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Abstract

The aim of this thesis was to investigate the extractiorpatiential valuableneutraceuticalsfrom
different rhizomes Iris germanical. and Curcuma longaOn the one handthree different
curcuminoids (curcumin, dimethoxy and bisdemethoxycurcuminjrom Curcuma longawere
extracted. On the other handxtraction and isolation ofsoflavones and benzophenones lois
germanical. were performedMost of the isolated compounds frorinis germanical. were testedfor

their potentialanti-inflammatoryand antibacteriabbilities

First, curcuminoids were successively extracted f@mcuma longausing a green, sustainable, bio
degradable and foodpprovedsurfactantfree microemulsion (SFME) consisting of water, ethanol
(EtOH)and triacetin(TriA)exhibiting high extraction yield (15.28 mg curcuminoids per @Qurcuma
longa). The best wld was achievedby the usage o& SFMEonsistingof 40/24/36 HO/EtOH/TriA
(wt%) The maximum of solubility of curcumin was investigated in the binary mixture EtONiauA
measurements. The binary mixture EtOH/TriA (40/60 i#omiurned out to bethe best one for the
solubilsation of curcumin.The structuing of the SFME was previously investigated with DLS and
conductivity measurementdt was also found and demonstratéhat the addition of water to the
binary mixture of EtOH/TriA was resporisifor the structuimgof the SFME and for the high extraction
yield. Indeed, bisdemethoxycurcumin, one of the curcuminoids, is the opadéare curcuminoid and
therefore, the most sensve to water. Compard to the binary mixture EtOH/TriA (40/60\it%), the
extraction yield ofdemethoxycurcumin and especiallysdemethoxycurcumin could be increasiy

14%and 32 % respectively

Recycling and uponcentration of the SFEwith curcuminoids was attempted. Therefotdne SFME
was reused to perform severaxtraction cycle and to concentrate theurcuminoids in theSFME.
One of the godaof this study was teolubilisethe curcuminoids in an agueous solution. Therefore,
different purification methods (hydrdistillation, vacuum distillation and freeziying) were used to
remove the essential oilef Curcuma longaand to enhance the relative purity of the extract.
Purificationof the extractwas achieved by freezdryingthe rhizome ofCurcuma longaasit leads to
high relative purityof the extract(about 94%) through repetitive lyoptsdition cycles and id not
destroy the curcuminoidsbefore extraction Using an appropriate composition of the SFME
(50/32.5/17.5 HO/EtOH/TriA inwt%), dilution of the curcuninoids extract solution with wateand

stabilisationagainst day light and precipitatiomere achieved.
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The extraction efficiencies of the curcuminoids wéuether enhanced using different additives, which
were solubilsed in the water phase of the SFM#eglumine has been found to be the best additive
while usingoyroglutamic acidfCAas pH regulator of the SFME and as hydrotrope for curcuosimg
meglumine with and without PCAigh extraction efficiencies of the curcuminoids were achietgd3
mg arcuminoids per gCurcuma longausing a SFME (15/34/58L,0/EtOH/TriA inwt%) at pH 9
containing 5 wt% meglumine neutrsdid with PCA in pure water and 1813y curcuminoids per g
Curcuma longasing a SFME (5/38/3%0O/EtOH/TriA in weight percent) at @i.5containingl5 wt%
meglumine witltout PCA in pure waterA simpk water extraction (water containing 15 wt% of
meglumine) achieved the best extraction efficiency for bisdemethoxycurcumin £042 mg per g

Curcuma longa

Further, another SFMEconsising of water, sodium salicylate (NaSal) and ethyl acetate (EtOAZ)
investigated concerning its capacity to solubiligeabilizeand separate theéhree curcuminoids.The
extraction efficiency of one curcuminoid could be enhanceithg different SFME otpositiors:
HO/NaSal/EtOAc 17/12/71 and 7/13/8Q(in wt%) for respectively bisdemethoxy and
demethoxycurcumin and the pure EtOAc for curcumin. The presence of NaSal in the SFMEdenhance
the stability of curcumin anthe other two curcuminoids in solutiorecause of its antioxidant and

UV absorbingroperties.

In the second part fothis thesis, isoflavones and benzophenones were successively extiauted
isolatedfrom the rhizomes and the roots dfis germanicd.. by chromatographic methods (silica gel
column followed by high-performance liquid chromatography (HLP&) semi preparative HPLC).
UsingNMR and L®S data, structure®f eleven isolated compoundsere revealed Some of the
isolated compoundsvere tested aspotential anti-inflammatory agerdg but had unexpected pre
inflammatory propertiespf whichthe rhizome extracshowedthe highestpro-inflammatory activity
The isolates and the extraivere also tested as potential abtcteiial agens. None of the extracts
nor isolateswere active againisthe bacteriumS. aureusOnly the iris butter(the essential oil of orris)
showed a potent antibacteral activity, certainly due to the presence of irones. The iris butter glow

also an anbacteial activity againsthe bacteriumE.coli.
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1 General introduction

Extractionwas performed and studied for centuriby humankind Anyone who has ever made a cup
of tea or coffeehas performed an extraction. The compounds responsible for the dtaannd colar

of the teaare extracted from the ground material into the added hot watdumankind have been
using plants for curing illness for millennia, because plants contain compgpogsessing specific
therapeutic activities. Buhe use of plants directly can cause undesirable side effectsrendosage

of active substances is complicatéitherefore, the extraction of such beneficial target compounds is
of great interest in the dmain of the chemistry of natural substances and therapeutic chemiBtogs,
different extraction and isolation techniques, such as liegotid extraction or higiperformance liquid
chromatography, are performed to obtain the desired active compouhtising the pure target
compound pharmacological and phytochemical tests reveathe biological and therapeutic activity
of the isolatedccompounds Other domains, in which extraction is essential, are the food and fragrance
industry. Especially in the freance industry where different parts of a plant arextracted or
additionallytreated to obtain the desired fragrance. The most common extraction techniguae

hydrodistillation.

The use of natural colming agents in the food industry is growing every yieecause of the growing
consumer’ sconcernfor safety and health of food formulationg hus,the food industryis keen on
findingalternatives to the common synthetic dyesich as tartrazifNatural cdouring agentoffer an
alternative to synthetic dyesDyesare mostly used as powders or have to be formulated to be
incorporated in food Here again, because of the curregiowing consumes demandon natural,
organi¢ and sustainable food formulationthe food industry needs to find alternative extraction
techniquesto replace the commonly used nesustainable solvents, which are toxic for the human
body and harmful to the environmenhowadays it isnecessary 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, @pesl and published by F. Chemat in
2012, are focused on reducing the environmental and health impactsaaedf interest for the food

and fragrance industry.

The aim of this work is first to extract a very popular natural wahg agent, curcumin, fror@urcuma
Longawith a green, biebased, and sustainable solvent systems, which could be directly used in the

food industry. Moreover the aim isto investigate other solvent systems to extract and isolate




curcumin, by for examplpH-dependentprecipitation,or other solvent systems, which could be used
in the pharmaceutical industry. Secongdtite aim wago explore the composition of the roots and
rhizomes oflris germanicalL and further to look into its biological and therapeutic activiftydeed,
many compounds from the rhizome bfs germanicalL are alreadywell known in the literature. On
the contrary, the roots alone are less studied. Moreovds,germanical is used since centigsas
alternative medicine in Asia and especiallyridia. Therefore, the potential anithflammatory and

antibacteiial properties ofrisgermanical. and of the differenisolatedcompoundswvere investigated




2 General information

2.1 Extraction techniques

Extraction is the first procedure to separateetdesired natural molecules or groups of molecules from
the raw materialsSample preparation is a crucial step to perform solvent or steam extraction. The
plant material often has to be washdidst, then dried and finally ground before the extractiprocess

[1]. Theseand severalother steps areperformed to obtain a homogenous plant material and to
increase the contact aeebetween the plant material and the extraction solvent or solvent mixture to
achieve better extraction yielf2]. In this thesis, several different extraction technigues have been

used: the solidiquid (more specifically maceration and Soxhlétuidliquid and steam extraction.

2.1.1 Solidliquid extracton

Solidliquid 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 tin¢ indes a different
affinity for different solvents. This preference depends mainly on the polarity of the solvent and the
solutes. Generally, nepolar solutes are dissolved by ngolar solvents, whereas polar solutes are
dissolved by polar solvenf8]. This equilibrium is reflected by the partitiooefficient K, the quotient

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

w
@ 1)

It can be categosed into non-exhaustive (maceration) and exhaustive (Soxhlet) dinjidd extraction

procesgs 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 increaserttess 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 moleules. 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 necessargler to be removable by

evaporation After the maceration process, the plant mater@n ke obtained byfiltration in order to




perform successive extractiowith fresh solvent The solvent is removedrom the extract by

evaporation or drying1,2,4]

2.1.1.2 Soxhlet

Soxhlet extraction was developed approximatehp Years agd5]. The Soxhlet apparatus is a closed
solvent circuit. The rawnaterial 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 advantafjiee 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 tlaskl is always at its boiling temperature.

2.1.2 Liquidliquid extraction

The liquidliquid extraction can be performed analogdu the solidliquid extraction. The partition
coefficient of the solutes is the key parameter. Liquids involved are usually vpatar Solvent) and

an inorganic solvent (nepolar). 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 extracind the residual solvent from which solutes have been removed is
called the raffinate. Liquitlquid extractions are performed in a separatory tunnel in the laboratory
scale[1,6,7]

2.1.3 Hydrodistillation
Hydro distillation has been used in the manufacture and extraction of essential oils for cef@jries

The etymology of the word attests to its traditional use. Indeédydrceé comes from Greek and
AAIYATFTASAE aol G§SNE [|ogidllare Rieaniigitd drip. The g mhatefiaNi@ pracef I G
in aflask with waer, which is heated to boil. The high temperature destroys the plant matniereby

the essential oil, which is not miscible with water at room temperatiseeleasedThe oil forms a low
boiling azeotrope with water, passes through a condenser, wheseseparated by density difference

into water andthe essentiabil 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 obtan the essential oilThermosensitive molecules can also be extracted using hydro

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

2.1.4 Green extraction
The concept of green extraction was developed bZlremat et al. in 2[R on the basis of green

chemistry, which was developed By Anastas and J. C. Warner in 1@980]. It is focused on reducing




environmental and health impacts of extraction processesp8nciples were listed as a guideline as

follows:

Principle 1innovation by selectionrad use of varieties of renewable plant resources.
Principle 2Use of alternative solvents, principally water dgodbased solvents.

Principle 3Reductionof energyconsumption by energy recovery, using innovative technologies.
Principle 4Production of cproducts instead of waste to include in the band agrerefining industry.
Principle 5Reduce unit operations and flawosafe, robust, and controlled processes.

Principle 6:/Aim for a nondenatured biodegradable extract without contaminants.

b2¢l R eadX o0SOFdzaS 27F awdedessa NsBiétyA ghd heditBagpeazviS NE Q
manufactured products, especially in food and cosmetic industry, industry has to chapgetially

I RFLIWG AdGa SEGNI OlAzy LINRPOSaasSa G2 YIGOK GKS 0O2yadzy:
currently used in the industry are derived from crude oil, which is toxic for the human body and non
degradableCurrently used solventre often flammable, volatile, and responsible for the greenhouse

effect and pollution. The use of alternative, green andlged solvents is a major challenge for the
industry.Extraction of natural productgs appliedn almost every production process in thesmetic,

pharmaceutical, and food industriNowadays the focus is set oprotecting both the environment

andthe consumers.

2.2 Isolationand identificatiortechniques

2.2.1 Thin layer chromatography

Thin layer chromatography (TLC) works with two phases, one statipiase, the plateand one
mobile, the solvent flowing on the platé he two phases interact differently with the target molecules
whichshouldbe isolated. The stationary phase is helghiace while the mobile phase moves through
the plate[11]. If the stationary phasks polar €.9.SiQ), the chromatography is termedanmalkphase
chromatography (NP). On the contragnon-polarstationary phase (alkargidechairattachedto the
silanolon the plate Gg for example)is referred toas a reverseephase chromatography (REB).
Commonly, TLCuses analuminium plate coated with the stationary phase, silica gel (NP) @r C
modified silica gel (RP8). A drop of he extract solution is placed on the bottoaf the aluminium
plate, thenthe plateis 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 chromatograghican show how

an extract will behave during colunumromatography.




The mobile phase cdre definedby the eluent strength, an empirical value of solvent. High values of
eluent strength can be assigned to polar solvents, whereas low values {patansolvents. The eluent
strength of a solvent mixture can be evaluated with equation 2, wiigthe duent strength of the

solvent mixture @ the eluent strength of the pure solvent i amgthe volume fraction of solverit

(2)

Another empirical value used to define the elution efficacy of the mobile phase is the retention time
R of a compound.ilt is usedor compaing and identifyng compounds or families of molecules. The
R value of a solute is defined as the distangg.dtravelled by the molecule divided by the distance
dsoventtravelled by the solvent or solvent mixeiras shown in equation 3:
Q

Y Q (3)

Theoretically, to have a god separation thed&ues should be between 0.2 and 0.6.

2.2.2 Derivatgation reagentgor the thin layer chromatography

2.2.2.1 Anisaldehyde reagent
Anisaldehyde reagentAA) is a universal reagent to visualize naturaldisablemolecules such as

phenols, glycosides, antioxidantteroids, essential oils, terpenes, and carbohydra@sampounds,
which appear to be colourless on the TLC plate, can be visualised on thifellgy the anisaldehyde
reagent The reagenis sensitive to most functional groupceptto alkenes, alkynes, and aromatic
molecules (without other functional groups). The solution of anisaldehyde reagent is sprayed on the
TLC plate, which ien heated for 210 min to 105110°C.Depending on the molecule, different
colours are produced upon heating, making the anisaldehyde reagent an excellent séticadi

method for examiningxidizable compounds ofLC plates.

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

and vegetable acidby compound dependent colour changes due to complex formation with the
reagent Natural product reagent contasithe active reagent diphenyllvgloxyethylamin whichreacts

with free hydroxy groups as describedHigurel.
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Figurel: Mechanism of rea@n of diphenylboryloxyethylamin with isoflavonaids

Theefore, theTLC plate is heated to 100°C to accelerate the formation dfakienoidsdiphenylboryl
complex and then sprayed with natural product reagent. After about 15 minutes intensive
fluorescene will occur depending on the structure of the molecufeler 254 and 366 nnMolecules
with one hydroxy group will appear yellomolecules with two hydroxy groupsrange yellowand

moleculeswith three hydroxy groups green.

2.2.2.3 Vanillin reagent
Just asanisaldehyde, the vanillin reagent (V) is used to detect oxidisable compamadauniversal

reagent.The reagents used for the detection of steroids, higher alcohols, phenols and essential oils.
Two different solutions, one with vanillin and one withifaric acid, are sprayed on the TLC plate. Then

it is heated for 3 min until colaration occurs.

2.2.3 Columm chromatography

Column chromatography is widely used in a chemistry lab to separate molecules from an extract
solution. It is based on differemdsorption of the molecules to the adsorberihe stationary phase
In most of the casgthe adsorbent isilica gel, which igacked in a glass columfiglass fritat the end

of the columnholds the stationary phase in place. The eluent and the extraettaen added on top




of the glass columto pass through the column by gravity. The moleculespareolatingthrough the
column with different speed rates (related to the differenwvBRlues of the thin layer chromatography),
allowing them to be collecteth different fractions. The main advantage of a silica gel column is the

low cost and disposability of the stationary phase used.

2.2.4 Highperformance liquid chromatography
Highperformance liquid chromatography (HPLC) is a very important separation metlobemistry.

It is used to anabe 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 phasdgqarbent 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 thitmigblumn
Thepumpscan 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 moleculas bemonitoredby a UV detection system, either with one

or more wavelengthsbut other detection systemaexists such asrefractive indexdetectors or
evaporative light scatteringetectors[12]. A good separation is achieved when the peaksestirely
separated in thechromatogram. 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 méta time and the UV
spectra, whereas quantitative information is given by the peak ft8d.4] The choice of the eluent,
gradient conditions, and column depends on the nature of the sareptamponens. The commonly

used solvents are methanol (MeOH), acetonitff&N), water, and isopropanol, sometimes with some
additives like acetic acid, phosphoric acid or trifluoroacetic acid (fBFassurecomplete protonation

of the target molecules and to prevent the detection of several peaks due to the presence of one
molecule with different chargedDifferent columns are available for HPLC: in most of the cases people
are working with a RB8 or NP column. But other types of colusrsuch as phenyl, diphenyl, diol or
chiral columisexist, too. The choice of the packagingterial of the column istronglydepending on

the structure of the molecules in the sample. A preparative HPLC is composed of the same units as &
classic HPLC, just a fraction collector is adafesl the U\/detectorin order to collect the separated

compounds

2.2.5 Optical density measurement
Optical spectroscopy is a method widely used in resedoctihe study of molecules, sawell as

production and quality contrdll5,16] The basis for optical spectroscopy is the interaction of light with




the sample. It idased on théransmssion of light or other electromagnetic radiatitiroughmatter.

The emission and absorption depend on the wavelength of the radiation. When light passes through a
sample, certain wavelengths can be absorbed resulting irucation when the absorption ilcated
between 400 and 800 nm. The remaining light, which is not absodsadberecorded as a function

of wavelength by a suitable detector, generating a UV/Vis spectrum, which is characteristic of the
analysed sample. For quantificatiopurposes the avelength of highest absorptiorkiay is of
importance. When starting a measurement, a blank is taken (only the solvent without the sample)
subtract the solvent absorbtiorThen the sample is irradiated by light with an intensityhe detector
measures the remaining light intensity | after passing through the sample and the absorbance A is then

calculated, as described in equation 4. The ratio betwegand | is called the transmittance.
S ©
O ULE % Ve Q 4)
The LamberBeer’s Law fily links the measured absorbance A to the concentration ¢ of the sample,

as described in equation 5, whef®is the molar extinction coefficient and L the illuminated layer

thickness:

b~

o : (5)

2.3 Dynamic light scattering

If light hits matterJight can be absorbed (cf. Optical density measurement, section 2.2.5) or scattered.
Light scattering is used to studihe presence and size ofolloids, aggregates, micelles, or
macromoleculen solutions The dynamic light scattering (DLS) techniquesuess Brownian motion

and correlates it to the particles” size. The Brownian motion is the random movement of particles
suspended in a medium, the solveihe larger theparticle is, theslower theBrownian motion. The
sample is illuminated by a laser lmeand the intensity of fluctuations of the scattered light due to the
Brownian motion of the particles is detected at a scattering angby a detector. Theéletection of
scattered light is the result of destructive and constructive phases. The autctomrebrrelates this
intensity fluctuations over time and an intensity correlation functiog(_scan 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 guzt of intensities at time t and delayed time (J#where_ is the

lag time[17].

Ot ‘@80 T (5)
For most of the cases, the correlation function is an exponentially decaying function of the time delay
0 Y2y 2 RA a lsizeNBy Stting dhidddbrkel@tiorSfunction, a translational diffusion coefficient

can be extrapolated and then with the use of the Stek@sstein equation the hydrodynamic radius
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can be calculated. The hydrodynamic radius is the radius of a hypotlsgiluate diffusing at the same
rate as a particle. DLS measurements were proven to be useful to examine and characterize surfactant

free microemulsions (SFMHE),19]

2.4 Surfactantfree microemulsions

An emulsion is a mixture of two immiscible liquids, commordyewand an oil, where no apparent
phase separatiofbut a turbidityis 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 phase, the
continuous phase. Thezsi of the droples characterizes the name of the emulsion: if the droplet size

is between 0.1 and 1@m, it is spoken of a macroemulsion. If the droplet size is undes2D00nm,a
microemulsions presentMacroemulsios are only kinetically stable. Ovéime a macroemulsion will

revert back to their separate phases. On the contrary, microemulsions are thermodynamically stable.
A microemulsion is considered as a epieasic and isotropic solution containing water, oil, and a
surfactant. Its formation is spwaneous and does not require any input of energy, in contrast to
emulsions. Surfactadtee microemulsions (SFMEsje a special case of microemulsion as they
consist, like emulsions, of two immiscible liquids, an aqueous pludien (vater), an organic lpase
62At 0% FYR (KA NR{@®SYLRZYWS y{iCa@lafst SSRA GAO2RA OF
surfactant[19,200 ¢ K-% 2 © @widiimhescalled amphisolvent, is an amphiphilic molecule and
partially or completely miscible with the aqueous and orgafidpa S® ¢ KS N &S T 0 ¢
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 o
water, ethanol (EtOH), and octarj@ll¢24]. Inthis ternary systemZemb et al. have examined the pre
Ouzo and Ouzo effedn this SFMHEL9]. They observed scattering signals in the monophasic region
inducing a structuringn the domain near to the phase separation borddihe effect behind the
formation of this structuring was named pf@uzo[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 octanolft@he same effect appears

with the beverage Ouzo, a drink containing EtOH and anethole, which turns turbid (omtky)the
addition of water while being still stable agaimsacroscopigphase separatioimnto two layers SFMEs

are of great importance irhe industry as thebsenceof surfactant is a big advantagedeed, the use

of surfactantdeads toseveral problems: irritating taste, halwaysbio-degradalte, poisoning of the
aguatic life if their waste ends up in the groundwater, skin irritatiorfluence on enzymes, or

accumulation in the body.
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2.5 NMR and NOESY
2.5.1 NMR

Nuclear Magnetic Resonance (NM&)ectroscopys used in research and quality control as analytical

techniquefor determining the content and purity of sample or for structure elucidaf6¢28]. NMR

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

magnetic field, nucleabsorb 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 ordeiobtain an NMRspectrum of the concerned nucleh

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
standardinamagnatO FAStR YR RSLISYyRa 2F GKS ydzO0f SdzaQ OKSY.
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
IHH NOESW(clearOverhauserHfect Soectroscopy) is a 2D NMR experiment. It uses tiduclear

OverhauserHfect (NOE)to provide information about which proton resonances are from protons
which are close together in spackhe basic pulse sequencensists of three 90° pulse$he pulse

sequence is shown fRigure2.

90° 90° 90°
t1 q P Tmix t2 >

H

Figure2: Schematic representation of the three pulses sequi$ie

A first exitation 90° 1H pulse creates transverse spin magnetisation. The spins precess during a
defined waiting time £ A second 90° 1H pulse creates a longitudinal magnetisation, where
magnetisation transfer via crosslaxation takes place during a defined mgitime t,.. The mixing

time tm should be between halfifand t to ensure god sensitivity. A third 90° pulse creates transverse
spin magnetisation from the remaining longitudinal magnetisation and acquisition takes place during
a defined time 1. TheNOESY spectrum is generated by a Fourier transformation, which contains cross
peaks when magnetisation transfer has occurred during the mixing timéntthis thesis, NOESY

spectra were measured for structure elucidation, especially for isoflavones armbplkenones.
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3 Green andustainableextraction of curcuminoids

from the rhizome ofCurcumdonga

3.1 Introduction

Curcumalonga (C.longa), commonly called turmericis a perennial, rhizomatous and herbaceous
plant, and belongs tdhe Zingiberaceadamily (ginger). The plant is cultivated predominantly in the
Indian subcontinent and Southeast Adtas only known as a domestic plant and not found in the wild.
Turmeric plants reach about one meter in heightteflowers are yellowwhite andbloomin summer.
The leavesare large, oblong, dark green dhe upper surface and emerge from the branching
rhizomes. The rhizome is thick, branched, pale yellow to brovamge and ringed with the bases of
old leaves. Turmeric can only be reproduced via its rhizotbstanical view ofC.longais shown in

Figure3.

Figure3: Botanical overview of nga (from Koehler's MedicinBlants)

The rhizomesre the source of the bright yelloarange, powdery spice known around the world and

sold as turmeric. Curcuminoids are responsible for the colour of the rhizf@BgsThe curcuminoids

13



are natural phenols, which constitute about 0.1 to 6 % of the dried turnj8@@31] There are many
different curcuminoids, which can be found @. Longathe three most famous arecurcumin
(curcumin 1), demethoxycurcumin (curcumin dnd bisdemethoxycurcumin (curcumin [[B2¢34].

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

shown inFigure4.

H;CO N = OCH,

OH OH
Curcumin (Curcumin I)

o} o}
\ / OCH;,
OH Demethoxycurcumin (Curcumin II) OH
o} (0]
OH OH

Bisdemethoxycurcumin (Curcumin IIT)

Figure4. Structure of curcumin (top), demethoxycurcumin (middle) and bisdemethoxycurcumin (bottom)

The term curcumin, in general, can be used to represent all curcuminoids fou@d longa.The
curcuminoids are notoxic to humans and insoluble in water at physiological or acidic pH, slightly
soluble in water at alkaline pH, and highly soluble irmil nonsustainable solventsuch as acetone

or MeOH[35,36] C. longahas been used for centuries worldwide, particularly in Asia and especially in
India, as a culinargpice and colouring agent, food preservative, and antioxidant in the food industry
and as an antinflammatory, therapeutic agent or dietary supplement in the pharmaceutical industry
[37¢42]. Besides the curcuminoids, other phytochemicals anémsd oils (0.1 to 2% of the dried
turmeric) can be found i€. longg43¢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, nosustainable and toxic solvents are used, such as MeOH,

acetone, and petroleum ether. They have to be removed after the extraction. One of the first

14



challerges for the industry is the replacement of these extraction solvents by harmless, green, and bio
based solventf9]. Indeed, due to the growing current consumers” perception of the safety and health
of foodformulations, the development and extraction of natural dyes is more and more important for
the food industry[51¢54]. The use of synthetic dyes, suchtagrazine (E102Figure5), one of the

most popular synthetic azdyes (because of its low price, high solubility in water, stability against UV
light and oxidative tsess, and the small necessary amount to colour the food), does not match with
the consumers” perception anymordaftrazine can be responsible for allergic reactions and
hyperactivity in children)53]. However, tartrazine is still permitted imé food industry (reference

daily intake <7.5 mg/kg body weigfgl]), but the food formulations, which contain tartrazine, have
tocarryawarninglabet a @ KIF @S |y T ROSNBS STFFSOG. 2y I OlA

Na*

O\\S/O'
0 \

(0]
(0]
Oll y |
—S
N / —N
Na*
O
O
Na* ©
tartrazine

Figure5: Structure of tartrazine

Curcuminoids are among the potential natural dyes that are an excellent alternative to tartrazine. They
are basically nottoxic and biodegradablf85]. 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
agueous EtOH solutions (it is the most popular sustainable alteg)afiw obtain a powder, they are
recrystallsed from the aqueous EtOH solution. Before extraction and recrgstatin the essential

oils present in the turmeric rhizomes need to be remoyg8a]. To remove them, toxiand volatile
solvents such as hexane or pentane are used. Curcumin is then obtained from urdth@o longa.

Many studies have shown that supercritical carbon dioxide could be an alternative to umflieo
turmeric [55,56] In the literature, the binary mixture EtOHAB (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 optimsaton. Another way to extract the curcuminoids froth longais the use of

hydrotropes. A hydrotrope is a small amphiphilic molecule and highly soluble in y&tprThe
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difference compared to a surfactant is then-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 plj&8]. The concatration which is needed

to dissolve a hydrophobic compound in water is called the minimum hydrotropic concentration (MHC).
Different types of hydrotrope exist: neioniconessuch as EtOH, urea, or nicotinamide and iomes

such as sodium salicylate (8&l), 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 ¢69l. However, the used hydrotropes are
petroleumbased, norgreen, and exhibit low extraction efficiencies as compaedhe 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 EAOQHRd

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

or humectant (E1518). The advantage of the mixture of water, EtOH, and Thé fiact that the
mixtureis entirely green, bidbased, and sustainabJ60]. Therefore, it could be a promising alternative

for the extraction of the curcuminoids fror@.longa Another ternary mixture consisting of NaSal,
water, and ethyl acetate (EtOAc) will also be used as an extraction mg@iijnNaSal is not food
approved but it is used a preservative in the cosmetic, pharmaceutical, and aldodt 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 againsigbtyalkaline and
physiologial pH, oxidation, and temperaturf85,36,62,65]. Elevated temperatures degrade the
curcuminoids, which is also a problem for their extrac{@s. Indeed, before extraction, the rhizomes

of C. longaget unflavaured and one of the commonly used methods to extract essential oils is the
hydro distillation. But this method is not used tobmin unflavaurred turmeric because the
curcuminoids get strongly degraded during the process. In alkaline and physiological solutions, the
hydroxide catalges the degradation of the curcuminoids. Several different products can be formed
during the degradabn 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 radicalh®mdégradation of the
curcuminoids is well known in the literature and has been studied over de¢a8&s3,67] Moreover,
curcuminoids are also known for being antioxida®8¢70]. This means that the curcundids 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 Ught in the different extract medium has been studied. Moreover,
the role of NaSal, a charged hydrotrope as antioxidant and potential s&atitir the curcuminoids

will be investigated more deeply. The addition of different additives such as meglumine {gehibil
and pyroglutamic acid (PCA, hydrotrope) to the extraction medium has been explored for the
extraction and stab#ation of the curcuminoid$71]. Meglumine, Nmethyl glucamingis a sugar
based, biodegradable pharmaceutical excipient. Meglumine is well known and widely used in the
pharmaceutical industry to improve the solubility of poorly wasetuble drugs in watef72¢74]. It is
already used to solubilize antimonate (treatmewgiadnst Leishmaniasis), gadoteric acid (contrast agent
for magnetic resonance imaging), or ioxaglic acid (contrast agent for angiogf@phyg]. PCA is a
small amphiphilic molecule, which is present in thenan skin and could be used as hydrotrope for
the extraction of the curcuminoids. It is a nessential nutrient and is biosynthesd by the body
[79,80] The difference between the other used hydrotropes in the literature BAd 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

Allused chemicals and materiase summaised inTablel and Table2.

Tablel: Listing of all used chemicals

Chemicals
. . Company
Name Purity DescriptioiGrade .
(city, country)
. synthetic
Curcumin >97% _ TCI (Eschborn, Germany)
phytochemical
_ synthetic
Demethoxycurcumin | »98% _ Merck (Darmstadt, Germany)
phytochemical
_ _ synthetic
Bisdemethoxycurcumi > 98% _ Merck (Darmstadt, Germany)
phytochemical
Curcuma longa n.a. turmeric powder Kwizda(Linz, Austria)
, Wagner Gewiirze GmbH
Curcuma longa n.a turmeric powder e i
(Schwabisch Gmind, Germany)
, Schuhbeck’s Gewlrze GmbH
Curcuma longa n.a turmeric powder .
(Miinchen, Germany)
Curcuma longa n.a turmeric powder Sonnentor (Sprégnitz, Austria)
, Lebensbaum GmbH
Curcumdonga n.a turmeric powder
(Overath, Germany)
Sodium salicylate _
> 99.5% white powder Merck (Darmstadt, Germany)
(NaSal)
Meglumine > 99% ReagentPIu® Merck (Darmstadt, Germany)
Pyroglutamic acid _
> 99% white powder Merck (DarmstadtGermany)
(PCA)
D-Glucamine > 97% white powder TCI (Eschborn, Germany)
D-(+)}Glucosamme ,
_ > 98% white powder TCI (Eschborn, Germany)
hydrochloride
Sodium hydroxide ro analysi (p.
Y X Py P ysi (p-a) Merck (Darmstadt, Germany)
(NaOH) pellets
NaOH n.a. 1mol/L Carl ROTkKarlsruhe, Germany)
Sodium Bromide
n.a. extra pure Merck (Darmstadt, Germany)
NaBr
Hydrochloric acid (HC n.a. 1mol/L, Titripuf® 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)
p.a Merck (Darmstadt, Germany)
Ethanol (EtOH . ’ or
( ) A Rotipuran®
Carl ROTkKarlsruheGermany)
Acetone QNG o p.a. Merck (Darmstadt, Germany)
HPLC grade,
Acetonitrile n.a. ) Merck (Darmstadt, Germany)
LiChrosol®
Acetic acid X d p.a. Merck (Darmstadt, Germany)
analytical reagent Thermo FisheBcientific
Ethyl acetate (EtOAC) X b _
grade (Steingrund, Germany)
analytical reagent Thermo Fisher Scientific
Toluene X pd _
grade (Steingrund, Germany)
HPLC grade,
Methanol (MeOH) n.a. ) Merck (Darmstadt, Germany)
LiChrosol®
Sulfuric acid 997% | 9597% p.a. Merck (Darmstadt, Germany)
Anisaldehyde (AA) | x T FCC, Kosher Merck (Darmstadt, Germany)
AA: 0.5 mL
Anisaldehyé reagent na acetic acid: 10 mL na
(AAreagent) o MeOH: 85 mL h
sulfuric acid: 5 mL
Dimethylsulfoxideds 99.8% NMR solvent Deutero (Kastellaun, Germany)
DO 99.96% NMR solvent Deutero (Kastellaun, Germany)
. Milli-Q purification . .
Water millipore Merck Millipore (Billerica, MA USA
system
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Table2: Listing of all used materials.

Materials
Name Description Company
. gradel1289, diameter 240mm, Sartorius (Géttingen,
Cellulose filter
84 g/m2 Germany)

Syringe filter 0.2

0.2um PTFE or CA Membran
diameter 13 or 25mm

VWR international
(Ismaning, Germany)

Syringe filter 0.45

0.45um PTFE or CA
Membrane, diameter 25 mm

VWR international
(Ismaning, Germany)

Silica gel plate

TLC silica gel 60520x20 cm

Merck (Darmstadt, Germany

Centrifuge tube

50 mL, PP, 20 000 g,
ConicoiBottom, sterile or not

VWR international
(Ismaning, Germany)

brown glass 1.5 mL ND9

Carl ROTH (Karlsruhe,

GCHPLC vials )
with screw cas Germany)
twin through chamber for 100 )
DCChamber Camag (Muttenz, Switzerland
x 100 mm plates
NMR tubes borosilicate lengtt
NMR tubes Deutero (Kastellaun, German

8 inch

Tube for DLS

Tube, culture, disposable,
10x75mm borosilicate

Corning Incorporated
(New York, USA)

Pipette tips

10, 100, 200, and 10Q€L

VWR international
(Ismaning, Germany)

3.2.2 Methods

3.2.2.1 HO/EtOH/TriA and 4@/EtOH/DIA
3.2.2.1.1 Ternary phase diagram

The different ternary phase diagrams were recorded at 25°@Q. samples of a binary mixture
(EtOH/TriA, EtOHA® 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 componenQ(HriA, and DiA respectively) was
then added dropwise to théinary 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, theretfoeedesired

ternary phase diagram.

3.2.2.1.2 Dynamic light scattering
DLS measurements were performed at 25°C with an ALVBCga®iometer with an ALV/LSD04

correlator. The solutions (for the compositions sEable Sl of the Appendix) were measured in
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borosilicate glass tubes. To remove dust and impurities, the twee cleaned with acetone (in a
distillation apparatus) and the solutions were filtered kwiD.2 um 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{fvequency WTW inoLab Cond730 conductivity

meter, connected with a WTW TetraCon325 eledz (Weilheim, Germany) at 258 0.2C
(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 condutivity) 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 spextipmet

Perkin Elmer (Waltham, USA) at 422 nm. The examined solutions (5 g of each sample) were saturate
with curcuminunder constant stirring (750 rpm) at room temperatuie find the optimum in the

binary mixtures (EtOH/TriA and EtOH/DiA going from 189M@100 with a step of 10). After that, the
saturated solutions were filtered (syringe filter PTFE®2 and analgedvia 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 -i@@0with acetone
(extinction coefficient 0.138 Llgcmt). 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, R?2 = 0.9997)

3.2.2.1.5 Stability of curcumin in binary solvent mixtures

Binary mixtures (EtOH/TriA 40/60 and DiA/Tri#d80n weight) were saturated with curcum{nnder
constant stirring (750 ppm) for one howhd the stability of curcumin at daylight, in darkness, and in
darkness at 8°C was carried out via UV/Vis measurements, as describedtion3.2.2.1.4 The
stability of curcumin in the binary mixture of EtOH and Htidted in a brown and blue glass bottle

was also investigated via UV/Vis.

3.2.2.1.6 Curcuminoid content of differer@ longapowdeis
2 g ofC. longawvas extracted using a Soxhlet apparatus with680mL of acetone. Turmeric powders

from different brands were used: Wagner, Schuhbeck, Sonnentor, and Lebensbaum. After the
extraction (extraction time of about five hours).etpresence of curcuminoids in the extract solutions

was tested via TLC. A defined sample volume pE 4vas spotted using a glass syringe of DO
(Hamilton, Switzerland) and a Linomat 5 from CAMAG (Berlin, Germany), on a TLC plate (silica gel
Then, theTLC plate was eluted with a mixture of toluene and acetic acid (40/10, v/v). Dexiigatiof
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the TLC plate was carried out with anisaldehyeegent (AAeagent). Pictures were taken before and

after derivatsation.

3.2.2.1.7 Extraction procedure witl. longdrom Wagner
C. longa(Wagner) was extracted in centrifuge tube with different extraction mixture compositions

(EtOH/TriA, ED/EtOH/TTIA, DIA/TTIA, ancb@®/DiA/TriA) under constant stirring at room temperature
for one hour. The weight ratio @. longao 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
um syringe filter, DIA/TriA system with 0.4Bn) and the curcuminoid extraction efficiency was

measured via UV/Vis.

3.2.2.1.8 HighPerformance.iquidChromatography method
The curcuminoid content of the extract solutiongswanalysed by HPLC using the following HPLC

system: Waters HPLC system with two Waters 515 HPLC pumps, Waters 717 autosampler, Whaters 248
UV/NVis detector, ACE Equivalence 3 -Cb8umn (110A°, 3im, 150x2.1 mm) and Empower® as
software. Table3 summarizes the used gradient method and the different pararseof 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 showRigure 9 of the Appendix. The same gradient

method and parameters, as describedliable3, were used.

Table3: Parameter and gradient method used for the HPLC system

Gradient method
Parametes
Solvent A Solvent B Time (min)
Temperature 40 °C 60-40 40-60 0-17
How 0.4mL/min 400 60-100 17-18
Injectionvolume 10pL 0 100 18-24
H,O with 0.3 % of
Solvent A o 0-60 10040 24-25
acetic acid
Solvent B Acetonitrile 60 40 25-32

3.2.2.1.9 Determination of thesurcuminoid content
2 g ofC. longaKwizda)was extracted using a Soxhlet apparatus witF6BOmL of acetoneAfter the

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

topped off with acetonitrile, diluted 5@old, and finally eluted by HPLC (average of three runs), as
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described insection3.2.2.1.8 The Soxhlet extraction was done in triplicates and the curcuminoid

content was then determinedsing the calibration curve&igure S of the Appendix).

3.2.2.1.10 Determination of the begtatio C. longao extraction mixture
4 g ofC. longa(Kwizda) was extracted at different weight ratiGslongao 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 1:7Q. longato EtOH/TriA) were investigated. After that, all the extract
solutions were centrifuged (4200 g for 10 min), filtereihwcellulose filters, put in volumetric flasks,
topped off with acetonitrile, diluted 2%old, filtered through 0.2um syringe filters into HPLC glass
bottles, and finally eluted by HPLC. All the samples were eluted three times through the HPLC and
made h triplicates. The curcuminoid content of each extract solution was determined using the

calibration curvesHigure 9 of the Appendix).

3.2.2.1.11 Extraction procedure
The sameextraction procedure, as described beforesiection3.2.2.1.10 was used with a constant

weight ratioC. longao extraction mixture of 1:4. Therefore, 4 g©f longavas extracted with 16 g of
extraction mixture. Different extraction mixtures were intigated (seeTable 2 of the Appendix)
The same procedure, as described beforgdation3.2.2.1.1Q0was used to determine the curcuminoid

content of all extract solutiong\ll samples were made in triplicates.

3.2.2.1.12 Extraction and enrichment procedure
The same extraction, as describedsattion3.2.2.1.10 wasused with two different weight ratio€.

longato extraction mixture 1:16 and 1:24. Therefore, 2 g©f longavas extracted with respectively

32 g and 48 g of different extraction mixeucompositionsThe same extraction mixture compositions

of EtOH/TriA and #D/EtOH/TriA(see Table S2 of the Appendix)were investigated.After the
extraction, the extact solutions were centrifuged (42@pfor 10 min), the supernatant was collected
and?2 g of fresiC. longavas added again (one cycle). After several cycles (2, 3 and 4), the curcuminoid
content was determined, as describedsiection3.2.2.1.10All samples were made in triplicatester

each cyclend for all extract solutions with the two different weight ratidsse amount of solvent loss

was also determined.

A preliminary test was done via UV/Vis wthlongaWagner). 2 g of. longavas extracted with 32
g of the binary mixture EtOH/TriA 60/40 in weight (raiolongao extraction mixture of 1 to 16) with
the same extraction procedure as described abdBefore all measurements, the samples were

adequately diluted with acetone.
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3.2.2.1.13 Distillation
C. longgKwizda) was distillated using a Clevenger apparatus for two hours @.doofgeor 8.5 g of

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

the extraction (composition of the extraction mixture after addition of the binary mixture:
HO/EtOH/TriA 40/24/36 in weight). Then, the same extraction and analytical procedures, as described
in section3.2.2.110, were used to determine the curcuminoid content (weight rafio longato
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 ardahd 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.

3.2.2.1.14Vacuum distillation
C. longaKwizda) was distillated under vacuumehrtimes at 30°C using a water bath (1 g€ofonga

for 10 g of water). To this purpos€, longavas 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 distillatiofthoeee

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 tee 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: -B/EtOH/TriA 40/24/36 and J@/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 ra@io longato
extraction mixture: 1:26.5). Moreover, the purity of the extract solutions, as describegdtion

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

3.2.2.1.15Lyophilgation
2 g ofC. longa(Kwizda) with 36B5mL of water in a centrifuge tube was freediged several timse (3

6 times). After each freedrying cycle, approximately the same initial mount of water was added to
the 2 g of driedC. longa After 3, 4, 5 and 6 cycles of freedmying, the 2 g of driecC. longawere
extracted, using the same extraction procedusedescribed irsection3.2.2.1.10, with two different
ternary extraction mixtures ({D/EtOH/TriA 40/24/36 and J@/EtOH/TriA 50/32.5/17.5 in weight)
with a weight ratioC. longato ternary extraction mixture of 1:8. The same analytical procedure, as
descriled insection3.2.2.1.1Q0 was used to determine the curcuminoid content. Moreover, the purity
of the extract solutions after each cycle, as describeskirtion3.2.2.1.13 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 lydation(4, 5 and 6 times, ¢8.2.2.1.19) 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 theolour stability ofthe diluted extracts. Theolour stability of the purified

curcuminoid extracts were also investigated by the same way.

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

3.2.2.2.1 Solubility of curcumin in water with different additives
18 g of a sample containing 5 wt% meglumine ater 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 (0.4%um CA) and measured via UV/Vis (200l in acetone).

The maximum solubility of curcuminas investigated as described $ection 3.2.2.1.4 Different
additives (triethanolamine, diethanolamine, ethanolamine,-glDcamine, meglumine, -D+}
glucosamine (apH 11 and 12, adjusted with NaOH tablets) and NaOH) were sehdhiili 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 dilutedh witetone (2008old for
meglumine and E+)glucosamine at pH 11 and 12, 56fa0d for ethanolamine, 100®old for
diethanolamine and Blucamine, 10@old for triethanolamine and NaOH). All the measurements

were made in duplicate.

For the hydrotropic cwre, different amounts of PCA, NaSal, or EtOH were saletbih water (3g
samples). Then, the solutions were saturated with curcumin overnight at room temperature. After the
solubilsation process, the solutions were filtered (Qué syringe filter) andhe maximum solubility of
curcumin was investigated via UV/Vis measurements. The solutions were diluted with acetone before
measurement (508old for PCA and NaSal and 1606@ for EtOH)

3.2.2.2.2 Stability of curcumin in water with different additives
The stabiliy of solutions containing 15 wt% of additives (same as described absgetian3.2.2.2.1

only the additives were tested and not the different hydrotropes) wenreestigated under constant
lighting B0 W corresponding to 150 W halogen lamprhe 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 stibn after saturation with curcumin was measured using\dR

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 condusiad a Bruker Avance

[l HD400 NMRspectrometer (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 angdditives). 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 containin@® Bo that RO is not in contact with the sapte.

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 {H-NMR). Curcumin and meglumine were solgeitiin DMSQds. Curcumin and meglumine
alone were also measured as references. Rotating fr@werhauser 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 solubgiedin water at different weight concentration (5 and 15 wt% of meglumine in

respectively 95 ad 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 conceéatratff 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 diagrarfte same procedure, agskribed insection3.2.2.1.1 was

used to obtain the different phase diagram.

3.2.2.2.5 Determination of the a 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 0.5M HCL solutionDuring 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 describedsiection3.2.2.1.2was used. The following samples were measured

over the time: TriA/EtOH/(# containing 15 wt% of megluminpH 11.% 36/24/40, TriA/EtOH/(FD
containing 5 wt% of megluminepH 11.3 36/24/40 and TriA/EtOH/(#® 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 describeddaction3.2.2.1.4was used The addion of meglumine with or

without PCA to the water was carried out as describeskirtion3.2.2.2.4 All the samples were made

in duplicatesBefore measurements llasamples were diluted with acetone.
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3.2.2.2.8 Selective precipitatioof the curcuminoids by varying the pH
The pHdriven precipitation of curcumin and bisdemethoxycurcumin was investigated. Therefore,

meglumine was dissolved in water (5 wt%), then the soluticas wsaturated 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 HCIl weradded 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,&/EtOH/TriA40/24/36 in weightwith 15 wt% and 5 wt% meglumine
as concentration irpure 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 describeskeiction3.2.2.1.50ver time.In Table $4 of
the Appendix are givetie investigated compositions. Befotlee measurement all the solutions were
diluted 5000fold with acetone.

3.2.2.2.10 HighPerformance_iquidChromatography method

The same HPLC system was used as descrilssdtion3.2.2.1.8 but with a new ACE Equivalence 3
Ci18column (116, 3 um, 150x2.1 mm). Since the column changed, the calibration curves have been
repeated as described section3.2.2.1.8 The used parameter and gradient method are giverainle

4. The curcuminoid calibration curves are showFkigure 2 of the Appendix.

Table4: New parameter and gradient method used for the HPLC system

Gradient method
Parametes : :
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 5uL 0 100 1824
HO with 0.3% of
Solvent A 0-60 10040 24-25
acetic acid
Solvent B Acetonitrile 60 40 2532

3.2.2.2.11 Extraction procedure
The same extraction method was used as describegdtion3.2.2.1.11 4 g ofC. longgKwizda) was

extracted with 16 g of extraction mixtures (for the compositions $able S3 of the Appendix). The

same analytical method as describedséttion3.2.2.1.11was used with the onlgifference, 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 cur@gure S of the Appendix).

A water extraction with only meglumine as additive was carried out. Meglumine was s#dlili
water at different weight concentration (5 and 15 wt% of meglumine in respectively 95 and 85 wt% of
water). 4 g 6C. longgKwizda) was extracted with 16 g of these two extractions mixtures in centrifuge
tubes (one hour at room temperature under constant stirring). After the extraction, abo@52®L

of an 1M HCL solution was added to the extraction medium. Aéetrifugation (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 section3.2.2.2.10 The curcuminoid content and the purity, as described in

section3.2.2.1.13 of the extract solutions were determined

3.2.2.3 H:O/NaSal/EtOAc

3.2.2.3.1 Ternary phase diagram
To obtain themiscibility gap of the phase diagram@®INaSal/EtOAc, the same method as described

in section3.2.2.1.1was used.

3.2.2.3.2 Solubility measurement
The same method has been used as describegdtion3.2.2.1.4 Thesolutions (for composition see

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

compositions to determine the solubilitpap of curcumin.

3.2.2.3.3 HighPerformancelLiquidChromatography method
The same method as describeddaction3.2.2.2.10has been used to determine the curcuminoid

content of the extract solutions.

3.2.2.3.4 Determination of the best ratiG. longao extraction mixture
The composition of the critical point was used to determine the best rGtidongato extraction

mixture. Therefore, 1 g €. longgKwizda) was extracted with different weight ratios: 1:2 to 1:6 with

a step of 1, 1:10, 1:15 and 1:20.(longa extracton mixture, w : w) under constant stirring for one
hour at room temperature in centrifuge tubes. The extracts solutions were then centdf(490 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), dilutedfakl with acetonitrile, filtered
through 0.2um syringe filters into HPLC glasdtles, 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 curcuminoidsigure 2 of the Appendix).

3.2.2.3.5 Extraction procedure
The same extractioand analyticaproceduresas described before isection3.2.23.4wereused with

a constant ratioC. longato extraction mixturesof 1 to 10. Different extraction mixtures were

investigated (sed@able $ of the Appendix).

3.2.2.3.6 Stability of cutumin in the ternary system
Stability measurement were carried ouia UV/Visas described irsection3.2.2.1.5 The different

solutions (for compositions séable $ of the Appendix) were saturated with curcumin, then filtered

(0.2um 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 TPSDAapyayermeter connected

to a TPS ED1 electrode (Brisbane, Australia) 4t12€. 10 g of the samples (for compositions Ealele
S5Table & of the Appendix) were prepared and the measurements were carried out after-gpdivi
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 describeddction 3.2.2.2.10was used to determine the partition

coefficient of the three curcuminoids. Three 6 g samples with the composition of the critical point
(HO/NaRl/EtOAC 17/12/71 in weight) were prepared in centrifuge tubes, and 1 wt% of curcumin was
dissolved in every sample. After homoggation different amounts of water were added to the
samples (1 g, 2 g, and 3 g of water respectively) to obtain a phaseatiepaAfter 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:-&id for the oilrich phase and 20 3-fold for the water

rich phase. All the @ses were then anadgdby HPLC as describedsiection3.2.2.3.3

The same procedure described above was used with an extract solution (03 poggKwizda) wa
extracted with an extraction mixture with the critical point composition). In this case, the wiater

sample was not diluted before the HPLC measurements.

The partition coefficient of the curcumin and curcuminoids was determined as the logaritiime of
ratio between the concentration of curcumin or cucuminoids in therioh phase and the

concentration of curcumin or cucuminoids in the watah phase.
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3.2.2.3.9 Interfacial tension
The interfacial tension measurements weperformed by Asmae El Maangar indvtoule (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 Kriiss Spinning Drop tensiometer has been used
to measure the interfacial tensior@between the aqueous and organich phases. The aqueous

phase was used as the outer phase ahé 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 EI Manngar [8tLide 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 watend finally analyedvia NMR. The oiich phase

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

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

An enrichment procedure, atescribed irsection3.2.2.1.12 has been used. 2 g 6f long (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 freshC. lon@ (Kwizdg added to the supernatantThe 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

(0.2um syringe filter), and the precipitate was arsdgvia HPLC.
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3.3 Results and discussion
3.3.1 HO/EtOH/TriA and 4@/DiATriA

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 greestagable, and edible ternary mixture, which
could be used for the extraction of curcuminoids fr@mlong@. TriA is slightlynisciblewith water, DiA

and EtOH are completelyisciblewith water and TriA. The ternary mixtures@EtOH/TriA and
HO/DiA/TriAhave been investigated, focusing on their mixing behaviour and their possible strgcturin
as SFME (TriA plays the role of the oil phase and EtOH and Di8dadgertd). The two obtained phase
diagrams and the different solvent mixtures used to investigahtemaximum solubility of curcumin

and the extraction of the curcuminoids froB\ lon@ are described ifrigure6.

W examined data points W examined data points
for the extraction and for the extraction and
o] the maximum solubility 0 the maximum solubility
100 of curcumin 100 of curcumin

examined data points
for the maximum solubility
of curcumin
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<
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Figure6: Ternaryphase diagram of the systems (lefy@HEtOH/TriA and (right) 4/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 extcéion efficiency from C. longa.

The ternary system with DiA sheda 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 Et@deit
preferable for furtherinvestigation because more wateowld be solubilsedin TriA. However, the
miscibility gapswvere of comparably smaller size and cosgralmost the same area for both €o
solvents in mole. Therefore, EtOH and DdAlme presumed as equally potent. The paasagram with

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

restrictions. Since the obtained phase diagrams sehwa similar behaviour as common phase
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diagrams between water, oil and hydrotrope, the piliBe structumngof the systems was investigated

via DLS measurements. Indeed, DLS was performed to confirm or not the presence of SFME
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Figure7: DLS measurements of the investigated binary mixtures watecaadlvents (HO/EtOH on the top left; #D/DiA on

the top right), cesolvents and TriA (EtOH/TriA in the middle left; DIA/TriA in the middle right), and ternary mixtures

(H.O/EtOH/TriA on the bottom left;@/DiA/TriA on the bottom right). All the investigd compositions are given in weight
ratio [82]. The data concerning the binary mixturgd#EtOH were provided by Buchecker T. and Krickl S[&8Rl.
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The DLS measurements are showfigure?7. The different binary mixtures water/esolvent and ce
solvent/TriA were investigated. As can be seerfFigure?, the binary systems with water shed a
different behaviour. The D/EtOH did not show pronounced correlation functionswés already
known that this binary mixtureid not showany peculiarities via DLS because of the mixtures” high
diffusion coefficients. Indeed, these cause too rapid fluctuations and, therefame not detectable

with DLS. On the contrary, the binary mixturgdDiA did show some correlation functions, moie o
less pronounced following the weight ratio. The most pronounced correlation functions were found
between 40 wt% and 60 wt% of DiA in the binary mixturgvas the sign of fluctuating structures in
these binary mixtures, which are more pronounced andraef than in the binary mixture J/EtOH.
Regarding the binary mixtures of-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 structugnNo 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 systeffitee 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, ssaion3.3.1.2. 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. Mgreov
bigger structures are created because of the decrease of the correlation function at later lag time for
both systems. The closaras the composition of the SFME to the miscibility gap, the biggee the
formed structures. The structingwas more pramounced with the system containing DiA assodvent

than EtOH. To further examdrand to prove the structuring and the formation of SFME, conductivity
measurements were performed. The conductivity measurements are showigure8. They gve
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 perforrméresurement and ensure

charge mobility (which is the reason why the curves do not start by 0).
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Figure8: 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 squ&a)

As can be seen Figure8, all the curves shoed an increase in conductivityt iow water content. The
same behaviouwas observed for the pure esolvents: the conductivitincreagd until a maximum
followed by a decrease of conductivity due to a dilution of the charge. For EtOH, a small increase with
low water contentwas noted uril the chargesvere diluted too much (after around 10 wt% of water).
This slight increaseas due to the enhanced ion dissociation and the high electrophoretic mobility in
the aqueous medi§83]. For DiA, a larger increaseas noted, which would indicate an association
between TriA and DiAf the binary mixtures are compared to the puresmvent, different behaviours

are obtained. For EtOH/TriA, a strong increase of the conductixdspobserved This indicatd that
TriAwas responsible for the structimg of the mixture and the formation of the SFME. The cwwas
stopped at around 50 wt% of water because of the miscibility gap. Indeed, with more water, the
solution became turbid. On theontrary, for DIA/TriA, the same increas@s also observed for pure
DiA. It indicatd that TriA dd not contribute to the structurig since DiA alonevas capable of

structuring. For the same reason as before, the cuvasstopped 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 -solvent/TriA and the SFMEs to solubilize curcumin was

investigated. The results are shownHigure9. As can be seen, the binary mixture EtOH/TriA showed

a remarkable solubilizing synergy. Indeed, the maximum solubility could be incre&siddr8a binary
mixture EtOH/TriA 60/40 (w/w) compaddo pure TriA andfold compared to EtOHn 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 thenoptimu
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binary compositions and were studiddrther. 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 solubilityreimin decreased upon the
addition of water. Thisvas 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 (upcaddition 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/TriAr DiA/TriAhas an influence on the curcuminoids extraction efiocies.
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Figure9: Determination of the maximum solubility of curcumin in the binary mixtures of EtOHITaify€barres, on the left)
and DiA/TriAl§lue barres, on the left) and in the SFMED/EtOH/TriA grangebarres, on the right, starting from a weight
ratio of 40/60 EtOH/TriA) and the SFMEOHDIA/TrIA blue barres, on the right, starting from a weight ratio of 60/40
DiA/TriA). Upon addition of water, the weight ratio-solvent/TriA stays constant at 40/6@nd 60/40 for respectively
EtOH/TriA and DIA/Trifs0].

Firg, differentC. longgpowders from the supermarket were tested regarding their curcumin content.
Therefore, the differenC. longgowders were extracted using a Soxhlet apparatus und the curcumin
content was determined using UV/Vis. Information about tliéerent powders are given ifiable5.

The determination of the curcumin content via Soxhlet and UV/Vis gave acceptablesnesult
comparison with the grcumin content provided by the suppliers. Only the curcumin content ofthe
longapowder from Wagner was below the indicated curcumin content. All the determined curcumin
contents were closed to the minimum curcumin content given by the suppliersm beaxplained by

the fact that curcumin and the curcuminoids, in general, are temperature sensitive. Indeed, the
extraction time with Soxhlet was several hours8(hours) and the extracted curcuminoids were
always in contact with boiling acetone (temparee above 60°C). Therefore, they could be degraded

during the extraction time
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Table5: Information concerning the different C. longa powsler

_ Curcumin
Curcumin content .
_ oA Origin of the content (wt%)
Label (Wt%) (determine| t NA OS LJ _ _
_ rhizome (given by the
by UV/Vis) )
suppliers)
Lebensbaum 4.2 49.8 India 3-6
Sonnentor 3.1 99.8 Tanzania 34
Schuhbeck 1.9 82.0 India 1.52.2
Wagner 1.2 29.9 India 1.52.2

Moreover, TLC was used to provide information about the constitution of the obtained extracts. Since
the chemical composition of the rhizomessonglydepending on the growing conditions (weather,
a2Af 3 Sy @ANRway &l B cofpate thXiflelent &.dongapowders and to know if
different constituensas the curcuminoids could be extracted during the Soxhlet extraction or not. The

TLC plates are shown kigurelO.

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 curcumirids: bisdemethoxycurcumin, demethoxycurcumin and
curcumin (starting from the bottom). The three other spots were probably essential oils. This will be
proved later in sectio3.3.1.3 Regarding the curcumin content, the differences between@hédonga
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 differé€ntongapowders, the brand Wagner was chosen for
conducting the first extraction experiments. The same binary and SFME compositionSigsr&®

(on the right) were investigated to extract the curcuminoids. The results are shofsigunell.
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FigurelQ: TLC plates of the fodifferent C. longa powders: Wagner, Schuhbeck, SonnertdrLebensbaum (from the left
to the right) before derivasation (top) and after derivagation with AA (bottom). The plate is irradiated with light at 254nm
(top, on the left), white light (bottomon the left) and with light at 365 nm (bottom and top, on the rigf@p].
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compositiong82].
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One hour extraction time was determined to be enough for the extraction of the curcunsirfiaich

C. longa As depicted irFigurell, the amount of extracted curcuminoids incregswith the water
content of the SFME. The composition of the extraction mixtunesre specifically the SFME,dha
strong influence on the extraction efficiencies of the curcuminoidsatt not possible with UV/Vis to
distinguish the three different curcuminoids. Therefore, the extraction was further investigated using
HPLC (to obia the different extraction efficiencies of the three different curcuminoids) and with one
batch of C. longapowder (10 Kg were bought by Kwizda) to avoid standard deviation due to the
rhizome composition. Before that, the stability of curcumin in the bimaixture cesolvent/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 curcwwvan of interest concerning

the extraction tme. Indeed, if curcumiwas degraded in one hour,\itas 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 dayligiopm 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 resultseashown inFigurel2.
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Figurel2: Stability measurements of curcumin in the binary mixtures of EtOH/TriA (triangle up)AmdMd{squarelnder
different conditions: room temperature and light (dadlour), room temperature and darkness (realour), 8°C and darkness
(bluecoloun, room temperature and blue bottle (purpteloun, and room temperature and brown bottle (greesiour).
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It iswell known that curcumin is photolabi[62,84]and, therefore, will be degraded very quickly under
daylight conditions. As can be seenwiés evident that the two binary mixturesidinot stabilise
curcumin under daylight conditions, as the maximum absorbance deaeapenentiallyln contiast,

the samples stored in the dark and in the fridgedtea much better stability. Indeed, almost no
curcuminwas degraded over several months. These results cogfirthe low photostability of
curcumin. But thisvas not a problem for the extractioprocess (samples stirred one hour at room
temperature). Moreover, the difference between room temperature andC8dd not have an
influence on the degradation of curcumin if the sampdes stored in the darkness, as the maximum
absorbance of these sameare rather constant (for both binary mixtures)was not surprising
because the degradation of curcumin is an adegradation process activated by ligb8]. It is also

well known that oxygen plays a role in the degradation process of curcumin. Here, the sarafes
stored at normal air atmosphere and no oxygen was removed. Oxygen had only an influence in
combination with light. This aspect will be analysegper and better in one of the following ternary
phase diagrams @@/NaSal/EtOAc, sesection3.3.4.9. Since curcumiwas strongly degraded under
daylight conditionsthe packaging of a formulation containing curcumin (as a solid or in soligioh)
great importance. Therefore, the influence of two different coloured glass bottles (brown and blue) on
the degradation of curcumin was investigated only with the bimaixture EtOH/TriA. As can be seen

in Figurel2, the same results were obtained as described above: the brown glass bottle provided a
better protection of curcumin tharhe 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 mraxim

absorbance at the beginning.

3.3.1.3 Extraction, improvement of concentration, purity and stability
In the following sections of this thesis, the same batc ofonggpowder from Kwizda (Linz, Austria)

was used for all experiments. First, the best weight ratiodCoflongato extraction mixture was
determined using the binary mixture EtOH/TA@/60 (in weight). This result was then used as a basis
for all investigated SFME compositions with EtOH and DiAs@wents 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 showigiurel3 and Figurel4. The etailed extraction
yields are given ikigure $ of the AppendixA total of 17.13 mg curcuminoids per gr&@nlongavas
obtained by the Soxhlet extraction. This detened amountis undervalued because the curcuminoids
aredegradal by the impact of heaf42,64] During the Soxhlet extraction process (several hours), the
curcuminoidswere solubilsedin boiling acetone (temperature above 60°C). Indeed, as can be seen in

Figurel3andTable $ of the Appendixthe amount of bisdemethoxycurcumin extracted with a weight
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ratio C. longato binary extraction mixture (EtOH/TriA 60/40 in weight) of 1:4, 1:5, 1:6 andvas/
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 fratn 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 rationlad the best ratio regarding

the green and susta@ble aspect: less waste of extraction mixture and a good extraction efficiency.

20 -
1 |l Bisdemethoxycurcumin
187 |l Demethoxycurcumin

16 [ Curcumin

14

124

10

Curcuminoids (mg/g rhizome)

1:2 1:3 1:4 1:5 1:6 1:7 Soxhlet
C. longa : extraction mixture (9:9)

Figurel3: Curcuminoid yields in mg curcuminoids per g C. longa for varying C. IdnigaryoEtOH/TriA extractiomixture
weight ratios. The useextraction mixture was the binary mixture EtOH/TriA 60/40 (in weight). The Soxhlet results are also
given as referencfs0].

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 bens€iguire

14, the addition of water to the binary mixtures of-solvent/TriA led to an increase of the extraction
efficiencies of the curcuminoids for the two invegtted systems. The result with Soxhiets used as
reference, as shown ihable $ of the Appendix. The highest extraction efficiencies for curcumin and
demethoxycurcumin were given by Soxhlet. As mentioned before, the result for
bisdemethoxycurcumimvas undervalued and oncagain, itwas the case here. Moreover, the lowest

extraction efficiencies for bisdemethoxycurcumin are provided by the solvents alone and Soxhlet.
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Figurel4: Overview of the curcuminoid extraction efficiencies (in mgucainoids 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 curcunan (seco
from the top), demethoxycurcumin (third from the top) and bisdemethoxyenin (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 leftigfire14) will be compared.
The system KD/EtOH/TriA shoedthe highest increase of the total curcuminoid content. The system
H.O/DiA/TriA also shoed an increase of the total curcuminoid content but to a lesser extent than
with the system with EtOH as smlvent. The difference between the two systemas due to various
reasonsas shown irFigure9, the maximum solubility of curcumimas higher in the system containing
EtOH as ceolvent and secondly the viscosity of the extraction mixtures and SFMEs containmgsDiA
much higher than hose with EtOH. Surprisingly, DIA as extraction solvent alone eshawgood

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 aloneesh@ally kad extraction
efficiencies in comparison with the binary mixture EtOH/TriA and the SFMEs containing EtGH as co
solvent. Moreover, the EtOHAD 80/20 (in weight) mixture was investigated as reference. Indeed, this
mixture is used in the literature and algothe industry to extract the curcuminoids froth longaThis
mixture shoved the same extraction efficiencies as the other solvent alone except DiA. Surprisingly,
the best extraction mixturavas the SFME containing EtOH assotvent and 40 wt% of watdi.e.
HO/EtOH/TriA 40/24/36 in weight per cent), although the curcuminoids are not water solulles It

also the most structured SFME, accordingFigure?7. The addion of water helgd to swell the
rhizomes and to open the plant matrix, so that the extraction efficiencies of the curcuminoids
increased. Itwas also the case for the extraction with EtOH and EtGBI/B0/20 (in weight) as
extraction solvent or mixture. dNv the different curcuminoid extraction efficiencies will be compared:
the addition of water hd almost no influence on the extraction of curcumin. On the contrary, i ha
an influence on the extraction of demethoxycurcumin and even more on the extraction
bisdemethoxycurcumin. The increase of the total curcuminoid extraction efficigrasy almost
exclusively due to bisdemethoxycurcumin and demethoxycurcumin. Indeed, bisdemethoxycurcumin
has beenfoundtobéd KS Y2 aild LI24R KNHD ¥ R ¢ ¢ DsiinvBsNmioystate using
COSMGERS calculationg’1]. For that reason, the addition of a polar solvent like watethe binary
mixtures EtOH/TriA and DiA/TriA increased the aotion efficiency of bisdemethoxycurcumin and to

a small extent of demethoxycurcumin. All these results pdotieat the extractionwas not solely
dependent on the solubility of curcumin in the extraction mixture, tuas driven by various other
factors, seh 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 migtof solvents gve a first and necessary idea

prior to extraction experiments.

The two developed SFMESQAEtOH/TriA and ¥D/DiA/TriA)were able to extract the curcuminoids
from C. longa Moreover, the two different SFMEsgere food-approved, green, and edible. Indeed,
regarding the six principles of green extraction, as explained by Chemaf3it file two SFMEsould

be classified as green and biocompatible extractionesyist The six principles were described in this

thesis in2.1.4and are applicable for the two developed SFME extraction systems.

C. longahas been used as raw mai#l;, a renewable plant resource and therefore is conformed with
the first principle. Concerning the second principle, all used solvents wereafgoved, noAoxic,
and biodegradable. Moreover, water was used partly as extraction solvent and the bemsttixt

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. Tilese responsible for the formation of the SFME

and for the good extraction and solubk#itionof 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 stirtéor a long time to obtain

very good curcuminoid extraction results, which agree with the third and fifth principle. The fact that
the developed SFMEgere food-approvedwas the big advantage of this extraction procedure. Indeed,
there wasno need to remove the solvents (high energynsoming) as the SFME®re food-agreed

and edible. The only produced wast@s the remaining plant materi&. longavhichis renewable. It

can be used as a bmompostandisbiR SIANI RIF 6 f S 0 F2 dzNI K LINA Yy OA LX S0
of the extrat¢ were the essential oils. They are coextracted, & nontoxic 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&xirgystem with fresiC. longa

The SFME with EtOH assmvent has been chosen to study the enrichment of the SFME extraction
system for different reasons: vtas the best solubilizing SFME and the SFME with the lower viscosity,
so that the SFME extraon system should be more workable. To be sure that the enrichment
procedure worled, a preliminary test was carried out with the che@plonggpowder from Wagner,

which was monitored via UV/Vis as proof of concept. The results are shoWwiglre S3 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 Bt®@Hbased SFME, cycle extractions
were made along the same dilution line as previously investigated. Two different weightCatasya

to SFME extraction system were investigated: 1 to 16 and 1 to 24. A saturation of the SFMEs with
higher water content should be reaeti with the smaller weight ratio, which should be not the case
with the higher one. The reuse of the SFME extraction aystgengthered the fact that the SFME
extraction systenshouldbe classified as a green and biocompatible one, according to the six principles
of the green extractionf9]. The results are shown Figurel5 and Figurel6, as well as the detailed

total of the curcuminoids in the binary GFME extraction systemsTable & of the Appendix and

the average loss of binary or SFME extraction solution after each extraction cyeblenS of the

Appendix, for both weight ratios 1:16 and 1:24
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Figurel5: Overview of the extraction cycles for different binary and S&Haction 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 tcatigenn mg/g SFME extraction system
for both ratios is represented on the bottom. To calculate this concentration, the average loss of the binary or SFNbB extract
system after each extraction cycle was useable S of the Appendix]85].
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Figurel6: Overview of the extraction cycles for different binary and SFME extraction miwithiesarying water content at

two different weight ratios 1:16 (on the left) and2#: (on the right) for the single component curcumin (top),
demethoxycurcumimgiddle), and bisdemethoxycurcumin (bottom) as mg single component in the binary or SFME extraction
system[85].
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It was possible to enricthe binary or SFME extraction systemcurcuminoidsor both ratios to a
certain extend. If the total of curcuminadn the binary or SFME extracti@ystem of both ratios
(Figurelb, on the top)are compared some noticeable differensean beseen With the ratio 1:16,

the standard deviationsrere larger than withthe ratio 1:24. Many reasongere 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 curcumindids in t
SFME containing 40 wt% of wateas 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 wated laadrong influence on the curcuminoid extraction
efficiencies, especiallyith the ratio 1:24. Indeed, the addition of a small amount of water (5 wt%) to
the binary mixture EtOH/TriA 60/40 in weightcha big influence on the curcuminoid content in the
SFME xtraction system, since the gap between the binary curve (black chigerel6 on the right)

and the SFME extraction system curves (red, green, dark blue, and turquoise Eiguesl6 on the
right)increagdg A G K (0 KS LJ2 f-soNBiIRGGRE £ y2RF Gk S0 SONZND dzY A y 2 A R &
curcumin to bisdemethoxycurcumin). The same influemes noticeable with the water content of

the SFME extraction system: the higher the water content of the SF\dEhe more the gap between

the differert SFME curves from curcumin to bisdemethoxycurcuminreased For the ratio 1:16, the
influence of watewas noticeable only to a small extent, due to the loss of the SFME extraction system.

As can be seen, the curcuminoid content increass not rigorosly 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 30wt% of water with the same ratio should be cldg®e 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 extractionesy¢he SFME extraction system
containing 15 wt% of water contaed the highest amount of extracted curcuminoids (128.29 mg
curcuminoids in the SFME extraction system, Bable & of the Appendix). Bisdemethoxycurcumin

and demethoxycurcumirwere more abundant in the SFME extraction systems containing high

ol0KA

' Y2dzyda 2F 6F0iSNIFa GKS@ FINB Y2NB alLkRflFNE (GKFy OdzN

remaired almost the same for the SFME extraction systems containing 15 wt% of water or less,
because curcumiprefershydrophobic solvents. No saturation, on the other hand, ocstiwith the
ratio 1:24, because higher amounts of SFME extraction soWwerg used and therefre, the loss of

SFME extraction system after each cyeds not enough to prematurely reach a saturation. The SFME

46



extraction systems containing 30 and 40 wt% of water extda@tmost the same curcuminoid content.

This indicatd that beyond 30 wt%, watenad no more influence on the curcuminoid extraction.

If only the curcuminoid content in the different SFME extraction sysiemmsmpareda higher content

could be reached with the ratio 1:24. This resws not surprising, because previously it was
demonstrated that a higher weight rati€. longato SFME extraction system slightly increased the
curcuminoid extraction efficiencies (s&ggurell). If the curcuminoid concentration (séegurel5,

on the bottom)is now comparedit can be seen thatlaigher 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 increase 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 extractgere reached with the ratio 1:16 and thegher curcuminoid content

was achieved with the ratio 1:24. If the two different weight ratéwe comparedvith 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 apppriate ratio. Indeed, less SFME extraction system is used. But with the ratio
1:24, a higher contenwas reached (almost 225% more curcuminoid in the SFME extraction system)

and the practical effortvas the same for both ratios to obtain the phytocheals.

One of the goals of this studyas to have curcumin solulsidin 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%aiémand EtOH as esplvent 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 systenBHOH/TriA 40/24/36 in weight is very close

to the miscibility gap of the ternary mixture -B/EtOH/TriA (sedrigure 6). A ternary mixture
HO/EtOH/TriA 50/32.5/17.%in weigh), on the contrarywas dilutable with waterto the infinite.
Therefore, to extract the curcuminoids with this ternary mixture should be advantageable. Indeed, the
extract solutionwas dilutable with water after the extraction process and if no precipitation aeclir

the curcuminoids will be soluiBkedin an agueous solution containing a very high content of water
(more than 99 wt%). As mentioned in the introduction andattion3.3.1.2 the essential oils are
extracted along with the curcuminoids. If these not removedbeforehand, a precipitation will occur
during the infinite dilution of the extract solution because the essential oils are not water soluble, like
curcumin. Moreover, e essential oils are also able to solubilize curcumin. Therefore, different
techniques to remove the essential oils and keep a high amount of curcuminofislamgawere

investigated. After each technique to remove the oils, the ability of the extratien to be infinitely
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Curcuminoid (mg/g rhizome)

dilutable with water has also been studied. Three different techniques were used: steam distillation,

vacuum distillation, and freezerying (lyophikkation). Two different SFME compositions were
investigated: BHO/EtOH/TriA 40/24/8 and HO/EtOH/TriA 50/32.5/17.5 in weight. The results are

shown inFigurel?7 and Figurel8. The detailed curcuminoid contents are showrnTaible D of the
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Figurel7: Comparison ofhe purification technique a) and b) vacuum distillation and c) steam distillation. Two different

SFME compositions were usasl extraction systema) TriA/EtOH/BD 17.5/32.560 with a weight ratio C. longa to SFME

extraction system of 1 to 26.5 and b) and c) TriA/EtQEIB6/24/40with 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 progéssesference
with the same weight ratio and without any purification process wase dtme for comparisoriChe relative purity of the

extract solutions has been also determin&gxis on the right)[85].
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Figurel8: Extracted curcuminoids per g. C. longa with the two SFME extraction systems TriABEXQHAA32.5/50 in weight
(top) and TriA/EtOH/BD 36/24/40 in weight (bottom) with a weight ratio C. lomtp SFME extraction system of 1 to 8 after
several cycles of lyoplsitition The relative purity after each cycle of lyoghiionhas been also determined-é¥is on the
right).

Seam 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 distillatiowasinvestigated also. Indeed, trurcuminoids are temperature sensitive

and could be destroyed during the steam distillationFigurel7 the comparison between the two
different purification processgis 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 effectivg. Dimlof steam distillation

was required to achieve the same purity. The major difference between the two processethe

49



curcuminoid content after purification and extraction. Both processes led to a decrease of the
curcuminoid content. Only half of thircuminoids have been extracted after the steam distillation in
comparison with the nofprocessedC. longaln contrast only around 10% less curcuminoids have
been extracted after the vacuum distillation in comparison with the -porcessedC. longa The
vacuum distillationrwas a better alternative compared to the steam distillation, because no heat is
required and therefore, the curcuminoidgere not degraded thermally during the process. Moreover,
the SFME extract containing 50 wt% of water was irdipitilutable with water without precipitation
upon the dilution. But a lot of SFME extraction mixturas used to extract the curcuminoids. Indeed,
the used weight ratio<C. longato SFME extraction system were 1 to 20 and 1 to 26.5 for both
purification processes. For this reason, lyomdlion was investigated as an alternative. This
purification method d@d not require any heating and should permit the extraction of the essential oil
without degrading the curcuminoids, like the vacuum distillation. fdseilts are shown ifrigurel8.

As can be seen, a relative purity of around9#%6 could be reached through multiple cycles of
lyophilisation Moreover, the curcuminoidontent decreased only slightly (comparable decrease as for
the vacuum distillation). This decreas@sdue to the handling of the samples during the purification
process. Indeed, small amounts@flongacan be lost during one cycle of lyopsatiionor it is possible
that the C. longgpowderwasnot completely wateffree at the end of the lyophgationprocess. The
purity and curcuminoid extraction efficienciegere independent of the SFME extraction mixture
compositions. For this purification proceasyeight ratio of 1 to 8¢. longao SFME extraction system)
was used. This weight ratisas in accordance with the six principles of green extradi@nbecause
less SFME extraction mixtuweas requiredin comparison to the steam and vacuum distillations. The
only drawbackvas the time consumption. Indeed, one cycle of lyoghtiionrequired between 2 to 3
days to be achieved in the lab. For this method, the applicational effort is minimal in comptarison
the steam and vacuum distillation. For comparison, supercriticakt6@d 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 ex#act solutions after the vacuum distillation and the lyogsation
wastested with the SFME extraction mixture®EtOH/TriA 50/32.5/17.5 in weight. In both cases, no
precipitation occured during the dilution. After some hours, a precipitation oced; but it was
resoluble, when the sample is gently shook. Therefore, the colour stability of the extract and the
diluted extract solutionsvere investigated over the time after different cycles of lyodtion (4, 5,

and 6). Pictures have been taken afted 3, and 30 days. The samples were stored at day light and in

darkness. The pictures are showrFigurel9.
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Figurel9: Pictures of the different extracts (at day light) and extract dilutions (at day light and in the darkness, 0.1 mL ek@ack iwater) after extraction and different cycles of lyogduiibn
(4, 5, or 6 times of freeze drying) over time. The SREI@ERDH/TriA 50/32.5/17.5 in weight was used as extraction system using a weight ratio of @.tm8gao SFME extraction systeni§5]
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As said before, if the essential oils are not removed before the extraction,s& degaration will occur
during the dilution of the extract after extraction with water. Here, all the extract solutegre clear
and homogeneous after dilution. If the diluted extracas stored in the darkness, almost no change
in the colourationwas doserved with the naked eye. On the contrary, if the diluted extveas stored

at day light, a decolouration ocaed over time. Indeed, the strong yellow colour chaearly
disappeared after 30 days. On the other hand, the colour of the extract (not djlutas stable over
time, even though theyvere stored at day light. These results confadwith Figurel2. Indeed, here

again, the lightvas the most degrading factor for the curcuminoids.

After three days, a precipitation occurred in the diluted samples, where the turmeric paidenga
was freezedried four and fivetimes (seeFigure $4 of the Appendix). This precipitate could be
resolved by shaking. After 30 days, the corresponding extract solutions fafiterand fivetimes of
freezedrying) displayed a precipitation (ségégure b of the Appendix). The samples, where the
turmeric powderC. longawas six times freezdried, did not display any precipitation in the extract
solution and almost no precipitation in the diluted extract (deigure $4 and Figure S5 of the

Appendix).

3.3.1.4 Overview
First, two edible, green, bibased, and foo&pproved SFMEs consisting ofQHEtOH/TriA and

HO/DiA/TriA were examined and developed to extract the major threeuminoids fromC. longa

The existence of SFMEgs proved by using DLS and conductivity measurements. Solubilizing
measurements have demonstrated that thenas 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
curcuminin 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, thed@msethoxycurcumin extraction
efficiency increased a lot compared to curcumin (from 2.19 mg bisdemethoxycurcumirCpéompa

in the binary mixture EtOH/TriA 40/60 in weight to 2.89 mg bisdemethoxycurcumin @efampgan

the SFME extraction system c@stsg of 40 wt% of water @@/EtOH/TriA 40/24/36 in weight)). It was
also demonstrated using COSANRS calculations, that the polarity of the curcumindidseasedrom
curcumin to bisdemethoxycurcumin and therefore, the addition of water, a polar sqlieetite binary
mixture of EtOH/TriA led to an improved curcuminoid extraction efficiency. The SFME extraction
system containing EtOH as-solvent was superior to the SFME extraction system containing DiA in

solubilizing and extracting the curcuminoidsrfr C. longa Moreover, the mixture of EtOHA® 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 systasritheir edibility and their green and blmsed

aspects.

To fully use the high solubilizing power of the SFME extraction system containing EtOsbh®ish

it was reused to perform several extracticcycles and, therefore, to concentrate the SFME extraction
systemsin curcuminoids. Moreover, the relative purity of the extracts was examined and improved
through the use of three purification processes: steam and vacuum distillation and Igapbili
Among them, it was found that the most adequate purification method was the lyeptidinof the
ground rhizomes prior to their extraction because of the simplicity of the purification method, the high
amount of extracted curcuminoid, and the high obtaingurity. 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
agueous solutions (diluted extrasblution) of curcumin in darkness and to stable extract solgtain

day light, if several cycles of lyopsdtion(at least sixjvere achieved prioto extraction.

3.3.2 (Meglumine/PCA/FD)/EtOH/TrIA

3.3.2.1 Solubilityandstabilityof curcumin in water with different additives

Different additives (meglumine, ethanolamine, diethanolamine, triethanolaminglubamine, B(+}
glucosamingPCA, NaSahd NaOH) were tested to further develop the high potential of the developed
SFME extraction system consisting ofOHEtOH/TriA. Firsta small kinetic experimenusing
meglumine as additive was done to determine the best agitation timeKkgpae % of the Appendix)
Then,the interaction between meglumine and curcumin was investigated with NMR to understand
the mechanism of solubdationof curcumin in water usingneglumineand, after that, the influence

of the different additives on the curcumin solubility and stability in water was investigatéa:

different additives are shown iRigure20.
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Figure20: Structure of the different used additives

As can be seen in tHegure $ of the Appendix, after 10 minuteghe aqueous solutionvas already
saturated with curcumin. This result indicdthat meglumine and curcumin probably foeta salt in
water and therefore, tle solubilsationof curcumin happeed instantly in the aqueous solution. This
finding will be further investigated with NMR. The differédtNMR spectra are shown Figure21.
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Figure21: IH-NMRspectraof the different mole ratis meglumine/curcumin: 0/1 (red), 1/4 (light pink), 1/3 (light green), 1/2 (orange), 1/1 (blue in the middle), 2/1 (yello@jp&), 4/1 (dark
green) and 1/0 (blue at the bottom).
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The detaiéd *H-NMR spectra of curcumin and meglumine alone are shoMAigure § andFigure 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 Bl&al therefore, they formad
hydrogen bonds with water. With the addition of curcumin, this peak became sharpened and defined
and was especially dghielded (more than 1 ppm only with the addition of 1 mol curcumin to 4 mol
meglumine). The more curcumin was present in the mixturewamin/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 @vhauser Enhancement SpectroscopY (ROESY) measuremeiME2D

have been done with the mole ratio meglumine/curcumin 2/1 to see if cpestks appeared or not.

The 2DBspectra are shown iRigure Q andFigure 3.00of the Appendix. Crogseaks appeared between

the aromatic protons of curcumin and the protons of the sugaain and tle 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 andréfiere, may have a significant interaction with hydrogen
bond donors like the N group (present in meglumingg6] or to a small extent like the sugahain

of meglumine. In fact, it is already known in the literature that carbohydrates have a specific
interaction with aromatic compauds, including polypheno[87,88] Moreover, the fact that a salt is
formed and thathe N-H group and the OH groups of meglumine have a significant interaction with
the aromatic rings of curcumin could explain the-shéelding of the hydroxy groups” peak of

meglumine The possible interaction between curcumin and meglumine is showigime22.
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Figure22: Possible interaction between curcumin and meglumine
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The results of the solubility andadiility of curcumin in water in presence of the additives are shown

respectively irFigure23 and Figure24.
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Figure23: Maximum solubility of curcumin in water with diffent additives: ethanolamine (dark square), diethanolamine (red
circle), triethanolamine (blue ufacing triangle), meglumine (green doviecing triangle), Bylucamine (violet diamond),-D
(+)glucosamine at pH 11 (yellow Idécing triangle) and 12 (cyarght-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 saabin of curcumin in
water: casolvent and hydrotropenideed, as can be seenkiigure23, EtOH, NaSal, and P§howed
hydrotropic propertiesand the other additives csolventproperties The shape of the BiH, NaSal,
and PCA curvetemonstratedtypical 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 iwereneeded to solubilize curcumin in water. Et@Bs a bad hydrotrope, because

a too high amountvasneeded to solubilize a low amount of curcumin. PCA and NeSal similar
hydrotropes and better than EtOH. On the other hand, thesalventswere much bette than the
three different hydrotropes. The shape of the-solvent curvesvas different from the hydrotrope
curves: theywere much flatter and spread over only one order of magnitude. Moreover, a lower
amountwas needed to solubilize a significant amoohturcumin in water. The best @mlventswere
meglumine and ethanolamine, followed by-glucosamine at pH 12 and 11-glucamine and
diethanolamine. The worst esolventwas triethanolamine. For comparison, NaOH was used as an

additive in water at pH 15. NaOH solubfedcurcumin 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 thereforeas worse than the best esolvents meglumine and ethanolane.

The high pH of water with NaOH alledthe solubilsationof curcumin in water, although curcumin is
extremely hydrophobic. The pH of different water solutions with 15 wt% efadeent and NaOH at
pH 11.5 was recorded before and after saturation weitincumin. The results are shownTiable6. The
pHwas not the major reason for the solulsiditionof curcumin in water with the different additives (if

it were the case the solubility should be pldependent whichwas not the case, se€able6). The

solubilsationof curcuminwas dependent on the additive, but no clear trend can berse

Table6: pH before and after saturation with curcumin and maxmabsorbance of different water solutions containing 15
wt% of additives (additive/water, 15/85 in weigtsgturated with curcumirid9].

- Maximum absorbance
Additive

(15 wi%6 i ) pH before saturation | pH after saturation 422 nmin acetone
wt% in water

(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 1147 10.40 67
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Figure24: Stability of curcumin (saturated solutions) in water (85 wt%) with 15 wt% of additives under constant lighting:
ethanolamine (dark square), diethanolamine (red circle), triethanolamine (bki&cupy triangle), meglumine (green down
facing triangle), Bylucamine (violet diamond),-Br}glucosamine at pH 11 (yellow Iéécing triangle) and 12 (cyan right
facing triangle) and NaOH (sky blue sphere).For NaOH, the pH before saturation was sef{&9]11.5.

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. Bs saan in
Figure24, some additives, like diethanolamine, triethanolamine, and meglumine, stathdurcumin

in water more against light than NaOH-gIicosamine, or ethanolamine. The best stabiliges
diethanolamine, followed by triethanolamine, meglumine, aneglcamine respectively. NaOH,
ethanolamine, and Bjlucosaminewere very bad stabiliserdndeed, after 90 and 12fin lighting,
almost 60% of curcumiwas lost with NaOH and ethanolamimespectively. After the same time of
lighting, only 1820% curcumirwas lost with diethanolamine, triethanolamine, and meglumine. No
correlation between soloilisation and stabilsation was found. But meglumine or diethanolamine
seened to be the best solubilizers and stabilators. Meglumine was chosen as additive to further
investigate the solubgiationand stabilsation of curcumin in the green, biodegradablend edible
SFME as it solulsBdmore curcumin in water than diethanolamine. First, the stability against light
was investigated under different condition: in darknessoom temperature in darkness at 8C and
under constant lighting. For comparisom the darkness, the same solution containing NaOH as

additive was also investigated. The results are shoviaigare25.
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Figure25: Stabilty of saturated curcumin solutions in water (85 wt%) with 15 wt% of meglumine (thmirmg triangle) under
constant lighting (green curve), in the darkness (orange curve) and in darkne$S &ti8let curve) and in water at a pH of
11.5 adjusted with NaH (sphere) under constant lighting (sky blue) and in the darkness (darK&djie).

As can be seen Figure25, the pHwas 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 fihting. The stability in the fridge with meglumine as additias the best one. After

7 hours, only 30% curcumimas lost. After the same time, half of curcumviras lost in the darkness

and 62% under lighting. The temperature dy role in the degrad&wn speed due to the high pH in
water. The stability of curcumin in water could be extended to several hours in water but resnain
extremely low in comparison with the green, Hased, and edible SFME. Therefore, the addition of
meglumine to the best SFM&ktraction system consisting of.®/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 meglumiitieestadr

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 plagd 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 asqihtor because PCA is allowed in the
pharmaceutical industry andhowedhydrotropic properties for curcumin. The adton 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 concetibns of meglumineare 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 pHwas done also in water with the different weight concentrations of meglumine and not in the
SMME. The results of the influence of meglumine and PCA on the phase diagtdEt®H/TriA are
shown inFigure26. Four different pH values were investigated: pH 7, ppHP11.3 and pH 11.5 (the

pH values over lére 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 podde) and pH 9 was chosen because of thegikneglumine (9.64,
seeFigure Sl1 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 é&shly 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 megluming).ddd R represent the molaratio at

pH 7 and 9 respectively. In water at pH 7 and87W®as equal to 0.8& 0.01, 0.91+0.01 and 0.9%

0.01 for respectively 5 wt%, 15 wt% and 20 wt% of meglumine in water nsetfalith PCA and R

was equal to 0.82 0.02 and 0.85-0.02 forrespectively 5 wt% and 15 wt% of meglumine in water
neutralisedwith PCA.
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Figure26: Ternary phase diagrams of the systemgOhwith meglumine (5, 10, and 15 wt% in pure water) newtedlvith

PCA at pH 7/EtOH/TriA (top),®with meglumine (5 and 15 wt% in pure water) neusediwith PCA at pH 9/EtOH/TriA
(middle), and KD with meglumine (5 and 15 wt% in pure water) without PCA at pH 11.3 and 11.5 respectively/EtOH/TriA
(bottom). The Ralues 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 wdi#t].
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As can be seein Figure26, meglumine hd almost no influence on the miscibility gap in the phase
diagram compared to the phase diagram without additives. On the contrary, a saltireffect of PCA

was observed in the oilich phase of the phase diagram when the watervpds adjusted to pH 7 and

9 with PCA. To explain the saltiagt effect, the charge of PCA and meglumine must be investigated

at different pH values. As megluminada pKof 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 dfeventdi
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. Thereféd®RD
measurements have been done for samples aarihg PCA in water at two different pH values: 1.3

and 10.2. The results are showrFigure27.
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Figure27: 2DNMR spectra (HMBC) of PCA in water at pHHluU® (cross peglkand at pH 10.2 (red cross peak).




The signal at around 7.9 ppm corresponds to the hydrogen atom linked to the nitrogen of PCA. The
blue crosspeaks are the crosgeaks visible at pH 1.3 and the red omeare at pH 10.2. As can be
seen, a correlation between the hydrogen atom linked toiteogen and the different carbon atoms
around the nitrogerwas visible at pH 1.3. This peak and the ciosaks disappead at pH 10.2 and
therefore, the nitrogen @l not share a bond with any hydrogen atom ames negatively charged. This
means that PC#s partially negatively charged at pH 7 and 9 in the different phase diagrams. As a lot
of charge is present in the ternary mixture ofAEtOH/TriA at pH 7 and 9, it is responsible for the
observed saltingput effect in the oirich-phase because more wettis needed to solve the different

ions (PCA and meglumine). The influence of PCA and meglumine on the structure of the SFME was als
investigated via DLS. One sample composition was usgo/EHDH/TriA 40/24/36 in weight. 5
different samples were recorae(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 9dR 0.82+ 0.02), 5 wt% of meglumini& water at

pH 7 (R+ = 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 showRigure28 and Figure29.
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Figure28: DLS measurements of the investigated ternary mixtu@/EtOH/TriA 40/24/36 with a) 15 wt% meglumine in pure
water at pH 11.5, b) 5 wt% meglumine in pure watepldt11.3, c) 5 wt% meglumine in water at pH $4R 0.82), d) 5 wt%

meglumine in water at pH 7 ¢i= 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 extrantmnditions
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Figure29: DLS measurements of the investigated ternary mixtu@/EtOH/TriA 40/24/36 with a) 15 wt% meglumine in pure
water at pH 11.5b) 5 wt% meglumine in pure water at pH 11.3, ¢) 5 wt% meglumine in water at kb9 (R82), d) 5 wt%
meglumine in water at pH 7 ¢f= 0.88), and e) without additives in water. The measurements were done directly after mixing
and after a certain timeafter 30, 60, 90, 120 min and 2.5 days
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As can be seen Iigure28, the addition of meglumine and PCA to the water phase at different pH ha
almost noinfluence on the SFME, if the samplesre measured directly after mixing. In contrast, the
addition of 15 wt% of meglumine to pure water decredske correlation curve and therefore, the
structuring was weaker than the reference system without aagditives. Meglumine at high weight
concentration destroys the structing of the ternary system of ¥D/EtOH/TriA partially. After one

hour of stirring, no changeras observed for all the samples except for the two samples at pH 7 and 9.
Indeed, a strongeand higher correlation curweas obtained after one hour of stirring, which indicates
that the system showd stronger structuring than the reference system without additives. WEs

more significant for the system at pH 7 than at pH 9. Viscosity measms 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 inTable S10 of the Appendix. For all the systems with additives investigated with DLS, the
viscositywas higher than the reference system without additives. Moreover, the highesbsitses

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 strudahgof the systems with meglumine and PCA at pH 7
and 9 in water after one hour of stirring.hd same systems without stirring have also been
investigated. The resultwere 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 weraot again filtered before measurement). For the samples with meglumine and PCA and
without additives, no change ocaed after 2.5 days. On the contrary, for the samples with only
meglumine as additive in pure water, much bigger strucmipoccured. A binrodal correlation curve

was obtained with 5 wt% of meglumine in pure water after 2.5 days. After the same time, much bigger
aggregatesvere built with 15 wt% of meglumine in pure water. The pH of the SkitE/ery high and
TriAwasnot stable under basic calitions. TriA can be hydrolysed to glycerol and acetic acid under
basic condition$90]. Glycerois 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, alth@sglraggregates

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 oegiumine (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 fron€C. longa The results are shown kigure30.
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Figure30: Ternary phase diagrams of the systemsOHEtOH/TriA the reference system (toppHvith meglumine (5 and 15

wt% in pure water) without PC# pH11.3 and 11.5 respectively/EtOH/Trge¢ond from the top H.O with meglumine (5

and 15 wt% in pure waterjeutralisedwith PCA to pH 9 fR= 0.82 and 0.85 respectively for 5 and 15 wt% of meglumine in
water)/EtOH/TriA (third from the top), and@ withmeglumine (5 and 15 wt% in pure wategutralisedwith PCA to pH 7

(Rorz = 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 curcuahibilisationstudies. 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 diffareight 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 Na@d. As meglumine in water da 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 SFEM&ot change (i.e. the pH

of the ternary mixture after mixing is equal to the pH of the water phasfere 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
Figure30, the pH ha no major impact onlte maximum of solubility of curcumin in the SFMEvds

only very slightly increasing. Thus, the pl dot 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 trendwas observed for both weight concentrations of meglumine in water as previously: upon
addition of water, the maximum solubility of curcumin decre@dsl he decreaseas more pronounced

with 5 wt% of meglumine in pure water than with 15 wt% of meghe. For both meglumine
concentrations, the maximum of solubility of curcumias more robust against small additions of
water (i.e. meglumine/water) as previously without meglumine in water. The maximum of solubility of
curcumindecreasednly slightly with 15 wt% of meglumine in pure water. Regarding the maximum
solubility of curcumin at pH 7 and 9, the same trend as bevaae also observed (the solubility of
curcumindecreasedupon the addition of water) for both weight concentration$ meglumine in
water. It is important to notice that the dilution linesere different (due to the increase of the

miscibility gap due to the addition of PCA) and therefore, a direct compasgshfficult. Only the same
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weight concentration of megluminm 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 rema@imot constant. The two investigadebinary
solutions EtOH/TriA (40/60 and 65/35 in weight) skeoithe 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 tBEME system to bring the pH from 11.3 to 9, the
maximum solubility of curcumin decreasdJpon further addition of PCA to bring the pH from 11.3 to

7, the maximum solubility of curcumin also decredsbut not as strongly as at pH 9. It can be
supposed thathere 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 decreasedribgimum 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 weasrthe high increase of the
maximum solubility of curcumin for the SFME containing 40 wt% of wWBt&/EtOH/TriA 40/24/36)
for all the systems without PCA. The comparison between the different SFME systems is shown in

Figure31.
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Figure31: Maximum absorbance of curcumin &tax=422 nm) at saturation for the same SFME compositie®@{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, ahwater with 15 wt% of meglumine (from the left to the rightl].
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As can be seen Figure31l, the increase of the maximum solubility of curcurwias due to the addition

of meglumine and not due to the pH. The maximum solubility of curcumas higher for all the
systems with additiveghan with the reference system without additives. Moreover, the maximum
solubility of curcumin increasedfld with the addition of only 15 wt% of meglumine to pure water.
Therefore, the different weight concentrations of meglumine should be testedXtaetion. 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 se8tD03).
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 someesampl
atpH 11.3 and 11.5 (i.e. with only meglumine in pure water) a precipitation @zbovernight or after

2 days. Moreover, a change of colouais observed: from red (high pH) to orange (decrease of the pH).
The same change of colour occurs at pH 9,thetsamplesvere less red at the beginning than at pH
11.3 and 11.5 and no precipitatiomas observed. No changegere 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 preipitation 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 se€lTable7). 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 showmniable?.
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Table7: Sample composition (Sample 1 to 5; from the left to the Jighlhe pictures) for the investigated precipitation of
curcumin with 5 wt% and 15 wt% of meglumine in water and pistoféhe samples after saturation with curcumin, after 1
and 2 days in the dark39]

Sample I 5 wt% of meglumine ipurewater | 15 wt% of meglumine ipure water

composition (wt%)] Day 0

—
Vo

1: EtOH/TriA 40/6(

2: HO/EtOH/TriA
5/38/57

3: BRO/EtOH/TrA
15/34/51

4: HO/EtOH/TriA
30/28/42

5: HO/EtOH/TriA
40/24/36

All samples were red after saturation with curcumin, except for the binary system, whghrange.

The red colouwas 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 with9s oft
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 respecti@@ywt% 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 Figae 3.2 of the Appendix).

After two days, more curcumimasprecipitated 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 dissolstadt, the

more curcuminhas precipitated in the samples. The pH and the differend [@heglumine and

curcumin) seemed to play the major role for the precipitation of curcumin.
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Therefore, the precipitation pH of curcumin and bisdemethoxycurcumirbbas investigated first in
water containing 5 wt% of meglumine, in order to know if the precipitation occurred at th@fpK
meglumine or of the polyphenol. Then, the pH of precipitation of curcumin in the SERIEOH/TriA
40/24/36 (in weight) at differat 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 showrFigure32 and inFigure 3 andFigure 9.4 of the Appendix.n

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 S3andFigure 2.4 of the Appendix). The precipitation of the polyphenols was not dependent
on the pkof meglumine (pk= 9.64, se&igure S.10of the Appendix) but on the pkéf 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, meglung, 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
HO/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 precipitathould 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 occured, meaning hat the extraction could be performed without any problems

concerning the precipitation of curcumin from the extraction SFME system.
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Figure32: a) Evolution of the pH over the time in the SFMB/BtOH/TriA 40/24/36wnith 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 (upfacing orange triangle. The pH of precipitation of curcumin is indicated forvaeight 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 withwithout PCA in the SFME extraction sysisas

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 preaifmagenight 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 /MEtOH/TriA 15/34/51 or ¥D/EtOH/TriA
15/51/34 in weight). Moreover, the pH of the samples storedhia dark and at day light was also
measured over the Uvheasurement 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
Figure33 and Figure34. Curcumirwas not stable in the reference systemsAEtOH/TriA 15/34/51

and HO/EtOH/TriA 15/51/34 in weight. Indeed, after 10 days almost no curcwaidetected via
UV/Vis. Moreover, a clmge of the spectravas observed. Thus, all the curcumin was degraded after
10 days. The reference system with NaOH as additive at pH 11.%edlibes same results as the
reference system without additives. It can be deduced that the high pH has no infloentee
curcumin stability or instability in the SFME. The change of spectrareddater for the samples with
additives (meglumine with or without PCA), because the maximum of solubility of curewasimuch
higher in the SFME with water containing dtldis than in the reference SFME. From all the results, it
can be deduced that first, the high pHdao influence on the curcumin stability and that lighas

responsible for the curcumin degradation in the SFME.
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Figure33: UVNis spectra of two different SFME system®/HEtOH/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 anthérom t
top to the bottom: HO/EIOH/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 pld-9QR2); with water containing
NaOH (pH 11.5); without additives; tamy phase diagram without PCA with the composition of the investigated SFME;
H.O/EtOH/TriA 15/51/34 with water containing 15 wt% of meglumine with PCA at plg:§=R.85); without additives;
ternary phase diagram with PCA at pH 9 with the compositiotiseahvestigated SFME.
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Figure34: UV/Vis spectra of two different SFME systers®/BtOH/TriA 15/34/51 and 15/51/34 in weight with different
additives in water and without additives over time at curcumin saturation in darkRes® the left to the right and from the

top to the bottom: HO/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 pld-9(RR); with water containing

NaOH (pH 11.5); without additives; ternary phase diagram without PCA with the composition of the investigated SFME;
H.O/EtOH/TriA 15/51/34 with water containing 15 wt% of meglumine with PCA at plg:9=R.85); without additives

ternary phase diagram with PCA at pH 9 with the compositions of the investigated SFME.

The fact that the pHéad no influence on the curcumin stabilityas also supported and demonstrated

by the measurements in darkness. Indeed, in the dark curcwaindable over one month at least.
Some samples showed a maximum absorbance higher than the initial one. As all the saenples
diluted 5000fold, this higher absorbance can be attributed to dilution mistakes. Only the sample with
15 wit% of meglumine in wateat pH 11.5 shoed 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 thigpH ha

also been measured and the results are showmable8. As can be seen, the pH decreased very fast
after two to three days only. Indeed, all the sampled AgH under 7.5. The pH decreased faster under
light as in darkness. It can be deduced that the degradation of TriA redctaster than the

degradation of curcumin in darkness. After one month, a new peak apgé@athe UV spectra of all
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