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Abstract 

 

The aim of this thesis was to investigate the extraction of potential valuable neutraceuticals from 

different rhizomes: Iris germanica L. and Curcuma longa. On the one hand, three different 

curcuminoids (curcumin, dimethoxy-, and bisdemethoxycurcumin) from Curcuma longa were 

extracted.  On the other hand, extraction and isolation of isoflavones and benzophenones of Iris 

germanica L. were performed. Most of the isolated compounds from Iris germanica L. were tested for 

their potential anti-inflammatory and antibacterial abilities. 

First, curcuminoids were successively extracted from Curcuma longa using a green, sustainable, bio-

degradable and food-approved surfactant-free microemulsion (SFME) consisting of water, ethanol 

(EtOH) and triacetin (TriA) exhibiting high extraction yields (15.28 mg curcuminoids per g Curcuma 

longa). The best yield was achieved by the usage of a SFME consisting of 40/24/36 H2O/EtOH/TriA 

(wt%). The maximum of solubility of curcumin was investigated in the binary mixture EtOH/TriA via UV 

measurements. The binary mixture EtOH/TriA (40/60 in wt%) turned out to be the best one for the 

solubilisation of curcumin. The structuring of the SFME was previously investigated with DLS and 

conductivity measurements. It was also found and demonstrated that the addition of water to the 

binary mixture of EtOH/TriA was responsible for the structuring of the SFME and for the high extraction 

yield. Indeed, bisdemethoxycurcumin, one of the curcuminoids, is the most “polar” curcuminoid and 

therefore, the most sensitive to water. Compared to the binary mixture EtOH/TriA (40/60 in wt%), the 

extraction yield of demethoxycurcumin and especially bisdemethoxycurcumin could be increased by 

14 % and 32 % respectively. 

Recycling and up-concentration of the SFME with curcuminoids was attempted. Therefore, the SFME 

was re-used to perform several extraction cycles and to concentrate the curcuminoids in the SFME. 

One of the goals of this study was to solubilise the curcuminoids in an aqueous solution. Therefore, 

different purification methods (hydro distillation, vacuum distillation and freeze-drying) were used to 

remove the essential oils of Curcuma longa and to enhance the relative purity of the extract. 

Purification of the extract was achieved by freeze-drying the rhizome of Curcuma longa, as it leads to 

high relative purity of the extract (about 94%) through repetitive lyophilisation cycles and did not 

destroy the curcuminoids before extraction. Using an appropriate composition of the SFME 

(50/32.5/17.5 H2O/EtOH/TriA in wt%), dilution of the curcuminoids extract solution with water and 

stabilisation against day light and precipitation were achieved. 



 

VII 
 

The extraction efficiencies of the curcuminoids were further enhanced using different additives, which 

were solubilised in the water phase of the SFME. Meglumine has been found to be the best additive 

while using pyroglutamic acid (PCA) as pH regulator of the SFME and as hydrotrope for curcumin. Using 

meglumine with and without PCA, high extraction efficiencies of the curcuminoids were achieved: 17.3 

mg curcuminoids per g Curcuma longa using a SFME (15/34/51 H2O/EtOH/TriA in wt%) at pH 9 

containing 5 wt% meglumine neutralised with PCA in pure water and 18.3 mg curcuminoids per g 

Curcuma longa using a SFME (5/38/57 H2O/EtOH/TriA in weight percent) at pH 11.5 containing 15 wt% 

meglumine without PCA in pure water. A simple water extraction (water containing 15 wt% of 

meglumine) achieved the best extraction efficiency for bisdemethoxycurcumin (3.46 ± 0.62 mg per g 

Curcuma longa). 

Further, another SFME consisting of water, sodium salicylate (NaSal) and ethyl acetate (EtOAc) was 

investigated concerning its capacity to solubilize, stabilize and separate the three curcuminoids. The 

extraction efficiency of one curcuminoid could be enhanced using different SFME compositions: 

H2O/NaSal/EtOAc 17/12/71 and 7/13/80 (in wt%) for respectively bisdemethoxy- and 

demethoxycurcumin and the pure EtOAc for curcumin. The presence of NaSal in the SFME enhanced 

the stability of curcumin and the other two curcuminoids in solution, because of its antioxidant and 

UV absorbing properties. 

In the second part of this thesis, isoflavones and benzophenones were successively extracted and 

isolated from the rhizomes and the roots of Iris germanica L. by chromatographic methods (silica gel 

column followed by high-performance liquid chromatography (HLPC) and semi preparative HPLC). 

Using NMR and LC-MS data, structures of eleven isolated compounds were revealed. Some of the 

isolated compounds were tested as potential anti-inflammatory agents but had unexpected pro-

inflammatory properties, of which the rhizome extract showed the highest pro-inflammatory activity. 

The isolates and the extracts were also tested as potential antibacterial agents. None of the extracts 

nor isolates were active against the bacterium S. aureus. Only the iris butter (the essential oil of orris) 

showed a potent antibacterial activity, certainly due to the presence of irones. The iris butter showed 

also an antibacterial activity against the bacterium E. coli. 
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1 General introduction 

 

Extraction was performed and studied for centuries by humankind. Anyone who has ever made a cup 

of tea or coffee has performed an extraction. The compounds responsible for the flavour and colour 

of the tea are extracted from the ground material into the added hot water. Humankind have been 

using plants for curing illness for millennia, because plants contain compounds possessing specific 

therapeutic activities. But the use of plants directly can cause undesirable side effects and the dosage 

of active substances is complicated. Therefore, the extraction of such beneficial target compounds is 

of great interest in the domain of the chemistry of natural substances and therapeutic chemistry. Thus, 

different extraction and isolation techniques, such as liquid-solid extraction or high-performance liquid 

chromatography, are performed to obtain the desired active compounds. Having the pure target 

compound, pharmacological and phytochemical tests can reveal the biological and therapeutic activity 

of the isolated compounds. Other domains, in which extraction is essential, are the food and fragrance 

industry. Especially in the fragrance industry, where different parts of a plant are extracted or 

additionally treated to obtain the desired fragrance. The most common extraction technique is the 

hydro distillation.  

The use of natural colouring agents in the food industry is growing every year because of the growing 

consumer´s concern for safety and health of food formulations. Thus, the food industry is keen on 

finding alternatives to the common synthetic dyes, such as tartrazin. Natural colouring agents offer an 

alternative to synthetic dyes. Dyes are mostly used as powders or have to be formulated to be 

incorporated in food. Here again, because of the current growing consumers´ demand on natural, 

organic, and sustainable food formulations, the food industry needs to find alternative extraction 

techniques to replace the commonly used non-sustainable solvents, which are toxic for the human 

body and harmful to the environment. Nowadays, it is necessary to expand, modify, and reinvent the 

traditional extraction techniques in order to protect the consumer and the environment. For this 

purpose, the twelve principles of green chemistry, developed and published by P. Anastas and J. C. 

Warner in 1998, and the six principles of green extraction, developed and published by F. Chemat in 

2012, are focused on reducing the environmental and health impacts and are of interest for the food 

and fragrance industry. 

The aim of this work is first to extract a very popular natural colouring agent, curcumin, from Curcuma 

Longa with a green, bio-based, and sustainable solvent systems, which could be directly used in the 

food industry. Moreover, the aim is to investigate other solvent systems to extract and isolate 
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curcumin, by for example pH-dependent precipitation, or other solvent systems, which could be used 

in the pharmaceutical industry. Secondly, the aim was to explore the composition of the roots and 

rhizomes of Iris germanica L. and further to look into its biological and therapeutic activity. Indeed, 

many compounds from the rhizome of Iris germanica L. are already well known in the literature. On 

the contrary, the roots alone are less studied. Moreover, Iris germanica L. is used since centuries as 

alternative medicine in Asia and especially in India. Therefore, the potential anti-inflammatory and 

antibacterial properties of Iris germanica L. and of the different isolated compounds were investigated. 
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2 General information 

2.1 Extraction techniques 

Extraction is the first procedure to separate the desired natural molecules or groups of molecules from 

the raw materials. Sample preparation is a crucial step to perform solvent or steam extraction. The 

plant material often has to be washed first, then dried and finally ground before the extraction process 

[1]. These and several other steps are performed to obtain a homogenous plant material and to 

increase the contact area between the plant material and the extraction solvent or solvent mixture to 

achieve better extraction yield [2]. In this thesis, several different extraction techniques have been 

used: the solid-liquid (more specifically maceration and Soxhlet), liquid-liquid and steam extraction. 

2.1.1 Solid-liquid extraction 

Solid-liquid extraction (also known as solvent extraction) involves the separation of the constituents 

of a solid material (plant) by contact with a liquid. Every constituent (solute) of the plant has a different 

affinity for different solvents. This preference depends mainly on the polarity of the solvent and the 

solutes. Generally, non-polar solutes are dissolved by non-polar solvents, whereas polar solutes are 

dissolved by polar solvents [3]. This equilibrium is reflected by the partition coefficient K, the quotient 

of the activity of the solute in the respective phase, as described in equation 1: 

𝐾 =
𝑎𝑠𝑜𝑙𝑢𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑝ℎ𝑎𝑠𝑒 1

𝑎𝑠𝑜𝑙𝑢𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑝ℎ𝑎𝑠𝑒 2
 

 

(1) 

It can be categorised into non-exhaustive (maceration) and exhaustive (Soxhlet) solid-liquid extraction 

processes. The difference will be explained in the following. 

2.1.1.1 Maceration 

In the maceration process, the plant material stays in contact with the solvent at room temperature 

for several hours under agitation or not. The process can be repeated three or more times to ensure a 

good extraction efficiency. The agitation is provided to enhance the surface contact between the 

solvent and the plant material, more precisely to increase the mass transfer of the solutes from the 

matrix (plant material) to the solvent. Sometimes to further enhance the extraction efficiency, the 

temperature can be increased. However, heating should be avoided to prevent the decomposition of 

thermosensitive molecules. The choice of solvent is also crucial in the maceration process. It should be 

selective for the target molecule and if possible, as volatile as necessary in order to be removable by 

evaporation. After the maceration process, the plant material can be obtained by filtration in order to 
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perform successive extraction with fresh solvent. The solvent is removed from the extract by 

evaporation or drying [1,2,4].  

2.1.1.2 Soxhlet 

Soxhlet extraction was developed approximately 150 years ago [5]. The Soxhlet apparatus is a closed 

solvent circuit. The raw material is placed in a thimble and the solvent in the flask. Through refluxing 

and condensing, the solvent percolates the raw material and is rinsed back into the flask. The raw 

material is then extracted multiple times with fresh solvent. The advantages of the Soxhlet extraction 

are that only few amounts of the solvent are needed and it is hardly time consuming compared to 

maceration [6]. The disadvantage is that thermosensitive molecules can be degraded during the 

extraction process, because the solvent in the flask is always at its boiling temperature. 

2.1.2 Liquid-liquid extraction 

The liquid-liquid extraction can be performed analogously to the solid-liquid extraction. The partition 

coefficient of the solutes is the key parameter. Liquids involved are usually water (polar solvent) and 

an inorganic solvent (non-polar). The transfer of one or more solutes from one liquid phase to the 

other, generally from water to the inorganic solvent, is driven by the chemical potential. The solvent-

rich product is called the extract, and the residual solvent from which solutes have been removed is 

called the raffinate. Liquid-liquid extractions are performed in a separatory tunnel in the laboratory 

scale. [1,6,7] 

2.1.3 Hydro distillation 

Hydro distillation has been used in the manufacture and extraction of essential oils for centuries [8]. 

The etymology of the word attests to its traditional use. Indeed, “hydro” comes from Greek and 

signifies “water” and “distillation” from Latin “distillare”, meaning to drip. The raw material is placed 

in a flask with water, which is heated to boil. The high temperature destroys the plant matrix whereby 

the essential oil, which is not miscible with water at room temperature, is released. The oil forms a low 

boiling azeotrope with water, passes through a condenser, where it is separated by density difference 

into water and the essential oil phase. The duration of the distillation depends on the raw material, its 

preparation and on the nature of the essential oil. However, it is a time and energy consuming 

procedure to obtain the essential oil. Thermosensitive molecules can also be extracted using hydro 

distillation, because they are substantially less exposed to high temperature in comparison to Soxhlet.   

2.1.4 Green extraction 

The concept of green extraction was developed by F. Chemat et al. in 2012 on the basis of green 

chemistry, which was developed by P. Anastas and J. C. Warner in 1998 [9,10]. It is focused on reducing 
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environmental and health impacts of extraction processes. Six principles were listed as a guideline as 

follows: 

Principle 1: Innovation by selection and use of varieties of renewable plant resources. 

Principle 2: Use of alternative solvents, principally water or bio-based solvents. 

Principle 3: Reduction of energy consumption by energy recovery, using innovative technologies. 

Principle 4: Production of coproducts instead of waste to include in the bio- and agro-refining industry. 

Principle 5: Reduce unit operations and flavour safe, robust, and controlled processes. 

Principle 6: Aim for a non-denatured biodegradable extract without contaminants. 

Nowadays, because of the growing consumers’ awareness of safety and health aspects of 

manufactured products, especially in food and cosmetic industry, industry has to change or partially 

adapt its extraction processes to match the consumers’ perception and demand. Most of the solvents 

currently used in the industry are derived from crude oil, which is toxic for the human body and non-

degradable. Currently used solvents are often flammable, volatile, and responsible for the greenhouse 

effect and pollution. The use of alternative, green and bio-based solvents is a major challenge for the 

industry. Extraction of natural products is applied in almost every production process in the cosmetic, 

pharmaceutical, and food industry. Nowadays, the focus is set on protecting both the environment 

and the consumers.   

2.2 Isolation and identification techniques 

2.2.1 Thin layer chromatography   

Thin layer chromatography (TLC) works with two phases, one stationary phase, the plate, and one 

mobile, the solvent flowing on the plate. The two phases interact differently with the target molecules 

which should be isolated. The stationary phase is held in place while the mobile phase moves through 

the plate [11]. If the stationary phase is polar (e.g. SiO2), the chromatography is termed normal-phase 

chromatography (NP). On the contrary, a non-polar stationary phase (alkane-sidechain attached to the 

silanol on the plate, C18 for example) is referred to as a reversed-phase chromatography (RP-18). 

Commonly, TLC uses an aluminium plate coated with the stationary phase, silica gel (NP) or C18 

modified silica gel (RP-18). A drop of the extract solution is placed on the bottom of the aluminium 

plate, then the plate is placed in a chamber in contact with the mobile phase and is eluted. The TLC is 

a mandatory step to develop suitable mobile phases for column chromatography, as it can show how 

an extract will behave during column chromatography. 
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The mobile phase can be defined by the eluent strength, an empirical value of solvent. High values of 

eluent strength can be assigned to polar solvents, whereas low values to non-polar solvents. The eluent 

strength of a solvent mixture can be evaluated with equation 2, where ɛ0 is the eluent strength of the 

solvent mixture, ɛ0
i the eluent strength of the pure solvent i and νi the volume fraction of solvent i: 

ɛ0 =  ∑ 𝜈𝑖
𝑖

× ɛ𝑖
0 

 

(2) 

  Another empirical value used to define the elution efficacy of the mobile phase is the retention time 

Rf of a compound i. It is used for comparing and identifying compounds or families of molecules. The 

Rf value of a solute is defined as the distance dsolute travelled by the molecule divided by the distance 

dsolvent travelled by the solvent or solvent mixture, as shown in equation 3: 

𝑅𝑓 =
𝑑𝑠𝑜𝑙𝑢𝑡𝑒

𝑑𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 

 

(3) 

Theoretically, to have a god separation the Rf values should be between 0.2 and 0.6. 

2.2.2 Derivatisation reagents for the thin layer chromatography 

2.2.2.1 Anisaldehyde reagent  

Anisaldehyde reagent (AA) is a universal reagent to visualize natural oxidisable molecules such as 

phenols, glycosides, antioxidants, steroids, essential oils, terpenes, and carbohydrates. Compounds, 

which appear to be colourless on the TLC plate, can be visualised on the TLC plate by the anisaldehyde 

reagent. The reagent is sensitive to most functional groups except to alkenes, alkynes, and aromatic 

molecules (without other functional groups). The solution of anisaldehyde reagent is sprayed on the 

TLC plate, which is then heated for 2-10 min to 105-110°C. Depending on the molecule, different 

colours are produced upon heating, making the anisaldehyde reagent an excellent visualisation 

method for examining oxidizable compounds on TLC plates. 

2.2.2.2 Natural product reagent 

Natural product reagent (N) is an analytical reagent for the determination of flavonoids, isoflavonoids 

and vegetable acids by compound dependent colour changes due to complex formation with the 

reagent. Natural product reagent contains the active reagent diphenylboryloxyethylamin, which reacts 

with free hydroxy groups as described in Figure 1. 



8 
  

 

Figure 1: Mechanism of reaction of diphenylboryloxyethylamin with isoflavonoids. 

Therefore, the TLC plate is heated to 100°C to accelerate the formation of the flavonoids-diphenylboryl 

complex and then sprayed with natural product reagent. After about 15 minutes intensive 

fluorescence will occur depending on the structure of the molecule under 254 and 366 nm. Molecules 

with one hydroxy group will appear yellow, molecules with two hydroxy groups orange yellow and 

molecules with three hydroxy groups green. 

2.2.2.3 Vanillin reagent 

Just as anisaldehyde, the vanillin reagent (V) is used to detect oxidisable compounds and a universal 

reagent. The reagent is used for the detection of steroids, higher alcohols, phenols and essential oils. 

Two different solutions, one with vanillin and one with sulfuric acid, are sprayed on the TLC plate. Then 

it is heated for 3-5 min until colouration occurs. 

2.2.3 Column chromatography 

Column chromatography is widely used in a chemistry lab to separate molecules from an extract 

solution. It is based on different adsorption of the molecules to the adsorbent, the stationary phase. 

In most of the case, the adsorbent is silica gel, which is packed in a glass column. A glass frit at the end 

of the column holds the stationary phase in place. The eluent and the extract are then added on top 
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of the glass column to pass through the column by gravity. The molecules are percolating through the 

column with different speed rates (related to the different Rf values of the thin layer chromatography), 

allowing them to be collected in different fractions. The main advantage of a silica gel column is the 

low cost and disposability of the stationary phase used. 

2.2.4 High-performance liquid chromatography  

High-performance liquid chromatography (HPLC) is a very important separation method in chemistry. 

It is used to analyse and even isolate (with a preparative HPLC) molecules from a plant extract. The 

separation principle is based on the distribution of the molecules in the sample between a mobile 

phase (the eluent) and a stationary phase (adsorbent in the column). An HPLC is composed of several 

units: pumps, autosampler, UV detector. The autosampler is responsible for the injection of the sample 

onto the column. The pumps are responsible for keeping the mobile phase afloat through the column. 

The pumps can be operated with two different elution modes: isocratic, where the composition of the 

eluent does not change during the measurement, and gradient mode, where the composition of the 

eluent is varying. The presence molecules can be monitored by a UV detection system, either with one 

or more wavelengths, but other detection systems exists, such as refractive index detectors or 

evaporative light scattering detectors [12]. A good separation is achieved when the peaks are entirely 

separated in the chromatogram. The time taken for a molecule to travel through the column to the 

detector is known as its retention time. The retention time is characteristic for each molecule in the 

sample. Qualitative information on the molecule is provided with the retention time and the UV-

spectra, whereas quantitative information is given by the peak area [13,14]. The choice of the eluent, 

gradient conditions, and column depends on the nature of the sample´s components. The commonly 

used solvents are methanol (MeOH), acetonitrile (ACN), water, and isopropanol, sometimes with some 

additives like acetic acid, phosphoric acid or trifluoroacetic acid (TFA) to assure complete protonation 

of the target molecules and to prevent the detection of several peaks due to the presence of one 

molecule with different charges. Different columns are available for HPLC: in most of the cases people 

are working with a RP-18 or NP column. But other types of columns such as phenyl, diphenyl, diol or 

chiral columns exist, too. The choice of the packaging material of the column is strongly depending on 

the structure of the molecules in the sample. A preparative HPLC is composed of the same units as a 

classic HPLC, just a fraction collector is added after the UV-detector in order to collect the separated 

compounds. 

2.2.5 Optical density measurement 

 Optical spectroscopy is a method widely used in research for the study of molecules, as well as 

production and quality control [15,16]. The basis for optical spectroscopy is the interaction of light with 
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the sample. It is based on the transmission of light or other electromagnetic radiation through matter. 

The emission and absorption depend on the wavelength of the radiation. When light passes through a 

sample, certain wavelengths can be absorbed resulting in colouration when the absorption is located 

between 400 and 800 nm. The remaining light, which is not absorbed, can be recorded as a function 

of wavelength by a suitable detector, generating a UV/Vis spectrum, which is characteristic of the 

analysed sample. For quantification purposes the wavelength of highest absorption (λmax) is of 

importance. When starting a measurement, a blank is taken (only the solvent without the sample) to 

subtract the solvent absorbtion. Then the sample is irradiated by light with an intensity I0. The detector 

measures the remaining light intensity I after passing through the sample and the absorbance A is then 

calculated, as described in equation 4. The ratio between I0 and I is called the transmittance. 

𝐴 = 𝐿𝑜𝑔 (
𝐼

𝐼0
) = 𝐿𝑜𝑔(𝑇) (4) 

The Lambert-Beer´s Law finally links the measured absorbance A to the concentration c of the sample, 

as described in equation 5, where ɛ is the molar extinction coefficient and L the illuminated layer 

thickness: 

𝐴 =  ɛ ×  L ×  c  (5) 

2.3  Dynamic light scattering 
If light hits matter, light can be absorbed (cf. Optical density measurement, section 2.2.5) or scattered. 

Light scattering is used to study the presence and size of colloids, aggregates, micelles, or 

macromolecules in solutions. The dynamic light scattering (DLS) technique measures Brownian motion 

and correlates it to the particles´ size. The Brownian motion is the random movement of particles 

suspended in a medium, the solvent. The larger the particle is, the slower the Brownian motion. The 

sample is illuminated by a laser beam and the intensity of fluctuations of the scattered light due to the 

Brownian motion of the particles is detected at a scattering angle Ɵ by a detector.  The detection of 

scattered light is the result of destructive and constructive phases. The autocorrelator correlates this 

intensity fluctuations over time and an intensity correlation function G2(τ) can be generated, as 

described in the equation 6. It describes the Brownian motion of the particles in the sample and is 

expressed as an integral over the product of intensities at time t and delayed time (t+τ), where τ is the 

lag time [17]. 

𝐺2(𝜏) = < 𝐼(𝑡). 𝐼(𝑡 + 𝜏) >  (5) 

For most of the cases, the correlation function is an exponentially decaying function of the time delay 

τ (monodisperse particle size). By fitting this correlation function, a translational diffusion coefficient 

can be extrapolated and then with the use of the Stokes-Einstein equation the hydrodynamic radius 
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can be calculated. The hydrodynamic radius is the radius of a hypothetical sphere diffusing at the same 

rate as a particle. DLS measurements were proven to be useful to examine and characterize surfactant-

free microemulsions (SFME) [18,19]. 

2.4 Surfactant-free microemulsions 
An emulsion is a mixture of two immiscible liquids, commonly water and an oil, where no apparent 

phase separation but a turbidity is observed.  Two types of emulsions are distinguished: oil in water 

(O/W) and water in oil (W/O). One phase is dispersed as droplets in the other outer phase, the 

continuous phase. The size of the droplets characterizes the name of the emulsion: if the droplet size 

is between 0.1 and 10 µm, it is spoken of a macroemulsion. If the droplet size is under 100-200 nm, a 

microemulsion is present. Macroemulsions are only kinetically stable. Over time a macroemulsion will 

revert back to their separate phases. On the contrary, microemulsions are thermodynamically stable. 

A microemulsion is considered as a one-phasic and isotropic solution containing water, oil, and a 

surfactant. Its formation is spontaneous and does not require any input of energy, in contrast to 

emulsions. Surfactant-free microemulsions (SFMEs) are a special case of microemulsion as they 

consist, like emulsions, of two immiscible liquids, an aqueous phase (often water), an organic phase 

(oil), and a third component called “co-solvent”. SFMEs, as indicated in the name, are without 

surfactant [19,20]. The “co-solvent”, sometimes called amphi-solvent, is an amphiphilic molecule and 

partially or completely miscible with the aqueous and organic phase. The role of the “co-solvent” is to 

enhance the solubility of the organic phase in the aqueous phase, e.g. to reduce the miscibility gap 

between them.  

SFMEs are widely studied in the literature. One example of SFMEs is the ternary mixture composed of 

water, ethanol (EtOH), and octanol [21–24]. In this ternary system, Zemb et al. have examined the pre-

Ouzo and Ouzo effect in this SFME [19]. They observed scattering signals in the monophasic region 

inducing a structuring in the domain near to the phase separation border. The effect behind the 

formation of this structuring was named pre-Ouzo [25]. The name takes its origin in the Ouzo effect, 

which can be observed in emulsions. The Ouzo effect describes a spontaneous emulsification, 

happening during the addition of water to a binary mixture of octanol/EtOH. The same effect appears 

with the beverage Ouzo, a drink containing EtOH and anethole, which turns turbid (milky) upon the 

addition of water while being still stable against macroscopic phase separation into two layers. SFMEs 

are of great importance in the industry as the absence of surfactant is a big advantage. Indeed, the use 

of surfactants leads to several problems: irritating taste, not always bio-degradable, poisoning of the 

aquatic life if their waste ends up in the groundwater, skin irritation, influence on enzymes, or 

accumulation in the body. 
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2.5 NMR and NOESY 

2.5.1 NMR 

Nuclear Magnetic Resonance (NMR) spectroscopy is used in research and quality control as analytical 

technique for determining the content and purity of sample or for structure elucidation [26–28]. NMR 

is based on a simple principle: all nuclei have a spin and are electrically charged. When placed in a 

magnetic field, nuclei absorb electromagnetic radiation and an energy transfer takes place from base 

energy to a higher energy level. When the spin returns to its base level, the corresponding emitted 

energy is measured and processed in order to obtain an NMR spectrum of the concerned nuclei. A 

signal in the NMR spectrum is referred to as a resonance. The frequency of a signal is known as its 

chemical shift. The chemical shift is defined by the resonant frequency of a nucleus relative to a 

standard in a magnetic field and depends of the nucleus’ chemical environment. It gives information 

about the composition of atomic groups within the molecule and adjacent atoms. The signal intensity 

is used to determine proportions of different compounds in a mixture.  

2.5.2 NOESY 
1H-1H NOESY (Nuclear Overhauser Effect SpectroscopY) is a 2-D NMR experiment. It uses the Nuclear 

Overhauser Effect (NOE) to provide information about which proton resonances are from protons 

which are close together in space. The basic pulse sequence consists of three 90° pulses. The pulse 

sequence is shown in Figure 2. 

 

Figure 2: Schematic representation of the three pulses sequence [29].  

A first excitation 90° 1H pulse creates transverse spin magnetisation. The spins precess during a 

defined waiting time t1. A second 90° 1H pulse creates a longitudinal magnetisation, where 

magnetisation transfer via cross-relaxation takes place during a defined mixing time tm. The mixing 

time tm should be between half t1 and t1 to ensure good sensitivity. A third 90° pulse creates transverse 

spin magnetisation from the remaining longitudinal magnetisation and acquisition takes place during 

a defined time t2. The NOESY spectrum is generated by a Fourier transformation, which contains cross-

peaks when magnetisation transfer has occurred during the mixing time tm. In this thesis, NOESY 

spectra were measured for structure elucidation, especially for isoflavones and benzophenones.  
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3 Green and sustainable extraction of curcuminoids 

from the rhizome of Curcuma longa 

3.1 Introduction 

Curcuma longa (C. longa), commonly called turmeric, is a perennial, rhizomatous and herbaceous 

plant, and belongs to the Zingiberaceae family (ginger). The plant is cultivated predominantly in the 

Indian subcontinent and Southeast Asia. It is only known as a domestic plant and not found in the wild. 

Turmeric plants reach about one meter in height. The flowers are yellow-white and bloom in summer. 

The leaves are large, oblong, dark green on the upper surface and emerge from the branching 

rhizomes. The rhizome is thick, branched, pale yellow to brown-orange, and ringed with the bases of 

old leaves. Turmeric can only be reproduced via its rhizomes. A botanical view of C. longa is shown in 

Figure 3.  

 

Figure 3: Botanical overview of C. longa (from Koehler's Medicinal-Plants). 

The rhizomes are the source of the bright yellow-orange, powdery spice known around the world and 

sold as turmeric. Curcuminoids are responsible for the colour of the rhizomes [30]. The curcuminoids 
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are natural phenols, which constitute about 0.1 to 6 % of the dried turmeric [30,31]. There are many 

different curcuminoids, which can be found in C. Longa the three most famous are: curcumin 

(curcumin I), demethoxycurcumin (curcumin II), and bisdemethoxycurcumin (curcumin III) [32–34]. 

They can be distinguished from each other by the number of methoxy groups on the aromatic ring, as 

shown in Figure 4. 

 

Figure 4: Structure of curcumin (top), demethoxycurcumin (middle) and bisdemethoxycurcumin (bottom). 

The term curcumin, in general, can be used to represent all curcuminoids found in C. longa. The 

curcuminoids are non-toxic to humans and insoluble in water at physiological or acidic pH, slightly 

soluble in water at alkaline pH, and highly soluble in oil and non-sustainable solvents such as acetone 

or MeOH [35,36]. C. longa has been used for centuries worldwide, particularly in Asia and especially in 

India, as a culinary spice and colouring agent, food preservative, and antioxidant in the food industry 

and as an anti-inflammatory, therapeutic agent or dietary supplement in the pharmaceutical industry 

[37–42]. Besides the curcuminoids, other phytochemicals and essential oils (0.1 to 2% of the dried 

turmeric) can be found in C. longa [43–46]. 

Nowadays, various extraction methods and solvents are found in the literature. The most common 

extraction methods are Soxhlet, ultrasonic, solvent, microwave, or supercritical carbon dioxide 

extraction [47–50]. Conventionally, non-sustainable and toxic solvents are used, such as MeOH, 

acetone, and petroleum ether. They have to be removed after the extraction. One of the first 
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challenges for the industry is the replacement of these extraction solvents by harmless, green, and bio-

based solvents [9]. Indeed, due to the growing current consumers´ perception of the safety and health 

of food formulations, the development and extraction of natural dyes is more and more important for 

the food industry [51–54]. The use of synthetic dyes, such as tartrazine (E102, Figure 5), one of the 

most popular synthetic azo-dyes (because of its low price, high solubility in water, stability against UV-

light and oxidative stress, and the small necessary amount to colour the food), does not match with 

the consumers´ perception anymore (tartrazine can be responsible for allergic reactions and 

hyperactivity in children) [53]. However, tartrazine is still permitted in the food industry (reference 

daily intake <7.5 mg/kg body weight [51]), but the food formulations, which contain tartrazine, have 

to carry a warning label: “May have an adverse effect on activity and attention in children”.   

 

Figure 5: Structure of tartrazine. 

Curcuminoids are among the potential natural dyes that are an excellent alternative to tartrazine. They 

are basically non-toxic and biodegradable [35]. Nevertheless, the poor water solubility is a drag to its 

extraction and use in the food industry. In the industry, the curcuminoids are extracted with EtOH or 

aqueous EtOH solutions (it is the most popular sustainable alternative). To obtain a powder, they are 

recrystallised from the aqueous EtOH solution. Before extraction and recrystallisation, the essential 

oils present in the turmeric rhizomes need to be removed [55]. To remove them, toxic and volatile 

solvents such as hexane or pentane are used. Curcumin is then obtained from unflavoured C. longa. 

Many studies have shown that supercritical carbon dioxide could be an alternative to unflavour the 

turmeric [55,56]. In the literature, the binary mixture EtOH/H2O (80/20 in volume or weight) is 

commonly used as a reference, but the extraction yield of the curcuminoids remains low and needs, 

therefore, further optimisation. Another way to extract the curcuminoids from C. longa is the use of 

hydrotropes. A hydrotrope is a small amphiphilic molecule and highly soluble in water [57]. The 
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difference compared to a surfactant is the non-polar part, which is much smaller than the hydrophobic 

part of a surfactant. Hence, hydrotropes cannot build defined structures such as micelles or liquid 

crystals in water. Often, they form aggregates in water in the presence of a hydrophobic compound, 

which allows the latter to be dissolved in an aqueous phase [58]. The concentration which is needed 

to dissolve a hydrophobic compound in water is called the minimum hydrotropic concentration (MHC). 

Different types of hydrotrope exist: non-ionic ones such as EtOH, urea, or nicotinamide and ionic ones 

such as sodium salicylate (NaSal), sodium xylene sulfonate (SXS), or sodium benzoate. In the literature, 

different hydrotropes (NaSal, SXS or sodium cumene sulfonate for example) have been used to 

solubilize and extract the curcuminoids by Dandekar et al [59]. However, the used hydrotropes are 

petroleum-based, non-green, and exhibit low extraction efficiencies as compared to the standard 

solvent extraction. In this thesis, a mixture of water, EtOH, and triacetin (TriA) has been used as an 

extraction system and compared with Soxhlet, the common green extraction mixture EtOH/H2O, and 

other solvents. TriA is a triglyceride and is widely used in the food industry as a food additive, solvent, 

or humectant (E1518). The advantage of the mixture of water, EtOH, and TriA is the fact that the 

mixture is entirely green, bio-based, and sustainable [60]. Therefore, it could be a promising alternative 

for the extraction of the curcuminoids from C. longa. Another ternary mixture consisting of NaSal, 

water, and ethyl acetate (EtOAc) will also be used as an extraction medium [61]. NaSal is not food-

approved but it is used a preservative in the cosmetic, pharmaceutical, and also the food industry, 

unless it is ingested. 

After the extraction, the second challenge of using curcuminoids is their stability as powder or in 

solutions. The major problems with the curcuminoids are their instability against UV-light, alkaline and 

physiological pH, oxidation, and temperature [35,36,62–65]. Elevated temperatures degrade the 

curcuminoids, which is also a problem for their extraction [66]. Indeed, before extraction, the rhizomes 

of C. longa get unflavoured and one of the commonly used methods to extract essential oils is the 

hydro distillation. But this method is not used to obtain unflavoured turmeric because the 

curcuminoids get strongly degraded during the process. In alkaline and physiological solutions, the 

hydroxide catalyses the degradation of the curcuminoids. Several different products can be formed 

during the degradation of the curcuminoids, such as vanillin, acetone, ferulic acid, hexahydrocurcumin, 

or bicyclopentadione. One of the main mechanisms of degradation of curcumin is the autoxidation 

with the help of dissolved oxygen. Indeed, the role of oxygen radicals on the degradation of the 

curcuminoids is well known in the literature and has been studied over decades [35,63,67]. Moreover, 

curcuminoids are also known for being antioxidants [68–70]. This means that the curcuminoids react 

preferably with oxygen species. Antioxidants are food additives in the cosmetic, pharmaceutical, or 
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food industry and used to prevent the oxidation of the formulation caused by oxygen. In this study, 

the stability of curcumin against UV-light in the different extract medium has been studied. Moreover, 

the role of NaSal, a charged hydrotrope as antioxidant and potential stabiliser for the curcuminoids 

will be investigated more deeply. The addition of different additives such as meglumine (solubilizer) 

and pyroglutamic acid (PCA, hydrotrope) to the extraction medium has been explored for the 

extraction and stabilisation of the curcuminoids [71]. Meglumine, N-methyl glucamine, is a sugar-

based, biodegradable pharmaceutical excipient. Meglumine is well known and widely used in the 

pharmaceutical industry to improve the solubility of poorly water-soluble drugs in water [72–74]. It is 

already used to solubilize antimonate (treatment against Leishmaniasis), gadoteric acid (contrast agent 

for magnetic resonance imaging), or ioxaglic acid (contrast agent for angiography) [75–78]. PCA is a 

small amphiphilic molecule, which is present in the human skin and could be used as hydrotrope for 

the extraction of the curcuminoids. It is a non-essential nutrient and is biosynthesised by the body 

[79,80]. The difference between the other used hydrotropes in the literature and PCA is that PCA is 

allowed in the food, cosmetic, and pharmaceutical industries. 
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3.2 Material and methods 

3.2.1 Material 

All used chemicals and materials are summarised in Table 1 and Table 2. 

Table 1: Listing of all used chemicals. 

Chemicals 

Name Purity Description/Grade 
Company  

(city, country) 

Curcumin > 97% 
synthetic 

phytochemical 
TCI (Eschborn, Germany) 

Demethoxycurcumin ≥ 98% 
synthetic 

phytochemical 
Merck (Darmstadt, Germany) 

Bisdemethoxycurcumin > 98% 
synthetic 

phytochemical 
Merck (Darmstadt, Germany) 

Curcuma longa n.a. turmeric powder Kwizda (Linz, Austria) 

Curcuma longa n.a turmeric powder 
Wagner Gewürze GmbH 

(Schwäbisch Gmünd, Germany) 

Curcuma longa n.a turmeric powder 
Schuhbeck´s Gewürze GmbH 

(München, Germany) 

Curcuma longa n.a turmeric powder Sonnentor (Sprögnitz, Austria) 

Curcuma longa n.a turmeric powder 
Lebensbaum GmbH  

(Overath, Germany) 

Sodium salicylate 

(NaSal) 
> 99.5% white powder Merck (Darmstadt, Germany) 

Meglumine > 99% ReagentPlus® Merck (Darmstadt, Germany) 

Pyroglutamic acid 

(PCA) 
> 99% white powder Merck (Darmstadt, Germany) 

D-Glucamine > 97% white powder TCI (Eschborn, Germany) 

D-(+)-Glucosamine 

hydrochloride 
> 98% white powder TCI (Eschborn, Germany) 

Sodium hydroxide 

(NaOH) 
≥ 98% 

pro analysi (p.a.), 

pellets 
Merck (Darmstadt, Germany) 

NaOH  n.a. 1mol/L Carl ROTH (Karlsruhe, Germany) 

Sodium Bromide 

NaBr 
n.a. extra pure Merck (Darmstadt, Germany) 

Hydrochloric acid (HCl)  n.a. 1mol/L, Titripur® Merck (Darmstadt, Germany) 

Ethanolamine n.a. for synthesis Merck (Darmstadt, Germany) 

Diethanolamine ≥ 98%  Merck (Darmstadt, Germany) 
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Triethanolamine n.a. p.a. Merck (Darmstadt, Germany) 

Triacetin (TriA) 99% food grade, FCC Merck (Darmstadt, Germany) 

Diacetin (DiA)    

Ethanol (EtOH) ≥ 99.8% 
p.a.,  

Rotipuran® 

Merck (Darmstadt, Germany)  

or  

Carl ROTH (Karlsruhe, Germany) 

Acetone ≥ 99.5% p.a. Merck (Darmstadt, Germany) 

Acetonitrile n.a. 
HPLC grade, 

LiChrosolv® 
Merck (Darmstadt, Germany) 

Acetic acid ≥ 99.8% p.a. Merck (Darmstadt, Germany) 

Ethyl acetate (EtOAc) ≥ 99.8% 
analytical reagent 

grade 

Thermo Fisher Scientific 

(Steingrund, Germany) 

Toluene ≥ 99.8% 
analytical reagent 

grade 

Thermo Fisher Scientific 

(Steingrund, Germany) 

Methanol (MeOH) n.a. 
HPLC grade, 

LiChrosolv® 
Merck (Darmstadt, Germany) 

Sulfuric acid 95-97% 95-97% p.a. Merck (Darmstadt, Germany) 

Anisaldehyde (AA) ≥ 97.5% FCC, Kosher Merck (Darmstadt, Germany) 

Anisaldehyde reagent 

(AA reagent) 
n.a. 

AA: 0.5 mL 

acetic acid: 10 mL 

MeOH: 85 mL 

sulfuric acid: 5 mL 

n.a. 

Dimethylsulfoxide-d6 99.8% NMR solvent Deutero (Kastellaun, Germany) 

D2O 99.96% NMR solvent Deutero (Kastellaun, Germany) 

Water millipore 
Milli-Q purification 

system  
Merck Millipore (Billerica, MA USA) 
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Table 2: Listing of all used materials. 

Materials 

Name Description Company 

Cellulose filter 
grade 1289, diameter 240mm, 

84 g/m² 

Sartorius (Göttingen, 

Germany) 

Syringe filter 0.2 
0.2 µm PTFE or CA Membrane, 

diameter 13 or 25mm 

VWR international 

(Ismaning, Germany) 

Syringe filter 0.45 
0.45 µm PTFE or CA 

Membrane, diameter 25 mm 

VWR international 

(Ismaning, Germany) 

Silica gel plate TLC silica gel 60 F254 20x20 cm Merck (Darmstadt, Germany) 

Centrifuge tube 
50 mL, PP, 20 000 g,  

Conicol-Bottom, sterile or not 

VWR international 

(Ismaning, Germany) 

GC-HPLC vials 
brown glass 1.5 mL ND9 

with screw caps 

Carl ROTH (Karlsruhe, 

Germany) 

DC Chamber 
twin through chamber for 100 

x 100 mm plates 
Camag (Muttenz, Switzerland) 

NMR tubes 
NMR tubes borosilicate length 

8 inch 
Deutero (Kastellaun, Germany) 

Tube for DLS 
Tube, culture, disposable, 

10x75mm, borosilicate 

Corning Incorporated  

(New York, USA) 

Pipette tips 10, 100, 200, and 1000 µL 
VWR international 

(Ismaning, Germany) 

 

3.2.2 Methods   

3.2.2.1 H2O/EtOH/TriA and H2O/EtOH/DiA 

3.2.2.1.1 Ternary phase diagram  

The different ternary phase diagrams were recorded at 25°C. 3 g samples of a binary mixture 

(EtOH/TriA, EtOH/H2O and EtOH/DiA ranging from 100/0 to 0/100 with a step of 10 in weight percent) 

with a defined composition were prepared. The third component (H2O, TriA, and DiA respectively) was 

then added dropwise to the binary mixture until a change in phase behavior occurred (the solution 

became turbid or clear). The samples were mixed manually or with a vortex if needed. The needed 

amount of the third component was recorded to obtain the miscibility gap and, therefore, the desired 

ternary phase diagram. 

3.2.2.1.2 Dynamic light scattering 

DLS measurements were performed at 25°C with an ALV/CGS-3 goniometer with an ALV/LSE-5004 

correlator. The solutions (for the compositions see Table S 1 of the Appendix) were measured in 



 

21 
 

borosilicate glass tubes. To remove dust and impurities, the tubes were cleaned with acetone (in a 

distillation apparatus) and the solutions were filtered with 0.2 µm syringe filters before the 

measurement. All solutions were recorded for 300s.  

3.2.2.1.3 Conductivity measurement  

Conductivity measurements were carried out with a low-frequency WTW inoLab Cond730 conductivity 

meter, connected with a WTW TetraCon325 electrode (Weilheim, Germany) at 25.0 ± 0.2°C 

(thermostatic measuring cell) under constant stirring at 500 rpm. 20 g of samples (EtOH, DiA, binary 

mixture EtOH/TriA, and DiA/TriA) containing 0.2 wt% of NaBr (to ensure a sufficient amount of charge 

for the conductivity) were filled into the measuring cell. The samples were successively diluted with 

pure water and the related conductivity was noted. 

3.2.2.1.4 Solubility measurements  

Optical density measurements were carried out via UV/Vis, using a Lamda 18 UV/Vis spectrometer by 

Perkin Elmer (Waltham, USA) at 422 nm. The examined solutions (5 g of each sample) were saturated 

with curcumin under constant stirring (750 rpm) at room temperature to find the optimum in the 

binary mixtures (EtOH/TriA and EtOH/DiA going from 100/0 to 0/100 with a step of 10). After that, the 

saturated solutions were filtered (syringe filter PTFE 0.2 µm) and analysed via UV/Vis. Then, water was 

added to this optimum binary mixture and the maximum solubility of curcumin was examined again. 

Before the measurements, all of the samples were adequately diluted 1000-fold with acetone 

(extinction coefficient 0.138 L.g-1.cm-1). A calibration curve in acetone was done with curcumin 

(maximum absorbance at 422 nm (Y) against the concentration in g/L (X), Y = 0.138 * X , R² = 0.9997). 

3.2.2.1.5 Stability of curcumin in binary solvent mixtures 

Binary mixtures (EtOH/TriA 40/60 and DiA/TriA 60/40 in weight) were saturated with curcumin (under 

constant stirring (750 ppm) for one hour) and the stability of curcumin at daylight, in darkness, and in 

darkness at 8°C was carried out via UV/Vis measurements, as described in section 3.2.2.1.4. The 

stability of curcumin in the binary mixture of EtOH and TriA stored in a brown and blue glass bottle 

was also investigated via UV/Vis. 

3.2.2.1.6 Curcuminoid content of different C. longa powders 

2 g of C. longa was extracted using a Soxhlet apparatus with 50-60 mL of acetone. Turmeric powders 

from different brands were used: Wagner, Schuhbeck, Sonnentor, and Lebensbaum. After the 

extraction (extraction time of about five hours), the presence of curcuminoids in the extract solutions 

was tested via TLC. A defined sample volume of 4 µL was spotted using a glass syringe of 100 µL 

(Hamilton, Switzerland) and a Linomat 5 from CAMAG (Berlin, Germany), on a TLC plate (silica gel). 

Then, the TLC plate was eluted with a mixture of toluene and acetic acid (40/10, v/v). Derivatisation of 
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the TLC plate was carried out with anisaldehyde reagent (AA reagent). Pictures were taken before and 

after derivatisation. 

3.2.2.1.7 Extraction procedure with C. longa from Wagner 

C. longa (Wagner) was extracted in centrifuge tube with different extraction mixture compositions 

(EtOH/TriA, H2O/EtOH/TriA, DiA/TriA, and H2O/DiA/TriA) under constant stirring at room temperature 

for one hour. The weight ratio of C. longa to extraction mixture of 1 to 5 was used for the extraction. 

The extract solutions were then centrifuged (4200 g for 10 min), filtered (EtOH/TriA system with 0.2 

µm syringe filter, DiA/TriA system with 0.45 µm) and the curcuminoid extraction efficiency was 

measured via UV/Vis.  

3.2.2.1.8 High-Performance-Liquid-Chromatography method 

The curcuminoid content of the extract solutions was analysed by HPLC using the following HPLC 

system: Waters HPLC system with two Waters 515 HPLC pumps, Waters 717 autosampler, Waters 2487 

UV/Vis detector, ACE Equivalence 3 C18-Column (110A°, 3 µm, 150x2.1 mm) and Empower® as 

software. Table 3 summarizes the used gradient method and the different parameters of the HPLC. 

Each sample was made in triplicate and eluted three times. Three calibration curves of the 

curcuminoids (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) were recorded in the 

concentration range of 0.04 to 0.2 mg/mL, as shown in Figure S 1 of the Appendix. The same gradient 

method and parameters, as described in Table 3, were used. 

Table 3: Parameter and gradient method used for the HPLC system. 

Parameters 
Gradient method 

Solvent A Solvent B Time (min) 

Temperature 40 °C 60-40 40-60 0-17 

Flow 0.4 mL/min 40-0 60-100 17-18 

Injection volume 10 µL 0 100 18-24 

Solvent A 
H2O with 0.3 % of 

acetic acid 
0-60 100-40 24-25 

Solvent B Acetonitrile 60 40 25-32 

   

3.2.2.1.9 Determination of the curcuminoid content  

2 g of C. longa (Kwizda) was extracted using a Soxhlet apparatus with 50-60 mL of acetone. After the 

extraction process, the extract solution was filtered using cellulose filter, put in a volumetric flask, 

topped off with acetonitrile, diluted 50-fold, and finally eluted by HPLC (average of three runs), as 
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described in section 3.2.2.1.8. The Soxhlet extraction was done in triplicates and the curcuminoid 

content was then determined using the calibration curves (Figure S 1 of the Appendix). 

3.2.2.1.10 Determination of the best ratio C. longa to extraction mixture 

4 g of C. longa (Kwizda) was extracted at different weight ratios C. longa to binary mixture EtOH/TriA 

40/60 (w/w) under constant stirring for one hour at room temperature in a centrifuge tube. Different 

weight ratios from 1:2 to 1:7 (C. longa to EtOH/TriA) were investigated. After that, all the extract 

solutions were centrifuged (4200 g for 10 min), filtered with cellulose filters, put in volumetric flasks, 

topped off with acetonitrile, diluted 25-fold, filtered through 0.2 µm syringe filters into HPLC glass 

bottles, and finally eluted by HPLC. All the samples were eluted three times through the HPLC and 

made in triplicates. The curcuminoid content of each extract solution was determined using the 

calibration curves (Figure S 1 of the Appendix). 

3.2.2.1.11 Extraction procedure 

The same extraction procedure, as described before in section 3.2.2.1.10, was used with a constant 

weight ratio C. longa to extraction mixture of 1:4. Therefore, 4 g of C. longa was extracted with 16 g of 

extraction mixture. Different extraction mixtures were investigated (see Table S 2 of the Appendix). 

The same procedure, as described before in section 3.2.2.1.10, was used to determine the curcuminoid 

content of all extract solutions. All samples were made in triplicates. 

3.2.2.1.12 Extraction and enrichment procedure 

The same extraction, as described in section 3.2.2.1.10, was used with two different weight ratios C. 

longa to extraction mixture: 1:16 and 1:24. Therefore, 2 g of C. longa was extracted with respectively 

32 g and 48 g of different extraction mixture compositions. The same extraction mixture compositions 

of EtOH/TriA and H2O/EtOH/TriA (see Table S 2 of the Appendix) were investigated. After the 

extraction, the extract solutions were centrifuged (4200 g for 10 min), the supernatant was collected 

and 2 g of fresh C. longa was added again (one cycle). After several cycles (2, 3 and 4), the curcuminoid 

content was determined, as described in section 3.2.2.1.10. All samples were made in triplicates. After 

each cycle and for all extract solutions with the two different weight ratios, the amount of solvent loss 

was also determined. 

A preliminary test was done via UV/Vis with C. longa (Wagner). 2 g of C. longa was extracted with 32 

g of the binary mixture EtOH/TriA 60/40 in weight (ratio C. longa to extraction mixture of 1 to 16) with 

the same extraction procedure as described above. Before all measurements, the samples were 

adequately diluted with acetone.   
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3.2.2.1.13 Distillation 

C. longa (Kwizda) was distillated using a Clevenger apparatus for two hours (1 g of C. longa for 8.5 g of 

water). Then, a binary mixture of EtOH/TriA (40/60, w/w) was added to the distillation flask to start 

the extraction (composition of the extraction mixture after addition of the binary mixture: 

H2O/EtOH/TriA 40/24/36 in weight). Then, the same extraction and analytical procedures, as described 

in section 3.2.2.1.10, were used to determine the curcuminoid content (weight ratio C. longa to 

extraction mixture: 1:20). Moreover, the purity of the extract solution (approximation based on area 

percent by HPLC: area of the three curcuminoid peaks divided by the area of all the peaks) was also 

determined. A reference extraction with the same weight ratio (1:20) but without distillation was also 

done for comparison. All samples were made in triplicates.  

3.2.2.1.14 Vacuum distillation 

C. longa (Kwizda) was distillated under vacuum three times at 30°C using a water bath (1 g of C. longa 

for 10 g of water). To this purpose, C. longa was put with water in a 50 mL flask connected to a reflux 

condenser, a 100 mL flask (for the distillate) and a vacuum oil pump. After each distillation cycle (three 

in total), half of the initial amount of water in the distillation flask was accumulated as distillate in the 

100 mL flask. The collected water as distillate was replaced in the distillation flask by the corresponding 

mass of fresh water. After three times, a binary mixture of EtOH/TriA (40/60 and 65/35, w/w both) 

was added to the distillation flask to start the extraction procedure (compositions of the extraction 

mixture after addition of the binary mixture: H2O/EtOH/TriA 40/24/36 and H2O/EtOH/TriA 

50/32.5/17.5 in weight). After that, the same extraction and analytical procedures, as described in 

section 3.2.2.1.10, were used to determine the curcuminoid content (weight ratio C. longa to 

extraction mixture: 1:26.5). Moreover, the purity of the extract solutions, as described in section 

3.2.2.1.13, was also determined. All samples were made in triplicates. 

3.2.2.1.15 Lyophilisation 

2 g of C. longa (Kwizda) with 30-35mL of water in a centrifuge tube was freeze-dried several times (3-

6 times). After each freez-drying cycle, approximately the same initial mount of water was added to 

the 2 g of dried C. longa. After 3, 4, 5 and 6 cycles of freeze-drying, the 2 g of dried C. longa were 

extracted, using the same extraction procedure as described in section 3.2.2.1.10, with two different 

ternary extraction mixtures (H2O/EtOH/TriA 40/24/36 and H2O/EtOH/TriA 50/32.5/17.5 in weight) 

with a weight ratio C. longa to ternary extraction mixture of 1:8. The same analytical procedure, as 

described in section 3.2.2.1.10, was used to determine the curcuminoid content. Moreover, the purity 

of the extract solutions after each cycle, as described in section 3.2.2.1.13, was also determined. All 

samples were made in triplicates.  
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3.2.2.1.16 Water solubility and stability of the extracts 

0.1 mL of purified curcuminoid extract (via lyophilisation (4, 5 and 6 times, cf. 3.2.2.1.15)) were diluted 

in 10 mL of water. The half of the diluted curcuminoid extract was stored at daylight and room 

temperature and the other half in darkness at room temperature. Photos were taken after 3, 14 and 

30 days to investigate the colour stability of the diluted extracts. The colour stability of the purified 

curcuminoid extracts were also investigated by the same way.  

3.2.2.2 (Meglumine/PCA/H2O)/EtOH/TriA 

3.2.2.2.1 Solubility of curcumin in water with different additives 

18 g of a sample containing 5 wt% meglumine in water was divided in 6 identical samples of 3 g. 

Curcumin was added (150 mg) to all the samples. After 10, 20, 30, 40, 50 and 60 minutes, one sample 

was filtered (0.45 µm CA) and measured via UV/Vis (2000-fold in acetone). 

The maximum solubility of curcumin was investigated as described in section 3.2.2.1.4. Different 

additives (triethanolamine, diethanolamine, ethanolamine, D-glucamine, meglumine, D-(+)-

glucosamine (at pH 11 and 12, adjusted with NaOH tablets) and NaOH) were solubilised in water at 

different weight concentrations (1, 3, 5, 7, 10 and 15 wt%). For NaOH, the pH of the water was adjusted 

to 11.5. Before measurement, the solutions were adequately diluted with acetone (2000-fold for 

meglumine and D-(+)-glucosamine at pH 11 and 12, 5000-fold for ethanolamine, 1000-fold for 

diethanolamine and D-glucamine, 100-fold for triethanolamine and NaOH). All the measurements 

were made in duplicate. 

For the hydrotropic curve, different amounts of PCA, NaSal, or EtOH were solubilised in water (3 g 

samples). Then, the solutions were saturated with curcumin overnight at room temperature. After the 

solubilisation process, the solutions were filtered (0.2 µm syringe filter) and the maximum solubility of 

curcumin was investigated via UV/Vis measurements. The solutions were diluted with acetone before 

measurement (500-fold for PCA and NaSal and 1000-fold for EtOH) 

3.2.2.2.2 Stability of curcumin in water with different additives 

The stability of solutions containing 15 wt% of additives (same as described above in section 3.2.2.2.1, 

only the additives were tested and not the different hydrotropes) were investigated under constant 

lighting (30 W corresponding to 150 W halogen lamp). The stability was investigated via UV/Vis 

measurements with the same dilutions in acetone as described previously. All the measurements were 

made in duplicate. The pH of the solution after saturation with curcumin was measured using a VWR 

phenomenal 211 electrode connected to a VWR phenomenal instrument (pH 1000 L). 
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3.2.2.2.3 Nuclear magnetic resonance experiment 

Heteronuclear Multiple Bond Correlation (HMBC) experiments were conducted using a Bruker Avance 

III HD-400 NMR-spectrometer (Billerica, MA, USA) operating at 400 MHz. Two identical samples (34 

wt% of PCA in 66 wt% of water) at two different pH (1.3 and 10.2) were measured. The first sample 

with an initial pH of 1.3 (without any additives). The pH value 10.2 of the second sample was adjusted 

using NaOH tablets. Approximately, 0.8 mL of the samples was filled in the NMR tube. The sample at 

pH 10.2 was measured with an insert containing D2O so that D2O is not in contact with the sample. 

Different mole ratios of curcumin to meglumine (1/4, 1/3, 1/2, 1/1, 2/1, 3/1 and 4/1) were investigated 

via NMR (1H-NMR). Curcumin and meglumine were solubilised in DMSO-d6. Curcumin and meglumine 

alone were also measured as references. Rotating frame Overhauser Enhancement SpectroscopY 

(ROESY) experiments were also done with the ratio curcumin to meglumine 2 to 1. 

3.2.2.2.4 Ternary phase diagram  

Meglumine was solubilised in water at different weight concentration (5 and 15 wt% of meglumine in 

respectively 95 and 85 wt% of water) and the desired pH was then adjusted with PCA. The different 

phase diagrams were recorded at room temperature at different pH values (7,9, 11.3 and 11.5) for 

both weight concentrations of meglumine in water. At pH 7, one more concentration of meglumine 

was investigated (20 wt% of meglumine in 80 wt% of water). The pH was adjusted for the water that 

was used to record the phase diagrams. The same procedure, as described in section 3.2.2.1.1, was 

used to obtain the different phase diagram. 

3.2.2.2.5 Determination of the pKa of meglumine 

1.76 g of meglumine was dissolved in 10.1 g of water (solution at 15 wt% of meglumine) and titrated 

with a 0.5 M HCL solution. During the titration, the pH was recording using a VWR phenomenal 211 

electrode connected to a VWR phenomenal instrument (pH 1000 L). 

3.2.2.2.6 Dynamic light scattering 

The same method as described in section 3.2.2.1.2 was used. The following samples were measured 

over the time: TriA/EtOH/(H2O containing 15 wt% of meglumine, pH 11.5) 36/24/40, TriA/EtOH/(H2O 

containing 5 wt% of meglumine, pH 11.3) 36/24/40 and TriA/EtOH/(H2O containing 5 wt% of 

meglumine, pH 9 (addition of PCA)) 36/24/40 (w/w/w). 

3.2.2.2.7 Solubility of curcumin  

The same method as described in section 3.2.2.1.4 was used. The addition of meglumine with or 

without PCA to the water was carried out as described in section 3.2.2.2.4. All the samples were made 

in duplicates. Before measurements, all samples were diluted with acetone.  
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3.2.2.2.8 Selective precipitation of the curcuminoids by varying the pH 

The pH-driven precipitation of curcumin and bisdemethoxycurcumin was investigated. Therefore, 

meglumine was dissolved in water (5 wt%), then the solution was saturated with curcumin or 

bisdemethoxycurcumin and filtered (40 mL sample). 1 mL of a HCL solution at 0.5 mol/l was added to 

the solution. The pH was then measured and 1 mL of solution was taken and put in a centrifuge tube. 

In total 14 mL of HCl were added and 14 mL were taken and put into 14 centrifuge tubes. After that, 

all the centrifuge tubes were centrifuged (4200 g for 10 min).   

The pH of the ternary solution H2O/EtOH/TriA (40/24/36 in weight) with 15 wt% and 5 wt% meglumine 

as concentration in pure water were investigated over the time with and without saturation of 

curcumin. 

3.2.2.2.9 Stability of curcumin in the ternary phase diagram 

Solubility measurements were carried out as described in section 3.2.2.1.5 over time. In Table S 4 of 

the Appendix are given the investigated compositions. Before the measurement all the solutions were 

diluted 5000-fold with acetone.  

3.2.2.2.10 High-Performance-Liquid-Chromatography method 

The same HPLC system was used as described in section 3.2.2.1.8, but with a new ACE Equivalence 3 

C18-column (110Å, 3 µm, 150x2.1 mm). Since the column changed, the calibration curves have been 

repeated as described in section 3.2.2.1.8. The used parameter and gradient method are given in Table 

4. The curcuminoid calibration curves are shown in Figure S 2 of the Appendix. 

Table 4: New parameter and gradient method used for the HPLC system. 

Parameters 
Gradient method 

Solvent A Solvent B Time (min) 

Temperature 40 °C 60-40 40-60 0-17 

Flow 0.4 mL/min 40-0 60-100 17-18 

Injection volume 5 µL 0 100 18-24 

Solvent A 
H2O with 0.3 % of 

acetic acid 
0-60 100-40 24-25 

Solvent B Acetonitrile 60 40 25-32 

 

3.2.2.2.11 Extraction procedure 

 The same extraction method was used as described in section 3.2.2.1.11. 4 g of C. longa (Kwizda) was 

extracted with 16 g of extraction mixtures (for the compositions see Table S 3 of the Appendix). The 

same analytical method as described in section 3.2.2.1.11 was used with the only difference, that the 
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volumetric flask was topped off with a mixture of acetonitrile/water. The curcuminoid content of the 

extract solutions was determined using the calibration curves (Figure S 2 of the Appendix). 

A water extraction with only meglumine as additive was carried out. Meglumine was solubilised in 

water at different weight concentration (5 and 15 wt% of meglumine in respectively 95 and 85 wt% of 

water). 4 g of C. longa (Kwizda) was extracted with 16 g of these two extractions mixtures in centrifuge 

tubes (one hour at room temperature under constant stirring). After the extraction, about 20-25 mL 

of an 1M HCL solution was added to the extraction medium. After centrifugation (4200 g for 10 min), 

the supernatant was removed and the precipitate was extracted again with acetonitrile. After 

centrifugation, the extract solution was topped off with acetonitrile in a volumetric flask and eluted by 

HPLC, as described in section 3.2.2.2.10. The curcuminoid content and the purity, as described in 

section 3.2.2.1.13, of the extract solutions were determined. 

3.2.2.3 H2O/NaSal/EtOAc 

3.2.2.3.1 Ternary phase diagram 

To obtain the miscibility gap of the phase diagram H2O/NaSal/EtOAc, the same method as described 

in section 3.2.2.1.1 was used.  

3.2.2.3.2 Solubility measurement 

The same method has been used as described in section 3.2.2.1.4. The solutions (for composition see 

Table S 5 of the Appendix) were saturated with curcumin in the monophasic region of the ternary 

compositions to determine the solubility map of curcumin.  

3.2.2.3.3 High-Performance-Liquid-Chromatography method 

The same method as described in section 3.2.2.2.10 has been used to determine the curcuminoid 

content of the extract solutions. 

3.2.2.3.4 Determination of the best ratio C. longa to extraction mixture 

The composition of the critical point was used to determine the best ratio C. longa to extraction 

mixture. Therefore, 1 g of C. longa (Kwizda) was extracted with different weight ratios: 1:2 to 1:6 with 

a step of 1, 1:10, 1:15 and 1:20 (C. longa : extraction mixture, w : w) under constant stirring for one 

hour at room temperature in centrifuge tubes. The extracts solutions were then centrifuged (4200 g 

for 10 min), the supernatant was filtered into 10 mL (ratios 1:2 to 1:6 and 1:10) or 25 mL (ratios 1:15 

and 1:20) volumetric flask using cellulose filters, topped off with acetonitrile (ratios 1:2 to 1:6) or 

acetonitrile/water 90/10 (w/w) (ratios 1:10, 1:15 and 1:20), diluted 25-fold with acetonitrile, filtered 

through 0.2 µm syringe filters into HPLC glass bottles, and finally eluted by HPLC. All samples were 
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eluted three times and made in triplicates. The curcuminoid content was determined using the 

calibration curves of the curcuminoids (Figure S 2 of the Appendix).    

3.2.2.3.5 Extraction procedure 

The same extraction and analytical procedures as described before in section 3.2.2.3.4 were used with 

a constant ratio C. longa to extraction mixtures of 1 to 10. Different extraction mixtures were 

investigated (see Table S 5 of the Appendix). 

3.2.2.3.6 Stability of curcumin in the ternary system 

 Stability measurement were carried out via UV/Vis as described in section 3.2.2.1.5. The different 

solutions (for compositions see Table S 5 of the Appendix) were saturated with curcumin, then filtered 

(0.2 µm syringe filter) and store at daylight only. The optical density was measured over the time. 

3.2.2.3.7 Determination of the oxygen content 

Measurements of the dissolved oxygen were carried out using a TPS Aqua-D oxygen-meter connected 

to a TPS ED1 electrode (Brisbane, Australia) at 25 ± 1°C. 10 g of the samples (for compositions see Table 

S 5Table S 5 of the Appendix) were prepared and the measurements were carried out after a two-point 

calibration against air and a solution of 2 g sodium sulfite in 100 mL water under constant stirring. 

Values were taken after 5 minutes to ensure equilibration.   

3.2.2.3.8 Determination of the curcuminoids´ partition coefficient 

The same HPLC method as described in section 3.2.2.2.10 was used to determine the partition 

coefficient of the three curcuminoids. Three 6 g samples with the composition of the critical point 

(H2O/NaSal/EtOAc 17/12/71 in weight) were prepared in centrifuge tubes, and 1 wt% of curcumin was 

dissolved in every sample. After homogenisation, different amounts of water were added to the 

samples (1 g, 2 g, and 3 g of water respectively) to obtain a phase separation. After centrifugation 

(4200 g for 10 min), the two phases were separated and put into 10 mL volumetric flasks. Two different 

dilutions were used for the two phases: 25-fold for the oil-rich phase and 2- to 3-fold for the water-

rich phase. All the phases were then analysed by HPLC as described in section 3.2.2.3.3. 

The same procedure described above was used with an extract solution (0.6 g of C. longa (Kwizda) was 

extracted with an extraction mixture with the critical point composition). In this case, the water-rich 

sample was not diluted before the HPLC measurements.  

The partition coefficient of the curcumin and curcuminoids was determined as the logarithm of the 

ratio between the concentration of curcumin or cucuminoids in the oil-rich phase and the 

concentration of curcumin or cucuminoids in the water-rich phase.  
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3.2.2.3.9 Interfacial tension 

The interfacial tension measurements were performed by Asmae El Maangar in Marcoule (France, 

ICSM, university of Montpellier, CEA, CNRS, ENSCM). The method was described in the paper El 

Maangar et al. [61] and will be described here again. A Krüss Spinning Drop tensiometer has been used 

to measure the interfacial tensions ɣ between the aqueous and organic-rich phases. The aqueous 

phase was used as the outer phase and the organic phase as the droplet. The measurements 

(duplicate, mean of two oil droplets) were carried out at 4000 to 8000 rpm. The data were collected 

only in this rotation speed range and only if the resulting interfacial tension had a constant value. 

Density data, which have been made in the previous work of El Manngar et al. [81]de are needed to 

obtain the interfacial tension.        

3.2.2.3.10 Precipitation of curcumin 

500 mg of curcumin was dissolved in 20 g of a ternary mixture at the critical point composition. After 

that, 10 g of water (half of the weight of the ternary mixture) was added to the sample to force phase 

separation. Overnight, a solid precipitate appeared at the interface. The obtained solid was isolated 

(Buchner filtration), washed three times with water and finally analysed via NMR. The oil-rich phase 

was evaporated with a rotary evaporator and the solid precipitate resulting from the solvent 

evaporation analysed. The sample was made in triplicate to give a standard deviation. 

An enrichment procedure, as described in section 3.2.2.1.12, has been used. 2 g of C. longa (Kwizda) 

was extracted with the above ternary mixture (critical point composition) for one hour under constant 

stirring at room temperature. The extract solution was centrifuged, the supernatant collected and 2 g 

of fresh C. longa (Kwizda) added to the supernatant. The enrichment procedure was performed 5 

times. After that, the final supernatant was filtered (cellulose filter paper) into centrifuge tubes and 

water was added (50% of the solution weight). The solution was centrifuged (10 min, 20 400 g), filtered 

(0.2 µm syringe filter), and the precipitate was analysed via HPLC.   
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3.3 Results and discussion   

3.3.1 H2O/EtOH/TriA and H2O/DiA/TriA 

3.3.1.1 Phase diagrams and structuring 

TriA, DiA and EtOH were chosen as investigated solvents because of their edibility, low toxicity, 

sustainability, and miscibility. The idea was to combine an edible oil (TriA) with different edible co-

solvents (EtOH and DiA) in water to develop a green, sustainable, and edible ternary mixture, which 

could be used for the extraction of curcuminoids from C. longa. TriA is slightly miscible with water, DiA 

and EtOH are completely miscible with water and TriA. The ternary mixtures H2O/EtOH/TriA and 

H2O/DiA/TriA have been investigated, focusing on their mixing behaviour and their possible structuring 

as SFME (TriA plays the role of the oil phase and EtOH and DiA as co-solvent). The two obtained phase 

diagrams and the different solvent mixtures used to investigate the maximum solubility of curcumin 

and the extraction of the curcuminoids from C. longa are described in Figure 6.  

 

  

Figure 6: Ternary phase diagram of the systems (left) H2O/EtOH/TriA and (right) H2O/DiA/TriA in wt% (black) and mol% (blue 
square) containing the examined data points for the determination of the maximum of solubility of curcumin (orange square) 
and of the curcuminoid extraction efficiency from C. longa. 

The ternary system with DiA showed a bigger miscibility gap (two phasic region, dark area in the phase 

diagram) than the ternary mixture with EtOH in weight ratio. The ternary mixture with EtOH made it 

preferable for further investigation because more water could be solubilised in TriA. However, the 

miscibility gaps were of comparably smaller size and covered almost the same area for both co-

solvents in mole. Therefore, EtOH and DiA can be presumed as equally potent. The phase diagram with 

DiA instead of EtOH as co-solvent has been investigated too, as alternative for people with eating 

restrictions. Since the obtained phase diagrams showed a similar behaviour as common phase 
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diagrams between water, oil and hydrotrope, the possible structuring of the systems was investigated 

via DLS measurements. Indeed, DLS was performed to confirm or not the presence of SFME.  

  

 

 
 

  
Figure 7: DLS measurements of the investigated binary mixtures water and co-solvents (H2O/EtOH on the top left; H2O/DiA on 
the top right), co-solvents and TriA (EtOH/TriA in the middle left; DiA/TriA in the middle right), and ternary mixtures 
(H2O/EtOH/TriA on the bottom left; H2O/DiA/TriA on the bottom right). All the investigated compositions are given in weight 
ratio [82]. The data concerning the binary mixture H2O/EtOH were provided by Buchecker T. and Krickl S. et al. [83]. 
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The DLS measurements are shown in Figure 7. The different binary mixtures water/co-solvent and co-

solvent/TriA were investigated. As can be seen in  Figure 7, the binary systems with water showed a 

different behaviour. The H2O/EtOH did not show pronounced correlation functions. It was already 

known that this binary mixture did not show any peculiarities via DLS because of the mixtures´ high 

diffusion coefficients. Indeed, these cause too rapid fluctuations and, therefore, were not detectable 

with DLS. On the contrary, the binary mixture H2O/DiA did show some correlation functions, more or 

less pronounced following the weight ratio. The most pronounced correlation functions were found 

between 40 wt% and 60 wt% of DiA in the binary mixture. It was the sign of fluctuating structures in 

these binary mixtures, which are more pronounced and defined than in the binary mixture H2O/EtOH. 

Regarding the binary mixtures of co-solvent/TriA, only a slight increase of the correlation function in 

the case of the binary mixture EtOH/TriA (50/50 in weight) has been detected, but only to a small 

extent. However, it did not give an indication of structuring. No correlation functions were detected 

with the binary mixtures DiA/TriA. After the behaviour of the different binary mixtures, the behaviour 

of the ternary mixtures was investigated with the two systems. The compositions EtOH/TriA 40/60 and 

DiA/TriA 60/40 have been chosen to be examined upon addition of water (these compositions were 

chosen because of the maximum solubility of curcumin, see section 3.3.1.2). The more water was 

added to the systems, the more defined and pronounced correlation functions appeared. This finding 

indicated the spontaneous formation of a SFME upon addition of water for the two systems. Moreover, 

bigger structures are created because of the decrease of the correlation function at later lag time for 

both systems. The closer was the composition of the SFME to the miscibility gap, the bigger were the 

formed structures. The structuring was more pronounced with the system containing DiA as co-solvent 

than EtOH. To further examine and to prove the structuring and the formation of SFME, conductivity 

measurements were performed. The conductivity measurements are shown in Figure 8. They gave 

information about the structuring of a system through a charge carrier´s mobility (NaBr). Since NaBr 

was not soluble in DiA and TriA, a little bit of water was added to perform the measurement and ensure 

charge mobility (which is the reason why the curves do not start by 0).  
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Figure 8: Conductivity curves obtained with addition of water to EtOH (red square), DiA (black square), EtOH/TriA 40/60 in 
weight (blue square) and DiA/TriA 60/40 in weight (orange square) [82]. 

As can be seen in Figure 8, all the curves showed an increase in conductivity at low water content. The 

same behaviour was observed for the pure co-solvents: the conductivity increased until a maximum 

followed by a decrease of conductivity due to a dilution of the charge. For EtOH, a small increase with 

low water content was noted until the charges were diluted too much (after around 10 wt% of water). 

This slight increase was due to the enhanced ion dissociation and the high electrophoretic mobility in 

the aqueous media [83]. For DiA, a larger increase was noted, which would indicate an association 

between TriA and DiA. If the binary mixtures are compared to the pure co-solvent, different behaviours 

are obtained. For EtOH/TriA, a strong increase of the conductivity was observed. This indicated that 

TriA was responsible for the structuring of the mixture and the formation of the SFME. The curve was 

stopped at around 50 wt% of water because of the miscibility gap. Indeed, with more water, the 

solution became turbid. On the contrary, for DiA/TriA, the same increase was also observed for pure 

DiA. It indicated that TriA did not contribute to the structuring since DiA alone was capable of 

structuring. For the same reason as before, the curve was stopped around 30 wt% of water. 

3.3.1.2 Solubility, stability and extraction of curcumin from different C. longa powder 

First, the ability of the binary mixtures of co-solvent/TriA and the SFMEs to solubilize curcumin was 

investigated. The results are shown in Figure 9. As can be seen, the binary mixture EtOH/TriA showed 

a remarkable solubilizing synergy. Indeed, the maximum solubility could be increased 3-fold in a binary 

mixture EtOH/TriA 60/40 (w/w) compared to pure TriA and 6-fold compared to EtOH. In contrast, no 

strong solubilizing synergy was observed in the binary mixture DiA/TriA. Therefore, and for viscosity 

reasons also, the binary mixtures EtOH/TriA 60/40 and DiA/TriA 40/60 were chosen as the optimum 
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binary compositions and were studied further. Indeed, the maximum solubility of curcumin was 

investigated upon addition of water to those optimum binary compositions. The same trend, as 

expected, was obtained for both SFMEs: the maximum of solubility of curcumin decreased upon the 

addition of water. This was not surprising because curcumin is a hydrophobic compound and therefore 

not soluble in water. However, in the SFME with DiA, it was found that the maximum solubility of 

curcumin first increased (upon addition of 5 wt% of water) and then decreased as expected. All these 

results gave the idea that extraction should be performed to see if the water addition to a binary 

mixture of EtOH/TriA or DiA/TriA has an influence on the curcuminoids extraction efficiencies.  

 

  

Figure 9: Determination of the maximum solubility of curcumin in the binary mixtures of EtOH/TriA (orange barres, on the left) 
and DiA/TriA (blue barres, on the left) and in the SFME H2O/EtOH/TriA (orange barres, on the right, starting from a weight 
ratio of 40/60 EtOH/TriA) and the SFME H2O/DiA/TriA (blue barres, on the right, starting from a weight ratio of 60/40 
DiA/TriA). Upon addition of water, the weight ratio co-solvent/TriA stays constant at 40/60 and 60/40 for respectively 
EtOH/TriA and DiA/TriA [60]. 

First, different C. longa powders from the supermarket were tested regarding their curcumin content. 

Therefore, the different C. longa powders were extracted using a Soxhlet apparatus und the curcumin 

content was determined using UV/Vis. Information about the different powders are given in Table 5. 

The determination of the curcumin content via Soxhlet and UV/Vis gave acceptable results in 

comparison with the curcumin content provided by the suppliers. Only the curcumin content of the C. 

longa powder from Wagner was below the indicated curcumin content. All the determined curcumin 

contents were closed to the minimum curcumin content given by the suppliers. It can be explained by 

the fact that curcumin and the curcuminoids, in general, are temperature sensitive. Indeed, the 

extraction time with Soxhlet was several hours (5-8 hours) and the extracted curcuminoids were 

always in contact with boiling acetone (temperature above 60°C). Therefore, they could be degraded 

during the extraction time.  
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Table 5: Information concerning the different C. longa powders. 

Label 

Curcumin content 

(wt%) (determine 

by UV/Vis) 

Price per Kg (€) 
Origin of the 

rhizome 

Curcumin 

content (wt%) 

(given by the 

suppliers) 

Lebensbaum 4.2 49.8 India 3-6 

Sonnentor 3.1 99.8 Tanzania 3-4 

Schuhbeck 1.9 82.0 India 1.5-2.2 

Wagner 1.2 29.9 India 1.5-2.2 

 

Moreover, TLC was used to provide information about the constitution of the obtained extracts. Since 

the chemical composition of the rhizome is strongly depending on the growing conditions (weather, 

soil, environment, etc …), it was useful to compare the different C. longa powders and to know if 

different constituents as the curcuminoids could be extracted during the Soxhlet extraction or not. The 

TLC plates are shown in Figure 10.  

As can be seen, the four different extracts showed six different spots, the same for each brand. The 

lower three spots (the yellow ones on the picture with visible light after derivatisation with AA on the 

bottom at the left) were the curcuminoids: bisdemethoxycurcumin, demethoxycurcumin and 

curcumin (starting from the bottom). The three other spots were probably essential oils. This will be 

proved later in section 3.3.1.3. Regarding the curcumin content, the differences between the C. longa 

powders were visible on the TLC plates. Indeed, the intensity of the curcuminoid spots increased from 

the left to the right. This result was in accordance with the determined curcumin content by Soxhlet 

and UV/Vis. Considering the price of the different C. longa powders, the brand Wagner was chosen for 

conducting the first extraction experiments. The same binary and SFME compositions as in Figure 9 

(on the right) were investigated to extract the curcuminoids. The results are shown in Figure 11. 
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Figure 10: TLC plates of the four different C. longa powders: Wagner, Schuhbeck, Sonnentor, and Lebensbaum (from the left 
to the right) before derivatisation (top) and after derivatisation with AA (bottom). The plate is irradiated with light at 254nm 
(top, on the left), white light (bottom, on the left), and with light at 365 nm (bottom and top, on the right) [82].   

 

Figure 11: Maximum absorbance after extraction depending on the water content of the extraction mixtures for both SFMEs 
(H2O/DiA/TriA (red circle) and H2O/EtOH/TriA (dark square)). The ratio co-solvent/TriA remain constant for the different SFME 
compositions [82]. 
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One hour extraction time was determined to be enough for the extraction of the curcuminoids from 

C. longa. As depicted in Figure 11, the amount of extracted curcuminoids increased with the water 

content of the SFME. The composition of the extraction mixtures, more specifically the SFME, had a 

strong influence on the extraction efficiencies of the curcuminoids. It was not possible with UV/Vis to 

distinguish the three different curcuminoids. Therefore, the extraction was further investigated using 

HPLC (to obtain the different extraction efficiencies of the three different curcuminoids) and with one 

batch of C. longa powder (10 Kg were bought by Kwizda) to avoid standard deviation due to the 

rhizome composition. Before that, the stability of curcumin in the binary mixture co-solvent/TriA was 

investigated to have an idea about the instability of curcumin at visible light in the extraction mixture. 

Moreover, knowing the ability of the binary mixtures to stabilize curcumin was of interest concerning 

the extraction time. Indeed, if curcumin was degraded in one hour, it was not necessary to investigate 

the extraction efficiency. Furthermore, the storage life is of high importance for product formulations. 

Different conditions were tested: room temperature and daylight, room temperature and darkness, 

8°C and darkness, room temperature and dark bottle and room temperature and blue bottle. The two 

found optimum binary mixtures of EtOH/TriA and DiA/TriA for the maximum solubility of curcumin 

were investigated. The results are shown in Figure 12. 

 

Figure 12: Stability measurements of curcumin in the binary mixtures of EtOH/TriA (triangle up) and DiA/TriA (square) under 
different conditions: room temperature and light (dark colour), room temperature and darkness (red colour), 8°C and darkness 
(blue colour), room temperature and blue bottle (purple colour), and room temperature and brown bottle (green colour). 
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It is well known that curcumin is photolabile [62,84] and, therefore, will be degraded very quickly under 

daylight conditions. As can be seen, it was evident that the two binary mixtures did not stabilise 

curcumin under daylight conditions, as the maximum absorbance decreased exponentially. In contrast, 

the samples stored in the dark and in the fridge had a much better stability. Indeed, almost no 

curcumin was degraded over several months. These results confirmed the low photostability of 

curcumin. But this was not a problem for the extraction process (samples stirred one hour at room 

temperature). Moreover, the difference between room temperature and 8 °C did not have an 

influence on the degradation of curcumin if the samples are stored in the darkness, as the maximum 

absorbance of these samples are rather constant (for both binary mixtures). It was not surprising, 

because the degradation of curcumin is an auto-degradation process activated by light [63]. It is also 

well known that oxygen plays a role in the degradation process of curcumin. Here, the samples were 

stored at normal air atmosphere and no oxygen was removed. Oxygen had only an influence in 

combination with light. This aspect will be analysed deeper and better in one of the following ternary 

phase diagrams (H2O/NaSal/EtOAc, see section 3.3.4.2). Since curcumin was strongly degraded under 

daylight conditions, the packaging of a formulation containing curcumin (as a solid or in solution) is of 

great importance. Therefore, the influence of two different coloured glass bottles (brown and blue) on 

the degradation of curcumin was investigated only with the binary mixture EtOH/TriA. As can be seen 

in Figure 12, the same results were obtained as described above: the brown glass bottle provided a 

better protection of curcumin than the blue one, as the brown one covers a broader spectral area than 

the blue one. An oversaturation of the sample could explain the little decrease of the maximum 

absorbance at the beginning. 

3.3.1.3 Extraction, improvement of concentration, purity and stability 

In the following sections of this thesis, the same batch of C. longa powder from Kwizda (Linz, Austria) 

was used for all experiments. First, the best weight ratio of C. longa to extraction mixture was 

determined using the binary mixture EtOH/TriA 40/60 (in weight). This result was then used as a basis 

for all investigated SFME compositions with EtOH and DiA as co-solvents and extraction solvents. Then, 

the influence of water and the hence formed SFME on the extraction efficiencies of the curcuminoids 

was investigated by HPLC. The results are shown in Figure 13 and Figure 14. The detailed extraction 

yields are given in Figure S 6 of the Appendix. A total of 17.13 mg curcuminoids per gram C. longa was 

obtained by the Soxhlet extraction. This determined amount is undervalued because the curcuminoids 

are degraded by the impact of heat [42,64]. During the Soxhlet extraction process (several hours), the 

curcuminoids were solubilised in boiling acetone (temperature above 60°C). Indeed, as can be seen in 

Figure 13 and Table S 6 of the Appendix, the amount of bisdemethoxycurcumin extracted with a weight 
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ratio C. longa to binary extraction mixture (EtOH/TriA 60/40 in weight) of 1:4, 1:5, 1:6 and 1:7 was 

above the amount of bisdemethoxycurcumin extracted by Soxhlet. The weight ratio 1:6 was found to 

be the optimum for the extraction of the curcuminoids from C. longa. However, only a slight increase 

of the extraction yield of 7% is achieved in comparison with the weight ratio 1:4. Therefore, the ratio 

1:4 was chosen to perform the further extractions. Indeed, the ratio 1:4 was the best ratio regarding 

the green and sustainable aspect: less waste of extraction mixture and a good extraction efficiency.  

 

Figure 13: Curcuminoid yields in mg curcuminoids per g C. longa for varying C. longa to binary EtOH/TriA extraction mixture 
weight ratios. The used extraction mixture was the binary mixture EtOH/TriA 60/40 (in weight). The Soxhlet results are also 
given as reference [60]. 

The influence of water and, therefore, of the structuring of the extraction mixture (SFMEs) on the 

curcuminoid extraction efficiencies was then investigated with the ratio 1:4. As can be seen in Figure 

14, the addition of water to the binary mixtures of co-solvent/TriA led to an increase of the extraction 

efficiencies of the curcuminoids for the two investigated systems. The result with Soxhlet was used as 

reference, as shown in Table S 6 of the Appendix. The highest extraction efficiencies for curcumin and 

demethoxycurcumin were given by Soxhlet. As mentioned before, the result for 

bisdemethoxycurcumin was undervalued and once again, it was the case here. Moreover, the lowest 

extraction efficiencies for bisdemethoxycurcumin are provided by the solvents alone and Soxhlet. 
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Figure 14: Overview of the curcuminoid extraction efficiencies (in mg curcuminoids per g C. longa) for the different extraction 
mixtures with a varying water content and solvents (top) and overview of the single extraction efficiencies of curcumin (second 
from the top), demethoxycurcumin (third from the top) and bisdemethoxycurcumin (bottom) for the different extraction 
mixtures with a varying water content and solvents (in mg per g C. longa). 

First, the total of curcuminoids extracted (graph on the top at the left of Figure 14) will be compared. 

The system H2O/EtOH/TriA showed the highest increase of the total curcuminoid content. The system 

H2O/DiA/TriA also showed an increase of the total curcuminoid content but to a lesser extent than 

with the system with EtOH as co-solvent. The difference between the two systems was due to various 

reasons: as shown in Figure 9, the maximum solubility of curcumin was higher in the system containing 

EtOH as co-solvent and secondly the viscosity of the extraction mixtures and SFMEs containing DiA was 

much higher than those with EtOH. Surprisingly, DiA as extraction solvent alone showed a good 

extraction efficiency compared to the binary mixture DiA/TriA and the SFMEs containing DiA as co-
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solvent. On the contrary, EtOH and TriA as extraction solvent alone showed really bad extraction 

efficiencies in comparison with the binary mixture EtOH/TriA and the SFMEs containing EtOH as co-

solvent. Moreover, the EtOH/H2O 80/20 (in weight) mixture was investigated as reference. Indeed, this 

mixture is used in the literature and also in the industry to extract the curcuminoids from C. longa. This 

mixture showed the same extraction efficiencies as the other solvent alone except DiA. Surprisingly, 

the best extraction mixture was the SFME containing EtOH as co-solvent and 40 wt% of water (i.e. 

H2O/EtOH/TriA 40/24/36 in weight per cent), although the curcuminoids are not water soluble. It was 

also the most structured SFME, according to Figure 7. The addition of water helped to swell the 

rhizomes and to open the plant matrix, so that the extraction efficiencies of the curcuminoids 

increased. It was also the case for the extraction with EtOH and EtOH/H2O 80/20 (in weight) as 

extraction solvent or mixture.  Now the different curcuminoid extraction efficiencies will be compared: 

the addition of water had almost no influence on the extraction of curcumin. On the contrary, it had 

an influence on the extraction of demethoxycurcumin and even more on the extraction of 

bisdemethoxycurcumin. The increase of the total curcuminoid extraction efficiency was almost 

exclusively due to bisdemethoxycurcumin and demethoxycurcumin. Indeed, bisdemethoxycurcumin 

has been found to be the most polar and “water-soluble” curcuminoid. This was demonstrated using 

COSMO-RS calculations [71]. For that reason, the addition of a polar solvent like water to the binary 

mixtures EtOH/TriA and DiA/TriA increased the extraction efficiency of bisdemethoxycurcumin and to 

a small extent of demethoxycurcumin. All these results proved that the extraction was not solely 

dependent on the solubility of curcumin in the extraction mixture, but was driven by various other 

factors, such as viscosity, ability of the solvent to penetrate the plant matrix, desorption of the target 

molecule, the mass transfer of the latter from the plant matrix to the extraction solvent or mixture. 

However, the solubility efficiency of a solvent or a mixture of solvents gave a first and necessary idea 

prior to extraction experiments. 

The two developed SFMEs (H2O/EtOH/TriA and H2O/DiA/TriA) were able to extract the curcuminoids 

from C. longa. Moreover, the two different SFMEs were food-approved, green, and edible. Indeed, 

regarding the six principles of green extraction, as explained by Chemat et al. [9], the two SFMEs could 

be classified as green and biocompatible extraction systems. The six principles were described in this 

thesis in 2.1.4 and are applicable for the two developed SFME extraction systems.  

C. longa has been used as raw material, a renewable plant resource and therefore is conformed with 

the first principle. Concerning the second principle, all used solvents were food-approved, non-toxic, 

and biodegradable. Moreover, water was used partly as extraction solvent and the best extraction 

SFME contained 40 wt% of water. EtOH is a commonly used solvent and TriA is a triglyceride and is 
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already used as an additive in the food industry. They were responsible for the formation of the SFME 

and for the good extraction and solubilisation of the curcuminoids. To extract the curcuminoids, the 

maceration method at room temperature under constant stirring was performed for one hour, so that 

the energy consumption remains very low. Indeed, no need to heat or to stir for a long time to obtain 

very good curcuminoid extraction results, which agree with the third and fifth principle. The fact that 

the developed SFMEs were food-approved was the big advantage of this extraction procedure. Indeed, 

there was no need to remove the solvents (high energy consuming) as the SFMEs were food-agreed 

and edible. The only produced waste was the remaining plant material C. longa which is renewable. It 

can be used as a bio-compost and is bio-degradable (fourth principle). Lastly, the only “contaminants” 

of the extract were the essential oils. They are coextracted, but are non-toxic and edible too. If they 

are not desired, they can be removed upstream. This aspect will be investigated in the following as 

well as the ability to enrich the SFMEs by reusing the SFME extraction system with fresh C. longa. 

The SFME with EtOH as co-solvent has been chosen to study the enrichment of the SFME extraction 

system for different reasons: it was the best solubilizing SFME and the SFME with the lower viscosity, 

so that the SFME extraction system should be more workable. To be sure that the enrichment 

procedure worked, a preliminary test was carried out with the cheap C. longa powder from Wagner, 

which was monitored via UV/Vis as proof of concept. The results are shown in Figure S 3 of the 

Appendix. The linear increase of the maximum absorbance proved that the extract solutions can be 

enriched in curcuminoids. Thus, to exploit the full potential of the EtOH-based SFME, cycle extractions 

were made along the same dilution line as previously investigated. Two different weight ratios C. longa 

to SFME extraction system were investigated: 1 to 16 and 1 to 24. A saturation of the SFMEs with 

higher water content should be reached with the smaller weight ratio, which should be not the case 

with the higher one. The reuse of the SFME extraction system strengthened the fact that the SFME 

extraction system should be classified as a green and biocompatible one, according to the six principles 

of the green extraction [9]. The results are shown in Figure 15 and Figure 16, as well as the detailed 

total of the curcuminoids in the binary or SFME extraction systems in Table S 7 of the Appendix and 

the average loss of binary or SFME extraction solution after each extraction cycle in Table S 8 of the 

Appendix, for both weight ratios 1:16 and 1:24  

 

 

 



44 
  

1:16 1:24 

  

  

Figure 15: Overview of the extraction cycles for different binary and SFME extraction mixtures with varying water content at 
two different weight ratios 1:16 (on the left) and 1:24 (on the right) for the total curcuminoid content (top) as mg of all 
curcuminoids in the binary or SFME extraction system. The total curcuminoid concentration in mg/g SFME extraction system 
for both ratios is represented on the bottom. To calculate this concentration, the average loss of the binary or SFME extraction 
system after each extraction cycle was used (Table S 8 of the Appendix) [85].  
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1:16 1:24 

Curcumin 

  
Demethoxycurcumin 

  
Bisdemethoxycurcumin 

  
Figure 16: Overview of the extraction cycles for different binary and SFME extraction mixtures with varying water content at 
two different weight ratios 1:16 (on the left) and 1:24 (on the right) for the single component curcumin (top), 
demethoxycurcumin (middle), and bisdemethoxycurcumin (bottom) as mg single component in the binary or SFME extraction 
system [85]. 
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It was possible to enrich the binary or SFME extraction system in curcuminoids for both ratios to a 

certain extend. If the total of curcuminoids in the binary or SFME extraction system of both ratios 

(Figure 15, on the top) are compared, some noticeable differences can be seen. With the ratio 1:16, 

the standard deviations were larger than with the ratio 1:24. Many reasons were responsible for this: 

the loss of extraction volume, agitation problems (due to the loss of the extraction volume), and 

saturation of the binary or SFME extraction system. Indeed, final saturation of the curcuminoids in the 

SFME containing 40 wt% of water was detected with the ratio 1:16. On the contrary, no saturation was 

detected with the ratio 1:24. For both ratios, the curcuminoid content was increased almost linearly, 

as long as no saturation occurs. The water had a strong influence on the curcuminoid extraction 

efficiencies, especially with the ratio 1:24. Indeed, the addition of a small amount of water (5 wt%) to 

the binary mixture EtOH/TriA 60/40 in weight had a big influence on the curcuminoid content in the 

SFME extraction system, since the gap between the binary curve (black curve, Figure 16 on the right) 

and the SFME extraction system curves (red, green, dark blue, and turquoise curves, Figure 16 on the 

right) increased with the polarity and “water-solubility” of the curcuminoids (this gap increased from 

curcumin to bisdemethoxycurcumin). The same influence was noticeable with the water content of 

the SFME extraction system: the higher the water content of the SFME was, the more the gap between 

the different SFME curves from curcumin to bisdemethoxycurcumin increased. For the ratio 1:16, the 

influence of water was noticeable only to a small extent, due to the loss of the SFME extraction system. 

As can be seen, the curcuminoid content increase was not rigorously linear as for the weight ratio 1:24. 

As written before, a saturation of the three curcuminoids was reached for the SFME extraction system 

containing 40 wt% of water after three cycles with the weight ratio 1:16. The SFME extraction system 

containing 30 wt% of water with the same ratio should be closed to saturation as the slopes of the 

curves decreased after two extraction cycles for the three curcuminoids. It can be expected that it 

should be saturated after 5 extraction cycles. After 4 extraction cycles, the SFME extraction system 

containing 15 wt% of water contained the highest amount of extracted curcuminoids (128.29 mg 

curcuminoids in the SFME extraction system, see Table S 7 of the Appendix). Bisdemethoxycurcumin 

and demethoxycurcumin were more abundant in the SFME extraction systems containing high 

amounts of water as they are more “polar” than curcumin. On the contrary, the amount of curcumin 

remained almost the same for the SFME extraction systems containing 15 wt% of water or less, 

because curcumin prefers hydrophobic solvents. No saturation, on the other hand, occurred with the 

ratio 1:24, because higher amounts of SFME extraction solvent were used and therefore, the loss of 

SFME extraction system after each cycle was not enough to prematurely reach a saturation. The SFME 
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extraction systems containing 30 and 40 wt% of water exhibited almost the same curcuminoid content. 

This indicated that beyond 30 wt%, water had no more influence on the curcuminoid extraction. 

If only the curcuminoid content in the different SFME extraction systems is compared, a higher content 

could be reached with the ratio 1:24. This result was not surprising, because previously it was 

demonstrated that a higher weight ratio C. longa to SFME extraction system slightly increased the 

curcuminoid extraction efficiencies (see Figure 13). If the curcuminoid concentration (see Figure 15, 

on the bottom) is now compared, it can be seen that a higher concentration could be reached with the 

smaller weight ratio 1:16, due to the loss of SFME extraction system after each extraction cycle. This 

loss increased with the water content of the SFME extraction system for both ratios and no real 

differences were noted between the ratios. So, it is important to consider that the curcuminoid 

concentration and the curcuminoid content in the SFME extraction system should not be confused. 

The most concentrated extracts were reached with the ratio 1:16 and the higher curcuminoid content 

was achieved with the ratio 1:24. If the two different weight ratios are compared with the six principles 

of the green extraction and the principles of the green chemistry, it can be seen that the ratio 1:16 

should be the best appropriate ratio. Indeed, less SFME extraction system is used. But with the ratio 

1:24, a higher content was reached (almost 20-25% more curcuminoid in the SFME extraction system) 

and the practical effort was the same for both ratios to obtain the phytochemicals. 

One of the goals of this study was to have curcumin solubilised in an aqueous solution containing as 

much water as possible. As curcumin is a hydrophobic compound, it is completely insoluble in water. 

The SFME extraction system containing 40 wt% of water and EtOH as co-solvent showed a very good 

ability to extract the curcuminoids. Adding water to dilute the SFME extraction system will result in 

phase separation because the SFME extraction system H2O/EtOH/TriA 40/24/36 in weight is very close 

to the miscibility gap of the ternary mixture H2O/EtOH/TriA (see Figure 6). A ternary mixture 

H2O/EtOH/TriA 50/32.5/17.5 (in weight), on the contrary, was dilutable with water to the infinite. 

Therefore, to extract the curcuminoids with this ternary mixture should be advantageable. Indeed, the 

extract solution was dilutable with water after the extraction process and if no precipitation occurred, 

the curcuminoids will be solubilised in an aqueous solution containing a very high content of water 

(more than 99 wt%). As mentioned in the introduction and in section 3.3.1.2, the essential oils are 

extracted along with the curcuminoids. If they are not removed beforehand, a precipitation will occur 

during the infinite dilution of the extract solution because the essential oils are not water soluble, like 

curcumin. Moreover, the essential oils are also able to solubilize curcumin. Therefore, different 

techniques to remove the essential oils and keep a high amount of curcuminoids in C. longa were 

investigated. After each technique to remove the oils, the ability of the extract solution to be infinitely 
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dilutable with water has also been studied. Three different techniques were used: steam distillation, 

vacuum distillation, and freeze-drying (lyophilisation). Two different SFME compositions were 

investigated: H2O/EtOH/TriA 40/24/36 and H2O/EtOH/TriA 50/32.5/17.5 in weight. The results are 

shown in Figure 17 and Figure 18. The detailed curcuminoid contents are shown in Table S 9 of the 

Appendix.  

 

Figure 17: Comparison of the purification techniques: a) and b) vacuum distillation and c) steam distillation. Two different 
SFME compositions were used as extraction system: a) TriA/EtOH/H2O 17.5/32.5/50 with a weight ratio C. longa to SFME 
extraction system of 1 to 26.5 and b) and c) TriA/EtOH/H2O36/24/40 with a weight ratio of C. longa to SFME extraction system 
of 1 to 26.5 and 1 to 20 for respectively the vacuum distillation and steam distillation purification processes. The reference 
with the same weight ratio and without any purification process was also done for comparison. The relative purity of the 
extract solutions has been also determined (Y-axis on the right) [85]. 
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Figure 18: Extracted curcuminoids per g. C. longa with the two SFME extraction systems TriA/EtOH/H2O 17.5/32.5/50 in weight 
(top) and TriA/EtOH/H2O 36/24/40 in weight (bottom) with a weight ratio C. longa to SFME extraction system of 1 to 8 after 
several cycles of lyophilisation. The relative purity after each cycle of lyophilisation has been also determined (Y-axis on the 
right). 

Steam distillation is the most popular and common method to extract the essential oil for the perfume 

industry. To avoid the permanent contact between the curcuminoids and the high temperature, a 

vacuum steam distillation was investigated also. Indeed, the curcuminoids are temperature sensitive 

and could be destroyed during the steam distillation. In Figure 17 the comparison between the two 

different purification processes is shown. As can be seen, both processes increased the relative purity 

of the extracts (almost 82% after the purification process, almost 76% without). The vacuum distillation 

gave a similar result as the steam distillation, but was not as effective. Only 2 h of steam distillation 

was required to achieve the same purity. The major difference between the two processes was the 



50 
  

curcuminoid content after purification and extraction. Both processes led to a decrease of the 

curcuminoid content. Only half of the curcuminoids have been extracted after the steam distillation in 

comparison with the non-processed C. longa. In contrast, only around 10% less curcuminoids have 

been extracted after the vacuum distillation in comparison with the non-processed C. longa. The 

vacuum distillation was a better alternative compared to the steam distillation, because no heat is 

required and therefore, the curcuminoids were not degraded thermally during the process. Moreover, 

the SFME extract containing 50 wt% of water was infinitely dilutable with water without precipitation 

upon the dilution. But a lot of SFME extraction mixture was used to extract the curcuminoids. Indeed, 

the used weight ratios C. longa to SFME extraction system were 1 to 20 and 1 to 26.5 for both 

purification processes. For this reason, lyophilisation was investigated as an alternative. This 

purification method did not require any heating and should permit the extraction of the essential oil 

without degrading the curcuminoids, like the vacuum distillation. The results are shown in Figure 18. 

As can be seen, a relative purity of around 94-95% could be reached through multiple cycles of 

lyophilisation. Moreover, the curcuminoid content decreased only slightly (comparable decrease as for 

the vacuum distillation). This decrease was due to the handling of the samples during the purification 

process. Indeed, small amounts of C. longa can be lost during one cycle of lyophilisation or it is possible 

that the C. longa powder was not completely water-free at the end of the lyophilisation process. The 

purity and curcuminoid extraction efficiencies were independent of the SFME extraction mixture 

compositions. For this purification process, a weight ratio of 1 to 8 (C. longa to SFME extraction system) 

was used. This weight ratio was in accordance with the six principles of green extraction [9], because 

less SFME extraction mixture was required in comparison to the steam and vacuum distillations. The 

only drawback was the time consumption. Indeed, one cycle of lyophilisation required between 2 to 3 

days to be achieved in the lab. For this method, the applicational effort is minimal in comparison to 

the steam and vacuum distillation. For comparison, supercritical CO2 could be used to achieve a same 

purity (or even more), but the applicational effort is much higher in this case. 

The infinite water dilution of the extract solutions after the vacuum distillation and the lyophilisation 

was tested with the SFME extraction mixture H2O/EtOH/TriA 50/32.5/17.5 in weight. In both cases, no 

precipitation occurred during the dilution. After some hours, a precipitation occurred, but it was 

resoluble, when the sample is gently shook. Therefore, the colour stability of the extract and the 

diluted extract solutions were investigated over the time after different cycles of lyophilisation (4, 5, 

and 6). Pictures have been taken after 3, 14, and 30 days. The samples were stored at day light and in 

darkness. The pictures are shown in Figure 19.
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Figure 19: Pictures of the different extracts (at day light) and extract dilutions (at day light and in the darkness, 0.1 mL extract in 10 mL water) after extraction and different cycles of lyophilisation 
(4, 5, or 6 times of freeze drying) over time. The SFME H2O/EtOH/TriA 50/32.5/17.5 in weight was used as extraction system using a weight ratio of 1 to 8 (C. longa to SFME extraction system). [85]



52 
  

As said before, if the essential oils are not removed before the extraction, a phase separation will occur 

during the dilution of the extract after extraction with water. Here, all the extract solutions were clear 

and homogeneous after dilution. If the diluted extract was stored in the darkness, almost no change 

in the colouration was observed with the naked eye. On the contrary, if the diluted extract was stored 

at day light, a decolouration occurred over time. Indeed, the strong yellow colour had nearly 

disappeared after 30 days. On the other hand, the colour of the extract (not diluted) was stable over 

time, even though they were stored at day light. These results conformed with Figure 12. Indeed, here 

again, the light was the most degrading factor for the curcuminoids. 

After three days, a precipitation occurred in the diluted samples, where the turmeric powder C. longa 

was freeze-dried four- and five-times (see Figure S 4 of the Appendix). This precipitate could be 

resolved by shaking. After 30 days, the corresponding extract solutions (after four- and five-times of 

freeze-drying) displayed a precipitation (see Figure S 5 of the Appendix). The samples, where the 

turmeric powder C. longa was six times freeze-dried, did not display any precipitation in the extract 

solution and almost no precipitation in the diluted extract (see Figure S 4 and Figure S 5 of the 

Appendix).  

3.3.1.4 Overview 

First, two edible, green, bio-based, and food-approved SFMEs consisting of H2O/EtOH/TriA and 

H2O/DiA/TriA were examined and developed to extract the major three curcuminoids from C. longa. 

The existence of SFMEs was proved by using DLS and conductivity measurements. Solubilizing 

measurements have demonstrated that there was a solubilizing synergy of curcumin in the binary 

mixture EtOH/TriA (up to a threefold increase compared to pure TriA). On the contrary, the binary 

mixture DiA/TriA did not show any solubilizing synergy. Upon addition of water, the solubility of 

curcumin in the two different SFME extraction systems decreased since curcumin is a hydrophobic 

compound. Surprisingly, the addition of water to the binary mixture EtOH/TriA resulted in an increase 

of the curcuminoid extraction efficiencies. More precisely, the bisdemethoxycurcumin extraction 

efficiency increased a lot compared to curcumin (from 2.19 mg bisdemethoxycurcumin per g C. longa 

in the binary mixture EtOH/TriA 40/60 in weight to 2.89 mg bisdemethoxycurcumin per g C. longa in 

the SFME extraction system consisting of 40 wt% of water (H2O/EtOH/TriA 40/24/36 in weight)). It was 

also demonstrated using COSMO-RS calculations, that the polarity of the curcuminoids increased from 

curcumin to bisdemethoxycurcumin and therefore, the addition of water, a polar solvent, to the binary 

mixture of EtOH/TriA led to an improved curcuminoid extraction efficiency. The SFME extraction 

system containing EtOH as co-solvent was superior to the SFME extraction system containing DiA in 

solubilizing and extracting the curcuminoids from C. longa. Moreover, the mixture of EtOH/H2O was 
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also used as reference extraction system of the industry and it was found, that the addition of a third 

(more hydrophobic) component, here TriA, led to an increase of the curcuminoid extraction efficiency. 

The big advantage of the SFME as extraction system was their edibility and their green and bio-based 

aspects. 

To fully use the high solubilizing power of the SFME extraction system containing EtOH as co-solvent, 

it was re-used to perform several extraction cycles and, therefore, to concentrate the SFME extraction 

systems in curcuminoids. Moreover, the relative purity of the extracts was examined and improved 

through the use of three purification processes: steam and vacuum distillation and lyophilisation. 

Among them, it was found that the most adequate purification method was the lyophilisation of the 

ground rhizomes prior to their extraction because of the simplicity of the purification method, the high 

amount of extracted curcuminoid, and the high obtained purity. Removing the essential oils prior to 

the extraction of the curcuminoids enabled the extract solution to be infinitely dilutable with water (if 

the SFME extraction system did not cross the miscibility gap during the dilution). It led to stable 

aqueous solutions (diluted extract solution) of curcumin in darkness and to stable extract solutions at 

day light, if several cycles of lyophilisation (at least six) were achieved prior to extraction. 

3.3.2 (Meglumine/PCA/H2O)/EtOH/TriA 

3.3.2.1 Solubility and stability of curcumin in water with different additives  

Different additives (meglumine, ethanolamine, diethanolamine, triethanolamine, D-glucamine, D-(+)-

glucosamine, PCA, NaSal and NaOH) were tested to further develop the high potential of the developed 

SFME extraction system consisting of H2O/EtOH/TriA. First, a small kinetic experiment using 

meglumine as additive was done to determine the best agitation time (see Figure S 6 of the Appendix). 

Then, the interaction between meglumine and curcumin was investigated with NMR to understand 

the mechanism of solubilisation of curcumin in water using meglumine and, after that, the influence 

of the different additives on the curcumin solubility and stability in water was investigated. The 

different additives are shown in Figure 20.  
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Figure 20: Structure of the different used additives 

 

As can be seen in the Figure S 6 of the Appendix, after 10 minutes, the aqueous solution was already 

saturated with curcumin. This result indicated that meglumine and curcumin probably formed a salt in 

water and therefore, the solubilisation of curcumin happened instantly in the aqueous solution. This 

finding will be further investigated with NMR. The different 1H-NMR spectra are shown in Figure 21. 
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Figure 21: 1H-NMR-spectra of the different mole ratios meglumine/curcumin: 0/1 (red), 1/4 (light pink), 1/3 (light green), 1/2 (orange), 1/1 (blue in the middle), 2/1 (yellow), 3/1 (violet), 4/1 (dark 
green), and 1/0 (blue at the bottom).
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The detailed 1H-NMR spectra of curcumin and meglumine alone are shown in Figure S 7 and Figure S 8 

of the Appendix. The hydroxy groups of meglumine showed a broad peak at 4.4 ppm. It was not a sharp 

and defined peak because some residual water was present in DMSO-d6 and therefore, they formed 

hydrogen bonds with water. With the addition of curcumin, this peak became sharpened and defined 

and was especially de-shielded (more than 1 ppm only with the addition of 1 mol curcumin to 4 mol 

meglumine). The more curcumin was present in the mixture curcumin/meglumine in mole, the more 

the hydroxy groups´ peak of meglumine was shielded. The hydroxy groups´ peak became broad again 

with a higher amount of curcumin (mole ratio meglumine/curcumin of 1/1 to 1/4), but was still de-

shielded. Rotating frame Overhauser Enhancement SpectroscopY (ROESY) measurements (2D-NMR) 

have been done with the mole ratio meglumine/curcumin 2/1 to see if cross-peaks appeared or not. 

The 2D-spectra are shown in Figure S 9 and Figure S 10 of the Appendix. Cross-peaks appeared between 

the aromatic protons of curcumin and the protons of the sugar-chain and the methyl group of 

meglumine and between the methyl groups of curcumin and meglumine. These results supported the 

idea that meglumine and curcumin formed a salt in water. Aromatic rings (present in curcumin) could 

also act as hydrogen bond acceptors and therefore, may have a significant interaction with hydrogen 

bond donors like the N-H group (present in meglumine) [86] or to a small extent like the sugar-chain 

of meglumine. In fact, it is already known in the literature that carbohydrates have a specific 

interaction with aromatic compounds, including polyphenols [87,88].  Moreover, the fact that a salt is 

formed and that the N-H group and the OH groups of meglumine have a significant interaction with 

the aromatic rings of curcumin could explain the de-shielding of the hydroxy groups´ peak of 

meglumine. The possible interaction between curcumin and meglumine is shown in Figure 22. 

 

Figure 22: Possible interaction between curcumin and meglumine 
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The results of the solubility and stability of curcumin in water in presence of the additives are shown 

respectively in Figure 23 and Figure 24. 

 

Figure 23: Maximum solubility of curcumin in water with different additives: ethanolamine (dark square), diethanolamine (red 
circle), triethanolamine (blue up-facing triangle), meglumine (green down-facing triangle), D-glucamine (violet diamond), D-
(+)-glucosamine at pH 11 (yellow left-facing triangle) and 12 (cyan right-facing triangle), NaSal (brown hexagon), PCA (dark 
yellow star), EtOH (orange pentagon) and NaOH (sky blue sphere). 

The used additives could be divided into two different groups for the solubilisation of curcumin in 

water: co-solvent and hydrotrope. Indeed, as can be seen in Figure 23, EtOH, NaSal, and PCA showed 

hydrotropic properties and the other additives co-solvent properties. The shape of the EtOH, NaSal, 

and PCA curves demonstrated typical hydrotrope curves: they spread over many orders of magnitude 

and were steep. Hydrotropes cannot form any defined structures in water like surfactants can and 

therefore, a lot of it were needed to solubilize curcumin in water. EtOH was a bad hydrotrope, because 

a too high amount was needed to solubilize a low amount of curcumin. PCA and NaSal were similar 

hydrotropes and better than EtOH. On the other hand, the co-solvents were much better than the 

three different hydrotropes. The shape of the co-solvent curves was different from the hydrotrope 

curves: they were much flatter and spread over only one order of magnitude. Moreover, a lower 

amount was needed to solubilize a significant amount of curcumin in water. The best co-solvents were 

meglumine and ethanolamine, followed by D-glucosamine at pH 12 and 11, D-glucamine and 

diethanolamine. The worst co-solvent was triethanolamine. For comparison, NaOH was used as an 

additive in water at pH 11.5. NaOH solubilised curcumin in water as much as one of the highest mass 
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concentrations of triethanolamine in water (10 wt%) and the lowest mass concentration of D-

glucamine (1 wt%) and therefore was worse than the best co-solvents meglumine and ethanolamine. 

The high pH of water with NaOH allowed the solubilisation of curcumin in water, although curcumin is 

extremely hydrophobic. The pH of different water solutions with 15 wt% of co-solvent and NaOH at 

pH 11.5 was recorded before and after saturation with curcumin. The results are shown in Table 6. The 

pH was not the major reason for the solubilisation of curcumin in water with the different additives (if 

it were the case, the solubility should be pH-dependent, which was not the case, see Table 6). The 

solubilisation of curcumin was dependent on the additive, but no clear trend can be seen.    

 

Table 6: pH before and after saturation with curcumin and maximum absorbance of different water solutions containing 15 
wt% of additives (additive/water, 15/85 in weight) saturated with curcumin [89]. 

Additive  

(15 wt% in water) 
pH before saturation pH after saturation 

Maximum absorbance 

422 nm in acetone 

(undiluted) 

Ethanolamine 12.15 11.07 5602 

Diethanolamine 11.59 10.68 1118 

Triethanolamine 10.90 10.30 126 

Meglumine 11.60 10.84 1822 

D-Glucamine 11.18 10.64 685 

NaOH pH 11.5 11.47 10.40 67 
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Figure 24: Stability of curcumin (saturated solutions) in water (85 wt%) with 15 wt% of additives under constant lighting: 
ethanolamine (dark square), diethanolamine (red circle), triethanolamine (blue up-facing triangle), meglumine (green down-
facing triangle), D-glucamine (violet diamond), D-(+)-glucosamine at pH 11 (yellow left-facing triangle) and 12 (cyan right-
facing triangle) and NaOH (sky blue sphere).For NaOH, the pH before saturation was set to 11.5. [89] 

The stability against light was investigated for all additives at the highest concentration in water (15 

wt%). For comparison, the stability with NaOH at pH 11.5 was also investigated. As can be seen in 

Figure 24, some additives, like diethanolamine, triethanolamine, and meglumine, stabilised curcumin 

in water more against light than NaOH, D-glucosamine, or ethanolamine. The best stabiliser was 

diethanolamine, followed by triethanolamine, meglumine, and D-glucamine respectively. NaOH, 

ethanolamine, and D-glucosamine were very bad stabilisers. Indeed, after 90 and 120 min lighting, 

almost 60% of curcumin was lost with NaOH and ethanolamine, respectively. After the same time of 

lighting, only 10-20% curcumin was lost with diethanolamine, triethanolamine, and meglumine. No 

correlation between solubilisation and stabilisation was found. But meglumine or diethanolamine 

seemed to be the best solubilizers and stabilators. Meglumine was chosen as additive to further 

investigate the solubilisation and stabilisation of curcumin in the green, biodegradable, and edible 

SFME as it solubilised more curcumin in water than diethanolamine. First, the stability against light 

was investigated under different condition: in darkness at room temperature, in darkness at 8 °C and 

under constant lighting. For comparison in the darkness, the same solution containing NaOH as 

additive was also investigated.  The results are shown in Figure 25.  
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Figure 25: Stability of saturated curcumin solutions in water (85 wt%) with 15 wt% of meglumine (down-facing triangle) under 
constant lighting (green curve), in the darkness (orange curve) and in darkness at 8 °C (violet curve) and in water at a pH of 
11.5 adjusted with NaOH (sphere) under constant lighting (sky blue) and in the darkness (dark blue). [89] 

As can be seen in Figure 25, the pH was the major factor for the degradation of the sample and not the 

type of illumination. Indeed, the samples stored in the dark are slightly more stable than the ones 

under constant lighting. The stability in the fridge with meglumine as additive was the best one. After 

7 hours, only 30% curcumin was lost. After the same time, half of curcumin was lost in the darkness 

and 62% under lighting. The temperature played a role in the degradation speed due to the high pH in 

water. The stability of curcumin in water could be extended to several hours in water but remained 

extremely low in comparison with the green, bio-based, and edible SFME. Therefore, the addition of 

meglumine to the best SFME extraction system consisting of H2O/EtOH/TriA should enhance the 

solubility and maybe the extraction efficiencies of the curcuminoids in this system. The stability of 

curcumin in the SFME with meglumine should also be investigated to see if meglumine stabilizes or 

destabilizes curcumin. 
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3.3.2.2 Solubility, stability and extraction of curcumin with meglumine and PCA as additive in 

water in the SFME extraction system 

As the pH played a major role in the degradation of curcumin, a pH regulator was added to regulate 

the pH of the SFME with meglumine. PCA was used as pH-regulator because PCA is allowed in the 

pharmaceutical industry and showed hydrotropic properties for curcumin. The addition of PCA to 

regulate the pH could also be beneficial for the solubility and the extraction efficiencies of the 

curcuminoids. First, the influence of meglumine at different weight per cent and PCA on the phase 

diagram was investigated. The given concentrations of meglumine are the concentrations in pure 

water before its use for the formation of the SFME with EtOH and TriA. The addition of PCA to regulate 

the pH was done also in water with the different weight concentrations of meglumine and not in the 

SFME. The results of the influence of meglumine and PCA on the phase diagram H2O/EtOH/TriA are 

shown in Figure 26. Four different pH values were investigated: pH 7, pH 9, pH 11.3 and pH 11.5 (the 

pH values over 11 are the pH without PCA for the two meglumine concentrations, 5 wt% and 15 wt% 

respectively, in pure water). At pH7, meglumine is completely positively charged (the salt formation 

with curcumin should not be possible) and pH 9 was chosen because of the pKa of meglumine (9.64, 

see Figure S 11 of the Appendix). The phase diagram without PCA was also investigated to see the 

influence of meglumine alone on the phase diagram. The water used to obtain the different phase 

diagrams was freshly prepared with meglumine and/or without PCA and the phase diagram was 

recorded on the same day. R represents the molar ratio between PCA and meglumine (the mole 

number of PCA divided by the mole number of meglumine). RpH7 and RpH9 represent the molar ratio at 

pH 7 and 9 respectively. In water at pH 7 and 9, RpH7 was equal to 0.88 ± 0.01, 0.91 ± 0.01 and 0.95 ± 

0.01 for respectively 5 wt%, 15 wt% and 20 wt% of meglumine in water neutralised with PCA and RpH9 

was equal to 0.82 ± 0.02 and 0.85 ± 0.02 for respectively 5 wt% and 15 wt% of meglumine in water 

neutralised with PCA. 
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Figure 26: Ternary phase diagrams of the systems: H2O with meglumine (5, 10, and 15 wt% in pure water) neutralised with 
PCA at pH 7/EtOH/TriA (top), H2O with meglumine (5 and 15 wt% in pure water) neutralised with PCA at pH 9/EtOH/TriA 
(middle), and H2O with meglumine (5 and 15 wt% in pure water) without PCA at pH 11.3 and 11.5 respectively/EtOH/TriA 
(bottom). The R values represent the molar ratio between PCA and meglumine at the different pH values (7 and 9) for the 
different weight concentrations of meglumine in pure water [71]. 
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As can be seen in Figure 26, meglumine had almost no influence on the miscibility gap in the phase 

diagram compared to the phase diagram without additives. On the contrary, a salting-out effect of PCA 

was observed in the oil-rich phase of the phase diagram when the water pH was adjusted to pH 7 and 

9 with PCA. To explain the salting-out effect, the charge of PCA and meglumine must be investigated 

at different pH values. As meglumine has a pKa of 9.64, it is almost completely positively charged at pH 

7 and a part of it is positively charged at pH 9. At pH 11.3 or 11.5 meglumine is not charged. PCA 

contains an amino group and a carboxylic function. Therefore, PCA can be charged at two different 

positions. At pH 7 and 9, the carboxylic function is negatively charged. The charge of the amino group, 

more precisely of the nitrogen, should be determined according to the pH values.  Therefore, 2D-NMR 

measurements have been done for samples containing PCA in water at two different pH values: 1.3 

and 10.2. The results are shown in Figure 27. 
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Figure 27: 2D-NMR spectra (HMBC) of PCA in water at pH 1.3 (blue cross peak) and at pH 10.2 (red cross peak). 
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The signal at around 7.9 ppm corresponds to the hydrogen atom linked to the nitrogen of PCA. The 

blue cross-peaks are the cross-peaks visible at pH 1.3 and the red ones were at pH 10.2. As can be 

seen, a correlation between the hydrogen atom linked to the nitrogen and the different carbon atoms 

around the nitrogen was visible at pH 1.3. This peak and the cross-peaks disappeared at pH 10.2 and 

therefore, the nitrogen did not share a bond with any hydrogen atom and was negatively charged. This 

means that PCA is partially negatively charged at pH 7 and 9 in the different phase diagrams. As a lot 

of charge is present in the ternary mixture of H2O/EtOH/TriA at pH 7 and 9, it is responsible for the 

observed salting-out effect in the oil-rich-phase because more water is needed to solve the different 

ions (PCA and meglumine). The influence of PCA and meglumine on the structure of the SFME was also 

investigated via DLS. One sample composition was used: H2O/EtOH/TriA 40/24/36 in weight. 5 

different samples were recorded (with or without the addition of additives in the water phase before 

mixing the ternary mixture): 15 wt% of meglumine in water (pH 11.5), 5 wt% of meglumine in water 

(pH 11.3), 5 wt% of meglumine in water at pH 9 (RpH9 = 0.82 ± 0.02), 5 wt% of meglumine in water at 

pH 7 (RpH7 = 0.88 ± 0.01), and without additives in water. Two different conditions were analysed: one 

hour of stirring to simulate the conditions of the extraction and without stirring (simulate the 

conditions during storage). The results are shown in Figure 28 and Figure 29. 
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a) 

 

b) 

 

c) 

 

d) 

 

                                                  e) 

 

Figure 28: DLS measurements of the investigated ternary mixture H2O/EtOH/TriA 40/24/36 with a) 15 wt% meglumine in pure 
water at pH 11.5, b) 5 wt% meglumine in pure water at pH 11.3, c) 5 wt% meglumine in water at pH 9 (RpH9 = 0.82), d) 5 wt% 
meglumine in water at pH 7 (RpH7 = 0.88), and e) without additives in water. The measurements were done directly after mixing 
and after one hour of stirring time to simulate the extraction conditions. 
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a) 

 

b) 

 

c) 

 

d) 

 

                                                  e) 

 

Figure 29: DLS measurements of the investigated ternary mixture H2O/EtOH/TriA 40/24/36 with a) 15 wt% meglumine in pure 
water at pH 11.5, b) 5 wt% meglumine in pure water at pH 11.3, c) 5 wt% meglumine in water at pH 9 (RpH9 = 0.82), d) 5 wt% 
meglumine in water at pH 7 (RpH7 = 0.88), and e) without additives in water. The measurements were done directly after mixing 
and after a certain time: after 30, 60, 90, 120 min and 2.5 days. 
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As can be seen in Figure 28, the addition of meglumine and PCA to the water phase at different pH had 

almost no influence on the SFME, if the samples were measured directly after mixing. In contrast, the 

addition of 15 wt% of meglumine to pure water decreased the correlation curve and therefore, the 

structuring was weaker than the reference system without any additives. Meglumine at high weight 

concentration destroys the structuring of the ternary system of H2O/EtOH/TriA partially. After one 

hour of stirring, no change was observed for all the samples except for the two samples at pH 7 and 9. 

Indeed, a stronger and higher correlation curve was obtained after one hour of stirring, which indicates 

that the system showed stronger structuring than the reference system without additives. This was 

more significant for the system at pH 7 than at pH 9. Viscosity measurements have been made for 

several samples to investigate the potential increase of viscosity of the different systems leading, for 

example, to stirring problems and to worse extraction efficiencies of the curcuminoids. The results are 

shown in Table S 10 of the Appendix. For all the systems with additives investigated with DLS, the 

viscosity was higher than the reference system without additives. Moreover, the highest viscosities 

were found for the systems at pH 7 and 9 (3.38 and 3.32 mPa.s respectively). This increase of viscosity 

could be an explanation for the stronger structuring of the systems with meglumine and PCA at pH 7 

and 9 in water after one hour of stirring. The same systems without stirring have also been 

investigated. The results were similar for all the measurements after two hours. The same systems 

have also been measured after 2.5 days (the samples were left in the measuring tubes so that the 

samples were not again filtered before measurement). For the samples with meglumine and PCA and 

without additives, no change occurred after 2.5 days. On the contrary, for the samples with only 

meglumine as additive in pure water, much bigger structuring occurred. A bimodal correlation curve 

was obtained with 5 wt% of meglumine in pure water after 2.5 days. After the same time, much bigger 

aggregates were built with 15 wt% of meglumine in pure water. The pH of the SFME was very high and 

TriA was not stable under basic conditions. TriA can be hydrolysed to glycerol and acetic acid under 

basic conditions [90]. Glycerol is completely soluble in water and short chain alcohols like EtOH, which 

is also the case for acetic acid. After 2.5 days, all the samples remain clear, although bigger aggregates 

were formed in the case of the samples with only meglumine as an additive in pure water.  

Prior to the extraction, the maximum solubility of curcumin in the different ternary systems was 

investigated. Two different weight concentrations of meglumine (15 wt% and 5 wt% in pure water) 

and four different pH values (7, 9, 11.3, and 11.5) were investigated for the solubility and the extraction 

of the curcuminoids from C. longa. The results are shown in Figure 30. 
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Figure 30: Ternary phase diagrams of the systems: H2O/EtOH/TriA the reference system (top),H2O with meglumine (5 and 15 
wt% in pure water) without PCA at pH 11.3 and 11.5 respectively/EtOH/TriA (second from the top), H2O with meglumine (5 
and 15 wt% in pure water) neutralised with PCA to pH 9 (RpH9 = 0.82 and 0.85 respectively for 5 and 15 wt% of meglumine in 
water)/EtOH/TriA (third from the top), and H2O with meglumine (5 and 15 wt% in pure water) neutralised with PCA to pH 7 
(RpH7 = 0.88 and 0.91 respectively for 5 and 15 wt% of meglumine in water)/EtOH/TriA (bottom). The ternary phase diagrams 
also contain the compositions of the mixtures used for curcumin solubilisation studies. The corresponding solubility data are 
given on the right side of each phase diagram corresponding to the different pH values. R values represent the molar ratio 
between PCA and meglumine at the different pH values for the two different weight concentrations of meglumine in pure 
water [71]. 

First, the influence of the pH on the maximum solubility of curcumin in the ternary phase diagram was 

investigated with NaOH. As meglumine in water had a high pH (11.3 or 11.5 for respectively 5 wt% and 

15 wt% of meglumine in water) and the pH after the formation of the SFME did not change (i.e. the pH 

of the ternary mixture after mixing is equal to the pH of the water phase before mixing), the pH of the 

water phase was adjusted to 11.2 with NaOH in order to compare with meglumine. As can be seen in 

Figure 30, the pH had no major impact on the maximum of solubility of curcumin in the SFME. It was 

only very slightly increasing. Thus, the pH did not impact the maximum solubility of curcumin. 

Regarding the solubility at pH 11.3 and 11.5 (i.e. without PCA but only with meglumine in water), the 

same trend was observed for both weight concentrations of meglumine in water as previously: upon 

addition of water, the maximum solubility of curcumin decreased. The decrease was more pronounced 

with 5 wt% of meglumine in pure water than with 15 wt% of meglumine. For both meglumine 

concentrations, the maximum of solubility of curcumin was more robust against small additions of 

water (i.e. meglumine/water) as previously without meglumine in water. The maximum of solubility of 

curcumin decreased only slightly with 15 wt% of meglumine in pure water. Regarding the maximum 

solubility of curcumin at pH 7 and 9, the same trend as before was also observed (the solubility of 

curcumin decreased upon the addition of water) for both weight concentrations of meglumine in 

water. It is important to notice that the dilution lines were different (due to the increase of the 

miscibility gap due to the addition of PCA) and therefore, a direct comparison is difficult. Only the same 
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weight concentration of meglumine in water at different pH are comparable. Moreover, the dilution 

lines at pH 7 and 9 with 15 wt% of meglumine in pure water were investigated close to the miscibility 

gap. Therefore, the ratio between EtOH and TriA remained not constant. The two investigated binary 

solutions EtOH/TriA (40/60 and 65/35 in weight) showed the same maximum of solubility as previously 

without any additive in water, as expected. First, the different pH with 5 wt% of meglumine in water 

will be compared. Upon addition of PCA to the SFME system to bring the pH from 11.3 to 9, the 

maximum solubility of curcumin decreased. Upon further addition of PCA to bring the pH from 11.3 to 

7, the maximum solubility of curcumin also decreased, but not as strongly as at pH 9. It can be 

supposed that there was a synergism between PCA and meglumine for this SFME system (i.e. with 5 

wt% of meglumine in pure water). On the contrary, the addition of PCA to the SFME system with 15 

wt% of meglumine in water to bring the pH from 9 to 7 further decreased the maximum solubility of 

curcumin and in this case, no synergism can be observed or presumed. 

The real advantage to use meglumine as an additive in pure water was the high increase of the 

maximum solubility of curcumin for the SFME containing 40 wt% of water (H2O/EtOH/TriA 40/24/36) 

for all the systems without PCA. The comparison between the different SFME systems is shown in 

Figure 31.  

 

Figure 31: Maximum absorbance of curcumin (at λmax = 422 nm) at saturation for the same SFME composition (H2O/EtOH/TriA 
40/24/36) with different additives in pure water: reference SFME without additives, water with NaOH at pH 11.2, water with 
5 wt% of meglumine, and water with 15 wt% of meglumine (from the left to the right) [71]. 
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As can be seen in Figure 31, the increase of the maximum solubility of curcumin was due to the addition 

of meglumine and not due to the pH. The maximum solubility of curcumin was higher for all the 

systems with additives than with the reference system without additives. Moreover, the maximum 

solubility of curcumin increased 5-fold with the addition of only 15 wt% of meglumine to pure water. 

Therefore, the different weight concentrations of meglumine should be tested for extraction. Prior to 

the extraction, the stability of curcumin in different SFME systems with additives at different pH values 

must be investigated. Indeed, curcumin is degrading under basic conditions (see section 3.3.2.2). 

Therefore, the change of colour of the saturated solutions for the investigation of the maximum of 

solubility of curcumin was observed for a certain time to obtain preliminary results. In some samples 

at pH 11.3 and 11.5 (i.e. with only meglumine in pure water) a precipitation occurred overnight or after 

2 days. Moreover, a change of colour was observed: from red (high pH) to orange (decrease of the pH). 

The same change of colour occurs at pH 9, but the samples were less red at the beginning than at pH 

11.3 and 11.5 and no precipitation was observed. No changes were noticed at pH 7 for both weight 

concentrations of meglumine in water. The UV samples were stored in the lab at day light. 

First, the precipitation of curcumin along the dilution lines with 15 wt% and 5 wt% of meglumine in 

pure water without PCA at pH 11.3 and 11.5 respectively was investigated more precisely (for sample 

composition see Table 7). The samples were stored in darkness after saturation with curcumin and 

pictures of the sample were taken over the time. The pictures and the different investigated 

compositions of the ternary system are shown in Table 7.  
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Table 7: Sample composition (Sample 1 to 5; from the left to the right in the pictures) for the investigated precipitation of 
curcumin with 5 wt% and 15 wt% of meglumine in water and pictures of the samples after saturation with curcumin, after 1 
and 2 days in the dark. [89] 

Sample 

composition (wt%) 

5 wt% of meglumine in pure water 15 wt% of meglumine in pure water 

Day 0 

1: EtOH/TriA 40/60 

  

2: H2O/EtOH/TriA 

5/38/57 
Day 1 

3: H2O/EtOH/TriA 

15/34/51 
  

4: H2O/EtOH/TriA 

30/28/42 
Day 2 

5: H2O/EtOH/TriA 

40/24/36 
  

 

All samples were red after saturation with curcumin, except for the binary system, which was orange. 

The red colour was due to the high pH. The samples had a more pronounced red colour with an 

increasing water content of the SFME for both weight concentrations of meglumine. The red colour 

was more pronounced for the samples with 15 wt% of meglumine in water than with 5 wt% of 

meglumine. After one day of storage in the dark, all the red samples became brighter (due to the 

decrease of the pH over time) and for both weight concentrations of meglumine in water, a 

precipitation occurred in the samples 4 and 5 (with respectively 30 wt% and 40 wt% of water with 

meglumine in the SFME). The precipitation was stronger in the samples with 15 wt% of meglumine in 

water (judged with bare eyes) and stronger in sample 5 than sample 4 (see Figure S 12 of the Appendix). 

After two days, more curcumin has precipitated in samples 4 and 5 for both concentrations and all the 

samples are brighter again (except the binary system). No precipitation occurred in the others samples 

(sample 1 to 3). The more water was in the SFME and the more meglumine was dissolved in water, the 

more curcumin has precipitated in the samples. The pH and the different pKa (meglumine and 

curcumin) seemed to play the major role for the precipitation of curcumin.  
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Therefore, the precipitation pH of curcumin and bisdemethoxycurcumin has been investigated first in 

water containing 5 wt% of meglumine, in order to know if the precipitation occurred at the pKa of 

meglumine or of the polyphenol. Then, the pH of precipitation of curcumin in the SFME H2O/EtOH/TriA 

40/24/36 (in weight) at different meglumine concentrations in water (5 wt% and 15 wt%) was 

investigated. Further, the pH of the same SFME without curcumin has also been measured as 

comparison. The results are shown in Figure 32 and in Figure S 13 and Figure S 14 of the Appendix. In 

water with 5 wt% of meglumine, curcumin started to precipitate at a pH of 9.70 and 

bisdemethoxycurcumin began to precipitate at a pH of 10.48 (see the pictures of the centrifuge tubes 

in Figure S 13 and Figure S 14 of the Appendix). The precipitation of the polyphenols was not dependent 

on the pKa of meglumine (pKa = 9.64, see Figure S 11 of the Appendix) but on the pKa of the polyphenols 

themselves. This means that if the curcuminoids could be extracted with a simple water/meglumine 

mixture, the separation of the three curcuminoids could be possible simply by lowing the pH step by 

step.  

As previously mentioned, meglumine, more precisely the high pH, destroyed TriA and therefore, the 

SFME over the time, meaning that the pH of the SFME decreased over the time. In the SFME 

H2O/EtOH/TriA 40/24/36 (in weight) with 15 wt% of meglumine in water, curcumin started to 

precipitate at a pH of 9.32 and with 5 wt% of meglumine at a pH of 8.94. The difference could be 

explained by the higher maximum solubility of curcumin in the SFME with 15 wt% of meglumine in 

pure water. Indeed, more curcumin was soluble and therefore, the precipitation should be started at 

a higher pH value. Over four hours, the pH of the SFME without curcumin decreased from 11.02 to 

8.95 and from 10.01 to 9.32 over three hours with curcumin saturation. After one hour of stirring, no 

precipitation occurred, meaning that the extraction could be performed without any problems 

concerning the precipitation of curcumin from the extraction SFME system.  
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a) 

 

b) 

 

Figure 32: a) Evolution of the pH over the time in the SFME H2O/EtOH/TriA 40/24/36 with 15 wt% of meglumine in water 
without curcumin (black square), with curcumin at saturation (red circle) and with 5 wt% of meglumine in water with curcumin 
at saturation (up-facing orange triangle. The pH of precipitation of curcumin is indicated for both weight concentrations of 
meglumine in water. b) investigation of the pH of precipitation of curcumin (black square) and bisdemethoxycurcumin (up-
facing blue triangle) in water containing 5 wt% of meglumine. 

The only drawback of the use of meglumine with or without PCA in the SFME extraction system was 

the high pH. Therefore, the stability of curcumin in different SFME extraction systems with or without 

additives was investigated via UV/Vis measurements. As curcumin precipitated overnight in the SFME 

extraction system containing 30 and 40 wt% of water with additives, the highest water content used 

for the stability measurement of curcumin was 15 wt% (i.e. H2O/EtOH/TriA 15/34/51 or H2O/EtOH/TriA 

15/51/34 in weight). Moreover, the pH of the samples stored in the dark and at day light was also 

measured over the UV-measurement time. NaOH as additive was also investigated as well as 

meglumine with and without PCA. The results at day light and in darkness are shown respectively in 

Figure 33 and Figure 34. Curcumin was not stable in the reference systems H2O/EtOH/TriA 15/34/51 

and H2O/EtOH/TriA 15/51/34 in weight. Indeed, after 10 days almost no curcumin was detected via 

UV/Vis. Moreover, a change of the spectra was observed. Thus, all the curcumin was degraded after 

10 days. The reference system with NaOH as additive at pH 11.5 showed the same results as the 

reference system without additives. It can be deduced that the high pH has no influence on the 

curcumin stability or instability in the SFME. The change of spectra occurred later for the samples with 

additives (meglumine with or without PCA), because the maximum of solubility of curcumin was much 

higher in the SFME with water containing additives than in the reference SFME. From all the results, it 

can be deduced that first, the high pH had no influence on the curcumin stability and that light was 

responsible for the curcumin degradation in the SFME.  
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Figure 33: UV/Vis spectra of two different SFME systems H2O/EtOH/TriA 15/34/51 and 15/51/34 in weight with different 
additives in water and without additives over time at curcumin saturation at day light. From the left to the right and from the 
top to the bottom: H2O/EtOH/TriA 15/34/51 with water containing 15 wt% of meglumine (pH 11.5); with water containing 5 
wt% of meglumine (pH 11.3); with water containing 5 wt% of meglumine with PCA at pH 9 (RpH9 = 0.82); with water containing 
NaOH (pH 11.5); without additives; ternary phase diagram without PCA with the composition of the investigated SFME; 
H2O/EtOH/TriA 15/51/34 with water containing 15 wt% of meglumine with PCA at pH 9 (RpH9 = 0.85); without additives; 
ternary phase diagram with PCA at pH 9 with the compositions of the investigated SFME. 
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Figure 34: UV/Vis spectra of two different SFME systems H2O/EtOH/TriA 15/34/51 and 15/51/34 in weight with different 
additives in water and without additives over time at curcumin saturation in darkness. From the left to the right and from the 
top to the bottom: H2O/EtOH/TriA 15/34/51 with water containing 15 wt% of meglumine (pH 11.5); with water containing 5 
wt% of meglumine (pH 11.3); with water containing 5 wt% of meglumine with PCA at pH 9 (RpH9 = 0.82); with water containing 
NaOH (pH 11.5); without additives; ternary phase diagram without PCA with the composition of the investigated SFME; 
H2O/EtOH/TriA 15/51/34 with water containing 15 wt% of meglumine with PCA at pH 9 (RpH9 = 0.85); without additives; 
ternary phase diagram with PCA at pH 9 with the compositions of the investigated SFME. 

The fact that the pH had no influence on the curcumin stability was also supported and demonstrated 

by the measurements in darkness. Indeed, in the dark curcumin was stable over one month at least. 

Some samples showed a maximum absorbance higher than the initial one. As all the samples were 

diluted 5000-fold, this higher absorbance can be attributed to dilution mistakes. Only the sample with 

15 wt% of meglumine in water at pH 11.5 showed a decrease of the maximum absorbance, but this 

decrease was due to the precipitation of curcumin in the sample. The precipitation can be explained 

by the degradation of TriA over the time (due to the high pH) and the decrease of the pH. The pH has 

also been measured and the results are shown in Table 8. As can be seen, the pH decreased very fast 

after two to three days only. Indeed, all the samples had a pH under 7.5. The pH decreased faster under 

light as in darkness. It can be deduced that the degradation of TriA occurred faster than the 

degradation of curcumin in darkness. After one month, a new peak appeared in the UV spectra of all 
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the samples. This unknown substance could be a degradation product of curcumin or TriA, but no 

accurate statement can be made. 

Table 8: pH of the two SFME systems H2O/EtOH/TriA 15/34/51 and 15/51/34 in weight with different additives in water and 
without additives over time at curcumin saturation at day light (L) and in darkness (D). n.m. means not measured [89]. 

pH at day 0 1 2 3 11 

SFME 

system 

H2O/EtOH/TriA 

15/34/51 

without 

additives 

L 6.2 6.7 5.3 4.7 3.4 

D 6.2 n.m. 6.8 n.m. 6.6 

5 wt% 

meglumine 

in water at 

pH 9 

L 9 7.0 6.8 6.7 5.9 

D 9 n.m. n.m. 7.0 6.3 

5 wt% 

meglumine 

in water at 

pH 11.3 

L 11.3 8.0 7.6 7.4 6.0 

D 11.3 n.m. 7.0 n.m. 6.9 

NaOH pH 

11.5 

L 11.5 7.4 7.0 n.m. 4.1 

D 11.5 n.m. 7.7 n.m. 7.2 

15 wt% 

meglumine 

in water at 

pH 11.5 

L 11.5 8.2 7.6 7.4 6.5 

D 11.5 n.m. n.m. n.m. 7.0 

H2O/EtOH/TriA 

15/51/34 

without 

additives 

L 6.0 6.7 5.9 5.2 3.8 

D 6.0 n.m. 6.8 n.m. 6.8 

15 wt% 

meglumine 

in water at 

pH 9 

L 9 7.5 7.1 6.9 5.5 

D 9 8.2 n.m. 7.5 6.7 

As the pH had no major influence on the curcumin degradation in the SFME, extraction could be 

performed. Moreover, after one hour, the pH of precipitation of curcumin was not reached in the SFME 

H2O/EtOH/TriA 40/24/36 (in weight) with 15 wt% of meglumine in water, meaning that the extraction 

can be performed without curcumin precipitation from the SFME extraction system. As meglumine 

with and without PCA solubilised in water increased the maximum curcumin solubility in the SFME, it 

could be hoped that the extraction of the curcuminoids from C. longa could be enhanced even more 
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than in the reference system without additives in water. Indeed, previously the best extraction system 

was the ternary mixture with 40 wt% of water. Upon addition of water, the extraction efficiencies of 

demethoxycurcumin and bisdemethoxycurcumin were increased. Therefore, extraction experiments 

were conducted with different weight concentrations of meglumine with and without PCA at different 

pH values in water to be compared to the SFME extraction system without additives. The same 

extraction procedure was used with the same weight ratio C. longa to extraction SFME of 1 to 4 in 

weight. The results are shown in Figure 35. The detailed curcuminoid extraction efficiencies for all the 

SFME systems at different pH values and meglumine weight concentration in water are shown in Table 

S 11 of the Appendix.  

 

Figure 35: Overview of the total curcuminoid content (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) for the 
SFME extraction systems with varying water content with 5 and 15 wt% of meglumine in pure water at a) pH 7, b) pH 9, and 
c) pH 11.3 and 11.5. RpH values represent the molar ratio between PCA and meglumine at the different pH values [71].   
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First, the curcuminoid extraction efficiencies with the two weight concentrations of meglumine in 

water will be compared at constant pH and to the reference system without additives (see Figure 35). 

With a water pH of 7 (cf. Figure 35 a), all total curcuminoid extraction efficiencies were lower or equal 

for all SFME extraction systems with additives compared to the reference system without additives. 

Only the SFME system containing 15 wt% of water with 15 wt% of meglumine surprisingly exhibited a 

higher total extraction efficiency (the gain remaining very low). If the best SFME extraction system 

without additives (i.e. with 40 wt% of water) is compared to the same SFME extraction system with 

additives for both weight concentrations of meglumine, the curcuminoid extraction efficiencies of the 

SFME extraction system with additives were much lower. Many reasons could explain the bad 

extraction efficiencies: first, the viscosity was higher if the SFME extraction system contained additives 

(see Table S 10 of the Appendix), leading to agitation problems, second at pH 7 both additives were 

charged in the SFME extraction system (see Figure 27), meaning that a lot of water was needed to 

hydrate both additives so that less water could participate to the curcuminoid extraction, and last as 

meglumine was positively charged at pH 7, no salt formation with curcumin should occurred. 

With a water pH of 9 (cf. Figure 35 b), all total curcuminoid extraction efficiencies of were better or 

equal for all SFME extraction systems with additives compared to the reference system without 

additives, in contrast with a water pH of 7. Only the SFME extraction system with 40 wt% of water 

exhibits a lower extraction efficiency, certainly due to a higher viscosity (see Table S 10 of the 

Appendix). In total, between 2 and 3 mg more curcuminoids per g C. longa could be extracted at low 

water contents (5 and 15 wt% of water) for both meglumine weight concentrations in pure water. Even 

the SFME extraction system with 30 wt% of water containing 5 wt% of meglumine showed a higher 

total curcuminoid extraction efficiency (17.24 mg curcuminoids per g C. longa, see Table S 11 of the 

Appendix) than the best SFME extraction system without additives (15.28 mg curcuminoids per g C. 

longa, see Table S 11 of the Appendix, H2O/EtOH/TriA 40/24/36 in weight). The SFME extraction 

systems exhibited a similar trend for both meglumine weight concentrations: higher total curcuminoid 

extraction efficiencies at low water contents and a decrease upon increase of the water content of the 

SFME extraction systems. At a higher water content, the total curcuminoid extraction efficiencies were 

better with 5 wt% of meglumine in pure water than with 15 wt% of meglumine (the same total 

curcuminoid content was reached with the SFME extraction system with 40 wt% of water containing 

5 wt% of meglumine than with 30 wt% of water containing 15 wt% of meglumine). The addition of 

meglumine and PCA led to higher curcuminoid extraction efficiencies than with the best SFME 

extraction system without additives (synergistic effect). Comparing the curcuminoids alone now: for 

curcumin, all extraction efficiencies were better than the reference system without additives, except 
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the SFME extraction system with 40 wt% of water containing 15 wt% of meglumine. The same trend 

as previously with the investigation of the maximum of solubility of curcumin was observed: upon 

addition of water (i.e. water/meglumine/PCA), the curcumin extraction efficiencies decreased. As 

curcumin is the most abundant curcuminoid, it was not surprising [91,92]. The same trend as for 

curcumin was observed for demethoxycurcumin. Only three SFME extraction systems (SFME with 40 

wt% of water containing 5 and 15 wt% of meglumine and 30 wt% of water containing 15 wt% of 

meglumine) showed a lower demethoxycurcumin extraction efficiency than the best reference system 

without additives (respectively 3.04, 2.60, 3.04, and 3.18 mg demethoxycurcumin per g C. longa, see 

Table S 11 of the Appendix). The same trend as previously seen without additives could also be 

observed for bisdemethoxycurcumin. Indeed, upon addition of water, the bisdemethoxycurcumin 

extraction efficiency increased (except for the SFME extraction system with 40 wt% of water with 

additives, because of viscosity reasons and therefore, agitation problems, see Table S 10 of the 

Appendix). For both weight concentrations of meglumine, the SFME extraction system with 15 wt% 

and 30 wt% of water with additives extracted more bisdemethoxycurcumin than the reference system 

without additives (3.18 and 3.38 mg bisdemethoxycurcumin per g C. longa for respectively 15 wt% and 

30 wt% of water containing 5 wt% of meglumine and 3.01 and 3.01 mg bisdemethoxycurcumin per g 

C. longa for respectively 15 wt% and 30 wt% of water containing 15 wt% of meglumine). In contrast to 

curcumin, bisdemethoxycurcumin and demethoxycurcumin are not that abundant in C. longa [91,92]. 

The extraction efficiencies of these two curcuminoids could be enhanced just with the addition of 

meglumine and PCA in the water phase of the SFME extraction system (~ 10% and ~ 17% for the best 

SFME extraction system for demethoxycurcumin and bisdemethoxycurcumin respectively). 

With a water pH of 11.3 or 11.5, all SFME extraction systems with additives (i.e. only meglumine, 

without PCA) showed a higher total curcuminoid extraction efficiency, except again the SFME 

extraction system with 40 wt% of water for both meglumine weight concentrations in water (certainly 

due to viscosity reason, see Table S 10 of the Appendix). The total curcuminoid extraction efficiencies 

were better with 15 wt% of meglumine in pure water than with 5 wt% of meglumine. With 5 wt% of 

meglumine in water, the total curcuminoid extraction efficiencies were equal upon the addition of 

water. With 15 wt% of meglumine in water, they decreased upon addition of water. A maximum was 

reached with the SFME extraction system with 5 wt% of water containing 15 wt% of meglumine (18.3 

mg curcuminoids per g C. longa, see Table S 11). This was a win of 3 mg of curcuminoids per g C. longa 

compared to the best SFME extraction system without additives (15.28 mg curcuminoids per g C. 

longa, see Table S 11 of the Appendix, H2O/EtOH/TriA 40/24/36 in weight). Regarding the curcuminoids 

alone, the same trend as for pH 9 could be observed (the SFME extraction system with 40 wt% of water 
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will not be considered for the comparison of the curcuminoids alone): upon addition of water, the 

curcumin extraction efficiency decreased, the demethoxycurcumin extraction efficiency decreased 

also a little and the bisdemethoxycurcumin extraction efficiency increased. Remarkable, curcumin was 

extracted better with all investigated SFME extraction systems than with the reference system without 

additives (from 9.72 to 11.7 mg curcumin per g C. longa with the SFME extraction system additives 

compared to 9.21 mg curcumin per g C. longa with the reference system, see Table S 11 of the 

Appendix). The demethoxycurcumin and bisdemethoxycurcumin extraction efficiencies with the SFME 

extraction system with 15 wt% of meglumine in water were all better than the reference system. With 

5 wt% of meglumine, a maximum was reached with the SFME extraction system with 30 wt% of water 

(3.20 and 3.17 mg demethoxycurcumin and bisdemethoxycurcumin respectively per g C. longa, see 

Table S 11 of the Appendix). 

First, the total curcuminoid and the different curcuminoid extraction efficiencies were compared at 

constant pH for different weight concentrations of meglumine in pure water, now the pH effect at a 

constant weight concentration of meglumine in water will be compared. The results (same as in Figure 

35, but reordered) are shown in Figure 36. 

  

Figure 36: Overview of the total curcuminoid content (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) for the 
SFME extraction systems with varying water content with 5 wt% (on the left) and 15 wt% (on the right) of meglumine in pure 
water at different pH. RpH values represent the molar ratio between PCA and meglumine at the different pH values [71]. 

As can be seen, the best total curcuminoid extraction efficiencies were reached with a water pH of 9 

with the SFME extraction system with 5 wt% of meglumine in water (the maximum is reached with the 

SFME extraction system containing 15 wt% of water) and with a water pH of 11.5 with the SFME 

extraction system with 15 wt% of meglumine in water (the maximum was reached with the SFME 
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extraction system containing 5 wt% of water). One explication could be proposed to explain the 

difference. The charge of the two different additives (meglumine and PCA) should be considered at 

the two different pH values. At a water pH of 11.3 and 11.5, only meglumine was solubilised in water 

and was not charged (the salt formation with curcumin takes place), so that a higher weight 

concentration of meglumine led to higher total curcuminoid extraction efficiencies. At a water pH of 

9, PCA and meglumine were charged. Indeed, as previously described in Figure 27, the nitrogen of PCA 

was negatively charged so that PCA could also participate in enhancing the total curcuminoid 

extraction efficiencies. Meglumine was also partially charged (pKa = 9.64, see Figure S 11 of the 

Appendix) and considering all the charges in the SFME extraction system, a higher weight 

concentration of meglumine (and therefore also of PCA) led probably to a too higher overall charge in 

the SFME extraction system and therefore, to a lower total curcuminoid extraction efficiencies. 

Previously, the stability of curcumin has been investigated to see if the high pH of the SFME extraction 

system could be a problem for the extraction of the curcuminoids. In order to see, if here the high pH 

played a major role on the extraction of the curcuminoids, the same SFME extraction systems have 

been tested with NaOH at pH 11.2 as additive to be compared with the best SFME extraction systems 

for both weight concentrations of meglumine in water. The results are shown in Figure 37. The detailed 

curcuminoid extraction efficiencies are shown in Table S 11 of the Appendix. The total curcuminoid 

extraction efficiencies could be enhanced with NaOH as additive (except for the SFME extraction 

system with 40 wt% of water) compared to the best reference system without additives, but lower 

than the best SFME extraction systems at pH 9 and 11.5. If the curcuminoids alone are compared, it 

can be seen, that NaOH had only an influence on the curcumin extraction efficiency. No influence on 

the demethoxycurcumin and bisdemethoxycurcumin extraction efficiencies was observed. The pH 

played then a minor role in the enhancement of the total curcuminoid extraction efficiencies. The pH 

after extraction was recorded for three SFME extraction systems with the same composition 

(H2O/EtOH/TriA 40/24/36 in weight) with the different additives: NaOH at pH 11.2, 5 wt% of 

meglumine in water (pH 11.3) and 15 wt% of meglumine in water (pH 11.5). After the extraction, the 

pH decreased to 6.6, 9.5 and 9.9 respectively. With the SFME extraction system with 40 wt% of water, 

the high pH destroyed the SFME over time which was then consumed by the plant material. It can be 

deduced, that NaOH was consumed more strongly by C. longa and TriA than meglumine.  
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Figure 37: Comparison of the total curcuminoid extraction efficiencies between the best SFME extraction systems at pH 9 and 
11.5, and the same SFME extraction system with NaOH at pH 11.2 as additive in water instead of meglumine and PCA. Rph9 

represents the molar ratio between PCA and meglumine at pH 9 [71]. 

As the addition of meglumine to the water phase of the SFME extraction systems enhanced the total 

curcuminoid extraction efficiencies, a simple water extraction with only meglumine was investigated. 

Here, only water and meglumine were used, no organic solvents like EtOH or TriA were added. The 

same extraction procedure was performed with the same weight concentration of meglumine in water 

at the same pH (water/meglumine 85/15 in weight at pH 11.5 and water meglumine 95/5 in weight at 

pH 11.3). For comparison, NaOH as additive was also investigated at the same pH as before (11.2). The 

results are shown in Table 9. During the analytical process, the pH was decreased after the extraction 

to precipitate the curcuminoids and other phytochemicals from the extraction system. Acetonitrile 

was then used for analytical reasons because the curcuminoids and the essential oils were soluble in 

it. After the pH change, a part of the precipitated extract was neither soluble in water nor in 

acetonitrile. The results with NaOH are not presented in Table 9, because a too small amount of 

curcuminoids was extracted and therefore, the curcuminoid extraction efficiencies were not 

measurable. 
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 Table 9: Curcuminoids extracted from C. longa with two aqueous extraction systems water/meglumine (95/5 and 85/15 in 
weight) [71]. 

Extraction systems 
(wt%) 

Curcumin  

(mg/g C. longa) 

Demethoxycurcumin 

(mg/g C. longa) 

Bisdemethoxycurcumin 

(mg/g C. longa) 

water/meglumine 

95/5 
4.03 ± 0.16 1.39 ± 0.08 1.51 ± 0.06 

water/meglumine 

85/15 
7.70 ± 0.42 3.30 ± 0.62 3.46 ± 0.62 

As can be seen, the more meglumine was solubilised in water, the higher the curcuminoid extraction 

efficiencies were. The high demethoxycurcumin and bisdemethoxycurcumin extraction efficiency was 

remarkable with only a mixture of meglumine (15 wt%) and water (85 wt%) as extraction system. 

Moreover, the bisdemethoxycurcumin extraction efficiency was the highest one of all investigated 

extraction systems. It was already demonstrated previously, that the addition of water to the binary 

mixture of EtOH and TriA enhanced the bisdemethoxycurcumin extraction efficiency, because 

bisdemethoxycurcumin had an affinity to polar solvents (supported also by COSMO-RS calculations 

[60]). Moreover, as bisdemethoxycurcumin possesses two methoxy groups less than curcumin, the salt 

formation should be in favour of bisdemethoxycurcumin instead of curcumin. All these assumptions 

could explain the high bisdemethoxycurcumin extraction efficiency, although bisdemethoxycurcumin 

is the least abundant of the curcuminoids [91,92]. For comparison, the relative purity of the extract 

was also measured via HPLC. A very good and high purity could be achieved (~87 to 88%) without any 

pre-treatment of C. longa before extraction, as previously done with freeze drying. If also pre-

treatments were done before the extraction with a mixture of meglumine/water (85/15 in weight), an 

even higher purity should be reached. 

3.3.3 Conclusion of the curcuminoids extraction from C. longa with the ternary 

systems H2O/EtOH/TriA (with and without additives in the water phase) 

and H2O/DiA/TriA 

First, two different food-approved, bio-based, and edible ternary mixtures consisting of water, TriA as 

solvent, and EtOH or DiA as hydrotropes were investigated and examined concerning their ability to 

extract and stabilize curcuminoids from C. longa. Ternary phase diagrams were obtained and had an 

expected and similar miscibility gap like a ternary mixture consisting of water, oil, and hydrotrope. 

With the help of DLS measurements, it was demonstrated that both ternary mixtures build SFMEs.  

The solubility of curcumin in the binary mixtures of EtOH/TriA and DiA/TriA and the SFMEs was then 

investigated using UV/Vis. A solubilising synergy of curcumin was found in the binary mixture of 

EtOH/TriA. On the contrary, no solubilising synergy was found with the binary mixture DiA/TriA. Upon 
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the addition of water to the best binary mixtures, a decrease of the maximum solubility of curcumin 

was found for both SFMEs. This was not surprising, as curcumin is a very hydrophobic compound. On 

the contrary, upon the addition of water, the curcuminoid extraction efficiencies were enhanced in 

the following way: curcumin < demethoxycurcumin < bisdemethoxycurcumin. The same order was 

found concerning the polarity of the curcuminoids (with the help of COSMO-RS calculations). As 

bisdemethoxycurcumin is the most polar curcuminoid, its extraction efficiency was enhanced the most 

upon the addition of water. The SFME extraction system containing EtOH as hydrotrope was superior 

to the SFME extraction system containing DiA. The different curcuminoids’ extraction efficiencies were 

compared to the common water/EtOH 80/20 (in weight) extraction mixture: the addition of a third 

compound, here TriA, could improve the curcuminoid extraction efficiencies. The big advantage of the 

two SFME systems is the fact that they are edible and food-approved. Therefore, there is no need to 

remove the solvent after extraction. It was also demonstrated that keeping the solutions in the 

darkness enhanced the curcumin stability.  

As the maximum curcumin solubility of the SFME H2O/EtOH/TriA and the binary mixtures was quite 

high, the reuse of the SFME extraction system for further extraction was investigated. It was found 

that repeated extraction with fresh C. longa leads to a linear increase of the curcuminoid content in 

the SFME if no saturation occurred. A compromise had to be found between the water content of the 

SFME extraction system and the weight ratio of C. longa to SFME extraction system. Indeed, enough 

water was needed to swell the C. longa rhizomes, allowing a good solvent penetration and enhancing 

the curcuminoid extraction efficiencies. But too much water led to agitation problems and to 

saturation because too much SFME extraction system was lost after each cycle of extraction. A higher 

weight ratio of C. longa to SFME extraction system (1:24) would reduce the agitation problems and the 

risk to reach the saturation, but a smaller one (1:16) was greener and less SFME extraction system was 

needed or lost.  

As further improvement, the relative purity of the SFME extract systems was increased with different 

pre-treatments of the C. longa (hydrodistillation, vacuum distillation, and lyophilisation). The 

lyophilisation has been found to be the best pre-treatment (high purity reached with a smaller loss of 

curcumin). Thanks to the pre-treatment, a high relative purity of ~ 94% could be reached. Due to the 

high purity, the extract was infinitely dilutable with water (unless the miscibility gap was crossed during 

the dilution with water). The curcumin was also very stable in the SFME extraction system if the 

samples were stored in the darkness. To even further improve the curcuminoid extraction efficiencies, 

different additives to the water phase of the SFME have been tested. Pre-tests were conducted in 

water. Regarding the solubility and the stability of curcumin, meglumine was chosen as the best 
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additive to be investigated for the SFME extraction system. Moreover, PCA was chosen as an additive 

for pH regulation and because it showed hydrotropic properties for curcumin and therefore, it could 

also enhance the curcuminoid extraction efficiencies. First, the stability of curcumin against the pH and 

light was investigated, because if meglumine was dissolved in water, the pH of the water phase was 

very high (up to 11.5). It was demonstrated that the high pH had no influence on the curcumin stability 

in the SFME extraction systems, opposed to light. Therefore, extraction experiments were conducted 

at different pH values and different meglumine weight concentrations in water. NaOH as additive has 

also been investigated, but the win in curcuminoids per g C. longa was smaller than with meglumine 

(with and without PCA). A win of 3 mg curcuminoids per g C. longa (corresponding to a win of 20 % 

curcuminoids) could be reached with the SFME extraction system with 5 wt% of water containing 15 

wt% of meglumine at pH 11.5 (without PCA). With 5 wt% of meglumine, the best SFME extraction 

system was with 15 wt% of water at pH 9 (adjusted with PCA). Thus, the addition of meglumine and 

PCA to the water phase of the SFME extraction system could further improve the curcuminoid 

extraction efficiencies. 

At last, a simple aqueous extraction (only meglumine and water as extraction mixture) was 

investigated. A very high bisdemethoxycurcumin and demethoxycurcumin extraction efficiency was 

achieved with only 15 wt% of meglumine in 85 wt% water as extraction system (the highest one for 

bisdemethoxycurcumin). Moreover, the relative purity of the extract reached ~ 87-88% without any 

pre-treatment of the C. longa.  

As opposed to the SFME extraction systems without additive, meglumine and PCA are not agreed in 

food industry, but are allowed in pharmaceutical industry. The obtained extract solutions with 

meglumine and PCA could be used and investigated for different pharmaceutical assays. 

3.3.4 H2O/NaSal/EtOAc 

3.3.4.1 Ternary phase diagram and solubility measurement 

The ternary phase diagram H2O/NaSal/EtOAc was first deeply investigated in cooperation with the 

Institut de Chimie Séparative de Marcoule (ICSM) [81]. The monophasic region was investigated using 

density measurements, DLS, small- and wide-angle X-ray scattering (SAXS) and small-angle neutron 

scattering (SANS). The critical point (CP) and the tie-lines in the miscibility gap liquid/liquid were also 

determined and compared to the ternary system H2O/EtOH/1-octanol. The results will be briefly 

summarised to better to understand the meaning of the further investigation with curcumin. The 

ternary phase diagram H2O/NaSal/EtOAc, as well the density excess map, are shown in Figure 38 (taken 

from El Maangar et al. [81]).  



88 
  

 
 

 

Figure 38: Ternary phase diagram H2O/NaSal/EtOAc with the determined tie-lines and the critical point (CP) (on the left) and 
the obtained density excess map (on the right) taken from El Maangar et al. [81]. 

The ternary phase diagram showed two immiscible regions: one at low NaSal concentrations (common 

miscibility gap for a water/oil mixture with an hydrotrope, liquid-liquid equilibrium) and one at high 

NaSal concentration (common for charged molecules, solid-liquid equilibrium). A monophasic region 

was located in between. To quickly identify the region of interest in the monophasic area, a density 

excess map has been done. Two regions could be identified: the upper region in the monophasic area 

(EtOAc-poor region), where a density excess was measured and the region near the critical point. The 

first surprising result was the different location of the critical point and the area of density excess. 

Indeed, with a common hydrotrope like EtOH, the density excess was measurable around the critical 

point and it was not the case here. This means that the critical point in the phase diagram 

H2O/NaSal/EtOAc was a common, classical critical point without pre-ouzo region. Indeed, if one drop 

of water was added to a composition near the phase-separation boundary, the phase separation 

occurred immediately in the case of H2O/NaSal/EtOAc.  On the contrary, no clear phase-separation 

occurs in the phase diagram H2O/EtOH/1-octanol but an “Ouzo” solution was obtained (turbid and 

stable emulsion), if water was added to a composition near the critical point. The area of density excess 

was investigated with SAXS and SANS and revealed the presence of aggregates. The largest detectable 

and stable aggregates were near the crystallisation boundary and it involves 12 NaSal molecules. These 

12 NaSal molecules were swollen with the same volume of EtOAc and no water was detected inside 

the aggregates. 

The ternary mixture H2O/NaSal/EtOAc showed different structuring in the monophasic region and 

could enhance the solubility and/or extraction efficiency of a hydrophobic compound. Moreover, the 

ternary mixture can be classified as a SFME and the SFME could also be helpful to stabilize a labile 
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hydrophobic compound from oxidation. Therefore, the SFME H2O/NaSal/EtOAc has been investigated 

for the solubility, extraction, separation, and stabilisation of the curcuminoids from C. longa. First, the 

maximum solubility of curcumin in the monophasic region was investigated prior to extraction. Then 

the stability of curcumin was studied and finally, the separation of curcumin and the curcuminoids 

from the SFME extraction system was examined in the liquid-liquid biphasic region. The results 

concerning the maximum solubility of curcumin in the SFME are presented in Figure 39, as well as the 

different investigated compositions for extraction and the phase diagram in wt and mol %. 

 

Figure 39: a) Ternary phase diagram H2O/NaSal/EtOAc in weight percent with the investigated compositions for the extraction 
of the curcuminoids from C. longa. b) Ternary phase diagram in mol percent. c) Solubility map of curcumin in the ternary phase 
diagram H2O/NaSal/EtOAc. High solubility is represented in red and low solubility in blue. d) corresponding map of the excess 
chemical potential, being plotted as the difference to a reference state (RT ln (concentration of curcumin in the SFME divided 
by a convenient reference state for curcumin (1 mg curcumin/mL SFME at the same temperature)). The excess chemical 
potential was calculated from the curcumin concentration in the SFME, which is calculated from the maximum absorbance 
and the calibration curve in acetone. The red dots represent the critical point (CP) [61]. 
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The absorbance at λmax at 422 nm (maximum solubility of curcumin) was converted into the chemical 

potential (first into concentration and then into the chemical potential) to get a better idea of the cost 

of free energy of solubilisation of curcumin in the SFME system. As can be seen, the maximum solubility 

of curcumin was located in the EtOAc-rich region. In the left corner of the ternary phase diagram, i.e., 

in the water-rich region, the solubility of curcumin was unsurprisingly extremely low and the negative 

value of the chemical potential very large, as curcumin is a very hydrophobic compound and therefore, 

is not soluble in water. Starting from the same dilution line as investigated previously in the article of 

El Maangar et al. [81] (binary mixture of NaSal/H2O 1/1 diluted with EtOAc), the maximum solubility of 

curcumin increased linearly (corresponding to an increase of chemical potential) with EtOAc content. 

This was not surprising, as curcumin is soluble in oil. In the aggregate region (upper left corner of the 

monophasic region), no enhancement of the solubility of curcumin could be detected. It may be 

difficult to solubilise a relatively large molecule such as curcumin in those aggregates. Between the 

critical point and the pure EtOAc, the maximum solubility of curcumin increased first then decreased 

again. Critical fluctuations can lead to an increase of solubility around the critical point [61]. 

Near the critical point, the pure EtOAc and the crystallisation border (meaning the liquid/solid border), 

the maximum solubility of curcumin increased again (by a factor of two at most). The gain in free 

energy of solubilisation (difference between a reference state, the critical point, and a final state, near 

the crystallisation border) was 0.6 to 0.8 kJ/mol. On the contrary, no gain was obtained near the upper 

crystallisation border, where the aggregates have been found in the paper of El Maangar et al. [81]. In 

this area, the water content of the SFME was probably too high, no free EtOAc was available and the 

aggregates were too small to solubilize curcumin. In the lowest region close to the solid/liquid phase 

border, the EtOAc content of the SFME is very high and probably some aggregates were formed (just 

before the crystallisation border) and the curcumin solubility was enhanced. Moreover, it is known in 

the literature that the intermolecular interactions between the ester group of EtOAc and the hydroxy 

group of NaSal may be responsible for the improvement of the maximum solubility of curcumin around 

the critical point [93].  

If the two SFME systems (H2O/NaSal/EtOAc and H2O/EtOH/TriA) are compared, the maximum 

solubility of curcumin can be enhanced. Indeed, if the maximum solubility of curcumin is compared to 

the pure oils (EtOAC and TriA respectively), it was improved by a factor of two and three. Therefore, 

extraction will be performed, as previously done with the SFME extraction system H2O/EtOH/TriA.  

3.3.4.2 Extraction and stability of the curcuminoids 

The extraction experiments were performed along the same dilution line as investigated previously in 

the study of El Maangar et al. [81] (binary mixture of NaSal/H2O 1/1 diluted with EtOAc), at the critical 
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point and near the lower solid-liquid border (EtOAc-rich area of the monophasic region). First, the best 

weight ratio of C. longa to SFME extraction mixture (conducted with the composition at the critical 

point, H2O/NaSal/EtOAc 17/12/71 in weight) was determined and then, extraction experiments were 

investigated. The results are shown in Figure 40. The detailed curcuminoid extraction efficiencies are 

shown in Table S 12 of the Appendix.  

 

 

Figure 40: On the top: Curcuminoid yields in mg curcuminoids per g C. longa for varying C. longa to SFME extraction mixture 
weight ratios. The used extraction mixture was the SFME composition at the critical point H2O/NaSal/EtOAc 17/12/71 in 
weight. The Soxhlet results are also given as a reference. On the bottom: Total curcuminoid extraction efficiencies at different 
SFME compositions given in weight percent. All extractions were conducted at a weight ratio of 1 to 10 C. longa to SFME 
extraction system and analysed via HPLC [61]. 
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The SFME composition at the critical point was chosen for the investigation of the best weight ratio, 

because it was in the monophasic region of maximum of solubility of curcumin. The results obtained 

with Soxhlet were used as a reference. As mentioned before in section 3.3.1.2, the results are 

underestimated, because the curcuminoids are sensitive to elevated temperature and therefore, can 

be degraded during the extraction process. Indeed, the used solvent was acetone and the temperature 

used was above the boiling point of acetone (> 56°C). Moreover, during the process, the curcuminoids 

were continuously exposed to high temperatures in the extraction flask for a long time. As can be seen 

in Figure 40, the total curcuminoid extraction efficiency increased with the weight ratio C. longa to 

SFME extraction system. At a low weight ratio (1:3), the total curcuminoid extraction efficiency 

remained very low due to agitation problems. Indeed, too much water was lost with this weight ratio, 

which was responsible for the swelling of the cells and the oil penetration of C. longa. The best weight 

ratio was 1:15 which reached a total curcuminoid extraction yield of 18.23 mg curcuminoids per g C. 

longa (see Table S 12 of the Appendix). It was higher than the reference Soxhlet extraction (17.13 mg 

curcuminoids per g C. longa, see Table S 12 of the Appendix). This is easily explained, because the 

extraction efficiency of bisdemethoxycurcumin is underestimated with Soxhlet 

(bisdemethoxycurcumin is the most sensitive curcuminoid to high temperature). Twice the amount of 

bisdemethoxycurcumin was extracted with the SFME at the critical point than with Soxhlet. Increasing 

the weight ratio from 1:15 to 1:20 led to an identical total curcuminoid extraction efficiency. Although 

the weight ratio 1:15 reached the best total curcuminoid extraction efficiency, the weight ratio 1:10 

was chosen for the extraction experiments, because more SFME extraction system can be saved 

(almost 35%) and therefore, less waste will be produced, compared to the ratio 1:15. In general, the 

SFME extraction system H2O/NaSal/EtOAc seemed to be just as efficient as the Soxhlet extraction. In 

comparison, the SFME extraction system was less time and energy consuming and gentler than the 

Soxhlet extraction. 

The free energy of extraction (RT ln (curcumin extracted with the SFME divided by the curcumin 

extracted with the Soxhlet)) has been calculated and compared to the excess chemical potential 

(solubility measurement, Figure 39 d)). The correlation is shown in Figure S 15 of the Appendix. The 

roughly linear correlation between the two proved that extraction and solubility are somewhat 

related. 

The binary mixture NaSal/H2O (1/1 in weight) was tested for extraction, but no data could be collected, 

because too much solvent has been lost during the extraction process and therefore, no clear phase 

separation could be obtained after centrifugation. Two SFME compositions (H2O/NaSal/EtOAc 

17/12/71 and 7/13/80) and the pure solvent EtOAc were of interest for extraction. Each of the three 
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extraction systems led to the highest total curcuminoid extraction yields (they differ only from one or 

two per cent from each other). The highest curcumin extraction yield was reached with the pure 

solvent EtOAc. It is not surprising, because curcumin is very soluble in oil, but surprising nevertheless, 

because the solubility map of curcumin showed, that the highest solubility of curcumin was located in 

the monophasic region and not in the pure solvent (although extraction and solubilisation are two 

different processes). Moreover, the curcumin extraction efficiency increased with the EtOAc content 

of the SFME (starting from the binary mixture NaSal/H2O (1/1 in weight)). The highest 

demethoxycurcumin and bisdemethoxycurcumin extraction efficiency was reached respectively with 

the SFME composition at the composition of the highest curcumin solubility (H2O/NaSal/EtOAc 

7/13/80) and with the SFME composition at the critical point (H2O/NaSal/EtOAc 17/12/71). Indeed, 

through the addition of water to the system, the extraction efficiencies of demethoxycurcumin and 

even more of bisdemethoxycurcumin were enhanced (almost 26% more bisdemethoxycurcumin has 

been extracted). Slightly less curcumin was extracted with the two SFME extraction systems, but the 

total curcuminoid extraction efficiency remained the same because of the improvement of the 

demethoxycurcumin and bisdemethoxycurcumin extraction efficiencies. Considering the fact, that 

curcumin is the most abundant curcuminoids in C. longa [91,92] and only 29% of the pure EtOAC was 

replaced by water and NaSal, the improvement of the bisdemethoxycurcumin extraction efficiency 

was remarkable (the less abundant curcuminoids). The reasons for this are the same as before: 

bisdemethoxycurcumin is the most “polar” curcuminoid and therefore, has a higher affinity to more 

polar solvents like water. In conclusion, it seemed that each SFME extraction system and pure EtOAc 

have one curcuminoid, which was preferably extracted: Curcumin with pure EtOAc, 

demethoxycurcumin with the SFME composition at the highest curcumin solubility and 

bisdemethoxycurcumin with the SFME composition at the critical point. Different SFME compositions 

could be chosen to obtain preferably one curcuminoid in the SFME extraction system. Globally, the 

highest total curcuminoid extraction efficiencies were obtained in the domain of highest curcumin 

solubility. 

Once the curcuminoids could be well extracted with the SFME, the stability of curcumin should be 

investigated in it. Here again, the same dilution line as previously investigated by El Maangar et al. [81] 

has been looked into. Moreover, the dissolved oxygen has also been measured to give an idea of the 

potential reasons for the degradation or stabilisation of curcumin. The results are shown in Figure 41. 

 

 



94 
  

a) 

 

b) 

 

                        c) 

 

Figure 41: a) Ternary phase diagram with the examined data points for the stability of curcumin over time at day light. b) 
Calculated degradation speed of curcumin (mol/L/h, black square) and dissolved oxygen (red triangle) as a function of the 
water content of the SFME. c) Stability of curcumin over time in different SFME compositions and the pure solvent EtOAc [61]. 

As can be seen, the different investigated SFME samples can be classified into four blocks concerning 

the curcumin stability: block I (pure EtOAc), block II (SFME composition with low water content 2-12 

wt%), block III (SFME composition with medium water content 15 and 25 wt%) and block IV (SFME 

composition with high water content 35, 45, and 50 wt%). The separation into four blocks for the 

curcumin stability resulted also follows the curcumin solubility. Indeed, the SFME systems with high 

water content had a very low curcumin concentration and the SFME systems with low water content 

(i.e. high EtOAc content) had a high curcumin concentration. The shape of the degradation curve of 

EtOAC (Block I) differed from the other degradation curves. It decreased exponentially and suggest a 
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degradation with a high reaction order. Curcumin was not protected and degraded very quickly in this 

case. On the contrary, all the SFME curves and the binary mixture NaSal/H2O 1/1 showed a slow linear 

decrease and therefore, suggest a first order kinetic of degradation, although no interface was clearly 

present in solution. Normally, to have a first order kinetic reaction an interface is necessary. In the case 

of the different investigated SFME systems, a weak polar/nonpolar interface as described by Schöttl et 

al. [21] was present in solution due to the formation of the SFME and the critical fluctuations around 

the critical point. At this weak interface a first order degradation reaction could take place. Block II 

showed the SFME system with low water content and the highest curcumin solubility. It is not 

surprising, because the SFME compositions of block II were in the area of the monophasic region of 

high solubility. The addition of water and NaSal (1:1 in weight) to the pure solvent EtOAc seems to 

stabilize curcumin in the SFME system. Indeed, the shape of the degradation curves changed radically 

over time and the calculated degradation speed was clearly reduced (average of -165 mol/L/h for the 

SFME system and -300 mol/L/h for the pure solvent EtOAc). The oxygen content of the different 

investigated systems has been measured to maybe explain the stabilisation of curcumin. As can be 

seen in Figure 41 b), the oxygen content remained stable for block II and the pure solvent (around 90% 

O2 saturation of the oxygen partial pressure in EtOAc and 85% in the SFME of block II). Oxygen is more 

soluble in oil than in water and in the case of the SFME of block II, the continuous outer-phase is EtOAc 

and therefore, the oxygen content remained stable. The formation of the SFME could be one reason 

for the stabilisation of curcumin, but the presence of NaSal could be another one. Indeed, NaSal is an 

antioxidant and UV-filter [94,95]. The aromatic moiety of NaSal can absorb light from the ultraviolet 

spectrum and can prevent the degradation of curcumin by photobleaching. The mechanism of 

degradation of curcumin is mostly an auto-degradation, meaning it needs light to generate a curcumin 

radical, which will react with the dissolved oxygen in solutions. If the light is previously filtered through 

the presence of NaSal, no activation of the radical takes place and, therefore no degradation occurs 

[63]. Derivates of NaSal, like ethylhexyl and octyl salicylate, are well known as UV-filters [95]. Another 

reason could be molecular interactions. Indeed, Sathisaran et al. [96] found that curcumin and NaSal 

form a eutectic through weak interactions between the acid group of NaSal and the keto-enol form of 

curcumin. These interactions are weak but may be strong enough to keep the two molecules very close 

together in solution and therefore, NaSal could stabilize curcumin and prevent its degradation. In block 

III and IV, the degradation of curcumin also showed a linear decrease. For block IV, the curcumin 

solubility and the oxygen content (from 40 % to 70 % O2 saturation) were so low that the change in 

curcumin concentration over time was almost undetectable (result in a degradation speed near to 0). 

Curcumin was most stable in the SFME of block III. Here, the outer-phase was water and curcumin 

should be present mostly around or in the aggregates. NaSal was preferably in the water-rich phase. If 
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this was the case, NaSal protected curcumin from degradation by following the so-called polar 

paradox, which means that an antioxidant protects the most, when it is situated in another phase than 

the target compound [97]. 

In general, the curcumin stability was enhanced with an increasing amount of water and salicylate. In 

other words, the degradation speed was decreased with an increasing amount of water and if water 

was the outer phase, the degradation speed decreased linearly. Indeed, between 0 and 15 wt% of 

water in the SFME system, the outer phase was the oil, EtOAc and the degradation speed fluctuated 

(see Figure 41 b)) because of the fluctuation around the critical point and, because curcumin was 

mostly solubilised in the outer phase, and therefore was more subject to degradation. 

To further look into the antioxidant properties of NaSal, four different samples (EtOAc, EtOAc/H2O 

96/4, EtOAC/H2O/NaSal 96/2/2 and EtOAC/H2O/NaSal 99.9/0.05/0.05 in weight per cent) were 

investigated at curcumin saturation with UV/Vis over time. The results are presented in Figure 42. 

 

Figure 42: Overview of the curcumin concentration (calculated from the absorbance) in four different systems: EtOAc (black 
square), EtOAc/H2O 96/4 in weight (blue point), EtOAC/H2O/NaSal 96/2/2 in weight (red up-facing triangle) and 
EtOAC/H2O/NaSal 99.9/0.05/0.05 in weight (green down-facing triangle) [61]. 

If no NaSal was present in solution, the shape of the degradation curves was exponential. The 

saturation of EtOAc with water led to an enhancement of the maximum of solubility of curcumin 

compared to pure EtOAc. However, this addition did not stabilize curcumin in solution but it took a 

longer time for curcumin to be degraded completely due to its higher solubility. If NaSal was present 

in solution, a drastic change of the shape of the degradation curves was noticed from exponential to 

linear. After 10 days, almost the same amount of curcumin was present in solution, only 50% in the 
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binary mixture EtOAc/H2O and almost nothing was left in the pure solvent EtOAc. The measurements 

were not conducted over months but only over a period of 10 days to show the antioxidant property 

of NaSal. Obviously, a small concentration of NaSal was sufficient to first enhance the curcumin 

solubility and then to stabilize and prevent curcumin from degradation. 

3.3.4.3 Precipitation and separation of the curcuminoids    

The present SFME presents some disadvantages compared to the green, edible, and bio-based SFME 

consisting of H2O/EtOH/TriA: the SFME is not edible (NaSal is not allowed in the food industry) and 

NaSal is not considered as bio-based, although it occurs naturally in some fruits and vegetables. But 

the SFME has one big advantage: curcumin and the curcuminoids could be separated from the SFME 

extraction medium after extraction. Indeed, NaSal could be washed with water and EtOAc is volatile. 

This was not the case for TriA for example. So once the curcuminoids are extracted, dissolved and 

stabilised in the monophasic region, they can be precipitated by adding water to the SFME extraction 

system. This phenomenon will be further investigated. First, the influence of curcumin on the tie-lines 

and the interfacial tension will be studied (using diffusion ordered spectroscopy (DOSY) and SAXS 

measurements), then the partition coefficient of the curcumin and the curcuminoids will be measured 

and analysed, and finally the precipitation of curcumin will be investigated. First, we consider the tie-

lines. The results are shown in Figure 43. Two pictures of an SFME sample at the critical point 

composition saturated with curcumin, before (CP) and after addition of water (A8C3), are shown in 

Figure 44. 

  

Figure 43: Phase diagram of water, NaSal, and EtOAc with the three different investigated tie-lines (on the left) linked to the 
interfacial tension with and without curcumin (on the right). The red point represents the critical point. The yellow triangle, 
red square and blue points in the phase diagram represent the three investigated tie-lines, where the partition coefficient and 
the DOSY measurements were done. Alpha corresponds to the oil/water ratio [61]. 
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Figure 44: Colour photo of the SFME saturated with curcumin at the critical point composition, before (on the left) and after 
(on the right) addition of water. The pH varies between 6 and 7. The upper layer contains mostly EtOAc with a small amount 
of NaSal and H2O. On the contrary, the lower phase contains mostly H2O and NaSal with small amount of EtOAc [61]. 

The addition of 1 wt% of curcumin in the SFME composition at the critical point had no significant 

influence on the tie-lines. This result was further confirmed by the DOSY and SAXS measurements with 

and without curcumin. The results are presented in Table S 13 and Figure S 16 respectively. As can be 

seen, the diffusion coefficients of the single molecules of the SFME (H2O, NaSal, and EtOAc) remained 

the same with and without curcumin in the SFME. Therefore, curcumin had no influence on the 

diffusion coefficients of the components of the SFME. Moreover, no structuring was found at the end 

of the tie-lines on the water-rich side. On the contrary, a significant structuring was found on the oil-

rich side. Only one sample differs with and without curcumin: the water-rich phase of the sample of 

the first tie-line (meaning A8C1). On the water-rich side of the sample with the highest water content, 

structuring was found without curcumin, which was destroyed with the addition of curcumin. It 

seemed as if structuring similar to a bicontinuous microemulsion was present in the water-phase at 

the highest NaSal content of the SFME after phase separation by addition of water. All these 

experiments showed that curcumin had no significant influence on the tie-lines in the ternary phase 

diagram. As additional data, interfacial tension was measured between the oil- and water-rich phases 

with and without curcumin. As can be seen in Figure 43 on the right, the interfacial tension changed in 

presence of curcumin. Although curcumin is a hydrophobic compound, curcumin may accumulate at 

the liquid-liquid interface. The partition coefficient of curcumin log(k) (logarithm of the ratio between 

the curcumin concentration dissolved in the oil-rich phase and the curcumin concentration dissolved 

in the water-rich phase) has been investigated for the three tie-lines. First, the stability of the partition 

coefficient over time has been checked, then the partition coefficient of the three curcuminoids upon 

addition of water was investigated. The results are shown in Table 10.   
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Table 10: Partition coefficient of curcumin directly after solubilisation and after two days at the SFME composition of the 
critical point with addition of different amounts of water. Partition coefficient for the same SFME composition and the same 
addition of different amounts of water for curcumin, demethoxycurcumin, and bisdemethoxycurcumin after extraction [61]. 

                      Log(k) 

Sample 
Day 0 Day 2 

A8C1 0.76 ± 0.01 0.66 ± 0.01 

A8C2 1.22 ± 0.04 1.17 ± 0.01 

A8C3 1.50 ± 0.03 1.59 ± 0.07 

                      Log(k) 

Sample 
Curcumin Demethoxycurcumin Bisdemethoxycurcumin 

A8C1 1.04 1.10 1.17 

A8C2 1.62 1.70 1.64 

A8C3 2.12 2.47 2.18 

 

The partition of curcumin is stable over the time, as can be seen in Table 10. Moreover, upon addition 

of water, the partition coefficient of curcumin increased, meaning that curcumin went from the water-

rich phase (depletion) to the oil-rich phase (enrichment). The same trend upon addition of water was 

observed for the three curcuminoids after extraction. It was expected, as curcumin is very hydrophobic 

(log(P) = 3.00 [40]). The DOSY measurements and the curcumin solubility map also confirmed the 

depletion of curcumin in the water-rich phase, as the solubility of curcumin at the ends of the tie-lines 

on the water-rich side is very low and too low for the diffusion coefficient measurement (see Table S 

13 of the Appendix). 

Here the measurements were done with 1 wt% of curcumin and therefore, curcumin stayed in solution 

because the maximum of solubility of curcumin around the critical point was very high. The same 

experiments were done with an SFME at the critical point composition saturated with curcumin. Upon 

addition of water, the curcumin precipitated at the interface between the oil-rich and the water-rich 

phase. The precipitation was kinetic, it took time (at least one day) for curcumin to precipitate and 

therefore, no precipitate can be seen in the picture in Figure 44 on the right. Since curcumin may 

accumulate at the interface and upon the addition of water, the oil-rich phase was enriched and the 

water-rich phase was depleted, the excess of curcumin precipitated at the interface. The precipitate 

has been investigated with NMR. The presence of curcumin and NaSal was confirmed. By washing the 

precipitate three times with water, NaSal could be removed. After washing and drying, around 96 ± 23 

mg of curcumin could be collected as precipitate. To see if the total amount of curcumin could be 
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recovered, the oil-rich phase was also collected. EtOAc was removed with a rotary evaporator and the 

remaining powder washed with water (three times) and dried. Around 411 ± 27 mg of curcumin could 

be recovered. On balance, almost all the curcumin could be recovered from the SFME extraction 

system.  

As curcumin precipitated, the same procedure was used with an extract solution. Therefore, a SFME 

extraction system with the composition of the critical point was enriched in curcuminoids (same 

procedure as before studied in section 3.3.1.3) through 5 successive extraction cycles. After addition 

of water, the extraction solution was centrifuged to accelerate the precipitation. After separation, the 

precipitate, an oil with small orange particles, and the oil-rich phase (after evaporation of EtOAc, an 

orange-yellow oil) were both analysed using HPLC. It showed the presence of curcuminoids and also 

of the essential oils in both recovered oils. The oils are the essential oils of C. longa and the 

curcuminoids were dissolved in it.  Indeed, no pre-treatment like a lyophilisation was performed before 

the enrichment of the SFME at the critical point composition and therefore, the essential oils were 

present in the extract solution and disturbed the precipitation process (obtention of a powder and not 

of an oil as precipitate if the C. longa was previously unflavoured).  

3.3.5 Conclusion and outlook of the extraction of the curcuminoids from C. 

longa using a ternary mixture of H2O/NaSal/EtOAc 

The SFME H2O/NaSal/EtOAc has been found to enhance the maximum solubility of curcumin in the 

EtOAc-rich area of the monophasic region. This was surprising, as curcumin usually is not soluble in 

water, as can be seen in the water-rich area of the monophasic region. However, an increase of 25% 

of the maximum solubility of curcumin could be reached using the SFME system compared to the pure 

solvent EtOAc. Thus, through the addition of an aqueous hydrotrope solution to EtOAc, the maximum 

solubility could be increased, reaching a maximum around the solid-liquid border in the EtOAc-rich 

region. Moreover, it was found that not only the maximum solubility of curcumin but also the 

extraction efficiencies of the curcuminoids from C. longa could be enhanced by an anionic hydrotrope. 

In the same area as the highest solubility of curcumin, extraction experiments were conducted with a 

weight ratio C. longa to SFME extraction system of 1 to 10. The results showed that the extraction 

efficiency of the curcuminoids was not a linear function of solubility and was dependent on the 

composition of the SFME extraction system. Indeed, EtOAc was most effective for solving curcumin, 

the SFME with a composition near the solid-liquid border for bisdemethoxycurcumin, and the SFME at 

the critical point composition for bisdemethoxycurcumin. The SFME was more polar than EtOAc alone 

and therefore, it extracted more bisdemethoxycurcumin and demethoxycurcumin, the more polar 

curcuminoids, due to their “affinity” to more polar solvents. The precipitation of curcumin from the 
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SFME extraction system has also been investigated. It was found that curcumin saturated in an SFME 

at the critical point composition was precipitated upon the addition of water. The precipitate could be 

isolated and purified by washing it with water. Moreover, the presence of curcumin did not change 

the tie-lines in the miscibility gap. This was also confirmed by DOSY and SAXS measurements. 

Further advantages of using an anionic hydrotrope like NaSal are its antioxidant and anti-UV 

properties. Indeed, NaSal decelerated the degradation of curcumin in solution. It was confirmed by 

stability tests using UV/Vis measurements. NaSal stabilised curcumin in three different ways 

(antioxidative, UV-filtering, and lowering of the oxygen solubility) depending on its concentration in 

the SFME. At high concentrations, NaSal protected curcumin thanks to its anti-UV property, while also 

decreasing the oxygen solubility in the SFME. At low concentrations, NaSal could act as antioxidant to 

protect the curcumin. All these results make it an interesting hydrotrope for further investigation of 

extraction and stabilisation of other labile, hydrophobic compounds. 
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4 Phytochemical and pharmacological in vitro 
investigation of rhizomes and roots of Iris germanica 
L. growing in Bavaria 

4.1 Introduction 

4.1.1 Iris germanica L. in the history 

The iris (Iris spec.) history is dating back to the Ancient Greek mythology. Iris means rainbow and is 

due to the Greek mythology a messenger of the gods. Indeed, the flower of the subgenus Iris (bearded 

iris rhizome, see section 4.1.3) can be found in every colour of the rainbow [98]. Since centuries, iris is 

a common garden flower. Its cultivation is dating back to approximatively 1500 years before Christ to 

the pharaoh of Egypt Thutmose III. When Egypt conquered Syria, the pharaoh was captured by the 

beauty of irises. As avid gardener, he took the plants to his gardens. Since Thutmose III, iris was thought 

to have therapeutic properties and was used to treat several diseases: periodic fever, epilepsy, 

headaches, and bites from snakes. Later one, iris became very popular and thus was spread around 

Europe and Asia. During the middle age, iris was used as a medicinal plant and for perfumes. In Italy, 

more precisely in Florence, the rhizomes of some iris varieties (Iris florentina L., Iris pallida Lam. and 

Iris germanica L.) were traditionally used for the manufacture of perfumes. In India, they are still used 

for religious ceremonies and for medicinal purposes (especially Iris germanica L., see section 4.1.4). 

One of the most popular garden irises today is the German iris (bearded iris), known as Iris germanica 

L.. 

4.1.2  Genus Iris 

The Iris genus is the largest of the tribe Irideae with approximatively 300 species and also the largest 

genus of the family Iridaceae [99]. Carl Linnaeus (1707-1778), a Swedish botanist, was the first scientist 

to develop a classification for the plant kingdom (binomial nomenclature). He described and classified 

iris species in his book “Species Plantarum” (1753) [100]. The classification was then further developed 

and enriched over the years.  The classification of the genus Iris is shown in Table 11. 
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Table 11: Systematic classification of the genus Iris in the plant kingdom 

Taxon Latin name English name 

Kingdom Plantae Plant 

Clade Tracheophytes Vascular plant 

Clade Angiosperms Flowering plant 

Clade Monocots Monocotyledons 

Order Asparagales Asparagoid lilies 

Family Iridaceae Iridaceae 

Subfamily Iridoideae Iridoideae 

Tribe Irideae Irideae 

Genus Iris Iris 

  

Many scientists have tried to subdivide the genus Iris. It started with William Rickatson Dykes (1877-

1925) in 1913, followed by George Hill Mathewson Lawrence (1910-1978), Georgi Ivanovich 

Rodionenko (1913-2014) and Brian Frederick Mathew (much more scientist have participated to the 

classification over the years) [101–105]. Briefly, Dykes divided the genus Iris in sections, on the contrary 

Lawrence and Rodionenko called these sections subgenera. Dykes was the first to term the subgenus 

Iris [101]. Rodionenko provided arguments to split the genus Iris in five genera and to classify all 

rhizomatous irises in the genus Iris [103], but this classification was not accepted by Mathew [104,105]. 

Nowadays, the modern classification of the genus splits into six subgenera (as determined by Mathew 

in 1981): Iris (bearded rhizomatous irises), Limniris (beardedless rhizomatous irises), Xiphium (smooth-

bulbed bulbous irises), Nepalensis (bulbous irises), Scorpiris (smooth-bulbed bulbous irises) and 

Hermodatyloides (reticulate-bulbed bulbous irises). Before, the three subgenera Xiphium, Scorpiris and 

Hermodatyloides were considered as separated genera (Xiphion, Juno and Iridodictyum respectively) 

but now they are included in the genus Iris as subgenera. Today, the subdivision of the genus is still 

investigated and in constant modification with the development of new techniques (DNA analysis, 

Internal Transcribed Spacer …) [98,106–109]. The two largest subgenera (Iris and Limniris) are further 

divided into sections: 6 sections for the subgenus Iris and 2 for the subgenus Limniris.  

4.1.3 Subgenus Iris 

The Iris subgenus is the largest subgenus of the Iris genus and has been divided into six sections: 

bearded or pogon irises, Psamiris, Oncocyclus, Regelia, Hexapogon¸and Pseudoregelia. Previously, 

Rodionenko has reduced the number of sections in the subgenus Iris to two sections, Hexapogon and 

Iris, depending on the presence or absence of arils on the seeds [103]. On the contrary, John J Taylor 
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provided some arguments for not included all the arilate species in the section Hexapogon in 1976 

[110]. Iris germanica L. is included in the section bearded irises, which is the largest section of the 

subgenus Iris. Iris pallida Lam. and Iris florentina L. are also included in the section bearded irises. 

4.1.4 Iris germanica L. 

Iris germanica L. is commonly known as the bearded iris or the German bearded iris in Europe and was 

first described by Carl Linnaeus in his book “Species Plantarum” (1753, volume 1 page 38) [111]. It is a 

natural hybrid of the subgenus Iris. Unfortunately, its parentage is unknown. A botanical view of Iris 

germanica L. is shown in Figure 45. 

 

Figure 45: Botanical view of Iris germanica L. (from Koehler´s Medicinal-Plants). 

Iris germanica L. is an herbaceous perennial rhizomatous plant, growing up to 100-120 cm high and 30 

cm wide and is present in Europe, Asia, Nord-Afrika and Nord-America. The straight stem is sparsely 

ramified and round. The leaves have a blade sword-shaped form. Indeed, Iris germanica L. is called 

“Deutsche-Schwertlilie“ or “Ritter-Schwertlilie” (German or Knight sword-lilies) in Germany. The 
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sparthaceous bract is on the side-lines dry-skinned. The hermaphrodite flowers are triple blossoms 

and the tepal is most of the time dark purple or pale blue. The flowering period is from May until July, 

mid to late spring. The plant is an hemicryptophyte, meaning that the overwintering buds of the plant 

are located at the soil surface. The rhizomes are well-branched and contain the most interesting 

chemical compounds of the plants. The roots are up to 20-25 cm deep. In Middle-Europe, the plant is 

sterile. The reproduction occurs only through the division of the rhizomes. On the contrary, Iris 

germanica L. is fertile and bear fruits in the Mediterranean region. A picture of a Bavaria iris field during 

the bloom time is shown in Figure 46. 

 

Figure 46: Iris field in Bavaria during the bloom time 

4.1.5 Phytochemical composition and medicinal use of Iris germanica L. 

The rhizomes of Iris germanica L. find mainly application in the perfume industry. The essential oil of 

Iris germanica L. is one of the most valuable natural products (approximatively 15.000 €/Kg of essential 

oil) [112–114]. But the rhizomes are also used in the food industry for aromatisation of products like 

liqueur or cigarettes and in Asia, particularly in India, as medicinal plant (Ayurveda) [115]. Ayurveda or 

Ayurvedic medicine is a healing approach in India and counts to alternative medicine. The bearded iris 

is used for the preparation of various herbal medicines since centuries. The theory and practice of 

Ayurveda is pseudoscientific and is not recognised as medicine in Europe due to the absence of real 

scientific evidence. Almost 80% of the Indian and Nepalese population exert the ayurvedic medicine. 

The roots are used for example as blood or digestive tract purifier. The plant is also used to treat several 

skin problems, bronchitis, pneumonia, headache, toothache, muscles pain, to reduce joints 

inflammation and pain. The main producers of Iris germanica L. rhizomes are nowadays Morocco 

(~100-120 tons), China (~100 tons), France (~40 tons) and Italia (in the past more than 200 tons, but 

nowadays only ~30 tons, because of the unsustainable prices) [114].  



106 
  

The iris rhizomes contain different secondary metabolites like irones, fatty acids, polyphenols and 

terpenoids. 

4.1.5.1 Irones and fatty acids 

Today the irones (mainly α- and ɣ-irone) are the most valuable compounds of the rhizome of Iris 

germanica L. because of their pleasant odour (almost 63% cis-α-irone and 37% cis-ɣ-irone of the total 

irone content) [112,114,116]. They are not present in the fresh plant, but are formed upon degradation 

(oxidation) of some triterpenoids, the iridals, present in the fresh rhizome [113]. After the harvest, the 

rhizomes are stored in a stockroom or hangar at ambient air for at least 3-5 years to reach a high 

concentration of irones by oxidative degradation of the precursor molecules, the iridals. This process 

is known as aging process. Nowadays, many methods are developed to accelerate the aging process. 

High levels of irones can be obtained within weeks by storing the rhizomes under an elevated pressure 

and temperature in an oxygen containing atmosphere (a patented process of M. Flemming [117]). 

Irones are the main fragrant constituents of the iris butter, which contain about 15% of irones and 85% 

of fatty acids (mainly myristic acid). Iris butter is obtained by hydro distillation of the dried and ground 

rhizomes. 0.1 to 0.25% of essential oils can be recovered by hydro distillation. The composition of the 

different fatty acids present in Iris germanica L. rhizomes is shown in Table 12 [114]. The chemical 

structure of the cis-α-, cis-ɣ irones and of some iridals are shown in Figure 47.  

Table 12: Composition of fatty acids contained in Iris germanica L. rhizomes [114]. 

Fatty acid Relative proportion (%) 

Caprylic acid  1.5 

Capric acid  2.3 

Lauric acid  3.2 

Myristic acid  47.7 

Palmitic acid  13.3 

Linoleic acid  14.0 

α-Linoleic acid  4.1 

Oleic acid  4.7 

Elaidic acid  3.4 

Stearic acid 2.0 

Arachidic acid 2.0 

Behenic acid 1.6 

Lignoceric acid traces 
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Figure 47: Structure of cis-α-irone, cis-ɣ-irone, and two iridals (iripallidal and iriflorentinal). 

4.1.5.2 Flavonoids and isoflavonoids 

One of the most important classes of secondary metabolites in the rhizomes of Iris germanica L. are 

polyphenols, especially the flavonoids and its subfamily the isoflavonoids [118,119]. The backbone 

structure of flavonoids (flavone) and isoflavonoids (isoflavone) is shown in Figure 48. Many flavonoids 

and isoflavonoids can be described as substituted flavones and isoflavones. Flavonoids and 

isoflavonoids are produced by plants from the amino acid phenylalanine through the action of several 

enzymes [120,121]. They are essential for plant growth and development as flavonoids tasks are critical 

for survival. Therefore, species from all orders of the higher plant kingdom produce them. Flavonoids 

such as anthocyanins are responsible for the flower colouration (plant pigments) [122]. Together with 

other flavonoids, they are responsible for the attraction of pollinator animal and seed dispersal 

[123,124]. They act as UV-protector, protect the plants from insects, mammalian herbivores or against 

pathogenic microbes as well as from temperature and oxidative stress [123–128]. The biosynthesis of 

flavonoids is a response of the plants to its environment and therefore, the accumulation of the 

different flavonoids in the plants differs according to the plant´s environment [129–131].  
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Figure 48: Structure of flavone and isoflavone, which is often the backbone structure of the flavonoids and isoflavonoids 
respectively. 

The rhizomes of Iris germanica L. are known to produce the isoflavone irilone [132]. The chemical 

composition, and especially the phenolic compounds, of the rhizome has been studied over decades. 

Many different isoflavones are known, for irisflorentin, irisflogenin, irigenin, irisolidone, and 

tectorigenin [118,133–136]. Isoflavonoids can be found as isoflavonoid-glycosides (isofavonoids 

conjugated to or more sugar-units) or isoflavonoid-aglycones (isoflavonoid alone without any sugar) in 

the rhizome. Nowadays, isoflavonoids are widely investigated for their ability to protect the plants, but 

also to provide many health benefits [115,119,137,138]. According to the literature, isoflavonoids 

possess antioxidant, antimicrobial and anti-inflammatory properties [139–146]. They are mainly used 

in the pharmaceutic and food industry as food or dietary supplement [147], e.g. against the side effects 

of the menopause [148].  

4.1.5.3 Xanthonoids and benzophenones 

Xanthones (xanthonoids) and benzophenones are other classes of secondary metabolites accumulated 

in the rhizomes of Iris germanica L. and belong to the class of polyphenols, but are much less abundant 

than isoflavonoids. Xanthonoids are also biosynthesized from phenylalanine and benzophenones play 

a key role as intermediate in the xanthonoids´ biosynthesis. The backbone structures of xanthonoids 

and benzophenones are shown in Figure 49. Like isoflavonoids, xanthonoids have been studied 

concerning their potential health benefits: they exert antimicrobial, antioxidant, anticarcinogenic or 

anti-inflammatory properties [149,150]. Benzophenones are used in the cosmetic and pharmaceutical 

industry, because of their UV-absorbing and fragrance properties [95,151,152], although some of them 

have been reported as potentially dangerous for human’s health [152–155]. Benzophenones are also 

used as flavoured ingredients in other formulations such as plastics, coatings, adhesive, household 

cleaning or insecticide products [151,154].  
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Figure 49: Structure of benzophenone and xanthone, which are the backbone structures of the benzophenones and 
xanthonoids respectively. 

Some xanthonoids and benzophenones have been isolated from the leaves and rhizomes of Iris 

germanica L.: isomangiferin, mangiferin, 6-dehydrojacareubin, iriflophenone and 2,6,4´-trihydroy-4-

methoxybenzophenone [135,156–159]. 

4.1.6 HeLa, SK-Mel-28 and HMEC-1 cells 

4.1.6.1 HeLa and SK-MEL-28  

 HeLa cells are cancerous cells and the first immortal cell line commonly used in scientific research. The 

cell line was developed in the John Hopkins Hospital in Baltimore by Dr. George Otto Gey. They are 

epithelium cells from a cervical cancer taken from Henrietta Lacks and were were named after the first 

two letters of her name: HeLa. The HeLa cells grow easily and rapidly, making them of great interest 

for large scale testing in the research against cancer or virus for example. They are popular cellular 

models for scientists. SK-MEL-28 are like HeLa cancerous cells and one of a series of melanoma cell 

lines (type of skin cancer cells). They were established from patient tumour samples of the axillary 

lymph nodes.  

4.1.6.2 HMEC-1  

HMEC-1 cells are the first immortalised Human Microvascular Endothelial Cells (HMEC) developed by 

Ades et al. in 1992 [160]. They were immortalised by transfection with a PBR-322-based plasmid 

containing a gene product of the simian virus 40 A. They retain many of the characteristics of 

endothelial cells and have a lifespan up to 95 passages without any sign of senescence. On the contrary, 

non-transfected cells have a lifespan of only 8-10 passages. The culture of HMEC-1 cells is possible 

without human serum.  

4.1.7 MTT assay  

The MTT (yellow tetrazole) assay is used to evaluate the cytotoxicity of extracts and isolates on 

different cell lines [161]. MTT is a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide). It can be absorbed and reduced by living cells into formazan crystals 

(see Figure 50). MTT is water-soluble unlike formazan. After solubilisation of the formazan crystals 
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(blue purple solutions), the absorbance (at 560 nm) is measured to determine the metabolic activity 

of the cells which can be correlated to the number of viable cells (cytotoxicity). Thus, it is assumed that 

the concentration of formazan is proportional to the cell viability. The aim of the assay is on the one 

side to determine the half maximum inhibitory concentration (IC50), meaning the concentration 

whereby 50 % of the cells are dead (or living), and on the other side to determine the extract and 

isolate concentrations which are not toxic for the cells in order to perform other assays. By testing the 

cytotoxicity first, false negative and positive results can be avoided.  

 

Figure 50: Reduction of MTT to formazan through the mitochondrial reductases. 

4.1.8 Inflammatory processes and the role of the ICAM-1 molecule 

Inflammation is a natural defence process which is activated by the body in the case of an infection, 

injury or disease. This process aims to struggle the presence of invading micro-organisms or noxious 

agents in the tissue. For that, a cascade of complex occurrences (known as signal cascade) is required, 

starting from the perception and notification of the present invading micro-organisms or noxious agent 

in the tissue (inflammatory cytokines) and ending with the migration of leukocytes from the blood 

vessels to the inflamed tissue to struggle them. The defence mechanism will be here explained only 

roughly. First, the role of different adhesion molecules, and especially the role of the intercellular 

adhesion molecule-1 (ICAM-1), will be described. After that the different transduction pathways, 

which lead to the production of ICAM-1, will be explained. 

4.1.8.1 Adhesion molecules 

Three different groups of adhesion molecules play a role in the extravasation of the leukocytes from 

the blood vessels to the inflamed tissue and the simplified mechanisms are shown in Figure 51 [162]. 
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Selectin molecules represent the first group of adhesion molecules [163]. Three different selectin 

molecules are known: L-selectin (Leukocyte-selectin), P-selectin (Platelets-selectin) and E-selectin 

(Endothelium-selectin). L-selectin is located on the leukocytes. P-selectin and E-selectin are produced 

by endothelial cells. They are built and migrate to the surface of the cell membrane if an inflammation 

is detected and notified (through proinflammatory cytokines released from macrophages in the tissue) 

near the endothelial cells. Cytokines are cell signalling proteins. On the surface of the leukocytes, a 

selectin receptor (for all the selectins), P-selectin glycoprotein ligand-1 (PSGL-1), is located. By ligand- 

selectin binding, the leukocytes are decelerated and tethered up the endothelial membrane. Then, the 

leukocytes start to roll on the surface of the endothelial cells (“rolling”), because ligand-selectin 

binding is only a weak and not a strong interaction [163,164].  

The second group of adhesion molecules are the integrins [165]. Integrins are glycoproteins acting as 

transmembrane receptors, that facilitate cell-cell and cell-extracellular matrix (consisting of all the 

macromolecules like glycoproteins, enzymes or proteins that help the cells to get structural and 

biochemical information on the cell surface) adhesion. Integrin consists of two different glycoprotein-

chains, α- and β-subunits, that are not bound covalently. Many of them are known, but only four are 

of interest concerning the binding of leukocytes to endothelial cells: α4β1, α4β7, αLβ2 and αMβ2 integrin. 

If an inflammation is present in the tissue, the integrins are activated through chemokines (proteins of 

the cytokine family). Chemokines induce a change in conformation of the integrins and allow a strong 

binding of the leukocyte to the endothelial cell membrane and therefore, decelerate the “rolling”. 

Integrins also bind with other adhesion molecules present on the surface of the endothelial cells, such 

as ICAM-1 or VCAM-1 (vascular intercellular adhesion molecule-1) [165,166]. 

ICAM-1 and VCAM-1 belong to the third group of adhesion molecules, the immunoglobulin superfamily 

[166]. They are glycoprotein produced by the endothelial cells. They allow the leukocytes to move from 

the blood vessels to the inflamed tissue (see section 4.1.8.2). α4-Integrins bind exclusively with VCAM-

1 adhesion molecule (decelerating of the “rolling”) and β2-integrins bind with ICAM-1 adhesion 

molecule (adhering and stopping of the “rolling”). The ICAM-1 molecule is responsible for the 

migration of the leukocytes to the inflamed tissue. Indeed, the adhesion molecule ICAM-1 plays also a 

role in the transmigration and is not only responsible for the adhesion and stopping of the “rolling” 

[163,167].  
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Figure 51: Simplified mechanism of the leukocyte migration from the blood vessels into the inflamed tissue, taken from 
Thorburn et al. [162]. 

4.1.8.2 Transduction pathway of the production of ICAM-1 

The production and migration of ICAM-1 adhesion molecule to the surface of endothelial cells can be 

driven by different cytokines (for example TNF-α, IFN-ɣ, IL-1, LPS, …) or physical and chemical stimuli 

like UV radiation, metal ions Co2+ or H2O2. A simplified signal transduction pathway activating the 

transcription of ICAM-1 induced by TNFα, IL-1 and IFN-ɣ is shown in Figure 52 [163,168–170]. 

Activation of two different signal cascades trigger the transcription of ICAM-1: one with NF-κB (Nuclear 

Factor kappa B) which is activated by the cytokine TNF-α (Tumour Necrosis Factor α) and the other 

one with STAT hetero-or homodimers (Signal Transducers and Activators of Transcription) which are 

activated by the cytokine IFN-ɣ (Interferon ɣ). LPS (Lipopolysaccharide) can activate both signal 

cascade (NF-κB with IL-1 (interleukin) and STAT with IFN-ɣ). In both signal cascades, a phosphorylation 

takes place in order to release the transcription factors NF-κB and STAT. IFN-ɣ activates the enzymes 

JAK-1 and JAK-2 (Janus Kinase) by a phosphorylation cascade. JAK-1 and JAK-2 release the STAT hetero- 

and homodimers, which translocate into the cell nucleus. TNF-α activates the phosphorylation of the 

protein I-κb (Inhibitor of κB), which is a regulatory protein of NF-κB. I-κB is phosphorylated by IKKα and 

IKKβ (I-κB-Kinase-Komplex). IKKα and IKKβ are activated by the protein NIK (NF-κB-inducing Kinase). 

The phosphorylation of I-κB induces the dissociation of the complex I-κB/NF-κB and the release of the 

transcription factor NF-κB, which translocate into the cell nucleus. Therein, the transcription factors 

bind to the corresponding promoter region and activate the transcription of the adhesion molecule 

ICAM-1. It is known that the transcription factor NF-κB activates also the transcription of other pro-

inflammatory genes like cytokines (TNF-α, IL-1β, …), chemokines and enzymes [169–173].  



 

113 
 

 

Figure 52: Very simplified pathway of the production of the adhesion molecule ICAM-1. Modified from the doctoral thesis of 
Marcel Flemming, Luo et al 2005 and Roebuck and Finnegan 1999 [168–170]. LPS (Lipopolysaccharide), TNF-α (Tumour 
Necrosis Factor α), IL-1 (Interleukin 1), IFN-ɣ (Interferon-ɣ), TRAF (Tumour Necrosis Receptor Associated Factor), JAK (Janus 
Kinase), NIK (NF-κB Induced Kinase), IKK (I-κB-Kinase-Komplex), I-κB (Inhibitor of κB), NF-κB (Nuclear Factor Kappa B), STAT 
(Signal Transducers and Activators of Transcription), ICAM (Intercellular Adhesion Molecule).  

The readout of the ICAM assay (see section 4.2.2.8.7  for the description of the assay) is the modified 

transcription of the adhesion molecule ICAM-1. Indeed, an unphysiologically increased transcription 

of ICAM-1 is a problem of chronic inflammations like rheumatism, asthma, or arteriosclerosis. Although 

no inflammation in the tissue is present, the transcription takes place and thereby the tissue can be 

damaged. In this case, inhibitors of ICAM-1 like parthenolide are of great interest. Parthenolide is a 

sesquiterpene lactone and reduces the transcription of ICAM-1. It inhibits the binding of NF-κB to the 

corresponding promoter or the IKKα and IKKβ [170,174,175]. Parthenolide is used as positive control 

in the ICAM-assay.        

4.1.9 Antimicrobial assay: Escherichia coli and Staphylococcus aureus 

Nowadays more and more microorganisms develop an antimicrobial resistance. Antimicrobial assays 

are very important to screen and test the ability of extracts or molecules to kill microorganisms like 
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bacteria [176,177]. In the literature, the most used and known methods are agar disk- diffusion and 

broth dilution methods [178,179].  

The agar disk-diffusion method was developed in 1944 by Norman George Heatley [180]. This method 

is well-known and pretty common [178,179]. Basically, a disk containing the potential antimicrobial 

agent is placed on an agar surface in a petri dish. Previously, the agar surface was swabbed with the 

microorganism. The petri dish is then incubated under suitable conditions (commonly 37°C) and after 

a certain time, the ability to inhibit microbial growth of the antimicrobial agent (through diffusion in 

the agar) is observed and measured. Indeed, if the potential antimicrobial agent shows an 

antimicrobial effect, then an inhibition growth circle is obtained, where microorganisms could not 

germinate and grow. Afterwards, the diameter of the circle, which corresponds to the critical value, is 

measured and compared with other antimicrobial agents to estimate the antimicrobial property.  

The broth dilution method is a liquid method used to determine a MIC (minimum inhibitory 

concentration). The MIC is the lowest concentration of an antimicrobial agent that is necessary to 

inhibit the growth of microorganism in a broth medium. Mostly the MICs are given in µg/mL. A defined 

volume of broth medium is mixed with a dilution of the microorganisms and a defined concentration 

of the antimicrobial agent. Then the solution is incubated under suitable conditions (mainly 37 °C) and 

the effect of the antimicrobial agent is observed with the naked eye. To avoid errors, colorimetric 

methods have been developed. Indeed, the usage of dyes like MTT is often used to measure the MIC 

with a photometric device like a UV-spectrometer [178,179,181,182]. The risk of errors compared to 

the observation and determination by the naked eyes is reduced. 

In this thesis two different bacteria were used: Escherichia coli (E. coli) and Staphylococcus aureus (S. 

aureus). E. coli is an acid-forming and rod-shaped Gram-negative bacterium, whereas S. aureus is a 

spherical Gram-positive bacterium. The Gram´s method (or Gram staining) is used to differentiate the 

bacteria into two large groups: Gram-negative and Gram-positive bacteria [183]. They are 

differentiated by the composition of their cell wand. The cell wall of a bacteria is composed of a plasma 

membrane, a periplasm and a murein layer [184]. The major difference between a Gram-positive and 

a Gram-negative bacterium is the thickness of the murein layer. Gram-positive bacteria possess a 

thicker murein layer than Gram-negative bacteria. Moreover, Gram-negative bacteria have an outer 

membrane whereas Gram-positive bacteria do not have one. In general, Gram-negative bacteria and 

rod-shaped bacteria are respectively more harmful than Gram-positive bacteria and spherical bacteria. 

Plant extracts are generally more active against Gram-positive than Gram-negative bacteria.  
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4.1.10  Goal of the investigation, cell biological tests and antimicrobial assays 

As previously explained, the main application of the rhizomes of Iris germanica L. is found in the 

perfume industry. Therefore, the rhizomes are aged, distilled to obtain the so-called iris butter and 

then disposed of. Due to the low yield, iris butter is applied and sold only in small quantities in some 

perfumes. The main idea of the phytochemical investigation of iris rhizomes is to screen the waste of 

iris butter (meaning the remaining rhizomes and water in the distillation balloon) for valuable 

compounds. Moreover, the roots of Iris germanica L., which are co-harvested with the rhizomes, make 

up a huge amount of undesired waste and thus are removed during the harvest (as far as possible). As 

iris roots might contain valuable compounds too, they were also screened on their phytochemical 

profile and compared with the rhizomes. Therefore, different rhizome and root extracts of Iris 

germanica L. were compared via TLC. Then, the activity of these extracts on different cell lines, HeLa 

and SK-MEL, was studied to have a first idea of the cytotoxicity and will be compared and analysed 

with the TLC results. After that, the phytochemical composition of two iris extracts, 18I4A (EtOAc 

extract of the rhizomes of Iris germanica L.; the rhizomes were first extracted with DCM then with a 

binary mixture of water and EtOH (H2O/EtOH 30/70 wt%) and after rotary evaporation of EtOH, the 

water remaining phase was shaken out with EtOAc; see Figure 54 in section 4.2.2.4) and 19IA (EtOAc 

extract of the roots of Iris germanica L.; the roots were first extracted with n-hexane and then with 

EtOAc; see Figure 53 in section 4.2.2.4), was investigated using different chromatographic methods 

(open silica gel column, analytical and semi preparative HPLC). Isoflavonoids and benzophenones were 

isolated from the rhizomes and the roots. Finally, some isolated compounds and two iris extracts 18I4A 

and 19IA were tested for anti-inflammatory and anti-microbial properties.  
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4.2 Material and methods 

4.2.1 Material and chemicals 

All used chemicals and materials are summarised in Table 13 and Table 14. 

Table 13: Listing of all used chemicals. 

Chemicals 

Name Purity Description/Grade 
Company  

(city, country) 

Iris germanica L. rhizomes, 

leaves and roots 
n.a. Plant growing in Bavaria 

SKH GmbH 

(Ortenburg, 

Germany) 

Ethanol (EtOH) ≥ 99.8% 
p.a.,  

Rotipuran® 

Merck (Darmstadt, 

Germany)  

or Carl ROTH 

(Karlsruhe, 

Germany) 

Acetonitrile n.a. HPLC grade, LiChrosolv® 
Merck (Darmstadt, 

Germany) 

Acetic acid ≥ 99.8% p.a. 
Merck (Darmstadt, 

Germany) 

Ethyl acetate (EtOAc) ≥ 99.8% analytical reagent grade 

Thermo Fisher 

Scientific 

(Steingrund, 

Germany) 

Dichloromethane (DCM) ≥ 99.8% analytical reagent grade 

Thermo Fisher 

Scientific 

(Steingrund, 

Germany) 

Butan-1-ol ≥ 99.5% p.a., ACS reagent 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Toluene ≥ 99.8% analytical reagent grade 

Thermo Fisher 

Scientific 

(Steingrund, 

Germany) 

Methanol (MeOH) n.a. HPLC grade, LiChrosolv® 
Merck (Darmstadt, 

Germany) 
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N-Hexane 99% analytical grade 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Sulfuric acid 95-97% 95-97% p.a. 
Merck (Darmstadt, 

Germany) 

Anisaldehyde (AA) ≥ 97.5% FCC, Kosher 
Merck (Darmstadt, 

Germany) 

Anisaldehyde reagent  

(AA reagent) 
n.a. 

AA: 0.5 mL 

acetic acid: 10 mL 

MeOH: 85 mL 

sulfuric acid: 5 mL 

n.a. 

Celite®560 n.a. 

filter agent, treated with 

sodium carbonate, flux 

calcined 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Trifluoroacetic acid (TFA) ≥ 99.0% for HPLC 

Sigma Aldrich 

(Darmstadt, 

Germany) 

2-Aminoethyl 

diphenylborinate 
98% 

for the natural product 

reagent 

Alfa Aesar  

(Kandel, Germany) 

Natural product reagent (N) n.a. 

10 g of 2-aminoethyl 

diphenylborinate in 1 L 

MeOH 

n.a. 

Vanillin ≥ 97.0% FCC, FG 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Vanillin reagent (V) n.a. 

Solution 1: 4 g vanillin in 400 

mL MeOH 
n.a. 

Solution 2: 80 mL sulfuric 

acid in 320 mL MeOH 

Acetone-d6 99.80% D NMR solvent 

Eurisotop 

(Saarbrücken, 

Germany) 

Water millipore 
from a Milli-Q purification 

system 

Merck Millipore 

(Billerica, MA USA) 

Cyclohexane ≥ 99.8% analytical reagent grade 

Thermo Fisher 

Scientific 

(Steingrund, 

Germany) 
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Dimethyl sulfoxide (DMSO) ≥ 99.5% for molecular biology 

Carl ROTH 

(Karlsruhe, 

Germany) 

3-(4,5-Dimethylthiazol-2-yl)-

2,5-

diphenyltetrazoliumbromide  

98% 

(MTT) used solution:  

4 mg/mL in PBS 

sterile filtered,  

conservation: -20 °C 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Phosphate buffer saline 

(PBS) 
n.a. 

modified, without calcium 

chloride and magnesium 

chloride, sterile filtered  

Sigma Aldrich 

(Darmstadt, 

Germany) 

Trypsin/EDTA n.a. 

used solution: 10 % (v/v) 

Trypsin/EDTA (0.5%/0.2% in 

10x PBS) in PBS 

Biochrom AG 

(Berlin, Germany) 

Minimum Essential Medium 

Eagle 

(MEM) 

n.a. 

Modified, with Earls´s salt 

and reduced NaHCO3 (0.85 

g/L), without L-glutamine, 

sterile-filtered, based 

medium for HeLa cells 

Biochrom AG 

(Berlin, Germany) 

L-Glutamine n.a. 200 mM 
Biochrom AG 

(Berlin, Germany) 

Fetal Bovine Serum (FBS) 
50 mL 

aliquoted 

conservation: -20°C, 

defrosting with a water bath 

at 37 °C   

Biochrom AG 

(Berlin, Germany) 

Non-Essential Amino acid 

(NEA) 
n.a. 100x-concentrate 

Biochrom AG 

(Berlin, Germany) 

HeLa medium n.a. 

MEM: 500 mL 

L-glutamine: 5 mL 

FBS: 50 mL 

NEA: 5 mL 

n.a. 

Dulbecco´s Modified Eagle 

Medium 

(DMEM) 

n.a. 
+ 4.5 g/L D-Glucose and 2 

mM glutamine 

Gibco® (Paisley, 

United Kingdom) 

HAM´S F-12 Medium n.a. 
With 1.176 g/L NaHCO3, with 

stable glutamine 

Sigma Aldrich 

(Darmstadt, 

Germany) 

SK-MEL-28 medium n.a. 

DMEM: 500 mL 

HAM´S F-12: 500 mL 

FBS: 50 mL 

n.a. 
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Endothelial Cell Growth 

Supplement 

(ECGS) 

n.a. 

2% FBS, EndoCGS 

(Endothelial Cell Growth 

Supplement), Heparin, bFGF 

(basic Fibroblast Growth 

Factor), EGF (Epidermal 

Growth Factor), 

Hydrocortisone, Glutamine 

PeloBiotech GmbH 

(Planegg, Germany) 

Endothelial Cell Basal 

Medium (ECBM)  
n.a. 

based medium for HMEC-1 

cells w/o Glutamine 

PeloBiotech GmbH 

(Planegg, Germany) 

Antibiotic n.a. 50 µg gentamicin /mL water 
PeloBiotech GmbH 

(Planegg, Germany) 

HMEC-1 medium (ECGM) n.a. 

ECBM: 500mL 

ECGS: 27 mL 

FBS: 50 mL 

Antibiotic: 1.5 mL 

n.a. 

Trypan blue solution: 

3,3‘-Dimethyl-4,4‘-bis(5-

amino-4-hydroxy-2,7-

disulfonaphtyl-3-azo)-[1,1‘-

biphenyl] 

dye content 

~ 37% 

used solution: 0.4% (m/V) 

trypan blue in PBS, sterile-

filtered, conservation: 4°C 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Sodium dodecyl sulfate 

(SDS) 
92.5-100.5% 

used solution: 10% (m/v) in 

water, sterile-filtered 

Sigma Aldrich 

(Darmstadt, 

Germany) 

Formaldehyde solution 
phosphate 

buffered 
10 wt% solution in water 

AppliChem GmbH 

(Darmstadt, 

Germany) 

TNF-α 

≥ 97%, 

recombinant, 

human,  

E. coli 

used solution: 17 µg/mL of a 

0.1% Bovine Serum Albumin 

in PBS 

Sigma Aldrich 

(Darmstadt, 

Germany) 

IFN-ɣ 

≥ 97%, 

recombinant, 

human,  

E. coli 

used solution: 4 µg/mL PBS 

PeproTech 

(Hannover, 

Germany) 

Parthenolide ≥ 97% 
used solution:  

100 mM in DMSO 

Callbiochem (Bad 

Soden, Germany) 
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Collagen G 
4 mg/mL HCL 

 from FBS 

used solution: 0.25%  

collagen G in PBS (v/v) 

Biochrom AG 

(Berlin, Germany) 

FITC-marked antibody n.a. 
FITC-marked mouse antibody 

IgG1 for ICAM-1 

Biozol (Eching, 

Germany) 

Lysogeny broth (LB)  

//  

LB-medium 

n.a. 

LB-miller: NaCL 10g/L, 

Tryptone 10 g/L and yeast 

extract 5 g/L // 25 g of LB  

in 1 L H2O 

Merck (Darmstadt, 

Germany)  

S. Aureus n.a. 
20231, type strain, ATCC 

12600 

DSMZ GmbH 

(Braunschweig, 

Germany) 

E. coli n.a. K12 

DSMZ GmbH 

(Braunschweig, 

Germany) 

Irone 
≥ 90%  

α-irone 

Mixture of isomers (mainly 

the α-isomer) 

Sigma Aldrich 

(Darmstadt, 

Germany) 

 

Table 14: Listing of all used materials. 

Materials 

Name Description 
Company 

 

Cellulose filter grade 1289, diameter 240 mm, 84 g/m² 

Sartorius 

(Göttingen, 

Germany) 

Syringe filter 0.2 
0.2 µm PTFE or CA Membrane, diameter 13 

or 25 mm 

VWR international 

(Ismaning, 

Germany) 

Silica gel plate TLC silica gel 60 F254 20x20 cm 
Merck (Darmstadt, 

Germany) 

Silica gel plate RP-18 TLC silica gel 60 RP-18 F254 20x20 cm 
Merck (Darmstadt, 

Germany) 

GC-HPLC vials 
brown glass 1.5 mL ND9 

with screw caps 

Carl ROTH 

(Karlsruhe, 

Germany) 

TLC-Chamber 
twin through chamber for 100 x 100 mm 

plates 

Camag (Muttenz, 

Switzerland) 

TLC apparat  
Linomat 5 for the application 

Reprostar 3 for the documentation 

Camag (Muttenz, 

Switzerland) 
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WinCats 1.4.2 as software 

Micropipette for TLC-

application 
Hirschmann® ringcaps®, 5 µL 

Hirschmann 

(Eberstadt, 

Germany) 

NMR tubes NMR tubes borosilicate length 8 inch 

Deutero 

(Kastellaun, 

Germany) 

NMR spectrometer Advance 400 MHz 
Bruker Corporation 

(Billerica, MA USA) 

NMR software Topspin®3.2 
Bruker Corporation 

(Billerica, MA USA) 

Sea sand  extra pure 
Merck (Darmstadt, 

Germany) 

Silica gel column 1  length: 55 cm, diameter: 2.2 cm 
Glass blowing 

workshop 

(University of 

Regensburg, 

Germany) 

Silica gel column 2 length: 70 cm, diameter: 3.6 cm 

RP-18 column analytical 

HPLC 

C-18 phase, 5 µm, 100 Å, 250 x 4.6 mm, 

Eurosphere 

Knauer GmbH 

(Berlin, Germany) 

Biphenyl column +  

precolumn 

analytical HPLC 

Biphenyl phase, 5 µm, 100 Å, 250 x 4.6 mm 

Kinetex®/Phenomenex® 

Phenomenex 

(Aschaffenburg, 

Germany) 

RP-18 column 

preparative HPLC 

Nucleodur C18 Isis, 5 µm, 100 Å,  

250 x 21 mm 

Machereynagel 

(Düren, Germany) 

Biphenyl column +  

precolumn  

preparative HPLC 

Biphenyl phase, 5 µm, 100 Å, 250 x 21.2 mm, 

Kinetex® 

Phenomenex 

(Aschaffenburg, 

Germany) 

Mass-spectrometer 
Agilent MS Q-TOF 6540 UHD  

ion source: AJS ESI G6540A 

Agilent (Santa 

Clara, USA) 

Cell culture bottle 150 cm² 
TPP (Trasadingen, 

Germany) 

Cell culture bottle 75 cm² 

Greiner Bio-One 

(Frickenhausen, 

Germany) 

Falcon tubes for cell culture 15 and 50 mL, sterile 

Greiner Bio-One 

(Frickenhausen, 

Germany) 
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C-chips Grid pattern of Bürker-Türk, DHC-B02 
NanoEntek Inc. 

(Pleasonton, USA) 

Pipettes for cell culture 230 mm, sterile (done with an autoclave) 
VWR (Darmstadt, 

Germany) 

Pipettes, serological 5 and 10 mL, sterile 

Greiner Bio-One 

(Frickenhausen, 

Germany) 

Pipette tips 10, 200 and 1000 µL 

Greiner Bio-One 

(Frickenhausen, 

Germany) and 

Sarstedt AG & Co. 

(Nümbrecht, 

Germany) 

Cell culture bench HeraSafe KS 

Thermo Scientific 

(Langenselbold, 

Germany) 

Cell culture incubator 
AutoFlow IR Direct Heat NU-5500 E, 

temperature 37°C, 5% CO2 

Integra Biosciences 

GmbH (Fernwald, 

Germany) 

24-wells plate sterile, for cell culture 

Greiner Bio-One 

(Frickenhausen, 

Germany) 

96-wells plate sterile, for cell culture 
TPP (Trasadingen, 

Germany) 

Autoclave  

Melag Autoclav 23 (small one, in the lab) 

Melag 

Medizintechnik 

(Berlin, Germany) 

Systec VE-120 
Systec GmbH 

(Linden, Germany) 

Fluorescence-activated Cell 

Sorting (FACS) 

Becton Dickinson Facscalibur®,  

software: CellQuestPro 

Becton Dickinson 

(Franklin, USA) 

FACS-tubes polystyrene pound bottom tube 5 mL 
Becton Dickinson 

(Franklin, USA) 

Vortex Vortex mixer VV3 
VWR (Darmstadt, 

Germany) 

Plate reader Spectra FluorPlus, software: Xfluor4 V 4.40 
Tecan (Crailsheim, 

Germany) 
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Centrifuge cell culture Heraeus Megafuge 1.0 R Sepatech 

Thermo Scientific 

(Langenselbold, 

Germany) 

Rotary evaporator 

Glassware set G3, vacuum pump Rotavac 

Vario Pumping with digital vacuum control, 

Heidolph   

Heidolph 

Instruments GmbH 

& Co. KG 

(Schwabach, 

Germany) 

Eppendorf cup 1.5, 2 and 5 mL 

Eppendorf 

(Hamburg, 

Germany) 

Pipettes 0.1-2.5 µL, 2.5-10 µL, 10-100 µL, 100-1000 µL 

Eppendorf 

(Hamburg, 

Germany) 

Pipette controller Accu-jet® pro 

Brand GmbH & 

Co.KG (Wertheim, 

Germany) 

Water bath WB 22 

Memmert GmbH & 

Co. KG 

(Schwabach, 

Germany) 

Drying chamber 

H3000 

Binder GmbH 

(Tuttlingen, 

Germany) 

D-6450 
Heraeus (Hanau, 

Germany) 

Freeze dryer Freeze Dryer Modulyo® 

Edwards 

(Feldkirchen, 

Germany) 

Separating funnel 3 liters 

Carl ROTH 

(Karlsruhe, 

Germany) 

Grinder Cutting Mill Pulverisette 15 

Fritsch (Idar-

Oberstein, 

Germany) 
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4.2.2 Methods 

4.2.2.1 Harvest and processing  

The rhizomes, roots and leaves of Iris germanica L. were harvested in summer 2018 in Lower Bavaria. 

In summer 2019, only the roots were harvested. In summer 2020, only the rhizomes were harvested. 

For the denomination of the different extracts (see section 4.2.2.4), the two first number (18, 19 and 

20) correspond to the year of the harvest. After being harvested, the different plant parts were 

washed, sun dried and finally ground (2 mm pieces). In 2018, one part of the rhizome harvest was aged 

before being ground (see section 4.2.2.2, aged rhizome). The other part of the rhizomes was directly 

used for the extraction process (unaltered rhizome). One part of the aged rhizomes was distilled after 

being ground (production of iris butter, see section 4.2.2.3), while the other part of the aged rhizomes 

was used for the extraction process (see section 4.2.2.4). Unaltered rhizomes were not distilled. In 

2019, one part of the root harvest was aged (see section 4.2.2.2) before being ground. One part of the 

aged roots was used for the extraction process and the other part was distilled. The unaltered part of 

the root harvest was directly ground. One part of the unaltered roots was directly used for the 

extraction process and the other part was distilled. After the harvest in summer 2020 and after the 

distillation of some aged rhizomes in winter 2020, the residue in the distillation balloon was used as 

raw material for the extraction process. 

4.2.2.2 Aging process 

Roots (2019) and rhizomes (2018) were aged according to the aging process development by Marcel 

Flemming [117]. The rhizomes or roots were placed in a reactor under ambient air, at 10 bar and 45°C 

for 6 weeks.  

4.2.2.3 Distillation 

700 g of aged rhizomes were hydro distilled with 3.5 L of deionised water during approximately 8 hours 

using a Clevenger distillation. The rhizomes were previously macerated during 16-18 hours in water. 

Unaltered rhizomes were not distilled. 200 g of unaltered roots were hydro distilled using the same 

method, with and without maceration. 200 g of aged roots were hydro distilled without maceration 

using the same method.   

4.2.2.4 Extraction process 

The different extracts of the different parts of the plants were obtained using the extract pathway in 

Figure 53 and Figure 54. A summary of all achieved extracts with the description of the extraction 

process is shown in Table 15. The extraction procedure was repeated three times with all extraction 

solvents (one extract is the result of three successive extractions) except for the distillations, which 

was done only one. The plant material to extraction solvent in weight ratio was of 1 to 7 with the 
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rhizomes and leaves and 1 to 9 with roots. 1.2 kg of fresh (=unaltered) rhizomes (harvest 2018), 1 kg 

of aged rhizomes (harvest 2018), 0.8 kg of fresh roots (harvest 2018), 0.5 kg of leaves (harvest 2018), 

0.18 kg of fresh (=unaltered) roots (harvest 2019), 0.15 kg of aged roots (harvest 2019) and three litres 

of the residue of the hydro distillation of aged rhizomes (harvest 2020) were used for the extraction 

processes (see Figure 53 and Figure 54).  

Table 15: Summary of all achieved extracts, as described in Figure 53 and Figure 54. 

Extract 

name 
Plant material* solvent Description of the extraction process 

18I1 fresh rhizomes DCM 

Plant material was extracted with DCM. 
18I2 aged rhizomes DCM 

18I3 fresh roots DCM 

18I7 fresh leaves DCM 

18I4A fresh rhizomes EtOAc Plant material was first extracted with DCM then with a 

binary mixture of water and EtOH (H2O/EtOH 30/70 wt%) 

and after rotary evaporation of EtOH, the water remaining 

phase was extracted with EtOAc. 

18I5A aged rhizomes EtOAc 

18I6A fresh roots EtOAc 

18I4B fresh rhizomes BuOH Plant materials were first extracted with DCM then with a 

binary mixture of water and EtOH (H2O/EtOH 30/70 wt%) 

and after rotary evaporation of EtOH, the water remaining 

phase was extracted successively with EtOAc and BuOH. 

18I5B aged rhizomes BuOH 

18I6B fresh roots BuOH 

18I4W fresh rhizomes Water 
Plant materials were first extracted with DCM then with a 

binary mixture of water and EtOH (H2O/EtOH 30/70 wt%) 

and after rotary evaporation of EtOH, the water remaining 

phase was extracted successively with EtOAc and BuOH. 

Finally, the remaining water phase was lyophilised to 

obtain the extract. 

18I5W aged rhizomes Water 

18I6W fresh roots Water 

18I9 aged rhizomes x 

Iris butter obtained from hydro distillation. 19I9 fresh roots x 

19I9a aged roots x 

19IH fresh roots n-hexane 
Plant materials were extracted with n-hexane. 

19IHa aged roots n-hexane 

19IA fresh roots EtOAc Plant materials were first extracted with n-hexane and 

then with EtOAc. 19IAa aged roots EtOAc 

20IH aged rhizomes n-hexane Residue of the hydro distillation (water and remaining 

plant materials) was extracted successively with n-hexane, 

EtOAc and BuOH. 

20IA aged rhizomes EtOAc 

20IB aged rhizomes BuOH 

*fresh always mean unaltered, but dried plant material
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Figure 53: Extract pathway for the fresh (unaltered) and aged roots, the aged rhizomes, and the fresh (unaltered) leaves. For filtration, a Buchner filtration or a filtration using Celite®560 (if a Buchner 
filtration was not successful) were used. A drying chamber was used for drying, and a freeze dryer was used for lyophilisation. A separating funnel was used if a residue was shaken out with a solvent. 
The extract names as well as the used plant material part are underlined in bold.   
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Figure 54: Extraction pathway for the fresh (unaltered) and aged rhizomes and the fresh (unaltered) roots. For filtration, a Buchner filtration or a filtration using Celite®560 (if a Buchner filtration 
was not successful) were used. A drying chamber was used for drying, and a freeze dryer was used for lyophilisation. A separating funnel was used if a residue was shaken out with a solvent. The 
extract names as well as the used plant material part are underlined in bold.
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4.2.2.5 TLC comparison 

TLC was used first to compare the different extracts with each other and second for monitoring the 

isolation methods. For the comparison, each extract (concentration 10 mg/mL) was applied to a TLC 

plate using a Linomat 5 (see section 4.2.1). The extract was applied with a 1 cm distance from the TLC 

plate bottom as 0.8 cm broad bands. The application volume was of 10 µL and the spray speed of 150 

nL/s with air as spray gas. For monitoring of the isolation process, the different fractions were applied 

using a TLC spotter micropipette. The TLC spots were made manually on the TLC plate, the applied 

volume varied between 2 and 3 µL. 

After application, TLC plates were developed in a TLC chamber containing the mobile phase (level < 1 

cm height). First, the TLC-chamber was filled with the mobile phase, and a paper towel was taped on 

the wall of the chamber, soaked with the mobile phase and left for few minutes to ensure the 

saturation of the chamber with solvent vapor. Then the TLC plate was placed into the chamber. Once 

the mobile phase front reached the marked level, the TLC plate was removed from the chamber and 

dried at ambient air and temperature. After that, pictures at 254 nm and 366 nm were taken using the 

Linomat 5 apparat. 

Derivatisation of the TLC plates was carried out with different reagents (see section 4.2.1): 

anisaldehyde reagent (AA), natural product reagent (N) and vanillin reagent (V). After the 

derivatisation, pictures at 366 nm and day light were taken.  

AA-reagent: the TLC plate was sprayed with the AA-reagent homogeneously and left on a heating plate 

at 105°C for 5-10 minutes. 

N-reagent: the TLC plate was first heated on a heating plate at 100 °C, then sprayed homogeneously 

with N-reagent and finally dried at ambient temperature and air. After several minutes, different spots 

were detectable with naked eyes. 

V-reagent: the TLC plate was first sprayed homogeneously with a vanillin solution (solution 1, see Table 

13), then with a sulfuric acid solution (solution 2, see Table 13) and heated to 105 °C on a heating plate 

for 5-10 minutes. 

 All different mobile phases are summarised in the following Table 16. 
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Table 16: Composition (volume%) of the mobile phases for the comparison of the extracts with each other on TLC plates. 

Eluent 

name 

Composition (volume%) 

hexane DCM EtOAc MeOH Toluol EtOH cyclohexane 

TLC_1 75 20 5 10 / / / 

TLC_2 / / 13.3 3.3 80 3.3 / 

TLC_3 / / 40 5 / 45 10 

TLC_4 / / 35 15 50 / / 

TLC_5 70 20 20 10 / / / 

TLC_6 65 20 15 10 / / / 

TLC_7 / / 40 / 60 / / 

TLC_8 30 30 30 10 / / / 

Eluent 

name 

Composition (volume%) 

BuOH Acetic acid H2O only the upper 

phase is used 

as eluent 
TLC_9 40 10 50 

 

4.2.2.6 Cell culture, cytotoxicity and MTT assay 

4.2.2.6.1 Cytotoxicity of several extracts on HeLA and SK-MEL-28 

All cell biological work steps were performed in a sterile bench under sterile conditions. All used 

chemicals or mediums (except trypsin/EDTA solution) were previously heated at 37°C for 30 minutes 

before usage. All the used devices, glass, and consumption items were purchased sterile or sterilised 

(with autoclave or dryer chamber). All the culture bottles or plates were cultivated in an incubator at 

37 °C, 95% air humidity and 5% CO2 content. The growing cells were monitored with a microscope to 

control split time or medium change.   

4.2.2.6.2 Production of medium for cell culture 

HeLa 

L-Glutamine (5 mL), FBS (50 mL) and NEA (5 mL) were added to 500 mL MEM and well mixed. Then the 

medium was stored in the fridge. 

SK-MEL-28 

FBS (50 mL) was added to a mixture of 500 mL DMEM and 500 mL of HAM´S F-12 medium and was 

well mixed. The medium was preserved in the fridge for storage. 
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4.2.2.6.3 Defrosting of the cells 

All the cells were stored in DMSO at -196 °C. As quickly as possible, the desired cell line was defrosted 

to 37 °C and transferred in a falcon-tube with approximately 8-10 mL of corresponding medium. Then 

the cell containing medium was centrifuged (HeLa: 700 rpm, 3 min; SK-MEL-28: 700 rpm, 5 min). The 

supernatant was removed. The remaining cell pellet was resuspended with 5 mL of medium and filled 

in a culture bottle containing 15 mL of medium. After one day in the incubator at 37 °C, the medium 

was changed (see section 4.2.2.6.4) to ensure a complete elimination of DMSO. 

4.2.2.6.4 Medium change 

The old medium was removed from the culture bottle. The cell layer was washed with 5 mL of PBS and 

20 mL of fresh medium was added. The procedure was used for both cell lines HeLa and SK-MEL-28. 

After 2 or 3 days, the medium was changed again.  

4.2.2.6.5 Splitting of the cells 

HeLa 

The old medium was removed, and the cell layer washed with 5 mL of PBS. After that 2 mL of a 

trypsin/EDTA solution was added and the cell culture bottle was incubated for 3-5 min at 37 °C (5% 

CO2). Then the cell culture bottle was taped to detach the cell layer from the bottle base. 8 mL of 

medium was used to transfer the detached cells in a falcon tube. The cell containing medium was 

centrifuged (700 rpm, 3 min). The supernatant was removed, and the remaining cell pellet was 

resuspended in 5 mL medium. 20 mL medium were filled in a new culture bottle and 500 µL of the cell 

suspension was added. Generally, the cells were split every 5-7 days. 

SK-MEL-28 

The old medium was removed, and the cell layer washed with 5 mL of PBS. After that 3 mL of a 

trypsin/EDTA solution was added. The cell culture bottle was incubated for 3-5 min at 37 °C (5% CO2). 

Then the cell culture bottle was taped to detach the cell layer from the bottle base. 7 mL of medium 

was used to transfer the detached cells in a falcon tube. The cell containing medium was centrifuged 

(700 rpm, 5 min). The supernatant was removed, and the remaining cell pellet was resuspended in 5 

mL of medium. 19 mL of medium were filled in a new culture bottle and 1 mL of the cell suspension 

was added. Generally, the cells were split every 5-7 days. 

4.2.2.6.6 Cell counting 

The same procedure as described for the splitting (see section 4.2.2.6.5) was used, but the cells were 

resuspended and homogenised in 5-7 mL of medium. After that 10 µL of cell suspension was mixed 

with 10 µL of trypan blue solution (the dead cells were coloured in blue, the living cells not). Then 5-
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10 µL of the cell suspension was filled in a C-chip and the cells were counted in the four large squares. 

Finally, the cell number was determined (cell from the four large squares multiplied by 104) and the 

desired cell concentration was prepared (120 000 HeLa cells per mL medium and 60 000 SK-MEL-28 

cells per mL medium for the MTT assay, see section 4.2.2.6.8). 

4.2.2.6.7 Processing of the studied extract solutions 

The different extracts were solubilised in DMSO or a mixture of EtOH/H2O (70/30, v/v) at a defined 

concentration for the MTT assay (see section 4.2.2.6.8). The concentrations of the stock solutions are 

given in Table 17 for each extract and for the corresponding used solubilisation solvent. The final 

maximum concentration tested in the MTT assay is also given.  

Table 17: Used concentration in the MTT assay with HeLa cells and SK-MEL-28 cells. See Figure 53, Figure 54 and Table 15 in 
section 4.2.2.4 for the different extract denomination. 

HeLa 

Extract 
Solvent  

(volume%) 

Concentration stock 

solution (mg/mL) 

Maximum concentration 

tested for the MTT assay 

(µg/mL) 

18I1/18I2/18I3/18I9 DMSO 9.75 65 

18I4A/18I5A/18I6A EtOH/H2O 70/30 9.75 65 

18I4B/18I5B/18I6B EtOH/H2O 70/30 97.5 650 

SK-MEL-28 

18I1/18I2/18I3 DMSO 9.75 65 

18I9 DMSO 9.75/52.2 65/348 

18I4A EtOH/H2O 70/30 67 447 

18I5A EtOH/H2O 70/30 65 431 

18I6A EtOH/H2O 70/30 71 472 

18I4B/18I5B/18I6B EtOH/H2O 70/30 97.5 650 

 

4.2.2.6.8 MTT assay 

96-wells plates were used to perform the MTT assay. First, all outers wells were filled with 150 µL 

medium. Then 1 µL of the stock solution was added to 149 µL of medium in the first 6 wells (B2 to G2). 

All the other wells were filled with 75 µL of medium (B3 to G11). After that, a 1 to 1 dilution was done: 

75 µL of the highest concentration solution were taken from the 6 wells B2 to G2 and mixed with the 

next 6 wells B3 to G3 (5-10 times aspirating and dispensing). Then 75 µL were taken from the 6 wells 

B3 to G3 and mixed with next 6 wells B4 to G4 (5-10 times aspirating and dispensing). The process was 
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repeated until the 6 wells B10 to G10 and after that 75 µL were removed from the last 6 wells (B10 to 

G10). Finally, the cell number was determined as explained previously in section 0 and 75 µL of the cell 

suspension (120 000 HeLa cells per mL and 60 000 SK-MEL-28 cells per mL) was added to the wells in 

the middle (B2 to G11). The 6 wells B11 to G11 were used as reference (100% cells are alive, only cells 

and medium in the wells, no substances). 

The 96-wells plate was incubated for 68 hours. After that, 15 µL of the MTT solution (4 mg/mL) was 

added to the wells in the middle (B2 to G11) and the plate was incubated for 4 hours. Then, the medium 

was removed and 150 µL of a SDS solution (10% in water) was added. The plate was kept in the 

darkness overnight and finally, it was measured at 560 nm with the plate reader (TECAN). 

Every time, a 96-wells plate with only the solvent or solvent mixture (no extract solution) was prepared 

as solvent control. The maximum concentration of DMSO or EtOH/H2O tested in the MTT assay was 

of 0.33%. The solvent control elucidated the solvent effect in the MTT assay (more precisely, that the 

solvent did not kill cells during the assay). 

If the remaining activity of the highest tested concentration was over 50% (i.e., the average absorbance 

of the highest tested concentration was higher than 50% of the average absorbance of the reference), 

no IC50 was determined. The determination of the IC50 was calculated from the average of 3 to 6 

experiments.  

The IC50 of the BuOH extracts 18I4B, 1815B, and 18I6B (BuOH extracts of respectively the fresh 

(=unaltered) and aged rhizomes and the fresh roots of Iris germanica L.; see Figure 54 or Table 15 in 

section 4.2.2.4) on the SK-MEL 28 cells is not precise, because in some experiments no determination 

of the IC50 was possible as the average absorbance of the highest tested concentration was higher than 

50% of the average absorbance of the reference (see Figure S 26 of the Appendix). In this case, only 

the plates with determinable IC50 were used to calculate the averaged IC50 of the BuOH extract (18I4B 

(fresh rhizomes), 18I5B (aged rhizomes), or 18I6B (fresh roots)). 

4.2.2.7 Isolation process  

4.2.2.7.1 Chromatographic methods 

Different chromatographic methods (open silica gel column, HPLC and semi preparative HPLC) were 

used for the investigation of the phytochemical profile of 18I4A (EtOAc extract of the fresh rhizomes 

of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4) and 19IA (EtOAc extract of the fresh 

roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4). An overview all used methods 

is shown in Table 18. The described methods for the semi preparative HPLC varied sometimes from 

the analytical methods (analytical HPLC methods had to be adjusted for the semi preparative HPLC). 
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Therefore, only the semi preparative HPLC methods and one analytical HPLC method are shown in  

Table 18 and in the two different isolation patterns in Figure 55 and Figure 56 respectively in sections 

4.2.2.7.2 and 4.2.2.7.3. 

Table 18: Overview of all used HPLC and open silica gel column (SGC) methods for the phytochemical investigation of 18I4A 
and 19IA. Solvent A and B are given in volume %. MeOH = methanol; TFA = trifluoroacetic acid; ACN = acetonitrile. 

HPLC chromatographic methods 

Methods name Solvent A (%) Solvent B (%) Time (min) Type of column 

HPLC_1 
H2O + 0.1% TFA 

60 
60 

ACN 
40 
40 

 
0 

40 

RP-18 

HPLC_2 
H2O + 0.1% TFA 

60 
60 

MeOH 
40 
40 

 
0 

80 

RP-18 

HPLC_3 
H2O + 0.1% TFA 

40 
40 

MeOH 
60 
60 

 
0 

60 

biphenyl 

HPLC_4 

H2O + 0.1% TFA 
55 
55 
40 
40 

MeOH 
45 
45 
60 
60 

 
0 

40 
50 
70 

RP-18 

HPLC_5 
H2O + 0.1% TFA 

30 
30 

ACN 
70 
70 

 
0 

20 

RP-18 

analytical HPLC_6 

H2O + 0.1% TFA 
80 
80 
20 
80 
80 

ACN 
20 
20 
80 
20 
20 

 
0 
2 

22 
42 
45 

RP-18 

Silica gel column (SGC) methods  

Methods name Eluent composition (volume%) 

SGC_1 Toluol/EtOAc/MeOH/EtOH 80/13.3/3.3/3.3 

SGC_2 Toluol/EtOAc 60/40 

SGC_3 Hexane/DCM/EtOAc/MeOH 65/20/15/10 

SGC_4 Hexane/DCM/EtOAc/MeOH 30/30/30/10 

 

4.2.2.7.2 Isolated compounds from 18I4A (EtOAc extract of the fresh (=unaltered) rhizomes) 

5 g of 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 15 in 

section 4.2.2.4) was dissolved in 8-10 mL of a mixture of a EtOAc/EtOH mixture (1/1 V/V) and separated 

over four silica gel columns (silica gel column 1, see section 4.2.1). TLC was used for monitoring the 
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fractionation of the extracts resulting in 25 fractions including 3 main fractions (Z1, Z2 and Z3). Fraction 

Z2 (500 mg) was then analysed with HPLC and semi preparative HPLC (RP-18 column) resulting in two 

main subfractions Z2P1 and Z2P2. Z2P1 (34 mg) was further analysed with HPLC and semi preparative 

HPLC (biphenyl column). Z1 (1.7 g) was further eluted over a silica gel column (silica gel column 1, see 

section 4.2.1). After monitoring with TLC, 5 main fractions were obtained: Z1F1, Z1F2, Z1F3, Z1F4 and 

Z1F5. Only Z1F4 (247 mg) was further analysed with HPLC and semi preparative HPLC (RP-18 column).  

After isolation via semi preparative HPLC, LC-MS, 1H- and 2D-NMR data were collected to elucidate the 

molecular structure.  

A summary of the isolation process is given in Figure 55 with the different isolated compounds from 

18I4A.
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Figure 55: Isolation pattern of the different compounds from 18I4A (EtOAc extract of the rhizomes of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4). The different chromatographic 
methods (SGC: silica gel column, SGC_1, SGC_2, HPLC_1, HPLC_2, and HPLC_3) are shown in Table 18 in section 4.2.2.7.1.
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4.2.2.7.3 Isolated compounds from 19IA (EtOAc extract of the fresh roots) 

5 g 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 

4.2.2.4) was dissolved in EtOAc and separated over an open silica gel column (silica gel column 2, see 

section 4.2.1). 7 main fractions (F1 to F7) were obtained after monitoring with TLC. The fraction F6 

(570 mg) was then analysed with HPLC and semi preparative HPLC (RP-18 column). The fraction F4 (1.5 

g) was separated again over an open silica gel column (silica gel column 1, see section 4.2.1). 5 main 

fractions were collected (F4F1 to F4F5). The fraction F4F1 was analysed with HPLC, the fraction F4F3 

(502 mg) with HPLC and semi preparative HPLC.  

After isolation via semi preparative HPLC, LC-MS, 1H- and 2D-NMR data were collected to elucidate the 

molecular structure.  

A summary of the isolation process is given in Figure 56 with the different isolated compounds from 

19IA.
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Figure 56: Isolation pattern of the different compounds from 19IA (EtOAc extract of the roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4). The different chromatographic methods 
(SGC: silica gel column, SGC_3, SGC_4, HPLC_4, HPLC_5, and analytical HPLC_6) are shown in Table 18 in section 4.2.2.7.1.
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4.2.2.8 ICAM assay with HMEC-1 cells 

All cell biological work steps were done in a sterile bench under sterile conditions. All the used 

chemicals or mediums (except trypsin/EDTA solution) were previously heated to 37°C for 30 minutes 

before usage. All the used devices, glass or consumption items were purchased sterile or sterilised 

(with an autoclave or dryer chamber). All the culture bottles or plates were cultivated in an incubator 

at 37 °C (95% air humidity and 5% CO2). The growing cells were monitored with the microscope to 

control split or medium change time.    

4.2.2.8.1 Collagen and production of medium 

To facilitate the growth of HMEC-1 cells in culture bottles, collagen G can be used. Collagen G is a 

structural protein from the connective tissue. 25 µL of a collagen G solution was dissolved in 10 mL of 

PBS, transferred in a small culture bottle (50 µL in 20 mL were used for a big culture bottle) and 

incubated at 37 °C for 30 min. After that, the collagen solution was extracted and the culture bottle 

was coated. 

For the ICAM assay, a 24-wells plate was also coated to facilitate the growth of HMEC-1 cells. 

Therefore, the same collagen G solution was used (25 or 50 µL in 10 or 20 mL of PBS respectively) and 

300 µL was added per well. After 30 min incubation (incubator, 37 °C), the plate was left alone in the 

sterile bench for at least 15 min (may help to have more adhesion). Finally, the collagen G solution was 

removed resulting in a coated plate. 

ECGS (growth supplement), FBS and an antibiotic (gentamicin) were added to the ECBM and well 

mixed. The obtained ECGM (growth medium) was used for the culture of HMEC-1 cells. In this case, 

antibiotic was used to protect the HMEC-1 cells from bacteria, because they are more sensitive and 

much more expensive than HeLa or SK-MEL-28 cells.   

4.2.2.8.2 Defrosting  

HMEC-1 cells were stored in DMSO at -196°C like the other cells. The same method as described in 

section 4.2.2.6.3 was used with small modifications. As quick as possible, the HMEC-1 cells were 

defrosted with 10 mL of ECGM, transferred in a 15 mL falcon tube and centrifuged (1000 rpm, 3 min). 

Then the supernatant (ECGM with DMSO) was removed, 5 mL of fresh ECGM was added to the 

remaining HMEC-1 cell pellet and the cell suspension was homogenised. The cell suspension was finally 

transferred in a culture bottle (previously coated with collagen G, see section 4.2.2.8.1) containing 10 

mL of fresh ECGM. The bottle was cultivated in an incubator at 37 °C for one day and the medium was 

changed (see section 4.2.2.6.4, same procedure with ECGM) to ensure the complete elimination of 

DMSO. 
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4.2.2.8.3 Splitting  

The same method was used as described for the SK-MEL-28 cells in section 4.2.2.6.5, with only small 

modifications. The old medium was removed, and the cell layer washed with 5 mL of PBS (10 mL for a 

big culture bottle). After that 3 mL (5 mL for a big culture bottle) of a trypsin/EDTA solution was added 

and the cell culture bottle for 3-5 min incubated at 37 °C (5% CO2). Then the cell culture bottle was 

taped to detach the cell layer from the bottle base. 10 mL of ECGM was used to transfer the detached 

cells in a falcon tube. The cell containing medium was centrifuged (1000 rpm, 3 min). The supernatant 

was extracted, and the remaining cell pellet was resuspended in 5 mL of ECGM. 20 mL of fresh ECGM 

was filled in a new culture bottle (previously coated with collagen G) and 1 mL of the cell suspension 

was added. 

4.2.2.8.4 Cell counting 

The same procedure as described in 4.2.2.8.3 was used until the resuspension of the cells. The cell 

pellet was resuspended in 10 mL of fresh ECGM. Then 50 µL of the cell suspension was mixed with 50 

µL of fresh ECGM, 50 µL of the first dilution was mixed again with 50 µL of fresh ECGM (1 to 4 dilution). 

Between 5 and 10 µL of the final dilution cell suspension was filled in a C-chip and the HMEC-1 cells 

were then counted in the four large squares. The cell number was determined and the desired cell 

concentration, 900 000 HMEC-1 cells per mL medium for the MTT assay, was prepared.  

4.2.2.8.5 Processing of the studied extracts and isolates 

All the extract solutions, 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 

or Table 15 in section 4.2.2.4) and 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 

53 or Table 15 in section 4.2.2.4), were dissolved in DMSO at a concentration of 100 000 µg/mL, the 

isolates at a concentration of 70 000 µM (stocks). For the MTT and ICAM assays, the dilutions with 

ECGM were previously done in Eppendorf cups and then in a reservoir. The tested concentrations were 

25, 50, and 70 µM for the isolates and 12.5, 25, 50 and 100 µg/mL for the extracts in MTT and ICAM-1 

assay. In the case of irilone, 12.5, 25 and 50 µM have been tested. Pure DMSO was also diluted the 

same way but only the highest concentration was used as solvent control.  

4.2.2.8.6 MTT assay 

First, the cells were counted as described in section 4.2.2.6.6 and a cell suspension was adjusted to 

900 000 cells per mL ECGM. A 96-wells plate (without coating) was filled with 100 µL of the cell 

suspension in all inner wells (B2 to G11). The outer wells were filled with 100 µL PBS. Then, the 96-

wells plate was incubated for 24 hours. The old medium was removed and replaced by 100 µL of the 

DMSO solution (6 wells), extract or isolate dilution (6 wells per concentration). Pure ECGM was added 

in 6 wells and used as zero value. Then, the plate was incubated again for 24 hours. The warmed MTT 
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solution was diluted 1:10 with ECGM. The sample (DMSO, extract and isolate) dilutions and the pure 

ECGM medium were extracted and 100 µL of the MTT solution were added in all inner wells. The plate 

was incubated at 37 °C for 3 hours. After that, the MTT solution was removed and replaced by 100 µL 

of a SDS solution (10% in water). The plate was kept in the darkness overnight. Finally, the absorbance 

was measured at 560 nm with the plate reader. A solvent control and a zero value were measured for 

each plate, even if more than one plate was prepared. The results were indicative for the ICAM assay. 

4.2.2.8.7 ICAM assay 

For the ICAM assay only concentrations which are not toxic for the HMEC-1 cells (meaning at least 90% 

cell viability) were used. The sample dilutions were the same as for the MTT assay (pure ECGM and 

dilution of the extracts, isolates and pure DMSO as solvent control). 

The same procedure as described in section 4.2.2.6.5 (splitting of the HMEC-1 cells) was used until the 

resuspension of the cells. The cell pellet was resuspended in 9 mL of fresh ECGM. 3 mL (6 mL if two 

plates were prepared) of the cell suspension was mixed with 10 mL (20 mL for two plates) of fresh 

ECGM. A 24-wells plate was used (previously coated with collagen G) for the ICAM assay. 500 µL of the 

cell suspension was added in each well. The 24-wells plate was incubated for 48 hours.  

After 48 hours, the prepared aliquoted stock solution (10 µL, 100 mM) of parthenolide (positive 

control) was mixed with 990 µL of fresh ECGM, followed by a 1 to 1 dilution (100 µL parthenolide 

solution in 100 µL fresh ECGM). The old medium was removed and replaced by 500 µL of the sample 

dilution (2 wells per concentration, DMSO dilution also). 4 wells were filled with pure medium (500 µL) 

and 5 µL of the final parthenolide solution was added to 2 of the 4 wells (resulting in a final 

concentration of 5 µM). In the 2 other wells, only the TNF-α solution was added (100 % value). Then, 

the 24-wells plate was incubated for 30 min. In the meantime, the TNF-α solution was prepared. 160 

µL of fresh ECGM was added to a prepared aliquoted TNF-α solution (10 µL at a concentration of 17 

µg/mL). After 30 min incubation, 5 µL of this solution was added to all wells (final concentration of 10 

ng/mL per well) except the two wells with DMSO (solvent control). Then, the plate was incubated for 

24 hours. 

After 24 hours, FACS-tubes were prepared and 100 µL of formalin was added to each tube (to fix the 

cells). The sample dilutions, the solvent control, the positive control (parthenolide), and the 100% 

value solution were extracted. The HMEC-1 cell layers were washed with 10 mL of PBS. Then, PBS was 

removed and 200 µL of a trypsin/EDTA solution was added in each well. The 24-wells plate was 

incubated for 3 min. Then, the cells were transferred into the FACS tubes by aspirating and dispensing 

many times with a 1000 µL pipette. The FACS tubes were vortexed and left alone for 15 min. After that, 
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1000 µL PBS was added to each tube, vortexed, centrifuged (1200 rpm, 5 min) and the supernatant 

was tipped away. 5 µL of antibody was added to each tube, vortexed and left alone for 20 min. Then, 

1000 µL PBS was added to each tube, vortexed, centrifuged (1200 rpm, 5 min) and the supernatant 

was tipped away. Finally, 400 µL of PBS were added to each tube and the tubes were then ready to be 

measured with the FACS instrument. 

IFN-ɣ was used as a second stimulator. Exact assay set-up was used, but 5 µL of IFN-ɣ solution in PBS 

(4 µg/mL) was added to each well (except the wells with the DMSO dilution) instead of 5 µL TNF-α 

solution. The final concentration of IFN-ɣ was 40 ng/mL per well. 

The FACS instrument was used to determine the ICAM-1 expression. First the cells were separated 

according to size (Forward-Scattered Light, FSC) and granularity (Side-Scattered Light, SSC). The ICAM-

1 proteins produced by the cells through the stimuli TNF-α or IFN-ɣ were located on the surface of the 

cells and bound to the antibody. The ICAM-1 proteins were thereby fluorescence-labelled and the 

ICAM-1 expression is proportional to the fluorescence-intensity. As 100% value the fluorescence-

intensity of the cells stimulated with TNF-α or IFN-ɣ was used (without test compound, average of two 

wells). All the other results were based and compared to this value. The corresponding device setup is 

summarised in Table 19. 

Table 19: Parameters and settings of the FACS device for the determination of the ICAM-1 expression 

Parameters Settings 

FSC 0.1 V 

SSC 320 V 

Flow 60 µL/min 

stimulation wavelength 495 nm 

emission wavelength 519 nm 

tension FL1 (green fluorescence) 500 V 

 

4.2.2.9 Antimicrobial assays 

4.2.2.9.1 Defrosting and cultivation of S. aureus and E. coli 

The bacteria were stored at -80 °C in a mixture of glycerol 40%/LB-medium (40/60 in volume). The 

bacteria suspension was defrosted and 10 µL were added in 25 mL fresh LB-medium in an Erlenmeyer 

flask. Then the flask was shaken for 24 hours at 37 °C. After that, the bacteria suspension was streaked 

on an agar plate and stored in the fridge. Doing so, a single colony can be obtained and used to set 

new bacteria suspensions. If a new bacteria suspension was required, 1 or 2 colonies were taken from 
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the agar plate with an inoculation loop (previously sterilised with a Bunsen burner) and added to 20-

25 mL of fresh LB-medium in an Erlenmeyer flask, which was shaken for 24 hours at 37 °C. 

4.2.2.9.2 Determination of the colony-forming unit 

A dilution of the prepared bacteria suspension was done with LB-medium (1 to 1 or 100 million). Then, 

50 µL of the diluted bacteria suspension was used to coat an agar plate. After that, the agar plate was 

cultivated in the incubator at 37 °C for 24 hours. The single colonies were then counted, and the colony-

forming unit (CFU) was calculated. CFU allows a rough estimation of the number of viable bacteria in 

a sample.  

4.2.2.9.3 Broth dilution method 

All extracts were dissolved in DMSO at a concentration of 1000 µg/mL. All the isolates were dissolved 

in DMSO at a concentration of 1000 µM. Chloramphenicol was used as positive control (3 mg/mL in 

EtOH). Two different concentrations of MTT were used: 0.25 wt% for S. aureus and 0.5 wt% for E. coli. 

The final tested concentrations for the extracts were 250, 125, 62.5, 31.25, and 15.625 µg/mL. The 

final tested concentrations for the isolates were 250, 125, and 62.5 µM. 

The same preparation method has been used as described for the MTT assay with HeLa and SK-MEL-

cells (see section 4.2.2.6.8). A 96-wells plate was prepared with the diluted samples (5 different 

concentrations for the extracts and 3 for the isolates). All outer wells were filled with 200 µL of water. 

2 extracts and 2 isolates were tested per plate. Therefore, 100 µL of the extract or isolate solution was 

added to 3 wells (12 wells were filled, B2, C2, D2 with the first extract, E2, F2, G2 with the second 

extract, B7, C7, D7 with the first isolate, E7, F7, G7 with the second isolate). 50 µL of DMSO was added 

to all the other residual wells. After a 1 to 1 dilution as described for the MTT assay in section 4.2.2.6.8, 

50 µL LB-medium were added to all the wells, except the 6 last wells (B11 to G11). In these 150 µL 

were added (zero value). A dilution (1 to 50 for S. aureus and 1 to 5 for E. coli) of the bacteria 

suspension was prepared and 100 µL of the bacteria dilution was added to all the wells except the last 

6 wells (B11 to G11). Then, chloramphenicol (30 µL) was added to 3 wells (B10 to D10). The 3 wells 

E10, F10, and G10 contain only bacteria with LB-medium and DMSO (100% value). Then, the 96-wells 

plate was shaken for 30 min and incubated at 37 °C for 20 hours. After 20 hours, the MTT solution (20 

µL for S. aureus and 100 µL for E. coli) was added to all the wells and incubated at 37 °C for 4 hours. 

After that, the plate was measured at 560 nm with the plate reader and a picture of the plate was 

taken. 

4.2.2.9.4 Agar diffusion 

The inhibition zone assay (or disk diffusion test) was used as agar diffusion test. The irones were 

dissolved in DMSO at a concentration of 250 and 125 µg/mL. DMSO alone was used as solvent control. 
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First, an agar plate was swabbed uniformly with the bacteria solution (with a cotton swab). Then a 

filter paper disk was immersed in the sample dilution and deposed on the surface of the agar plate. 

After 24 hours incubation, the diameter of the inhibition zone was measured.  

4.2.2.10 Statistical analysis 

The results of the ICAM-1 assay were tested for statistical significance (significance level p of 95, 99.5 

and 99.9%) using the statistical program SPSS (SPSS, Statistics 19, IBM).  
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4.3 Results and discussion 

4.3.1 Yield and TLC comparison of the different extracts 

The yields of all extracts (Figure 53, Figure 54, and Table 15  in section 4.2.2.4 for the extract 

denomination and the extraction process) are given in Table 20. 

Table 20: Overview on the extraction yields. See Figure 53, Figure 54 and Table 15 in section 4.2.2.4 for the different extract 
denomination. 

Extract name Mass (g) Yield (%) 

18I1 24.6 2.1 

18I2 23.8 2.4 

18I3 13.7 1.7 

18I4A 14.6 1.2 

18I5A 14.6 1.5 

18I6A 5.6 0.7 

18I4B 7.3 0.6 

18I5B 9.7 1.0 

18I6B 11.0 1.4 

18I4W 169.7 14.1 

18I5W 138.8 13.9 

18I6W  n.a. n.a. 

18I7 15.4 3.1 

18I9 1.07 0.152 

19IH 1.0 0.6 

19IA 6.1 3.8 

19IHa 0.54 0.36 

19IAa 10.0 6.8 

19I9  

(with/without maceration) 
0.107/0.17 0.05/0.09 

19I9a 0.081 0.04 

20IH 0.025 n.a. 

20IA 2.0 n.a. 

20IB 2.7 n.a. 
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The highest yields were obtained for 18I4W and 18I5W (water remaining extracts of respectively fresh 

and aged rhizomes of Iris germanica L.) followed by 19IA (EtOAc extract of the fresh roots of Iris 

germanica L.) and 18I1, 18I2 and 18I3 (DCM extracts of the fresh and aged rhizomes and fresh roots of 

Iris germanica L.). 18I4A, 18I5A, 18I6A (EtOAc extracts of the fresh and aged rhizomes and the fresh 

roots of Iris germanica L.), 18I4B, 1815B, and 18I6B (BuOH extracts of the fresh and aged rhizomes and 

the fresh roots of Iris germanica L.) achieved low extraction yields as well as 19IH and 19IHa (hexane 

extracts of the fresh and aged roots of Iris germanica L.). The lowest yields were obtained for 18I9, 

19I9 and 19I9a (iris butter from aged rhizomes and iris butter from fresh and aged roots of Iris 

germanica L. from hydro distillation). The yield obtained with the aged rhizomes (18I9) was 0.152% 

comparable to the hydro distillation yields (0.1-0.25% in average). For the fresh and aged roots, the 

achieved yields were even lower: 0.04, 0.05 and 0.09% respectively for aged roots without maceration, 

fresh roots without maceration and fresh roots with maceration before hydro distillation. Maceration 

of the roots in water for several hours before starting the hydro distillation seemed to reach higher 

yields. The maceration method was already used for the rhizomes. The aging process of the rhizomes 

did not influence the extraction yields. On the contrary, the aging process of the roots changed the 

yield: about twice the extraction yield was obtained for 19IAa (EtOAc extract of aged roots of Iris 

germanica L.) as for 19IA (EtOAc extract of the fresh roots of Iris germanica L.). It was not the case for 

19IH and 19IHa (n-hexane extracts of respectively the fresh and aged roots of Iris germanica L.). 

Meaning, that the aging process had no influence on the volatile part of the root´s composition. The 

extraction after the hydro distillation led to a low amount of extract (20IH, 20IA and 20IB; respectively 

n-hexane, EtOAc and BuOH extracts of the hydro distillation residue of the aged rhizomes of Iris 

germanica L.). In this case, no yield could be calculated. About three litres of the hydro distillation 

residue have been used for the extraction. The residue was composed mostly of water with rhizome 

residue, therefore it was not homogenous and filtration was difficult. Thus, only the mass of the 

obtained extract and not of the starting material was indicated in the Table 20.  
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Comparison of the hydro distillation extracts 19I9 and 19I9a: 

The two different iris root´s butter 19I9 and 19I9a (respectively iris root´s butter obtained from fresh 

and aged roots from hydro distillation; Figure 53 or Table 15 in section 4.2.2.4) were compared using 

gas chromatography coupled to mass spectrometry (GC-MS). A direct and quantitative comparison 

was complicated, but the results of the GC-MS could give some information on the composition of 

both root´s butters. The chromatograms of the GC-MS are shown in Figure S 17 of the Appendix (same 

concentration for the two butters) and a zoom of these chromatograms (between 5 and 14 minutes) 

is shown in Figure 57. The two butters were alike concerning the major constituent (end of the 

chromatograms). The four main components (peaks at 11.35, 12.24, 13.07 and 13.83 min) were 

alkanes (hexa-, hepta-, tetracosane, …) for the two butters (as determined with the MS-spectrograms 

and the help of databanks). This result was not surprising because some of these compounds were 

already detected as components in some iris oils [116]. The other components (peak at 7.22, 9.62 and 

10.67 min) were fatty acid (n-decanoic acid, tetradecanoic acid and n-hexadecanoic acid) and again it 

was not surprising because it is a butter and some fatty acids should be present and detected with the 

GC-MS [114]. The aging process did not change the major constituent of the root´s butter but had an 

influence on the fatty acid part. The intensity of the peaks at 7.22, 9.62 or 10.67 min increased if the 

roots were aged before the hydro distillation. The major difference between the iris rhizome´s and 

root´s butters was the absence of irones in the fresh and aged root´s butter. Concerning the odour, 

the fresh root´s butter smelled earthy and rooty. The odour of the aged root´s butter was more 

complex and smelled woody.  
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Figure 57: GC-chromatograms (5 and 14 minutes) of the iris aged root´s (top) and the iris fresh root´s (bottom) butter of Iris 
germanica L. (Figure 53 or Table 15 in section 4.2.2.4). 
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Comparison of the different solvent extracts: 

The different solvent extracts were compared with each other.  

DCM extracts 18I1, 18I2, 18I3, 18I7, and the iris rhizome´s butter 18I9: 

First the DCM extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), 18I3 (fresh roots), 18I7 (fresh 

leaves), and 18I9 (iris butter from aged rhizomes from hydro distillation; see Figure 53, Figure 54 and 

Table 15 in section 4.2.2.4) were compared using TLC (same concentrations and volumes). The TLC 

plates were derivatised with three different reagents: AA, N and V to have a first idea about the 

phytochemical composition of the aged and fresh rhizomes and the fresh roots. 

The comparison between the DCM extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), 18I3 (fresh 

roots), 18I7 (fresh leaves), and 18I9 (iris butter from aged rhizomes from hydro distillation) is shown in 

Figure 58. 18I9 is used for comparison to determine the Rf values of the irones on the TLC. The TLC 

results on the extracts are shown in Figure S 18, Figure S 19 and Figure S 20 of the Appendix.  
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Figure 58: TLC comparison between the DCM extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), 18I3 (fresh roots), 18I7 
(fresh leaves), and 18I9 (iris rhizome´s butter from aged rhizome won by hydro distillation; see Figure 53, Figure 54 and Table 
15 in section 4.2.2.4). The five spots on every plate correspond from the left to the right to 18I1, 18I2, 18I3, 18I7, and 18I9. 
A/B: TLC plates without derivatisation under UV-light at 254 nm (left) and 366 nm (right). TLC plates derivatised with AA (C/D), 
N (E/F), and V (G/H) under UV-light at 366 nm (left) and under white light (right). Eluent for every plate: TLC_1 (see Table 16 
in section 4.2.2.5). 

First, the results obtained by GC-MS were reproduced with the TLC analysis. As expected, the irones 

(Rf ≈ 0.65) were only present in 18I2 (DCM extract of aged rhizomes) and not in 18I1 (DCM extract of 

fresh rhizomes; see Figure 52 or Table 15 in section 4.2.2.4). 18I1 and 18I2 seemed very similar, as no 

major difference was seen on the TLC plates (except the irones). 18I3 (DCM extract of fresh roots; see 

Figure 52 or Table 15 in section 4.2.2.4) contained less different compounds than the rhizome´s 

extracts 18I1 and 18I2. Obviously, the compounds of 18I3 were present in 18I1 and 18I2, but some 

were qualitatively more abundant in 18I3 than in 18I1 and 18I2 like the two spots with Rf-values of 0.2 

and 0.15 in Figure 58. After derivatisation with N, it seemed that these two spots were polyphenols 

and the lowest spots with Rf ≈ 0.15 flavones or isoflavones, due to their green fluorescence under UV-

light at 366 nm (Figure 58, TLC plate E derivatised with N on the left). 18I7 (DCM extract of the fresh 
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leaves; see Figure 54 or Table 15 in section 4.2.2.4) contained mostly chlorophyll and seemed to be 

similar to 18I3.  The chlorophyll should be removed in further separation steps, but due to lack of time, 

18I7 was not investigated. 

EtOAc extracts 18I4A, 18I5A, 18I6A, and the iris rhizome´s butter 18I9: 

The EtOAc extracts 18I4A (fresh rhizomes), 18I5A (aged rhizomes) and 18I6A (fresh roots) were 

compared (the plant materials were first extracted with DCM then with a binary mixture of water and 

EtOH (H2O/EtOH 30/70 wt%) and after rotary evaporation of EtOH, the water remaining phase was 

extracted with EtOAc; Figure 54 or Table 15 in section 4.2.2.4). 18I9 (iris butter from aged rhizomes 

from hydro distillation; Figure 53 or Table 15 in section 4.2.2.4) the presence or absence of irones was 

controlled also. No irones should be detected in the different extracts even for 18I5A. The irones are 

polar compounds and should not be soluble in a mixture of EtOH/H2O (70/30 V/V). Moreover, they 

were already detected in 18I2 (DCM extract of aged rhizomes; Figure 54 or Table 15 in section 4.2.2.4) 

and therefore, should not be present in further subsequent extractions. The TLC comparison of EtOAc 

extracts 18I4A (fresh rhizomes), 18I5A (aged rhizomes), and 18I6A (fresh roots) are shown in Figure 

59. The TLC comparison of EtOAc extracts 18I4A, 18I5A, and 18I6A with 18I9 (iris rhizome´s butter from 

aged rhizomes from hydro distillation) are shown in Figure 60. As previously, the TLC plates were 

derivatised with AA, N and V. The TLC plate of the comparison with 18I9 was derivatised only with AA. 
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Figure 59: TLC comparison between the EtOAc extracts 18I4A (fresh rhizomes), 18I5A (aged rhizomes), and 18I6A (fresh roots; 
Figure 54 or Table 15 in section 4.2.2.4). The three spots on every plate correspond from the left to the right to 18I4A, 18I5A, 
and 18I6A. A/B: TLC plates without derivatisation under UV-light at 254 nm (left) and 366 nm (right). TLC plates derivatised 
with AA (C/D), N (E/F) and V (G/H) under UV-light at 366 nm (left) and under white light (right). Eluent for every plate: TLC_2 
(see Table 16 in section 4.2.2.5). 
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As can be seen in Figure 59, the three EtOAc extracts 18I4A (fresh rhizomes), 18I5A (aged rhizomes), 

and 18I6A (fresh roots; Figure 52 or Table 15 in section 4.2.2.4) were very similar. After derivatisation 

with AA or V, some differences were detected between the fresh and aged rhizomes (respectively 

18I4A and 18I5A). Several spots were revealed after derivatisation of 18I5A. The aging process had a 

strong influence on the phytochemical profile of 18I4A and 18I5A. Likely, the EtOAc fresh root´s extract 

18I6A contained compounds also present in the EtOAc extract 18I5A (aged rhizomes) but not in 18I4A 

(fresh rhizomes; Rf -values around 0.5, TLC plate D derivatised with AA under white light in Figure 59). 

The derivatisation with N confirmed the presence of flavonoids or isoflavonoids in the three EtOAc 

extracts (Rf -values of 0.15, 0.25 and 0.3). Qualitatively, the compound corresponding to the spot with 

the Rf -value of 0.15 seemed to be more abundant in the EtOAc extract 18I6A (fresh roots) than in the 

EtOAc extracts 18I4A and 18I5A (same concentrations and volumes). The three EtOAc extracts 18I4A, 

18I5A, and 18I6A were of interest because they likely contain more polyphenols than the DCM extracts, 

because of the green, fluorescent spot at 366 nm and the yellow, yellow-orange spots under visible 

light after derivatisation with N (TLC E/F in Figure 59). 
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Figure 60: TLC comparison between the EtOAc extracts 18I4A (fresh rhizomes), 18I5A (aged rhizomes), and 18I6A (fresh roots) 
and 18I9 (iris rhizome´s butter from aged rhizome won by hydro distillation; Figure 53, Figure 54 and Table 15 in section 
4.2.2.4). The four spots on every plate correspond from the left to the right respectively to 18I4A, 18I5A, 18I9, and 18I6A. A/B: 
TLC plates without derivatisation under UV-light at 254 nm (left) and 366 nm (right). C/D: TLC plates derivatised with AA under 
UV-light at 366 nm (left) and under white light (right). Eluent for every plate: TLC_2 (see Table 16 in section 4.2.2.5). 

As can be seen in Figure 60, irones (spot with a Rf -value of 0.75 for 18I9 (iris butter from aged rhizomes 

from hydro distillation) were not present in the EtOAc extracts 18I4A (fresh rhizomes), 18I5A (aged 

rhizomes), and 18I6A (fresh roots).  
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BuOH extracts 18I4B, 18I5B, 18I6B, and the iris rhizome´s butter 18I9: 

The BuOH-extracts 18I4B (fresh rhizomes), 18I5B (aged rhizomes), and 18I6B (fresh roots) (the plant 

materials were first extracted with DCM then with a binary mixture of water and EtOH (H2O/EtOH 

30/70 wt%) and after rotary evaporation of EtOH, the water remaining phase was extracted 

successively with EtOAc and BuOH; Figure 54 or Table 15 in section 4.2.2.4) were also compared with 

TLC (see Figure S 21 of the Appendix), but only the separation of polar compounds from non-polar 

compounds was possible. The use of RP-18 TLC plate gave the best separation. The results are shown 

in Figure 61. 
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Figure 61: TLC (RP-18) comparison of the BuOH extracts 18I4B (fresh rhizomes), 18I5B (aged rhizomes), and 18I6B (fresh roots; 
Figure 54 or Table 15 in section 4.2.2.4). The three spots on every plate correspond from the left to the right to 18I4B, 18I5B, 
and 18I6B. A/B: TLC plates without derivatisation under UV-light at 254 nm (left) and 366 nm (right). TLC plates derivatised 
with AA (C/D), N (E/F) and V (G/H) under UV-light at 366 nm (left) and under white light (right). Eluent for every plate: TLC_4 
(see Table 16 in section 4.2.2.5). 

As can be seen in Figure 61, the BuOH rhizome extracts 18I4B (fresh rhizomes) and 18I5B (aged 

rhizomes) were very similar and differ from the BuOH root extract 18I6B (fresh roots). The 

derivatisation with AA and N gave indications that the three BuOH extracts 18I4B (fresh rhizomes), 

18I5B (aged rhizomes), and 18I6B (fresh roots) should contain many polyphenols, saponins and/or 

bittering agents and especially flavonoids and isoflavonoids (E/F derivatised derivatised with N in 

Figure 61; Rf -values ≈ 0.6 and 0.9). The presence of irones (see Figure S 22 of the Appendix) has also 

been checked by TLC comparison between 18I9 (iris butter from aged rhizomes from hydro distillation; 

Figure 53 or Table 15 in section 4.2.2.4) and the three BuOH-extracts 18I4B (fresh rhizomes), 18I5B 

(aged rhizomes), and 18I6B (fresh roots). As expected, no irones were present in these extracts.  
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Comparison between 19IH, 19IA, 19IHa, 19IAa (fresh and aged roots´ extracts) and the DCM extracts 

18I1, 18I2, and 18I3: 

As the extract 18I3 (DCM extract of fresh roots; Figure 52 or Table 15 in section 4.2.2.4) had a very 

good and complex odour, it could be interesting for perfumers. It was decided to investigate the roots 

further with other extraction media (because DCM is not suitable for applications in the perfume 

industry). The roots, used for the extraction, were also aged like the rhizomes. Two extractions were 

performed with the fresh and aged roots with hexane and EtOAc successively. First, the different fresh 

root extracts 19IH (n-hexane extract of the fresh roots of Iris germanica L.) and 19IA  (EtOAc extract of 

the fresh roots of Iris germanica L.; see  Figure 53 or Table 15 in section 4.2.2.4) were compared (see 

Figure 62 and Figure S 23 of the Appendix). Then, the fresh and aged roots´ extracts 19IH, 19IHa (n-

hexane extract of the aged roots of Iris germanica L.), 19IA, and 19IAa (EtOAc extract of the aged roots 

of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) were compared (see Figure 63). The 

DCM-extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), and 18I3 (fresh roots; Figure 52 or Table 15 

in section 4.2.2.4) were compared to the extract 19IA. 

  

Figure 62: TLC comparison of root extracts 19IA (EtOAc extract of the fresh roots of Iris germanica L.) and 19IH (n-hexane 
extract of the fresh roots of Iris germanica L.; Figure 53 or Table 15 in section 4.2.2.4) under UV-light at 254 nm (left) and at 
366 nm (right). The four spots on every plate correspond from the left to the right respectively to 19IA, 19IA, 19IH and 19IH. 
The plate on the left is not derivatised. The plate on the right is partially derivatised with AA (for the two spots in the middle, 
19IA and 19IH). Eluent: TLC_6 (see Table 16 in section 4.2.2.5). 
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Figure 63: TLC comparison of fresh and aged root extracts 19IA (EtOAc extract of the fresh roots of Iris germanica L.), 19IAa 
(EtOAc aged roots´ extract), 19IH (n-hexane extract of the fresh roots of Iris germanica L.)  and 19IHa (n-hexane extract of the 
aged roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) under UV-light at 254 nm (left) and at 366 nm 
(middle and right). The TLC plates on the left and the middle are not derivatised. The TLC plate on the left is derivatised with 
AA. A/B: the two spots on every TLC plate correspond from the right to the left to 19IA and 19IAa. C/D: the two spots on every 
TLC plate correspond from the right to the left to 19IH and 19IHa. Eluent: TLC_5 (see Table 16 in section 4.2.2.5). 

As can be noticed, 19IH (n-hexane extract of the fresh roots of Iris germanica L.) and 19IA (EtOAc 

extract of the fresh roots of Iris germanica L.) were different. Moreover, the aging process did not 

influence the phytochemical profile of the roots (TLC plates A/B in Figure 63) unlike for the rhizomes 

(TLC plates C/D in Figure 59 for the comparison of the EtOAc extracts 18I4A (fresh rhizomes) and 

18I5A(aged rhizomes)). Indeed, no new spots on the TLC plate were detected between the fresh and 

aged root extracts, even with the derivatisation. This result supported the fact that neither irones nor 

precursors of irones were present in the roots of Iris germanica L., they were only present in the 

rhizomes. The odour of the extracts 19IH, 19IHa (n-hexane extract of the aged roots of Iris germanica 

L.), 19IA, and 19IAa (EtOAc extract of the aged roots of Iris germanica L.;  see Figure 53 or Table 15 in 

section 4.2.2.4) did change and evolve if the roots were previously aged or not, but no difference could 
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be detected concerning the change of the phytochemical profile of the roots with TLC. The same result 

was obtained concerning the GC-MS analysis of the iris roots butter as no significant difference could 

be detected for the major constituents.  

The DCM-extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), and 18I3 (fresh roots; Figure 52 or Table 

15 in section 4.2.2.4) were compared to the extracts 19IH and 19IA. The results are shown in Figure 64 

and Figure S 24 of the Appendix. As reflected, 19IA was very similar to 18I3 and had like 18I3 similarities 

with 18I1 and 18I2 especially for the spots with low Rf-values (Rf < 0.4-0.5 in Figure 64). An additional 

spot (Rf = 0.18) was detected in 19IA, obviously belonging to an isoflavone as the spot appears green 

under UV-light at 366 nm after derivatisation with N (see Figure S 23 of the Appendix). On the contrary, 

19IH was similar to 18I3 with regard to the spots with high Rf-values (Rf > 0.5, Figure S 24 of the 

Appendix). Meaning that the non-polar part of 18I3 was similar to 19IH and the polar part to 19IA. 19IA 

was further investigated to isolate some compounds using different chromatographic methods (open 

silica gel column and semi preparative HPLC). 
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Figure 64: TLC comparison between the DCM extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), and 18I3 (fresh roots), and 
19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53, Figure 54, and Table 15  in section 4.2.2.4). The four 
spots on every plate correspond from the left to the right to 18I1, 18I2,18I3 and 19IA. A/B: TLC plates without derivatisation 
under UV-light at 254 nm (left) and 366 nm (right). C/D: TLC plates derivatised with AA under UV-light at 366 nm (left) and 
under white light (right). Eluent for every plate: TLC_5 (see Table 16 in section 4.2.2.5). 

Comparison between the solvents extracts 20IA (EtOAc extract) and 20IB (BuOH extract) from the 

residue of the hydro distillation and the EtOAc (18I5A) and BuOH (18I5B) extracts of aged rhizomes: 

Finally, 20IA (EtOAc extract of the residue of the hydro distillation, aged rhizomes of Iris germanica L.) 

and 20IB (BuOH extract of the residue of the hydro distillation, aged rhizomes of Iris germanica L.; see 

Figure 53 or Table 15 in section 4.2.2.4) were compared with two extracts performed in 2018, 18I5A 

(EtOAc extract of the aged rhizomes of Iris germanica L.) and 18I5B (BuOH extract of the aged rhizomes 

of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4). The goal of the comparison was to 

see if the residues can be used as extraction material. Indeed, the residues are normally categorized 

as waste, because the most valuable compound of the rhizomes of Iris germanica L. is the iris butter 

and there is no other use or application for the rhizomes. Simultaneously, 19IA (EtOAc extract of the 

fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) was also investigated 

because roots of  Iris germanica L. are also classified as waste after harvesting. The results of the 

comparison between 20IA, 20IB, 18I5A, and 18I5B are shown in Figure 65. 18I5A and 18I5B showed 

aged rhizomes previously used for hydro distillation. 20IH (n-hexane extract of the residue of the hydro 

distillation of aged rhizomes of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) was not 

included due to its low amount (~25 mg), but its composition was analysed with GC-MS because the 

odour was very interesting (it smelled very honey-like). The GC-MS chromatogram of 20IH is shown in 

Figure S 25 of the Appendix. The major component (peak at 8.01 min) responsible for the honey-like 
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odour was apocynin (also known as acetovanillone). The other major peaks were fatty acids (from n-

decanoic acid to n-hexanoic acid).  

As depicted in Figure 65, 20IA and 20IB were very similar to 18I5A and 18I5B, respectively. All the 

EtOAc and especially BuOH extracts contained a lot of flavonoids and isoflavonoids. Moreover, only a 

few differences can be observed between the EtOAc (20IA) and BuOH (20IB) extracts of the residue of 

the hydro distillation of aged rhizomes and the EtOAc (18I5A) and BuOH (18I5B) extracts of the aged 

rhizome done in 2018 (see Figure 65). Meaning, that the extraction could be performed after the hydro 

distillation to recover other valuable compounds in the rhizomes. Qualitatively, it can be noticed that 

some secondary metabolites are more abundant in the solvent extract, if this was done with aged 

rhizomes as extracting material and not with the residue of the hydro distillation of the aged rhizomes 

(the same concentration is applied on the TLC plates in Figure 65).  
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Figure 65: TLC comparison of 20IA (EtOAc extract of the residue of the hydro distillation of aged rhizomes of Iris germanica L.) 
and 20IB (BuOH extract of the residue of the hydro distillation of aged rhizomes of Iris germanica L.) with 18I5A (EtOAc extract 
of the aged rhizomes of Iris germanica L.) and 18I5B (BuOH extract of the aged rhizomes of Iris germanica L.; see Figure 53, 
Figure 54, and Table 15  in section 4.2.2.4) respectively. For every plate on the left, the four spots correspond from the left to 
the right to 20IA, 18I5A, 20IA and 18I5A. For every plate on the right, the four spots correspond from the left to the right to 
20IB, 18I5B, 20IB and 18I5B. A/B: TLC plates without derivatisation under UV-light at 254 nm (left) and at 366 nm (right). C/D: 
TLC plates derivatised with N (left) and AA (right) under UV-light at 366 nm. E/F: TLC plates derivatised with N (left) and AA 
(right) under white light. Eluent for 20IA and 18I5A: TLC_2 (see Table 16 in section 4.2.2.5). Eluent for 20IB and 18I5B: TLC_9 
(see Table 16 in section 4.2.2.5). 

4.3.2 Cytotoxicity on HeLa and SK-MEL-28 cells 

The DCM extracts (18I1 (fresh rhizomes), 18I2 (aged rhizomes), 18I3 (fresh roots)), EtOAc extracts 

(18I4A (fresh rhizomes), 18I5A (aged rhizomes), 186A (fresh roots)), and BuOH extracts (184B (fresh 

rhizomes), 185B (aged rhizomes), 186B (fresh roots); see Figure 54 or Table 15 in section 4.2.2.4) done 

in 2018 were tested in the cell culture on HeLa and SK-MEL-28 cells. The cytotoxicity was determined 

using MTT and a spectrophotometric method (see section 4.2.2.6.8). The aim of the cell culture test 

was to estimate the activity of the different extracts on cancer cells and then to relate the results of 

the cell culture with the results of the TLC analyses. The results of the cytotoxicity experiments are 

presented in Figure 66.  
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Figure 66: IC50 in µg/mL of DCM extracts (18I1 (fresh rhizomes), 18I2 (aged rhizomes), 18I3 (fresh roots)), EtOAc extracts (18I4A 
(fresh rhizomes), 18I5A (aged rhizomes), 186A (fresh roots)), and BuOH extracts (184B (fresh rhizomes), 185B (aged rhizomes), 
186B (fresh roots); see Figure 54 or Table 15 in section 4.2.2.4) done in 2018 on HeLa (red) and SK-MEL-28 (green). The given 
IC50 with the calculated standard deviation is the average of 3-6 determined IC50.  

The IC50 of the different solvent extracts decreased (= higher activity) with increasing lipophilicity of 

the extracts (for both tested cell line). It was not surprising, because lipophilic compounds easily 

penetrate through the cell membrane. The determination of the IC50 for the BuOH extracts 18I4B (fresh 

rhizomes), 18I5B (aged rhizomes), and 18I6 (fresh roots) was very complicated because of solubility 

problems and the very high tested concentrations. Therefore, the standard deviations are extremely 

large (see Figure 66 and Figure S 26 of the Appendix). Moreover, it was not possible to determine the 

IC50 for the three Bu-OH extracts 18I4B (fresh rhizomes), 18I5B (aged rhizomes), and 18I6 (fresh roots; 

see Figure 54 or Table 15 in section 4.2.2.4) with the SK-MEL-28 cells in every experiment because the 

highest concentration had a remaining activity over 50 % (see Figure S 26 of the Appendix), meaning 

that more than 50% of the cells were alive. Thus, the given IC50 with the standard deviation in Figure 

66 is not the average of all tested plates but only the average of the plates where the determination 

of the IC50 was possible. Therefore, the given IC50 is underestimated. 

In general, the extracts were more active on HeLa than SK-MEL-28. Only the DCM-extracts had a similar 

IC50 on both cell lines. 
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If the IC50 were compared with the TLC comparison, some interesting results can be observed. Indeed, 

the IC50 of 18I4A (fresh rhizomes) and 18I5A (aged rhizomes; see Figure 54 or Table 15 in section 

4.2.2.4) were very similar for both cell lines cell lines and concerning the phytochemical profile. In 

contrast, TLC comparison between 18I4A (fresh rhizomes), 18I5A (aged rhizomes) and 18I6A (fresh 

roots), revealed more spots for 18I5A (aged rhizomes) as for 18I4A (fresh rhizomes) coming certainly 

from the aging process (see Figure 67). 

  

Figure 67: On the left: TLC comparison between the EtOAc extracts 18I4A (fresh rhizomes), 18I5A (aged rhizomes) and 18I6A 
(fresh roots; see Figure 54 or Table 15 in section 4.2.2.4). The spots from the right to the left correspond to 18I4A, 18I5A, and 
18I6A derivatised with AA. The red circles represent the future investigated common spots between 18I4A and 18I5A. Eluent: 
TLC_2 (see Table 16 in section 4.2.2.5). On the right: IC50 of the EtOAc extracts 18I4A and 18I5A in µg/mL with the calculated 
standard deviation on HeLa (red) and SK-MEL-28 (green) cells. 

The three spots marked with a red circle in the Figure 67 correspond to spots present in 18I4A and 

18I5A (the green spot (Rf  0.25) could be also attributed to the common spots). They were probably 

responsible for the cytotoxic activity on HeLa and SK-MEL-28 cells. The aim was to isolate these three 

compounds using chromatographic methods and to investigate their structure. Simultaneously, the 

extract 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 

4.2.2.4) was also investigated because of the presence of isoflavonoids (see section 4.3.4). 

4.3.3 Isoflavonoids and a phenone in the EtOAc extract 18I4A from the fresh 

rhizomes of Iris germanica L. 

4.3.3.1 Isolation of the compounds 1, 5 and 6 (three isoflavonoids) 

The separation of 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 

15 in section 4.2.2.4) with four silica gel columns (elution solvent: SGC_1, see Table 18 in section 

4.2.2.7.1) resulted in 25 fractions. The TLC monitoring is shown in Figure 68 (eluent: TLC_2, see Table 
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16 in section 4.2.2.5). As a result, three main fractions from the 25 fractions were combined: Z1, Z2 

and Z3. The obtained amounts of the 25 fractions and the combination is shown in Table S 14 of the 

Appendix. A new mobile phase was developed for the separation of fraction Z1. The overview TLC plate 

with Z1, Z2, and Z3 is shown in Figure 69 (mobile phase: TLC_7, see Table 16 in section 4.2.2.5). 
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Figure 68: TLC monitoring of the 25 fractions obtained from the four open silica gel columns (mobile phase: SGC_1, see Table 
18 in section 4.2.2.7.1) under UV-light at 254 nm (left) and at 366 nm (right). A/B: fractions F1 to F8 (see Table S 14 of the 
Appendix) with 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4) as 
reference on the right. C/D: fractions F10 to F16 (see Table S 14 of the Appendix) with 18I4A (as reference on the right. E/F: 
fractions F18 to F24 (see Table S 14 of the Appendix) with 18I4A as reference on the right. The fractions F9, F17 and F25 were 
not spotted. Eluent: TLC_2 (see Table 16 in section 4.2.2.5). The spots were applied manually. 
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Figure 69: Overview TLC plate of the elution of 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 
or Table 15 in section 4.2.2.4). The three spots on every plate are from the left to the right Z1, Z2 and Z3. A/B: TLC plates 
without derivatisation under UV-light at 254 nm (left) and 366 nm (right). C/D: TLC plates derivatised with AA under UV-light 
at 366 nm (left) and visible light (right). Eluent for every plate: TLC_7 (see Table 16 in section 4.2.2.5). 

The isolation process was started one year after the preparation of 18I4A. Thus, the EtOAc extract 

18I4A could contain irones as part of the phytochemical profile of Z3. A TLC comparison of Z3 and 18I9 

(iris butter from the aged rhizome of Iris germanica L. from hydro distillation; see Figure 54 or Table 

15 in section 4.2.2.4) revealed, that Z3 did not contain irones (Figure S 27 of the Appendix). From all 

the fractions obtained, the fraction F4_18I4A (spot with a Rf-value of 0.45 in A/B in Figure 68 of the 

fourth applied spot (corresponding to the fraction F4, see Table S 14 of the Appendix)) solely contained 

the desired first compound of 18I4A (first spot with a  Rf-value between 0.45 and 0.50 circle in red in 

Figure 67). Therefore, F4_18I4A was not combined with other fractions. The fraction Z2 contained also 

the first wanted compound of 18I4A (spot of Z2 (spotted in the middle of the TLC plate) with the lowest 

Rf-value on the TLC plates in Figure 69) together with another compounds (spot of Z2 (spotted in the 

middle of the TLC plate) with the highest Rf-value on the TLC plates in Figure 69). The compounds of 

F4_18I4A were also present in the fraction Z2 (see Figure S 28 of the Appendix). The fractions, F4_18I4A 



 

167 
 

and Z2 were further analysed with HPLC. The analytical HPLC-chromatograms of Z2 (RP-18 column) 

and of F4_18I4A (alike Z2P1, fraction of Z2 isolated with the semi preparative HPLC (RP-18 column). 

Z2P1 contained the first three peaks detected in the analytical HPLC-chromatogram of Z2 (biphenyl 

column) as shown in Figure 70 and Figure 71, respectively.  

 

Figure 70: Analytical HPLC-chromatogram of Z2 (RP-18 column) from 18I4A (EtOAc extract of the fresh rhizomes of Iris 
germanica L.; see Figure 54 or Table 15 in section 4.2.2.4). The substance 1 (see Figure 55) and subfraction Z2P1 (first three 
peaks of the analytical HPLC-chromatogram of Z2) were isolated using semi preparative HPLC with gradient method HPLC_1 
(see Table 18 in section 4.2.2.7.1). 
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Figure 71: Analytical HPLC-chromatogram of F4_18I4A (alike Z2P1, fraction of Z2 isolated by semi preparative HPLC (RP-18)). 
Z2P1 contained the first three peaks of the analytical HPLC-run of Z2 (see Figure 70) using a biphenyl column. F4_18I4A is the 
spot with a Rf-value of 0.45 on the TLC plates A/B in Figure 68 of the fourth applied spot. Compounds  5 (irilone) and 6 (see 
Figure 55) were isolated using the semi preparative HPLC with the gradient method HPLC_3 (see Table 18 in section 4.2.2.7.1). 

The fraction Z2P1 was isolated with the semi preparative HPLC (RP-18) and contained the first three 

peaks detected in the analytical HPLC-chromatogram of Z2 (see Figure 70). It was also analysed with 

semi preparative HPLC (applying the method HPLC_1, see Table 18 in section 4.2.2.7.1). The peaks of 

F4_18I4A (spot with a Rf-value of 0.45 on the TLC plates A/B in Figure 68 of the fourth applied spot, 

corresponding to the fraction F4, see Table S 14 of the Appendix)) and Z2P1 showed the same NMR-

spectra and the same LC-MS data. 2.1 mg of the compound 1, 8 mg of the compound 5 (irilone) and 

1.3 mg of the compound 6 were isolated from the fractions Z2 and F4_18I4A.  

4.3.3.2 Isolation of the compounds 2 (phenone), 3 and 4 (two isoflavonoids) 

The fraction Z1 (1.7 g) was further separated by open silica gel column (mobile phase: SGC_2, see Table 

18 in 4.2.2.7.1). Separation resulted in 5 main fractions: Z1F1, Z1F2, Z1F3, Z1F4 and Z1F5. The overview 

plate is shown in Figure 72 below. The obtained amount of each fraction is summarised in Table 21.  
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Figure 72: Overview TLC on separation of fraction Z1 (elution solvent: SGC_2, see Table 18 in 4.2.2.7.1) under UV-light at 254 
nm (left) and 366 nm (right). The spots are from the left to the right: 18I4A (EtOAc extract of the fresh rhizomes of Iris 
germanica L.; see Figure 54 or Table 15 in section 4.2.2.4), Z1F1, Z1F2, Z1F3, Z1F4 and Z1F5. Eluent: TLC_7 (see Table 16 in 
4.2.2.5). 

Table 21: Overview of the obtained amount of each fraction from the elution of Z1 (elution solvent: SGC_2, see Table 18 in 
4.2.2.7.1). 

Fraction name Mass (mg) Fraction name Mass (mg) 

Z1F1 70.3 Z1F4 247 

Z1F2 n.a. (too low amount) Z1F5 591 

Z1F3 217.2 Total Z1F1 to Z1F5 1124.5 

 

The fractions Z1F3 and Z1F4 contained the spot with a Rf-value of 0.50 (18I4A, in Figure 72). Fractions 

Z1F1 and Z1F2 were similar to Z3 and Z2 (main fractions from separation of 18I4A (EtOAc extract of 

the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 15  in section 4.2.2.4) using the elution 

solvent SCG_1, see Table 18 in 4.2.2.7.1). Only the fraction Z1F4 was further analysed with HPLC. The 

HPLC-chromatogram of Z1F4 is shown in Figure 73. The three main compounds and a mixture of 3 and 

4 were isolated from the fraction Z1F4: 6 mg of 2 (4-hydroxy-3-methoxyacetophenone), 15.8 mg of 3 

(irigenin), 10 mg of 4 (irigenin S) and 40 mg of a mixture of 3 and 4.  

 



170 
  

 

Figure 73: Analytical HPLC-chromatogram of Z1F4, one of the main fractions obtained from Z1 separation (RP-18). Z1 is the 
residual fraction of the separated 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 15 in 
section 4.2.2.4) using the mobile phase SCG_1, see Table 18 in 4.2.2.7.1). The substances 2, 3 (irigenin) and 4 (irigenin S, see 
Figure 55 for the structures) were isolated using semi preparative HPLC with the gradient method HPLC_2 (see Table 18 in 
4.2.2.7.1).  
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4.3.3.3 Structure elucidation  

The molecular structure of the isolated compounds was revealed with NMR-spectra in acetone-d6 (1D 

and 2D) and with LC-MS data. The structures of the 6 compounds are shown in Figure 74. The LC-MS 

and NMR-data are shown in Table 22 and Table 23.  
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Figure 74: Structure of the isolated compounds 1-6 from 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see 
Figure 54 or Table 15 in section 4.2.2.4). 

 

 

 



172 
  

Table 22: LC-MS and NMR-data of compound 1 (5,7-dihydroxy-6-methoxy-3-(4-methoxyphenyl)-4H-chromen-4-one) and 2 (4-
hydroxy-3-methoxyacetophenone). See Figure 74 for the structures. 

Compound 1, LC-MS: (M-H)+: 315.0868 C17H14O6 Compound 2, LC-MS: (M-H)+: 167.0704 C9H10O3 

H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group 

2 8.21 1H, s / 2 7.54 1H, d, 1.95 / 

5 13.19 1H, s 
hydroxy + H 

intramolecular 
3 3.91 3H, s methoxy 

6 3.87 3H, s methoxy 4 / / hydroxy 

7 / / hydroxy 5 6.92 1H, d, 8.26 / 

8 6.52 1H, s / 
6 7.57 

1H, dd,  

1.95; 8.26 
/ 

2´/6´ 7.54 2H, d, 8.73 / 

3´/5´ 6.99 2H, d, 8.73 / 
8 2.5 3H, s methyl 

4´ 3.83 3H, s methoxy 

 

Compound 1 is an isoflavone (5,7-dihydroxy-6-methoxy-3-(4-methoxyphenyl)-4H-chromen-4-one) as 

the compounds 3 (irigenin), 4 (irigenin S), 5 (irilone) and 6 (3´-methoxy-irilone). The position of the 

different substituents was determined by 2D-NMR (COrrelation SpectroscopY COSY and Nuclear 

Overhauser Enhancement SpectroscopY, NOESY). The NOESY-spectrum of compound 1 is shown in 

Figure 75.  
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Figure 75: NOESY-spectrum of compound 1 (5,7-dihydroxy-6-methoxy-3-(4-methoxyphenyl)-4H-chromen-4-one, see Figure 74 
for the structure) enhanced between 3.8 and 8.2 ppm. The red circle shows the cross peaks between the protons H-2´/6´ and 
H-3´/5´. The black circle shows the cross peaks between the methoxy group H3CO-C4 and the protons H-3´/5´. H3CO-C6 

represents the methoxy group at carbon C6 (see Figure 74 for numbering of the carbons). 

The presence of cross peaks between the protons H-3´/5´and the methoxy group H3CO-C4 as well as 

for protons H-2´/6´and H-3´/5´indicated that these pairs are neighboured. Moreover, a coupling 

constant (3J = 8.73 Hz) can be obtained from the 1H-spectrum (see x-axis in Figure 75). The absence of 

a cross peak between the methoxy group at C-6 and the proton H-8 gave the indication that they were 

not neighbours. Unfortunately, the region around 13 ppm (intramolecular H bond between OH group 

and ketone) was not included in the 1H-spectrum to ensure the position of the methoxy group.  

Compound 2 (4-hydroxy-3-methoxyacetophenone) is a phenone derivate. The position of the methoxy 

group for the compound 2 was also investigated and determined with 2D-NMR. The enhanced NOESY-

spectrum is shown in Figure 76. The presence of cross peaks was noticed between H-6 and H-2, H-2 

and the methoxy group at C-3 and between H-2/6 and H-8. Moreover, the signals for H-5 and H-2 are 

doublets with different coupling constants: 3J = 8.26 Hz for H-5 and 4J = 1.95 Hz for H-2. The same two 

coupling constants were found in the signal of H-6 (doublet of doublet), meaning that H-6 is neighbour 

of H5 (3 bonds between the two protons, 3J = 8.26 Hz) and coupled long range to H-2 (4 bonds between 

the two protons, 4J = 1.95 Hz). The fact, that no cross peak was noticed between the methoxy group 

and H-5, indicated that the hydroxy group is neighboured to H-5 and the methoxy group is the direct 

neighbour of H-2 as a cross peak was detected between them. 
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Figure 76: NOESY-spectrum of compound 2 (4-hydroxy-3-methoxyacetophenone, see Figure 74 for the structure) enhanced 
between 2.4 and 7.6 ppm. Zoom of the 1H-spectrum with signals for H-2, H-5 and H-6 is shown including the different coupling 
constants 3J and 4J. The red and black circles indicate the cross peaks between H-6/H-2 and the H3C-C8 and H-2 and the methoxy 
group at C-3 respectively. H3CO-C3 represents the methoxy group at C-3 (see Figure 74 for numbering of the carbons). 

Structure elucidation of compounds 3 (irigenin), 4 (irigenin S), 5 (irilone) and 6 (3´-methoxy-irilone) 

was done the same way. First the structure elucidation of the compounds 3 (irigenin) and 4 (irigenin 

S) will be discussed. As can be seen in Figure 74, they differed only from the position of one methoxy 

group and one hydroxy group (on positions 6 and 7) and had the same 1H-spectrum. To determine the 

position of the methoxy group a NOESY-spectrum was measured to potentially detect a cross peak 

between the methoxy group and the hydroxy group at C-5 (having an intramolecular H bond with the 

ketone at C-3). The NOESY-spectra of 3 and 4 are shown in Figure 77. The respective cross peak was 

detected for the 1H-signal at 3.86 ppm (integration for 2 x 3 protons) of compound 3, but not seen for 

the compound 4. The position of the other substituents (two methoxy resonating at 3.86 and 3.79 ppm 

and one hydroxy group) was also determined with a NOESY-experiment for both compounds. The 

NOESY spectrum of 4, enhanced between 3.2 and 8.4 ppm, is shown in Figure 78.  

 

 



 

175 
 

Table 23: LC-MS and NMR-data for the compound 3 (irigenin), 4 (irigenin S), 5 (irilone) and 6 (3´-methoxy-irilone). See Figure 
74 for the structures. 

Compound 3, LC-MS: (M-H)+: 361.0919 C18H16O8 Compound 4, LC-MS: (M-H)+: 361.0919 C18H16O8 

H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group 

2 8.23 1H, s / 2 8.23 1H, s / 

5 13.21 1H, s 
hydroxy + H 

intramolecular 
5 13.21 1H, s 

hydroxy + H 

intramolecular 

6/5´ 3.86 6H, s 2x methoxy 6 / / hydroxy 

7 / / hydroxy 7/5´ 3.86 6H, s 2x methoxy 

8 6.52 1H, s / 8 6.52 1H, s / 

2´/6´ 6.79 2H, s / 2´/6´ 6.79 2H, s / 

3´ / / hydroxy 3´ / / hydroxy 

4´ 3.79 3H, s methoxy 4´ 3.79 3H, s methoxy 

Compound 5, LC-MS: (M-H)+: 299.0553 C16H10O6 Compound 6, LC-MS: (M-H)+: 329.0654 C17H12O7 

H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group 

 2 8.24 1H, s / 2 8.28 1H, s / 

5 13 1H, s 
hydroxy + H 

intramolecular 
5 13.03 1H, s 

hydroxy + H 

intramolecular 

6/7 6.14 2H, s acetal 6/7 6.16 2H, s acetal 

8 6.66 1H, s / 8 6.67 1H, s / 

2´/6´ 7.45 2H, d, 8.59 / 
2´ 7.07 

1H, dd,  

1.65; 8.24 
/ 

3´ 6.88 1H, d, 8.24 / 

3´/5´ 6.9 2H, d, 8.59 / 
4´ / / hydroxy 

5´ 6.16 3H, s  methoxy 

4´ / / hydroxy 6´ 7.25 1H, d, 1.65 / 
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A 

 

B 

 

Figure 77: NOESY-spectra of compounds 3 (A, irigenin) and 4 (B, irigenin S), see Figure 74 for the structures. The red circle 
indicates the cross peak between the methoxy group at C-6 and the proton from the hydroxy group at C-5 (the hydroxy has 
an intramolecular H bond with the ketone at C-3). H3COC7, H3COC6, and H3COC5´ represent the methoxy group at C-7, C-6, and 
C-5´, respectively (see Figure 74 for numbering of the carbons). 
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Figure 78: NOESY-spectrum of compound 4 (irigenin S, see Figure 74 for the structure) enhanced between 3.2 and 8.4 ppm. 
The red circles show the cross peaks between the protons H-2´/6´ and the methoxy group at C-5´. H3COC7, H3COC4´, and H3COC5´ 
represent the methoxy groups at carbons C-7, C-4´, and C-5´, respectively (see Figure 74 for numbering of the carbons). 

NOESY-spectra of compounds 3 and 4 seems to be identical between 3.2 and 8.4 ppm. A cross peak 

between H-2´,6´ and the methoxy group resonating at 3.86 ppm allowed to place one methoxy group 

at C-5’ in 3 and 4. Whereas in 3 the 1H-signals for the methoxy groups at C-6 and C-5´ overlapped at 

3.86 ppm, in 4 methoxy groups at C-7 and C-5’ overlapped at the same shift value (3.86 ppm). The 1H-

signal at 3.79 ppm (3 H) showed no cross peaks to other protons in 3 and 4, and thus it corresponds to 

the methoxy group at C-4´. Cross peaks between the hydrogens H-2 and H-2´/6´ are also detectable. 

 The structure elucidation of compound 5 (irilone) was simpler than for irigenin and irigenin S due to 

its close structural similarity with 1 showing nearly identical 1H-signal pattern and shift values. The 1H-

signal at 6.14 ppm is characteristic for the presence of an acetal and substituted the signal of the 

methoxy group, pointing to its presence at C-6/C-7. Cross peaks were detected only between the 

protons H-2´/6´ and H-3´/5´. The NOESY-spectrum is shown in  Figure 79.     
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Figure 79: NOESY-spectrum of compound 5 enhanced between 5.1 and 8.5 ppm. 

The same characteristic 1H-signal was found in the 1H-spectrum of compound 6 (9-hydroxy-7-(4-

hydroxy-3-methoxyphenyl)-8H-[1,3]dioxolo[4,5-g]chromen-8-one, 3´-methoxy-irilone) together with 

the presence of one additional methoxy group was detected. The zoomed NOESY-spectrum is shown 

in Figure 80. The same type of coupling was observed as for compound 2 showing two coupling 

constants: 3J = 8.24 Hz for H-3´ and 4J = 1.65 Hz for H-6´. The signals at 6.88 (H-3´) and 7.25 ppm (H-6´) 

are doublets and the signal at 7.07 ppm (H-2´) is a doublet of doublet. The presence of a cross peak 

between the signal at 7.25 ppm (H-6’, showing the smaller coupling constant 4J = 1.65 Hz) and the 

methoxy group indicated that the methoxy group is placed at C-5’. 
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Figure 80: NOESY-spectrum of compound 6 (3´-methoxy-irilone, see Figure 74 for the structure) enhanced between 4.0 and 
7.4 ppm. Zoom of the 1H-spectrum of the signals for H-8, H-2’, H-3’ and H-6’ is shown with the different coupling constants 3J 
and 4J. The red and black circles indicate the cross peaks between H-6´ and the methoxy group at C- 5´ and between H-2´ and 
H-3´ respectively. H3COC5´ represents the methoxy group at C-5’ (see Figure 74 for numbering of the carbons). 

4.3.4 Isoflavonoids and benzophenones in the EtOAc extract 19IA from the 

fresh roots of Iris germanica L. 

4.3.4.1 Isolation of compound 7 (benzophenone) 

5 g of 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 

4.2.2.4) was separated over an open silica gel column (elution solvent: SGC_3, see Table 18 in section 

4.2.2.7.1) and thereby 7 fractions were obtained. The elution was monitored by TLC. The overview TLC 

plate of the fractions is shown in Figure 81 and their obtained amount in Table 24. 
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Table 24: Overview on the obtained amounts of each fractions from separation of 19IA (EtOAc extract of the fresh roots of Iris 
germanica L.; see Figure 53 or Table 15 in section 4.2.2.4). Mobile phase: SGC_3, see Table 18 in section 4.2.2.7.1. 

Fraction name Mass (mg) Fraction name Mass (mg) 

F1 500 F5 250 

F2 200 F6 570 

F3 90 F7 500 

F4 1960 Total F1 to F7 4070 

Figure 81: Overview TLC plate of the separation of 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 or 
Table 15 in section 4.2.2.4). The spots on every plate are from the left to the right 19IA, F1, F2, F3, F4, F5, F6 and F7. The spots 
are made manually. A/B: TLC plates without derivatisation under UV-light at 254 nm (left) and 366 nm (right). C/D: TLC plates 
derivatised with AA under UV-light at 366 nm (left) and visible light (right). Mobile phase: TLC_6 (see Table 16 in section 
4.2.2.5). 

Fractions F4 and F6 were nearly poor (meaning that not too many spots are seen on the TLC plates in 

Figure 81) and were therefore further analysed. As only two spots (the major with the lower Rf-value 

and the minor with the higher Rf-value) were detected in the fraction F6, it was directly analysed with 

 
A 

 
B 

 
C 

 
D 
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HPLC. Only one peak was detected in the chromatogram and 53.1 mg of compound 7 (iriflophenone) 

were isolated from 19IA (EtOAc extract of the fresh roots of Iris germanica L.; the fresh roots were first 

extracted with n-hexane and then with EtOAc; Figure 53 in section 4.2.2.4) using the semi-preparative 

HPLC and the gradient method HPLC_5 (see Table 18 in section 4.2.2.7.1). As the fraction F4 contained 

at least three to four spots (see TLC plate C derivatised with AA under 366 nm inFigure 81), the fraction 

was further separated. 

4.3.4.2 Isolation of compounds 3 (irigenin), 8 (benzophenone), 9 and 10 (two isoflavonoids) 

from fraction F4 

F4 was separated over an open silica gel column (mobile phase: SGC_4, see Table 18 in section 4.2.2.7.1 

and 5 fractions (F4F1, F4F2, F4F3, F4F4 and F4F5) were obtained. The obtained amount of each fraction 

is shown in Table 25 and the overview TLC plate of F4 is shown in Figure 82. 

Table 25: Overview of the obtained amount of each fraction from the separation of F4 (fourth fraction obtained from the 
elution of 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) using the 
mobile phase SGC_3, see Table 18 in section 4.2.2.7.1). Mobile phase for separation of F4: SGC_4, see Table 18 in section 
4.2.2.7.1.  

Fraction name Mass (mg) Fraction name Mass (mg) 

F4F1 111 F4F4 81.7 

F4F2 688.5 F4F5 21.1 

F4F3 502 Total F4F1 to F4F5 1404.3 

 

  
Figure 82:  Overview TLC plate of separated fraction F4 (fourth fraction obtained from the elution of 19IA (EtOAc extract of 
the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) derivatised with AA under UV-light at 254 nm 
(left) and 366 nm (right). The spots on every plate are from the left to the right F4, F4F1, F4F2, F4F3 and F4F4. The spots are 
spotted manually. Mobile phase: TLC_8 (see Table 16 in section 4.2.2.5). 

The fraction F4F1 showed only one spot and was therefore analysed with HPLC. The HPLC-

chromatogram is shown in Figure S 29 of the Appendix together with the HPLC-chromatogram of 
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Z2_18I4A (second main fraction isolated using silica gel columns from 18I4A (EtOAc extract of the fresh 

rhizomes of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4)) for comparison. As can be 

seen, the same peaks (and the same UV-spectra) as for compounds 5 (irilone), 6 (3´-methoxy-irilone) 

and 1 (see Figure 74 in section 4.3.3.1 for the structures) were detected. Therefore, it was very likely 

that the roots of Iris germanica L. also contained compounds 5, 6 and 1. 

The fraction F4F3 was also further analysed with HPLC as it contains a low number of spots on the TLC 

(see Figure 83). The two main peaks (compounds 3 and 9) and two other compounds were isolated 

using semi preparative HPLC. The peak eluting just before compound 8 coincided with EtOAc traces. 

1.1 mg of compound 8 (4-methoxy-iriflophenone), 13.1 mg of compound 3 (irigenin), 15.2 mg of 

compound 9 (irisflorentin) and 7.5 mg of compound 10 were obtained. 

 

Figure 83: Analytical HPLC-chromatogram of F4F3 (third fraction of the elution of F4 (fourth fraction obtained from the elution 
of 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4) using the mobile 
phase SGC_3, see Table 18 in section 4.2.2.7.1), see Table 25 in section 4.3.4.2) using a RP-18 column. The compounds 8 (4-O-
methyl-iriflophenone), 3 (irigenin), 9 (irisflorentin) and 10 (see Figure 56 for the structures) have been isolated using the semi 
preparative HPLC with the gradient method HPLC_4 (see Table 18 in section 4.2.2.7.1). 
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4.3.4.3 Structure elucidation 

The elucidation of the isolated compounds from 19IA (EtOAc extract of the fresh roots of Iris germanica 

L.; see Figure 53 or Table 15 in section 4.2.2.4) was done with the help of NMR- (in acetone-d6, 1D and 

2D) and LC-MS data, as for the compounds of 18I4A (EtOAc extract of the fresh rhizomes of Iris 

germanica L.; see Figure 54 or Table 15 in section 4.2.2.4). The structures of the 5 isolated compounds 

are shown in Figure 84. The LC-MS and NMR-data are shown in Table 26 and Table 27. 

 

7 

 

8 

 

3 

 

9-10 

Figure 84: Structure of the isolated compounds (3 and 7-9) from 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see 
Figure 53 or Table 15 in section 4.2.2.4). 

Table 26: LC-MS and NMR-data for compounds 7 (iriflophenone) and 8 (4-O-methyl-iriflophenone). See Figure 84 for the 
structures. 

Compound 7, LC-MS: (M-H)+: 247.0606 C13H10O5 Compound 8, LC-MS: (M-H)+: 261.0759 C14H12O5 

H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group 

2/6 10.25 2H, s hydroxy 2/6 / / hydroxy 

3/5 6.05 2H, s / 3/5 6.05 2H, s / 

4 9.18 1H, s hydroxy 4 3.79 3H, s methoxy 

9/13 6.93 2H, d, 8.39 / 9/13 6.85 2H, d, 8.67 / 

10/12 7.69 2H, d, 8.39 / 10/12 7.62 2H, d, 8.67 / 

11 9.06 1H, s hydroxy 11 / / hydroxy 
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Compounds 7 (iriflophenone) and its O-methylated derivative 8 ((2,6-dihydroxy-4-methoxyphenyl)(4-

hydroxyphenyl)methanone, 4-O-methyl-iriflophenone) are benzophenones (see Figure 84). The 

NOESY-spectrum of compound 7, zoomed between 5.8 and 10.6 ppm, is shown in Figure 85. 

 

Figure 85: NOESY-spectrum of compound 7 (iriflophenone. see Figure 84 for the structure) enhanced between 5.8 and 10.6 
ppm. The red, black and green circles show the cross peaks between hydroxy groups at C-2 and C-6 and protons H-3/5, the 
hydroxy group at C-4 and the protons H-3/5 as well as the protons H-10/12 and H-9/13, respectively (see Figure 84 for 
numbering of the carbons). 

Elucidation of the substituent positions and the assignment of the signals were done with the help of 

a NOESY-spectrum. Indeed, the hydroxy signals were detectable because high amount of iriflophenone 

(compound 7) were measured. The assignment of the signals at 9.06 and 9.18 ppm (integrated for one 

hydrogen each one, two hydroxy groups) was not possible only with the 1H-spectrum. It could be 

assumed that the signal being the most de-shielded should be the signal for the hydroxy group on 

position 4, because of the presence of the two other neighboured hydroxy groups. On the contrary, 

the hydroxy group on position 11 has only neighboured protons and therefore, should be less de-

shielded, what was confirmed with the NOESY-spectrum. As expected, cross peaks not only between 

the protons H-3/5 and the hydroxy group resonating at 9.18 ppm were detected but also between the 
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two hydroxy groups at C-2 and C-6 and OH4 (9.18 ppm). Moreover, no cross peaks were detected for 

OH11. 

The NOESY-spectrum of compound 8 (4-O-methyl-iriflophenone) is shown in Figure 86. The hydroxy 

groups were not detectable because too low amount have been isolated. 

 

Figure 86: NOESY-spectrum of compound 8 (4-O-methyl-iriflophenone, see Figure 84 for the structure) enhanced between 3.8 
and 7.8 ppm. The red and green circles show the cross peaks respectively between the methoxy group at C-4 and the protons 
H-3/5 and between the protons H-10/12 and H-9/13. H3COC4 represents the methoxy group at C-4 (see Figure 84 for numbering 
of the carbons). 

As explained before and according to LC-MS and NMR data, compound 7 and 8 differed from each 

other only by an additional o-methylation in 8. The only question was the position of the methoxy 

group. Only OH-4 and OH-11 were possible as the two hydroxy groups at C-2 and C-6 were not involved 

due to the presence of the signal at 6.05 ppm (singulet, 2H, H-3/5). Indeed, if one of the two hydroxy 

groups was a methoxy group, the two hydrogens would not be equivalent anymore, meaning that two 

different signals (doublet with a small coupling constant 4J) should be detected. The detection of cross 

peaks between protons H-3/5 and the methoxy group indicated that 8 is methylated at OH-4. 
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Compounds 3 (irigenin) and 9 (irisflorentin) are isoflavones (see Figure 84). The NOESY-spectra of 

compound 3 are shown in Figure 87 and Figure 88. The NOESY-spectrum of compound 9 is shown in 

Figure 89.  

Table 27: LC-MS and NMR-data for the compounds 3 (irigenin) and 9 (irisflorentin). See Figure 84 for the structures. 

Compound 3, LC-MS: (M-H)+: 361.0924 C18H16O8 Compound 9, LC-MS: (M-H)+: 387.1074 C20H18O8 

H 
δH 

(ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group H δH (ppm) 

Number of H, 

multiplicity,  

J (Hz) 

group 

2 8.23 1H, s / 2 8.11 1H, s / 

5 13.21 1H, s 
hydroxy + H 

intramolecular 
5 3.98 3H, s methoxy 

6/5´ 3.86 6H, s 2x methoxy 6/7 6.17 2H, s acetal 

7/3´ / / hydroxy 8 6.79 1H, s / 

8 6.51 1H, s / 2´/6´ 6.89 2H, s / 

2´/6´ 6.79 2H, s / 3´/5´ 3.86 6H, s 2x methoxy 

5´ 3.80 3H, s methoxy 4´ 3.75 3H, s methoxy 
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Figure 87: NOESY-spectrum of compound 3 (irigenin, see Figure 84 for the structure enhanced between 3.6 and 8.6 ppm. The 
red and dark circles show the cross peaks between the methoxy group H3COC5´ and protons H-2´/6´, and between the protons 
H-2´/6´ and H-2. H3COC6, H3COC4´, and H3COC5´ represent the methoxy groups on the carbons C-6, C-4´, and C-5´, respectively 
(see Figure 84 for numbering of the carbons). 
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Figure 88: NOESY-spectrum of compound 3 (irigenin) isolated from the roots of Iris germanica L. (see Figure 84 for the 
structure). The red circles show the cross peaks between the hydroxy group OH5 at C-5 and the methoxy group H3COC6. H3COC6, 
H3COC4´, and H3COC5´ represent the methoxy group on the carbon C-6, C-4’ and C-5’ (see Figure 84 for numbering of the 
carbons). 

The two NOESY-spectra in Figure 87 and Figure 88 are identical to Figure 77 and Figure 78 in section 

4.3.3.3, respectively and indicated that again compound 3 was isolated. 

Compound 9 (irisflorentin) is an isoflavone. 1H-signals were detected at 8.11 ppm (H-2), 6.89 ppm (H-

2´/6´), 6.79 ppm (H-8), and 6.17 ppm (H-6/7). The NOESY showed the same cross peaks between H-2 

and H-2´/6´ (dark circles in Figure 89) as for irilone (5), irigenin S (4) or irigenin (3). The 1H-signal at 6.17 

ppm was attributed to an acetal function as for irilone (5). The four other substituents were methoxy 

group (1H-signals resonating at 3.98, 3.86, and 3.75 ppm integrating for 3, 6, and 3 hydrogens 

respectively). No 1H-signal was detected around 13 ppm, meaning that no hydroxy group was present 

to form a hydrogen bond with the keto group. Two methoxy groups are located near the hydrogens 

H2´-6´ (cross peaks between the 1H-signal at 3.86 ppm and the two hydrogens H2´-6´, red circles in Figure 

89). The last methoxy group is located on position 4´ (see Figure 84 for numbering of the carbons). 
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Figure 89: NOESY-spectrum of compound 9 (irisflorentin, see Figure 84 for the structure) enhanced between 3.6 and 8.2 ppm. 
The red and dark circles show the cross peaks between the methoxy groups on C-3´and C-5´ and the protons H-2´/6´ as well 
as between the protons H-2´/6´ and H-2. H3COC3´, H3COC4´, and H3COC5´ represent the methoxy groups at C-3’, C-4’, and C-5’, 
respectively (see Figure 84 for numbering of the carbons). 

Compound 10 is an isoflavone and had exactly the same molecular weight, 1H-, and NOESY-spectra as 

compound 9 (see Figure 90). Compound 10 was a yellow powder and compound 9 was a white powder. 

It can be assumed that they are structural isomers differing in their oxy-methylene substitution. 
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Figure 90: NOESY-spectrum of compound 10 (same as for compound 9 (irisflorentin), see Figure 84 for the structure) enhanced 
between 3.6 and 8.2 ppm. The red and dark circles show the cross peaks between the methoxy groups at C-3´and C-5´ and the 
protons H-2’/6’ and between the protons H-2´/6´ and H-2. H3COC3´, H3COC4´, and H3COC5´ represent the methoxy group at C-
3´, C-4´, and C-5´ (see Figure 84 for numbering of the carbons). 

 

4.3.5 Comparison of the phytochemical profile of roots and rhizomes 

6 isoflavones, 2 benzophenones and one acetophenone derivative were isolated from the roots and 

the rhizomes of Iris germanica L., more precisely 5 isoflavones and one acetophenone derivative from 

the rhizome extract 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or 

Table 15 in section 4.2.2.4) and 3 isoflavones and 2 benzophenones from the root extract 19IA (EtOAc 

extract of the fresh roots of Iris germanica L.; see Figure 53 or Table 15 in section 4.2.2.4). But, as 

described before, some of them (irilone, 3´-methoxy-irilone and compound 1 (5,7-dihydroxy-6-

methoxy-3-(4-methoxyphenyl)-4H-chromen-4-one), see Figure 74 for the structures) were already 

detected in the two extracts (see Figure S 29 of the Appendix). Therefore, all the investigated fractions 

were compared to the two extracts 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.) 

and 19IA (EtOAc extract of the fresh roots of Iris germanica L.) with the analytical HPLC to determine 

if the isolated isoflavones, benzophenone and the acetophenone derivative were present only in the 

rhizomes or roots or in both. The comparison is shown in Figure 91. All compounds were present in 

the roots and the rhizomes except the two compounds 9 (iriflorentin) and 10 (irisflorentin isomer). 

They were detected only in the roots. A summary is shown in Table 28. 
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Figure 91: Analytical HPLC-chromatograms using a RP-18 column of the root extract 19IA (EtOAc extract of the fresh roots of 
Iris germanica L.), rhizome extract 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 53, Figure 54, 
and Table 15  in section 4.2.2.4) and all investigated fractions: Z1F4 (A, fourth fraction of the elution of Z1, Z1 is the first main 
fraction of the elution of 18I4A, see Table 21 in section 4.3.3.2), F4F3 (B, third fraction of the elution of F4, F4 is the fourth 
fraction of the elution of 19IA, see Table 25 in section 4.3.4.2), Z1F5 (C, fifth fraction of the elution of Z1, Z1 is the first main 
fraction of the elution of 18I4A, see Table 21 in section 4.3.3.2), F5 (C, fifth fraction of the elution of 19IA, see Table 24 in 
section 4.3.4.1) and F6 (C, sixth fraction of the elution of 19IA, see Table 24 in section 4.3.4.1). 

Table 28: Presence of the 10 isolated compounds (see Figure 74 in section 4.3.3.3 and Figure 84 in section 4.3.4.3 for the 
structures) in 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.) or 19IA (EtOAc extract of the fresh roots of Iris 
germanica L.; see Figure 53, Figure 54, and Table 15  in section 4.2.2.4).  

Name of the isolated compound  
Present in 

18I4A 19IA 

1 5,7-dihydroxy-6-methoxy-3-(4-methoxyphenyl)-4H-chromen-4-one x x 

2 4-hydroxy-3-methoxyacetophenone x x 

3 irigenin x x 

4 irigenin S x x 

5 irilone x x 

6 3´-methoxy-irilone x x 

7 iriflophenone x x 

8 4-O-methyl-iriflophenone x x 

9 irisflorentin  x 

10 isomer of irisflorentin  x 
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4.3.6 MTT and ICAM-1 assays 

Isoflavones and benzophenones were isolated from the roots and the rhizomes of Iris germanica L. 

and some of them are already well-known in the literature as potential anti-inflammatory agent. 

Indeed, irilone, irigenin and irigenin S have already been tested as anti-inflammatory compounds using 

lab rats [185]. They were isolated from Iris germanica L. from Egypt and Ibrahim et al. found that they 

have potent anti-inflammatory properties. The induced paw oedema test was used with 

dexamethasone as positive control. The paw oedema of a rat was induced by a formalin solution (4%) 

injected in the left hind paw. After the intake of 10 mg isoflavonoids/kg and 24 hours, the paw oedema 

thickness was measured and compared to the untreated rat and the rat treated with the positive 

control. Irilone, irigenin and irigenin S showed a reduction of the paw thickness after 24 hours and 

therefore, had potent anti-inflammatory properties. The induced paw oedema test was first developed 

in 1962 by Winter et al. [186] and many flavonoids (flavones, flavanones and chalcones) were tested 

by Panthong et al. [187] in 1994 for anti-inflammatory activity. 

Other anti-inflammatory assays using flavonoids and especially isoflavonoids are also described in the 

literature. A rapid anti-inflammatory assay was developed by Tan et al. [188] in 2000 using a 

tetrazolium salt (4-(3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-tetrazol-3-ium-5-yl)-benzene-1,3-

disulfonate, WST-1, see Figure S 30 of the Appendix for the structure) for quantification of the 

superoxide production by human peripherals blood neutrophils. Neutrophils are a type of granulocytes 

(the most abundant one) normally found in the bloodstream. They are part of the immune system and 

the first white blood cells which are recruited within minutes to a site of inflammation or injury. 

Superoxide radicals are produced by neutrophils to aiding in the killing of ingested microbes. But it is 

not the only function of superoxide, they are also used as attractor for neutrophils (that more 

neutrophils come to the site of injury) by reacting with chemotactic factors (substances that stimulate 

cellular migration) [189]. In the assay, superoxide radicals were produced by neutrophils stimulated 

with PMA (phorbol 12-myristate 13-acetate, tumour promoter, see Figure S 31 of the Appendix for the 

structure) and used to reduce WST-1 into formazan (see Figure S 30 of the Appendix for the structure), 

a dark red substance absorbing at 550 nm. By colorimetric measurements, the ability of a compound 

or extract to reduce the produced superoxide (meaning to have an anti-inflammatory effect) was 

measured. This assay was used by Rahman et al. [190] to screen the potent anti-inflammatory effect 

of some isoflavones from Iris germanica L.. They found that irigenin inhibits 50% of superoxide 

production at 93.52 µM. Aspirin and indomethacine were used as positive controls. 

The third types of anti-inflammatory assay reported in the literature using isoflavones is the 

lipopolysaccharide (LPS)-activated macrophages assay. LPS was used as macrophage stimulator, the 



194 
  

cells will then produce nitric oxide (NO), a signalling molecule that plays a key role in the inflammation 

process [191]. Indeed, NO are responsible for the inhibition of pathogen replication [192]. NO are also 

used for many others immunoregulatory functions such as inhibitor of T and B cells proliferation or of 

leukocyte recruitment [193]. Under normal physiological conditions, NO gives an anti-inflammatory 

effect. But its overproduction is also recognised as a pro-inflammatory factor and therefore, the use 

of compound which can decrease the NO production by the macrophages is of great interest. Wang et 

al. [194] have found that irigenin inhibited the production of NO in murine macrophages (decrease of 

the NO concentration from 0.8 µM to 0.1 µM if the murine (RAW 264.7) macrophages were pre-treated 

with 24.4 µM of irigenin). Moreover, they found that irigenin inhibited also the production of pro-

inflammatory mediators like TNF-α. Finally, irigenin had a potent anti-inflammatory effect by inhibiting 

the LPS-induced production of NO and TNF-α. 

Taking these results into account, it was of interest to test the isolated isoflavones and benzophenones 

as well as the acetophenone derivative as potential anti-inflammatory agents using HMEC-1. The 

reduction of ICAM-1 protein was correlated with the anti-inflammatory effect. First, 7 compounds (2 

(4-hydroxy-3-methoxyacetophenone), 3(rh) (irigenin isolated from the rhizomes), 3(rt) (irigenin 

isolated from the roots), 4 (irigenin S), 5 (irilone), 7 (iriflophenone), 9 (irisflorentin), and 10 (irisflorentin 

isomer)) and the two extracts (18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.) and 19IA 

(EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53, Figure 54, and Table 15  in section 

4.2.2.4)) were tested (see Figure 74 in section 4.3.3.3 and Figure 84 in section 4.3.4.3 for the structures) 

with the MTT assay in order to see if the used concentrations were toxic for the HMEC-1 cells. Then 

they were tested in non-toxic concentrations in the ICAM-1 assay. The results of the MTT assay and 

ICAM-1 assay are shown in Figure 92 and Figure 93, respectively.   
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Figure 92: Remaining activity (correlated to the viability) of the HMEC-1 as function of the compound (see Figure 74 in section 
4.3.3.3 and Figure 84 in section 4.3.4.3 for the structures)  concentration (25 (blue), 50 (orange) and 70 µM (green)) or extract 
(18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.) or 19IA (EtOAc extract of the fresh roots of Iris germanica L.; 
see Figure 53, Figure 54, and Table 15  in section 4.2.2.4)) concentration (12.5 (red), 25 (blue), 50 (orange) and 100 µg/mL 
(violet)). DMSO (grey) 0.1 % (V/V) was tested as solvent control. Three independent experiments were executed in 
hexaplicates. The data are shown as average ± standard deviation. 3(rh) represent irigenin isolated from the rhizome of Iris 
germanica L. and 3(rt) irigenin isolated from the roots of Iris germanica L.. 

As can be seen, all compounds or extracts are non-toxic in the tested concentrations except irilone 

(compound 5). A concentration was considered non-toxic in the ICAM-1 assay if more than 90% cell 

viability (meaning 90% remaining activity) was still obtained with the MTT assay. Therefore, irilone was 

tested at a concentration of 12.5, 25 and 50 µM in the ICAM-1 assay. All other compounds were tested 

at 25, 50 and 70 µM.  
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Figure 93: Impact of different compounds (see Figure 74 in section 4.3.3.3 and Figure 84 in section 4.3.4.3 for the structures) 
and extracts (18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.) or 19IA (EtOAc extract of the fresh roots of Iris 
germanica L.; see Figure 53, Figure 54, and Table 15  in section 4.2.2.4)) at different concentrations (12.5 (red), 25 (blue), 50 
(orange) and 75 µM (green) and 12.5 (red), 25 (blue), 50 (orange) and 100 µg/mL (violet)) on the TNF-α-induced (10 ng/mL) 
ICAM-1 expression. DMSO (without TNF-α and untreated) 0.1 % (V/V) was tested as solvent control. Parthenolide (5 µM) was 
tested as positive control. The cells treated only with TNF-α was set as 100% ICAM-1 expression. Three independent 
experiments were executed in hexaplicates. The data are shown as average ± standard deviation. Level of significance: *p < 
0.05, **p < 0.01 and ***p < 0.001. 3(rh) represent irigenin isolated from the rhizome of Iris germanica L. and 3(rt) irigenin 
isolated from the roots of Iris germanica L.. 

Most of the compounds and the two extracts had unexpected pro-inflammatory properties. 

Compounds 2 (4-hydroxy-3-methoxyacetophenone) and 10 (irisflorentin isomer) showed no effect on 

the ICAM-1 expression (the TNF-α induced ICAM-1 expression was the same as for the untreated cells). 

On the contrary, the compounds 3(rh), 3(rt), 4, 5, 7 and 9 showed concentration dependent effects on 

a TNF- α induced ICAM-1 expression. Interestingly, isomers 9 and 10 showed different behaviour. 

Whereas 9 showed a concentration dependent increase of the TNF-α induced ICAM-1 expression, 10 

had no effect.  
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For irilone (5), the concentration-dependent activity is somewhat unclear, as it showed a pro-

inflammatory effect with an increase of ~30% of the ICAM-1 expression at 50 µM. It is also good to 

notice that the highest irilone concentration used was at the limit of the toxicity, as seen with the MTT 

assay (only 90% cell viability). Compounds 3(rh/rt) and 4 (irigenin S) showed the same concentration 

dependency on the TNF-α induced ICAM-1 expression. They were the isolates with the highest pro-

inflammatory effect with an increase of ~40-50 % of the TNF-α induced ICAM-1 expression at 

concentrations of 70 µM. It was surprising, because in other studies irigenin was found to have anti-

inflammatory properties [185,190,194]. However, the system and the anti-inflammatory tests were 

completely different. In this study, human cells (HMEC-1) were used and not murine cells (RAW 264.7). 

The type of the test was also different: not the same stimulator was used (TNF-α with HMEC-1 cells 

and LPS with RAW 264.7 cells, although LPS can activate the same transcription pathway as TNF-α with 

another cytokine IL-1 with HMEC-1 cells (see Figure 52)) and not the same read out was measured 

(ICAM-1 for HMEC-1 cells and NO for RAW 264.7 cells). The extracts 18I4A and 19IA showed as the 

isolates a concentration-dependent increase and thus pro-inflammatory effects on the TNF-α induced 

ICAM-1 expression with 18I4A doubling the ICAM-1 expression at 100 µg/mL. The TNF-α induced ICAM-

1 expression of cells treated with the extracts was also tested without stimulator to see if the extracts 

needed the stimulator to enhance the ICAM-1 expression. If not, it is possible that the extracts 

interacted with the TNF-α receptor and thus enhance the TNF-α induced ICAM-1 expression. As can be 

seen in Figure 93, no expression was detected without TNF-α (the ICAM-1 expression was the same as 

the solvent control). This means that the extracts and some isolates had an activating influence in the 

investigated transcription pathway if it is induced by TNF-α. The mode of action should be further 

investigated to exactly know and understand the mechanism and the pro-inflammatory effect.  

To see if the extracts had exclusively an influence on the transcription pathway activated by TNF-α, 

another stimulator, IFN-ɣ, acting via another pathway was used. The results are shown in Figure 94. 

Here, NF-κB is not involved and therefore, parthenolide should not demonstrate a pronounced anti-

inflammatory effect.   
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Figure 94: Impact of the extracts 18I4A (EtOAc extract of the fresh rhizomes of Iris germanica L.) and 19IA (EtOAc extract of 
the fresh roots of Iris germanica L.; see Figure 53, Figure 54, and Table 15  in section 4.2.2.4) at different concentrations (25 
(blue), 50 (orange) and 100 µg/mL (violet)) on the IFN-ɣ induced (40 ng/mL) ICAM-1 expression. DMSO (without IFN-ɣ and 
untreated) 0.1 % (V/V) was tested as solvent control. Parthenolide (5 µM) was also tested. The cells treated only with IFN-ɣ 
was set as 100% ICAM-1 expression. Three independent experiments were executed in hexaplicates. The data are shown as 
average ± standard deviation. Level of significance: *p < 0.05, **p < 0.01 and ***p < 0.001. 

The ICAM-1 assay with IFN-ɣ as stimulator gave different results as both extracts do not exhibit a pro-

inflammatory effect. Interestingly, 19IA increased the IFN-ɣ induced ICAM-1 expression very slightly 

from lower to higher concentrations but did not really show a concentration dependent effect. 18I4A 

showed a pronounced concentration dependent decrease compared to 19IA meaning that in this set-

up it showed an anti-inflammatory effect. Parthenolide demonstrated no anti-inflammatory effect 

with an insignificant decrease of the IFN-ɣ induced ICAM-1 expression compared to control. The results 

concerning the 100% value, negative and positive control are in line with the previously reported 

results [169].  

The results of the anti-inflammatory assay with different stimulators showed two different effects for 

extract 18I4A: on the one hand a slight anti-inflammatory effect with IFN-ɣ as stimulator and on the 

other hand a strong pro-inflammatory effect with TNF-α as stimulator. The reasons for this are still 
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unknown, but many different experiments could be realised to understand the action mechanism 

further. Especially the interaction between the isoflavones and benzophenones with NF-κB should be 

deeply investigated. In fact, an anti-osteoporotic activity of some isoflavones from Iris germanica L. 

targeting the protein NF-κB has been demonstrated in 2019 by Alam et al. [195]. Only five proteins are 

found in the NF- κB family: p65/RelA, RelB, c-Rel, p105/p50 (NF- κB1) and p100/p52 (NF- κB2) [196]. 

These ones associate with each other forming distinct homo/heterodimeric complexes that share a 

common RHD (Rel homology domain of 300 amino acids length). They have found with in silico 

approach (meaning experimentation performed by computer) that some isoflavones had strong 

interactions with the NF-κB p50 homodimer and therefore, demonstrated an anti-osteoporotic activity 

(in silico approach was supported with in vivo results using RAW 264.7 cells). Therefore, it could be 

possible that the extracts interfered in the transcription pathway of TNF-α, had an interaction with NF- 

κB and strengthen the expression of the ICAM-1 molecule. Interesting was the fact, that the pro-

inflammatory effect was observed only with TNF-α as stimulator. The expression of the ICAM-1 

molecule was not affected without TNF-α. Therefore, it supported the fact, that the extracts and the 

isolates 3 (irigenin), 4 (irigenin S), 5 (irilone), and 7 (iriflophenone) interfered somewhere exclusively 

in the transcription pathway of TNF-α.  

Finally, it could be also interesting to investigate the ICAM-1 assay with LPS as stimulator. Indeed, LPS 

activates both transcription pathways of TNF-α (with IL-1 as stimulator and not TNF-α) and IFN-ɣ (see 

Figure 52). The competition between the two transcription pathways could give more information 

concerning the preferential site of action of the isoflavones and if one transcription pathway is 

preferred. 

4.3.7 Antimicrobial assay 

The isolated isoflavones and benzophenones, as well as the different extracts and the iris butter, were 

tested for their potential antimicrobial activity. Indeed, some examples of isoflavones and extracts of 

Iris germanica L. were described in the literature to have the properties to kill many different bacteria 

like S. aureus [140,141,143,144,197,198]. Broth dilution method and agar diffusion were both found 

in the literature. Mostly, the agar diffusion test is used to determine the antimicrobial activity of an 

extract or compound, whereas the MIC is determined with a broth dilution method. In general, extracts 

of Iris germanica L. were more often tested than isolated compounds.  

In this thesis, a broth dilution method was used (established by Julia Brunner, University of 

Regensburg). First, the CFU (colony-forming unit) for both bacteria was determined: 5 x 109 CFU/mL 

for S. aureus and 2.5 x 109 CFU/mL for E. coli. The results of the antimicrobial screening of the extracts 
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and isolates against S. aureus are shown in Figure 95 and Figure 96. Pictures were also taken of the 

plates. A picture of the plate containing 18I9 is shown in Figure 97. It was defined, that an extract or 

an isolate showed an antimicrobial activity, if 70% of the bacteria were killed.  

 

Figure 95: Results of the antimicrobial screening against S. aureus. Compounds 2 (4-hydroxy-3-methoxyacetophenone), 3(rh) 
(irigenin isolated from the rhizomes of Iris germanica L.), 4 (irigenin S), 5 (irilone), 7 (iriflophenone), 3(rt) (irigenin isolated 
from the roots of Iris germanica L.), 9 (irisflorentin) and 10 (irisflorentin isomer) were tested (see Figure 74 in section 4.3.3.3 
and Figure 84 in section 4.3.4.3 for the structures) at three different concentrations (250 (red), 125 (blue) and 62.5 (green) 
µM). Three independent experiments were executed in triplicate. The data are shown as average ± standard deviation.  
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Figure 96: Results of the antimicrobial testing against S. aureus. The DCM extracts (18I1 (fresh rhizomes), 18I2 (aged 
rhizomes), 18I3 (fresh roots)), EtOAc extracts (18I4A (fresh rhizomes), 18I5A (aged rhizomes), 186A (fresh roots)), and BuOH 
extracts (184B (fresh rhizomes), 185B (aged rhizomes), 186B (fresh roots); see Figure 54 or Table 15 in section 4.2.2.4) were 
tested at five different concentrations (250 (red), 125 (blue), 62.5 (green), 31.25 (orange) and 15.625 (violet) µg/mL). Three 
independent experiments were executed in triplicate. The data are shown as average ± standard deviation.  

As can be seen, none of the isolated isoflavones and benzophenones showed an antimicrobial activity 

against S. aureus. This is quite surprising, because some isoflavones like genistein or biochanin A are 

known in the literature as antimicrobial agents. However, it seemed that the different substituents 

and the place of the substituents play an important role for the antimicrobial activity [141]. Irigenin 

was found in one paper as active against S. aureus [143]. The major difference with the MIC 

determination in this thesis was the CFU used. Indeed, Dar et al. have used 2.105 CFU/mL in their work, 

which was very low compared to the CFU used in this thesis. 

Unfortunately, none of the tested extracts showed an antimicrobial activity against S. aureus. Only the 

extract 18I5A (EtOAc extract of the aged rhizome of Iris germanica L.; see Figure 54 or Table 15 in 

section 4.2.2.4) could show a potential antimicrobial activity, if the extract would be tested at a higher 

concentration (500 µg/mL for example). However, higher concentrations like 500 µg/mL were not 

tested because they are too high to have any potential for in vivo application. Moreover, solubilisation 

problems could occur. 
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Figure 97: 96-wells plate containing 18I9 (iris butter from aged rhizomes from hydro distillation; Figure 53 or Table 15 in 
section 4.2.2.4) as test mixture against S. aureus. Chloramphenicol (positive control) was added in the wells B10, C10 and D10. 
In the wells E10, F10 and G10 only the bacterial solution was added. 18I9 is present in the wells E2 to G6 at different 
concentrations: 250 µg/mL in E2 to G2, 125 µg/mL in E3 to G3, 62.5 µg/mL in E4 to G4, 32.25 µg/mL in E5 to G5 and 16.625 
µg/mL in E6 to G6. The wells B11 to G11 are the negative control (wells with broth medium, DMSO and MTT solution only).  

  

Only 18I9 (iris butter from aged rhizomes from hydro distillation; see Figure 53 or Table 15 in section 

4.2.2.4) showed an antimicrobial activity. The MIC of 18I9 was ~62.5 µg/mL. The MIC of 

chloramphenicol was also determined: 9 µg/mL (corresponding to 28 µM). 30 µL of the solution of 

chloramphenicol (3 mg/mL) was added to the wells B10, C10 and D10, corresponding to a final 

concentration of 1.2 mM in the wells (much higher than its MIC). The MIC value of the iris butter 18I9 

is much higher than the MIC of chloramphenicol. Normally, an extract or a compound is said to be 

significantly active against a microorganism if the MIC is equal or less than 8 µg/mL or 8 µM. The major 

constituents of the iris butter are fatty acids and especially myristic acid (47.7%, see Table 12). In the 

literature, fatty acids as antimicrobial agents are very often studied [199] and some MIC for myristic 

acid against S. aureus are given: 400 [200], 800 [201], 1000 [202] or 1600 µg/mL [201] are typical MIC 

of myristic acid. Taking this into account, irones are the only constituents of the iris butter, which were 

potentially responsible for the determined antimicrobial activity. Therefore, α-irone was tested in the 
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same concentration range as 18I9. The pictures of the plate with α-irone are shown in Figure 98. 

Unfortunately, the determination of the MIC was not possible because the maximum of absorbance 

of MTT was shifted. Indeed, α-irone built a violet complex with MTT, which is obviously kinetic.   

 
A 

 
B 

 
C 

 
D 

Figure 98: Pictures of the antimicrobial assay plates with α-irone: 30 min after MTT addition on the shaker at 37°C (A), 4 hours 
(30 min on the shaker and 210 min in the incubator at 37°C) after MTT addition (B), one day (stored overnight in darkness 
after the incubator) after the MTT addition (C) and 2 days (stored in the darkness) after the MTT addition (D).  

Therefore, the agar diffusion assay was tried with α-irone to see if an antimicrobial activity can be 

detected. Some pictures of the agar-plate are shown in Figure 99. 
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Figure 99: Pictures of the agar plate diffusion assay. Chloramphenicol, α-irone (dissolved in DMSO) as well as DMSO alone 
were tested against S. aureus as described in section 4.2.2.9.4.. 

Two high concentrations of α-irone in DMSO were tested (250 and 125 µg/mL). However, α-irone 

showed an antimicrobial activity against S. aureus although α-irone is not polar, and therefore should 

not easily diffuse through the agar. On the contrary, DMSO showed no antimicrobial activity in the 

used concentration. Two inhibition zones were measured: 14 ± 3 mm and 11.5 ± 0.5 mm for 250 and 

125 µg α-irone/mL DMSO, respectively. The agar diffusion test was only done to prove that α-irone 

possesses antimicrobial activity, but unfortunately no MIC could be determined. 

As the iris butter showed an antimicrobial activity against S. aureus, it was also tested against E. coli. 

The other extracts were not tested. The broth dilution method was used and the results are shown in 

Figure 100. Pictures of the plate were taken and are shown in Figure 101. 8 µg/mL is a typical MIC of 

chloramphenicol against E. coli [203,204]. An antimicrobial activity of the iris butter against E. coli was 

detected. Indeed, a yellow-green colouration of the wells at the highest concentration of the iris butter 

(250 µg α-irone/mL DMSO) was obtained. The colouration was comparable in colour to the positive 

control. It became stronger and greener with the decrease of the iris butter concentration. The MIC 

was optically determined between 125 and 62.5 µg α-irone/mL. The optical visualisation was 

supported by the results of the UV-vis measurements. Indeed, a concentration dependent effect was 

observed as against S. aureus. A MIC between 125 and 62.5 µg α-irone/mL was determined. Here 

again, the MIC was quite high, but α-irone should be further investigated against E. coli.  
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Figure 100: Results of the antimicrobial activity against E. coli. Only 18I9 (iris butter from aged rhizomes from hydro distillation; 
Figure 53 or Table 15 in section 4.2.2.4) was tested at five different concentrations (250 (red), 125 (blue), 62.5 (green), 31.25 
(orange) and 15.625 (violet) µg/mL). Three independent experiments were executed in hexaplicates. The data are shown as 
mean ± standard deviation. 

  

Figure 101: Picture of the 96-wells plate containing 18I9 (iris butter from aged rhizomes from hydro distillation; Figure 53 or 
Table 15 in section 4.2.2.4) as test mixture against E. coli. Chloramphenicol (positive control) was added in the wells B10, C10 
and D10. In the wells E10, F10 and G10 only the bacterial solution was added. The wells B11 to G11 are the negative control 
(wells with broth medium, DMSO and MTT solution only). Different concentrations were tested (from 250 µg/mL (wells B2 to 
G2) to 1.95 µg/mL (wells B9 to G9), a 1 to 1 dilution was done from the first six wells (B2 to G2) up to the six last wells (B9 to 
G9)).  

As 18I9 showed a significant antimicrobial activity against S. aureus and E. coli, the cytotoxicity was 

tested with HMEC-1 cells. The results are shown in Figure 102. 
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Figure 102: Remaining activity (correlated to the viability) of the HMEC-1 cells with 18I9 (iris butter from aged rhizomes from 
hydro distillation; Figure 53 or Table 15 in section 4.2.2.4) as test mixture. 18I9 was tested at different concentration: 25 (blue), 
50 (orange), 75 (green) and 100 (violet) µg/mL. DMSO (grey) 0.1 % (V/V) was tested as solvent control. Three independent 
experiments were executed in hexaplixates. The data are shown as average ± standard deviation. 

As can be seen, 18I9 was not toxic for the HMEC-1 cells and thus it is selectively active against bacterial 

cells. 

4.3.8 Utilisation of the roots and rhizomes as raw material for isolation of 

isoflavones and benzophenones 

The main idea of the phytochemical investigation of iris rhizomes and roots was to screen the waste 

of the harvest (roots) and iris butter (remaining rhizomes and water in the distillation balloon) for 

valuable compounds. Three classes of compound were isolated from two iris extracts 18I4A (EtOAc 

extract of the rhizomes of Iris germanica L.; the rhizomes were first extracted with DCM then with a 

binary mixture of water and EtOH (H2O/EtOH 30/70 wt%) and after rotary evaporation of EtOH, the 

water remaining phase was shaken out with EtOAc; see Figure 54 in section 4.2.2.4) and 19IA (EtOAc 

extract of the roots of Iris germanica L.; the roots were first extracted with n-hexane and then with 

EtOAc; see Figure 53 in section 4.2.2.4).  

As depicted in Figure 65, the solvent extracts 20IA (EtOAc) and 20IB (BuOH) done with the residue of 

the hydro distillation (remaining rhizomes and water in the distillation balloon) were very similar to 
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18I5A (EtOAc extract of the aged rhizomes of Iris germanica L.) and 18I5B (BuOH extract of the aged 

rhizomes of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4), respectively. Qualitatively, 

it had been noticed that some secondary metabolites are more abundant in the solvent extract of aged 

rhizomes as extracting material. Moreover, the phytochemical compounds isolated from 18I4A are 

also present in 18I5A (three main spots of both extracts, see Figure 60 in 4.3.1 or Figure 67 in 4.3.2). 

Taking all these results into account, it can be assumed that the residue of the hydro distillation (the 

waste of the hydro distillation) as well as the roots (they are co-harvested with the rhizomes, removed 

as far as possible and considered also as waste) can be used as raw material to isolate valuable 

compounds like isoflavones, benzophenones and acetophenone derivatives.  

4.4 Conclusion 
6 isoflavones, 2 benzophenones and one acetophenone derivative 1 (5,7-dihydroxy-6-methoxy-3-(4-

methoxyphenyl)-4H-chromen-4-one), 2 (4-hydroxy-3-methoxyacetophenone), 3(rh)/3(rt) (irigenin 

isolated from the rhizomes (rh) and roots (rt) of Iris germanica L.), 4 (irigenin S), 5 (irilone), 6 (3´-

methoxy-irilone), 7 (iriflophenone), 8 (4-O-methyl- iriflophenone), 9 (irisflorentin) and 10 (irisflorentin 

isomer) were successfully extracted and isolated from the roots and the rhizomes of Iris germanica L. 

(see Figure 74 in section 4.3.3.3 and Figure 84 in section 4.3.4.3 for the structures). Their structures 

were elucidated with NMR and LC-MS data (sections 4.3.3.3 and 4.3.4.3). As the rhizomes have been 

used since centuries to treat several diseases, the extracts and the isolated compounds were tested 

for their ability as anti-inflammatory and antimicrobial agents. The obtained results showed 

unexpected concentration dependent pro-inflammatory properties for some extracts and test 

compounds if HMEC cells were stimulated with TNF-α. The pro-inflammatory effect was observed 

exclusively with TNF-α as stimulator. Indeed, if the cells were treated with the extracts and without 

stimulator, no effect on the ICAM-1 expression was detected. It reinforced the fact that the extracts 

and the isolates 3 (irigenin), 4 (irigenin S), 5 (irilone), and 7 (iriflophenone) interfered somewhere 

exclusively in the transcription pathway of TNF-α. The extracts were further studied using another 

stimulator, IFN-ɣ, and demonstrated some potential anti-inflammatory properties, especially 18I4A 

(EtOAc extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4). 

Therefore, the pro- and anti-inflammatory properties should be analysed further in order to 

understand the target of the isolated compounds and extracts.  

Moreover, the isolated compounds and extracts were tested for antimicrobial activity. Only 18I9 (iris 

butter from aged rhizomes of Iris germanica L. from hydro distillation; Figure 53 or Table 15 in section 

4.2.2.4) demonstrated a significant activity against S. aureus and E. coli. The major components of the 
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iris butter were fatty acids and did not show a strong activity against S. aureus and E. coli [112,114,200–

202]. Therefore, one irone, α-irone, was tested as potential antimicrobial compound. It was not 

possible to determine a MIC with the broth method dilution, because α-irone formed a violet complex 

with MTT and consequently the determination of the MIC using UV-measurements was not possible. 

However, the agar diffusion method showed that α-irone had an antimicrobial activity, although the 

compound is lipophilic and should have diffusion problems to go through the agar. 18I9 should also be 

further investigated concerning its antimicrobial activity against other bacteria and fungi. It would also 

be interesting to test other iris butter of different iris species (Iris pallida Lam. or Iris florentina L.) in 

order to see if the different irones will have the same antimicrobial activity. Moreover, the 18I9 could 

be also tested as anti-inflammatory agent.   
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6 Appendix  
6.1 Compositions used for the DLS experiment with H2O/EtOH or 

DiA/TriA 
Table S 1: Different compositions used for the DLS experiment. 

H2O (wt%) EtOH (wt%) TriA (wt%) DiA (wt%) 

0 40 60 0 

5 38 57 0 

15 34 51 0 

30 28 42 0 

40 24 36 0 

0 0 40 60 

5 0 38 57 

15 0 34 51 

25 0 30 45 

 

 

6.2 Calibration curves of the three curcuminoids 

 

Figure S 1: Calibration curves of the three different curcuminoids in acetonitrile (curcumin: orange square, 
demethoxycurcumin: red circle, bisdemethoxycurcumin: blue triangle) obtained via HPLC [60]. 
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6.3 Compositions used for the extraction procedure with H2O/EtOH 

or DiA/TriA 
Table S 2: Compositions used for the extraction experiments with H2O/EtOH or DiA/TriA. 

H2O (wt%) EtOH (wt%) TriA (wt%) DiA (wt%) 

0 100 0 0 

0 0 100 0 

0 0 0 100 

20 80 0 0 

0 40 60 0 

5 38 57 0 

15 34 51 0 

30 28 42 0 

40 24 36 0 

0 0 40 60 

5 0 38 57 

15 0 34 51 

25 0 30 45 

 

6.4 Second calibration curves of the three curcuminoids 

 

Figure S 2: New calibration curves of the three different curcuminoids in acetonitrile (curcumin: orange square, 
demethoxycurcumin: red circle, bisdemethoxycurcumin: blue triangle) obtained via HPLC [71]. 
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6.5 Compositions for the extraction experiments with meglumine 
Table S 3: Compositions of the extraction mixtures with different concentrations of meglumine in water at different pH. 

The water used in the ternary extraction mixture contained 5 wt% of meglumine 

(water/meglumine 95/5). The pH of the water/meglumine mixture is regulated with addition of 

PCA. RpH 7 and RpH 9 are the mole ratio PCA/meglumine for the pH 7 and 9 respectively. 

H2O with additives 

(wt%) 
EtOH (wt%) TriA (wt%) 

pH of the water with 

additives 

5 38 57 
7 

with meglumine and 

PCA, RpH 7 = 0.88 

15 34 51 

30 28 42 

40 24 36 

5 38 57 
9 

with meglumine and 

PCA, RpH 9 = 0.92 

15 34 51 

30 28 42 

40 24 36 

5 38 57 

11.3 
with only meglumine 

15 34 51 

30 28 42 

40 24 36 

The water used in the ternary extraction mixture contained 15 wt% of meglumine 

(water/meglumine 85/15). The pH of the water/meglumine mixture is regulated with addition of 

PCA. RpH 7 and RpH 9 are the mole ratio PCA/meglumine for the pH 7 and 9 respectively. 

0 65 35 

7 
with meglumine and 

PCA, RpH 7 = 0.82 

5 61 34 

15 51 34 

30 38 32 

40 30 30 

0 65 35 

9 
with meglumine and 

PCA, RpH 9 = 0.85 

5 61 34 

15 51 34 

30 38 32 

40 30 30 

5 38 57 

11.5 
with only meglumine 

15 34 51 

30 28 42 

40 24 36 
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6.6 Compositions for the stability of curcumin in the phase diagram 

with meglumine with and without PCA 
Table S 4: Compositions of the investigated solutions for the stability of curcumin in the ternary phase diagram 
H2O/EtOH/TriA containing meglumine with and without PCA in the water phase. 

H2O with 

additives (wt%) 
EtOH (wt%) TriA (wt%) 

Additives: wt% of 

meglumine 

pH of the water 

with additives 

15 51 34 15 wt% 
9 

RpH 9 = 0.85 

15 51 34 without additives 5.5 

40 24 36 15 wt% 11.5 

40 24 36 5 wt% 11.3 

40 24 36 5 wt% 
9 

RpH 9 = 0.92 

40 24 36 without additives 5.5 

40 24 36 0 wt% 11.5 with NaOH 

6.7 Compositions for all experiments in the ternary phase diagram 

H2O/NaSal/EtOAc 
Table S 5: Investigated compositions for the determination of the curcumin solubility map, the extraction procedure, the 
stability experiments and the determination of the oxygen content in the phase diagram H2O/NaSal/EtOAc. The parameters 
that were examined at the specific compositions are marked with X. 

EtOAc(wt%) NaSal (wt%) H2O (wt%) Solubility Extraction Stability 
Oxygen 

content 

27 40 33 X    

20 30 50 X    

17 25 58 X    

14 20 66 X    

10 15 75 X    

3.5 5 91.5 X    

38 37 25 X    

33 37 30 X    

25 37 38 X    

13 37 50 X    

8 37 55 X    

3 37 60 X    

0 37 63 X    

0 50 50 X X X X 

10 45 45 X X X X 

30 35 35 X X X X 
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49 26 24 X X X X 

70 15 15 X  X X 

100 0 0 X X X X 

60 20 20 X    

63 19 18 X    

66 17 17 X    

70 15 15 X    

73 13 14 X    

76 12 12 X  X X 

80 10 10 X    

83 8 9 X  X X 

88 6 6 X  X X 

90 5 5 X    

92 4 4 X  X X 

96 2 2 X  X X 

0 0 100 X    

58 21 21 X    

55 22.5 22.5 X    

52.5 23.5 24 X    

47.5 26.5 26 X    

45 27.5 27.5 X    

42.5 28.5 29 X    

40 30 30 X    

71 12 17 X X   

60 26 14 X X   

70 19.5 10.5 X X   

80 13 7 X X   

96 0 4   X  

96 2 2   X  

99.9 0.05 0.05   X  
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6.8 Curcuminoid extraction yields  
Table S 6: Curcuminoid extraction yields with varying C. longa to extraction mixture ratio and of the investigated SFME 
compositions, extraction solvents, and the reference extraction mixture EtOH/H2O 80/20 (in weight). All the given ratios are 
in weight percent. 

C. longa to extraction 
mixture ratios/Extraction 

mixtures or solvents 

Curcumin 
(mg/g) 

Demethoxycurcumin 
(mg/g) 

Bisdemethoxycurcumin 
(mg/g) 

1:2 6.44 ± 0.22 2.06 ± 0.07 1.54 ± 0.05 

1:3 6.59 ± 0.78 2.07 ± 0.26 1.54 ± 0.26 

1:4 8.54 ± 0.14 2.69 ± 0.06 2.11 ± 0.05 

1:5 8.89 ± 0.14 2.78 ± 0.03 2.19 ± 0.05 

1:6 9.24 ± 0.03 2.91 ± 0.03 2.30 ± 0.02 

1:7 9.26 ± 0.13 2.91 ± 0.06 2.04 ± 0.02 

Soxhlet 11.64 ± 0.70 3.82 ± 0.21 1.67 ± 0.26 

TriA/EtOH 60/40 8.82 ± 0.11 2.78 ± 0.04 2.19 ± 0.04 

TriA/EtOH/H2O 57/38/5 8.98 ± 0.16 2.85 ± 0.04 2.29 ± 0.04 

TriA/EtOH/ H2O 51/34/15 8.97 ± 0.21 2.97 ± 0.07 2.58 ± 0.10 

TriA/EtOH/ H2O 42/28/30 8.96 ± 0.25 3.07 ± 0.09 2.83 ± 0.06 

TriA/EtOH/ H2O 36/24/40 9.21 ± 0.32 3.18 ± 0.23 2.89 ± 0.38 

TriA/DiA 40/60 7.19 ± 0.13 2.25 ± 0.04 1.67 ± 0.06 

TriA/DiA/ H2O 38/57/5 7.54 ± 0.06 2.36 ± 0.02 1.81 ± 0.01 

TriA/DiA/ H2O 34/51/15 6.97 ± 0.28 2.42 ± 0.11 2.15 ± 0.10 

TriA/DiA/ H2O 30/45/25 7.1 ± 0.34 2.42 ± 0.11 2.32 ± 0.14 

EtOH 4.34 ± 0.08 1.34 ± 0.05 0.92 ± 0.04 

DiA 7.41 ± 0.04 2.28 ± 0.02 1.61 ± 0.01 

TriA 3.13 ± 0.21 0.94 ± 0.06 0.51 ± 0.06 

EtOH/H2O 80/20 4.36 ± 0.14 1.43 ± 0.05 1.03 ± 0.10 

6.9 Preliminary test for the enrichment procedure 

 

Figure S 3: Proof of concept for the cycle extraction of the curcuminoids from C. longa examined via UV/Vis [82]. 



234 
  

6.10  Detailed curcuminoid content after each extraction cycle 
Table S 7: Detailed curcuminoid content for different water contents for both weight ratios after each extraction cycle. 

C. longa to 

binary or SFME 

extraction 

system/cycle 

number 

Water content 

in the SFME 

extraction 

system (wt%) 

Curcumin  

(mg in the 

SFME 

extraction 

system) 

Demethoxycurcumin 

(mg in the SFME 

extraction system) 

Bisdemethoxycurcumin 

(mg in the SFME 

extraction system) 

Extraction cycle 1 to 16 

1 

0 17.97 ± 0.56 5.74 ± 0.18 3.16 ± 0.15 

5 20.80 ± 0.19 7.10 ± 0.06 5.06 ± 0.04 

15 21.75 ± 0.46 6.69 ± 1.22 5.72 ± 0.20 

30 21.85 ± 1.39 7.69 ± 0.46 6.30 ± 0.48  

40 21.82 ± 053 7.70 ± 0.20 6.42 ± 0.18 

2 

0 38.28 ± 0.44 12.44 ± 0.16 9.06 ± 0.17 

5 38.27 ± 0.51 12.27 ± 0.21 8.57 ± 0.05 

15 41.82 ± 2.58 14.36 ± 0.98 12.33 ± 0.86 

30 51.20 ± 3.91 17.95 ± 1.40 16.64 ± 1.49 

40 40.27 ± 0.64 14.29 ± 0.38 13.28 ± 0.37 

3 

0 57.9 ± 0.5 18.91 ± 0.11 14.54 ± 0.20 

5 58.36 ± 2.36 18.77 ± 0.64 14.09 ± 0.47 

15 62.48 ± 0.72 21.34 ± 0.18 19.11 ± 0.36 

30 59.18 ± 1.62 20.75 ± 0.36 20.1 ± 0.59 

40 53.86 ± 4.48 19.02 ± 1.66 18.39 ± 1.67 

4 

0 72.72 ± 0.71 23.52 ± 0.24 18.14 ± 0.11 

5 74.06 ± 0.53 24.31 ± 0.38 19.31 ± 0.16 

15 77.72 ± 1.22 26.38 ± 0.45 24.19 ± 0.41 

30 68.38 ± 1.56 24.23 ± 0.67 23.25 ± 0.23 

40 52.47 ± 5.64 18.53 ± 1.97 17.9 ± 2.11 

Extraction cycle 1 to 24 

1 

0 19.27 ± 0.19 6.15 ± 0.08 3.42 ± 0.04 

5 22.99 ± 0.52 8 ± 0.22 6.3 ± 0.29 

15 23.26 ± 0.21 8.24 ± 0.09 6.45 ± 0.08 

30 24.45 ± 0.5 8.69 ± 0.23 7.22 ± 0.22 

40 24.54 ± 0.22 8.82 ± 0.06 7.4 ± 0.12 

2 

0 39.86 ± 0.1 12.84 ± 0.01 9.03 ± 0.05 

5 44.31 ± 0.85 14.87 ± 0.36 12.45 ± 0.63 

15 46.22 ± 0.54 15.94 ± 0.22 13.73 ± 0.34 

30 48.07 ± 0.77 17.05 ± 0.32 15.65 ± 0.33 
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40 47.89 ± 1.31 17.00 ± 0.39 15.86 ± 0.53 

3 

0 59.1 ± 0.11 18.97 ± 0.11 14.5 ± 0.14 

5 65.11 ± 0.44 21.66 ± 0.18 18.37 ± 0.23 

15 68.8 ± 0.44 23.66 ± 0.16 20.97 ± 0.13 

30 69.14 ± 0.76 24.57 ± 0.32 23.66 ± 0.3 

40 68.69 ± 0.96 24.35 ± 0.35 23.75 ± 0.28 

4 

0 79.47 ± 0.27 25.5 ± 0.11  20.55 ± 0.03 

5 82.7 ± 0.69  27.5 ± 0.24 23.42 ± 0.53 

15 88.52 ± 0.64 30.28 ± 0.19 27.5 ± 0.31 

30 86.63 ± 0.98 30.81 ± 0.5 30.57 ± 0.39 

40 87.21 ± 2.28 30.96 ± 0.87 30.25 ± 0.85 

 

6.11  Average loss of extraction system after each extraction cycle 
Table S 8: Average loss of extraction system for every water content for both ratios after each extraction cycle [85]. 

C. longa to binary 

or SFME 

extraction system 

Average loss of extraction system after each extraction cycle (g) 

0 wt% H2O 5 wt% H2O 15 wt% H2O 30 wt% H2O 40 wt% H2O 

1 to 16 2.0 2.0 3.1 4.4 5.2 

1 to 24 2.1 2.8 3.1 4.0 4.3 

 

6.12 Detailed curcuminoid content after different purification 

processes 
Table S 9: Detailed curcuminoid content of the different extracts (TriA/EtOH/ H2O 36/24/40 in weight and TriA/EtOH/ H2O 
17.5/32.5/50 in weight as SFME extraction system) without and after the different purification processes: steam distillation, 
vacuum distillation, and lyophilisation. 

SFME 

composition 

(w/w/w) 

Purification 

process 

Curcumin 

(mg/g) 

Demethoxycurcumin 

(mg/g) 

Bisdemethoxycurcumin 

(mg/g) 

TriA/EtOH/ H2O 

36/24/40 

Steam 

distillation 
5.92 ± 0.23 2.14 ± 0.05 1.32 ± 0.06 

TriA/EtOH/ H2O 

36/24/40 

Without 

steam 

distillation 

11.50 ± 0.45 4.04 ± 0.17 3.32 ± 0.20 

TriA/EtOH/ H2O 

36/24/40 

Vacuum 

distillation 
9.5 ± 0.72 3.38 ± 0.24 1.65 ± 0.28 
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TriA/EtOH/ H2O 

36/24/40 

Without 

vacuum 

distillation 

10.68 ± 0.39 3.83 ± 0.11 2.25 ± 0.19 

TriA/EtOH/ H2O 

17.5/32.5/50 

Vacuum 

distillation 
8.94 ± 0.67 3.30 ± 0.25 1.53 ± 0.21 

TriA/EtOH/ H2O 

17.5/32.5/50 

Without 

vacuum 

distillation 

10.85 ± 0.36 3.93 ± 0.16 2.42 ± 0.16 

TriA/EtOH/ H2O 

36/24/40 

Without 

lyophilisation 
9.23 ± 0.49 3.24 ± 0.19 2.96 

Lyophilisation/ 

3 times freeze 

drying 

9.35 ± 0.13  3.28 ± 0.03 2.97 

Lyophilisation/ 

4 times freeze 

drying 

9.1 ± 0.27 3.22 ± 0.10 2.94 

Lyophilisation/ 

5 times freeze 

drying 

7.92 ± 0.09 2.71 ± 0.03 2.37 

Lyophilisation/ 

7 times freeze 

drying 

7.84 ± 0.25 2.73 ± 0.08 2.28 

TriA/EtOH/ H2O 

17.5/32.5/50 

Without 

lyophilisation 
9.46 ± 0.09 3.32 ± 0.02 3.03 ± 0.02 

Lyophilisation/ 

3 times freeze 

drying 

9.28 ± 0.31 3.24 ± 0.11 2.93 ± 0.12 

Lyophilisation/ 

5 times freeze 

drying 

7.58 ± 0.34 2.65 ± 0.09 2.28 ± 0.08 

Lyophilisation/ 

7 times freeze 

drying 

8.18 ± 0.55 2.82 ± 0.19 2.49 ± 0.20 
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6.13  Pictures of the precipitate after dilution of the extract solution 

with water 

 

Figure S 4: Pictures of the precipitate of the three different diluted extracts after three days at day light. The turmeric powder 
C. longa was freeze dried 4, 5 and 6 times (from the left to the right) before extraction [85]. 

 

Figure S 5: Pictures of the precipitate of the three different extracts after thirty days at day light. The turmeric powder C. longa 
was freeze dried 4, 5 and 6 times (from the left to the right) before extraction [85]. 
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6.14  Kinetic measurement 

 

Figure S 6: Maximum absorbance at 422 nm after a defined agitation time of a solution containing 5 wt% of meglumine in 
water (95 wt%) wit 150 mg of curcumin [89]. 
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6.15  Detailed 1H-NMR spectra of curcumin and meglumine 

 

Figure S 7: Detailed 1H-NMR spectrum of curcumin in DMSO-d6. The area between 7.6 and 6.8 ppm has been zoomed. 
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Figure S 8: Detailed 1H-NMR spectrum of meglumine in DMSO-d6. The area between 5.0 and 4.0 ppm has been zoomed. 
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6.16  ROESY meglumine/curcumin 1/2 

 

Figure S 9:2D- ROESY-spectrum of the mixture meglumine/curcumin 2/1 in mol in DMSO-d6. The red circles show the cross 
peaks between the aromatic proton of curcumin and the proton of the sugar-chain and of the methyl group of meglumine.  

 

Figure S 10: 2D- ROESY-spectrum of the mixture meglumine/curcumin 2/1 in mol in DMSO-d6. The red circle shows the cross 
peak between the methoxy group of curcumin and the methyl group of meglumine. 
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6.17  Determination of the pKa of meglumine 

 

Figure S 11: Titration curve of an aqueous solution of meglumine (15 wt% of meglumine) with a hydrogen chloride solution 
(0.5 mol/L) to determine the pKa of meglumine [71].  

 

 

 

 

 

 

 

 

 

 

 

 



 

243 
 

6.18  Viscosity measurement 
Table S 10: Viscosity of different extraction systems with water with and without meglumine and PCA at different pH [71]. 

Extraction system 

Viscosity η 

(mPa.s) 

Composition 

TriA/EtOH/H2O 

(w/w/w) 

Additives in water pH 

0/0/100 15 wt% meglumine 11.5 1.55 

0/0/100 5 wt% meglumine 11.3 1.05 

60/40/0 without additives n.a. 2.21 

36/24/40 without additives 5.5 2.90 

36/24/40 15 wt% meglumine 11.5 3.87 

30/30/40 

15 wt% meglumine 

with PCA  

(RpH 9 = 0.85) 

9 3.88 

30/30/40 

15 wt% meglumine 

with PCA  

(RpH 7 = 0.91) 

7 4.10 

36/24/40 5 wt% meglumine 11.3 3.19 

36/24/40 

5 wt% meglumine 

with PCA  

(RpH 9 = 0.82) 

9 3.32 

36/24/40 

5 wt% meglumine 

with PCA  

(RpH 7 = 0.88) 

7 3.38 
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6.19  Precipitation of curcumin 

 

Figure S 12: Precipitation of curcumin in the samples 4 and 5 after two days (samples with the SFME composition with 5 wt% 
of meglumine as additive in water, on the left) and in the sample 5 after one day (sample with the SFME composition with 15 
wt% of meglumine as additive in water, on the right) [89]. 

6.20  Precipitation of curcumin and bisdemethoxycurcumin 

 

Figure S 13: Picture of the centrifuge tubes for the investigation of the pH of precipitation of curcumin (left). On the right is a 
precise picture of the tubes 5, 6, 7, and 8 (from the left to the right). The red circle indicates the tube where the precipitation 
of curcumin has started (here tube 7) [89].  

 

Figure S 14: Picture of the centrifuge tubes for the investigation of the pH of precipitation of bisdemethoxycurcumin (left). On 
the right is a precise picture of the tubes 1, 2, and 3 (from the left to the right). The red circle indicates the tube where the 
precipitation of curcumin has started (hear tube 2) [89].  
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6.21  Total of curcuminoids extracted with different additives in water 

[71] 
Table S 11: Total of the different curcuminoids extracted from C. longa with varying amount of water in the SFME extraction 
system with 5 and 15 wt% of meglumine in pure water at different pH (7, 9, 11.3 and 11.5) and with NaOH at pH 11.2. 

The water used in the ternary extraction mixture contained 5 wt% of meglumine (water/meglumine 

95/5). The pH of the water/meglumine mixture is regulated with addition of PCA. RpH 7 and RpH 9 are the 

mole ratio PCA/meglumine for the pH 7 and 9 respectively.  

Water content 
(with additives) 

in the 
extraction 

mixture (wt%) 

Curcumin 
(mg/g  

C. longa) 

Demethoxycurcumin 
(mg/g C. longa) 

Bisdemethoxycurcumin 
(mg/g C. longa) 

pH of the 
water with 
additives 

(meglumine, 
PCA) 

5 8.98 ± 0.16 2.85 ± 0.04 2.29 ± 0.04 < 7  
without 

meglumine 
and PCA, 
reference 

system [60] 

15 8.97 ± 0.21 2.97 ± 0.07 2.58 ± 0.10 

30 8.96 ± 0.25 3.07 ± 0.09 2.83 ± 0.06 

40 9.21 ± 0.32 3.18 ± 0.34 2.89 ± 0.38 

5 8.95 ± 0.06 2.67 ± 0.02 2.21 ± 0.02 7 
with 

meglumine 
and PCA, RpH 

7 = 0.88 

15 9.25 ± 0.23 2.91 ± 0.07 2.69 ± 0.07 

30 7.88 ± 0.26 2.57 ± 0.09 2.58 ± 0.09 

40 5.54 ± 0.98 1.77 ± 0.34 1.81 ± 0.34 

5 10.84 ± 0.07 3.26 ± 0.03 2.7 ± 0.03 9 
with 

meglumine 
and PCA, RpH 

9 = 0.92 

15 11.12 ± 0.21 3.50 ± 0.07 3.18 ± 0.06 

30 10.44 ± 0.35 3.42 ± 0.12 3.38 ± 0.11 

40 9.31 ± 0.07 3.04 ± 0.03 3.03 ± 0.02 

5 10.23 ± 0.48 3.08 ± 0.15 2.59 ± 0.12 

11.3 
with only 

meglumine 

15 10.16 ± 0.20 3.17 ± 0.07 2.87 ± 0.05 

30 9.74 ± 0.60 3.20 ± 0.20 3.17 ± 0.19 

40 8.55 ± 0.15 2.79 ± 0.06 2.8 ± 0.06 

The water used in the ternary extraction mixture contained 15 wt% of meglumine (water/meglumine 

85/15). The pH of the water/meglumine mixture is regulated with addition of PCA. RpH 7 and RpH 9 are the 

mole ratio PCA/meglumine for the pH 7 and 9 respectively. 

Water content 
(with 

additives) in 
the extraction 
mixture (wt%) 

Curcumin 
(mg/g  

C. longa) 

Demethoxycurcumin 
(mg/g C. longa) 

Bisdemethoxycurcumin 
(mg/g C. longa) 

pH of the 
water with 
additives 

(meglumine, 
PCA) 

5 8.98 ± 0.16 2.85 ± 0.04 2.29 ± 0.04 < 7  
without 

meglumine 
and PCA, 

15 8.97 ± 0.21 2.97 ± 0.07 2.58 ± 0.10 

30 8.96 ± 0.25 3.07 ± 0.09 2.83 ± 0.06 
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40 9.21 ± 0.32 3.18 ± 0.34 2.89 ± 0.38 reference 
system [60] 

5 9.69 ± 0.33 2.9 ± 0.1 2.38 ± 0.09  7 
with 

meglumine 
and PCA, RpH 

7 = 0.82 

15 10.06 ± 0.18 3.12 ± 0.06  2.77 ± 0.05  

30 8.53 ± 0.15 2.77 ± 0.05  2.76 ± 0.05  

40 6.01 ± 0.63 1.92 ± 0.22  1.96 ± 0.21  

5  11.19 ± 0.21  3.38 ± 0.08  2.81 ± 0.07  9 
with 

meglumine 
and PCA, RpH 

9 = 0.85 

15 10.94 ± 0.20 3.4 ± 0.07  3.01 ± 0.07  

30 9.39 ± 0.21  3.04 ± 0.08  3.01 ± 0.07  

40 8.04 ± 0.63  2.60 ± 0.22  2.60 ± 0.22  

5 11.7 ± 0.19  3.58 ± 0.06  3.02 ± 0.05  

11.5 
with only 

meglumine 

15 11.09 ± 0.17  3.52 ± 0.06  3.22 ± 0.05  

30 9.72 ± 0.54  3.21 ± 0.19  3.22 ± 0.18  

40 8.07 ± 0.15  2.64 ± 0.05  2.66 ± 0.04  

The water used in the ternary extraction mixture contains NaOH as additive at pH 11.2 

Water content 
(with additive) 

in the 
extraction 

mixture (wt%) 

Curcumin 
(mg/g  

C. longa) 

Demethoxycurcumin 
(mg/g C. longa) 

Bisdemethoxycurcumin 
(mg/g C. longa) 

pH of the 
water with 

additive 

5 10.03 ± 0.37 2.89 ± 0.11 2.47 ± 0.08 

11.2  
with NaOH 

15 10.55 ± 0.10 3.07 ± 0.03 2.69 ± 0.17 

30 10.05 ± 0.03 3.04 ± 0.01 3.06 ± 0.01 

40 8.03 ± 0.18 2.41 ± 0.06 2.46 ± 0.05 
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6.22  Detailed curcuminoid extraction efficiencies for the SFME 

H2O/NaSal/EtOAc  
 

Table S 12: Detailed curcuminoid extraction efficiencies for the investigation of the best C. longa to SFME extraction system 
weight ratio at the composition of the critical point and for the extraction at different SFME composition [61].  

C. longa to SFME 

extraction system  

(in weight) 

Curcumin  

(mg/g C. longa) 

Demethoxycurcumin 

(mg/g C. longa) 

Bisdemethoxycurcumin 

(mg/g C. longa) 

1 to 3 1.17 ± 0.28 0.14 ± 0.09 0.28 ± 0.09 

1 to 4 5.16 ± 0.13 1.42 ± 0.04 1.57 ± 0.04 

1 to 5 5.60 ± 0.49 1.56 ± 0.16 1.72 ± 0.15 

1 to 6 7.01 ± 0.51 2.00 ± 0.16 2.18 ± 0.16 

1 to 10 9.34 ± 0.66 2.75 ± 0.21 2.91 ± 0.22 

1 to 15 11.56 ± 0.22 3.15 ± 0.08 3.52 ± 0.09 

1 to 20 11.48 ± 0.85 3.15 ± 0.30 3.56 ± 0.32 

Soxhlet 11.64 ± 0.70 3.82 ± 0.21 1.67 ± 0.26 

SFME extraction 

system 

H2O/NaSal/EtOAC 

(w/w/w) 

Curcumin  

(mg/g C. longa) 

Demethoxycurcumin 

(mg/g C. longa) 

Bisdemethoxycurcumin 

(mg/g C. longa) 

50/50/0 n.d. n.d. n.d. 

35/35/30 6.87 ± 0.77 2.00 ± 0.25 2.17 ± 0.25 

25/25/50 9.02 ± 0.58 2.69 ± 0.19 2.87 ± 0.19 

17/12/71 9.38 ± 0.51 2.80 ± 0.17 2.97 ± 0.17 

0/0/100 10.45 ± 0.04 2.77 ± 0.04 2.35 ± 0.06 

14/26/60 9.08 ± 0.16 2.59 ± 0.05 2.57 ± 0.05 

10.5/19.5/70 9.25 ± 0.71 2.83 ± 0.47 2.50 ± 0.15 

7/13/80 9.93 ± 0.87 2.82 ± 0.27 2.73 ± 0.25 
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6.23  Free energy of extraction and excess chemical potential 

 

Figure S 15: Correlation between the free energy of extraction and the excess of chemical potential (both in kJ/mol) [61]. 

6.24  DOSY and SAXS experiments 
Table S 13: Self-diffusion coefficients of water, EtOAc, and NaSal at the end of the three different tie-lines with and without 
curcumin. W indicates the water-rich phase at the left end of the tie-lines and O indicates the oil-rich phase at the right end 
of the tie-lines [61]. 

Without Curcumin With Curcumin 

Self-diffusion coefficient Di [m2/s] 

Sample H2O EtOAc NaSal H2O EtOAc NaSal Curcumin 

A8C1 W 1.17∙10-9 
5.81∙10∙10 ± 

7.25∙10-12 

3.48∙10-10 ± 

4.16∙10-12 
1.14∙10-9 

5.68∙10-10 ± 

9.39∙10-13 

3.32∙10-10 ± 

1.01∙10-12 
n.d. 

A8C2 W 1.39∙10-9 
5.68∙10-10 ± 

2.76∙10-12 

4.00∙10-10 ± 

7.44∙10-12 
1.48∙10-9 

5.88∙10-10 ± 

2.96∙10-12 

4.13∙10-10 ± 

1.00∙10-11 
n.d. 

A8C3 W 1.66∙10-9 
5.91∙10-10 ± 

1.83∙10-12 

4.62∙10-10 ± 

2.63∙10-11 
1.53∙10-9 

6.05∙10-10 ± 

4.68∙10-12 

4.54∙10-10 ± 

1.74∙10-13 
n.d. 

A8C1 O 3.17∙10-9 
2.85∙10-9 ± 

6.77∙10-11 

9.33∙10-10 ± 

1.05∙10-11 
3.45∙10-9 

2.71∙10-9 ± 

5.24∙10-11 

9.05∙10-10 

±5.59∙10-12 

8.69∙10-10 ± 

2.38∙10-12 

A8C2 O 3.39∙10-9 
2.81∙10-9 ± 

5.68∙10-11 

1.03∙10-9 ± 

1.73∙10-11 
3.22∙10-9 

2.73∙10-9 ± 

5.36∙10-11 

1.07∙10-9 ± 

1.57∙10-11 

8.97∙10-10 ± 

4.08∙10-12 

A8C3 O 3.41∙10-9 
2.87∙10-9 ± 

7.73∙10-11 

1.20∙10-9 ± 

2.64∙10-11 
3.33∙10-9 

2.70∙10-9 ± 

4.64∙10-11 

1.03∙10-9 ± 

4.87∙10-12 

8.63∙10-10 ± 

3.08∙10-12 



 

249 
 

 

Figure S 16: SAXS measurements at the end of the three different tie-lines with (right) and without (left) curcumin [61]. 
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6.25  GC-MS chromatograms 

 

 

Figure S 17: GC-chromatograms of the aged root´s butter (19I9a (see Figure 53 in section 4.2.2.4), top) and the fresh root´s 
butter (19I9 (see Figure 53 in section 4.2.2.4), bottom) of Iris germanica L.. 
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6.26  TLC plates of 18I1, 18I2, and 18I3 

 

A 

 
B 

 
C 

Figure S 18: TLC plates of 18I1 (DCM extract of the fresh rhizomes of Iris germanica L.; see Figure 54 in section 4.2.2.4) after 
derivatisation with N, AA and V (see section 2.2.2) under UV-light at 254 nm (A), at 366 nm (B) and white light (C). The four 
spots from the left to the right for every plate correspond to: 18I1 without derivatisation, 18I1 derivatised with N, with AA and 
with V. Mobile phase for every plate: TLC_1 (see Table 16 in section 4.2.2.5). 
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A 

 

B 

 
C 

 
D 

Figure S 19: TLC plates of 18I2 (DCM extract of the aged rhizomes of Iris germanica L.; see Figure 54 in section 4.2.2.4) without 
derivatisation  under UV-light at 254 nm (A) and 366 nm (B). TLC plates of 18I2 after derivatisation with N, AA and V (see 
section 2.2.2) under UV-light at 366 nm (C) and under white light (D). The four spots from the left to the right for every plate 
correspond to: 18I2 without derivatisation, 18I2 derivatised with N, with AA and with V. Mobile phase for every plate: TLC_1 
(see Table 16 in section 4.2.2.5). 
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A 

 

B 

 
C 

 
D 

Figure S 20: TLC plates of 18I3 (DCM extract of the fresh roots of Iris germanica L.; see Figure 54 in section 4.2.2.4) without 
derivatisation under UV-light at 254 nm (A) and 366 nm (B). TLC plates of 18I3 after derivatisation with N, AA and V (see 
section 2.2.2) under UV-light at 366 nm (C) and under white light (D). The four spots from the left to the right for every plate 
correspond to: 18I3 without derivatisation, 18I3 derivatised with N, with AA and with V. Mobile phase for every plate: TLC_1 
(see Table 16 in section 4.2.2.5). 
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6.27  TLC plates of the comparison between 18I4B, 18I5B and 18I6B 

 

Figure S 21: From the left to the right: TLC plates of the BuOH extracts 18I4B (fresh rhizomes), 18I5B (aged rhizomes) and 
18I6B (fresh roots; see Figure 54 in section 4.2.2.4) without derivatisation under UV-light at 254 nm (left part of the plate) and 
366 nm (right part of the plate). Eluent: TLC_3 (see Table 16 in section 4.2.2.5) [205]. 

6.28  Comparison between BuOH-extracts and 18I9 

 

A 

 

B 
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C 

 

D 

Figure S 22: TLC comparison plates between the BuOH extracts 18I4B (fresh rhizomes), 18I5B (aged rhizomes), 18I6B (fresh 
roots), and 18I9 (iris rhizome´s butter from aged rhizome won by hydro distillation;; see Figure 54 in section 4.2.2.4). The four 
spots on every plate correspond from the left to the right to 18I4B, 18I5B, 18I9 and 18I6B. A/B: TLC plate without derivatisation 
under UV-light at 254 nm (A) and 366 nm (B). C/D: TLC plate derivatised with AA under UV-light at 366 nm (C) and under white 
light (D). Mobile phase for every plate: TLC_4 (see Table 16 in section 4.2.2.5). 

6.29  19IA and 19IH 

 
A 

 
B 
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C 

 

D 

 
E 

 
F 

Figure S 23: TLC plate of 19IA (on the right, EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 in section 4.2.2.4) 
and 19IH (on the left, n-hexane extract of the fresh roots of Iris germanica L.; see Figure 53 in section 4.2.2.4) without 
derivatisation under UV-light at 254 nm (A/B), at 366 nm without derivatisation, derivatised with AA, N and V (C/D) and under 
white light without derivatisation, derivatised with AA, N and V (E/F). Mobile phase for every plate: TLC_6 (see Table 16 in 
section 4.2.2.5). 
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6.30  Comparison DCM-extracts and 19IH 

 

A 

 

B 

 
C 

 
D 

Figure S 24: TLC comparison plates between the DCM extracts 18I1 (fresh rhizomes), 18I2 (aged rhizomes), and 18I3 (fresh 
roots; see Figure 54 in section 4.2.2.4) and 19IH (n-hexane extract of the fresh roots of Iris germanica L.; see Figure 53 in 
section 4.2.2.4). The four spots on every plate correspond from the left to the right to 18I1, 18I2,18I3 and 19IH. A/B: TLC plate 
without derivatisation under UV-light at 254 nm (A) and 366 nm (B). C/D: TLC plate derivatised with AA under UV-light at 366 
nm (C) and under white light (D). Mobile phase for every plate: TLC_5 (see Table 16 in section 4.2.2.5). 
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6.31  GC-MC of 20IH 

 

A 

 

B 

Figure S 25: GC-MS chromatograms of 20IH (n-hexane extract of the residue of the hydro distillation of the aged rhizomes of 
Iris germanica L.; see Figure 53 in section 4.2.2.4). A: complete GC-chromatogram. B: GC-chromatogram between 5 and 15 
min. 
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6.32  Cytotoxicity of the BuOH-extracts on HeLa and SK-MEL-28 cells 

 

Figure S 26: Remaining activity in % (correlated to the cell viability) of BuOH extracts 18I4B (fresh rhizomes), 18I5B (aged 
rhizomes) and 18I6B (fresh roots; see Figure 54 in section 4.2.2.4) on HeLa and SK-MEL-28 cells. The given remaining activity 
with the calculated standard deviation is the average of 3 to 5 tested plates. The results are used to determine the IC50. 
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6.33  Overview of the 25 fractions obtained from the elution of 18I4A 
Table S 14: Overview of the obtained amounts of each fractions from the separation of 18I4A (EtOAc extracts of the fresh 
rhizomes of Iris germanica L.; see Figure 54 in section 4.2.2.4) and the combination of the fractions (Mobile phase for 
separation of 18I4A: SGC_1, see Table 18 in section 4.2.2.7.1). 

Fraction name Mass (mg) Fraction name Mass (mg) 

F1 120 F14 20 

F2 230 F15 420 

F3 20 F16 40 

F4 30 F17 150 

F5 580 F18 89 

F6 110 F19 59 

F7 90 F20 61 

F8 240 F21 38 

F9 50 F22 36 

F10 100 F23 500 

F11 50 F24 28 

F12 20 F25 19 

F13 180 Total F1 to F25 3280 

Combination 

Fraction name Used fractions Mass (mg) 

Z1 F5, F8, F15, F16, F23 1722 

Z2 F3, F7, F13, F14, F20, F21, F22 500 

Z3 F1, F6, F10, F18 380 
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6.34  Z3 and 18I9 

 

Figure S 27: TLC comparison of 18I9 (iris butter from aged rhizomes of Iris germanica L. from hydro distillation; see Figure 53 
in section 4.2.2.4) and Z3 (third fraction from the separation of 18I4A (EtOAc extracts of the fresh rhizomes of Iris germanica 
L.; see Figure 54 in section 4.2.2.4). Mobile phase for the seperationo of 18I4A: SGC_1, see Table 18 in section 4.2.2.7.1). Z3 
and 18I9 were both dissolved in EtOAc. The red circles show that the two spots of Z3 are not present in 18I9. The highest spot 
of 18I9 possesses a lowest Rf-value than the lowest spot of Z3. Mobile phase for every plate: TLC_7 (see Table 16 in section 
4.2.2.5). 
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6.35  F4_18I4A and Z2 

 

Figure S 28: Analytical HPLC-chromatograms (biphenyl column) of F4_18I4A (spot with a Rf-value of 0.45 on A in Figure 68 of 
the fourth applied spot (corresponding to the fraction F4, see Table S 14 of the Appendix) and fraction Z2 from 18I4A (EtOAc 
extract of the fresh rhizomes of Iris germanica L.; see Figure 54 or Table 15 in section 4.2.2.4). 
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6.36  F4F1_19IA and Z2_18I4A 

 

Figure S 29: Analytical HPLC-chromatograms (RP-18 column) of F4F1_19IA (first fraction of the elution of F4 (fourth fraction 
obtained from the elution of 19IA (EtOAc extract of the fresh roots of Iris germanica L.; see Figure 53 in section 4.2.2.4) using 
the mobile phase SGC_3, see Table 18 in section 4.2.2.7.1), see Table 25 in section 4.3.4.2) and fraction Z2 from 18I4A (EtOAc 
extract of the fresh rhizomes of Iris germanica L.; see Figure 54 in section 4.2.2.4. Eluent solvent: SGC_1, see Table 18 in section 
4.2.2.7.1). 
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6.37  WST-1 

 

Figure S 30: Structure of WST-1 salt and the formazan salt produced from the reduction of WST-1 salt 
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6.38  PMA 

 

Figure S 31: Structure of PMA 
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