers (MS). Tandem MS, in particular, can provide additional
structural information about the analytes and is thereby the preferred option by many
laboratories [30,61].

Besides polyphenols, terpenoid compounds and quinones, like astaxanthin and coenzyme
Q10 (CoQ10) (refer Figure 2), are also recognized for their antioxidant properties and
having various health beneficial effects [62]. Due to their structure related very high
lipophilicity, these substances experience poor water solubility [63]. In addition, terpenoid
compounds often occur in nature as complex mixtures of unesterified and esterified
compounds with various fatty acids, including single and double esterified molecules [64].
Due to the presence of a long, conjugated polyene system, cis/trans isomerism is also of
distinct interest. To quantify individual substances in these complex mixtures,
chromatographic separation techniques, such as liquid chromatographic methods (HPLC)
using C18 RP phases, are frequently used. In this instance, low-temperature stability
concerns hinder the use of GC methods [64]. The coupling of HPLC with DAD detectors
plays a unique role in detecting cis-trans isomerism. In addition, MS, in particular tandem
MS, is used for structure elucidation. By combining both detection techniques, Etzbach et

al. (2018) achieved optimal delineation of the individual substances and isomers [65].
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The objective of this chapter was to provide a comprehensive overview of 19 extract-
based formulations used in this thesis and their analytical properties. These comprised
eight curcumin-formulations, four trans-resveratrol formulations, three coenzyme Q10
formulations, two quercetin formulations, and two astaxanthin formulations.

To achieve this, all formulations were dissolved in a suitable solvent, and their active
substance content was analyzed using C18 RP-HPLC coupled with a UV/VIS detector.
Furthermore, important physicochemical properties of the pure active substances
(structures shown in Figure 1 and Figure 2) were analyzed, including solubility behavior in

various media, pK, values, and log D7.4, using HPLC and shake flask methods.

OCH3 HaCO OCH3
Figure 1: Chemical structures of pure curcumin (CUR) (1), demethoxycurcumin (DMC) (2) and
bisdemethoxycurcumin (BDMC) (3).

4 OH 5
HO. N O H,C”
O H.o
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Figure 2: Chemical structures of pure trans-resveratrol (4), coenzyme Q10 (CoQ10) (5), quercetin
(6) and astaxanthin (ASX) (7) (shown as unesterified molecule; the Haematococcus pluvialis extract
contains mainly mono- and diesters).
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2.2. Analytical characterization of model extracts and formulations based thereof
in terms of active substance content

Parts of this chapter have been published in peer-reviewed research articles [28,66]. Each
figure was created by the thesis author. Taking or adapting of figures is marked in the

corresponding figure.

2.2.1. Curcuma formulations

All Curcuma formulations contained varying proportions of the three main curcuminoids:
curcumin (CUR), demethoxycurcumin (DMC), and bisdemethoxycurcumin (BDMC)
(see Figure 3 and Table 5). These are biosynthesized by Curcuma longa L. and, due to their
very similar structure and physicochemical properties, were usually extracted together.
The percentage of CUR ranged from 74.5% to 89.2%, while DMC ranged from 10.5% to
22.0%, and BDMC varied from 0.3% to 3.6%. The y-cyclodextrin complex, extract with
adjuvants, and submicron-particles had higher CUR fractions (80.1%, 82.8%, and 89.2%,
respectively) and lower DMC and BDMC fractions. The total curcuminoid content varied
extensively across formulations, ranging from 62.7 mg/g in the micellar curcumin to
877.6 mg/g in the native extract. Generally, the water-solubility optimized formulations
contained less curcuminoids (62.7 mg/g to 301.6 mg/g) due to the functional excipients

used in these formulations [28].

Curcuma: Native extract
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Figure 3: Example chromatogram of native Curcuma extract (10 mg in 200.0 mL MeOH; 10 puL
injection volume); CUR = curcumin, DMC = demethoxycurcumin, BDMC = bisdemethoxycurcumin.
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Table 5: Curcuma extracts/ formulations used for dissolution experiments, including their absolute
[mg/g] and relative (%) content (mean + SD) of curcumin (CUR); demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC). Adapted from Brenner et al., 2023 [28]. Copyright 2023 American
Chemical Society.

Formulation CUR [mg/g] DMC [mg/g] BDMC [mg/g] Total [mg/g]
relative amount (%)

Micelles 47.3+0.2 13.2+0.1 22+0.0 62.7+0.3
(75.4£0.4) (21.0+0.1) (3.6 £0.0)

Cyclodextrin 120.2+6.2 265+1.4 3.4+0.2 150.1+7.8
(80.1+4.1) (17.6 + 0.9) (2.3+0.1)

Phytosomes 1432+1.1 38.3+04 44+0.1 186.0+1.6
(77.0 £ 0.6) (20.6 + 0.2) (2.4 £0.0)

Submicron particle 269.1+2.5 31.6+0.3 0.8+0.0 301.6+2.8
(89.2 £ 0.8) (10.5 + 0.1) (0.3+0.0)

Native extract 662.6 +17.2 192.9+5.3 22.0+0.7 877.6+23.2
(75.5 + 2.0) (22.0 + 0.6) (2.5+0.1)

Adjuvants 236.0+7.5 404+1.4 8.6+04 285.0+9.2
(82.8 +2.6) (14.2 £ 0.5) (3.0£0.2)

Turmeric oils 650.4 +22.3 193.2+6.7 29.8+1.0 873.4+30.0
(74.5 + 2.6) (22.1+0.8) (3.4+0.1)

Liposomes 1789124 48.6 £ 0.7 57+0.1 233.2+3.2
(76.7 £ 1.0) (20.8 +0.3) (2.4 £0.0)
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2.2.2. Resveratrol formulations

The trans-resveratrol contents of the tested formulations differed considerably. Veri-te™
resveratrol had the highest content at 989.0 mg/g, while grapevine-shoot extract micelles
had the lowest at 4.4 mg/g (Table 6). Along with trans-resveratrol monomers, the
grapevine-shoot extract and its corresponding micellar formulation also contained
oligomers, mainly trans-e-viniferine, along with some other resveratrol oligomers [40].
Although the oligomers were partially visible at the deception wavelength of 306 nm
(small peak at 6 min), they were not quantified (Figure 4). Similar to Curcuma
formulations, water-solubility optimized formulations contained less resveratrol due to
the functional excipients required for solubility optimization. In particular, the quantities
of surfactant (polysorbate 80 and polysorbate 20) required for micellization led to a

noticeable reduction in resveratrol content from 110.3 to 4.4 mg/g.

Trans-Resveratrol: Vineatrol 30
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Figure 4: Example chromatogram of Vineatrol® 30 (trans-resveratrol containing grapevine-shoot
extract; 30 mg in 50.0 mL MeOH; 10 plL injection volume).
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Table 6: Trans-resveratrol content of the extracts/ formulations used for dissolution experiments
(mean % SD). Partially adapted from Brenner et al., 2024 [66].

Name Formulation Content [mg/g]
Vineatrol® 30 Grapevine-shoot extract 110.3+0.8
Vineatrol® 30 micelles Grapevine-shoot extract micelles 44+0.0
VeriSperse™ water dispersible (WD) trans-resveratrol 915.8+8.4
Veri-te™ purified trans-resveratrol 989.0+6.3

2.2.3. Coenzyme Q10 formulations

Similar to the previously mentioned formulations, the coenzyme Q10 (CoQ10) containing
formulations also utilized an extract of natural origin. However, the extract underwent
extensive purification to ensure that only a small number of accompanying substances was
present. Consequently, the non-formulated CoQ10 extract contained a high active
ingredient content of 976.5 mg/g and the HPLC chromatogram did not show any peaks
related to impurities (Figure 5). The formulation as micellar inclusion complex reduced the
CoQ10 content to 53.3 mg/g, whereas the oily dispersion formulation still had a content

of 334.5 mg/g (see Table 7).

Coenzyme Q10: Oily dispersion
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Figure 5: Example chromatogram of coenzyme Q10 oily dispersion (20 mg in 50.0 mL DCM; 10 plL
injection volume).
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Table 7: Coenzyme Q10 (CoQ10) content of the extracts/ formulations used for dissolution
experiments (mean £ SD). Partially adapted from Brenner et al., 2024 [66].

Name Formulation Content [mg/g]
Coenzyme Q10 Purified CoQ10 976.5+15.9
Nature Made® CoQuo Oily dispersion 3345+15.3
NovaSOL® Q CoQ10 micelles 54.3+0.3

2.2.4. Quercetin formulations

Considering the quercetin formulations, highly purified quercetin with a purity of
976.6 mg/g was used as the unformulated reference compound. However, the
phytosomes contained an extract sourced from the flower buds of Sophora japonica L [67].
This extract also contains a small amount of other flavonoids like rutin that can be detected
at 370 nm (as depicted in Figure 6) [68]. As a result of the incorporation of sun flower
lecithin and other food-grade excipients, the quercetin content in the phytosomes

formulation has been reduced to 372.8 mg/g (refer to Table 8).
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Figure 6: Example chromatogram of quercetin Phytosomes® (20 mg in 50.0 mL MeOH; 10 uL
injection volume).
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Table 8: Quercetin content of the extracts/ formulations used for dissolution experiments
(mean % SD). Partially adapted from Brenner et al., 2024 [66].

Name Formulation Content [mg/g]
Quercetin crystalline quercetin 976.6+0.2
Quercefit® quercetin Phytosomes® 372.8+8.8

2.2.5. Astaxanthin formulations

Among all analyzed extracts and formulations made therefrom, those containing
astaxanthin (ASX) were the most complex in composition. Figure 7 displays the
chromatogram of the oleoresin obtained from the marine microalgae Haematococcus
pluvials through supercritical CO, extraction. This extract was found to be comprised of
various compounds with maximum absorption at 474 nm, including mono- and diesters of
ASX with different dietary fatty acids of varying chain lengths [23]. To simplify, the ASX
content was presented as the sum of mono- and diesters of ASX (sum of area of all peaks
eluting from 20 min onwards) (Table 9). As unformulated extract contained 101.0 mg/g

ASX, the micellar inclusion complex produced thereof consisted of only 15.0 mg/g ASX.
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Figure 7: Example chromatogram of astaxanthin (astaxanthin enriched Haematococcus pluvialis
oleoresin; 100 mg in 50.0 mL DCM; 1 pL injection volume); quantified by the sum of astaxanthin
mono- and diesters eluting from 20 min onwards.
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Table 9: Astaxanthin content of the extracts/ formulations used for dissolution experiments
(mean £ SD).

Name Formulation Content [mg/g]
Astafit® Oleoresin Astaxanthin enriched 101.0 £ 2.7 &
Haematococcus pluvialis
oleoresin
Oleoresin micelles Astaxanthin micelles 15.0+0.5 @

[a] both formulations contained a mixture of mono- and diesters (content is given as sum)

2.3. Determination of physicochemical properties of the active ingredients
underlying the poorly soluble model extracts

Apart from quantifying active ingredients utilizing HPLC, we also conducted an analysis of
basic physicochemical characteristics such as solubility in various media, pKs value, and
log D7.4 value of the ingredients mentioned in section 2.2. Table 10 and Table 11 contain
the results of these measurements. All three curcuminoids (CUR, DMC, BDMC),
trans-resveratrol, and quercetin possessed pKa values, and thus proteolysis properties,
that were of relevance in the physiological pH range of up to 7. Accordingly, their ionization

at varying pH levels is presented in Figure 8 - Figure 10.

Table 10: pK, values (calculated), saturation solubility in various media (0.1 N HCI, phosphate buffer
pH 6.8, Bi-FaSSIF-V2 pH 6.8 and 1-decanol; determined by shake flask method), log D74
(determined by HPLC) and detection wavelength of CUR = curcumin, DMC = demethoxycurcumin
and BDMC = bisdemethoxycurcumin. Adapted from Brenner et al., [69]. Copyright 2023 American
Chemical Society.

Parameter CUR DMC BDMC
(1) 6.8 (1) 6.6 (1) 6.8
pK, @ (2) 8.6 (2) 8.5 (2)8.7
(3)9.1 (3)9.0 (3)9.2
S (0.1 N HCl) [ug/mL] 0.2+0.0 0.2+01 0.3+0.1
S (Buffer pH 6.8) [ug/mL] 0.3+0.1 0.2+0.1 0.2+0.1
S (Bi-FaSSIF-V2) [ug/mL] 0.5+01 0.4+01 0.7+0.3
S (1-decanol) [ug/mL] 1036.0 + 23.3 331.0+19.0 66.3+7.5
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Parameter CUR DMC BDMC
Log D74 3.50 3.58 3.64
wavelength (agueous medium) [nm] 430 430 430
wavelength (1-decanol) [nm] 440 440 440

[a] pKavalues were calculated by ADMET predictor 9.5 (Simulations Plus Inc., Lancaster, CA)

The data presented in Table 10 indicates that all curcuminoids had physiologically relevant
pKa values ranging between 6.6 and 9.2. Due to their limited water solubility and instability
at alkaline pH levels, all pK; values were predicted. At neutral pH values, the proton of the
vinylogous carboxylic acid dissociates first. The deprotonation leads to a color change of
the molecule from yellow to red. At the same time, the decomposition rate increases

sharply due to chain cleavage [70]. When the pH of the medium increases further, first

one and then both phenolic groups were deprotonated (Figure 8).

Figure 8: Keto-enol tautomerism and ionization of curcuminoids (curcumin: R, R? = OCHj;
demethoxycurcumin: R = OCHs, R? = H; bisdemethoxycurcumin R, R?= H) as a function of the pH
of the medium (see pK, values 1-3) in Table 10.

Related to the structural similarity of all three curcuminoids, their log D7.4 values were
comparable and ranged from 3.50 to 3.64. The high lipophilicity of the curcuminoids
limited their water solubility. Thus, the aqueous solubility was measured to be less than
1 pg/mL for CUR, DMC, and BDMC and ranged from 0.2 to 0.3 pg/mL in surfactant free
medium. No pronounced pH dependent solubility shift was observed. In the presence of

sodium-taurocholate and lecithin (Bi-FaSSIF-V2), micellization occurred and the solubility

17



Evaluation of analytical and physicochemical properties of poorly soluble extracts of natural origin

of curcuminoids was 2-3 times higher than in a surfactant-free medium [41]. However, all
aqueous media provided solubility-limited non-sink dissolution conditions, as aqueous
solubility remained below 1 pg/mL even when biorelevant surfactants were added.

In contrast, the 1-decanol solubility was much higher. CUR dissolved up to
1036.0 pg/mL in 1-decanol, while DMC dissolved up to 331.0 ug/mL and BDMC reached
concentrations of up to 66.3 ug/mL (Table 10).

The absorption maximum of all three curcuminoids was at 430 nm in the aqueous medium

and was shifted to a slightly higher wavelength of 440 nm in 1-decanol.

Table 11: pK, values, saturation solubility in various media (0.1 N HCI, phosphate buffer pH 6.8,
Bi-FaSSIF-V2 pH 6.8 and 1-decanol; determined by shake flask method), log D74 and detection
wavelength of trans-resveratrol, coenzyme Q10, quercetin and astaxanthin (mixture of mono- and
diesters). Partially obtained from Brenner et al., 2024 [66].

Parameter trans- Coenzyme Q10 Quercetin Astaxanthin
Resveratrol
(1)9.1 (1) 7.1
published pK, [71-74] (2)9.7 13.3 (2)9.1 10.6
(3)10.5 (3)111
S (0.1 N HCI) [ug/mL] 445+2.7 0.1+0.0 16.7+3.7 0.310.1
S (Buffer pH 6.8) 495+1.3 0.1+0.0 20.3+5.0 0.410.2
[ug/mL]
S (Bi-FaSSIF-V2) 52.2+0.2 5.5%+2.3 29.6+6.3 1.1+14
[ug/mL]
S (1-decanol) [ug/mL] > 5000 > 5000 > 5000 > 5000
Log D74 2.70 published value: 1.60 published value:
14.72 [75] 8.05 [76]
wavelength (aqueous 315 282 370 480

medium) [nm]

wavelength 320 287 375 490
(1-decanol) [nm]
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The pka values of CoQ10 and ASX (unesterified compound) were reported to be 13.3 and
10.6, respectively. Therefore, no protolyzes in the physiological pH range was expected.

Related to their polyphenolic structure, quercetin and trans-resveratrol both showed
three different pKa values, as highlighted in Table 11. The pK; values, ranging from 7.1 to
11.1, were consistent with the expected range for phenolic protons [77]. For quercetin,
with a lowest reported pK; of 7.1, dissociation occurred during dissolution measurements
under physiological pH conditions (as illustrated in Figure 9). With increasing pH of the
aqueous medium, phenolic protons dissociate until finally a triple negatively charged

molecule is present.

OH

OH

OH O OH O

Figure 9: lonization of quercetin as a function of the pH of the medium (see pK, values 1-3) in
Table 11. Obtained from Brenner et al., 2024 [66].

A comparable dissociation pattern has been described for trans-resveratrol (Figure 10).
At first, the phenolic proton of the aromatic ring with just one phenol group dissociates.
With increasing alkalinity of the medium, the first phenolic OH group of the second
aromatic ring is eventually deprotonated, followed by dissociation of the second phenolic
OH group, leading to a molecule with a triple negative charge.

However, the lowest pKa was reported to be 9.1. Consequently, a dominant proteolysis is

not expected to occur at neutral pH values.

19



Evaluation of analytical and physicochemical properties of poorly soluble extracts of natural origin
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Figure 10: lonization of trans-resveratrol as a function of the pH of the medium (see pK, values
1-3) in Table 11. Obtained from Brenner et al., 2024 [66].

Ti

According to their dissociation behavior, the aqueous solubility of quercetin and
trans-resveratrol increased with an increase in pH (Table 11). However, CoQ10 and ASX
were almost insoluble in water, and their concentration remained below 1 pg/mL
regardless of the media pH. Nevertheless, when biorelevant surfactants sodium-
taurocholate and lecithin were present, the solubility of all compounds increased.
Especially CoQ10 showed a significant increase in solubility by a factor of 55, likely
attributed to increased wettability and micellization of the hydrophobic compound in the
presence of surfactants [78]. In consequence, all agueous media provided solubility-
limited non-sink dissolution conditions for CoQ10 and ASX, even with surfactant. Sink
conditions were only present in 1-decanol, where all substances reached concentrations
greater than 5000 pg/mL.

The Log D74 values for trans-resveratrol and quercetin were 2.70 and 1.60, respectively. In
contrast, owing to their long isoprenoid chains [76], CoQ10 and ASX both are very
lipophilic compounds with Log D7.4 values reported to be 14.72 and 8.05 (unesterified
molecule), respectively [75,76].

Trans-resveratrol, quercetin and CoQ10 had their absorption maximum in the UV range
between 282 and 375 nm. Due to the large conjugated polyene system ASX and its esters
are red in color and their absorption maximum was measured to be between 480 nm and
490 nm [62], depending on the solvent. In 1-decanol, all compounds showed an

absorption maximum shifted by 5 nm to 10 nm into the higher wavelength range.
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2.4. Conclusion

All formulations, despite having structurally different active components and
accompanying substances in the matrix, were successfully analyzed for their active
ingredient content using HPLC-UV/VIS.

Formulations containing ASX were the most complex in composition and a separation into
specific individual substances was not carried out, instead the ASX content was given as
the sum parameter of all mono- and diesters.

In contrast, the formulations containing CoQ10 had the lowest matrix load. The active
ingredient content in the formulations ranged from 4.4 mg/g to 989.0 mg/g, with
formulations with optimized water solubility having a reduced active ingredient content
due to the necessary addition of functional excipients like surfactants or y-cyclodextrins.
The physicochemical properties of the respective pure substances were analyzed, and it
was found that the polyphenolic compounds CUR and trans-resveratrol exhibited pKs
values that indicated proteolysis phenomena to occur in the physiologically relevant pH
range up to 7. The pK, values of the terpenoid compounds CoQ10 and ASX were higher,
which means they were present undissociated in aqueous media at neutral pH.

Despite the structural diversity of the compounds, all had limited water solubility. Only
trans-resveratrol and quercetin achieved concentrations above 10 pg/mL. Concerning all
other ingredients, even in surfactant-containing media, concentrations remained below
1 ug/mL. However, solubility was significantly increased in 1-decanol.

The solubility behavior of the substances might be associated with their high lipophilicity.
Attributed to their long isoprenoid chains, the log D74 values of CoQ10 and ASX ranged
between 8.05 and 14.72, whereas the log D74 values of the polyphenolic compounds

ranged between 1.60 and 3.64.
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3. Comparison of biorelevant biphasic dissolution with
monophasic dissolution approaches in terms of in vivo relevant
formulation characterization

3.1. Introduction

Dissolution testing was originally developed by the pharmaceutical industry to ensure the
consistency of drug release in aqueous media, which was assumed to be the rate-limiting
step [79]. Nowadays, the application has also been adopted by the food industry and
dissolution testing is used to develop for example food supplements with improved
bioavailability [80]. Additionally, dissolution measurements performed during formulation
and process development can provide further information to evaluate the impact of
various formulation principles on in vivo performance [79].

Typically, the characterization of dissolution properties requires sink conditions present in
the dissolution medium, where the saturation solubility of the investigated compound is
at least three to five times higher than the maximal ingredient concentration achieved
when the applied dose is completely dissolved [81,82]. However, the aqueous solubility of
some compounds is limited, which presents a challenge in developing dissolution methods
since dissolution and not release might evolve artificially to the rate-limiting step. To
overcome these limitations different approaches were developed, for example sink
conditions can be achieved by using large volumes of dissolution medium, by addition of
surfactants or inclusion of cosolvents, such as ethanol, to the dissolution medium [83].
However, these modifications lead to a distinct deviation from the conditions present in
the human gastrointestinal tract and may thereby reduce in vivo predictivity.

Commonly used dissolution devices are basket and paddle apparatuses, and flow-through
cells (refer to Figure 11). The basket (apparatus 1, USP (United States Pharmacopeia) and
PhEur (European Pharmacopoeia)) and paddle (apparatus 2, USP and PhEur) apparatuses
both consist of cylindrical, round bottom vessels (Figure 11), containing a volume of
500 — 2000 mL dissolution medium temperate to 37 °C. Considering apparatus 2, a metal
paddle is used as the stirring device, under which the formulation is placed during the
measurements. In the basket apparatus, the formulation is placed in a rotating basket,

used for generation of sufficient hydrodynamics [84,85].
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The flow-through cell assay (apparatus 4, USP, and PhEur) consists of a pump, applying
standard flow rates between 4 and 16 mL of medium per minute, and a flow-through cell,
in which the formulation is placed during the measurement. Using this assay, dissolution
studies can be performed in closed or open loop modus, where increased volume of

dissolution medium can compensate for a compound’s poor solubility [84,85].

1 2 3 —f
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@

Figure 11: Overview of standard dissolution apparatuses described in the United States
Pharmacopeia (USP); 1) basket apparatus, 2) paddle apparatus, 3) flow-through cell (closed loop),
Created with BioRender.com.

The presented methods are mostly used in quality control. However, biorelevant
dissolution systems usually require a more complex design in order to properly imitate the
gastrointestinal conditions. As no standardized methods are currently available, many
biorelevant dissolution apparatuses are customized devices [86].

Biorelevant dissolution assays can be categorized as single-phase aqueous models and
absorption sink models [87]. Single-phase aqueous models simulate the gastrointestinal
passage with biorelevant media, pH changes and/or transfer models. These assays are
conducted under non-sink conditions to evaluate the effect of enabling formulations of
poorly soluble compounds on dissolution. A major disadvantage of single-phase aqueous
assays is the establishment of an equilibrium of dissolved and undissolved active
ingredient species, which sometimes lead to insufficient formulation characterization [83].
To address this limitation, absorption assays like the BiPHa+ from Denninger et al. are
developed [52]. The BiPHa+ assay consists of an aqueous donor phase, where the active
ingredient dissolves under non-sink conditions, and an acceptor compartment, in which
sink conditions are present. Typically, not water miscible organic solvents like 1-decanol or

1-octanol are used as organic absorption compartments [52,88-90]. In contrast to the
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paddle apparatus, the BiPHa+ uses cylindrical vessels with a flat bottom and a magnetic
stirrer to ensure sufficient hydrodynamics. Furthermore, the device is built in small scale

and uses only 50 mL each of aqueous and organic medium (refer to Figure 12).

Figure 12: Comparison of vessel shape and stirring device between: 1) a conventional paddle
apparatus and 2) the BiPHa+ apparatus built by Denninger et al., Created with BioRender.com.

The aqueous medium simulates the gastrointestinal passage, whereas intestinal
absorption is mimicked by the organic layer. Though the combination of aqueous non sink
dissolution with an artificial absorption compartment biphasic dissolution setups achieve

a high degree of in vivo predictivity for various compounds [28,52,53].

In order to assess the in vivo predictivity of various dissolution methods, all formulations
outlined in chapter 2 were analyzed using three distinct apparatuses. All these methods
utilized online UV/VIS diode array detectors (DAD) to measure the quantity of active
ingredient that dissolved/ partitioned in the dissolution medium. Since, the extracts
measured were comprised of complex mixtures of multiple substances, the accuracy of
the quantification method for recording the dissolution process needed to be proven.
Therefore, the results of online UV/VIS quantification were compared with concentration
levels determined by previously validated HPLC methods.

Subsequently, conventional monophasic dissolution measurements using a paddle
apparatus with 900 mL phosphate buffer pH 6.8 were conducted. Additionally, dissolution
measurements utilizing a fully automated small scale dissolution setup (containing 50 mL
of dissolution medium) with pH shift and biorelevant medium were performed. Lastly,

biphasic dissolution studies employing the BiPHa+ fully automated device were executed.
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3.2. Analytical comparison of online UV/VIS quantification during dissolution
measurements and concentration determination using HPLC

Parts of this chapter have been published in peer-reviewed research articles [28,66]. Each
figure and table were created by the thesis author. Taking or adapting of figures or tables
is indicated in the corresponding position.

In order to evaluate the comparability of online UV/VIS detection and HPLC quantification,
the concentrations of the active ingredients measured after 270 min in both, the aqueous
and organic medium, of the BiPHa+ were taken as reference points. The results of each
method can be found in Figure 13 - Figure 17, with y-axes scaled to 100% for consistency.
However, due to some formulations reaching low concentrations that cannot be read at
this scale, separate tables (Table 12 - Table 16) were created to show the concentrations
in each medium. Multiple t-tests were conducted to determine if there were any
significant differences in the concentrations obtained by both measurement methods. The

significance level was set at 0.05.

Curcuminoids

100 100 100 100
< 1 Hl online UV/VIS < 7
% 80—- = HPLC - 80 o % 80—- - 80 o
o 5 ® 3
S 60 L60 S 5 60 L 60 &
£ s £ &
g 404 F40 5 g 404 - 40 5
g T L 7] -
5 20 20 5 207 - 20
©) J O ]
0- Lo 0- Lo
9 O & & & L QS D 9 O & & & L & O
oé\e N &5\ \&0 (.\\(} S & & O&Q)‘GO\\ &Q\ (\,bo \,x\(} S & $\ Q}\e
P NS F P L P L ¥ P W
& & e oQQ & ° N\ & & @ o“Q S <
N
S O oS N VIS & &
§ s
) )

Figure 13: Comparison of the released amount of curcuminoids (sum of curcumin,
demethoxycurcumin and bisdemethoxycurcumin; mean * SD) in A) the aqueous medium and B)
the partitioned amount in the 1-decanol layer determined by HPLC and online UV/VIS detection,
data refers to the end of biorelevant biphasic dissolution (BiPHa+) at 270 min.; (100% corresponds
to 100 pg/mL). In case of very low solubilities, concentrations cannot be displayed in this figure
and the reader is referred to Table 12. Adapted from Brenner et al., 2023 [69]. Copyright 2023
American Chemical Society.

25



Comparison of biorelevant biphasic dissolution with monophasic dissolution approaches in terms of in vivo
relevant formulation characterization

Table 12: Concentrations of released/ partitioned curcuminoids (sum of curcumin,
demethoxycurcumin and bisdemethoxycurcumin; mean + SD) in the aqueous medium and the
1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) measurement at 270 min
(determined by HPLC and online UV/VIS detection), no significant differences were detected
between both methods (a = 0.05).

Formulation aqueous medium [%] 1-decanol [%]
online UV/VIS HPLC online UV/VIS HPLC

Liposomes 26+13 3.1+0.6 1.9+0.9 1.6+1.8
Turmeric oils 0.6+0.3 0.7+0.1 0.2+0.2 0.3+0.0
Adjuvants 0.5+0.3 0.6+0.0 0.9+0.9 09+1.0
Native extract 15+04 1.2+04 1.8+1.0 23+14
Submicron particle 50+1.3 49+1.3 49+0.6 5.2+0.2
Phytosomes 3.0£05 29104 6.5+£2.0 6.3+£1.8
Cyclodextrin 6.5+0.9 6.8+1.2 21.1+3.6 21.3+5.1
Micelles 329+2.8 33.6%+2.3 37.6+5.5 374+2.8

The results of the method comparison between online UV/VIS detection und HPLC
guantification of the eight investigated Curcuma formulations are shown in Figure 13 and
Table 12.

As described in chapter 2.2, all formulations tested contained the three structurally closely
related curcuminoids CUR, DMC, and BDMC. Due to their structural relationship, however,
they also exhibited absorption maxima at the same wavelength. Consequently, online
UV/VIS detection could not distinguish between them. This detection method does not
have the capability to separate the substances before detection [91]. As a result, we
considered the curcuminoids as a sum of all three compounds.

Nevertheless, employing HPLC coupled with UV/VIS detection each compound could be
guantified separately. To compare both methods, the individual concentrations of CUR,
DMC, and BDMC determined by HPLC were summarized to receive the total concentration
of curcuminoids. As shown in Table 12, no significant difference between the two
guantification methods was discovered. Therefore, the release and dissolution behavior
of curcuminoids, regardless of the formulation principle applied, could be determined

using online UV/VIS detection.
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Figure 14: Comparison of the released amount of trans-resveratrol (mean £ SD) in A) the aqueous
medium and B) the partitioned amount in the 1-decanol layer determined by HPLC and online
UV/VIS detection, data refers to the end of biorelevant biphasic dissolution (BiPHa+) measurement
at 270 min.; (100% corresponds to 200 pg/mL). In case of very low solubilities, concentrations
cannot be displayed in this figure and the reader is referred to Table 13.

Table 13: Concentrations of released/ partitioned trans-resveratrol (mean * SD) in the aqueous
medium and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+)
measurement at 270 min (determined by HPLC and online UV/VIS detection), no significant
differences were detected between both methods (a = 0.05).

Formulation aqueous medium [%] 1-decanol [%]

online UV/VIS HPLC online UV/VIS HPLC
Native extract 16+04 1.7+03 56+23 6.1+25
Micelles 541+1.0 543+2.6 341+1.6 33.5+25
Resveratrol 3.6+0.3 3.2+04 55.2+33 54.6+4.7
WD Resveratrol 35+1.1 3.0+1.1 74.7+2.8 73.8+3.1

WD = water dispersible

Figure 14 and Table 13 display the trans-resveratrol concentrations determined after
270 min in the aqueous medium and the 1-decanol layer of biorelevant biphasic
dissolution. Since the native extract and its corresponding micellar formulation not only
contained trans-resveratrol, but also oligomeric compounds like trans-e-viniferine
(refer to section 2.2), having similar absorption characteristics like resveratrol, online
UV/VIS detection might be impaired [40]. However, dissolution in the agueous medium

and especially partitioning into the 1-decanol layer of these compounds was found to
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occur in reduced quantities compared to trans-resveratrol. Our results were supported by
the fact, that trans-e-viniferine is known to exhibit extremely poor water solubility and a
high sensitivity towards UV radiation, combined with its low intestinal absorption through
the intestinal membrane, resulting in very low bioavailability in humans [40,92]. Thus, it
was possible to determine the resveratrol concentration in both media not only by means
of HPLC, but also by online UV/VIS detection. Similar to the Curcuma formulations, no
significant difference was observed between the two methods, indicating that online
UV/VIS detection is a suitable way to monitor the release and dissolution of resveratrol-

containing formulations.
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Figure 15: Comparison of the released amount of coenzyme Q10 (mean + SD) in A) the aqueous
medium and B) the partitioned amount in the 1-decanol layer determined by HPLC and online
UV/VIS detection, data refers to the end of biorelevant biphasic dissolution (BiPHa+) measurement
at 270 min.; (100% corresponds to 200 pg/mL). In case of very low solubilities, concentrations
cannot be displayed in this figure and the reader is referred to Table 14.

Table 14: Concentrations of released/ partitioned coenzyme Q10 (mean + SD) in the aqueous
medium and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+)
measurement at 270 min (determined by HPLC and online UV/VIS detection), no significant
differences were detected between both methods (a = 0.05).

Formulation aqueous medium [%] 1-decanol [%]

online UV/VIS HPLC online UV/VIS HPLC
Coenzyme Q10 25+09 20104 1.2+0.3 1.5+0.2
Micelles 62.2+3.8 60.0+ 3.2 3.6+0.5 3.6+0.6
Oily dispersion 0.5+0.1 0401 41+09 40+£1.3
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Based on the results shown in section 2.2, the CoQ10 formulations were found to have
almost no impurities. As a result, quantification using online UV/VIS detection was not
affected. Since there were no accompanying substances that needed to be separated, lack
of chromatographic separation was not a disadvantage. Thus, as displayed in Figure 15
and Table 14, the concentrations obtained via online UV/VIS detection were comparable

to those obtained through HPLC measurements and no significant difference was found.

Quercetin
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Figure 16: Comparison of the released amount of quercetin (mean + SD) in A) the aqueous medium
and B) the partitioned amount in the 1-decanol layer determined by HPLC and online UV/VIS
detection, data refers to the end of biorelevant biphasic dissolution (BiPHa+) measurement at 270
min.; (100% corresponds to 200 pg/mL). In case of very low solubilities, concentrations cannot be
displayed in this figure and the reader is referred to Table 15.

Table 15: Concentrations of released/ partitioned quercetin (mean * SD) in the aqueous medium
and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) measurement at
270 min (determined by HPLC and online UV/VIS detection), no significant differences were
detected between both methods (a = 0.05).

Formulation aqueous medium [%] 1-decanol [%]

online UV/VIS HPLC online UV/VIS HPLC
Quercetin 1.9+0.8 1.8+ 0.6 2010 19+13
Phytosomes 24+1.0 25+13 8.0%25 89122

The two quercetin formulations showed a low matrix load (see section 2.2) and reached
maximum concentrations of less than 10% in both media (refer to Figure 16 and Table 15).
This prevented the presence of other flavonoids, like rutin, in the phytosomes from

hindering online UV/VIS detection. The UV/VIS detection approach proved effective in
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monitoring the flavonoid release and dissolution of quercetin-containing formulations,

and no significant disparity was observed between both quantification methods.

Astaxanthin
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Figure 17: Comparison of the released amount of astaxanthin (sum of mono- and diesters;
mean % SD) in A) the aqueous medium and B) the partitioned amount in the 1-decanol layer
determined by HPLC and online UV/VIS detection, data refers to the end of biorelevant biphasic
dissolution (BiPHa+) measurement at 270 min.; (100% corresponds to 200 pg/mL). In case of very

low solubilities, concentrations cannot be displayed in this figure and the reader is referred to
Table 16.

Table 16: Concentrations of released/ partitioned astaxanthin (sum of mono- and diesters;
mean % SD) in the aqueous medium and the 1-decanol layer at the end of biorelevant biphasic
dissolution (BiPHa+) measurement at 270 min (determined by HPLC and online UV/VIS detection),
no significant differences were detected between both methods (a = 0.05).

Formulation aqueous medium [%] 1-decanol [%]

online UV/VIS HPLC online UV/VIS HPLC
Astaxanthin 0.2+0.1 0.2+0.1 0.5%+0.3 0.4+0.3
Micelles 90.0+2.1 90.7+1.0 0.8+0.3 0.7+0.2

The two ASX formulations were derived from an extract obtained from the microalgae
Haematococcus pluvialis, which contained a multifaceted blend of mono- and diesters of
ASX (refer section 2.2). In consequence of this complex composition, the concentration of
ASX determined by both quantification methods was only indicated as a sum of all mono-
and diesters. The findings are depicted in Figure 17 and Table 16. However, despite the
complexity of the formulations, no significant difference in the determined ASX

concentration between both quantification methods was detected and online UV/VIS

detection was found to be suitable.
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3.3. Dissolution results obtained for the Curcuma formulations

Parts of this chapter have been published in a peer-reviewed research article [28]. Each
figure and table were created by the thesis author. Taking or adapting of figures or tables
is indicated in the corresponding position.

In chapter 3.1, various dissolution methods were presented, such as conventional
methods and biorelevant models. The aim of the following section was to investigate the
effect of different methods on the dissolution characteristics of the eight Curcuma
formulations described in chapter 2.2.1. The study utilized three different systems, namely
a conventional paddle system (apparatus 2, USP, and PhEur) with 900 mL phosphate buffer
pH 6.8 (monophasic non-sink dissolution; Figure 18), a monophasic dissolution model with
biorelevant medium and pH shift (pH shift dissolution with biorelevant medium;
Figure 19), and a biorelevant biphasic dissolution system (BiPHa+; Figure 20). The latter
two systems each used 50 mL of biorelevant aqueous medium.

The y-axes were scaled to 100% for consistency, but since some formulations only
dissolved small amounts, the curcuminoid concentrations achieved by each formulation

at the end of the dissolution experiment were also presented in Table 17 - Table 19.
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Figure 18: Dissolved amount of curcuminoids (sum of curcumin, demethoxycurcumin and
bisdemethoxycurcumin; mean * SD) during monophasic non-sink dissolution, A) full y-scale,
B) y-scale zoom (0-10%) excluding micelles and cyclodextrin complex; the pH profile in the aqueous
medium is represented by the grey line, (100% corresponds to 6 pg/mL). Adapted from Brenner
et al., 2023 [69]. Copyright 2023 American Chemical Society.
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Table 17: Concentrations of dissolved curcuminoids (sum of curcumin, demethoxycurcumin and
bisdemethoxycurcumin; mean  SD) at the end of monophasic non-sink dissolution at 180 min
(determined by HPLC).

Formulation Endpoint concentration [%]
Liposomes 2.1+03
Turmeric oils 0.5x0.1
Adjuvants 0.5+0.1
Native extract 0.7+0.1
Submicron particle 6.1+0.5
Phytosomes 39+0.5
Cyclodextrin 17.3+2.1
Micelles 924+15

The native extract and the formulations with adjuvants and turmeric oils generated a
release of 0.5 - 0.7% (Figure 18B). The last two formulations mentioned were designed to
target post-absorptive mechanisms, such as the inhibit of phase Il enzymes or intestinal
membrane transporters [47,48,93]. However, these formulations were not optimized for
solubility, which might explain why they were not effective in enhancing the dissolution
rate compared to the native extract. Higher release was observed for liposomes and
phytosomes, which released 2.1% and 3.9%, respectively. Submicron particles showed
6.1% curcuminoid release, which represented an improvement by the factor of 12.2
compared to the native extract. As the size of the particles decreases, drug particles have
a higher degree of interaction with the solvent, leading to an increase in solubility [94,95].
The Noyes-Whitney equation (equation 2) states that when the particle size is reduced,
the total effective surface area of the drug particle is increased, which results in an

enhancement of the dissolution rate.

(Equation 2)

Where, d./d: is the dissolution rate of the drug particles, D is the diffusion coefficient, A is the
effective surface area of the drug particles, h is the thickness of the diffusion layer around each
drug particle, ¢, is the saturation solubility of the drug and c the concentration of the drug present
in the dissolution medium.
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Along with the submicron particles, both the cyclodextrin and the micellar formulation
had decisively increased dissolution rates. The cyclodextrin complex revealed the second
highest dissolution performance, with a maximum release of 17.3%. Micelles achieved
almost complete curcuminoid release within the first 15 minutes (92.4%) and maintained
a high level of release throughout the dissolution test. Both, self-emulsifying drug delivery
systems (SEDDS), e.g., the micellar formulation, and cyclodextrin inclusion complexes are
well known and studied formulation strategies to enhance the solubility and bioavailability
of poorly soluble compounds [96,97].

Basically, the dissolution profiles of all formulations were similar in shape, with a gradual
increase in concentration at the beginning and a subsequent plateau from 60 - 180 min
(Figure 18). All the formulations except those containing adjuvants and turmeric oils
achieved a higher concentration after 180 min than the native extract, leading to
supersaturation without any curcuminoid precipitation. This could be explained by the
formulations' ability to stabilize supersaturation, and the large solvent volume of 900 mL,
which resulted in low absolute concentrations of curcuminoids in the dissolution medium.
In order to ensure consistency across different dissolution techniques, a fixed dose of
5 mg curcuminoids per formulation was used, resulting in a maximum theoretical
concentration of 6 ug/mL. The lower the degree of supersaturation, the less likely

precipitation will occur [82].
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pH shift dissolution with biorelevant medium
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Figure 19: Dissolved amount of curcuminoids (sum of curcumin, demethoxycurcumin and
bisdemethoxycurcumin; mean + SD) during monophasic non-sink dissolution with pH shift and
biorelevant medium, A) full y-scale, B) y-scale zoom (0-10%) excluding micelles and cyclodextrin
complex; the pH profile in the aqueous medium is represented by the grey line, (100% corresponds
to 0.1 mg/mL). Adapted from Brenner et al., 2023 [69]. Copyright 2023 American Chemical Society.

Table 18: Concentrations of dissolved curcuminoids (sum of curcumin, demethoxycurcumin and
bisdemethoxycurcumin; mean + SD) at the end of monophasic non-sink dissolution with pH shift
and biorelevant medium at 270 min (determined by HPLC).

Formulation Endpoint concentration [%]
Liposomes 3.2+05
Turmeric oils 22+10
Adjuvants 0.8+0.6
Native extract 2.1+0.6
Submicron particle 3.1+0.6
Phytosomes 48+2.0
Cyclodextrin 36.9+1.3
Micelles 433123

In contrast to monophasic non-sink dissolution, the pH shift dissolution with biorelevant
medium works with changing pH values in the medium during dissolution measurements.
A distinction can be made between a gastric stage lasting 30 minutes at pH 1, a subsequent
stage at pH 5.5 lasting 60 minutes (simulating the jejunum), and a final stage at pH 6.8

(simulating the ileum).
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During the gastric stage, the release of curcuminoids from various formulations, including
liposomes, extracts with adjuvants or turmeric oils, and phytosomes was found to be
below 0.5% (as shown in Figure 19B and Table 18). The addition of biorelevant surfactants
at 30 min led to an increase in concentration to 0.8% for the extract with adjuvants, while
the other formulations achieved about 2%. The use of a biorelevant medium led to higher
end concentrations in the dissolution medium when compared to monophasic non-sink
dissolution, even though only 50 mL of medium were used. The biorelevant surfactants
enabled maintaining higher concentrations of curcuminoids in the solution through
micellization, which particularly benefitted the non-solubility-enhanced formulations [98].
The concentration of dissolved curcuminoids remained stable from 30 - 270 min for the
native extract and adjuvants formulation. However, the dissolution of curcuminoids from
the liposomes and phytosomes steadily increased until the maximum of 3.1% and 4.8%
was achieved at the end of the dissolution test.

Only the submicron particles, cyclodextrin complex, and micelles displayed a noticeable
release of curcuminoids during the gastric stage (Table 19 A/B). Submicron particles
released up to 4.2% within 30 min, which subsequently increased to 7.2% after adding
biorelevant surfactants. However, the formulation could not stabilize curcuminoid
supersaturation, and gradual precipitation occurred, which led to a concentration of 3.2%
at the end of the dissolution test. The increase in dissolution rate might be attributed to
the increased specific surface area of the nanoparticles, resulting in a high degree of
supersaturation [95]. But a reduction in particle size without the addition of precipitation
inhibitors like polymers did not yield in a stabilization of dissolved curcuminoids in the
supersaturated solution [99]. Thus, the high degree of supersaturation caused
precipitation, resulting in a decrease in the concentration of curcuminoids to a level that
corresponds to their equilibrium solubility in biorelevant medium.

The cyclodextrin complex released 5.6% in the gastric stage, which subsequently increased
to 36.9%, and then remained constant until the end of the test at 270 min. The
combination of cyclodextrins and surfactants produced a remarkable synergistic effect,
which notably enhanced the solubility of curcuminoids beyond that of the pure
cyclodextrin complex. Chakravarthy et al. also noted a substantial improvement in the

dissolution rate of quercetin when it was prepared with cyclodextrins and Tween 80 [100].
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In comparison to the other formulations, the micelles showed a high degree of release
within the first 30 min (90.0%). Related to the high surfactant content of the formulation,
the addition of biorelevant medium had no influence on dissolution behavior. However,
like the submicron particles, the supersaturation of curcuminoids in solution could not be
sustained throughout the dissolution test, leading to precipitation [101]. Between
60 - 120 min, the dissolved amount decreased from 79.2% to 43.3%, until a plateau was

reached, and the concentration remained constant.

biorelevant biphasic dissolution (BiPHa+)
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Figure 20: Dissolved/partitioned amount of curcuminoids (sum of curcumin, demethoxycurcumin
and bisdemethoxycurcumin; mean + SD) during biorelevant biphasic dissolution (BiPHa+)
measurements, A) aqueous medium full y-scale, B) aqueous medium y-scale zoom (0-10%)
excluding micelles and cyclodextrin complex, C) 1-decanol layer full y-scale, D) 1-decanol layer
y-scale zoom (0-10%) excluding micelles and cyclodextrin complex; the pH profile in the aqueous
medium is represented by the grey line, (100% corresponds to 0.1 mg/mL). Adapted from Brenner
et al., [69]. Copyright 2023 American Chemical Society.
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Table 19: Concentrations of dissolved/ partitioned curcuminoids (sum of curcumin,
demethoxycurcumin and bisdemethoxycurcumin; mean + SD) in the aqueous medium and the
1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min (determined by
HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol
Liposomes 3.1+0.6 16+1.8
Turmeric oils 0.7+0.1 0.3+0.0
Adjuvants 0.6+0.0 09+1.0
Native extract 12+04 23+14
Submicron particle 49+1.3 5.2+0.2
Phytosomes 29104 6.3+£1.8
Cyclodextrin 6.8+1.2 21.3+5.1
Micelles 33.6+2.3 374128

The results of the biorelevant biphasic dissolution studies indicated that liposomes,
Curcuma extracts with turmeric oils or with adjuvants, and the native extract did not
release curcuminoids during the gastric stage (Figure 20 A/B and Table 19). However, after
adding biphasic dissolution adapted- fasted state simulated intestinal fluid-V2 (Bi-FaSSiF-
V2) surfactants at 30 min, a small proportion of curcuminoids, approximately 1-2%,
dissolved in the agueous phase. Despite the gradual increase in pH value to 6.8 during the
dissolution runs, no increase in the release rate was observed, and the released amount
remained at the same level throughout the entire dissolution run. Notably, the Curcuma
extracts with adjuvants and turmeric oils provided a curcuminoid dissolution of up to
0.7%, the native extract released 1.2%, and the liposomes delivered a release of 3.1%.
Similarly, as in the aqueous medium, no pH-dependent increase in partitioning rate could
be detected (Figure 20 C/D). The partitioned amount of curcuminoids in the 1-decanol
layer was low, with 0.3% for the turmeric oils formulation, 0.9% for the Curcuma extract
with adjuvants, and 1.6 - 2.3% for the liposomes and native extract, respectively.

During biphasic dissolution, it is necessary for the active ingredient to dissolve in the
aqueous medium first and then cross the aqueous-organic interface before accumulating
in the organic phase. As a result, formulations containing adjuvants, turmeric oils, and
liposomes did not perform differently from the native extract (see Table 19). In all of these

formulations, the quantity of dissolved curcuminoids in the agueous medium was
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insufficient for increased partitioning into the 1-decanol layer [52]. Denninger et al. (2021)
similarly observed limited partitioning into the organic phase for itraconazole due to low
itraconazole concentrations in the aqueous medium [53]. This may explain why
formulations targeting post-absorptive mechanisms, such as inhibiting phase Il enzymes
with adjuvants (e.g., piperine) [47,93] or intestinal membrane transporters (e.g., with
turmeric oils) [48], were not effective as these inhibitors would only impact curcumin that
had already been absorbed. However, due to poor dissolution, absorption was limited.
Although the aqueous dissolution profiles of the phytosomes and the liposomes were
comparable (approximately 3% release), the partitioning in the 1-decanol layer was much
more pronounced for the phytosomes, with 6.5% after 270 min. Furthermore, phytosomes
exhibited a 3.5-fold higher release than the native extract, but the concentration at the
endpoint of the dissolution test in the aqueous medium only increased by a factor of 2.
Curcuminoid-phospholipid complexes, which were known to form lipid-compatible
molecular complexes, may allow for higher drug partitioning into the 1-decanol layer than
neat curcuminoids of the same concentration [102,103]. While liposomes also consist
partially of phospholipids, namely soy lecithin, their dissolution performance in all three
investigated dissolution methods was worse than that of the phytosomes. It appears that
despite similar vesicles needing to form in situ, the extent of that formation was different.
During pH shift dissolution with a biorelevant medium, liposomes released 3%, whereas
phytosomes released nearly 5% (Table 18). This might be attributed to the superior in situ
formation of phytosome vesicles compared to liposomes.

In comparison to the aforementioned formulations, the submicron particles demonstrated
a gradual release of curcuminoids during the gastric stage, without a distinct increase
following the addition of surfactants. At the 39-minute mark, 6.0% of curcuminoids were
released in the agueous medium, which decreased to 5.2% after 270 min. After 270 min
5.2% of curcuminoids partitioned into the 1-decanol layer. Thus, submicron particle-based
formulations showed a slight improvement in dissolution, likely due to their increased
specific surface area (see section 3.3).

The cyclodextrin complex allowed for the dissolution of curcuminoids up to 5.3% during
the gastric stage. However, after the addition of Bi-FaSSIF-V2, there was a significant
increase to 33.0%, followed by a decrease to 6.8%. The decrease might partially be related

to precipitation of dissolved curcuminoids between 60 - 120 min, which then decreased

38



Comparison of biorelevant biphasic dissolution with monophasic dissolution approaches in terms of in vivo
relevant formulation characterization

in the subsequent time of the dissolution measurement. In addition, the aqueous
concentration was reduced by partitioning of active ingredient into the 1-decanol
absorption phase, until between 210 and 270 min, almost no further reduction in
concentration was detected. In the organic medium, a rapid partitioning of curcuminoids
was observed, which gradually decreased during the dissolution process. However, the
partitioned amount of 21.3% in the 1-decanol layer was higher than all other formulations
except for the micelles. The micellar formulation exhibited the highest dissolution rate,
with 82.4% of dissolved curcuminoids detected during the gastric stage, followed by a
decrease to 33.6%. Compared to all other formulations, the micelles released
curcuminoids quickly and almost entirely during the gastric stage, achieving the most
efficient partitioning in the 1-decanol layer of 37.4% (Figure 20 C/D).

The biorelevant biphasic dissolution studies revealed, that only curcumin micelles and
curcumin-cyclodextrin complexes demonstrated decisively improved dissolution in the
aqueous medium and improved partitioning into the 1-decanol layer (Table 19). This
findings were in agreement with the fact that both exhibit superior oral bioavailability in
humans too [41,45,104]. To enhance the bioavailability of poorly soluble compounds, self-
emulsifying drug delivery systems generated using surfactants or the formation of

cyclodextrin inclusion complexes were commonly used [96,97].

3.3.1. Analysis of relative and absolute curcuminoid distribution in the aqueous and
organic medium

Apart from focusing on differences in dissolution and partitioning behavior of
curcuminoids from various formulations, the curcuminoid distribution ratios were also
examined. At specific intervals throughout each dissolution measurement (30, 90, 120,
210, and 270 minutes), samples were collected, filtered through 0.22 um PTFE filters, and
directly introduced into the HPLC system (for experimental details refer to section 2.2.1.).
Overall, the ratios of CUR, DMC, and BDMC remained consistent throughout the
dissolution measurements, with no significant changes detected in the organic phase.
However, certain formulations exhibited a minor decrease in concentration of CUR in the
aqueous medium. The relative amounts of CUR, DMC, and BDMC in the aqueous medium
after biphasic dissolution measurements of all eight Curcuma formulations are shown in

Table 20 and Table 21.
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Table 20: 1. Relative amount (mean + SD) of curcumin (CUR), demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC) after 30, 90, 120, 210 and 270 min in the aqueous medium of
biorelevant biphasic dissolution (BiPHa+) (determined by HPLC). Adapted from Brenner et al., [69].
Copyright 2023 American Chemical Society.

Amount in the aqueous medium [%]

Time [min] Liposomes Turmeric oils Adjuvants Native extract
CUR 30 38.4+10.4 70.5+1.2 70.0+9.2 60.1+6.5
90 343+9.8 63.2+0.7 64.9+11.8 60.3+6.8
120 31.7+10.6 61.5+0.6 63.7+10.6 58.0+7.0
210 353+7.1 59.9+33 60.7 £ 8.6 56.7+7.2
270 32.8+8.4 574+4.6 62.8+£10.9 57.1+8.3
DMC 30 486+7.4 20.0+£0.2 22.6+6.8 29.7+4.6
90 51.9+7.0 21.2+0.5 229+6.1 29.2+1.7
120 53.9+7.2 21.9+0.8 21.6+3.5 30.0£1.5
210 51.4+4.6 245+1.5 22.1+4.0 319+1.1
270 53.2+5.1 25.7+1.6 22.2+5.1 3224222
BDMC 30 13.0+3.1 9.6+1.0 74124 10.2+2.6
90 13.7+2.8 15.6 £ 0.7 12.2+5.7 10.5+5.1
120 145+35 16.6+1.1 14.7+7.1 12.0+55
210 134+25 15.6 4.6 17.2+4.8 11.4+6.3
270 14.0+3.3 16.9+3.2 15.1+6.1 10.6+6.1

The relative distribution of the three curcuminoids in the 1-decanol layer is shown in
Table 22 and Table 23.

A comparison between Curcuma extracts with turmeric oils and adjuvants revealed that
both formulations had comparable profiles in the aqueous medium and the 1-decanol
layer. In the aqueous medium, the percentage of CUR detected was 70.0 - 70.5% at 30 min,
which decreased to 57.4 - 62.8% after 270 min. As a result, the DMC and BDMC fractions
increased (Table 20).
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Table 21: 2. Relative amount (mean + SD) of curcumin (CUR), demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC) after 30, 90, 120, 210 and 270 min in the aqueous medium of
biorelevant biphasic dissolution (BiPHa+) (determined by HPLC). Adapted from Brenner et al., [69].
Copyright 2023 American Chemical Society.

Amount in the aqueous medium [%]

Time [min] Submicron particle Phytosomes Cyclodextrin Micelles

CUR 30 86.9+0.8 46.2+7.6 71.4+23 69.0+1.0
90 87.8+1.3 42.2 +20.1 71.1+1.0 69.3+0.5

120 87.3+0.8 40.4+22.5 70.2+1.5 68.4+0.5

210 88.0+0.6 37.6+20.6 69.7+1.3 67.6+0.8

270 874+1.0 40.0+24.2 69.8+1.2 67.6+1.0

DMC 30 12.2+0.7 449+6.2 24.7+1.6 255+0.5
90 119+1.0 479+15.6 249+0.7 25.3+0.3

120 11.8+0.7 49.4+15.6 25.5+0.9 259+0.3

210 11.3+0.5 51.7+15.9 25.9+0.7 26.5+0.5

270 11.7+0.8 49.5+19.4 26.1+0.5 26.6+ 0.6

BDMC 30 0.9+0.1 89+15 3.9+0.6 5.5+0.5
90 0.8+0.3 9.9+45 4.0+0.3 54+0.2

120 0.9+0.1 10.2+5.1 43+0.6 5.6+0.2

210 0.7+0.1 10.8+4.7 4.4+0.6 59+0.3

270 0.9+0.2 10.5+4.8 4.1+0.7 59+04

In the 1-decanol layer, the turmeric oils and adjuvants formulation showed a stable ratio
of 71.4 - 69.8% and 74.1 - 72.5%, respectively (Table 22). However, the adjuvants
formulation exhibited higher variance. For the native extract, the CUR proportions were
60.1% at 30 min, reducing to 57.1% after 270 min in the aqueous medium and 69.4% at
90 min, reducing to 65.2% after 270 min in the 1-decanol layer. The liposomes and
phytosomes formulations exhibited a reduced CUR fraction in both media, especially when
compared to the undissolved formulations. Additionally, both formulations showed a
considerable variance concerning the CUR proportion, especially the phytosomes, which
subsequently affected the organic phase. The liposomes showed a CUR fraction of
60.5 - 58.3% in the organic medium, while the phytosomes showed relative amounts of

48.4 - 46.1%.
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Conversely, formulations with increased dissolution performance showed more stable
CUR fractions. For the micellar, cyclodextrin complex, and submicron particle
formulations, stable proportions of the three curcuminoids throughout the test were
determined. Focusing on the submicron particles, the study found an increased CUR
fraction of 86.9 - 87.4% in the aqueous medium and 85.4 - 85.8% in the 1-decanol layer,
which corresponded to the high CUR amount in the raw material. The micelles released
69.0 - 67.6% into the aqueous medium and 73.9 - 72.7% partitioned in the organic
medium, while the cyclodextrin-complex released 71.4 - 69.8% in the aqueous medium
and 73.7 - 71.7% partitioned in the 1-decanol layer, respectively (Table 21 and Table 23).
In general, a formulation-independent shift in the 1-decanol layer towards a higher
proportion of CUR with a simultaneous reduction in the proportion of other curcuminoids

was observed.

Table 22: 1. Relative amount (mean + SD) of curcumin (CUR), demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC) after 90, 120, 210 and 270 min in the 1-decanol layer of
biorelevant biphasic dissolution (BiPHa+) (determined by HPLC). Adapted from Brenner et al., [69].
Copyright 2023 American Chemical Society.

Amount in the 1-decanol layer [%]

Time [min] Liposomes Turmeric oils Adjuvants Native extract
CUR 90 60.5 + 20.2 71.4+49 74.1+8.1 69.4+3.2
120 58.2+20.5 709+5.1 729495 68.3+4.6
210 57.6+20.4 69.3+5.9 72.0+10.0 65.7+5.9
270 58.3+18.8 69.8+4.9 72.5+10.0 65.2+ 6.6
DMC 90 33.0+15.3 19.5+0.4 18.3+4.2 25.1+1.2
120 34.2+15.5 19.7+£0.2 19.5+5.6 26.1+25
210 34.1+15.6 19.9+0.3 18.9+5.2 27.8+2.6
270 35.2+14.3 20.5+0.6 18.9+5.2 27.9%2.9
BDMC 90 6.5+4.9 9.1+4.8 7.6+39 55120
120 7.6+49 9.4+51 7.6+3.9 55+3.1
210 8.3+4.38 10.8+5.6 9.1+4.9 6.5+3.3
270 6.5+4.5 9.7+4.4 8.6+54 6.9+14
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Table 23: 2. Relative amount (mean + SD) of curcumin (CUR), demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC) after 90, 120, 210 and 270 min in the 1-decanol layer of
biorelevant biphasic dissolution (BiPHa+) (determined by HPLC). Adapted from Brenner et al., [69].
Copyright 2023 American Chemical Society.

Amount in the 1-decanol layer [%]

Time [min] Submicron particle Phytosomes Cyclodextrin Micelles
CUR 90 85.4+ 0.6 48.4+17.8 73.7+0.5 73.9+1.0
120 85.3+0.5 47.0+16.6 73.8+0.5 73.1+1.1
210 85.5+0.2 45.6 +20.2 71.9+0.5 720+1.1
270 85.8+0.1 46.1+19.8 71.7+0.6 72.7+1.2
DMC 90 13.6+0.5 443 +14.7 23.1+04 22.2+0.7
120 13.7+0.4 45.4+13.8 229+04 22.7+0.8
210 13.6+0.1 46.7 £ 16.7 242 +0.4 23.5+0.7
270 13.4+0.1 46.0+16.3 240+0.4 22.7+0.7
BDMC 90 1.0+0.2 7.3+3.1 3.2+0.1 3.9+0.3
120 1.0+0.1 76129 3.31+0.1 4.2+0.3
210 0.9+0.1 7.7+35 39+0.1 45403
270 0.8+0.0 7.9+35 43+01 46+0.3
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3.3.2. Determination of the in vivo relevance of each dissolution method based on the
establishment of in vitro — in vivo relationships

Generally, a dissolution method should not only be able to distinguish between various
formulations and yield different dissolution rates for them, but the dissolution profiles
should also be predictive towards the actual absorption kinetic in vivo and the expectable
bioavailability in humans.

To accurately assess the predictive value of the three different dissolution methods
presented in section 3.3 towards the bioavailability observed in vivo, in vitro - in vivo
relationships were computed. Figure 21 showcases the results. Unfortunately, due to a
lack of intravenous reference data, it was not possible to subtract the in vivo fractions
absorbed from the oral plasma concentration-time curves. As a substitute, the CUR
AUCo.24n in vivo determined by Flory et al. [41] was used to estimate relative in vivo
absorption and correlated with the CUR concentrations (determined through HPLC) at the
end of the various dissolution tests. The correlation coefficient r?> was used to assess
linearity.

Focusing on biphasic measurements, with a particular emphasis on the organic absorption
sink, a high degree of linearity as indicated by an r? value of one (1.00) was revealed
(Figure 21A). The liposomes, the native extract, and formulations containing adjuvants or
turmeric oils exhibited only minor partitioning rates into the 1-decanol layer and thus
concentrations at the end of the dissolution test remained low (0.3 — 2.3%). The
partitioned fraction of the submicron particles and phytosomes was higher (5.2%, 6.3%,
respectively), with the cyclodextrin complex (21.3%) and the micelles (37.4%) showing the
highest partitioned amount. The submicron particles and phytosomes could be
differentiated from the four least-performing formulations based on their partitioned
fraction. The BiPHa+ method facilitated a clear differentiation between the micelles and
the cyclodextrin complex, enabling an accurate ranking of the formulations in the order of
their bioavailability observed in humans.

However, compared to the biphasic data, the pH shift dissolution method with biorelevant
medium had a lower r? value (0.92). The method underestimated the bioavailability of the
submicron particles. According to their dissolution performance (3.1%), no differentiation

could be made against the liposomes (3.2%) (Figure 21B). Moreover, the phytosomes
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dissolution performance (4.8%) was worse than expected based on the pharmacokinetic
data. However, the difference between the dissolution data and the human
pharmacokinetic data was most evident for the two formulations with significantly
improved bioavailability [41]. The amount released from the cyclodextrin complex (36.9%)
was much higher, i.e., overestimated, compared to the micelles (43.3%). The pH-shift
dissolution method with biorelevant medium was able to rank the formulations mostly
correctly; however, it was not able to accurately display the bioavailability differences.
Regarding the r? value, the monophasic non-sink dissolution method performed the worst
(0.89) (Figure 21C). Although the AUCo-24n in vivo Of the phytosomes exceeded that of the
submicron particles, the release at the endpoint of the dissolution test of the submicron
particles was higher. However, the difference between the cyclodextrin complex (17.3%)
and the micelles (92.4%) could not be accurately portrayed. Therefore, an accurate
assessment of the bioavailability differences was not possible.

By utilizing both, an aqueous non-sink dissolution in combination with an organic
absorption sink, a precise assessment of the differences in bioavailability among various
formulations could be achieved. Frank et al. (2014) discovered that a monophasic non-sink
dissolution process was able to differentiate between four dipyridamole formulations.
However, a biphasic approach was necessary to generate biorelevant dissolution profiles
[89]. Solubilization techniques such as micellization or complexation with cyclodextrins
may compromise solubility enhancement by reducing transepithelial permeability
[82,105]. A characterization based solely on water solubility proved to be less accurate, as
indicated by the reduced degree of linearity in established Level C in vitro - in vivo
relationships for the pH shift dissolution with biorelevant medium, and the monophasic,
non-sink dissolution. The combination of agueous non-sink dissolution with a biorelevant
medium and an organic sink compartment provided an accurate estimation of
bioavailability differences among various CUR formulations. The BiPHa+ was equally
predictive regardless of the tested formulation principle and could be a valuable

contribution in preclinical formulation development.
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Figure 21: In vitro-in vivo relationships between the AUCq.24h in vivo [41] (mean = SD) and the
dissolved/partitioned amount of curcumin (mean * SD, determined by HPLC) at the end of the
dissolution test, A1) biorelevant biphasic dissolution (BiPHa+), 270 min runtime, full y-scale,
A2) biorelevant biphasic dissolution (BiPHa+) y-scale zoom (0-10%) excluding micelles and
cyclodextrin complex, B1) pH shift dissolution with biorelevant medium, 270 min runtime, full
y-scale, B2) pH shift dissolution y-scale zoom (0-10%) excluding micelles and cyclodextrin complex,
C1) monophasic non-sink dissolution (pH 6.8), 180 min runtime, full y-scale, C2) non-sink
dissolution y-scale zoom (0-10%) excluding micelles and cyclodextrin complex. Adapted from
Brenner et al., 2023 [69]. Copyright 2023 American Chemical Society.
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3.4. Dissolution results obtained for the trans-resveratrol formulations

Parts of this chapter have been published in a peer-reviewed research article [66]. Each
figure and table were created by the thesis author. Taking or adapting of figures or tables
is indicated in the corresponding position.

Similar to the results presented in section 3.3, the influence of different dissolution
methods on formulation characterization was investigated, this time using four different
trans-resveratrol formulations (refer to section 2.2.2). The same three dissolution devices
as previously mentioned were used, namely a conventional paddle system (apparatus 2,
USP, and PhEur) with 900 mL phosphate buffer pH 6.8 (monophasic dissolution; Figure 22),
a monophasic (non-sink) dissolution model with biorelevant medium and pH shift (pH shift
dissolution with biorelevant medium; Figure 23), and a biorelevant biphasic dissolution
system (BiPHa+; Figure 24). The latter two systems each used 50 mL of biorelevant
aqueous medium. In contrast to the Curcuma formulations, however, the dose was set to
an amount of equivalent to 10 mg resveratrol, as its solubility in 1-decanol was not limited
(refer to section 2.3).

For consistency, the y-axes were scaled to 100%. Since some formulations only dissolved
small amounts, the resveratrol concentrations achieved by each formulation at the end of

the dissolution experiment were also presented in Table 24 - Table 26.
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Figure 22: Dissolved amount of trans-resveratrol (mean + SD) during monophasic dissolution; the
pH profile in the aqueous medium is represented by the grey line, (100% corresponds to
0.01 mg/mL). Adapted from Brenner et al., 2024 [66].
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Table 24: Concentrations of dissolved trans-resveratrol (mean + SD) at the end of monophasic
dissolution at 180 min (determined by HPLC).

Formulation Endpoint concentration [%]
Native extract 4603
Micelles 96.6 1.3
Resveratrol 99.5+34
Water dispersible (WD) Resveratrol 90.3+4.4

As mentioned above, during monophasic dissolution measurements, each vessel
contained a solvent volume of 900 mL phosphate buffer pH 6.8, while the dose per vessel
remained constant at 10 mg resveratrol. This resulted in a maximum possible resveratrol
concentration of 0.01 mg/mL. According to this low maximum concentration of
resveratrol, sink conditions were present (refer to section 2.3).

Corresponding to this large solvent volume, resveratrol and the self-emulsifying micellar
formulation (micelles) achieved complete resveratrol dissolution within the first 30 min
(illustrated in Figure 22 and Table 24). Water dispersible (WD) resveratrol, on the contrary,
was able to release over 90% of resveratrol within 60 min. At the end of the dissolution
experiment at 180 minutes, the resveratrol concentrations of all three formulations were
comparable (resveratrol: 98.1%; WD resveratrol: 91.6%; micelles: 96.6%). However, the
native extract differed from the other formulations, releasing only 4.6% of resveratrol.
Likely attributed to the swelling of matrix components in the presence of water, resveratrol
dissolution was hindered. Limited by the hydrodynamics present in the dissolution vessel,
the matrix components could not be brought into solution. As a consequence, the inflow
of fresh dissolution medium was restricted, leading to an increased concentration of
resveratrol in the local area. This caused a lower tendency for further dissolution of
resveratrol from the powder reservoir. [106]. Thus, the increased volume of the dissolution
medium could not affect the dissolution of resveratrol from this formulation.

Applying large solvent volumes, while maintaining the dose of active substance low
(i.e., sink conditions) was not beneficial and the formulations could not be distinguished,

although different formulation principles were investigated.

48



Comparison of biorelevant biphasic dissolution with monophasic dissolution approaches in terms of in vivo
relevant formulation characterization

pH shift dissolution with biorelevant medium

100 8
90
o' 804
.é. 704 - 6 —-e— Resveratrol
S 604 -8 WD Resveratrol
© 507 -4 pH - Micelles
O 40 |
% 30 goEeeese58SBEEEE08EEE0E0EEE —— Native extract
& 20 [g8 2
1094 [
Qi pp s e e e N s e e e e e e e e e e e e 0
0 30 60 90 120 150 180 210 240 270

Time [min]

Figure 23: Dissolved amount of trans-resveratrol (mean + SD) during monophasic non-sink
dissolution with pH shift and biorelevant medium; the pH profile in the aqueous medium is

represented by the grey line, (100% corresponds to 0.2 mg/mL). Adapted from Brenner et al., 2024
[66].

Table 25: Concentrations of dissolved trans-resveratrol (mean + SD) at the end of monophasic
non-sink dissolution with pH shift and biorelevant medium at 270 min (determined by HPLC).

Formulation Endpoint concentration [%]
Native extract 4.6+0.5
Micelles 85.3%2.2
Resveratrol 27.5+0.7
Water dispersible (WD) resveratrol 29.7+0.5

Despite the presence of biorelevant surfactants, attributed to the reduced volume of
dissolution medium (50.0 mL), non-sink dissolution conditions were present during pH
shift dissolution with biorelevant medium.

The dissolution studies revealed, that the unformulated native extract did not release any
resveratrol during the first 30 min of the dissolution test (Figure 23). However, the addition
of biorelevant surfactants increased the concentration to 4.6%, which remained constant
for the duration of the dissolution measurement. Comparable with the monophasic
dissolution (apparatus 2, USP, and PhEur) results, swelling of matrix components (e.g.,
resveratrol oligomers [40]) limited the inflow of fresh medium and thus restricted the
dissolution of resveratrol from the extract [106].

By contrast, resveratrol and WD resveratrol formulations reached concentrations of

15 - 20% in the first 30 min, with a distinct increase to nearly 30% through the addition of
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Bi-FaSSIF-V2 surfactants. This concentration was equivalent to the equilibrium solubility
of resveratrol in the biorelevant medium (see section 2.3). As a result, there was no further
increase in concentration of resveratrol, and a plateau was formed. Both formulations
reached comparable release of 27.5% and 29.7%, respectively, and were indistinguishable
based on this dissolution method (Table 25).

Only the self-emulsifying micellar formulation achieved an extensive release of resveratrol
(78.7%) during the first 30 min, even without the addition of biorelevant surfactants. This
was due to the formulation already containing significant amounts of surfactant [40].
Despite being higher than the equilibrium solubility of resveratrol in biorelevant medium,
the concentration remained stable at 85.3% until the end of the dissolution test. The
micelles were able to stabilize resveratrol in the supersaturated state without any
precipitation.

By limiting the volume of dissolution medium while providing solubility limited non-sink
dissolution conditions, the resveratrol micelles could be differentiated from the other

formulations. However, resveratrol and WD resveratrol remained indistinguishable.
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Figure 24: Dissolved/partitioned amount of trans-resveratrol (mean + SD) during biorelevant
biphasic dissolution (BiPHa+) measurements; A) aqueous medium, B) 1-decanol layer; the pH
profile in the aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).
Adapted from Brenner et al., 2024 [66].
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Table 26: Concentrations of dissolved/ partitioned trans-resveratrol (mean % SD) in the aqueous
medium and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min
(determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol
Native extract 1.7+0.3 6.1+25
Micelles 543126 33.5t24
Resveratrol 3204 54.6 +4.7
Water dispersible (WD) resveratrol 30+x1.1 73.8+3.1

Results revealed that the native extract released 1.0 % resveratrol during the gastric phase
of biphasic dissolution (Figure 24A). Subsequent to the addition of Bi-FaSSIF-V2 at 30 min,
the concentration increased to 2.9%, followed by a decrease to approximately 1.7% in the
progress of the dissolution measurement. Resveratrol and WD resveratrol formulations
showed comparable dissolution profiles in the aqueous medium. During the gastric stage,
resveratrol released 6.8% and for WD resveratrol a release of 7.2% was detected. After the
addition of surfactant, the concentration increased to 12 - 13%, followed by a gradual
decrease to 3.2% and 3.0%, respectively. The highest dissolution was observed for the
micellar formulation of the native extract, which exhibited 85.0% dissolution during the
first 30 min. No influence of surfactant addition was detected. Subsequently, the
concentration gradually decreased to 54.3% (Table 26). Similar to the previously described
monophasic dissolution methods, the micellar formulation formed an emulsion in situ and
resveratrol was trapped in the micelles and thus kept in solution [107].

After 30 min the aqueous medium was covered with 50.0 mL 1-decanol to simulate
intestinal absorption. The organic layer acted as an artificial sink, and dissolved resveratrol
was removed from the water phase. Consequently, the dissolution profiles in the aqueous
phase showed a gradual reduction in concentration for all formulations (Figure 24B).
However, due to the declining concentration in the aqueous phase and the resulting
reduced pull into the 1-decanol phase, the partitioning rate into the organic layer
continuously decreased, reaching the maximum concentration at 270 min.

Comparable to the dissolution of resveratrol in the aqueous medium, it was found that

the native extract had the lowest partitioning rate and a concentration of 6.1% was
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measured after 270 min. Typically, in biphasic dissolution experiments, the active
ingredient is first dissolved in an aqueous medium and then crosses the agqueous-organic
interface, finally accumulating in the organic phase. If the aqueous concentration
generated by the formulation is to low, reduced partitioning into the organic absorption
phase will occur [52].

For the micellar formulation the decisively increased water solubility of resveratrol, even
under non-sink conditions, partially led to an increased partitioning rate and 33.5%
resveratrol were detected in the 1-decanol layer after 270 min.

While the WD resveratrol and resveratrol formulations had reduced water solubility
compared to micelles, they exhibited a higher partitioning rate into the organic phase,
with 73.8% and 54.6% of the applied doses detected in the 1-decanol layer after 270 min,
respectively. This may seem contradictory at first, but depending on the stability and
lipophilicity of the surfactants used, micellar inclusion complexes may hinder partitioning
into the organic phase. If stable complexes were formed, the active ingredient can at least
partially be retained in the agueous medium, as the amount of free active ingredient in
the solution decreases, and only free active ingredient is available for partitioning into the
organic layer [85,103].

Active ingredient which was released by the resveratrol or WD resveratrol formulations
dissolved in the aqueous phase without forming inclusion complexes and was therefore
directly available for partitioning into the organic phase. While association with the
biorelevant surfactants lecithin and taurocholate might be possible, the micelles formed

were not stable enough to hinder the transition into the organic phase.
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3.4.1. Assessment the in vivo relevance of each dissolution method based on
comparison with human pharmacokinetic data
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Figure 25: Comparison of in vitro dissolution results of trans-resveratrol (mean + SD) with the
AUCo.24n in vivo Values [40,44], A) biorelevant biphasic dissolution (BiPHa+), 270 min runtime, organic
layer, B) monophasic non-sink dissolution with pH shift and biorelevant medium, 270 min runtime,
C) monophasic dissolution (pH 6.8), 180 min runtime. Adapted from Brenner et al., 2024 [66].

To compare the predictive value of the three different investigated dissolution methods
(Figure 22 - Figure 24), consideration of pharmacokinetic data from strictly controlled
human trials is essential. As there is a lack of intravenous (i.v.) reference data, the area
under the curve (AUC) has been used as a surrogate for relative in vivo absorption and
compared with in vitro dissolution results. In the case of resveratrol, data from two

pharmacokinetic trials were available, each comparing two different formulations [40,44].

The biphasic dissolution assay accurately reproduced the 5.0-fold increase in AUC
observed in the comparison of the native extract and the micelles by Calvo-Castro et al.
(2018), revealing a 5.5-fold superiority of the micelles (Figure 25A). However, both the
monophasic non-sink dissolution with pH shift and biorelevant medium and the
monophasic dissolution overestimated the performance of the micelles and failed to
predict the in vivo results correctly.

SEDDS are known to enhance the bioavailability of poorly soluble natural compounds
[40,41,43,45]. However, the improvement in water solubility often does not correspond

to an equally high increase in bioavailability. Otherwise, any self-emulsifying system that
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enables dissolving of the applied dose completely in a glass of water (250 mL) would have
to be 100% bioavailable.

The relative bioavailability of resveratrol and water dispersible (WD) resveratrol was
studied by Briskey and Rao (2020), determining a 2-fold superiority of the WD resveratrol
formulation. Our study revealed a 1.4-fold increase in the partitioned amount of WD
resveratrol in biphasic dissolution, and thus, the results corresponded quantitatively to the
results of Briskey and Rao [44]. The other investigated dissolution methods either failed
to differentiate between both formulations (Figure 25B) or revealed a superiority of the
resveratrol formulation (Figure 25C). This suggests that relying only on water solubility for
formulation characterization is inadequate, and an organic absorption sink should be
included to achieve a meaningful formulation characterization.

These findings align with Frank et al. (2014), who reported that a biphasic approach is
required for generating biorelevant partitioning profiles, while monophasic non-sink
dissolution could only differentiate qualitatively between the dipyridamole formulations
investigated [89].

In addition to comparing formulations within studies, the results of two separate
pharmacokinetic studies were linked. Resveratrol and WD resveratrol studied by Briskey
and Rao showed higher AUCs, when compared to the native extract and the corresponding
micellar formulation. However, these results could only be reproduced by biphasic
dissolution measurements (Figure 25A). In contrast, the monophasic non-sink dissolution
method with pH shift and biorelevant medium underestimated the performance of
resveratrol and WD resveratrol, while overestimating the performance of the micelles
(Figure 25B). Lastly, related to the large volume of dissolution medium used, monophasic
dissolution failed to differentiate between three of the four investigated formulations,
namely the micelles, resveratrol, and water dispersible resveratrol (Figure 25C) and

proofed to be inadequate for formulation characterization.
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3.5. Dissolution results obtained for the coenzyme Q10 formulations

Parts of this chapter have been published in a peer-reviewed research article [66]. Each
figure and table were created by the thesis author. Taking or adapting of figures or tables
is indicated in the corresponding position.

For consistency, the y-axes were scaled to 100%. Since some formulations only dissolved
small amounts, the CoQ10 concentrations achieved by each formulation at the end of the
dissolution experiment were also presented in Table 27 - Table 29. In the case of
monophasic non-sink dissolution (Figure 26) and monophasic non-sink dissolution with
pH shift and biorelevant medium (Figure 27), a y-scale zoom 0 - 10% is additionally shown
in order to display the dissolution results obtained for the not water-solubility optimized

formulations.
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Figure 26: Dissolved amount of coenzyme Q10 (mean * SD) during monophasic non-sink
dissolution, A) full y-scale, B) y-scale zoom (0-10%) excluding micelles; the pH profile in the
aqueous medium is represented by the grey line, (100% corresponds to 0.01 mg/mL).

Table 27: Concentrations of dissolved coenzyme Q10 (mean * SD) at the end of monophasic
non-sink dissolution at 180 min (determined by HPLC).

Formulation Endpoint concentration [%]
Coenzyme Q10 1.4+0.2
Micelles 924+15
Oily dispersion 0.7+0.1
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Despite using a large volume of 900 mL phosphate buffer, while maintaining the dose per
vessel at 10 mg active ingredient, the pH independent low solubility of CoQ10 in water
resulted in non-sink conditions being present during monophasic dissolution (apparatus
2, USP, and PhEur) measurements.

Consequently, the release of CoQl1l0 from the oily dispersion formulation and the
unformulated compound were limited and concentrations of 0.7 - 1.4% were measured
(Figure 26 and Table 27). Since the oily dispersion formulation aimed to increase CoQ10
bioavailability through absorption in combination with dietary fats via the lymphatic
pathway, the formulation has not been optimized for water solubility [43]. Accordingly, a
concentration at the end of the dissolution test, that does not differ significantly from that
of unformulated CoQ10 has to be expected.

In contrast, the self-emulsifying micellar formulation dissolves CoQ10 quickly and
guantitative. By incorporating the highly hydrophobic CoQ10 together with lipids in a
micellar inclusion complex, almost 100% release was achieved within 30 min. The
formulation stabilized the high concentration in the aqueous medium until the end of the

dissolution test, and no precipitation occurred.
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Figure 27: Dissolved amount of coenzyme Q10 (mean * SD) during monophasic non-sink
dissolution with pH shift and biorelevant medium, A) full y-scale, B) y-scale zoom (0-10%) excluding
micelles; the pH profile in the aqueous medium is represented by the grey line, (100% corresponds
to 0.2 mg/mL). Adapted from Brenner et al., 2024 [66].
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Table 28: Concentrations of dissolved coenzyme Q10 (mean % SD) at the end of monophasic
non-sink dissolution with pH shift and biorelevant medium at 270 min (determined by HPLC).

Formulation Endpoint concentration [%]
Coenzyme Q10 0.7+0.1
Micelles 73.1+£35
Oily dispersion 0.3+0.0

Comparable to the monophasic non-sink dissolution (apparatus 2, USP, and PhEur) results,
unformulated CoQ10 and the oily dispersion formulation reached only deficient CoQ10
concentrations in the agueous medium during monophasic non-sink dissolution with pH
shift and a biorelevant medium (Figure 27). After the addition of biorelevant surfactants
at the 30-minute mark, a slight increase in the CoQ10 concentration was detected for both
formulations. However, the oily dispersion formulation only achieved 0.3% release after
270 min, while the unformulated CoQ10 achieved 0.7% release. Even though surfactants
were added to the dissolution medium, due to its reduced volume compared to the
monophasic non-sink dissolution, CoQ10 concentrations remained even lower.

The micelles achieved approx. 70% release after 45 min, further dissolution was not
achieved. After 270 min, a CoQ10 concentration of 73.1% was reached (Table 28).

Precipitation of already dissolved active ingredients was not observed.
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Figure 28: Dissolved/partitioned amount of coenzyme Q10 (mean * SD) during biorelevant
biphasic dissolution (BiPHa+) measurements; A) aqueous medium, B) 1-decanol layer; the pH
profile in the aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).
Adapted from Brenner et al., 2024 [66].
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Table 29: Concentrations of dissolved/ partitioned coenzyme Q10 (mean * SD) in the aqueous
medium and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min
(determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol
Coenzyme Q10 20+0.3 1.5+0.2
Micelles 60.0+£3.2 3.6+0.6
QOily dispersion 0.4+0.1 4013

Comparable to the self-emulsifying formulations of CUR and resveratrol, the CoQ10
micelles released the highest amount during biorelevant biphasic dissolution, as depicted
in Figure 28. In the first 30 min, up to 70% of CoQ10 was released, which then decreased
to 60.0%. This decline may have resulted from the transfer of CoQ10 into the organic
absorption sink.

In contrast, neat CoQ10 and the oily dispersion showed reduced water solubility. During
the gastric stage (first 30 min), less than 1% release was detected, increasing to 1.2% for
the oily dispersion and 4.3% for neat CoQ10, respectively. At the end of the dissolution
test, the concentration of neat CoQ10 in the aqueous medium decreased to 2.1%, which
corresponds to the equilibrium solubility in Bi-FaSSIF-V2 (refer to section 2.3).

According to the results presented in Figure 28B and Table 29, the partitioned amount of
CoQ10 in the 1-decanol layer was 1.5% for neat CoQ10, 4.0% for the oily dispersion, and
3.6% for the micelles, respectively. While the micelles had significantly higher water
solubility (20 times), the partitioned amount of CoQ10 only increased by a factor of 2.4.
This was likely attributed to the in situ formation of stable micellar inclusion complexes,
which restricted the amount of free active ingredient available for partitioning into the
organic layer [90,108].

Conversely, the oily dispersion showed reduced water solubility, but experienced a higher
partitioning rate into the organic medium. This could be explained by their lipophilic
matrix, including the dissolved/suspended CoQ10 fraction, being capable of directly
partitioning into the organic layer, since the oil components exhibited a high 1-decanol
solubility. When bile salts emulsify tiny droplets of the formulation, these droplets could

directly pass into the organic phase. This improved the partitioning rate, even though the
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actual CoQ10 concentration in the aqueous medium remained low [109]. Thus, the BiPHa+
was also able to simulate increased absorption of lipophilic compounds via the lymphatic
pathway. However, only a small fraction of the formulation gets emulsified in situ, which
limits the total CoQ10 amount available for transfer into the organic phase and after
270 min of dissolution, only a concentration of 4.1% CoQ10 was detected in the 1-decanol

layer.

3.5.1. Determination of the in vivo relevance of each dissolution method based on the
establishment of in vitro — in vivo relationships
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Figure 29: In vitro-in vivo relationship between the AUCo.24n in vivo [43] (mean + SD) and the
dissolved/partitioned amount of coenzyme Q10 (mean * SD) at the end of the dissolution test,
A) biorelevant biphasic dissolution (BiPHa+), 270 min runtime, organic layer, B) monophasic
non-sink dissolution with pH shift and biorelevant medium, 270 min runtime, C) monophasic
non-sink dissolution (pH 6.8), 180 min runtime. Partially adapted from Brenner et al., 2024 [66].

To compare the predictive value of the three different dissolution methods investigated
(Figure 26 - Figure 28), it is crucial to consider pharmacokinetic data from strictly
controlled human trails. Since there was no iwv. reference data available, the
AUCo - 12h in vivo has been utilized as an alternative for quantification of relative in vivo

absorption and compared with in vitro dissolution results. /In vitro — in vivo relationships
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for CoQ10 were established, using the correlation coefficient r*> for determination of
linearity.

The study conducted by Schulz et al. in 2006 has been used to obtain human
pharmacokinetic data of different CoQ10 formulations for reference [43].

The biphasic dissolution results revealed a linear relationship between the AUCo-12h in vivo
and the concentration measured in the 1-decanol layer at the end of dissolution
measurements. Based on this relationship, all three formulations were ranked according
to their expected bioavailability in humans and their differences in bioavailability were
accurately reproduced (as shown in Figure 29A). Thus, the correlation coefficient r? was
calculated to be 0.99 for the in vitro — in vivo relationship.

However, in the case of monophasic non-sink dissolution with pH shift and a biorelevant
medium, the concentration values at the end of dissolution measurements did not
correlate with the AUCo.12n in vivo Values. The correlation coefficient in this case was found
to be low (r?> = 0.05) (as shown in Figure 29B). The micelles were overestimated and the
oily dispersion and neat CoQ10 were indistinguishable.

The results of the monophasic non-sink dissolution studies showed a similar outcome
(Figure 29C). The efficacy of the micellar formulation in improving the bioavailability of
CoQ10 was considerably overestimated, while differentiating between the unformulated
CoQ10 and the oily dispersion formulation was impossible. Unfortunately, the differences
in bioavailability among the various formulations could not be accurately measured
neither quantitatively nor qualitatively.

As a result, only biphasic dissolution was able to evaluate the bioavailability differences of
the formulations. Both monophasic dissolution approaches failed in generating in vivo

relevant data.
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3.6. Dissolution results obtained for the quercetin formulations

Parts of this chapter have been published in a peer-reviewed research article [66]. Each
figure and table were created by the thesis author. Taking or adapting of figures or tables
is indicated in the corresponding position.

For consistency, the y-axes were scaled to 100%. Since some formulations only dissolved
small amounts, the quercetin concentrations achieved by each formulation at the end of
the dissolution experiment were also presented in Table 30 - Table 32. The dissolution
results obtained for monophasic dissolution, monophasic non-sink dissolution with pH

shift and a biorelevant medium and biorelevant biphasic dissolution are shown in

Figure 30 - Figure 32.

monophasic dissolution
100 8

—o— Quercetin
—= Phytosomes

Quercetin [%]

0 30 60 90 120 150 180
Time [min]

Figure 30: Dissolved amount of quercetin (mean + SD) during monophasic dissolution; the pH
profile in the aqueous medium is represented by the grey line, (100% corresponds to 0.01 mg/mL).
Adapted from Brenner et al., 2024 [66].

Table 30: Concentrations of dissolved quercetin (mean % SD) at the end of monophasic dissolution
at 180 min (determined by HPLC).

Formulation Endpoint concentration [%]
Quercetin 37.1+7.8
Phytosomes 24775

During monophasic dissolution measurements, it was found that neat quercetin dissolved

at a faster rate and to a higher extent than the phytosomes, when 900 ml of phosphate
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buffer at pH 6.8 (1.8x sink) were used as dissolution medium (Figure 30). Neat quercetin
dissolution was measured as 37.1% after 60 min, followed by a plateau formation until the
end of the 180-min dissolution test. Attributed to the increased solvent volume, no
precipitation occurred. Conversely, the phytosomes showed a continuous increase in
concentration over time, reaching a maximum concentration of 24.7% at 180 min
(Table 30). The decreased dissolution speed of the phytosomes could be attributed to their
larger particle size. Neat quercetin was in the form of fine powder, whereas the
phytosomes were manufactured in the form of granules. Larger particles have less surface
area available for interaction with the solvent, when compared to smaller particles of the
same mass. As a result, lower dissolution rates were achieved. Neuwith et al. (2023)
discovered a linear relationship between the total outer surface area (TOPS) and the
dissolution rate of amorphous solid dispersions (ASD) produced by spray drying or pellet
coating. The smaller the particle size, the larger was the TOPS and the higher was the

dissolution rate of the model drugs ketoconazole and loratadine [110].
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Figure 31: Dissolved amount of quercetin (mean * SD) during monophasic non-sink dissolution
with pH shift and biorelevant medium; the pH profile in the aqueous medium is represented by
the grey line, (100% corresponds to 0.2 mg/mL). Adapted from Brenner et al., 2024 [66].

Table 31: Concentrations of dissolved quercetin (mean % SD) at the end of monophasic non-sink
dissolution with pH shift and biorelevant medium at 270 min (determined by HPLC).

Formulation Endpoint concentration [%]
Quercetin 42+0.9
Phytosomes 12.2+2.2
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During monophasic non-sink dissolution with a pH shift and biorelevant medium, the
amount of quercetin released from the phytosomes steadily increased until the end of the
dissolution test, resulting in a maximum dissolved amount of 12.2% at 270 min (Figure 31
and Table 31). As the formulation contains phospholipids that act as emulsifiers and form
qguercetin inclusion complexes, no effect of Bi-FaSSIF-V2 addition was observed [46].
However, neat quercetin displayed a strong dependence on surfactant concentration. At
the 30-minute mark of dissolution, only 3.0 % of quercetin was released, with an increase
to 6.8% after Bi-FaSSIF-V2 addition. Afterwards, due to quercetin precipitation, the
concentration decreased to 4.2%.

In @ manner similar to monophasic dissolution, the unformulated quercetin exhibited a
faster initial dissolution rate owing to its smaller particle size. Nevertheless, the limited
solvent volume of 50.0 mL and the low solubility of quercetin in biorelevant medium
prevented further dissolution beyond the 10% mark. However, the phytosomes proved to
be effective in enhancing the solubility of quercetin, enabling it to dissolve continuously
without precipitation. Phytosomal inclusion complexes have already demonstrated their
ability to increase bioavailability and dissolution rate of various phytoconstituents via

in situ formation of drug delivery vehicles [46,111,112].
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Figure 32: Dissolved/partitioned amount of quercetin (mean * SD) during biorelevant biphasic
dissolution (BiPHa+) measurements; A) aqueous medium, B) 1-decanol layer; the pH profile in the
aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL). Adapted from
Brenner et al., 2024 [66].
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Table 32: Concentrations of dissolved/ partitioned quercetin (mean + SD) in the aqueous medium
and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min
(determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol

Quercetin 1.8+0.6 19+13

Phytosomes 25+1.3 89122

The biorelevant biphasic dissolution measurements, found that both neat quercetin and
the phytosomes released less than 3% in the first 30 min. However, the addition of
Bi-FaSSIF-V2 resulted in an increase in concentration to 4.6% and 2.5%, respectively, as
depicted in Figure 32A. Throughout the test, the amount of quercetin dissolved by the
phytosomes remained constant, while for neat quercetin the concentration reduced to
1.8% due to partitioning into the organic layer (Table 32). Nevertheless, the concentration
of quercetin in the aqueous medium was too low to facilitate higher partitioning of
guercetin in the artificial 1-decanol absorption compartment (refer to section 3.3).
Despite comparable concentrations in the agueous medium, the phytosomes experienced
continuous partitioning into the 1-decanol layer, resulting in a concentration of 8.9% at
the dissolution endpoint (Figure 32B). This might be attributed to a dynamic equilibrium
formed wherein the dissolution speed from the undissolved powder reservoir was as high
as the partitioning rate into the 1-decanol layer [53].

The partitioning rate for neat quercetin into the organic phase was less pronounced, with
only 1.9% measured after 270 min. However, phytosomes showed an enhanced
partitioning rate into the 1-decanol layer, which could be related to the in situ formation
of lipid-compatible molecular complexes with improved absorption behavior [102,103].
The formation of quercetin-phospholipid complexes may facilitate partitioning into the

1-decanol layer compared to neat quercetin at the same concentration.
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3.6.1. Assessment of the in vivo relevance of each dissolution method based on
comparison with human pharmacokinetic data

Table 33: Comparison of in vitro dissolution results (concentration at the end of the dissolution
test; mean £ SD) with in vivo pharmacokinetic parameters of quercetin and quercetin phytosomes
(mean = SD; n = 12) obtained by Riva et al. (2018) [46]. Adapted from Brenner et al., 2024 [66].

Parameter Quercetin Phytosomes
AUCo-24nin vivo [1g X h/mL] [46] 4774.9 £ 1190.6 96,163.9+9291.3
Difference (n-fold) 20.1

Biorelevant biphasic dissolution (BiPHa+) [%] 19+1.3 89+22
Difference (n-fold) 4.7

Monophasic non-sink dissolution with pH shift 4.2+0.9 12.2+2.2

and biorelevant medium [%]

Difference (n-fold) 2.9
Monophasic dissolution [%)] 37.1+7.8 247175
Difference (n-fold) 0.7

The results of the quercetin dissolution studies were compared with human
pharmacokinetic data. Since there was no available i.v. reference data, the AUC jn vivo has
been utilized as an alternative for quantification of relative in vivo absorption and
compared with in vitro dissolution results.

Riva et al. (2018) conducted a strictly controlled human pharmacokinetic trial that
revealed a 20-fold increase in AUCo-24n When phytosomes were applied [46]. Even though
none of the dissolution methods were able to reproduce a difference of that scale,
biphasic dissolution demonstrated a 4.7 times higher partitioning in the 1-decanol layer
for the phytosomes (Table 33). This particular method showed the greatest difference
between both formulations and most closely matched the in vivo results. Non-sink
dissolution with pH shift and biorelevant medium showed a 2.9-fold increase. However,
conventional monophasic dissolution did not provide dissolution profiles that were
relevant to in vivo results, and phytosomes were estimated to have 0.7 times inferior
bioavailability. Thus, the use of a 1-decanol absorption sink was not necessary for this set
of formulations, but beneficial in terms of estimating bioavailability differences. Whereas
using a non-biorelevant dissolution medium resulted in a loss of distinguishability

between formulations and, therefore, in vivo relevance of the dissolution method.
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3.7. Dissolution results obtained for the astaxanthin formulations

For consistency, the y-axes were scaled to 100%. Since the unformulated Haematococcus
pluvialis extract (oleoresin) only dissolved small amounts, the ASX concentrations (sum of
mono- and diesters) achieved by each formulation at the end of the dissolution

experiment were also presented in Table 30 - Table 32.
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Figure 33: Dissolved amount of astaxanthin (sum of mono- and diesters; mean + SD) during
monophasic non-sink dissolution; the pH profile in the aqueous medium is represented by the grey
line, (100% corresponds to 0.01 mg/mL).

Table 34: Concentrations of dissolved astaxanthin (sum of mono- and diesters; mean + SD) at the
end of monophasic non-sink dissolution at 180 min (determined by HPLC).

Formulation Endpoint concentration [%]
Oleoresin 1.1+£1.0
Micelles 97.0+1.0

The self-emulsifying micellar ASX formulation exhibited a high dissolution rate, with
complete dissolution achieved within 30 min (Figure 33). The initially reduced dissolution
speed resulted from the hard gelatine capsule (necessary for proper dosing and
introduction of the formulation into the dissolution vessels) needing to dissolve first to
than release the formulation. As already demonstrated for CoQ10 and other hydrophobic
natural compounds, maintaining a high concentration of ASX in solution required a self-
emulsifying drug delivery system that kept the active substance enclosed in the lipophilic

core of the micelles formed in situ (see sections 2.2.1 to 2.2.3) [113]. Throughout the
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dissolution measurement, the concentration of ASX remained stable at 97.0%,
demonstrating the effectiveness in enhancing water solubility of this delivery system.

However, the unformulated microalgae extract (oleoresin) had a semi-solid paste-like
composition that resulted in the formation of large droplets in the dissolution medium.
Concerning their mass, theses droplets had minimal surface area, which is needed for
interaction with the solvent, leading to a low ASX concentration of 1.1% at the end of the
measurement at 180 min (Table 34) [114]. The concentration aligned with its expected

value based on saturation solubility in water at pH 6.8.
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Figure 34: Dissolved amount of astaxanthin (sum of mono- and diesters; mean + SD) during
monophasic non-sink dissolution with pH shift and biorelevant medium; the pH profile in the
aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).

Table 35: Concentrations of dissolved astaxanthin (sum of mono- and diesters; mean + SD) at the
end of monophasic non-sink dissolution with pH shift and biorelevant medium at 270 min
(determined by HPLC).

Formulation Endpoint concentration [%]
Oleoresin 0.1+0.1
Micelles 93.3+0.7

Likely attributed to the low solvent volume, in combination with limited saturation
solubility of ASX in biorelevant medium, there was minimal release observed from the
oleoresin during monophasic non-sink dissolution with pH shift and biorelevant medium
(Figure 34). After 270 min, only a concentration of 0.1% was measured (Table 35). When

the oleoresin was introduced to an agueous medium, it formed large droplets with
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minimal surface area. Accordingly, no increase in the dissolution rate occurred with the
addition of biorelevant surfactants. The overall surface area in contact with the aqueous
dissolution medium was too low to enable the surfactants to emulsify larger proportions
of the oleoresin formulation.

However, the self-emulsifying micellar formulation dissolved ASX entirely (95%) within
30 min and the concentration remained stable throughout the dissolution measurement,
even though a high concentration of near to 0.2 mg/mL was reached (saturation solubility
of ASX in biorelevant medium: 0.001 mg/mL). The addition of biorelevant surfactants did
not affect the dissolution rate due to the high surfactant content of the formulation [115].

Generally, the dissolution rate of ASX generated by both formulations was found to be pH-

independent.
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Figure 35: Dissolved/partitioned amount of astaxanthin (sum of mono- and diesters; mean * SD)
during biorelevant biphasic dissolution (BiPHa+) measurements; A) aqueous medium,

B) 1-decanol layer; the pH profile in the aqueous medium is represented by the grey line, (100%
corresponds to 0.2 mg/mL).

Table 36: Concentrations of dissolved/ partitioned astaxanthin (sum of mono- and diesters;
mean + SD) in the aqueous medium and the 1-decanol layer at the end of biorelevant biphasic
dissolution (BiPHa+) at 270 min (determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol

Oleoresin 0.2+0.1 0.4+0.3

Micelles 90.7+1.0 0.7+0.2
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In line with previously described dissolution results, the self-emulsifying ASX formulation
achieved a high dissolution of over 90% in the aqueous medium of the BiPHa+ within the
first 30 min (Figure 35A). Likewise, the microalgae oleoresin formulation behaved as
expected and a deficient concentration of 0.2% ASX was measured in the aqueous
medium after 270 min.

The addition of bile salts after the first 30 min of the dissolution measurement did not
impact the dissolution rate. Hence, dissolution results for both formulations were
comparable to monophasic non-sink dissolution with pH shift and biorelevant medium.
Remarkably, no reduction in concentration in the aqueous phase, due to partitioning of
active ingredient into the 1-decanol absorption sink, was detected. This was particularly
surprising for the micelles, as they reached a high concentration in the aqueous medium.
The solubility of ASX in 1-decanol was not a limiting factor, as the shake flask experiment
showed ASX concentrations in 1-decanol of over 5 mg/mL (refer to section 2.3).

The concentration profiles obtained in the organic absorption sink were comparable,
while both formulations failed to generate sufficient partitioning rates and ASX
concentrations of 0.4% and 0.7% were received after 270 min (Table 36). This represented
a negligible difference. Thus, the self-emulsifying drug delivery system could achieve high
concentrations of ASX in the aqueous medium, but the ASX — micellar inclusion complexes
formed were too stable to allow for transfer of ASX into the organic phase [108,116].
Nearly 100% of the applied ASX dose was entrapped into the lipophilic core of the in situ
formed micelles and thereby the amount of free drug available for partitioning into the
organic layer was limited.

Although pure ASX released from the oleoresin formulation was not prevented from
crossing the aqueous-organic interface, the amount and speed of its dissolution were too
low, resulting in an insufficient concentration of active ingredient available for partitioning

into the organic phase.
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3.7.1. Assessment of the in vivo relevance of each dissolution method based on
comparison with human pharmacokinetic data

Table 37: Comparison of in vitro dissolution results (concentration at the end of the dissolution
measurement; mean = SD) with in vivo pharmacokinetic parameters of astaxanthin containing
oleoresin and astaxanthin micelles (mean + SD; n = 12) obtained by Teaima et al. (2024) [117].

Parameter Oleoresin Micelles
AUCo.72h in vive [Ng X Min/mL] [117] 104.27 116.75
Difference (n-fold) 1.1

Biorelevant biphasic dissolution (BiPHa+) [%] 0.4+0.3 0.7+£0.2
Difference (n-fold) 1.8

Monophasic non-sink dissolution with pH shift 0.1+0.1 93.3+0.7

and biorelevant medium [%]

Difference (n-fold) 933.0
Monophasic non-sink dissolution [%] 1.1+£1.0 97.0+1.0
Difference (n-fold) 88.2

The results of all three ASX dissolution methods applied were compared with human
pharmacokinetic data (Table 37). Since there was no available i.v. reference data, the
AUC invivo has been utilized as an alternative for quantification of relative in vivo absorption
and compared with in vitro dissolution results. Teaima et al. compared 2019 the relative
oral bioavailability of an ASX containing oleoresin and a self-emulsifying drug delivery
system (micelles) made thereof in a strictly controlled pharmacokinetic trial [117].

The study revealed a 1.1-time superiority of the micelles. These in vivo results were
precisely reproduced by the BiPHa+, which showed a 1.8-fold superiority of the micelles.
The two other methods used to determine the relative oral bioavailability of both
formulations failed. They drastically overestimated the effect of the increased water
solubility of the micelles on bioavailability in humans.

Hence, the monophasic non-sink dissolution method with pH shift and biorelevant
medium demonstrated that the micelles were superior by a factor of 933, signifying a
bioavailability close to 100%. Although the monophasic non-sink dissolution method also
overestimated the micelles, the extent was reduced (factor 88.2). These findings suggest
that an organic absorption sink is necessary to accurately estimate the expected

bioavailability of micellar formulations in humans.
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3.8. Conclusion

The purpose of the present chapter was to assess the effects of different dissolution
methods on the release patterns of a range of plant-based model extracts. Specifically, the
study examined eight curcumin formulations, four trans-resveratrol formulations, three
CoQ10 formulations, and two quercetin and ASX formulations, respectively.

Dissolution measurements were conducted using three different methods: a conventional
monophasic (compound dependent presence of non-sink conditions) dissolution
(apparatus 2, USP, and PhEur) with 900 mL phosphate buffer pH 6.8, a monophasic
non-sink dissolution with pH shift and biorelevant medium using 50.0 mL biorelevant
medium (Bi-FaSSIF-V2), and a biorelevant biphasic dissolution (BiPHa+) using 50.0 mL
biorelevant medium (Bi-FaSSIF-V2) and 50.0 mL 1-decanol.

Online UV/VIS spectrophotometric detection was utilized across all methods to quantify
the proportion of active ingredients released/partitioned in the aqueous/organic medium.
At first the suitability of this method to quantify the active ingredients (either as single
compounds or as a sum parameter of several structurally related compounds) needed to
be proven. To achieve this, the results of online UV/VIS detection were compared with
concentrations determined by validated HPLC methods (refer to section 3.2). Despite the
challenges posed by diverse extracts and formulations, such as ASX containing
multicomponent extracts, online UV/VIS quantification proved to be applicable and
provided accurate concentrations of active ingredients that did not differ significantly from
HPLC measurements (see section 3.2). In addition, upon completion of each dissolution
measurement, samples were taken, filtered and analyzed via HPLC.

This way, for the curcumin formulations it was possible to identify the CUR content in the
various dissolution media, which could afterwards be used for comparison with human
pharmacokinetic data.

Subsequently, the dissolution results (sorted by the respective active ingredients e.g., CUR,
resveratrol etc.) obtained from the three different dissolution methods were compared.
The objective was to evaluate the relevance of these results towards the conditions
present in vivo by comparing them with published oral bioavailability data from strictly

controlled human pharmacokinetic trails [40,41,43,46,117].
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In vitro - in vivo relationships were established whenever possible (CUR and CoQ10) and
their linearity was evaluated by calculating the correlation coefficient r2.

If such relationships could not be established (resveratrol, quercetin and ASX
formulations), the dissolution results were expressed as fold differences relative to the
non-bioavailability-enhanced extracts. Subsequently, these differences were compared
with the bioavailability distinctions observed in vivo.

The fully automated BiPHa+ biphasic dissolution method has shown great success in
predicting the bioavailability of various natural products. Regardless of the investigated
extract or formulation manufactured thereof, the dissolution device was equally predictive
and the correlation coefficients of the established in vitro - in vivo relationships always
showed the highest linearity. Based on the present data, BiPHa+ could in future be used
not only for formulation development but also for bioavailability assessment of existing
formulations for which no human pharmacokinetic data is available. This way, advertising
claims made by manufacturers of food supplements, that can be classified as unrealistic,
could be critically reviewed [118].

Apart from the Curcuma formulations, where a dose reduction was necessary (1-decanol
sink limitations), this method employed a single set of parameters for all compounds and
formulations tested, resulting in partitioning profiles that were of great relevance to
in vivo conditions. When conventional dissolution methods have failed in characterizing
formulations, biphasic dissolution offers an accurate approach to assess expected
differences in bioavailability. In particular, the assessment of self-emulsifying micellar
formulations with regard to their expected bioavailability in humans showcased the
limitation of conventional monophasic (non-sink) dissolution methods.

Comparing both monophasic (non-sink) dissolution methods, it was found that limiting
the solvent volume, while providing solubility limited non-sink dissolution conditions was
advantageous in order to better differentiate between various formulation principles. If
the volume of aqueous dissolution medium becomes too large and sink conditions were
present, the effect of resveratrol micelles on bioavailability was compromised due to other
formulations dissolving to an equal amount. A similar phenomenon has been observed for

qguercetin formulations.
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4. Development of bioavailability improved formulations based
on biorelevant biphasic dissolution results

4.1. Introduction

Low water solubility often hinders the development of new active pharmaceutical
ingredients (APls) [119,120]. Within the pharmaceutical industry, screening programs
have revealed that over 40% of new chemical entities face formulation developmental
challenges, largely related to hydrophobic molecular properties [121,122]. This challenge
is not only limited to conventional APls, but also to a variety of phytopharmaceuticals and
food supplements, where reduced water solubility is a common issue for natural products
used in these preparations [123,124]. To overcome this limitation, various strategies have
been developed in recent years. There are several possible formulation approaches that
can enhance water solubility, including complexation of active molecules with for example
cyclodextrins, utilization of emulsion formation, micelles and microemulsions, particle size
reduction technologies, pharmaceutical salts, prodrugs, solid-state alternation technique,
soft gel technology, nanocrystals, solid dispersion methods, and crystal engineering
techniques [121,125].

In the group of phytopharmaceuticals and food supplements, complexation of active
molecules with cyclodextrins, self-(nano)-emulsifying drug delivery systems, particle size
reduction technologies, the formation of liposomes, solid-state alternation techniques
and metabolic absorption enhancers like piperine are used to enhance absorption [41].
Although the aforementioned formulation principles have been proven to impact the
water solubility of various active molecules and enhance their bioavailability, not all
formulation principles are universally applicable. For example, self-emulsifying micellar
formulations are highly effective for CUR and trans-resveratrol containing extracts, but
have minimal impact on CoQl0 and nearly none on ASX bioavailability
(refer to chapter 3) [40,41,43,117]. To evaluate a formulation's suitability for a particular
active ingredient prior to clinical testing in animals or humans, biorelevant in vitro test
systems are necessary.

Chapter 1.5 outlined a variety of in vitro methods that may be appropriate for this
purpose. Of the methods mentioned, the BiPHa+ fully automated small-scale biorelevant

biphasic dissolution method proved particularly advantageous. The in vivo relevance of
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the resulting partitioning profiles in the organic absorption sink has already been
demonstrated for various pharmaceutical formulations and natural extracts
[53,66,69,126]. Monophasic dissolution systems can provide in vivo relevant data,
especially if biorelevant media and a pH profile reflecting the conditions in the human
gastrointestinal tract, were used [121,127]. However, these systems are limited by the lack
of an absorption step, as the enhancement of water solubility generated by different
enabling formulation principles does not always directly translate into increased

bioavailability (see sections 3.3 - 3.7.1).

4.2. Coenzyme Q10 as bioavailability impaired naturally occurring model
compound
Natural substances that are used as phytopharmaceuticals and food supplements but
suffer from poor bioavailability are widely studied [62,128,129]. These substances belong
to a variety of different substance classes, including polyisoprenes like coenzyme Q10
(CoQ10). CoQ10, also known as ubiquinone, is a key component of the mitochondrial
respiratory chain [130]. Researchers have uncovered its complex structure, which includes
a redox-active benzoquinone ring and a long isoprenoid side chain (Figure 36) [131].
CoQ10 is the only lipid-soluble antioxidant that is produced endogenously. It can be found
in high- and low-density lipoproteins, as well as in all cellular membranes and blood. By
transporting electrons in mitochondrial and extramitochondrial membranes, CoQ10 plays
a vital role in cellular metabolism. It also serves to protect membranes and lipoproteins
from protein oxidation and lipid peroxidation [132,133]. Due to its substantial effects on
the human metabolism, it is widely used for the treatment of various diseases including
cardiovascular diseases such as chronic heart failure and hypertension, diabetes and

neurodegenerative disorders [132].

_0
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Figure 36: Chemical structure of coenzyme Q10 (CoQ10), including a redox-active benzoquinone
ring and a long (10x isoprene) side chain.
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Although numerous studies have been conducted regarding the various metabolic effects
of CoQ10, its low oral bioavailability has hindered significant therapeutic breakthroughs
thus far [132]. The substance's molecular structure is highly hydrophobic (Figure 36),
leading to decreased water solubility as indicated in Table 38. Even in biorelevant,

surfactant containing, medium, the solubility does not exceed 5.5 pg/mL.

Table 38: Solubility in various media (0.1 N HCIl, phosphate buffer pH 6.8 and Bi-FaSSIF-V2 pH 6.8)
and log D74 value of coenzyme Q10. Adapted from Brenner et al., 2024 [66].

Parameter Coenzyme Q10

S (0.1 N HCI) [ug/mL] 0.1+0.0

S (Buffer pH 6.8) [ug/mL] 0.1+0.0

S (Bi-FaSSIF-V2) [ug/mL] 5.5+2.3

Log D74 published value: 14.72 [75]

Several formulations have been developed and launched on the market to enhance CoQ10
bioavailability. These formulations include self-emulsifying micellar systems and oily
dispersions. However, as depicted in Figure 37, the currently available commercial
formulations have not demonstrated a noteworthy enhancement in bioavailability in

comparison to pure crystalline CoQ10 yet [43].

BiPHa+: 1-decanol layer

70 —— unformulated Coenzyme Q10
60 —— Commercial formulation 1: Micelles

—— Commercial formulation 2: Oily dispersion

Coenzyme Q10 [%]
3
1

| | : | | iAE3AIAnIAREAT:
0 30 60 90 120 150 180 210 240 270

Time [min]

Figure 37: Partitioning profiles (mean + SD) of coenzyme Q10 into the 1-decanol absorption sink
of biorelevant biphasic dissolution (BiPHa+) shown for unformulated coenzyme Q10 and two
commercial formulations (1. micelles; 2. oily dispersion); 100% corresponds to 0.2 mg/mL.
Adapted from Brenner et al., 2024 [66].
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Given the limited success of previous commercial formulations, the aim was to identify
alternative formulation strategies that could be expected to improve bioavailability of
CoQ10 beyond the commercial formulations. Since it was not feasible to directly evaluate
the effectiveness of the formulations in humans or animals, the end concentration in the
1-decanol absorption compartment of biorelevant biphasic dissolution (BiPHa+) was used
as the target parameter. Chapter 3.5.1 demonstrated that BiPHa+ yields partitioning
profiles for various CoQ10 formulations with excellent alignment to the human

pharmacokinetic data generated by Schulz et al. in 2006.

4.2.1. Biorelevant biphasic dissolution performance of coenzyme Q10 - polymer
dispersions

A commonly used approach to improve the dissolution performance of different drugs is
to embed them in a polymer matrix, resulting in crystalline (CSD) or amorphous solid
dispersions (ASD) [120,134,135].

In line with this, CoQ10 polymer dispersions were developed, applying eight of the most
common polymers in pharmaceutical industry (Eudragit® EPO and L100-55, Kollidon®
VA64 and K12PF, Kolliphor® P407, hydroxypropyl cellulose (HPC) - SSL, hydroxypropyl
methylcellulose acetate succinate (HPMC AS), and Soluplus®), with a drug load of 20%
(w/w). All dispersions were manufactured using the solvent evaporation technique in
combination with an appropriate organic solvent (see section 5.2.9). For a detailed
overview of the investigated polymers, including their chemical structure and general
physicochemical properties, refer to section 5.1.3.

The study involved comparing the biphasic dissolution performance of these dispersions
with that of pure CoQ10, while also analyzing the influence of different polymers on the
process. The results of biphasic dissolution studies are displayed in (Figure 38).

Since unformulated CoQl10 and some polymer dispersions only reached Ilow
concentrations in both dissolution media, the concentrations in the aqueous medium and
the 1-decanol layer at the end of BiPHa+ measurements at 270 min were additionally
shown in Table 39.

Furthermore, we investigated the influence of drug load on dissolution performance
(Figure 39) and the effect of polymer combinations into ternary CoQ10 solid dispersions

(Figure 40 and Table 40)
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Figure 38: Dissolved/partitioned amount of coenzyme Q10 (mean + SD) during biorelevant
biphasic dissolution (BiPHa+) measurements of unformulated coenzyme Q10 (reference) and
binary coenzyme Q10 — polymer dispersions (20% drug load (w/w); A) aqueous medium,
B) 1-decanol layer; the pH profile in the aqueous medium is represented by the grey line, (100%
corresponds to 0.2 mg/mL).

Table 39: Concentrations of dissolved/ partitioned coenzyme Q10 (CoQ10) (mean + SD) from
binary CoQ10 polymer dispersions (20% drug load) in the aqueous medium and the 1-decanol
layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min (determined by HPLC).

Formulation Endpoint concentration [%)]
aqueous medium 1-decanol
Coenzyme Q10 2.0+0.3 1.5%+0.2
CoQ10 - P407 7.6+04 15+0.1
CoQ10—-HPMC AS 12.2+27 22+0.1
CoQ10 - K12PF 1.4+0.2 29+0.1
CoQ10 —Soluplus 7.61£0.7 3.2+0.3
CoQ10-1L100-55 0.7+0.0 34+03
CoQ10-EPO 8.2+1.8 6.4+0.2
CoQ10 - HPC-SSL 1.4+0.6 15.5+0.4
CoQ10 - VA64 4.2+0.9 16.8+1.0
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In the initial 30 min of the dissolution test, neat crystalline CoQ10 did not dissolve in the
aqueous medium of the BiPHa+ (Figure 38). However, after the addition of biorelevant
surfactants, approximately 2.8% of CoQ10 dissolved. This resulted in a low concentration
of dissolved active substance available for transfer into the 1-decanol layer, with only 1.5%
of the dose being dissolved in the organic medium after 270 min.

CoQ10 polymer dispersions had varying effects on solubility in the aqueous medium and
partitioning into the 1-decanol layer, depending on the polymer used for embedding.
When Eudragit® L100-55, HPC-SSL, or Kollidon® K12PF were used as polymers for
embedding, the dispersions formed showed no increase in CoQ10 concentration in the
aqueous medium, compared to pure active ingredient. No CoQ10 dissolved in the first 30
min, and even after the addition of biorelevant surfactants, concentrations of less than 5%
were achieved. At the end of the dissolution tests, the CoQ10 concentrations were
approximately 1 - 2% (Table 39).

However, the measured concentration profiles were different in the organic medium. The
K12PF and L100-55 dispersions achieved a CoQ10 concentration of 2.9% and 3.4%,
respectively. This is approximately double the concentration of the unformulated
compound. Contrarily, the HPC-SSL dispersion meaningfully improved the partitioning of
CoQ10 into the organic phase, with a concentration of 15.5% observed after 270 min. The
presence of HPC-SSL increased the dissolution rate of CoQ10, even though a low absolute
concentration in the agueous medium was present. A dynamic equilibrium was achieved,
resulting in a constant outflow of CoQ10 into the organic medium. Onoue et al. also
observed a significant increase in the bioavailability of CoQ10 in rats when it was
formulated as a crystalline solid dispersion (CSD) with HPC-SSL [136].

In general, the concentration profiles in the organic absorption sink showed similar
trajectories for all CoQ10-polymer dispersions prepared. A rapid initial partitioning rate of
CoQ10 occurred, with a subsequent constant reduction. From minute 150, there was
practically no change in concentration until the end of the dissolution measurement.
During BiPHa+ dissolution studies, the use of polymers such as Soluplus®, P407, or
HPMC-AS resulted in an increase in CoQ10 concentrations in the aqueous medium.
Specifically, the dispersion using P407 and Soluplus® both achieved an end concentration
of 7.6%, while for the HPMC-AS dispersion a concentration of 12.2% was measured. As

HPMC-AS is a pH-dependent soluble polymer, its dissolution starts at a pH value of
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5.5 - 6.8, depending on the degree of substitution of the polymer. As a result of this
property, an increase in CoQ10 concentration in the agueous medium was observed over
time (with increasing media pH), with the maximum concentration being reached after
270 min.

Unfortunately, none of the formulations achieved a major increase in the partitioning rate
into the organic phase. 1-Decanol concentrations of 1.5% - 3.2% were measured, which
only corresponds to an increase by a factor of 2 (compared to neat CoQ10) in the case of
the Soluplus® dispersion. For in situ micelle-forming polymers such as P407 and Soluplus®,
micellar inclusion complexes formed from CoQ10 and polymer hindered partitioning into
the organic phase due to their increased hydrophilicity. This effect has already been
described for Soluplus® by Lopez Marmol in 2021 [137].

Upon analyzing the effects of Kollidon® VA 64 and Eudragit® EPO on water solubility of
CoQ10, it was discovered that both had a positive impact. The addition of biorelevant
surfactants led to an increase in concentration, with CoQ10 - EPO exhibiting the most
prominent effect as it achieved a concentration of 36.7% after 30 min. The VA64 dispersion
achieved a maximum CoQ10 release of 16.7%.

After the addition of the 1-decanol absorption sink, both formulations showed a decrease
in concentration in the agueous medium. But even after 270 min, 8.2% and 4.2% CoQ10
were still dissolved (Table 39). The reduction in concentration for the EPO dispersion could
mainly be attributed to the precipitation of active substance, while for VA64 - CoQ10, the
reduction was mostly attributed to partitioning of CoQ10 into the organic medium. This
resulted in a concentration of 16.8% after 270 min, which was the best result achieved
among all formulations.

Out of the eight polymers tested, VA64 was found to be the most effective for CoQ10
embedding as it allowed for supersaturation in the agueous medium without hindering
transfer into the organic medium. This observation was consistent with the literature
where VA64 is described as an effective polymer to improve the solubility and

bioavailability of CoQ10 in rats [138,139].
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Figure 39: Evaluation of drug load dependent (5%, 10%, 20%, 40%; w/w) dissolution/ partitioning
of coenzyme Q10 during biorelevant biphasic dissolution (BiPHa+) of coenzyme Q10 — VA64
polymer dispersions; A) aqueous medium, B) 1-decanol layer; the pH profile in the aqueous
medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).

Through the research, it was found that VA64 was the optimal polymer for manufacturing
of CoQ10 solid dispersions. To determine the ideal drug load for the polymer formulations,
dispersions with various drug loads were prepared, including 5%, 10%, and 40% (w/w), in
addition to the 20% dispersions used in the initial screening (Table 38). As illustrated in
Figure 39, the drug load quantity affected the dissolution/partitioning profiles of CoQ10
during biorelevant biphasic dissolution. Basically, the concentration of CoQ10 in the
aqueous medium increased as the polymer concentration in the dispersion increased/ the
drug load decreased. For the 5% dispersion, a release of 54.9% was achieved after 30 min.
Comparable to the 20% dispersion, the other formulations also showed an apparent effect
of adding biorelevant surfactants, and the highest concentrations were reached after
30 min. With the exception of the 40% dispersion, the concentration decreased after
reaching its peak due to the outflow of active substance into the organic medium. The
decrease was lowest for the 40% dispersion as only low CoQ10 concentrations were
achieved in the agueous medium due to an insufficient polymer concentration.

For many polymers, it is known that a certain minimum concentration must be present in
aqueous solution to achieve a stable supersaturation of the active substance. Monschke
et al. observed a noteworthy decrease in dissolution performance for ketoconazole —

L100-55 ASDs when the drug load was increased from 10 to 25% [140].
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For the 5% dispersion a concentration reduction was observed after 30 min, which could
be related to precipitation of CoQ10 and partitioning into the organic phase until the
concentration stabilized at around 35% after 150 min.

Considering partitioning from the aqueous medium into the organic absorption sink, the
concentration of the polymer had various effects. The 5% and 40% dispersions had
different compositions but both resulted in low CoQ10 concentrations (4.7% and 3.0%,
respectively) after 270 min in the 1-decanol layer. For the 40% dispersion, a low
concentration in the organic phase was expected, given the low polymer content and the
resulting low CoQ10 concentration in the aqueous medium (Figure 39A).

However, the 5% dispersion showed a higher CoQ10 concentration in the aqueous
medium, which did not translate into a higher partitioning rate in the organic phase, as
the transfer of active ingredient might be hindered by high polymer-CoQ10 interactions in
the aqueous medium [137]. Additionally, dissolved CoQ10 precipitated after 30 min due
to the high maximum concentration reached, which reduced the concentration further.
Increasing the concentration of the active ingredient from 10% to 20% did not result in a
higher CoQ10 concentration, with both formulations achieving approx. 17% (Figure 39B).

Consequently, the ideal drug load was determined to be 20%.
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Figure 40: Dissolved/partitioned amount of coenzyme Q10 (mean * SD) during biorelevant
biphasic dissolution (BiPHa+) measurements of binary and ternary (1/1 (w/w) polymer mixtures)
polymer dispersions (20% drug load (w/w); A) aqueous medium, B) 1-decanol layer; the pH profile
in the aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).
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Table 40: Concentrations of dissolved/ partitioned coenzyme Q10 (CoQ10) (mean * SD) from
binary and ternary polymer dispersions (20% drug load)/ commercial formulations in the aqueous
medium and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min
(determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol
Coenzyme Q10 2.0+0.3 1.5+0.2
CoQ10 - EPO 82:18 6.4+£0.2
CoQ10 - HPC-SSL 1.4+0.6 15.5+0.4
CoQ10 - VA64 42+0.9 16.8+1.0
CoQ10 - VA64/ EPO (1/1) 1.3+0.3 253+1.4
CoQ10 - VA64/ HPC-SSL (1/1) 35106 18.7+2.8
CoQ10 - HPC-SSL/ EPO (1/1) 11.6+0.9 6.9+0.8

Commercial formulations
1. Micelles 60.0+3.2 3.6+£0.6
2. Oily dispersion 04+0.1 40+1.3

In order to investigate the impact of polymer combinations on BiPHa+ dissolution
performance, ternary solid dispersions were manufactured. A target drug load of 20%
(w/w) was chosen, similar to binary dispersions (Figure 39). Analysis revealed that
polymers VA64 and HPC-SSL exhibited the greatest increase in CoQ10 partitioning rate,
while EPO decisively enhanced water solubility (Table 39). Using these results,
combinations of two of the mentioned three polymers (equal mass fractions) were
prepared employing the solvent evaporation technique and assessed in the BiPHa+
(Figure 40). To facilitate comparison, the end concentrations in both media of BiPHa+ were

additionally presented in Table 40.

The combination of HPC-SSL and EPO did not yield benefits in terms of improving the
1-decanol partitioning rate, despite its ability to enhance the water solubility of CoQ10
(Figure 40A). While the concentration of CoQ10 in the agueous medium increased to
11.6% after 270 min, the partitioning rate (6.9%) was comparable to that of the binary EPO
dispersion (6.4%).

The combination of VA64 and HPC-SSL also did not show a synergistic effect, and the

concentration achieved was 18.7%, which was comparable to the respective binary
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dispersions (Table 40). Accordingly, the CoQ10 concentration detected in the aqueous
medium was in the same range as the CoQ10 concentrations generated by the binary
HPC-SSL and VA64 dispersions.

However, when the polymers VA64 and EPO were combined, a remarkable synergistic
effect was observed, resulting in a final concentration of 25.3% in 1-decanol. This
corresponds to a 150% increase compared to the binary VA64 dispersion and a 17-fold
increase compared to pure CoQ10 (Figure 40B).

Throughout the course of the dissolution measurement, only a minor increase in the
concentration of CoQ10 in the aqueous medium was observed and the dissolution profile
was generally similar to the CoQ10 dissolution profile of the binary HPC-SSL dispersion.
However, during the gastric stage at pH 1, there was an evident dissolution of the
formulation, resulting in a CoQ10 concentration of 6.5%. The dissolution was not impacted
by the addition of biorelevant surfactants at 30 min. Given the high lipophilicity of CoQ10,
the ternary VA64/EPO dispersion demonstrated a rapid partitioning rate, with 24.1%
CoQ10 already present in the organic phase after 90 min. By the end of the dissolution
measurement, an equilibrium had been established, leading to an unchanged
concentration between 120 and 270 min.

The use of ternary solid dispersions in pharmaceutical formulation is a recent
development that already showed great promise [141,142]. By combining a polymer with
a surfactant, another polymer or active ingredient, or a carrier substance, this technique
has been shown to enhance the dissolution performance and bioavailability of a range of
active ingredients [135,141,143]. In addition, it assists with overcoming the limitations
that can restrict the effectiveness of a single drug-polymer combination. Potges et al. have
noted that L100-55 can stabilize a distinct level of supersaturation of celecoxib in the short
term before precipitation occurs. When HPC-SSL is used, celecoxib can be kept in solution
at lower concentrations, but the supersaturation remained stable throughout the whole
assay (180 min). When these two polymers were combined, a synergistic effect occurred
and celecoxib was stabilized in the solution to a greater extent and for a longer period than

with individual polymers [134].
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4.2.2. Solid state characterization in terms of crystallinity of neat coenzyme Q10 and
polymer dispersions made thereof

The solid state of CoQ10 polymer dispersions, both binary and ternary, were examined
using differential scanning calorimetry (DSC) and X-ray powder diffraction (XRPD)
measurements. The results of the analysis are shown in Figure 41 (XRPD) and
Figure 42 (DSC). In accordance with the results from section 4.2.1, only the three polymers
with the best BiPHa+ performance (VA64, HPC-SSL, EPO) and the corresponding ternary

dispersions were examined.
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Figure 41: X-Ray powder diffractograms of A) binary (including neat coenzyme Q10 (CoQ10), VA64,
HPC-SSL and EPO for reference) and B) ternary (including neat coenzyme Q10 for reference)
coenzyme Q10 — polymer dispersions (20% drug load (w/w).

The XRPD analysis of pure CoQ10 revealed its crystalline nature, with sharp reflection
peaks observed at 18.7° and 22.9° 20 (Figure 41). In contrast, the neat polymers displayed

an amorphous state with no identifiable reflection peaks.
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Despite this, residual crystallinity was still noticeable in all three binary polymer
dispersions, as evidenced by the sharp reflection peaks at 18.7° and 22.9° 26.
Consequently, none of the polymers was able to permanently stabilize CoQ10 in an
amorphous state (Figure 41A).

This may be attributed to the highly lipophilic nature of the CoQ10 molecule, which cannot
be dissolved in the polymer to a sufficient concentration, leading to the presence of a
crystalline phase alongside amorphous CoQ10 dissolved in the polymer matrix.
Accordingly, Onoue et al. described that the combination of CoQ10 with VA64 resulted in
crystalline solid dispersions [136]. Reducing the drug load to decrease the concentration
of active ingredients in the polymer matrix might be an option. However, based on
biphasic dissolution studies (refer to section 4.2.1), it has been observed that reducing the
drug load had either no effect (10%) or it had a negative effect (5%) on the partitioning
rate into the organic medium.

In light of the inability of the neat polymers to stabilize CoQ10 (at a 20% drug load (w/w)
in the amorphous state, ternary dispersions also exhibited sharp reflection peaks at 18.7°
and 22.9° 20, indicating the presence of crystallinity (Figure 41B).

Confirmation of the XRPD measurements was obtained through DSC measurements
(Figure 42). Neat CoQ10 demonstrated a sharp melting peak at 50.1 + 0.8 °C, while the
neat polymers VA64, HPC-SSL and EPO did not display a melting peak. Instead, glass
transition was observed for VA64 and EPO. In line with previous research, for HPC-SSL no
glass transition temperature could be determined [134].

The melting peaks observed in the binary polymer dispersions, ranging from 49 - 51°C,
were attributed to the presence of crystalline CoQ10, as illustrated in Figure 42A. DSC
measurements indicated the existence of a crystalline CoQl1l0 phase alongside the
amorphous polymer-CoQ10 matrix, supporting the XRPD measurements. In accordance
with the inability of the single polymers to stabilize CoQ10 in the amorphous state, sharp
melting peaks at 49.8 + 1.2 °C were detected for the ternary solid dispersions too

(Figure 42B).
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Figure 42: Differential scanning calorimetry thermograms (exo up) of A) binary (including neat
coenzyme Q10 (CoQ10), VA64, HPC-SSL and EPO for reference) and B) ternary (including neat
coenzyme Q10 for reference) coenzyme Q10 — polymer dispersions (20% drug load (w/w).
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4.3. Highly loaded mesoporous silica particles as an alternative formulation
strategy for the lipophilic model compounds coenzyme Q10, astaxanthin,
probucol and lumefantrine

Parts of this chapter have been published in a peer-reviewed research article [63]. Each
figure and table were created by the thesis author. Taking or adapting of figures or tables

is indicated in the corresponding position.

The formulation of the lipophilic natural product CoQ10 with different polymers in the
form of binary or ternary solid dispersion has led to a decisive improvement in the
partitioning rate into the organic 1-decanol absorption sink of the BiPHa+, whereby the
extent of the improvement was strongly dependent on the polymer type chosen (refer to
section 4.2.1). However, XRPD and DSC measurements revealed (see section 4.2.2) that
none of the polymers used could generate an amorphous system, as residual crystallinity
was always present. This may result in complete recrystallization, as amorphous systems
are in a metastable transition state with higher chemical potential and low physical
stability [144]. Transitioning from the amorphous to the crystalline form can alter the
dissolution behavior of a formulation, as amorphous material exhibits higher solubilities
and faster dissolution compared to the corresponding crystalline molecular composition
[145]. Dissolving of amorphous material does not require breaking of the crystal lattice
structure, which usually results in enhanced interactions with solvent molecules and an
exceedance of the thermodynamic solubility [113].

The upper limit of drug load that could be achieved without risk of crystallization is
determined by the solid-state solubility of the drug within the polymer matrix. As long as
the drug content remains below its solid-state solubility, the solid dispersion formed can
be regarded as stable [146].

The very lipophilic molecular structure of CoQ10 limited its polymer solubility and thus
restricted the maximal drug load achievable without the formation of an undissolved
crystalline phase within the solid dispersions. However, the analysis of the optimal drug
load revealed that a drug load below 10% led to a reduction in the partitioning rate into
the organic phase and accordingly a reduction in formulation efficacy (Figure 39).

As a result, creating a bioavailability improved formulation of CoQ10 via embedding in

various polymers faced several limitations.
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An alternative formulation principle was required that could both improve the biorelevant
biphasic dissolution performance of the model compound and stabilize it in a
non-crystalline form. One such alternative could be the utilization of mesoporous silica.
Different mesoporous silica with various pore diameters and volumes have been shown to
stabilize various drugs in a non-crystalline form and thereby improve the solubility and
bioavailability of these drug [147-149].

The small diameter of the mesopores could prevent recrystallization of the active
ingredients, as if the diameter falls below an active ingredient-dependent maximum value,
spatial/nano confinement could suppress undesired crystallization [150,151].
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.

The study presented in the following chapter had two primary goals. Firstly, to examine
the effectiveness of drug loaded mesoporous silica in increasing the solubility of CoQ10
(Figure 46). Secondly, to assess the feasibility of this method for creating solubility
enhanced formulations of structurally different lipophilic active ingredients (Figure 46).
Thus, CoQ10, as well as the astaxanthin-rich microalgae extract described in section 2.2.5,
probucol, and lumefantrine were used as naturally occurring and synthetic lipophilic

model compounds. Their chemical structures are illustrated in Figure 43.
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Figure 43: Chemical structures of astaxanthin (1) (shown as unesterified molecule; the
Haematococcus pluvialis extract contains mainly mono- and diesters), coenzyme Q10 (2),
probucol (3) and lumefantrine (4).
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Before manufacturing drug-loaded mesoporous silica, it was essential to evaluate some
key physicochemical parameters of the model compounds, particularly their molecular
weight and solubility in various aqueous and organic media (0.1 N HCI, phosphate buffer
pH 6.8, Bi-FaSSIF-V2 pH 6.8 and 1-decanol). The literature was consulted to obtain the pK,

and log D7.4values due to the high lipophilicity and low solubility of the model compounds.

Table 41: Molecular weight, pK,values, saturation solubility in 0.1 N HCI, phosphate buffer pH 6.8,
Bi-FaSSIF-V2 pH 6.8 and 1-decanol (determined by HPLC) and log D;4 of coenzyme Q10,
astaxanthin, probucol and lumefantrine (mean + SD). Adapted from Brenner et al., 2024 [63].

Parameter Coenzyme Q10 Astaxanthin Probucol Lumefantrine
Molecular weight [g/mol] 863.3 596.8 516.8 528.9
published log D7.4[76,152—-154] 14.7 8.1 10.9 8.3
published pK,[74,155-157] 13.3 10.6 10.3 8.2

S (0.1N HCl) [pg/mL] 0.1+0.0 03+0.1 3.3+0.4 1.5+0.2

S (Buffer pH 6.8) [ug/mL] 0.1+0.0 04+0.2 0.9+0.3 0.2+0.1

S (Bi-FaSSIF-V2) [ug/mL] 55+23 11+14 20+1.2 21+0.1

S (1-decanol) [ug/mL] > 5000 > 5000 > 5000 > 5000

The molecular weight 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 41). In accordance with the selection of very
lipophilic model compounds, the log D74 values were observed to be very high, ranging
from 8.3 to 14.7. Due to their long isoprenoid chains [155,158], the natural substances
CoQ10 and ASX showed higher log D74 values in contrast to the synthetic active
pharmaceutical ingredients PB and LU. The pK, values of the model compounds ranged
from 8.2 to 13.3, therefore being predominantly not relevant to proteolysis phenomena
occurring in the physiologically acidic to neutral pH range. Only the basic nitrogen atom of
lumefantrine (LU) was expected to be protonated along the gastrointestinal pH

(basic pKa 8.2; Figure 43), introducing a charge into the molecule and increasing solubility.
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Accordingly, the solubility in 0.1 N HCl was 7.5 times higher than at pH 6.8. Probucol (PB)
solubility also showed minor pH dependence. CoQ10 and astaxanthin (ASX) showed no pH

dependent solubility behavior.

In general, low concentrations of 0.1 - 3.3 ug/mL were measured in aqueous media for all
tested compounds. The addition of the biorelevant surfactants lecithin and taurocholate
increased solubility, with CoQ10 showing the most prominent effect with a 55-fold
increase. However, even surfactant addition only resulted in low absolute concentrations
of active ingredient in the medium (1.1 - 5.5 pug/mL). Consequently, all media provided
solubility limited non-sink dissolution conditions (BiPHa+). In contrast, the model
compounds showed solubility above 5 mg/mL in 1-decanol, establishing sink conditions in

the absorption compartment during BiPHa+ biorelevant biphasic dissolution.

Table 42: Preparation of mesoporous silica formulations, including the maximum achievable
compound concentration in the dichloromethane (DCM) stock solution (applied solvent 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), Obtained from Brenner et al., 2024 [63].

Formulation Concentration: DCM stock solution [mg/mL] Total drug load [%]
CoQ10: Silsol 6035 670 33.1
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

[a]: ASX content of Haematococcus pluvialis extract used for silica loading was 10.1% (w/w),
therefore the maximum achievable drug load was reduced
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After analyzing the physicochemical properties of the model compounds, different silica
formulations with varying drug loads were created. To load the mesoporous carriers,
Syloid® XDP 3050 and Silsol® 6035 (obtained from Grace), incipient wetness impregnation
was utilized [159].

Le et al. discovered that the dissolution performance of felodipine and furosemide loaded
XDP 3050 increased with an increase in drug load [160]. In consequence, silica
formulations with drug loads of 1%, 5%, 10%, 15%, and (formulation and silica dependent)
20%, 30%, and 50% (w/w) were prepared to evaluate loading-dependent effects on
solubility in biorelevant medium and partitioning rate into the 1-decanol absorption sink
of BiPHa+. For the ASX formulations, only drug loads of 0.1%, 1%, 2.5%, and 5% (w/w)
were possible since the ASX content of the extract was only 10.1%. Drug load was
evaluated by HPLC. The maximum possible drug loads were restricted by the solubility in
dichloromethane (DCM) in combination with the pore volume of the mesoporous silica.
To achieve the highest possible drug load of silica formulations, an organic solvent was
necessary. DCM was found to provide the best results among all tested solvents due to its
high solution capability for the model compounds.

Table 42 displays the maximum possible DCM concentrations for each model compound.
1.5 mL/g DCM was used for loading Syloid® XDP 3050, while 0.75 mL/g was used for
loading Silsol® 6035.

Under continuous stirring, the DCM stock solutions 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. However, it is important to note that, related to the toxicological side effects,
DCM has a limit value of 600 ppm in oral pharmaceutical formulations (ICH guideline Q3C
[161]). Therefore, the residual amount of DCM in the formulations with the highest
achievable drug load was quantified using a headspace (HS) - gas chromatography (GC) -
flame ionization detector (FID) method after drying the formulations. The results of the

residual solvent determination are presented in Table 43.
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Table 43: Residual dichloromethane (DCM) (determined by HS-GC-FID) in coenzyme Q10,
astaxanthin, probucol and lumefantrine loaded XDP 3050 and Silsol® 6035 formulations with the
highest possible drug load; n = 6. Obtained from Brenner et al., 2024 [63].

Residual dichloromethane [ppm]
Active substance

Silsol® 6035 Syloid® XDP 3050
Coenzyme Q10 <10 <10
Astaxanthin <10 <10
Probucol 99.2+15.3 <10
Lumefantrine <10 <10

The recovery of the HS - GC - FID method was tested across three different concentration
levels: 40 ppm, 200 ppm, and 600 ppm. It was determined to be 105.6 + 1.7%. Accordingly,
the method was suitable for reliably detecting low quantities of DCM.

The residual amount of DCM measured in the CoQ10, ASX, and LU formulations was found
to be less than 10 ppm. These values are well below the maximum permitted level of
600 ppm, complying with the ICH guideline. Accordingly, no further optimization of the
drying process was necessary. However, for Silsol® 6035 loaded with PB, a residual
guantity of 99.2 + 15.3 ppm was detected, which equals around one-sixth of the limit
value. Thus, for further reduction of the residual solvent content, extending the drying
period for PB-containing formulations to 48 h could be an option. Although the extended
drying phase is not mandatory, it enhances the formulation's safety since DCM is classified

as solvent which should be limited because of its inherent toxicity [161].
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4.3.1. Solid state of lipophilic model compounds as a function of loading onto

mesoporous silica

Differential scanning calorimetry (DSC) (Figure 44) and X-ray powder diffraction (XRPD)

(Figure 45) techniques were employed to investigate the solid-state properties of the silica

formulations that were loaded with the lipophilic model compounds. For simplicity, only

the results for the formulations with the highest possible drug load were shown. All

formulations with a lower drug load did not differ from the maximally loaded formulations

in terms of their solid state.
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Figure 44: Differential scanning calorimetry thermograms (exo up) of A) coenzyme Q10,
B) astaxanthin, C) probucol, D) lumefantrine, XDP 3050, Silsol® 6035 and the highly loaded
mesoporous silica formulations. Obtained from Brenner et al., 2024 [63].
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None of the highly loaded silica formulations showed crystallinity during the DSC
experiments, although all model compounds (except the ASX extract) were crystalline
(Figure 44). Neither the loaded silica formulations nor the pure mesoporous silica
displayed any glass transitions, which is consistent with the findings of Kissi et al. The
researchers noticed that DSC failed to detect glass transition temperatures for amorphous
carvedilol and ibuprofen loaded onto mesoporous Parteck SLC [162].

CoQ10 demonstrated a sharp melting peak at 50.1 + 0.8 °C (Figure 44A). Since the ASX
containing Haematococcus pluvialis extract was obtained by supercritical fluid extraction
of microalgae cells, ASX was dissolved in a lipid-containing, semi-solid extract matrix [163].
This resulted in the absence of any crystallinity detectable during the DSC experiments
(Figure 44B). On the other hand, probucol (PB) and lumefantrine (LU) exhibited sharp
melting peaks at 127.2 £ 1.0 °C and 126.9 * 1.3 °C, respectively (Figure 44C/ D).
Insufficient space within the mesopores, which ranged in diameter from 6 nm to 25 nm
for Syloid® XDP 3050 and Silsol® 6035 [164—-166], may be the cause of the lack of
crystallinity. The small diameter of the mesopores could prevent recrystallization of the
active ingredients as if the diameter falls below an active ingredient-dependent maximum
value, spatial/nano confinement could suppress undesired crystallization. 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 [167]. In that case, no recrystallization can
occur, although it would be thermodynamically favored [150].

Usually, a monomolecular surface coverage of the silica particles is targeted to harness the
molecular interactions with the silica surface. However, Le et al. conducted experiments
in which they achieved complete amorphization of ibuprofen by loading it on Syloid® XDP
3050. Even with a maximum surface coverage of 300%, the active ingredient remained
non-crystalline [160]. In addition, Hate et al. achieved non-crystalline formulations of
atazanavir loaded mesoporous SBA-15 with drug loads of up to 50% (w/w) [168]. This
indicated, that even with multi-layer adsorption of drug within the pores, the mechanism

of nanoconfinement could prevented recrystallization [169].
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Figure 45: X-Ray powder diffractograms of A) coenzyme Q10, B) astaxanthin, C) probucol,
D) lumefantrine, XDP 3050, Silsol® 6035 and the highly loaded mesoporous silica formulations.

Obtained from Brenner et al., 2024 [63].

The DSC results were confirmed by XRPD measurements (Figure 45). It was observed that

the pure mesoporous silica and the highly loaded formulations did not exhibit any

crystallinity, regardless of the lipophilic model compound or silica investigated.

However, pure CoQ10 showed crystallinity, with sharp reflection peaks at 18.7° and

22.9° 20, along with other less intense peaks (Figure 45A). As mentioned previously,

attributed to the lipid containing extract matrix ASX did not exhibit any remaining

crystallinity (Figure 45B). In their unformulated state, both PB and LU showed sharp

reflection peaks similar to CoQ10. The highest intensity peaks for PB were observed at

16.0°, 18.0°, and 19.1° 20 (Figure 45C), while for LU, they were observed at 5.6°, 21.0° and

23.1° 20 (Figure 45D).
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4.3.2. Drug load-dependent equilibrium solubility in various media

The drug load dependent equilibrium solubility of all four model compounds was
investigated in phosphate buffer pH 6.8 (Table 44 and Table 45) and biorelevant medium
(Bi-FaSSIF-V2) (Figure 46).

Despite the model compounds facing low water solubility (Table 41), ranging from
0.1 to 0.9 pg/mL at pH 6.8, the higher-loaded silica formulations did exhibit some active
substance release in phosphate buffer, as evidenced by visible precipitate in the flasks.
Unfortunately, due to the lack of precipitation inhibitors or surfactants in the medium,
stable supersaturation was not achieved. Accordingly, after 48 hours, the concentrations
measured in the aqueous medium were found to be only marginally increased when

compared to the equilibrium solubility of the pure active ingredients.

Table 44: Evaluation of drug load-dependent solubility (48 h shake flask; determined by HPLC) of
coenzyme Q10, astaxanthin, probucol and lumefantrine loaded mesoporous XDP 3050 in 0.1 M
phosphate buffer pH 6.8. Obtained from Brenner et al., 2024 [63].

Concentration in PBS pH 6.8 [pug/mL]

Syloid® XDP 3050 Coenzyme Q10 Astaxanthin Probucol Lumefantrine

Drug load (w/w)

unformulated 0.1+0.0 0.4+0.2 09+0.3 0.2+0.1
0.1% - ND - -
1% ND 0.2+0.1 0.1+0.0 ND
2.5% - 0.4+0.2 - -
5% ND 26+15 0.7+0.6 0.1+0.1
10% ND - 0.5+0.0 0.1+0.2
20% 0.1£0.0 - 09+0.1 0.2+0.1
30% 0.2+0.1 - 1.2+0.6 0.4+0.2
50% 0.4+0.3 - - -

ND = not detectable
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Table 45: Evaluation of drug load-dependent solubility (48 h shake flask; determined by HPLC) of
coenzyme Q10, astaxanthin, probucol and lumefantrine loaded mesoporous Silsol® 6035 in 0.1 M
phosphate buffer pH 6.8. Obtained from Brenner et al., 2024 [63].

Concentration in PBS pH 6.8 [pug/mL]

Silsol® 6035 Coenzyme Q10 Astaxanthin Probucol Lumefantrine

Drug load (w/w)

unformulated 0.1+0.0 0.4x0.2 0903 0.2:0.1
0.1% - ND - -
1% ND 0.4+01 ND ND
2.5% - 1.1+0.7 - -
5% ND - 0.1+0.1 0.1+0.1
10% 0.1+0.1 - 0.5%+0.3 0.2+0.0
15% 0.1+0.0 - 1.0+0.2 0.2+0.1
20% 0.2+0.1 - 13+05 0.3+0.3
30% 0.4+0.2 - - -

ND = not detectable

Contrastingly, the equilibrium solubility of all four model compounds in biorelevant
medium relied on the drug load of the mesoporous silica, except for a compound
dependent loading quantity that had no effect on solubility (Figure 46). In general, the
solubility was observed to increase linearly with the loading quantity. 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 greatest impact on solubility was detected (Figure 46A). The maximum-
loaded Silsol® formulation exceeded the equilibrium solubility in a biorelevant medium of
5.5 pg/mL by a factor of 128 (703.3 pug/mL), whereas the maximum-loaded XDP 3050
formulation exceeded it by a factor of 107 (588.6 ug/mL). While the XDP 3050
formulations with 1 - 15% (w/w) CoQ10 drug load had no effect on solubility, only the 1%
loaded formulation of Silsol® 6035 achieved no effect.

Due to the high matrix content of the ASX-enriched extract, lower drug loads were
achieved compared to CoQ10 (0.1 - 5.9%). However, all loaded silica formulations

decisively improved solubility except for the 0.1% drug load formulation (Figure 46B).
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Related to the limited achievable drug loads, the loading capacity of XDP 3050 exceeds
that of Silsol® by a factor of approximately two, resulting in the greatest increase in
solubility (180x; 198.3 ug/mL) being measured for the 5% loaded XDP 3050 formulation.

For Silsol® a maximal solubility improvement by a factor of 93 (102.4 pg/mlL) was

measured.
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Figure 46: Evaluation of drug load-dependent solubility (determined by HPLC) of A) coenzyme Q10,
B) astaxanthin, C) probucol and D) lumefantrine loaded mesoporous XDP 3050 and Silsol® 6035 in
biorelevant medium (48 h shake flask, 20.0 mL Bi-FaSSIF-V2, pH 6.8); the dashed line represents
the equilibrium solubility (48 h) of the unformulated compounds (shake flask method). Adapted
from Brenner et al., 2024 [63].

However, for PB, the 1%-loaded silica formulations did not have an impact on solubility,
while positive results were observed for all other drug loads (Figure 46C). Silsol® 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).

98



Development of bioavailability improved formulations based on biorelevant biphasic dissolution results

LU formulations exhibited the least impact on solubility in biorelevant medium
(Figure 46D). For XDP 3050, only the maximum loaded formulation achieved an effect,
resulting in an improvement by a factor of 20 (73.8 pg/mL). Silsol® performed better, with
a maximum improvement factor of 35 (41.9 pug/mL).

Depending on the specific model compound, the concentrations of active ingredient
obtained in the biorelevant medium varied. However, upon examining the enhancement
in relation to the equilibrium solubility of the pure substances, it becomes evident that,
with the exception of LU, all model compounds experienced a silica dependent 100 - 200
times improvement of solubility.

As evidenced in section 4.2.2 (solid state characterization) all tested model compounds
remained in a non-crystalline form after being loaded onto the mesoporous carrier
particles, even at high drug loads. Unlike the crystalline form, dissolving non-crystalline
material does not involve breaking the crystal lattice structure. This allows for better
interactions with solvent molecules, resulting in an increased solubility and exceedance of
the thermodynamic solubility [170]. As a result, loaded silica formulations demonstrated
a significant increase in equilibrium solubility. The literature describes the ability to
generate supersaturated solutions for various silica and active ingredient combinations
[148,160,171,172]. However, depending on the model compound and silica carrier used,
there was a drug load-dependent threshold value below which no improvement in
equilibrium solubility occurred. This might be related to the formation of a dynamic
adsorption equilibrium between the silica surface and the drug molecules. Dening and
Taylor described the 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 [171].
Assuming that a model compound and a silica-specific amount of active ingredient would
stay adsorbed on the silica surface, an increased drug load could compensate for the
adsorbed fraction and increase dissolution.

An ingress of water may lead to competitive interactions of the active ingredients with
water molecules on the silica surface, leading to a displacement of the active ingredients.
If non-crystalline active ingredient gets released from the mesopores, it could be directly
solubilized by the surfactants lecithin and taurocholate present in the biorelevant

medium.
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Thereby, the released fraction is stabilized in solution, even at high concentrations. This
leads to a visible increase in the degree of turbidity of the aqueous medium, particularly
for highly loaded silica formulations.

However, if a medium without surfactants, such as phosphate buffer, is used, the released
active ingredient cannot be stabilized and precipitated out of the solution
(refer to Table 44 and Table 45).

The different pore sizes of mesoporous silica carriers can lead to differences in the
concentration of the model compound. Silsol 6035 (6 nm) has smaller pores that enable
high concentrations at lower drug loads compared to XDP 3050, which has an average pore
size of 23 nm [164].

However, the extent of solubility improvement depends on the model compound studied,
with CoQ10 showing the most significant effect. The equilibrium solubility improvement
differences might be related to the interactions between the model compounds and silica
surface on one hand and the interactions between the drug molecules themselves
(i.e., self-cohesion) on the other hand. The strength of interaction can be represented by
the enthalpy of mixing AHmix (Table 46), with CoQ10 having a decisively lower enthalpy of
-4.35 kJ/mol compared to other model compounds, indicating a higher tendency to

dissolve in solution.

Table 46: Rf-values measured on silica gel thin layer chromatography (TLC) plates (10 cm x 10 cm)
eluted with petroleum ether - ethyl acetate - acetic acid 70:20:10 (v/v/v) and COSMOquick
enthalpy of mixing at 37 °C obtained for coenzyme Q10, astaxanthin, probucol and lumefantrine.
Obtained from Brenner et al., 2024 [63].

Active ingredient Rf-Value AHmix [k)/mol]
Coenzyme Q10 0.85 -4.35
Astaxanthin 0.88 -12.68
Probucol 0.89 -9.63
Lumefantrine 0.40 -9.25
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Conversely, the lowest equilibrium solubility-enhancing effect among all formulations was
observed for LU. Results from TCL experiments revealed a lower Rf value of 0.40 for LU,
indicating a stronger interaction with the silanol groups on the silica surface compared to
other model compounds (which had an Rf value between 0.85 and 0.89),
as shown in Table 46.

The combination of theoretical calculations and the experimental chromatographic
screening method proved to be a promising approach in estimating molecular drug-silica
interactions. While the binary AHmix calculations were based on a sound quantum-
chemical and thermodynamic level of theory, the values were based on simplified binary
drug-silica interactions in the bulk. The water phase on the surface was neglected.
Therefore, AHmix can be considered a measure of intrinsic drug affinity to silica. This was
complemented by the chromatographic screening method, where a mobile phase was
present to capture further solvation effects or possible ionization, such as possibly for LU.
However, the usefulness of these pre-formulation approaches would have to be

demonstrated with further compounds to draw firm conclusions.
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4.3.3. Investigation of apparent solubility/ kinetic concentration in comparison to
monophasic dissolution profiles of highly loaded mesoporous silica formulations

To investigate the apparent solubility (i.e., kinetic concentration) of the model compounds
in a biorelevant medium, solvent shift experiments were conducted. A concentrated
acetone stock solution (SL; 40 mg/mL) was introduced to 50.0 mL of Bi-FaSSIF-V2 (pH 6.8)
and the changes in active ingredient concentration were monitored for 270 min
(see Figure 47). The apparent solubility profiles of the non-crystalline model compounds
(obtained by solvent shift) over time were then compared with the equilibrium solubility
(48 h shake flask; see section 4.3) of the pure (crystalline) substances. The impact of pre-
suspended silica in the agueous medium on the apparent solubility profiles was

additionally examined.
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Figure 47: Apparent solubility (250 pL acetone stock solution (40 mg/mL)) of A) coenzyme Q10, B)
astaxanthin, C) probucol and D) lumefantrine in biorelevant medium (50.0 mL Bi-FaSSIF-V2,
pH 6.8) without and in the presence of mesoporous XDP 3050 and Silsol® 6035, (100% corresponds
to 0.2 mg/mL); the dashed line represents the equilibrium solubility (48h) of the unformulated
compounds (shake flask method). Adapted from Brenner et al., 2024 [63].
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CoQ10, PB, and LU exhibited comparable apparent solubility profiles in biorelevant
medium (Figure 47). The initial concentration attained was 18 - 28 times greater than the
equilibrium solubility. Thereby, the presence of suspended silica (Silsol® 6035 or XDP 3050)
in the aqueous medium had no impact on the concentration profiles and no surface
absorption was detected.

Subsequently, a gradual decline over time occurred due to precipitation of dissolved active
ingredient, resulting in the lowest concentration after 270 min. Nevertheless, the
concentration still remained above the equilibrium solubility (Figure 46). As the
supersaturated state has a significantly higher free energy than a saturated solution, the
system is driven to return to its stable state through crystallization and/or precipitation
[173]. Precipitation can thereby occur in crystalline or amorphous state [174]. The degree
of precipitation varied based on the active ingredient.

The experiments revealed that CoQ10 achieved the highest concentration among all
model compounds tested, which was comparable to the shake flask results of highly
loaded mesoporous silica (see Figure 46). The measurement of 103 pg/mL of CoQ10 after
6 min displayed an 18.7-times increase in solubility in contrast to crystalline CoQ10.
Subsequently, the concentration decreased to 69.5 ug/mL (270 min) (Figure 47A).

On the contrary, ASX remained consistent at approx. 1 ug/mL for the entire test duration
(Figure 47B). For the semi-solid ASX containing oleoresin, which is paste-like at room
temperature, it was found that when the acetone SL was added to the aqueous medium,
the extract immediately precipitated out again. This resulted in the formation of large
droplets which did not dissolve due to their small surface area and high lipophilicity [175].
As a result, the apparent solubility of ASX could not be displayed by solvent shift
experiments.

PB reached a concentration of 56.6 ug/mL after 6 min, which represents an increase by a
factor of 28.3 compared to the crystalline substance (Figure 47C). Subsequently, the
concentration declined to 38.9 pg/mL.

LU solubility was improved by a factor of 17.5, and after 6 min, a concentration of 36.7

ug/mL was reached, which reduced to 30.0 pg/mL during the experiment (Figure 47D).
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The boosted solubility of the active ingredient can be credited to its non-crystalline form
resulting from the solvent shift. As a result, the active ingredient lacks a crystal lattice,
which reduces the interaction forces between individual molecules and eliminates the
need for solvation energy for the solvent to dissolve the active ingredient. Consequently,
a stronger interaction between the solvent and the active ingredient is achieved, leading

to a significantly higher solubility than the crystalline form [176,177].

Furthermore, the apparent solubility profiles of the non-crystalline model compounds
(solvent shift) were compared with monophasic dissolution profiles in biorelevant medium

(Bi-FaSSIF-V2) of the highly loaded mesoporous silica formulations (Figure 48).
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Figure 48: Apparent solubility (250 pL acetone stock solution (40 mg/mL)) in biorelevant medium
(50.0ml Bi-FaSSIF-V2, pH 6.8) of A) coenzyme Q10, B) astaxanthin, C) probucol, D) lumefantrine
and monophasic dissolution (biorelevant medium) of their corresponding loaded mesoporous
XDP 3050 and Silsol® 6035 formulations, (100% corresponds to 0.2 mg/mL); the dashed line
represents the equilibrium solubility (48h) of the unformulated compounds (shake flask method).
Adapted from Brenner et al., 2024 [63].
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Since shake flask experiments revealed, that model compound solubility increased with
increasing drug load (as depicted in Figure 46) for all compounds, only the formulations
with the highest possible drug load were examined.

The data showed that, similar to the results of shake flask experiments, there was a
substantial increase in release rate of CoQ10 generated from the loaded XDP 3050 and
Silsol® 6035 formulations, when compared to the crystalline compound (Figure 48A).
Under the hydrodynamic conditions present in the BiPHa+ cylindrical vessels, the
concentration of CoQ10 increased rapidly for both mesoporous silica formulations. With
80.3 pg/mL already released for loaded XDP 3050 and 34.4 ug/mL for loaded Silsol® after
60 min and thereby notably exceeding the equilibrium solubility (5.5 pg/mL). However,
the release rate slowed down significantly thereafter, with the CoQ10 concentration rising
slowly. After 270 min, XDP 3050 released 93.0 ug/mL of CoQ10, while Silsol® 6035 released
43.2 ug/mL.

Silica loaded with the ASX containing microalgae extract showed similar effects compared
to CoQ10. Initially, a high release rate was observed which decreased decisively over time,
reaching a plateau after 60 min. The XDP 3050 formulation released 58.0 ug/mL, while the
Silsol® formulation released 23.6 pug/mL (Figure 48B). Both concentrations significantly
exceeded the equilibrium solubility of ASX in biorelevant medium (1.1 pug/mL). However,
unlike CoQ10, both loaded silica formulations surpassed the apparent solubility of ASX as
determined in the solvent shift experiment and there was no evidence of precipitation of
extract released from the pores with subsequent droplet formation.

When investigating the release of PB and LU formulations, a different situation occurred
(Figure 48C/ D). The silica formulations for both model compounds did not achieve the
release rates of the CoQ10 and ASX formulations and no rapid release kinetics could be
detected. However, there was a slow release with steadily increasing PB and LU
concentrations. Nevertheless, the equilibrium solubility (PB: 2.0 pg/mL / LU: 2.1 pg/mL)
was already exceeded after 120 min for both active ingredients. For PB loaded XDP 3050,
6.3 ug/mL was reached after 270 min, and for PB loaded Silsol®, 13.7 ug/mL was detected.
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 pg/mL, respectively.
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In general, however, decisively lower concentrations of all model compounds were
measured during the monophasic dissolution studies than during the 48 h shake flask
experiments. This can be attributed to the fact that besides the loading quantity of the
silica carrier particles (refer to Figure 46), the model compound solubility in biorelevant
medium was additionally influenced by the amount of loaded silica formulation per

solvent volume (Figure 49).
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Figure 49: Evaluation of the effect of formulation quantity of highly loaded coenzyme Q10 - XDP
3050 /Silsol® 6035 formulations on coenzyme Q10 solubility (determined by HPLC) in biorelevant
medium (Bi-FaSSIF-V2, pH 6.8) determined by shake flask experiments; the dashed line represents
the equilibrium solubility (48 h) of the unformulated compound (shake flask method). Obtained
from Brenner et al., 2024 [63].

As formulation quantity per mL aqueous solvent volume increased, the concentration of
CoQ10 in solution increased linearly for both types of silica. The impact was particularly
evident with XDP 3050, where the resulting CoQ10 concentrations in solution were
significantly higher than those achieved with loaded Silsol® 6035 using the same quantity
of formulation. Notably, the disparity in CoQ10 concentration achieved by both
mesoporous carriers increased with larger amounts of formulation used.

During biorelevant monophasic/ biphasic dissolution measurements the amount of
formulation used was between 0.4 mg/mL and 1 mg/mL, depending on the drug load of
the investigated formulation. By contrast, during shake flask experiments significantly
larger quantities of formulation were used (formulation excess of at least 20 times the
equilibrium solubility of the model compound in biorelevant medium which corresponds

to up to 10 mg/mL).
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The 270 min monophasic dissolution measurements (Figure 48) were followed up with
24-hour measurements to investigate the stability of the supersaturation achieved by the

silica formulations (Figure 50).
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Figure 50: 24 h solubility profile in biorelevant medium (50.0ml Bi-FaSSIF-V2, pH 6.8) of
A) coenzyme Q10, B) astaxanthin, C) probucol and D) lumefantrine loaded mesoporous XDP 3050
and Silsol® 6035; the dashed line represents the equilibrium solubility (48h) of the unformulated
compounds (shake flask method). Adapted from Brenner et al., 2024 [63].

The generated supersaturation remained stable for a period of 24 h without any
precipitation occurring. For CoQ10, a dynamic equilibrium was reached in about 10 h and
after 24 h concentrations of 105.4 pg/mL were reached by the XDP 3050 formulation and
58.1 ug/mL by the Silsol® formulation, respectively. For ASX, the equilibrium was achieved
in just one hour and end concentrations of 61.0 pg/mL (XDP 3050) and 25.6 pg/mL
(Silsol® 6035) were measured. The concentration of PB consistently increased at a steady
rate (Cmax XDP 3050: 15.9 pg/mL / Silsol® 6035: 28.4 ug/mL), but for LU, the plateau was
reached after eight hours (Cmax XDP 3050: 13.9 pug/mL / Silsol® 6035: 8.2 ug/mL).
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4.3.4. Biorelevant biphasic dissolution results

Prior to investigating the biorelevant biphasic dissolution (BiPHa+) performance of the
highly loaded mesoporous silica formulations for each model compound, studies to
examine how the drug load affected the partitioning rate into the organic absorption sink
were performed. As part of this investigation, XDP 3050 formulations that were loaded
with CoQ10 were selected exemplarily. For detailed findings on the BiPHa+

measurements, please refer to Figure 51.
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Figure 51: Dissolved/ partitioned amount of coenzyme Q10 (mean * SD) as a function of loading
quantity on XDP 3050 (5%, 10%, 15%, 30% and 50% drug load; w/w) during biorelevant biphasic
dissolution (BiPHa+); A) aqueous medium, B) 1-decanol layer; the pH profile in the aqueous
medium is represented by the grey line, (100% corresponds to 0.2 mg/mL). Obtained from Brenner
et al., 2024 [63].

Initially, focusing on the aqueous medium, comparable concentration profiles for the
XDP 3050 formulations with drug loads of 5%, 10%, and 15% (w/w) were obtained
(Figure 51A). Only about 0.7% of the drug was released in the first 30 min, followed by a
sudden increase to approximately 3% after biorelevant surfactants were added.
Subsequently, the concentration declined and finally stabilized at 1%. This concentration
profile was equal to the profile received for unformulated CoQ10, but the rate of
partitioning into the organic 1-decanol phase varied between the different formulations
(Figure 51B). The 5% formulation achieved an end concentration (270 min) of 0.4%, while
the 10% formulation had an end concentration of 0.9%. This represented a slight reduction

in concentration compared to unformulated CoQ10. At low loading levels, CoQ10
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remained in the mesoporous matrix of XDP 3050, which reduced its interaction with the
dissolution medium [178,179]. For various active ingredients, it is known that a fraction of
the loaded drug molecules could be tightly bound to the silica surface or attached to sites
that were inaccessible to the dissolution medium, which led to a reduction in the released
amount of active ingredient [179—-182]. However, this effect was not observed for the 15%
(w/w) loaded formulation, and a final concentration in 1-decanol of 3.4% was achieved,
which was equal to twice the 1-decanol concentration achieved by the CoQ10 powder.
On the other hand, the formulation with a 30% (w/w) drug load achieved an increased
concentration of CoQ10 already in the aqueous medium. After adding Bi-FaSSIF-V2, 7.3%
of the active ingredient was released, representing a decisive increase in dissolution rate
compared to unformulated CoQ10. Related to the increased water solubility and the
higher amount of active ingredient available for partitioning into the 1-decanol layer, after
270 min a concentration in the organic absorption sink of 7.3% was measured [89,90].
The effect of increasing CoQ10 solubility in biorelevant medium with increasing drug load,
observed during shake flask experiments (refer to section 4.2; Figure 46A), partially
translated into an increase in partitioning rate during biorelevant biphasic dissolution. Out
of all tested formulations, the one with a drug load of 50% (w/w) achieved the highest
CoQ10 concentration in the aqueous medium at 20.2% after 30 min. However, due to
partitioning across the aqueous/organic interface and accumulation in the organic
absorption sink, the concentration decreased and reached a plateau of approximately
4.7% after 120 min. At the same time in the organic phase the highest partitioning rate
was detected, and after 270 min, the formulation achieved a concentration of 18.4%.
The end concentration of CoQ10 achieved in the organic absorption sink by different
formulations was found to be linearly dependent on the loading quantity of CoQ10. The

higher the loading quantity, the higher the partitioning rate.

Based on these findings, biphasic dissolution studies were conducted analyzing the
XDP 3050 and Silsol® 6035 formulations with the highest possible drug load. The
experimental results were than compared with the dissolution and partitioning profiles of
the unformulated model compounds. Furthermore, for CoQ10 and ASX the BiPHa+ data
of the commercial formulations studied in section 3.5 and 3.7 were taken into

consideration as a reference for the performance of currently available formulations.
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Figure 52: Dissolved/ partitioned amount of coenzyme Q10 (including micelles and oily dispersion
as commercial formulation with previously studied bioavailability [183]) and astaxanthin (including
micelles as commercial formulation) (mean z SD) during biorelevant biphasic dissolution (BiPHa+);
A) coenzyme Q10 aqueous medium, B) coenzyme Q10 1-decanol layer, C) astaxanthin aqueous
medium, D) astaxanthin 1-decanol layer; the pH profile in the aqueous medium is represented by
the grey line, (100% corresponds to 0.2 mg/mL). Obtained from Brenner et al., 2024 [63].

As previously mentioned, the degree of loading had a direct impact on the CoQ10
solubility in biorelevant medium (Figure 51). Accordingly, the XDP 3050 formulation
achieved a notable improvement in water solubility due to its very high drug load of
50% (w/w) (Figure 52A). But among the formulations tested, the self-emulsifying micellar
one (1. commercial formulation for comparison) proved to be the most effective in terms
of water solubility optimization due to the high surfactant content of the formulation. It
released about 70% of the active ingredient in the first 30 min [107]. On the other hand,
the Silsol® 6035 and oily dispersion (2. commercial formulation for comparison)

formulations did not improve solubility compared to pure CoQ10.

110



Development of bioavailability improved formulations based on biorelevant biphasic dissolution results

However, the mesoporous silica formulations stood out from the rest, as they
demonstrated a marked increase in the partitioning rate into the organic phase compared
to unformulated CoQ10 and commercial formulations (Figure 52B). While pure CoQ10
reached an end concentration of 1.5% in 1-decanol after 270 min, the two commercial
formulations achieved 3.6 - 4% (Table 47). This represents an increase by a factor of 2.4 to
2.7 compared to the unformulated active ingredient. However, the silica formulations
were substantially more effective. For the loaded Silsol® 6035 formulation, a CoQ10
concentration of 15.3% was measured in the organic phase after 270 min, representing an
increase by a factor of 10 compared to the pure active ingredient and an increase of 3.8
to 4.3 compared to the commercial formulations. The increased partitioning rate
compared to the commercial formulations and crystalline CoQ10 could be attributed to
the rapid release kinetic of active ingredient from the mesopores of Silsol® after the
addition of biorelevant surfactants (refer to Figure 48). As a result, CoQ10 is immediately
available for transfer into the organic phase, lowering the concentration of the active
ingredient in the water phase. This prompts 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
CoQ10 in the agueous medium. In their study, Denninger et al. found that ritonavir
exhibited a high partitioning rate in the organic phase, while its concentration in the water
phase remained low [52]. The authors attributed this to the formation of drug rich nano-
droplets in the dissolution medium via liquid — liquid phase separation (LLPS). LLPS can
occur for slow crystallizing drug when the amorphous solubility is exceeded in solution
[184,185].

For the XDP 3050 formulation a concentration of 18.4% was measured in the organic
phase. This represented the highest CoQ10 concentration among all the formulations
tested and displayed a five-fold increase compared to the commercial formulations. As a
result, silica formulations loaded with CoQ10 represented a suitable alternative with
better performance to the currently available commercial formulations. Both mesoporous
carriers experienced significantly improved performance in biorelevant test systems and

allowed for a 1.5 to 9 times higher drug load than the commercial formulations.
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Table 47: Concentrations of dissolved/ partitioned coenzyme Q10 (CoQ10) and astaxanthin (ASX)
(mean £ SD) from the unformulated compounds, highly loaded silica formulations and commercial
formulations in the aqueous medium and the 1-decanol layer at the end of biorelevant biphasic
dissolution (BiPHa+) at 270 min (determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol
Coenzyme Q10 2.0+0.3 1.5+0.2
CoQ10 - XDP 3050 46x0.0 18.4+1.9
CoQ10 - Silsol® 6035 1.8+0.5 153+1.3

Commercial formulations

Micelles 60.0 £ 3.2 3.610.6
Oily dispersion 04+0.1 40+1.3
Astaxanthin 0.2+0.1 04+0.3
ASX - XDP 3050 3506 6.0+ 1.5
ASX - Silsol® 6035 2508 5.7+0.4

Commercial formulation

Micelles 90.7+1.0 0.7 £0.2

Focusing on the ASX formulations, both silica formulations showed an increase in ASX
solubility in the aqueous dissolution medium. The concentration profiles measured were
comparable, with peak concentrations of less than 10% detected after 30 min (Figure 52C).
However, the unformulated extract displayed minimal dissolution in water and maintained
a concentration below 1% throughout the measurement. Conversely, the self-emulsifying
micellar formulation (commercial formulation for comparison) dissolved quickly and
completely, achieving 90% release after 30 min. However, only both silica formulations
exhibited a significant increase in partitioning rate into the organic phase, with
concentrations of 6.0% for XDP 3050 and 5.7% for Silsol® 6035 being measured after
270 min (Figure 52D). Neither the unformulated extract nor the micelles achieved end
concentrations of over 1% in 1-decanol. Thus, the silica formulations improved ASX
partitioning into the organic absorption sink by a factor of 8 to 15 (Table 47) and no
measurable difference between both formulations was observed.

Comparable to the CoQ10 formulations, both silica formulations achieved higher
concentration of active ingredient during biphasic dissolution studies than the commercial

formulation while at the same time providing an up to 3 times higher drug load.
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Figure 53: Dissolved/ partitioned amount of probucol and lumefantrine (mean + SD) during
biorelevant biphasic dissolution (BiPHa+); A) probucol aqueous medium, B) probucol 1-decanol
layer, C) lumefantrine aqueous medium, D) lumefantrine 1-decanol layer; the pH profile in the
aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).
Obtained from Brenner et al., 2024 [63].

Compared to the natural substances CoQ10 and ASX, no commercial formulations were
available for PB and LU. Therefore, only the unformulated active ingredients were used for
comparison.

Although Syloid® XDP 3050 and Silsol® 6035 formulations improved water solubility and
increased the partitioning rate of both active ingredients, the effects were not as
pronounced as examined for CoQ10 and ASX.

Concerning PB-containing formulations, loaded Silsol® 6035 allowed for a higher
concentration of PB in the aqueous dissolution medium (Figure 53A). After adding

biorelevant surfactants (30 min), a concentration of 17.3% was measured, which

subsequently reduced to 89% during the dissolution measurement.
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On the other hand, the pure active ingredient only reached 1% after 30 min, which further
reduced to 0.5%. Using XDP 3050 as a mesoporous carrier, the PB solubility increase was
minor, and after 30 min, 5.2% PB was measured in the aqueous medium.

In the organic phase, the partitioning rate was enhanced by both silica formulations, and
after 270 min, 2.3% was measured for XDP 3050 and 2.7% for Silsol® (Figure 53B). This
corresponded to a five-fold increase compared to the pure active ingredient, which
reached a concentration of 0.5% at the end of the biorelevant dissolution test (Table 48).
Although the concentration of PB in the aqueous medium was increased, the Silsol®
formulation did not show a pronounced increase in the partitioning rate for PB compared
to the XDP 3050 formulation. This could be related to the surfactants lecithin and
taurocholate present in the biorelevant medium interacting with PB. This interaction
appears to have inhibited the partitioning across the aqueous/ organic interface

and thereby reduced accumulating of PB in the organic absorption sink (Figure 54).
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Figure 54: A) Supersaturation in biorelevant medium (50.0 mL Bi-FaSSIF-V2) and B) partitioning
into the 1-decanol layer of probucol (PB) stock solutions (SL) 40 mg/mL in acetone
(1. 250 pL SL = 10 mg PB, 2. 50 uL = 2 mg PB) compared to PB - dicalcium phosphate tablets
(20% dug load (w/w), weight corresponding to 10 mg PB); (mean £ SD); the pH profile in the
aqueous medium is represented by the grey line, (100% corresponds to 0.2 mg/mL).
Obtained from Brenner et al., 2024 [63].

The transfer of dissolved PB across the aqueous/ organic interface in the presence of
biorelevant surfactants was investigated using BiPHa+ measurements carried out with
acetone stock solutions (SL) of PB (Figure 54A). Initially, an amount of SL
(250 pL) equivalent to 10 mg active ingredient was added. The obtained concentration

profile in the aqueous phase closely matched the apparent solubility profile of PB in
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biorelevant medium (refer to Figure 48C). Nevertheless, most of the active ingredient
precipitated directly after the solvent shift, and floating of the fine precipitate directly into
the organic phase occurred due to the high hydrophobicity of PB (Figure 54B). This
limitation of BiPHa+ measurements made it necessary to reduce the amount of SL to
50 uL to keep the active ingredient entirely in solution and suppress floating. Despite the
dose reduction to 2 mg the aqueous concentration profile observed matched the profile
of the 10 mg dose. Simultaneously precipitate formation was suppressed, and floating was
not observed. Even though the concentration of PB in the aqueous medium reached up to
41.3 pg/mL (significantly higher than the 2.0 ug/mL detected for unformulated PB) there
was no increase observed in the partitioning rate of the active ingredient into the organic
phase. After 270 min, the supersaturated solution of PB achieved a concentration of
4.3 yg/mL, while unformulated PB only reached 2.6 pg/mL. This suggests that the
presence of lecithin and taurocholate reduced the transfer of PB into the organic phase by
interacting with dissolved PB. For different surfactant-active ingredient combinations it is
known, that the formation of stable micellar inclusion complexes counteracts an increase
in absorption in vitro, even if significantly higher active ingredient concentrations are

present in solution [117,183,186].

Table 48: Concentrations of dissolved/ partitioned probucol (PB) and lumefantrine (LU)
(mean % SD) from unformulated compound and highly loaded silica formulations in the aqueous
medium and the 1-decanol layer at the end of biorelevant biphasic dissolution (BiPHa+) at 270 min
(determined by HPLC).

Formulation Endpoint concentration [%]
aqueous medium 1-decanol
Probucol 0.5+0.1 0.5+0.1
PB - XDP 3050 22105 2.3+0.7
PB - Silsol® 6035 89z+1.1 2.7+0.8
Lumefantrine 1.0+0.1 1.0+£0.2
LU - XDP 3050 21+03 2.1+0.1
LU - Silsol® 6035 4105 3.0+0.3
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Similar to the dissolution results of the PB formulations, only minor improvements in the
partitioning rate into the organic phase were observed for LU loaded XDP 3050 and
Silsol® 6035. However, loaded Silsol® increased the maximum LU concentration in the
aqueous medium (which was reached after adding biorelevant surfactants) from 1.8%
measured for unformulated LU to 8.0% (Figure 53C). Throughout the dissolution test, the
concentration gradually decreased to 4.1%. XDP 3050 had a reduced impact on LU
solubility and after 30 min, a concentration of 4.3% was measured, which subsequently
decreased to 2.1%. In contrast to the PB formulations, however, the increased solubility
led to an improved partitioning rate into the 1-decanol layer.

After 270 min, 3.0% and 2.1% were measured for the Silsol® and XDP 3050 formulations,
respectively. This corresponded to an increase by a factor of 3 and 2.1 in comparison to
unformulated LU that reached 1.0% (Figure 53D). However, silica loaded with LU showed
overall reduced performance in terms of biorelevant biphasic dissolution.

Moreover, during monophasic dissolution measurements (refer to Figure 48D), LU was
released at the lowest rate when compared to the other lipophilic model compounds. This
might be attributed to stronger interaction of LU with the silanol groups on the surface of
the mesoporous silica carrier particles, as it contains a protonatable basic amin.
Nevertheless, an increase in the partitioning rate was observed for both PB and LU loaded
silica formulations and endpoint concentrations of the unformulated model compounds

were surpassed by up to five times.
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4.4. Conclusion

Despite the challenges presented by the unfavorable molecular properties of CoQ10,
which include high lipophilicity (log D7.4: 14.7) and low water solubility (5.5 pg/mL in
Bi-FaSSIF-V2), various formulations that decisively increase its partitioning rate into the
organic absorption sink of BiPHa+ have been developed. As discussed in section 3.5.1 the
BiPHa+ has been proven to deliver biorelevant dissolution results for CoQ10 independent
of the investigated formulation principle.

Screening experiments have identified HPC-SSL, EPO, and VA64 as suitable carrier
polymers for the manufacturing of binary solid dispersions, with improved water solubility
and increased partitioning rate into the 1-decanol absorption sink. The combination of
VA64 and EPO (50/50) in ternary solid dispersions showed synergistic effects, resulting in
a higher partitioning rate than binary solid dispersions. This formulation achieved an end
concentration of CoQ10 in the organic medium that was 6 -7 times higher than that of
bioavailability-enhanced formulations currently available on the food supplement market.
However, achieving complete amorphization during manufacturing of the solid dispersions
(drug load of 20%; w/w) was not possible due to the high lipophilicity of CoQ10 and its
reduced solubility in the carrier polymers. A reduction of the drug load to achieve a
completely amorphous formulation was not considered, as the evaluation of the optimal
drug load revealed negative effects of reduced drug loads below 10%.

As a result, the use of mesoporous silica, such as Syloid® XDP 3050 and Silsol® 6035, as
carrier particles for drug loading and as an alternative bioavailability improved formulation
strategy was additionally investigated. For evaluation of the effect of loading onto
mesoporous silica particles different lipophilic model compounds were investigated, in
addition to the natural substances CoQ10 and ASX, the synthetic active pharmaceutical
ingredients PB and LU were also examined.

Comparable to CoQ10, all model compounds showed low water solubility and high
lipophilicity, making them unsuitable for direct use in medicinal products. To address this
issue, mesoporous carriers were employed and loaded via incipient wetness impregnation
with DCM as an organic solvent. This method led to high drug loads being received, with
HS-GC-FID measurements showing residual solvent amounts below 100 ppm. The loaded

formulations of both silica and all four model compounds showed a linear dependence of
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the active ingredient solubility in biorelevant medium (shake flask) on the drug load
employed, resulting in solubility improvements of up to 180 times compared to the
crystalline compounds. However, this effect was only observed in biorelevant medium and
not in plain buffer at pH 6.8.

Differences in solubility improvement between the model compounds could successfully
be explained by in silico calculations of mixing enthalpy for drug and silica as well as an
experimental chromatographic method to estimate molecular interactions. 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. However, to draw
firm conclusions, the investigation of further compounds is necessary.

In line with the results of the shake flask experiments, increased solubilities were also
measured during monophasic dissolution studies, particularly for CoQ10 and ASX. The
lower concentrations observed during these experiments in comparison to the shake flask
measurements could be attributed to the solubility-enhancing effect being reliant on the
amount of formulation present in the dissolution medium.

When comparing polymer dispersions to mesoporous silica formulations loaded with
different model compounds, the latter did not exhibit any residual crystallinity, even at
high drug loads of up to 50%. Additionally, the ability of these formulations to improve
solubility resulted in a marked enhancement in biorelevant dissolution performance. ASX
and CoQ10 demonstrated 5 to 7 times better results compared to commercial
formulations, while PB and LU showed improved dissolution when compared to the
unformulated, crystalline active ingredients. However, the formulation principle was
found to be less suitable for PB and LU due to certain limitations.

In summary, loading lipophilic compounds into silica carrier particles is a highly effective
alternative to other formulation principles, such as self-emulsifying drug delivery systems
or polymer dispersions, especially for compounds with a poly-isoprene structure like
CoQ10 and ASX. This method allowed for stabilization of al model compounds in a non-
crystalline form, resulting in significantly improved dissolution performance, while also

providing high drug loads of 30% to 50% (w/w; depending on the solvent used).
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5. Materials and methods

5.1. Materials
5.1.1. Extracts and formulations made thereof
Table 49: Overview of the extracts and formulations used in this thesis (including chemical

structures and physicochemical properties of the respective main active ingredient, product name
and manufacturer).

Curcuma formulations

Formulation: Manufacturer:
Curcumin (CUR) Micelles AQUANOVA AG,
Darmstadt, Germany

Product name:
NovaSOL® Curcumin

OCHs HsCO Cyclodextrin complex Wacker Chemie,
Munich, Germany
Physicochemical properties [28]: Product name:
Molecular weight (MW): 368.4 g/mol Cavacurmin®
Acid/ base/ neutral: weak acid
pKa: 6.8/8.6/9.1 Phytosomes Indena S.p.A.,,
Log D74: 3.50 Milan, Italy
Product name:
Demethoxycurcumin (DMC) Meriva®

Submicron particle Theravalues Corp.,
Tokyo, Japan

Product name:

Hc™” Theracurmin®
Physicochemical properties [28]: Native extract Jupiter Leys,
MW: 338.4 g/mol Okkal, India
Acid/ base/ neutral: weak acid Product name:
pKa: 6.6/ 8.5/ 9.0 -
Log D7.4: 3.58 Adjuvants TISSO
Naturprodukte,
Product name: Wenden, Germany
Bisdemethoxycurcumin (BDMC) Pro Curmin Complete I
0o ©
= Z Turmeric oils Arjuna Natural
HO O o oH Extracts,
Product name: Kerala, India
Physicochemical properties [28]: BCM-95"
MW: 308.4 g/mol - -
Liposomes Verdure Sciences,

Acid/ base/ neutral: weak acid
pKa: 6.8/ 8.7/9.2
Log D7.4: 3.64

Noblesville, USA
Product name:
Longvida®
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Resveratrol Formulations

Trans-Resveratrol
OH
HO 0
O .

OH

Physicochemical properties [66]:
MW: 228.3 g/mol

Acid/ base/ neutral: weak acid
pK,: 9.1/ 9.7/ 10.5

Formulation:

Manufacturer:

Grapevine-shoot extract

Product name:
Vineatrol® 30

Actichem,
Montauban, France

Grapevine-shoot extract
micelles

Product name:
NovaSOL® Vineatrol 30

AQUANOA AG,
Darmstadt, Germany

Water dispersible (WD)
resveratrol

Evolva Holding SA,
Reinach, Switzerland

Log D7_42 2.70
Product name:
VeriSperse™
Purified resveratrol Evolva Holding SA,
Reinach, Switzerland
Product name:
Veri-te™
Coenzyme Q10 Formulations
Formulation: Manufacturer:
Coenzyme Q10 (CoQ10) Purified CoQ10 Kingdomway

Physicochemical properties [66]:
MW: 863.3 g/mol

Acid/ base/ neutral: neutral

pKa: 13.3

Log D7.4: 14.72

Product name:

Pharmaceutics, Inner
Mongolia, China

Oily dispersion

Product name:
Nature Made® CoQio

Pharmavite®,
Northridge, CA, USA

Micelles

Product name:

AQUANOA AG,
Darmstadt, Germany

Quercetin

Quercetin

NovaSOL® Q
Formulations

Formulation: Manufacturer:
Crystalline Quercetin Sigma-Aldrich,

Product name:

Buchs, Switzerland
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Physicochemical properties [66]:
MW: 302.2 g/mol

Acid/ base/ neutral: weak acid
pKs:7.1/9.1/11.1

Log D7.42 1.60

Phytosomes®

Product name:
Quercefit®

Indena S.p.A., Milan,
Italy

Astaxanthin Formulations

Astaxanthin (ASX)
(unesterified)

T R R R R YT R Y T

HO
(o]

Physicochemical properties [63]:
MW: 596.9 g/mol

Acid/ base/ neutral: neutral

pK.: 10.6

LOg D7.4: 8.05

OH

Formulation:

Manufacturer:

Astaxanthin enriched
Haematococcus pluvials
extract (contains mainly
mono- and diester)/
oleoresin

Product name:
AstaFit®

BDI-BiolLife Science,
Hartberg, Austria

Micelles (containing
mainly mono- and
diester)

Product name:
NovaSOL® Astaxanthin

AQUANOVA AG,
Darmstadt, Germany
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5.1.2. Drug substances loaded onto mesoporous silica

Table 50: Chemical structures, manufacturer and physicochemical properties (predicted values;
except molecular weight (MW) and log D7.4) of the drugs used for mesoporous silica loading.

Lumefantrine (LU)

Manufacturer:
Swapnroop Drugs & Pharmaceuticals,
Aurangabad, India

Physicochemical properties [187]:

MW: 528.9 g/mol

Acid/ base/ neutral: weak base
pKa: 8.2

Log D7.4: 8.3 [154]

Hydrogen acceptor count: 2
Hydrogen donor count: 1

Probucol (PB)

HO OH

X

Manufacturer:
Swapnroop Drugs & Pharmaceuticals,
Aurangabad, India

Physicochemical properties [157]:

MW: 516.8 g/mol

Acid/ base/ neutral: neutral
pK,: 10.3

Log D7_4Z 10.9 [153]
Hydrogen acceptor count: 2
Hydrogen donor count: 2
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5.1.3. Polymer substances

Table 51: Molecular structures, information about the manufacturer, and relevant physicochemical
properties of polymers used for production of coenzyme Q10 — polymer dispersions.

Basic butylated methacrylate copolymer Manufacturer:
(Eudragit® EPO) Evonik, Darmstadt, Germany

Physicochemical properties [188]:
MW: 47,000 g/mol

Aqueous solubility: Soluble below pH 5.0,
permeable above pH 5.0

e
L H4C CHy “CH, |

Hydroxypropyl cellulose (HPC) Manufacturer:
Grade: SSL Nippon Soda Co., Tokyo, Japan

CH Physicochemical properties [189]:

‘ﬂ; MW (HPC-SSL): 40,000 g/mol
Agueous solubility: pH-independent soluble

/

Hydroxypropyl methylcellulose acetate Manufacturer:
succinate (HPMC AS) Shin-Etsu Chemical, Tokyo, Japan
C‘)H
CHy Physicochemical properties [190]:
o Y

MW: 17,000 g/mol
Aqueous solubility: Soluble above pH 5.5

CH3

o g°
3

O

CHS

Methacrylic acid-ethyl acrylate copolymer Manufacturer:
(1:1) (Eudragit® L 100-55) Evonik, Darmstadt, Germany
B oH N Physicochemical properties [188]:
3
MW: 320,000 g/mol [120]
x y Aqueous solubility: Soluble above pH 5.5
O o]
HO (|)
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Polyoxyethlene — polyoxypropylen copolymer
(2:1) Kolliphor® P407

HO

b CHs3 b a

Manufacturer:
BASF SE, Ludwigshafen, Germany

Physicochemical properties [191]:

MW: 10,000 — 14,600 g/mol
Agueous solubility: pH-independent soluble

Polyvinyl caprolactam — polyvinyl acetate -
polyoxyethylene copolymer (Soluplus®)
HO

HO

Manufacturer:
BASF SE, Ludwigshafen, Germany

Physicochemical properties [192]:

MW: 90,000 — 140,000 g/mol
Agueous solubility: pH-independent soluble

Polyvinylpyrrolidone (Kollidon® K12 PF)

H/

Manufacturer:
BASF SE, Ludwigshafen, Germany

Physicochemical properties [193]:

MW: 2,000 - 3,000 g/mol
Aqueous solubility: pH-independent soluble

Vinylpyrrolidone-vinyl acetate copolymer
(Kollidon® VA 64)

([3H—CH2 ! [ CH——CH,
N O
o T
CHj
n m

Manufacturer:
BASF SE, Ludwigshafen, Germany

Physicochemical properties [194]:

MW: 45,000 — 70,000 g/mol
Aqueous solubility: pH-independent soluble
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5.1.4. Additional chemical substances

Table 52: Additional chemical substances used for performing various experiments of this thesis.

Excipient/ Chemical

Supplier or manufacturer

Acetone, HPLC grade

Acetonitrile (ACN), HPLC grade

Astaxanthin (ASX) (> 98.0%), HPLC-Standard

Bisdemethoxycurcumin (BDMC) (= 99.5%),
HPLC-Standard

Coenzyme Q10 (CoQ10) (= 99.9%),
HPLC-Standard

Curcumin (CUR) (= 99.5%), HPLC-Standard
1-Decanol

Demethoxycurcumin (DMC) (= 99.5%),
HPLC-Standard

Dichloromethane (DCM), HPLC grade

Dimethyl sulfoxide (DMSO)

Di-sodium hydrogen phosphate dihydrate

Ethanol absolute (> 99.8%), HPLC grade

Formic acid

Glacial acetic acid

Hydrochloric acid (HCI) 0.1 N

Lecithin

Methanol (MeOH), HPLC grade

Quercetin (= 97.6%), HPLC-Standard
Silsol® 6035

Sodium dihydrogen phosphate dihydrate
Sodium hydroxide

VWR International S.A.S., Fontenay-sous-Bois,
France
VWR Chemicals, Darmstadt, Germany

Sigma-Aldrich, Buchs, Switzerland

Cayman Chemical, Ann Arbor, USA

Acros Organics, Geel, Belgium

Cayman Chemical, Ann Arbor, USA

VWR Chemicals, Darmstadt, Germany

Cayman Chemical, Ann Arbor, USA

VWR International S.A.S., Fontenay-sous-Bois,
France
Fisher Scientific, Geel, Belgium
Th. Geyer, Renningen, Germany
VWR International S.A.S., Fontenay-sous-Bois,
France
VWR International S.A.S., Fontenay-sous-Bois,
France
VWR International S.A.S., Fontenay-sous-Bois,
France
VWR Chemicals, Darmstadt, Germany
VWR Chemicals, Darmstadt, Germany
VWR International S.A.S., Fontenay-sous-Bois,
France
Sigma-Aldrich, Buchs, Switzerland
Grace, Worms, Germany
Th. Geyer, Renningen, Germany

VWR Chemicals, Darmstadt, Germany
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Excipient/ Chemical Supplier or manufacturer
Sodium taurocholate VWR Chemicals, Darmstadt, Germany
Trans-Resveratrol (> 99.5%), HPLC-Standard Sigma-Aldrich, Buchs, Switzerland
Tri-potassium citrate Carl Roth, Karlsruhe, Germany
Tri-potassium phosphate VWR Chemicals, Darmstadt, Germany
Water, HPLC grade Fisher Chemicals, Loughborough, UK
Syloid® XDP 3050 Grace, Worms, Germany
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5.2. Methods
5.2.1. High performance liquid chromatography (HPLC) measurements

For concentration determination of all investigated compounds validated HPLC methods
with minor adjustments (as outlined in Table 53) were used [23,28,195-197]. The
measurements were conducted using a Shimadzu HPLC system (LC-2010A HT,
Shimadzu Corporation, Kyoto, Japan) equipped with either a LiChrospher® RP-18 column
(125 mm x 4.6 mm, 5 um particle size, Merck Millipore, Billerica, MA, USA) for PB and LU
guantification or a Nucleodur® C18ec column (250 mm x 4.6 mm, 3 um particle size,
Macherey-Nagel, Diren, Germany) (used for quantification of the other compounds). The
column was maintained at a temperature of 40.0 °C. Samples of the dissolution medium
(aqueous/organic) were collected after each dissolution run, filtered through a 0.22 um
poly-(tetrafluoroethylene) (PTFE) syringe filter, and 10 uL were injected directly into the
HPLC system. For samples containing ASX, the injection volume had to be reduced to 1 pL
due to the high absorption coefficient. Fresh standard curves were prepared for each run
to serve as a reference for quantification and correct peak identification. LabSolutions
software (Shimadzu Corporation, Kyoto, Japan) was employed to monitor and integrate all
peaks.

For the determination of active ingredient content of the formulations used for validation
of the biorelevant biphasic dissolution system (BiPHa+) as well as CoQ10 — polymer
dispersions and drug loaded mesoporous silica the same HPLC system and methods were
used. Samples of 5 to 100 mg (depending on the expected active ingredient content) were
accurately weighed into 50.0 mL amber-colored volumetric flasks and diluted with
methanol or DCM (depending on which solvent was the best). After ultrasonication for
10 min, 1000 pL samples were collected, filtered through a 0.22 um PTFE syringe filter, and

directly injected into the HPLC system.
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Table 53: Composition of the mobile phases (V/V), solvent flow and detection wavelength (DW)

used during HPLC quantification.

Active Mobile phase A Mobile phase B Flow Elution DW

ingredient [mL/min] [nm]

Curcuminoids ACN with 0.1% water with 0.1% 1.00 isocratic 425
formic acid (60%) formic acid (40%)

Resveratrol ACN (78%) water with 0.05% 1.00 isocratic 306
acetic acid (22%)

Coenzyme Q10 ethanol (65%) methanol (35%) 1.00 isocratic 275

Quercetin ACN (70%) Water with 1% 0.60 isocratic 370
formic acid (30%)

Astaxanthin acetone (83-98%) water (17-2%) 0.80 gradient 474

(60 min)
Probucol ACN (90%) water (10%) 1.00 isocratic 254
Lumefantrine ACN (90%) water (10%) 1.00 isocratic 350

5.2.2. Determination of equilibrium solubility in biorelevant medium
The shake flask method was used to determine the equilibrium solubility of all
unformulated compounds/extracts (CUR, DMC, BDMC, resveratrol, CoQ10, quercetin,
ASX, PB, and LU) across various media, including 0.1 N HCI, phosphate buffer pH 6.8,
Bi-FaSSIF-V2 (pH 6.8), and 1-decanol. In addition, drug load-dependent solubility in
biorelevant medium (Bi-FaSSIF-V2) of CoQ10, ASX, PB, and LU loaded mesoporous silica
(XDP 3050 and Silsol 6035) formulations with drug loads of 1%, 5%, 10% (w/w), and
(if achievable; detailed in section 5.2.10) 15%, 20%, 30%, and 50% (w/w) was studied.

To create biphasic dissolution-adapted fasted-state simulated intestinal fluid-V2
(Bi-FaSSIF-V2), sodium taurocholate and lecithin was added to 0.1 M phosphate buffer
pH 6.8. An excess of the mentioned compounds/formulations (at least 20 times) was
incubated in 20.0 mL medium (aqueous/organic). The experiments were conducted using
a GFL 1083 shaking incubator (Gesellschaft fir Labortechnik GmbH, Burgwedel, Germany)
at 37.0°C £ 0.5°C. After 48 h, 1000 L samples were collected, filtered through a 0.22 um
PTFE filter, and directly injected into the HPLC

syringe system

(as detailed in section 5.2.1: HPLC method).
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5.2.3. Determination of apparent solubility/ kinetic concentration in biorelevant
medium

For determination of the apparent solubility (i.e., kinetic concentration) of CoQ10, ASX,
PB, and LU in a biorelevant medium (Bi-FaSSIF-V2 with pH 6.8), supersaturation assays
were conducted. The same dissolution apparatus used for biorelevant biphasic dissolution
(BiPHa+) measurements was occupied (to ensure consistent hydrodynamics), but the
organic phase was omitted (Figure 55). Acetone stock solutions containing 40 mg/mL of
CoQ10, ASX, PB, and LU were prepared, and the assays were initiated by adding 250 uL to
50.0 mL biorelevant medium to achieve a potential concentration of 0.2 mg/mL.

Next, the apparent solubility was compared to the monophasic non-sink dissolution
performance of highly loaded mesoporous silica formulations. Loaded XDP 3050 or
Silsol® 6035 formulations equivalent to 10 mg of active ingredient were transferred to hard
gelatin capsules (size 4) and introduced into the dissolution medium (Bi-FaSSIF-V2) by a
metal sinker. Concentrations were measured for 270 min (equivalent to biphasic
dissolution) using an 8454 UV/VIS DAD spectrophotometer (Agilent, Waldbronn,
Germany). After 270 min concentrations present in the biorelevant medium were

additionally determined by HPLC.

5.2.4. Investigation of 24 h solubility profiles of loaded mesoporous silica formulations
In order to investigate the behavior of the loaded silicate formulations in biorelevant
medium (50.0 mL Bi-FaSSIF-V2 with pH 6.8) over a longer period of time, 24h release
studies were carried out. For this purpose, BiPHa+ vessels were used to ensure consistent
hydrodynamics, but the organic phase was omitted (Figure 55). A quantity of formulation
equivalent to 10 mg active ingredient was encapsulated in hard gelatin capsules (size 4)
and introduced into the dissolution medium with a metal sinker. The concentrations were
analyzed with an 8454 UV/VIS DAD spectrophotometer (Agilent, Waldbronn, Germany).
Following 24 h, HPLC was utilized to ascertain the concentrations within the biorelevant

medium.
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5.2.5. Log D7.4 determination using HPLC

To determine the lipophilicity of CUR, DMC, BDMC, trans-resveratrol and quercetin, their
octanol-water partitioning coefficients at pH 7.4 (log D7.4) were measured using a method
described in the literature [198]. The lipophilicity assessment of other compounds and
extracts was deemed unattainable through the present method, owing to their excessive
hydrophobicity (>>6). Consequently, literature values were utilized as a substitute.
Generally, the same HPLC system as described in section 5.2.1 was used, with the
difference, that a Lichrospher® RP-18 column (50 mm x 4 mm, 5 um particle size, Agilent
Technologies, UK) maintained at 25.0 °C was used for all measurements. The mobile phase
consisted of methanol (MeOH) and 20 uM trometamol (TRIS) buffer adjusted to pH 7.4,
with a flow rate set to 0.8 mL/min. A linear gradient starting with 5% MeOH and ending
with 95% within 5 min, which was then maintained for 1.5 min was applied, followed by
an equilibrium time of 5.5 min between the runs. Detection was performed at a
wavelength of 270.0 nm. After performing a calibration with 6 different drugs
(log D7.4 range: -1.38 to 6.50) with known log D74 values, retention times of the analytes

were used to calculate their log D7.4values.

5.2.6. Biorelevant biphasic dissolution

The BiPHa+ fully automated, small scale, biorelevant biphasic dissolution apparatus
developed by Denninger et al. was used to conduct biphasic dissolution studies on neat
compounds and all (developed) formulations [52]. The apparatus comprised of four
cylindrical vessels (each containing 50.0 mL aqueous medium), with three dedicated to
samples and one for the blank, placed in a water bath at 37 °C £ 0.5 °C (as depicted in
Figure 55). Immediately before the start of dissolution measurements, an amount
equivalent to 10 mg total active ingredients per formulation (due to limited 1-decanol
solubility (see Table 10) the amount was reduced to 5 mg for measurements of Curcuma
formulations) was accurately weighed into hard gelatin capsules (size 4). The capsules
were then placed into metal sinkers (mesh size 1Imm) above the magnetic stirring bars to
ensure adequate hydrodynamics at a rotation speed of 160 rpm. To prevent fine
particulate and hydrophobic neat CoQ10, quercetin, PB, and LU from directly floating into

the 1-decanol layer, dicalcium-phosphate tablets with 20% drug load (w/w)
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(equivalent to 10 mg API) were produced, grinded down using mortar and pestle and then

introduced into the dissolution medium like the other compounds/formulations.
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Figure 55: Scheme of the biorelevant biphasic dissolution apparatus BiPHa+, adapted from
Denninger et al., 2020 [52]. Created with BioRender.com.

BiPHa+ dissolution studies were divided into three pH stages to replicate the
gastrointestinal passage in a fasted state (Figure 56). The dissolution process began at
pH 1.0 for 30 min, after which the pH was adjusted to 5.5 by adding citrate phosphate
buffer concentrate (Table 54). Prior to the pH adjustment, an aqueous concentrate of
lecithin and sodium taurocholate in deionized water was added to create the Bi-FaSSIF-V2
biorelevant medium. This medium was then covered with 50.0 mL of 1-decanol to serve
as an artificial absorption compartment. After 90 min the pH was stepwise adjusted to 6.8
and remained stable until the end of the dissolution experiment (which lasted 270 min).
The duration of BiPHa+ measurements is thereby mirroring the reported average gastric
and small intestine transition time under fasted conditions in humans [199].

Table 54: Composition of buffer concentrate used for pH adjustments during BiPHa+

measurements and necessary volumes added to 50.0 mL 0.1N HCI to achieve the mentioned
pH value (5.5 / 6.8). Adapted from Denninger et al., 2020 [52].

Composition dV phss[mL] dV phes[mL]
K-Citrate 0.525 M
K-Phosphate 0.225M 2.12 2.54
NaOH 1.7 M
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Figure 56: Media setup of the biphasic dissolution model: (A1) = 0.1 N HCl (pH 1.0);
(A2) = Bi-FaSSIF-V2 (pH 5.5); (A3) = Bi-FaSSIF-V2 (pH 6.8), Adapted from Brenner et al., 2024 [66].

Throughout the experiment, the pH was monitored by a pH-electrode (Semi-micro VWR
Collection, VWR Chemicals, Darmstadt, Germany), while a fully automated liquid
dispensing system handled the pH adjustments and the 1-decanol covering.

An Agilent 8454 UV/VIS DAD spectrophotometer (Agilent, Waldbronn, Germany) with
1.0 mm flow-through cuvettes was used to measure the concentration levels of active
ingredient in both media (aqueous/organic). For reduction of scattering phenomena
caused by precipitate in the agqueous medium, 1 um full-flow filters were used.
Additionally, LabView® software programmed by Denninger et al., was utilized to eliminate
remaining scattering during UV measurements. In addition, the endpoint concentrations

in both media were determined by HPLC (see section 5.2.1).

5.2.7. Monophasic non-sink dissolution with pH shift and biorelevant medium

The monophasic non-sink dissolution experiments with pH shift and biorelevant medium
were conducted under similar conditions as the biphasic experiments, utilizing the same
dissolution apparatus (Figure 55) and media (Figure 56), with the exception of the absence
of 1-decanol in the dissolution vessels. At the end of dissolution measurements

concentrations in the dissolution medium were determined by HPLC (see section 5.2.1).
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5.2.8. Monophasic (non-sink) dissolution

Conventional monophasic (non-sink) dissolution experiments (USP Il apparatus as
depicted in Figure 57) were conducted for 180 min using an AT7 dissolution apparatus
made by Sotax AG (Allschwil, Switzerland). The paddle speed was set at 100 rpm, and the
dissolution medium used was 900 mL of 0.1 M phosphate buffer (pH 6.8) heated to
37.0°C £ 0.5°C. To introduce the samples (equivalent to 5 or 10 mg of active ingredient),
they were first weighed and placed into size 4 hard gelatin capsules. A metal sinker was
then used to introduce the capsules into the dissolution medium. Concentration
measurements were taken using an Agilent 8454 UV/VIS DAD spectrophotometer
(Agilent, Waldbronn, Germany), which was equipped with 1 mm flow-through cuvettes.
Subsequent to the completion of the measurement process, the concentrations present
in the dissolution medium were determined through employment of HPLC

(see section 5.2.1).

[

\m/

Figure 57: Scheme of USP Il paddle apparatus with sample and sinker. Created with BioRender.com.

5.2.9. Preparation of coenzyme Q10 - polymer dispersions

First, the eight polymers listed in Table 51 were used for generating CoQ10 dispersions
(20% drug load; w/w) through solvent evaporation. This method entailed dissolving the
polymer and active ingredient in a suitable organic solvent, like acetone or DCM
(depending on which solvent dissolved the polymer best). The solution was then
transferred to a PTFE flask and concentrated on a rotary evaporator under reduced
pressure. Following the attainment of a seemingly solvent-free dispersion, post-drying was
performed for a period of 2 h under vacuum to ensure any residual solvent was eliminated.
Following the evaluation on how different polymers impact the biorelevant biphasic

dissolution (BiPHa+) performance, the optimal drug load needed to be determined.
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Kollidon® VA64 was chosen as a model polymer with good improvement of CoQ10
partitioning rate into the organic layer. Dispersions with 10%, 20%, 30%, and 40% drug
load (w/w) were tested, ultimately discovering that a 20% drug load achieved the best
balance between high active ingredient content and optimal BiPHa+ performance.

Subsequently, it was explored whether combining the most effective polymers could
improve dissolution performance further than a single polymer. To test this, CoQ10
dispersions (20% drug load) were created with a blend of polymers, including Eudragit®
EPO, Kollidon® VA64, and HPC-SSL, in a 1:1 (w/w) ratio using the solvent evaporation

technique. The success of polymer combination was then evaluated using the BiPHa+.

5.2.10. Preparation of loaded mesoporous silica formulations

The process of incipient wetness impregnation was utilized to load mesoporous silica
particles (Figure 58). Different drug loads of 1, 5, 10, 15%, and (silica and model compound
dependent) 20%, 30%, and 50% (w/w) were produced by dissolving varying concentrations
of CoQ10, ASX, PB, and LU in DCM. Due to the reduced ASX content (10.1%) of the extract,
drug loads of 0.1, 1, 2.5% and 5% (w/w) were produced. The maximum achievable drug
load was determined by the solubility of the drugs in DCM, as indicated in Table 55. To
load the silica particles, 1.50 mL/g of DCM was used for XDP 3050, while Silsol® 6035
required 0.75 mL/g due to its reduced pore volume [164,165]. The silica powder was then
added to a beaker and DCM stock solutions (SL) were gradually introduced while stirring
continuously. Stirring continued until all the liquid was absorbed into the pores, resulting
in a seemingly dry powder. The formulations were then protected from light and the
solvent was evaporated under atmospheric conditions for 24 hours in a drying oven.
Finally, the drug load was determined using HPLC (refer to section 5.2.1) and the absence

of residual solvent was confirmed by means of HS-GC-FID as described in section 5.2.11.
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Figure 58: Loading of mesoporous silica particles by means of incipient wetness impregnation.
Created with BioRender.com.
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Table 55: Preparation of mesoporous silica formulations, including the maximum achievable
compound concentration in the dichloromethane (DCM) stock solution (applied solvent 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), Obtained from Brenner et al., 2024 [63].

Formulation Concentration: DCM stock solution [mg/mL] Total Drug Load [%]
CoQ10: Silsol 6035 670 33.1
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

[a]: ASX content of Haematococcus pluvialis extract used for silica loading was 10.1%, therefore
the maximum achievable drug load was reduced

5.2.11. Gas chromatographic (GC) detection of residual solvent

During preparation of loaded mesoporous silica formulations via incipient wetness
impregnation, dichloromethane (DCM) was used as organic solvent, which allowed for
high loading rates. DCM is toxic and has a limit value of 600 ppm in pharmaceutical
formulations [200]. Therefore, the DCM residue was analyzed using a Focus GC connected
to a TriPlus SH Autosampler unit by Thermo Fischer Scientific (Waltham, MA, USA). A
FS_CS_624 capillary column (30 m x 0.32 mm, 1.8 um film thickness, 6%
cyanopropylpolysiloxane, CS-Chromatographie Service GmbH, Langerwehe, Germany)
was used. All measurements were performed in headspace (HS) mode, with a flame
ionization detector (FID) set to 240 °C for detection. To prepare the samples,
approximately 50 mg was weighed and mixed with 1.0 mL DMSO. The mixture was
incubated at 50 °C for 10 min, then 1.0 mL of the gas phase was injected into the GC. 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 the carrier gas, and a split flow of

1/5 was applied during injection.
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5.2.12. Thin layer chromatography (TLC) measurements

In order to examine how CoQ10, ASX, PB, and LU interacted with the amorphous silica gel
surface of mesoporous silica particles, thin layer chromatographic (TLC) experiments were
conducted. Silica gel TLC plates with a fluorescence indicator (specifically, silica gel 60 F254
measuring 10 cm x 10 cm) manufactured by Merck (Darmstadt, Germany) were utilized
for the analysis. To prepare, the compounds were dissolved in DCM (at a concentration of
1 mg/mL), and then 2 uL of each solution was carefully applied to the TLC plate, allowed
to dry, and then eluted with petroleum ether - ethyl acetate - acetic acid 70:20:10 (v/v/v).
The use of organic solvents was necessary to achieve the needed eluting power. Once the
eluent was evaporated, the separated spots were marked and visualized under UV

illumination at 254 nm, and the retarding-front (Rf) values were calculated.

5.2.13. In silico calculation of model compound and silica surface interaction

In addition to the TLC experiments, the interactions between the amorphous silica surface
of Syloid XDP 3050/ Silsol 6035 and the model compounds (CoQ10, ASX, PB and LU) were
accessed by simplified drug-silica bulk calculations based on the software COSMOquick
(BIOVIA COSMOquick, 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 [172]. Hex is also referred to as the enthalpy of mixing
AHmix 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:

AHpix = kakHT];lix - 2k kazIJ(ure (Equation 3)

In this general equation xx holds for the molar fraction of a component k, H*nix is the
enthalpy of compound kin the mixture, whereas Hpure represents the enthalpy of the pure
component k.

The use of AHmixas 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 [172]. For a more detailed

description of the calculations performed, the reader is referred to [201].
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5.2.14. Differential scanning calorimetry (DSC)

Neat compounds and processed formulations (CoQ10 — polymer dispersions and loaded
mesoporous silica) were analyzed with differential scanning calorimetry. To conduct the
measurements, a Mettler-Toledo DSC 2 (GieRen, Germany) was used, along with a
nitrogen cooling system and nitrogen as purge gas (30 mL/min). Aluminum pans were
weighed with approximately 10 mg of samples and then sealed with a pierced lid. The
samples were heated using a conventional method, with a constant temperature rise of
10 °C/min, from 25 to 100 °C (CoQl10 and ASX) or to 170 °C (PB and LU) for all
measurements. Due to high glass transition temperatures of some of the polymers used
for the production of CoQ10 - polymer dispersions, it was necessary to apply a heating

cycle ranging from 25 to 140 °C for these formulations.

5.2.15. X-Ray powder diffraction (XRPD)

Analysis of the molecular structure of neat CoQ10, ASX, PB, and LU and the formulations
made thereof (CoQ10 — polymer dispersions and loaded mesoporous silica) was carried
out via reflection mode X-ray powder diffraction using an X'Pert MRD Pro instrument
(PANalytical, Almelo, The Netherlands) at 45 kV and 40 mA. The instrument utilized nickel
filtered CuKq1 radiation and an X'Celerator detector. The scanning range was set from 5 to

45° 28, with a step size of 0.017° 20.
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Summary and outlook

Natural substances have shown great promise in treating a wide variety of different
diseases. However, many compounds exhibit low solubility in water which can limit their
therapeutic potential and hinder intestinal absorption, resulting in reduced bioavailability.
To increase their therapeutic value, it is necessary to develop formulations with enhanced
bioavailability in humans. Improving water solubility can be a suitable approach to
increase bioavailability. However, enhanced solubility does not always translate directly
into greater intestinal absorption. Thus, in vivo relevant in vitro methods are needed to
identify promising formulation approaches prior to clinical testing. Among these methods,
biorelevant biphasic dissolution systems have shown great promise.

Since many natural substances are used as extracts rather than in their pure form, HPLC
based separation coupled to UV/VIS detection was used to quantify the main active
ingredients in all investigated extracts and their bioavailability-enhanced formulations.
The HPLC-based quantification was then used to evaluate the ability of online UV/VIS DAD
detection, which is commonly applied during dissolution testing, to provide accurate
information about the amount of active ingredient released/dissolved. Although simple
UV/VIS DAD detection does not allow for separation into individual compounds,
structurally related ingredients can be quantified as sum of individual components.
Fortunately, the sum parameters closely matched the concentrations determined by HPLC,
making online UV/VIS DAD quantification feasible for monitoring of extract dissolution. In
addition, HPLC samples were taken at the end of each dissolution measurement to
separately quantify the dissolved active ingredients.

After confirming the analytics, model extract that contained curcumin, trans-resveratrol,
coenzyme Q10, quercetin, and astaxanthin, as well as their bioavailability-enhanced
formulations were subjected to dissolution studies. The results were then compared to
pharmacokinetic data obtained from strictly controlled human trials. The study evaluated
three different dissolution systems: the biorelevant biphasic system BiPHa+, a monophasic
non-sink dissolution method with pH shift and a biorelevant medium, and a conventional
monophasic approach (apparatus Il, USP, and PhEur).

It was found that BiPHa+ had clear advantages over the other two methods. Biphasic

dissolution was able to characterize all formulations according to their expected
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bioavailability in humans. The combination of aqueous non-sink dissolution with an
overlaying organic artificial absorption sink proved to be particularly advantageous in
terms of powerful prediction. Despite the different substance classes and formulations
studied, with applying a single set of parameters, in vivo relevant partitioning profiles were
obtained. The advantage of BiPHa+ was particularly evident in the assessment of the effect
of self-emulsifying micellar formulations, as conventional methods failed in biorelevant
characterization of CoQ10 and ASX formulations. Their effect on the bioavailability was
considerably overestimated. Therefore, BiPHa+ was established as an in vivo relevant in
vitro screening tool for the preclinical formulation development of multi-component
extracts. This is particularly important because current commercial formulations of CoQ10
and ASX showed only minor improvements in bioavailability of the active ingredients
mentioned, requiring further optimization.

Compared to existing commercial formulations, by incorporating CoQ10 into a polymer
matrix within binary solid dispersions, a notable improvement in the partitioning rate into
the organic absorption sink was observed. Out of the 8 commonly used pharmaceutical
polymers tested, VA64, HPC-SSL, and EPO were found to be most suitable for this purpose.
Notably, the combination of VA64 with EPO (50/50) into ternary solid dispersions yielded
a synergistic effect, leading to a further increase in the partitioning rate. At a drug load of
20% (w/w), a 6 to 7-fold increase was achieved compared to formulations currently
available on the food supplement market. However, neither individual polymers nor
combinations of polymers were able to stabilize CoQ10 in the amorphous state, resulting
in semi-crystalline systems.

As such, alternative formulation approaches were explored, with loading active
ingredients on mesoporous carrier particles by incipient wetness impregnation identified
as a promising strategy.

In the initial investigation, it was found that increasing the drug load had a linear effect on
solubility in biorelevant medium of the highly lipophilic model compounds CoQ10, ASX,
PB and LU. The highest load quantity had the greatest impact, and depending on the
formulation, solubility could be improved by a factor of 35 - 180. Performance differences
between the model compounds could be explained by in silico calculations of mixing
enthalpy for drug and silica as well as an experimental chromatographic method to

estimate molecular interactions between drug and carrier. By using DCM as an organic
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solvent, drug loads of up to 50% could be achieved without any crystallinity detected in
DSC and XRPD measurements. All active ingredients were effectively stabilized in a non-
crystalline form.

In addition, the non-crystalline form in combination with the solubility-enhancing effect
of the mesoporous carrier particles translated into improved monophasic and biphasic
dissolution performance. During monophasic dissolution studies, even after 24 h, no
precipitation of the lipophilic model compounds was observed, despite exceeding their
equilibrium solubility. The improved solubility also resulted in an increased partitioning
rate into the organic absorption sink during biphasic dissolution measurements, leading
to a decisively higher end concentration of CoQl1l0 and ASX compared to market
formulations. While PB and LU formulations achieved a lower effect, an increase was still
achieved compared to the crystalline active ingredients.

However, the dissolution performance was not only influenced by the drug load of the
investigated formulation but also depended on the amount of formulation per volume of
dissolution medium. The greater the excess of formulation, the more active ingredient
dissolved. Nevertheless, the underlying mechanisms of these phenomena are not yet fully
understood, necessitating further research 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.

In addition, drug - drug interactions are particularly relevant for highly loaded formulations
as an exceedance of the theoretical monolayer surface coverage has to be expected. Thus,
the usefulness of in silico mixing enthalpy calculations and the chromatographic method
would have to be demonstrated with further compounds to draw firm conclusions.
Furthermore, lipophilic substances such as CoQ10 and ASX are known to be absorbed
through the lymphatic pathway in the same way as dietary lipids. Using this pathway,
bioavailability of active ingredients is strongly influenced by the fat content of the ingested
food. Currently, BiPHa+ can only simulate absorption in the fasted state, but it would be
noteworthy to study the effect of simultaneously ingested food already during in vitro

dissolution measurements, particularly for lipophilic active ingredients.
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