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Abstract 

Prenylated (iso)flavonoids are derivatives of (iso)flavonoids with higher lipophilicity and have the potential to exhibit higher 

bioavailability. Analysis of their intestinal absorption through the in vitro Caco-2 cell permeability model is challenging due 

to the potential non-specific binding caused by high lipophilicity. In this study, the suitability of Caco-2 cell permeability assay 

with 14% (w/v) bovine serum albumin (BSA) and the permeability characteristics of non-prenylated genistein and prenylated 

lupiwighteone, wighteone, and 6,8-diprenylgenistein were investigated by conducting permeability assay with or without 

Caco-2 cells using reversed-phase ultra-high performance liquid chromatography with photodiode array detection and mass 

spectrometry (RP-UHPLC-PDA-MS) analysis. By creating a concentration-time profile, it was possible to determine the 

percentage of wighteone in different compartments at different time points and provide information about the non-specific 

binding process. The results showed that around 53%, 49% and 50% of lupiwighteone, wighteone and 6,8-diprenylgenistein 

were bound to the plastic plate and the addition of BSA did not show significant influence. The main process of this non-

specific binding is the transfer of compounds from the solution to the plate surface within the first 10 minutes. Slow transfer 

from surface to inner layer lasted for at least 3 hours. Prenylated (iso)flavonoids did not exhibit higher permeability as expected. 

This research showed that the high lipophilicity of prenylated (iso)flavonoids may limit both their in vitro analysis and their 

intestinal absorption. Modelling the sample distribution in plate, free medium and cell monolayers could help describe their 

permeability characteristics more accurately. 
Keywords: Prenylated (iso)flavonoids; Caco-2 cell permeability assay; non-specific binding.  

1. Introduction 
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RP-UHPLC-PDA-MS        reversed-phase ultra-high performance liquid chromatography with photodiode array  

detection and mass spectrometry  
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1.1. (Iso) flavonoids and prenylated (iso)flavonoids 

Flavonoids are a group of polyphenolic compounds produced by plants and widely present in plant-based food. 

Their basic 15-carbon skeleton consists of two benzene rings and one heterocyclic pyran ring as shown in Fig. 1. 

Isoflavonoids are the isomeric form of flavonoids and have a phenyl ring (the B-ring) at the C3 position instead 

of the C2 position (Han et al., 2009). Based on the degree of oxidation of C-ring, (iso)flavonoids can be further 

divided into different subclasses, including flavonols, flavones, isoflavones, anthocyanidins, flavonones, flavanols, 

and chalcones. In addition, the presence of substituent groups increases the complexity and diversity of 

(iso)flavonoid groups, including various hydroxyl, methoxyl, methyl, or glycosyl substitution patterns (Shen et 

al., 2022). Studies showed that (iso)flavonoids have beneficial functions like anti-inflammatory, anti-bacterial 

ability, and anti-oxidation (Shen et al., 2022). It has also been proved that (iso)flavonoids have certain cytotoxic 

anticancer properties and can help reduce the risks of multiple cancers (de Souza et al., 2022).  

 

 

Fig. 1. Basic skeleton and functions of flavonoids (Based on the researches by Ma and Khachemoune (2023), Panche et al. (2016), and Safe 

et al. (2021)) 

Prenylated (iso)flavonoids are the derivatives of (iso)flavonoids with lipophilic prenyl side-chain(s) in the 

(iso)flavonoid skeleton (Shi et al., 2021). In general, C-prenylation on flavonoids is more common than O-

prenylation and C-prenylation usually occurs on ring A at C-6/C-8 or ring B at C-3′/C-5′ (Barron & Ibrahim, 1996; 

Yang et al., 2015). Prenylation increases lipophilicity, affinity to biological membranes, and interaction with target 

proteins, such as P-glycoprotein in biological membranes (Xu et al., 2012). Kalli et al. (2022) stated that wighteone 

and glabridin showed antifungal properties against Z. parabailii with a distinct mode of action (fast membrane 

permeabilization) compared to traditional food preservatives. Morachalcone D in mulberry leaf was related to the 

prevention of ROS production, glutathione depletion, and iron accumulation, which has the potential to be used 

as a neuroprotective agent in functional food (Wen et al., 2020). Some of their glycosylated forms have also been 

proved to show anti-inflammatory effects in in vitro assay (Zulfiqar et al., 2017).  

Even though prenylated or non-prenylated (iso)flavonoids are usually considered non-toxic, some researchers 

still showed potential toxicity at high doses. Flavonoid quercetin could induce hepatotoxic stress and influence 
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several genes at doses of 1500 and 2000 mg/kg (Singh et al., 2022). Flavonoid-enriched fractions from 

Parastrephia lucida showed no toxicity or genotoxicity while some of their hepatic metabolic products could be 

considered genotoxic (D'Almeida et al., 2020). The flavonoid-rich fraction of Croton blanchetianus Baill was not 

genotoxic and its acute oral LD50 was determined as > 5000 mg/kg, while the long-term dose of 1000 mg/kg was 

not suggested due to subacute toxicity (de Oliveira et al., 2022). Prenylated (iso)flavonoids were found to perform 

selective cytotoxicity against various cancer cells, however, previous evidence showed that they are usually safe 

to consume and non-toxic to normal cells (Lv et al., 2023; Tronina et al., 2023; Yang et al., 2015). 

1.2. Metabolism of (iso)flavonoids and prenylated (iso)flavonoids  

The applications of (iso)flavonoids are still limited due to their low bioavailability (Thilakarathna & Rupasinghe, 

2013). As shown in Fig. 2, (iso)flavonoids usually exist in glycoside forms in plants and some of them could be 

hydrolysed in the small intestine by lactase-phlorizin hydrolase (LPH), cytosolic β-glucosidase (CBG) and other 

enzymes to produce aglycons (Day et al., 2000). These aglycons are more easily absorbed and could be 

metabolized by the intestinal phase II enzymes (e.g. UGTs) and phase I enzymes (e.g. cytochromes P450) (Chen 

et al., 2014; Spencer, 2003). Their metabolites will further be transported to the liver and arrive at the other organs 

or tissues where they work. However, most of the glycosylated (iso)flavonoids will reach the colon unabsorbed 

and be metabolized by intestinal flora. With regards to the absorption methods, Ahmed et al. (2020) showed that 

aglycons like quercetin could be absorbed by passive diffusion and some glycosylated (iso)flavonoids may be 

actively transported by sugar transporters in the Caco-2 cells. However, the permeability and absorption of 

specific dietary (iso)flavonoids have not been uniformly concluded. Murota et al. (2018) stated that genistein and 

daidzein can be easily hydrolysed by LPH and absorbed in the intestinal lumen while another research pointed 

out that almost all isoflavones including genistein and daidzein can reach the colon in glycoside forms without 

being hydrolysed in small intestine (Magni et al., 2022). These differences may result from their various structures 

with different amounts and types of linked sugars (Chen et al., 2022).  

 

Fig. 2. Metabolic processes of dietary (iso)flavonoids (Based on the researches by Chen et al. (2022) and Murota et al. (2018)) 

Prenylated (iso)flavonoids have a similar metabolism pathway as non-prenylated (iso)flavonoids but are less 

abundant in nature (Tao et al., 2017). It was found that some glycosylated prenylated (iso)flavonoids had a low 

permeability in the Caco-2 cell assay and may be difficult to be absorbed in the intestine (Chen et al., 2008). 

Therefore, these glycosylated prenylated (iso)flavonoids with a lower cost are usually only used as precursors of 

non-glycosylated ones instead of being utilized directly (Vongdeth et al., 2018).  
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1.3. Structure-activity relationships (SARs) 

The properties of prenylated (iso)flavonoids are influenced by their chemical structure. In addition to 

(iso)flavonoid backbone, different prenylation patterns could also make a difference. The amount of prenyl groups 

is one of the major factors affecting their bioavailability. Compared with the non-prenylated (iso)flavonoids, 

single prenylated (iso)flavonoids could show higher bioavailability and lipophilicity and therefore increase 

affinity to hydrophobic biological targets, such as the membrane (Lv et al., 2023; Osorio et al., 2021). Furthermore, 

single prenylation may increase intestinal uptake and enhance accumulation of (iso)flavonoids in specific tissues 

(e.g. liver or muscle tissue) by inhibiting efflux compared to non-prenylated (iso)flavonoids (Terao & Mukai, 

2014), which may also increase the accumulation in non-target organ and lower the detoxifying elimination. 

However, research on double-prenylated (iso)flavonoids is still limited. Another factor is the position of prenyl 

groups. 8-Prenylnaringenin (8-PN) was more bioavailable than 6-prenylnaringenin (6-PN) in an in vivo trial 

(Calvo-Castro et al., 2018). Other than the prenylation amount and position, the structure diversity could also be 

related to the difference in prenyl group configuration and the presence of other substituted groups like hydroxyl 

or methoxyl (Kalli et al., 2021). Prenyl groups could occur as chains or by cyclized with adjacent hydroxyl groups 

to form six-membered rings or five-membered rings (van Dinteren et al., 2021). Liu et al. (2020) stated that the 

prenylated flavonoids from Artocarpus heterophyllus with three hydroxyl groups situated at C5, C7, and C4′ were 

more active in anti-inflammatory activities with inhibitory effects on nitric oxide production than the ones 

substituted with methoxy groups. 

1.4. Caco-2 cell permeability assay and potential problems 

Caco-2 cell permeability assay, based on human colon adenocarcinoma-derived Caco-2 cells, is a commonly used 

in vitro model to study the mechanism of intestinal absorption. These cells can form a monolayer that has similar 

morphology and functions to the human intestinal epithelial cells (Ding et al., 2016). It can help predict the 

intestinal absorption of multiple drugs or foods with the advantages of easy culture, passaging, and 

cryopreservation (Yamada et al., 2023). The results of the Caco-2 cell assay can be expressed as apparent 

permeability coefficients (Papp) in which a higher Papp value means higher permeability (Ravikanth & 

Ramanamurthy, 2018). 

The permeability in Caco-2 cells has a good correlation with oral absorption in the human body (Angelis & 

Turco, 2011). However, this model is still not completely applicable for lipophilic and water-insoluble compounds. 

It is usually difficult to generate effective data due to the low solubility in the assay buffer and/or poor recovery 

from the assay, non-specific binding to the apparatus (the binding of analytes to non-target molecules on the 

apparatus), and high monolayer retention (Katneni et al., 2018). Due to the high lipophilicity of prenylated 

(iso)flavonoids, the solubility and non-specific binding are potential challenges in this research. Therefore, the 

addition of bovine serum albumin (BSA) was used in this research to optimize the Caco-2 cell permeability assay, 

which can provide an absorptive driving force and reduce both the non-specific binding and cell association 

(Krishna et al., 2001). 

1.5. Compounds used in the research 

To better understand the absorption process of prenylated flavonoids and the influence of prenylation, several 

compounds from isoflavones groups were selected based on their structural similarity and difference in 

antimicrobial activity (Table 1). Genistein is one of the most widely known and used non-prenylated 

(iso)flavonoids because of its therapeutic potential in cancer, diabetes, cardiovascular, and neurodegenerative 

diseases (Drennen et al., 2018). Wighteone and lupiwighteone are C-prenylated derivatives of genistein, 

prenylated at C6 and C8 positions, respectively. 6,8-Diprenylgenistein (6,8-DPG), a double C-prenylated 

derivative of genistein, has anti-tumour, anti-inflammatory, and anti-obesity properties (Bae et al., 2021). Among 

these prenylated (iso)flavonoids, 6,8-DPG exhibited effective anti-microbial activity with the lowest 

concentration, while there was still no anti-bacterial activity of lupiwighteone detected at the concentration of 100 

µg/mL (Kalli et al., 2021). Propranolol was selected positive control, as it is completely orally bioavailable and 

exhibits a Papp value higher than 20 × 10–6 cm/s (Ahmed et al., 2020). According to the previous research, the 

toxicity of single prenylated (iso)flavonoids glabridin, licochalcone A, and glycycoumarin on Caco-2 cells 

appeared at the concentrations of 154 µM, 148 µM, and 136 µM, respectively (van Dinteren et al., 2022). 

Therefore, the concentration of 100 µM was used to avoid cytotoxicity in permeability assay. 
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Table 1: Structure of the compounds used and their anti-bacterial activity against methicillin-resistant Staphylococcus aureus 

Structure Name 
Minimum inhibitory 

concentration (µg/mL) 

 

Genistein 

 

> 128 

 (Choi et al., 2018) 

 

 

Wighteone 

 

16  

(Kalli et al., 2021) 

 

Lupiwighteone 

 

> 100  

(Kalli et al., 2021) 

 

6,8-Diprenylgenistein 

 

9  

(Kalli et al., 2021) 

1.6. The research purpose, content, and technical route  

Prenylated (iso)flavonoids have the potential to be used as innovative medicines and functional ingredients in 

food. Since prenylated (iso)flavonoids have many structural possibilities due to variations of substituted groups 

and substituted positions, it is necessary to characterize their toxicity, biotransformation mechanism, and 

structure-activity relationships (SARs) for better application and safe consumption. Studies have already shown 

that some single prenylated (iso)flavonoids have the potential to be absorbed with a higher permeability compared 

to the corresponding non-prenylated (iso)flavonoids. However, the influence of the amount and position of prenyl 

groups on bioavailability is still unclear. In addition, due to the higher lipophilicity, the application of in vitro 

Caco-2 cell permeability assay may be limited and could not provide effective information. 

The overarching goal of this project is to determine the intestinal absorption of several single and double-

prenylated (iso)flavonoids. To achieve this goal, the suitability of in vitro Caco-2 cell permeability assay with 14% 

(w/v) BSA was evaluated by assessing the solubility, volatility, and non-specific plastic binding of prenylated 

(iso)flavonoids and creating a concentration-time profile of wighteone. Another aim is to determine their 

permeability characteristics and the influence of the amount and position of prenyl groups by comparing their 

Papp values obtained from the Caco-2 cell permeability assay. Reversed-phase ultra-high performance liquid 

chromatography with photodiode array detection and mass spectrometry (RP-UHPLC-PDA-MS) will be 

conducted for quantification of prenylated (iso)flavonoids. The technical route is shown in Fig. 3. The experiments 

described in this thesis are based on hypotheses that the Caco-2 cell permeability assay is applicable for 

hydrophobic prenylated (iso)flavonoids after adding 14% (w/v) BSA and prenylated (iso)flavonoids show higher 

permeability with increased prenyl groups. 
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Fig. 3. Technical route of the research 

 

2. Materials and methods 

2.1. Materials and apparatus 

The information about propranolol, prenylated, and non-prenylated (iso) flavonoid samples used is shown in 

Table 2. For readability purposes, ‘(prenylated) (iso)flavonoids’ is used as the general term to refer to all five 

compounds, including propranolol. Caco-2 cells were from the common stock in TOX. Culture medium (CM) 

consisted of 500 mL Minimum Essential Medium (MEM) (Gibco, Thermo-Fisher cat.no21090022) with 20% (v/v) 

Fetal Bovine Serum (FBS, general stock in TOX), 1% (v/v) pyruvate (general stock in TOX) and 1% (v/v) 

penicilline/streptomycine/glutamine solution (PSG, general stock in TOX). 500 mL Hank’s Balanced Salt 

Solution (HBSS) solution (1X) (with CaCl2, MgCl2) (Gibco™, Thermo Fisher Scientific Inc., 14025050) with 5 

mL 10 mM HEPES (1M) Buffer Solution (Gibco™, Thermo Fisher Scientific Inc., 15630080) was used as the 

exposure medium (EM). Tissue Culture Inserts for Multiwell Plates (ThinCertTM, 24 wells, 0.4 μm pore sizes, 

0.336 cm2 culture surface, 662640) were purchased from Greiner Bio-One B.V.Cell culture. Other reagents and 

apparatus are listed in Table 3.  
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Table 2. Information of (prenylated) (iso)flavonoids used 

Compound Concentration of master stock 

solution (in 100% DMSO, v/v) 

Purity Company 

Genistein (powder) - - ChemCruz® 

Wighteone 20 mg/mL 96% BioCrick BioTech 

Lupiwighteone 10 mg/mL 90% Unknown 

6,8-Diprenylgenistein 20 mg/mL 80% Plantech U. K 

(±)-Propranolol hydrochloride 

(powder) 

- 
≥99% (TLC) 

Sigma-Aldrich® 

Table 3. Reagents and apparatus used  

Name Company 

Phosphate buffered Saline (PBS) pH 7.4 (1X) Gibco™, Thermo Fisher Scientific cat. no.10010015 

Bovine Serum Albumin (BSA) Sigma-Aldrich, CAS no: 9048-46-8 

0.25% (w/v) Trypsin  General stock in TOX in Wageningen University & Research 

Methanol with or without 0.1% formic acid (MeOH, UPLC/MS grade)  Biosolve (Valkenswaard, The Netherlands) 

Acetonitrile with or without 0.1% formic acid (ACN, UPLC/MS grade)  Biosolve (Valkenswaard, The Netherlands) 

1.5 mL short thread vials BGB Analytik Benelux B.V., Germany 

Chromacol 03-FISV 300 µL fixed insert vial Thermo Scientific, Germany 

SureSTARTTM 6PSV9-03FIVP vial Thermo Scientific, Germany 

CELLLSTAR® 24 Well Cell Culture Multiwell Plates Greiner Bio-One B.V., Cat.-No.662160 

Thermo Vanquish UHPLC system  Thermo Scientific, San Jose, CA, USA 

LTQ Velos Pro linear ion trap mass spectrometer system Thermo Scientific 

Z 323 High-Performance Centrifuge Hermle 

XP6 Micro Balance ©METTLER TOLEDO 

EVOM2™ Epithelial Voltohmmeter World Precision Instruments 

Cellometer® Auto T4 Plus Cell Counter Nexcelom Bioscience LLC, USA, Serial Number: Auto T4-

203-0430 

2.2. Sample preparation 

The master stock solutions and powder were diluted or dissolved to 20000 µM in 100% (v/v) DMSO as working 

stock solutions. A detailed dilution plan is shown in Appendix A.1. Solution with a concentration of 100 µM (0.5% 

DMSO, v/v) was used for permeability assay by diluting the working stock solution (200x) with the exposure 

medium. A mixture solution was made by mixing 5 µL of each stock solution and diluting it with 975 µL exposure 

medium (100 µM for each compound, 2.5% DMSO, v/v) for the assessments without cells and calibration curves. 

2.3. Caco-2 cell sub-culturing and seeding 

Caco-2 cells in the flask with confluency <70% needed to be subcultured to avoid differentiation. The CM in the 

flask was pipetted and the dead cells and serum were removed by washing with 6 mL PBS twice. Then detachment 

was achieved by being covered with 2 mL of 0.25% (w/v) trypsin for approximately 10 seconds. After removing 

1 mL of trypsin, the flask was incubated at 37 ℃ for 5 minutes. Another 5 mL CM was added to resuspend the 

cells. Cell suspension was collected and pipetted up and down to separate cell clusters. For each sub-subculturing, 

2 mL cell suspension was kept and mixed with another 8 mL CM as the new generation. Caco-2 cells were placed 
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in the CO2 incubator at 37 ℃ until the confluency was around 50-60%. 

For further permeability assay, Caco-2 cells (passage numbers 5-12) were seeded onto transwell plates at a 

density of 2 ×105 cells/cm2. Two flasks of Caco-2 cells in the same generation were detached with the same 

procedure of sub-culturing and mixed with 5 mL CM. Cell suspension was counted by auto cell counter and 

diluted to achieve the concentration of 3.36 *105 cells/mL for 24-well transwell plate (0.336 cm2) seeding. For the 

24-well plate, only the 12 wells in the middle lines were used due to the edge effects. Cell suspension (200 µL) 

and CM (600 µL) were added to the apical (AP) and basolateral (BL) chambers, respectively. The 24-well 

transwell was incubated plate at 37 ℃ and the CM was refreshed every 2-3 days (100 µL in the AP chamber and 

600 µL in the BL chamber) until the late confluence (21 days).  

2.4. Assessment of volatility, apparatus affinity, and BSA extraction efficiency by adding ACN/MeOH 

Mixture solution with a volume of 100 µL was added to glass vials and placed in the water bath (37 ℃) with the 

lid open for 1 hour to assess the volatility. To assess the efficiency of extraction of BSA by organic solvent, 100 

µL mixture solution was mixed with 600 µL EM with 14% (w/v) BSA. Then 20 µL solution was sampled and 

mixed with 80 µL MeOH or ACN and shaken for 2 hours. Sample solution (50 µL) from each assessment was 

detected by RP-UHPLC-PDA-MS after centrifugation at 9000 g for 5 min. These assessments were conducted in 

technical duplicates. To better understand the properties of (prenylated) (iso)flavonoids, related distribution 

coefficient (logD), ionization, and aqueous solubility (logS) at pH of 7.4 were calculated using MarvinSketch 

23.17.  

In the plastic-binding affinity assessment, the 24-well transwell plate without cells was used. Mixture solution 

(100 µL) and EM (600 µL) were added to the AP chambers and the BL chambers, respectively, and the plate was 

placed in the incubator (37 ℃) for 2 hours. The sample solution (50 µL) from the BL chamber was detected by 

RP-UHPLC-PDA-MS after centrifugation at 9000 g for 5 min. As a comparative group, 100 µL mixture solution 

and 600 µL EM with 14% (w/v) BSA were added to AP and BL chambers in another well. After 2 hours, 20 µL 

solution from BL chamber was sampled and mixed with 80 µL MeOH for BSA extraction. Then 50 µL sample 

solutions were detected by RP-UHPLC-PDA-MS after centrifugation at 9000 g for 5 min. Another 100 µL and 

600 µL MeOH were added to the AP and BL chambers after all liquid was aspired from the plate used to extract 

the (prenylated) (iso)flavonoids bound to plastic. Sample solution (50 µL) was taken from each well after 2 hours 

of shaking and then centrifuged at 9000 g for 5 min for RP-UHPLC-PDA-MS analysis. This assessment was 

performed in technical triplicate. 

2.5. Caco-2 cell permeability assay 

The CM in seeded plates were removed and prewarmed EM was added for 30 min at 37 ℃ (100 µL in the apical 

chamber and 600 µL in the basolateral chamber). The transepithelial electrical resistance (TEER) value of Caco-

2 cell monolayers in EM was measured before the permeability assay, where a TEER value above 300 Ω.cm2 can 

indicate good integrity. EM with 14% (w/v) BSA (600 µL) was added to all basolateral chambers after aspirating 

all EM from the plate. Genistein, lupiwighteone, wighteone, 6,8-DPG, or propranolol solutions at the 

concentration of 100 µM and volume of 100 µL (in EM with 0.5% DMSO, v/v) were added to the apical chambers.  

The sample solutions (2 µL) were taken from each apical chamber immediately (in 2 min) to correct the initial 

concentration and mixed with 48 µL MeOH. At the time points 10, 30, 60,120, and 180 min, 10 µL solutions in 

the basolateral chambers were removed and replaced with 10 µL fresh EM with 14% (w/v) BSA. Then 40 µL 

MeOH was added to each sample solution. Another 10 µL solutions were taken from each apical chamber at 180 

min and mixed with 40 µL MeOH.  

After the permeability assay, the liquid in the plate was removed and EM was added again (100 µL in the apical 

chamber and 600 µL in the basolateral chamber). The TEER values were measured again to confirm whether 

(prenylated) (iso)flavonoids performed significant toxicity to Caco-2 cells and the EM was removed. Then the 

inserts were moved to new wells. MeOH was added to the used wells (600 µL) and new wells with used inserts 

(100 µL in the apical chamber and 600 µL in the basolateral chamber) to extract the samples bound to the plate. 

Sample solutions (50 µL) were taken after shaking the plate (covered with parafilm) at 37 ℃ for 1~2 hours. All 

sample solutions were shaken for better extraction and stored in the freezer until the supernatant (after 

centrifugation at 9000 g for 5 min) was detected by RP-UHPLC-PDA-MS. The assay was carried out in technical 

duplicate. 

The Papp expressed in centimetres per second (cm/s) were calculated by the equation (Daruhazi et al., 2013)： 
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𝑃𝑎𝑝𝑝 =  
𝑑𝐶

𝑑𝑡
 ×𝑉𝑅

𝐴 × 𝐶0
                                                                       (1) 

In which VR is the volume of medium in the basolateral chamber (600 µL); dC/dt is the slope of the curve based 

on concentration changes of samples in the basolateral chamber over time (seconds); A is the area of membrane 

surface area (0.336 cm2); and C0 is the initial concentration in the apical chamber. 

2.6. The distribution of wighteone in the different compartments (concentration-time profile) 

The TEER values were measured as described above and 600 µL EM with 14% (w/v) BSA were added to all 

basolateral chambers. Wighteone solutions (100 µL 100 µM in EM with 0.5% DMSO, v/v) were added to all 

apical chambers. Each well was designed to show the distribution of wighteone at one of the timepoints of 0, 10, 

30, 60, 120, and 180 min. Caco-2 cell permeability assay was conducted in all wells and stopped at the 

corresponding time for each well. At the corresponding time, 10 µL samples were taken from both apical and 

basolateral chambers in the corresponding groups and mixed with 40 µL MeOH. The TEER values in EM were 

measured again and the inserts were moved to a new well after aspiring the EM. When the assay in all wells was 

finished, MeOH was added to extract samples from both the used inserts and wells (inserts: 100 µL in the apical 

chamber and 600 µL in the basolateral chamber; wells: 600 µL). The plate (covered with parafilm) was shaken at 

37 ℃ for 1~2 hours. All sample solutions were shaken for better extraction and stored in the freezer until the 

supernatant (after centrifugation at 9000 g for 5 min) was detected by RP-UHPLC-PDA-MS. The assay was 

carried out in technical duplicate. 

2.7. RP-UHPLC-PDA-MS analysis 

RP-UHPLC-PDA-MS analysis was conducted using a Thermo Scientific - Vanquish / Thermo Scientific - LTQ 

VelosPro system equipped with a pump, degasser, autosampler, and UV detectors. The analysis was performed 

on a reversed-phase Acquity UPLC ® BEH C18 column (2.1 × 150 mm, 1.7 µm; Waters Corporation., Part No. 

186002353) with a VanGuard (5 mm × 2.1 mm, 1.7 µm) guard column of the same material (Waters, Milford, 

USA). The column temperature was 45 ℃ and the temperature of the autosampler was 37 ℃. Eluents used 

consisted of eluent A (water + 0.1% formic acid, v/v) and eluent B (acetonitrile + 0.1% formic acid, v/v) at a flow 

rate of 0.4 mL/min. A gradient flowing consisting of 25% eluent B increased linearly to 75% from 1.09-14.72 

min as shown in Appendix B.1. At 1.09 min the eluent flow was redirected towards the MS. The total run time 

was 27.80 min. Detection wavelengths for UV absorbance were set at 280 nm with an injection volume of 1 µL. 

Mass spectrometric data were collected in negative ionization (NI) and positive ionization (PI) mode between m/z 

200-1000 using an LTQ Velos Pro linear ion trap mass spectrometer (Thermo Scientific) equipped with a heated 

electrospray ionization (ESI) probe. Data-dependent MS2 (both NI and PI) and MS3 (only PI) spectra of multiple 

different ions present in full MS were obtained at the same time. The retention time, m/z and ionization mode of 

each compound are shown in Appendix B.3. 

2.8. Data analysis 

Data collected by RP-UHPLC-PDA-MS was analysed using Xcalibur Qual 4.1 and GraphPad Prism 10.1.2. The 

quantification was conducted by comparison of peak area to standard curves of mixture solution. ICIS integration 

algorithm was used to integrate peaks in mass chromatograms. Only the peaks with a (signal-to-noise ratio) S/N 

higher than 10 were regarded as reliable and used for calculation. A two-way analysis of variance (ANOVA) was 

conducted based on the variables and the difference was considered significant when p<0.05. Results were 

expressed as the mean ± standard deviation (SD) for the experiments with triplicates. For the experiments with 

only duplicates, results were expressed as the mean, and the original data points were involved in the figures.  

3. Results 

3.1. Physicochemical properties of (prenylated) (iso)flavonoids 

A series of assessments without cells were conducted first to obtain more information about the physicochemical 

properties and non-specific binding of (prenylated) (iso)flavonoids used. Turbidity was observed during the 
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dilution of prenylated (iso)flavonoids in EM at room temperature and most of the turbidity disappeared after being 

placed in the water bath. After the volatility assessment (Appendix D), the concentration detected in wighteone 

and lupiwighteone decreased (84.7% and 91.7% remaining, respectively). For propranolol, genistein, and 6,8-

DPG, the concentration increased after volatility assessment. The results of related physicochemical parameters 

calculated by MarvinSketch are shown in Table 4. Prenylated (iso)flavonoids have higher logD values at a pH of 

7.4 but only the 6,8-DPG show a logD value higher than 3. At pH=7.4, only around 0.1% of prenylated 

(iso)flavonoids are still in the neutral form. Prenylated (iso)flavonoids also showed lower logS values for both 

intrinsic solubility and solubility at a pH of 7.4.  

Table 4. Physicochemical properties of the compounds used 

Compounds LogD7.4 
Percentage of the neutral 

compound at 37 ℃, pH=7.4 

Aqueous solubility prediction 

(intrinsic solubility; logS at pH 

7.4) 

Propranolol 0.73 2.81 -3.70; -1.83 

Genistein 2.12 7.97 -2.40; -3.39 

Wighteone 2.27 0.10 -4.88; -2.00 

Lupiwighteone 2.37 0.13 -4.88; -2.12 

6,8-DPG 3.90 0.06 -6.30; -3.21 

3.2. BSA extraction efficiency by adding ACN/MeOH and apparatus affinity without cells  

The extraction efficiency of (prenylated) (iso)flavonoids from BSA by MeOH and ACN was analysed by two-

way ANOVA. The results are shown in Fig. 4. Extraction efficiency of both MeOH and ACN were higher than 

80% without significant difference. Considering the price and toxicity, MeOH was selected for all the extraction 

of BSA in following permeability assays.  

 

Fig. 4. Extraction efficiency (%) of different compounds from BSA using ACN or MeOH. 

The results of apparatus affinity analysed by two-way ANOVA are shown in Fig. 5 and the distribution of 
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(prenylated) (iso)flavonoids is shown in Fig. 6. More than 70% of genistein and propranolol were still in the free 

medium while only 27.4 ± 3.4%, 44.8 ± 5.0% and 18.6 ± 8.2% of lupiwighteone, wighteone and 6,8-DPG 

remained in free medium without adding BSA. The effect of adding BSA on the reduction of plastic-binding effect 

was also not significant (39.9 ± 10.9%, 46.8 ± 10.6% and 31.6 ± 8.2% for lupiwighteone, wighteone and 6, 8-

DPG remained, respectively). The distribution of compounds in different compartments also confirmed that 

around 50% of wighteone, lupiwighteone and 6,8-DPG were bound to the plastic 24-well plate. 

 
Fig. 5. Plastic-binding affinity of prenylated and non-prenylated (iso)flavonoids and the influence of the addition of BSA 

 

 

Fig. 6. The percentage of (prenylated) (iso)flavonoids in plate, free medium and loss after adding BSA 
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3.3. Cell integrity after adding (prenylated) (iso)flavonoids with a concentration of 100 µM 

Two-way ANOVA was conducted for the comparison of the changes in TEER values and only the groups with 

significant differences are annotated in Fig. 7. It can be found that TEER values decreased after the permeability 

assay, especially for the one that lasted for 3h. There was no significant difference between the negative control 

groups and the experimental groups in both the 2-hour and 3-hour assay, which suggested the decrease of TEER 

values may be related to the environmental changes or the fluctuation of equipment rather than the toxicity of 

(prenylated) (iso)flavonoids. In addition, for most of the groups, the TEER values after the permeability assay 

were still higher than 300 Ω.cm2, indicating the good integrity of the Caco-2 cell layer. 

 

 

Fig. 7. Changes of TEER values in 2h and 3h Caco-2 cell permeability assay. 

3.4. The concentration-time profile of wighteone in the different compartments 

The percentage of wighteone distributed in different compartments at different time points is shown in Fig. 8. It 

can be found that the binding occurred at the beginning of the permeability assay and was fastest in the first 10 

min. The binding process between the medium in the AP chamber and the plastic plate did not reach the balance 

until the end of the 3h permeability assay and only 7.17% of wighteone passed the Caco-2 cells.  
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Fig. 8. Distribution of wighteone (%) in Caco-2 cell permeability assay over time. AP-plastic + cells: wighteone bound to the insert and cells, 

logarithmic regression, Y= 10.19 lnX + 15.39, R2=0.9032; AP medium: wighteone in free medium in apical chamber, polynomial regression, 

Y=52.19-0.6131 X+0.002357 X2, R
2=0.9531; BL-plastic: wighteone bound to wells; BL medium: wighteone in free medium in basolateral 

chamber, polynomial regression, Y=0.3950-0.006690 X+0.0002485 X2, R2=0.9971.  

3.5. Caco-2 cell permeability assay 

Fig. 9 shows Papp values of different compounds in a 3h permeability assay. The higher Papp values of 

propranolol (36.07 × 10-6 cm/s) and genistein (16.68 × 10-6 cm/s) indicated higher permeability. In the 3h assay, 

the Papp values of lupiwighteone and wighteone were 0.24 × 10-6 and 0.27 × 10-6 cm/s, respectively. The Papp 

values of 6,8-DPG could not be calculated since its concentration in the BL chamber is too low to be detected by 

RP-UHPLC-PDA-MS and therefore not shown in this figure.  

 

Fig. 9. Papp values of (prenylated) (iso)flavonoids in 3h permeability assay. 
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Fig. 10 shows the percentage of compounds in different compartments after a 3h Caco-2 cell permeability assay. 

It was found that 67.43% of propranolol and 43.3% of genistein passed the cells and remained in the medium in 

the BL chamber. However, 57.39% of lupiwighteone, 47.16% of wighteone, and 77.74% of 6,8-DPG were bound 

to the plate or cells and most of the rest were still in the medium in the AP chamber instead of passing the Caco-

2 cells. 

 

Fig. 10. Distribution of samples (%) at the end of 3h Caco-2 cell permeability assay. AP-plastic + cells: samples bound to the insert and cells; 

AP medium: samples in free medium in apical chamber; BL-plastic: samples bound to the wells; BL medium: samples in free medium in 

basolateral chamber; Loss: samples lost during the assay, calculated by (100% - samples in other compartments). 

4. Discussion 

Prenyl groups have the potential to increase the bioavailability of functional (iso)flavonoids by increasing the 

hydrophobicity. The increased hydrophobicity could lead to a challenge to in vitro Caco-2 cell permeability assay 

due to non-specific binding and make it difficult to determine their permeability or establish SARs for 

permeability. Therefore, whether the in vitro Caco-2 cell permeability assay is applicable after adding 14% (w/v) 

BSA and whether the amount and position of the prenyl groups make a difference in the permeability of 

(iso)flavonoids was assessed. 

4.1. Physicochemical properties indicated low solubility and potentially poor oral absorption 

It was found that prenylated (iso)flavonoids cannot be completely dissolved at room temperature but can be 

dissolved at 37 ℃. Therefore, the temperature in all assessments and RP-UHPLC-PDA-MS analysis was set at 

37 ℃. However, temperature changes were still difficult to eliminate and the potential insolubility problems may 

influence the results. In volatility assessment, the concentration of wighteone and lupiwighteone calculated by 

standard curves decreased (Appendix D). However, the peak area of these two groups obtained from RP-UHPLC-

PDA-MS analysis was higher than that of standard solution (100 µM). Therefore, the decrease of concentration 

for wighteone and lupiwighteone may be related to the statistical error instead of sample evaporation. The 

increased concentration of other groups may be due to the evaporation of solvent. 

LogD is commonly used to measure the lipophilicity of molecules and relates to the relative ability of crossing 

cellular membranes (Boldon & Shell, 2023). Higher logD values indicate higher lipophilicity and the optimal 

range for oral bioavailability is 1-3 (Lindsley, 2014). Table 4 showed that 6,8-DPG has a low solubility with a 

logD7.4 higher than 3, which suggests poor oral absorption and high plasma protein binding. For other samples 

with a logD7.4 from 0 to 3, they may show good permeability and oral absorption. The low percentage of neutral 

compounds at the pH of 7.4 indicated that prenylated (iso)flavonoids may not pass the cell membrane since only 

un-ionized fractions can cross the cell membrane and be utilized by the human body due to the lipid nature of the 

membrane (Chillistone & Hardman, 2017). Lupiwighteone, wighteone and 6,8-DPG have low intrinsic solubility 

(<-4). However, at pH = 7.4, their solubility increases with a relatively higher logS. 
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4.2. Non-specific apparatus binding without adding cells  

According to the assessment of apparatus affinity (Fig. 5), it was found that for all compounds, including the 

propranolol, non-specific plastic-binding occurred and resulted in poor recovery of prenylated (iso)flavonoids. 

This non-specific binding to containers is well-known in the medical field, which is driven by hydrophobic 

interactions (van der Waals) and ionic interactions (Fukazawa et al., 2010). Hydrophobic interactions with 

hydrophobic plastic surfaces could be regarded as the main reason for prenylated (iso)flavonoids since they are 

more hydrophobic and less soluble.  

In addition, Fig. 5 showed the effect of adding BSA is not significant enough to reduce this non-specific 

interaction even if the binding between (iso)flavonoids and BSA has already been proved (Papadopoulou et al., 

2005). This may be explained by the fact that the non-specific binding to plastics is stronger than the binding 

between BSA and prenylated (iso)flavonoids. Another possible reason is that prenylation may decrease the 

binding affinity to BSA. It has already been proved that hydroxylation, methoxylation, and glycosylation 

appearing at different positions could lead to different influences on protein affinity (Tang et al., 2020). Therefore, 

the prenylation may also play a role in the protein affinity and further influence the performance of BSA on the 

Caco-2 cell permeability assay.  

4.3. The sorption process of wighteone 

The concentration-time profile of wighteone (Fig. 8) confirmed the results of assessment of non-specific binding 

without cells (Fig. 6). Non-specific binding to plastics did not reach the equilibrium at 3 hours and was most rapid 

in the first 10 min. Palmgren et al. (2006) studied the kinetics of multiple basic drug sorption to polystyrene 

surfaces, which found that the loss of basic drugs to polystyrene well plates and modified polystyrene tubes in 

water was achieved within the first 15 min. The non-specific plastic binding of wighteone could be regarded as 

sorption as well, which consists of both absorption and adsorption. Adsorption is the process of drugs in solution 

attached to the surface of the container and absorption is the following process in which drugs enter the inner layer 

(Dupire et al., 2023). The sorption process is shown in Fig. 11. The concentration-time profile in this research 

suggested that the adsorption of wighteone to the surface of the plate played a major role and happened in the first 

10 minutes, after which absorption continued during the timespan of the permeability assay. Therefore, the process 

happened in Caco-2 cell permeability assay could be summarized as Fig. 12. Wighteone was first bound to the 

plastic insert before reaching the cells. The rest of them arrived and stayed in the cell monolayer instead of passing 

it. Only a few amounts of wighteone could enter the BL chamber, followed by the plastic binding to the wells.  

  
Fig. 11. The process of sorption (based on research by Illum and Bundgaard (1982)) 
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Fig. 12. Process of non-specific binding happened in Caco-2 cell permeability assay 

4.4. Comparison of Papp values and permeability 

The 2h permeability assay was conducted as well and the results are shown in Appendix E, the initial sample 

concentration was not measured and therefore was assumed to be 100 µM and the Papp values of propranolol 

(15.18 × 10-6 cm/s) obtained were lower than the reference (> 20 × 10-6 cm/s). It is assumed that (prenylated) 

(iso)flavonoids may bind to the plate at the beginning (t=0) and then the initial concentration was changed. 

Therefore, in the 3h permeability assay, the initial sample concentration was corrected based on the detected 

concentration (C0) as described in the method. 

Due to non-specific binding, the process of permeability assay was influenced and Papp values obtained by the 

Caco-2 cell permeability assay could not be discussed directly. Even for genistein, the Papp values were also 

difficult to compare since inconsistent results among different references (ranging from 1.7 × 10-6 cm/s to 50 × 

10-6 cm/s) (Daruhazi et al., 2013; Yang et al., 2012). However, it still can be concluded that the permeability of 

prenylated (iso)flavonoid was not as high as expected compared with genistein since the percentage of prenylated 

(iso)flavonoids in the BL chamber (both the plastic and medium) were quite low, indicating that most of them did 

not pass the cells even if they were not bound to the plastic. The low permeability may be related to the low 

solubility or the fact that most prenylated (iso)flavonoids are ionized and therefore cannot pass the cell layer. The 

percentage of lupiwighteone and 6,8-DPG bound to inserts in Caco-2 cell permeability assay (57.39% and 77.74%, 

respectively) were higher than in assessment without cells (46.56% and 48.26%, respectively) (Fig. 6 and Fig. 

10). This could be explained by the fact that cell retention or other non-specific reactions may also happen but 

only to a minor extent.  

4.5. Variables in the cell assay and difficulties in quantification 

Multiple variables in the cell assay were difficult to be controlled strictly. The different cell lines, culture 

conditions, passage number, and cell differentiation, could all make a huge difference in the TEER 

values/monolayer integrity and further influence the results (Kus et al., 2023). In addition to the variability of 

cells, it is also difficult to standardize the procedure. It is suspected that the 24-well plate may limit the assay since 

the sample solution may be not mixed evenly in the plate and is difficult to take samples due to the small volume. 

However, Marino et al. (2005) suggested that the 96-well Caco-2 cell system performed more efficiently than 12-

well or 24-well plates. Quantification is also a complicated process for Caco-2 cell permeability assay. The 

sensitivity of the equipment is a barrier. When using the 24 well plates, the volume sampled was too low for the 

UHPLC autosampler, and therefore needed to be diluted. Nevertheless, this dilution could lead to a lower 

concentration than the lowest concentration used for standard curves (0.01µM, S/N>10) or the limit of 



 Wang / MSc Thesis (2024) 17 

 

 

 

 

quantification (LOQ) of the RP-UHPLC-PDA-MS system. Moreover, when using MeOH or ACN as the diluted 

solvent, potential solvent evaporation could happen, especially in the autosampler at 37 ℃, leading to an 

overestimation of concentration or undetectable results when the volume of solvent is too low.  

4.6. Potential solutions to reducing non-specific binding and optimization for follow-up studies 

Methods for the application of Caco-2 cell permeability assay for hydrophobic compounds have already been 

proposed in multiple references. Even if the effect of adding 14% (w/v) BSA is not significant in this study, the 

use of BSA can still not be completely ruled out. In this research, a relatively higher concentration of BSA was 

used to solve the non-specific binding since the increasing percentage of BSA in the receiver could lead to higher 

Papp values for some drugs before reaching equilibrium (Saha & Kou, 2002). However, Cai et al. (2019) suggested 

that 0.5% BSA may be a better choice compared to 4% BSA with significant improvement in data quality. 

Therefore, the effect of adding BSA and its concentration should be investigated in further research. In addition, 

previous research also suggests that the addition of low concentration (~1-2%, avoid damaging the Caco-2 cells) 

of organic cosolvent (e.g. DMSO or propylene glycol) to the donor compartment could help increase the solubility 

(Awortwe et al., 2014). Another possible solution is to use a fasted state simulated intestinal fluid (FaSSIF) 

medium instead of the HBSS medium in the apical chamber. This medium can provide a similar environment to 

human intestine (containing e.g. bile salts, phospholipids, and cholesterol) which can help reduce surface tension 

and form micellar structures (Klumpp et al., 2020). Fossati et al. (2008) proved that Caco-2 cell permeability assay 

with FaSSIF in the AP chamber and HBSS with 1% BSA in the BL chamber is a reliable method for highly 

lipophilic compounds. Adding hydrophilic coating which introduced negative hydroxyl, carbonyl and carboxyl 

groups could also help to deal with the plastic binding, especially when the compound is in negative forms as well 

(Schlenoff, 2014).  

The loss in Fig. 10 could also be related to the variables in sampling or quantification and a more systematic 

procedure of the Caco-2 cell permeability assay should be designed based on lab conditions and compound 

properties in the following research. An individual toxicity assay of prenylated (iso)flavonoids could be conducted 

to eliminate the potential influence on cell integrity and to better design the initial concentration added. To better 

understand the process of non-specific binding, the Caco-2 cells could be separated from AP inserts and detected 

at the end of the permeability assay. As for the concentration-time profile, the reaction did not reach equilibrium 

at 3h and the extended experiment duration could be conducted as well. In addition, the non-preventable use of 

plastic (e.g. pipette tips) and the compounds which were absorbed into the inner layer of the plate and difficult to 

be recovered should also be considered.  

4.7. Conclusion  

In summary, more prenylated (iso)flavonoids (around 50%) bound to the plastic plate compared with non-

prenylated genistein and propranolol due to the high lipophilicity. The addition of 14% (w/v) BSA did not reduce 

this non-specific binding. The concentration-time profile of wighteone showed that rapid binding occurred at the 

beginning and was fastest in the first 10 min, suggesting that adsorption was the main process that happened 

during the non-specific binding while the absorption could last for at least 3 hours. The Papp values of 

lupiwighteone and wighteone were 0.24 × 10-6 and 0.27 × 10-6 cm/s. Due to this non-specific binding, the Papp 

values obtained could not be interpreted directly. However, it was found that the permeability of prenylated 

(iso)flavonoids was lower than expected and was possibly even lower than genistein since the samples still stayed 

in the free medium in the AP chamber rather than pass the cell monolayer. High lipophilicity, low solubility, and 

ionization may hinder intestinal absorption. The influence of the position of prenyl groups still needs to be 

investigated. In the following studies, optimized Caco-2 cell permeability assay with different mediums and 

concentrations of BSA could be compared to further reduce the influence of non-specific binding. This research 

found that high lipophilicity of prenylated (iso)flavonoids could be a main challenge in Caco-2 cell permeability 

assay. By modelling the sample distribution in plate, free medium and cell monolayers, it is possible to describe 

the absorption process better to obtain more accurate Papp values.  
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Appendix A. Detailed dilution plan of working stock solution 

A.1. Dilution plan for working stock solution preparation. Working stock solutions were prepared to the same 
concentration (20000 µM) by adding V0 µL master stock solution to Vs µL 100% DMSO. These working stock 
solutions were kept in the freezer until use. 

Compound 

Molecular 

weight 

(g/mol) 

Concentration 

of master 

stock solution 

(mg/ml) 

Concentration 

of master stock 

solution (µM) 

Concentratio

n of working 

stock 

solution (µM) 

Dilution 

times  

Stock 

solution 

needed 

V0 (µL) 

The 

volume 

of added 

solvent 

Vs (µL) 

The final 

volume of 

working 

stock 

solution 

(µL) 

Genistein 270.2 10 37004.1 20000 1.9X 15 12.8 27.8 

Wighteone 338.4 20 59110.4 20000 3.0X 10 19.6 29.6 

Lupiwighteon

e 
338.4 10 29555.2 20000 1.5X 15 7.2 22.2 

6,8-DPG 406.5 20 49204.1 20000 2.5X 10 14.6 24.6 

Propranolol 259.4 10 38557.9 20000 1.9X 15 13.9 28.9 

 

Appendix B. RP-UHPLC-PDA-MS analysis methods  

B.1. Gradient used for RP-UHPLC-PDA-MS analysis 

Time (min) 
Segment 

time (min) 
Flow (mL/min) A (%) B (%) 

Required 

CV 
Total (mL) A (mL) B (mL) 

0.00 0.00 0.400 75 25     

1.09 1.09 0.400 75 25 1.0 0.44 0.33 0.11 

14.72 13.63 0.400 25 75 12.5 5.45 1.36 4.09 

15.81 1.09 0.400 0 100 1.0 0.44 0.00 0.44 

21.26 5.45 0.400 0 100 5.0 2.18 0.00 2.18 

22.35 1.09 0.400 75 25 1.0 0.44 0.33 0.11 

27.80 5.45 0.400 75 25 5.0 2.18 1.64 0.55 

 

B.2. Gradient changes during RP-UHPLC-PDA-MS analysis 
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B.3. Retention time, m/z, and ionization mode of each compound in RP-UHPLC-PDA-MS analysis 

Appendix C. Standard curves 

 

C.1. Standard curves for assessment of extraction efficiency and apparatus affinity without cells. a: Sample 
solution was diluted in 100% exposure medium; b: Sample solution was diluted in 80% MeOH and 20% exposure 
medium. 

Compound Retention time (min) m/z (Full MS) Ionization mode 

Genistein 4.95 269.2 Negative 

Wighteone 10.33 337.4 Negative 

Lupiwighteone 9.97 337.4 Negative 

6,8-DPG 14.28 405.5 Negative 

Propranolol 3.18 260.4 Positive 



 Wang / MSc Thesis (2024) 21 

 

 

 

 

 

C.2. Standard curve for the concentration-time profile of wighteone in 3h permeability assay. Linear regression: 
Y=0.9024X + 6.462, R2 = 0.9604. 

 

C.3. Standard curves for Papp value calculation in 3h Caco-2 cell permeability assay  
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Appendix D. Results of the assessment of evaporation 

 

D.1. Standard curves for assessment of evaporation in permeability assay without cells 

 

D.2. MS peak area before and after evaporation and concentration changes after evaporation 

Samples 
Area at 280nm without evaporation 

in log scale (2 Log µM) 

Area at 280nm after 

evaporation in log scale 

Concentration remained 

after evaporation % 

Propranolol 9.11 9.18 104.98 

Genistein 8.50 8.51 102.90 

Lupiwighteone 8.12 8.20 91.71 

Wighteone 8.57 8.60 84.71 

6,8-Diprenylgenistein 7.23 7.31 103.93 

Appendix E. Results of 2h Caco-2 cell permeability assay 

 

E.1. Standard curves for Papp value calculation in 2h Caco-2 cell permeability assay 
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E.2. Papp values (10−6 cm/s) of 2h Caco-2 cell permeability assay. The initial concentration (C0) was assumed to 
be 100 µM  

Appendix F. Results of 4h concentration-time profile of wighteone 

A 4h assessment was conducted to better describe the concentration-time profile of wighteone. Propranolol was 

added to each vial as an internal standard after sampling to correct the solvent evaporation. Due to the limitations 

in availability of equipment, samples were detected by 2 different RP-UHPLC-PDA-MS systems. A high 

percentage of loss (38%-53%) was observed in the results from one system which was then suspected to be less 

accurate. Therefore, this assay is not discussed in the main text and included in the Appendix for completeness. 

 

F.1. TEER value (Ω.cm2
) changes after 4h permeability assay for the concentration-time profile of wighteone 
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F.2. Standard curves for 4h permeability for the concentration-time profile of wighteone. a: Standard curve for 
the first duplicate (System 1 in the laboratory of Food Chemistry); b: Standard curve for the second duplicate 
(System 3 in the laboratory of Food Chemistry) 

 

F.3. Distribution of wighteone with the time changes. AP-plastic + cells: percentage of samples bound to the 
insert and cells; AP medium: percentage of samples in the free medium in the AP chamber; BL-plastic: percentage 
of samples bind to the wells; BL medium: percentage of samples in the free medium in the BL chamber. 
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