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Formation, Characterization and Stability of Natural Antimicrobial-Cyclodextrin
Complexes
Cristian Samperio Torrebiarte
Abstract

As a response of the need for a natural antimiatdbireplace sodium benzoate’s use as
a preservative in beverages, twenty eight compokndgn to have antimicrobial activity were
evaluated to quantify their solubility. Twenty teref the compounds evaluated are components
of plant essential oils and the remaining five compuds are alkyl esters péra-hydroxybenzoic
acid. The test compounds were evaluated for aqusaubility as well as their solubility in an
acid-based beverage mixture. The compounds weralftube practically insoluble (<
100mg/L), very slightly soluble (100mg/L — 1,0001goér slightly soluble (1,000mg/L to
10,000 mg/L).

o-Methoxycinnamaldehydé;ans,trans-2,4-decadienal, cinnamic acid, and citronellol
were complexed with- andp- cyclodextrin and evaluated through phase solytaialyses.

The complexes formed showed improved aqueous sipyuor all compounds. Complexation
with o-CD resulted in an increase of aqueous solubifity @ methoxycinnamaldehyde by 10-
fold, trans,trans-2,4-decadienal by 3.2-fold, cinnamic acid by @R} and citronellol by 8-fold.
In addition, complexation witf-CD resulted in an increase of agqueous solubifity-o
methoxycinnamaldehyde by 1.6-fotdanstrans-2,4-decadienal by 3.1-fold, cinnamic acid by
1.7-fold, and citronellol by 1.6- fold.

The storage stability of theCD complexes ob-methoxycinnamaldehyde,
trans,trans-2,4-decadienal and citronellol were evaluatedrfdays in an acid-based beverage
solution by SPME GC-MS. The complexes exhibitexyivey levels of degradation throughout
the duration of the study all. The concentration-ofiethoxycinnamaldehyde detected by SPME
GC-MS decreased by 61.7%. Similarly, the conceotmaif trans,trans-2,4-decadienal and that
of citronellol decreased by 62.7% and 43% respelstiAdditionally, a comparison by UV/Vis
of the storage stability of the complexes storeglass and PET containers was performed. The
storage stability comparison proved that absorgtitmthe PET polymer membrane did not

occur.
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CHAPTER 1
Introduction and Justification

In November 2005, the Food and Drug AdministrafieDA) received a small
study conducted by private laboratory where theqmee of low levels of benzene was
reported in a small number of soft drinks that egreéd benzoate salts and ascorbic acid.
As a follow-up, the FDA’s Center for Food Safetylaipplied Nutrition (CFSAN)
conducted a study on beverages found in the makkébugh the FDA has no standards
for allowed levels of benzene, they have adoptedtandards that the US Environmental
Protection Agency (EPA) holds for drinking watehigh dictates that the maximum
contaminant level (MCL) should be below§/L. It was hypothesized that sodium
benzoate, a common preservative, was reactingasitbrbic acid to produce free
benzene (FDA, 2006).

The study’s results were posted in April 2006 ré&pgrthat out of the 100
beverages tested, four soft drinks and one frunkdrontained benzene in levels above
five ppb in aqueous solution. The study had arsg@@hase in which 86 more samples
were tested and results were posted on May of 200é. second phase of the study
found five products implicated (FDA, 2006).

Sodium benzoate is the sodium salt of benzoicabidh is present as benzoic
acid in aqueous environments. A wide variety ofd®and beverages use sodium
benzoate as an antimicrobial additive. It is mogable in naturally acidic or acidified
foods and beverages in the pH range from 4.0 toDUB to its broad availability and low
cost, it is used in many different types of foadsjuding carbonated and still beverages.

The usage level ranges from 0.05% to 0.10% (Chiehesd Tanner, 1968).



The mechanism by which benzene may be producessigibed by Gardner and
Lawrence, 1993. The study suggests that trangitietals can catalyze a one-electron
reduction of oxygen by ascorbic acid to producestiygeroxide anion radical, “which
undergoes spontaneous disproportionation to prodydegen peroxide” (Gardner and
Lawrence, 1993). The transition metals neededtidyze the reaction would be present
in the water used for the preparation of the beyesaThe study goes on to show that
subsequent metal-catalyzed reduction of hydrogeoxjme by ascorbic acid can generate
a hydroxyl radical. The study concludes by showireg the hydroxyl radical generated
by the metal-catalyzed reduction of oxygen and bgen peroxide by ascorbic acid “can
attack benzoic acid to produce benzene under gongdiprevalent in many foods and
beverages” (Gardner and Lawrence, 1993). The mraihighly dependent on the
concentration of ascorbic acid, optimum level ahgition metal catalyst, and pH.
Benzene production increases with increasing ascadid concentration until the
ascorbic acid concentration becomes too high, laew it, competes with benzoic acid for
the hydroxyl radical (Gardner and Lawrence, 1993nzene production is optimum at
1.0 mM concentration of copper sulfate (Gardner laangrence, 1993). The production
of benzene decreases as pH increases. The maximammaof benzene is produced at
pH 2, and constantly decreases as pH reaches ZeBeis not detectable in mixtures
with pH above 7 (Gardner and Lawrence, 1993). Beapzoduction also increases with
exposure to elevated temperatures (Kyoung andtB@608). Consequently, soft drinks
and beverages with ascorbic acid and added sodamzolate that are subjected to intense

heat can be susceptible to the production of benzen



Benzene is a known human carcinogen and neurofbleming-Jones and Smith,
2003). Consequently, efforts have to be made ieraeradicate its presence in
beverages.

Resear ch Objectives

In the task to find a replacement for sodium betez@8, chemical compounds
isolated from natural sources known to have antiwhi@l activity were selected for
evaluation (Table 1.1). All 28 compounds are cuiyeneffective as antimicrobials in
beverages due to their low aqueous solubility. fliseresearch objective is to accurately
guantify the aqueous solubility of these compouiiti® Minimum Inhibitory
Concentration (MIC) of the compounds agaifgjosaccharomyces bispor us,
Saccharomyces cerevisiae, andZygosaccharomyces bailli will be determined. Based on
the solubility and MIC data, compounds with thetlzagimicrobial activity, but limited
aqueous solubility, will be chosen to form molecufelusion complexes with-
cyclodextrin ¢-CD) andp-cyclodextrin 3-CD). Phase solubility analyses will be
performed to determine if the compounds’ complexatiith a-CD andB-CD improves
their aqueous solubility. Subsequently, solid is@ua complexes will be prepared for
further characterization. The stability of the uibn complexes will be studied in an
acid-based beverage matrix. Finally, the stabdftthe complexes stored in PET
containers will be compared to the stability of #ane complexes stored in glass

containers.
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Table 1.1 List of chemical compounds evaluated with CAS nunarel Sigma-Aldrich

catalog number.

CAS # Common Name Sigma-Aldrich Catalog # Molecular
Weight
94-18-8 Benzyl-4-hydroxbenzoate (Benzyl paraben) 54670 28.2
104-55-2 Cinnamaldehyde W228605 132.16
110861-66-0 Cyclohexanebutyric acid (Calcium Cyclohexatyehie) 228141 378.56
112-31-2 Decanal (Caprinaldehyde; Decyl aldehyde) W236209 156.27
1504-74-1 o-Methoxycinnamylaldehyde W318108 162.19
1731-84-6 Methyl nonanoate (Methyl pelargonate; Noitaacid methyl ester) W272418 172.26
25152-84-5 Trans, trans, 2,4 decadienal W313505 152.23
104-61-0 Nonanoic lactone (Gamma-nonalactone) W278106 256.2
2315-68-6 Propyl benzoate 307009 164.20
104-67-6 Undecalactone (Undecanoic Gamma-Lactone) uso6 184.28
112-44-7 Undecanal W309206 170.29
101-39-3 Methyl trans cinnamylaldehyde (alpha-methyl-tcimsamaldehyde) 112275 146.19
18031-40-8 Perillaldehyde W355704 150.22
89-83-8 Thymol W306606 150.22
103-41-3 Cinnamic acid benzyl ester (Benzyl Cinnamate) A9P% 238.28
140-10-3 Cinnamic acid (trans-3-Phenylacrylic acid) w288 148.16
110-44-1 Sorbic acid (2 4 hexadienoic acid) W392103 112.13
99-76-3 Methyl paraben (methyl p-Hydroxybenzoate) WA 152.15
94-13-3 Propyl paraben (propyl 4-Hydroxybenzoate) WIZE5 180.20
89-82-7 Pulegone (R)-(+) W296309 152.23
106-22-9 Citronellol (3,7-Dimethyl-6-octen-1-ol) W230901 156.27
5392-40-5 Citral (3,7-Dimethyl-2,6-octadienal)(Geranial aachl mixture) W230308 152.23
97-53-0 Eugenol W246700 164.20
94-26-8 Butyl paraben (butyl 4-Hydroxybenzoate) W220302 94.23
120-47-8 Ethyl paraben (ethyl 4-Hydroxybenzoate) 54660 166.17
93-15-2 Eugenol methyl ester (4-Allyl-1,2-dimethoxybenzene 46110 178.23
5989-27-5 (R) - Limonene W263303 136.23
18172-67-3 B-pinent 40275! 136.2¢




CHAPTER 2
Review of Literature
a-cyclodextrin and p-cyclodextrin

Cyclodextrins (CDs) are cyclic oligosaccharidessisting of six, seven and eight
a-D-glucopyranose units far-CD, B-CD andy-CD, respectively. The repeating
glucopyranose units are linked &y(1,4) linkagesa-CD, B-CD, andy-CD are the three
most common naturally occurring CDs often refeteds parent CDs. The chemical
structures of parent CDs are shown in Figure tiladdition, many CD derivatives have
been produced by aminations, esterifications aherigications. CDs containing less than
six glucose units are too strained to exist andeglantaining more than eight units are
hard to isolate and infrequently studied. Importrdracteristics of parent CDs have
been summarized by Szejtli, (1998) and Del VaR@0d).

CDs are formed by the degradation of starch wighethzyme glucosyltransferase.
The three parent CDs are crystalline, homogenaurshygrospcopic substances (Szejtli,
1998). Important physical properties of the pa@Ds are summarized in Table 2.1. The
glucopyranose units of CDs are in i (chair) conformation and, as a consequence, all
secondary hydroxyl groups are located on one ofwleedges of the ring and the
primary ones are on the other edge. For that re&3D rings are conical cylinders
(Szejtli, 1988). A volumetric representation of fieent CDs is shown in Figure 2.2.

CDs can form intramolecular hydrogen bonds betwkem secondary hydroxyl
groups -CD’s water solubility is rather low compared te ttest of native cyclodextrins,
most likely because it forms intramolecular hydmogends. In the-CD molecule, one

glucose unit is in a distorted position which dieithe hydrogen bond formation



making it more water soluble. The CD cavity hdfedent diameters on each side. On
the side containing the primary hydroxyl groupg, thvity is smaller due to free rotation
of these groups. On the side where the secondainpkyl groups are located, the cavity
is larger (Szejtli, 1988). The dimensions of theepa CDs are shown in Figure 2.2.

The exterior of the CD molecule has various hydtgxgups, consequently it is
quite polar. On the other hand, the interior of @i cavity is non-polar compared to its
exterior and common external environments suchasnConnors, 1997). These
unique structural characteristics enable CDs tmfioiclusion complexes with a very
wide range of solid, liquid and gaseous compoubds Valle, 2004). Geometrical and
steric factors determine the fit of the guest maleanside the CD cavity. For that
reason, the proper fit, even if only partial, ajueest molecule in a CD cavity is the most
important requirement for inclusion complex formoat(Szejtli, 1998). There are no
covalent bonds formed or broken by complexationil®mydrophobic interactions and
Van der Walls are known to be the main interactionslved in complexation, steric
forces and hydrogen bonding could also contrib8tetli, 1988). The main driving
force of complex formation is the release of watetecules from inside the CD cavity
and their replacement with more hydrophobic guesenules. The replacement of
enthalpy-rich water molecules by hydrophobic gmeskecules decreases CD’s ring
strain. Hence, the complexation reaction takeseperause it is energetically favorable
and results in a more stable lower energy stateiepéDel Valle, 2004). Complexes
formed achieve a dynamic equilibrium between gaadthost molecules and the

association is reversible (Saenger, 1984). Thdignstrength again depends on the fit



of the guest in the cavity and the specific inteoars between surface atoms (Del Valle,
2004).

The formation of inclusion complexes has imporgffects on the
physicochemical properties of host molecules. Sbereficial changes induced by
complexation include: alteration of guest’s solipjIstabilization against effects of light,
heat, and oxidation, reduction of guest’s physimalyesponses, and reduction of
volatility (Hedges, 1998). The most common indatrise of inclusion complex
formation with CDs is to increase solubility of fitfonal ingredients. When a guest
molecule forms a complex, it is essentially suraeohby the CD molecule. The
hydrophobic groups of the guest molecule that wanaéldh contact with the solvent
interact with the hydrophobic groups inside of @@ cavity and let the hydrophilic
groups on the outside of the CD cylinder interaithwhe solvent. This results in an
increase in solubility of the complexed guest whiah lead to an increase in
bioavailability in an aqueous system. In many calsesncrease in solubility proves to be
insufficient to have an effect on bioavailabiliti€dges, 1998). Generally, the lower the
water solubility of a compound the greater thetredasolubility increases gained by
complexation (Kootnz, 2003). Inclusion complexnf@tion also stabilizes compounds.
Stabilization is achieved by the occupancy of tiedavity by the guest molecule. Once
the cavity is occupied by a molecule other reaatiatecules are excluded from
occupying the cavity at the same time preventitgraction and reaction. In addition,
steric hindrance prevents the interactions withosegd portions of the guest molecule
(Hedges, 1998). Furthermore, complexation canaedhe rate of photodegradation of

some light sensitive compounds (Mielcarek, 1997).



An important observation for the use of CD compkeas antimicrobials is that
these cyclic oligosaccharides are not mediums foraarganisms, especially yeasts and
fungi. However, if CD prevents the guest molecutarf getting into direct contact with
cell membrane the complexed molecule, will losaitsmicrobial properties (Szejtli,
1988).

Wacker Biochem submitted to the U.S. Food and Drdigpinistration (FDA) an
independent Generally Recognized As Safe (GRA®raenation for3-CD as a flavor
carrier or protectant. The FDA did not questiongb#-affirmed GRAS status and
assigned it the GRAS Notice No. GRN 000074 in Oet&®01 (FDA, 2001). Wacker
Biochem also submitted to the FDA an independemA&Retermination foa-CD as a
as a carrier or stabilizer for flavors (flavor acgmt), colors, vitamins and fatty acids, and
to improve mouth-feel in beverages. The FDA did quo¢stion the self-affirmed GRAS
status and assigned it the GRAS Notice No. GRN 550 June 2004 (FDA, 2004).
Natural Antimicrobials

The field of antimicrobials derived from nature Heeen extensively studied
throughout history. Since the fifth century BC, pigerates mentions 400 medicinal
plants, many of them now known to synthesize bicklly active chemical compounds
(Shultes, 1978). The category of antimicrobialgwiel from nature includes compounds
derived from plants, animals and microorganismdl@R@003). The scope of this
research will focus on antimicrobial compounds\dgifrom plants.

Essential oils (EOs) are aromatic oily liquids afeéa from plants and plant
products such as fruits, seeds, and leaves. Eakeifdi volatile oils and ethereal oils are

terms used in scientific literature referring teeand the same. Steam distillation is the



most common extraction method of EOs from plantemalt (van de Braak and Leijten,
1999). The antimicrobial properties of some EOsleen recognized and studied for
years (Boyle, 1955). EOs have exhibited antiveatjbacterial, antimycotic,
antitoxigenic, antiparasitic, and insecticidal prdjes (Burt, 2004; Corbo and others
2009).

Generally EOs are composed of sixty or more indiglcompounds. Typically a
major component constitutes 85% or more of the Edevthe remaining 15% is
composed of minor components. Although most ofatiemicrobial properties of an
individual EO are attributed to its major compoumninor components are also known to
contribute (Burt, 2004). The compositional natureeveral EOs has been studied by gas
chromatography and mass spectrometry (GC/MS) (§dl2&7; Wilkins and Madsen,
1991; Daferera and others, 2000; Juliano and o2@96; Bauer and others 2001;
Delaquis and others, 2002; Adams, 2007). EOs argosed of complex mixtures of
terpenoids (mono-, sesqui- and di-terpenes), alspketones and aldehydes of
terpenoids. Aromatic compounds arising from thengheropanoid pathway are very
common. Many individual compounds of plant EOs@mmmon to many species
(Adams, 2007). Adams’ (2007) work has a very comensive analysis by GC/MS of
most compounds found in plant EOs. Compounds eeéffirom EOs that were included
in this study are listed in table 2.2 along witplant species source. In addition table 2.2
shows the compounds’ GC/MS retention time and Kovetention index.

The antimicrobial activity of EOs is mostly attriled to phenolic compounds and
their derivatives (Cowan, 1999; Corbo and othe®@992. Phenolics exercise their

antimicrobial activity by injuring lipid membranessulting in leakage of cellular
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contents (Vigil and others, 2005). There is agdeal of published literature the effects
of different EOs on different bacteria. Deans aitdHie (1987) studied the effect of 50
plant EOs on 25 genera of bacteria concludinglibdt Gram-positive and Gram-
negative bacteria are susceptible. The level afeqighility was highly variable
depending on the bacteria and EO in question. fevweby Nychas (1995) summarizes
the effect of the EOs from linden flower, orangembn, grapefruit, mandarin, sage,
rosemary, oregano, thyme, cinnamon, cumin, caraeglaye, allspice, mastic gum and
onion against the foodborne pathog&tsphylococcus aureus, Listeria monocytogenes,
Aremonas hydrophilia, Salmonella typhimurium &idstridium botulinumThe study
concludes that to some degree all are sensititleet&Os, again with major variability in
the levels of inhibition. Many researchers coneldithat the effectiveness of EOs
decreased when experiments were conducted in vigdalthe complex components of
food matrices (Smid and Gorris, 1999).

Although many EOs have been tested for their effias antimicrobials, only
major EO components like eugenol, cinnamaldehydanol, citral, and perillaldehyde
have been evaluated individually (Burt, 2004). Eablprovides a list of these major EO
compounds with the microorganisms that were testgihst and the reported Minimum
Inhibitory Concentration (MIC). In addition to abéicterial activity, some of the major
EO components have been researched for antifuogeita Iso-eugenol,
cinnamaldehyde, carvacrol, eugenol and thymol dedestrong antifungal activity
againstcommon food contaminating fungenicillumsp.,Fusriumsp., andAspergillus
sp. (Pauli and Knobloch, 1987). EO components lhaea tested in a number of food

systems including: meat and meat products, fisiny gaoducts, vegetables, rice, and
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fruits (Burt, 2004). Due to their low water solutyilthere are no studies done in agueous
systems.

In the United States, the legal aspects of theoti&® components in foods are
very encouraging. All the compounds listed in teh2, except eugenol methyl ester, are
either approved as food additives or listed orai#id as GRAS by the FDA (EAFUS).
Par abens

The remaining antimicrobial compounds includedhis study are a group of
alkyl esters opara-hydroxybenzoic acid commonly referred to as parabktethyl
paraben and propyl paraben are directly addedrtor@rcial food systems as
antimicrobial agents (Davidson, 2005). The intermreshese compounds in the
development of a beverage preservative is because are already in commercial use as
food preservatives. However, their low aqueouslksbiy is a limiting factor.

The list of the compounds to be evaluated in thidyswith their reported water
solubilities is in Table 2.4. Parabens are commad#lycavailable as odorless white
powders. Parabens are stable to air and are mgsisteold and heat, including
sterilization temperatures. The first reportdtmmantimicrobial activity of parabens
were published in the 1920s by Sabalitschka anerstfDavidson, 2005). The optimum
pH for antimicrobial activity has been reportednfrthree to eight (Chichester and
Tanner, 1968). The antimicrobial and antifungaivéty of parabens has been evaluated
against a very wide range of bacteria and fungbl@a.5). Many inhibition studies use
different experimental parameters so direct consparis not representative of real
results. However, relative comparison of reportd@#/give a good overview of the

effectiveness of these compounds. Generallyiothger the alkyl chain of the paraben
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the greater its antimicrobial activity. Inversdiye longer its alkyl chain, the lower its
water solubility.

The exact mechanism by which parabens functiomt@sigrobials is yet to be
determined but many studies agree that most af dloéivity occurs at the cytoplasmic
membrane (Furr and Russell, 1972; Freese and ott®#8). Furr and Russell
determined that the presence of parabens causasdiitilar RNA leakage iBerratia
marcescengdicating disruption of cytoplasmic membrane. @tmechanism proposed
by Freese and others concluded that parabenstitinbiiptake of serine and the
oxidation ofa-glycerol phosphate and NADH Bacillus subtilis.

In the United States the regulatory status of megrgpyl, and butyl paraben are
GRAS at maximum concentration of 0.1%. (EAFUS)the European Union methyl,
propyl, and ethyl are approved for use in foodsvi@son, 2005).

Methodology Rationale
Solubility Studies

The aqueous solubility of a compound is definethasextent to which a
substance mixes with pure water to form a moledutnogeneous system at a given
temperature. For pure compounds water, solubgiggn equilibrium state (ASTM).
Solubility studies will follow the ASTM (E1148) stdard method for aqueous solubility
measurement. An excess of compound is shakenr@dsin a flask of water to obtain
equilibrium. Since equilibrium times depend on toepound’s physical properties, the
solution should be stirred for at least 24 hourser*equilibrium is reached, any
suspended solute should be removed either by fiegdtion or filtration. A standard

curve can be prepared by producing a suspensiearging concentrations of test
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compound by mixing a known concentration in a watecible solvent and diluting the
suspension in water. A plot of absorbance versasartration should yield a straight
line. Standard techniques of linear regressiorttae used to estimate concentration of
test compound in water, that value represents veatebility (ASTM).
Complex Formation

Inclusion complexes can be prepared in solutioe iocedure is to stir or shake
an aqueous solution of cyclodextrin with an exadsguest molecule. This may be
performed with or without the use of a solvent. flguium is reached after intense
stirring. The mixture is stored immobile under dang$ temperature for 12 hours to allow
any excess guest compound to settle out of sol¢8aajtli, 1988). The quantitative
determination of the guest’s concentration can bderby spectophotometry at
ultraviolet and visible ranges (UV/Vis), gas chraagaaphy (GC) or high performance
liquid chromatography (HPLC). However the comples o be dissolved and
dissociated. For UV/VIS, the complex must be dsdlin 50% ethanol. The determined
amount of guest may be fully or partially complexedully uncomplexed.
characterization methods can be applied to venidy & true inclusion complex is formed
(Szeijtli, 1988).
Binding Constants

The binding constant of a non-covalently bound sseaf definite substrate-to-
ligand stochiometry can be calculated when the d¢exniprmed is at equilibrium in
solution (Connors, 1997). The substrate, S, igthest and the ligand, L, is the host (CD)
whose concentration is the independent variabt@cldbmetric ratios are given in the

order S:L. CD complexes are commonly assigned atbdhiometric ratio, however
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other ratios such as 1:2, 2:1, and 2:2 are knowmpilexes with those stochiometries are
formed according to the following equilibria:

S+ Le» SL

SL + L«> Sk

S+SI*> &
The stepwise binding constants for these equililoigamoted<11, K12, andK21 are defined

by the following equations each constant has thiehi:

Kll = [SL]
[SI[L]

Ki2= [SL]
[SLI[L]

Ka= [SL]
[SI[SL]

The formation of higher complexes directly from thbstrate and ligand is represented
by the following:
mS+ nL <> S,
with an overall binding constaft.
Brmn = [SmlLn]
JSHmY

In CD complex studies binding constants are expressterms of stepwise binding
constants (Connors, 1997).
Phase Solubility Analysis

The interactions between the two molecules in alugion complex are weak
induction forces. The electron transfer betweerntwitemolecules creates electrostatic
forces of attraction. These charge transfers havavarall solubility effect especially

with aromatic molecules (Higuchi, 1971). The pihae of phase solubility analysis is
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to add successive amounts of sample to a solveshwémains at a constant volume. In
the case of this study, successive amounts of €2dded to a constant volume of water.
The guest compound is added in excess to each @sp@o solution. The solution is
then brought to equilibrium through agitation atomstant temperature and the solution
phases are then analyzed for total guest contegti¢Hi, 1971). A phase solubility
diagram (solubility isotherm) can be prepared mttpig the weight of solute (aqueous-
CD solution) by the weight of guest found per wiisolvent (Higuchi, 1971). A phase
solubility analysis yields the maximum solubilitiytbe complexed substrate.
Solid Inclusion Complex

A physical solid of the complex can be formed idesrto further characterize its
structure. Preparation of solid inclusion complexe®lves freeze-drying the complex in
solution to draw off all moisture and form a sqgbowder (Echezarreta-Lopez and others
2000). The main purpose of forming the solid indascomplex is to create a pure
sample which can be used for further testing amdyars, such as for determination of
percent weight of complexed guest. It can alsodssl o determine stoichiometry of the
complex. Thermal analysis such as thermogravimatratysis (TGA) and differential
scanning calorimetry (DSC) can be used to verifyglex formation with a solid
inclusion complex.
Storage Stability Studies

The purpose of this study is to determine the peage of guest compound in an
acid-based beverage matrix remaining over a p@ficgven days. A known amount of
cyclodextrin complex is added to a mixture of waggucose, fructose, sucrose and

ascorbic acid. The acid-based beverage matrixjisteadl to a pH of 3.4 and results
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between 12and 13 brix, simulating a commercial beverage system whiee

complexes could be used as antimicrobial agen& cbncentration of guest compound
is then evaluated in daily intervals by solid phaseroextraction gas chromatography
mass spectrometry (SPME GC/MS). The mixture ierild before each evaluation to
ensure that anything coming out of solution is reetb This method requires the
complete dissolution and dissociation of the comrea solvent preferably in the
mobile phase (Szente, 1996). A time-course ploewfaining compound (%) is then
produced (Ajisaka and others, 2000). A standardecigr prepared by dissolving
increasing concentrations of the compounds in ethemd diluting them in the acid-
based beverage mixture to ensure that the standavesthe same pH and soluble solids
content as the samples.

An aqueous solution with a determined amount ofgernis prepared to evaluate
the storage stability of the complexes in diffeneatkages. The aqueous solution is
acidified to a pH of 3.4 to represent the pH obenmercial acid based beverage. The
complex-aqueous solutions are stored in polyetleyterephthalate (PET) and glass vials
over a period of 7 days. The solutions are thetuated by UV/Vis to determine the
amount of compound present in solution. The sahgtiare filtered before each
evaluation to ensure that anything coming out &itsmn is removed. The dissociation of
the complex is achieved by diluting the solutioms ffinal concentration of 50% v/v
agueous ethanol. A time-course plot of remainingound (%) is produced for each
method of storage for comparison. The amount ofpmamd present is quantified by
using linear regression against a standard cutve standards are prepared by dissolving

the compounds in ethanol and serially diluting theracidified water.
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Tablesand Figures
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Figure 2.1 Chemical structure of parent CDs. (LD, (2)3-CD, (3)y-CD (Koontz,
2003)

22




Table 2.1 Physical properties of parent cyclodextrins (CDgl(Balle, 2004)

Property a-CD  B-CD y-CD
Number of glucopyranose units 6 7 8
Molecular weight (g/mol) 972 1135 1297
Solubility in water at 2%C (%, wiv)  14.5 1.85 23.2
Outer diameter (A) 14.6 15.4 17.5
Cavity diameter (A) 4.7-5.36.0-6.5 7.5-8.3
Height of torus (A) 7.9 7.9 7.9
Cavity volume (K) 174 262 427
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Table 2.2 Individual compounds found in essential oils ea#ddl in the present study. Additionally the latam®e of a plai
source. GC/MS retention time and Kovats retentioiex (K1) as reported by Adams, 2007.

Compound Source™* Retention Time** K134
(Common name) (Latin name) (min)
Cinnamaldehyde Cinnamomum cassia 18.74 1270
Decanal (Caprinaldehyde; Decyl aldehyde) Polygonum minus 15.83 1201
1-Decanol (n-Decyl Alcohal) Mentha x gentillis 18.73 1269
o-Methoxycinnamaldehyde Cinnamomum cassia 31.38 1564
Methyl nonanoate (Methyl pelargonate; Nonanoic avithyl ester) Humulus lupulus 16.83 1226
Trans, trans, 2,4 decadienal Nicotiana forgetiana 20.87 1316
Nonanoic acid (Pelargonic acid) Sideritis amasiaca 18.77 1270
Nonanoic lactone (Gamma-nonalactone) Polianthes tuberosa 22.78 1361
Methyl trans cinnamylaldehyde (alpha-methyl-traimxamaldehyde) Cinnamomum cassia 21.00 1318
Perillaldehyde Perilla frutescens 18.83 1271
Thymol Organum vulgare 19.71 1290
Cinnamic acid benzyl ester (Benzyl Cinnamate) Myroxylon periferum 50.22 2092
Cinnamic acid (trans-3-Phenylacrylic acid) Cinnamomum cassia 26.80 1454
Pulegone (R-) (+) Acinos suaveolens 17.27 1237
Citronellol (3,7-Dimethyl-6-octen-1-ol) Rosa rugosa 16.80 1225
E-Citral (3,7-Dimethyl-2,6-octadienal)(Geranial axdral mixture) Cymbopogon citratus 18.62 1267
Eugenol Eugenica caryophyllus 22.70 1359
(R) - limonene Citrus sinensis 8.69 1029
B - pinene Ferula galbaniflua 7.04 979
Undecalactone (Undecanoic Gamma-Lactone) Narcissus tazetta 31.65 1570
Undecanal Machilus bombycina 20.45 1306
Sorbic acid (2,4-hexadienoic acid) - 11.20 1093

Eugenol methyl ester (4-Allyl-1,2-dimethoxybenzene)
Propyl benzoate

! Plant source not exclusive (idividual compounds@mmon of many species with varying concentratioreach

> Mass spectra obtained on a HP 5970b MSD massaepeter, coupled to an HP 5890 gas chromatogratphan&W DB-5 colum

%Kovats index on DB-5 in reference to n-alke
* Data collected from Adams, 2C
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Table 2.3 Selection of reported minimum inhibitory concentras (MIC) of essential oil

components
Compound Bacterial Species MIC References
(wl/ ml)
Citral' Bacillus cereus 0.1875-0.! Consentino and others, 1¢
Escherichia coli 0.5 Kim and others, 1995
Salmonella typhimuriu 0.5 Kim and others, 1995
Staphylococcus aureus 0.5 Onawani, 1989
Listeria monocytogenes 5.0 Kim and others, 1995
Eugenol Escherichia coli 1.0 Kim and others, 1995
Salmonella typhimuriu 0.5 Kim and others, 1995
Listeria monocytogenes >1.0 Kim and others, 1995
Thymol Escherichia coli 0.225-0.45 Consentino and others, 1999
Salmonella typhimuriu 0.056 Consentino and others, 1999
Staphylococcus aureus  0.140-0.225 Consentino and others, 1999
Listeria monocytogenes 0.45 Consentino and others, 1999
Bacillus cereus 0.45 Consentino and others, 1999
Perillaldehyde  Escherichia coli 0.5 Kim and others, 1995
Salmonella typhimuriu 0.5 Kim and others, 1996
Listeria monocytogenes 1.0 Kim and others, 1997
Cinnmaldehyde Salmonella typhimuriu 0.05 Helander and others, 1998

‘Geranial and neral mixture
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Table 2.4 Parabens with reported solubility (Davidson, 2605)

Compound Solubility?
(mg/L)
Methyl paraben (methyl p-Hydroxybenzoate) 2500
Ethyl paraben (ethyl 4-Hydroxybenzoate) 1700
Propyl paraben (propyl 4-Hydroxybenzoate) 500
Butyl paraben (butyl 4-Hydroxybenzoate) 200

Benzyl paraben (Benzyl-4-hydroxbenzoate) 3

!Adapted from Davidson, 2005
’Reported solubility at 2&
% Not reported
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Table 2.5 Minimum inhibitory concentration (MIC) of parabeexperimental parameters
vary)"?(Davidson, 2005)
Microorganism

Methyl Paraben Ethyl Paraben Propyl Paraben Butyl Paraben

Concentratiomg/ml
Gram-Positive
Bacillus cereus 1000-2000 830-1000 125-400 63-400
Bacillus megaterium 1000 - 320 100
Bacillus subtilis 1980-2130 1000-1330 250-450 63-115
Clostridium botulinum 100-1200 800-1000 200-400 200
Lactococcus lactis - - 400 -
Listeria monocytogenes 1430-1600 - 512 -
Micrococcus sp. - 60-110 10-100 -
Sarcina lutea 4000 1000 400-500 125
Staphylococcus aureus 1670-4000 1000-2500 350-540 120-200
Streptococcus faecalis - 130 40 -
Gram-Negative
Aeromonas hydrophila 550 - 100 -
Enterobacter aerogenes 2000 1000 1000 4000
Escherichia coli 1200-2000 1000-2000 400-1000 100
Klebsiella pneumoniae 1000 500 250 125
Pseudomonas sp 450-4000 400-4000 250-8000 100-8000
Salmonella 2000 1000 1000 1000
Salmonella typhimurium - - 180-300 -
Vibrio parahaemolyticus - - 50-100 -
Yersinia enterocolitica 350 - - -
Fungi
Alternaria sp - - 100 -
Aspergillus flavus - - 200 -
Aspergillus niger 1000 400-500 200-250 125-200
Byssochlamys fulva - - 200 -
Candida albicans 1000 500-1000 125-250 125
Debarymyces hanseii - 400 - -
Penicillium digitatum 500 250 63 <32
Penicillium chrysogenum 500 250 125-200 63
Rhizopus nigricans 500 250 125 63
Saccharomyces bayanus 930 - 220 -
Saccharomyces cerevisiae 1000 500 125-200 32-200
Torula utilis - - 200 -
Toluraspora delbruekii - 700 - -
Zygosaccharomyces bailii - 900 - -
Zygosaccharomyces bisporus - 400 - -
Zygosaccharomyces rouxii - 700 - -

! Benzyl paraben not reported
2 pH, incubation temperature and time vary
% Table adapted from Davidson, 2005
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Table 2.6 List of chemical compounds evaluated with CAS nunarel Sigma-Aldrich catalog

number.
CAS # Common Name Sigma-Aldrich Catalog # Molecular
Weight
94-18-8 Benzyl-4-hydroxbenzoate (Benzyl paraben) 8467 228.24
104-55-2 Cinnamaldehyde W228605 132.16
110861-66-0 Cyclohexanebutyric acid (Calcium Cyclaimebutyrate) 228141 378.56
112-31-2 Decanal (Caprinaldehyde; Decyl aldehyde) 5229 156.27
1504-74-1 0-Methoxycinnamylaldehyde WwW318108 162.19
1731-84-6 Methyl nonanoate (Methyl pelargonate; Momaacid methyl ester) W272418 172.26
25152-84-5 Trans, trans, 2,4 decadienal W313505 152.23
104-61-0 Nonanoic lactone (Gamma-nonalactone) W278106 156.22
2315-68-6 Propyl benzoate 307009 164.20
104-67-6 Undecalactone (Undecanoic Gamma-Lactone) 6U80 184.28
112-44-7 Undecanal W309206 170.29
101-39-3 Methyl trans cinnamylaldehyde (alpha-metras-cinnamaldehyde) 112275 146.19
18031-40-8 Perillaldehyde W355704 150.22
89-83-8 Thymol W306606 150.22
103-41-3 Cinnamic acid benzyl ester (Benzyl Cinnahnat W214205 238.28
140-10-3 Cinnamic acid (trans-3-Phenylacrylic acid) W228818 148.16
110-44-1 Sorbic acid (2 4 hexadienoic acid) W392103 112.13
99-76-3 Methyl paraben (methyl p-Hydroxybenzoate) M4 152.15
94-13-3 Propyl paraben (propyl 4-Hydroxybenzoate) B 180.20
89-82-7 Pulegone (R)-(+) W296309 152.23
106-22-9 Citronellol (3,7-Dimethyl-6-octen-1-ol) W230901 156.27
5392-40-5 Citral (3,7-Dimethyl-2,6-octadienal)(Geaedmnd neral mixture) W230308 152.23
97-53-0 Eugenol W246700 164.20
94-26-8 Butyl paraben (butyl 4-Hydroxybenzoate) W22D3 194.23
120-47-8 Ethyl paraben (ethyl 4-Hydroxybenzoate) 54660 166.17
93-15-2 Eugenol methyl ester (4-Allyl-1,2-dimethogyizene) 46110 178.23
5989-27-5 (R) - Limonene W263303 136.23
18172-67-3 _ B-pinent 40275: 136.20
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CHAPTER 3

Deter mination of Aqueous Solubility of Natural Antimicrobial Compounds and
Par abens

Abstract

Twenty eight compounds known to have antimicrobaivity were evaluated to
accurately quantify their solubility. Twenty-threéthe compounds evaluated are
components of plant essential oils. The remainivg dompounds are alkyl esters of
para-hydroxybenzoic acid. The test compounds were etedular agueous solubility as
well as their solubility in an apple juice-based&mge mixture. UV/Vis
spectophotometry techniques were used to quahifgolubility values. All of the
compounds were found to be practically insolubld@mg/L), very slightly soluble
(100mg/L — 1,000mg/L) or slightly soluble (1,0001id¢ 10,000 mg/L). The comparison
of the compounds’ aqueous solubility against italsitty in the apple juice-based
beverage mixture resulted in a general trend ofedsed solubility in the beverage

mixture.
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Introduction

In November 2005, the Food and Drug AdministrafieDA) received a small
study that a private laboratory conducted indicathrat low levels of benzene were
present in a small number of soft drinks that cioreiéh benzoate salts and ascorbic acid
(FDA, 2006). Benzene, a known human carcinogemauodotoxin, was being produced
by sodium benzoate reacting with ascorbic aciddalyce free benzene (Fleming-Jones
and Smith, 2003). The details of the reaction meisgma are described by Gardner and
Lawrence, 1993. Sodium benzoate is used as aniardgbial additive in a wide variety
of foods and beverages including carbonated alidbstierages.

In the task of finding a natural preservative dulgao replace sodium benzoate in
beverages, 28 compounds known to have antimicrabtality were evaluated to
determine their aqueous solubility. In additiorh,chlthe compounds were evaluated to
determine their solubility in an apple juice-babederage mixture.

Twenty-three of the compounds evaluated are compsraé plant essential oils
(Table 3.1). Essential oils (EOs) are aromatic gyids obtained from plants and plant
products such as fruits, seeds, and leaves. E@sehdnbited antiviral, antibacterial,
antimycotic, antitoxigenic, antiparasitic, and icts&idal properties (Burt, 2004; Corbo
and others, 2009).

The remaining five compounds included in this gtace a group of alkyl esters
of para-hydroxybenzoic acid commonly referred to as paralf@able 3.1). Methyl
paraben and propyl paraben are directly addedrtor@rcial food systems as

antimicrobial agents (Davidson, 2005). The intereshese compounds in the

31



development of a beverage preservative arises bes@mme are already in commercial
use as food preservatives.

The objective of this study is to accurately detesrthe test compounds’
aqueous solubility and their solubility in an applee-based beverage.
Materialsand Methods

Materials. All compounds evaluated were supplied by Sigma-akdr

(Table 3.1) (St. Louis, Missouri, USA). Ethyl aladhabsolute, 99.5%, A.C.S. reagent
was supplied by Arcos Organics (Geel, Belgium) adisc 25PP disposable filter device,
0.45um microcellulose was supplied by Whatman, Schlegiéh8chuell (Florham Park,
New Jersey, USA). Latex free 10 mL syringes wempbad by Becton Dickinson & Co.
(Franklin Lakes, New Jersey, USA). A UV-Vis spegtiotometer, UV-2101PC was
supplied by Shimadzu (Kyoto, Japan). Quartz cusettere supplied by Fisher Scientific.
A refrigerated Shaker, Innova 4230, was supplietibyw Burnswick Scientific (Edison,
New Jersey, USA). Premium 100% pure apple juicesgnvative free, pressed from fresh
apples, not from concentrate, 64 Fl.oz (1/2 galbBY L, pasteurized was supplied by
Motts (Rye Brook, New York, USA). Alpha-D (+)-gluse, anhydrous 99+%, was
supplied by Acros Organics (Geel, Belgium). D-Foset, reagent grade (crystal) was
supplied by Fisher Scientific (Fair Lawn, New JgrdéSA). Sucroseo-D-
glucopyranosylp-D-fructofuranoside; saccharose; cane sugar) waglisd by Sigma
Chemical Company (St. Louis, Missouri, USA). Maicid, food grade, powder was
supplied by Sigma-Aldrich Chemical Company (St. ispiissouri, USA). Filtration
products, 4qum, filter unit- 500 mL, were supplied by Nalgeneo(Rester, New York,

USA).
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M ethods. Saturated solutions of the compounds in water \werpared by adding
200 mg of compound into 250 mL conical Erlenmeyasks with 100 mL of distilled
water for a concentration of 2000 mg/L. Flaskswiite concentrated solutions were
capped with plastic stoppers and mechanically shéke24 hrs at & and 250 rpm.

The solutions were then taken up into 10mL lateefyringes, and filtered through 0.45
um micro-cellulose filters into 20 mL test tubesat@ait analysis. Tubes were stored in a
cabinet protected from light and were analyzed iwithdays.

Standard curves were prepared for all compoundfidsplving them in ethanol
and serially diluting them with distilled water. UAbsorption spectophotometry was
performed to quantify the content of compound iluson with a Shimadzu UV-2101PC
UV/VIS Scanning Spectrophotometer. Samples wereeplan quartz cuvettes and ran on
the UV/VIS. Settings for the UV/VIS included wavetgh range from 190-400 nm.
Distilled water was used as a reference and fasalme scan. A portion of the samples
were placed in quartz cuvettes and ran on the U¥/VIThe maximum absorbance of
the spectra was recorded for each compound. Liegaession was then used to calculate
the concentration of test compound in water. THelslty of methyl paraben was
greater than 2000 mg/L, so the same procedureailag/ed with the exception that the
saturated solution was concentrated to 3000 mdike.pgrocedure was done in triplicate.

The preparation of the apple juice-based beverageira consisted of combining
100 mL of preservative free apple juice (Motts lobhad6.8g of glucose, 59.49 of fructose,
1.89g of sucrose in a 1L beaker. The mixture was tireught up to 1L with distilled
water. The mixture was stirred at room temperatunté all the ingredients were

incorporated. The pH of the mixture was adjuste8.dowith 1M malic acid. The brix of
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the mixture was verified to be betweer? 42d 18 (Abbe 3L refractometer). The
mixture was filtered using 0.48m microcellulose filter units.

The evaluation of the test compounds’ solubilityhie apple juice-based beverage
mixture was performed using the same procedureitescfor the agueous solubility
determination with the exception that the distileater was replaced with the apple
juice-based beverage. Standard curves were prefmarali compounds by dissolving
them in ethanol and serially diluting them with eqeple juice-based beverage.

Results and Discussion

Table 3.2 lists the maximum absorbance wavelengthech each test compound
was evaluated. The standard curves prepared walgzad by the method of least
squares yielding correlation coefficients, Rhe standard curves of thymol and
trans,trans-2,4-decadienal showed the lowésaRies with 0.8502 and 0.8949
respectively. The remaining 26 compounds’ standardes had Rranging form 0.9788
to 1.00, having excellent linearity (Table 3.2).

The aqueous solubility calculated for each of tipgounds evaluated is shown
in Table 3.3. The results are organized from deekt to the highest water solubility
observed. It can be noted that the values range Iré mg/L fory-nonalactone to 2460.6
mg/L for methyl paraben. Using the United Statkarmacopeia (USP # 24 NF 19)
solubility descriptors, we can classify the compdsiavaluated in three categories:
practically insoluble, very slightly soluble, andyhtly soluble. Table 3.4 depicts the
USP solubility descriptive terms converted to rgiéims of compound per liter of solvent.
With aqueous solubility of less than 100mg/L, tbkofwing group of compounds can be

described as practically insoluble in water: nonatactone, -pinene, benzyl cinnamate,
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R-limonene, cyclohexanebutyric acid, methyl nona@oaenzyl paraben, propyl
benzoate, and trans, trans-2, 4-decadienal. Theogrbvery slightly (100 mg/L to 1000
mg/L) water soluble compounds tested include: la¢diéhyde, butyl paraben,
undecalactone, citronellol, eugenol methyl estiéralc methyl,trans-cinnamaldehyde,
propyl paraben, undecanal, cinnamic acid, cinnaeimide, o-methoxycinnamaldehyde,
decanal, pulegone, and ethyl paraben. Finallygtbap of slightly soluble test
compounds (1,000 mg/L to 10,000 mg/L) include: tbyreugenol, sorbic acid, and
methyl paraben.

The aqueous solubilities of parabens were repdoyedavidson, 2005. The
results of this study found similar values and coméd the trend that the longer the alkyl
chain of the paraben the lower its water solubility

The results of solubility evaluations of the tesinpounds dissolved in the apple
juice-based beverage mixture are shown in TableThé beverage mixture interfered
with the maximum absorbance wavelengths of decanggnol methyl ester, limonene
and pinene. For that reason, the solubility of ¢ho@mpounds dissolved in the beverage
mixture could not be determined using this particuhethod. The apple juice-based
beverage mixture is intended to mimic a commetwéalerage and the two most
influential factors are soluble solids content aktl A direct comparison of the test
compounds’ solubility in water and beverage mixtgrehown in Table 3.6. It can be
noted that although the solubility values are yagiimilar to the aqueous solubility values,
there are some general trends that can be diffatedt Of the 24 compounds evaluated,
18 compounds showed a decrease in maximum sojutdimpared to their water

solubility. This is consistent with the study byrflamce and LeMaguer (1980) which
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found that all the terpenic essential oil compos@mtiuded in their study exhibited
reduced aqueous solubility as the concentraticgohible solids was increased,
“irrespective of the nature of the solid”.

It is well known that the presence of soluble sohday reduce the solubility of
organic compounds in water because the water mekethat hydrate the soluble solids
become no longer available to dissolve the othempmunds; in this case the test
compounds (Terrance, 1980). The only compoundsimatved a significant increase of
solubility in the beverage mixture was propyl besteowith an increase of 53%.
However, the increase in solubility was only froragiically insoluble in water (53.9
mg/L) to slightly soluble in the beverage mixtutd 6.6 mg/L).y-nonalactone exhibited
an increase in solubility from 1.6mg/L in water2Z@mg/L in the beverage mixture
however the compound remained practically insolul@éral, thymol, undecanal, and
citronellol showed very slight increases in solipiin the beverage mixture ranging
between 1.3% and 6.1%. Nevertheless, considermg\arage of standard deviations of
the two analyses which range between 9.5% and 30.686 be concluded that the

solubility values for these four compounds remaioceasstant in both mediums.
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Tablesand Figures

Table 3.1 List of chemical compounds evaluated with CAS nunarel Sigma —Aldrich
Catalog number

CAS # Common Name Sigma-Aldrich Catalog # Molecular
Weight
94-18-8 Benzyl-4-hydroxbenzoate (Benzyl paraben) B467 228.24
104-55-2 Cinnamaldehyde W228605 132.16
110861-66-0 Cyclohexanebutyric acid (Calcium Cyda@mebutyrate) 228141 378.56
112-31-2 Decanal (Caprinaldehyde; Decyl aldehyde) 5229 156.27
1504-74-1 0-Methoxycinnamylaldehyde Ww318108 162.19
1731-84-6 Methyl nonanoate (Methyl pelargonate; Moi@acid methyl ester) W272418 172.26
25152-84-5 Trans, trans, 2,4 decadienal W313505 152.23
104-61-0 Nonanoic lactone (Gamma-nonalactone) W278106 156.22
2315-68-6 Propyl benzoate 307009 164.20
104-67-6 Undecalactone (Undecanoic Gamma-Lactone) 6U80 184.28
112-44-7 Undecanal W309206 170.29
101-39-3 Methyl trans cinnamylaldehyde (alpha-mettais-cinnamaldehyde) 112275 146.19
18031-40-8 Perillaldehyde W355704 150.22
89-83-8 Thymol W306606 150.22
103-41-3 Cinnamic acid benzyl ester (Benzyl Cinnanat W214205 238.28
140-10-3 Cinnamic acid (trans-3-Phenylacrylic acid) w228818 148.16
110-44-1 Sorbic acid (2 4 hexadienoic acid) W392103 112.13
99-76-3 Methyl paraben (methyl p-Hydroxybenzoate) \MET4 152.15
94-13-3 Propyl paraben (propyl 4-Hydroxybenzoate) BaxeL 180.20
89-82-7 Pulegone (R)-(+) W296309 152.23
106-22-9 Citronellol (3,7-Dimethyl-6-octen-1-ol) W230901 156.27
5392-40-5 Citral (3,7-Dimethyl-2,6-octadienal)(Gaedrand neral mixture) W230308 152.23
97-53-0 Eugenol W246700 164.20
94-26-8 Butyl paraben (butyl 4-Hydroxybenzoate) w2223 194.23
120-47-8 Ethyl paraben (ethyl 4-Hydroxybenzoate) 54660 166.17
93-15-2 Eugenol methyl ester (4-Allyl-1,2-dimethogyplaene) 46110 178.23
5989-27-5 (R) - Limonene W263303 136.23
18172-67-3  B-pinene 40275: 136.2¢
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Table 3.2 Maximum absorbance wavelength at which compourete wvaluated and

correlation coefficient of standard curves

Test Compound

M aximum Absor bance

Correlation Coefficient

Wavelenght of Standard Curves
nm R?

Benzyl-4-hydroxbenzoate (Benzyl paraben) 253 0.9997
Cinnamaldehyde 289 0.9869
Cyclohexanebutyric acid (Calcium Cyclohexanebug)rat 193 1.000
Decanal (Caprinaldehyde; Decyl aldehyde) 289 0.9973
0-Methoxycinnamylaldehyde 287 0.9983
Methyl nonanoate (Methyl pelargonate; Nonanoic avathyl ester) 210 0.9997
Trans, trans, 2,4 decadienal 278 0.8949
Nonanoic lactone (Gamma-nonalactone) 218 0.9825
Propyl benzoate 230 0.9979
Undecalactone (Undecanoic Gamma-Lactone) 211 0.9857
Undecanal 204 0.9943
Methyl trans cinnamylaldehyde (alpha-methyl-traimxamaldehyde) 286 0.9999
Perillaldehyde 235 0.9903
Thymol 197 0.8502
Cinnamic acid benzyl ester (Benzyl Cinnamate) 278 9629
Cinnamic acid (trans-3-Phenylacrylic acid) 274 0.9998
Sorbic acid (2 4 hexadienoic acid) 256 0.9995
Methyl paraben (methyl p-Hydroxybenzoate) 255 0.9994
Propyl paraben (propyl 4-Hydroxybenzoate) 256 0.9988
Pulegone (R-) (+) 260 0.9924
Citronellol (3,7-Dimethyl-6-octen-1-ol) 197 0.9902
Citral (3,7-Dimethyl-2,6-octadienal)(Geranial aretal mixture) 244 0.9987
Eugenol 197 0.9996
Butyl paraben (butyl 4-Hydroxybenzoate) 255 0.9997
Ethyl paraben (ethyl 4-Hydroxybenzoate) 255 0.9991
Eugenol methyl ester (4-Allyl-1,2-dimethoxybenzene) 199 0.9995
(R) - Limonene 195 0.9921
B-pinent 197 0.978¢
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Table 3.3 Resultsof aqueous solubility evaluations

Test Compound

Water Solubility

n=3

mg/L s.d.
Nonanoic lactone (Gamma-nonalactone) 1.6 0.8
B-pinent 4.5 1.C
Cinnamic acid benzyl ester (Benzyl Cinnamate) 141 5 4.
(R) - Limonene 33.3 5.4
Cyclohexanebutyric acid (Calcium Cyclohexanebug)rat 43.9 0.3
Methyl nonanoate (Methyl pelargonate; Nonanoic awithyl ester) 48.5 18.2
Benzyl-4-hydroxbenzoate (Benzyl paraben) 49.9 14.9
Propyl benzoate 53.9 3.8
Trans, trans, 2,4 decadienal 55.7 0.96
Perillaldehyde 134.6 4.4
Butyl paraben (butyl 4-Hydroxybenzoate) 147.1 10.5
Undecalactone (Undecanoic Gamma-Lactone) 173.9 45.0
Eugenol methyl ester (4-Allyl-1,2-dimethoxybenzene) 282.9 46.1
Citronellol (3,7-Dimethyl-6-octen-1-ol) 294.1 83.7
Citral (3,7-Dimethyl-2,6-octadienal)(Geranial aretal mixture) 362.6 7.8
Methyl trans cinnamylaldehyde (alpha-methyl-traimtamaldehyde) 388.8 46.5
Propyl paraben (propyl 4-Hydroxybenzoate) 426.0 39.7
Undecanal 566.0 193.5
Cinnamic acid (trans-3-Phenylacrylic acid) 573.1 3A0.
Cinnamaldehyde 589.9 49.1
o-Methoxycinnamaldehyde 602.9 2.7
Decanal (Caprinaldehyde; Decyl aldehyde) 640.5 82.5
Pulegone (R-) (+) 808.7 130.1
Ethyl paraben (ethyl 4-Hydroxybenzoate) 940.9 280.6
Thymol 1097.0 117.7
Eugenol 1282.2 241.9
Sorbic acid (2 4 hexadienoic acid) 1514.5 179.9
Methyl paraben (methyl p-Hydroxybenzoate) 2460.6 65.1
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Table 3.4 United States Pharmacopeia (USP#24 NF 19) des&ifgrms for solubility
values of chemical compounds

Descriptive Term mg/L
From To
Very soluble >1,000,000 >1,000,000
Freely soluble 1,000,000 100,000
Soluble 100,000 33,000
Sparingly soluble 33,000 10,000
Slightly soluble 10,000 1,000
Very slightly soluble 1,000 100
Practically insoluble, or Insoluble 100 <100
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Table 3.5 Results of solubility evaluations of test compasidéssolved in apple juice-
based beverage mixture (ABM)

Test Compound Solubility in ABM
n=3
mg/L s.d.

Cinnamic acid benzyl ester (Benzyl Cinnamate) 216  240.
Nonanoic lactone (Gamma-nonalactone) 2.65 0.70
Methyl nonanoate (Methyl pelargonate; Nonanoic awithyl ester) 31.25 1.06
Benzyl-4-hydroxbenzoate (Benzyl paraben) 39.21 8.19
Cyclohexanebutyric acid (Calcium Cyclohexanebug)rat 41.37 11.28
Trans, trans, 2,4 decadienal 54.28 0.80
Perillaldehyde 113.67 5.02
Propyl benzoate 116.61 13.93
Undecalactone (Undecanoic Gamma-Lactone) 153.70 21.92
Butyl paraben (butyl 4-Hydroxybenzoate) 148.09 12.10
Citronellol (3,7-Dimethyl-6-octen-1-ol) 298.08 38.46
Methyl trans cinnamylaldehyde (alpha-methyl-tramsiaimaldehyde) 332.35 61.01
Propyl paraban (propyl 4-Hydroxybenzoate) 367.51 30.3
Citral (3,7-Dimethyl-2,6-octadienal)(Geranial aretal mixture) 386.52 230.16
Cinnamaldehyde 406.79 92.50
Cinnamic acid (trans-3-Phenylacrylic acid) 41450 .687
0-Methoxycinnamaldehyde 498.30 72.06
Undecanal 575.90 245.37
Pluegone (R-) (+) 670.84 15.40
Ethyl paraben (ethyl 4-Hydroxybenzoate) 758.05 101.14
Eugenol 1211.27  289.46
Thymol 1119.78 94.35
Sorbic acid (2 4 hexadienoic acid) 127457  195.80
Methyl paraben (methyl p-Hydroxybenzoate) 1992.77  PB6.
Decanal (Caprinaldehyde; Decyl aldehyde) *
Eugenol methyl ester (4-Allyl-1,2-dimethoxybenzene) *
(R) - Limonene *
B-pinene *

"Apple juice-based beverage mixture: Apple juicensibluble solids between %2nd 13 brix, acidified
with malic acid to pH of 3.4
*Components of the beverage mixture interfered wWithcompounds maximum absorbance wavelength.
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Table 3.6 Comparison of water solubility and solubility inveeage mixture of

compounds evaluated

Test Compound

Water Solubility  ABM ™ Solubility

Solubility Change

n=3 n=3 (%)

mg/L mg/L
Cinnamic acid benzyl ester (Benzyl Cinnamate) 14.1 2 2. -84.69
Propyl benzoa® 53.¢ 116.€ 53.8(
Nonanoic lactone (Gamma-nonalact@ne) 1.6 2.65 38.81
Methyl nonanoate (Methyl pelargonate; Nonanoic awithyl ester) 48.5 31.3 -35.57
Cinnamaldehyde 589.9 406.8 -31.05
Cinnamic acid (trans-3-Phenylacrylic acid) 573.1 514 -27.68
Benzyl-4-hydroxbenzoate (Benzyl paraben) 49.9 39.2 321
Ethyl paraben (ethyl 4-Hydroxybenzoate) 940.9 758.1 9.42
Methyl paraben (methyl p-Hydroxybenzoate) 2460.6 1892 -19.01
0-Methoxycinnamaldehyde 602.9 498.3 -17.35
Pulegone (R-) (+) 808.7 670.8 -17.05
Sorbic acid (2 4 hexadienoic acid) 1514.5 1274.6 -15.84
Perillaldehyde 134.6 113.7 -15.55
Methyl trans cinnamylaldehyde (alpha-methyl-traimsi@maldehyde) 388.8 3324 -14.52
Propyl paraben (propyl 4-Hydroxybenzoate) 426.0 367.5 -13.74
Undecalactone (Undecanoic Gamma-Lactone) 173.9 153.7 11.60
Citral (3,7-Dimethyl-2,6-octadienal)(Geraniol aretal mixture? 362.€ 386.5 6.1¢€
Cyclohexanebutyric acid (Calcium Cyclohexanebug)rat 43.9 414 -5.76
Eugenol 1282.2 1211.3 -5.53
Trans, trans, 2,4 decadienal 55.7 54.28 -2.49
Thymol? 1097.( 1119.¢ 2.02
Undecané 566. 575.¢ 1.71
Citronellol (3,7-Dimethyl-6-octen-1-di) 294.1 298.1 1.32
Butyl paraben (butyl 4-Hydroxybenzoate) 147.1 148.1 650.
(R) - Limonene 33.3 *
Decanal (Caprinaldehyde; Decyl aldehyde) 640.5 *
B-pinene 4.5 *
Eugenol methyl ester (4-Allyl-1,2-dimethoxybenzene) 282.9 *

"Apple juice-based beverage mixture: Apple juicensidluble solids between %2nd 13 brix, acidified

with malic acid to pH of 3.4
“Compounds’ solubility increased in ABM

*Components of the beverage mixture interfered witthcompounds maximum absorbance wavelength.

43



CHAPTER 4

Formation and characterization of a- and B-cyclodextrin complexes with natural
antimicrobial compounds

Abstract

o-Methoxycinnamaldehydé;ans,trans-2,4-decadienal, cinnamic acid, and
citronellol were complexed witer andp- cyclodextrin and evaluated through phase
solubility analyses. The complex formation showagrioved aqueous solubility for all
compounds. The maximum concentration of guest camgpdhata-CD complexed
resulted in 3697.4 mg/L @-methoxycinnamaldehyde, 281.3mg/Ltrdns,trans-2,4-
decadienal, 3411.7 mg/L of cinnamic acid, and 28 87g/L of citronellol. In addition3-
CD complexed 811.8 mg/L @Fmethoxycinnamaldehyde, 235.3mg/Ltodns,trans-2,4-
decadienal, 905.9 mg/L of cinnamic acid, and 448g4L of citronellol.a-CD complexes
showed larger solubility increases tHa@D complexes. Solid inclusion complexes were
prepared and analyzed for the four test compoun@D complexes. Weight
percentages attributed to the test compounds vetegrdined yielding 3.7% of
o-methoxycinnamaldehyde, 6.7%toéns,trans-2,4-decadienal, 8.9% of cinnamic acid,

and 7.2% of citronellol.
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Introduction

In April 2006 The Food and Drug Administration @$ed a study concerning
levels of benzene in commercial beverages (FDAGRModium benzoate, a common
preservative, was reacting with ascorbic acid tmlpce free benzene (FDA, 2006). Due
to its broad availability and low cost, sodium beaiz, is used in many products
including carbonated and still beverages. The mashaby which benzene, a known
human carcinogen and neurotoxin, is produced isritexl by Gardner and Lawrence,
1993. The study suggests that transition metaksepitan tap water catalyze a one-
electron reduction of oxygen by ascorbic acid wdpice the superoxide anion radical
“which undergoes spontaneous disproportionatigeréoluce hydrogen peroxide”
(Gardner and Lawrence, 1993). The reduction of txyyeln peroxide by ascorbic acid
generates a hydroxyl radical. Finally, the hydrasadical generated by the metal-
catalyzed reduction of oxygen and hydrogen perolidascorbic acid attacks benzoic
acid to produce benzene under conditions prevatemany food systems (Gardner and
Lawrence, 1993). The concentration of benzene mtamluincreases with exposure to
elevated temperatures (Kyoung and others, 2008)s€&ently, soft drinks and
beverages with ascorbic acid and added sodium ben#uat are subjected to intense
heat can be susceptible for the production of bemze

With a need to replace sodium benzoate, four nlatorapounds known to have
antimicrobial activity but with limited aqueous sbllities were chosen to form
molecular inclusion complexes withcyclodextrin (-CD) andp-cyclodextrin 3-CD).
The natural antimicrobial compounds included irs gtudy were:

o-methoxycinnamaldehydé&,ans, trans-2,4-decadienal, cinnamic acid, and citronellol.
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The objectives are to study the formatioroindp-CD complexes with the test
compounds through phase solubility analyses. litiaddohase solubility analyses will
be used to determine if the compounds’ complexatibh o-CD andp-CD show
improvements in aqueous solubility and to deterntiir@emaximum amount of guest
compound that could be complexed. Finally, solusion complexes were formed to
obtain a physical complex and characterize thegkegercent attributable to the test
compounds.
Materialsand M ethods

Materials. o-Methoxycinnamaldehyde 96%, Kosher, food grade (FG),
trans,trans-2,4-decadienal, Kosher, F@&ans-cinnamic acid, Kosher, FG, citronellol
FCC,>95%, supplied by Sigma-Aldrich (St. Louis, MissQuiSA). a-Cyclodextrin,
CAVAMAX ® W6 and B-cyclodextrin, CAVAMAX ® W7 supplied by Wacker Fine
Chemicals (Munich, Germany). Ethyl alcohol, abse|®9.5%, A.C.S. reagent was
supplied by Arcos Organics (Geel, Belgium). Pura@sSPP disposable filter devices,
0.45um microcellulose membranes, were supplied by Whatr8ahleicher & Schuell
(Florham Park, New Jersey, USA). Latex free 10 mlinges, were supplied by Becton
Dickinson & Co. (Franklin Lakes, New Jersey, USA)UV-Vis spectrophotometer, UV-
2101PC, was supplied by Shimadzu (Kyoto, Japanri@euvettes were supplied by
Fisher Scientific. A refrigerated shaker, Innova@@2was supplied by New Burnswick
Scientific (Edison, New Jersey, USA).A Sentry Fezapbile (12SL) freeze dryer was
supplied by Virtis (Gardiner, New York, USA).

Phase Solubility Analysis. Phase solubility studies were performed on citrohel

o-methoxycinnamaldehydé&,ans,trans-2,4-decadienal anmlans-cinnamic acid
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complexed withw andp-CDs. 10, 40, 70, 100, and 130 mmol/Lee€D were added to
five 50 mL polypropylene conical tubes and respetyilabeled. A 0 mmol/la-CD
sample was prepared to reference the solubilith@test compound by itself. The tubes
were filled to a volume of 20 mL with distilled veat Tubes were tightly capped and
mechanically shaken for 24 hrs af@%and 250 rpm (Innova 4230, refrigerated shaker).
After 24 hrs the tubes were taken out of the shakdreach test compound was added to
the aqueous-CD solution in excess. One hundredatiy test compound were added to
the 20 mL of aqueous cyclodextrin solution for aantration of 5000 mg/L. The tubes
were re-capped and mechanically shaken for 48tf#8°@& and 250 rpm. After 48 hrs the
shaker was turned off and the tubes were leftastatiy for 24 hrs at 2& to allow any
excess test compound to settle out of solution.Sbheation was extracted using a 10 mL
syringe and filtered with a 0.48n micro-cellulose filter tip and placed into glasals.
One mL of sample was diluted with 1 mL of 100% ettilan order to disassociate the
complex. UV absorption spectophotometry was peréarmwith a Shimadzu UV-2101PC
UV-VIS scanning spectrophotometer to quantify tbetent of compound in solution.
The diluted sample was then transferred to a quantette and analyzed. A 50% aqueous
ethanol solution was used as a blank. Standaregeswrere prepared for each test
compound by mixing the compound with ethanol argitieig it in 50% aqueous ethanol.
Linear regression analysis was used to quantifgtimeentration of test compound in
each solution.

For phase solubility analysis wifiacyclodextrin, the same procedure was
followed with the exception that the concentratiohf-CD added were differen-CD

was added to four tubes labeled: 4 mmol/L, 8 mmdAa.mmol/L and 16 mmol/Ll3-CD
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was added to each tube appropriately and thed fili¢h distilled water up to a volume
of 20 mL. A 0 mmol/LB-CD sample was prepared to reference the solulofitiie test
compound by itself. The rest of the procedure vemsexd out as described above. The
procedure was done in triplicate therefore valeg®rted are averages of n =3.

The molar ratios of the complexes in solution weakeulated at the highest
solubility increase shown by the phase solubilitwes. The calculated moles of guest
compound at the highest point of the phase sotulahart were divided by the moles of
a- or B-CD at that same point. The result is a guest & hwlar ratio expressed in moles
of guest [G] to moles of host [H]; [G]:[H].

Solid Inclusion Complex. Solid inclusion complexes were prepared for
o-methoxycinnamaldehydé&,ans,trans-2,4-decadienal, cinnamic acid, and citronellol
complexed withu-CD. The concentration of CD which showed the latgacrease in
solubility for each compound in the phase solupdihalysis was added to 1 L of distilled
water. The aqueous-CD solution was shaken for 24h25C and 250 rpm (Innova
4230, refrigerated shaker). An excess of 5000ntgsifcompound was added to the
solution and placed back on the shaker for 48 h2&& and 250 rpm. After 48 hrs the
solution was filtered and placed in wide shalloshdis covered with plastic wrap and
frozen until solid in a freezer set to °C8 The samples were freeze dried over four days
(Sentry Freezemobile, Virtis,). The solid samplesenstored in closed bottles inside a
desiccator until further analysis.

Characterization. UV absorption spectophotometmas used to determine the
percentage of test compound found in the solid ¢exa\ concentration 1000mg/L of

solid complex were diluted in distilled water. Omé of the complex solution was
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diluted in one mL of ethanol to dissociate the cam@nd have a final 50% aqueous
ethanol solution. UV/Vis was used to determinedbecentration of test compound in
solution. The maximum absorbance at each compowpesific wavelength was plotted
against a standard curve prepared in the same §0&oas ethanol solution. The weight
percent (%) was calculated by dividing the conesitn of guest by concentration of
complex added to solution.

Results and Discussion

Phase Solubility Analyses. Standard curves for all 4 test compounds were
prepared in 50% aqgueous ethanol the same solvanivds used to dissolve the aqueous
complex solutions before UV/Vis analysis. Table I&ts the maximum absorbance
wavelength at which each test compound was evaluatee standard curves prepared
were analyzed by the method of least squares giglchrrelation coefficients,Rfrom
0.9847 to 0.9995 depicting excellent linearity (lEa.1).

The phase solubility diagrams of the four compauenhluated are shown in
Figures 4.1 through 4.4. Table 4.2 shows a summfatye guest molecule:cyclodextrin
ratios. Molar ratios were calculated at the higlpesnt of the phase solubility curves.

Figure 4.1 depicts the phase solubility diagrams-wiethoxycinnamaldehyde-
CD complexes. The curve shown in Figure 4.1a shtbesnaximum amount of
o-methoxycinnamaldehyde complexedd&ZD as 5133 mg/L. The optimum uptake was
at a concentration of 0.13 MCD aqueous solution. At the highest point of tokisility
isotherm the complex formation increased the sbtyluf o-methoxycinnamaldehyde
from 505 mg/L to 5133 mg/L for a 10 fold increa¥ae moles of

o-methoxycinnamaldehyde divided by the moles-@D denote a molar ratio of 0.24 or
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approximately 1:4 guest to host. An important obgeon is that
o-methoxycinnamaldehyde was added to the systemciessxat a concentration of 5000
mg/L. The average calculated guest content of @& is higher than the excess
concentration added with a standard deviation b®#4 mg/L giving insight that nearly
all or all the compound present was complexedcatnaentration of 0.13 M-CD
agueous solution. This suggests that if more comgavas present in the system the
reaction could yield a more efficient complex tlvemat was observed in this study. It can
be noted that the correlation @methoxycinnamaldehyde concentration with thai-of
CD is very linear (R=0.91). This linearity depicts a behavior in which
o-methoxycinnamaldehyde presents an unlimited inereasolubility as the
concentration of CD is increased. When this coti@tas strictly linear, a complex of
constant stoichiometry is formed (Szejtli, 1988).

Figure 4.1b depicts the phase solubility diagrdrm-methoxycinnamaldehydg-
CD complex. The solubility increase limit of thengplex was observed at a
concentration of 0.004 NA-CD aqueous solution. At this point the concentratf
o-methoxycinnamaldehyde was 811 mg/L. From its inggdubility of 505 mg/L, the
complex formation showed an increase in solubdity.6 fold. At a concentration of
0.004 MB-CD the molar ratio was 1.25 which is higher thahif favor of the guest.
When the correlation of guest’s concentration abdcGncentration is not linear, the
solubility increase deviates upward or downwards Happens when the solubility
increases faster or slower than the concentrafi@Do In these cases the guest to host
ratio is not constant, thus it increases or deeeabhe solubility limit of the complex

can be observed when the curve reaches the ehd bhéarly increasing section which
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results in a plateau. At this point increasing CEoscentration results in no further
increase in the guest’s solubility. When the cotregion of guest in the system begins to
fall, it signals that the maximum amount of guagtsent in the system is complexed, so
the apparent solubility begins to decrease. Thie@les height signals the solubility of
the complex and its length its stoichiometry (Sz€e§088).

Figure 4.2 shows the phase solubility diagransanfs,trans-2,4-decadienal-CD
complexes. The phase solubility diagram of the caumg complexed with-CD is
shown in figure 4.2a. It can be noted that thelsbty increase limit was seen at 0.01 M
a-CD aqueous solution. The maximum concentratiomanfs,trans-2,4-decadienal
complexed by-CD was of 281.3 mg/L in aqueous solution. Fronngtmal solubility of
86.85 mg/L there was a solubility increase of ®I&8.f The molar ratio of-CD
trans,trans-2,4-decadienal complex was 0.18, approximatelygli#st to host. Figure
4.2b shows the phase solubility diagrantrahs,trans-2,4-decadienal complexed wifh
CD. The solubility increase limit was seen at 0.808-CD aqueous solution. From the
initial solubility of 86.85 mg/L the complex formah increased the compound’s
solubility to a maximum of 235.28 mg/L for a 3.1dancrease. The molar ratio pfCD
trans,trans-2,4-decadienal complex was 0.19 or approximatéygliest to host. Both
solubility isotherms showed non-linear correlations

The phase solubility diagrams of cinnamic acid-@nplexes are shown in
figure 4.3. Figure 4.3a depicting the complex aih@mic acid and-CD shows the
solubility increase limit at 0.04 M-CD aqueous solution. The maximum concentration
of cinnamic acid complexed lsyCD was 3411 mg/L aqueous solution. From a solybili

of 527.13 mg/L there was a 6.3 fold increase whanpexed with 0.04 Mi-CD. A
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molar ration of 0.58 was calculated. The 1:2 modéio has been observed in other
studies involvingr-CD and cinnamic acid (Romano, 2008; Truong, 20bvaddition
literature shows results of 2518 mg/L for a cinntaman-a-cyclodextrin complex,
although co-solvents were used to aid complex fatongConnors and Rosanske, 1980).
The phase solubility diagram f@fCD cinnamic acid complex is shown in figure 4.3b.
The solubility increase limit was seen 0.004 M3eED with a concentration of 905.99
mg/L of cinnamic acid aqueous solution. The soltybihcrease from 527.13 mg/L was
of 1.7 fold. The molar ratio calculated was appnediely 2:1 (1.53). Both of the molar
ratios calculated fos- andp-CD-cinnamic acid complexes are comparable to walue
found in literature (Connors and Rosanske, 198@zidix and others 1999).

The phase solubility charts far andp-CD-citronellol complexes are shown in
figure 4.4. Figure 4.4a illustrates the limit ofigality increase fom-CD-citronellol
complex at concentration 0.04 ®CD. The maximum concentration of citronellol
complexed was 2437.6 mg/L. The solubility of citetlal by itself was calculated to
300.03 mg/L so the maximum amount complexed reptesn 8 fold increase in
solubility. At the highest point of the phase sdlityocurve the molar ratio was
calculated to 0.39 approximately 1:3 guest to Heigure 4.4b displays the phase
solubility diagram of th@-CD-citronellol complex. The maximum concentratan
citronellol complexed by-CD was 449.43 mg/L. The optimal uptake of citrélahvas
at 0.004 M of3-CD. The formation of this complex increased thikeilsitity of citronellol
by 1.6 times. The average molar ratio calculatad @lose to 1:1 (0.72).

An increase in solubility of a poorly soluble stayge as CD concentration is

increased in agueous solution indicates complexdtion (Szejtli, 1988). In theory the
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stoichiometry of CD complexes is characterized dwystant guest:host ratios. However,
in practice there are factors that modify the cosian of the complexes. For instance,
in solution the association/dissociation equilibriand the size and shape of the guest
allow a variety of guest to host ratios of compkei@ co-exist. The general rule is that for
agueous solutions the 1:1 complex is predominazgj{l§ 1988). According to
theoretical and past experimental observationsfattehat the molar ratios calculated in
this study shows- andp-CD complexes with values lower than 1:1 is mokelir to
indicate that not all of the CD molecules presarthe system were forming inclusion
complexes as opposed to the idea that more thanymhedextrin molecule was needed
to fully complex the guest compound. Neverthel&ssher characterization of the
inclusion complexes would be needed.

In all instances the larger cavity [CD produced higher molar ratios, favoring
the guest, than-CD complexes. Moreoves;CD was more effective for the purpose of
increasing the aqueous solubility of the host degpe less efficient molar ratios. The
higher solubility ofa-CD allowed less efficient complexes to still hdaeger increases in
agueous solubilities of the guests.

Solid Inclusion Complexes. Given thato-CD complexes showed better results
for the purpose of increasing the aqueous solylfithe test compounds, solid inclusion
complexes were prepared for the four test compoands-CD complexes. A solid
inclusion complex allows physical characterizationl the determination of weight
percentage (%) of host. The resulting complex-6fD-o-methoxycinnamaldehyde
resulted in a lightweight, flaky white powder witkry different physical appearance and

color than ther-CD, o-methoxycinnamaldehyde physical mixture. The r@sgiitomplex
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of a-CD-transtrans-2,4-decadienal was a lightweight powder with gamn but very
slight hint of yellow.a-CD-cinnamic acid and-CD-citronellol complexes resulted both
in lightweight white powders.

The calculation of weight percentage (%) attributethe guest compound in the
complex, was done by dividing the concentratiooahpound calculated , by the total
concentration of complex added to the system antptied by 100.

The weight percentage calculation é66€D-0-methoxycinnamaldehyde complex
resulted in a 3.7% of the complex’s weight attrédiié to the compound. A low weight
percentage is expected since the molar ratio itefica 1:4 guest to host. For i&€D-
trans,trans-2,4-decadienal complex a weight percentage of Ge&4lted. Again a low
weight percentage confirms a molar ratio with ahkigproportion of host than guest. The
a-CD-cinnamic acid complex showed a weight percé® @ of cinnamic acid. This
value was confirmed with past work arCD-cinnamic acid complexes by Truong, 2007
and Romano, 2008. Finally, tkeCD-citronellol complex resulted in 7.3% of weight

attributable to citronellol.
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Tablesand Figures

Table 4.1 Maximum absorbance wavelength and correlationfioberits for standard

curves
Test Compound M aximum Absor bance Correlation Coefficient
Wavelenght of Standard Curves
nm R?
o-methoxycinnamylaldehyde 287 0.9995
Trans, trans, 2,4 decadienal 278 0.9987
Cinnamic acid (trans-3-Phenylacrylic acid) 274 0.997
Citronellol (3,7-Dimethyl-6-octen-1-ol) 197 0.9847
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Table 4.2 Guest to host molar ratios of cyclodextrin compexe

Guest molecule:cyclodextrin ratio

Cyclodextrin  0- methoxycinnamaldehy  transtrans-2,4-decadien.  cinnamic aci citronellol

a- 0.24 0.18 0.58 0.39
B- 1.25 0.19 1.53 0.72
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Figure 4.1 Phase solubility diagrams of o-methoxyxinnamaldehggclodextrin
complexes
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Figure4.1a Phase solubility diagram afcyclodextrino-methoxycinnamaldehyde
complex plottingu-cyclodextrin concentration (M) agairnst
methoxycinnamaldehyde concentration (mg/L) in soiut
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Figure 4.1b Phase solubility diagram @fcyclodextrine-methoxycinnamaldehyde
complex plotting3-cyclodextrin concentration (M) agairsst
methoxycinnamaldehyde concentration (mg/L) in soiut
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Figure 4.2 Phase solubility diagrams tfans,trans-2,4-decadienal-cyclodextrin
complexes
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Figure 4.2a Phase solubility diagram efcyclodextrintrans,trans-2,4-decadienal

complex plottinga-cyclodextrin concentration (M) agairtsans,trans-2,4-decadienal
concentration (mg/L) in solution.
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Figure 4.2b Phase solubility diagram @tcyclodextrin-trans,trans-2,4-decadienal

complex plotting3-cyclodextrin concentration (M) agairtsans,trans-2,4-decadienal
concentration (mg/L) in solution.
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Figure 4.3 Phase solubility diagrams of cinnamic acid-cyclddaxomplexes
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Figure 4.3a Phase solubility diagram afcyclodextrin-cinnamic acid complex
plotting a-cyclodextrin concentration (M) against cinnami@amoncentration (mg/L
in solution.
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Figure 4.2b Phase solubility diagram @fcyclodextrin cinnamic acid complex
plotting B-cyclodextrin concentration (M) against cinnami@amncentration (mg/L
in solution.
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Figure 4.4 Phase solubility diagrams of citronellol-cyclod@xtcomplexes
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Figure 4.4a Phase solubility diagram afcyclodextrin-citronellol complex plotting
a-cyclodextrin concentration (M) against citronel@incentration (mg/L) in solution|
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Figure 4.4b Phase solubility diagram @fcyclodextrin citronellol complex plotting
B-cyclodextrin concentration (M) against citronelb@mncentration (mg/L) in solution|
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CHAPTER 5
Storage stability of natural antimicrobial-a-cyclodextrin complexes
Abstract

The storage stability af-CD-0-methoxycinnamaldehyde;CD-transtrans-2,4-
decadienal, and-CD-citronellol were evaluated for a period of #slan an apple juice-
based beverage solution. Additionally, a comparitspl/V/Vis spectophotometry of the
storage stability of the complexes, in an acidigesays solution, stored in glass and PET
containers was performed. Before analysis, the texap were dissociated by diluting
them in a 50% aqueous ethanol solution. The cormepléxdissociated form were
guantified by SPME GC-MS and UV/Vis spectophotometr

Throughout the duration of the study (7 days)dbecentration of
o-methoxycinnamaldehyde detected by SPME GC-MS dsertby 61.7%. Similarly,
the concentration dfans,trans-2,4-decadienal and that of citronellol decrease@27%
and 43% respectively. The storage stability congoariof the complexes, in an acidic
agueous solution, stored in containers of glassP&d proved that permeation through

the PET polymer membrane did not occur.
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Introduction

With the release of a Food and Drug AdministraieDA) study in April 2006
concerning low levels of benzene found in comméhmaerages, the need for a natural
antimicrobial arises (FDA, 2006). Benzene, a knémvman carcinogen and neurotoxin,
was produced by the breakdown of sodium benzoatemenon preservative. The
reaction mechanism involves metal ions preserdpnitater and ascorbic acid (Gardner
and Lawrence, 1993). Furthermore, elevated temprestind exposure to light
accelerate the reaction (Kyoung and others, 2008he task of finding a replacement
for sodium benzoate, three compounds known to hatienicrobial activity but limited
agueous solubilities were chosen to form inclusiomplexes withu-cyclodextrin -
CD). The compounds included in this study wereooigtiol, o-methoxycinnamaldehyde,
andtrans,trans-2,4-decadienab-CD was chosen as the host molecule due to itdemal
interior diameter, of approximately 5 A and itsumlity of 149 mg/L in a aqueous
solution (Hashimoto, 1996). Solid molecular inctuscomplexes af-CD and each of
the test compounds were prepared from prior rekearc

The purpose of this study was to determine thegmeage of guest compound in
each of the complexes remaining in an apple juasetl beverage mixture over a period
of 7 days. In addition, a study was carried outdmpare the storage stability of the
complexes, in agueous solutions, stored in glaggalyethylene terephthalate (PET).
Materialsand M ethods

Materials. o-methoxycinnamaldehyde 96%, Kosher, FGrans,trans-

2,4-decadienal, Kosher FG, citronellol FG85%, were supplied by Sigma-Aldrich (St.

Louis, Missouri, USA)a-cyclodextrin, CAVAMAX ® W6 was supplied by WackEme
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Chemicals (Munich, Germany). Solid inclusion comple ofa-CD-o-
methoxycinnamaldehyde;CD-trans,trans-2,4-decadienal, angtCD-citronellol were
prepared as previously stated (Chapter 4). Etleghadl, absolute, 99.5%, A.C.S. reagent
was supplied by Arcos Organics (Geel, Belgium) adigc 25PP disposable filter devices,
0.45um microcellulose membrane, were supplied by Whatr8ahleicher & Schuell
(Florham Park, New Jersey, USA). Latex free 10 wyringes were supplied by Becton
Dickinson & Co. (Franklin Lakes, New Jersey, USA)UV-Vis spectrophotometer, UV-
2101PC, was supplied by Shimadzu (Kyoto, Japanuri@euvettes were supplied by
Fisher Scientific. Premium 100% pure apple juicesprevative free, pressed from fresh
apples, not from concentrate, 64 Fl.oz (1/2 gallbBY L, pasteurized was supplied by
Motts (Rye Brook, New York, USA). Alpha-D (+)-gluse, anhydrous 99+% was
supplied by Acros Organics (Geel, Belgium). D-Foset, reagent grade (crystal) was
supplied by Fisher Scientific (Fair Lawn, New JgrddSA). Sucroseo-D-
glucopyranosylp-D-fructofuranoside; saccharose; cane sugar) wagliga by Sigma
Chemical Company (St. Louis, Missouri, USA). Asdorécid, food grade, powder
supplied by Sigma-Aldrich Chemical Company (St. ispilissouri, USA). Filtration
products, 4qum, filter units- 500 mL were supplied by Nalgene¢{Rester, New York,
USA). HP 5980 gas chromatograph, HP-5-MS crosstir{k&o-Phenyl)-
methylpolysiloxane column (30m x 0.25mm x Qugg, HP 5972 series mass selective
detector, HP Enhanced ChemStation software ve&ioh.00 were supplied by Hewlett
Packard (Palo Alto, California, USA). SPME fibef0lum PDMS, 23 gauge needle was
supplied by Supelco (Bellefonte, Pennsylvania, USA)eap Technologies Combi Pal

autosampler was supplied by Leap Technologies (Geor North Carolina, USA).

64



Preparation of apple juice-based beverage mixture. One hundred mL of
preservative free apple juice (Motts brand) wemalgimed with 46.8g of glucose, 59.4¢g
of fructose, 1.8g of sucrose in a 1L beaker. Thetumé was then brought up to 1L of
volume with distilled water. The mixture was stdrat room temperature until all the
ingredients were incorporated. The pH of the mixtwas adjusted with ascorbic acid
until it reached 3.4. The brix of the mixture wasified to be between 22nd13 (Abbe
3L refractometer). The mixture was filtered using3m microcellulose filter units.

Once the beverage mixture was prepared 300 mgebf@anplex were added to
200 mL of beverage mixture in 250 mL ErlenmeyesKia The mixtures were stirred for
30 min in a stir plate and tightly capped with glasoppers. Samples were stored in the
bench top of a laboratory exposed to regular daybsad lighting.

Sample preparation. Five mL of each sample were syringed and filtersidg
0.45um microcellulose filter tips into 10 mL test tub&gext, 3 mL of the filtered
samples were transferred into another test tube88ant of 100% ethanol were added.
Finally, 4 mL of the resulting samples diluted tbreal concentration of 50% ethanol
were transferred into 10 mL clear vials and tigletypped with AlumiTin, 20mm caps
with polytetrafluoroethylene (PTFE) gaskets. Sasftom each complex were
produced in triplicate. This proceudre was perfairaeday 0, day 2, day 4 and day 7.

Preparation of standards. An o-methoxycinnamaldehyde stock solution was
prepared by dissolving 10 mg of compound into 50ahlL00% ethanol for a
concentration of 200 mg/L. Stock solutions tians,trans-2,4-decadienal and citronellol
were prepared in the same manner. Each stock @olts serially diluted with the same

apple juice-based beverage mixture prepared fosdh®les ensuring that the final
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concentration contained 50% ethanol matching tepamation of the samples. Vials with
100 mg/L, 50 mg/L, 40 mg/L, and 25 mg/L of test gmund were prepared. Standards
from each compound were produced in triplicate.

SPME Analysis. Analysis of the samples’ headspace was done ussotjch
phase micro extraction (SPME) poly(dimethylsiloxgfilger (PDMS; 10Qum). Vials
containing sample were placed in the sample tray@OMBI PAL autosampler. Each
sample was automatically transferred into a hedilagk set at 8&€C. The SPME fiber
was inserted into the headspace above the samgplénaed for 5 minutes of adsorption.

GC-M S Parametersand Analysis. The SPME fiber was desorbed at A5dor
10 minutes in the injection port of an HP5890/HP5§@s chromatograph mass
spectrometer (GC-MS). The injection port was opetan splitless mode. The initial
oven temperature was %5 ramped at a rate of 4D per minute to 24€ held for 1 min.
The HP5972 quadrupole mass spectrometer was opénagéectron ionization mode
with a source temperature of 280 quadrupole temperature of 260 and an interface
temperature of 25C, performing a continuous scan franz 50 to 550 at a scan rate of
4.5 set.

Positive identification of each guest compound aetseved on the basis of mass
spectra from the HP ChemStation mass spectral @sgalamples and standards were
run in triplicate. Standard curves were prepardd thie averaged integrated areas of
each compound’s peak. The procedure was perforimgaya) of storage and replicated
at day 2, day 4, and day 7. Linear regression arsalyas used to quantify the content of

each test compound.
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Stability of complexesin different packaging materials. An acidic agueous
solution was prepared by acidifying distilled wateth ascorbic acid until a pH of 3.4
was reached. Solutions of each complex in acidifrater were prepared by adding 100
mg of complex to 100 mL of acidified water for ancentration of 1000 mg/L. Each
solution was divided into two equal parts. Fifty miLeach solution were stored in glass
erlenmeyer flasks and the other 50 mL were stord®ET containers. Samples were
stored in the bench top of a laboratory exposeddalar daylight and lighting. Before
analysis, each sample was filtered through a fm3nicrocellulose filter tip and diluted
for a final concentration of 50% ethanol. Standard/es were prepared by dissolving the
guest compounds in ethanol and serially dilutireptwith distilled acidified water. UV
absorption spectophotometry was performed withim&tizu UV-2101PC UV-VIS
scanning spectrophotometer. Settings for the UViMtBided wavelength range from
190 - 400 nm. A 50% ethanol-50% acidified wateusoh was used as a reference and
for a baseline scan. A portion of the samples ywé&aeed in quartz cuvettes and ran on
the UV/VIS. The maximum absorbance of the spestis recorded for each compound.
Linear regression analysis was used to calculaéedhcentration of test compound in
solution. The procedure was performed at day @avége and replicated at day 2, day 4,
and day 7.

The samples were stored in the bench top of adagrexposed to regular
daylight and lighting.

Results and discussion
Identification of the guest compounds analyzed BME GC-MS was based on

retention time and mass spectra of their particstiandards. Table 5.1 summarizes the

67



retention time at which each compound was evalu&adh compound was identified
using a mass spectral library and every standaydiesth excellent match quality between
96% and 98% (Table 5.1). Standard curves prepargddntify the presence of each
guest compound showed excellent linearity with@ation coefficients, B between
0.9818 and 0.997 (Table 5.1). Before analysisthetions containing each complex
were diluted to a final concentration containing®6thanol to achieve the complete
dissociation of the complex (Szente, 1996).

Figure 5.1 illustrates the storage stability restdr a-CD-o-
methoxycinnamaldehyde complex. Figure 5.1a depiots the detected concentration of
o-methoxycinnamaldehyde decreased from 86.16 mgdiay0 to 47.15 mg/L at day 2.
From day 2 to day 7 the concentration detected iresddairly constant. At the end of
the analysis period, day 7, the detected concémtrat o-methoxycinnamaldehyde
dropped by 61.7%. Figure 5.1b shows the storadp@istacomparison of the complex in
an acidified aqueous solution stored in a glassatoer compared to the same stored in a
PET container. The initial concentration (day Ofompound detected by this method
was 40.3 mg/L. It can be noted that the soluttoresl in glass had a more constant
decline in concentration of compound. The concéintiaof o-methoxycinnamaldehyde
was higher in the solution stored in PET up urdy d. However, at day 7 the
concentration ob-methoxycinnamaldehyde detected was very closetlt bontainers
with 18.0mg/L in glass and 20.8 mg/L in PET. At thed of the analysis period, day 7,
the concentration a-methoxycinnamaldehyde had dropped by 55.3% irsdthgion

stored in the glass container and by 48.3% in dh&tisn stored in the PET container.
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The storage stability results fefCD-trans,trans-2,4-decadienal complex are
shown in figure 5.2. Figure 5.2a illustrates thagatration ofrans,trans-2,4-
decadienal in the apple juice-based beverage mixdsidetected by SPME GC-MS over
a period of 7 days. At day 0 the concentratiogudst compound detected was 123.9
mg/L. By day 2 the concentration had decreasedd¥ % to 106.3 mg/L. At day 4 the
concentration detected decreased by another 3b@%8 mg/L. At the end of the
analysis period, day 7, the concentration of gaestpound had decreased by 62.7% to
46.2 mg/L. Additionally, figure 5.2b shows the stge stability comparison of the
complex in acidified aqueous solution stored irsgland PET containers. The initial
concentration was calculated to 84.6 mg/L. Bothgas) showed a steady decline with
similar trend lines. By the end of the study thaantration of guest compound declined
by 42.4% in the sample stored in glass and by 40n/te sample stored in PET.

Figure 5.3 shows the results for th€D-citronellol complex. Figure 5.3a shows
the time course plot of the guest compound remgimrthe apple juice-based beverage
mixture after 7 days. The initial concentratiorcidfonellol detected was 141.1 mg/L.
The concentration of compound found in the systenrehsed by 26.6% to 103.6 mg/L
by day 2. From day 2 to day 4 the concentratiocoofipound was maintained at 102
mg/L. Finally, by the end of the analysis periody d, the detected concentration of
citronellol in the system had declined by 43.49% %8 mg/L. Moreover, Figure 5.3b
depicts the analysis to compare the stability efdbmplex stored in glass and PET
containers. The initial concentration of compouodnd at day 0 was 117.24 mg/L. The
concentration of compound decreased with very amtiend lines in both samples. By

day 7 the concentration of citronellol found in 8anple stored in glass had decreased
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by 49.9% to 58.7 mg/L. Similarly, the sample store®ET had a decrease of 48.3% to
60.6 mg/L.

The concentration of guest compound of all the @exes in the apple juice-
based beverage mixture showed a decrease in coato@mtranging from 44%-63%. A
similar study conducted by Ajisaka and others (20@@ch evaluated the stability of
cyclodextrin-terpene complexes includipgCD-citronellol found comparable results.
However, their complex solutions were stored inropeakers. Literature reports analysis
of aromatic compounds complexed with cyclodextnd packed under vacuum to only
have lost 25%-30% of their active ingredient evitardeing exposed to elevated
temperatures of 158G for 24 hrs (Szejtli, 1988).

Aldehydes and dienaldehydes suclo-asethoxycinnalamdehyde atwns,trans-
2,4-decadienal are frequently involved in self-camghtion polymerization reactions
which can be catalyzed by acid. In addition, thedehydes as well as unsaturated
monoterpenoids, such as citronellol, can be sudited autoxidation reactions initiated
by exposure to light or air (NTP, 1992). Degradaind the test compounds causes the
inverse relationship between concentration ofd¢estpound and storage time.

The results of the storage stability analysis efsamples stored in glass and PET
packages did not show any remarkable differentéswell known that thermoplastic
polymers, including PET, have varying degrees ofmgability to small molecules such
as volatile organic compounds. In beverages, sorgtlso called scalping) is a common
phenomena of permeation where molecules from tbeéuat are taken up into (but not
through) the package (Robertson, 2006). The coratért ofd-limonene in citrus juices

was used by Mannheim and others (1988) to demdedtra absorption capacity of
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polyethylene showing that after 14 days it was 26#er than the same samples stored
in glass containers. Conversely, in this case, mdilee complexes studied exhibited a
behavior in which permeation into the polymer fitwuld be attributed to its decrease in
concentration since the decrease in guests’ coratemt was very close in both methods
of storage. It is possible that the complexatiothefguest compounds make up a

molecule too large to be adsorbed by the polynher:. fi
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Figuresand Tables

Table 5.1 Evaluation of guest compounds’ standardSBYME GC-MS.

RT! Compound M atch quality? Correlation Coefficient

(min) (%) of Standard Curves
R2

15.65 o-methoxycinnamaldehyde 97 0.9818

12.61 trans,trans-2,4-decadienal 98 0.9889

11.22 citronellol 96 0.997

'Retention time of compound obtained with an HP5B8&972 GC-MS with HP-5-MS column
2Match quality of mass spectra of each compoundtifitesh positively with the HP ChemStation mass
spectral database
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Table 5.2 Maximum absorbance wavelength and correlationficoefits for standard
curves

Test Compound Maximum Absorbance Corrdation Coefficient
Wavelenght of Standard Curves
nm R?
o-methoxycinnamylaldehyde 287 0.9995
Trans, trans, 2,4 decadienal 278 0.9987
Citronellol (3,7-Dimethyl-6-octen-1-ol) 197 0.9847
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Figure 5.1 Results of stability studies afCD-0-methoxycinnamaldehyde complex

Stability of a-CD-o-methoxycinnamaldehyde complex in
apple juice-based beverage mixture
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Figure 5.1a o-methoxycinnamaldehyde detected by GC/MS througaqeriod of 7
days. Percentage change relative to concentrasitatieéd at day O.

Stability a-CD-o-methoxycinnamaldehyde complex
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Figure 5.1b o-methoxycinnamaldehyde detected by UV/Vis spedtgrhetry in
acidified aqueous solution throughout a period dhys. Comparison of two different
packaging materials.
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Figure 5.2 Results of stability studies ofCD-trans,trans-2,4-decadienal complex

Stability of a-CD-trans,trans-2,4-decadienal complex in apple
juice-based beverage mixture
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Figureb.2a transtrans-2,4-decadienal detected by GC/MS throughout a geri@
days. Percentage change relative to concentraéitatieed at day O.

Stability a-CD-trans,trans-2,4-decadienal complex
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Figure5.2b transtrans-2,4-decadienal detected by UV/Vis spectophotomiatry
acidified aqueous solution throughout a period days. Comparison of two different
packaging materials.
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Figure 5.3 Results of stability studies afCD-citronellol complex

Stability of a-CD-citronellol complex in apple juice-based
beverage mixture
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Figure 5.3a Citronellol detected by GC/MS throughout a periéd days. Percentage
change relative to concentration detected at day 0.

Stability a-CD-citronellol complex
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Figure 5.3b Citronellol detected by UV/Vis spectophotometnaitidified aqueous

solution throughout a period of 7 days. Comparisbiwo different packaging materials
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Summary and Conclusions

As a response to the need for a natural antimiatebireplace sodium benzoate’s
use in beverages, twenty-eight compounds were ateauo quantify their solubility in
water and in an apple juice-based beverage. Fonpoonds were then chosen to form
molecular inclusion complexes with andp-cyclodextrin. The complexes were studied
through phase solubility analyzes. In additionidsiclusion complexes were prepared
for thea-CD complexes of three test compounds. The stastadslity of these
complexes was studied in an apple juice-based hgeeFinally, the storage stability of
the complexes stored in glass containers was cadpgarthe same stored in PET
containers.

In conclusion it can be stated that the solubsitf the test compounds range
from practically insoluble (< 100 mg/L) to justgtitly soluble (1,000 to 10,000 mg/L) in
both water and beverage. The solubility of the conmgls in the apple juice-based
beverage showed a general trend of decreased lgglabicompared to their water
solubility. Furthermore, using cyclodextrin tectogy proved to be a viable way of
improving the solubility of natural antimicrobiab@mpoundsa-CD was more effective at
increasing the solubility of the compounds tija@D. As far as the storage stability of
the complexes studied, in beverages systemsstimyed fairly poor storage stability
with decreases in detected levels between 43% 27@6of guest compound after 7
days of storage. On the other hand, none of thepkees studied exhibited a behavior in
which adsorption into the PET polymer film coulddi&ibuted to its decrease in

concentration.
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