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ABSTRACT

The need to stabilize active compounds has notaaseased in recent
years. The reason is to better protect the seasi@active and short shelf-life
ingredients contained in final products used in ynareas of industry. The
protection process is influenced by a variety aftdes, such as interaction
with other components and the volatility or toxicf active ingredients.
Therefore, modern technology has led to the dewedmp of a variety of
delivery systems that effectively address thesemapt issues. By definition,
a delivery system is any type of vehicle that makesactive substance
available to a target site and that can provideeheal properties from the
cosmetic or therapeutic points of view.

The main objective of this doctoral thesis is twaduce some of the types
of vehicles which may be used for transport of v&ctsubstances in the
cosmetics, pharmaceutical or food industries.

This work is divided into two main parts. The figgart is focused on a
description of the various types of particulatetsys serving as vehicles,
such as emulsions, nanoemulsions, microemulsioré m@rcroparticles,
wherein each mentioned system is discussed inaaepchapter in terms of
their formation, characterization and propertiebe Twork also contains a
chapter that provides a mutual comparison as vgedinraoverview of the main
advantages and disadvantages of these systems osstilities for their
practical applications. The last chapter of theotagcal part of this thesis is
devoted to the methods used for their charactesizat

In the second part of the thesis, results obtathethg the doctoral work
are reported in short summaries of four researgrensathat document the
current status of the problem. At the end of thekwfull-texts of the research
papers are enclosed.

Key words: dispersion system, emulsion, nanoemulsimicroemulsion,
microparticle, vehicle



ABSTRAKT

Poteba stabilizace aktivnich latek se v posledniédefrazre zvysila.
Duvodem je snaha ochranit citlivé a reaktivni lathgkoz i latky s
kratkodobou Zivotnosti ftomné ve vyrobcich pouzivanych iadk
pramyslovych oblasti. Proces spojeny s touto ochrajeowovlivnén fadou
faktoni, jako jsou interakce s jinymi sloZkamigkvost nebo toxicita
aktivnich slozek. Moderni technologie proto vedouoxvoji celé rady
systéni, které @inné feSi tyto dlezité otdzky. Systémem vhodnym pro
transport aktivnich latek je jakékoliv vehikulunmtgké je schopno je datit
do cilového mista a které poskytuje vyhodné vlagtrokosmetického nebo
terapeutického hlediska.

Hlavnim cilem této dizertai prace je fedstavit tizné typy vehikul, které
mohou byt pouzity jako vhodné nosi aktivnich latek v kosmetickém,
farmaceutickém nebo potraviisgém paimyslu.

Predlozena prace je roddna do dvou hlavnictasti. Prvni, teoretick&ast
prace, je zagiena na popistznych typi ¢asticovych systéfn jako jsou
emulze, nanoemulze, mikroemulze a mdéstice, picemZz kazdy ze
zmirgnych sytém je predstaven v samostatné kapitole, kde je uvedert jeji
struind charakterizace, vlastnosti &ippava. Prace také obsahuje kapitolu
tykajici se vzajemného porovnanichto systém véetné piehledu jejich
hlavnich vyhod a nevyhod a moznosti praktickychkapl. Kromg toho je
posledni oddil teoretick&asti prace $movan metodam, které slouzi k jejich
charakterizaci.

V druhé casti prace jsou formoutyi publikaci souhrné& prezentovany
konkrétni, praktické vysledky ziskané wip¢hu doktorského studia. Obsahy
jednotlivych ¢lanki jsou uvedeny vzdy kratkym shrnutim, které se tyka
reSeného problému. V z&w prace jsou pak ifpozeny plné texty
vyzkumnych praci.

Klicova slova: disperzni systém, emulze, nanoemulzekromtnulze,
mikroc¢astice, vehikula
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THEORETICAL BACKGROUND
1 INTRODUCTION TO COSMETICS VEHICLES

Recently, there has been a growing interest in ¢bsmetics, food,
pharmaceutical and other industries in using dffieértypes of vehicles, for
example colloidal dispersions or microparticlegatae of the encapsulation,
protection and delivery of active components, sashdrugs, antioxidants,
vitamins, antimicrobials and nutraceuticals [1]B]#][5].

Cosmetic vehicles are used as carriers for actilestances, delivering
them to specified targets. This is allowed onlgafsystemic, physiological or
pharmacological effect is achieved and the prodsicchown to be safe.
Delivering active substances to these targets megjuhe formulation of the
appropriate concentration of actives to achieveapemal release rate and
desired distribution of active substances betwhervehicle and the target. It
follows that the vehicle should penetrate intogtratum corneum and release
the active component at the target where the dksifect is achieved [6].

The efficacy of dermatological and cosmetic produstinfluenced by the
type of vehicle, its active composition and mechanpf action. Hence, the
correct selection of a suitable vehicle plays amartant role during the
development of the product [7]. The type of vehidan already be
determined by the product target profile. Importsglection criteria include
the desired effect of the vehicle on the skin, edgermulation, and physical
and chemical stability [8].

Despite increasing technological efforts in theldfi@f skin care, no
universal vehicle has yet been identified. Eaclivaactompound requires a
different type of vehicle for an optimized treatrh§9]. The literature sources
document many types of vehicles which can be dladsaccording to various
principles. However, cosmetic preparations are dexpystems, making it
difficult to find a universal classification systgf]. A simple classification
may be performed according to the appearance ofvéfacles: liquid,
semisolid and solid systems (Fig. 1). However, ttisssification is not
important for rational formulation design and deyehent [6].



[ Vehicles ]

(" Liquid systems ) 4 Semisolid systerrg 4 Solid systems )
(aqueous solutiong, (lipogels, oleogels, (powders)
micellar systems, hydrogels, creams,
microemulsions, liposomes,
emulsions) niosomes)

O\ J

Figure 1 Classification of vehicles according tqpaprance.

Another classification system involves the phylsistate and optical
divergances of the system. Vehicles can be clasgsiinto monophasic,
isotropic systems or anisotropic heterophasic ays{é].

The classification of vehicles may also be perfatrae a function of their
use and application site, i.e., vehicles for h&tsampoo, depilatory agents,
hair colorant), nails (polish), mouth (toothpaslipstick) and skin (body
lotion, deodorant, antiperspirant, etc.) [6].

In the development of cosmetic products, a physibainical classification
system is often preferred since this classificatitatermines the principal
properties and matrix character of vehicles. In hyspgal-chemical
classification system, various characterizatiohesta are used [6]:

» Polarity (hydrophilicity, lipophilicity),
Physical state (solid, semisolid, liquid, gaseous),
Size/dimension of dispersed particulates,
o True solution, molecular dispersions: particleg sizZL nm,
o Colloidal dispersions: particle size 1-500 nm,
o Coarse dispersions: particle size > 500 nm,
Solubility characteristics,
Rheology,
Composition and physical-chemical characteristics.

From this short summary of different possibilitiet classifications and
types of delivery systems it follows that thereaitarge number of potential
vehicles for transporting active compounds. Theeefthis doctoral thesis is
focused only on some of them, namely on the dispes/stems (emulsions,
microemulsions, nanoemulsions) and particulateesyst(microparticles).

10



2 DISPERSION SYSTEMS

Dispersion systems are two phase systems, comstismall particles or
droplets of dispersed phase (discontinuous phasg)bdted uniformly in a
dispersion medium (continuous phase) [10][11]. keaadly mentioned, they
can be classified according to their particle e true, colloidal and coarse
dispersions [6]. This chapter concerns one of threumgs, colloidal
dispersions.

2.1 Colloidal dispersion systems

The term colloid was first introduced by GrahamlB61. Since then, the
language of colloidal science has developed anthdigsshed three terms:
lyophilic (surfactant micelles, protein solutionslyophobic (emulsions,
foams, suspensions) and association colloidal tBgpe systems. Lyophilic
colloids are formed spontaneously by dissolving rtiegterial in the solvent
(thermodynamically stable). The second type of aidllis not formed
spontaneously and can be only formed with mechhmicargy input [11].
The formation of the association colloids is algmorganeous but the
concentration of amphiphile in the solution excedads CMC (critical
micellar concentration) [12]. An overview of diffart types of colloidal
dispersions is provided in Table 1. A typical exé&émpmf lyophobic
dispersions are emulsions, which are consideredhasmost important
delivery systems [13] and are therefore discussadt n

Table 1 Types of colloidal dispersion systems [12]

Dispersed phase Dispersion medium Name

Liquid Gas Liquid aerosol
Solid Gas Solid aerosol
Gas Liquid Foam

Liquid Liquid Emulsion

Solid Liquid Sol, suspension
Gas Solid Solid foam
Liquid Solid Solid emulsion
Solid Solid Solid suspension

2.1.1 Emulsions

Emulsions are colloidal dispersions composed déast two immiscible
liquids (water and oil), one of which is usuallyspersed as fine droplets
throughout the other liquid phase. The phase egjsis droplets is called the
dispersed phase and the liquid surrounding thekmasvn as the continuous
phase [11]. Emulsions can be distinguished accgrtindifferent criteria.
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Firstly, they can be distinguished according to pléarity of dispersed and
continuous phase on water in oil (W/O) and olil iater (O/W) emulsions
depending on whether the dispersed phase is wateayil d14][15][16].
Moreover, it is also possible to prepare specipétpf emulsions, so-called
multiple emulsions of oil in water in oil (O/W/Ond water in oil in water
(W/O/W), in which a primary emulsion is dispersedan external phase
[6][15]. Besides this basic classification, the ésmmns can be categorized
according to the concentration of the disperseds@hato diluted,
concentrated and gel emulsions [17]. Finally, thexea classification of
emulsions according to the size of dispersed phiatge microemulsions,
nanoemulsions and macroemulsions.

3 MICROEMULSIONS

Microemulsions are the spontaneously formed, cldsrmodynamically
stable homogenous dispersion of two immiscible idlgu containing
appropriate  amounts of surfactants and co-surfectafi8]. The
microemulsion concept was firstly introduced by Haad Schulman [19] in
the 1940s, who found that the addition of a fourtmponent (often an
alcohol) to an emulsion containing oil, water andguafactant led to the
formation of a clear, apparently homogenous phaBas additional
component is usually called the co-surfactant [T®jese systems normally
have droplet diameters of 100 nm or less, and no&rtigem contain droplets
only slightly larger than a simple micellar systgtfi]. As those particles are
much smaller than the wavelength of visible lighticroemulsions are
transparent or translucent in appearance [21][Bd8]their structure cannot be
observed through an optical microscope [23]. Raataemulsions behave as
Newtonian liquids and their viscosity is not shdapendent [24][25].

3.1 Formation of microemulsions

3.1.1 Theories of microemulsion formation

There are different theories relating to the foioratof microemulsions,
such as interfacial or mixed film theories [26][28plubilisation theories
[28][29][30], and thermodynamic treatments [31][[&&]. As an example, the
simplified thermodynamic model, which is presentedlow, has been
proposed to explain the formation of microemulssgetems. The free energy
of microemulsion formation is considered to dependthe extent to which
surfactant decreases the interfacial tension, hencéhe interfacial energy
(YAA) of the oil-water interface and on the changemtropy of the system
upon droplet formation @S). The following equation then applies (1)
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AGi = y4A - TUS, (1)

whereAGs is the free energy of microemulsion formatigns the interfacial
tension of the oil-water interfacdA is the change in interfacial area upon
microemulsification4S is the change in entropy of the system, @nsd the
temperature [21].

When microemulsion is formed, the changethis very large because of
the large number of very small droplets formed,chhdictate large amounts
of surfactant that will be needed to cover all ithterface,y is very small (of
the order of fractions of mN/m but not zero), ahd entropic component is
the major factor governing spontaneous droplet &hon and
thermodynamic stability. The component that donae@dSis the dispersion
entropy, arising from the mixing of one phase ia tither in the form of large
numbers of small droplets. However, there are aspected entropic
contributions originating from other dynamic proges, such as surfactant
diffusion in the interfacial layer. Thereby, a nega free energy of formation
is achieved when large reductions in surface tenar@ accompanied by a
significant favourable entropic change, and thedpotion of microemulsion
IS spontaneous [21].

3.1.2 Phase behaviour of microemulsions

The correlation between the phase behaviour of atuné and its
composition can be obtained with the help of phdsgrams [21]. The
construction of phase diagrams is a useful wayudysthe complex series of
interactions that can occur when different comptsmemre mixed.
Microemulsions might be formed together with vag@ssociation structures,
including emulsions, micelles, lamellars, hexagsnalbic structures, gels
and/or oily dispersions, depending on the chemicaimposition and
concentration of each of the components. There@oreinderstanding of their
phase equilibrium and a determination of the plasendaries are essential
aspects of their study [25]. The phase behaviousiwiple microemulsion
systems consisting of oil, water and surfactantlmastudied with the aid of a
ternary phase diagram in which each corner repte4€9% of that particular
component. However, more commonly, the microemalsamntains an
additional component, a co-surfactant. In the cddeur-component systems,
pseudoternary phase diagrams are used in whiclfahe corners represents
a binary mixture of two components and the remainiwo corners are
assigned to the pure components. Neverthelesscdhstruction of phase
diagrams is time consuming, especially when thel goato accurately
delineate phase boundaries among the individuagshrmed [21].

The phase diagram approach to microemulsions wasduced decades
ago by Gilbert and co-workers [34]. The construtiad a phase diagram is
generally performed for the determination of miecnodsion (homogeneous)

13



and multiphase (heterogeneous) areas. In prattieenicroemulsion area is
determined through the titration method. The watexdded dropwise with a
micropipette to the mixture of oil/surfactant (aefactant), and after the
addition of each drop, the mixture is homogenizesudlly by vortex) and
examined visually and with a crossed polarize@ffi|6][35]. The addition of
water continues until the addition of one more dpopduces turbidity [25].
The appearance (transparency, opalescence orpgpti® recorded, along
with the number of phases formed. In this way, libendaries of each area
(microemulsion region and multiphase regions) candbtermined [6][35],
which corresponds to the chosen content of oilsv@ls as the surfactant or
co-surfactant mixing ratio [25].

A schematic representation of different, thermodycgally stable single
phase as well as multiphase regions for a systematdr, surfactant and oil is
presented in a ternary phase diagram (Fig. 2). & hadtiphase systems with
the following distinct features were firstly dedmd by Winsor [36].
According to his theory, the following phases cardistinguished:

* Winsor type |: two phases, the lower microemulgioiW) phase is in
equilibrium with the upper excess oil phase,

* Winsor type II: two phases, the upper microemulgM#O) phase is in
equilibrium with the excess water phase,

* Winsor type lll: three phases, the middle bicontusi phase containing
microdomains of O and W is in equilibrium with tbpper excess oil
phase and lower excess water phase, and

* Winsor type IV: a single phase, where oil, wated aurfactant are
homogenously mixed [37][38].

The transition between microemulsion phases caach&ved in several
ways, depending on the type of surfactants used.idfoc surfactants, a
microemulsion type I-lI-lll transition can be obtad by increasing the
electrolyte concentration, whereas for non-ionidasttants it is accomplished
by increasing the temperature. Increasing the relgté concentration or
temperature causes the non-ionic surfactant solutm become more
hydrophobic and segregate more towards the oilswateerface, thus
reducing the surfactant film curvature and intadhd¢ension. At net zero
curvature, Winsor type Il is formed [39]. Winsoype IV occurs when
surfactant concentration is increased in Winsoe tyf thereby increasing the
volume of the middle phase until it becomes a simdase [40]. Figure 2 also
illustrates the composition dependent internalcstmes (microstructures) of
microemulsion systems. In the water-rich corner-la single phase region of
normal micelles or oil-in-water microemulsion isrfeed. In the oil-rich
domain, formation of L— reverse micelles or water-in-oil microemulsisn i
preferred [37].
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Figure 2 Schematic ternary phase diagram of watksarfactant mixtures
illustrating Winsor classifications and probabletemal structures. |, a
single phase region of normal micelles or (O/W)rogenulsion; L, reverse
micelles or (W/O) microemulsion; D — anisotropicni@llar liquid crystalline
phase. The microemulsion is marked by pe, oil lap®water by W [37].

3.1.3 Factors affecting phase behaviour

Salinity

The droplet size of O/W microemulsion increase®watsalinity. This fact
corresponds to growth in the solubilisation of &hen salinity rises, the
system becomes bicontinuous with reduction in g@lartisize over an
intermediate salinity range. A further increasesalinity finally results in
complete phase separation [25].

Alcohol concentration

The phase transition from W/O to bicontinuous atttmately to O/W
microemulsion type occurs by increasing the comasioh of low molecular
weight alcohol (co-surfactant). The opposite tydepbase transition is
observed in the case of high molecular weight ato[25].

Surfactant hydrophobic chain length

An increase in the length of the hydrophobic cladithe surfactant causes
the O/W microemulsion to invert to type WADa the bicontinuous phase
[25].
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pH

Changes in pH affect the microemulsion systemsarong pH sensitive
surfactants. The effect is more pronounced whengusicidic or alkaline
surfactants. Carboxylic acids and amines changentbeemulsion type from
WI/O to O/W by raising the pH [25].

Nature of oil

Increase in the aromaticity of oil leads to phas@ditions from O/W to
W/O microemulsion and is opposite to that of ther@ase in the oil alkane
carbon number [25].

lonic strength

When the ionic strength increases, the microemulsistem passes from
O/W microemulsion in equilibrium with oil excess tilee middle phase and
finally to W/O microemulsion in equilibrium with wer excess [25].

3.1.4 Factors affecting the microemulsion type
The microemulsion type depends on the followinddesc

Critical Packing Parameter (CPP)

Changes in film curvature and microemulsion type ¢e addressesd
guantitatively in terms of geometric requiremeniBhis concept was
introduced by Israelachvili et al. [4ahd is widely used to relate surfactant
molecular structure to interfacial topology. Theeferred film curvature of
surfactant is governed by the relative values eftiead groupaf) and tail
effective area\l;) wherev is the partial volume of the hydrophobic part of
surfactant and. is the effective length of the surfactant hydrbcar chain
(Fig. 3) [38].

Interfacial (hydrophobic) interaction
\ Head group (hydrophilic) interaction

=0

A

Area a,

Figure 3 The critical packing parameter relates thead group area, the
length and the volume of the carbon chain to a dsmnless number [38].
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The critical packing parameter is expressed by temué?)
CPP =vlla, (2)

Generally, if a CPP value lies between 0-1, therfate curves towards
water (positive curvature) and O/W systems are des@d. When the CPP is
greater than 1, the interface curves spontaneotmshards oil (negative
curvature) and W/O microemulsions are formed. Abzmirvature, when the
HLB value is balanced, either bicontinuous or ldare$tructures may form
according to the rigidity of the film [25].

Hydrophilic-Lipophilic Balance (HLB)

Another concept relating molecular structure ternfatcial packing and film
curvature is the HLB value concept. The HLB takd@s iaccount the relative
contribution of hydrophilic and hydrophobic partsaosurfactant molecule.
The HLB concept was firstly introduced by Griffim i1949 [42]. He
suggested a semi-empirical HLB scale for predicemgulsion type from a
surfactant molecular composition. Non-ionic surdats are sorted from
lipophilic to hydrophilic on a scale of 1 to 2028 °C [43]. HLB and packing
parameter describe the same basic concept althbedhtter is more suitable
for microemulsions.

Characteristics of surfactant and oil phase

A surfactant molecule consists of a hydrophilicchgaoup and lipophilic
tail group. The areas of these groups, which areasure of the differential
tendency of water to swell the head group and mikwell the tail, are
important for specific formulation when assessihg surfactant HLB in a
particular system. When a high surfactant conctatrais used or the
surfactant is in the presence of salt, then theedegf dissociation of polar
groups in the surfactant decreases and the regudyistem may be of W/O
type. Diluting with water then increases dissoomtand leads to an O/W
system.

The character of the oil phase also affects intafacurvature (type of
emulsion formed) due to its ability to penetrat®ithe surfactant monolayer
and swell the lipophilic tail group region of theractant. As a consequence
of the oil penetration into the surfactant lipophiregion, the negative
curvature increases, the surfactant monolayer i® roonvex towards the oll
phase and W/O emulsions are preferably formed [44].

Temperature

Temperature is particularly important for non-ionsurfactants in
determining their effective head group size. At ltemperatures, they are
hydrophilic and form normal O/W systems, while @her temperatures, they
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are lipophilic and form inverse systems of W/O. Blorer, at an intermediate
temperature, microemulsion also coexists with exagater and oil phases
when a bicontinuous structure is formed [44].

The chain length, type and nature of the co-suafaict

The addition of a co-surfactant with a shorter ch&r example alcohol,
produces a positive curvature effect as alcohollswiee head region of the
surfactant more than the tail region. As a reshé#, surfactant becomes more
hydrophilic and an O/W microemulsion type is formedonversely, a
co-surfactant with a longer chain favours a W/O rogenulsion type, with
alcohol swelling more in the tail region [44].

3.2 Properties of microemulsions

The main characteristics of microemulsions areva\scosity associated
with a Newtonian-type flow [6][35], an ultralow mffacial tension, a large
interfacial area [45] and the ability to solubilizmth water-soluble and
oil-soluble compounds [45][46]. Moreover, they also characterized by
excellent stability, easy preparation, optical iyaf46] and, in particular
cases, antimicrobial properties [47]. All of thdagourable properties make
them desirable in a variety of applications inchglithe food industry,
cosmetics, pharmaceuticals [48], cleaning technetognd soil remediation
[40]. Microemulsions have also been utilized aspiates for the synthesis of
polymer dispersions and nanoparticles for a braatye of technological
applications [49]. On the contrary, a major praaticdrawback of
microemulsions is usually connected with their cosipon. Since
microemulsions represent droplets with very smalhgkters, they form very
high surfaces requiring a higher surfactant comeéinoh compared to
classical emulsions, typically 10-30 wt.% [50][51IThis leads to high
residues, contaminant levels, formulation costy gl limitations of their
widespread use in some practical applications [18].

3.3 Formulation of microemulsion systems

Generally, microemulsions are systems composedoof €omponents:
water, oil, a surfactant and a co-surfactant [5Z[[5][55]. These systems
can be stabilized by non-ionic and ionic surfactartd mixtures thereof [56].
The chosen surfactant must be able to lower therfadial tension to an
extremely small value, allowing dispersion of thi& phase during the
production of the microemulsion and providing itiée film that can readily
deform the droplets and be of suitable liophilicftophilic character to
ensure the correct curvature at the interfaciaiore¢57]. It is well-known
that microemulsions prepared using ionic surfastaatjuire a relatively high
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ratio of surfactant in the dispersed phase or etlen addition of a

co-surfactant to attain the required interfaciabparties leading to the
spontaneous dispersion of one phase in the otheth® other hand, some
non-ionic surfactants have been found to produaaamulsions with lower

levels of surfactant (~10 wt.%) and without the iadd of a co-surfactant

[20]. Therefore, non-ionic surfactants are paradyl interesting in relation to
microemulsion formation due to the absence of @pel electrostatic

interactions [46]. Yet, in microemulsions stabitizey non-ionic surfactants,
the temperature is the decisive parameter, andnibeoemulsion phase is
stable only in a certain, limited temperature raju§3.

Short-chain alcohols (ethanol, propanol, butaneintanol and hexanol,
etc) [19][55] were originally used as co-surfactariut nowadays polyols,
esters of polyol, derivates of glycerol, and orgaacids are often included
[55]. The purpose of their application is to su#fiily reduce the interfacial
tension between oil and water in order to achielrmost spontaneous
microemulsion formation [45]. The effectivenessaffohol as a co-surfactant
depends decisively on its chain length, which wastioned in section 3.1.3
[59].

The effects of short-chain alcohols (such as etianpolyols
(propylenglycol or glycerol) and salts (organic andrganic) on the phase
behaviour of food-grade glycerol monolaurate mianaksions have recently
been discussed [48][60][61]. It was found that sb&uibilisation of water and
oil with ethoxylated non-ionic surfactants was dagically improved in the
presence of short-chain alcohols and polyols, agdroc salts contributed to
the improved oil solubilisation as hydrotropes. Brer, the study [62]
showed that the solubilisation of water-solubletssakith antimicrobial
properties in microemulsions enhanced their antwhial effects. Aboofazeli
et al. [63]examined the oil effect on the phase behaviouriofoemulsions.
The pseudoternary phase of systems composed af, \nati¢hin, propanol (or
butanol) and oils with different polarity (soybeaih ethyl oleate, oleic acid,
ethyl octanoate, octanoic acid, butoxyethanol) wegorted. It was found
that the phase behaviour of these systems waslyjadgpendent upon the
nature and mixing ratio of the consurfactant ad aglthe length of the oil
chain, rather than the polarity of the oils usethis study.

The effect of alcohol was also studied by Lesealef64], who examined
the phase diagrams of phospatidylcholine, mediuarchriacylglycerol
(MCT) and alcohols (propanol, butanol and pentamath different chain
lengths. They concluded that propanol disorders ligaid crystalline
structure, enhances the flexibility of the surfatt@m and enables the MCT
to penetrate the surfactant. Another study [65] Hasionstrated that the
formation of triacylglycerol microemulsion can beha&ved by incorporating
sucrose and short-chain alcohol (ethanol). Theieryistic interactions result
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in the destabilization of liquid crystalline mesagbhs and lead to
triacylglycerol microemulsion formation.

Graciaa and co-workers [66] first introduced theophilic linker
(dodecanol) concept, which improves the solubilsat capacity of
hydrocarbon and polar oils. These lipophilic lirkgiong-chain alcohols)
have a tendency to segregate near the oil sideeodit-water interface, very
close to the tails of the surfactants. Conversgfgsta et al. [67] found that
hydrophilic  linkers  (sodium mono and  dimethylnaiéme
sulfonate — SMDNS) can also increase solubilisabenause they provide
more space for lipophilic linkers to segregate dodher enhance the
solubilisation ability. Recently, Komesvarakul et 468] published a
modified approach regarding the formation of seburmroemulsions using
linker molecules with the addition of co-oil to ingwe sebum solubilisation.
They used a combination of a lipophilic linker (siten monooleate), a
hydrophilic linker (hexylglucocide), a main surfast (sodium dioctyl
sulfosuccinate), a co-oil (squalene, squalane,rigoy myristate and ethyl
laurate), and artificial sebum for microemulsiomnfation. They have found
that using co-oil helps the solubilization of tiydglycerols at lower surfactant
concentrations and reduces the amount of surfactaoessary to form a
single-phase microemulsion. These formulations havenajor advantage
since they can reduce the amount of surfactant @rdpletely remove
alcohol from the formulation. Since alcohols areteptally irritating,
alcohol-free formulations could be useful espegidthr consumers with
sensitive skin.

Recently, several studies have investigated thenemobial properties of
microemulsions containing different types of mongdglycerols (MAG) as
an oil phase. For example, the testing of the aatohial activity of a
microemulsion system with monolauroylglycerol wasublshed in
[69][70][71][72]. In the publication of Fu et al73], the enhancement of the
inhibition ability of this MAG towards bacteriaa loading in microemulsions
in comparison with the antimicrobial activity of rcesponding MAGs was
reported.

4 NANOEMULSIONS

Nanoemulsions are defined as a class of emulsiotis avuniform and
small droplet size, typically in the range of 5082@m [74][75] or
50-500 nm, as given in publications [76][77][78].7t the literature they
are often referred to as miniemulsions [80][81h-suicron emulsions [82] or
ultrafine emulsions [18]. The term nanoemulsions lh@en increasingly
adopted because it signifies the nanoscale sizgerah the droplets and
avoids confusion with other kinds of dispersionghsias microemulsions
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[58][74]. They are intermediates between classi@hulsions and
microemulsions [83].

4.1 Preparation of nanoemulsions

Although the preparation of nanoemulsions is mammex than that of
microemulsions, from a practical view point theyspess an important
advantage stemming from the reduced amounts cdctarits needed for their
formation [58][90]. Conversely, nanoemulsions cannbe formed
spontaneously like microemulsions, and energy inmenerally from
mechanical devices or from the chemical potentfath@ components, is
required [50][85][91][92]. According to the litexae, nanoemulsions can be
prepared by high-energy [93][94][95] and low-enerdy5][96][97]
emulsification methods.

4.1.1 High-energy emulsification method

High-energy emulsification methods are extensiueded in industries to
produce emulsions with small and uniform dropletesi [97]. These
techniques require high mechanical energy, whichcisieved by applying
high-shear stirring, high-pressure homogenizerdtaasound generators [78].

During emulsification, various processes take plackiding the break up
of droplets, adsorption of surfactant molecules] droplet collision, which
may lead to coalescence and the formation of ladfgmslets. These processes
may occur simultaneously during emulsification,tlas time scale for each
process is extremely small (miliseconds). The breplof droplets occurs
when the deforming force exceeds the Laplace prespy, which is the
interfacial force that acts against droplet defdroma It follows that Laplace
pressure is the difference in pressures betweersitas of a curved interface
and is defined by equation 3

pLzY(—-I-Ri:), 3)

whereR; andR; are the principal radii of curvature apds the interfacial
tension. From equation 3 it is clear that the sendlie droplet size for a given
system, the more energy input and/or surfactartgaired [58].

4.1.2 Low-energy emulsification method

In contrast, low-energy emulsification methods c&e the advantage of
the chemical energy of components to produce nanls@ms almost
spontaneously. These techniques are based on #se giransitions taking
place during emulsification [85][98]. These phasansitions result from
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changes in the spontaneous curvature of the samaf&@9]. As defined, phase
inversion is a process by which water-in-oil (W/@nhulsion can be inverted
to an oil-in-water (O/W) emulsion atice versg100]. This phenomenon can
be induced either by increasing the volume fractérihe dispersed phase
(catastrophic phase inversipor by changing the affinity of the surfactants
towards the two phasesgnsitional phase inversigrf101][102]. Both types
of phase inversion can be seen in Figure 4 [51]catastrophic phase
inversion occurs between a normal and an abnormallsoon, while a
transitional inversion is a process that occursvbeh two normal emulsions
[103]. Emulsions are deemed normal when the swaf@ds more soluble in
the continuous phase and abnormal when the sunfastanore soluble in the
dispersed phase. These abnormal emulsions areyhightable and can only
be maintained under vigorous mixing for a shortiquerof time [101].
Generally, factors that affect the phase inversmn®/W emulsions are the
nature of the oil phase, the surfactant type amsd cibncentration, the
temperature of the system, the O/W ratio, the mesef other components in
the oil or water phase, the process conditions tedrate and order of
addition of the different components [102].

WO transitional
phase inversion

optimum formulation ..

temperature

.

m

-,

[ -:nmtmﬂhi-t-‘ phase inversion e O/W

water volume fraction @

Figure 4 Schematic illustration of both catastropland transitional phase
inversion for the preparation of O/W emulsions [.76]

The Phase inversion temperature (PIT) method first introduced by
Shinoda and Saito [104][105], is widely used inusuly. This transitional
phase inversion is based on the temperature depergfanges in the
spontaneous curvature of polyoxyethylene type woci surfactants in the
emulsion system with a constant composition [106hese types of
surfactants become lipophilic with increasing terap@#e due to the
dehydration of the polyoxyethylene chains. The atuke of the surfactant
monolayer is more convex (has a large positive sp@ous curvature)
towards water at low temperatures [106][107], artéraary mixture of oil,
water and surfactant will be phase separated insargactant-rich aqueous

22



phase and almost pure oil (Winsor 1). The surfaetmh aqueous phase, also
reffered to as |, consists of direct micelles swollen by oil. Atghi
temperatures, the curvature of the surfactant isenumncave (curvature
becomes negative) towards water due to the dehgdraf the hydrophilic
tail in a non-ionic surfactant, and it self-assessbinto reverse micelles.
A ternary mixture of oil, water and surfactant va#parate into an oil phase
containing the surfactant, referred to also asith coexistence with almost
pure water (Winsor Il) [108]. It follows that O/Whwilsions are preferably
formed at low temperatures while W/O emulsions fobeitter at high
temperatures [106][107]. At an intermediate tempgea a so-called PIT
temperature, the surfactant is “equilibrated” atsdspontaneous curvature is
close to zero. At this temperature, a bicontinumulsquid crystalline phase is
in equilibrium with oil and water phases (Winsadp knd the transition from
O/W to W/O emulsions takes place [108]. During ¢meulsification process,
the interfacial tension between oil and water ie firesence of non-ionic
surfactants decreases with temperature and reachasmimum at a PIT
temperature before it starts to increase agairenfiperatures are further
increased [106][107]. Therefore, emulsions withyvemall droplets can be
formed at this PIT temperature. However they aghligiunstable, and a rapid
cooling of the systems well below the PIT tempemiig necessary to obtain
fine and stable O/W nanoemulsions [105]. If the liogoprocess is slow,
coalescence predominates and coarse emulsionsrared [109]. To prolong
the stability of nanoemulsions, a storage tempegatdi about 20 to 65 °C
lower than the PIT temperature is suggested [105].

The PIT temperature can be determined by condtctimeasurements,
after a small amount of sodium chloride is addedo® temperatures, where
O/W nanoemulsions are present, a high conductigtymeasured. With
increasing temperature, conductivity decreases. tomductivity values are
obtained at temperatures above PIT where W/O namls@ns are present.
The PIT temperature is then calculated as an agdeagperature between the
temperatures at the highest and lowest conduevif90]. The phase
inversion temperature can also be observed by #ked eye. With this
method, the PIT is determined by slowly heating ¢heulsion and visually
observing the start of turbidity. Below the PITe thmulsion is white, opaque,
glossy and thickened, while above the PIT, it is tnd watery [110]. Instead
of a visual observation, turbidity can be detecatsithg spectrofotometry.

The practical application of the PIT technique iscuimented by the
following examples. Morales and co-workers [11l]egared O/W
nanoemulsions with narrow size distributions anaptit sizes around 40 nm
in the system water/hexaethylene glycol monohexddgher (G¢Es)/mineral
oil. Nanoemulsions with a droplet size in the ranfi@0-130 nm have been
investigated by lzquierdo et al. using technicalegr non-ionic surfactants
(C12E4 and GoEg) and hexadecane [89][90] and isohexadecane [1D&hail
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phase. These O/W nanoemulsions consisted of 20 oit.tte oil phase and
4 to 8 wt.% of the surfactant. Inverted, W/O nanokmns have been
prepared by the same method and using the sameoocemis and studied by
Peng et al. In this case, the optimum compositiorerms of stability and
particle size was isohexadecane/polyoxyethylene augyd ether
(CioEp)/polyoxyethylene 4-lauryl ether (€Ej)/water mixed in the ratio of
70:6:4:20 (wt.%). These nanoemulsions were traespaxith a droplet size
of 21 nm and showed stability for more than 200sdaf storage without
phase separation [51]. Interesting contributionsnceoning the PIT
emulsification process were made by Roger et aR][iwho re-examined this
process in a waterigEg/hexadecane system. They found that successful
emulsification is ensured by gently stirring thextare throughtout the
process. Moreover, the stirred mixture must be dikaabove the PIT
temperature and then fast quenched to lower termypesa These conditions
lead to emulsions that have excellent metastabdibd a narrow size
distribution with a particle size in the range 6200 nm.

The second type of transitional phase inverdionulsion Inversion Point
(EIP) technique, can be induced by the gradual changing of the aamuls
composition at constant temperature. By adding mtmtethe oil/surfactant
mixture, the water droplets are first produced iooatinuous oil phase. An
increase in the water volume fraction induces ckanig the spontaneous
curvature of the surfactant from initially stabitig a W/O emulsion to an
O/W emulsion at the inversion point. At this poinhe affinity of the
surfactant towards both phases is balanced, andicmemulsion phase or
lamellar liquid phase with excess water and oihfer During the transition,
the system crosses the point of zero spontaneauatate, and the interfacial
tension reaches a minimum, supporting the formatifogmulsions with small
droplet sizes [76]. When the system is further tddu with water, this
structure breaks up into an O/W nanoemulsion.

The formation and stability of nanoemulsions prepgaiby the EIP
technique is highly dependent on the hydrophijofihilic balance (HLB)
number of non-ionic surfactants [113]. Surfactamith a higher HLB value
are hydrophilic and act as solubilising agentseidgnts and O/W surfactants.
On the contrary, surfactants with a lower HLB valaee lipophilic and
stabilize W/O emulsions [114]. Using EIP, emulsiamigh submicrometer-
sized droplets are only obtained if the water toatio is over a certain value.
Above this value, an excess of water may be add#étbwt any affect on
droplet size. A critical surfactant concentratianalso necessary for their
preparation, as the oil has to be solubilised cetep} at the EIP. Besides, the
resulting size distribution mainly depends on thdestant/oil ratio [76] and
on the order of mixing of the individual componenised in the
nanoemulsion formulation.
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This was illustrated by Forgiarini et al. [115], evihave studied the
preparation of water/Brij30/decane nanoemulsionsguthree different low
energy emulsification methods. The nanoemulsionth wiroplet sizes of
50 nm were formed only when water was added to urest of oil and
surfactant. The formation of water/Cremophor EL/Maj 812
nanoemulsions with particle sizes from 14 to 39 mms been reported by
Sadurni et al. [97].

Following the same method, a considerable numbereséarch studies
have been devoted to the formation of nanoemulsiohscyclohexane
[116][117], xylene [118] and polyisobutylene [1194ing a mixture of high-
and low-HLB surfactants. Liu et al. [96] made parafO/W nanoemulsions
stabilized by two non-ionic surfactants Tween 8@ &pan 80 using the
emulsion inversion point method. Nanoemulsions veitdroplet size below
200 nm were obtained above the critical surfactesttil ratio of 0.20 at
50 °C. Surfactant combination seems to be alsorddgeaous, as it is well-
known that for a wide range of applications, thetories of surfactants with a
high HLB and low HLB give more stable emulsions rthiéne individual
surfactants [43][120].

The EIP method is also applicable in the productioh W/O
nanoemulsions. This type of nanoemulsion with drbpizes between 60 and
160 nm was produced by Uson and co-workers, usisig@vise addition of
oil into a mixture of water and surfactant (CremopEL/Cremophor WO.
Stable W/O nanoemulsions are usually produced witly a very low water
concentration (max 4.5 wt.% of the dispersed phasme)g a mixed surfactant
system with a low HLB value [121]. In addition, Wi@&noemulsions have
been formed by Porras et al. in water/mixed nomei@urfactants/decane.
They prepared nanoemulsions by adding water toxdunei of decane and
non-ionic surfactants (Span 20, Span 80, Tween 2D Taween 80), thus
obtaining particles with sizes between 30 and 182(050].

4.2 Properties of nanoemulsions

Nanoemulsions are non-equilibrium systems with @nsgneous tendency
towards phase separation [84]. However, due toetteemely small initial
size of their droplets, nanoemulsions may appearsparent or translucent
[85]. Their kinetic stability is also typical [75]The small droplet size in
nanoemulsions makes them resistant to creamingdimgntation because
their Brownian motion is enough to overcome grdmtal separation.

! Cremophor EL is obtained by reacting castor othvéithylene oxide in a molar ratio of 1:35. Its Hli&s
between 12 and 14. Mygliol 812 is a commercial, innedchain triglyceride.

2 Cremophor WO?7 is non-ionic surfactant, manufaatung reacting hydrogenated castor oil with 7 moles
ethylenoxide. Its HLB is 5 £1.
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Moreover, they are also resistant to the floccakabr coalescence of droplets
because of their efficient steric stabilization J[8&dditionally, a significant
surfactant film thickness (relative to droplet )i prevents thinning or
disruption of the liquid film between droplets [102The principal
destabilization mechanism of their breakdown is @stwald ripening [87].
This instability is governed by the molecular ddion of oil from small to
large droplets as a result of the difference irulsiity between droplets of
different sizes and will be described in greatdaidien part 4.3 [88].

The attractive properties of nanoemulsions, inclgdsmall droplet size,
high kinetic stability, optical semi-transparencydalow viscosity have
garnered considerable interest for industrial a&@agplons, such as
pharmaceuticals and cosmetics, where they can sasvelrug delivery
systems, agrochemistry for pesticide delivery, dmemical industry, etc.
[51][89]. The main limitation for wusing nanoemuls® is their
non-straightforward preparation procedure [87].

4.3 The instability of nanoemulsions

It is commonly reported, that the principal meckams of emulsion
instability, leading to complete phase separa@oea,creaming, sedimentation,
flocculation, coalescence and Ostwald ripening .[@Idmpared to classical
emulsions, the main destabilizing process of namt&ons is the Ostwald
ripening mechanism. Regardless of the productiothodk the ripening rate
increases with increasing oil concentration an@duction of the surfactant
amount [78][96]. In this process, the larger droplgrow at the expense of
the smaller ones. As a consequence, the more neperded the droplets are,
the less the nanoemulsions will be affected by @ktwipening. Therefore, it
Is important to control not only the particle saenanoemulsions but also to
prepare particles with a narrow size distributidd]|

There are several methods to reduce the ripeniteg Tdis can be, for
example, performed by the addition of a second sssuble oil [90] or by
using a surfactant that forms monolayers less pataeto the oil (an ionic
surfactant) [122].

Ostwald ripening is described by the LSW theorymolated by Lifshitz
and Slezov [123] and independently by Wagner [1Z4gnerally, LSW
theory is valid in the case of immobile particleslassumes that the droplets
are separated by distances much larger than themeters and that the
transport of a dispersed component is only due teoular diffusion
[125][126]. These assumptions may not be completeiglid for
nanoemulsions because of their strong Browniananptivhich may induce
convective diffusion, accelerating the diffusiorterd126]. Therefore, this
theory is not suitable for predicting the Ostwalgbening rate in
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nanoemulsions, but it is a good tool for identifyithe Ostwald ripening as
the main destabilizing factor in nanoemulsions [9lje Ostwald ripening
rate,w, is expressed as follows:

_dré _ 8e(=)yVimD (4)

dt SRT

wherer. is the critical radius of droplets that are naitiggowing nor
decreasing in size(x) is the bulk phase solubility,is the interfacial tension,
Vn, is the solute molar volumd) is the diffusion coefficientR is the gas
constant, and is the temperature. This equation shows thagries linearly
with time. Therefore, plotting a linear graph of versus time makes it
possible to determine Ostwald ripening rates [58].

4.4 The formulation of nanoemulsion systems

The procedure for encapsulating essential oils siga lecithin-based
nanoemulsions was published in [127]. This studys wane in order to
enhance the antimicrobial activity of essentiak oNhile minimizing their
impact on the quality of the final product (fruiiiges). Nanoemulsion
formation and its use as a vehicle for skin-cam@pcts have been described
in publication [128]. These systems were evaluaed compared with two
other products (body milk and body lotion) in terofshydratation and the
satisfaction of volunteers. It was found that nanolksions showed higher
hydratation power compared with the two other potsluand 80% of the
volunteers preferred the nanoemulsion to their lust@uct. Another study
[129] concentrated on the formation and stability@W nanoemulsions
containing rice bran oil and their usage in thenoetsc industry. The studied
nanoemulsions were applied to the skin of volusteerth normal and
diseased skin types. It was found that these sgsitecneased the relative skin
hydration and skin oiliness, and maintained thenabrskin pH. Hence, these
nanoemulsions could serve as an alternative treditrfor skin diseases
(atopic dermatitis or psoriasis). Rao et al. [180¢ Ziani et al. [131] dealt
with the formation of flavoured oil microemulsiorand investigated the
influences of composition and preparation methodtloir stability. They
used food-grade non-ionic surfactant Tween 80 a&amdoh oil. This study
provides useful information on the developmenttable food-grade delivery
systems for incorporating flavour oils or othemwlghilic components (colors,
micronutrients and antimicrobials) into foods amddrages.
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5 MICROPARTICLES

The emergence of microparticles with the poterdigblication as carrier
system dates back to 1930s when Bungenberg de &biady [132][133]
published studies dealing with the formation ofagjeke particles by the
coacervation method. The pharmaceutical applicatadmmicroparticles were
recognized 30 years later [134]. They can be usedask the taste of a drug,
to protect the drug against undesired environmesttfgicts, to incorporate
volatile drugs, such as essential oils and mainlgdntrol the release of the
drug [135][136]. Nowadays, the production of micadgles with controlled
particle sizes and particle size distribution issgnificant interest in several
fields, such as chemistry and material sciencetebimology, medicine,
pharmacy or agriculture [137].

Microparticles are defined as particulate dispersior solid particles with
a size ranging between 1-1000 pm [137][138][13%]ic®y speaking, they
can exist in two forms, namely as microcapsulescr@nnetric reservoir
systems) and microspheres (micrometric matrix sys}e [6]. While
microcapsules are systems in which the drug isdcasa cavity surrounded
by a polymer membrane, microspheres are matridesysin which the drug
Is physically and uniformly dispersed [138].

5.1 Composition of microparticles

Microparticles (microcapsules and microspheres)sisbnof two major
parts (Fig. 5)1) the core material containing one or more adtnggedients,
which could be solids, liquids or gases and 2) dbating (wall) material,
which can be selected from a wide variety of polsgsndepending on the core
material to be encapsulated and the desired cleaisicis of the particles
[6][140]. The wall materials can be of natural gmthetic origin and
polymers, such as gelatine, dextrin, chitosan, urgaic acid, dextran,
poly(vinylalcohol) (PVA), poly(vinylpyrrollidone) RVP), poly(lactic acid)
(PLA), and poly(lactic-co-glycolic acid) (PLGA) cde applied. The coating
material must be nonreactive to the core matepiaferably biodegradable
and nontoxic. Other components, for example suafdst (poloxamers,
polysorbates, lecithins), organic solvents (ethaisolpropanol, ethyl acetate,
propylene carbonate, benzyl alcohol), co-surfastaglycofurol, ethanol,
isopropanol) and additives (buffers, salts, polyakscessary for microcapsule
formation may also be added [138].
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('ore moaterial

Figure 5 Schematic representation of two diffetgpes of microparticlesa)
microcapsules b) microspheres [6].

5.2 Microencapsulation

Microencapsulation is a process involving surrongdine core with inert
natural or synthetic polymeric materials [6]. It@im role is to produce a
system capable of delivering, protecting, stabiliziand controlling the
release of the core. Encapsulated ingredients decladhesives, drug
substances, pigments, fragrances, flavors, agui@llthemicals, solvents or
oils [141].

For microparticle production, different traditionschniques have been
used including spray drying and spray freeze dryitR][143], jet milling
[144], dispersion polymerization [145], nanopret@pon [146] and solvent
evaporation [147]. However, all of them have specatfisadvantages. For
example, spray drying and jet milling are not dul#afor the treatment of
thermolabile compounds because their operating e¢eatypres are too high
and because they are not able to produce a powtltenarrow and controlled
particle size distributions [148][149]. The remaigitechniques suffer from
common drawbacks, namely the need of organic stdverat least one of the
production steps, which have to be removed, andeloeapsulation efficiency
[150]. Therefore, supercritical fluid-based teclogies have been proposed to
overcome the limitations of these traditional ersca@tion methods
[151][152]. The use of supercritical fluids offguetential advantages related
to the efficient extraction of solvents, the low amt of impurities and
substantial control of the particle size. Effectigentrol of the particle
precipitation is possible by changing the masssfeanconditions and the
phase behaviour of the ternary mixture solventsahtent-solute. The most
commonly used supercritical fluid is carbone diex{&C-CQ). Normally, at
standard temperature and pressure (STP), carbor&lelibehaves as a gas;
when frozen, it turns to solid (dry ice). Howevethen the temperature and
pressure increase from STP to or above the cripigit for CQ, it can adopt
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properties between a gas and a liquid. It followat tit behaves like a
supercritical fluid above its critical temperatd.1 °C) and critical pressure
(7.39 MPa). SC-C@&is very often used as a commercial and industablent
due to its low price, low toxicity and minimum ernvimental impact. The
relatively low temperature of the micronization gees and the stability of
CO, allow most compounds to be micronized with ontfldito no damage
[153].

Generally, micronizing techniques based on superakifluids include the
rapid expansion of supercritical solutions (RES3p4][155], particle
generation from gas saturated solutions (PGSS) ][1S@ipercritical
antisolvent precipitation (SAS) [157] and supercait assisted atomization
(SAA) [158][159]. Of these techniques, SAA will descussed in more detail,
as it was applied in the Ph.D. experiments.

5.2.1 Supercritical Assisted Atomization — SAA

A major advantage of the SAA process is the oppastuo use either
organic solvents or aqueous solutions which resumltshe possibility to
process both water-soluble as well as water-inseldompounds [160].
Moreover, this technique provides good particle and good particle size
distribution control (between 0.05 and 5 um) [16ljese unique properties
together with its environmentally friendly behavwioand non-aggressive
processes with respect to the substances trediedied this technique to
effectively and successfully micronize a wide rangé compounds
[162][161].

The supercritical assisted atomization processldped by Reverchon and
co-workers [158][162] is based on both the solshtion of controlled
guantities of supercritical SC-GOn a liquid solution containing a solid
solute and the subsequent atomization of the terealution through an
injector [162][163]. Carbon dioxide is used as asolute and the pneumatic
agent responsible for the atomization [158]. THealabsation is obtained in a
high pressure vessel called a saturator, whichharacterized by a high
specific surface and a large residence time thaaramg contact between the
solution and CQ The prepared solution is sprayed through an tojeato
precipitator operating at atmospheric pressurebtaio droplets [164]. The
forming of particles is characterized by a two-séépmization process. The
first step represents the formation of primary dtgp at the exit of the
Injector, which is caused by a pneumatic effecte Becond step, called
decompressive atomization, is induced by the quetkase of C@ from
primary droplets, giving rise to smaller ones [15R}icroparticles are
obtained by droplet evaporation using nitrogen dxkato 120 °C. The
evaporation should be fast to avoid the coalescetmmnomena and the
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sticking of the droplets on the precipitator's inseirface [165]. The SAA
apparatus is schematically sketched in Figure 6.

Figure 6 Schematic representation of the SAA appardl. CQ cylinder; 2.

liquid solution; 3. N cylinder; 4. cooling bath; 5. heating bath; 6. hig
pressure pumps; 7. dampener; 8. heat exchanger;s&@urator; 10.

precipitator and 11. condenser [148].

SAA process parameters
Process parameters influencing the efficiency ef dkomization process,
the particle size and particle size distributiociude the following variables:

« Gasl/liquid ratio — (the mass flow ratio) between,@dd the liquid
solution,

* The operating pressure and temperature in theagatur

» The concentration of solute in the liquid solution,

* The temperature in the precipitator, which shoutdhiigh enough to
allow the solvent to evaporate from the droplets, lower than the
degradation temperature of the core material termapsulated [153].

The SAA technique has been successfully used inntioeonization of
pharmaceuticals, polymers, copolymers or protdtoes.example, it has been
tested on various drugs, such as terbutaline [X#8mpicin and tetracycline
[149] and particles were produced in the microresange with controlled
distributions of compounds precipitated from wateethanol or acetone. The
atomization of ampiciline microspheres with a watlreated by
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hydroxymethylcellulose (HPMC) or chitosan has bstmlied by Reverchon
et al [161][166]. In both cases, spherical or doughmicroparticles with

uniform morphology and a narrow distribution weanfied. The size of
obtained spherical particles was between 0.1-6l{amvas determined that the
wall-forming polymers protected ampicillin from tineal degradation and
prolonged the release of the drug.

The SAA technique has been also studied for proteononization. Adami
et al. [167] micronized lysozyme using water, brgtewater at a pH of 6.2
and water-ethanol mixtures at different volumeastiThe obtained lysozyme
microparticles were spherical with a narrow sizgriution ranging from 0.1
to 4 um. Moreover, this study was conducted asn@odstration of lysozyme
encapsulation as an efficient tool against denaturaGood results in terms
of stability and the activity of this enzyme aftarcronization were detected.
Depending on process conditions, lysozyme retai@gdto 100% of the
biological activity compared to the untreated eneyrWang et al. [168]
applied an SAA equipped with a hydrodynamic camtamixer (SAA-HCM)
to the micronization of bovine serum albumin (BSWhen the precipitator
temperature was set at 70 °C, spherical micropastiavith the size
distribution of 0.3-5 um were obtained using wai®l solvent. It was found
that an SAA-HCM offers a promising technique forcronizing bioactive
macromolecules without any organic solvents, fdeaive drug delivery.
Another work published by Porta et al. [169] deaith the production of
BSA heat denatured microspheres loaded with gentansulphate. All
microspheres produced with the SAA technique exibhigh drug content
and good encapsulation efficiency leading to ai@ant reduction of the
water content inside of these systems and resultirtbe increased stability
of the drug.

6 A COMPARISON OF THE DISCUSSED PARTICULATE SYSTEMS

All delivery systems have their own advantages @isddvantages related
to the purpose of their use. It follows that vasdypes of cosmetic vehicles
are more suitable for a certain application ared, the right choice of the
system is in many cases the decisive parametahéoefficient delivery and
release of active compounds in the target locatidicroemulsions are
effective vehicles for dermal as well as transdéoapound delivery due to
their small size and high-loading capacity. Besid&é®ir thermodynamic
stability and simple preparation process make tfaoured vehicles for skin
applications [6].They are able to solubilize both hydrophilic anditophobic
compounds. Because of the low interfacial tensietwben the oil and water
phases, microemulsions exhibit excellent wetting penetrating properties
[9]. Despite all the benefits mentioned above, oeonulsions possess some
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drawbacks. They have limited solubizing capacityr fhigh-melting
substances, and their stability is influenced byirenmental parameters such
as temperature, pH and pressure [ABpreover, they are restricted in their
usage because of the need for a relatively higfasant concentration for
their preparation (10—-30 wt.%) [90], which might &groblem with respect
to allergic and sensitization adverse reactions.

Conversely, nanoemulsions can be prepared usingenaigd surfactant
concentrations, typically between 3 and 10 wt.%)].[9heir small particle
size, relatively high kinetic stability and largerface area makes them
suitable for the efficient delivery of active comymuls and for their
penetration through the skin [90][92]. Nanoemulsiocan deliver both
hydrophilic and hydrophobic compounds. They are-toxiic and commonly
non-irritant, protect the drug from degradation s=l for example by
hydrolysis or oxidation, and can also provide tamtesking [170]However,
the main limitation for their application is th@ion-straigtforward preparation
procedure and limited long-term stability [84].

The previously mentioned systems are micropartitiasexhibit long-term
stability during storage. They can be stored in ployvder or in suspension
with a little or no loss of activity over an extautistorage period [140]. They
provide highly reproducible formulations and alowgh emulsion systems
can encapsulate both hydrophilic and hydrophobropminds, making them
widely applicable [171]. Microparticles also offenproved control over the
release rate of the drug, and their particle sixesgthem the potential to
enhance the solubility and bioavailability of thecapsulated substance. In
spite of these advantages, microparticles have sdsee limitations. Their
small particle size together with large surfaceaaoan lead to particle
aggregation, which may significantly change theppraes and performance
of these systems [138].

7 CHARACTERIZATION METHODS OF PARTICULATE SYSTEMS

Dispersion systems can be characterized by the ioatidn of a variety of
techniques. For example, the macroscopic propersash as viscosity,
interfacial tension and conductivity can be deteedi by rheometry,
conductometry and tensiometry. The size and shépkeoparticles can be
measured by photon correlation spectroscopy (P&, diffraction or by
electron microscopy, and the stability of thesdesys can be easily evaluated
by visual observation. Moreover, the solid statepprties and structure of
particles can be measured by differential scanmalprimetry (DSC) or
X-ray diffraction (XRD) [172].

The characterization of the particular systemsatbar complicated due to
their complexity, namely due to the series of strres and components that
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may be involved in the systems. Therefore, studi®gering a variety of
techniques are required to gain a general overatithe physicochemical
properties and structures of the dispersion sysfd®ls Some of the most
frequently used characterization techniques willbbefly mentioned in the
next section of the doctoral thesis.

7.1 Visual observation

Emulsion systems are not thermodynamically stabid andergo a
continuous destabilization process until one mawpis water phase and one
macroscopic oil phase occur [46].

Visual observation is an old, simple method stded to check emulsion
stability. The emulsions instability is investigatby placing the samples in
test tubes and then storing them under chosen tcamgli The destabilization
process is commonly reflected by the separatiothefwater phase at the
bottom of the tube or by a complete breakdown imto or more phases
[172].

7.2 Microscopic analysis

Microscopy techniques (optical microscopy, scannargl transmission
electron microscopy) are able to provide informat@bout the structure,
dimensions and organization of the emulsion drepl&ach microscopic
technique works on different physicochemical pphes and can be used to
examine different levels and types of structuraamization. Nevertheless,
any type of microscopic method must have three itig&l resolution,
magnification and contrast [15].

7.2.1 Conventional optical microscopy

An optical microscope is still one of the most \aile tools for observing
the microstructure of emulsions. It consists oeaes of lenses which direct
the light through the sample and magnify the r@sgllimage. The resolution
of the microscope is determined by the wavelenftigbt used and the basic
structure of the device. Generally, the theoretigait for resolution of an
optical microscope is about 0.2 um, but in factliimt is below about 1 pum
due to the difficulties arising from the designtbé device and also mainly
due to Brownian motion of small particles in thangée causing blurred
images. Therefore, the use of this type of micrpsas limited, especially in
systems containing particles with sizes below theasaring limit of the
instrument. However, the advantage of this techeioner light scattering or
ultrasonic methods is that it provides informatimast only about the particle
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size but it can also be applied to detection offtheculation or coalescence
and the distinction between them [15].

7.2.2 Electrone microscopy

Electron microscopes use electron beams to obtdan @h the structure of
the samples. These beams are directed throughitimescope using a series
of magnetic fields. Electron microscopes can beduse measure much
smaller objects (about 1 nm) because the electeamb have much smaller
wavelengths than the light used in conventionalrosicopes. Transmission
electron microscopy (TEM) and scanning electronrasicopy (SEM) are the
most common types of electron microscopes usedaictipe. In both of these
techniques, the microscope must be maintained umlddrigh vacuum,
otherwise the electrons would be scattered by a@mmismolecules in a gas,
causing deterioration in the image quality [15].

Scanning electron microscopy (SEM) is used to pi®vimages of the
surface topography of the samples in the microndoometer range with
relatively lower diffraction patterns. It is commokof an electron gun that
generates the electron beams and electromagnéiics ophich guide the
beam and focus it. Moreover, there are the detedoltecting the electrons
(direct scattering or emitted from the sample) twhe from the sample, the
energy of the detected electrons together withr tinéeénsity and location of
the emission [173].

SEM is based on the measurement of secondaryaisogenerated by the
sample, which is bombarded by an electron beanocAded electron beam is
directed at a certain point on the surface of dmage. Some of the energy
associated with the electron beam is adsorbed égdmple, which leads to
the formation of secondary electrons. These elesirafter leaving the
surface of the sample, are recorded by the detestoimage of the sample is
obtained by scanning the electron beam in an xgcton over its surface
and recording all electrons generated at each iposiAdditionally, the
intensity of electrons at each location depends als the contact angle
between the electron beam and the surface. Therefthre electron
micrograph appears in a three dimensional arrangerire comparison with
TEM, the SEM sample preparation is easier and teéndproduce fewer
artefacts. This is because an image is generatedebgndary electrons
produced on the surface of the sample, rather Ilyaan electron beam that
travels through a sample, and thus it is not necgs® prepare ultrathin
samples. On the other hand, the resolution pow&Edfl is of about 3—4 nm,
which is an order of magnitude worse than when qusiiEM. However,
compared to an optical microscope, SEM has aboegtorders of magnitude
better resolution power and a larger depth of fislthich means that the
images of relatively large structures are all iou®[15].
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7.3 Photon correlation spectroscopy (PCS)

PCS is a non-invasive technique used for charaatgrmacromolecules in
solutions and particles in suspensions. It is basethe measurements of the
time-dependent fluctuations in the intensity of terad light that occur
because the particles undergo Brownian motion [1B4dwnian motion is
the random movement of particles due to attackshkysolvent molecules
that surround them. The velocity of Brownian motdepends on the particles
sizes (the larger the particle, the slower the Briaw motion), solvent
viscosity (the higher the viscosity, the slower thetion) and temperature
(the higher the temperature, the more motion). Bimvnian motion velocity
Is defined by a variable known as the translatiahfilision coefficient D).
The size of a particle is then calculated frbnby using the Stockes-Einstein
equation, as follows:

d(H)=2

T
JmnD

(5)

whered(H) is the hydrodynamic diameteb is the translation diffusion
coefficient, k is Boltzmann’s constanfl is absolute temperature amdis
viscosity [175].

Like other particle sizing techniques, PCS has atbvantages and
disadvantages. The indisputable benefits of thibirtgjue are the fast and
easy measurements lasting from a few secondsdw aninutes. The method
Is absolute, and thus the calibration with parti@déa known size distribution
IS not necessary. Additionally, very small quaastiof the sample are
sufficient for measurements, and the instrumematis commercially
available with automation including data analysig¥q][177]. The major
advantage of this technique is its applicabilitysistems with sizes from a
few nanometers to several microns (1-2 um) [17@]tl@ other hand, among
its main disadvantages are cleaning and fillingaéks, which is the critical
point of the PCS application. If the solution tofpeasured contains dust or
micro-bubbles, they will disrupt or overlap thersag of analyte (sample) and
the measurement can be affected by artefacts [M@jeover, this method
requires highly transparent and in general highilyteld samples [172].

PCS is a suitable method for the characterizatibthe particle size of
latexes, pigments, emulsions, micelles, and lip@sonMoreover, another
application for this method is in biology and misi@ogy, in determining the
sizes of bacteria, viruses and DNA [177].
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7.4 Rheology

The application of a force on a material causesi@®rmation or flow.
Rheology is connected with the relationship betwapplied forces and the
deformation and flow of matter. Most rheologicatginvolve the application
of force to a material and a measurement of thdtieg flow or change in its
shape [15].

Generally, the rheological properties of emulsi@e influenced by a
number of factors, such as the nature of the coatia and dispersed phases,
the phase volume ratio, and to a lesser extenicjeadize distributions. The
overall consistency of emulsions of low disperskdse volume is commonly
similar to that of the continuous phase. It followisat W/O emulsions are
usually thicker than O/W emulsions [16].

7.4.1 Viscosity measurements

The viscosity of an ideal liquid (also referredatoa Newtonian liquid) is a
measure of its resistance to flow. The higher tlseosity, the greater the
resistance. When a shear stress is applied toeat liduid, it continues to
flow as long as the stress is applied. When thesstrs removed, there is no
elastic recovery of the material, i.e., it doesnediirn to its original shape.

Many instruments have been designed to measurshia properties of
liquids, viscoelastic materials, plastics and solithe instruments are usually
controlled by a computer and asked to perform stighted test procedures
as a function of time, temperature, shear rate,Goerally, the sample to be
analysed is placed in a thermostated measuremiémttee it is subjected to
a controlled shear stress (strain). The resultmgas (stress) is detected by the
rheometer, and it follows that the rheological mes of the tested sample
can be determined from the strain-stress relatipndinere are two different
types of rheological instrumentsonstant stress instrumentshich apply a
constant torque to the sample and measure thdingssiirain or rate of strain;
andconstant strain instruments/hich apply a constant strain or rate of strain
and measure the torque generated in the sampletadrstress instruments
include for example, a parallel plate, cone-platéd eoncentric cylinder. The
latter rheometer consists of two concentric cylisdand the sample is placed
in the gap between them. The inner cylinder isalriat a constant torque
(angular force) and the resulting strain (angué&dtedtion) or rate of the strain
(speed at which cylinder rotates) is determineghedding on the physical
state of the analysed sample (liquid or solid). Eowlisions (liquids), the
speed at which the inner cylinder rotates is goa@ry the viscosity of the
fluid between the walls. The faster it spins at ¢gheen torque, the lower the
viscosity of the liquid. Moreover, the torque canvaried in a controlled way
and so the elastic modulus or viscosity can be uredsas a function of shear
stress [15].

37



7.5 Thermal analysis

Differential scanning calorimetry (DSC) and diffeti@l thermal analysis
(DTA) are the most common thermal analysis techesqused to record the
melting and crystallization of substances. They sueathe heat released or
adsorbed by a sample when exposed to a contra@lagddrature programme.
The samples release heat when they crystallizeabsorb heat when melting.
The main difference between these two techniquethassystem used to
measure the heat released or adsorbed by the sHirfple

7.5.1 Differential scanning calorimetry (DSC)

DSC is a technique in which the difference in Heaw rate (or power) to
the sample and to the reference sample is monitoved time while the
samples are exposed to a temperature programmg. [Ti8rmocouples
continuously measure the temperature of each otwepans, and heaters
below the pans deliver heat to one of the pans.niihe sample undergoes a
transition, it either absorbs or releases heatm@mtain the same temperature
of the both pans, the same amount of heat (powes} be delivered to either
the test or reference cells. The amount of the megplied is usually
measured by special electrical circuitry. Therefodata from DSC are
reported as the rate of heat absorption (Q) byabkieed sample relative to the
reference sample as a function of temperature [15].

Thermal events in the sample appear as deviatrons the baseline, i.e.,
as endothermic or exothermic responses (Fig. 7girTéizes depend on
whether more or less heat was supplied to thedesieple in comparison
with reference. Generally, endothermic responsesuauvally situated above
the baseline (positive), which corresponds to aneimsed heat transfer to the
sample compared to the reference and leads to #iengiof the sample.
Conversely, exothermic responses are located uhddyaseline and describe
the crystallization [180]. The major advantage @&Mis that samples are
easily prepared, and it follows that measuremeatslie conducted quickly
and simply [181].
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Figure 7 DSC analysis showing basic enthalpy chanf#ing the heating
and cooling of the sample [15].

7.6 High performance liquid chromatography (HPLC)

HPLC is an analytical technique used to separatamaal compounds
present in mixtures. It is based on the separatibmmolecules due to
differences in their structure or composition [182]

Components in the mixture are separated on a cotbatrcontains packing
material (referred to as stationary phase) by pompi solvent (referred to as
mobile phase) through the column [183]. The comptndreferred to as
analytes) in the sample have different affinitiesl anteractions with the
mobile and stationary phases, and it follows tlaaheanalyte moves along the
column at different speeds and emerges from thenaolat various times,
thus separating the mixture components. Analytél wihigher affinity for
the mobile phase move faster through the columnredsethose with the
higher affinity for the stationary phase move sloyi82]. The time at which
the analyte elutes (comes out of the end of theneo) is called the retention
time and can be used to identify the componentsar@only used solvents
include combinations of water or organic liquidsef{hanol, acetonitrile)
[183].

The successful implementation of HPLC measuremaetyuires a
combination of a variety of operating conditionsg.e column type and
parameters (length, diameter, temperature), mqihiase used (type, flow
rate) and sample size [184].

As shown in the schematic diagram in Fig. 8, thé&Elkhstrument consists
of a mobile phase reservoir, a degasser for thalenphase, a high-pressure
pump, injection valve, waste reservoir, columned&ir and data acquisition
and display system [184].
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Figure 8 Schematic diagram of a high performancgiid chromatography
(HPLC) system [185].

7.7 X-ray diffractometry (XRD)

X-ray diffraction is a universal analytical techaeyfor the examination of
crystalline materials such as ceramics, metalsgtrel@c and geological
materials, organics and polymers [184].

In the diffractometer, an X-ray beam of a singlevalangth is used to
examine crystalline samples. By continuously chagdhe incident angle of
the X-ray beam, a spectrum of diffraction intensigrsus the angle between
incident and diffracted beam is recorded. This nemple enables the
identification of the crystal structure and an ass@ent of its quality by
analysing and then comparing the spectrum withtab@ae containing more
than 60,000 diffraction spectra of known crystalsubstances [186].

The diffractometer is based on the detection ofa)X-diffractions from
materials and recording the diffraction intensitg a function of the
diffraction angle (2). Figure 9 describes the geometrical arrangemént o
X-ray source, sample and detector. The X-ray ramhajenerated by an X-ray
tube passes through special slits which collimageX-ray beam. These slits
are made of a set of closely spaced thin metaleplad prevent beam
divergence in the direction perpendicular to thgufe plane. A divergent
X-ray beam passing through the slits strikes thmpsa. The X-rays are
diffracted by the sample and form a convergent baarmeceiving slits before
they enter a detector. The diffracted X-ray bearadseto pass through a
monochromatic filter (monochromator) before beiegeived by a detector
[186].
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Figure 9 Geometric arrangement of an X-ray diffaoeter [186].

The major advantage of this non-destructive teamnig that only a small
amount of the sample is needed for the measureamehéasy and fast phase
identification due to the existence of the compnsihee databases. The main
disadvantage of the method is that it gives onlyy emited information
about amorphous or low-crystalline materials [187].
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AIMS OF THE DOCTORAL STUDY

The main goals of the present work have been facuse deeper
understanding of the suitable carrier systems tmmetics and have been
subdivided into the following points that may camiite both to theoretical
research and to practice:

» Preparation of classical (nano)emulsions and (ramolsions with the
addition of different types of hydrocolloids by Elsion inversion
point technique (EIP) and their mutual comparisoterms of stability,
particle size, etc.

* Monitoring of the effects of different O/W ratio$iLB values,
surfactant types and concentrations on the pasdiegks distribution and
viscosity of the tested emulsions by Photon coti@aspectroscopy
(PCS) and viscometry.

* Evaluation of the stability of (nano)emulsions stbrat various
conditions (4 °C, 25 °C, 35 °C) using visual obs#¢ion, optical
microscopy, viscometry and PCS.

 Formation of stable microemulsion systems based bn
monoacylglycerols (1-MAG) as suitable carriers ditimicrobial
agents.

 Testing of microemulsion cytotoxicity and antimibral activity
against the most common gram-positive and gramtivega
microorganisms. Monitoring their stability as wedls the time
development of their particle sizes by PCS.

» Exploration of a new modification of Supercriticahssisted
Atomization process, the micronization of 1-MAG/PWicroparticles
from O/W emulsion systems.

* Investigation of the effect of different 1-MAG/PVAatios and the
emulsion preparation method (homogenization, stioicpa on the
particle size, stability, and morphology by opticahd electron
microscope, PCS, DSC, X-ray and HPLC.
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SUMMARY OF THE PAPERS

The presented doctoral thesis is focused on theyapmgon and
characterization of different types of cosmeticields, i.e., nanoemulsions,
microemulsions and microparticles as promising dpamnt systems in a
variety of practical areas. The key findings arghhighted as summaries of
each of the four scientific papers presented below.

Paper | was focused on the preparation and characterizaifo®@/W
nanoemulsions produced by a low-energy emulsibcamethod (Emulsion
inversion point technique — EIP) in the presencéwaf types of non-ionic
surfactants (lgepal, Brij)). The work was aimed atdihg a suitable
composition of emulsions and preparation conditiongerms of HLB value,
O/W ratio, surfactant type and its concentratiorwai as an assessment of
the impact of individual variables on particle sizescosity and stability of
these systems.

According to obtained data from the PCS and visgaseasurements, all
variables mentioned above considerably influenceti the particle size and
viscosity.

The overall results state that emulsion dropletslpced with the mixture
of the Igepals were mostly bigger in all studied\Oratios and almost at all
HLB values compared to droplets obtained with Brijge only exception
were emulsions prepared at the HLB value 10.5, hvbithibited similar sizes
for both types of surfactants. In addition, theggems possessed the smallest
particle sizes, being in the range of 50-200 nmalfbrstudied O/W ratios.
Further, almost all emulsions with O/W ratio 5/9%rev semitransparent in
appearance, indicating the formation of small pbad. With an increasing oil
content (10/90; 15/85; 20/80; 25/75 and 30/70) paticle size of the
emulsions increased, which can be attributed tsein the volume fraction
of oil in the emulsions.

Moreover, composition and preparation conditionsoakffected the
stability of the studied systems. The emulsionpared at HLB value 10.5
were chosen for the examination of the stabilitgause at this HLB the
smallest particles were obtained and hence the dtabtlity was expected.
The best long-term stability in terms of visual ehstion was found in
emulsions with O/W ratios 5/95 and 10/90 prepardth Brijs, which were
stable for more than 2 months. However, the sangieduced using Igepals
also showed sufficiently good stability and remdinsmchanged at least for
one month.
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Generally, the Igepal surfactants were more swatédnl the preparation of
nanoemulsions within a broader range of HLB valy8s5-11.5) in
comparison with Brij surfactants. On the contratie Brij surfactants
provided more time-stable nanoemulsions.

Paper Il briefly described the principle of the Photon ctatien
spectroscopy (PCS) method and pointed out the mduantages and the
possibilites of its usage in measuring the partgi#es and distributions of
dispersion systems.

The applicability of the method for an analysisofface active agents was
tested by measuring the micelle sizes of ionic (&D&nd non-ionic
surfactants (Tweens, Igepal) as well as their meduThe results showed that
this technique is capable of reliably distinguighthe micelle sizes of tested
non-ionic surfactants (Tween 20, Tween 60) and détermining the sizes of
mixed micelles formed by mixing both surfactantsha ratio of 50/50.

PCS also performed well in the characterisatiormofroemulsions and
nanoemulsions. An analysis of 1-MAG microemulsioosnfirmed the
presence of particles in the range of 11-24 nmgchvltorresponds to the
literature findings for the range expected fromsthesystems (10-50 nm).
Moreover, almost all the 1-MAG microemulsions shdwbe presence of
narrow monomodal distribution indicating the preserof a one particle
population.

Results from the PCS characterization of the namtsans revealed that
their sizes were significantly affected by the caoipon, namely by HLB
value as well as O/W ratio. It was found that tp&roal HLB value in terms
of the size (<200 nm) and stability of emulsionpglets was 10.5, irrespective
of the O/W ratio. Additionally, differences in pate size were also observed
when various amounts of surfactants (3 and 5 wivee used. According to
theoretical assumption, the particle size shoulcrabse with an increasing
surfactant concentration, which was confirmed by fimding presented in
this paper.

From the experiment it was clearly visible, thaé tRCS technique is
suitable for the evaluation of the stability of mission systems through the
monitoring of the time changes in particle size adhidtributions. The
unconsidered information potential of the methed &also in its possibility to
determine the presence of one or more particle lpopas by an assessment
of the distribution curves.
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Based on the results mentioned above it can beluaedt that the PCS
technique has broad potential for the characteoizatf particulate systems in
a variety of application areas, such as mediciheympaceuticals, comestics,
food technology and the polymer industry.

Paper Ill was concentrated on the formulation of long-terablst 1-MAG
microemulsions, their characterization by PCS al asethe monitoring of
their cytotoxicity and antibacterial activity agsinthe most common
pathogenic microorganisms. Another goal of the papss to compare the
inhibition effect of microemulsions with that of MAGs alone (not
encapsulated in microemulsion) and suggest the amesim of action of
1-MAGs and microemulsions.

Pseudo-ternary phase diagrams were constructediar tb determine the
area of true microemulsions, which is characterizsd the unlimited
miscibility of individual components and the ardatleeir limited miscibility,
l.e., the classical emulsion region. The influerafe different types of
co-surfactants (ethanol, propanol, butanol and gmaty on the phase
behavior of 1-MAG microemulsions (ME) was also stdd The results
confirmed that the size of both areas is stronglpeshdent on the type of
alcohol used. It was determined that the regionlirafted miscibility in
pseudo-ternary phase diagrams rises with an inageashain length of
alcohol. The 1-MAG microemulsions used in furthests were composed of
ethanol, 1-MAG C10:0 (C11:0, C12:0 and C14:0) andastant Tween 80.
They were transparent in appearance, stable mere @hmonths and their
sizes were between 12—-20 nm.

The antibacterial effects of all 1-MAG MEs and 1-K8 alone on the
growth of gram-positive and gram-negative bactemsge investigated using
the dilution method by measuring the optical densit cell suspensions
growing in the presence of 1-MAG MEs. The testead®d that 1-MAG MEs
at the higher concentrations (>1000 mg/L) possebséér inhibition effects
against the growth of gram-negative bacteria coegpéo the corresponding
concentrations of 1-MAGs alone. At the lower -corications, the
antibacterial activity of both systems was compla®n the other hand, the
inhibition ability of 1-MAG MEs in the case of grapositive bacteria was
lower than the antibacterial activity of 1-MAGs aéo Generally, the best
reduction of the bacteria growth was observed #fiterapplication of 1-MAG
MEs of lauric acid.

Additionally, the antibacterial activity of MEs wibut 1-MAG was also
observed, resulting from the combined effect offamiant Tween 80
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(membrane disrupter) and ethanol (an antimicrodggnt). The presence of
1-MAG in MEs then can act in synergy with these temmponents and
further enhance their antibacterial effect.

The cytotoxicity measurement revealed the sigmificzytotoxicity of all
MEs, and the threshold of 10 mg/L was detectedhaslimit for moderate
toxicity, which corresponds to 40-60% cell survivelowever, it is worth
noting that, similar to bacteria cells, the cytotogffect of ME is not resting
only on 1-MAGs but is also influenced by other caments (Tween 80,
ethanol), which can be also responsible for a bigbtoxicity of MEs.

Paper IV was aimed at the optimization of the compositiod properties of

emulsion systems (O/W) for the production of 1-MREA microparticles

using supercritical assisted atomization (SAA). Theepared polymer
microparticles containing 1-MAG as an antimicrobiagent were

characterized by electron microscope, photon catrogl spectroscopy (PCS),
different scanning calorimetry (DSC), X-ray difftmn (XRD), and high

pressure liquid chromatography (HPLC) in order &edmine the effect of
the emulsion composition and preparation methotherfinal particle sizes,
structure or encapsulation efficacy.

Generally, the 1-MAG/PVA microparticles obtained A were spherical
in appearance with a diameter in the range of abd#3 pum. The size of
these microparticles was affected by the compastiicemulsions, namely by
the 1-MAG/PVA ratio as well as by the emulsificationethod. In the first
case, there was the same trend, i.e. an incregsaticle sizes and a shift of
distributions towards larger particle diameters bwth components used
(PVA and 1-MAG), with their growing concentratiomsgardless of the
emulsion preparation method applied. Moreover 1#MAG concentration in
emulsion also influenced the recovery of the ol@dipowder. The emulsions
containing 20 or 30 mg/ml of 1-MAG provided the Imégt recovery of the
obtained microparticles with vyields ranging betwe&®-60%. The
emulsification method was another important paramatfecting the particle
size and PDI, and it was found that the micropkgianicronized by SAA
from sonicated emulsion were smaller in their siaasl showed narrower
distributions than those prepared using a highdgager.

It is worth noting, that the tested 1-MAG/PVA mipanticles possessed a
semi-crystalline structure similar to the structafeot micronized, raw PVA.

Nevertheless, the crystallinity of microparticlesasvhigher in comparison
with raw PVA. Additionally, the DSC measurementsacaiconfirmed the

occurrence of this type of structure in studiedays.
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CONTRIBUTION TO SCIENCE AND PRACTICE

The main contributions of this doctoral thesisd@sce and practice can be
summed in the following points:

 The mastering of the preparation of classical (@maolsions and
(nano)emulsions with the addition of different tgpef hydrocolloids
by Emulsion Inversion Point technique (EIP), optimg preparation
conditions and finding a suitable composition tphedvides long-term
stable delivery systems.

* The understanding of the phase behaviour of micul&on systems
via studying the pseudo-ternary phase diagrams, andiei@ion of the
effect of all used components on the size of mibtybarea (i.e.,
microemulsion region) and the establishment of rhtatenulations.

 The successful optimization of an O/W emulsion eaystfor the
production of microparticles suitable for the ersadption of active
substances, in this case with antibacterial progsert

» The development of new application possibilities thee Supercritical
assisted atomization method for the production otroparticles,
consisting of a hydrophobic active agent and a dylitic polymeric
carrier from the emulsion systems (O/W). The miartiples definitely
belong to carrier systems, which may contributethe increased
bioavailability and stability of pharmaceutical coounds.

* The finding, formulation and characterization obmising transport
systems capable of encapsulating active substgnuesoemulsions,
nanoemulsions and microparticles), which can bd usée cosmetics,
pharmaceutical and food industries.
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HIGHLIGHTS GRAPHICAL ABSTRACT

» n-Undecane/water nanoemul-
sions were prepared using phase
inversion.

» Nonionic surfactants (Igepal, Brij)
were used at the O/W range of 5/95
to 30/70.

» The smallest emulsion droplets arose
near the transition point, at HLB of
10.5.

» Igepals provided bigger droplets
than Brijs in all studied O/W ratios
and HLBs.

» Nanoemulsions based on Brijs were
more time stable, for 121 days at e
room temperature.

Particle sizes of O/W (nano)emulsions determined immediately after the preparation. Influence of the
HLB value (3% Igepal surfactant). Absent values of z-average particle diameter at HLB 10 (O/W 5/95) and
9.5 (O/W 5/95, 10/90) indicate impossibility to form the O/W emulsions under these conditions.
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Formation, appearance, particle size and viscosity of n-undecane in water (nano)emulsions prepared by
the phase inversion method using non-ionic surfactants (Igepal, Brij) were investigated. The effects of
the HLB value, oil-in-water ratio (5/95 to 30/70), surfactant type and its concentration (3 and 5%) on
the physico-chemical characteristics of emulsions were studied. Emulsions were characterized by visual
and microscopic observations and the particle size and distribution as well as emulsion viscosity were
determined. The results showed that all the variables mentioned above considerably influenced both the

l]-‘ffgl‘:ll;rgs particle size and the viscosity. The smallest particle sizes (lower than 250 nm) and the best emulsion
Hydrophile-lipophile balance stability were determined at optimum HLB of 10.5 for all the studied oil-in-water ratios, both types and
Particle size concentrations of surfactants. Typically, the emulsion droplets prepared with Igepals were bigger than
Surfactant those prepared with Brij systems.

Viscosity © 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, nanoemulsions have been extensively stud-
ied due to their potential use in various industrial applications.
They can be, for example used in polymer synthesis, foodindustry,

* Corresponding author. Tel.: +420 576 031 535; fax: +420 577 210 172.
E-mail address: psevcikova@ft.utb.cz (P. Sev¢ikova).

0927-7757($ - see front matter © 2012 Elsevier B.V. All rights reserved.
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pharmacology or agriculture. The high kinetic stability, low vis-
cosity and optical transparency make them also attractive for
practical applications in pharmaceutical industry and cosmetics [1].
Nanoemulsions belong to a class of emulsions with a particle size
ranging from 20 to 500 nm [2-4], or 50-200 nm, as given in pub-
lication [5], and are considered as intermediates between classical
emulsions and microemulsions [6]. Due to their small particle size,
nanoemulsions may appear transparent and are considered stable
against sedimentation or creaming [7,8]. They can also be stable
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against flocculation and coalescence and break down through Ost-
wald ripening. One important advantage of nanoemulsions over
microemulsions is a lower surfactant concentration required for
their formation [1].

The preparation of nanoemulsion with a sufficiently low particle
size can be achieved either by high-energy or by low-energy emul-
sification methods [9]. High-energy emulsification methods used
in the formation of nanoemulsions require high input of mechani-
cal energy. For this purpose, the three main types of devices can be
used; ultrasound generators, rotor/stator type and high-pressure
homogenizers. On the contrary, low-energy emulsification meth-
ods require only a low quantity of the applied energy and are based
on the phase transitions taking place during the emulsification pro-
cess and make use of changing the spontaneous curvature of the
surfactant [3]. The phase inversion is a process by which water-in-
0il (W/O) emulsion can be inverted to oil-in-water (O/W) emulsion
or vice versa [10,11] and at least two types of phase inversions —
the catastrophic phase inversion (CPI) and the transitional phase
inversion (TPI) have been described [5,10,12]. The best known
low-energy emulsification method is called phase inversion tem-
perature (PIT) [3]. This concept, introduced by Shinoda and Saito
[13,14], uses the specific ability of surfactants, usually nonionic,
such as polyethoxylated surfactants, to modify their affinities to
water and oil as a function of the temperature and thus undergo
a phase inversion [3]. Transitional phase inversion can be also
induced by changing the HLB number of the surfactant at the con-
stant room temperature using the surfactant mixtures of high and
low HLB [5]. It is well-known that for a wide range of applications,
a certain mixture of surfactants can provide better performance
than the pure surfactants[2,15]. Although a considerable number of
research studies have been devoted to the formation of nanoemul-
sions of cyclohexane [16,17], xylene [18] and polyisobutylene [19]
by the TPI process using a mixture of high- and low-HLB surfac-
tants, less attention has been paid to their preparation by using
n-undecane as the oil phase. Due to its favorable properties, namely
well-defined structure and relatively low volatility, this oil phase
can be suitable as a model system for the formation of stable
nanoemulsions.

The main objective of this study is hence focused on the for-
mation, appearance, particle size and viscosity of n-undecane in
water nanoemulsions prepared by the transitional phase inver-
sion. For this purpose, two different surfactant groups, Igepal and
Brij, were used. Required HLB values were obtained via mixing
Igepal 720, Igepal 520 and Igepal 210 or Brij 92, Brij 30 and Brij
98. In addition, the influence of emulsion composition in terms of
different oil to water ratio, the surfactant concentration and the
HLB value, on particle size and viscosity of prepared nanoemul-
sions were investigated using Photon correlation spectroscopy and
rheological measurements.

2. Experimental
2.1. Materials

The n-Undecane (Sigma-Aldrich) and purified water were used
as oil and water phases, respectively. Three grades of nonionic
Igepal (polyoxyethylene nonylphenylether, NPE) and three grades
of nonionic Brij (polyoxyethylene lauryl ether, polyoxyethylene
oleyl ether) surfactants, supplied by Sigma-Aldrich were used as
delivered, without additional purification. Specification of surfac-
tants is as follows: Igepal CA 210 (HLB 4), Igepal CA 520 (HLB 10)
and Igepal CA 720 (HLB 14.2) with nonyl phenol ethoxylate chain
length of 2 (NPE2), 5 (NPE5), 12 (NPE12); Brij 92 (HLB 4,9), Brij 30
(HLB 9,7) and Brij 98 (HLB 15,3) with an average of 2 (C18E2), 4
(C12E4) and 20 (C18E20) mol of ethylene oxide (EO) per surfactant
molecule.

66

2.2. Preparation of nanoemulsions

Nanoemulsions were prepared by the phase inversion emulsifi-
cation. Emulsifications were carried out using simple laboratory
equipment consisting of an RZR 2020 stirrer (Heidolph), a glass
vessel and a buret. The target surfactant mixtures of required HLB
values were blended from the suitable pairs of nonionic surfactants
(Table 1).In the first sample series, Igepals with different HLBs were
used. The second series employed surfactant mixtures blended
from pairs of suitable Brijs. Resulting HLBs of surfactant mixtures
were calculated with the HLB values given by surfactant supplier
using equation HLB=x; x HLB; +x, x HLB,, where x; and x; are vol-
ume fractions of surfactants with HLB; and HLB,. Depending on the
required HLB, low- and high-HLB surfactants were pre-dissolved in
the calculated ratios in the oil and water phase, respectively. The
surfactant containing water phase was added drop-wise at the rate
of 1 ml/min to the surfactant containing oil phase under continuous
stirring. During emulsifications, the stirring rate was controlled at
1050 rpm and all experiments were run at the room temperature
(25°C). By the dissolving of surfactants in either of phases, their
diffusion through the interface during emulsification is minimized,
allowing thus a rapid establishment of equilibrium. Oil to water
(O/W) ratios of 5/95, 10/90, 15/85, 20/80, 25/75 and 30/70 were
used. Two different concentrations of surfactants of 3 and 5wt%
and HLB values 0f 9.5, 10, 10.5, 11 and 11.5 were applied. The choice
of HLB range was motivated by the effort to thoroughly investigate
the behavior and especially size of emulsion droplets in the vicin-
ity of an optimum, which is, for oil phase based on hydrocarbons,
located between HLB 10 and 11 [20]. Surfactant amounts of 3 and
5% were used on the basis of literature study, where a wide range
of concentrations, typically from 1.5 to 10 wt%, is used. However,
application of emulsions produced with the higher concentrations
(8-10wt¥%) can be limited for the reason of the potential harm-
ful effects and the 5% content is the most frequently reported as
appropriate and sufficient for the emulsions production. Therefore,
5 and 3 wt% were chosen to compare their ability to form a stable
nanoemulsion system.

2.3. Emulsion appearance and stability

In addition to appearance of emulsions assessed immediately
after preparation, their stability was also evaluated by visual
observation. Emulsions stored at room temperature (25°C) were
observed daily at regular time intervals and the stability was
assessed by measuring the height of the phase separated by cream-
ing in centimeters as a function of time. Stability was also assessed
from the time changes of particle sizes measured by photon correla-
tion spectroscopy. Samples prepared at HLB of 10.5 with all studied
O/W ratios, in the presence of Brijs or Igepals, both with 3 and 5%
content, were followed.

2.4. Measurement of particle size distribution

Particle size and particle size distribution of nanoemulsions
were determined by photon correlation spectroscopy (PCS). Zeta-
sizer Nano ZS instrument (Malvern Instruments, UK) was used
for this purpose. Measurements of hydrodynamic radius of emul-
sion droplets, expressed as intensity-weighed z-average particle
diameter, was performed at the constant temperature of 25 °C. The
intensity of scattered light was observed at 173°.

2.5. Measurement of viscosity of nanoemulsions
Viscosity measurements were performed using a concentric

cylinder type of geometry with the viscometer Brookfield VD-III
ULTRA and spindle SC4-18 at 25 °C over the range of 1-100 rpm. The
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Table 1

Composition of mixed surfactants providing required HLBs used for preparation of nanoemulsions.

HLB of surfactant mixture Igepal systems

Brij systems

Igepal 720 Igepal 520 Igepal 210 Brij 98 Brij 30 Brij 92
(HLB 14.2) (HLB 10) (HLB 4.0) (HLB 15.3) (HLB9.7) (HLB 4.9)
9.5 X - X X - X
10.0 X - X X - X
10.5 X X - X X -
11.0 X X - X X -
115 X X - X X -

HLB values of surfactants as given by supplier.

Fig. 1. Photomicrograph of O/W ration of 25/75 emulsion prepared with 5% of Igepal surfactants and HLB value of 11.

Rheocalc V3.3 Build 49-1 software was used for the calculations.
The analyses were carried out 1 h after sample preparation.

3. Results and discussion
3.1. Appearance of emulsions

Visual assessment of emulsions with respect to appearance and
potential phase separation was performed immediately after their
preparation. Already this simple test indicated that the HLB value
and the oil phase content influence their properties. Using Igepals,
emulsions with O/W of 5/95, were mostly semi-transparent indi-
cating presence of small oil droplets, irrespective of HLB value.
Appearance of emulsions with higher oil content (O/W of 10/90
to 30/70) was more varying, reflecting differences in emulsion
droplet sizes. The prepared samples were mostly homogeneous,
with sparsely observed creaming characterized by typical accumu-
lation of the oil droplets on the top of the vial. This was detected
for example for O/W of 20/80, 25/75 and 30/70 at HLB 11.5 shortly
after emulsifications. At HLBs equal and below 10, which are less-
suitable for the formation of O/W emulsions, this emulsion type
developed, however, at the low oil content (5/95 and 10/90) and
3% surfactant, the inverted water in oil (W/O) emulsions arose.

In contrast to emulsions with Igepals, the Brij-based emulsions
with higher O/W content of 30/70 and HLB 11 and 11.5 were more
unstable and broke down soon after preparation to oil and water
phases. Using the Brijs at HLB 10, O/W emulsions were obtained
only for the 5% surfactant content and O/W of 20/80, 25/75 and
30/70. Nevertheless, they were highly unstable with phase separa-
tion occurring only a few minutes after preparation. At the lower
oil content (5/95, 10/90 and 15/85), inverted W/O emulsions were
again obtained. Preparation of O/W emulsions at HLBs below 10
was not possible at all.

Simultaneously with the visual description, a microscopic
observation of emulsions with droplet size accessible via optical
microscopy was carried out, which corroborated the visual assess-
ment of the destabilization of particular emulsions. For rapidly
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separating emulsions, creaming, changes in particle sizes or floccu-
lation were observed, as a mechanism of emulsion break-out. The
last mentioned process is illustrated in Fig. 1.

3.2. Particle size

As the particle size of the emulsion droplets is the crucial param-
eter in defining their application and stability, all the prepared
emulsions were carefully characterized in terms of their particle
size measured as a z-average particle diameter using PCS. It was
found out that particle size was notably affected by O/W ratio,
surfactant pair (Brij vs Igepal) and HLB.

This is illustrated in Fig. 2 showing example of the relation-
ship between O/W ratio and the particle size for the Igepal and
Brij based emulsions determined immediately after their prepara-
tion at the HLB value of 11 and the surfactant concentration of 3%.
As it can be seen, the particle size of emulsions was, in general,
growing with an increasing amount of oil phase. This figure also
proves that the particle size and the particle size distribution were
influenced by the surfactant type, showing z-average diameter in
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Fig. 2. z-Average particle diameter of emulsions determined immediately after the
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Fig. 3. (a) Influence of the HLB value on particle sizes of O/W (nano)emulsions determined immediately after the preparation (3% Igepals). Absent values of z-average particle
diameter at HLB 10 (O/W 5/95) and 9.5 (O/W 5/95, 10/90) indicate impossibility to form the O/W emulsions under these conditions. (b) Influence of the HLB value on particle
sizes of O/W (nano)emulsions determined immediately after the preparation (3% Brijs). Absent values of z-average particle diameter at HLB 9.5, 10 (O/W 5/95, 10/90, 15/85),
11 (O/W 30/70) and 11.5 (O/W 30/70) indicate impossibility to form the O/W emulsions under these conditions.

Igepal emulsions systematically higher in all studied O/W ratios,
HLB values of 10, 11 and 11.5 and 3% surfactant compared with
Brij-based emulsions. Exception here was the HLB of 10.5 providing
emulsions with similar particle sizes irrespective of used surfactant
(data not presented). Their particle sizes ranged mostly from 50
to 200 nm indicating thus nanoemulsion formation. Corresponding
results, namely increase of particle size with increase of oil content
and formation of bigger particles with Igepals, were also observed
for emulsions prepared with 5% surfactant. In absolute values and
within each of the used surfactant systems, differences in particle
sizes were also observed when using different amount of the surfac-
tants. Lower surfactant concentration of 3% gave bigger emulsion
droplets in contrast with 5% surfactant content. Influence of the sur-
factant concentration can be illustrated on Brij-based emulsions
with O/W 30/70, which were extremely unstable at 3% surfactant
content, breaking down immediately after the preparation. How-
ever, increasing the Brij content to 5% provided stable emulsions
with droplet size of about 260 nm (HLB 11) and 460 nm (HLB 11.5).
Thereasons for the interesting phenomenon showing that Brijs pro-
vided, at the analogous conditions, smaller particles compared to
Igepals can likely be seen in different structures of both surfactants.
Hydrophobic part of Brijs, which afforded smaller particles, is com-
posed of flexible lauryl or oleyl chains which can arrange tightly
around the oil droplets. Conversely, the hydrophobic part of Igepals
is, due to the presence of benzene ring, more bulky and rigid. It can
be hence assumed that its arrangement around the oil droplets is
due to sterical conditions looser, forming thus bigger particles.

68

The significant impact of HLB on the emulsion particle size is
depicted in Fig. 3a presenting the evolution of the droplet size with
changing HLB (3% of Igepal). The figure demonstrates that HLB of
10.5 is an optimum for this system, in which the particle size is
the smallest in all O/W ratios and increases with both HLB higher
or lower than the optimal one. The observed optimum value is in
agreement with the published studies, where the HLB between 10
and 11 was recommended to achieve the formation of stable O/W
emulsions based on hydrocarbon oil phase [20-22]. In addition to
observed increase in size, the emulsions prepared at lower than
optimum HLBs (10 and 9.5) became unstable or broke down soon
after their preparation as a natural consequence of low HLBs unsuit-
able to form O/W emulsions. It is reported [11] that the droplet
sizes decrease to reach the minimum in the vicinity of the inver-
sion point and increase again when moving away from this point,
whichis clearly illustrated with current results. Similar results were
observed in emulsions prepared with the Igepals at concentration
of 5%. Also in this case, the particle size in emulsions was increas-
ing on either side of the optimum HLB, determined at HLB of 10.5.
In accordance with size variation, the size distribution of droplet
became broader at both sides to minimum. Although the optimum
HLB values were identified, it was also possible to formulate Igepal
nanoemulsions with mixtures of surfactants below as well as above
the optimum. Nanoemulsions with particle size below 200 nm were
obtained for example for O/W ratio of 5/95 at HLB 11 (64 nm) and
HLB 11.5 (43 nm) with 5% surfactant or O/W ratio 30/70 at HLB 11.5
(140 nm), with the same surfactant amount.
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Fig. 4. Viscosity of O/W emulsions determined immediately after the preparation.
Influence of the HLB value (3% Brij surfactant).

Emulsions prepared using Brijs showed the same optimum
HLB with respect to used oil phase, providing the smallest par-
ticle sizes in the range of 56-260nm (3%) and 44-200nm (5%).
Fig. 3b depicts the droplet size dependence on HLB for emul-
sions prepared with 3% Brij. With a decreasing HLB, emulsions
were highly unstable and broke down after 24h of their for-
mation. At HLB of 10, O/W emulsions could be prepared at oil
contents of 20/80 to 30/70. However, limited emulsion stability
was also observed at the HLB of 11, 11.5, 3% surfactant and O/W
25/75 which broke down immediately after their formation. On
the contrary, analogous emulsions prepared at the same condi-
tions but with 5% of the surfactant were stable in all studied O/W
ratios.

From Fig. 3 it is clearly visible the U-shape of the curve, showing
the correlation between the particle size and the HLB. This shape
of curve is more notable in emulsions prepared with Igepals than
with Brijs. The typical shape of the curve was also reported in lit-
erature [21,23]. For example, variation of mean particle size in a
mineral oil-in-water emulsion as a function of the HLB was pub-
lished in[21]. Here, the data were recorded for 2.5% mixtures of Brij
92 and Brij96. In this particular case the emulsion droplets were in
micrometer size and ranged from approximately 2 wm recorded
for optimum HLB of 7-8 to 14 wm and 20 wm obtained for the
outmost HLBs of 6 and 11, respectively. In publication [23] mod-
eled U-shape dependence of particle diameter on HLB for paraffin
oil-in-water emulsions with Tween20/Span60 mixtures was pre-
sented with minimum particle size at HLB of 10+ 0.3. However,
also in this case the emulsion droplet sizes were in micrometer
region. Behavior of current Brij-based systems differs, in some
aspect, when compared with systems where Igepals were used.
Nanoemulsions prepared with Brijs showed more uniform and
consistent behavior with a steady increase of particle size with
increased oil content within particular HLB value. Interestingly, in
the case of 5% Brijs nanoemulsions mean droplet size, recorded
over the entire tested HLB and oil content ranges, laid below the
limit of 500 nm. The particle size measurements revealed that a
phase inversion emulsification achieved through a variation of
HLBs provides nanoemulsions with the particle size smaller than
200nm within the ranges of O/W ratios 5/95 to 30/70, at HLB
10.5 in both surfactant systems and their concentrations of 3 and
5%.

3.3. Viscosity
Relation between the HLB and the emulsion viscosity (3% Brij)

is shown in Fig. 4. As it can be seen, there is a general trend show-
ing a viscosity decrease with an increase of the HLB value. This is
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especially notable for viscosity drop between the HLB 10 and 10.5
and O/W 30/70. For even higher HLBs (11 and 11.5), only minor
changes in viscosity were observed. The figure also demonstrates
viscosity increase with an increasing content of oil phase at each of
the HLB values tested, which can be attributed to increase in volume
fraction of oil in emulsion and which also correspond to changes in
particle size showing similar trend. All tested emulsions, irrespec-
tive of HLB and oil content, showed Newtonian behavior. Mutual
correlation between particle size, viscosity and HLB was studied
by Prinderre et al. [23]. The authors presented the modeled emul-
sion system water/paraffin/Tween20-Span60 with droplet sizes
ranging from 3.5 to 9 wm, hence significantly higher compared to
nanoemulsions. They concluded that the best emulsion stability
corresponded to the smallest particle size, occurring at a minimum
HLB =10+ 0.3.Inaccord with present study, they also observed that
viscosity of the emulsions decreased as HLB rose. In the range with
HLBs lower than optimum, a rapid drop in viscosity was revealed
as HLB increased. On the contrary, above the optimum the viscosity
was HLB independent.

3.4. Emulsion stability

Long term stability of nanoemulsions was determined on sam-
ples prepared at the optimum HLB value of 10.5. These systems
provided smallest particles and hence the best stability was
assumed. It was found that emulsions with lower oil content of 5/95
and 10/90 were more stable over time. The best stability, in terms
of visual assessment, showed emulsions with O/W 5/95, prepared
with 3% Brijs concentration. These nanoemulsions were homoge-
nous, bluish in appearance and showed a negligible creaming for
121 days. Corresponding behavior was detected on the samples
prepared using the same type of surfactant (Brij) with O/W ratio
of 10/90 (3%) and 5/95 (5%), which were stable for 50 days. Sam-
ples prepared using Igepals showed also sufficiently good stability
under followed conditions. For example, emulsion with O/W 5/95
and 3% surfactant remained visually unchanged for 40 days, as well
as, emulsions with O/W of 10/90 and 5% surfactant which were sta-
ble for more than 20 days. Fig. 5 illustrates dependence of z-average
particle diameter on storage time recorded for nanoemulsions with
O/W 5/95 and 3% Igepal content. The samples were observed for
40 days and the figure confirms that during the first 25 days,
droplet size has not changed showing only minimal variations. Only
after 28 days, particle sizes increased from 140 nm (25th day) to
250 nm (28th day) and continued growing during the storage. How-
ever, the observed increase has not resulted in phase separation,
which was confirmed by visual observation showing homogeneous
samples.
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Fig. 5. Dependence of z-average particle diameter on storage time. Data recorded
for nanoemulsions with O/W 5/95 and 3% Igepals stored at 25 °C.
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4. Conclusion

In this study phase inversion technique was chosen for
production of n-undecane/water emulsions and nanoemulsions
employing the pairs of nonionic surfactants (Igepal, Brij). The effect
of O/W ratio, HLB value, surfactant type and its concentration on the
formation and appearance of emulsions as well as on the particle
size and the viscosity was investigated.

The overall results state that Igepal surfactants were more suit-
able to prepare emulsions within a broader range of HLBs compared
to the Brij surfactants. Almost all emulsions with O/W ratio of 5/95,
HLB values (10.5-11.5) regardless of the type and concentration
of the surfactant were semitransparent in appearance indicating
formation of small particles at the vicinity of the phase transition
point. With increased oil content (O/W10/90, 15/85, 20/80, 25/75
and 30/70) particle size increased. At low HLB and low oil content
O/W 5/95 and 10/90, the formation of the inverted W/O emulsions
was typically present.

Generally, the oil droplets in emulsions prepared with mix-
tures of Igepal surfactants were mostly bigger in all studied
O/W ratios and almost at all HLB values (10, 11 and 11.5) com-
pared to Brij systems. Exceptions were emulsions prepared at
the HLB of 10.5 showing similar particle sizes for both types of
surfactant mixtures. Furthermore, these emulsions showed the
smallest particle sizes, being in the range of 50-200nm for all
studied O/W ratios. From the results it is clear that viscosity
and the particle size of emulsions prepared with Brij surfac-
tant system increased with an increasing content of oil phase
at all tested HLB values and both surfactant concentrations. The
higher viscosity was observed in emulsions with the HLB values
(10 and 10.5) where the emulsion droplets were small in con-
trast to emulsions which were prepared with the HLBs (11 and
11.5). The study proved successful formation of stable nanoemul-
sions using emulsion inversion point method at optimum HLB
of surfactant mixtures for rather broad range of O/W ratios. The
nanoemulsions were in addition prepared with reasonably low
concentration of surfactants and showed good stability at room
temperature. Some of them were stable for more than a month
and absence of creaming or other destabilization mechanisms
were observed. Comparing the both surfactant systems used under
optimal conditions, the Brijs provided more time-stable nanoemul-
sions.
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Uvod

V poslednich letech doslo k vyraznému rozvoji metod
zabyvajicich se problematikou méfeni velikosti ¢astic dis-
perznich soustav a tim i k jejich rozsiteni predevsim do
primyslové praxe. Jednou z téchto metod, ktera je rutin-
nim zpusobem stale Cast&ji vyuzivana v fadé pramyslo-
vych odvétvi, je metoda dynamického rozptylu svétla'.

Dynamicky rozptyl svétla (DLS), rovnéz nazyvany
jako kvazielasticky rozptyl svétla (QELS) nebo fotonova
korelaéni spektroskopie (PCS), je metoda vhodna pro me-
feni velikosti ¢astic v submikronové oblasti***. Zakladem
této neinvazivni techniky je méfeni fluktuace intenzity
rozptyleného svétla z laserového zdroje okolo jeji primer-
né hodnoty. Tyto fluktuace souvisi s interferenénim zesla-
bovanim a zesilovanim svétla rozptyleného na nestacionar-
nich &asticich disperzni faze, podléhajicich Brownovu
pohybu'. Cim rychleji se &astice pohybuji, tim rychleji se
intenzita rozptyleného svétla méni. Rychlost téchto zmén
je tudiz ptimo zavisld na pohybu molekuly’. OkamzZitou
hodnotu fluktuace intenzity v ¢ase T popisuje pro monodis-
perzni systém autokorelacni funkce g(t) definovana vzta-
hem:

&(1) = exp [-t/1c]
kde ¢ je relaxacni ¢as, ktery je charakterizovan jako doba
potiebna k navratu fluktuace k primérné hodnot¢ intenzity
rozptyleného svétla. Hodnota relaxa¢niho ¢asu je v tizkém
vztahu k difuznimu koeficientu D rozptylujicich castic,
ktery lze vyjadrit pomoci rovnice:

¢ = 1/Dg?
kde g je absolutni hodnota vinového vektoru, dana vino-
vou délkou primarniho svételného paprsku A a tthlem 6,
pod nimz je méfena intenzita rozptyleného svétla: g =

(4n/)) sin(0/2) (cit.").
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Velikost Castic 1ze pak vypocitat pomoci translacniho
difuzniho koeficientu D prostiednictvim Stokesovy-
Einsteinovy rovnice:

d(H) = kT/3mtnD
kde d(H) je hydrodynamicky primér ¢astice, D je translac-
ni difuzni koeficient, k je Boltzmannova konstanta, 7T je
absolutni teplota a 1) je viskozita disperzniho prostiedi*®”.

Nespornymi vyhodami této metody je rychly a jedno-
duchy prubéh meéteni, které trva obvykle od néekolika
sekund do 10 minut (cit.’®’), metoda je absolutni
(kalibrace pomoci standardii o znamé velikosti a distribuci
neni nutnd), analyza velikosti ¢astic vyzaduje jen velmi
malé mnozstvi vzorku a méfici zafizeni je komercné do-
stupné s automatizaci véetné analyzy dat®’. Jednou
z hlavnich vyhod této techniky je jeji vyuziti pfi analyze
velikosti ¢astic s rozméry od nékolika nanometri az do 1
az 2 um (cit.*'%).

Kritickym krokem u vétsiny aplikaci DLS je Cisténi a
plnéni méfici kyvety, do které ptichazi vzorek. Pokud se
v roztoku objevi prach nebo mikrobublinky, mtze dojit
k naruseni nebo prekryti signalu analytu a méfeni pak mu-
7e byt zatizeno artefakty’. Z tohoto diivodu je nezbytna
filtrace vSech pouzivanych kapalin, zvlasté vody, a diklad-
né &isténi kyvet, pipet a stiikacek®.

Dynamicky rozptyl svétla je metoda, ktera je vhodna
pro piesné stanoveni velikosti Gastic v suspenzich''. Lze ji
vyuzit pti charakterizaci emulzi, micel, liposomu, latexd
a pigmentl. Velmi zajimavé uplatnéni si tato metoda nasla
také v biologické a mikrobiologické oblasti pracujici
s materialem, jako jsou bakterie, viry, proteiny a DNA®.

Cilem tohoto ptispévku bylo prakticky dokumentovat
Sirokou vyuZitelnost metody dynamického rozptylu svétla,
a to jak pfimeéfeni velikosti ¢astic povrchové aktivnich
latek (PAL), tak i pfi charakterizaci relevantnich emulz-
nich systémt, mikroemulzi, nanoemulzi a klasickych
emulzi s velikosti ¢astic v méficim rozsahu pfistroje.

Experimentalni ¢ast
Ptiprava vzork

Povrchové aktivni latky (PAL): Anionicka PAL
lauroyl sarkosinat sodny (SDSa) (Merck) a neionické PAL
Igepal CA 720, Tween 20 a Tween 60 (Sigma-Aldrich)
byly rozpustény v demineralizované vod¢ v koncentracich,
které lezely vzdy nad hodnotou jejich kritické micelarni
koncentrace (CMC).

Mikroemulze: Stabilni mikroemulze 1-monoacyl-
glyceroli (1-MAG) byly ptipraveny na zékladé predem
sestrojenych fazovych diagramt. Olejovou slozku mikro-
emulze tvofil roztok 1-MAG v ethanolu (1-butanolu)
v poméru 1:2 (hm.%). Tyto dva alkoholy s kratkou délkou
fetézce slouzily zaroveil jako kosurfaktanty. Byly pouZzity
monoacylglyceroly s nasycenou mastnou kyselinou o riiz-
né délce uhlovodikového fetézce, C10, C11, C12 a Cl4,
které byly pripraveny na Ustavu technologie tuki, tenzida
a kosmetiky Fakulty technologické, UTB ve Zlin€ postu-



Chem. Listy 108, 479-482 (2014)

pem popsanym v publikaci'’. Jako PAL byl zvolen Tween
80 (Sigma-Aldrich). Jelikoz mikroemulze vznikaji spon-
tanng, byly vodna a olejova slozka v ptedem stanoveném
poméru smichany s PAL a kosurfaktantem a systém byl
kratce homogenizovan.

Nanoemulze: Nanoemulze undekanu ve vodé byly
pfipraveny metodou fazové inverze. Na pripravu smési
o pozadované hodnoté HLB byla pouzita vhodna dvojice
neionickych PAL Igepal 210 (HLB = 4), Igepal 520 (HLB
=10) a Igepal 720 (HLB = 14,7). Hodnota HLB vyjadfuje
hydrofilné-lipofilni rovnovahu mezi polarni a nepolarni
casti molekuly tenzidu. Vysledné HLB hodnoty smési
PAL byly vypocitany z individualnich hodnot HLB udanych
dodavatelem pomoci rovnice HLB = x| - HLB, + x, - HLB,,
kde x; a x, jsou hmotnostni zlomky pouzitych PAL
s hodnotami HLB, a HLB,. Emulgace probihala pti labo-
ratorni teploté¢ (25 °C) pomoci michadla RZR 2020
(Heidolph), pfi rychlosti michani 1050 ot./min. Byly pfi-
praveny nanoemulze s nasledujicimi poméry olej/voda:
10/90, 15/85, 20/80, 25/75 a 30/70. Celkové mnozstvi
PAL v emulzi ¢inilo 3 nebo 5 hm.%. Na zaklad¢ predbeéz-
nych studii’ byly pouzity PAL o HLB hodnotéach 9; 5; 10;
10,5; 11 a 11,5.

Uprava vzorku pro DLS

Meéfeni velikosti ¢astic pomoci DLS probihalo u PAL
a mikroemulzi bez dal$iho fedéni vzorku, a to tak, ze 1 ml
dané suspenze byl pipetovan do plastové kyvety a pouzit
pro analyzu. U nanoemulzi bylo vzdy nutno vzorky ziedit.
Pro méfeni bylo pouzito 5 pl vzorku dané emulze v 1 ml
sterilni, demineralizované vody, ktera byla dvakrat filtro-
vana. VSechna méfeni velikosti ¢astic byla provadéna pri
teploté 25 °C a rozptylovém uthlu 173°. Vyhodnoceni vy-
sledk bylo zpracovano na pfistroji Zetasizer Nano ZS
(Malvern Instruments, UK).

Kontrola ptistroje Zeta Nano ZS

Spravnost méfeni velikosti ¢astic byla provérena ana-
lyzou suspenze monodisperzniho standardu polystyrénové-
ho latexu o nominalnim primeéru velikosti ¢astic 60 nm
(Thermo Scientific). Jako disperzni médium byl pouzit
roztok NaCl o koncentraci 9 mg mI™'. Pro vlastni mé&feni
byl pouzit 1 ml roztoku NaCl a 5 pl standardu. Ziskané
vysledky analyzy prokazaly, ze hodnoty velikosti Castic
polystyrénového latexu lezely v rozmezi 59+2,5 nm, uda-
vaném pro tuto nominalni velikost ¢astic standardu doda-
vatelem.

Jako soucast kontroly méfeni byla stanovena i opako-
vatelnost méteni velikosti ¢astic emulzi (z-prameér), ktera
byla vyjadiena pomoci smérodatné odchylky deviti analyz.
Pii z-priméru 149,1 nm byla smérodatnd odchylka
0,76 nm.
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Vysledky a diskuse
Velikost ¢astic

Micely ionickych i neionickych PAL lze studovat
fadou metod. Dynamicky rozptyl svétla je jednou z nich
avzhledem k sub-mikronovému pracovnimu rozsahu je
metodou velmi vhodnou. Aplikovatelnost metody pro ana-
lyzu micel byla testovana métenim velikosti micel vybra-
nych ionickych i neionickych PAL a jejich smési. Vysled-
ky zahrnujici hodnoty z-priméru velikosti ¢astic jsou shr-
nuty v tab. I.

Z tabulky je zfejmé, ze v ptipadé PAL Tween 20
a Tween 60 dokaze metoda spolehlivé rozlisit velikosti
micel obou neionickych PAL i stanovit velikost smésné
micely vzniklé po smiseni obou PAL v poméru 50/50.
Micely Tweenu 60 (13+0,1 nm) jsou vétsi nez Tweenu 20
(8,4+0,1 nm), coz je v dobré shodé se strukturou obou
PAL. Analyza ionické PAL laurylsarkosinatu sodného, pro
ktery byla publikovana velikost micely 2,2 nm (cit."*), byla
stanovena pomoci DLS na 2,7 nm. Velikost micel PAL
Igepal 720 stanovena v této praci je vSak vétsi
(7,1£0,2 nm) nez jeji rozmér ziskany touto metodou
v praci'® (4,5 nm).

Analyza 1-MAG mikroemulzi prokazala ptitomnost
¢astic s velikosti v rozmezi 11 az 24 nm, coz dle publika-
ci'®"” odpovida rozsahu o&ekdvanému pro tyto emulzni
systémy, tedy 10 az 50 nm. Vysledky ziskané z méteni
distribuce velikosti Castic ukézaly u vétSiny vzorkd na
ptitomnost tzké monomodalni distribuce, svéd¢ici o vy-
skytu jedné populace ¢astic.

Vysledky analyzy nanoemulzi ukazuji, Ze velikost
jejich ¢astic je vyznamné ovlivnéna jak hodnotou HLB
pouzitych PAL, tak také pomérem olejové a vodné (O/V)
faze. Obr. 1 znazornuje vztah mezi HLB a velikosti ¢astic
pro sledované poméry O/V a 3% koncentraci povrchové
aktivnich latek. Z obrazku je patrnd optimalni hodnota
HLB 10,5, pfi které byly u vSech studovanych poméri
O/V ptipraveny nanoemulze, tedy emulze s velikosti ¢as-
tic mensi nez 200 nm. Toto zjisténi je v souladu se zavéry
prace, kterd pro usp&nou tvorbu stabilnich emulznich
systému s undekanem jako olejovou fazi doporucuje pou-

Tabulka I

Velikost micel studovanych povrchové aktivnich latek
stanovena jako pramér sedmi méteni a smérodatna odchyl-
ka o stanoveni

PAL z-prumér + ¢ [nm]
Tween 20 8+0,1
Tween 60 13,0+ 0,1
Tween 20/Tween 60 v poméru 50/50 9,0+0,1
SDSa 2,7+ 0,1
Igepal CA 720 7,1+0,2
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Obr. 1. Velikost ¢astic emulzi zméiena ihned po jejich p¥ipravé. Vliv hodnoty hydrofilné-lipofilni rovnovahy (HLB) a poméru olej/

voda (3 % povrchové aktivnich latek); ® 10/90,

zit PAL v rozmezi HLB hodnot 10 az 11. V pfitomnosti
PAL s hodnotami HLB vy$§imi i niZ§imi nez je tato hod-
nota, 1ze pozorovat vzristajici velikost ¢astic po obou stra-
nach optima HLB. S klesajici hodnotou HLB byla rovnéz
zjiSténa znacna nestabilita pripravenych emulznich systé-
md, zejména pii poméru O/V 10/90 a HLB 9,5. Z obr. 1 je
dale ztejmy charakteristicky tvar zavislosti mezi velikosti
&astic a HLB, ktery byl rovn&Z uveden v pracech'®!, za-
byvajicich se pfipravou emulznich systémi typu O/V po-
moci neionickych PAL.

Odlisnosti ve velikosti ¢astic byly dale pozorovany
pti pouziti rozdilného mnozstvi PAL (3 a 5 hm.%). Podle
Chanada a spol.”’ by mé&la velikost ¢astic s rostouci kon-

20

20/80, A 25/75, ® 30/70

centraci povrchové aktivni latky klesat. Tento ptedpoklad
byl v pfevazné vétsin€é studovanych nanoemulznich systé-
mu potvrzen.

Stabilita nanoemulzi

Stabilita nanoemulzi byla hodnocena prostednictvim
zmén velikosti Castic a jejich distribuce v Case. Vysledky
prokézaly, Ze stabilita je ovlivnéna nejen jejich slozenim
a zplsobem ptipravy, ale predevsim dobou a teplotou je-
jich skladovani. Obr. 2 znazormuje prubéh a zmény v dis-
tribuci velikosti ¢astic nanoemulze béhem skladovani pii
teploté 25 °C. Thned po vyrobé vykazovala tato nanoemul-

18
16
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Intenzita [%]

o N A~ O
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100

10000

velikost ¢astic [nm]

Obr. 2. Zmény distribuce velikosti ¢astic nanoemulze béhem skladovani pii teploté 25 °C. Thned po vyrob¢ (plné ¢ara), po 4 dnech

(pferusovana ¢ara) a po 11 dnech (teckovana ¢ara)
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ze uzkou monomodalni distribuci Eastic se z-primérem
193 nm. Po 4 dnech skladovani se velikost ¢astic zvysila
na 228 nm za soucasného vzniku dal§i populace castic,
pohybujici se v limitni oblasti pfistroje uddvanou vyrob-
cem na 6 um. Na distribuéni kfivce zaznamenané po
11 dnech skladovéani je pak patrny i vyskyt tfeti populace
castic s velikosti desitek nanometrii a vzrast z-priméru
dastic na 398 nm.

Zaveér

Vysledky studie, ktera se zabyva stanovenim velikosti
a distribuce ¢astic povrchové aktivnich latek, jejich smési
a emulznich systémi pomoci metody dynamického rozpty-
lu svétla potvrdily, ze metoda je schopna relativné snadno
arychle stanovit velikosti ¢astic disperznich systému, kte-
ré se lisi jak svou velikosti (micely < 10 nm, mikroemulze
10-50 nm, nanoemulze 50-200 nm a emulze >500 nm),
tak také postupem pripravy. Z vySe uvedenych poznatkii
tedy plyne moznost vyuzit DLS k zékladni charakterizaci
Casticovych systému v fadé aplikacnich oblasti, jako jsou
napf. medicina, farmacie, kosmetika, potravinarstvi, poly-
merni pramysl nebo primysl barev a natérovych hmot.
Z experimentl je zfejma i vhodnost této techniky pfi sle-
dovani stability disperznich systému, s ¢asticemi v sub-
mikronové oblasti, prostfednictvim sledovani zmén distri-
buce velikosti ¢astic v Case, a dale také jeji informacéni
potencial pii stanoveni pritomnosti jedné nebo vice popu-
laci ¢astic zhodnocenim prubéhu distribu¢nich kiivek.

Tento clanek byl vytvoren za podpory Operacniho
programu Vyzkum a vyvoj pro inovace, jenz je spolufinan-
covdan Evropskym fondem pro regiondlni rozvoj (ERDF)
a statnim  rozpoctem Ceské republiky, v rdmci projektu
Centra polymernich systéemu (CZ.1.05/2.1.00/03.0111).
Tato prace vznikla také za podpory interniho grantu UTB
ve Zliné ¢. IGA/FT/2013/016 financovaného z prostiedkil
specifického vysokoskolského vyzkumu.
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Light Scattering in Analysis of Colloidal Systems

Dynamic light scattering (DLS) is a non-invasive
technique, capable of measuring the size of submicron
particles in the submicron range. The study was focused
on the applicability of DLS in measurement of colloidal
particles of different types. The micelle sizes of surfactants
(Tween 60, Tween 20, Igepal CA 720 and Na lauryl sar-
cosinate) and particle sizes of micro- and nanoemulsions
were measured. The diameters of surfactant micelles were
13.0+£0.1 nm, 8.4+0.1 nm, 7.1£0.2 nm and 2.7+0.1 nm for
Tween 60, Tween 20, Igepal CA 720 and Na lauryl sar-
cosinate, respectively. Stability of nanoemulsions as
a consequence of the changes of particle size distributions
in storage was monitored. The results revealed the pre-
sence of uni-, bi- and trimodal distributions reflecting the
occurrence of various particle populations as well as a shift
of distribution curves due to the particle growth. It was
confirmed that DLS can provide reliable and rapid deter-
minations of particle sizes of micro-, nano- and classical
emulsions.
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ze Uzkou monomodalni distribuci Castic se z-primérem
193 nm. Po 4 dnech skladovani se velikost ¢astic zvysila
na 228 nm za soucasného vzniku dal$i populace ¢astic,
pohybujici se v limitni oblasti pfistroje udavanou vyrob-
cem na 6 um. Na distribuéni kfivce zaznamenané po
11 dnech skladovani je pak patrny i vyskyt tieti populace
castic s velikosti desitek nanometri a vzrist z-priméru
¢astic na 398 nm.

Zavér

Vysledky studie, ktera se zabyva stanovenim velikosti
a distribuce ¢astic povrchové aktivnich latek, jejich smési
a emulznich systémt pomoci metody dynamického rozpty-
lu svétla potvrdily, Ze metoda je schopna relativné snadno
arychle stanovit velikosti ¢astic disperznich systémd, kte-
ré se lisi jak svou velikosti (micely < 10 nm, mikroemulze
10-50 nm, nanoemulze 50-200 nm a emulze >500 nm),
tak také postupem piipravy. Z vySe uvedenych poznatki
tedy plyne moznost vyuzit DLS k zakladni charakterizaci
Casticovych systému v fad¢ aplikacnich oblasti, jako jsou
napt. medicina, farmacie, kosmetika, potravinafstvi, poly-
merni pramysl nebo primysl barev a natérovych hmot.
Z experimentl je zfejma i vhodnost této techniky pii sle-
dovani stability disperznich systémi, s ¢asticemi v sub-
mikronové oblasti, prostfednictvim sledovani zmén distri-
buce velikosti Castic v Case, a dale také jeji informacni
potencial pfi stanoveni pfitomnosti jedné nebo vice popu-
laci ¢astic zhodnocenim pribéhu distribu¢nich kiivek.

Tento clanek byl vytvoren za podpory Operacniho
programu Vyzkum a vyvoj pro inovace, jenz je spolufinan-
covdn Evropskym fondem pro regiondlni rozvoj (ERDF)
a stdtnim  rozpoctem Ceské republiky, v rdmci projektu
Centra polymernich systému (CZ.1.05/2.1.00/03.0111).
Tato prdce vznikla také za podpory interniho grantu UTB
ve Zliné ¢. IGA/FT/2013/016 financovaného z prostiedkii
specifického vysokoskolského vyzkumu.
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P. Sevtikova®, V. Kaiparkova™, J. Kreji®, and
P. Vitavska® (“ Department of Fat, Surfactant and Cos-
metics Technologies, Faculty of Technology, °Centre of
Polymer Systems, Tomas Bata University, Zlin): Dynamic
Light Scattering in Analysis of Colloidal Systems

Dynamic light scattering (DLS) is a non-invasive
technique, capable of measuring the size of submicron
particles in the submicron range. The study was focused
on the applicability of DLS in measurement of colloidal
particles of different types. The micelle sizes of surfactants
(Tween 60, Tween 20, Igepal CA 720 and Na lauryl sar-
cosinate) and particle sizes of micro- and nanoemulsions
were measured. The diameters of surfactant micelles were
13.0+£0.1 nm, 8.4+0.1 nm, 7.1+0.2 nm and 2.7+0.1 nm for
Tween 60, Tween 20, Igepal CA 720 and Na lauryl sar-
cosinate, respectively. Stability of nanoemulsions as
a consequence of the changes of particle size distributions
in storage was monitored. The results revealed the pre-
sence of uni-, bi- and trimodal distributions reflecting the
occurrence of various particle populations as well as a shift
of distribution curves due to the particle growth. It was
confirmed that DLS can provide reliable and rapid deter-
minations of particle sizes of micro-, nano- and classical
emulsions.
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1-monoacyiglycerol microemulsions
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Antibacterial activity of stable 1-monoacylglycerol (1-MAG) microemulsions (MEs) of capric (C10:0),
undecanoic (C11:0), lauric (C12:0), and myristic (C14:0) acids against the growth of gram-positive and
gram-negative bacteria was tested and their inhibition effect was compared to that of neat 1-MAG. To reveal
their behavior with respect to eukaryotic cells, the cytotoxicity on mouse fibroblasts was also determined.
The MEs were studied via pseudo-ternary phase diagrams in order to find out the miscibility areas of all
components used. The results indicated that at 1-MAG concentrations of 1000-1900 mg/L, an inhibition of
gram-negative strains was improved compared to neat 1-MAG and depended on the fatty acid type;
however, at lower 1-MAG concentrations, both systems showed comparable effect. The opposite trend was
detected on gram-positive bacteria, where 1-MAGs showed better performance compared to corresponding
ME:s. The best antibacterial activity against both bacterial types was observed in 1-MAG C12:0 MEs. MTT
assay revealed significant cytotoxicity of all MEs. The threshold of 10 mg/L. was determined as the limit for
moderate toxicity, which represents 40-60% cell survival. All prepared MEs were transparent, stable during
the storage period of 6 months and their particle sizes were between 15 and 20 nm.

Practical applications: 1-MAGs belong to safe and efficient antimicrobial agents and their application may
be a convenient alternative to usage of synthetic antimicrobials; however, one of their limitations for certain
applications is their insolubility in aqueous systems. This drawback can be reduced by encapsulation of
1-MAGs in suitable ME system. The presented study has confirmed that 1-MAG MEs possess suitable
inhibitory activity against both gram-negative and gram-positive bacteria. Efficacy of MEs against gram-
negative strains was enhanced compared to 1-MAG alone. Although the growth of gram-positive bacteria was
less affected by MEs when compared to neat 1-MAG, the results can be closely related to potential industrial
applications of the MEs as effective agents for cosmetics, dermatology, food industry, paint or coatings where
water-based systems are frequently used and desired. The application of studied systems might be to some
extent limited due to the potential health risk caused by the observed cytotoxicity.
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Due to their unique properties, microemulsions (MEs) have
attracted considerable attention in many applications, such as
food industry [1], cosmetics, agriculture [2], and coating
materials [3]. The ultralow interfacial tension, the ultrahigh
solubilization, the low viscosity and transparency make them
desirable also in pharmaceutical formulations for improved
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drug solubilization [4], cleaning technologies and soil
remediation [5].

MEs are thermodynamically stable, isotropic solutions
formed of oil, water, and surfactants [6] with the particle
size in the range of 10-100nm [7, 8]. They were first
discovered by Schulman, who found that the addition of a
fourth component (often an alcohol) to an emulsion
containing oil, water, and a surfactant led to the formation
of a clear, apparently homogenous phase. The additional
component is usually called the co-surfactant [9]. A
major practical disadvantage of MEs is usually connected
with their preparation, requiring higher surfactant concen-
tration than classical emulsions, typically of about
30% w/w [10-13]. It has been suggested that MEs can be
self-preserving antimicrobials in their own and can be
potentially antimicrobial [14].

1-MAGs are partial esters of glycerol and medium- to
long-chain fatty acids [15-17]. Behavior of 1-MAGs is
governed by their amphiphilic structure [18] suggesting their
usage as non-ionic surfactants with a low HLB value,
lying between 3 and 6 [19, 20]. Owing to these properties,
1-MAGs are used in drug delivery systems, production of
antimycotic materials getting into touch with skin, and
products preventing fermentation [21]. Generally, antimi-
crobial effect of 1-MAG depends on the fatty acid carbon
chain length and its saturation or unsaturation. Gram-
positive bacteria are sensitive to fatty acids with a short and
medium-carbon chain and their esters [22] and this
sensitivity is associated with the absence of lipopolysacchar-
ides in their cell wall [23]. On the other hand, gram-negative
bacteria are reported to be resistant against inhibitory effects
of 1-MAG [22].

Recently, several studies have been focused on the
investigation of antimicrobial properties of 1-MAG formu-
lated in MEs. For example, the testing of antimicrobial
activity of ME system with 1-MAG of lauric acid was
published in ref. [1, 24-26]. Also, the publication [2] dealt
with the enhancement of inhibition ability of monolaurin
through loading in MEs and their comparing with the
antimicrobial activity of corresponding 1-MAG. Neverthe-
less, only limited attention has been paid to the comparison of
inhibition effects of different 1-MAGs in MEs, especially
those with odd number of carbons in molecule, which are not
common in nature.

The study was hence focused on the preparation of stable
ME systems based on 1-MAGs, containing fatty acids with
chain length varying from 10 to 14 carbons including
undecanoic acid (C11:0) with odd number of carbons,
monitoring their antibacterial activity against the most
common pathogenic microorganisms and evaluation of their
inhibition effect in comparison with 1-MAGs. Additionally,
cytotoxicity of MEs was determined on mouse fibroblasts
using MTT assay, which reflects the influence of MEs on
eukaryotic cells. Particle size and stability of these systems was
verified by photon correlation spectroscopy (PCS).

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Materials and methods
2.1 Microorganisms

The tested gram-positive bacteria: Bacillus cereus (CCM
2010), Bacillus subtilis subsp. subtlis (CCM 2216), Enterococ-
cus faecalis (CCM 4224), Staphylococcus aureus subsp. aureus
(CCM 3953), Micrococcus luteus (CCM 732) and gram-
negative bacteria: Citrobacter freundii (CCM 7187), Escher-
ichia coli (CCM 3954), Pseudomonas aeruginosa (CCM 3955),
Salmonella enterica subsp. enterica ser. Enteritidis (CCM 4420),
and Serratia marcescens subsp. marcescens (CCM 303) were
selected as the representatives of the common pathogenic
microorganisms. All bacterial strains were obtained from
the Czech Collection of Microorganisms (CCM, Czech
Republic).

Each suspension was prepared by inoculating 5 mL of
commercial culture medium with 24-h bacterial inoculum.

2.2 Materials

Monoacylglycerols of capric (1-MAG C10:0), lauric (1-MAG
C12:0), undecanoic (1-MAG C11:0), and myristic (1-MAG
C14:0) acid were prepared according to procedure described
in ref. [27]. Due to chosen method of synthesis, all MAGs
were racemic mixtures of 1- and 3-MAGs. For simplification,
1-MAG denomination is used hereinafter. The non-ionic
surfactant Tween 80 (polyoxyethylene (20) sorbitan mono-
oleate) with the HLB value of 15, supplied by Sigma—Aldrich
(Germany) was used throughout the study. Four types of
alcohols, ethanol (Penta, Czech Republic), propanol, butanol,
and pentanol (IPL Petr Lukes, Czech Republic) were used as
co-surfactants in the formulations.

2.3 Formulation of stable microemulsions

MEs were prepared with the help of pseudo-ternary phase
diagrams. The alcohols with short and medium chain length
(ethanol, propanol, butanol, and pentanol) were used as co-
surfactants and Tween 80 was applied as a surfactant. Oil
phase was always composed of 1-MAG solution in respective
alcohol mixed in the ratio of 1:2w/w. For construction of
phase diagrams, series of solutions containing oil phase and
Tween 80 in pre-defined weight ratio was prepared at 25°C,
which were then titrated with distilled water under vigorous
stirring. MEs were present in the region of clear and isotropic
solutions, whereas classical emulsions were observed in the
region of visibly cloudy dispersions.

For testing of antibacterial efficacy and cytotoxicity, the
following composition and preparation of MEs was chosen.
Oil phase, 250 pLL of 1-MAG ethanolic solution (concentra-
tion of 300 mg/mL), was pipetted into plastic tube together
with 2.25g of Tween 80 and filled to volume with 20 mL
distilled water. The resulting ME was homogenized using
Wortex mixer and sterilized by filtration through a sterile
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syringe filter with a pore size of 0.22 wm (Millipore, Germany).
Parent ME with 1-MAG concentration of 3800 mg/L. was
further diluted to 2300, 1900, 1000, 500, 250, 100, 50, 10, 5,
1, and 0.5 mg/L. and employed for the tests. Dependent on
fatty acid type in the 1-MAG, the samples were assigned
1-MAG C10:0 ME (capric acid), 1-MAG C11:0 ME
(undecanoic acid), 1-MAG C12:0 ME (lauric acid), and
1-MAG G CC14:0 ME (myristic acid).

The reference MEs containing only ethanol and Tween 80
were prepared via the same procedure described above,
assigned ME_E and tested for antibacterial effect and
cytotoxicity. Ethanol and surfactant concentrations in the
ME _E corresponded to those in 1-MAG MEs.

2.4 Monitoring the effect of 1-MAG microemulsions
on selected microorganisms

MEs were dosed into the tubes with sterile meat-peptone
broth (MPB) (Mueller-Hinton Broth, HiMedia, Bombai, India)
obtaining thus cultivation media with 1-MAG ME in
concentrations ranging from 1900 to 100mg/L.. Prepared
cultivation media (200 L) and 5pL of 24-h bacterial
suspensions hundredfold diluted to 2 x 10* CFU/mL were
pipetted into microplate wells. As a positive reference, MPB
inoculated with bacterial suspension without ME was used.
MPB containing MEs, but not bacteria, served as a negative
reference. Tested bacterial suspensions were cultivated at the
temperature of 25+ 1°C for 15h, and the optical density of
cell suspension was measured at 30-min intervals at the
wavelength of 655 nm. Measurements were carried out on a
Microplate reader Benchmark (Bio-Rad, Japan). The growth
index (GI), expressed in % was calculated according to
equation GI=(0ODgs5 — ODN)/ODp x 100, where ODgss is
optical density of bacterial suspension recorded after 15h
incubation in the presence of 1-MAG ME, ODx and ODp are
optical densities of negative and positive references, respec-
tively. All tests were performed in triplicates; means and SDs,
according to Dean-Dixon method, were calculated.

2.5 Cytotoxicity

Cytotoxicity testing was accomplished with a mouse
embryonic fibroblast cell line (ATCC CRL-1658 NIH/
3T3). The ATCC-formulated Dulbecco’s Modified Eagle’s
Medium (catalog No. 30-2002), with added bovine calf
serum to a final concentration of 10% and penicillin/
streptomycin, 100 U/mL, was used as the culture medium.
Tested samples were diluted to concentrations of 2300,
1900, 1000, 500, 250, 100, 50, 10, 5, 1, and 0.5 mg/L in the
culture medium. Cytotoxicity testing was conducted accord-
ing to the EN ISO 10993-5 standard procedure, with
modification. Cells were pre-cultivated for 24h and the
culture medium was subsequently replaced with dilutions of
1-MAG MEs. As a reference, cultivation in a pure medium
without tested compound was used. To assess cytotoxic
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effect, a MTT assay (Invitrogen Corporation, USA) was carried
out after 1-day cell cultivation in the presence of 1-MAG ME.
All the tests were performed in quadruplicates. The
absorption was measured at 570 nm with an Infinite M200
Pro NanoQuant (Tecan, Switzerland). Dixon’s Q test was
used to remove outlying values, and mean values were
calculated. The cell viability is reported in two ways in order
to provide a comprehensive view of the results: (i) as averages
and theirs SDs (ii) as a percentage of cells present in the
respective extract relative to cells cultivated in a pure
extraction medium without MEs (100% viability).

2.6 Measurement of particle size distribution

The particle size and particle size distribution of 1-MAG ME
were determined by PCS. The hydrodynamic radius,
expressed as intensity weighted z-average particle diameter
was measured using Zetasizer Nano ZS instrument (Malvern
Instruments, UK) at a scattering angle of 173° and at a constant
temperature of 25°C.

3 Results and discussion

3.1 Influence of alcohol type on phase behavior of
1-MAG microemulsions

The phase behavior of 1-MAG MEs was studied with the help
of pseudo-ternary phase diagrams, which were used to
determine a target composition of I-MAG MEs utilized for
antibacterial and cytotoxicity tests. Figure 1 shows the phase
diagrams of the system containing 1-MAG C10:0, where
alcohols with different chain lengths were used. As it can
be seen, the phase diagrams are divided by binodal curve
into two areas, the homogenous (labeled white) and the
heterogeneous (labeled grey). The heterogeneous area is
characterized by limited miscibility of all components and by
the presence of classical emulsion. On the contrary, within
the homogenous area MEs are present.

According to the literature [28, 29], the phase behavior of
ME:s is influenced by the presence of surfactants, salts and
co-surfactants. This is clearly confirmed by the present data
(Fig. 1) showing that the size of both homogeneous and
heterogeneous areas depends on the type of co-surfactant.
Figure laillustrates the system, in which ethanol is used as co-
surfactant, with only a small heterogeneous area of the limited
miscibility in comparison with the systems utilizing propanol,
butanol, and pentanol (Fig. 1 b-d). The results clearly
showed that the largest area of limited miscibility was
observed with co-surfactant pentanol. The presence of
butanol, ethanol, and propanol as co-surfactants then caused
gradual reduction of limited miscibility area. It follows, that
the area of limited miscibility increased with an increasing
chain length of the alcohol. Exception from this rule was
propanol (Fig. 1b) showing the smallest area of limited
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Figure 1. Ternary-phase diagrams of water-oil-surfactant with oil phase composed of: (a) MAG C10:0 + ethanol, (b) MAG C10:0 + propanol,
(c) MAG C10:0 + butanol, (d) MAG C10:0 + pentanol, constructed at 25°C.

miscibility. This finding is consistent with the results of
study [29] reporting that replacement of ethanol with
propanol has led to reduction of the region of limited
miscibility.

Similar influence of co-surfactant chain lengths on size of the
region with limited miscibility was also found in MEs composed
of 1-MAGs with longer fatty acids (C11:0 and C12:0). Also in
these cases, area of limited miscibility grew gradually with
increasing chain length of alcohol (data not presented).

Phase behavior of MEs based on 1-MAG of myristic acid
was studied only with ethanol and butanol as co-surfactants.
The reason was a poor solubility of this 1-MAG in remaining
alcohols. However, also in this case MEs prepared with
ethanol showed a smaller area of limited miscibility in
comparison with butanol. The obtained phase diagrams
served as a background for formulation of final MEs for
antibacterial and cytotoxicity testing.

3.2 Particle size of 1-MAG microemulsions

Droplet size of 1-MAG MEs prepared with ethanol as
co-surfactant was verified with PCS. It was found that
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the particles were in the size range of 15-20nm, which
corresponded to the sizes given for these systems in
literature [7, 30]. The results revealed the presence of
relatively narrow particle size distribution which indicated the
occurrence of one main particle population, occasionally
accompanied by minor population of particles at the size
range of around 50-80 nm. This population, however formed
only of about 5% of the particles (Fig. 2). Distribution width
was described by polydispersity index (PDI), a dimensionless
quantity being of around 0.1 for near-monodisperse samples
and >0.7 for the samples with a very broad size distribution.
Prepared MEs showed PDI ranging from 0.27 to 0.35. The
measurements also confirmed a long-term stability of 1-MAG
ME:s, which were stable for more than 6 months and showed
only minor changes in the droplet size (Table 1). All samples
were visually transparent.

3.3 The influence of 1-MAG microemulsions on
gram-negative bacteria

Antibacterial effect of MEs based on 1-MAGs was deter-
mined and the results were compared to the study [31]
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Figure 2. Particle size distribution of freshly prepared 1-MAG C12:0
microemulsion.

Table 1. Droplet size of the reference microemulsion ME_E and 1-
MAG microemulsions with ethanol as cosurfactant expressed as
intensity weighted z-average diameter (nm) determined immediately
and 6 months after preparation

Droplet size (nm)

1-MAG ME After production After 6 month
C10:0 20+5 15+0
C11:0 14+2 n.d.
C12:0 18+4 11+4
C14:0 17+4 10+1
ME_E 15+1 n.d.

n.d., not determined.
The results are expressed as means &= SDs (z= 3).

describing antibacterial activity of 1-MAGs applied in the
form of ethanol solutions. Within the tested samples, 1-MAG
C12:0 ME and 1-MAG C14:0 ME exhibited the strongest
inhibitory effect on the growth of the gram-negative bacteria
at the concentration of 1900 mg/L.. In the presence of both
MESs, total growth inhibition of all tested bacteria was
observed. Moreover, in the presence of 1-MAG C12:0 ME,
significant reduction of gram-negative bacteria was also
detected at the concentration of 1000 mg/L, which totally
inhibited C. freundir, E. coli and S. enterica. Conversely,
Bunkova et al. [31] who tested antibacterial properties of
MAG C8:0 to C16:0 against gram-negative bacteria observed
the best inhibition effect for MAG C10:0 at the concentration
of 1500 mg/L. with no bacterial growth detected. The results
revealed that P. aeruginosa was the least resistant to the
inhibitory effects of 1-MAG MEs. As it can be seen in Fig. 3,
more than 50% inhibition occurred at all tested concen-
trations of 1-MAG C12:0 ME and 1-MAG C14:0 ME. In
addition, total growth inhibition was found at the highest
concentrations of 1900 mg/L for 1-MAG C10:0 ME, 1-MAG
C12:0 ME and 1-MAG C14:0 ME. On the contrary, S.
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Figure 3. Values of Gl of Pseudomonas aeruginosa CCM 3955
cultivated in the presence of the reference microemulsion ME_E and
1-MAG microemulsions (MAG C10:0, MAG C11:0, MAG C12:0, and
MAG C14:0) at the concentrations of 100-1900 mg/L. The results
are expressed as means & SDs (n=3).

marcescens subsp. marcescens was identified as the most
resistant to antibacterial activity of tested MEs; it was only
inhibited by 1-MAG C10:0 ME with concentrations above
1000 mg/L, causing 80% decrease in bacterial growth
(Fig. 4). Additionally, the presence of 1-MAG C11:0 ME,
1-MAG C12:0 ME, and 1-MAG C14:0 ME at the
concentrations ranging from 100 to 250 mg/L even increased
GI compared to the positive reference. Altieri et al. [32] state
that this effect is not rare and can be caused by increasing the
permeability of cell membrane with a subsequent acceleration
of exchange of substances and nutrients between the external
environment and bacterial cells.

In summary, antibacterial activity higher than 60% was
recorded for 1-MAG C10:0 ME, 1-MAG C12:0 ME, and
1-MAG C14:0 ME at concentrations >1000 mg/L against all

140

B 100 =250 @S00 O1000 01900
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growth index [%]
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o o o (=]
H
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ol o N

MAG C10:0 MAGC11:0 MAGC12:0 MAG C14:0 ME_E
Figure 4. Values of Gl of Serratia marcescens subsp. marcescens
CCM 303 cultivated in the presence of the reference microemulsion
ME_E and 1-MAG microemulsions (MAG C10:0, MAG C11:0, MAG
C12:0, and MAG C14:0) at the concentrations of 100-1900 mg/L.
The results are expressed as means + SDs (n=3).
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studied bacteria. In comparison with study [31] where neat
1-MAGs were used, the antibacterial effect of 1-MAG MEs
on gram-negative bacteria was improved.

3.4 The influence of 1-MAG microemulsions on
gram-positive bacteria

As expected [32, 33], gram-positive bacteria were more
sensitive to 1-MAG ME than gram-negative strains. This
behavior is due to the differences in the structure of their cell
wall [34]. In the study published by Razicka et al. [35] it has
been reported that 1-MAG C10:0 and 1-MAG C12:0 were
more efficient against gram-positive bacteria compared to
gram-negative ones. This finding is consistent with results of
the current study showing better inhibition of gram-positive
bacteria in the presence of the 1-MAG ME. Figure 5
describes the values of GIs of M. luteus CCM 732. In this case,
“no growth” was detected after the application of 1-MAG
C10:0 ME and 1-MAG C11:0 ME at the concentrations
down to 250 mg/L.. Total growth inhibition was also observed
when 1-MAG C12:0 ME was applied at the concentrations
higher than 1000 mg/L.

Both species of the genus Bacillus showed similar behavior
with respect to tested 1-MAG ME and total inhibitions were
mostly detected in the presence of 1-MAG C12:0 ME;
B. cereus CCM 2012 was inhibited even at the lowest
tested concentration of 100 mg/L. (Fig. 6). Correspondingly,
1-MAG C12:0 ME entirely inhibited E. faecalis CCM 4224.
Generally, monolaurin ME showed satisfactory inhibition
effect against almost all tested bacteria causing more than
80% reduction of their growth (Fig. 7). The only exception
was S. aureus subsp. aureus CCM 3953 with a high growth
activity (>60%) after treatment with 1-MAG C12:0 ME
in concentrations of 100, 250, and 500mg/L. It follows
that S. aureus subsp. aureus CCM 3953 was the most
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Figure 5. Values of Gl of Micrococcus luteus CCM 732 cultivated in
the presence of the reference microemulsion ME_E and 1-MAG
microemulsions (MAG C10:0, MAG C11:0, MAG C12:0, and MAG
C14:0) at the concentrations of 100-1900mg/L. The results are
expressed as means + SDs (n=3).
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Figure 6. Values of Gl of Bacillus cereus CCM 2012 cultivated in
the presence of the reference microemulsion ME_E and 1-MAG
microemulsions (MAG C10:0, MAG C11:0, MAG C12:0, and MAG
C14:0) at the concentrations of 100-1900 mg/L. The results are
expressed as means + SDs (n=3).
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Figure 7. The effect of microemulsion of 1-MAG C12:0 on the
growth of all tested gram-positive bacteria. The results are
expressed as means + SDs (n=3).

resistant bacteria, which corresponds to conclusions from
publication [31].

Although satisfactory antibacterial activity of 1-MAG ME
with respect to gram-positive bacteria was observed in
current work, 1-MAG solutions studied in ref. [31] were
more efficient even at the concentrations down to 25 mg/L.
In comparison with 1-MAG ME, application of 1-MAGs
showed stronger inhibitory effect on the growth of B. cereus
CCM 2012 and B. subtilis subsp. subtilis CCM 2216 (1-MAG
C12:0 at concentration 25mg/L, 1-MAG Cl11:0 at
concentrations of 50-100 mg/L. and 1-MAG C10:0 at 100-
250 mg/L) as well as E. feacalis CCM 4224 (1-MAG C10:0
and 1-MAG C11:0 at concentrations >50mg/L) [31]. Also
Thormar et al. [34] concluded in their paper that all of
saturated fatty acids with chain length in the range from C6:0
to C18:0, lauric acid (C12:0) had the highest antibacterial
activity against the gram-positive bacteria.
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Several studies [1, 29, 36] have reported that 1-MAG
MEs enhanced the inhibition effect against microorganisms
compared to 1-MAGs alone. However, in case of antibacterial
efficacy of MEs against gram-positive bacteria, this general
trend was not fully confirmed. The obtained results showed
that the antibacterial activity of neat 1-MAGs is higher than
the effect of 1-MAG MEs.

The antibacterial activity of tested 1-MAG ME is
summarized in Table 2 in terms of minimal inhibition
concentrations (MIC) and concentrations causing 50%
growth reduction of bacterial cells. This overview confirms
the best performance of 1-MAG C12:0 ME against both
gram-negative and gram-positive bacteria.

The efficacy of formulated 1-MAG ME have to be
discussed in the light of the fact that MEs alone can also
possess antibacterial properties. The tests performed on ME_E
revealed that MEs without 1-MAGs showed also inhibitory
activity, especially at the highest used concentrations of
ethanol. This can be mainly attributed to the fact that in
MEs, ethanol is entrapped in surfactant capsule and is targeted
to microorganisms in different physical form compared to
ethanol in solution. It was reported [31] that ethanol solutions
with concentrations up to 7% had no inhibition effect on the
bacterial growth. As the ethanol content of 1.25% present in
tested MEs is well below this limit, the antibacterial effect of
ME_E is likely induced not only by ethanol and surfactant, but
also by the particular character of MEs.

3.5 Mechanism of antibacterial activity of 1-MAGs and
microemulsions

Monoacylglycerols are lipophilic substances and a primary
target of their attack is the cytoplasmatic membrane of the
cells. Although, antibacterial effects of 1-MAGs are well-
known for a long time, the exact mechanism of their activity
has not been fully recognized. Therefore, the several

Eur. J. Lipid Sci. Technol. 2014, 116, 448-457

hypotheses have been suggested in order to explain this
process. One of the theories describes 1-MAGs as the surface
active substances which penetrate and incorporate into the
cell membrane used as a permeable barrier. In this way, they
cause membrane destruction and inhibit the transport of
amino acids into the cells [34, 37, 38]. Using the electron
microscope, Bergsson et al. [37] found out the disintegration
of cytoplasmatic membrane and disruption of integrity of
bacterial cell walls exposed to 1-MAGs. Another hypothesis
suggests that 1-MAGs with a short and medium chain
penetrate into bacterial cells where dissociate and cause
the acidification of the cell contents. Reduction in the
intracellular pH can lead to inactivation of the intracellular
enzymes and inhibition of nutrients transport [39, 40]. The
inhibition activity of 1-MAGs can be also influenced by other
substances. Some compounds, namely albumin, phospholi-
pids, starches or cholesterol can form the complexes with the
MAGs and block their activity [38, 40]. Conversely, the
inhibition effect of 1-MAGs can be increased using organic
acids [41], high temperatures or chelating agents [38, 42].

Regarding the antibacterial activity of MEs as such, it was
suggested that the structure of MEs is damaging to the
bacterial cells and it adversely influences the function of the
bacterial membranes [14]. Recently, the study was performed
with the aim to clarify the kinetics of bacteria killing (Candida
albicans, Aspergillus miger, Schizosaccharomyces pombe and
Rhodotorula spp.) with MEs composed of Tween-80, n-
pentanol, isopropyl myristate, and water. The results proved
that the MEs effectively destroyed all the tested bacterial
species. The mechanism of action was proposed relying in
significant anti-membrane activity, causing disturbance and
dysfunction of the cytoplasmic membrane, followed by cell
wall changes, cytoplasmic coagulation, disruption of intra-
cellular metabolism and cell death. However, the antibacterial
effect of MEs cannot be separated from the effect of their
individual components [43].

Table 2. Minimum inhibition concentrations of 1-MAG microemulsions and their concentrations causing 50% growth reduction of bacteria

¢ (mg/L)

1-MAG C10:0

1-MAG C11:0

1-MAG C12:0 1-MAG C14:0

Gramnegative species
Citrobacter freundii
Escherichia coli

1000 (1000)
>1900 (1000)
1000 (1000)
1900 (1000)

Pseudomonas aeruginosa
Salmonela enterica

>1900 (1000)
>1900 (>1900)
>1900 (500)
>1900 (100)

1900 (1000)
1900 (1000)
1900 (100)

1900 (1900)

1000 (1000)
1000 (1000)
1900 (100)

1000 (1000)

Serracia marcescens 1900 (100) >1900 (>1900)
Grampositive species
Bacillus cereus 1900 (250) 1000 (100)

Bacillus subrilis
Enterococcus faecalis
Micrococcus luteus
Staphylococcus aureus

1900 (1000)
1900 (1900)
1000 (250)

1900 (1000)

>1900 (250)
1900 (1000)
250 (100)

>1900 (1000)

1900 (1000)

1000 (100)

1000 (100)
100 (100)
100 (100)

1000 (1000)

1900 (1000)

1000 (1000)

>1900 (500)
1900 (1000)
1000 (250)

>1900 (1000)
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In current work, the synergic effect of 1-MAG dissolved in
ethanol encapsulated in surfactant was observed as well.
Surfactant Tween 80, used for ME formation, was reported to
enable inhibition of P. aeruginosa [44]. Although Tween 80
exhibits limited antimicrobial activity as such, as to mecha-
nism of action, it can increase cell permeability and by this
way enhance the antimicrobial action of accompanying
antimicrobial agents [45]. Hence, the antibacterial activity
of ME_E without 1-MAG can combine effect of Tween 80 as
a membrane disrupter and ethanol as an antimicrobial agent.
The 1-MAGs present in ME then act in synergy with the other
two components and further enhance their antibacterial
effect.

3.6 Cytotoxicity of 1-MAG microemulsions

The results presented in Table 3 clearly show that tested MEs
can be cytotoxic to the NIH/3T3 cells. As this cell line is one
of the most frequently used lines for the purposes of
cytotoxicity determination, the results can be also generalized
to other cell lines. There are two important outcomes of the
study, which can be summarized as follows: (i) The
cytotoxicity was dose dependent and all MEs with 1-MAG
contents above 10 mg/LL showed similar cytotoxicity, which
can be classified as severe. At concentrations lower than
10 mg/L, the cytotoxicity decreased, MEs exhibited moderate
cytotoxicity and at concentration of 0.5 mg/L, 1-MAG C10:0
ME a 1-MAG C11:0 ME showed even muld cytoroxicity,
corresponding to higher than 60% cell survival. (ii) The
cytotoxicity can be prevailingly assigned to the effect of MEs
formulated as particular systems but not to influence of
1-MAGs alone. This is obvious from the behavior of reference
ME_E containing only ethanol and Tween 80, which showed
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similar cytotoxicity profile as 1-MAG ME. These results,
together with the information about the MEs particle size lower
than 25 nm are crucial in explanation of the observed effects.
It is well known, that ethanol has significant impact on
the fibroblast metabolism and cell death. Its effect is time and
concentration dependent [46]. Tween 80 is considered as low-
cytotoxic, however the concentration of 210 mg/L. was reported
to cause the 50% inhibition of the cell growth as find out by
the MTT assay [47]. Similarly as for bacterial cells, 1-MAGs
together with ethanol encapsulated in the nano-sized particles
can be responsible for cytotoxicity of MEs and can be a reason
for their limited applications in tested concentration range.

4 Conclusions

The study was focused on the preparation of stable 1-MAG
MEs and testing their antibacterial activity against the growth
of gram-positive and gram-negative bacteria. The obtained
data were compared to the results of study dealing with
the inhibition effects of 1-MAGs alone, which were not
entrapped in ME droplets. Additionally, the study was
also aimed at the determination of cytotoxicity of MEs on
NIH/3T3 mouse fibroblast cell line.

In the first step, pseudo-ternary phase diagrams were
constructed using various types of co-surfactants (ethanol,
propanol, butanol, and pentanol) and different oil/surfactant
ratios in order to determine the area of miscibility of all
components, oil (1-MAG solution in alcohol), surfactant
(Tween 80) and water. It was found that the area of limited
miscibility in pseudo-ternary diagrams increased with an
increasing chain length of alcohol, used as the co-surfactant.
Testing of antibacterial efficacy revealed that 1-MAG ME at

Table 3. Cytotoxicity of the reference ME, ME_E and MAG MEs reported as means + SDs (n=4) and according to requirements of ISO

10993-5
1-MAG C10:0 1-MAG C11:0 1-MAG C12:0 1-MAG C14:0 ME_E

¢ (mg/L) Mean + SD I1ISO Mean £+ SD ISO Mean + SD 1ISO Mean + SD I1ISO Mean + SD ISO
2300 0.17£0.01 23 0.194+0.01 26 0.17+0.01 24 0.18+0.00 25 0.17+0.02 23
1900 0.18+0.01 25 0.18+0.02 25 0.18+0.01 25 0.19+0.02 26 0.20+0.00 27
1000 0.18+£0.01 25 0.18+0.00 25 0.18+0.01 24 0.194+0.02 27 0.214+0.02 29
500 0.1940.01 26 0.19+0.01 25 0.194+0.01 25 0.19+0.01 27 0.21+0.03 30
250 0.20£0.01 27 0.194+0.01 26 0.194+0.02 26 0.194+0.01 26 0.214+0.02 29
100 0.20£+0.01 27 0.21+0.02 29 0.214+0.02 29 0.19+0.02 26 0.194+0.01 26
50 0.25+0.03 34 0.23+0.01 31 0.24+0.02 32 0.234+0.02 32 0.324+0.07 43
10 0.37£0.06 50 0.34+0.04 46 0.41+0.03 55 0.37+0.04 51 0.38+0.05 51
5 0.424+0.06 57 0.47+0.07 64 0.324+0.04 43 0.42+0.08 57 0.46+0.05 63
1 0.39+0.04 53 0.52+0.03 70 0.35+0.07 48 0.43+0.01 58 0.48 +0.01 65
0.5 0.44+0.04 60 0.46+0.03 63 0.36+0.01 49 0.36+0.02 49 0.48 +0.07 65
Reference 0.73+£0.12 100 0.73+0.12 100 0.73+0.12 100 0.73+0.12 100 0.73+0.12 100

According to requirements of ISO 10993-5: cytotoxicity equal to 100 corresponds to 100% cell survival values of >80 are assigned to no
cytotoxicity, 60-80 mild cytotoxicity, 40-60 moderate toxicity, 40 severe cytotoxicity.
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the concentrations between 1000 and 1900 mg/L. improved
inhibition effects against gram-negative bacteria compared
to the corresponding concentrations of 1-MAGs alone. At
the concentrations below 1000 mg/L, the antibacterial activity
of both systems was comparable. Conversely, the inhibition
effect of 1-MAG MEs on more sensitive gram-positive
bacteria was lower than in case of 1-MAGs alone. The best
antibacterial activity, i.e. the most effective restriction of
bacterial growth, was observed after application of 1-MAG
C12:0 MEs. The antibacterial effect of MEs can be assigned
to synergic action of Tween 80, ethanol and 1-MAGs and
adjustment of formulation may further improve their current
efficacy. MTT assay revealed significant cytotoxicity of all
studied MEs including reference sample, in which 1-MAG
was absent. For all tested MEs, the 1-MAG concentration of
10 mg/L can be considered as a limit for moderate cytotoxicity,
which represents 40-60% cell survival.

The particle size of 1-MAG MEs measured by PCS was in
the range of 12-20 nm. All prepared samples showed optical
transparency, long-term stability and the presence of one
particle population.
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Abstract

The optimum composition of O/W emulsions, consisting of 1-monoacylglycerol (1-MAG)
and polyvinylalcohol (PVA) for the production of microparticles by means of supercritical
assisted atomization (SAA) were studied, as well as the micronization conditions were
established. The effect of the different 1-MAG/PVA ratio and the emulsion preparation
method on the size, stability, and morphology of microparticles was investigated by
microscopy, photon correlation spectroscopy, different scanning calorimetry and X-ray

diffraction. The results showed that the emulsion composition and emulsification method
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considerably affected the sizes of microparticles. The smallest -MAG/PVA microparticles
were determined at lower 1-MAG (<30 mg/ml) and PVA (6 mg/ml) concentrations which
were prepared from sonicated emulsions. The emulsions containing 20 or 30 mg/ml 1-MAG
provided the highest recovery of the microparticles with the yields of 50-60 %. All prepared
I-MAG/PVA microparticles were spherical with the diameter from 0.5 to 3 pm and had a

semi-crystalline structure.

Keywords: emulsion; microparticle; monoacylglycerol; polyvinylalcohol; supercritical

assisted atomization.

1. INTRODUCTION

Recently, a growing interest in the application of 1-monoacylglycerols in variety industrial
fields, such as food and cosmetic industry [1,2], textile, packaging, plastic processing and
construction materials has appeared [3]. MAG have attracted considerable attention due to
their simple structure, availability and chemical stability [4] as well as their biocompatibility,
biodegradability and absence of irritation potential [5,6]. They are also characterized by a
relatively high antimicrobial activity, mainly against gram-positive bacteria and fungi [4].
Their inhibition effect depends on the number of carbon atoms and on the presence of double
bonds in their fatty acid chain [7]. Moreover, owing their amphiphilic properties they are
well-known emulsifiers and stabilizers of water in oil (W/O) emulsions [8]. Further
applications include their use in pharmaceutical industry as drug delivery systems,
solubilizers and absorption enhancers [9]. Nowadays, advanced drug delivery requires control
of physicochemical properties of these systems including the particle size, shape, density,
surface properties and crystalline purity. All these characteristics are the key factors to

achieve the bioavailability and effectiveness of pharmaceuticals. For this reason, enormous
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research efforts have been devoted to develop efficient micronization technologies [10].
Traditional techniques used for the microparticle production include for example, spray
drying, spray freeze drying and jet milling [11,12]; however, all these methods show some
drawbacks. Because of too high operating temperatures, spray drying and jet milling are not
suitable for treatment of thermolabile compounds and moreover they are not able to produce
powders with narrow and controlled particle size distributions [13,14]. Due to lipidic nature
causing their easy decomposition at increased temperatures, also 1-MAGs belong to
substances not suited for the encapsulation with the above mentioned methods. Therefore,
another possible micronization processes capable of [-MAG treatment were studied by
Chiewpattanakul et al. [15]. In their work, dextran-covered nanoparticles encapsulating
monomyristin (I-MAG C14:0) were produced by emulsion/solvent evaporation method and
by nanoprecipitation. While the first procedure can be considered as a rather general method,
nanoprecipitation needs specific conditions in terms of solvent temperature and concentration
to provide satisfactory results in terms of particle size and distribution [15]. Problems faced
by traditional processes can be overcome by supercritical fluid based technologies, which
have been proposed as an alternative to conventional microencapsulation technologies
[16,17]. Among them, the rapid expansion of supercritical solutions (RESS) [18,19], the
particles generation from gas saturated solutions (PGSS) [20], the supercritical antisolvent
precipitation (SAS) [21] and the supercritical assisted atomization (SAA) are included

[22,23].

Supercritical Assisted atomization (SAA) developed by Reverchon [22] is a method based on
the solubilisation of controlled quantities of supercritical carbon dioxide (SC-CO,) in liquid
solutions [24,25]. The prepared solution is atomized through an injector in precipitator to
obtain droplets [26]. The following two-step atomization process is used. In the first step, the

formation of the primary droplets at the exit of the injector is realized, which is induced by
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pneumatic effect. During the second stage, decompressive atomization takes place, caused by
fast expansion of the SC-CO, from the inside of the primary droplets under forming the
secondary ones [27]. In this way, smaller droplets are obtained compared to traditional spray
drying techniques [28]. Microparticles are obtained by droplet evaporation using warm
nitrogen [29]. One of the major advantages of this technique is the possibility to use organic
or inorganic solvents which results in possibility to process both water-soluble as well as non-
water-soluble systems [24]. In addition, this process is capable of providing micron- and
submicron-sized particles with controlled particle size ranging between 0.05 and 5 um. These
characteristics, joined to the green and not aggressive processes with respect to the substances
treated, allowed this technique effectively and successfully micronize a wide range of
compounds [24,30]. SAA technique has been successfully used in micronizing of
pharmaceuticals [13,14,26,30,31], polymers and copolymers [32—-34]. Moreover, this
technique has been studied for the production of protein microparticles containing the bovine
serum albumin [29] or lysozymes [35]. Although several studies have been reported on
application of SAA in the preparation of microparticles from various types of solutions and
coprecipitates containing drugs, polymers and proteins, only small attention has been devoted

to the production of microparticles from emulsion based systems.

In order to expand knowledge in this field of interest, the primary aim of this work was to
prepare 1-monoacylglycerol/polyvinyl alcohol (1-MAG/PVA) microparticles using SAA from
O/W emulsions. The conditions for SAA process were established and prepared 1-MAG/PVA
microparticles were thoroughly characterized using relevant analytical methods. The effect of
different 1-MAG/polymer ratio and the emulsion preparation method on the particle size,
stability, morphology and loading of obtained powders were examined using optical and
electron microscope, photon correlation spectroscopy (PCS), different scanning calorimetry

(DSC), X-ray diffraction (XRD), and high pressure liquid chromatography (HPLC).
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The potential of this new approach is the possibility to obtain microparticles of coprecipitates
of hydrophobic active substances and hydrophilic polymer carrier. This is a great advantage to

increase the bioavailability of pharmaceutical compounds.

2. EXPERIMENTAL

2.1 Materials and methods
Polyvinyl alcohol (PVA, MW: 30.000—70.000, hydrolysis of 87-90%) and cthylacetate (EA,
purity 99.8%) were purchased by Sigma-Aldrich (Milan, Italy). Monoacylglycerol of capric
acid (1-MAG C10:0) was obtained from Tomas Bata University in Zlin and used as supplied
[36]. Carbon dioxide (CO,, purity 99 %) was supplied by SON (Naples, Italy) and nitrogen

(N2, purity 99 %) by SOL (Caserta, Italy).

2.2 Emulsion preparation

Emulsions of O/W (ratio 10/90 w/w) were prepared using two different emulsification
methods. In the first one, emulsifications were carried out using high-speed stirrer (mod.
L4RT, Silverson Machines Ltd., Waterside, Chesham Bucks, UK). The known amount of 1-
MAG C10:0 was dissolved in EA to form an oil phase. Then, the oil phase was added drop-
wise to the EA-saturated aqueous PVA solution (0.9% w/w EA in water) under continuous
stirring and the emulsion was formed. All experiments were run at the room temperature
(25 °C) and the stirring rate was controlled at 4000 rpm for 4 min.

For comparison, emulsions were also produced via sonication using the Digital Sonifier
(model S-450D, Branson Ultrasonic Corporation, Danbury, Connecticut, USA). Water phase
and oil phase were poured into the vessel and sonicated at 20 kHz for 2 minutes. The

emulsions prepared using sonication were studied and compared with those formed by stirrer.
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Two different concentrations of PVA (6 and 10 mg/ml) and five various concentrations of 1-
MAG C10:0 (0, 10, 20, 30 and 40 mg/ml) were applied through the study. As PVA and 1-
MAG are, by their nature, surface active agents, resulting values of hydrophilic lipophilic
balance (HLB) of surfactant mixtures were calculated using equation HLB = x; x HLB; + x;
x HLB,, where x,; X, are volume fractions of surfactants with HLB, and HLB,. HLB values
of 18 and 6.5, given by surfactant suppliers, were used for PVA and 1-MAG C10:0,

respectively [37, 38].

2.3 Supercritical Assisted Atomization (SAA) process
Experiments leading to microparticle production were performed on SAA in-house apparatus
(University of Salerno, Italy) which is schematically describe in details in [31]. It consists of
three feed lines, the first for delivering supercritical carbon dioxide (SC-CO,), the second for
liquid solution to be micronized and the third for inert gas (warm nitrogen), as well as of three
main vessels: saturator (Sa), precipitator (Pr) and condenser (Co). Firstly, the liquid CO, is
taken from a cylinder and sent to the high-pressure pump where it is pressurized. Then it
continues to a heated bath and finally to the saturator where it solubilises into the liquid
solution. The saturator is a high pressure vessel (internal volume of 0.05 dm’) loaded with a
stainless steel perforated saddles, which provides a large contact surface and an adequate
residence time allowing the dissolution of SC-CO, in the liquid solution. Then, the expanded
liquid solution obtained in saturator is sprayed through a thin wall (80 pum internal diameter)
injection nozzle into the precipitator operating at near atmospheric pressure. To facilitate the
evaporation of liquid droplets, a controlled flow of N; is heated in electric heat exchanger
(S1) and delivered into the precipitator. The saturator and the precipitator are electrically
heated by thin band heaters. The dry powder is collected with a 0.1 pm pore size stainless

steel filter located at the bottom of the drying chamber, whereas the gaseous stream passes
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through the filter and reaches the condenser where the liquid is separated from the gas mixture
(C02 and Nz).
The list of micropaticle samples prepared by SAA micronization process is provided in Tab. 1

and the samples are denoted through their 1-MAG and PV A content as follows.

2.4 Emulsion droplets and microparticle morphology
Microscopic observation of emulsion droplets was performed using an optical microscope
Olympus (model BX 50, Tokyo, Japan) immediately after their preparation. The morphology
of the produced 1-MAG/PVA microparticles was evaluated by a scanning electron
microscope (SEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany). The
powders were dispersed on a carbon tap previously stuck to an aluminum stub. Samples were
coated with gold (layer thickness of 25 nm) using a sputter coater (mod. 108A, Agar

Scientific, Stansted, UK).

2.5 Measurement of particle size distribution

The particle size, particle size distribution (PSD) and polydispersity indexes (PDI) of
emulsions used for micronization were determined by photon correlation spectroscopy (PCS)
immediately after their preparation. For this purpose, Nanosizer Nano ZS instrument
(Malvern Instruments, UK) equipped with a He-Ne laser operating at 4.0 mW and 633 nm
was used. The measurements were carried out at a scattering angle of 173 © and at the constant

temperature of 25 °C.

The obtained 1-MAG/PVA microparticles were characterized by PCS as well. Samples were
prepared by dispersion of 2 mg micronized powder in | ml ethylacetate followed by 30 min

sonication.
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2.6 Solid state analysis
DSC measurements were performed using a differential scanning calorimeter (model DSC1-
Star® System, Mettler Toledo). Samples of 1-MAG/PVA microparticles (2-3 mg) were
accurately weight, placed in aluminium pans, sealed and analyzed using the following
temperature program: 1) cooling down to —40 °C with an isothermal hold for 5 minutes 2)
heating from —40 °C to 240 °C with hold for 3 minutes 3) cooling from 240 °C to —40 °C with
hold for 5 min at the temperature and 4) repeated heating from —40 °C to 240 °C. Heating rate
of 20 K/min under nitrogen purge of 40 ml/min was applied. Instrument calibration was done
with indium. The resulting DSC data were evaluated and peak melting temperature (T,,), peak
onset temperature (Tonset), heat of fusion AH, and glass transition temperature (T,) were

recorded.

2.7 X-ray analysis
Wide-angle X-ray diffraction patterns were obtained using PANalytical X'Pert PRO
(Holland) with theta-theta goniometer, Ni-filtered CuKa radiation (0.1542 nm) and PIXcel
detector. All the measurements were operated at ambient temperature in reflection mode, at
40 kV and 30 mA with automatic divergence and anti-scatter slits in the range of angles from
5 to 95° (260) and step size 0.0263°. Counting time 42.8 s per step was used. Measurements of
studied 1-MAG/PVA microparticles were performed on two samples with the same
composition but prepared by two independent atomization processes to evaluate the

reproducibility of the production method.

2.8 Loading of 1-monoacylglycerols in microparticles

The quantification of 1-monoacylglycerol in 1-MAG/PVA microparticles was performed

using a modular high performance liquid chromatography system consisting of Waters 600E
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pump, UV-VIS detector (UV 200, DeltaChrom) and the Clarity software. Samples were
analysed on C18 X-SELECT column (4.6x250 mm, 5 um particle size, Waters) at room
temperature. The wavelength of 205 nm was employed. Two different methods were used in
order to properly determine 1-MAG concentration in microparticles and assure complete
dissolution of the sample; 1) A known quantity of the tested sample (5 mg/ml) was dissolved
for 20 h at 50 °C in ethanol/water (2/1) mixture. The mobile phase consisting of
acetonitrile/water/acetic acid (90/10/0.1) at a flow rate Iml/min was used for each analysis. 2)
The powder was dissolved in dimethylsulfoxide/water (1/4) mixture under above given
conditions and the HPLC analysis was conducted with the mobile phase containing

acetonitrile/water/acetic acid (70/30/0.1).

3. RESULTS AND DISCUSSION

3.1 Optimization of emulsions prior to micronization
Two different emulsification methods (high-speed stirring and sonication) were used to
prepare stable O/W emulsions and compare their characteristics such as appearance, particle
size, particle size distribution and stability with the goal to find out an optimal emulsion
system for the micronization by SAA.
The results showed that the emulsions prepared by the sonication appeared to have more
favourable characteristics, such as smaller dispersed oil droplets that were distributed more
uniformly in the continuous water phase of the emulsion compared to those produced by
stirring (Fig. 1). These data correspond to the results obtained by Lin et al. [39] who prepared
two-phase W/O and three phase O/W/O emulsions using ultrasonically vibrating and
mechanically homogenizing methods and compared them in terms of particle size, viscosity
and stability. They found out that the ultrasonically vibrating method is more efficient for the

preparation of both types of emulsions and provides systems with more suitable
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characteristics in terms of smaller droplets and more uniform droplet distribution. In addition,
the sonicated emulsions studied in current work possessed a grey colour in appearance,
indicating presence of small droplets, without foam on the top of the emulsion. All the
produced emulsions were stable at least one hour with non-coalescing droplets, as illustrated

by two optical microscope images reported in Fig. 1a, and 1b.

3.2 SAA micronization
Emulsions containing different ratios of [-MAG/PVA prepared by stirring and sonication
were micronized using SAA under identical process parameters. The experimental conditions
of SAA as well as the parameters of emulsions containing 10 mg/ml of PVA and different 1-
MAG concentrations produced by high-speed stirring can be seen in Tab. 2. From the table it
is clearly visible that the yield of microparticles is affected by the 1-MAG/PVA ratio. The
lowest microparticle recovery of 18 % was detected in the sample denoted MO/P10,
containing only pure PVA without addition of 1-MAG. Conversely, the highest yields ranged
between 50-60 % and were observed in samples containing 20 or 30 mg/ml of 1-MAG.
Further, a slight decrease in powder recovery to 40 % is seen with an increasing 1-MAG
concentration to 40 mg/ml. The identical trends in terms of powder recovery were also found
after micronization of emulsions prepared by the same emulsification method
(homogenization) with lower PVA concentration (6 mg/ml) as well as emulsions produced by

sonication. (data not presented)

3.3 1-MAG/PV A microparticles
Spherical |-MAG/PVA microparticles with the diameters ranging between 0.5-3 um having
well-defined boundaries were obtained in all experiments, which is qualitatively shown in the

SEM image reported in Fig. 2. Despite using the same magnification (10 K), a quantitative
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evaluation of the change in particle size with the various concentrations of 1-MAG and PVA
wasn’t possible. In order, to investigate the effect of PVA and 1-MAG concentrations as well
as the different emulsification method on the size and distribution of the prepared
microparticles, systematic measurements were performed using PCS after particle re-
dispersion in ethylacetate. The corresponding distribution curves, expressed in terms of

number of particles or particle volume, are given in Figs. 3 and 4, respectively.

3.3.1 Effect of PVA and 1-MAG concentration
The influence of various [-MAG/PVA ratios on the particle size and PDI is clearly visible in
Fig. 3 and 4. The similar trends in changes, i.e., increase of particle size and PDI, was
observed with growing concentrations of both components, regardless of the preparation
method of emulsions. The concentration effect of 1-MAG is more evident in Fig. 3 depicting
a shift of distributions towards larger particle diameters when 1-MAG concentration
increased. It is also remarkable that the size distributions became broader as the 1-MAG
concentration grew, which is especially seen on 1-MAG with concentration of 40 mg/ml.
Conversely, when less amount of 1-MAG was processed, the number of small particles

increased, while a few large particles were produced under micronization.

Similar results in terms of increasing of particle sizes and broadening distributions were
detected at 1-MAG/PVA microparticles produced at various PVA concentrations. Fig. 4 gives
the particle size distributions calculated on an integral basis and shows the data regarding the
volume percentage of the particles produced. Volume based curves illustrates that the
microparticles with lower PVA concentration (6 mg/ml) were smaller in their sizes and that
their distributions were narrower in comparison with those containing the higher PVA

concentration of 10 mg/ml, irrespective of the emulsification method used.
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The compositional change in particle sizes and distributions during micronization is a typical
phenomenon observed in various materials processed by SAA [24,28,40,41]. This fact can be
explained considering physical characteristics of parent solution undergoing micronization
process, such as its viscosity and surface tension. An increase of solution concentration causes
a rise of the viscosity as well as surface tension of emulsions, resulting in the formation of
larger primary particles, which subsequently influences the dimension of the secondary

particles.

3.3.2  Effect of the emulsification method

The emulsion preparation method was evaluated as another important parameter affecting the
particle size, particle size distribution and polydispersity index of resulting microparticles. It
was found that the 1-MAG/PVA microparticles micronized by SAA from O/W emulsions
prepared by sonication were much smaller in their sizes than those produced using a high-
speed stirrer (Fig. 5). In addition, they also possessed narrower particle size distribution with
PDI in the range of 0.24—0.32 compared to the microparticles produced by stirring (PDI =
0.34-0.69). However, these results could be expected due to the results obtained from the
optical microscopy which was performed on freshly prepared emulsions prior their
micronization.

These data correspond to the conclusions presented in publication [42] saying that the use of
the sonicator for emulsification leads to the smaller droplet sizes while obtaining more

homogenous samples in comparison with the conventional mechanical processes.

3.4 Solid state characterization
341 X-ray
X-ray analysis provided information about crystallinity of the obtained powders. Fig. 6

illustrates X-ray spectra of raw materials (I-MAG, PVA) as well as 1-MAG/PVA
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microparticles processed by SAA. The presence of sharp peaks, clearly notable in the spectra,
indicate the crystalline structure of raw 1-MAG C10:0 (Fig. 6, curve labelled a). This is not
surprising, as crystalline properties of 1-MAG are known and the presence of soft, layered
crystals is typical in solid state. From the same figure, it is obvious that raw PVA has semi-
crystalline structure (curve labelled b). Correspondingly, the microparticles consisting of PVA
and 1-MAG (curves labelled ¢ and d), prepared by SAA under the same conditions but with
different monoacylglycerol/polymer ratio (1/2 and 1/4), possess also semi-crystalline structure
similar to that of raw PVA. Nevertheless, X-ray data proved that the 1-MAG/PVA
microparticles show higher crystallinity than the raw PVA, which is clearly visible from the
Tab. 3, as well as from the shape of the peaks in XRD spectra. The X-ray analyses therefore
indicate that the 1-MAG/PVA microparticles preserved the semi-crystalline structure of the
parent PVA. These results are not quite common with respect to solid-state properties of
particles conventionally obtained by SAA process, which are typically amorphous [28-30,
41]. Only rarely, formation of crystalline particles via SAA micronization was reported [32,
43]. This phenomenon might be explained by very fast crystallization rate, being much higher
than the rate of SC-CO, evaporation; therefore, the molecules are allowed to arrange their
structure before the drying process is completed. Reproducibility of SAA micronization
process was very good because the samples of the same composition, produced by two
independent atomization processes exhibited almost the same crystallinity, differing only in

the order of tenths of a percent (Tab. 3, values given in parentheses).

3.4.2 Different scanning calorimetry
Different scanning calorimetry (DSC) serves as an efficient tool for the characterization of
solid state of materials. Therefore, [-MAG/PVA microparticles were also analysed by DSC to
gain further insight in structure of prepared powders, which may supplement the XRD results.

The DSC thermograms recorded during the first heating on melting of 1-MAG/PVA
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microparticles after micronization are reported in Fig. 7. It is seen that the DSC curves exhibit
two notable thermal events, similar for all tested samples. The first one, positioned at the
temperature range of 40-65 °C can be assigned to glass transition (T,) and the second, a broad
endothermic peak present at about 189 °C, can be considered as the melting temperature (Ty,)
of the tested samples. Though the peak melting temperature is roughly similar for all the
samples, the heat of fusion (AH,,) of the obtained microparticles is changing. While the
microparticles containing only PVA show AHywu mopio) = —91.7 J/g, the 1-MAG/PVA
microparticles have heat of fusion lower, being AHyn miors) =—70.2 J/g and AHyn m30p6) =
—63.1 J/g. Tt is hence obvious that the AH,, values decrease with an increasing 1-MAG
content. This observation suggests that |-MAG can act as a plasticizing agent, disturbing the
crystalline structure of polyvinylalcohol. The same phenomenon is also observed during the
second heating and both cooling steps, as can be seen in Tab. 4. As already mentioned above,
the DSC measurements performed on SAA processed samples revealed the presence of glass
transitions (T,). Their occurrence is typical for semi-crystalline materials due to the certain
content of amorphous phase in their structure. The T, values are at around 45 °C during the
first heating and 57 to 70 °C during the repeated heating, here showing a slight shift towards
higher temperatures with an increasing 1-MAG concentration.

However, the melting processes occurring during the second heating step are difficult to
assign the properties of micronized powder, as during the first heating to temperatures above

the melting point of both 1-MAG and PVA, the particular structure is destroyed.

X-ray data illustrates slight increase in crystallinity of PVA particles after 1-MAG was added.
This was not fully confirmed by DSC measurements, as the highest 1-MAG content provided
the lowest recorded heat of fusion AH,, This discrepancy can be caused by the different

treatments of the samples prior to analyses. Whilst XRD analysis was carried out at ambient
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temperature, the DSC measurements started first after cooling the sample down to —40 °C
followed with annealing for 5 minutes at this temperature. However, both techniques show
that the I-MAG/PVA microparticles are semicrystalline with the most of the crystallinity

retained from PVA polymer.

3.5 1-monoacylglycerol loading and encapsulation efficiency
Two different HPLC methods were used to detect the amount of loaded 1-MAG in
micronized samples. On the basis of experimental data it was found that both techniques are
able to reliably determine the quantity of I-MAG in microparticles, which was mostly lower
than 15% in all studied systems. These results show a relatively low encapsulation efficiency
of tested systems, nevertheless since it was a pilot study dealing with the new modification of
SAA process, the micronization of 1-MAG/PVA microparticles from O/W emulsion systems,

the results can be further improved.

4. CONCLUSION

The main purpose of the study has been to optimize composition and properties of emulsion
systems (O/W) for the production of 1-MAG/PVA microparticles using supercritical assisted
atomization (SAA) and to establish the suitable conditions for the micronization process. The
obtained 1-MAG/PVA microparticles were then characterized by common analytical
techniques, such as optical and electron microscopy, photon correlation spectroscopy (PCS),
different scanning calorimetry (DSC), X-ray diffraction (XRD), and high pressure liquid
chromatography (HPLC) in order to determine the effect of the emulsion composition and
preparation method on the final particle sizes, structure or encapsulation efficacy.

The overall results state that the sonication was more suitable emulsification method for the

preparation of O/W emulsions intended for micronization by SAA than the high-speed
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stirring. The main reasons were their more favourable properties in terms of smaller dispersed
oil droplets and uniform droplet distribution in aqueous phase.

Generally, the 1-MAG/PVA microparticles obtained by SAA possessed spherical shape with
the diameter in the range of about 0.5-3 pum. The size of the microparticles was affected by
properties of parent emulsions, namely by the [-MAG/PVA ratio as well as by the
emulsification method. Regarding influence of composition, the similar trend, i.e., an increase
in particle sizes and a shift of distributions towards larger particles was observed with
growing concentrations of both PVA and 1-MAG, regardless of the emulsion preparation
method applied. Moreover, the 1-MAG concentration in emulsion also influenced the
recovery of the obtained powders. The highest yields, ranging between 50—60 %, were found
in samples containing 20 or 30 mg/ml of 1-MAG. The emulsification method was another
important parameter influencing the particle size and PDI and it was found that the
microparticles micronized from sonicated emulsions were smaller in their sizes and showed
narrower distributions than those prepared from homogenized emulsions.

It is worth noting, that the tested I-MAG/PVA microparticles had semi-crystalline structure
similar to the structure of not micronized, raw PVA. However; the crystallinity of prepared
microparticles was higher compared to raw PVA. This effect was especially observed in
particles with the higher 1-MAG concentrations. Additionally, the DSC measurements also
confirmed the occurrence of this type of structure in microparticles via determining their glass

transitions which are typical for semi-crystalline materials.
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Figure captures

Fig. 1 Optical microscope images of emulsion with 10 mg/ml of PVA and 10 mg/ml of 1-

MAG prepared by: a) high-speed stirrer; b) sonication.

Fig. 2 SEM image of 1-MAG/PVA microparticles produced by SAA.

Fig. 3 Number of 1-MAG/PVA particles % distributions produced by SAA from O/W

emulsions prepared by stirring with different 1-MAG concentrations (in mg/ml).
Fig. 4 Cumulative distribution curves of 1-MAG/PVA microparticles produced by SAA from
O/W emulsions prepared by stirring with various PVA and 1-MAG concentrations (in

mg/ml).

Fig. 5 Number distribution of 1-MAG/PVA particles produced by SAA from O/W emulsion

prepared using different emulsification methods; sonication (S); or high-speed stirrer (H).

Fig. 6 X-ray diffraction patterns of: a) raw 1-MAG; b) raw PVA; ¢) S M20/P10 microparticles

with the ratio 1/4; d) S M40/P10 microparticles with the ratio 1/2.

Fig. 7 DSC thermographs of H MOP10, H M10/P6 and H M30/P6 microparticles recorded

during the first heating.
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Table(s)

Tab. 1 List of micronized 1-MAG/PVA microparticles.

1-MAG Emulsification method
Sample PVA 1-MAG/PVA HLB
C10:0 A High-speed
1-MAG/PVA |mg/ml] ratio value Sonication (S)

[mg/ml] stirring (H)
H M0/P10 0 10 n.a. 18 X n.a
H M10/P10 10 10 1/9 16.95 X n.a
H M20/P10 20 10 1/4 15.78 X n.a
H M30/P10 30 10 1/2.5 14.99 X n.a
H M40/P10 40 10 172 14.35 X n.a
H M10/P6 10 6 1/4.15 15.96 X n.a
H M20/P6 20 6 1/2.25 14.77 X n.a
H M30/P6 30 6 1/1.5 13.8 X n.a.
S M20/P10 20 10 1/4 15.78 n.a. X
S M30/P10 30 10 1/2.5 14.99 n.a X
S M40/P10 40 10 172 14.35 n.a X

n.a. not applicable

Tab. 2 Experimental conditions for SAA for micronization of emulsions produced by high-

speed stirring.

Sample SAA conditions Yield [%]
1-MAG/PVA T Sa [°C] T Pr [°C] P Sa [bar] P Pr [bar]
H M0/P10 80 100 110 1.30 18
H M10/P10 80 100 115 1.30 40
H M20/P10 80 99 110 1.30 49
H M30/P10 80 99 103 1.30 59
H M40/P10 80 99 107 1.38 37

Tab. 3 Values of the crystallinity of the 1-MAG/PV A microparticles.

Sample 1-MAG/PVA ratio Crystallinity [ %]
1-MAG/PVA
raw PVA n.a. 16.6
S M20/P10 1/4 23.1(24.1)
S M40/P10 12 27.9 (27.6)

n.a. not applicable
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Tab. 4 DSC results obtained by heating and cooling of tested 1-MAG/PV A microparticles.

1. Heating Glass transition T,
Sample AH [J.g'I] peak [°C] onset [°C] onset [°C] midpoint [°C]
H MO/P10 -91.7 189.5 157.4 433 46.1
H M10/P6 -70.2 189.5 157.8 46.8 45.4
H M30/P6 -63.1 190.5 153.6 46.4 46.8
2.Heating
H MO0/P10 -22.3 166.2 133.7 65.75 70.0
H M10/P6 -21.3 164.2 135.3 61.30 65.6
H M30/P6 -18.1 161.2 134.1 52.09 57.2
1.Cooling
H MO0/P10 17.1 113.8 122.0 75.7 68.6
H M10/P6 19.7 114.1 122.4 71.5 63.6
H M30/P6 17.6 111.8 123.2 62.0 554
2.Cooling
H MO/P10 6.3 99.8 112.2 74.8 67.8
H M10/P6 10.3 100.4 112.9 71.2 62.3
H M30/P6 10.4 101.1 112.6 63.2 55.9
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