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A B S T R A C T   

The octanol–water distribution coefficient (logP), used as a measure of lipophilicity, plays a major role in the 
drug design and discovery processes. While average logP values remain unchanged in approved oral drugs since 
1983, current medicinal chemistry trends towards increasingly lipophilic compounds that require adapted 
analytical workflows and drug delivery systems. Solubility enhancers like cyclodextrins (CDs), especially 2- 
hydroxypropyl-β-CD (2-HP-β-CD), have been studied in vitro and in vivo investigating their ADMET (adsorption, 
distribution, metabolism, excretion and toxicity)-related properties. However, data is scarce regarding the 
applicability of CD inclusion complexes (ICs) in vitro compared to pure compounds. In this study, dopamine 
receptor (DR) ligands were used as a case study, utilizing a combined in silico/in vitro workflow. Media- 
dependent solubility and IC stoichiometry were investigated using HPLC. NMR was used to observe IC 
formation-caused chemical shift deviations while in silico approaches utilizing basin hopping global minimi-
zation were used to propose putative IC binding modes. A cell-based in vitro homogeneous time-resolved fluo-
rescence (HTRF) assay was used to quantify ligand binding affinity at the DR subtype 2 (D2R). While all ligands 
showed increased solubility using 2-HP-β-CD, they differed regarding IC stoichiometry and receptor binding 
affinity. This case study shows that IC-formation was ligand-dependent and sometimes altering in vitro binding. 
Therefore, IC complex formation can’t be recommended as a general means of improving compound solubility 
for in vitro studies as they may alter ligand binding.   

1. Introduction 

The octanol–water distribution coefficient (logP) has been a major 
factor in the drug design and development processes since the intro-
duction of quantitative structure–activity relationship approaches 
(QSAR) [1]. Lipophilicity was pioneered by Hansch and colleagues and 
also featured in Lipinskis ‘Rule of Five’ (Ro5) concept, limiting cLogP to 

<5. Amongst other parameters such as molecular weight (MW) and 
hydrogen bond acceptors and –donors (HBA and HBD), lipophilicity 
plays a crucial role in describing properties of (orally) bioavailable 
compounds and their pharmacokinetic ADME (absorption, distribution, 
metabolism and excretion) characteristics [2,3]. Comparative assess-
ments of successful oral drugs and compounds in development showed 
that violations of the logP limit are associated with undesirable effects 
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such as poor aqueous solubility, increased unspecific protein binding, 
increased metabolic turnover and accumulation in tissues [4]. From a 
pharmacodynamics point of view, increased lipophilicity might be 
associated with promiscuous ligand-receptor interactions in vitro as well 
as toxicity in vivo [5]. This is also reflected in a study by Leeson and 
Springthorpe that showed that lipophilicity has remained relatively 
unchanged in approved oral drugs since 1983 [6]. In contrast, other Ro5 
parameters like molecular mass as well as O plus N and OH plus NH 
atom counts (corresponding to HBAs and HBDs) are currently 
increasing. Interestingly, the same study showed that drug discovery 
projects in medicinal chemistry produce research compounds with 
higher molecular mass and lipophilicity compared to approved oral 
drugs (both historical and recent) and compounds in clinical develop-
ment. Those statistics, starting in 1990, highlight increased median logP 
values of 4.1 and Mw of 450 Da, whereas oral drugs were characterized 
by values of 3.1 and 432, respectively. Another study by Gleeson et al 
highlighted a similar trend regarding research compounds included in 
the ChEMBL database [7]. Their data showed that roughly 25 % of 
highly potent compounds (binding affinities ≤ 1 nM) possessed a logP >
5. While this divergence between successfully approved drugs and cur-
rent research compounds is surprising, it can be explained by the 
changing landscape of target proteins, also reflected in the drug devel-
opment portfolios of major pharmaceutical companies. While G-protein 
coupled receptors (GPCRs) represent a highly druggable target (20 % of 
all drugs approved since 1983), the ‘golden age of GPCR structural 
biology’ starting in the early 2000s further drove the elucidation of their 
three-dimensional (3D) structures [8]. Consequently, specific binding 
sites were elucidated for many GPCRs, revealing important lipophilic 
sites crucial for ligand binding and (in-)activation [9]. More than 90 % 
of non-sensory GPCRs are expressed in the brain, thus, targeting them 
involves crossing the blood–brain barrier to render drugs or drug can-
didates active in the central nervous system (CNS) [10]. In general, CNS- 
targeting drugs (and compounds in development) are characterized by 
logP values of up to 5.8 with the majority residing in between logP 4 and 
5 [11,12]. Therefore, the increasing interest in researching compounds 
with higher logP values highlight the need for optimized and adapted in 
vitro assays. 

While ligand–protein affinity is often the key determinant for bio-
logical activity, it can’t always be measured directly. Especially GPCR- 
targeted studies are oftentimes bound to cell-based assays, since struc-
tural integrity of the transmembrane receptors is dependent on intact 
and functional cell membranes [13]. Traditionally, radioligand binding 
(RLB) assays were the gold standard in determining binding affinities in 
vitro, however, due to high costs and radioactive waste, alternative 
methods were needed [14]. Homogenous time-resolved fluorescence 
(HTRF) assays constitute one such method that allows for determining 
binding affinities for a variety of GPCRs without the use of radioactive 
material in a semi-high throughput approach [15,16]. HTRF-based 
binding affinity assays, like cell-based in vitro assays in general, suffer 
from compound solubility issues (especially in higher logP ranges) due 
to the aqueous composition of the assay buffers in use [17]. While logP 
and solubility are limiting factors in in vitro studies, those limitations 
are not necessarily directly transferrable to in vivo settings, where 
bioavailability and oral systemic exposure are influenced by a multitude 
of different factors [18]. 

The use of typical solvents like ethanol or DMSO has been shown to 
be cytotoxic in cell-based setups also in low concentrations such as ≥1 % 
and ≥0.5 %, respectively [17]. To prevent solvent-induced cytotoxic 
phenomena, cyclodextrins (CDs) have been of major interest due to their 
capability of improving compound solubility and stability without 
interfering with cellular integrity [19]. The CD subtypes α, β and γ differ 
in their numbers of glucopyranose monomeric units, MW, size and vol-
ume of their cavities as well as aqueous solubility [20,21]. While espe-
cially β-CD shows a particularly low aqueous solubility, replacement of 
the 2-OH with a 2-hydroxypropyl (2-HP) moiety (resulting in 2-HP- 
β-CD) increases solubility over 80-fold [22]. Moreover, 2-HP-β-CD 

provides improved physicochemical parameters like increased stability, 
absorption characteristics, solubilisation and decreased toxicity, espe-
cially in cell-based in vitro assays [23–26]. Since CDs are ‘generally 
recognized as safe’ (GRAS) by the U.S. Food and Drug Administration 
(FDA), they are widely used in different industries such as agro-food, 
cosmetics, pharmacy and chemistry [20,27]. 

Interestingly, CDs in general and particularly 2-HP-β-CD have not 
been utilized in assessing in vitro binding affinities of poorly soluble 
compounds in cell-based GPCR binding assays yet. In general, there is a 
high need of solubility enhancing approaches for in vitro assays, espe-
cially with highly lipophilic test compounds. Due to the attractive 
properties of 2-HP-β-CD as a solubility enhancer it was used in this case 
study. The aim of this study was, therefore, to evaluate the impact of IC 
formation as means of solubility enhancement on D2R ligand binding 
affinities in vitro. The dopamine receptor (DR) family was selected as 
case target because it represents one of the most important GPCR fam-
ilies. With 65 FDA-approved drugs and its involvement in multiple CNS- 
associated diseases, it acts as a highy relevant proof-of-concept target to 
investigate 2-HP-β-CD as solubility enhancer in HTRF-based, cell-based 
assays. [28–32]. 

2. Materials and methods 

2.1. Materials 

Apomorphine hydrochloride 1 was a kind gift from EVER Valinject 
GmbH (Unterach, Austria). (S)-(− )-sulpiride 2 (S7771-5G, ≥98 % 
(titration)), droperidol 3 (D1414-1G), haloperidol 4 (H0912, >98.0 %), 
spiperone 5 (S7395-250MG), dimethyl sulfoxide (DMSO, 472301- 
100ML, ACS reagent, ≥99.9 %) and 2-hydroxypropyl-β-cyclodextrin 
(2-HP-β-CD, H0979) were all acquired from Sigma-Aldrich or TCI 
Chemicals, Germany. L-(+)-ascorbic acid (L-AA, 011188.A3, 98 %+) 
was acquired from Alfa Aesar. Tag-lite buffer (TLB, 5X concentrate, 100 
mL, stored at 4 ◦C, LABMED, acquired from PerkinElmer/cisbio) was 
diluted 1:5 in MilliQ water to generate 1X TLB used throughout solu-
bility studies (see section 2.2) and in vitro studies (see section 2.6). All 
compounds were stored according to storage conditions provided on the 
respective data sheets. 

2.2. Solubility studies – solvent, incubation time and solubility enhancers 

All solubility studies were performed and analysed using a Shimadzu 
Nexera XR HPLC-DAD (diode array detector) setup. Different isocratic 
mixtures of MilliQ water +0.1 % trifluoroacetic acid (TFA, suitable for 
HPLC, ≥99.0 %, acquired from Sigma-Aldrich) and acetonitrile (Hon-
eywell, CHROMASOLVTM Plus, for HPLC, ≥99.9 %) + 0.1 % TFA were 
used and individually optimized for each investigated ligand. MilliQ 
water + 0.1 % TFA is referred to as mobile phase (MP) A. Acetonitrile +
0.1 % TFA is referred to as MP B. Analysis was performed using a Phe-
nomenex Luna® 3 µm C18(2) 100 Å reversed-phase (RP) column (150 x 
4.6 mm). The flow rate was maintained at 1.0 mL/min, column oven and 
autosampler were set to 35 ◦C and 25 ◦C, respectively. All samples and 
calibration standards were injected in an amount of 50 µL. Ligand- 
specific settings are shown in Table 1. 

Table 1 
Summary of individually optimized HPLC-DAD settings for the investigated li-
gands. All developed methods represent isocratic methods. Isocratic settings 
defined via % MP B (acetonitrile + 0.1 % TFA). Wavelength (λ) based on 
determined absorption maxima in UV–VIS spectra.  

Ligand MP B [%] λ [nm] Measurement time [min] 

1 25 273 5 
2 18 292 
3 38 245 
4 42 246 7 
5 248 5  
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2.2.1. Calibration curves 
Original stock solutions (100 mM) were prepared in DMSO. Cali-

bration curves were prepared in MP A (containing max. 1 % DMSO). 
Calibration standards for 1 and 2 as well as 3, 4 and 5 included standards 
with 100/66.7/44.4/29.6/19.8/13.2/8.8/5.9 µM and 10/6.7/4.4/3.0/ 
2.0/1.3/0.9/0.6 µM, respectively. All calibration curves were prepared 
and analysed using two independent dilution series. Each standard was 
measured twice resulting in n = 4. Calibration curves were analysed 
calculating goodness of fit (R2), slope (k), interception (d), standard 
deviation of the response (σ) limit of detection (LOD) and limit of 
quantification (LOQ) to ensure statistical validity and reproducibility of 
the results [33]. LOD [µM], LOQ [µM] and R2 for each ligand are shown 
in the following: 1 (0.29. 0.89 and 1), 2 (0.22, 0.68 and 1), 3 (0.29, 0.89 
and 0.9994), 4 (0.25, 0.77 and 0.9995) and 5 (0.40, 1.2 and 0.9989). 

2.2.2. Solubility studies 
Solubility studies were conducted using different solvents (1X TLB 

assay buffer or Milli Q water), incubation times (0.5 or 48 h) and 2-HP- 
β-CD concentrations (0 or 40 mM). Each ligand was directly dissolved in 
the respective solvent with or without (w/o) 40 mM 2-HP-β-CD and 
incubated for 0.5 or 48 h, respectively. 

Solubility studies were performed at 25 ◦C and 1500 rpm using a 
thermoblock. After the incubation period, samples were centrifuged for 
5 min at 25 ◦C and 15000 rpm. 100 µL of the supernatants (SN) were 
transferred into 1.5 mL Eppendorf reaction tubes and diluted in MP A. 
All solubility studies were performed in three independent replicates 
with each sample measured twice, resulting in n = 6. 

Recovery rates [%] of all ligands dissolved in 1X TLB (containing 1 % 
DMSO) are shown in the following: 1, 101.8; 2, 100.1; 3, 96.5; 4, 102.6 
and 5, 100.8. Quantified recovery rates were used for method validation 
and highlighted precision and accuracy of the developed methods. 

2.2.3. Phase solubility studies 
For phase solubility studies (PSB), ligands 2–5 were dissolved in 

MilliQ water or 40/20/10/5/2.5/1 [mM] 2-HP-β-CD to achieve theo-
retical ligand concentrations of 40 mM. Samples were incubated for 48 h 
(equilibrium) at 25 ◦C and 1500 rpm. After centrifugation (15000 rpm, 
25 ◦C, 5 min) SNs were diluted in MP A and analysed using the previ-
ously described HPLC-DAD setup. 2-HP-β-CD concentration-dependent 
impact on ligand solubilisation and assessment of AL-type behaviour 
was assessed based on phase solubility diagrams proposed by Higuchi 
and Connors (Fig. 1) [34]. 

For assessment of BS-type curves, 2-HP-β-CD concentrations of 
sample SNs (n = 3) were determined using a magritek Spinsolve 60 
Carbon NMR device. 1H spectra were recorded in Proton + mode at 60 
MHz and 298 K using 256 scans. The baseline-corrected area of the 
proton signal of the terminal CH3 group (duplet) of 2-HP-β-CD at approx. 
1.2 ppm was used for quantification. An external 2-HP-β-CD calibration 
curve (0.5/1.0/2.5/5.0/10/20/40 mM; LOD, 1.02 mM; LOQ, 3.08 mM 
and R2, 0.9996) was used as reference (n = 2). 

2.3. NMR experiments 

All 1D 1H spectra and 2D 1H–1H NOESY spectra of 1 and 2 were 
recorded on a Bruker Avance III HD spectrometer operating at 600 MHz 
equipped with a 1H/13C/15N/31P QXI probe. 2D 1H–1H NOESY spectra 
of 3, 4 and 5 were recorded at on a 700 MHz Bruker Avance III spec-
trometer with a 1H/13C/15N TCI cryoprobe. All spectra were recorded at 
298 K. 

2.3.1. Sample preparation and parameters 
All samples were prepared in deuterated water (D2O, 100 atom%D, 

acquired from ARMAR Chemicals). Samples were prepared at 40 mM 
and incubated at 25 ◦C and 1500 rpm (analogous to HPLC solubility 
studies, see section 2.2.2). After centrifugation at 15000 rpm for 5 min at 
25 ◦C, 650 µL of the SNs were transferred to NMR tubes (Wilmad® NMR 

tubes 5 mm diam., economy, frequency > 100 MHz, L 7 in.; acquired 
from Merck). 1H NMR spectra were recorded for each ligand (free in 
solution as well as formulated as a 2-HP-β-CD inclusion complex), 2-HP- 
β-CD in D2O and 0.1 % L-AA in D2O. 

Unless stated otherwise, 1D 1H spectra were recorded with 65,536 
complex points and a spectral width of 20.0 ppm. The irradiation fre-
quency was adjusted to the remaining water signal. Spectra were pro-
cessed with an exponential function and a line broadening factor of 0.5. 
Individual measurement parameters are detailed in Table 2. 

For unambiguous assignment of chemical shift values of 3, TOCSY 
2D experiments were acquired with 512 datapoints in F1 and 2048 
datapoints in the F2 dimension and a spectral width of 11 ppm in each 
dimension. A mixing time of 80 ms was used. For acquisition, 128 
dummy scans were used to equilibrate the system prior to actual 8 scans 
per measurement. For increased S/N ratio, 8 individual spectra were 
collected consecutively and accumulated into a new 2D TOCSY 
spectrum. 

2D 1H–1H NOESY were acquired with 2048 x 600 complex points for 
1 and 2 and with 2048 x 512 complex points regarding 3–5. Ligand 1 
and 2, 3 and 4 and ligand 5 spectra were recorded using 88, 64 and 56 
transients, respectively. Mixing time was 120 ms for all ligands. 

Fig. 1. Overview of IC stoichiometry (drug:CD ratio) based on PSB diagrams. 
AL (linear) indicates 1:1 stoichiometry. AN (negative deviation) indicates ICs of 
higher order with ≥1:1 stoichiometry. AP (positive deviation) indicates ICs of 
higher order with 1:≥1 stoichiometry. BS curves highlight partially soluble ICs. 

Table 2 
Acquisition and processing parameters for ligands 1–5 as well as 2-HP-β-CD and 
L-AA. Parameters show settings for ‘free’ ligands and IC formulated ligands.  

Ligand 1 2 2-HP-β-CD L-AA 

Parameter ‘free’ IC ‘free’ IC 

NS 1 32 1 16 
Recycle delay [sec] 1.000 5.000 1.000 3.000  

Ligand 3 4 5 

Parameter ‘free’ IC ‘free’ IC ‘free’ IC 

NS 896 64 640 64 640 64 
Recycle delay [sec] 5.000  
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2.3.2. Analysis of 1H shifts 
1H proton spectra were processed and analysed with Topspin 3.6.2 

(Bruker, Billerica, MA, USA). Annotation of 2-HP-β-CD protons was 
based on the work by Yang and colleagues detailing the frequencies 
[ppm] of H1 to H6 considering the monomeric glucose subunits (α-1,4- 
glycosidic bonds) of 2-HP-β-CD in D2O [35]. The formation of ligand – 2- 
HP-β-CD inclusion complexes was assessed based on 1H shifts of ligand 
protons (exemplified by Hao et al. in [26]), since 2-HP-β-CD 1H signals 
were too dominant due to high concentrations (40 mM) used in the 
experiments. Chemical shift assignments were derived either from 2D 
NMR correlations or by comparison of spectra including coupling pat-
terns with previously published NMR data [36–40].The solvent residual 
peak of HDO was set to 4.79 ppm to allow for better comparability be-
tween different 1H spectra [41]. 

2.4. Basin hopping global optimization of IC structures (in silico studies) 

In order to propose energetically favourable IC structures, a basin 
hopping global minimization study was performed using ligands 1–5 
(including two agonists and three antagonists) [42]. The starting 
structures were generated by placing a single ligand molecule into the 
cavity of a pre-optimized β-CD. Next, the ligand was rotated along the x, 
y and z-axes in intervals ranging from 0 to 180◦ in 15◦ steps, respec-
tively. In addition, a horizontal shift out of the β-CD plane was consid-
ered. For the smaller compound 1, shifts in the range from − 1.0 to 1.0 Å 
in steps of 0.5 Å were performed, whereas an increased range from − 3.0 
to 3.0 Å with increments of 1.0 Å was used in all other cases. This 
resulted in 10,985 and 15,379 individual starting structures for the small 
and large substrate molecules, which were then subjected to a distance- 
based pre-selection (minimum host–guest atom-distance rmin ≥ 0.9 Å). 

In the first step, a pre-optimisation using the recently developed ANI- 
2x neural network potential (NNP) was carried out [43]. Based on the 
resulting interaction potential, the ten best conformations of each sub-
strate were then subject to further minimisation at self-consistent charge 
density functional tight binding (SCC DFTB) level [44] employing the 
DFTB+ program [45] using the 3ob parameter set [46–48] and D3 
dispersion correction [49]. In order to account for the influence of sol-
vation effects, the conductor-like screening model (COSMO) [50] was 
applied and the five conformers with the lowest interaction energy were 
selected for further analysis. Visualization was carried out using VMD 
[51]. All calculations were performed considering a 1:1 ratio of the host 
(β-CD) and guest (ligands 1–5) species. Ligand binding modes and 

interactions with the primary and secondary face OH groups of CD were 
based on the cavity geometry shown in Fig. 2 [52]. 

Optimizations were performed at 0 K, thus, neglecting entropic ef-
fects. β-CD instead of 2-HP-β-CD was used due to unknown degree of 
substitution of 2-HP-β-CD. Regarding the considerable impact of 
different 2-HP-β-CD substitution patterns on IC formation and stoichi-
ometry as well as ligand binding mode, β-CD was considered to generate 
more robust and reproducible simulations results [53–56]. 

2.5. Cytotoxicity CellTiter blue (CTB) assay 

Human embryonic kidney (HEK) 293T cells (kindly provided by the 
research group of Angelika Vollmer, department of Pharmaceutical 
Biology, LMU Munich; originally acquired from ATCC, CRL-3216) were 
cultivated in high glucose DMEM (Dulbeccós Modified Eagle Medium, 
4.5 g/L glucose, w/o L-glutamine and 3.7 g/L NaHCO3; acquired from 
PAN-biotech) containing 10 % fetal bovine serum (FBS superior, S0615; 
acquired from Sigma-Aldrich) and 1x penicillin/streptomycin (P/S, 
100x concentrated; acquired from PAN-biotech). All cell culture flasks/ 
multi-well plates used during cultivation and cytotoxicity tests were pre- 
coated with a PBS/collagen mixture (0.001 %) for 15 min at 37 ◦C and 5 
% CO2. Cells were cultivated at 37 ◦C, 5 % CO2 and constant humidity. 

Cells used for CTB measurements were taken during passaging of 
HEK293T cells. CTB measurements were performed in 96-well plates 
(BioLite 96 Well Multidish, transparent, flat bottom, acquired from 
ThermoScientific) using 100,000 cells per well (in a volume of 200 µL). 
During passaging, the appropriate volume of cell suspension (containing 
500,000 cells/mL) was diluted in fresh DMEM. 200 µL of cell suspension 
was transferred to each well. Cells were incubated for 24 h. After 24 h 
incubation, medium was discarded and cells were treated with 100 µL of 
DMEM (control), 1 % DMSO (in DMEM) or 40/20/10/5/2.5/1 mM of 2- 
HP-β-CD (treatment) for 3 h (representative of the total duration of the 
cell-based HTRF assay, see section 2.6). After incubation (37 ◦C, 5 % 
CO2) 10 µL of CellTiter-Blue® (CTB, cell viability assay, acquired from 
Promega) were added to each well. Cells were incubated for 5 h. After 
incubation, fluorescence (random fluorescence units (RFU)) of each well 
was measured using a Tecan Spark plate reader (Tecan Group, 
Männedorf, Switzerland). 96-well plate was shaken for 5 s at 1440 rpm 
prior to measurement. Excitation/emission wavelengths were set to 560 
and 590 nm using monochromators with 20 nm bandwith. CTB mea-
surements were performed in three biological replicates (at p15, p16 
and p19) using three technical replicates, resulting in n = 9 for each 
tested condition. Additionally, a cytotoxicity control (Lysis Solution, 
10X, G182B; acquired from Promega) was used. RFU values were 
normalized against the control. 

2.6. In vitro D2R binding affinity based on a cell-based HTRF assay 

In vitro studies determining the binding affinity of the investigated 
ligands with and w/o the use of 2-HP-β-CD were performed using D2R- 
expressing cells (Tag-lite Dopamine D2-labelled Cells, ready-to-use, 
transformed and labelled, 200 tests, C1TT1D2) acquired from Perki-
nElmer/cisbio. Fluorescent ligand (Dopamine D2 Receptor red antago-
nist Fluorescent Ligand, stored at − 20 ◦C, L0002RED), assay buffer (Tag- 
lite Buffer, 5X concentrate, 100 mL, stored at 4 ◦C, LABMED) and 96- 
well plates (HTRF 96-well low-volume white plate, 66PL96005) were 
all acquired from PerkinElmer/cisbio. Setup details relevant for the 
measurement as well as characterization of the D2R carrier cells are 
described in Zell et al. [57]. 

2.6.1. Preparation of ligand solutions 
Ligand solutions were prepared based on solid compounds to avoid 

use of DMSO. Two independent samples for each ligand and condition 
were weighed in and dissolved in 1X TLB with or w/o 40 mM 2-HP-β-CD 
achieving theoretical ligand concentrations of 40 mM (solutions of 1 
contained 0.1 % L-AA for stability reasons). Ligands were incubated for 

Fig. 2. Overview of the β-CD cavity geometry (based on [52]) showing the 
orientation of one glucose monomeric subunit with C6 facing towards the pri-
mary face (smaller diameter) and C2 and C3 facing towards the secondary face 
(wider diameter). Created with BioRender.com. 
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30 min at 1500 rpm and 25 ◦C. After centrifugation, SNs were trans-
ferred and immediately used for subsequent Ki determination. SNs were 
diluted prior to determination of Ki values, resulting in maximum 2-HP- 
β-CD concentrations of 1 mM. During Ki determination (2 h incubation 
period), ligand concentrations in each sample were quantified with 
HPLC (see section 2.2). 

2.6.2. Determination of biological binding affinities 
In vitro binding affinities of ligands 1–5 were determined using the 

SOP provided by cisbio/PerkinElmer. In brief, ligand solutions were 
diluted in 1X TLB to generate a standard dilution series. Two individual 
series were prepared for each ligand with and w/o 2-HP-β-CD, totalling a 
number of n = 4. Fluorescence-labelled ligand was diluted in 1X TLB at 
four times of the determined Kd value of the D2R carrier cells (Kd =
39.09 nM). D2R carrier cells were prepared in 1X TLB according to the 
SOP and distributed to two 96-well plates (10 µL/well). Each concen-
tration of the dilution series was tested with n = 3 (5 µL/well). Addi-
tionally, blank values including 1X TLB, 1X TLB + 0.1 % L-AA and 2-HP- 
β-CD at different concentrations were included to ensure assay func-
tionality. Labelled ligand was dispensed to each well (5 µL/well). Plates 
were incubated for 2 h in a styrofoam box for exclusion of light and 
constant temperature and subsequently measured using a Tecan Spark 
plate reader. Ki calculations were based on exact ligand concentrations 
determined with HPLC. 

2.6.3. Data Processing, representation and analysis 
Statistical analysis was performed in GraphPad Prism 8.2.1 (Graph-

Pad Software, San Diego, CA, USA). Saturation binding curves were 
analysed using ‘Nonlinear regression (curve fit), One site—Fit logIC50′. 

Bar charts regarding solubility, cytotoxicity, HTRF assay functionality 
and Ki comparison were analysed using ‘Ordinary one-way ANOVA 
(Sidak)’ and ‘Unpaired t-test (parametric, two-tailed’. NMR spectra were 
assessed using Bruker TopSpin 3.6.2 (Bruker, Billerica, MA, USA). 2D 
structures of all shown compounds were generated using ChemDraw 
version 19.0 (PerkinElmer, Waltham, MA, USA). 

3. Results 

3.1. Solubility studies 

Solubility studies showed significant solubility enhancing effects of 
2-HP-β-CD under different conditions. Quantified concentrations of 1–5 
are summarized in Fig. 3A–E. 

Fig. 3A shows that only 1 fully dissolved in MilliQ water (both with 
and w/o 2-HP-β-CD and after 0.5 and 48 h) reaching the maximum 
achievable concentration of 40 mM. In contrast, ligands 2–5 reached 
maximum concentrations of 7482.4 µM (2, 18.7 % recovery), 464.3 µM 
(3, 1.2 % recovery), 447.7 µM (4, 1.1 % recovery) and 231.7 µM (5, 0.6 
% recovery), respectively. In the presence of 40 mM 2-HP-β-CD, 1 and 3 
both achieved maximum concentrations in aqueous (MilliQ water) 
conditions, while 2, 4 and 5 were most soluble in 1X TLB. However, all 
ligands showed significantly increased solubility in 1X TLB with 40 mM 
2-HP-β-CD after 0.5 h of incubation compared to 1X TLB conditions 
without (w/o) 2-HP-β-CD. Solubility enhancing effects of 2-HP-β-CD 
were observed in all conditions (Table 3). 

Fig. 3. Ligand solubility comparing different solvents, incubation periods and the use of 2-HP-β-CD as a solubility enhancer. The determined concentrations of (A – E) 
1–5 are shown in 1X TLB (black bars), MilliQ water after 0.5 h (dark grey bars) and after 48 h (light grey bars) for three independent replicates (each measured 
twice), resulting in n = 6. Bars show SD values. Ideal conditions are highlighted in red. X-axes show used 2-HP-β-CD concentrations. Y-axes display different ranges 
due to the different solubilities of the investigated ligands. Graphs were visualized and statistically analysed (ordinary one-way ANOVA, Sidak) in GraphPad Prism 
8.2.1. n.s., not significant. ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Phase solubility studies (PSBs) 

The formation of ICs was quantitatively assessed based on deter-
mined ligand concentrations. AL-type behaviour indicative of a 1:1 
stoichiometry and higher-order guest:host stoichiometries (e.g. 1:2) 
were assessed (originally proposed by Higuchi and Connors and exem-
plified in previous work by Saokham et al (shown in Fig. 1) and Loftsson 
and colleagues [34,58,59]). 

The resulting correlations are shown in Fig. 4A–D. Ligand 1 was not 
investigated due to full solubility in aqueous and 40 mM 2-HP-β-CD 
conditions. 

Concentrations of ligands 2 and 4 increased linearly with increasing 
2-HP-β-CD concentrations, indicating a 1:1 stoichiometry (Fig. 4A and C, 
black circles). Ligands 3 and 5 showed a different, clearly non-linear 
behaviour with increasing 2-HP-β-CD concentrations (Fig. 4B and D, 
black circles). The BS-type behaviour indicates a 1:1 stoichiometry at 
lower 2-HP-β-CD concentrations (≤10 mM and ≤1 mM for ligands 3 and 
5, respectively), while the solubility limits of the generated ICs are 
approached at higher concentrations. Formation of insoluble ligand 3 
and 5 ICs was shown by decreased 2-HP-β-CD concentrations (Fig. 4B 

and D, black squares) in the sample SNs (compared to 2-HP-β-CD con-
centrations used for IC generation, shown on x-axis). Ligand 3 and 5 ICs 
for BS-type assessment were generated using 5, 10 and 20 mM 2-HP- 
β-CD. Ligand 3 sample SNs yielded 2.31 ± 0.03, 4.82 ± 0.06 and 10.00 
± 0.02 mM, respectively. Ligand 5 sample SNs resulted in only 2.38 ±
0.12, 4.98 ± 0.23 and 10.27 ± 0.12 mM, respectively, after 48 h 
incubation. 

3.3. NMR experiments 

3.3.1. Formation of ligand ICs 
To further assess the formation of ligand – 2-HP-β-CD ICs, aromatic 

proton chemical shift deviations upon IC formation were analysed. The 
1H signals of 2-HP-β-CD are shown in Fig. 5A to enable discrimination of 
ligand signals in IC formulations. In Fig. 5B–F the superpositioned NMR 
spectra of ‘free’ (red) and IC formulated (blue) ligands 1–5 are shown. 
Peak annotations are additionally shown in reference to the 2D 
structure. 

Observed aromatic proton chemical shift deviations for ligands 1–5 
are shown in Table 4. Downfield (shown by a negative delta Δ) and 
upfield shifts (shown by a positive delta Δ) of aromatic protons highlight 
changes of the ligands chemical environment due to intrusion into the 2- 
HP-β-CD cavity. Additionally, downfield shifts indicated deshielding of 
protons due to hydrogen bond (HB) formation of neighbouring donor- 
and acceptor groups with 2-HP-β-CD in IC formation [60]. 

Proton signals d and e of 1 (Fig. 5B) fused and generated a single 
signal upon IC formation. Signals originating from protons b, c and d of 3 
(Fig. 5D) formed a complex multiplet in ‘free’ conditions. Interestingly, 
upon IC formation, the multiplet split up into a distinct pseudo-triplet 
(dd with 3JHP and 3JHH being very similar) (b’), a duplet (c’) and 
another multiplet (d’). Proton signal b appeared as a pseudo-triplet due 
to similar coupling constants with the neighbouring proton a and the 
neighbouring para-substituted fluorine. Proton signal d of 4 (Fig. 5E) 
appeared as a pseudo-triplet due to similar coupling constants with the 
neighbouring proton a and the neighbouring para-substituted fluorine. 

Table 3 
Solubility enhancement factor (x-fold) based on quantified ligand concentra-
tions assessing impact of 2-HP-β-CD using different solvents and incubation 
periods. Ligand concentrations were determined with n = 6. inc., incubation.  

Ligand x-folda (comparing with and w/o 2-HP-β-CD) 

1X TLB Milli Q (0.5 h inc.) Milli Q (48 h inc.) 

1  2.4  1.0 0.95 
2  1.1  1.6 2 
3  6.7  8.9 5.8 
4  9.6  6.5 5.3 
5  4.4  3.8 2.8  

a Solubility enhancement factors (x-fold) were calculated in reference to 
quantified concentrations without using 2-HP-β-CD. Values > 1 indicated 
increased solubility using 2-HP-β-CD. 

Fig. 4. Overview of phase solubility studies of ligands 2–5. (A–D) Determined concentrations [µM] of 2–5 (black circles, primary y-axis) after 48 h incubation using 
different 2-HP-β-CD concentrations [mM] assessing IC stoichiometry. Three independent samples were prepared for each concentration and measured twice, 
resulting in n = 6. (B + D) Quantified 2-HP-β-CD concentrations (n = 3) in sample supernatants (black squares, secondary y-axis) assessing formation of insoluble ICs. 
Concentrations [µM and mM] are shown ±SD. 2-HP-β-CD concentrations used during incubation are shown on the x-axis. 
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Ligand 5 proton signals (Fig. 5F) originating from d and e appeared to 
remain mainly unaffected even though the signals separated slightly. 
Proton signal c appeared as a pseudo-triplet due to similar coupling 
constants with the neighbouring proton a and the neighbouring para- 
substituted fluorine as in ligands 3 and 4. 

3.3.2. Binding modes of ligands in IC cavities 
In addition to the assessment of IC formation based on 1H NMR 

spectra, 2D NMR experiments were performed investigating intermo-
lecular NOE correlations between ligands 1–5 elucidating binding 
modes within the 2-HP-β-CD cavity. 2D 1H–1H NOESY spectra of 1–5 are 
shown in Fig. 6A–E, respectively. 

The NOESY spectrum of ligand 1 (Fig. 6A) showed intermolecular 

NOE correlations between aromatic proton signals d and e (and weakly 
signal a) with both H3 and H5. Aromatic signals b and c didn’t show any 
correlations with 2-HP-β-CD. Those results strongly indicated a unique 
binding mode of 1 with the catechol moiety (adjacent to signals d and e) 
protruding deep into the cavity, while the bulkier part of 1 (containing 
signals a, b and c) protrudes towards the exterior. All aromatic proton 
signals of ligands 2 and 4 (Fig. 6F and D) showed intermolecular NOE 
correlations with both H3 and H5, suggesting a deep intrusion of the 
ligands into the cavity. All aromatic signals of 3 and 5 (Fig. 6C and E) 
showed correlations with 2-HP-β-CDs H5. Proton signal d of 3 showed 
additional intermolecular interactions with H3 (Fig. 6C). In addition, 
ligand 5 aromatic proton signals a, b and c (but not d or e) showed NOE 
correlations with H3 (Fig. 6E). 

Ligand 2 signals b and c were characterized by two distinct NMR 
signals each. All the other aromatic proton signals of 2–5 showed 
characteristic broadening (in contrast to the sharp signal of 1). Split or 
broadened NOESY signals were indicative of two different binding 
modes of ligands 2–5 within the 2-HP-β-CD cavity after IC formation. 

3.4. Basin hopping global optimization 

In silico simulations were performed to elucidate possible binding 
modes of ligands 1–5 upon IC formation with 2-HP-β-CD (Fig. 7A–E). 
Binding complexes were visualized observing the cavity from the top 
(left panel) and side (middle panel). Additionally, 2D ligand structures 
are shown in a similar position as in the side view to allow for easier 
comparison (right panel). 

Ligand 1 (Fig. 7A) protruded deep into the cavity of β-CD with its 

Fig. 5. Overview of the 1H NMR spectra of (A) 2-HP-β-CD (40 mM), with peak annotation based on Yang and colleagues [35] and (B–F) ligands 1–5 comparing 
signals of ‘free’ ligand (red) and IC formulation (blue).Letters highlight peaks originating from the same protons in the different formulations. 2D structures of 1–5 are 
shown with letter-based annotation in reference to the NMR signals. Spectra were analysed and processed in Bruker TopSpin 3.6.2. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Summary of aromatic 1H proton signals [ppm] recorded during NMR experi-
ments. Signal deviations Δ [ppm] were calculated in reference to the ‘free’ 
signal. In case of duplets, triplets, multiplets, etc., mean [ppm] for all peaks of an 
individual signal were used to simplify comparisons. Negative Δ indicate 
downfield shifts of 1H signal(s) due to IC formation. Positive Δ indicate upfield 
shifts 1H signal(s) due to IC formation. Proton annotations are based on Fig. 5.   

Chemical shift deviations (Δ ppm) for aromatic protons 

Ligand a b c d e 

1  − 0.16  − 0.08  − 0.08 − 0.08 − 0.10 
2  − 0.11  0.00  − 0.03 − −

3  − 0.05  − 0.06  0.03 0.10 −

4  − 0.06  − 0.07  0.04 − 0.06 −

5  − 0.06  0.03  − 0.05 0.00 0.00  
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catechol moiety oriented towards the primary face. The bulky tetracy-
clic scaffold of 1 entered the cavity almost completely with the tertiary 
amine oriented towards the secondary face, thus, residing within the 
wider part of the cavity. A HB was formed between the para-OH group of 
the catechol moiety of 1 and the C6-OH group from β-CD (primary face). 
The interaction energy of the formed complex was determined as 
− 166.7 kJ/mol. 

Ligand 2 (Fig. 7B) entered the cavity deeply with its sulfonamide 
moiety exiting the ring-like structure of β-CD at the primary face. The 
sulfonamide motif formed a HB with the C6 OH group of the primary 
face. The oxygen atom of the amide acted as a HBD forming HBs with C1- 
and C5 OH groups of two different glucose subunits. The pyrrolidine 
moiety protruded slightly from the secondary face. The interaction en-
ergy of the formed complex was determined as − 192.0 kJ/mol. 

The benzimidazole moiety of ligand 3 (Fig. 7C) as well as the tet-
rahydropyridine motif completely entered the cavity oriented towards 
the primary face. The fluoro-substituted aromatic ring with adjacent 
carbonyl group was protruding from the cavity at the side of the sec-
ondary face. Based on the in silico simulations no HBs were formed 
between 3 and the OH-groups of β-CD. The interaction energy of the 

formed complex was determined as − 195.2 kJ/mol. 
Ligand 4 (Fig. 7D) was characterized by aromatic, lipophilic struc-

tural motifs at both ends. The chlorine-substituted aromatic ring entered 
the β-CD cavity protruding towards the primary face. The aliphatic 
linker region as well as the piperidine moiety resided centrally within 
the cavity. The carbonyl group and the fluorine-substituted aromatic 
ring exited the cavity at the secondary face. However, the bond angle 
between C2, C3 and C4 of the aliphatic linker approximated a 90◦ angle, 
thus, the aromatic motif was flipped towards the secondary face. The 
binding mode was stabilized by two HBs formed between the carbonyl 
oxygen and C2– and C3 OH groups of one glucose subunit of the sec-
ondary face. The interaction energy of the formed complex was deter-
mined as − 215.9 kJ/mol. 

While ligand 5 (Fig. 7E) is structurally related to 3 and 4 (butyro-
phenone-derivatives), its orientation within the cavity was flipped 
horizontally. The fluoro-substituted aromatic ring and the adjacent 
carbonyl motif were oriented towards the primary face. In contrast, its 
1,3,8-triazospiro[4.5]decan-4-one moiety was sitting centrally within 
the cavity orienting itself towards the secondary face. The attached 
phenyl ring was already protruding from the cavity at the side of the 
secondary face. Analogous to 3, no HBs were shown in the in silico 
simulation. The interaction energy of the formed complex was deter-
mined as − 199.3 kJ/mol. 

3.5. Cytotoxicity studies 

Because a cell-based (HEK293T cells representing the cellular 
background) in vitro assay was used for the determination of ligand 
binding, it was essential to investigate if 2-HP-β-CD alone had an impact 
on cellular integrity. Cytotoxicity assays investigating the impact of 
different concentrations of 2-HP-β-CD on cell viability (see Fig. 8) were 
performed using the CellTiter blue (CTB) assay. 

HEK293T cells showed significantly decreased viability after incu-
bation with 10, 20 and 40 mM 2-HP-β-CD as well as lysis buffer (toxicity 
control) with adjusted p-values of <0.0001. Incubation with 1, 2.5 and 
5 mM 2-HP-β-CD resulted in no significant decrease in cell viability 
compared to control cells (treated with medium only). 

3.6. In vitro binding affinity studies 

To investigate the effect of IC formulation on in vitro binding affin-
ity, Ki values of 1–5 (detailed in Fig. 9 and Fig. 10 as well as in Table 5) 
were determined with and w/o 2-HP-β-CD (different concentrations). 
Ligands were dissolved in 1X TLB with and w/o 2-HP-β-CD to achieve 
maximum theoretical concentrations of 40 mM. To ensure assay func-
tionality, the effect of a 2-HP-β-CD dilution series regarding the HTRF 
assays fluorescence signal was investigated (Fig. 9). 

2-HP-β-CD concentrations of 0.25 and 0.625 mM didn’t show 
significantly decreased fluorescence values (specific signal) compared to 
control wells. At ≥1 mM specific signals significantly decreased 
concentration-dependent. A concentration of 1 mM 2-HP-β-CD was the 
highest concentration present during Ki determinations of ligands 1–5 
(Fig. 10 and Fig. 11). 

A summary of concentration–response curves of ligands 1 and 3–5 
for each tested condition is shown in Fig. 10A–D. Additionally, mean Ki 
values for each ligand and condition (n = 6) were determined and 
compared using an unpaired t-test to calculate statistical differences 
between the different conditions (Fig. 10E–H). 

Ligands 1 and 3 didn’t show statistically significant differences 
determining Ki values with or w/o 2-HP-β-CD. However, ligands 4 and 5 
did show significantly decreased binding affinities (increased Ki values) 
under IC conditions, highlighting a ligand-specific effect of 2-HP-β-CD 
complex affecting binding affinities. 

To rule out cytotoxic or cell lytic effects of 2-HP-β-CD at higher 
concentrations impacting assay functionality and affecting biological 
binding affinities, ligand 2 was investigated using two different 2-HP- 

Fig. 6. 2D 1H–1H NOESY NMR spectra of ligands 1–5 (A – E), highlighting 
intermolecular interactions between the ligands aromatic protons and H3 and 
H5 proton signals of 2-HP-β-CD. X- and y-axes show ligand aromatic and 2-HP- 
β-CD proton signals [ppm], respectively. 
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β-CD concentrations (Fig. 11). 
No statistically significant differences in Ki values were observed 

using a maximal concentration of 1 mM 2-HP-β-CD, ruling out general 
cytotoxic effects causing the reduced affinity of 4 and 5 (see Fig. 10), 
respectively. All determined Ki values (mean values for each tested 
condition) are additionally summarized in Table 5. 

4. Discussion 

The results outlined above clearly highlight the solubility enhancing 
capacities of 2-HP-β-CD for all investigated ligands in a ligand- 
independent manner. Ligands 1 and 2 represent well water-soluble 
compounds (aqueous saturation concentrations of 40.5 ± 1.1 and 1.9 
± 0.09 mM), while ligands 3–5 only achieved maximum concentrations 
of 51.9 ± 4.2 and 41.7 ± 3.7 to 47.0 ± 3.1 µM, respectively. 2-HP-β-CD 
increased the solubility of all ligands (except 1, which was already 
completely soluble in aqueous conditions) in assay (1X TLB) and 
aqueous conditions (Fig. 3). Under in vitro assay buffer conditions, the 
solubility of ligands 1 and 2 increased only slightly by factors of 2.4 and 

1.1, respectively. Ligands 3–5 benefitted by 6.7-, 9.6- and 6.4-fold 
increased solubilities. 

NMR studies suggested IC formation, which was indicated by shifts 
of aromatic proton signals (shown in Fig. 5). Such shifts implicate 
intrusion of the ligand into the CD cavity [26]. Compound 1, which was 
fully soluble under aqueous conditions, was characterized by prominent 
proton signal deviations in the aromatic range. Therefore, also 1 pref-
erentially interacts with CD generating an IC. This was also suggested by 
in silico studies showing an IC overall negative binding energy. Ligands 
2–5, all exerting a significantly lower aqueous solubility compared to 1, 
were characterized by lower overall binding enthalpies, thus, pointing 
towards preferential IC formation. Again, this was in accordance with 
the quantified solubility enhancement factors (shown in Table 3), where 
ligands 2–5 were characterized by a more pronounced impact on in vitro 
solubility (higher x-fold) using 2-HP-β-CD in comparison to 1 and 2. 
Consequently, in silico simulations and solubility results were in 
accordance, suggesting that the encapsulation of ligands with lower 
aqueous solubility in the β-CD cavity was energetically favourable. 

Additionally, in silico simulations (Fig. 7) showed the generation of 

Fig. 7. In silico simulations of ligands 1–5 (A – E) binding within the cavity of β-CD using a basin hopping global minimization process. Primary/secondary face 
birds-eye view of the ICs and side views with the primary face oriented to the left are shown in the left and middle panel, respectively. 2D structures of ligands 1–5 
with intermolecular interaction(s) between ligands and β-CD are shown in the right panel with dashed lines indicating HBs. prim., primary face. sec., secondary face. 
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HBs between OH-groups from the primary and/or secondary face of CD 
and donor/acceptor features of the ligands. Since the generation of HBs 
deshields neighbouring protons, those particular shift intensities were 
assessed. Proton signals a and e of 1 experienced the most intense 
downfield shifts (− 0.16 and − 0.12 ppm). Both of them are closest to the 

catechol moiety of 1, forming a HB with the primary face. Regarding 
ligand 2, especially proton signal a was affected by a major downfield 
shift of − 0.10 ppm. Since proton a is positioned between the sulfon-
amide- and the amide moiety of 2, which are both involved in HB 
generation with either the primary or secondary CD face, this shift is 
expected. Ligand 4 is characterised by a slightly different behaviour. 
While proton signal b experienced the strongest upfield shift (− 0.07 
ppm), no HB generation is shown in its vicinity during in silico simu-
lations. However, the chloro-substituted aromatic ring is deeply 

Fig. 8. The effect of different 2-HP-β-CD concentrations on HEK293T cell 
viability assessed by CTB cytotoxicity assay in comparison to the control (me-
dium only). Normalized fluorescence [RFU] values (y-axis) are shown for n = 9 
(three biological replicates with three technical replicates each) including ±SD. 
Statistical analysis was performed using ordinary one-way ANOVA (Sidak) in 
GraphPad Prism 8.2.1. n.s., not significant. ****p < 0.0001. 

Fig. 9. Effect of different 2-HP-β-CD concentrations on the specific signal 
fluorescence output of the cell-based homogenously time-resolved fluorescence 
(HTRF) assay in comparison to the control (only buffer). Concentrations are 
representative of 2-HP-β-CD concentrations present during Ki determination of 
ligands 1–5. Each concentration was investigated using technical triplicates. 
Statistical analysis was performed using ordinary one-way ANOVA (Sidak) in 
GraphPad Prism 8.2.1. n.s., not significant. ****p < 0.0001. ***p = 0.0002. *p 
= 0.0335 and 0.0275, respectively. 

Fig. 10. Determination of binding affinities (Ki) comparing ligands 1 and 3–5 
prepared in 1X TLB buffer with or w/o 40 mM 2-HP-β-CD. (A–D) Dose-response 
curves for ‘free’ (continuous lines) and IC formulated ligands (broken lines) as 
well as (E–H) statistical comparison of Ki values are shown. Ki values were 
determined for two independent replicates for each condition (using technical 
triplicates) resulting in n = 6. Determined Ki values were compared using a t- 
test testing GraphPad Prism 8.2.1). n.s., not significant. *p = 0.0152 
and 0.0336. 
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protruding into the CD cavity. Proton signal a, originating from the 
fluoro-substituted aromatic ring, is experiencing a similarly strong up-
field shift (− 0.06 ppm), even though the ring is not protruding into the 
cavity. However, it is in close vicinity to the carbonyl moiety of 4, which 
is forming HBs with the CD secondary face. According to the in silico 
simulations ligands 3 and 5 don’t form HBs with OH-groups within the 
β-CD cavity. Consequently, observed NMR shifts originate from the deep 
intrusion of 3 and 5 into the CD cavity. Interestingly, ligands 3–5 
behaved differently in silico regarding the positioning of their fluoro- 
substituted aromatic rings (Fig. 7). While the ring was protruding 
from the secondary face of ligand 3 and 4 ICs, it was protruding from the 
primary face regarding ligand 5. In contrast, the proton signals a (Fig. 5) 
determined during NMR experiments behaved very similar. In silico 
simulations resulted in several potential binding modes (data not 
shown) including different orientations of the fluoro-substituted aro-
matic ring of 3–5. Similar results were generated during in silico simu-
lations regarding ligands 1 and 2, with two preferred binding modes for 
each of the respective ligands (data not shown). In silico results, sug-
gesting more than one possible binding mode (or different ones at the 
same time) upon IC formation were further supported by 2D 1H–1H 
NOESY NMR experiments (Fig. 6). Intermolecular correlations between 

ligands 2–5 aromatic protons and H3 and H5 protons of 2-HP-β-CD 
clearly showed the co-existence of two different IC species (Fig. 6B–E) 
for each of those ligands. Moreover, the 2-HP-β-CD concentration- 
dependent deviation of ligands 3 and 5 from an AL-type behaviour 
indicative of a 1:1 IC stoichiometry (shown in Fig. 4B and D) suggest the 
possibility of higher-order host:guest stoichiometry (e.g. 1:2). The 2D 
NMR data of 3 and 5 (Fig. 6C and E) further support this hypothesis. 

In summary, discrepancies between in silico and 2D NMR data could 
origin from the use of β-CD as a host molecule instead of 2-HP-β-CD 
during in silico simulations, but also the presence of 1:2 guest:host 
stoichiometries regarding the formation of ICs. At this point NMR data 
should be considered more valid. However, proper 2-HP-β-CD substi-
tution patterns could allow for more detailed elaborations in future ef-
forts [53–56]. 

While in silico simulations allow for highly valuable insights into 
potential complexation mechanisms considering ligand binding modes 
and HB formation, elucidation of IC stoichiometry further contributes to 
the detailed characterization of the different complexes (Fig. 4). Inter-
estingly, IC stoichiometry didn’t appear to impact D2R-ligand binding 
behaviour in a systematic manner. Ligands 3, 4 and 5 showed different 
binding behaviours in vitro comparing their respective ‘free’ and IC 

Table 5 
Summary of Ki values determined for ligands 1 – 5 in vitro using a cell-based HTRF assay. Values result from n = 6 measurements. X-fold values are calculated in 
reference to ‘free’ Ki values.  

Ligand Ki (free) ± SD [µM] Ki (IC) ± SD [µM] x-fold 

1 4.285 ± 0.51 3.947 ± 0.89 1.09 
2 0.0976 ± 0.0071a 0.0964 ± 0.0012b 0.0962 ± 0.010a 0.0945 ± 0.0021b 1.01 1.02 
3 0.158 ± 0.034 0.130 ± 0.012 1.22 
4 0.252 ± 0.012 0.474 ± 0.39 0.53 
5 0.00548 ± 0.00097 0.0187 ± 0.0034 0.29  

a Ki values determined using 0.2 mM 2-HP-β-CD. 
b Ki values determined using 1.0 mM 2-HP-β-CD. 

Fig. 11. Comparison of Ki values of 2, using different 2-HP-β-CD concentrations during the in vitro assessment. Dose-response curves for (A) 0.2 mM and (B) 1 mM 2- 
HP-β-CD as well as bar charts comparing the corresponding Ki values (C) and (D) are shown. Each condition was tested using two independent biological replicates 
(each in technical triplicates), resulting in n = 6. Determined Ki values were compared using a t-test testing GraphPad Prism 8.2.1) for significantly different binding 
affinities comparing different formulations. n.s., not significant. 
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conditions (Fig. 9). However, 4 (Fig. 4C) showed a linear correlation 
during PSB studies, indicating a 1:1 stoichiometry. In contrast, 3 and 5 
were characterized by a BS-type curve (Fig. 1 and Fig. 4B and D) indi-
cating only partially soluble ICs dependent on the 2-HP-β-CD concen-
tration [58]. Ligand 2 also showed an AL-type 1:1 behaviour (Fig. 4A) 
but no differences regarding its in vitro binding behaviour comparing 
‘free’ and IC conditions (Fig. 11). 

While CDs in general are described as GRAS compounds by the FDA, 
their potentially cell lytic characteristics due to their amphiphilic nature 
were also considered in this project (Fig. 8). In accordance with litera-
ture, 2-HP-β-CD started to exert cytotoxic effects only at high concen-
trations ≥5 mM [61]. While this threshold appears high, initially, 
solubility limits of investigated ligands have to be taken into consider-
ation. Ligands 1 – 5 ICs were generated using 40 mM 2-HP-β-CD. 
However, during the in vitro experiments samples were diluted to a 
maximum concentration of 1 mM. This concentration didn’t affect in 
vitro binding affinities (Fig. 10). However, test compounds with higher 
lipophilicity could be in need of higher 2-HP-β-CD concentrations to 
allow detailed investigations. 

While cytotoxic events at 2-HP-β-CD concentrations ≤1 mM could be 
ruled out, concentrations ≥1 mM affected the specific signal read-out of 
the utilized cell-based in vitro HTRF assay (Fig. 9). Therefore, it was 
highly relevant to determine if ligand binding was affected using this 
concentration. Therefore, ligand 2 was used as a proof-of-concept to 
investigate this pitfall. Ki values between ‘free’ and different 2-HP-β-CD 
concentrations didn’t differ significantly from each other (Fig. 11), thus 
validating the ligand specificity of the effects observed on 4 and 5. 

Ligands 1 and 3 behaved similar to 2. While, in general, determined 
Ki values of 1 and 3 were higher (Table 5), in vitro binding behaviour 
was not affected upon the formation of ICs. Interestingly, 4 and 5 were 
characterized by significantly increased Ki values under IC conditions. 
Since all of them were investigated using 1 mM 2-HP-β-CD, based on the 
proof-of-concept results of 2 (Fig. 11), effects are suggested to be not 
cytotoxicity- but ligand structure-related. Again, this is also in accor-
dance with the in silico results attributing the lowest overall binding 
energy to 4 and 5. Thus, a stable IC could result in less free ligand 
leading to a decreased binding affinity in vitro. In contrast, well soluble 
ligands like 1 and 2, even though ICs are generated in solution, can still 
exert their full receptor binding potential under IC conditions. 

While the dose-dependent effect of ligand – 2-HP-β-CD was clearly 
highlighted within the presented work, future efforts should also include 
time-dependent binding affinity experiments. This is especially impor-
tant, since the slow release of active compounds from ICs could further 
impact the binding behaviour/kinetics, thus, the in vitro characteriza-
tion of novel compounds in drug discovery [62]. 

5. Conclusion 

Investigating solubility under different conditions clearly showed the 
capability of 2-HP-β-CD to increase ligand concentrations in a structure- 
independent manner. Additionally, PSB studies allowed for an estima-
tion of the 2-HP-β-CD concentration-dependent AL-type behaviour, for-
mation of higher order host:guest ICs as well as generation of insoluble 
complexes. NMR experiments confirmed the formation of the ICs and 
combined with in silico simulations enabled the elaboration of possible 
binding modes of the ligands within the β-CD cavity. Additionally, 
binding energies could be calculated while NMR chemical shift de-
viations allowed for the estimation of HB generation based on in silico 
simulations. While current literature considering low cytotoxicity of CDs 
could be supported employing a CTB cell viability assay, cell-based 
binding affinity studies showed the risk of impairing ligand binding 
affinity using 2-HP-β-CD. Ki values of ligands 1–3 remained unaffected 
by the formation of ICs. However, binding affinities of ligands 4 and 5 
were impacted by the use of 2-HP-β-CD. Since the effects were signifi-
cant (two- and three-fold reduction in binding affinity for 4 and 5, 
respectively) those results should be included in current research efforts 

with caution. While CDs actually appear to be GRAS compounds, our 
results show that they can affect target-binding affinity for specific 
compounds in vitro. We therefore recommend to carefully evaluate IC 
activity measurements in pharmacological characterisation of novel 
lipophilic research compounds, because IC formation may alter experi-
mental results. 
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