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1 Abstract 

The aim of this doctoral thesis was to accelerate the search of bioactives from natural sources and 

to investigate translational aspects regarding their future application. Two different approaches, i.e. 

biochemometrics and biopharmaceutical profiling (BPP), were applied to unravel multicomponent 

mixtures and to evaluate their potential for inhalation administration. 

Biochemometric methods, such as statistical heterocovariance analysis (HetCA), present valuable 

tools for the early identification of bioactive constituents in complex extracts prior to their isolation. 

1H NMR-based HetCA (1D HetCA) correlates proton resonances with bioactivity data resulting in 

pseudospectra reflecting calculated correlation coefficients. To overcome limitations in the 

interpretation of 1D HetCA pseudospectra, e.g. due to overlapped signals, a two-dimensional 

Heteronuclear Single Quantum Coherence (HSQC)-based HetCA (2D HetCA) approach has been 

established. Compared to 1D HetCA, the 2D HetCA plots clearly showed an improved 

differentiation of signals. This biochemometric tool was applied on an Eriobotrya japonica Lindl. 

dichloromethane leaf extract and was able to reveal a minor triterpenoid, i.e. 2α,19α-dihydroxy-3-

oxo-12-ursen-28-oic acid (1.98% in the crude extract), with a previously undescribed inverse 

agonistic activity on the retinoic acid receptor-related orphan receptor gamma (RORγ) (IC50 = 2.15 

µM), in a targeted, rapid and accurate way (Manuscript I). 

BPP studies are commonly performed in the development of synthetic small-molecule drug 

candidates. However, they are not routinely used for evaluations of herbal extracts and constituents 

from natural sources. Mulberry Diels–Alder-type adducts (MDAAs) from Morus alba L. root bark, 

exhibit both antiviral and antibacterial activity (Publication I), but showed low bioavailability and 

plasma/tissue concentration after oral application. To evaluate their suitability for pulmonary drug 

delivery, two pure MDAAs, sanggenon C (SGC) and sanggenon D (SGD), and two MDAAs 

containing extracts (MA21, MA60) were investigated. The profiling included physicochemical 

properties (pH, pKa, logP, pH-dependent solubility) and biopharmaceutical parameters (epithelial 

cytotoxicity, permeability, uptake). Despite the structural similarity of SGC and SGD, the two 

stereoisomers exhibited distinct behavior in all experiments, but did not demonstrate measurable 

permeability across Calu-3 monolayers. The results obtained revealed that they are promising 

candidates for inhalation administration in isolated form rather than as extracts (Publication II). 

Both approaches, biochemometrics and BPP, not only help to accelerate the search for bioactives 

and to assess the suitability of the constituents for inhalation administration in an early stage of the 

drug discovery process, but also contribute to natural product (NP) research in a timesaving and 

resource-efficient manner.



ZUSAMMENFASSUNG 

 

2 
 

2 Zusammenfassung 

Das Ziel dieser Dissertation war es, einen Beitrag zur Auffindung bioaktiver Stoffe und ihrer 

Anwendung im Rahmen der Wirkstoffentwicklung basierend auf Naturstoffen zu leisten. Zwei 

verschiedene Ansätze, Biochemometrie und die Erstellung eines biopharmazeutischen Profils, 

wurden herangezogen, um die Zusammensetzung von Mehrkomponentengemischen zu 

entschlüsseln und ihr Potenzial für die inhalative Gabe zu bewerten.  

Biochemometrische Methoden, wie etwa die statistische Heterocovarianzanalyse (HetCA), stellen 

ein präzises Werkzeug zur Identifizierung biogener Wirkstoffe noch vor ihrer Isolierung dar. 1H 

NMR-basierte HetCA (1D HetCA) korreliert Protonenresonanzen mit Bioaktivitätsdaten und 

generiert Pseudospektren, die die berechneten Korrelationskoeffizienten widerspiegeln. Um 

Einschränkungen in der Interpretierbarkeit von 1D HetCA Pseudospektren, wie etwa aufgrund von 

Signalüberlappungen, zu überwinden, wurde ein zweidimensionaler Heteronuclear Single 

Quantum Coherence (HSQC)-basierter HetCA Ansatz entwickelt. Im Gegensatz zur 1D HetCA, 

zeigt das 2D HetCA Pseudospektrum eine deutlich verbesserte Differenzierbarkeit der Signale. 

Angewendet auf einen Dichlormethan-Extrakt, der aus den Blättern von Eriobotrya japonica Lindl. 

gewonnen wurde, war dieses biochemometrische Werkzeug in der Lage, zielgerichtet, schnell und 

präzise die terpenoide Nebenverbindung 2α,19α-Dihydroxy-3-oxo-12-ursen-28-säure (1.98% im 

Extrakt) aufzufinden, deren inverse agonistische Aktivität am retinoic acid receptor-related orphan 

receptor gamma (RORγ) bisher noch nicht beschrieben war (IC50 = 2.15 µM) (Manuskript I).  

Die Erstellung eines biopharmazeutischen Profils wird häufig bei der Entwicklung synthetischer 

niedermolekularer Arzneimittelkandidaten durchgeführt, jedoch nicht routinemäßig zur Bewertung 

von Extrakten und Bestandteilen aus natürlichen Quellen eingesetzt. Addukte vom Mulberry Diels–

Alder-Typ (MDAAs) aus der Wurzelrinde von Morus alba L. zeigen sowohl antivirale als auch 

antibakterielle Aktivität (Publikation I), weisen jedoch nach oraler Einnahme eine niedrige 

Bioverfügbarkeit bzw. Plasma-/Gewebekonzentration auf. Um die Eignung von MDAAs für die 

pulmonale Arzneimittelverabreichung zu bewerten, wurden zwei Reinstoffe, Sanggenon C (SGC) 

und Sanggenon D (SGD), sowie zwei MDAA-haltige Extrakte (MA21, MA60) untersucht. Das Profil 

umfasste physikochemische Eigenschaften (pH, pKa, logP, pH-abhängige Löslichkeit) und 

biopharmazeutische Parameter (epitheliale Zytotoxizität, Permeabilität, Aufnahme). Trotz der 

strukturellen Ähnlichkeit von SGC und SGD zeigen die beiden Stereoisomere in allen Experimenten 

ein unterschiedliches Verhalten, ohne messbare Permeabilität durch Calu-3-Monoschichten. Die 

Ergebnisse erlauben die Schlussfolgerung, dass SGC und SGD vielversprechende Kandidaten für 

die Inhalation in isolierter Form sind, nicht jedoch als Bestandteile von Extrakten (Publikation II). 

Biochemometrie und das Erstellen eines biopharmazeutischen Profils ermöglichen nicht nur die 

Beschleunigung der Suche nach bioaktiven Substanzen und eine Einschätzung der Eignung dieser 

Stoffe für die inhalative Gabe in einem sehr frühen Stadium der Wirkstoffentwicklung, sondern 

erlauben es auch, Naturstoffforschung zeit- und ressourcenschonend durchzuführen.
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4 Introduction  

4.1 Drug discovery and natural products (NPs) 

The human use of natural products (NPs) for the prevention, treatment, and cure of diseases dates 

back thousands of years, with the earliest written evidence found in Mesopotamia around 2600 

B.C.1,2 NPs are molecules that are biosynthesized by living organisms, e.g., plants, fungi, lichens, 

algae, microorganisms, etc., and enable adaption to the environment and defense against 

predators and pathogens.3,4 While primary metabolites - carbohydrates, proteins and lipids among 

others - are essential for basal functions such as energy supply, development and growth1,5, 

secondary metabolites (termed NPs in a narrow sense) offer a survival advantage through, e.g., 

interspecies signalling and defense, nutrient-scavenging properties, and protection from ultraviolet 

radiation.6-8 Evolutionary pressure over millions of years established biosynthetic pathways with 

diverse functionality and resulted in efficient NPs with optimal biomolecular compatibility, 

membrane permeability, and stability.9 Highly active hormons, toxins, attractants, antimicrobials, 

etc. interact with biological target macromolecules such as proteins, nucleic acids, and 

membranes10-15 and share key properties of drug-likeness.9 

The vast range of biological activities exhibited by NPs underpins their crucial role as lead structures 

in drug discovery16-18 and NPs represent one of the richest sources of inspiration for drug 

development.19 A comprehensive study by Newman and Cragg showed that two-thirds of all new 

drug approvals between 1981 and 2019 are NPs or of NP origin or inspired by NPs20, particularly 

with a dominant role in anticancer and anti-infective agents.21,22 NPs are complex molecules with 

high structural diversity23 and not only cover a wider chemical space than synthetic compounds24-

26 but also populate regions within this space that are of great importance for drug discovery.19 By 

2018, over 250,000 NPs had been reported as available19, and by 2023, a virtual database 

comprising more than 67 million NP-like molecules had been established27, highlighting the 

immense chemical wealth provided by nature. 

Compared to small-molecule drug candidates, NPs typically have a higher molecular mass, more 

H bond acceptors and donors, lower lipophilicity, larger polar surface area, and more 

stereochemical centers.16,24,28 Higher numbers of sp3 carbons, fewer aromatic rings and rotatable 

bonds indicate higher rigidity with less planar structure and three-dimensional (3D) shape28 which 

can be advantageous for interaction with biological macromolecules.16,29 Moreover, metabolite-like 

compounds, including many NPs, exhibit enhanced druggability, combining inherent biological 

activity with efficient intracellular access mediated by endogenous transporters.9,30,31 

Overall, NPs, with their diverse, complex and unique scaffolds as well as a wide range of functional 

groups and pharmacophore structures (3D arrangement of chemical features with the potential to 
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 interact with a target)30,32, have evolved to fit into the binding sites of biological targets with high 

specificity33 and reduced off-target effects34, and are therefore considered ideal starting points for 

drug discovery.16 

 

4.2 The search for bioactive NPs 

The chemical structure of a molecule largely determines its biological activity, potential interactions 

with target molecules and cellular systems, and is therefore the basis for pharmaceutical lead and 

target identification studies.28 It has been shown that taxonomically related medicinal sources with 

similar phytochemical compositions correlate with similar therapeutic uses.35 However, the search 

for bioactive NPs spans a broad spectrum of methods, from traditional ethnopharmacological 

knowledge36 to modern artificial intelligence (AI) technologies.8,37  

Since there are no generally accepted, defined classification frameworks, the methods used to 

search for bioactive NPs are divided into three categories in this work: (i) traditional methods, (ii) 

modern, computer-assisted methods, and (iii) and biochemometric methods. 

 

5 Traditional methods in the search for bioactive NPs 

The body of knowledge accumulated by humanity over millennia through trial and error in the realms 

of traditional and folk medicine represents a valuable repository of healthcare wisdom.36 

Throughout this period, medicinal plants were used solely on an empirical basis, with no 

mechanistic understanding of their pharmacological effects or active constituents.2 The systematic 

clinical assessment of NPs began to take shape only in the 18th century, when Anton von Störck 

investigated aconite and colchicum, and William Withering conducted seminal studies on 

foxglove.38  

In the context of modern ethnopharmacology, the selection of a plant or other natural source is 

guided by knowledge of the traditional use, serving as the basis for research aimed at isolating and 

characterizing its bioactive constituents.2,36 Ethnopharmacology represents a highly 

interdisciplinary field that integrates botany, chemistry, biochemistry, and pharmacology, and is 

further interconnected with anthropology, history, archaeology, and linguistics.39 The existence of 

ethnopharmacological records can provide valuable information on therapeutic effects and safety 

aspects relevant to drug discovery.2 It is a matter of concern, that traditional knowledge is 

increasingly losing its significance due to the loss of intergenerational knowledge transfer, the loss 

of biodiversity, the limited availability of sufficient high-quality raw materials, and other contributing 

factors.2,36,40 However, still a substantial proportion of the global population continues to rely 

primarily on herbal NPs and supplements for their healthcare needs.41



TRADITIONAL METHODS IN THE SEARCH FOR BIOACTIVE NPs 

6 

 

In 1805, the application of chemical methods enabled Friedrich Sertürner (1783–1841) to isolate 

morphine from raw opium, an important medical breakthrough of the 19th century, often considered 

the first case of phytochemical investigations.42,43 This milestone marked the onset of a new era 

in pharmacognosy, fostering the systematic investigation of medicinal plants and leading to the 

isolation of numerous pharmacologically active compounds, primarily alkaloids, from natural 

sources.2 Over the course of the 20th century, advances in spectroscopic and chromatographic 

techniques, including nuclear magnetic resonance (NMR), mass spectrometry (MS), and high-

performance liquid chromatography (HPLC), firmly established phytochemistry as a core discipline 

within pharmacognosy and NP research.44 

In contemporary NP research, when the mechanism of action and molecular targets are unknown, 

bioactivity-guided fractionation, also referred to as bioassay-guided fractionation45, is regarded 

as the gold standard for identifying bioactive compounds within complex mixtures.46 Starting from 

a bioactive crude extract, iterative chromatographic fractionation is performed, followed by 

bioactivity assessment, with activity-based prioritization of fractions for subsequent rounds.46,47 

With each successive step, the complexity of the constituent composition is progressively reduced 

until the pure bioactive compounds are isolated.48 Despite its widespread application, this approach 

has several drawbacks.16 Highly abundant but inactive compounds may impede the identification 

of minor bioactive constituents, synergistic effects may distort bioactivity results, and loss or 

degradation of bioactive compounds during isolation may occur.49,50 Despite its overall success, 

bioactivity-guided fractionation remains a tedious, time-consuming, and costly endeavour.51  

High-throughput screening (HTS) was developed in the 1990s to enable the activity testing of 

large numbers of samples against various targets in a short time.52,53 Although HTS for NPs have 

demonstrated significantly higher hit rates compared to HTS conducted on synthetic compound 

libraries54, NPs derived from complex crude extracts are less compatible with HTS than chemically 

well-defined small-molecule drug candidates and require pre-preparation steps, e.g., generation of 

suitable sub-fractions.16,30,55 Several limitations associated with HTS must be carefully considered, 

particularly in the context of multicomponent mixtures with intrinsic confounding biological 

activities.56,57 Extracts containing a variety of constituents carry a high risk of interference with, or 

precipitation of, assay reagents.58,59 Bioactive compounds present at concentrations below the limit 

of detection (LOD) of the corresponding assay may remain undetected.30,60 Moreover, assay 

outcomes may be affected by the cytotoxicity of individual compounds or by the presence of 

compounds exhibiting counteractive effects toward the target.61,62
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6 Computer-assisted methods in the search for bioactive NPs 

Since the intital efforts in the 1970s, computational approaches have profoundly transformed the 

field of NP research and drug discovery, and have led to the emergence of the concept known as 

computer-aided drug design (CADD).23,63 Compared to traditional HTS and combinatorial 

chemistry, CADD offers a more targeted and mechanism-based approach.64 It enables the efficient 

selection of candidate molecules from large libraries for subsequent experimental validation, 

supports lead optimization with regard to target affinity and absorption, distribution, metabolism, 

and excretion, and toxicity (ADMET) properties, and facilitates the rational design of novel 

compounds through structural modifications and fragment recombination.64 Regarding NP-based 

drug discovery, CADD methods can assist in prioritizing test material of natural sources and 

identifying bioactive NPs and are able to support hit discovery, hit-to-lead and lead optimization 

phases.23 

A key driver of the progress and success of CADD has been the advancement of structural biology 

techniques, notably X-ray crystallography (XR) and cryo-electron microscopy (cryo-EM), which 

have enabled the use of 3D structures of clinically relevant targets in their active states as templates 

for the screening of suitable ligands and for lead optimization.65,66 Additional pivotal developments 

include the expansion of accessible chemical space through ultra-large virtual libraries 

encompassing millions of drug-like molecules, along with advances in computational methods and 

the availability of computing power capable of processing and analyzing vast amounts of data.27,65 

One important and long-established CADD approach, virtual screening (VS), first described in 

199767, refers to the computational search for drug candidates with potential activity against a 

molecular target in large digital compound databases.68 Based on molecular similarity, VS enables 

the accelerated identification of so-called virtual hits (VHs), which can subsequently be tested in 

biological assays.23,28,69,70 As predicted non-binding compounds are excluded in silico, VS typically 

provides higher hit rates compared to HTS and helps save time and resources.71 VS offers 

particular advantages for NPs, as the isolation of bioactive compounds from natural sources 

typically yields only limited quantities.72-74 This restricted availability poses a challenge for large-

scale screening campaigns, which require sufficient material for extensive testing.75 Although 

certain NPs can be purchased commercially, they are often expensive and may not meet the 

required purity standards.76 As summarized in various reviews, VS has proven to be a successful 

strategy for the identification of promising NPs.23,77,78 Interestingly, the term 'reverse virtual 

screening' has also been introduced to describe the identification of unknown protein targets of 

bioactive compounds or additional targets for drug repositioning.79 

However, VS is highly compatible with HTS, ultimately giving rise to the concept of high-

throughput virtual screening (HTVS), a technique that combines VS of compound libraries with 

the principles of HTS to identify molecules most likely to exhibit modulatory effects on the 
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macromolecule of interest.64,71,80 HTVS significantly reduces time and resource demands by 

identifying non-binding compounds in silico, thereby minimizing the number of compounds that 

need to be tested in vitro.71  

In recent years, groundbreaking advancements in AI have profoundly impacted the field of 

pharmaceutical drug development.37 AI denotes the overarching discipline dedicated to the 

development of methodologies and systems capable of addressing problems that typically require 

human intelligence, such as pattern recognition and decision making.81,82 It compromises a broad 

spectrum of subfields such as machine learning (ML).81 ML focuses on autonomous learning and 

the improvement of performance through experience, without manual human intervention, whereby 

the quality of outcomes is contingent upon the availability of large volumes of data.37,81,82 Deep 

learning (DL), in turn a subset of ML, simulates cognitive functions of the human brain by employing 

artificial neural networks composed of multiple layers of ML, and also relies on substantial 

computational resources and large-scale datasets for effective model training.82,83  

AI has also driven significant progress in NP chemistry and research, transforming the landscape 

of NP drug discovery and advancing the development of innovative therapies for complex 

diseases.8,28,37 As summarized by Chi et al., AI is particularly well suited for the analysis of 

metabolomics and systems biology data due to its high efficiency in identifying hidden patterns 

within datasets, detecting signals in noisy backgrounds, and generating accurate predictions.82 As 

further elaborated by the research group, AI approaches are also capable of analyzing MS and 

chromatographic data, identifying biomarkers and metabolites, and predicting metabolic 

pathways.82 Additionally, AI is a powerful tool for avoiding the re-identification of already known 

compounds and focusing on the rapid discovery of new ones ('dereplication').8,84,85 

However, there are several nontrivial limitations and challenges associated with AI in NP drug 

discovery.82,86 Bender et al. have extensively discussed the limitations that AI may encounter when 

applied to various types of drug discovery-related datasets, including, for example, chemical 

structures, activity on protein targets, physiological data, and animal and clinical endpoints.86 These 

limitations include, among others, difficulties in interpreting data related to chemical structures, such 

as dose-related properties that cannot be directly inferred from the structures themselves.86 

Additionally, the activity of isolated proteins may have limited relevance in in vivo systems, 

physiological data may be incomplete or insufficient, complicating the prediction of exposure-

dependent effects, and in vivo endpoint readouts may be biased and context-dependent.86  

Further key challenges for the application of AI in NP research include the requirement for large 

sample sizes, difficulties in interpreting of complex results, particularly due to the need for 

interdisciplinary expertise, and the necessity for improved model transparency, data security, and 

patient privacy protection.82 This non-exhaustive overview underscores that, despite the 

considerable advantages AI brings to NP drug discovery, numerous challenges still remain.82,86 
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Returning to the fundamental principles of CADD, this approach encompasses two core 

methodological paradigms: (i) ligand-based approaches, which derive insights from the structural 

and physicochemical similarities of known bioactive ligands, and (ii) target-based approaches, 

which rely on the experimentally determined 3D structure of the target macromolecule.18,64,66,87 

 

6.1 Ligand-based drug design (LBDD) 

Ligand-based drug design (LBDD) comprises CADD techniques that rely exclusively on the 

structural information of ligands, without requiring the 3D structure of a specific biological target.64,80 

This approach aims to identify structural, property-based, or molecular parameter-based 

('descriptor-based') similarities between test molecules and known bioactive ligands.87,88 

Consequently, appropriate mathematical methods combined with molecular descriptors are 

essential, the latter forming the basis for the quality of subsequent predictions.89 Established 

methods include pharmacophore modeling7,32,77, quantitative structure-activity relationship 

(QSAR)64,90,91, and ligand-based VS (LBVS).64,92 

 

6.2 Target-based drug design (TBDD) 

When high-resolution structural data of a specific macromolecule (e.g., receptor, protein, enzyme, 

ion channel, structural element) are available, target-based drug design (TBDD) enables the 

screening and assessment of chemical complementarity between the target and potential active 

compounds in biological cell-free assays.64,80,93,94 The fundamental assumption of TBDD is that 

modulation of a particular binding site on the target elicits a specific biological effect, regardless of 

the ligand, provided it exhibits the necessary interaction profile.64 A major goal of this approach is 

to identify target-specific drug candidates with improved ADMET properties and minimized off-

target effects.64 Moreover, TBDD offers in silico access to 3D binding conformations of ligands.87 

Important TBDD techniques include molecular docking, molecular dynamics, and target-based 

VS (TBVS).77,92,95 The increasing popularity of the TBDD approach is driven by the rapidly 

expanding knowledge of biological targets and the integration of these data into publicly accessible 

databases such as the Protein Data Bank (PDB) (https://www.rcsb.org/) and AlphaFold 

(https://alphafold.ebi.ac.uk/).64,87,96 

As Sams-Dodd et al. pointed out, TBDD consists of five steps: (i) identification of the target, (ii) 

target validation, including consideration of its therapeutic relevance, (iii) development of a suitable 

assay, (iv) lead identification through compound library screening, and (v) optimization of the lead 

with respect to target affinity and selectivity.97 Most critical aspects in this context are the 

identification and validation of the target.75,94 On the one hand, it is often uncertain whether a 

specific target is directly associated with a desired biological outcome; on the other hand, unwanted 
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modulatory effects may arise as unintended consequences.75,94,97 Furthermore, the target itself 

must possess an appropriate binding capacity to enable effective interaction with potential ligands 

('ligandability').75 As TBDD is conducted using cell-free in vitro assays, it cannot replicate the 

complex biological environment captured by phenotypic assays, which are performed in cells, 

tissues, organs, or living organisms.94,98 Consequently, TBDD is associated with a higher risk of 

failure in subsequent stages of drug development.66 

 

In Publication I, a TBVS approach was employed to identify NP compounds targeting the main 

protease (Mpro) and the papain-like protease (PLpro) of the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2). High-resolution X-ray crystal structures of both viral proteases, co-

crystallized with known non-covalently bound synthetic inhibitors, were retrieved from the PDB. 

These structural insights enabled molecular docking analyses, facilitating the prediction of potential 

NP-derived inhibitors against the SARS-CoV-2 proteases. 
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6.2.1 Publication I 

 
 

Identification of Natural Products Inhibiting SARS-CoV-2  

by Targeting Viral Proteases:  

A Combined in Silico and in Vitro Approach 

 
Andreas Wasilewicz, Benjamin Kirchweger, Denisa Bojkova, Marie Jose Abi Saad,  

Julia Langeder, Matthias Bütikofer, Sigrid Adelsberger, Ulrike Grienke,  

Jindrich Cinatl Jr., Olivier Petermann, Leonardo Scapozza, Julien Orts,  

Johannes Kirchmair, Holger F. Rabenau, Judith M. Rollinger 

 
Journal of Natural Products 2023, 86 (2), 264-275. 

doi: 10.1021/acs.jnatprod.2c00843 

 
 

Impact Factor (2023): 3.360; Plant Sciences: Q1 
 

 

 

Figure A: Graphical abstract of Publication I 

 

In this study, I contributed to the sample preparation and the experimental testing of hits from the 

TBVS in the PLpro in vitro assay and supported processing of corresponding data. 
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6.2.2 Review of Publication I 

A crucial step in TBDD is the identification and validation of a suitable target.75,94 Antiviral 

compounds may act on proteins originating from either the host or the virus, but these targets must 

play an essential role in the viral replication cycle.99 In Publication I, the viral proteases Mpro (non-

structural protein 5 (nsp5), also referred to as 3C-like protease or 3CLpro)100,101 and PLpro (domain 

of nsp3)102 were selected as targets for TBVS to search for NPs with inhibitory effects against 

SARS-CoV-2.  

This decision was based not only on the availability of X-ray crystal structures in complex with non-

covalently bound synthetic inhibitors, but also on the fact that both Mpro and PLpro exhibit ligandability 

for small molecules and, due to their conserved structures, show a low propensity for 

mutations.99,103 Furthermore, the functional roles of these cysteine proteases, which have distinct 

substrate specificities, were well known and characterized.99 The genome of SARS-CoV-2 encodes 

four structural proteins and two polyproteins, which are translated from open reading frames 

(ORFs).99 After cell-uptake of the virus and polypeptide translation, Mpro is able to distinctly cleave 

the polyproteins at eleven positions, PLpro is responsible for cleavage at three positions.99 

Subsequently, this leads, among other outcomes, to the release of the RNA-dependent RNA 

polymerase (RdRp) subunit nsp12, a key enzyme involved in the viral replication/transcription 

complex.99,102,104  

However, in October 2020, when the study was initiated, only a limited number of non-covalent 

inhibitors were available for the selected targets. Consequently, molecular docking appeared more 

suitable for VS than pharmacophore modeling. Although Mpro and PLpro inhibitors were already 

known at the time105,106, comprehensive repurposing screenings, such as those involving 3,727 

clinically approved drugs targeting PLpro, failed to yield any consistently validated protease 

inhibitors.105 Prada Gori et al. identified two VHs in a ligand-based drug repurposing campaign 

targeting Mpro, but neither was active in cell-based assays.107  

It was only in 2022, that Mpro inhibiting drugs discovered through TBDD received market approval: 

PaxlovidTM (containing nirmatrelvir in combination with ritonavir, which slowes down the metabolism 

of nirmatrelvir) and XocovaTM (containing the active substance ensitrelvir).108-114 Further Mpro 

inhibitors in the pipeline included simnotrelvir (in combination with ritonavir, XiannuoxinTM) which 

has already been approved in China115,116, olgotrelvir, which showed promising results in a phase 

3 study117, and pomotrelvir (PBI-0451) which, however, failed in a Phase 2 study.118 

For molecular docking in Publication I, one Mpro and two PLpro protein structures were employed 

to screen > 140,000 natural NPs and NP-like compounds. Of the 61 VHs identified, 38 were 

selected for subsequent in vitro validation. In enzyme-based assays, five active inhibitors of Mpro 

(sanggenon G (SGG): IC50 = 4.8 µM; kuwanon L: IC50 = 5.3 µM; sanggenon O (SGO): IC50 = 6.7 

µM; sanggenon C (SGC): IC50 = 7.2 µM; sanggenon D (SGD): IC50 = 13.9 µM), two moderately 
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active Mpro inhibitors (morusin: IC50 = 33.5 µM; kuwanon A: IC50 = 35.2 µM), and one moderately 

active PLpro inhibitor (acetylshikonin: IC50 = 4.8 µM) could be confirmed.119  

These eight candidates were subsequently evaluated using a spike immunostaining assay in Calu-

3 cells to corroborate the enzymatic inhibition results. Three NPs exhibited anti-SARS-CoV-2 

activity in the low micromolar range (SGC: IC50 = 4.6 µM; SGG: IC50 = 7.6 µM; SGO: IC50 = 8.0 µM), 

with only moderate cytotoxicity observed at high concentrations (SGC: CC50 = 23.6 µM; SGG: CC50 

= 49.1 µM; SGO: CC50 = 24.9 µM). The selectivity index (SI; CC50/IC50) was calculated as 5.1 for 

SGC, 6.5 for SGG, and 3.1 for SGO. An extract, enriched in mulberry Diels–Alder-type adducts 

(MDAAs), with a total MDAA content of 29.0%, also inhibited SARS-CoV-2 replication (IC50 = 23.0 

µg/mL). Finally, NMR experiments were conducted to confirm the predicted 'butterfly-shaped' 

binding mode of the ligands to the target, as well as their competitive inhibition of Mpro.119  

MDAAs such as SGC, SGD, and SGG, which have been isolated from the root bark of Morus alba 

L., are prenylated flavonoids formed via an intermolecular [4 + 2]-cycloaddition between a chalcone 

unit and a dehydroprenylphenol moiety.120,121 In addition to their anti-SARS-CoV-2 activity 

confirmed in Publication I, MDAA-enriched extracts and pure MDAAs such as SGC also exhibit 

antiviral activity against Influenza A and were well tolerated by lung cells (A549, Calu-3).119,122 

Moreover, they showed pronounced anti-inflammatory activity in vitro122 and have been reported to 

disrupt the lethal synergism between influenza viruses and Streptococcus pneumoniae.123 The dual 

activity of these NPs against viral and bacterial pathogens makes them particularly promising 

candidates for the treatment of diseases involving complications from bacterial secondary infections 

following viral infections.123,124 However, studies in mice revealed poor bioavailability following oral 

administration.125 To investigate whether this limitation could be overcome, selected anti-infective 

sanggenons and MDAA-containing extracts were subjected to biopharmaceutical profiling (BPP), 

with a focus on inhalation administration as an alternative route of delivery (Publication II, Chapter 

8). 

During this study, an important consideration was that both Mpro and PLpro possess a highly reactive 

cysteine residue in their catalytic center, which, due to its thiol group, can form nonspecific covalent 

bonds.126 Therefore, the reducing agent dithiothreitol (DTT) was added during the assays on PLpro 

and Mpro to prevent nonspecific binding.127 Considering such effects is crucial, particularly for NPs 

featuring pan-assay interference compound (PAINS) motifs.127,128  

In summary, Publication I demonstrates the effectiveness of integrating the in silico TBVS 

approach with experimental in vitro validation, including both enzyme-based and cell-based assays, 

for the discovery of NPs active against SARS-CoV-2. Based on 60% enzyme inhibition at 20 µM 

as efficacy threshold, a hit rate of 13% was achieved.119 The most promising compound was SGG 

(IC50 = 4.8 µM, SI 6.5), which exhibited the strongest Mpro inhibitory activity among all tested 

compounds.119  
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In a review by Guerra et al., the authors reported that only 45 out of 648 NP-based potential 

inhibitors of the SARS-CoV-2 proteases Mpro and PLpro had been experimentally tested and 

validated according to the literature.126 Notably, all 45 tested NPs shared a flavone scaffold.126 

Together with the findings from Publication I, this points to the potential of experimentally validating 

entire compound families, a process that can realistically only be carried out following prior CADD 

approaches such as TBDD, which aim to reduce the number of candidates and ensure that only 

promising NPs proceed to in vitro testing.70 
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7 Biochemometric methods in the search for bioactive NPs 

Recent years have seen not only a substantial rise in the significance of AI-based approaches, but 

also noteworthy progress in the development of diverse methods for the targeted identification of 

bioactive compounds in multicomponent mixtures through combination strategies of heterogeneous 

datasets.8,28,129,130 

Biochemometrics is a method that combines chemical and bioactivity data.131-133 It is a discipline 

that evolved from chemometrics, which applies mathematical methods to chemical data analysis.132 

The term was independently introduced in 2006 by both Kvalheim and Martens, with the name 

intended to reflect its conceptual relationship to bioinformatics and biostatistics.133 In 2011, 

Kvalheim and his group used this approach to create a cross-validated partial least squares (PLS) 

regression model for statistically analyzing the relationship between chromatographic profiles of 

synthetic compound mixtures and their corresponding bioactivity data.134  

According to a 2016 study by Kellogg et al., biochemometrics integrates biological and chemical 

datasets to construct statistical models that enable the early identification of active compounds 

during the fractionation process.131 In essence, biochemometrics correlates chemical or metabolite 

profiles of multicomponent mixtures, such as extracts and fractions, with bioactivity data using 

statistical methods.130,135 The bioactivity data are not restricted to specific pharmacological targets 

and may be obtained from cell-free, in vitro, or in vivo assays.130 NMR and LC-MS data sets are 

frequently used in biochemometric analyses.130 

Overall, the key objective of biochemometrics in NP research is the targeted, precise, and rapid 

identification of bioactive NPs, ideally at an early stage of sample processing.131 In this context, the 

approach, like traditional methods and computer-assisted techniques, operates within the broader 

framework of bioactive compound discovery in NP drug development.  

As of 8 May 2025, a SciFinder (https://scifinder-n.cas.org/) search for the term 'biochemometric' 

returned only 63 articles and five reviews, covering topics related to medicinal and botanical 

chemistry. This underscores that the approach remains in its infancy with regard to NP drug 

discovery, even though biochemometrics has already been applied with considerable success, as 

the following studies will demonstrate. 

Beginning in the early 2000s, a research group led by Pauli published several biochemometrics-

related studies focused on the identification of active compounds in extracts of NP origin. For 

example, they applied this approach as a complement to bioactivity-guided fractionation, identifying 

29 anti-tuberculosis (anti-TB) active compounds from Oplopanax horridus (Sm.) Miq., based on a 

dataset of extract metabolites obtained through high-speed countercurrent chromatography 

(HSCCC) and gas chromatography (GC) hyphenated to MS detection (GC-MS).136 In 2013, they 
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successfully employed biochemometrics to assess the contribution of individual compounds to anti-

TB activity in a complex extract of the same Alaskan plant, using quantitative proton NMR (qHNMR) 

data.137 Ramos et al., also affiliated with the Pauli group, aimed to identify the optimal composition 

of airborne anti-TB bioactives from the essential oil of Eucalyptus citriodora Hook., using a 

biochemometrics approach based on HSCCC, GC-MS, and biological screening data.138  

Another group of researchers, including Kellogg and Cech, has also made significant contributions 

to the development of biochemometric approaches. For example, in 2016, Kellogg et al. combined 

bioactivity-guided fractionation and biochemometrics, focusing on the comparison of three 

statistical methods (PLS loading vectors, selectivity ratio, and S-plots) for evaluating the 

antimicrobial activity of constituents from Alternaria sp. and Pyrenochaeta sp.131 Britton et al. 

investigated additive, synergistic, and antagonistic effects exemplified by combinations of Hydrastis 

canadensis L. extract fractions and the alkaloid berberine on antimicrobial activity against 

Staphylococcus aureus.135 To this end, selectivity ratio plots were generated based on untargeted 

MS-based metabolomics and bioassay data.135 Another notable example is a study by Caesar et 

al. from 2018, in which bioactivity-guided fractionation and biochemometrics, based on selectivity 

ratio analysis, were combined with molecular networking to assess the antimicrobial activity of 

compounds from the root of Angelica keiskei (Miq.) Koidz. against S. aureus.139  

 

7.1 MS-based biochemometrics 

A strategy that has gained prominence in the context of MS-based NP research is 

metabolomics.140 This approach was developed in the late 1990s to enable the comprehensive, 

universally applicable, nonselective and unbiased identification and quantification of small molecule 

metabolites within a biological system (cell, tissue, or organism) in its current metabolic state.85,141 

It provides insights into the phenotype shaped by the underlying genomic, transcriptomic, and 

proteomic networks.142 Metabolomic datasets are based on the integrated use of spectroscopic or 

spectrometric techniques and multivariate statistical approaches.129,143 The putative identification 

of metabolites, based on the assignment of spectral data, is referred to as 'annotation'.85 Since 

multiple assignments to the same dataset are often possible, interpretation based on these 

annotations remains a critical challenge in metabolomics studies.85,129 However, in NP research, 

metabolomics is used for metabolite profiling of multicomponent mixtures to identify bioactive 

constituents and support NP prioritization in drug discovery.85  

Another prominent and now widely adopted subfield of MS-based methods is molecular 

networking (MN).50,129,132 Introduced by Watrous et al. in 2012, this method was developed to 

visualize chemical similarities among molecules as spectral networks.144 MN operates on the 
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premise that molecules with similar structures tend to exhibit comparable MS/MS (MS2) 

fragmentation patterns, provided that the fragmentation is performed under consistent experimental 

conditions.145  

To calculate MS2 spectra similarity, each spectrum must first be represented as a multidimensional 

vector, with the individual coordinates determined by the relative peak intensities.146,147 In principle, 

the cosine similarity cos δ (as referred to as cosine score) between two MS2 spectra is computed 

as the dot-product of the two corresponding vectors divided by the product of the lengths of the 

vectors.129,147 This score ranges from 0 (indicating no similarity, with vectors 90 degrees to each 

other) to 1 (identical spectra with vectors poiting in the same direction).146,147 Peaks from one 

spectrum are aligned with those from another, taking into account not only the original m/z values 

but also potential shifts due to fragment loss.129 These calculated similarity scores for the dataset 

can then be visualized as molecular network, where each consensus MS2 spectrum corresponding 

to a given precursor mass is depicted as node.144,145 Similar nodes (based on a user-defined cosine 

score threshold) are connected via edges, whose thickness reflects the cosine score, thereby 

forming so-called spectral families.144,145  

One of the major advantages of MN is the existence of a knowledge base known as the Global 

Natural Product Social Molecular Networking (GNPS), established in 2013, which hosts open-

access raw, processed, and annotated MS data.148 Additionally, the GNPS platform integrates 

numerous tools that enable a wide range of approaches, from data visualization to interpretation.132 

MN not only allows for the dereplication of known compounds and the identification of new 

ones,132,145 but also provides the possibility to integrate bioactivity data into the molecular network 

('bioactivity-based MN'), therefore combining chemical and bioactivity data.49 This combined 

information can be used for the targeted isolation of putatively active molecules from fractionated 

bioactive extracts.49,50,132,149,150  

Recent years have seen the development of MN-based metabolomics strategies that leverage the 

strengths of both MN and metabolomics for NP drug discovery ('MN-based metabolomics').151 For 

example, the insight that molecules within the same spectral family in a molecular network likely 

share structural similarities can be leveraged for metabolomics data analysis.129 A comprehensive 

overview of the combination of MN with other techniques in NP drug discovery is provided by Fox 

Ramos et al.132 
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7.2 NMR-based biochemometrics 

Within the framework of NMR-based biochemometrics, statistical heterocovariance analysis 

(HetCA) is a method that facilitates the early detection of even low-abundance bioactive compounds 

in complex mixtures prior to isolation.143,152 HetCA was introduced in 2016 by researchers from the 

National and Kapodistrian University of Athens with the aim of accelerating the identification of 

bioactive NPs.143 In their study, among other findings, the authors demonstrated that the compound 

kaempferol 3-O-(4-O-acetylrhamnosyl)-7-O-rhamnoside, present in extracts of Dorycnium hirsutum 

L., was correlated with tyrosinase inhibitory activity, as revealed by statistical covariance analysis 

between proton (1H) NMR and activity data.143 The study demonstrated that HetCA can uncover 

structural information of compounds in extracts or fractions without the need for prior purification 

and that variations in compound concentration can correlate with dose-dependent bioactivity.143 

HetCA is based on a modified statistical heterospectroscopy (SHY) approach for the statistical 

correlation of 1H NMR spectra with activity data.143,152 SHY was initially developed to enable the 

co-analysis of data across datasets from different techniques (e.g., NMR and MS), based on the 

fact that the same or associated molecules exhibit inherent covariance among signal 

intensities.152,153 For HetCA, the crosscov and corr functions are used to calculate the covariance 

and Pearson’s correlation coefficients of the datasets and to identify specific chemical features that 

are positively or negatively correlated with bioactivity.152 The results can be visualized in so-called 

pseudospectra, which resemble 1H NMR spectra and display covariance and correlation 

coefficients ranging from -1.0 to 1.0.143,152 Positively correlated NMR signals appear in dark red 

and point upwards, while negatively correlated features are shown in dark blue and point 

downwards.143 

Additonally, when multiple NMR signals in the spectrum of a complex mixture originate from the 

same molecule, statistical total correlation spectroscopy (STOCSY) can highlight related signals, 

as their peak intensities exhibit multi-colinearity.50,143 This can be used for the structural 

identification of compounds by comparing their STOCSY results, i.e. pseudo NMR spectra, with 1H 

NMR spectra of reference substances.152,154 

HetCA has been successfully applied to identify bioactive secondary metabolites in plant 

extracts.122,152,155-157 Boka et al. employed HetCA and STOCSY to statistically correlate datasets 

obtained from 1H NMR measurements and tyrosinase inhibition assays of Paeonia mascula (L.) 

Mill. ssp. hellenica Tzanoud. extracts.156 In addition, they integrated these results with a high-

performance thin-layer chromatography (HPTLC)-based approach combined with multivariate data 

analysis to identify bioactive compounds.156 Michalea et al. identified bioactive compounds in 

acetylcholinesterase and hyaluronidase inhibition assays based on HetCA evaluations, although 

the investigated extracts of Paeoniae parnassica Tzanoud. themselves were not remarkably 

active.157 
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7.2.1 Eliciting Nature’s Activities (ELINA) 

In 2019, Grienke et al. developed the MS- and NMR-based biochemometric workflow 'Eliciting 

Nature's Activities' (ELINA), which regarding NMR, primarily relies on HetCA of 1H NMR-based 

data with the aim of identifying proton resonances associated with bioactive compounds in a 

complex mixture.158 ELINA requires two preconditions: (i) the fractionation of a crude extract into 

microfractions (MFs) with overlapping quantitative variance of constituents, and (ii) a corresponding 

ascending or descending trend in bioactivity, across at least three consecutive MFs.158 The 

workflow comprises microfractionation of a crude extract, 1H NMR measurements and bioactivity 

testing of all MFs, the selection of MF packages that fulfill the aforementioned criteria, and HetCA 

and liquid chromatography-MS (LC-MS)/evaporative light scattering detector (ELSD) data analysis 

for the identification of bioactives158 (Figure B). 

 

Figure B: ELINA workflow 
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The ELINA approach demonstrated its effectiveness on various examples, including combinatorial 

effects between constituents of NP-derived multicomponent mixtures.48,159-161 Using the ELINA 

workflow, extracts of Peucedanum ostruthium (L.) Koch (masterwort) were investigated for 

heterocovariance between in vitro anti-inflammatory activity results and 1H NMR data.159 The study 

revealed four furanocoumarins (imperatorin, ostruthol, saxalin, and 2’-O-acetyloxypeucedanin), 

one coumarin (ostruthin), and one chromone (peucenin) with nuclear factor-κB (NF-κB) inhibiting 

activity.159 In addition, synergistic effects between the metabolites imperatorin and peucenin were 

detetected.159  

In 2023, Zwirchmayr et al. identified anthelmintic activity resulting from a combinatorial effect of 

ostruthin and isoimperatorin, also derived from masterwort, and confirmed this in larval studies of 

Caenorhabditis elegans.48 Moreover, HetCA pinpointed ostruthin as active against Enterococcus 

sp. and S. aureus.48  

Another example is the HetCA-based investigation of fruits from Azadirachta indica A. Juss. for 

compounds with in vitro osteoclast formation-inhibiting activity.160 Two phenylpropanoids, coniferyl 

alcohol and sinapyl alcohol, exhibited a dose-dependent inhibition of osteoclast differentiation with 

negligible cytotoxic effects.160 

Four flavonoids derived from a Pterocarpus santalinus L. extract were identified using the ELINA 

approach in the search for in vitro anti-inflammatory effects related to C-X3-C Motif Chemokine 

Ligand 1 (CX3CL1) gene expression in human umbilical vein endothelial cells (HUVECs).161 As the 

authors pointed out, ELINA provides a holistic perspective on potential pleiotropic effects of 

bioactive compounds within a multicomponent extract, since this approach simultaneously screens 

various constituents for statistical covariances.161 

Another noteworthy study was the ¹H NMR-based HetCA investigation by Langeder et al., which 

identified MDAAs as the most bioactive compounds in the extract of M. alba L. root bark, with SGC 

being the primary contributor to anti-influenza virus activity.122 

Recently, the concept of ELINA was expanded to integrate both NMR- and MS2-based datasets.130 

To this end, Wasilewicz et al. investigated a bioactive crude flower extract from Buddleja officinalis 

Maxim. and generated both 1H NMR-based HetCA pseudospectra and a bioactivity-based 

molecular network related to antioxidant effects in the context of dry eye disease pathology.130 The 

data were subsequently integrated to facilitate the targeted discovery of bioactive compounds.130 

This method, on the one hand, leverages the advantages of the quantitative and universal 

information provided by NMR experiments, which is independent of the ionization ability of 

compounds.130 On the other hand, it benefits from the high sensitivity of MS measurements and 

the potential to gain insights into structure−activity relationships through the clustering in molecular 

families within the molecular network.130 
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By May 2025, all publications referenced in the context of HetCA had employed ¹H NMR data, but 

not two-dimensional (2D) NMR data, for biochemometric analysis. However, the interpretation of 

1H NMR-based HetCA pseudospectra derived from multicomponent NP mixtures containing 

structurally similar molecules can be quite challenging due to extensive signal overlap.162-164  

For example, the class of triterpenes (TTs) includes many structural analogs and presents several 

analytical challenges, including overlapping 1H NMR resonances, especially in the aliphatic 

region.165,166 The scarcity or absence of chromophores leads to reduced sensitivity for UV 

absorption167, while low volatility combined with relatively high molecular weight limits the use of 

GC without derivatization.168 Lipophilic TTs with few polar functional groups exhibit poor ionizability 

in MS-based experiments169 and may also be affected by ion suppression effects, depending on 

the respective matrix.168 Furthermore, MS fragmentation often fails to provide comprehensive 

structural information for TTs due to identical fragmentation patterns.170 Consequently, 2D NMR 

experiments are particularly essential for the unambiguous structural elucidation of TTs.158  

2D NMR techniques have also found their way into dereplication workflows.171 The exploitation of 

Heteronuclear Multiple Bond Correlation spectroscopy (HMBC) and Heteronuclear Single Quantum 

Coherence spectroscopy (HSQC) data helps to accelerate compound identification within 

mixtures.172 Enhancements in 2D NMR barcoding, executed on clusters of fingerprint signals and 

spatial patterns of TT-enriched fractions, together with software-based recognition, allows for the 

rapid dereplication of already known compounds in plant derived extracts.171  

However, as frequently emphasized in the literature, the primary challenge in NP research is to 

identify and distinguish bioactive compounds from inactive ones in complex mixtures at an early 

stage of the phytochemical investigation.57,131,135,158 By May 2025, only a few studies had 

addressed this issue, utilizing 2D NMR spectra combined with bioactivity data in a statistical manner 

to guide the phytochemical workup, as demonstrated in the following publications.  

An NMR-based annotation platform named MADByTE, which stands for Metabolomics and 

Dereplication by Two-Dimensional Experiments, combines HSQC and total correlation 

spectroscopy (TOCSY), where cross-peaks in the 2D spectrum represent correlations between 

protons of the same spin system.164,173,174 These data are used to build a chemical similarity 

network for dereplication and prioritization of bioactive fractions for isolation work.164  

The so-called Data Fusion-based Discovery (DAFdiscovery) pipeline was developed with the aim 

of combining MS, NMR, and bioactivity data by applying STOCSY and SHY.175 Following a GNPS-

feature-based MN (GNPS-FBMN) principle, this approach allows highlighting NMR signals and MS 

nodes that are positively or negatively correlated with bioactivity.175 So far, DAFdiscovery has been 

demonstrated for one-dimensional (1D) NMR data sets obtained from 1H NMR and 13C NMR 

measurements.175 
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'Plasmodesma' is a tool for ML-based automatic acquisition of NMR experiments to uncover 

spectral fingerprints of bioactive compounds in extracts and perform pharmacophoric 

deconvolution.176 The developers make this approach open-access and offer interactive 

visualization of the statistical analysis.176 For example, Plasmodesma was successfully used to 

identify active compounds in a Cinchona bark extract.176  

 

While the statistical correlation of 2D NMR and bioactivity data offers promising possibilities, it is 

still in its early stages. Therefore, it is essential to move beyond dereplication and focus on utilizing 

these methods to identify bioactive compounds in complex mixtures. 

In Manuscript I, the biochemometric 2D NMR-based HetCA approach was developed to identify 

bioactive compounds in multicomponent mixtures. In the first part of the study, a proof-of-concept 

was established using artificially mixed TTs. Subsequently, as a real-world example, a TT-rich 

dichloromethane leaf extract of Eriobotrya japonica Lindl. was selected. This subtropical, evergreen 

tree of the Rosaceae family, also known as loquat, is native to southeastern China and has a long 

history of use in traditional herbal medicine.177,178 Its extracts, mostly derived from the leaves, have 

been used to treat respiratory tract diseases such as cough and bronchitis, as well as inflammation, 

diabetes, and cancer177,179-185, due to their antitussive, anti-inflammatory, antidiabetic, and anti-

tumor properties.177,184-186  

Given their high structural similarity, the wide variety of pentacyclic TTs in the plant results in many 

overlapping signals in the 1H NMR spectrum when present as a mixture.177 Therefore, this plant 

material serves as a suitable application example for 2D HetCA, as the underlying hypothesis 

suggests that the method offers improved evaluability, particularly in the case of overlapping 

signals. 
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Figure C: Graphical abstract of Manuscript I 

 

My contribution to this work included the phytochemical work-up, specifically microfractionation and 

fractionation of the dichloromethane extract of E. japonica leaves, as well as sample preparation, 

measurements and data processing steps for flash chromatography, semi-preparative supercritical 

fluid chromatography (SFC), ultra-high performance supercritical fluid chromatography (UHPSFC), 

thin-layer chromatography (TLC) and NMR experiments. I pre-processed the NMR data and 

calculated and analyzed 1D and 2D HetCA pseudospectra. In addition, I contributed to structure 

elucidation. I drafted and wrote the manuscript and prepared all figures and tables. 
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ABSTRACT 

Biochemometric approaches, which integrate bioactivity data with spectroscopic or spectrometric 

data, offer significant potential to streamline the discovery of bioactive compounds in targeted 

isolation strategies. However, the complexity of natural extracts and the presence of structurally 

similar analogs make this process time-consuming and resource intensive. This study introduces a 

2D Nuclear Magnetic Resonance (NMR)-based heterocovariance analysis (HetCA) workflow to 

identify chemical features that correlate positively or negatively with bioactivity in complex 

mixtures. As a proof-of-concept, the workflow was established using artificially mixed samples of 

pentacyclic triterpenes which were screened for modulatory activities of the retinoic acid receptor-

related orphan receptor gamma (RORγ) and the G protein-coupled bile acid receptor (TGR5). The 

validated concept was then exemplified using a triterpene-rich Eriobotrya japonica leaf extract. The 

applied workflow enabled the rapid, targeted, and accurate identification of bioactive constituents 

from E. japonica that modulate RORγ and/or TGR5 using this newly developed biochemometric 2D 

NMR HetCA approach. 
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INTRODUCTION 

In search of new drug leads, natural products (NPs) are an important source1 with the 

disadvantage of having to deal with complex multicomponent crude extracts as starting materials. 2 

Biochemometric approaches allow the precise and targeted detection of bioactive constituents. 3-7 

The previously developed workflow ELINA (Eliciting Nature’s Activities) 8 primarily relies on 1H 

NMR-based statistical heterocovariance analysis (HetCA) 9, which detects specific chemical 

features, i.e. resonances, that are positively or negatively correlated with bioactivity prior to 

isolation. 10-13  

The interpretation of 1H NMR HetCA pseudospectra derived from mixtures of structural analogs 

with overlapping resonances pushes biochemometric methods to their limits. 14-16 In particular, 

triterpenes (TTs) represent a class of compounds that includes many structural analogs. 17 In addition 

to overlapping resonances, especially in the aliphatic region, TTs pose several analytical challenges, 

e.g. reduced sensitivity for UV absorption18, low volatility19, and poor ionizability in MS-based 

experiments. 20 Hence, 2D NMR experiments are crucial for unambiguous structure determination 

of TTs. 8 

The retinoic acid receptor-related orphan receptor gamma isoform RORγt and the Takeda G 

protein-coupled receptor 5 (TGR5) were selected as suitable targets since their endogenous ligands 

show a structural similarity to the investigated compound class of tetracyclic and pentacyclic TTs. 

21, 22 RORγ promotes the differentiation of naïve T cells into interleukin (IL)-17 producing T helper 

cells (Th17), which release pro-inflammatory cytokines such as IL-17 and IL-22. 21 Small molecules 

can act as inverse agonists of RORγ thereby reducing cytokine production and inflammation. 23 

TGR5, also known as GPBAR-1 or M-BAR22, is involved in the regulation of metabolic diseases 

and inflammation. 24 When stimulated by agonists, TGR5 exerts anti-inflammatory effects via 

inhibition of transcriptional nuclear factor-κB (NF-κB) as well as modulating other signaling 

pathways. 25-27  
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2D NMR techniques such as Heteronuclear Single Quantum Coherence (HSQC) have found their 

way into dereplication workflows. 28 However, statistical correlation of 2D NMR with bioactivity 

data, while promising, is still in its infancy. The aim of this study was to move beyond dereplication 

and to unravel RORγ and TGR5 modulating TTs in mixtures in a fast, targeted, and unambiguous 

manner. Therefore, a biochemometric 2D NMR-based HetCA approach was developed. As a proof-

of-concept, artificially mixed TTs underwent biochemometric analyses and as an authentic 

application sample, a dichloromethane extract of TT-rich Eriobotrya japonica leaves was selected. 

 

EXPERIMENTAL SECTION 

Solvents and Reagents. All solvents (analytical grade), ammonium formate (HiPerSolv 

CHROMANORM®, ≥99%), and ethanol (>99.7%) were purchased from VWR Chemicals (Radnor, 

USA). Chloroform-D1 (MagniSolvTM, 99.8%) was purchased from Merck (Darmstadt, Germany), 

carbon dioxide (CO2) 4.5 from Messer (Vienna, Austria), sulfuric acid (95.0-98.0%), vanillin 

(ReagentPlus®, 99%), and Dulbecco`s Modified Eagle`s Medium (DMEM) (D6546) from Sigma-

Aldrich (St. Luois, USA). Fetal bovine serum (FBS) (S1810) was purchased from Biowest (Nuaille, 

France), glutamine (BE17-605E), penicillin and streptomycin (DE17-602E) from Lonza Group AG 

(Basel, Switzerland), 5X reporter lysis buffer (E397A) from Promega (Fitchburg, USA), 

trypsin/EDTA from Thermo Fisher Scientific (Waltham, USA). Double-distilled deionized water 

(dd H2O) was produced by a Milli-Q-Plus ultrapure water device (Millipore Corporation, Bedford, 

MA, USA) and by an Arium® Pro Ultrapure Lab Water System from Sartorius (Göttingen, 

Germany). 

Plant Material. Dried leaves of E. japonica (batch number 030724) were provided by Plantasia 

GmbH (Oberndorf/Salzburg, Austria). A voucher specimen (JR-20250218-A1) is stored at the 

Division of Pharmacognosy, Department of Pharmaceutical Sciences, University of Vienna, Austria. 

Sample Preparation. Extraction. An E. japonica dichloromethane extract (EJD) was prepared 

from 512.31 g dried and milled leaves with 4.5 L dichloromethane at room temperature on an orbital 
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shaker GFL-3005 (GFL Gesellschaft für Labortechnik, Burgwedel, Germany). Therefore, the plant 

material was divided into two equal parts and put into two 3000 mL Erlenmeyer flasks with 2250 

mL dichloromethane each. The extraction was executed four times (extraction duration 4 days, 2 

days, 1 day, and 5 days). After filtering, the solvent was evaporated on a rotary evaporator 

(Rotavapor R II, Büchi, Flawil, Switzerland) at 40 °C. The material was dried in a desiccator, 16.46 g 

EJD were obtained.  

Flash chromatography. EJD was fractionated by flash chromatography on an Interchim puriFlash 

4250 instrument (Interchim, Montluçon, France) controlled by Interchim Software into 45 

microfractions (MFs), named MF1–MF45. The device was equipped with a photo diode array (PDA) 

detector, an evaporative light scattering detector (ELSD), and a Silica HP 220 Gramm 25 µm 220 

bar puriFlash column (PF-25SIHC-F0220, Interchim, Montluçon, France). 13.75 g of EJD were 

prepared for dry load application by mixing it with silica gel 60 (0.040-0.063 mm, CAS-No 7631-

86-9, 60.08 g/mol, Merck KGaA, Darmstadt, Germany) in a ratio of 1:1 . The gradient for n-hexane 

(A) and acetone (B), with a flow rate of 50.0 mL/min, was: 2% B for 3 column volumes (cv), 2% B 

to 5% B in 7 cv, 5% B for 5 cv, 5% B to 10% B in 7 cv, 10% B for 5 cv, 10% B to 15% B in 7 cv, 

15% B for 5 cv, 15% B to 20% B in 7 cv, 20% B to 40% B in 5 cv, 40% B for 7 cv, 40% B to 100% 

B in 10 cv, 100% B for 7 cv. To combine in total 2121 test tubes with 20 mL each into 45 MFs, 

results of Ultra-high performance supercritical fluid chromatography (UHPSFC) and thin layer 

chromatography (TLC) were used.  

The fractionation of MF33 with the same device and detectors via a C18 HQ 12 Gramm 15 µm 

22 bar column (PF-15C18HQ-F0012) was conducted with a flow rate of 15.0 mL/min with dd H2O 

(A) and acetonitrile (B): 5% B for 3 min, 5% B to 45% B in 4 min, 45% B to 98% B in 80 min, 98% 

B for 17 min, 98% to 5% B in 0 min, 5% B for 15 min. 124.20 mg of MF33 were homogenized 1:1 

with 125.0 mg Silica gel 60 for dry load application. UHPSFC and TLC analyses were used to guide 

the pooling of 359 test tubes into eight fractions A1–A8. 
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Semi-preparative SFC. Fractionation of 30 mg A3 in methanol (25.29 mg/mL) was performed 

on a SFC Prep-15 device (Waters, Milford, MA, USA) equipped with an ELSD and PDA detector. 

A TorusTM 1-aminoanthracene column (OBDTM, 130 Å, 10 x 250 mm, 5 µm) (Waters, Milford, MA, 

USA) was kept at 45 °C. The mobile phase consisted of supercritical CO2 and ethanol absolute 

>99.7% with a gradient [time(min)/% B]: 0.0/10, 1.5/10, 16.5/11, 18.5/50, 20.5/50, 21.5/10, 22.5/10. 

Three fractions, named B1–B3, were collected according to the ELSD chromatogram. 

UHPSFC. UHPSFC analysis of MF1–MF45 was performed on an Acquity UPC² device (Waters, 

Milford, MA, USA) equipped with a PDA detector and ELSD. A TorusTM 1-aminoanthracene 

column (130 Å, 3.0 x 100 mm, 1.7 µm) (Waters, Milford, MA, USA) was kept at 45 °C. Supercritical 

CO2 (A) and methanol (B), flow rate 1.0 mL/min, were used for the gradient in [time(min)/% B]: 

0/10, 6.5/19, 7.5/50, 8.5/50, 9/10, 10/10. Samples were prepared with 5 mg/mL in n-hexane and 2-

propanol 7:3. The measurements for A1–A8 and B1–B3 (5 mg/mL in acetonitrile and methanol) 

were performed in the same way with some changes. The gradient in [time(min)/% B] was: 0/10, 

15/13, 15.2/50, 16.2/50, 16.50/10, 17/10. Additionally, a single quadrupole mass spectrometry 

detector (QDa by Waters (Milford, MA, USA)) was used with a flow rate of 0.6 mL/min of 10 µM 

ammonium formate (in dd H2O : methanol 1:9) as make-up solvent. Both positive (15 V cone 

voltage) and negative mode (30 V) were recorded with a scan range from 100.00–1000.00 Da.  

TLC. TLC was performed using silica gel 60 F254 plates (Merck, Darmstadt, Germany). The 

mobile phase consisted of methanol, dichloromethane and ethyl acetate with 10:1.2:0.5 v/v. The 

analysis was performed at visible light after derivatization with vanillin (1% in methanol) and 

sulfuric acid (5% in methanol) and temperature increase to 105 °C for 2 min.  

Cell culture. HEK293 cells (CRL-1573, ATCC) were grown in DMEM supplemented with 10% 

FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were cultured at 

37°C and 5% CO2 and passaged every 2-3 days, with a maximum use up to passage number 35.  

RORγ-Gal4 luciferase reporter gene assay. A hybrid RORγ-Gal4 construct was employed, in 

which the RORγ ligand-binding domain (LBD) is fused to the Gal4 DNA-binding domain (DBD), 
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a yeast transcription factor that drives luciferase expression through a yeast upstream activating 

sequence, as previously described. 29 Briefly, 8 x 106 HEK293 cells were transfected with the 

calcium phosphate method using 5 μg of Gal4-receptor (RORγ-Gal4: Dr. Fabio R. Santori, Center 

for Molecular Medicine, University of Georgia, Athens, Georgia, USA), 5 μg of response element 

(tk(MH1000)4xLuc: Prof. Ronald Evans, Salk Institute for Biological Studies, La Jolla, California, 

USA), and 3 μg of eGFP plasmid (pEGFP-N1: Clontech, Mountain View, CA, USA), and incubated 

overnight. Medium was changed, and cells were further incubated for 5 h before resuspension in 5% 

charcoal-stripped FBS-DMEM. Cells were then reseeded into a 96-well plate (5 x 104 cells/well) 

and treated with compound solutions prepared in the same medium for 18 h. After cell lysis in 5X 

reporter lysis buffer, luminescence and fluorescence values were measured on a TECAN Spark 

Microplate Reader (TECAN Group AG, Männedorf, Switzerland). Luminescence signals were 

normalized to fluorescence emissions and expressed as fold activations normalized to the vehicle 

control dimethyl sulfoxide (DMSO) 0.1%. 

CRE-luciferase reporter gene assay. As an indirect measurement of TGR5 receptor activation by 

compound treatment, CRE-luciferase reporter gene assays were performed as previously described. 

30 Briefly, HEK293 cells stably expressing an EPAC-based FRET biosensor as well as the TGR5 

receptor (TGR5 HEK EPAC) were seeded at a concentration of 8 × 106 cells on 150 mm cell culture 

dishes 4–5 h prior to transfection. Cells were then transfected with 10 μg CRE-luciferase reporter 

plasmid overnight. On the next day, cells were allowed to recover from transfection for 4–5 h in 

fresh medium before detachment from dishes using trypsin/EDTA. Cell suspensions were diluted in 

stripped (5% charcoal-stripped FBS) DMEM to a concentration of 5 × 104 cells per well onto a 96-

well plate and treated with vehicle control (0.1% DMSO), positive control LCA (10 µM) or 

compounds at the indicated concentrations for 18 h. Following treatment, the cells were lysed in 5X 

reporter lysis buffer. The basal fluorescence emission of the stably transfected EPAC FRET 

biosensor was used for cell number normalization and measured at an emission wavelength of 520 

nm (excitation wavelength at 485 nm) using a TECAN Spark Microplate Reader (TECAN Group 
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AG, Männedorf, Switzerland). Luminescence values (RLU) were measured and normalized to the 

respective fluorescence values (RFU) to account for differences in cell numbers (RLU/RFU) and 

normalized to the vehicle control (0.1% DMSO). Results are expressed as fold activations relative 

to vehicle control.  

Statistics. Data obtained in the RORγ-Gal4 luciferase reporter gene assays and the CRE-luciferase 

reporter gene assays were checked for normal distribution via D`Agostino & Pearson calculations. 

For nonparametric data (as was the case for MF13 in Figure S8 only), Mann-Whitney-U-test was 

performed. Statistical analysis included one-way ANOVA and Dunnett`s post-hoc test (****p ≤ 

0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, n. s. p > 0.05) versus vehicle control DMSO 0.1%. 

Data analysis was performed with Microsoft Excel version 2404 (Microsoft Corporation, Redmond, 

USA) and GraphPad Prism version 10.2.3 (403) (Dotmatics, Boston, USA). Results are expressed 

as mean ± standard deviation measured in n biological replicates. Nonlinear regression was used for 

IC50 value calculation. NMR data processing was performed with TopSpin (Version 4.1.4, Bruker 

BioSpin GmbH, Rheinstetten, Germany, 2022). Statistical correlation of NMR data with bioactivity 

data for the calculation of 1D and 2D HetCA pseudospectra was performed with MATLAB (R2020a 

Update 4, 9.8.0.1417392, The MathWorks GmbH., Munich, Germany).  

NMR Spectroscopy and Data Pretreatment. Compounds 1, 7, 8, 12, 13, AMF1–AMF8, MF33–

MF35, and B1–B3, were dissolved in deuterated chloroform-d with 3 mg/mL. 750 µL of each 

sample were centrifuged at 3000 rpm for 5 min. 650 µL of the supernatant were transferred to an 

NMR tube (LabScape, Bruker, Germany). For all samples both 1H NMR spectra and HSQC spectra 

were recorded, for structure elucidation of B1– B3, additionally APT, HMBC, and 1H-1H COSY 

experiments were conducted, as supplied by the manufacturer. NMR experiments were performed 

at 298 K on a Bruker Ascend 500 MHz NMR spectrometer (Bruker, Billerica, MA, USA), equipped 

with a SampleJet, a 5 mm TCI Prodigy CryoProbe, and an Avance NEO console, and referenced to 

the residual non-deuterated solvent signals (δΗ 7.26 ppm; δC 77.16 ppm). The resonance frequency 
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for 1H NMR was 500.19 MHz and for 13C NMR 125.77 MHz. HSQC spectra were collected with 

2028 points in F2 and 256 increments in F1, with 32 dummy scans and 4 scans.  

NMR data processing and HetCA. As pre-processing steps, the 1H NMR spectral data underwent 

the protocol as described before8,9 including phase correction, a manually processed fifth order 

polynomial baseline correction based on the mathematical equation A + Bx + Cx² + Dx3 + Ex4 and 

an axis calibration for the solvent used. Spectral features from 1H NMR and HSQC data sets were 

then statistically correlated with the bioactivity data on RORγ and TGR5 via HetCA by MATLAB. 

For 1D HetCA of AMF1–AMF4 and MF33–MF35, the proton NMR spectra were bucketed with a 

width of 0.0005 ppm, in the range δH 0.5–10.0. Peak picking of HSQC cross-peaks for 2D HetCA 

of AMF1–AMF4 was performed in the range of δH 0.0–10.0 and δC 0–150 with a maximum of 100 

picked peaks, and for MF33–35 in the range of δH 0.0–8.0 and δC 0–150 with a maximum of 500 

picked peaks with at least 2% of the highest intensity. Some signals, that were not ideally captured 

during automatic processing, were corrected manually. Additionally, signals of artefacts, known 

from the 1D HetCA results, were excluded from further processing. The size of the generated cross-

peaks in the 2D HetCA pseudospectra were unified. The HetCA plots visualize the calculated 

covariance, with positively correlated signals pointing upward and negatively correlated signals 

pointing downward. The gradation of the correlation coefficient (cc) between -1.0 and 1.0 for all 

HetCA experiments was depicted by MATLAB default color-code type jet from dark blue to dark 

red. 

RESULTS AND DISCUSSION 

Selection of compounds and preparation of artificial TT mixtures for a proof-of-concept 

study. The first aim of this work was to set up a proof-of-concept study to evaluate whether a 2D 

NMR-based biochemometric approach is superior to 1D techniques and suitable for the 

differentiation of active and inactive structural analogs with overlapping 1H NMR resonances. For 

this purpose, 15 known active as well as known inactive TTs were selected deliberately: ursolic acid 

(1), oleanolic acid (2), echinocystic acid (3), erythrodiol (4), uvaol (5), α-amyrin (6), faradiol (7), 
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betulin (8), lupeol (9), maslinic acid (10), corosolic acid (11), hederagenin (12), bayogenin (13), 

asiatic acid (14), and ganoderic acid A (15) (Chart 1, Table S1). 

Chart 1. Chemical structures of 15 selected triterpenes (TTs). Ursolic acid (1), oleanolic acid (2), 

echinocystic acid (3), erythrodiol (4), uvaol (5), α-amyrin (6), faradiol (7), betulin (8), lupeol (9), 

maslinic acid (10), corosolic acid (11), hederagenin (12), bayogenin (13), asiatic acid (14), and 

ganoderic acid A (15). 

 

To obtain consistent bioactivity data independent of already described activities, all 15 TTs were 

tested in the same assay systems. For evaluating the activity on RORγ, a Gal4 luciferase assay was 

employed, and for testing the activity on TGR5, a stable TGR5-expressing cell line with a CRE 

luciferase reporter gene were used. Based on these results, the 15 selected TTs were classified into 

three groups covering active, moderately active, and inactive TTs (Figure S1). In general, the results 

for TGR5 were in accordance with the literature and a structure-activity relationship study proposed 

by Genet et al. 31, concluding that TTs with the chemical features of a 3α-hydroxyl group, a carboxyl 

group at C-17 combined with a pentacyclic scaffold, have a high potential for activity on TGR5. 

Only for compound 12, the result obtained for TGR5 was contradicting. For RORγ, the results were 

consistent with literature data except for the lower activity of 432 (Table S2). 
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To keep the proof-of-concept study simple, five out of the 15 TTs were selected to cover the three 

preassigned bioactivity groups on both targets. One active compound (1), one moderately active 

compound (12), and three inactive compounds (7, 8, and 13) were used to prepare mixtures in 

different quantitative ratios to obtain eight artificial microfractions (AMF1–AMF8) simulating 

chromatographic fractionation (Table S3). All AMFs were subjected to bioactivity assessment on 

RORγ and TGR5 in luciferase reporter gene assays as well as 1D and 2D NMR measurement. Based 

on the bioactivity results, it was possible to define fraction packages with increasing or decreasing 

bioactivity, e.g. AMF1–AMF4 for the target TGR5 showing a distinct sequentially decreasing 

bioactivity (Figure 1). 

 

Figure 1. (A) Bioactivities of artificial TT mixtures AMF1–AMF8 (3 µg/mL) on the targets RORγ 

in RORγ-Gal4 luciferase assays and (B) TGR5 in CRE-luciferase assays. The color coding within 

the individual bars reflects the bioactivity of the respective compound (dark grey for active, medium 

grey for moderately active, and light grey for inactive) of the mixed TTs, and each colored section 

is labeled with the respective compound number. The size of a section within a bar represents the 

relative amount of a compound in the corresponding AMF. Package AMF1–AMF4 was used for 

HetCA (marked with a dashed rectangle). 

1D and 2D NMR measurements including data analysis. For 1D HetCA, proton NMR 

experiments were performed, for 2D HetCA HSQC data sets were recorded. To ensure consistent 
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signal-to-noise ratios, samples were prepared in the same way and measured under the same 

conditions (Figures S2, S3, S4).  

The compounds selected possess no aromatic structures, only a few alkenyl hydrogens and many 

aliphatic protons. Thus, in the chemical shift region δH 2.5–6.0 only a few resonances are present 

while the upfield region (δH 0.0–2.5) is rather crowded with overlapping signals. Due to signal 

overlap, unambiguous assignment of all five compounds in the mixture is challenging. Comparison 

with superimposed 1H NMR spectra allowed only to assign 1 and 8 unambiguously (Figure S5), 

whereas evaluation of the superimposed 2D HSQC spectra made assignments for 1, 7, 6, 12, and 13 

possible (Figure S6). In general, for the identification of bioactives in mixtures of unknown 

compounds, the aromatic region (approximately δH 6.5–8.5) can also show overlapped signals and 

would benefit from available HSQC data. 

1D and 2D NMR data processing for HetCA. To perform HetCA, two prerequisites must be 

met: (i) a bioactive crude extract must be fractionated into microfractions (MFs) that contain an 

intersecting quantitative variance of constituents, and (ii), this quantitative variance must be 

reflected in a correlated ascending or descending variance of bioactivity. 8 For the statistical 

correlation between chemical features and bioactivity data, raw 1H NMR spectral data are processed 

according to a standard protocol. 8, 9 MATLAB is then used for HetCA of selected fraction packages 

consisting of at least 3 MFs. To reduce the complexity of spectra, each spectrum is divided into 

buckets of defined width. The data points of each spectroscopic bucket are summed up and the 

corresponding 1H NMR resonance intensities are calculated. After implementing bioactivity data, 

the HetCA process correlates them with the 1H NMR resonance intensities. To obtain color-coded 

pseudospectra with positively (red, upward signals) or negatively (blue, downward signals) 

correlated resonances, the correlation coefficient (cc), calculated via normalization of the 

covariance, is plotted for each bucket.  

To calculate HetCA with 2D NMR spectra, the same preprocessing steps were performed as for 

1D spectra. However, after phase correction and calibration of the spectra, the first step consisted of 
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peak picking for each individual spectrum of the selected fraction package (AMF1-AMF4). All 

cross-peak intensities together with their δH and δC values were collected in one file and imported 

into MATLAB. In accordance with 1D processing, the spectral data were divided into buckets of a 

certain ppm width. The next step was to import the bioactivity values for each fraction package. 

HetCA was then performed in the same way as for the 1D spectra. 8, 9 Finally, the 2D HetCA 

pseudospectrum was visualized, again using a color-code to show the cc. 

1D and 2D HetCA pseudospectra for proof-of-concept study. Chemical features of the 1D 

HetCA pseudospectrum for TGR5 activity of AMF1–AMF4 appear as dark red signals when 

positively correlated (upward), and dark blue when correlated negatively with bioactivity 

(downward) (Figure 2).  
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Figure 2. (A) 1D HetCA pseudospectrum of AMF1–AMF4 depicting TGR5 bioactivity with δH 

resonances on the x-axis and the correlation coefficient on the y-axis. (B) Zoom into the region δH 

2.30–5.50 and assignment to the involved TTs 1 and 8. (C) In the aliphatic region, only negatively 

correlated signals related to 8 could be determined.  

Based on the 1D HetCA results, compound 1 was statistically determined to be active, and 8 to 

be inactive. This is consistent with the experimental TGR5 bioactivity data. Compounds 7 and 12 

could not be assigned to any noticeable signals in the 1D pseudospectrum and were therefore not 

covered by 1D HetCA. Quantitatively, 8 was the main component in the AMF1–AMF4 set, based 

on the high intensity of its proton resonances. Due to overlapping signals, the 1D HetCA analysis 

provided no further insight.  

To overcome the limitations of the 1D NMR-based approach, a 2D HetCA plot for the same 

sample set AMF1–AMF4 was generated. Lessons learned from the 1D HetCA results were 

considered when preparing the data for the 2D analysis. For instance, HSQC signals of artefacts 

were not included in the total peak list after manual peak picking. In contrast, essential marker 

signals in the 1D pseudospectrum, such as δH 5.25 for compound 1 and δH 3.18 for compound 8, 

were specifically targeted for 2D HetCA. All cross-peaks in the 2D plot were unified to the same 

size to avoid overlooking less intense signals. The 2D HetCA of AMF1–AMF4 resulted in a 2D 

pseudospectrum with δH values on the x-axis, δC values on the left y-axis and the color-coded cc on 

the right y-axis (Figure 3).  



MANUSCRIPT I 

68 
 

 

Figure 3. 1H-based 1D HetCA pseudospectrum (A) and HSQC-based 2D HetCA pseudospectrum 

(B) for TGR5 bioactivity of AMF1–AMF4. The x-axis and left y-axis of the 2D plot shows the δH 

and δC values in ppm, the right y-axis represents the calculated correlation coefficient , color-coded 

from active (dark red), to inactive (dark blue) signals. Listed δH,δC value pairs see Table S4. 

2D HetCA distributes the calculated signals in a 2D plot based on δH and δC values and allows 

better interpretability due to a distinction between similar δH values that overlap in the 1D HetCA 

plot. Evaluation of the δH 0.0–2.5 region of the 2D pseudospectrum allowed differentiation of active 

and inactive signals compared to the 1D plot in the same ppm range. Compound 1 could be assigned 

as positively correlated based on red cross-peaks at δH,δC 0.72,55.0; 0.93,15.2; 0.95,20.9; 1.08, 23.3; 

1.33,38.8; 1.50,32.7; 1.67,23.9; and 2.19,52.5. The inactive compound 8 was confirmed by blue 

cross-peaks at δH,δC 0.76,15.1; 0.82,16.1; 0.97,28.1; 0.98,14.9; 1.02,16.3; 1.60,48.9; and 2.38,47.9, 

but two false calculations occurred (1.21,29.3 (dark orange) and 1.93,29.2 (medium red)). The 

moderately active status of compound 12 was demonstrated by signals of different colors at δH,δC 

0.87,11.1 (light red), 0.90,23.4 (green), 0.94,16.9 (green), 0.97,49.5 (orange), 1.29,33.9 (medium 

red), 1.74,44.6 (orange), 1.77,29.2 (orange), 2.01,39.7 (green), and 2.16,39.7 (orange). Compound 

7 could be correctly assigned as inactive based on signals at δH,δC 1.04,47.3 (yellow), 1.33,36.7 

(light blue), and 2.10,37.2 (turquoise). 
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In the δH 3.00–5.50 region of the 1D HetCA plot, the signals at δH 4.58, 4.68, 3.80, and 3.33 

belonging to compound 8, were correctly calculated as negatively correlated. In the 2D plot, the 

cross‐peaks calculated for these resonances are displayed as signals with a weak or moderate positive 

correlation with activity (yellow, orange). Additionally, two 2D HetCA calculations in the same 

range were incorrect. The δH,δC value pair 5.30,122.0 belonging to the moderately active compound 

12 was predicted to be inactive (blue), and the δH,δC value pair 3.44,76.1 belonging to the inactive 

compound 7 was calculated to be moderately active (orange). In the same ppm area, the 2D approach 

correctly identified 12 as moderately active (based on δH,δC 3.73,71.2; 3.68,75.9; and 3.43,71.2), 

and 1 as active (based on δH,δC 5.25,126.0).  

However, of a total of 51 calculated signals in the 2D plot, 34 signals were correctly assigned to 

the categories active, moderately active, and inactive, five were ambiguous, and twelve were 

incorrect. Dark red cross-peaks were obtained only for signals related to active compound 1 and 

moderately active compound 12. Nine out of 14 dark blue cross-peaks were correctly assigned to 

the inactive compound 8. While 1D HetCA only enabled the detection and correct TGR5 bioactivity 

classification of compounds 1 and 8, the 2D HetCA results provided the mapping and classification 

of compounds of 1, 7, 8, and 12. More importantly, a potential subsequent targeted isolation would 

focus on the correct NMR signals of the 2D HetCA. Furthermore, not only was the dispersion and 

visibility of the signals in the 2D HetCA improved, but also a greater variation of the color code 

gradations between positive and negative correlations was observed. 

Evaluation of 1D and 2D HetCA using a botanical extract. To test the applicability of 2D 

HetCA for complex extracts, in the second part of this study, both 1D and 2D HetCA were applied 

and compared for the analysis of bioactive TTs in E. japonica. 33 The plant is known to contain a 

wide variety of at least 47 pentacyclic TTs33 in different quantitative ratios. 34 Many of the TTs differ 

only in one or a few functional groups33, which complicates the search for bioactives based on 

conventional methods such as bioassay-guided fractionation. 3 Therefore, the aim was to determine 
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whether 2D HetCA allows to fish out compounds with RORγ bioactivity in a targeted way, and to 

compare the results of the 2D approach with those of the 1D plot. 

Dried leaves of E. japonica were macerated with dichloromethane at room temperature to obtain 

an extract (EJD). EJD was fractionated by normal-phase flash chromatography into 45 

microfractions (MFs), designated MF1–MF45, and tested for their inverse agonist activity on RORγ 

in luciferase reporter gene assays at a concentration of 3 µg/mL.  

In total, 10 fraction packages were generated for consecutive MFs based on their ascending or 

descending activities on RORγ (Figure S7). All packages underwent UHPSFC-MS analysis and 

preliminary compound annotation by comparison with literature data. 33, 35, 36 The most promising 

packages with partially unknown constituents were prioritized for the 1D and 2D NMR HetCA 

approach. Although the fraction package MF33–35 contains known bioactive TTs such as 1 and 2 

(Figure S8), it was selected due to additional peaks that could not be assigned to reference 

compounds (Figure S9). Therefore, 1H NMR and HSQC spectra of MF33–35 were recorded (Figures 

S10, S11) and processed according to the protocol described for the proof-of-concept study. 

1D and 2D NMR-based HetCA analyses of MF33–35. The 1D NMR-based HetCA analysis 

revealed positively correlated (red, up) and negatively correlated (blue, down) 1H NMR resonances 

associated with activity on RORγ; the 2D NMR-based HetCA calculations yielded 207 cross-peaks 

with color coding ranging from dark red to dark blue (Figure 4). 
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Figure 4. 1D HetCA pseudospectrum of MF33–35 based on RORγ activity (A), with enlarged 

regions δH 1.50–5.05 (B) and δH 0.50–1.50 (C). (D) 2D HetCA pseudospectrum, based on HSQC 

data, with δH values on the x-axis, δC values on the left y-axis, correlation coefficient on the right y-

axis. Positively correlated signals shown in dark red, negatively correlated signals in dark blue.  
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Although many of the positively correlated features in the 1D plot matched the known bioactive 

compounds 1 and 2, additional signals from the mixture could not be assigned. A positively 

correlated doublet of doublets at δH 4.55 did not match any reference TT and was therefore used as 

a marker feature in subsequent 2D NMR-based HetCA evaluations and for a targeted isolation.  

In the 2D NMR-based HetCA, a variety of positively and negatively correlated δH,δC value pairs 

(Table S5) were observed, with most values located at the extremes of the scale (cc 1.0, dark red 

and cc -1.0, dark blue). A comparison with TT reference compounds 1 and 2 showed that 

approximately three different groups of signals could be distinguished. Seven signals occurred in 

the region of alkenes, between δH,δC 5.14–5.36,125.2–128.9. The second group, present between 

δH,δC 2.18–4.55,41.0–78.9, was assumed to contain protons located at secondary alcohol C-atoms 

or tertiary protons at C-18 of the triterpene scaffold near a carboxy function. The third group, which 

includes all other cross-peaks, presumably contains protons from methylene groups next to hydroxyl 

groups, next to C-12 with its double bond, or next to a carboxy function, as well as tertiary protons 

(e.g., at C-9 or C-5 of the TT scaffold), and various methylene and methyl groups.  

To filter out the cross-peaks with the highest positve correlation to activity in the 2D 

pseudospectrum, signals with a cc >0.990 were evaluated. Among this group of 14 δH,δC pairs found, 

the marker feature at δH 4.55, with a corresponding δC value of 69.3, appeared in this list of most 

promising, positively correlated signals. The cross-peak values of this selection group spanned the 

entire 2D pseudo-spectrum (Table S6). Hence, it was expected that these δH,δC pairs would originate 

from protons/carbons at different positions of the scaffold, next to different functional groups. None 

of the 14 features could be assigned to reference compounds.  

All signals previously assigned in the 1D HetCA process of the same sample set were also found 

to be positively correlated with bioactivity in the 2D HetCA plot, but with graded cc values between 

0.934–0.985. Again, the marker feature at δH,δC 4.55,69.3 had the highest value among them with 

0.9916. The evaluation of the region covering the methyl group proton cross-peaks, contained 

several positively correlated signals with high cc >0.97, such as δH,δC 0.86,21.9; 0.85,21.7; 
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0.85,19.7; 0.84,19.7; 0.79,17.0; 0.75,17.0; and 0.70,12.1. In contrast to the 1D HetCA results, the 

2D plot allowed differentiation between signals with the same δH value, mostly present in the 

aliphatic region, together with a gradual assessment of the calculated bioactivity. All 14 cross-peak 

values from the selected group of active 2D HetCA candidates, including the main marker signal at 

δH,δC 4.55,69.3, showed higher signal intensity in MF33 compared to MF34 and MF35. Therefore, 

MF33 was selected for a targeted isolation of the underlying putative RORγ-modulating compound. 

Phytochemical processing of MF33. MF33 was fractionated by flash chromatography into  

fractions A1–A8, which were subjected to 1H NMR experiments to follow the main marker signal 

at δH 4.55. At this stage, 1 and 2 could already be separated (Figure S12). The NMR marker feature 

was detected in fractions A3–A5 (Figure S13). Since A3 contained the highest amount of the target 

compound, it was further fractionated with semi-preparative SFC into B1–B3 (Figure S14). Only in 

the 1H NMR spectrum of B1, the signal at δH 4.55 could be detected (Figure S15).  

1D and 2D NMR experiments and comparison with the literature36, 37 revealed the target 

compound to be 2α,19α-dihydroxy-3-oxo-12-ursen-28-oic acid (16) (C30H46O5, molecular weight 

486.69 g/mol) with a purity of 95.8% based on ELSD. Methyl groups between δH 0.80–1.27 are 

clearly distinguishable, and the marker signal at δH 4.55 is assigned to C-2 (δC 69.3), which is bonded 

to a hydroxyl group  (Table S7). This rare pentacyclic TT has already been described as constituent 

of E. japonica33, 36 with anti-tumor and anti-HIV effects. 33 There have been no reports of its activity 

on RORγ. In addition, B2 and B3 were confirmed as 3-epimaslinic acid (17) and 3-epicorosolic acid 

(18) by comparison with previously reported spectral data38, 39, with a purity of 88.9% and 94.1% 

based on ELSD results.  

Bioactivity testing of compounds 16, 17, and 18 on RORγ. To validate the findings of the 

HetCA approach, compounds 16, 17, and 18 were tested in RORγ-Gal4 luciferase reporter gene 

assays. Additionally, a concentration-response curve and the IC50 of 2.15 µM was determined for 

compound 16 (Figure S16).  
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The results of the bioactivity studies confirmed the calculations of the 1D and 2D HetCA 

approach. The follow-up of the signal at δH,δC 4.55,69.3 led to the isolation of the bioactive 

compound 16. Compounds 17 and 18 which do not share this marker feature showed less activity. 

Furthermore, the determined IC50 value of compound 16 in this study was lower than the RORγ 

activity previously reported by Zhou et al. for three main bioactive pentacyclic TTs known from E. 

japonica, namely methyl corosolate (6.51 µM), uvaol (5) (4.25 µM), and oleanolic acid (2) 

(8.59 µM). 35 Of the 14 most active cross-peaks derived from the 2D HetCA pseudospectrum, six 

belonged to compound 16 (5.36,128.9 at C-12; 4.55,69.3 at C-2; 1.70,47.1 at C-9; 1.24,24.5 at C-

27; 1.19,57.8 at C-5; 1.03,28.2 at C-15) and two signals belonged to compound 18 (5.27,125.7 at C-

12; 1.02,28.4 at C-23). This highlights the potential of the 2D HetCA approach for the targeted and 

rapid identification of bioactives in complex mixtures based on biochemometric data mining. 

CONCLUSIONS 

This study shows that 2D HetCA is a useful complement to the 1D HetCA approach. Although 

the evaluation of NMR data in 2D requires longer measurement times and more data interpretation, 

2D HetCA provides reduced spectral overlap due to the second dimension (δC) and access to 

information that cannot be deduced from 1D HetCA pseudospectra. Further advantages are the finely 

subdivided gradation of the color coding, the possibility of removing undesirable signals from the 

data set in advance via manual peak picking, and the size standardization of the cross-peaks in the 

pseudospectrum, which gives even less intense signals a higher level of visibility.  

In this study, a 2D HetCA approach was developed using an artificially mixed set of TTs. In a 

follow-up application example, 2D HetCA was able to pinpoint to the bioactive compound 16 in a 

dichloromethane E. japonica leaf extract (content of compound 16 in EJD 1.98%, Figure S17). This 

highlights the capability of the 2D HetCA approach to identify compounds that might otherwise be 

overlooked, even when they exhibit similar bioactivity to those present at higher concentrations. In 

summary, 2D HetCA provides a valuable tool in the search for bioactive compounds in a targeted, 

resource-efficient and unambiguous manner, to reduce the number of necessary bioactivity tests and 
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to fish out compounds from complex mixtures, without restrictions of the bioactivity data to specific 

pharmacological targets. 
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Table S1. Chemical information and sources of 15 triterpenes.  

triterpene 
sum 

formula 

molecular 

weight 
provider 

batch  

number 

puritiy 

[%] 

ursolic acid (1) C30H48O3 456.70 PhytoLab 11781 99.99 

oleanolic acid (2) C30H48O3 456.70 
Sigma 

Aldrich  
SLBD5617V 99.60 

echinocystic acid (3) C30H48O4 472.70 PhytoLab 11854 99.72 

erythrodiol (4) C30H50O2 442.72 PhytoLab 10531 99.50 

uvaol (5) C30H50O2 442.72 
isolated in 

house  
/ 98.05 

α-amyrin (6) C30H50O 426.72 PhytoLab 10429 99.54 

faradiol (7) C30H50O2 442.72 PhytoLab 18231 99.36 

betulin (8) C30H50O2 442.72 PhytoLab 19269 99.54 

lupeol (9) C30H50O 426.72 Carl Roth 3991247 99.99 

maslinic acid (10) C30H48O4 472.70 PhytoLab 6695 99.91 

corosolic acid (11) C30H48O4 472.70 PhytoLab 7053 99.71 

hederagenin (12) C30H48O4 472.70 PhytoLab 12808 99.82 

bayogenin (13) C30H48O5 488.70 PhytoLab 10392 99.95 

asiatic acid (14) C30H48O5 488.70 PhytoLab 6265 99.14 

ganoderic acid A (15) C30H44O7 516.67 PhytoLab 9512 98.00 

 

The purity of uvaol (5) was evaluated via Ultra-high performance supercritical fluid chromatography 

(UHPSFC) using an evaporative light scattering detector (ELSD) on a Waters Acquity UPC² device 

with a 1-aminoanthracene column (3.0 x 100 mm, 1.7 µm) as stationary phase at 45°C. The mobile 

phase consisted of supercritical carbon dioxide and methanol as a co-solvent, the flowrate was 1 

mL/min. 1–2 mg of each TT were dissolved in n-hexane:isopropanol (both VWR Chemicals, 

Radnor, USA) 7:3. Areas under the curve were summed up to 100% and the purity was calculated 

as the percentage of the respective TT peak. A Waters Acquity Quadrupole Dalton (QDa) detector 

was used to evaluate the mass of the TTs. Methanol (VWR Chemicals, Radnor, USA) and double 

distilled water (Milli-Q-Plus ultrapure water device by Millipore Corporation, Bedford, MA, USA) 

95:5 with 10 mM ammonium formate improved the ionization process. Waters software Empower 

3 was used for data processing. 
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Figure S1. Inverse agonist activity of selected 15 triterpenes on RORγ in RORγ-Gal4 luciferase 

assays. The inverse agonist activity on RORγ was compared to DMSO 0.1% as vehicle control, with 

SR2211 as positive control (A) and agonistic activity on TGR5, compared to DMSO 0.1% as vehicle 

control, with 10 µM lithocholic acid (LCA) as positive control in CRE-luciferase assays (B) of 15 

selected TTs (3 µM). Results are expressed as fold activations, bars represent transactivation 

activities expressed as means ± standard deviation of n biological replicates measured in technical 

quadruplicates. One-way ANOVA followed by Dunnett’s post hoc test were used for statistical 

analysis. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05 compared to vehicle control. For 

RORγ inverse agonists, <0.5-fold activation was considered as active, 0.5–0.75-fold activation was 

classified as moderately active, and from >0.75-fold activation, compounds were considered 

inactive. For TGR5 agonists, >6-fold activation was classified as active, 3–6-fold as moderately 

active, and <3-fold as inactive. Bars of active compounds are marked in dark grey, of moderately 

active compounds in medium grey, and of inactive compounds marked in light grey.  
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Table S2. Reported activity on RORγ and TGR5 of selected 15 triterpenes. N/A means that no 

information is available. TTs such as 1, 1 2, 1 5, 1 11, 2 12, 3 and to some extent also 14, 2 are known 

as inverse agonists on RORγ and therefore decrease the transcriptional activity below the basal level, 

1 while 102 shows no activity on the same target. Also, there are studies that confirm TTs, such as 1, 

4, 5 2, 4, 6 10, 7 and 11, 7 to be active on TGR 5, while compounds 6, 4 8, 4 12, 8 13, 8 and 14, 4 are 

reported to be inactive or show weak activity. 

Triterpene Target(s) Comment(s) 

ursolic acid (1) 

RORγt 

antagonist9 / 

inverse agonist1, 10 

IC50 = 0.68±0.1 mM 

co-activator binding to RORγt ligand binding domain 

(LBD) in TR-FRET assay1 

TGR5 agonist4, 5 EC50 = 1.43 µM, TGR5 luciferase assay4 

oleanolic acid (2) 

RORγ(t) 

inverse agonist1 

EC50 = 8.589 µM 

RORγ-LBD:Gal4-DNA binding domain (DBD) 

luciferase reporter assay in Jurkat cells1 

TGR5 agonist4, 6 
EC50 = 2.25 µM, TGR5 luciferase assay4  

EC50 = 1.42 µM, human TGR5 luciferase assay6 

echinocystic acid (3) 
RORγ(t) 

inverse agonist11 

Best-fit IC50 = 2.127 µM 

RORγ-Gal4 luciferase assay11 

erythrodiol (4) 
RORγ(t) 

inverse agonist11 

Best-fit IC50 = 0.456 µM 

RORγ-Gal4 luciferase assay11 

uvaol (5) 
RORγ(t) 

inverse agonist1 

EC50 = 4.254 µM 

RORγ-LBD:Gal4-DBD luciferase reporter assay in 

Jurkat cells1, 12 

α-amyrin (6) TGR5 agonist4 
EC50 > 10 µM 

TGR5 luciferase assay4 

faradiol (7) N/A N/A 

betulin (8) TGR5 agonist4 EC50 > 10 µM, TGR5 luciferase assay4 

lupeol (9) N/A N/A 

maslinic acid (10) 
no RORγ(t) activity10 GAL-RORγ-LBD reporter assay 

TGR5 agonist7 3.7 ± 0.7 μM, TGR5 luciferase reporter gene assay7 

corosolic acid (11) 

RORγ(t) 

inverse agonist10 
EC = 2.52 µM, GAL-RORγ-LBD reporter assay10 

TGR5 agonist7 0.5 ± 1.0 μM, TGR5 luciferase reporter gene assay7 

hederagenin (12) 

reduced RORγ(t) 

activity13 
Autoimmune encephalomyelitis (EAE) mouse model 

no TGR5 activity8 
reporter gene-based luciferase 

assay in HEK 293T cells 

bayogenin (13) no TGR5 activity8 
reporter gene-based luciferase 

assay in HEK 293T cells 

asiatic acid (14) 

RORγ(t) 

inverse agonist10 

EC > 15 µM 

GAL-RORγ-LBD reporter assay10 

TGR5 agonist4 
EC50 > 10 µM 

TGR5 luciferase assay4 

ganoderic acid A (15) N/A N/A 
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Table S3. Compilation of the artificial microfractions (AMFs). 

triterpene 
ratios 

AMF1 AMF2 AMF3 AMF4 AMF5 AMF6 AMF7 AMF8 

ursolic acid (1) 3.50 1.00 0.50 0 0 0 0 0 

hederagenin (12) 0 0 0.25 0.25 1.00 3.00 1.00 0.75 

faradiol (7) 1.00 1.50 2.00 1.00 0.75 0 0 0 

betulin (8) 1.50 3.50 5.00 6.00 5.00 3.50 2.00 1.50 

bayogenin (13) 0 0 0 0 0.25 0.75 3.00 3.50 
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Figure S2. 1H NMR stack plot of pure compounds ursolic acid (1), hederagenin (12), faradiol (7), 

betulin (8), and bayogenin (13). The measurement was performed at 500.19 MHz in deuterated 

chloroform-D1. 
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Figure S3. HSQC spectra of compounds 1, 7, 8, 12, and 13.  

HSQC measurements of the pure compounds ursolic acid (1), hederagenin (12), faradiol (7), betulin 

(8), and bayogenin (13) in deuterated chloroform-D1. 

  

S-7 



MANUSCRIPT I 

90 
 

 

 
Figure S4. NMR data of AMF1–AMF4. 

All samples contain varying concentrations of the pure compounds ursolic acid (1), hederagenin 

(12), faradiol (7), and betulin (8). (A) 1H NMR stack plot of AMF1–AMF4. (B) The HSQC spectra 

for AMF1, AMF2, AMF3, and AMF4. 
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Figure S5. Cutout of the superimposed 1H NMR plot of compounds 1, 7, 8, 12, and 13. 

The measurement was performed at 500.19 MHz in deuterated chloroform-D1 for ursolic acid (1) 

(dark red), faradiol (7) (turquoise), betulin (8) (light blue), hederagenin (12) (light red), and 

bayogenin (13) (dark blue), here shown in the δH region 3.0–6.0. Most of the signals are overlapped 

and cannot be clearly assigned to one of the pure compounds. However, one signal at δH 5.25 

(marked with red arrow) stands out for (1), belonging to the proton at the double bond possessing 

position C-12. Additionally, four resonances at δH 3.33, 3.780, 4.58, and 4.68 (marked with light 

blue arrow) can be assigned to protons at the positions C-28 and C-29 of (8). For the pure compounds 

(7), (12), and (13) no significant signals could be found in this setting for clear assignment.  
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Figure S6. Superimposed HSQC plot of compounds 1, 7, 8, 12, and 13. 

HSQC measurements were performed in deuterated chloroform-D1, for ursolic acid (1), faradiol (7), 

betulin (8), hederagenin (12), and bayogenin (13). While based on the 1D NMR data, only (1) and 

(8) could be assigned, 2D NMR results allowed an unambiguous assignment for discriminant δH,δC 

pairs for all five pure compounds. Assignments are visually marked for (1) in dark red, for (7) in 

turquoise, for (8) in light blue, for (12) in light red, and for (13) in dark blue. Assignments could be 

made for (1) for protons in positions C-9, C-12, C-18, and C-19. For (7) for protons in positions C-

15, C-16, and C-21. For (8) for protons in positions C-19, C-29, and the methyl protons in C-28. For 

(12) for protons in position C-12 and C-24. For (13) for proton in position C-3. 
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Table S4. AMF1–AMF4 2D HetCA pseudospectrum values. Value pairs of δH,δC for each cross-

peak with the same color-code as the correlation coefficient, with assignments to compounds 1, 7, 

8, and 12. 
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Figure S7. Inverse agonist activity of MF1–MF45 in RORγ-Gal4 luciferase assays. The sample 

concentrations were 3 µg/mL. Results are expressed as fold activations, bars represent 

transactivation activities expressed as means ± standard deviation of three biological replicates (n = 

3) measured in technical quadruplicates. One-way ANOVA followed by Dunnett’s post hoc test were 

used for statistical analysis. **** p ≤ 0.0001, *** p ≤ 0.001, ns p > 0.05 compared to vehicle control. 

Packages A–J were selected based on their ascending or descending activity over a minimum of 

three consecutive MFs. 
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Figure S8. UHPSFC-ELSD results of MF33–35 and references 1 and 2. 

Ultra-high performance supercritical fluid chromatography (UHPSFC) results obtained via 

evaporative light scattering detector (ELSD) for microfractions MF33 (black), MF34 (olive), and 

MF35 (mauve) and reference compounds ursolic acid (1) (orange), oleanolic acid (2) (dark green). 
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Figure S9. UHPSFC-MS results of MF33–35 and references 1 and 2. 

Ultra-high performance supercritical fluid chromatography (UHPSFC) results obtained via single 

quadrupole mass detector (Scan 100.00–1000.00 Da, negative ionization mode, cone voltage 

CV=30) for microfractions MF33, MF34, and MF35 and reference compounds ursolic acid (1), and 

oleanolic acid (2). Values for m/z are given for negative ionization mode. 
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Figure S10. Stacked 1H NMR plot of MF33–35. 

Stacked 1H NMR plot of microfractions (MFs) MF33–35 in deuterated chloroform-D1 at 500.19 

MHz. 
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Figure S11. HSQC spectra of MF33–35. 

The measurement was performed in deuterated chloroform-D1. 
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Table S5. 2D HetCA results of MF33–35.  

The results for the microfractions (MFs) MF33–35 are given as pairs of δH,δC, together with the 

respective correlation coefficient (cc). The color-code of the cc, from dark blue with -1.00 to dark 

red with 1.00, is used for the font color of the δH,δC values. 
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Table S6. 14 most active features from the MF33–MF35 2D HetCA. The HSQC-based data sets 

were calculated for RORγ activity of MF33–35, listed as pairs of δH,δC, with the corresponding 

correlation coefficient (cc).  
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Figure S12. UHPSFC-ELSD chromatograms of MF33, A3, and compounds 1 and 2. 

Overlayed chromatograms of microfraction MF33, fraction A3, ursolic acid (1), and oleanolic acid 

(2) obtained via ultra-high performance supercritical fluid chromatography (UHPSFC), equipped 

with an evaporative light scattering detector (ELSD). While 1 (orange) and 2 (green) are present in 

MF33, after separation, fraction A3 does not contain both reference compounds.  
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Figure S13. Overlayed 1H NMR of A3–A5 at δH 4.55. 

Proton NMR signal of the marker feature at δH 4.55, measured in deuterated chloroform-D1 at 

500.19 MHz, with decreasing intensity from fraction A3 (black), to fraction A4 (green), to fraction 

A5 (orange). 
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Figure S14. UHPSFC-ELSD results for A3, and B1–B3. 

Ultra-high performance supercritical fluid chromatography (UHPSFC) results of an evaporative 

light scattering detector (ELSD) for fraction A3 (light blue) and its sub-fractions B1 (old rose), B2 

(violet), and B3 (gray), obtained via semi-preparative SFC. 
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Figure S15. Stacked plot of the 1H NMR spectra of fractions B1–B3.  

The area of the doublet of doublets marker signal in the three spectra is marked with a black 

rectangle, with a zoom into the superimposed spectra at the respective δH region at δH 4.55. 
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Table S7. 1H NMR data of 2α,19α-dihydroxy-3-oxo-12-ursen-28-oic acid (16). 

The measurements were performed in deuterated chloroform-D1, at 500.19 MHz for 1H NMR and 

125.77 MHz for 13C NMR. 

pos ∫ H multiplicity  δH δC C 
δC  

HMBC 
δH 

COSY 

1 1.74 
dd, J  

(6.58/12.53) 
1.15,  
2.40 

49.6 CH2 16.0 37.8 57.8 69.3 216.8    

2 0.98 
dd, J  

(6.57/12.60) 
4.55 69.3 CH 49.6 216.8      

1.15, 
2.40 

3    216.8 C         

4    47.8 C         

5  overlapped 1.19 57.8 CH         

6  overlapped 
1.19, 
1.53 

19.3 CH2         

7  overlapped 
1.38, 
1.53 

32.5 CH2         

8    41.4 C         

9  overlapped 1.70 47.1 CH         

10    37.8 C         

11 2.98 
dd, J 

(3.41/8.97) 
1.70, 
2.07 

23.9 CH2 40.2 47.1 128.9 138.3     

12 1.00 t, J (3.47) 5.36 128.9 CH 23.9 41.4 47.1 53.0 73.2   
1.70, 
2.07 

13    138.3 C         

14    40.2 C         

15  overlapped 
1.03, 
1.74 

28.2 CH2         

16  overlapped 
1.59, 
2.54 

25.4 CH2         

17    47.9 C         

18  overlapped 2.55 53.0 CH 25.4 41.2 47.9 73.2 128.9 138.3 182.4 
1.05, 
1.74, 
1.59 

19    73.2 C         

20  overlapped 1.42 41.2 CH         

21  overlapped 
1.30, 
1.69 

26.0 CH2         

22  overlapped 
1.69, 
1.81 

37.6 CH2         

23 2.98 s 1.16 24.8 CH3 21.7 47.8 57.8 216.8     

24 2.95 s 1.11 21.7 CH3 24.8 47.8 57.8 216.8     

25 2.91 s 1.27 16.0 CH3 37.8 47.1 49.6 57.8     

26 2.76 s 0.80 17.1 CH3 32.5 40.2 41.4 47.1     

27 3.02 s 1.24 24.5 CH3 28.2 40.2 41.4 138.3     

28    182.4 C         

29 2.79 s 1.21 27.5 CH3 41.2 53.0 73.2      

30 3.38 d, J (6.70) 0.95 16.1 CH3 26.0 41.2 73.2      
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Figure S16. Bioactivity testing of compounds 16, 17, and 18 on RORγ. (A) RORγ inverse agonistic 

activities of 2α,19α-dihydroxy-3-oxo-12-ursen-28-oic acid (16), 3-epimaslinic acid (17), and 3-

epicorosolic acid (18) in RORγ-Gal4 luciferase reporter gene assays. Bars (A) and data points (B) 

represent the mean ± standard deviation of three biological replicates (n = 3), measured in technical 

quadruplicates. One-way ANOVA followed by Dunnett’s post hoc test were used for statistical 

analysis. **** p ≤ 0.0001, *** p ≤ 0.001, ns p > 0.05 compared to vehicle control. (B) 

Concentration-response curve for the RORγ inverse agonistic activity of compound 16. The IC50 

value of 16 was determined using nonlinear regression. 
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Figure S17. UHPSFC-ELSD results for EJD with integrated area under the curves. 

Ultra-high performance supercritical fluid chromatography (UHPSFC) results of an evaporative 

light scattering detector (ELSD) for Eriobotrya japonica dichloromethane crude extract (EJD), with 

integrated area under the curves. Proportions of the signals are given in the table included. EJD 

contained 1.98 % of compound 16 (at min 8.184), 0.05 % of compound 17 (at min 8.602), and 0.39 

% of compound 18 (at min 9.482).  
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7.2.1.2 Review of Manuscript I 

As demonstrated in Manuscript I, 2D HetCA based on 2D NMR data provides access to 

pseudospectral information that cannot be obtained using the 1D NMR-based method with 1H 

spectra, particularly in regions with a high density of overlapping signals. Since the chemical shift 

range for 13C in a 1H-13C HSQC spectrum is relatively broad, spectral overlap is reduced, and the 

additional information from the second dimension (δC) enhances the significance of the sum of 

individual signals as a biochemical fingerprint.187 The HSQC-based 2D HetCA approach not only 

leverages the advantages of 2D NMR experiments, but also statistically integrates bioactivity data 

from the corresponding sample sets. 

As also demonstrated in Manuscript I, a key advantage in the search for bioactive entities is that 

the HetCA approach relies neither on the identification of all compounds in the tested sample nor 

on the type of pharmacological target used in the bioactivity assays. The biochemometric method 

can correlate activity levels with individual chemical features, regardless of their assignment to 

specific compounds, thereby highlighting the most promising candidate resonances in an unbiased 

manner and without prior identification of the respective compound, even across different types of 

target molecules.  

A general drawback of NMR experiments is their low sensitivity, with LOD typically in the low µM 

range.188 This parameter depends on instrumentation factors such as magnetic field strength, 

solvent suppression techniques, the use of cryoprobes, and available measurement time, which is 

associated with the number of scans and the signal-to-noise ratio.187-189 Since the sensitivity of 

HetCA is inherently linked to that of the NMR experiment, some signals may not be statistically 

correlated with bioactivity, even if they originate from bioactive compounds, because their 

intensities fall below the LOD and are therefore excluded from the HetCA calculations.152  

A recently published study by Amountzias et al. evaluated various factors that contribute to false-

positive and false-negative identification of bioactive compounds in 1D HetCA.152 In addition to 

challenges common to all phytochemical approaches (e.g., limited solubility, chemical shift 

variations in NMR spectra caused by acidic or basic properties in the absence of buffering 

conditions, precipitation during sample preparation, and synergistic activity effects), the researchers 

described specific hurdles related to HetCA.152  

For instance, if the concentration variance of an inactive compound coincidentally mirrors that of 

an active one, false-positive results may occur.152 Moreover, the broad distribution of a compound 

across several consecutive MFs can result in concentrations below the threshold required to elicit 

a measurable effect in bioactivity assays.152 In such cases, bioactive compounds might go 

undetected.152 Nevertheless, Amountzias et al. also highlighted the possibility of false-positive 

results for compounds consistently present across multiple MFs.152 All these issues should be 

considered when applying 2D HetCA approaches. 
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The signal intensity in an NMR spectrum is directly proportional to the number of nuclei responsible 

for a given resonance188 and 1H NMR is widely applied in quantitative approaches within the field 

of NP chemistry.190 For 2D NMR methods such as HSQC, however, application in quantitative 

studies is hindered, not only due to long experiment durations.191 The multipulse nature of this 

technique leads to a peak-dependent nuclei response and impacts the quantitative information of 

HSQC, since the proportionality coefficient between peak volume and concentration differs for each 

signal.191-193 Nevertheless, several approaches have been developed and established to overcome 

this hurdle and to measure accurate analyte concentrations using quantitative HSQC (Q-

HSQC).191-198 As an outlook, the quantitative interpretability of 2D HetCA could be enhanced by 

using Q-HSQC-derived datasets for heterocovariance-based calculations.  

Furthermore, integrating MS-based datasets could represent a promising extension of the new 2D 

HetCA approach, as already demonstrated by Wasilewicz et al. in the context of ¹H NMR-based 

HetCA.130  

Additionally, the 2D HetCA method could be expanded by linking it to natural compound databases, 

which may be particularly advantageous for structural classes with numerous similar congeners. 

Automatic linking with databases such as Complex Mixture Analysis by NMR (COLMAR)173 or 

Small Molecule Accurate Recognition Technology (SMART)199, which is an NMR-based ML tool, 

could offer significant advantages in identifying the compounds highlighted in the 2D HetCA 

analysis. This could be especially helpful for the initial signal assignment and subsequent 

plausibility check of the data.  

In summary, 2D HetCA should not be used as the sole tool for identifying bioactive constituents in 

complex mixtures derived from natural sources. Rather, it serves as a valuable complement to 1D 

HetCA and other techniques, such as classical phytochemical approaches, and represents a 

suitable method for collecting additional data that can significantly support such investigations. 

Overall, 2D HetCA offers promising opportunities to support the rapid and resource-efficient 

identification of bioactive compounds in multicomponent NP mixtures. 
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8 Biopharmaceutical profiling (BPP) 

The identification of bioactive compounds that exhibit strong activity (low IC50 values) in combination 

with minimal cytotoxicity (high CC50 values), and thereby possess a favorable selectivity index (SI; 

CC50/IC50), constitutes a crucial step in drug development.200-203 The SI offers preliminary insights 

into whether a compound demonstrates selectivity for a specific target, and various selectivity 

metrics have been developed to evaluate the safety profiles of compounds.200,203 As a rough 

estimate, compounds with SI values ≥ 10 are generally considered selective.202,204 

Sufficient bioactivity is the essential prerequisite for advancing a compound to further stages of 

investigation. However, it merely represents an initial starting point on the long path from a bioactive 

candidate to a fully developed pharmaceutical agent.205 Early evaluation of a compound’s overall 

suitability for drug development is essential, given the extensive time, resources, and financial 

investment required. The process from target identification to final drug approval typically spans 

approximately 14 years and may incur costs amounting to hundreds of millions of US dollars.206  

A lack of adequate selectivity may be one of the factors contributing to the failure of drug candidates 

to demonstrate efficacy in clinical trials.203 In addition, inadequate pharmacokinetic (PK) and ADME 

properties, as well as safety concerns, are further reasons why a bioactive and selective drug 

candidate may fail to successfully complete the drug development process.207-210 

One commonly used tool to assess the 'drug-likeness' of a compound is Lipinski's Rule of Five 

(Ro5).211 It evaluates physicochemical properties such as molecular weight (< 500 Da), the number 

of hydrogen bond donors (< 5), hydrogen bond acceptors (< 10), and the logP (the logarithmic 

partition coefficient in a biphasic water–octanol system) value (< 5), to predict the potential oral 

bioavailability of a molecule.211,212 Notably, NPs were explicitly excluded from this system at the 

time of its publication16,74, and they are often found in the chemical space beyond Ro5 (bRo5).213 

Biopharmaceutical profiling (BPP) serves as a more refined and crucial method for assessing the 

drug-likeness of candidates, understood in terms of PK and safety at the in vivo level, and 

prioritizing compounds that show the most promise for further development.207,214,215 BPP enables 

the systematic analysis and evaluation of a drug candidate to facilitate early assessment of whether 

its physicochemical, PK, and biopharmaceutical properties justify progression within the drug 

development pipeline toward a therapeutic product.210,215 It should be noted that the delineation 

between the respective areas is inconsistently applied across the literature.  

However, physicochemical and biopharmaceutical properties encompass parameters such as 

stability, pH-dependent solubility, pKa (-log10 of the acid dissociation equilibrium constant), 

lipophilicity (represented by logP), permeability, and ADME-related descriptors.210,216-218 These 

properties, in conjunction with biological factors including membrane structures and metabolic  
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processes, determine the compound’s interaction with physiological barriers encountered along its 

path to the therapeutic site of action.210,215,219  

Compounds exhibiting favourable biopharmaceutical properties are more likely to achieve safe and 

efficacious concentrations at the target of interest.210 In contrast, poor solubility, limited 

permeability, safety concerns, or unfavourable ADME profiles may severely compromise a drug 

candidate’s suitability for clinical application, ultimately leading to development failure.210 Kerns and 

Di provided an overview of the applications of BPP-related information for ADME prediction and the 

selection of candidates for costly in vivo assays.215 

BPP is commonly integrated into lead candidate optimization studies for synthetic small molecules 

to gain insights into prospective bioavailability within the physiological milieu.210,215 In contrast, such 

systematic evaluation is not routinely applied to drug candidates derived from NPs.220 

Nevertheless, it has been demonstrated that the rate and extent of bioavailability of preparations 

derived from NP extracts are highly dependent on their biopharmaceutical properties.220 However, 

the unique characteristics of NPs require new methods to evaluate their therapeutic potential 

compared with traditional small molecule drug candidates.4  

 

8.1 Biopharmaceutics Classification System (BCS) 

Some BPP methods are based on, or have been influenced by, the Biopharmaceutics Classification 

System (BCS), a framework developed to provide insights into potential oral bioavailability.207 The 

BCS was introduced in 1995 by Amidon et al. with the aim of classifying compounds based on their 

aqueous solubility and intestinal permeability, in combination with the dissolution behaviour of the 

pharmaceutical formulation.221,222 This classification is founded on the assumption that solubility 

and permeability are key factors determining the rate and extent of oral drug absorption, which is 

in return relevant to the clinical efficacy of a medicinal product.220,222,223 Therefore, the BCS system 

proposes a classification into four distinct categories based on the combinations of high or low 

solubility with high or low permeability.221  

Reddy and Karunakar defined the four classes, based on the work of Amidon et al., as follows221,222: 

(i) BCS Class I: High solubility and high permeability 

Drugs in this class are well absorbed, with dissolution (or gastric emptying in case of 

rapid dissolution) being the limiting factor. Example: Metoprolol. 

 

(ii) BCS Class II: Low solubility and high permeability 

These drugs exhibit high absorption but low dissolution rates, making dissolution the 

rate-limiting step. Example: Glibenclamide. 
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(iii) BCS Class III: High solubility and low permeability 

While these compounds dissolve rapidly, their limited permeability restricts absorption. 

Drugs in this class often show considerable variability in absorption. Example: 

Cimetidine. 

 

(iv) BCS Class IV: Low solubility and low permeability 

Poor solubility combined with limited permeability results in low bioavailability. 

Compounds in this class are rarely developed or marketed, although some examples 

exist. Example: Hydrochlorothiazide. 

 

In addition, Reddy and Karunakar provided information on the threshold parameters for the BCS 

classification.222 According to their definition, solubility is considered high when the highest dose 

strength of a drug dissolves in 250 mL or less water across a pH range of 1 to 7.5 at 37 °C.222 High 

permeability was defined as an extent of absorption exceeding 90% of the administered dose, 

relative to intravenous administration.222 Rapid dissolution is defined as the dissolution of at least 

85% of the tested drug within 30 minutes in 900 mL or less of buffer solution under specified 

apparatus conditions.222 

The BCS classification enables the estimation of in vitro–in vivo correlations (IVIVC) for immediate-

release products.221,222 For Classes I and II, Amidon et al. state that IVIVC generally exists, 

provided that the dissolution rate for Class I drugs is slower than the gastric emptying rate and that 

the administered dose for Class II drugs is not excessively high.221 For Classes III and IV, the 

authors note that IVIVC is limited or does not exist.221 

BCS studies are not routinely or systematically conducted in the field of NP drug 

development.220,224 Reasons for this may include the complexity of NP chemistry with bRo5 

properties213,224,225, and high variability in the content of marker compounds.226 Nevertheless, 

some examples of BCS-related bioavailability investigations of herbal multicomponent products 

have been reported.220 Blume and Schug described such investigations for silymarin tablet 

formulations and for products derived from Hypericum perforatum L.220 In 2016, Li et al. 

investigated the characteristics of 109 NP-derived drugs with regard to their BCS classification.224 

They applied an extended concept of the BCS, called the Biopharmaceutics Drug Disposition 

Classification System (BDDCS), which is based on the observation of a strong correlation between 

intestinal permeability and the extent of metabolism of compounds.224,227 It has been found that 

drugs exhibit high permeability if elimination is metabolism-driven, and low permeability if renal and 

biliary excretion of the unchanged drug determine the route of elimination.224,227 Consequently, 

instead of categorizing drugs based on solubility and permeability, the BDDCS classifies them  
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according to solubility and metabolism.224 Additionally, the BDDCS also incorporates mechanisms 

of drug clearance and the effects of uptake and efflux transporters on ADME.223  

The results of these studies by Li and co-workers suggest that the majority of plant-derived NPs 

exhibit high solubility and extensive metabolism.224 50% were classified as belonging to Class I 

(high solubility, extensive metabolism), 22% to Class II (low solubility, extensive metabolism), 28% 

to Class III (high solubility, poor metabolism), and none to Class IV (low solubility, poor 

metabolism).224 The authors conclude that many NPs, i.e., those in Class I, are expected to readily 

cross membranes by passive diffusion and are not expected to interact with transporters.224 

Additionally, Varma et al. pointed out that this correlation between intestinal permeability and 

metabolism could be used to predict the elimination route based on knowledge of the corresponding 

permeability values.223 

In general, the main goal of the various classification systems in this field is to assess potential 

bottlenecks in drug development and to identify suitable formulation strategies for the active 

ingredient at an early stage.222-224,227 

 

8.2 Pharmacokinetic (PK) synergy  

The use of preparations derived from natural compounds, containing precisely defined 

combinations of various plant extracts as found in traditional medicine systems, suggests that the 

physicochemical and biopharmaceutical properties of NPs may depend on the composition of the 

formulation.226 PK synergy refers to various effects that can occur when active pharmaceutical 

ingredients (APIs) are administered as part of a multicomponent mixture, as opposed to their 

isolated form.228-230  

Panossian clearly summarized these effects, which include additive (1 + 1 = 2), potentiating (0 + 1 

> 1), amplifying (1 + 1 > 2), synergistic (0 + 0 > 0), as well as antagonistic (1 + 1 < 2) and attenuating 

(1 + 1 < 2) interactions.226 PK synergy is particularly relevant for herbal preparations, which are 

typically composed of complex multicomponent mixtures.231 Synergies in PK properties among 

compounds within herbal extracts have been described across all stages of ADME.230 

There is a growing body of evidence suggesting that herbal extracts may exhibit greater therapeutic 

efficacy than their isolated APIs.231-237 For example, the peak plasma concentrations and areas 

under the curve (AUCs) of tanshinone IIA and cryptotanshinone, two diterpenoids derived from the 

root of Salvia miltiorrhiza Bge., were significantly increased when administered as part of extracts 

rather than as isolated compounds in rats.232 Additionally, significantly higher levels of ginsenoside 

Re were detected in mouse serum samples when it was administered within a plant extract 

compared to the pure compound.233 Moreover, paeoniflorin, a monoterpenoid glycoside found in 

Paeonia lactiflora Pall.,238 exhibited significantly higher AUC values when orally administered to  
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rats as part of a plant decoction compared to pure paeoniflorin.234 Zhang et al. reported that the 

bioavailability of osthole, a coumarin derivative, was significantly increased when it was orally 

administered to rats as part of a traditional multicomponent prescription compared to when the 

isolated compound was given.235 A publication from 2015 also demonstrated that the PK behavior 

of hypaconitine, one of the main aconitum alkaloids in Aconitum carmichaelii Debx., was influenced 

by the presence of other compounds in extracts and decoctions, as reflected in parameters such 

as AUC, maximum concentration (cmax), and time to maximum concentration (tmax).236 Finally, 

Gilbert and Alves listed several examples of synergy effects reported in the literature, including 

investigations of Zingiber officinale Rosc., Ginkgo biloba L., Glycyrrhiza glabra L., Artemisia annua 

L., Camelia sinensis (L.) Kuntze, among others.237  

These findings suggest that understanding PK synergies can provide valuable insights into whether 

a pure compound or a multicomponent mixture would exhibit favourable properties in an NP-based 

therapeutic product. 

 

8.3 BPP and PK synergies of anti-infective MDAAs 

MDAAs, prenylated flavonoids found in the root bark of M. alba but not in other parts of the plant 

such as the leaves, fruits, or twigs, exhibit noteworthy anti-infective properties.122,123 In a 2016 

study, Grienke et al. demonstrated that selected MDAAs inhibited both the viral neuraminidase (NA) 

of Influenza A virus (IAV) and the bacterial NA of S. pneumoniae.123 

NA is a surface glycoprotein of the IAV that exhibits sialidase activity.239-241 Along with 

hemagglutinin (HA), it is one of the two major antigens of the viral envelope and can cleave the α-

glycosidic bond between sialic acid (N-acetylneuraminic acid) and the adjacent sugar at terminal, 

non-reducing ends.239-241 NA thus enables the release of newly formed daughter viruses, which 

(without its sialidase activity) would remain attached to the infected cell via their own HA binding to 

sialic acid residues.239-241 The viral NA of IAV is targeted by NA inhibitors such as oseltamivir 

(Tamiflu®, orally administered), zanamivir (Relenza®, inhaled), peramivir (Rapivab®, administered 

intravenously), and laninamivir (Inavir®, inhaled, single-dose administration).240,242,243 

However, the occurrence of NA is not limited to viruses;244 it has also been reported for bacteria 

such as S. pneumoniae, Haemophilus influenzae, and Pseudomonas aeruginosa.244 Humans also 

possess four types of NA, called NEU1–NEU4, which, however, differ significantly in structure, as 

they are presumed to be monomers rather than tetramers like those of IVA.239,245,246 Human NA 

performs functions in cellular metabolism.245 

It has been reported that secondary infections with bacterial pathogens can occur NA-mediated 

during ongoing IAV infections, most commonly involving S. pneumoniae.123,247-249 The resulting 

lethal synergism is based on several factors.123,247,248,250 Among them, infection of epithelial cells 
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in the upper respiratory tract by IAV disrupts epithelial barrier functions and causes tissue damage, 

thereby increasing host susceptibility to bacterial infection.123,247,248,250 Furthermore, the cleavage 

of sialic acids provides a nutrient source for S. pneumoniae.123,251 The NA of S. pneumoniae 

primarily enhance bacterial virulence by facilitating access to receptors on lung epithelial cells, but 

can also promote viral pathogenicity by supporting viral release.123,247,252-254 In addition, the 

bacterium can form a biofilm composed of pathogens and extracellular matrix components.123,255 

Secondary infections contribute significantly to morbidity and mortality associated with IAV 

infections and are more frequently associated with complications such as pneumonia.248,254 

Overall, the availability of dual NA inhibitors for therapeutic use could therefore represent a 

substantial advantage.124 

As reported by Grienke et al. in 2016, MDAAs, in contrast to the approved NA inhibitor oseltamivir, 

not only exhibited dual antiviral and antibacterial NA activity but also inhibited pneumococcal biofilm 

formation and planktonic growth without harming lung epithelial cells.123 They are therefore 

considered promising dual-acting anti-infectives capable of preventing the lethal synergism 

between the NAs of IAV and S. pneumoniae.123 MDAAs demonstrated significant activity in 

inhibiting pneumococcal growth (SGC minimal inhibitory concentration (MIC) = 2.73 μM; SGD MIC 

= 8.72 μM) and biofilm formation (SGC minimal biofilm inhibitory concentration (MBIC) = 1.08 μM; 

SGD MBIC = 5.89 μM).123 Furthermore, an extract enriched in prenylated constituents also showed 

activity against pneumococcal NA.123 

Additionally, Langeder et al., using a 1H NMR-based HetCA approach, demonstrated that MDAAs 

were solely responsible for the in vitro anti-influenza activity of MDAA-containing extracts.122 SGC 

was identified as the main contributor to this antiviral effect.122 Specifically, MDAA-enriched extracts 

and pure compounds SGD, SGG, and SGC were well tolerated by the lung epithelial cell lines A549 

and Calu-3.122 The extract, SGG, and SGC showed broad anti-influenza activity, including activity 

against IAV and Influenza B virus (IBV) strains resistant to the NA inhibitor oseltamivir.122 Notably, 

sanggenons inhibited IAV replication in Madin-Darby Canine Kidney (MDCK) cells in a dose-

dependent manner, but showed no effect in bronchial epithelial cells.122 

Anti-inflammatory activities of extracts and compounds derived from the root bark of M. alba have 

also been reported in the literature.122,256-258 Traditional applications, such as those in Traditional 

Chinese Medicine (TCM), where the root bark is referred to as sāng bái pí, indicate its use in 

inflammatory lung conditions such as bronchitis.123,256 

As summarized by Lim et al., methanolic and ethanolic extracts of the root bark of M. alba, as well 

as isolated prenylated flavonoids, exhibited anti-inflammatory effects in various assays.256 

Moreover, Dat et al. reported anti-inflammatory activity of SGC and SGO through inhibition of NF-

κB activation.258 Several prenylated flavonoids from M. alba were also found to inhibit interleukin 6 
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(IL-6) production and were described as potentially anti-inflammatory.257 Furthermore, Langeder et 

al. investigated the anti-inflammatory potential of MDAA-enriched extracts and observed reduced 

expression of CXC Motif Chemokine Ligand 10 (IP-10), IL-6, and interferon ß (IFN-β) in IAV-infected 

bronchial cells.122 The obtained MIC values for the compounds SGD, SGG, and SGC ranged from 

1.7 to 3.16 μM against S. pneumoniae strains and from 3.16 to 10 μM against S. aureus strains, 

with SGC being the most active compound.122 

 

As an additional effect, as described in Publication I, compounds such as SGC (IC50 = 4.6 µM), 

SGG (IC50 = 7.6 µM), and SGO (IC50 = 8.0 µM) exhibited anti-SARS-CoV-2 activity in a spike protein 

immunostaining assay in Calu-3 cells, while showing only moderate cytotoxicity (SGC: CC50 = 23.6 

µM; SGG: CC50 = 49.1 µM; SGO: CC50 = 24.9 µM).119 An extract enriched with 29% MDAAs also 

inhibited SARS-CoV-2 replication (IC50 = 23.0 µg/mL).119 

In summary, MDAAs demonstrate promising potential for drug development against IAV and SARS-

CoV-2, while simultaneously exhibiting antibacterial and anti-inflammatory properties.119,122,123,256-

258 

Therefore, Langeder et al. conducted studies to evaluate the oral bioavailability of MDAAs and 

MDAA-containing extracts.125 Selected pure anti-infective MDAAs, namely SGC and SGD, along 

with an extract containing 29% MDAAs, were orally administered to mice for seven days.125 The 

aim was to assess toxicity, as well as anti-influenza and anti-inflammatory effects.125 Serum and 

tissue samples (lung, spleen, liver) were collected from different groups of mice (placebo-/mock-

treated, combined with IAV-infected/mock-infected) for analysis.125 The maximum tolerated dose 

(MTD) was determined to be 100 mg/kg, with only moderate efficacy observed.125 Additionally, the 

authors found pronounced differences in extraction recovery rates for SGC and SGD depending on 

the tissue environment, and they suspect that differences in stereochemical configuration may be 

responsible.125 Repeated administration did not result in the accumulation of MDAAs.125 In general, 

the measured concentrations of SGC and SGD in the various tissues were extremely low.125 The 

authors reported no statistically significant treatment effects for either MDAA and therefore 

recommend intravenous or inhalation administration over oral delivery in future studies.125 

Based on these results (anti-inflammatory, antiviral, and antibacterial effects, along with low 

plasma/tissue concentrations after oral application), alternative routes of administration should be 

explored.119,122,123,125,256-258 In the literature on the traditional use of M. alba root bark preparations, 

respiratory infections are repeatedly mentioned as a primary indication.123,256,257 Therefore, 

inhalational administration with local drug delivery directly to the lungs appears to be the most 

promising approach. 
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To assess the suitability of MDAA-enriched extracts and pure MDAAs for inhalation administration, 

studies on their BPP and PK synergy effects were therefore required. Notably, no studies applying 

established protocols for NPs in this context have been reported in the literature.  

In Publication II, strategies tailored to NPs were developed for BPP and PK synergy, with a 

particular focus on the inhalational administration of both multicomponent mixtures (two MDAA-

containing extracts, namely MA21 and MA60) and isolated natural compounds (SGC and SGD). 

Based on the structural characteristics of MDAAs, it was hypothesized that sanggenons may exhibit 

low permeability across the air-blood epithelial barrier, thereby enabling efficient and sustained 

concentrations in the epithelial lining fluid (ELF) of the lungs. 
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Figure D: Graphical abstract of Publication II 

 

In this study, I developed appropriate sample preparation procedures and extraction protocols for 

the analytical part of the pH-dependent solubility and permeability studies, and I performed the 

corresponding quantitative measurements. Furthermore, Jacqueline Schwarzinger and I were 

responsible for evaluating the datasets obtained from all experiments, focusing on potential 

differences between pure compounds and those in extracts. We were jointly responsible for drafting 

and writing the manuscript, and we created all figures, tables, and the graphical abstract. 
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1. Sample preparation for quantitation of MDAAs 

In the following chapters, preparation steps for the quantitation of samples from (a) 

pH-dependent solubility profile assays and (b) bidirectional permeability in Calu-3 cells 

testing series are listed. For method validation of (a), quality control (QC) samples have been 

used, which represent samples with known concentrations of sanggenon C (SGC) and 

sanggenon D (SGD) that were processed in the same way as test samples. For the evaluation 

of (b), sanggenon G (SGG) was used as internal standard (IS) to minimize errors such as 

changes in detector response and to assess the quality of the measurement process.  

 

1.1.  pH-dependent solubility profile 

Different protocols for sample preparation of the pH-dependent solubility profile 

assays are listed, beginning with descriptions for the production of stock and working 

solutions up to method evaluation. 

 

1.1.1. Preparation of stock and working solutions, calibration standards and QC 

working samples  

Table S1 shows stock and working solutions for calibration curve and QC working 

samples. Twelve QC working samples containing both SGC and SGD were prepared for low 

(6.25 µg/mL), middle (25 µg/mL) and high (100 µg/mL) concentration range. For QC blanks, 

amounts of respective buffer were used. All samples were prepared in the solvent methanol 

(MeOH). 

 

 

 

 

 

 

 

 

 

 

 



PUBLICATION II 

137 

 

Table S1. Overview of the preparation of stock and working solutions, calibration standards 

and QC working samples for the pH-dependent solubility assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
sanggenon C (SGC) 

[µg/mL] 
sanggenon D (SGD) 

[µg/mL] 

calibration curve standards: 

2 stock solutions 1000 - 

- 1000 

1 working solution 400 400 

9 standards 0.78 0.78 

1.56 1.56 

3.13 3.13 

6.25 6.25 

12.5 12.5 

25.0 25.0 

50.0 50.0 

100 100 

200 200 

QC samples: 

2 stock solutions 1000 - 

- 1000 

1 working solution 400 400 

12 working samples 6.25 6.25 

25.0 25.0 

100 100 

6.25 6.25 

25.0 25.0 

100 100 

6.25 6.25 

25.0 25.0 

100 100 

6.25 6.25 

25.0 25.0 

100 100 
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1.1.2. Prearrangement of QC samples  

For the prearrangement of QC samples, 80 µL of the respective QC working samples 

were used, following the protocol described in Table S2.  

 

Table S2. Prearrangement of QC samples 

 

 

 

1.1.3. Preparation of solubility samples 

Table S3 describes the preparation protocol for solubility samples (volume 80 µL). For 

setting up of blanks, 80 µL of respective buffer solution in a 1.5 mL Eppendorf tube were 

processed in the same way, beginning with neutralization. After these steps, the application 

of the MTBE (methyl tertiary butyl ether)-based extraction protocol was possible. 

 

Table S3. Preparation of solubility samples and blanks. 

 

 

 

 

 

 

 

 

 

 

 

  

• 80 µL of the QC working sample were pipetted into a 1.5 mL Eppendorf tube 

• Evaporation of MeOH via GeneVac 

• 80 µL of respective buffer solution were added 

• Shaking on a vortex shaker for 60 min 

• Ultrasonication for 10 min including cooling of the bath with ice pads 

• Centrifugation in a mini centrifuge for 30 s with 5400 rpm  

• Neutralization with 0.1% aqueous ammonia solution depending on the respective buffer 
- 90 µL for buffer pH 1.2 
- 80 µL for buffer pH 4.5 
- 30 µL for buffer pH 6.8 
- sample with buffer pH 7.4 were not manipulated 

• Vortexing for 10 s 

• Centrifugation for 30 s with 5400 rpm 

• Centrifugation for 15 s with 5400 rpm 

• Neutralization with 0.1% aqueous ammonia solution depending on the respective buffer 
- 90 µL for buffer pH 1.2 
- 80 µL for buffer pH 4.5 
- 30 µL for buffer pH 6.8 
- sample with buffer pH 7.4 were not manipulated 

• Vortexing for 10 s 

• Evaporation of MeOH  
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1.1.4. MTBE-based extraction protocol and completion of sample preparation 

The MTBE-based extraction protocol was implemented as a three-cycle procedure with 

3 x 750 µL as extraction solvent and can be seen in Table S4. This procedure was followed for 

all samples, blanks, QC samples and QC blanks. 

 

Table S4. Sequence of the MTBE-based extraction protocol. 

 

 

 

Shortly before the measurement, the completion of sample preparation was done in 

accordance with the protocol in Table S5. 

 

Table S5. Completion of sample preparation before the measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

• Addition of 750 µL MTBE to the 1.5 mL Eppendorf tube containing the sample 

• Shaking on a vortex shaker for 60 min 

• Ultrasonication for 10 min including cooling of the bath with ice pads 

• Centrifugation for 30 s with 5400 rpm 

• Removal (after pipetting up and down 5 times) and transfer of 650 µL supernatant 
into a second 1.5 mL Eppendorf collector tube 

• Removal of the solvent in both Eppendorf tubes via sample concentrator 

• Start of next cycle with addition of 750 µL MTBE or storage of the sample at -20 °C 
after cycle 3 

• Thawing of the sample at room temperature 

• Addition of 80 µL MeOH 

• Vortexing for 10 s 

• Shaking for 10 min 

• Ultrasonication for 10 min 

• Centrifugation for 30 s with 5400 rpm  

• Pipetting of the sample into a 300 µL HPLC vial insert 
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1.1.5. Evaluation of the MTBE-based extraction protocol 

The MTBE-based extraction protocol was the basis for the preparation of all samples of 

the pH-dependent solubility assay. Therefore, the method was validated, including 12 

different QC combinations of pH values (1.2, 4.5, 6.8, 7.4) and concentrations (6.25, 25 and 

100 µg/mL), available in 3, 4 or 6 replicates. For pH 1.2 in low concentration range only 

duplicates were definable and drawn upon calculation. 

To show the extraction efficiency for this extraction protocol, recovery was calculated 

as percentage of the known analyte amount for both SGC and SGD. Figure S1 shows the 

recovery results for both SGC and SGD. 
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Figure S1. Recovery results for the evaluation of the efficiency of the MTBE-based extraction 

protocol as part of the pH-dependent solubility assay. Left for sanggenon C (SGC), right for 

sanggenon D (SGD). 

 

Over all parameters, the results for SGC were higher than for SGD, except for 100 µg/mL 

at pH 7.4. For compound SGC, the recovery value means were in the acceptable range of ± 

15%, with exception of 25 µg/mL at pH 7.4 (18% deviation). For compound SGD the data 

availability was more complex with good recovery of ± 15% for pH 1.2 and pH 6.8. However, 

recovery results for pH 4.5 and pH 7.4 for SGD were partly too low. The lowest result was found 

for pH 4.5 and 6.25 µg/mL (-28% from expected value).  
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1.1.6. Measurement of solubility samples via UPLC-PDA method 

Quantitative analysis measurements were performed on a Waters Acquity UPLC H-

class system using a PDA detector at 205 nm wavelength. Parameters of the measurement 

are listed in Table S6. 

 

Table S6. List of parameters for UPLC-PDA measurement of pH-dependent solubility assay 

samples. 

device Waters Acquity UPLC H-Class system  

detector PDA, wavelength 205 nm 

autosampler temperature [°C] 8 

injection volume [µL] 5 

mobile phase double-distilled water with 0.1% FA (solvent A) 
acetonitrile with 0.1% FA (solvent B) 

column Acquity BEH Phenyl column 
2.1 x 100 mm, 1.7 µm 

column temperature [°C] 40  

flow rate [mL/min] 0.3  

gradient program [time (min)/% B]  0/5, 1/50, 6.9/50, 7/98, 8.9/98, 9/5, 10/5 

total run time [min] 10 min 

equilibration time before next injection [min] 2.0 min 

data acquisition and processing Waters Empower 3 
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1.1.7. Evaluation of UPLC-PDA quantitation method  

Linearity for solubility quantitation method was calculated via regression equation for 

nine calibration levels (0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, 100 and 200 µg/mL in methanol) for 

both SGC and SGD. A visually evaluated signal-to-noise ratio higher than 3 times allowed the 

evaluation of limit of detection (LOD), higher than 10 times the limit of quantitation (LOQ). 

Intra-day precision was calculated via QC samples, if possible, with n = 6 replicates. The inter-

day precision was calculated via repeated measurement of QC samples on three different 

days. The number of available replicates for the solubility samples ranged from 3–6. Table S7 

gives an overview of obtained validation parameters. 

 

Table S7. Validation parameters of the UPLC-PDA quantitation method of the pH-dependent 

solubility assay. 

 

 sanggenon C (SCG) sanggenon D (SGD) 

levels used 9 9 

linear range [µg/mL] 0.78–200 0.78–200 

R2 0.9998 0.9983 

LOD [µg/mL] 1.56 1.56 

LOQ [µg/mL] 3.13 3.13 

 

Precision as standard deviation 

intra-day measurement [%] 0.4–4.1  0.7–3.6 

intra-day QC samples [%] 0.1–21.3  0.0–17.1 

inter-day QC samples [%] 0.8–25.0  2.8–25.0 
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1.2. Bidirectional permeability assay in Calu-3 cells 

This chapter describes different protocols for sample preparation of the bidirectional 

permeability assay in Calu-3 cells including an overview of stock and working solutions, 

sample preparation protocols, measurement parameters and method validation. 

1.2.1. Preparation of stock and working solutions and calibration standards  

For the quantitation of samples from the bidirectional permeability assay in Calu-3 

cells, the preparation of stock solutions containing SGC, SGD and SGG, all in methanol, was 

necessary. The first two stock solutions have been used for calibration curve dilution series, 

the latter was used for internal standard (IS) purposes. Table S8 allows an overview of stock 

and working solutions. 

 

Table S8. Overview of stock and working solutions for the bidirectional permeability assay in 

Calu-3 cells. 

 

 

 

Based on knowledge from pre-trials, concentration range of SGC and SGD in 

permeability samples was expected to be extensive, from low ng range to high µg range. 

Therefore, standards for two different calibration curve rows (high concentration, low 

concentration) were prepared. Both series were spiked with IS (100 ng/mL for low 

concentration range and 1000 ng/mL for high concentration range). 

 

  

 
sanggenon C (SGC) 

[µg/mL] 
sanggenon D (SGD) 

[µg/mL] 
sanggenon G (SGG) 

[µg/mL] 

calibration curve standards:  

2 stock solutions 1000 - - 

- 1000 - 

2 working solutions 100 100 - 

10 10 - 

internal standard (IS): 

1 stock solution - - 1000 

3 working solutions - - 100 

- - 10 

- - 0.5 
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Table S9. Low and high concentration range calibration standard series of the bidirectional 

permeability assay in Calu-3 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
sanggenon C 

(SGC) 
[ng/mL] 

sanggenon D 
(SGD) 

[ng/mL] 

sanggenon G 
(SGG) 

[ng/mL] 

Low concentration range calibration standards  

8 levels for SGC, 6 levels for SGD 3.13 3.13 100 

6.25 6.25 100 

12.5 12.5 100 

25.0 25.0 100 

50.0 50.0 100 

75.0 75.0 100 

150 - 100 

200 - 100 

High concentration range calibration standards 

8 levels for SGC, 7 levels for SGD 19.5 19.5 1000 

39.1 39.1 1000 

78.1 78.1 1000 

156.3 156.3 1000 

312.5 312.5 1000 

625 625 1000 

1250 1250 1000 

2500 - 1000 
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1.2.2. Preparation of permeability samples  

For the high concentration range, 10 µL of the homogenized permeability samples were 

spiked with 10 µL of 10 µg/mL IS in methanol and filled up with 80 µL methanol. Thus, dilution 

factor for each high range sample was 1:10. Blanks for this concentration range were prepared 

by use of 10 µL pure HBSS.  

 

Table S10 describes the sample preparation for low concentration range samples and 

respective blanks. Hence, 200 µL of the sample have been dissolved in 50 µL solvent only, the 

concentration factor for each sample in the low concentration range was 4:1. To ensure the 

same matrix conditions as in the permeability samples, the low concentration range 

calibration curve standards were provided in vials containing residue of 200 µL evaporated 

HBSS buffer. 

 

Table S10. Preparation protocol for low concentration range permeability samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

• Addition of 10 µL of 0.5 µg/mL IS in methanol to 200 µL of the sample 
(or to 200 µL pure HBSS for blanks) available in a 1.5 mL Eppendorf tube  

• Vortexing for 10 s 

• Evaporation of the solvent via GeneVac device 

• Addition of 50 µL of a methanol:double distilled water = 1:1 mixture 

• Vortexing for 10 s 

• Shaking for 15 min 

• Centrifugation for 2 s with short spin function of a mini centrifuge 

• Transfer of the sample into a 300 µL HPLC vial insert 
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1.2.3. Measurement of permeability samples via UHPLC-ESI-MS method 

Quantitative analysis measurements were performed on a UHPLC-ESI-MS system 

(Thermo Fisher Scientific, CA) containing a Dionex UltiMate 3000 coupled to a LTQ XL linear 

ion trap mass spectrometer. Calibration curves for sanggenon C (SGC) included 8 levels for 

the low concentration range and 8 levels for the high concentration range; calibration curves 

for sanggenon D (SGD) were calculated based on 6 levels for the low and 7 levels for the high 

concentration range (see Table S9). Sanggenon G (SGG) was used as an internal standard for 

quantitation (ratio analyte/internal standard). Parameters of the measurement can be found 

in Table S11. The total run time for each sample was 7 min, with a gradient step of 10% solvent 

A for 1.0 min at the beginning to get rid of buffer constituents, followed by 6 min of actual 

separation. To avoid buffer constituents transport to the MS detector, the divert valve setting 

of the LTQ XL linear ion trap device included a transfer of the flow to the waste container in the 

first 2.41 min and from 5.06 min to 6.52 min. To enhance the sensitivity of the quantitative 

analysis, single ion monitoring recording was chosen as scanning mode for the MS detector 

for [M-H]- with two narrow m/z windows: 692.20–694.20 for internal standard SGG and 

706.23–708.23 for compounds SGC and SGD.  

 

Table S11. Parameters for UHPLC-ESI-MS measurement of permeability samples. 

chromatographic separation and detection Dionex UltiMate 3000 coupled to a  
LTQ XL linear ion trap mass spectrometer 

autosampler temperature [°C] 12 

injection volume [µL] 5 

mobile phase double-distilled water with 0.1% FA (solvent A) 
acetonitrile with 0.1% FA (solvent B) 

flow rate [mL/min] 0.35 

gradient program [time (min)/% B]  0/10, 0.99/10, 1/50, 3/75, 3.5/98, 4.5/98, 4.6/50, 7/50 

column Acquity BEH C18 column, 2.1 x 50 mm, 1.7 µm 

column temperature [°C] 50  

total run time [min] 7 min 

equilibration time before next injection [min] 1.6 min 

ionisation negative mode 

HESI source heater temperature [°C] 400 

sheath gas/aux gas/sweep gas flow rates [arbitrary units] 35/20/0.02 

source voltage [kV] 2.5 

capillary temperature [°C] 400 

data acquisition and processing XCalibur software (version 4.27.0.19) 
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1.2.4. Measurement of metoprolol containing permeability samples via UHPLC-ESI-

MS method 

Due to different molecular weight of metoprolol compared with sanggenons, 

metoprolol containing permeability samples were analyzed in a separate UHPLC-ESI-MS 

measurement. The same device combination and parameters for permeability samples were 

used as described in chapter 1.2.3, but with some adaptions that are listed in Table S12.  

 

Table S12. List of method adaptions for metoprolol containing permeability samples 

compared to sanggenon containing permeability samples. 

gradient program [time (min)/% B]  0/10, 1.5/98, 2.3/98, 2.4/10, 4.5/10 

column Kinetex C18 column, 150 x 2.1 mm, 1.7 µm, 100 Å 

Injection volume [µL] 0.1 

total run time [min] 4.5 min 

ionisation positive mode 

sheath gas/aux gas/sweep gas flow rates [arbitrary units] 35/15/2 

source voltage [kV] 3.5 

capillary temperature [°C] 400 

data acquisition and processing XCalibur software (version 4.27.0.19) 

 

Single ion monitoring recording was set to m/z values 266.30–270.20 for [M+H]+. To 

avoid buffer constituent transport to the MS detector, the divert valve setting was changed to 

source inlet status from only 2.80 min to 3.50 min. 
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1.2.5. Validation of UHPLC-ESI-MS method 

Validation parameters of the UHPLC-ESI-MS method used for the measurement of 

MDAA containing samples are shown in Table S13. 

 

Table S13. Validation parameters of the UHPLC-ESI-MS quantitation method of the 

bidirectional permeability in Calu-3 cell assay samples. 

 sanggenon C (SC) sanggenon D (SD) 

Low concentration range calibration standards 

levels used 8 6 

linear range [ng/mL] 3.13–200 3.13–75.0 

R2 0.9999 0.9989 

LOD [ng/mL] 3.13 3.13 

LOQ [ng/mL] 6.25 6.25 

High concentration range calibration standards 

levels used 8 7 

linear range [ng/mL] 19.5–2500 19.5–1250 

R2 0.9992 0.9980 

LOD [ng/mL] 9.8 9.8 

LOQ [ng/mL] 19.5 19.5 

 

 

Each permeability sample was analysed in n = 6 replicates (except MA60 in apical 

compartment, direction A-B at t = 2h with n = 5 replicates) with 2 replicates on 1 well plate. 

Thus, the 6 replicates were derived from 3 different passage numbers of Calu-3 cells.  
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1.3. Results of the pH-dependent solubility profile 

Results of the pH-dependent solubility profile of pure compounds SGC and SGD and 

both compounds within extracts MA 21 and MA60 are summarised in Table S14. 

 

Table S14. Solubility of sanggenon C (SGC) and sanggenon D (SGD) as isolated stereoisomers 

and within the two multicomponent extract mixtures, MA21 and MA60, in four different buffer 

solutions with pH values of 1.2, 4.5, 6.8 and 7.4. 

 

Matrix Compound 
pH 1.2 solubility 

(µg/mL) 
pH 4.5 solubility 

(µg/mL) 
pH 6.8 solubility 

(µg/mL) 
pH 7.4 solubility 

(µg/mL) 

isolated SGC 4.47 ± 1.43 8.53 ± 3.66 18.5 ± 6.2 47.1 ± 15.7 
MA21 SGC < LOQ - < LOQ - 4.05 ± 1.38 3.24 ± 1.21 

MA60 SGC 6.88 ± 9.70 < LOQ - 12.7 ± 6.3 13.6 ± 4.1 
                    

isolated SGD 111 ± 18 121 ± 17 304 ± 108 493 ± 161 
MA21 SGD < LOQ - < LOQ - < LOQ - < LOQ - 

MA60 SGD 20.6 ± 14.6 19.7 ± 1.3 56.8 ± 18.9 94.9 ± 9.5 
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2. Permeability control experiments 

2.1. Materials and Method 

To better understand the cause of the one-directional TEER decrease observed when 

20 µg/mL SGD samples were tested for permeation from the basolateral to apical direction, 

further studies were conducted to investigate this effect and its impact on the results. The 

experimental setup was as follows: SGC and SGD were added to either the basolateral or 

apical chambers of the wells or inserts. This time, fluorescein at a concentration of 40 µg/mL 

was always added to the apical chamber. Fluorescein was included because it is a non-

permeability marker, and any slight influence on monolayer integrity would be detected by its 

rapid permeation through non-intact monolayers to the acceptor chamber. Inserts with and 

without cells, with the addition of just fluorescein, served as controls. Furthermore, MTT 

assays were conducted directly on the cell monolayer following the permeability studies to 

evaluate if cytotoxic processes were present.  

The experiment was conducted with two different batches of Calu-3 cells, each from a 

different LOT, to determine whether the observed phenomenon was general or specific to a 

particular batch or passage number range. Calu-3 cells from batch 1, also used in the MDAA 

permeability studies (2.7), were from passages 21-22, while cells from batch 2 had a passage 

number of P12. 

The experiment was initiated as described in section 2.7. Calu-3 cells were seeded on PET 

inserts (1.1 cm², 0.4 µm; Sarstedt, Nümbrecht, Germany) at a density of 1 x 105 cells/insert, 

and placed in 12-well plates (VWR Chemicals, Radnor, USA). The cells were cultured for two 

weeks in a liquid-liquid interface to form an intact monolayer with tight junctions, which was 

assessed by measuring TEER values. Before testing the permeability of fluorescein in the 

presence of SGC/SGD, the medium was replaced with HBSS, and after a 30-minute 

incubation, TEER values were measured. Fluorescein permeability (donor concentration 40 

µg/mL) was measured in the presence of 20 µg/mL of SGC or SGD in a bidirectional setup. For 

cell integrity assessment in the apical to basolateral direction (A-B), 520 µL of test solutions 

(SGC/SGD: 20 µg/mL; fluorescein 40 µg/mL) were added to the apical compartment, and 1700 

µL of buffer was added to the basolateral chamber. For studies from the basolateral to the 

apical chamber (B-A), 520 µL of 40 µg/mL fluorescein in HBSS buffer was added to the apical 

compartment, and 1700 µL of the same SGC/SGD solutions were added to the basolateral 

compartment. Samples of 20 µL were withdrawn from the apical chamber at two time points: 

immediately after the addition of both solutions (t = 0 h) and after 120 minutes (t = 2 h). The 
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donor samples were diluted with 180 µL of HBSS. From the basolateral chambers, samples of 

200 µL were taken at the same time points. The plates were then placed on a shaking platform 

at 37 ± 0.37°C and 200 rpm for 2 hours. After incubation, the cells were washed, and the 

solutions were replaced with HBSS. After a further 30-minute incubation, TEER values were 

measured again to assess cell integrity. Samples taken at t0h and t2h were pipetted into a 96-

well plate, and absorbance was measured at 490 nm using an EPOCH2 spectrophotometer 

(BioTek Instruments, Inc., Vermont, USA). A calibration curve with fluorescein, ranging from 20 

to 0.5 mg/mL, was created to calculate the fluorescein concentration in the samples. 

To assess potential cytotoxic effects on the monolayer, cell culture medium (10% FBS, 

1% P/S) containing 0.45 mg/mL MTT reagent was added to the inserts (300 µL) and wells (1500 

µL). Cells treated with fluorescein (40 µg/mL) served as a control. Samples were then 

incubated for 3.5 hours at 37°C. Following incubation, the MTT solution was removed, and 

DMSO was added to dissolve the formazan crystals (300 µL for inserts; 1500 µL for wells). The 

plates were incubated on a shaking platform at 200 rpm in the absence of light for 30 minutes. 

Subsequently, 100 µL samples from each well were pipetted into a 96-well plate, and the 

absorbance was measured at 570 nm using an Epoch 2 spectrophotometer. 

 

2.2. Results and Discussion 

 

The comparison of TEER values revealed significant differences in behaviour between 

the batches (Figure S1 A-B). While batch 2 exhibited higher overall TEER values compared to 

batch 1, a greater decrease in TEER was observed for batch 2 during the experiment, ultimately 

resulting in approximately the same TEER value after the experiment. Interestingly, the 

decrease in TEER observed in batch 1 during the measurement of the B-A transport of SGD 

was not observed in batch 2, indicating that this effect may be specific to the cell batch. In the 

MDAA permeability studies (Figure 5), the applied batch 1 exhibited a significant decrease in 

TEER values when SGD was directed from the basolateral to the apical side (B-A). This 

pronounced decline in TEER values was observed both in the previous and current 

experiments with batch 1 and not batch 2. Additionally, a decrease in TEER values was also 

observed with SGC in the B-A direction, although it was not as substantial as the decrease 

caused by SGD B-A. 

To determine whether the observed decline in TEER influenced the permeability 

results, we recreated the experiments and added fluorescein, a non-permeability marker, to 
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the cells. In an intact Calu-3 monolayer, no fluorescein permeation occurs to the other 

chamber. The experimental setup compared fluorescein permeation on inserts without a cell 

monolayer to that on a Calu-3 monolayer, as well as on a Calu-3 monolayer in the presence of 

SGC or SGD, in both transport directions. Particular focus was given to those conditions 

experiencing a reduction in TEER. However, no fluorescein permeation was detected in the 

transport studies involving a Calu-3 monolayer (LOQ 0.646 µg/mL; LOD 0.213 µg/mL; Figure 

S1 C). Fluorescein permeation only occurred through the membranes of inserts without a cell 

monolayer. None of the other tested substances affected the integrity of the Calu-3 monolayer 

to the extent that fluorescein permeability increased. This indicates that, despite the observed 

decline in TEER of the Calu-3 monolayer, there was no impact on the permeability 

assessments. Additionally, the remeasurement of TEER in the B-A directed SGD-test wells, 

after 24 hours of incubation with medium at 37°C, showed a recovery in TEER, suggesting that 

the TEER decrease is only a temporary effect. 

Subsequently, a MTT assay was conducted to evaluate whether cytotoxic effects 

occurred on the Calu-3 monolayers, particularly to ascertain if the B-A directed TEER 

reduction caused by SGD was due to cell-damaging processes. Neither batch 1 nor batch 2 

showed a decrease in cell viability after the permeability studies, implying that the TEER 

decline is not caused by damaged cells (Figure S1 D). 

 

 

 

 

 

 

 

 



PUBLICATION II 

153 

 

 

Figure S2. A) Decline in TEER values of Calu-3 cell batch 1 before and after the permeability 

experiment. B) Decline in TEER values of Calu-3 cell batch 2 before and after the permeability 

experiment. C) Comparison of apparent permeability (Papp) values of fluorescein on inserts 

without a cell monolayer versus on a Calu-3 monolayer, in the presence of fluorescein alone 

or in a bidirectional setup with SGC or SGD. D) Cell viability assessed for both batches of cells 

after the permeability studies with the Calu-3 monolayer. Reduction under 70 % of viability 

was considered as cytotoxic (dotted line).  
 

In conclusion, the observed one-directional decrease in TEER caused by SGD appears 

to be a cell-batch specific phenomenon with an unknown molecular mechanism. Importantly, 

despite the decline in epithelial resistance, there was no significant increase in permeability, 

indicating that the robustness of the permeability results remains unaffected. 
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8.3.2 Review of Publication II 

A growing body of literature suggests that the inhalation of antimicrobial agents may offer 

advantages over other routes of administration in the treatment of lung infections, as it enables 

targeted drug delivery with higher local concentrations at the site of infection while reducing 

systemic exposure and associated toxicity.259-261 In several studies, inhaled antimicrobial agents 

have been investigated with respect to their molecular properties to better understand how 

pulmonary retention can be improved, thereby enhancing local efficacy in the lungs.259,260,262-266 

The term 'pulmonary retention' refers to the slow absorption of a compound from lung tissue into 

the systemic circulation.267 It has been shown that large, hydrophilic molecules with low 

permeability exhibit favorable PK properties across lung epithelial monolayers.259,262-267  

In 2022, Hastedt and colleagues presented the so-called inhalation-based Biopharmaceutics 

Classification System (iBCS), a concept that had already been discussed during a 2014 workshop 

due to the absence of a BCS model for inhalable medicinal products.268,269 The iBCS was 

developed to enable a qualitative assessment of technical and clinical risks based on the 

physicochemical properties of a drug candidate (solubility, represented by the dose number Do, and 

permeability) together with key attributes of its drug product (dose and dissolution).267,268 In 

addition, the iBCS aims to provide an analytical basis for IVIVC evaluations of inhaled drugs.268  

When implementing the iBCS, Hastedt et al. used model compounds in combination with 

physiologically based PK modeling (PBPK) to classify drugs into four groups, owing to the limited 

number of approved orally inhalable drugs on the market.268 Their aim was to establish a system 

grounded in the same principles as the BCS developed for orally administered drugs, namely 

focusing on the rate and extent of uptake, while taking into account the specific physiological factors 

associated with pulmonary drug delivery.268  

An important distinction is that oral dosage forms and inhalable drugs differ fundamentally in their 

optimal product characteristics.268 Oral drugs are typically intended for systemic activity and should 

therefore exhibit high permeability and systemic bioavailability.268 In contrast, compounds with low 

permeability are advantageous for inhalation, as they allow for high concentrations in the ELF of 

the lung while maintaining low systemic exposure.263,265,268  

Since most inhaled drugs are intended for local activity, low permeability is generally considered 

advantageous for inhalation therapy, as it promotes pulmonary retention.259,267,268 In contrast, high 

permeability can result in faster clearance from the ELF and potentially increased systemic 

exposure, which may compromise the desired local efficacy profile.268 Based on this knowledge, 

the iBCS can provide decision support in the early stages of drug development by identifying drug 

candidates with favorable properties for inhalation administration that warrant further 

investigation.267 
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The four classes of the iBCS and their implications for the discovery and development of inhalable 

drugs have been described by Forbes et al. as follows267: 

(i) iBCS Class I: High solubility (Do < 1) and high permeability 

Ideal for systemically acting drugs with fast systemic absorption. 

 

(ii) iBCS Class II: Low solubility (Do > 1) and high permeability 

The bioavailability might be limited due to low solubility and dissolution rate, requiring a 

suitable formulation to overcome this challenge. 

 

(iii) iBCS Class III: High solubility (Do < 1) and low permeability 

Limited permeability restricts absorption and contributes to prolonged retention within 

the lungs. 

 

(iv) iBCS Class IV: Low solubility (Do > 1) and low permeability 

Class IV is considered the most challenging for inhalation, since the accumulation of 

undissolved drug, together with a prolonged residence time in the lungs, can lead to 

toxic effects. 

 

The dose number for a specific lung region I (𝐷𝑜𝑖
)  describes the fraction of the nominal dose (label 

claim) that is deposited within the available fluid volume in that region.269 To calculate this value, 

the regional dose (Mi), the available volume of ELF for dissolution (Vi), and the regional solubility of 

the drug (𝐶𝑠𝑖
) must be known (eq 1).269 

𝐷𝑜𝑖
=

(M𝑖 / V𝑖)

𝐶𝑠𝑖

                   eq. 1 

 

The threshold between low and high solubility is defined by a 𝐷𝑜𝑖
 = 1.269 When the drug is fully 

dissolved in Vi, the 𝐷𝑜𝑖
 is < 1 (high solubility); if only a fraction is dissolved, the 𝐷𝑜𝑖

 is > 1 (low 

solubility).269 

Hastedt et al. pointed out that most marketed drugs intended for inhalation with local activity are 

classified as iBCS Class II or Class III products.269 The Class III drug tobramycin, for instance, 

exhibits high solubility along with low permeability across biological membranes, making it 

particularly well-suited for locally targeted inhalation therapy.224,263,264,270 The authors therefore 

conclude that prolonged pulmonary retention may enhance efficacy.269  
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As shown in Publication II, the two tested pure MDAAs, i.e., SGC and SGD, exhibited either no 

measurable permeability (SGC) or very low permeability (SGD, < 0.6% of the applied amount) in 

Calu-3 cells.271 Moreover, both MDAAs displayed pH-dependent solubility as pure compounds.271 

In a buffer with a pH of 6.8, which simulates pulmonary conditions, a solubility of 18.5 µg/mL was 

measured for pure SGC, compared to 304 µg/mL for isolated SGD.271 Particularly notable was the 

approximately tenfold higher solubility of SGD, a difference that was observed consistently across 

all tested pH values.271 

With regard to the iBCS, a classification of SGC and SGD into one of the four classes I–IV is not 

possible, as these are pure compounds and classification requires the investigation of the API's 

behavior within a formulation, as described in equation 1.267,269 In addition, the BDCCS evaluation 

of 109 NPs provided by Li et al. did not include flavonoids and therefore the results of Publication 

II could not be compared with related datasets.224  

However, the studies presented in Publication II provide valuable insights into whether inhalation 

is a viable route of administration and whether further investigation focusing on formulation 

development is warranted.271 This is indeed the case for SGC and SGD, as both compounds exhibit 

favorably low permeability.271 The solubility data of both MDAAs suggest that improving solubility 

through appropriate formulation strategies could be beneficial.271 

After 4 hours, only limited cell uptake was detected for both SGC (2.0 pg/cell) and SGD (0.3 pg/cell), 

with a maximum increase to 8.1 pg/cell for SGC after 24 hours.271 SGD thus appears to remain in 

the extracellular space to a greater extent than SGC and may be less able to cross the epithelial 

barrier, which aligns with its lower lipophilicity values (SGC: logP = 3.48; SGD: logP = 2.92).271 This 

is considered advantageous for therapeutic effects that potentially take place in the extracellular 

space, such as NA inhibition or disruption of S. pneumoniae biofilm formation.271  

These findings, combined with the reported antiviral, antibacterial, and anti-inflammatory activities 

of the compounds and their traditional use in respiratory tract diseases such as bronchitis, support 

the conclusion that inhalation could be a highly beneficial route of administration and should be 

further investigated in vivo.119,122,123,125,256-258 This could be especially beneficial for potential 

treatment options for secondary infections.123,124,251 

 

In the context of PK synergy, Publication II showed that the two pure MDAAs appear more 

promising for inhalation than the multicomponent extracts MA21 (containing 2.6% MDAAs) and 

MA60 (containing 29.0% MDAAs), particularly in terms of solubility.271 Based on the available 

literature, the solubility of APIs can be enhanced by co-existing compounds such as flavonoids, 

which act as endogenous solubility enhancers.230,272,273 Since the flavonoids in the extracts 

obtained from M. alba contain prenylated structures, it is conceivable that the prenyl moiety 
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significantly alters this behavior. However, further studies are necessary to substantiate this 

preliminary assumption and to gain more insigths into potential PK synergy effects. 

Increases, decreases, as well as no changes in the permeability of NPs due to the influence of co-

present compounds in an extract have all been reported in the literature.228,274-276 For isolated SGC, 

which exhibits no permeability under the test conditions, no improvement in permeability was 

observed in the extract either.271 For SGD, a decrease in permeability in the basolateral-to-apical 

(B-A) direction was evident due to the influences of the extracts.271 However, the results for SGD 

should be interpreted with caution, as a simultaneous decrease in transepithelial electrical 

resistance (TEER) was also observed.271 This may indicate a temporary loss of epithelial integrity, 

as TEER is an indicator of the tight junction status and should therefore remain constant throughout 

the experiments.271,277 However, this type of B-A TEER decrease has already been described in 

the literature, although the underlying causes could not always be clearly identified.277,278 These 

findings underscore the need for further optimization and standardization of testing methods when 

evaluating the permeability of NPs. 

 

From a technical perspective, improving the solubility of the MDAAs should be a key consideration 

in the development of an inhalable pharmaceutical product based on the pure compounds SGC 

and SGD. Simultaneously, the selected formulation vehicle should support efficient and stable 

nebulization, as this is considered the most suitable delivery method given the physicochemical 

properties of the compounds.259,263,264,266 Furthermore, effective release of the API at the target 

site must be ensured while maintaining the favorable permeability characteristics, in order to 

support localized drug release, prolonged pulmonary retention, and high therapeutic 

efficacy.267,269,279 
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9 Conclusion 

This doctoral thesis spans the entire spectrum from the discovery of bioactive natural products 

(NPs) to their potential application, with a focus on translational aspects. To this end, a 

biochemometric two-dimensional statistical heterocovariance analysis (2D HetCA) approach was 

developed to identify promising bioactive compounds, and a biopharmaceutical profiling (BPP) 

method was established to evaluate suitability of mulberry Diels–Alder-type adducts (MDAAs) for 

inhalation administration. 

2D HetCA based on HSQC datasets appears to be a promising method for determining whether 

further processing is advisable at an early stage of the phytochemical workup, namely, after a single 

microfractionation step. The method is capable of specifically identifying those microfractions (MFs) 

that contain compounds most likely correlated with bioactivity. While a few basic prerequisites must 

be met for the method to be applicable (e.g., overlapping constituents across at least three 

consecutive MFs and a consistently increasing or decreasing bioactivity profile across the same 

MFs), 2D HetCA enables biochemometric analysis for any pharmacological target with a 

measurable activity.  

In Manuscript I, the new 2D HetCA approach was first established in a proof-of-concept study 

using artificially mixed triterpenes (TTs). Subsequently, 2α,19α-dihydroxy-3-oxo-12-ursen-28-oic 

acid, a minor triterpenoid derived from a dichloromethane leaf extract of Eriobotrya japonica Lindl., 

was successfully identified and later confirmed as active on the retinoic acid receptor-related orphan 

receptor gamma (RORγ) with an IC50 = 2.15 µM. 

The study demonstrated that the new approach enabled access to spectral regions that could not 

be analyzed using 1D HetCA based on 1H spectra due to the high density of overlapping signals. 

This improvement resulted from enhanced dispersion and, consequently, better visibility of cross-

peaks. Additionally, the greater variation in the color code allowed for more precise differentiation 

between HSQC value pairs that were positively or negatively correlated with bioactivity. 

It is beneficial that the method is generally independent of the isolation and structural elucidation of 

the bioactive compounds. Another advantage may lie in the overall robustness of NMR 

measurements, although their inherently low sensitivity must be taken into account. However, 2D 

HetCA requires appropriate 2D NMR measurements, careful dataset preparation, and subsequent 

data analysis and interpretation. 

As potential future developments, the linking of 2D HetCA with NMR databases, as well as the 

integration of MS-based datasets, should be emphasized. Overall, 2D HetCA is a valuable 

technique for the rapid and targeted search for bioactive constituents in complex mixtures derived 

from natural sources. 
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Another focus of this doctoral thesis was the establishment of a BPP method for NPs. Two mulberry 

Diels–Alder-type adducts (MDAAs) from the root bark of Morus alba L., namely sanggenon C (SGC) 

and sanggenon D (SGD), were identified in Publication I as inhibitors of the main protease (Mpro), 

exhibiting in vitro activity against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

through a time-efficient and cost-effective target-based virtual screening (TBVS) approach.  

Subsequently, Publication II clearly demonstrated that both MDAAs, due to their low permeability 

in Calu-3 cells, exhibit favorable properties for inhalation administration. The isolated compounds 

SGC and SGD generally showed better suitability for pulmonary delivery compared to the 

corresponding compounds in MDAA-containing multicomponent mixtures MA21 (2.6% MDAAs) 

and MA60 (29.0% MDAAs). 

One current challenge in drug development is the difficulty in assessing the suitability of drug 

candidates for inhalation at an early stage, for example, based on predicted permeability. This is 

partly due to the fact that formulation-related parameters are also required for classification within 

systems such as the inhalation Biopharmaceutics Classification System (iBCS) which allows for the 

estimation of in vitro–in vivo correlations (IVIVC). This poses a problem for decision-making during 

the evaluation process, as it is essential to determine as early as possible whether further testing 

of a drug candidate is likely to be successful, and to exclude candidates with a high risk of failure 

from the outset. This applies not only to NPs, but to pure compounds in general.  

Additionally, predicting pharmacokinetic (PK) synergy effects in complex extracts containing NPs 

remains particularly challenging, and at the moment experimental studies in this area are 

indispensable. For example, a literature review on the influence of flavonoids in extracts on solubility 

and permeability yielded no references to publications describing comprehensive and systematic 

investigations in this area. Furthermore, there are no specific studies that have investigated 

whether, and to what extent, the degree of flavonoid prenylation affects solubility. 

Developing new approaches that allow for more precise and robust predictions would therefore be 

highly desirable. To this end, it may be advantageous to establish methods initially based on testing 

well-defined artificial mixtures rather than complex extracts whose exact composition can likely only 

be approximated due to the large number of NPs they contain.  

In regard to the isolated MDAA compounds of Publication II, as a future step, it seems reasonable 

to develop a formulation that takes advantage of the low permeability, enhances the solubility of 

SGC and SGD, and enables their targeted release at the site of infection in the lung.  

This doctoral thesis successfully demonstrates how the broad spectrum, from the search for 

bioactive compounds to the initial evaluation of their potential use in a defined application area, can 

be addressed. 2D HetCA and BPP have proven to be effective and valuable tools, whose further 

development could significantly contribute to NP drug discovery and development. 
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10 List of abbreviations 

ADMET absorption, distribution, metabolism, excretion, and toxicity 

AI artificial intelligence 

anti-TB anti-tuberculosis 

APIs active pharmaceutical ingredients 

AUC area under the curve 

B-A basolateral-to-apical 

BCS the Biopharmaceutics Classification System 

BDDCS the Biopharmaceutics Drug Disposition Classification System 

BPP biopharmaceutical profiling 

bRo5 beyond Rule of Five 

CADD computer-aided drug design 

COLMAR Complex Mixture Analysis by NMR 

cmax maximum concentration 

cryo-EM cryo-electron microscopy 

CX3CL1 C-X3-C Motif Chemokine Ligand 1 

DAFdiscovery Data Fusion-based Discovery 

DL deep learning 

Do dose number 

DTT dithiothreitol 

ELF epithelial lining fluid 

ELINA Eliciting Nature's Activities 

ELSD evaporative light scattering detector 

GC gas chromatography 

GC-MS gas chromatography-mass spectrometry 

GNPS the Global Natural Product Social Molecular Networking 

GNPS-FBMN GNPS-feature-based molecular networking 

HA hemagglutinin 

HetCA statistical heterocovariance analysis 

HMBC Heteronuclear Multiple Bond Correlation spectroscopy 

1H NMR proton nucelar magnetic resonance 

HPLC high-performance liquid chromatography 

HPTLC high-performance thin-layer chromatography 

HSCCC high-speed countercurrent chromatography 

HSQC Heteronuclear Single Quantum Coherence spectroscopy 

HTS high-throughput screening 

HTVS high-throughput virtual screening 

HUVECs human umbilical vein endothelial cells 

IAV Influenza A virus 
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iBCS inhalation-based Biopharmaceutics Classification System 

IBV Influenza B virus 

IFN-β interferon ß 

IL interleukin 

IVIVC in vitro–in vivo correlations 

IP-10 CXC Motif Chemokine Ligand 10  

LBDD ligand-based drug design 

LBVS ligand-based virtual screening 

LC-MS liquid chromatography-mass spectrometry 

LOD limit of detection 

logP logarithmic partition coefficient in a biphasic water–octanol system 

MADByTE Metabolomics and Dereplication by Two-Dimensional Experiments 

MA21 Morus alba L. extract containing 2.6% MDAAs 

MA60 Morus alba L. extract containing 29.0% MDAAs 

MBIC minimal biofilm inhibitory concentration 

MDAAs mulberry Diels–Alder-type adducts 

MDCK Madin-Darby Canine Kidney  

MFs microfractions 

Mi regional dose 

MIC minimal inhibitory concentration 

ML machine learning 

MN molecular networking 

Mpro main protease, nsp5, 3C-like protease (3CLpro) 

MS mass spectrometry 

MS2 tandem mass spectrometry, MS/MS 

MTD maximum tolerated dose 

NA neuraminidase 

NF-κB nuclear factor-κB 

NMR nuclear magnetic resonance 

NPs natural products 

nsp non-structural protein 

ORFs open reading frames 

PAINS pan-assay interference compound 

PBPK physiologically based pharmacokinetic modeling 

PK pharmacokinetic 

PLpro papain-like protease, domain of non-structural protein 3 (nsp3) 

PLS partial least squares 

qHNMR quantitative 1H NMR 

Q-HSQC quantitative Heteronuclear Single Quantum Coherence spectroscopy 

QSAR quantitative structure-activity relationship 
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RdRp RNA-dependent RNA polymerase 

RORγ retinoic acid receptor-related orphan receptor gamma 

Ro5 Rule of Five 

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 

SFC supercritical fluid chromatography  

SGC sanggenon C 

SGD sanggenon D 

SGG sanggenon G 

SGO sanggenon O 

SHY statistical heterospectroscopy 

SI selectivity index 

SMART Small Molecule Accurate Recognition Technology 

STOCSY statistical total correlation spectroscopy 

TBDD target-based drug design 

TBVS target-based virtual screening 

TCM Traditional Chinese Medicine 

TEER transepithelial electrical resistance 

TLC thin-layer chromatography 

tmax time to maximum concentration 

TOCSY total correlation spectroscopy 

TTs triterpenes 

UHPSFC ultra-high performance supercritical fluid chromatography 

VHs virtual hits 

Vi volume of epithelial lining fluid 

VS virtual screening 

XR X-ray crystallography 

1D one-dimensional 

1D HetCA 1H NMR-based statistical heterocovariance analysis 

2D two-dimensional 

2D HetCA HSQC-based statistical heterocovariance analysis 

3D three-dimensional 
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