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Abstract

Essential oils are powerful agemthich have natural antimicrobial activitiowever, its poor
water solubilityand high volatility makeats usage limitedThere are different methods t
overcome this challengémong the most interesting of themtreeir encapsulationnside
nanomaterials which not only could improve their water solubility buteatsend the shelf life
of essential od. The aim of this thesis was to reach taigh-performance encapsulated oil via
utilizing inclusion complexes arelectrospinning methodsimultaneously, to benefit from the
advantages of both method® reach this aipEudragit electrospun fibers were functionalized
by cinnamon leaf oil complexation with cyclodextrif®r this, firstly, cinnamon leaf oil was
moleailarly encapsulated withib-cyclodextrina n d s u | f o-byoladegxirin sediumeia b
freezedrying methodSolubilizing and complexing abilitgf b-CD andSBE-b-CD were
confirmed via phase solubility ass&@ncapsulated amount of CEO was determineadgldV -

Vis spectrometryThe formatiorof inclusion complexes was characterized by several analyses
includes DLS, SEM, FTIR, TGA, DSC, afd-NMR spectroscopy. Then, the antibacterial
acti vi t yCDdG andCdEO/SBE-CD-IC were assessed agaitsith gramnegative
bacteria E. coli) and grarpositive bacteria§ aureug. In the second par€ E O/ BIC D
loadedEudragit S100 fibeand CEO/SBEDb C IIC loadedEudragit S100 fibewere produced
using the electrospinning method, and the physicochemicpérties, wetting ability, and
water uptake capacity of the electrospun fibeesecharacterized. The antibacterial activity of
these fibers was determinadainste. coli andS. aureusby the colony counting method. Also,
thecytotoxic effect of theselfiers was tested on the L929 fibroblast cell lifkeamount of

oil inside the fibers and their release profile at different pH were determined byitJV
spectrometry. According to the results of this st@lys O/ bIC baded Eudragit S100
fiber wasfound to be a good candidate f@ound healing applicatiorespeciallyfor treatment

of diabetic ulcebecause of ithigh-wateruptake, a balanced hydrophilic outer surface-non
toxic property, high antibacterial activity, and controlled drug releasiyadilpH 5.5

Keywords: Cinnamon leaf oil, cyclodextrin, electrospinning, controlled release, wound
dressing
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CHAPTER 1: | ncl u s iCyclodedrim ang its Swifebatyl Bttier Crerivative
with Cinnamon Leaf Oil: Preparation, Characterization and Antibacterial Activity

1. Introduction
1.1 Essential Oils
1.11. General Properties of Essential Oils

Plant essential oils, which can also be caledmatic oil oretherealoil, are among the
important components of plant chemistifhey can be defined as colorless or light yellow
hydrophobic and concentrated volatile aroma compounds that are usually liquid at room
temperature. The composition ancamounts of essential oils vary depending ontyipe of

plant, the part of the planthe geographicdbcationwhere plant is grownclimateand the
extraction method3. They are obtained from various aromatic plants that grow in the
geography between the warm tropical countries and the temperate Mediterranean region

countries*. Turkey has a very rich flora, especially in terms of plants containing essential oil.

Essential oilsare secreted byglandulartrichomesand specialized secretory tissues the
woody structuresrhizomes (e.g., ginger), leaves and stems (e.g., oregano basil, cinnamon,
eucalyptus, wintergreen, parsley), fruits (e.g., lime, grapefflogyers (e.g., orange, lavender,
clove), barks (e.g., cinnamon), roots (e.g., valeriahjhe plant'®. These secreted oils have

many benefits on plant¥hey can be listed &<;

1 Helping pollination: e plant can communicate with its environment with the volatile
compounds it synthesizes. In this way, it can attract the attention of a bee and carry the
pollen to the female species.

1 Preventing water loss: If they are located on the outer surface @iahte (leaves,
flowers, etc.), they can reduce the water loss of the flant

1 Protecting plants against enemi&ée volatile compounds it produces against a harmful
species can show repellent properties.

9 Tissue healingIn case of injury to the plant, essential oils with antibacterial and

antifungal properties can prevent the plant from getting infected.

Medicinal and aromatic plants have been used for the treatment of diseases since ancient times
8 1t is known that the volatile compounds in plant essential oils have inhibitory effects on the
development, spread and texormation of microorganisms such as bacteria, molds and yeasts

911 |In addition, the phenolic compounds contained in essential oils can be used as antioxidant,
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antimicrobial, anticancegntiobesity antidiabetic ad antimutagenic agents in therfumery,
cosmetics and the food indust?/4. Methods for obtaining essential oils from plant sources
are distillation method, extraction method antechanical extraction (pressing) methSd
Mechanical extractiofpressingland steam distillation are mostly preferred for paiddo be
produced as an alternative to bactericidal, fungicidal, food additives and pharmaceutical
synthetic chemical compounds; solvent extraction or supercritical carbon dioxide extraction

method is preferred in the production of essences to be proftudbe perfumery industrs:
1.1.2. Chemical Properties of Essential Oils

Although they are defined as oils because they are insoluble in water and dissolved in organic
solvents, they are different from fixeds. They contairdifferent chemical compounds in their
structure. The chemical components of essential oils mainiglude terpenoids (mostly
monoterpenes; minor amounts of sesquiterpenes and diterpenes), acids, alcohols, aldehydes,
ketones, acyclic estg lactones, less frequently nitrogenous and sulfurous compounds,
coumarins and their oxygdsound derivatives (phenylpropanoidsj*é. The chemical

structures of some compounds in essential oils are giveigume 1.
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Figure 1. Chemical structures of some compounds in essentiai®oils

Essential oils can be grouped according to their chemical composition, aromatic properties,
pharmacological and therapeutic effectf®rpenic substances constitute the majority of
essential 0il€°. Theyare found in essential oils as monoterpene, sesquiterpene and diterpene.
Oxygenated derivatives formed by the oxidation of terpenes give essential oils their distinctive
smell, taste and therapeutic properte®. For this reason, when classifying essential oils, the

oxygen compounds found in essential oils are taken as a basis.



Essential oils obtained from fennel, aniseyloncinnamon thyme and clove are examples.
Essential oils, which are also grouped according to their pharmacological and therapeutic
effects, are generally for therapeutic purposes and their importance has increased with the
increasing importance of alternative medicine. According to their phatotacal effects,
essential oils are grouped as such antitussive, antirheumatignfeEmtimatory, diuretic

disinfectant.
1.1.3. Antibacterial Mechanismsof Essential Oils

Because of their chemical components, they have antimicrobial properties bgaiasa.The
mechanism of action of essential oils secreted by plants has been the subject of studies for many
years.As a result of the studies, many #aitterialaction mechanisms have been identified
Functional groupsind compositioiin essential oils determine the activity on bactéti#t has

been reported that the most effective of these is the effect of bacteria on disrupting the integrity
of the membrane structufé The phenolic components in plant essential oils affect ¢lie ¢
membrane easily, causing an increase in permeability and a weakening of the integrity of the
cell membrané®. As a result of this interaction, the ions in the structures of the cells and their

components disappear over time, leading to cell d€ath

Another important mechanism of action of essential oils is that terpenes impart hydrophobic
properties teessential oilsWith these properties, they can eagsiBssthroughcell walls and

cell membraned-dydrophobic and lipophilic nature of essential oil components interact with
fatty acid of cell membranelamage theytoplasmicmembrane, increase the permeability,
disturbthe protein membran@hibits ATP synthaseind cause the cell de&th?®. In addition,

other mechanisms may be affected by these effects of plant essential oils. These features can be
counted as causing toxic effects, inhibiting the cell defense systdmausing deterioration

of cell DNA and RNA structure¥.

It is known that granpositive bacteria are more susceptible to EOsamsparedio gram
negative bacterialThe outer membrane of granegative bacteria prevents the diffusion of
hydrophobic compounds from within the cell, however, these hydrophobic compounds in
essential oils easily pass through the cell membrane with lipoteichoic acid lipophilic ends in

gram-positive bacteria®’.
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Figure 2. Antibacterial mechanisms of essential oils. Therdiaeemajor modes of action: (1)
coagulation ofcytoplasm, (2)nhibition of ATP synthase(3) alteration in ion transport, (4)

degradation of the cell wathnd(5) bacterial membrane destructiéf

1.1.4. Cinnamon Leaf Essential Oil

Cinnamon oilis obtained from the leaves and bark of @enamomum zeylanicuBlume plant.

This ail is very rich in monoterpenoids and phenyl propandidsvever, he major chemical
components in cinnamon oil vary depending on where they are obtdihedcompounds in the
structure of these oils can be examined in detail using gas chromatography (GC) and mass
spectrometry (MS)Swetha et al and Jeong et. al compé#neccinnamon bark oil and leaf oil with

gas chromatography angjorted thatinnamaldehydes the predominant componentcinnamon

bark oil while eugenol is majaomponentn cinnamon leaf oif*** GC-MS chrom#&ogramof

cinnamon leaf oil is depicted Figure 3.
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Figure 3. GC-MS chromatogram showing chemical compositions of cinnamon e oil

Cinnamon oils are classified by the US Food and Drug Administration (FDA) as GRAS
'Generally safénarmless™¥3’” and known that they have antiinflammatory antioxidant
mosquito repellent antispasmodicantidiarrhea, antiparasitiand antimicrobial effect 3841
Several disorders as respiratory, immune, lymphatic, nergardipvascular, digestive, urinary
and reproductive system complaints can be treated with thi$¢‘hBarahpour et ahlsofound

that Cinnamon verunessential oil can be used for topical application because of owing to
characteristic antioxidant properties give oil to accelerate healing of the Woulmdanother
study, suppressindipid peroxidation and inhibiting hepatic-t8/droxy-3-methylglutaryl
reductase activity by hepatic antioxidant enzyme activity of cinnamon essential oil accelerate
healing wound site of rafd. Eugenol would exert frammatory effects to ayclooxygenase
antagonist that helps accelerate wound hed#f§ zainol et. al produced aano cream
including cinnamon leagssentiabil for wound healindg?, the undiluted oil can cause irritation

when it comes into direct contact with the skin

Studieson cinnamon show that eugenol in cinnamon inhibit the growth and toxin production
of some mold specié&*’. Theyhave antifungal effect agairstisarium species (e.guysarium
avenaceunFusarium oxysporujnPenicillium species (e.d?enicillium glabrumPenicillium
expansum Penicillium italicun) and Aspergillus species (e.gspergillus nigey. It has also
antibacterial effective onGram ¢) and Gram (+)bacteria asStaphylococus aureus

Staphylococcus  epidermidis Streptococcus pyogenes Streptococcus  pneumonjae



Helicobacter pylorj Bacillus cereusand Escherichia coli*>°° Oliveira et al. reported that
eugenolloaded cellulose paper showed a very good inhibitory effect agasasterichia coli
microorganism, buStaphylococcus aurewsas more resistartf. In anotherstudy, eugenol
showed a stronger effect than antibiotics against the growsh ofli andK. pneumonia€®?.
Although the information about the mechanism of action is limited, it is suggested that this is
related to the lipophilic properties and cherhisauctures of the oilsTable 1 shows the
mechanism of action of cinnamon leaf essential oil against gram positivgramchegative

bacteria.

Table 1. The mechanism of action oinnamonleaf essential oilo differentmicroorganisms
S.aureus Staphylococcus aureu8. cereus Bacilllus cereusE. coli. Escherichia coli K.

pneumoniaeKlebsiella pneumonigeC. freundii Citrobacter freundii

Essential oll Major Components Microorganisms Mechanism References

/o@M Gram + bacteria:
HO

S. aureus, B. cereL

J Eugenol Inhibition of
g (% 86.02) ATP synthase

Gram - bacteria:

. . 5356

e Disruption of

Cinnamon i
HC? E. coli, the cell

CH3

. CHa
Cinnamomum K. pneumoniae, membrane

zeylanicum Caryophyllene

C. freundii, Proteus
(% 5.70) spp

1.2. Microencapsulation

Beside the antimicrobial potential, essential bdse some limitations as being volatile. They
are sensitive to hedight, moisture and oxygeti. Encapsulation is one of the medficient
processes tmcrease the shelf life afssential oilsand to preserve their bioactive properties.
Microencapsulation can be defined as the confinement of solid, liquid or gaseous food
componentsenzymes, cells and other similar substances by wrapping them with protein or
carbohydratederived coating materiat’8 It is used in many areas of food, including
stabilization of the encapsulated material, controlled releasdation control,color, odor
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maskingand taste®. The main purpose is to protect the material to be encapsulated against
deterioration caused by the external environment and to release certain substances in its
composition®®. Microencapsulation applications have gained importance for many reasons,
these aré: reducing the interaction of tlmcapsulatethaterial withenvironmental conditions

(water, oxygen, ligh}; reducing the evaporation of the material to the external environment
facilitating the usability of the material (preventing agglomeration, converting from liquid form

to solid form, etc;)providing controled release to the environment under desired condjtions
making the taste and odor of the substar@esuring homogeneous distribution in the

environment

Microencapsulation can be achieved kytational suspension separatiospray drying,
extrusion coating, coacervation, fluidizbdd coating, centrifugal extrusion, liposome
entrapment andhclusion complexation®®. Although there are many components that can be
used as coating material in microencapsulation, it is possible to collect them under the headings
of proteirs and carbohydrates. Among the proteins, coating materials sualikaproteins,

whey proteins and soy proteins have been widely satlarbohydrates such as hydrolyzed
starch, modified starch, gums,cyclodextrins and maltodextrinsare used in the

microencapsulation of essential dit$4
1.3. Molecular encapsulation

Studies have shown that the inclusion complex formation method with cyclodextrins is more
cheaper simpler and effectivethan other methods in protecting volatile and sensitive
components®. The most important advantage of this method is that encapsulation can be

achieved at the molecular le\él
1.3.1. History of Cyclodextrin

The history of cyclodextrins can be divided into three main stages as follows: (a) period of
discovery : 18941930; (b) period of exploration: 193970 and (c) period ahdustrial use

1970 onwards®’. Cyclodextrins were first discovered by Villers in 183e obtained
crystalline substance fromacillus amylobactegrowth onstarchmediumand named this
substancecellulosing because of its similarity toellulose®®. A monograph by Thoma and
Stewart in 1965 was followed by Caesar in 1968er, new methods were developed for the
preparation of cyclodextrins on a larger scale, and their chemical and physical properties were
investigated.The first pharmaceutical produgbr(o st a g | a n)dusing cyd&ollextGn€ D
were launched in Japan in78°’.



Cyclodextrins are widely used for the encapsulation of many compounds (antimicrobials,
antioxidant compounds, etc.) due to their Htoxicity and acceptable price for industrial
purpose$¥ L. They have become one of the mstsidied host molecules, as they are approved

by the FDA and listed as GRA& Their use in pharmaceutical technology is increasing day

by day and there are mamatentson this subjectin recent years, cyclodextrin production
factories have been established in countries such as the United States, Germany, Japan, Hungary
and France, and their production amountsraseeasing from year to yeét.

1.3.2 Molecular Structure of Cyclodextrins

Cyclodextrins are naturaligosaccharidescludesglucopyranose units that is linkedh U
1,4-glycosidicbond . They are obtained by a simple fermentation of starch. First of all,
cyclodextrin glycosyltransferase (CGTasenzyme is produced fronBacillus macerans
Klebsiella pneumoniar Alcalophile bacillusmicroorganismg®. As aresult of the breakdown

of hydrolyzed starch with this enzyme, cyclodextrins are formed.

Cyclodextrins have the appearance of a triectabnewith a central cavitypecause of chair
conformation of the glucopyranose unit in thémEthereal oxygens andkeletal carbonsf

the glucose resites are lined in central cavity of the cyclodextrin. The cyclodextrin cavity has
ahydrophobic character due to secondaryHbonds’®. Due to the rotation of the C6 carbon
atom with respect to the C2 and C3 hydroxyl groups, the cyclodextrin space narrows towards
the bottom.The hydroxyls attached to C2 are directed towards the inner cavity, while the
hydroxyls attached to C3 are directadwards from the inner cavity. As a result of the presence

of hydrogen bonds between the secondary hydroxyl groups on the C2 and C3 atoms and the
alignment of the space with glycosidic oxygen bridges, the space acquires a hydrophobic
feature.Hydroxyl graups from sugar residues are orientated at narrow and wider edge of the
shape and provided the cyclodextrin to have hydrophilic suffag&e hydroxyl groups in the
structures are responsible for the solubility of this compound in watesre are two protons

H3 and H5 on the inner surface of the cawathd three protons H1, H2 and H4 on the outer
surfaceof the cyclodextrins. The H3 proton is closer to the wide rim, while the H5 proton is
closer to the narrow part’. As the guest molecule enters the cyclodextrin cavity, a chemical
shift occurs inthe H3 and H5 protons and indicates that an inclusion conguexrred?®.

Molecular andunctional structure schenud cyclodextrinis shown inFigure 4.
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Figure 4. The molecular antunctional structure schenuod cyclodextrins’®-8%

Cyclodextrins a r e named accor di ng-14Dé+)-glycdsidiclinked mb e r
glucopyranose units in the molecuf¢ The st r ueccyucrlessd exft r iUn (6
cycl odext r i ncycdodextrin (8i units) Jare giverdiRigoire 5 . This property is

useful for solubilizing and stabilizing highly hydrophobic molecules in solvents such as water.
Hydroxyl groups in the outer structure of the rings of cyclodextrins are responsible for the

solubility of this compound in water.

Although the cavity height is same for all types of natural cyclodextrin, the volume and the
diameter cavity vary?. The type of cyclodextrin used depends on which guest molecule fit
better in host of cyclodextrirf8. Depending on the diameters of the hydrophobic space inside
the cyclodextrino#.7-5 . 3 -G, 606 . 5 -BAandB.58 . 3 -G, cyclodextrins

form inclusion complex (guestost structure) with aromatic compoun&snall cavities in
cyclodextrin are not acceptable in many moleculesger cavities iro-cyclodextrin are not
suitable for small molecules because of weak hydrophobic charges with cavity not facilitating
complexation. b-CD is more preferable with its lower cost prfeA | s eCD is bhe most
suitable cyclodextrin for encapsulating aromatic substaruais dan bond with aromatic
substances in liquid medi# also provide better stability with increasidigsolution rate and

solullity &



Figure 5. Chemical structure and schematic representation of natural cycloddsigjure

adopted from Lee et &P.
1.3.3 Modified Cyclodextrins

There are 14 secondary hydroxyl groups in the witdeand 7 primary hydroxyl groups in the

narrow rimo f -cy@lodextrins®. All these hydroxyl groups are possible to make structural
modi fications and many guests can be placed
cyclodextrin in water may be due to hydrogen bonds that may occur between the hydroxyl
groups in the cyddextrin molecule. Therefore, hydrogen bonding is prevented by the
attachment of thaliphatic structureso the primary and secondary hydroxyl groups of C2, C3

and C6, and as a resul t, -cyclodextripdhangeisignificahtlg. mi c a |
The physicochemical properties and functional groups of various modified cyclodextrins are

compared iffable 2. Among the reasons why cyclodextrins are modified &h&t

- Enhancing he wat er -sydddextbnard ihéininclusion cbmplexes

- Eliminating hemolysis and nephrotoxicity, which are most important side effects of
natural cyclodextrins after administration.

- Changng drug release characteristics (extendmhtrolled,or delayed release)

- Increasingthe interaction of cyclodextrins with the guesblecule and as a result
forming more durable inclusion complexes

- Binding some groups to the cyclodextrin molecule and synthesizing new derivatives
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Table2Physi cochemi cal propert i4«Bandits darivativé®¥o d e x t r

_ Substitution Water solubility  Molecular Weight
Cylodextrin Molecular structure
degree (mg/ml) (Da)

b-CD - <2 1135
HP-b-CD 0.65 >600 1400
R=-H
-CH,CH,CH,CH,SO,Na
SBEDH-CD 0.9 (DS~10) >500 2163

RO
M-b-CD 1.8 /L&?\ lﬁ R =Hor *~CHg >500 1312
o)
RO

The cyclodextrin derivatives that are frequently used in the pharmaceutical field and

formulation of drug delivery systems arategorized to three types

1. Hydroxypropyl cyclodextrins (HP-b-CD) are statistically substituted derivatives. As
the reaction continues, the reactivity of the hydroxyl groups chaniges.results in
various products with different degrees of substitution. The solubility of these
cyclodextrins is endothermic. Therefore, the solubility does not decrease with the
increasean temperature. The degree of substitution of hydroxypropy! cyclodextrins is
proportional to their inclusion capacityl. Commercial preparations using
hydroxypropyl cyclodextrins include tablets, eye dragosd are marketed under the
tradenames Encapsi nP2and Mol ecusol E

2. Sulfobutylether-b-cyclodextrins (SBE-b-CD) are very well soluble in water, are good
solubilizers for drugs when they form inclusion complexes with many poorly soluble

drugs. Its superiority to hydxypropyl cyclodextrins is its high complexation capacity
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% |t is safer than other CD derivatives because it can form a complex with cholesterol
and other membrane lipids at a ratio of %2

3. Methylated cyclodextrins (M-b-CD) are obtained by methylationoin C2 secondary
or C6 primary hydroxyl groups (dimethyl cyclodextrin) or C2, C3 and C6 (trimethyl
cyclodextrin) hydroxyl groupsThe most important disadvantage of methylated
cyclodextrins is that decreasing their solubility with the increase in temperatus
disadvantge causes strong binding of the drug and a strong hemolytic ffect

Hydroxypropyl cyclodextrins andsulfobutylether-b-cyclodextrin are the most widely used
derivatives in the pharmaceutical industry because ahgdew toxicity, high solubility, and

are suitable for oral and parental (genetic) applicatibns
1.3.4 Inclusion Complex of Cyclodextrins

Inclusion complexes are compounds formed by a host molecule holding a guest molecule in its
cavity without forming any covalent bondghe guest molecule is inserted into the host cavity
without significantly affecting the host structure. It is a charatiterfeature that the size and
shape of the existing cavity remain unchanged despite slight deformi&tmiguest molecule

partially or completely enters the cavity of the cyclodexttths

An aqueous solution is required for these complexati@cti@ens to occuf’. Schematic
representation of inclusion complex formation is giveifrigure 6. In this respect, it is very
important to understand the mechanism of interactions betweeguesststructures and water.
Incorporation of a guest molecule into the cyclodextanity occurs as the water molecules in
the cavity are replaced by the guest molecutelusion complex process a preferred
interaction between the apolar guest molecule and the hydrophobic $pattephobic

interaction and Van der Waals interactiare the main driving force for forming inclusion

complexes®. The complex formation consists of the following basic sté&ps

1. The water molecules reach an energy level corresponding to the gaseduslstatang
the cyclodextrin space.

2. Itresults in a decrease in the number of hydrogen bonds and Van der Waals interactions
and an increase thefreedom of watemo | e cratatienal degrees

3. As aresult of relaxation, cyclodextéirsonformation energglecreaseespeciallyi n- U
and b cy.dHeapmblarguest molecule becomes the ideal gas by trapping the
hydrate shell.
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4. The guest molecule, which is assumed to be an ideal gas, settles in the cyclodextrin
space and the stabidid bysometimes hydrogen bonds aviain der Waals interactions

5. Thus, the displaced water molecules undergo a phase change from gaseous to liquid.

6. Water molecules surround the exposed part of the guest molecule and fuse with the

hydrate shell of theyclodextrin molecule.

D
EH, e I H,f cHy
b ,-;'f.l".;? X & IC s xJ >~/ E
[ AV gt e
r’k:;jjif " B e
! GH
l: a L1
g T

Figure 6. Schematic representation of inclusion complex formation. A, B,C, D and E refers to
drug, cyclodextrin molecule, cavity of cyclodextrin, water molecules and inclusion complex,

respectively?’.

The factors affecting the formation canlisted assolution dynamicstemperature, andse of
solvents. The solubility of the guest molecule, the heating of the complex to a certain
temperature, the selection of the solvent used to increase the solubility of the guest and
cyclodextrin are factors that increase the complex yield. In addition, organic sobusht as
ethanol and diethyl ether increase the solubility of the guest molecule and can be easily removed

by evaporation at the same tim®.
1.4. PhysicochemicalCharacterization Analysis of Inclusion Complexes

Inclusion complexebetween the cyclodextrin and the guest molecule may not form in all cases.
In many cases, the resulting products consist ofcamplexed guest molecules and
cyclodextrins that could not have a guest in its cavity. For this reason, the interaction between
the guest molecule and the cyclodextrin is investigated using physicochemical and
thermodynamic techniques. Determination of guest molecule content in the resulting product
and determination whether guest molecules are partially or completely incorporateiel
cyclodextrin cavityare provided bysometechniquesThe "Higuchi Connor phase solubility
assay" is used to determine the complex stoichiometry and stability constant. Scanning Electron
Microscopy (SEM), Dynamic Light Scattering (DLS), Fourier Transform Infrared
Spectroscopy (FTIR)Thermogravimetric analys (TGA), Differential Scanning Calorimetry
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(DSC) and Nuclear Magnetic Resonance Spectroscopy (NMR) are the examples of

characterization methods.
1.4.1. Phase solubility assay

In the formation of inclusion complex, there is a physical interaction bettheeguest and the
host molecule. This interaction is carried out within the framework of a chemical equilibrium.
The stability constant of the equilibrium complex reaction is related to the reaction formation
rate constant and the dissociation rate constathe complex. The stability constd#i) gives
information about the stability of the guest molecule in the complex.

An inclusion complex is formed whehunit guest molecule partially or completely enters 1
unit of cyclodextrin molecule and is called stbichiometricallyHowever, he guest molecule
may be too large to fit in the cyclodextrin cavity or much smaller than the chwityis case,

a guestost complex with a molar ratio of 2:1, 1:2 can be fornféidure 7a) °L In 2:1
inclusioncomplexis with the placement of a guest molecule on both sides of a cyclodextrin
molecule In 1:2 inclusion complexeshere is a separate cyclodextrin entry to both ends of the
guest moleculéwith the help of the phase solubility assay developed by Higuchi anddts,

both the type of inclusion complex formed and the stability constant value are detéitred

A) A B)

Conc. of dissolved guest

Conc. of cyclodextrin

CD Guest Inclusion Complex (1:2)

Figure 7. (a) Different thecyclodextriri guest ratio for the inclusion complard p) phase

solubility diagram Figure adopted from Topuz et &' and Williams et al*%.
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The equilibrium stability constants of the inclusion complexes formed in a 1.1 rabtacan

be calculated from the phaselubility diagram Different curve profiles appear in this diagram
(Figure 7b). These profiles are divided into two groups as A type for soluble inclusion
complexesand B type for insoluble inclusion complex@$ Type B curves are divided into
two subgroups. The Bs group represents poorly soluble inclusion complexes, whilgrthegB
represents insolublaclusion complexes. Type A curves are divided into subgroups called A
(linear increase in drug solubility due to cyclodextrin solubilityy,(positive deviation from
isotherm) and A (negative deviation from isothermVhen AL type curves are obtainatl,
shows that a 1:1 stoichiometric inclusion complex is forfiedThe type of inclusion complex
shown by the Atype curves forms a complex with the guest molecule at a hsghiehiometric
ratio than the host molecule. The #ype ofgraph is difficult to interpret; It cannot be predicted
whether it forms any complex. It is thought that this situation may be c¢dysine change in

dielectric constant seen in the solvent.
1.4.2.Morphological Analysis

The guest molecule, the cyclodextrin and the changes in the crystal structures of the formed
complexes can be atacterized by SEM. Obtained SEM images give important information
such as morphologghapeand size of the applied sample. However, this method is insufficient
to analyze the inclusion compleResults should be supported by other characterization

technques.
1.4.3. Size and Surface ChargAnalysis

Particle size and polydispersity index (PDI) of inclusion complexes can be determined by DLS
method using Malvern Zetasizer. DLS is based on measuring the intensity and variation of light
scattered from small particles in a dilute solution. Measurements made with the DLS technique
are considered an important analysis since they represent the erdadra particle in a liquid.

It is based on the detection of vibrations caused by laser light beaming into particles. The change
in the intensity of the scattered light depends on the motion of the particle and accordingly the
size of the patrticle, thascosity of the medium and the temperature. Zeta potential is a measure
of the puskpull or electrostatic value between particf& Zeta potential measurement
provides detailed information on dissipation ananisms and is the key to electrostatic
dissipation control. The surface charge (zeta potential, mV) of inclusion complexes can be

measured using the Zeta sizer system.
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1.44. Functional Analysis

FTIR analysis is a vibrational spectroscopy technique based on the measurement of the
excitation of molecules to vibrational and rotational energy levels by absorption of IR light
(0781000 Om wavelength), and mol ecmetlwiththibond c
method. With the FTIRATR unit, a decrease in the wavelength of the absorption bands is
created and this allows spectral analyzes of the substances. Since the formation of inclusion
complexes will cause changes in the cyclodextrin bands;hthege can be followed by the
FTIR-ATR system. It is widely used in the characterization of setidde complexes. The
characteristic bands of cyclodextrin rarely change after complex formation. But the size of the
bands belonging to the guest moleculdesrThe disappearance or reduction of the bands of

the guest molecule shows that the free molecules in the environment form complexes with the

cyclodextrin molecule®.
1.45. Thermal Analysis

It is based on the measurement of temperature and properties of the system,veeightas

heat of reaction, or volume change.

DTG is used to determine the thermal and gravimetric changes that occur in a material with an
increase inemperature. Weight changes (such as water loss, organic matter removal) occurring
within the material can be detected by thermogravimetry (TG), and temperature changes
resulting from exothermic or endothermic reactions can be detected by differentiadlther
analysis (DTA). When the temperature is increased, the mass of the complexing product is
measured continuously and then these measurements are plotted. The graphed information
(thermogram) provides quantitative data about the compléikh these methad it is
determined whether the cyclodextrin shows some change before its thermal decomposition at
252 400A G,

Complexation causes endothermic peaks to disappear, new peaks to appear, and peak
broadening indicating a change in melting, boiling, or sublimation points. A powerful
gualitative analytical technique, DSC, is used to investigate changes in thermal belhavio
cyclodextrin complexes. In this analysis, it is examined whether there is an endothermic peak

at the melting point temperature of the mixttie
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1.4.6. Molecular Analysis

The interaction between cyclodextrin and active substances that form a complex can be detected

by NMR spectroscopy, as it will cause the signal of the material to change in the magnetic field.
NMR spectroscopy provides information abdhe structure othe molecule by using the

specific magnetic properties of the atomic nuckeside the quantitative and qualitative
information, this method provides information about which part of the guest molecule forms a
complex. The direction oéntry of the essential oil into the cyclodextrin cavity and the
interactions between molecules can be analyzetHEYMR methods. If there is a change in

the NMR spectrum of the essential oil and the essential oil/cyclodextrin inclusion complex, it
means that there is an interaction between them. Changes occur in the magnetic field where the
guest molecules used witycw | odextrin form compl eXx eeae Chen
calcul ated accorditing ftreee')dud =Thte (vad mpelse)f ct

cyclodextrins, essential oils and inclusion complexeseshown in ppm.
1.5. Studies oninclusion complexes

The importance of the inclusion complex is improving the physicochemical properties of the
hydrophobic guest molecule entrapped by the cyclodextrin. These properties include
stabilization of the guest moleculencreasing water solubility of hydrophobic structures
protection from heat or UV light, masking of undesirable tastes and addrphysical state
change controlinclusion complexes are also preferred due to their controlled release feature.
Long-term useis ensured by encapsulating volatile components with cyclodexirhmesse
advantages enable inclusion complexes to be used frequently in industries such as, food,

packaginggcosmetics, environmerntharmaceutical anxtile 1°°,

Some studies on inclusion complexes formed with various oils or their o@wgronentind
their application areas are showrTiable 3. Although there are many studies on the inclusion
complex of cinnamon bark oil with cyclodextrirssudies with cinnamonleaf oil are limited.
When a comprehensive literature was searcbely, two studies were found with cinnamon

leaf oil.

Linetal.'®f or med i ncl usi e0OD ardcimmaniorleatod using the hultralsonic
wave method. Complexes were chaeazed using FTIR and Raman. Encapsulation efficiency
of the compl exes wa s-CDcpaotecliposoméesewere prddacednand CE O,

antibacterial effect of these proteoliposomes was investigated aBaailtis cereusbacteria.

17



These liposomes werenderted into the fibers prepared using the PEO polymer. The

antibacteri al

Zavalaetall'st udi ed t

mol ecul e. Kncl u

he mol

sion

ecul

compl exes

-£p prdteolipasdmiesonanofibdrs o e vds investigated.

encapsulGDti on

we rahodpGas par ed

chromatography analysis, moisture sorgtmesorption isotherm, and infrared spectroscopy

were used in characterization studies. The antifungal activity of complexed oils was tested

againstAlternaria alternata As a result, it was stated thatrmamon oil formed a complex with

b-cyclodextrin,and these complexes showed strong antifungal activity.

Table 3. Literature researchn essential oil loaded cyclodextrin inclusion complex: BHED:

2-hydroxypropytb-cyclodextrin,
cyclodextrinMb C D :

HP-o-CD:
Mbecyclodextrin RAMEB: Randomly methylate@-cyclodextrin,

CRYSMEB: Low 2-O-methylatedb-CD, SBE-b-CD: Sulfobutyletheb-CD.

hydroxypropyto-cyclodextrin b-CD: - b

Cyclodextrins  Essential oil Their constituents Applications References
HP- b-CD - Cuminaldehyde Antibacterial 112
HP- b-CD - 1,8-cineole Larvicidal 113

RAMEB Lemon balm Borneol citral, linalool, Antimicrobial 114
peppermint, mentholandthymol Antioxidant
lavender and
thyme
b-CD Lippia gracilis - Larvicidal 115
b-CD Oregano Carvacrol Antiparasitic 116
HP-b-CD, - Thymol Antioxidant 17
HP-o>-CD and
M-b-CD
b-CD Tea tree - Antibacterial 118
packaging
b-CD - Allyl isothiocyanate Antimicrobial 119
b-CD Eucalyptus - Antimicrobial 120
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UC D ,-CDh - Nerolidol - 121
2-CD, HRb-
CD,
RAMEB,
CRYSMEB
and SBED-
CD
b-CD Lippia grata Antioxidant 122
Anti-hyperalgesic
b-CD Hyptis - Antibacterial 123
martiusii
HP- b-CD - Anethole Larvicidal 124
HP-b CD, - Limonene Gastroprotective 125
Mb CD,
HPo CD
HPbCD - Vanillin Antioxidant 126
HPoCD
Mb CD
b-CD Xiangfu Siwu - Pharmaceutical 127
decoction
b-CD - 2-nonanone Fungistatic 128
b-CD Cymbopogon - Pharmacological 129
winterianus
b-CD - Carvacrol Pharmacological 130
Cancer pain
UCD,-CDH Peppermint Menthol, menthone,  Controlled release 131
2-CD, HRb- pulegone and eucalyptol
CD,
RAMEB,
CRYSMEB
HP-b-CD Black pepper - Antibacterial 132
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b-CD Citronella oil Citronellal or citronellol Mosquito 133
repellent
b-CD Clove, - Antimicrobial 134
mexican
oregano
HP-b-CD Guava leaf - Antioxidant, 135
Antimicrobial
HP-b-CD Cinnamon - Antimicrobial 136
bark food packaging
Controlled relese
HP-b-CD Cinnamon - Antimicrobial 187
bark
b-CD Cinnamon - Antimicrobial 138
bark packaging
b-CD Cinnamon - Insectresistance 139
bark packaging
b-CD Cinnamon g Controlled release 140
bark
b-CD Cinnamon - Antimicrobial 141
bark packaging
b-CD Cinnamon leaf g Antibacterial 110
packaging
Controlled release
b-CD Cinnamon leaf, - Antimicrobial 111
garlic
b-CD - Thymol, transanethole and Larvicidal 142

eugenol
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HP-b-CD, - Eugenol Antioxidant 143
HP-o-CD and

M-b-CD
HP-b-CD Clove Eugenol 144
b-CD - Carvacrol, trans- Antimicrobial 70
cinnamaldehyde and
eugenol
b-CD Cinnamon Transcinnamaldehyde, Antimicrobial 145
bark, clove eugenol

bud

1.6. Aim of the study

The aim of this study was tdevelopi ncl usi on compl exes of Ci
cyclodextrin andor the first time,its sulfobutyl ether derivative by freeze drying method to
improve cinnamon leaf oiphysicochemicalproperties, stability solubility, and thermal
behavior To reach this ainthe formation of complexesascharacterizedby several analysis
includesSEM, FTIR, TGA, DSC and'H-NMR spectroscopy Then, for the first time,the
antibacterial activity of inclusion complexebc i n n a mo n 1 dDearad Cinnamoh |éaf ofd/

SBE-bi CD were assessed against both gram negdfived]i) and gram positiveS. aureus)
2. Materials and Methods
2.1. Materials

The cinnamon leaf oil was purchased from Tisserand Institute. Model ba&eaareus
(ATCCE 2 amiE.80k() ATCCE 2 5wer2 gified fromAssoc. Prof. DrMeral

Yuce from SUNUM (Sabanc University Nanotechnology Research and Application
Center).b-cycl odextrin ( O%W%WEDL3pDajDMEEd6 LB watharal g2 M
agarwere obtained from Sigrraldrich; Betadex sulfobutygther sodium (averageWwk 1451

Da) was obtained from USPmpany. Double distilled water a@PBS (w/o: Ca and Mg
PAN-Biotech) were used throughout the study. Other solvents and chemicals were analytical
reagent grade.
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2.2.Methods
2.2.1.Phase Solubility Assay

Phase solubility studies were performed as mentioned by Higuchi and Comestsnate the

molar ratio and the apparent stability constants of the two inclusion complexes. Solubility
studies were carried out by addiegcess amounts of oil separately in quantities exceeding its
agueous solubility containing increasing concentrations of. EDisthis,solutions ofb-CDs

(0-10 mM in 2 miwaten were irradiated in a microwave oven at 700 W for 30 s at 10 s intervals

to reach 70 UC. This proces 9-ChDsrandfaciltatee s t he
complexation. An excess of essential CEO (17 mM) was added td-€@bhsolutions, which
weregain irradiated for 3 0 sForaSBEbLIOD, differentnt er v a
concentrations @0 mM) were dissolved in 2 ml of water. After SBECD solution was

vortexed for 2 min, an excess of essential CEO (17 mM) was added. The mixtures were

saicated in an ultrasonic bath for 10 min at room temperature

All samples wererotated on a laboratory shaker at 2pth for 18 hr in darknesdfter

equilibrium was reachethe samplesortexedand filtered hr ough a 0. 45 em PTF
The amount of CEO was analyzed at 280 nm by\i&/ SpectroscopyFor standard curve
preparation, several concentration$ @7 ug/mL) of cinnamon leaf oil were prepared in

ddH0O and the absorbance of each concentrationmeessured at 280 nm. The absorbance at

280 nm was plotted against cinnamon leaf oil concentrations to establish a standard curve.

22.2 Preparation of -Ch &and Cihamom aili8BED-CD lndlusidn
Complexes

Encapsulation of cinnamon leaf essainbil was carried out through inclusion complex
formati ey cwiotdle xbr i n an eycl&axtrim sobiwumt Yhe incdusidne r b
complexes were prepared at a molar ratio 1:1 according to method proposed ANames

et al. with some modificains 146,
Compl ex #-CD-ICCEO/ b

ForCDb i ncl usi on c oQObpvere dissolvddin@5 mbgf ethdnol &nd DI water
(1:2 v/v). The solution was magnetically sti
dissolutiono f TCD. 27.2 mg of CEO was dissolved in ethanol (10% w/v) and then added

dr opwi se t <D solt®n usiagrcamtinbous stirring. After turning of heater, the

mixture was left in a sealed container under stirring (250 rpm/21 h) at room temperature
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(~25AC) and protected from the |ight. The res
complexed cyclodextrin and tsomplexed oil was frozene8 0 AC. Then, it was
99 AC for approximately 72 hr 1aPa.dor purfieatignr e s s u
50 ml DI water was added to freeze products
at 4500 rpm for 30 min. Centrifugation divided samples into two phases: (i) the supernatant
phase, c¢ on tC®-iCndissolyed Buiinckzdoniplexed CD and probable residual oil (ii)
precipitate:excess of titomplexed oil and udissolvedb-CD. Supernatant was filtered with

0.45 Om PTFE filter to help compl-2&ACori tpawas
lyophilized at-9 9C&or approximately 72 hr and the pressure was held at around 0.001 Pa. The
freezedried powders labelled as CEO/SBECD-IC were weighted and left in a refrigerater (

20AC) prior to analysis.

Complex #2: CEO/SBEb-CD-IC

For SBEDB-CD inclusioncomplex, 100 mg of SBHi CD were dissolved in 15 mL of ethanol

and DI water (1:2 v/v). Because SBECD is freely soluble in the solution, it was magnetically

stirred at RT about 5 minutes without heating. 21.2 mg of CEO was dissolved in ethanol (10%

w/v) and then added dropwise to SIBECD solution using continuous stirring. The mixture

was | eft in a sealed container under stirrir
protected from the light. The resulting solution containing inclusion comptegpmplexed
cyclodextrin, and wwomplexed oil was frozena@ 0 AC. Then, i t-9%WAG fgwopl
approximately 72 hr and the pressure was held at around 0.001 Pa. For purification, 50 ml DI
water was added to freeze products for separatingtheoil t was centri fugat
rpm for 30 min. Centrifugation divided samples into two phases: (i) the supernatant phase,
containing CEO/SB#H-CD-IC, dissolved but witomplexed SBEb-CD and probable residual

oil (ii) precipitate:excess of wmcompe x ed oi | . Supernatant was fi
filter to help complex for passing through filter. After freezingg® AC, it was | yop!
99AC for approximately 72 hr and t hedrignr essur
powders lablked as CEO/SBEb-CD-IC were weighted and left in a refrigerate2 © AC) pri or

to analysisPreparatiomprocess of inclusion complexes was presentédguare 8.
The yield of powders was calculated using the following equation:

417 CANECHEAOAET ARAGOE DI A;@Ao

QEAP A ST AEGAE GED E1 EORRAE GEDP "
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2.2. 3. Preparat i on -Cbfand tCimramof nilfSBEbrD rPhysical | / b
Mixtures

The physical mixtures were prepared in the same molar ratiok-dr.1his, cyclodextrins and

cinnamon leaf oil were mixed and homogenized for 15 minutes using a mortar and pestle
without freezing them!#’, The physical mi xt ur-@sPMwaer e | al
CEO/SBEDb C {PM, foiled and left in a refrigeratos 0 AC) .

2.2.4. Determination of Yield, Loading Efficiency and Encapsulation Efficiency

Total CEO content in the inclusion complexes was determined by solvent extraction method
148,149 Briefly, inclusion complex (2 mg) was weighted into falcon tube and resuspended with

1 ml of DI water followed by addition and mixture with 9 ml hexane. They were vortexed at

the highest speed for 1 minute. CEO was extracted from CD cavities with hexane by heating
the samples in a glass tube at 45AC in a wa
during 2 hr. Since evaporation wamtureovias er ved
selected as 45 AC. After the heating period,
and centrifuged at 4,000 rpm for 20 minuteseparate hexane from the aqueous phase. After
centrifuging,it was resulted with a-ghase solution andpper hexane layer containing the oil

was collected by pasteur pipette. The amount of CEO present in the hexane was quantified by
measuring absorbance with spectrophotometer at 281 nm using hexane as reference, in
polystyrene cuvettes. The content of Ci@s calculated by means of a standard curve for CEO

i n hexane (095%), at 1bag/mLy u'ke alsorlvacce ofteacht i o n
concentration was measured was plotted against cinnamon leaf oil concentrations to establish a
standard curvelhe concetration was calculated by using a calibration curve. The percentage

of EE and LE were determined using the following equations:

x AE ¢ &D OO0 ADBIA &

040
/0 %6P ET EBAAE GED

Jp mm

7AECHD OOADPB/A &

[0)
T REGEDOAET ARBDEDI AGAO"
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a Prepare solutions Add cinnamon leaf oil dissolved @ Freeze dry the solutions
containing in ethanol and wait for for3days
cyclodextrin overnigth '

Cyclodextrin Ol i
Complex

Add DI water to freeze @ Filter the supernatant including @ Freeze dry the filtrated

dried powders and inclusion complex, un-complexed solutions for 3 days

centrifuge them cylodextrin and probable residual oil

Weigh the freeze dried powders
to calculate the yield

: n “;“ r
‘\v ‘ -

~ CEOMmIC ~ CEOI/SBE-b-CDIC

Figure 8. Preparatiorprocess of inclusion complexes1:1 M ratio(a) and appearance of the

complexes (b).
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2.25. Inclusion complexes characterization

The complexes of cinnamon oil were formed with two different cyclodexiri@d D an-d SBE

bCD. Pur e cvycl od dreekedriechfermulaton and physcal mixtiuwelere
analyzed by SEMDLS, ATR-FTIR, TGA, DSC and'H-NMR Spectroscopyo determine if

inclusion complexes were formed.
2.2.5.1.Scanning Electron Microscopy

The particle morphology of the sampheas evaluated by JIB 4601F FABEM MultiBeam
system using (35 kV) acceleration voltage and a magnificatranging400010.000 X.The
samples were coated in vacuum with a tlaiyer of gold/palladium for improving surface

conductivity.

2.2.5.2.Dynamic Light Scattering

The mean particle size {Everage), size distribution (PDI) and zqtatential determinations
were performed by DLS method, using the Malvern Zetasizer. Samples (1 mg) were sonicated
for 10 minutesfollowing dispersed in DPBS (3 ml). The same procedureappBed in Hepes
buffer in folded capillary cell DTS1070 for zeta potential measuremdiithe measurements

were carried out at 25 N 1 Ac

2.2.5.3.Fourier Transform Infrared Spectroscopy

To confirm the functionalization of heguestinclusion complexes, samples were obtained on

a Bruker Equinox 55 IR Spectrometer equipped with an attenuated total reflectance (ATR)
crystal. Samples were scanned 64 times over a range ofe@Dom ‘with a resolution of 4

cm 1

2.2.5.4Thermogravimetric Analysis

Thermal properties ob-CD, SBEDB-CD, CEO, inclusion complexes and physical mixtures
were analyzed using thermogravimetric analyzer (TGA, Shimadzu -80Fj using

approximately 2 mg of the sample in aluminum crucibles The experimergesasmed at a

heating rate of 5 AC/min in a dynamic high

p |

of the furnace was programmed to rise from 2
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2.2.5.5.Differential Scanning Calorimetry

Sampl es each o tCDEBED-CD,CEQ, exdusidn @ampldéxes and physical

mixturesin the weight range of-2 mg, were scanned at a rate o
bet ween 25AC and 300AC under an inert atmos
characterized by a clear overlap of individual thermograms.

2.2.5.6.'H-NMR Spectroscopy

The H-NMR analysis oo C D, CEO, -ICEBEDCOD and @®EdDT BeBE
performed at 500 MHz. For this, 5 mg of samples were dissolved in 600 ul of deuterated DMSO

ds and sonicated for 2 minutds. this study, samples were prepared us$SO-ds to obtain

the appropriate solubility due to the very low solubility of oil in wakdestRenova Program

was used to analyze data.

2.2 6. Antibacterial activity of essential oil

2.2.6.1. Microorganism

Strains ofgramnegativebacteriak. coli and grarpositive bacteriaS. aureusvere used as

mi croorganism. The bacteria were cultured ov
hr.

2.2.6.2. Media Preparation

LB broth: 20 grams of LB broth was dissetvin 1 L of distillated water. It was autoclaved at
121/AC for 15 min and stored at RT.

LB agar: 20 grams of LB broth and 15 grams of agar were dissolved in 1 L of distillated water.

It was autoclaved at 12€ for 15 min.LB agar poured to plates astbred at AC.
2.2.6.3.Agar disk diffusion test

For quantitativemethod, agadisk diffusion test was used with checking the diameter
inhibition zone todetermine theinnamon leaf oi&ctivity against. coli andS. aureus(Figure

9). Forcomparisonclove oil coriander oiandSt. Jo h n 6 s  westested. Bor this process,
200 ul of bacterial suspensions (63£0.1) were spreaded on sterile LB agar media and 6 mm
sterilediameterdisk were put on the agar surfac&0 ul of pure essential oils were added to
eachdisk. Ampicillin (15 mg/ml) antibiotic solution was used as a positive comtraksess the
susceptibility of tested strain§hese platesere sealed with parafilm amacubated overnight
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at 37A CAfter the incubation periodhe inhibition zone diameter (IZDyherebacteriadid not
grow was measured mm using a rulefor each discThe images of plates were taken with

Bio-Rad Gel Imaging

Zones of inhibation

Test sample

Spreading of inoculum on agar surface
Created in BioRender.com bio
Figure 9. Agar diskdiffusion testfor evaluation of antibacterial activity

2.2.64. MIC determination by serial dilution doseresponse experiment

For quantitativemethodthe st udy was performed according
Checkboard Assays t o Me ansthu usieng spetttophbtomettic ¢ I n

measurements’.

MIC of cinnamon leaf oil againg&scherichia col{igram negative) an8taphylococcus aureus

(gram positive) bacteria were determined in LB growth media by using a cell growth assay in

96- well culture plates. Cinnamon leaf oil was directly used in trggrai solution (100%ov/v).

The oil was subjected to serial dilution to reach an effective concentration. For this, oil was
two-fold serially diluted and then spiked with 80 ul inoculum ¢@D.1) of E. coliandS.
aureus(Figure 10). An automated plate reader (Tecan) was used to quantitatively measure the
turbidity in all wel | s. This microplate reac
flow by shaking the platesinevery 15minut)s The pl ate was seal ed a
for 18 hours. The concentration at which there is no increase in turbidity (no cell growth) was
identified as the MIC for that drug. The MIC determined by this method corresponds to the

concentration at which the essential oil is bacteriostatic (prevemrogferation).
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Il number LB-10%PBS LB-10%0il Oil (v/v%)
well numper - (] Hi\v/vs
1 20 ‘/20 1
P 20 N
2 20 2 0.5
3 20 P 0.25
4 20 +80 ul cells >~ a2
5 20 » 0.06
6 20 j 0.03
7 20 _\‘320 / 0.01
discard

Figure 10. Serial dilution doseesponse experiment. Preparation of serial dilution -dose

response for oil and corresponding final concentrations of tHePoil

2.27. Antibacterial activity of inclusion complexes

The anti bact er i adD-ICaaod GEQ/SBEH-GDIC agdinstEC EoDandS.
aureusbacteriawere measured according to method proposed by Cui et al. with some
modifications!!2 For this, the bacterial strains were grown in LB broth medium for 18 h on a

200r pm shaker at 37 AC. 100=0.1) bf bastériunawejewnddede d c u
separately in tubes containing 1 mL of PBS. UV irradiation was applied on inclusion cemplex

for 10 minutesUV-sterilized inclusion complexgd5 and 30 mgyvere added to the culture

and incubated at 37 AC for 24 h. 0.1 ml of
inclusion complexes was spread on a LB agar plate. It was incubatad agat 37 AC f or
Same amount of essential oil that was in CDs was used as a positive control and CDs alone
were used as a negative contiidie images of plates were taken with #ad Gel Imaging

System. The colonies are counted and the percentagatibfcterial activity ofinclusion

complexesvere measured determined using the equatfon

% Antibacterial activity = gopulation number of control bacterigpopulation number of

experimental bacterid)population number of contrblacteria 200
3. Results and Discussion
3.1.Phase Solubility Assay

The UV-Vis spectrum of cinnamon leaf displays absorption bands a220@m which regards
the electronic shift of 1 t y p eO dgroopr thatCbinds with eugenol aromatic rited
Considering thénformation spectroscopic analysis used to observe the key band aheom
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leaf oil. A wavelength of 28282 nm was adopted as the reference wavelength for eugenol,
and the intensity of this characteristic peak was used to determine the CEO concentrations in
the complexe$®*,

The concentration of the CEO was measured spectrophotometrically by using SUV
spectrometer. For standard curve preparation, several concentrati®@d513g/mL) of
cinnamon leafoil were prepared ildH.O and the absorbance of each concentration was
measured at 280 nm. The absorbance at 280 nm was plotted against cinnamon leaf oil

concentrations to establish a standard curigufe 11).

|
a
25
2,0
S
© 154
[1}]
Qo
o
(1]
2 104
2
R —— 215 ug/ml
< —— 107 ug/ml
0,5 - 1 —— 54 ug/ml
— 27 ug/ml
A —— 13 ug/ml
0,0 4 I
|
— 71 T 1 r T T r T T T T 1T T 1
250 260 270 280 290 300 310 320 330 340
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b 3
-'.
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8 2
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3
= 15 .
3 R
o]
< 3
n"..
0.5 o« y = 0,0122x + 0,0376
. .’ wuy [ nZlddg
0 50 100 150 200 250
CEO (ug/ml)

Figure 11. UV-Vis absorption spectra of increasing concentrations of cinnamon leaf oil diluted
in ddHO (a) andcalibration curve of pure cinnamon leaf essential oil inZR2iEt 280 nm (b).
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Phase solubility diagram @EO/SBEbB-CD-IC andC E O/ D-IC could be classified as A

type, as the solubility of the CEO almost linearly increased with increasing concentration of
CD (0 M-10 mM) (Figure 12). The increase in solubility in the system is due to molecular
interactions between CEO abeCDsto form complexBecause the straight line had a slope

less than unity, it was assumed that increase in solubility was observed due to formation of 1:1

complex.

12 -

.
101 «
8 ° e
= P
[= Py -
=% .- e m
O " =
[TTR - -
O 7 m AT
49 __m = -CD
L--" ® SBE-R-CD
1 —— Fit Curve of B-CD
—— Fit Curve of SBE-R-CD
2 : . . . . , : . . ; .

0 2 4 6 8 10
CD [mM]

Figure 12. The solubility phase diagrams for tGeE O-CD-IC and CEO/SBEb-CD-IC

The stabilityconstants (K1) of CEO with each CD were calculated using Equation:
Slope/Intercept (1 Slope)) and given iable 4. The Ki1value was 176.5Mf or B CD. The
value fallingwithin the range of 502000 M * ° is to be adequate for the formation of

inclusion complex, which may contribute to improve dissolution of poorly water soluble drugs.
However, the K value forCEO/SBEDB-CD-IC complex was found to be 337.08Which is
19f ol d hi g h SBEDb-Chhshawedsup&ior solubilizing and complexing abilitiie
different complexation constants found for different CD molecules indicated that the derivative

group on CDs appear pay an important role in the incorporation of CEO into CD cavity since

much higher complexation constants were obtained with-&BELS.
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Table 4. The phase solubility diagram parameters of the inclusion complex formed between

CEO-SBE-b-CD and CEGb-CD

Molar Molar Stability
concentration] Absorbance| concentration| Slope | Intercept| constant,| Phase
SBEDL-CD, A of CEO, K1.1[M"Y] | diagram

[MmM] M=A/e, [MM]

0 0,526982 3,9828

2 1,007253 7,8916

4 0,908728 7,0897 0,62357| 4,91433 | 337,08 | ALtype

6 1,024079 8,0285

8 1,247967 9,8506

10 1,432151 11,3496

Molar

Molar Absorbance] concentration| Slope | Intercept| Stability | Phase
concentration A of CEO, constant,| diagram
b-CD, [mM] M=A/e, [mM] Kii[M']

0 0,389824 2,8666

2 0,535903 4,0554

4 0,730515 5,6393 0,37235 3,36051 | 1765 | AL type

6 0,744905 5,7564

8 0,813619 6,3157

10 0,860829 6,6999

3.2. Determination of Yield, Loading Efficiency and Encapsulation Efficiency

Determination of the encapsulation efficiency (EE) ofGhgé O-/b-IC and CEO/SBEb-CD-

IC is of great importance, as it provides a direct estimation concerning the effectiveness of the
CEO encapsulation, as well as evidence concerning the available CEO quantity in the ICs,
which along with its release profitirectly affectthe way that the ICs are going to be used in
several applicationd’he % encapsulation efficienclpading efficiency and yieldf CEO in

t he CEaC fnd CEO/SBEO-CD-IC were determined directly, using WWis
Spectroscopy, by quantificatioof the encapsulated CEO. The CEO of encapsulated in the
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cyclodextrins was measured using the solvent extraction method modified from the reported
literaturest®? 158149

Although same molar ratio of cyclodextrin were used to encapsulate essential oil, different
percentage of yield, loading efficiency and encapsulation efficiency was obseiyeab (13).

The included oil content in the powdsrthe highest value when SBE-CD is used as an

encapsulantlt is probably related with chemicatructure( R =-CHan®R = (CH)4SCs
SBED-CD) *°. Encapsulatio efficiency and loading efficiency after freedgying were 8 %
and11% f or -GCDH®Eahd3 % and5 % for CEO/SBEDb-CD-IC. It has also showed high
yield with CEO/SBEDb-CD-IC (77%) when ¢ o mp a-C2IC 8% %).hHowewe / b
results were significantly lower than the ones reported in the literature for the main cinnamon

EO component, eugendf®. This was expected as the EOs constitute complex mixtures of

different compounds that present high affinities for CD mukes, competing against each
other for | C fC®Fnsanilarabservationhas beerhreportied for other authors

in the literature showing that obtainedcapsulatiorefficiencyf or t h e-CDia@agane d b

EO ICs wa22.60 %. Rakmai et al. also found that guava leaf oil encapsulation efficiency was
52.5%, while it reached 91.8% for limonene, the major pure compound of guava t&xafioil

the case of yarrow oil and carvacrol (yarrow oil major component), there efficiency was 45.05

and 86.59%, respectivelj’. Black pepper exhibit similar behavior with efficiency of 50.55

and 85.30, respectivelf, or essenti al oi l acargophylleng)’*2ma i n c
Nevertheless, thebtainedinclusion effciencieswere reproducible and, interestingly, much

hi gher than the range of tGDevithtother BOs ¢8%di2%)a | ma x

82 suggesting an efficient enrGapsul ation of
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Figure 13. (a) Calibration curve of pure cinnamon leaf essential oil in hexane at 281 nm and
(b) Yield, loading efficiency and encapsulation efficiency of cinnamon leaf oil included in SBE
b-C D a+CD aftbr freezalrying.

3.3. Scanning ElectronMicroscopy Analysis

SEM i mages o04CD-BIg Da n C EOD#CBarefreported irFigure 14. bCD i s
defined by blocky particles with different sizes of rectangshaped crystaf® (Figure 14a-

b). In case of the physical mixture, it can easily be seen that the CEO autiterttse surface

t he FiQue 14c-d). In contrast to physical mixture, organized blocky particle with
rhomboid shaped crystals were observed in freezei e d -COHECOFidure 14e-f). No

visible fractures, cracks or pores were shown orctimeplex form. These results are supported

by several studies performed on inclu®¥ion co

134
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Figure 14.SEM | maeg®@bdf BBPOME@d) an d-CEIE @f).b

SEM images of SBHB-CD, CEO/SBEb-CD-PM and CEO/SBE-CD-IC are reported in

Figure 15,SBEb CD i s represented by amdP(piduedss- shr i n
b). Both individual CEO and SBB-CD could bedistinguished in CEO/SBB-CD-PM

(Figure 15c-d). CEOadhered on the surface of SBEC D p a r t iplysicalmixtirenOnt h e

the other hand, characteristic CEO and SBED mor phol ogi es coul dndt
freezedried CEO/SBEb-CD-IC. SBED-CD had lost their original shapes and aggregated with

each other. The drastic charapeurredoecause of possible interaction between CEO and SBE

b-CD (Figure 15e-f). Results ofC E OLD-IC and CEO/SBEb-CD-IC proved that the
cinnamon oil is ebadSBEh-Cated into both b
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Figure 15. SEM images of SB#B-CD (a-b), CEO/SBEb-CD-PM (¢-d) and CEO/SBE-CD-
IC (ef).

3.4. Dynamic Light Scattering

Particle size of drug delivery systems is very important. According to particle size, drug
delivery systems accumulate in different tissues and of§aifhe particle size of a good drug

delivery system should be large enough not to teedugh the blood vessel and small enough

not to be noticed by the mononuclear phagocytic systérarticle size and distribution are

important in the characterization of formulations as they affect drug loading, drug helase
stability. The parti cl-@-ICsdnd EEO/SBHI-CDAIChveere pr e p a |

determined by dynamic light scattering technique using the dispersions in pH 7.4 phosphate
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buffer.Inthe studyt he me an p dAvejwasnieasuradi@@58nn{fd r SO/ b
IC and 345 nm folCEO/SBE-b-CD-IC. Considering theesults, it is understood that these
inclusion complexes are at nano levetcordingly, particle diameter size obtained in our study

showed results consistent with the |iteratur
study and found the particle size 860 Hh Also, they have worked with clove bud extracts

which has same major component, eugenol, and found the particle size 13Bflnsion

complexes in our studglsodisplayed a monodigpsed suspension and homogenous particle

sizes, with a low Bl value. Polydispersity indices (PDP f CE£DIC@andCEO/SBED-

CD-IC was measureds 0.314 and 836, respectivelyThis moderate homogeneity of the IC
population was also beingerceived through their size distribution graplg(re 16a-b). Zeta

potential is an extremely important concept for the stability of nanoparticle suspensions due to
electrostatic repulsion between charged partidteslso gives an idea of whether the active
substance is encapsulated inside or on the surface chtioparticle Studies in the literature

have shown that nanoparticles with a zeta p
suspensiort®”. When the zeta potential value decreases, the loaded nanoparticle suspension
cannot maintain its stable sta#s a result of the zeta potential analysi®e zeta potential

values of inclusion complexes were determined to be closdtmV. It was found-19.7 mV

f or GIDAJ and-18 mV for CEO/SBEL-CD-IC which means that these complexes are

quite stableAccordingly, it was determined that the preparation method was effective on the

zeta potential of nanoparticléBhese negative zeta potential caysevents agglomeration of
nanoparticles, stabilizes the suspensions of nanoparticles and causes an increase in dispersion

in wateri8,

30 .................. .................. ‘ ................. , .................

[
o
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Figure 16. Patrticle size distribution ¢g)C E O/ BIC(Bed line)and (b)CEO/SBEDH C{IC

(green line)
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3.5. Fourier Transform Infrared Spectroscopy

Complex formation was confirmed by the absence of characteristic peaks of cinnamon leaf oil
in the inclusion complexes in the analysis of -l spectra, and the appearance of original
peaks that were not previously seen in both pure cyclodextrins and cinnamon F&f oil
Infrared characteristic peaks of CEO and inclusion complexes were determined byalseng

5. The infrared characterization curves of the samples are illustrakegure 17 andFigure

18.

Table 5. Regions of the Infrared Spectrd.

Region (cm?) Group Possible Compounds
37003100 -OH Alcohol, aldehyde, carboxylic acid
-NH Amides, amines
[ cH Alkynes
31003000 =C-H Aromatic compounds
-CH2 oriCH=CH  Alkenes or unsaturated rings
30002800 CH,-CH2-,-CH3  Aliphatic groups
28002600 -CHO Aldehydes
27002400 -POH Phosphorus compounds
-SH Mercaptans and thiols
-PH Phosphine
24002000 -CI N Nitriles
-N=N+ =N- Azides
-Cl C Alkynes
18701650 C=0 Acid halides, aldehydes, amide

amino acids, anhydrides, carboxy
acids, esters, ketones, lactams
lactones, quinines

16501550 C=C, C=N, NH Unsaturated aliphatics, aromatic

unsaturated heterocycles, amid
amines, amino acids
15501300 NO2 Nitro compound
CH3 and CH2 Alkanes, alkenes, etc
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13001000 C-O-C and GCOH Ethers, alcohols, sugars
S=0, P=0OC-F Sulphur, phosphorus, and fluorit

compounds
1100800 Si-O and PO Organosilicon and phosphon
compounds
1000650 =C-H Alkenes and aromatic compounds
-NH Aliphatic amines
800400 C-halogen Halogencompounds

Aromatic rings Aromatic compounds

The ATRFTIR spectrum of pure CEO exhibited characteristic peaks at 1637acith 1674

cm tassigned to the CC stretching vibration. The stretching vibration ofitBeg@ups and

Ci Oi C ring are respectively evident 8264 cm! and 1231 cm. CEO had C=0 stretching
vibrations at 1674 chhand 1719 cit. The ATRF T 1 R s p eGDtshow charécteristic

peaks at 3268 and 2924 ¢maused by the B and GH stretching of vibration. Besides that,

peaks at 1204, 1151 and B0@m? indicatethe presence of O-C stretching glucose units of

b-CD. Theinfrared characteristic peaks of cinnamon oil (1637%¥m a +CD (1676 crh!)

can be found in the curve, indicati-@@and hat p
CEO.

I n the case of i ncCDuanrdC&Q, altheoshapplpeaks bdloadgingte then b
b-CD exist and only a few characteristics of CEO peaks are visible. The spectrum of the
inclusion complex looks almodiket he pure BCD indicating a f«
compl ex. Th-+€D =latedipdalsvere shifted 1o & higher or lower wavelength such

as at 1076 to 1077 ¢ 1204 to 1205 chi, 2924 to 2922 cht and 3268 to 3272 crh

Cinnamon oil in inclusion complex had the intensity of the peak at 1604 and 1637ocm

C=C stretching vibration, indating that these part of the carlboarbon double bond are likely

to be inserted into the coiseh a p e d c-@Dv The yroader OHbstretching band of the
inclusion complex in the frequency 3272'¢ragain corresponds to the multiple OH functional

groupso f-CBD mol ecul es. These data eCobnfiinr m hteh eC EpQ,
CD inclusion complex and suggest tkdO was efficiently encapsulated into the hydrophobic

cavi t-GD. of b
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Figure 17. FTIR spectrum fob-C D, CE O -CD®PH anddhE OLDb-IC

The ATRFTIR spectra of SBHB-CD show characteristic intense bands at 33000 cm'
caused by the ® stretching vibration’t, The band at 300@800 cm' associated to the
vibration of the CH groups. In this experiment, for pure SBE D .ere was a CH stretching
vibration peak at 2934 cfn A prominent band with a transmittance peaRa648 cm? owing
to H-O-H bending of water molecules attached to €DThe band at161 cmi! and 1044 crit
respectively ascribed toi©i C stretching vibration and sulfoxide stret¢h The one at 1155
cm'! vibration and a sharp band at 1029'trim pure SBEb-CD indicated COi C and

sulfoxide stretch, respectively.

Superpositiorof oil and cyclodextrin infrared peaks found in physical mixture. The spectrum
of the physical mixture was characterized by the intense band at 163@4&1®i H). The band

at 1228 crt, 1265 cmt and 1030 cm also were associated to CEO and SBED. In the case

of inclusion complex between SHECD and CEO, all the sharp peaks belonging to the-SBE

b-CD exist and only a few characteristics of CEO peaks are vigilgpectra of CEO in

inclusion complex were shiftebroadenedor disappearetiecausef the possible activation
of songudbost i The mmdatcl228 omand 1232 cm were not observed in

inclusion complex.
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Figure 18. FTIR spectrum for SBHB-CD, CEO, CEO/SBH-CD-PM and CEO/SB#-CD-
IC

3.6. Thermogravimetric Analysis

TGA is a frequently wused technique for meas
TGA will be done on samples to identify the changes in weightepé with respect to
temperature changdé’ In this study, the thermal stability of inclusion complexes was evaluated
usingTGA and the results were compared with pure cyclodextrin, oil and physical mixture.

Figure 19aandFigure 19bs how t he TGA and t h€DdelCEWVat CEOS$ T
CD-PM and -CDEXOThé®curveprofile suggestthat the process of thermal decomposition

of CEOoccurred apparentl y ©CEBEOexhibited ashagp decreaferwdhm 4 0 1
mass loss of 97.33%. Within the temperature ®840 A C, t he CEOeshbpedané i | e o
peak temperaturd{:= 1 1 3 indicateshat dinhamon oil has alatile nature. It revealed that

t wo stages of t he-ChOcarebe obaelveddndihgtempedatute increasing. The b
first stage occurred in the tempeCDhawauabat r ange
10.8 %. The initial mass logsie to the endothermiehaviorwhich corresponded to the loss of

wat er mo |-@DccavityeAs this stage,fihere was one peak temperature on the top of the
DTGcurveTpi= 65.4 AC). The second stage A@ssThioss
was the main mass | oss stage as indica&bed and
depicted one obvious peak temperatligg€ 313 AC). The physical mi X
major mass loss stages with a total mass loss oP85The initial mass loss was attributed to the

|l oss of water. The second wei ght Thethsdsveighttt we e n
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|l oss between 275 AC and 3 E50.Ddi6gthisprecess,theDTGo t he
curve of physidamixture shows three evident peak temperatifigs{ 6 1 T»= AL13. 4 AC a
Tos= 311.8 AC). As can IC&E OLHdq) theferwerentwd stages oF G ¢ u |
thermal decomposition, the first step of decomposition occurred fronl63t6 AC, t her e wa
no | oss of maGkIC wamansost noh decomnposed. The initial weight loss was
attributed to the | oss of water. The second n
curves depict a very sharp decreass larocess with mass loss of 74.9 % of original mass. In this
stage, t he -GpIChacouly onepeak femperatuig{(= 306. 6 AC) . Co mj
physical mixture, inclusion complex showing that the thermal stability of CEO was significantly

improved.
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Figure 19. Ther mogr avi metri c analysis (-@D-PMaandd DTG
C E OLDb-IC.

Figure 20a andFigure 20b show the TGA andhe derivatives (DTG) for SBB-CD, CEO,
CEO/SBEDB-CD-PM and CEO/SBE-CD-IC, respectively. This analysis showed evidence of

three zones where the SBECD lost mass with temperature increasing. The first zone under

220A C van83fb mass loss due to the evaporation of superficial water associated with the
cyclodextrin. The second process occurred ir
236% mas | oss. Finally, a thA€dcpnodbdessrefl mdm
degradation of the SBB-CD. At this point, 25.8% of the mass is reduced. DTG cun&Bdt

bCD exhi bi ttangerature§Teles pe2a k =AQ,5 9T.p4, 2AG398nC) .Tp, 3
The process of thermal decompositiorC&EO occurred apparently in one step. From 25 to 150

A CGEO exhibited a sharp decrease with a mass loss of 102 %. Within the temperatiire of 25
150 ACcC, t h e CHDTehibited one peakotdmperature (Tp,1 3 2 . )7whidhC

indicates to this volatilizatiorit can be observed that the thermogram associated with the physical
mixture is very different from inclusion complexes. CEO/SBED-PM hadundergone three major

mass loss stages with a total mass los® A6 was presented. The initial weight loss between 25

AC and 220 AC was due to CEO. The second weig
degradationof SBB-CD. The third weight | oss step began

process, the DTG curve of physical mixture shows three evident peak temperatures9g.p,1
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ACIp2= 262. 3 AC3 8@ CBEONSBELIC IC showsimilar thermograms with SBE

b CD. CEOCIE Bddundergone three major mass loss stages wittaknass loss of 68%

was presented. The first zotmrespond$o the loss of water associatedtothe 8BED st ruct ur
The second anfiirdma ss | oss st ep be g a mespactivelyAlthdugtie® AC  a
was a slight shift in the degradatimmperature of SBE CD, t he presence of CI
in CEO/SBEb C{IC. Compared to physical mixture, inclusion complex showing that the thermal
stability of CEO was significantly improved. The DTG curve of inclusion complex shows three
evidentpeak e mper atures ( Tp, 1= 393 333AC,8A@),.2= 288. 5

The results indicated that the thermal stability of cinnamon oil was improved after encapsulation,
because the decomposition reactioniet? 7 5 ACE OHC and2 2 0 fo”CEO/SBE

b C{IC, in contrast teinnamon cilwhi ch t her mal decomposition s

thermal stability of CEO in thanclusion complexessuggested an existence of the interactions
between CEO and tl&Ds cavity.
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Figure 20. Thermogravimetric analysis (a) and DTG (b) of SBED, CEO, -bCEBD/ SBE
PM and CEO/ SB#H C IC.

3.7.Differential Scanning Calorimetry

DSC analysis was carried out to determine whether the solid product obtained was a physical
mixture or true inclusion complexes. Thermograrasvesof CEQ, physical mixturesand
inclusion complexes are shownhigure 21. Results wergharacterized by a clear overlap of

individual thermograms.

I n the case of -UDStWastpdssble io@\gdenaentwo @ridothiermic peaks. The
first one is attri bQl eodc ctwr rtihreg derhoywrcatli lon AG,
centered at 300 AC cor r e sQDgFigdre214). On theloteer hdrel,c 0 mp o
cinnamon essential oil presents a single endo
temperature. It is evidenced in the case of eugenol, with an endothermicdéakdah C ( Pub Ch e n
About the physical mixtures,the DSCh er mogr ams s howed -COlpureraadc t er i S
essential oil components. On the contrary, as for the DSC thermograms of the inclusion complexes,

it was only possible to evidence an e@GRot hern
there were no evidence of endothermic peaks related to the boiling point of cinnamon oil. This could

be associated to the fact that-Chdasdty®®acti ve con
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DSCcurve of SBEbCD show a broad endothermic peak af
(loss of adsorbed or loosely held water molecules) and sharp endothermicpeaiBat 6 AC due
to the beginning of decomposition everfisg(re 21b). This observation was in accordance

with the report by another studies on SBEC EF>174 On the other hand, CEO presents a single
endot hermi ¢ peak atdtoisbdlingdet@erature.ilt is évidenced irathetcasd b u
of eugenol, with an(Pe@hém)Abbuethemliysical migtards, tha DPSC2 5 4 A
thermograms showed four distinct thermal even
b CD wedtloe similar thermdlehaviorin physical mixture. Peakt 80 2 3AC and 263. 6 A
attributed to dehydration amftcompositioof SBEb CD, r especti vel y. Me | t
at 164.5AGb CRM. Siilar/reSu &as observedinC D/ @PEIGhowing peak at

1 6 7 .. [T rAag have been possible to observe these peaks because of the endothermic process
starting at 110AC for CEO. This result indic
SBEBCD and CEO. Ororthe8C theonmogramsaf the, inclasiosn complexes, it

was only possible to evidence an end-bCber mi c
Therewasno evidence of endothermic peaks related to the boiling point of CEO. This could be

associated tde fact that the active compounds are totally entrapped withinth®SBE cavi t y .
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Figure 21. DSCthermogram®f( a) b CD, C ERM ancCEEO/SBEC O©IC, and
(b)SBEb CD, CHO(BED C{PM and CEO/SBE C IIC.

3.8.1H-NMR Spectroscopy

The 1 Csd6 formation can | ead to changes of
molecule forming a complex with GIand thesehanges can provide information concerning
the inclusion mode and binding affinity betweensaidd guest molecule. THEl-NMR spectra

of spectroscopy of cinnamon leaf oil before and after the inclusion cona@exshown

in Figure 22 andFigure 23. The decreased intensity of the essential dlith of thecomplees
showed that there was an interaction between CDs and essentiBheithemical shifts
between CDs and the inclusion complesre checkedéh Table 6 and Table 7to understand

the interaction betteAfter the formation ofCEOM-CD inclusion complex, leemical shifts
were observed only in the-andH6 proton which aréocated orthe surface ob-CD. These
protors indicated thatinnamon leaf oil interaetiwith onlythen ar r o w -G Enlikef b
b-CD, there werechemical shifts in thall-H protons ofSBE-b-CD after the formation of the
inclusion complexwith cinnamonleaf oil. The observed sfing of H-3 and H5 in the
CEO/SBE-b-CD-IC mayattribute to the hydrophobic interactions with the gussiecules @il
constituents), which are locatedner surface othe SBEb-CD cavity and confirmed the

formation of CEO3BE-b-CD inclusion complex’®,
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Figure 22. 'H NMR spectrunof b-C D,

Table 6. *H NMR chemical shift§ U0 )b-CdDf

uuuuuuu

CEO a@bdCiCESIO-@6

andCDICEO/ b

H atom a (free) ¥ (complex) 0] a= (conl\ﬁlex)-lj (free)
H1 4.823 4.823 0

H2 3.620 3.624 +0.004

H3 3.642 3.642 0

H4 3.562 3.562 0

H5 3.606 3.606 0

H6 4.527 4.525 -0.002
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Figure 23. 'H NMR spectrunof SBE-b-CD, CEO and CE®BE-DH-CD-IC in DMSO-d6

Table 7.*H NMR chemical shift{ &) oHCD SaBIECEQ/SBH-CD-IC
H-atom a (free) a (complex) 0] a= (conl\ﬂlex)-l\:l (free)
H1 5.081 5.030 -0.001
H2 3.360 3.366 +0.006
H3 4.820 4.823 +0.003
H4 3.267 3.273 +0.006
H5 3.936 3.939 +0.003
H6 3.734 3.737 +0.003
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3.9. Antibacterial activity of essential oil
3.9.1. Agar disk diffusion test

The antibacterial effect of cinnamon leaf oil was determined by the disc diffusion method and
the effect of this oil was compared with other oilSaslohn'swort oil, coriander oil and clove

oil (Figure 24). Among thetestedessential oilsSt.John'swort presented no antibacterial
activity againstE. coli and S. aureuswhile coriander oilpresentedsimilar antibacterial
activity againstk. coliandS. aureusSince the major active component eugenol of cinnamon
leaf oil and clove oil, similar results were obtained in both bact&i@oliwas more sensitive

to these oils thal. aureubecausef damagng anddisruptionof cell membrandyy eugenol

177 The antibacteriadctivity of selected essential oilgasorderedas cinnamon leaf o#clove

oil > coriander oil >St. John'swort oil againstE. coliandcoriander oil > cinnamon leaf oil >

clove oil >St. John'swort oil againss$S.aureusThe zone of inhibition of cinnamon leaf oil was

20mm forE. coli and 17 mm folS. aureuslt exhibted antibacterial activig aspotent as

ampicillin antibiotic(inhibition zone: 20 mmagainst especiallig. coli.

Figure 24. Inhibition zones of different essential ®dgainstE. coli (a) andS. aureugb). A:
cinnamon leaf oil, B: clove 0il, 3t .  Worthoihy D: €oriander oil, E: ampicillimntibiotic

3.9.2. MIC determination by serial dilution doseresponse experiment

The MIC value of cinnamon leaf oil was investigatedobserve at what concentration the
essential oil started to show their effects. Fre 25 show the different concentrations of
essential oils (199.01% v/v) on each bacterium. No growth was observed in the negative

control tubes in the study. As a positive control, growth was observed in all test tubes studied
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separately for each bacteriu@onsidering the result¢he antibacterial activity of free CEO

aganst bothE. coli and S. aureusbacteria showed doskependent activity so that with

increasing the concentrations GEQO, the growth of bacteria was reducdaportantly, the

corresponding MIC of cinnamon leaf oil fBr coliwas 0.25 %, which was lower than that for

S. aureus 0.5 % hese findings are mainly because Guamsitive bacteria with thicker and

more compact walls are more stable than Gnagative bacteri&®. It was reasonable to reveal

that E. coli was more sensitive to cinnamon leaf oil tfnaureuswhich also aligned with

other work Cui et. al found the similar result that cinman leaf oil showed strong antibacterial
activity against th&. coliwith MIC (0.019%) tharS. aureusvIC (0.039%)*°.
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Figure 25. Bacterial growth curve of] E. coliand @) S. aureusin LB medium in the presence

of essential oil with differentoncentrations.
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3.10. Antibacterial activity of inclusion complexes

As evidenced by previous study, cinnamon leaf oil show&acterialactivity against gram
positive andgramnegativebacteriaCE OLDB-I C and CEDICSvBr& chdrked to

confirm the antibacteriactivity of oil after inclusion withcyclodextri.

The antibacterial effect of the inclusion complexes was determined agsahsrichia coland
Staphylococcus aurelny the colony counting method. For this, the inclusion complexes were
incubated in PBS containing bacteria for 24 hours. Sample images of bacterial catenies
given inFigure 26. Plates without inclusion complexere assumed as 100/ calculating
growth inhibition rateAfter being treatment with low concentrati(d® mg/ml)o f C£D-/ b
IC and CEO/SBEb-CD-IC for 24 fr, the surviving population dE. coli decreased compared
to control groupSurviving population oE. coli were inhibited totally by using 30 mg/ml for
both of inclusion complexes$-igure 26). They exhibited 100 % antibacterial activity against
E. coli. Fully incubationoccurredin the same amount of oil in CEsd cyclodextrins alone
used as negative control di dHoddverslifiecemtresultist i b ac
were obtained in grafpositive bacteria experimenid/hen lower concentratiofd5 mg/ml)of

C E OLD-IC was applied, surviving population 8f aureusncreasedIt means thak. coli

i S mor e s e ns-CRIC vhan St aureu€ Aft®r/ deing treatment with high
concentration30 mg/ml)o f C EDIChthe surviving population 0. aureusnhibited
totally compared to control group (cell only)ikewise, CEO/SBEb-CD-IC similar
antibacterial effect again&. aureusHowever, 30 minl of the complex was not enough to
completely inhibit he bacteria.CEO/SBED-CD-IC exhibited 22 % antibacterial activity
againstS.aureusvhi | e 1t was -CIIO. B¥sed oahis in®En&ibrbresults
confirmed -GhHGadand CED/SBHDCD-IC had a strong antibacterial activity
againstE. colihoweverC E O/D-IC had better antibacteriaktivity againstS. aureughan
CEO/SBEDB-CD-IC. Similar finding was found by Halahlah thatetantibacterial activity of

r o s e ma rGD-ICowiad highebthan inclusion complexes withtMCD and HPH-CD &

Likewise, euterpe elr a c e a -QBR-IC showed bettebantibacterattivity when oil was
encapsulated with HB-CD 8%, The differences of biological activity can be attributed to

cyclodextringhat having different polarity°.
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Figure26. Images of plates showing bacterial growttEofcolandS. aureug term of colonies

in the presence oihclusion complexes
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4. Conclusion

During this study cinnamon leaf ojl as a type of hydrophobic antibacterial agemas
encapsulated with b-CD and SBEb-CD via freeze drying method at a 1:1 molar raO

in CDs wasdeterminedspectrophotometrically using the Wjis spectrometerSolubilizing
and complexing abilitpf b-CD andSBE-b-CD wereconfirmedvia phase solubility assagnd

it wasindicated thatC E O/CDb-IC andCEO/SBEb-CD-IC were classifieds A type which
confirms presenceof 1:1stoichiometricatio of inclusion complexs. Results of &bility
constantK1:.1) were showed that both of the complekes! capability tamprove dissolution
of poorly watersoluble drugs However, SBE-b-CD showed superior solubilizing and
complexing ability K11 value for CEO/SBED-CD-IC complex was found to be 337.08'M
whichis19f ol d h i g h Encapdulatiameffifie6dp and loading efficiency after freeze
drying were 18 %-CBICc&nd23% &d 5 % for CEESEECD-IC. It
has also showed high yield with CEO/SBEED-1 C ( 77 %) when c«&€BfCar e wi
(35 %). DLS analysisindicatedthat C E O/Db-IC and CEO/SBEb-CD-IC are at nansize
level with high monodisperigy and quite staihity in suspensionlrhe formation ofC E O/D-

IC and CEO/SBEb-CD-IC wasconfirmed by several analysis includsM, FTIR, TGA, DSC
andH-NMR spectroscopyAlso, the result®f TGA and DSAndicated that the thermal stability
of cinnamon oil was improved after encapsulafidre antibacterial activity dfee CEO against
bothE. coliandS. aureusdacteriashoweddosedepenlent activityso thatwith increasinghe
concentrations of cinnamon leaf ,othe growth of bacteria was reducéthey had better
antibacterial activity againg. colithanS. aureusinterestingly the antibacterial activity of
theoil wasas potent as ampicillin antibiotic especialyainst. coli. The antibacteriadctivity
of CEOLD-l C and CEDRIC@@&dalsotcheckedand theyhad strong antibacterial
activitiesagainste. coli, as expectednterestingly they showed different antibacterial activity
againstS. aureuss 0 t h a tCD-IC &/ higher antibacterial activitgven at lower
concentrationAccordingly, sing C E O{/Db-IC could be a goodandidatefor antibacterial

applications such akin infection caused by bacteriaascoliandS. aureus
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CHAPTER 2: Eudragit Electrospun Fibers Functionalized by Cinnamon Leaf oll
Complexation with Cyclodextrins for Wound Dressing Application

1. Introduction
1.1. Wounds

Wound is defined as the deterioration of the integrity of the structures forming the skin and the
temporary or complete loss of existing physiological properties due to diseasea,or
surgery. Wounds are classified in 4 groagsording to their thickness, closure style, clinical
appearanceplor,and healing time. This classification is detailed able 8.

Table 8. Classification of wound

Partial thickness wounds: The epiderr
layer of the skin, thas, only the epidermis
is damaged. Healing of this type of wou
takes place by regeneration (I
epithelialization).
Thickness

Full thickness woundsSubcutaneous layer:
dermis and epidermis of the skin are
damaged. These types of wounds may
involve muscle ad bone tissue. The healir
of these wounds is several stages and sca

is formed.

Primaryintertion wounds: These wounds (
not cause any tissue loss (cuts, etc.) and

be closed with sutures.

Secondry intertion wounds: There is tissu
Closure style loss in these wounds and heal w

granulation.
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Tertiaryintertion wounds: These wounds a
deeper. They carry the risk of catching ger

and infection.

Clinical appearance/color

Black-necrotic wounds: Theseounds are
covered with black/brown looking des
tissue. The presence of this tissue del

healing.

Greeninfected wounds: Infection in suc
wounds prolongs the inflammatory phase
the healing process, delaying healing ¢

requiringtreatment.

Redgranulation wounds: These woun
have a moist, tender, and bumpy texture.
tissue appears dull due to anemia or infect

Pink-epithelialization wounds: This woun
has a pinkwhite appearance due to epithel

cells migrating to the wund surface.

Mixed wounds: Multiple colors are observ
in these wounds as they have two or m

healing phases.

Acute wounds: These are wounds that he:
a short time without any complications. T
cause of the wound temporary. Generally
the factors that hinder recovery are few.

acute wounds, healing is continuous.
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Healing time Chronic wounds: These are wounds witt
very long healing process depending on
severity of the wound or external factors st
as infection. The fdor that causes the wour
is chronic. There are many systemic and Ic
factors that prevent healing. Chronic wour

often recur.

1.1.1 Wound healing

The whole of the biochemical and cellular responses that occur in the process of restoring the
functional capacity and tissue integrity of the damaged tissue is called "wound hé#fkingid

healing, which begins with successive events with tissue damage, includes many well
organized cellular and molecular events as inflammation, vessel formaiiwaobldst
proliferation, wound closure, epithelialization, and matrix remodéfihdhe healing process

of the wound is directly affected by the area of the wound, the health status of the person and
the severity of the damage. The healing process generally consmistiases. These are the

stages ohemostasisnflammation,proliferation,andremodeling(Figure 27) 182183

Hemostasisand inflammation stagesbegins immediately after the injury, and at this stage,
redness pain, swelling, warmth, and loss of function occtif. The inflammatory phase
prepares the wound for healing and removes damaged fidsu@redominant cells 72 hours

after injury are macrophages. Meanwhile, new vessel formations begin with the release of
angiogenic growth factor. As new blood vessels form, oxygenated blood reaches the wound
area and nourishes the area. Fibroblasts form collagen around the new vessels, allowing the
proteoglycans they produce to bind to each other and make them more flexibhesistsof 2

stages, Early period (hemostasis) and late stage (phagocytosis). In early period, bleeding can be
stoppedand clot formation can be&chievedand bacterial formation can be prevented. In late
stage, leukocytes destroy damaged tissues arndrizadhe proliferation stageleads to the
restructuring of the epidermis. Epithelialization occurs at this stage, where epithelial cells
migrate to the wound area and reduce the risk of infe¢tforDuring reepithelialization, a

reduction in wound ge occurs. At this stage, the wound is rich in blood vessels. Fibroblasts
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synthesize abundant collagen. With the synthesis of collagen, resistance against tearing is
provided in the wound. New blood vesselsfarened,and this vascularization continues until

the end of wound healing. During the healing process of the woundptied edges begin to
recede. Epithelial cells seal the wound BHEtke remodeling stageis the final stage of wound
healing. Collagen synthesized in the proliferation phase is shaped bylickssSoft and
gelatinous type Il collagen turns into firmempe | collagen after a whil&he tension of the
formed granulation tissue increases even méteThe cells and vascularity of the newly

formed tissue decrease over tifibis phasean take up to 2 years.
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Figure 27. Stages of wound healin{g) hemostasis and inflammation stage (b) proliferation

stage and (c) remodeling sta§é
1.1.2. The Importance of pH in Wound Healing

Although the importance of pH value during the healing of wounds was known many years
ago, not many studies have been done on it until recently. However, after the 2000s, interest in
this subject has increased and the relationship between wound healpid hasl been closely
examined. The pH value of the wound can give important information about the condition of
the woundpH change during the wound healing process for acute and chronic wounds is given

in Figure 28. It has been observed that the pH value of the wound exudate changes@agithe

58



heals or becomes infected. The pH value of healthy skin (pH5.@)8is slightly acidic.
Increasingly alkaline pH in wounds is an indication that they will not heal or beclroeic

188 During a wound healing process, the pH of the wound is initially basic, then neutral and
eventually reaches the pH of healthy sKihe first stage of the inflammatory phase is one hour
after injury and within hours the blood clots to form a temporary plug. In this case, the
approximate pH value of the wound is 7.4, which is very close tbldwal. After about two

weeks, the wound heals and returns to normal pH. Wounds heal more slowly in alkaline media.
Because the contact of the tissue with oxygen is not enough. When the wound becomes infected;
produces ammonia, ammonia raises the pH andkbl oxygen access, resulting in longer

wound healing time.
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Figure 28. Changes of pH on acute wounds (a) and chronic wounds (aling*®°.

The pH of the wound environment can vary significantly depending on the stage of the healing
process, the type of wound or other factors such as infe@tlonnd healing described above,
which operates in an interlocking and sequential manner, does nat iacpatients with
diabetesA wound that will heal in a short time does not heal immediately in diabetic patients.
Diabetes is among the major diseases that impair the defense system. An important stage of
wound healing depends on the defense systenthanckells of the defense system involved in

this stage. Their malfunctioning not only impairs wound healing, butrathaes resistance to

microbesand causes diabetic wounds to become easily infediabetic foot ulcersare

infected bygrampositive aerobes asS. aureus, S. epidermidis, S. haemolytiand gram
negative aerobes &s faecalis, C. striatum, A. calcoaceticus, E. cloacae, E. coli, K. oxytoca
and K. pneumoniad® ! The growth abilities of microbials at different pH are shown in

Figure 29.
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Figure 29. Microbial growth in different pH rang#’.

All of the wound healing processes described above are active works, that is, they require
energy. Energy in the body is only possible in the presence of sufficient nutrients and oxygen.
However, disease of the large and small vessels of diabetics disheptsutrition and
oxygenation of the tissueSailure of the vessels to fulfill their function and not carrying enough
blood to the tissues is called ischemia. The energy requirement cannot be met in ischemic
tissues, and therefore, wound healing canncuiocormally like other activitiesDiabetic

wound healing, if defined in the order described above (inflammation), can be considered to be

stuck in theinflammation stageWounds caused by ulcers is a serious global health problem

affecting millions of peple. Treating ulcers before they reactheonic stagean help reduce
patients’ painln the treatment of diabetic foot ulcer, infected tissue must be cleaned in order to
initiate secondary intension of healin§ince the pH of stage | pressure ulcers is around 5.5
5.6, the treatment of these wounds can be treated with wound dressimgketsa therapeutic

agents at acidic pH=
1.2. Wound Dressings

Largest organ in our bogdgkin,is the first line of defense against infection. Damages due to
trauma to the skin may heal spontaneously or may require direct medical intervention
depending on the severity of the damage. Wound dressings are materiatsassea wounds,
thereby replacing the natural epithelium Ibstause oinjury and helping wounds heal faster

than open wounds.

Basic function of wound dressingabsorbing blood and wound fluahdallowing oxygen to
pass throughAn ideal dressig should be easy to apply and easily removable; prevent leakage

from the winding; apply pressure to stop bleeding; adapt to the shape of the wound; allow the
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passage of oxygen and provide thermal insulafi®h It should also provide a moist
environment on its inner surfad@ecauset is knownthat moisture has an inhibitory effect on
tissue drying and crust formatioAs a result of the drying of the wound, a scab or scar is
formed. Unclosed, aidrying wounds develop thicker scabs andapéhelialize more slowly.
Another feature of an idealahdage igroviding a protective feature against infection and
microorganisms. It should be able to absorb the wound discharge and remove it from the
environment without increasing bacterial growth and causing excedsiireg andshould
prevent the passage of bacteAd.these properties are importaspecially inthe early stage

of acute inflammation for rapid healing.

The structure of the wound dressing is also an important i¥8oend dressings can be
classified as passive dressimgeh as gauzéandageand plastes, and modern dressingsich

as hydrocolloid, alginate, polyurethane foam, polyurethfiing and hydrogel Modern
dressings developed in recent years prevent dehydration and preserve the viability of tissues
and the ability of cells to proliferat&hesedressings also accelerate angiogenesis (new vessel
formation) and increase the effectiveness of some endogenoesutesl that have an active
role in wound healingWhile isotonic wetdressing and hydrocolloid dressings are an option,
recent advances in nanotechnology have offerecapgnoacheor drug delivery applications,
particularly in chronic wound healin@reatment of chronic wounds are classifiath new
therapeuticway as nanoparticles (inorganipolymeric, lipids); seHforming nanocarriers
(micelles, liposomes, nanogels) and nanofiparglthese have been found to have positive

effectsespecially in diabetic wound modéf.
1.2.1. Nanofibers based wound dressing

Fibers, whose diameter can vary in the order of nanometerslefireda s fAna.nofi be
Nanofibers provide convenience in many application areas with their high porosity, controllable
pore size, soft and stable structure, high specific surface area asgdoific gravity!®>1

The most researched subject about nanofisdie biomedical application areas of nanofibers

(Figure 30). It is predicted that nanofibers will contribute to developing medipplications

such as organogenesis, genetic medicine, smart wound dreEsipgsially promising research

topics arenanofiberbased threelimensional scaffolds used in tissue engineering, design of
nanofiber devices for controlled drug delivery, and nanofiber wound dressing makzmgjs.

delivery with nanofiber is a promising field of biomedical applicattdh Drugs or other

functional substances are added into nanofibers and nanofibers act both as drug carriers and
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drug delivery systemdhrough nanofibers, controlled ands release of compounds can be

achievedgspecial compounds can be better protected and more stable in nart8fiB8rs

El
Polymeric Nanofiber

Figure 30. The use of nanofibers in different fields of biomedicite

The most important feature of nanofibrous structures in the wound healing process is that they
can form structures similar to the extracellular matrix (ECMe ECM is a complex structure
found among cells within mammalian tissukesi et al. stated thatanofibrous structures can
mimic ECM due to their large surface area, porosity addrgnsional network structuré?.

They stated that the EGlke physical form can be provided by network structures consisting

of nanofibers and can be used effectively in wound treatmBatsofiber wound d¥ssings
produced have a hemostatic (stopping bleeding) efert.to their high surface area, they have

a good fluid absorptionapacity,and this feature has been stated to be an important feature in
terms of absorbing wound exudates. Nanofiber structures provide good oxygen permeability
thanks to their small pores and allow the wound to breathe. In addition, these small pores protect
thewound against microorganisms coming from the outdidean be easily applied to many
places with its thin and flexible structures. Nanofiber dressings can accelerate wound healing

by creating minimal scar tissG¢&.

Nanofiberbased wound dressings can be produced from synthetic and natural polymers with
technologies such as drawirtigmplate synthesis, phase separation;assdembly, meltblown,
bicomponent and electrospinning. However, electrospinning, which is a simple and economical
method, is the most interesting production technigue among thetme literature, there are
manystudies in which nanofibers obtained by eledpmning method are evaluated as wound

dressing. These fibers are obtainvatgiouspolymers aghitosarf®, carboxyethyl chitosaff®,
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polyurethane&®®, polycaprolactoné®’, polyethylene oxidé®, polyvinyl alcohol?°®, polyvinyl

alcoholpyrrolidone?®!®, alginate?'!, cellulose acetat&? hyaluronic acicd*®* andcollagen?'#,
1.3. Electrospinning

Electrospinning is a simple and effective manufacturing technique used to create ultrafine fibers
from a wide variety of materials such as polymeosnpositesand ceramics. This technique is
based on positioning an electrically charged liquid polyméhénform of a continuous fiber

on a grounded surfac®’. Electrospinning is the most effective methodoroducepolymer

based nanofiberdNanofibers with diameters ranging from 3 nm to 1 micron and above are

successfully obtained from many polymers with this metiod

Experimental setip of electrospinmig is shown irFigure 31. The polymer solution prepared

with a suitable solvent, the electrode in contact with this solution, avbitdge direct current
power supply and a gpunded collector plate are the basic components of the electrospinning
process® In this method, the polymer solution is taken into a suitable syringe and the solution
is allowed to flow from the syringe with the help of a puMpanwhile, a high eltage potential

is applied between the collector plate and the tip of the syringe. The polymer solution at the tip
of the metal syringe is in the form of a spherical droplet up to a certain voltage value. When the
critical voltage value is reached, thefage tension of the polymer solution and the electrostatic
forces areequalizedand the polymer drop takes the form of a cone (Taylor cone). After this
point, with the slightest increase in voltage, continuous fibers form from the metal tip of the

syringe to the collector plate. Meanwhile, the solvent in the polymer solution evaporates rapidly
216,217

In an ideal electrospinningrocess shoulg@rovide suitable and controllable fiber diameters,
defectfree structure or controllable defect on the fiber surfasd continuous nanofiber
formation in the form of monofilament#n order to provide these properties, a controlled
electrospinning process must be performed. Although the electrospinning method provides
advantages as a cheap and simple nanofiber production technique, it is a very difficult process
to control. Becausethere are many technical parameters that affect the process. These
parameters are generally examined in three main groups as solution parameters, process

parameters and ambient parameters.
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Figure 31. Experimental setip of electrospinning*é

The properties of the polymer solution are the most important parameters affecting the
electrospinning process and the morphology of the fiber forkwin theconcentration of

the polymer is totow, (electro sprayingoccurs instead of electspinning thus microparticles

are obtainedwWhen the concentration is slightly high, beaded fiber formation occurs. When the
concentration is sufficientsmooth,and homogeneous fibers can be obtained. When the
concentration is too high, helical microstrips are miat@?°. Viscosity is another important
parameter. Continuous and smooth fibers cannot be obtained at very low vigemsayow
viscosity solutionsurface tensionis the dominant factor. In such a case, only beads or fibers
containing beads are formdsly the way, due to the high chain complexity, more resistance to
electrostatic charges occurs at very high viscosity and a suitable fiber spinning process does not

occur, If the solution has sufficient viscosity, continuous fiean be obtained®.

Another important parameter affecting the electrospinning processadsss parameterBhese
factorsareapplied voltage, feed rate, solution temperature, collector type, nozzle diameter and
distance between nozzle and collectdrcritical voltage thresholanust be exceeded for a
Taylor cone to form. When theoltage is increased, the amount of polymer withdrawn from

the nozzle increases and a thicker fiber is formed. When it is increased too much, multijets are
formed and fine fibers are obtaing€&22 In order to obtain a smooth and uniform nanofibrous
structure, the critical distance must be maintained. In the studies, when the distance between
the nozzle and the collector is kept shatge diameter nanofibers were obtained. It has been
observed that the fiber diameter decreases whemnligtence between the nozzle and the

collector is kept log. It is also recommended to usmall nozzlesto obtain small diameter
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fibers. Also, electrospinning withlaw feed rateis generally preferred as takes time for the

solvent to evaporaté’.

The effects of the ambient conditions in which electrospinning is carried out on the polymer jet
is a subject that has been little researched. However, the humidity of the environment in which
the jet is located, the type amfessure of the atmosphere are the factors affecting the
electrospinning jet and the structure of the fibers obtaiRettive humidity also determines

the evaporation rate of the solvent. At very low relative humidity, the solvent can evaporate
very quickly. In fact, evaporation can take place while the solution is still at the tip of the nozzle,
and solidification occurs at the nozzle tip. This leads to blockages and hinders electro attraction
195 Thecomposition of the airin the environment where electgravitation takes place is also
important. Because some gases behave differently under high electric field. When
electrospinning is performed at a pressure lower than atmospheric pressure, the solution in the
syringe tendso flow out more and this causes unstable jet initiatfarwhen the relationship
between the relative humidity of the environment and the fiber diameters formegamaised,

it was observed that the fiber diameters obtained increased as the humidity increased. This is

explained by the increase in the electrical charge of the polymer as the humidity increases.

1.4. Studies orelectrospun fibers withcyclodextrin inclusion complexes

Inclusion complexeand electrospinning methods have been used for encapsulation of essential
oils and active substances with superior propertiesecent years, these methods have been
combined to take advantage of #ecapsulation benefits of each metlaodl it is suggested

that future research on the biomedical application of encapsulation of plant extracts should
focus on this combinatiomnclusion complexes can be mixed with electrospinnable polymers
or used as kegomponents of electrospun nanofibers. CyclodexXtimctional electrospun

fibers are categorized in three waysyclodextrin/drug blended polymeric fiber, pely
cyclodextrin/drug fiber and polymer fragyclodextrin/drug fiberSchematic representation of

obtaining electrospun fibers with cyclodextrin inclusion complexes are shawigure 32.

For obtaining cyclodextrin/drug blended polymeric fiber, cyclodextrin is dissolved in avater
the active compound is added slowlydmixed for a certain time. After obtaining the inclusion
complex, the complex can be added to the polymer solution in two forms; (i) in agueous form

or (i) solid form that dried by techniques such as freeze dryer and va&aumboth cases,
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inclusion complex loaded fibers are obtained that hawger dissolution time and sustained
release'®L. Unlike the first method, while preparing petyclodextrin/drug fiber, the active
substance is added last. For this, the polymeric solution is first pre@aeddextrin was then
added to the solution and mixélthen active compound is added and dismktseler constant
stirring?%% At the end ofhis, poly-cyclodextrin/drug fibers are obtained to be used in especially
controlled drug releaseé8'. No polymer isrequiredto obtain polymer fregyclodextrin/drug

fiber. Cyclodextrin is dissolved in water and the active compound is added slowly and mixed
for a certain time??2 After obtaining the inclusion complex, they are electrospun directly
without the need for polymelnlike other fibers, these fibers rapidly dikse on contact with
water and no controlled relea¥®. Because of this feature, they are especially using in fast

dissolving drug delivery system& 2,

Cyclodextrin
A) solution

Addition of Polymeric
g active compound solution
Polymeric i) ii) Polym.cric Addition of C) Cyclod%‘xtrin
solution solution cyclodextrin solution

Polymeric solution .l < =2 Addition of
with cyclodextrin 7 ke - active compound to
inclusion complexes ﬁ‘if_ ________________________ B polymer/cyclodextrin

Addition of
active compound

solution

Figure 32. Schematicepresentation of obtaining electrospun fibers with cyclodextrin inclusion
complexes in different waysa) cyclodextrin/drug blended polymeric fiberb)( poly-

cyclodextrin/drug fiber andc) polymer freecyclodextrin/drug fibef0%:222
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Most of the research in this area has focused on blending cyclodéxigninclusion
complexes with various polymers. Literature reviewtlois researclis listed in Table 9. As

shown in Tabl&®, cyclodextrin/drug blended polymeric fiber haaféen been used to increase

the thermal stability, water solubility and control release of plant extract compounds
encapsulated in electrospun fibers. Due to antibacterial properties of these fibers, they are also
used in antibacterial dressiagdantimiaobial packagingAs the antibiotic, essential oil and

active substance can be incorporated into the fibers, studies with essential oil have been
examined in detail in relation to the thesi®hen a comprehensive literature review was
conducted, two studsewere found on essential-@iiclusion complexes published in 2016 and
2017.

Antunes et alincorporatedceucalyptus essential @HCD inclusioncomplexes into the zein via
electrospinning methotb obtainantibacterialcyclodextrin/drug blendegolymeric fibert?°.

For this first, eucalyptus essential owas molecularly encapsulated withRCD by co
precipitation metho@nd then dried form of the complex added to the zein polymer solution.
The parameters used in electrospinning are as follbwd;/h flow rate +18kV voltage 15

cm distance23N2 A @emperature 45N2% relative humidity 1 mL syringe with 0.7mm
diameterFT-IR, SEM and TGA analysis indicatélde presence of the complex in the fiaad
homogeneous, cylindrichleal-freefibers obtained.Before examininghe antibacterial effect
of the fiber, the effect oducalyptus essential oil alofiest tested with the disk methpIC

and MBC and found that the eucalyptus essential oil shitwgdersensitivityagainst Gram
positive (S aureus L. monocytogenes andB. cereujthanGram negative
bacteria(S. typhimurium E. cdli, P. aeruginosaandS. dysenteriag The antibacterial activity
resut of electrospureucalyptus essential @HCD-IC-zein membraneonfirmed the presence
of essential oil inside of fibdyy microatmosphere technique with cell counting methwtlile
fibers without the addition of inclusion complexdisl not inhibit bacteria, it was found that
bacterial inhibition increased as the amount of complex increassdme method)Ven et al.
was producectinnamonbarke s s e n t FCDlinclusionl complbx loaded fiber by using
polylactic acid'3® After characterizing the inclusion complex with SEM, FTIR and TGA
analyzeswetting ability and thermal property @innamon essential di/CD-1C-polylactic
acid nanofilm was analyzed decrease in the water contact angle value was observed on the
film surface due to the presence of the inclusion comphdgo, the antibacterigbropertyof

the complex loaded fibergontaining 80% transinnamaldehydejvas evaluatedagainstS.

aureusandE. coli by bothagar diffusion assay and broth dilution methibavas found that it
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had a higher antibacterial effect than the uncomplexed oil loaded fiblers. Wen et al.
checked the antibacterial effect of these fibers on pork for use in packaging by viable microbial
counts and found thalectrospurncinnamon essential di/CD-IC-polylactic acidnanofilm

increased the shelf life of potke.

In addition to the use of antibacterial electrospun fibers with cyclodextrin inclusion complexes
in food packaging, these fibers are alsedito accelerate wound healing. Li et al. produced
enrofloxacin and flunixin meglumin@/CD inclusion complex loaded thermoplastic
polyurethane fiber via electrospinniagd the fibeexamined whether it is suitable for use as a
dressing??®. The results indicated that these fibers showed high water uptake capacity,
hydrophobic outer surface, sustained drug release and antibacterial activity, that is, they have
the perfect characteristics of an ideal dressWgund healing effecof these fibemwasalso
confirmed on mouse model by-uivo experimentHowever, antibiotics were used in this study

and there are no studies on wound healing application of essential oil/cyclodextrins loaded
fibers.Instead of antibiot, using natural oils with wound healing properties such as cinnamon

leaf essential othas promising potential.

It is known to be advantageous to use pH sensitive polymers since the wound pH changes during
the healing proces®specially for diabetic wawds. The pH of the wound increasées the
presence of bactermoliferationonthe ulcemwhich ischronic complications of diabetég:228

These microbial infections cause high inflammatory responses and cause incomplete-and long
term healing of the wound®. Considering the slow recovery time of these patiemtstrolled

drug release systerase of interestThanks tahis systemdrugs are delivered ebntrolled rate
according to the pathophysiological need of the disease,almsing prolonged release,
reduced dose frequency and improveatient therapeutic efficacyand compliance?®°:23}
EudragitS100 and Eudragit L10ffeafi s maandfi 6t i m@elsp ® n s i \vcenateripl® | y me r
because of respoimd) to changes in the environment as pH and effective carriers for
controlled drug release and drug encapsulatidrHowever, there are no studies done with
thesepH sensitive Eudragit polym&and essential oil/cyclodextrin inclusion complexXeést
targetedand controlleddelivery, Coban et al. wascorporatechiclosamidef P 4D-IC into

pH sensitive Eudragit L100 polymer by electrospinning®** For this, niclosamide was
encapsulated with HPCD by freezedrying method at 1:1 molar ratio and then dried form of

the complex added to the Eudragit L100 polymer solution that dissolved in Di&banol.

The parameters used in electrospinningaardollows; ImL/h flow rate, +1%V voltage, 20

cm disance, 232 A Gemperature, 20 % relativeumidity, 3mL syringe with 0.6nm
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diameter.Niclosamide/HB-CD-IC-Eudragit L100 fiber wagharacterizedby XRD, FT-IR,
SEM, DSC and TGA Niclosamide/HB-CD-IC-Eudragit L100 fiber also dissolved pH 1.2
(simulatingstomach)nd pH 7.4simulatingcolon)conditionsto obtain a pHsensitive release
profile and to prevent the immediate release of the antibiotic. It was fourtidhatclosamide

releases less in the stomach when it encapsulated witfCiBRand Eudragit L100

Table 9. A literature research on electrospun fibers with cyclodextrin inclusion complexes

Cyclodextrin  Active molecule Polymer ResultsApplications References
b-CD Dexamethasone Poly(lactic-co- Dental pulptherapy 235
glycolic acid)
HP- b-CD Curcumin - Antioxidant 236
b-CD Amino Poly-Gcaprolactone Biomedical 231
HP-b CD ,- Linalool - Antibacterial, 238
bCD, Prolonged release
HP-o CD
b-CD Quercetin Polyacrylic acid Slow release, High 239
solubility
HP-b CD ,- Thymol - High thermal 117
bCD, stability
HP-o CD
HP-b CD  Metronidazole - Fastdissolving oral 223

drug delivery

HP-b CD  Thiabendazole - Antifungal 240
HP-b CD ,- Limonene - Antibacterial, 241

bCD, Prolonged release

HP-0 CD

HP-b CD, Cinnemaldehyde - Antibacterial, High 242

HP-0 CD thermal stability

HP-b CD Vitamin E - Enhancedvater 243

solubility,

Prolonged release
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HP-b C D, Alphalipoic acid
HP-0 CD

Antioxidant

244

b-CD Xylanase Polyvinyl alcohol Improved enzyme 245
activity
HP-b CD  Ciprofloxacin Gelatin Enhanced wettability 246
SBEb CD  Sulfisoxazoé - Enhanced wettability 247
HP-b CD ,- Eugenol - High thermal 143
bCD, stability
HP-o CD
HP-b C D Curcumin Polylactic acid Enhanced water 248
solubility, slow
release
HP-b C D Gallic acid Polylactic acid Prolonged release 249
HP-b CD Sulfisoxazole Hydroxypropyl Prolonged release 250
cellulose
HP-b C D Ibuprofen - Fastdissolving oral 224
drug delivery
HP-b CD Rutin Poly(vinyl alcohol)  Ultraviolet resistant 251
HP-b CD ,- Vanillin - Enhanced water 126
bCD, solubility, High
HP-o CD thermal stability
2-CD Thymol Zein Antibacterial, 252
Prolonged release
b-CD Eucalyptus Zein Antibacterial 120
essential oll
HP-b CD  Hydrocortisone - Fastdissolving oral 225
drug delivery
M-b CD Isoflavoneformo  Polyvinyl-alcohol Enhanced water 253
nonetin solubility, Fast

dissolving oral drug

delivery
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HP-b C D Niclosamide Eudragi tE Colontargeted 234

delivery
UCD,-CDho Menthol Poly(methyl High thermal 254
andb-CD methacrylate) stability
b-CD Cinnamon Polylactic acid Antimicrobial 138
essential oll packaging
UCD,-CDho Eugenol Polyvinyl alcohol High thermal 255
a n dCDb stability, Prolonged
release
b-CD Quercetin Star-shaped Antibacterial 229
polylactides dressing
b-CD Enrofloxacin and Polyurethane Wound healing 226
flunixin
meglumine

15. Aim of the study

The aim of this study was to producennamonleaf oil/b-CD-inclusion complex loaded
Eudragit S100 fibeand cinnamon leaf oil/SBB-CD-inclusion complex loaded Eudragit S100
fiber by electrospinning method for antibiofice wound healing applications and characterize
the physicachemical poperties weting ability, andwater uptake capacityf the electrospun
fibers Cinnamon leaf 0i-CD-inclusion complexandcinnamon leaf oil/SBEb-CD-inclusion
complexwereaimed to imparantibacterial activityo Eudragit S100 fiberdt wasalsoaimed

to achieve controlled arglistainableelease of essential oileom fibers, which are obtained

by using 'smart’ and "stimuhksensitive" polymeric material and inclusion complégpend on

pH ofenvironmentAlso, cytotoxic effect of these fibers was tested on L929 fibroblast cell line.
According to best knowledgéhis is the first study in which complex of cyclodextrin and

essential oilareused in the structure of Eudragit S100 electrospun fiberevdond healing

application
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2. Materials and Methods
2.1. Materials

E u dr aSg0o poymer gnionic copolymermethyl methacrylatand methacrylic acjdwas

gifted from Evonik Indusirin GebzeThe materials required to form the inclusmmplexes
and antibacterial assay werksted in Chapter 1 For cell viability ftal bovine serum,
Dul beccods modi fhigegtucokd®gHEMeHS} pemalid/streptomycin, and
trypsin/EDTA were obtained frorfBiological Industries (BL)L929 cell line (mouse fibroblast

cell) was purchased froBigma WST-1 assay kit wapurchased frorbcam.
2.2.Methods
2.2.1.Preparation of Eudragit polymeric solution with and without inclusion complexes

Eudragit S100 polymewxasused as electrospinning solution for the productioel@gtrospun
fibers.Before producing inclusion complex loaded Eudragit S100 fibers, optimization studies
were carried out on pristine fibers. For thiSudragit S100 powdefl.2 g and 0.6 gjvas
dissolvedin 4 ml ethanoto obtain25% (w/v) andl2% (w/v) Eudragit solutionrespectively.
These solutions were stirred fgpproximatelyfor 24 hoursyield a homogenousolution Then,
CEO-b-CD-IC loaded Eudragis100fiber and CEGSBE-b-CD-IC loaded Eudragi®100fiber
werefabricatedwith selected concentratioho producehese fibers12% (w/v) Eudragit S100
powderwasdissolved in ethandbr approximatelyfor 24 hours to be homogeneoid$ien 100

mg of the inclusion complex was addée EudragitS100solutionand mixed fo2 hoursuntil

complete dissolution of inclusion complexes

2.2.2. Production of pristine and Cinnamon leaf oil/Cyclodextrin-Inclusion Complex

loaded Eudragit S100 fiber by electrospinning

Eachelectrospinningolutionwasseparatelyaken into a 5 mplasticsyringe andit was placed

in the syringe pumplhe electrospun fibers were collected on collectered with aluminum

foil. The distance between the collector plate and the tip of the injector was 12 cm, the solution

feed rate was 5 mL/h, and the voltage value was 18 kV. All electrospinning prosesses
carried out at room temperatur e aklxpgerimentad pr od

setup for electrospinning synthesis of fiberslistratedin Figure 33.
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Figure 33. Experimental setup faolution preparation arelectrospinningprocessiberswith

Eudragit S100 powder

and without inclusion complexes

2.2.3. Encapsulation efficiency of Cinnamon leaf oil/Cyclodextrininclusion Complex
loaded Eudragit S100 electrospun fiber

The amount of CE@ theC E O/D-IC and CEO/SBE-CD-IC loaded Eudragit S100 fibers

was determined by solvent extraction methsithg UV-Vis Spectroscopy*®14° Briefly, fibers

(14 mg) was weighted into falcon tube and resuspended with 1 ml of etPfaiblis solution

was vortexed for Bninuteswith high speed to totally dissolve them in solvent. After adding 9

ml of hexane, they were again vortexed at the highest speed for 1 minute. CEO was extracted
from CD cavities and fibers with hexane by
water bath in heater shaker with intermittent mixing during 2 hr. After the heating period, the
solution was kept cooling to room temperature and centrifuged at 4,000 rpm for 20 minutes in
order to have supernatant containing the oil. After centrifugingereapant was collected by

pasteur pipette.
The percentage of EE was determined using the following eqation

x AE ¢ HEGEIDEAAT | £ZEAAO
OEAT ORDEBEEDERAEARE ™

% %P
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2.2.4. Morphology anddiameter distribution of electrospun fibers

In order to characterize the fiber diameters and suni@@ghologies (such as smoothness,
uniformity, bead defect formation) of the produced nanofibrous surfaces,paitddium
coating was applied and analyzed in Scanning Electron Microscope (SEMnanofibers
morphologywasexamined in the photographs takat different magnifications usiray3 kV
acceleration voltagd.he diameter of 100 fibers was measured on the photographs using ImageJ

software.
2.2.5.Functional and thermal properties of electrospun fiber

Functional and thermal propertie$ prepared electrospun fibength andwithout inclusion
complexesvere obtaineavith Fourier transforminfraredi attenuated total reflection (FTIR
ATR) spectrometeandthermogravimetric analyz€f GA), respectively. Same parameters and

procedures were used as mentione@hapter 1.
2.26. Wettability of electrospun fibers

The contact angle measurement was carried ou
dr op t e &blofipgeunvatér was dropped on therface ofelectrospurfibers with the
help of a micropipette and the image of the drop on the surface was obtained with the image

capture software on the computer integrated into the device.
2.27. Water uptake of electrospu fibers

The water uptake study was carried out by immer8imayg of electrospun fibersvith and
without inclusion complexed water at 37A CAfter overnight incubation,he fibers were
removed from the watelhe surface water was taken onto Wikatman 1 filter paper, gently

wiped and weighed.
The percentage of water uptake was determined using the following ecdation

xAECMMGEAb@A@@A@C@@/AEA%?{n

7A0BDOAE A 56 A GORIAE € BOAEE A A O

2.2 8. Antibacterial activity of electrospun fibers

Antibacterial activity of prepared electrospun fibers with and without inclusion complexes

determined ork. coli(Gramnegative) andS. aureugGrampositive)bactera according to
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method proposed by Unalan et al. with some modificatféhgor this, he bacteriabtrains

were grown in LB broth mediumfor 18 h on a200-rpms h a k e r . &0tul o8 atljusted

cultures (ORoe=0.1) of bacterium were added separately in tubes conté8mrigof PBS UV

irradiation was applied on electrospun fibers for 10 minutes for both dif@sng of UV-
sterilizedinclusion complex loaded fibeeslded to theultureandi ncubat ed at 37 A
0.1 ml oftheabove cultureontaining PBSbacteriaand fiberwas spread on a LB agar plate.

|t was incubated %Samadmountatess@niial ofl Bat Was in el&tosphnr .
fibers wasused as a positive control and electrospun fibers alone were used as a negative control
The images of plates were taken with #lad Gel Imaging Systerihe colonies are counted

and the percentage of antibacterial activity of fibers were measured determined using the

equationt®

% Antibacterial activity =(population number of control bacterigpopulation number of

experimental bacteria) / population number of control bactet20
2.2.9. Drug release assay

The release profile of cinnamon leaf oil from pH sensitive nanofibers was investigated by UV
Vis spectrometry For this, fibers loaded with inclusion complex weighiri@ mg were
immersed ira flask with20 ml of PBS ahormal pH and acidipH. Solution wasontinuously
stiredat3 7 A C f 2mlof hedlidomwias takerat the specified timmtervals andead in
UV-Vis spectrometryThe amount released was determined by the detection of eugenol in the
medium. For this, a wavelength of@®8m was usedAfter completion of readingsame sample

dropped back ttheflask and continued to be std.
2.2.10. Cell viability assay

In vitro cytotoxicity of C E O/CDB-IC and CEO/SBEb-CD-IC loaded Eudragit S100 fiber,

CEO andpristineEudragit S100 fiber on L92fbroblast cell linewas investigated by WST
assayaccording to method proposed Rgpavichayanuet aland Unalan et. af*%2%0 1.929

cells were cultured IlDMEM-HG included %5 FBS, %1 -glutamire and %21 antibiotic

(penicillin and streptomycimt 37 UC u. itk eells (1celté/wel)avere seeded in

96 well plates anthcubateduntil they reached 80% densit4t the same time, samples were

prepared for cytotoxicity test. For this, eatérilized smples were ansbakedn 5 m| DMEM

and incubatedh t 3 The edt@ctedsolutions were replaced withe growth medium in 96

well plates and incubated for24 aad8 hr at 37 AATthaiendoéthe périods C O
the viability of the cellsvasanalyzed with the WSTa ge nt . For this, 10 Ol

75



was addednto each well of 96 welandthe plateswere ncubat ed at Adet AC f
incubation, optical density (OD) was evaluated using a miplate reader at 460 nm
wavelength Each experiment was repeated three tiriedl media DMEM) was used as a

negative control.
3. Resultsand Discussion
3.1.Morphology and diameter distribution of electrospun fibers

One of the most important factors for the successful preparation of electrospun polymer
nanofibers is the selection of the appropriate sol?éhiThe solvent should be able to spin the
polymer solution and at the same time should be able to easily dissolve the drug placéd in it
Polymers can be dissolved by using toxic solvent as DMF, THF and DMAC. Although these
toxic solvents evaporate during electrospinning, thersibshould be kept under UV for
overnight or in a vacuum desiccator to eliminate the toxicity completely. This may damage the
capsules that will be loaded into the fibeolymers such as Eudraggtable to beslectrospun

when they arelissolved in ethariavhich isnot particularly toxic solvert®®23 In this study,

Eudragit S100 polymer was dissolved in ethanol overnight until it has homogenous appearance.

It is known that Eudragit fiberaloneshowgood sjnnability 254 Before producing inclusion
complex loaded Eudragit S100 fibers, optimization studies were carried pustnefibers

For this firstly parameters abe distance between the collector plate and the tip of the injector,
the solution flow rate and thekage value were optimizetlow voltage and flow rate in the

experiments causatb continuous jetss mi/hr flow rate 12 cm distance antB kV voltage

were applied foelectrospinningorocessand it was resultingvith creatingno drops on the
fibers web.These parameters were selectedomparethe morphological difference of the
electrospinning fiber withdifferent EudragitS100 polymer concentration§25% (w/v) and
12% (w/v)). Although the fibers prepared with @agit S100polymer at a concentration of
25% had the ability to form fibers, they formed a large amounaléhollowedbeadgFigure
34a). As the concentration decreased, b&ae fibers were formed and its general distribution
improved (Figure 34b). For this reason, it was continued with 12% (w/v) Eudragit S100 in

furtherstudies.
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Figure 34. SEM micrographsof pristineEudragit S100 fiber at different concentrations 25 %
(a) and 12 % (b) at magnification GJ.

Figure 35 show SEM micrographsof pristine Eudragit S100 fiberC E O/ BIC Daded
Eudragit S100 fiber an@EO/SBED C IIC loadedEudragit S100 fibewith objective values
ranging500 X. It can be seen in these images thastine electrospurfiber and inclusion
complexloaded fibers have a highly homogeneous struct@iithough they have some broken

fibers, it was shown that fiber with Eudragit polymer tend to be a flat and shortervgitiape

ribbontlike 2°°264, They have a smooth surfaaedbeadfree formwith no drug crystals visible.
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There isalsono aggregation due to inclusion complexes in inclusion corfpbaked fibers

This indicates that inclusion complexes have been succedstdlgdin Eudragit S100 fiber.

Figure 35. SEM micrographf (a) pristine Eudragit S100 fiber, (B)E O/ BICI|Baded
Eudragit S100 fiber and (QEO/SBEbH C {IC loadedEudragit S100 fibeat 500X.
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