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ABSTRACT

The focus of this project has been the mechanisms of action of surfactants as
agricultural adjuvants and the physico-chemical interactions between adju-
vant, carrier formulation, and leaf surface. To increase the understanding of
this complex system, model systems have been evaluated in parallel to in vitro
studies of plant leaf cuticle. Investigations on how thermodynamic, structural
and rheological properties of leaf surface constituents are affected by surfac-
tant absorption and hydration have been central. The main techniques em-
ployed in the project are: Environmental Scanning Electron Microscopy, Dif-
ferential Scanning Calorimetry, Optical Phase Contrast Microscopy with
Temperature Resolution, Quartz Crystal Microbalance with Dissipation,
Small- and Wide-angle X-ray Diffraction, and Franz type diffusion cells. The
effects that surfactants exert on the structure of native intact plant leaf cuticle
were investigated by Small- and Wide-Angle X-ray diffraction (SWAXD). The
native Clivia cuticle wax is heterogeneous and contains both crystalline and
amorphous domains. The wax has a broad melting interval between 40 and
80°C which comprises a crystalline transition from orthorhombic to hexago-
nal sub-cell. This transition is facilitated by addition of surfactants. Both intact
cuticle and extracted wax also possess lamellar long range order. Clivia is an
appropriate model plant since it is related to, and has similar leaf characteris-
tics as, some of the most important crop plants, wheat and barley. It is easy to
cultivate indoors, and the leaves are wide enough to be evaluated in vitro
through diffusion cell experiments. The barrier is very tough; if it works on
Clivia it most probably will work in the field as well. The model of plant leaf
intracuticular wax can be used to estimate formulations effects on the cuticle
structure. A model was based on a leaf wax extract and comprised 1-
docosanol (C,,H,;,OH) and dotriacontane (C,,H,,). The thermotropic phase
behaviour of the model was investigated, and the structure of individual phas-
es in the model wax - water system was determined. The thermotropic transi-



tions of the model wax fit in the window of the extracted leaf waxes, but the
model wax would benefit from further development, striving for a more
amorphous system. The effects of surfactants on the phase behaviour and the
rheological characteristics of the model wax were quantified. This was done to
address the current lack of understanding of how surfactants affect the barrier
properties of plant leaf cuticles on a molecular level. The model wax used is
crystalline at ambient conditions, yet it is clearly softened by the surfactants.
The softness of the wax film increased in irreversible steps after surfactant ex-
posure and of the two surfactants used, C, EO, has a stronger fluidizing effect
than C,G, . Intracuticular waxes (IW) comprise both crystalline and amor-
phous domains. Surfactants mainly exercise their fluidizing effects in amor-
phous regions. A mechanism is suggested to explain the fluidizing effects seen
on a largely crystalline model wax. It is proposed that surfactants may enter
the crevices in between crystalline domains to establish an expanded continu-
ous amorphous network. Surfactants allow higher amounts of active ingredi-
ents in solution, available for penetration. Commercial products (normally
concentrates) may contain such high amounts of active ingredient that com-
plete solubilisation is never reached, even after dilution. Crystalline active in-
gredients cannot enter the cuticle and may lead to an unnecessary environmen-
tal burden when dislocated from the leaf. The rate of active ingredient leaf up-
take may be increased by an appropriate surfactant. Surfactants increase the
flux of active ingredients over the cuticle barrier by increasing the diffusion
coefficient inside the cuticle. Based on Fick’s first law, an algorithm that ac-
commodates changes in boundary conditions and takes partition into account
was developed. It thereby provides a more accurate method, compared to the
standard equations normally used for calculating solute diffusion coefficients
in membranes. The same quantitative increase in both flux (J,) and diffusion
coefficient (D,) was observed with surfactants present, while the cuticle-water
partition coefficient (Ig K_,) remained unchanged. Evaluation tools have been
developed by the establishment of QCM-D and membrane diffusion protocols,
and the investigations on model wax. These tools can facilitate the determina-
tion of desired properties of new and better adjuvants in agriculture. Subse-
quently, it may contribute to a more cost-efficient and environmentally friend-
ly usage of pesticides in foliar spray applications. The wider aim of this project
was to contribute to a more efficient and optimized pesticide application
through investigation of the cuticle and its interplay with surfactant solutions.
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POPULARVETENSKAPLIG
SAMMANFATTNING

I avhandlingen undersoks vixelverkan mellan det yttersta lagret pa vaxters
blad (cutikeln), aktiva substanser, och amnen som tillsitts for att oka be-
kampningsmedlens effekt, i detta fall vissa former av tensider. Barridren som
hindrar upptag av frimmande damnen i vaxten sitter i cutikeln. Det dr val kant
att tensider forstarker effekten av aktiva substanser. Kunskapen ar dock liten
om de mekanismer som underlattar upptaget i vaxtblad. Det 6vergripande ma-
let i avhandlingen ar att 6ka kunskapen om hur dessa mekanismer verkar. Att
klargora vilka effekter tensider har pa cutikeln och hur dessa mojliggor ett
Okat upptag av aktiva substanser. Ytterligare ett mal ar att bidra till en mer
ekologiskt hallbar anvandning och fornuftig applicering av bekampningsmedel
inom jordbrukssektorn. Det senare av dessa tvd mal kan uppnas genom att
anvianda den mest effektiva tensiden for respektive bekampningsmedel, samt
det mest effektiva bekampningsmedlet for respektive vaxtsort for att pa sa vis
minimera mangden bekdmpningsmedel. Men optimering kraver givetvis for-
staelse. Det Overgripande malet har uppnatts genom kartliggning av vad som
sker i vixelverkan mellan tensid, vatten och vixtblad. Bestindsdelarna som
uppratthaller bladets barriaregenskaper beskrivs, samt hur deras smaltbete-
ende och strukturella egenskaper forandras da vatten tillfors och da tensider ar
narvarande. En ny modell av vaxbarridren i cutikeln etableras och kartlaggs.
Modellen anvinds till att undersoka de mjukgorande effekterna tensider och
vatten har pa cutikeln. Hur tensider ordnar sig i en vattenlésning och hur ord-
ningen fordndras nar vatten avdunstar beskrivs i avhandlingen. Vidare kart-
laggs hur tensider absorberas i cutikeln och vilka strukturer som paverkas dar.
Drivkraften for upptag av bekampningsmedel i vaxtblad forklaras, hur tensi-
der paverkar drivkraften och vilka egenskaper hos en blandning som péaverkar
upptaget utronas. Hur tensider paverkar parametrar i barridren beskrivs
ocksa. Dessa parametrar behandlas pa ett satt som gor det mojligt att forklara
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de effekter som tensider faktiskt har pa distributionen av bekdampningsmedel
inuti cutikeln. Slutligen sa utvarderas formuleringar pa intakta vixtblad. Detta
mojliggor kartlaggning over vilka roller mattnadsgraden av bekampningsme-
del i formuleringar samt effekten av tensider pa vaxtblads barridregenskaper
spelar i bladets upptag av bekdmpningsmedel. Dessa resultat sammanfattas i
en ny algoritm som gor det mojligt att forutse distributionen av bekamp-
ningsmedel i vixtblad vid en given blandning. Vixter utgor basen for en klart
dominerande del av varldens sammantagna produktion av livsmedel och djur-
foder. De ar ocksd en ravara i ett flertal industriella produkter. Da befolkning-
en Okar och levnadsstandarden forbattras, Okar ocksa efterfrigan pa battre
mat och forbrukningsartiklar fran vaxtbas. For att tillgodose efterfragan stra-
var producenter och odlare standigt efter okad avkastning. Detta uppnas ge-
nom okade odlingsarealer, effektivare anvindning av befintlig odlingsmark
samt skydd mot skadeangrepp pa vixter. Det sistnamnda kan goras med hjalp
av olika bekampningsmedel som innehaller aktiva substanser. Faktum ar att
en livsmedelsproduktion pd dagens niva inte hade varit mojlig utan anvind-
ning av bekdmpningsmedel. Dessa amnen innebar dock risker, anvandningen
ar inte fullt optimerad och forstaelsen for skeenden och processer i samband
med dess anvandning ar i vissa avseenden fortfarande bristfallig.
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ABBREVIATIONS AND SYMBOLS

Clivia Clivia Miniata Regel

w intracuticular wax

EW epicuticular wax

CM cuticle membrane

CM-e enzymatically isolated CM
CM-d dermatomed CM

EWL epicuticular wax layer

CP cuticle proper

CL cuticle layer

SCL soluble cuticular lipids

Al active ingredient

G Gibbs energy

H enthalpy

S entropy

T temperature

W chemical potential

t, lag-time

k; partition coefficient

J. diffusion flux

D, diffusion coefficient

1o concentration

c’ saturation concentration at a given surfactant concentration
a, thermodynamic activity

z position

R the universal gas constant
A area

m mass

\Y volume



QCM-D

2
G”,

DSC
AH,

i, melt

H,"

w

a

P‘:/Vap

I)max

Ps'urp
PLOM
SEM
HPLC
GC-MS
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Quartz Crystal Microbalance with Dissipation
shift in frequency

frequency overtone number

mass sensitivity constant

complex dynamic modulus

storage modulus

loss modulus

shear elastic modulus

shear viscosity

fundamental frequency of oscillation

change in frequency

change in dissipation

density

thickness

angular frequency

viscous penetration depth of the shear wave
Small and Wide Angle X-ray diffraction
integer determined by the order given

wave length of the beam

inter planar distance

angle between normal of the incident beam and sample
scattering planes

scattering vector

Differential Scanning Calorimetry

heat effect

partial molar enthalpy of mixing of water
(enthalpy of hydration)

water activity

thermal power of vaporisation

maximal value of thermal power of vaporisation
thermal power in the sorption chamber.
Polarized light optical microscopy

Scanning electron microscopy

High Pressure Liquid chromatography

Gas Chromatography with Mass Spectrometry



INTRODUCTION

Background

With the increase in total world population [1] and the improved standard of
living in many areas of the planet [1], the demand for food and fodder is
steeply rising. Cultivated plants are at the low end of the production chain for
the bulk of the supplied foodstuff, and plants are often the major raw material
for many industrial commodities and final consumer products [2]. Growing
demands have been met by increasing the land used for agriculture, sometimes
in areas considered ecological sensitive, or otherwise ill-suited for agricultural
production [3], and by strong efforts to increase crop yields [3]. Some increase
in foodstuff production have been achieved by more efficient use of already
cultivated lands, but the fact is that the current level of foodstuff supply would
be impossible without the use of externally applied plant nutrients and pesti-
cides [3]. Without pesticides crop yield loss would have been noticeably higher
[4] and the overall effects would have been considerable. The environment
would be negatively affected by more agriculture in ill-suited or sensitive areas
in order to meet demands. With lower yields, farmers would have to sell less
for more in order to break even. Consequently, foodstuff price of would go up
as higher production costs would lead to higher consumer prices. Increased
food costs would cause malnutrition and starvation, without external aid.
Conflicts may arise due to an increased competition over the available food
resources. Pesticide usage is however not without risks [5], neither is it always
optimized [6, 7]. Pesticides may be applied at non-optimal weather condi-
tions, too large amounts of pesticides are applied for the desired effect, and the
role of agricultural adjuvants is regularly overlooked [7]. Furthermore, the
way agricultural adjuvants effect foliar pesticide application is not fully under-
stood [8].
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The plant leaf cuticle

The vast majority of terrestrial plants are covered with a cuticle. The cuticle is
the outermost skin of the plant and is the interface between the plant and its
surroundings. The main function of the cuticle is to maintain the integrity of
the plant by preventing leakage of nutrients and evaporation of water, and by
protecting the plant from intrusion by foreign compounds and organisms [8].
Cuticle structure and characteristics vary between species and may differ
greatly between plant organs [8]. The cuticle covering the leaf, stem, or fruit
of the same plant individual thus may be much differentiated in terms of ap-
pearance, structure, and barrier properties. Moreover, the cuticle contains no
cells, but comprises substances excreted by the epithelial cells at the plant sur-
face, below the cuticle [8].

NP LS Kt

Figure 1. Schematic transverse map of the plant leaf cuticle. Grey lines: crys-

talline wax domains, line network: biopolymer matrix, background: continu-
ous amorphous domain. EWL: epicuticular wax layer, CP: cuticle proper, CL:
cuticle layer. Moditied after [12].

The cuticle is not a homogeneous, evenly distributed film on the surface of
plant cells, but heterogeneous rather, both in the transverse and lateral direc-
tions. A plant leaf cuticle can be transversely divided into three zones [8] (Fig.
1). The outermost layer of the cuticle is the epicuticular wax layer (EWL). The
constituents of the EWL vary between species and plant organ and consist
mainly of aliphatic and aromatic nonpolar compounds, i.e. epicuticular waxes
(EW). The waxes can be more or less ordered and usually both crystalline and
amorphous domains are present [8]. Wax structures may protrude from the
outer cuticle surface, affecting the surface characteristics of the cuticle. The in-
termediate zone of the cuticle, the cuticle proper (CP), is made up by intracu-
ticular waxes (IW) embedded in a matrix of biopolymers produced by living
organisms [9], i.e. Cutin and/or Cutan [8]. The deepest layer of the cuticle, the
cuticle layer (CL), comprises a polymer matrix composed mainly of polysac-
charides and Cutin/Cutan. The layers are not discrete, but protract to some
extent into each other. Cutin is a biopolymer that constitutes between 40 and
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80% of the cuticle [10]. It is present as a polymeric network of oxygenated
C,, and C,, fatty acids that are cross-liked by ester bonds [10], but may also
contain other compounds, like glycerol and phenolics [11]. The cutin may be
depolymerized and dissolved by hydrolysis or other chemical methods [10].
The other biopolymer present in many plants, cutan, is held together by non-
ester bonds and resists depolymerization [11]. The cutin/cutan ratio in the cu-
ticle shows great variation with plant species and leaf development [10].

Cuticle wax

In this work the terms “wax” and “waxes” are defined using the established
definitions for the agrochemical and plant science research communities “-The
soluble fraction obtained when CM {cuticle membranes} are extracted with
suitable solvents is called soluble cuticular lipids (SCL) or cuticular waxes [8].
This definition differs from that used within other fields where the term
“wax” often refers to an ester, or the macroscopic characteristics of a particu-
lar material [13]. The intra- and epicuticular waxes consist mainly of hydro-
phobic compounds [14], and protruding structures of epicuticular wax present
in many plant species may trap air at the surface of the leaves. Those are two
reasons for the poor wettability observed for many plant leaf surfaces [8], the
so-called “Lotus effect”. Moreover, the main barrier to intrusion of exogenous
substances lies in the cuticle [8]. The waxes present in the cuticle (IW and EW)
play a crucial role in maintaining the barrier properties of the whole cuticle
[8]. Changes in the ordering and mobility of waxes can greatly affect the bar-
rier properties of the cuticle. This may be realized by effects on the diffusion
coefficient of extraneous substances in the cuticle, and by changes in the parti-
tion of such substances to the cuticle from the surrounding environment.

Role of surfactants in agricultural applications

Surfactants are widely used in agricultural applications as adjuvants to facili-
tate the action of another substance, the active ingredient (AI) [8]. Surfactants
also provide other effects such as spray drift reduction, droplet size control,
surface wettability, and formulation adhesion enhancement [15, 16]. One of
the main reasons for using surfactants in agrochemical spray applications is to
increase the trans-cuticle transport of systemic pesticides and plant nutrients
[8]. Increased transport is achieved by surfactant-induced changes in the order
and mobility of the cuticle constituents, leading to a less efficient barrier [8].
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Diffusion in the cuticle

Various pesticides and plant nutrients are commonly applied by foliage spray-
ing, effectively locating the spray solution to the surface of the leaf [15, 16].
Many of the active compounds applied in this way are systemic; the desired
effect is achieved after the substance has reached the interior of the plant [15,
16]. Hence, the substance needs to permeate the barrier of the cuticle. It is
well established for more hydrophobic substances, that this penetration takes
place by passive diffusion through the hydrophobic parts of the cuticle [8].
Amorphous wax regions are considered to be the main diffusional pathway as
crystalline domains are impenetrable to Als or surfactants [8]. The diffusion is
driven by the difference in chemical potential of the diffusing compound (the
solute) [17, 18], between the plant exterior, the cuticle, and the plant interior.

Softening/Structural effects

The surfactants that are most efficient in promoting penetration of lipophilic
active ingredients are so called co-penetrants [19-21], i.e. both the surfactant
and the Al enter the cuticle, ideally at the same rate [19, 21-22]. The surfac-
tant affects the diffusion coefficient observed for penetrating molecules [19,
22-23]. This change could be related to an increase in the fluidity of the
amorphous IW since the lipophilic molecules diffuse in the amorphous parts of
the cuticle. It has been implicitly stated that a crystalline wax remains mostly
unaffected by surfactants while the amorphous wax material does not [24-

26].

The scientific questions in this thesis and their relevance

It is known that surfactants may enhance the effects of pesticides and other
Als [8]. But the mechanisms underlying the increased leaf uptake of these sub-
stances are not fully understood [8]. The overall aim of this project was to in-
crease the knowledge about the uptake mechanisms. A further goal was to
contribute to a more sustainable usage and application of Als used in agricul-
ture. That could be achieved by optimization of surfactant-Al-plant species
reciprocity, where a minimal Al amount produces the effects desired. But op-
timization requires knowledge. These goals were addressed by investigations
of the interaction characteristics of surfactant, water, and cuticle. Tebucona-
zole, a systemic fungicide currently used against e.g., rust on wheat and leaf
fungus, was chosen as a model Al Leaves were retrieved from the plant Clivia
Miniata Regel, and two surfactants, C, EO, and C,G, ,, commonly used as ad-
juvants were evaluated. Surfactants interact with water, and hydration of cuti-
cle constituents may play an important role in their mechanistic action. But
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what is the aggregate structure of the surfactants in formulations? And how
does this change when water evaporates? What happens when a surfactant ad-
sorbs on and is absorbed in the cuticle? What parts of the wax matrix does it
affect, and how? Can the surfactant solubilize wax from the cuticle? Paper I,
by means of X-ray diffraction, systematically explores these questions by stud-
ies of intact leaf cuticle subjected to various levels of surfactant and hydration.
This simulates the situation on a leaf surface after application of a surfactant
water formulation. Surfactants may also absorb in the cuticle and affect the
thermodynamic, structural, and rheological properties of leaf surface constitu-
ents. Which main constituents in the cuticle are responsible for the barrier
properties? How are the melting characteristics and the structural properties
of these substances affected by hydration and the presence of surfactants?
How do the rheological properties of the cuticle constituents change when
subjected to increasing levels of surfactant? Paper II and III elaborate on these
questions and present data to explain the interactions between surfactant, wa-
ter, and the main cuticle barrier constituents. Surfactants may affect plant leaf
uptake of Als. However, what is the driving force for Al uptake in the first
place? What characteristics of the formulation influence this driving force?
Does the surfactant enter the cuticle? What parameters does it affect once in
the cuticle? How can these parameters be understood and contained in a way
to enable a mechanistic explanation on the surfactant effects on the diffusion
of Als? These questions are answered in Paper IV where intact plant leaf cuti-
cles were used in vitro to study the diffusion of a model substance.
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EXPERIMENTAL TECHNIQUES AND
CONSIDERATIONS

This section presents some of the techniques employed in this thesis. The ma-
jor measurement techniques are described in more detail. Practical and theo-
retical considerations linked to each technique are briefly discussed. More in-
depth information may be retrieved from Paper I-IV and references listed
therein.

Diffusion cells

Diffusion cells are used to measure mass transfer across membranes. There are
a number of varieties on the market but in general they fall into one of the
three categories; Ussing [27] (static, side-by-side), Franz [28] (static, vertical),
and Bronaugh [29] (flow-through, vertical). In this thesis Franz cells were used
exclusively. The Franz diffusion cell is typically made of glass and consists of
two parts: the lid and the body (Fig. 2). The lid has a centred cylindrical hole,
which is called the donor compartment (1 ml in this study). The lid is centred
on the top of the body. The body has a centred cylindrical cavity called the re-
ceptor compartment (6 ml in this study), and is surrounded by a heating jack-
et. A membrane is placed on top of the receptor solution, between the body
and the lid of the Franz cell. The two compartments, donor and receptor, are
connected and separated through the membrane. Mass transfer, i.e. molecular
diffusion, is possible from the donor compartment to the membrane and con-
sequently from the membrane to the receptor compartment, and in the oppo-
site direction. The receptor compartment is continuously mixed by a magnetic
stirrer.
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Lid

Sampling port 1 Membrane

Sampling port 2
Water outlet

Receptor

Body Water inlet

Figure 2. Schematic drawing of a Franz diffusion cell.

In thermodynamic terms a system can be described by its Gibbs energy, AG =
AH — TAS, where G is the Gibbs energy, H is the enthalpy, T is the absolute
temperature, and S is the entropy of the system [17]. When temperature and
pressure are constant, the Gibbs energy can be differentiated with respect to
the number of molecules of a certain compound that is present in the system
to give the chemical potential (p,) of that compound in the system [17]. At
phase equilibrium, the chemical potential of component i is equal in all phases
[17]. If the system is at non-phase equilibrium, differences in the chemical po-
tential of component i are present, and a flux of molecules from high to low
chemical potential takes place. This phenomenon is called diffusion and is ex-
pressed through the diffusion coefficient (D,) [17]. A relatively high diffusion
coefficient of a compound in a particular phase implies that this compound
distributes relatively easy in that phase. Different molecular species have dif-
ferent solubilities in different phases (solid, liquid, or gaseous). This is some-
times expressed as the “affinity”; that a substance has high affinity for a cer-
tain phase means that it “likes” to be there [30]. All systems strive to mini-
mize their free energy, and all systems eventually reach their minimum free en-
ergy. If pressure, and temperature are constant a smaller enthalpy (H) or larg-
er entropy (S) produces a lower free energy [17]. If the change in Gibbs energy
of transferring a molecule from one location to another is negative, and ther-
mal motion is present, it will transfer by means of diffusion [17]. This means
that a two-phase system, connected but very different in their characteristics
(e.g. a hydrophobic membrane in a hydrophilic liquid) can contain very differ-
ent levels of the same compound at the same chemical potential at equilibrium
conditions.
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This phenomenon is called partition [31]. A substance partitions more to the
phase where the free energy for that compound is lower, but the entropic con-
tribution to the Gibbs energy prevents complete partition as long as the sub-
stance has some solubility in other phases [31]. When calculating the diffusion
coefficient of a compound over a membrane from flux data, the partition coef-
ficient (k;) between donor/membrane and membrane/receptor needs to be
known [17]. In practice the partition coefficient for the materials used in a
particular diffusion experiment may be difficult to obtain and data for oc-
tanol/water (k,,) may have to be used [8] (for hydrophobic materials), even
though it is not optimal. Most often, calculations of diffusion data are based
on results obtained through Franz cell diffusion experiments during steady-
state flux conditions [32]. To achieve steady-state flux, sink-conditions should
apply [33], i.e. constant boundary conditions for the receptor and donor com-
partments. The chemical potential of a substance in the receptor solution
should be low enough not to affect further uptake of the substance. In practice
it usually translates to: the solute concentration in the receptor solution should
never exceed 10% of its solubility limit in that solution [33]. Interpretation of
diffusion data can be facilitated by analysis of the release profile [34]. Typical
release profiles are shown in figure 3.

Immediate

Cumulative amount

Time

Figure 3. Release profiles. Purple: Inmediate- [35], Orange: First order- [32],
Blue: Burst- [36], Red: Zero order (steady state)- [32, 35], Green: Delayed-
release [37]. Curves scaled for clarity.

Immediate release is when the membrane offers very little resistance to diffu-
sion and equilibrium of the thermodynamic activity of the solute between the
three compartments of the diffusion cell (donor, membrane, and receptor) is
rapidly reached [35]. Burst release reflects a release, which is high in the be-
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ginning, and then gradually decays towards zero order kinetics [36]. The op-
posite to burst release is referred to as the lag-time effect (or delayed release)
[36]. The term “Fickian release” is sometimes used specifically for first order
release curves, but that is somewhat misleading as all release curves follow
Fick’s diffusional laws [17]. The first part of the first order release curve can
be approximated to follow zero order kinetics and pseudo steady state flux
may be retrieved from this linear regime [32]. Zero order, or steady state, re-
lease occurs when the flux of solute from the donor to the membrane and
from the membrane to the receptor compartment is constant [32, 35]. The ac-
tivity profile of the membrane does not change as long as true steady state flux
is maintained. Note however that in practice the concentrations of solute
changes in the three compartments of the cell during most diffusion experi-
ments. Delayed release is always present, even though it may not be detected
due to short lag-times (T,). It is not uncommon to see substantial lag-times in
Franz cell diffusion experiments [37]. The delayed release arises due to a large
difference in solute solubility between the donor and/or receptor compart-
ment, and the membrane used. If the solute partitions strongly to the mem-
brane it will take time to load the membrane before detectable amounts of so-
lute can be released to the receptor compartment. Solute transport inside the
cuticle can be described with the generalized form of Fick’s first law [17] (Eq.
1), where the driving force (da/dz) may be separated from other effects within
the membrane (D).

D; Ody; . dlna; da;

R T e T
(Eq. 1)

Where: . is diffusion flux, D, is the diffusion coefficient, ¢, is the concentration
inside the membrane, p, is the chemical potential, a,is the thermodynamic ac-
tivity, z is the position, R is the universal gas constant and T is the absolute
temperature. The thermodynamic activity of the solute in solution is defined
herein as the actual concentration of the solute divided by its solubility limit in
that solution. The thermodynamic activity describes the state of a substance in
a phase and is closely related to the chemical potential [17] (Eq. 1). The parti-
tion coefficient describes the distribution of a substance between phases. Both
these notions are used in parallel to facilitate understanding of diffusion.
Based on equation 1, the driving force for diffusion over a membrane like the
cuticle is mainly governed by the gradient in thermodynamic activity of the so-
lute inside the membrane (da/dz), while effects within the membrane are large-
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ly reflected by the diffusion coefficient (D)) [17]. The utilization of equation 1
in order to obtain diffusion coefficients from Franz diffusion cell experiments
is described in detail in the results and discussion part of this thesis.

Quartz Crystal Microbalance with Dissipation

Quartz Crystal Microbalance with dissipation (QCM-D) is an experimental
technique that measures the change in frequency and dissipation of an oscillat-
ing quartz crystal. The circular crystal is cut from quartz and has a conductive
plating (gold) connected to electrodes. As an alternating current runs through
the crystal it oscillates at a very specific frequency. Anything in contact with
the oscillating sensor affects its frequency of oscillation, and material deposit-
ed on the surface of the sensor will decrease the oscillation frequency [38], as
described by the Sauerbrey equation (Eq. 2, [39]). The ability of a film depos-
ited on top of the sensor to dissipate energy as the power input to the crystal
stops, is called dissipation. A low dissipation value corresponds to a small loss
of energy, indicating a more rigid film; a high dissipation value represents the

opposite [38].
Af

Am =
m nC

(Eq. 2)

Am is the mass absorbed on the sensor, Af is the shift in frequency, n is the
frequency overtone number, and C is the mass sensitivity constant (5.72 m’
Hz mg” at f,= § MHz). Surfactant induced effects in the cuticle material struc-
turing can be analysed through changes in thermotropic properties of the cuti-
cle constituents; it may also be quantified through rheological properties. In
rheological terms the cuticle may be considered to be a semi-fluidic film [25].
The visco-elastic properties of such a film can be described by the Kelvin-Voigt
model [38, 40-42] which is illustrated by a Newtonian damper and a
Hookean elastic spring connected in parallel in figure 4 and described by
equation 3.
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Figure 4. The Kelvin-Voigt model.

(Eq. 3)

Where G, is the complex dynamic modulus, G, (Pa) is the storage modulus,
G”, (kg/ms’) the loss modulus, 1, (Pa) is the shear elastic modulus, 7, (kg/ms) is
the shear viscosity of the film, and f, (Hz) the obtained fundamental frequency
of oscillation for the sensors used in this setup (4.96 MHz). The relationship
of G”/G’ is a measure of how fluid-like the Kelvin-Voigt film is [38, 42]. The
higher the ratio of G”/G’, the more fluid-like the film is considered to be; a
value greater than 1, and a value less than 0.1 is generally considered to be flu-
id and stiff, respectively [38, 42]. QCM-D sensors (QSX 301 Gold, 100 nm,
Biolin Scientific AB), were covered by a thin layer of wax by spin-coating. The
wax was melted (75 °C, § minutes at dry conditions) in order to improve the
contact between the sensor and the wax film. QCM-D experiments were mod-
elled using the Q-tools software (Biolin Scientific AB) and the Kelvin-Voigt
model (Fig. 4, Eq. 3). The experimental data (change in frequency and dissipa-
tion) are fitted by Q-tools based on equations 4 and 5 [42, 43], in order to
obtain film specific values for the parameters: shear viscosity, shear elastic
modulus, and thickness.

1 N> Tlfwz
N L .
2mpghg \ 7 T\s, 17 + w?n?
(Eq. 4)
AD = _;<2h (@)2L>
2nfpghg \~ T \6, 17 + w?ni
(Eq. 5)
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Afand AD are the change in frequency and dissipation, p, and h, are the densi-
ty and thickness of the quartz sensor, p, and h; are the density and thickness of
the film, w is the angular frequency (w = 2xf), 5, and p, are the shear viscosity
and the shear elastic modulus of the film, and #, and §, are the shear viscosity
of the bulk liquid and the viscous penetration depth of the shear wave into
this. The Kelvin-Voigt viscoelastic representation included a fluid layer and a
film layer. The fundamental frequency of 4.96 MHz, and frequency and dissi-
pation values for the 3’rd, 5’th, and 7°th overtone were used as the model in-
put data. The fluidizing or softening effects that surfactants have on cuticle
constituents can be investigated in two ways, by evaluating changes in rheo-
logical properties and in the thermotropic phase behaviour of the system. The
latter is described in the DSC section of this chapter.

Small and Wide Angle X-ray Diffraction

Small and Wide Angle X-ray diffraction (SWAXD) is an experimental tech-
nique where a primary beam of X-ray photons is directed to target a sample.
The beam mainly goes through the sample but some photons diffract or scat-
ter off in directions determined by sample structure. Detectors record the dif-
fraction intensities at small angles (SAXD) and wide angles (WAXD) com-
pared to the direction of the incoming beam. The level of nanostructure order-
ing within the sample gives rise to diffraction patterns of the recorded intensi-
ties. These patterns are produced in the form of a diffraction curve, diffraction
intensity versus diffraction vector g. The condition for constructive interfer-
ence from successive crystallographic planes of a lattice is described by Bragg’s
law in equation 6 [44].

4
nl = 2dsinf = 7sin9
(Eq. 6)

n is an integer determined by the order given, 4 is the wave length of the beam,
d is the interplanar distance, 6 is the angle between the normal of the incident
beam and the scattering planes of the sample, and q is the scattering vector.

SWAXD gives structural information on a sample through the analysis of
Bragg peaks [44, 45]. In SAXD the X-ray photons are diffracted by the sam-
ple at small angles (0.1-10°) relative their trajectory of incident and in WAXD
the X-ray photons are diffracted at larger angles. SAXD gives information on
long range order in the length scale of 1-2 to 25 nm (or even higher for some
systems) [45]. This makes SAXD particularly suitable to study the structure of
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ordered lipid systems. SAXD gives information on whether the system is ar-
ranged in lamellar or non-lamellar (such as hexagonal, cubic) structures, as
well as the dimensions of these structures. WAXD gives information on short
range order on the length scale below 1 nm, and is thus usable to determine
the local order of hydrocarbon chains which in turn can be used to determine
whether a sample is amorphous / liquid crystalline or crystalline. The crystal-
lographic data obtained enables the determination of the sub unit cell [44,
46], such as orthorhombic (diffraction peaks at 0.42 and 0.38 nm), hexagonal
(0.415 nm), triclinic (0.46 and 0.38 nm) or monoclinic (0.44, 0.41, and 0.37
m) (Figure 5).
Hexagonal,H. a=b Orthorhombic,0, a#b
a=B=90°y=120° a=B=y=90°
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Figure 5. Short range order. Hexagonal, Orthorhombic, Triclinic, and Mono-
clinic sub cells.

In this work X-ray diffraction has been used in Paper I and II to determine the
structure of both synthetic and biological waxes. Repeat distances in a lipid
matrix are linked to its ability to swell upon hydration and the potential tilt-
angle of the hydrocarbon chains [47]. In this case a greater repeat distance
may correspond to a less efficiently packed phase (Paper I & II). The unit cell
parameters of a lipid sub cell reflect the packing efficiency of the individual
hydrocarbon chains. But it may also reflect the conformational freedom of the
hydrocarbon chains in that sub-cell. A transition from a more rigid structure
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(e.g. an orthorhombic sub-cell) to a less rigid structure (i.e. a rotator phase
with e.g. a hexagonal sub-cell) is a sign of more motional freedom for the hy-
drocarbon chains Paper I & II). Various rotator phases have been identified,
and the level of hydrocarbon chain motional freedom differs between them
[48]. WAXD also detects lipids in an amorphous state, so it may be used to
quantify the degree of crystallinity in a cuticle sample. In Paper II solid sample
cells where used for SWAXD experiments on a compact Kratky camera (A(Cu-
K,)=1.542 A), HECUS X-ray Systems, Graz, Austria. In Paper I samples were
inserted into flame sealed glass capillaries (Borosilicate glass Mark-tubes, @ =
1.5 mm, Hildenberg GmbH, Malsfeld, Germany) or a stationary solid capil-
lary of borosilicate glass and SWAXD was performed at the MAX-lab syn-
chrotron (MAX-lab, Lund University, Lund, Sweden) beamline 911-4.

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is an experimental technique that
measures heat flow from and to a sample compared to a reference, on heating
or cooling. The technique is widely used to study phase transitions and other
temperature induced changes in samples of both biological and synthetic
origin, including surfactants, lipids, polymers, and waxes. Endo- and exo-
thermic effects are recorded to quantify temperature and enthalpies of transi-
tion, as well as the heat capacity of the sample. Determination of parameters
in a series of samples permits the construction of binary- (T-X) and ternary
phase diagrams. When energy is supplied to a system it may adapt a less or-
dered conformation. The ability of the system to do so may be quantified by
the temperature needed for the transition to take place. Structural changes and
softening of plant material may be evaluated in this way. This can be done by
analysing the changes in transition temperatures of the cuticle components in
the presence of a foreign compound. The inclusion of a surfactant with much
lower melting point than the components of the IW may drastically decrease
the melting temperature. The cause for this effect is the melting point depres-
sion that arises from a low eutectic or peritectic point between the surfactant
and the wax components. Wax and surfactant are miscible in the liquid state
but surfactant cannot enter the solid wax crystals [24]. As the entropic gain of
mixing is larger for a multi-component system, the driving force for melting is
increased, resulting in a lower melting temperature. In Paper II and III, DSC
(DSC 1, Mettler Toledo) was used to evaluate wax/surfactant/water samples.
The instrument was calibrated for heat flow and temperature using an Indium
standard (T, = 156.6 °C, AH= 28.45 J-g"). A heating/cooling rate of 0.02-10
°C-min was used with start and end temperatures within the range -40 to 140
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°C depending on the sample. Hermetically sealed aluminium pans (20 and 40
MI) were used for samples, with an empty pan as reference. Dry nitrogen gas
(80 ml'min™') was used to purge the furnace chamber.

Isothermal Sorption Calorimetry

Heat is released or absorbed in all chemical, biological or physical processes
[47]. Isothermal sorption calorimetry measures the heat transfer associated
with the hydration of a sample. Complete thermodynamic characterization of
the sample is possible with this technique as both the partial molar enthalpy of
mixing, H,", and the water activity, a,, are measured continuously and simul-
taneously [47]. A completely dry sample is placed in the top chamber (sorp-
tion chamber) of the dry cell and water is injected to the bottom chamber (va-
porisation chamber) of the same cell. The two steel chambers of the cell are
connected through a hollow steel tube. Evaporated water diffuses through the
tube and mixes with the sample. The thermal power of water vaporization and
sample hydration are recorded and transformed to water activity and molar
enthalpy of mixing (enthalpy of hydration) through the following two equa-
tions [49, 50]:

pvap
aw = 1- pmax
(Eq. 7)
i vap vap sorp
mix __
Hp™ = Hy® + P —
(Eq. 8)

Where P™ is the thermal power of vaporisation and P™ is the maximal value
of thermal power of vaporisation. H," is the enthalpy of vaporisation of pure
water, and P*” is the thermal power in the sorption chamber. Equation 7 is
actually a simplification of the more complicated equation used in the calcula-
tions [49]. The sorption calorimeter is equipped with two parallel cells, one
for the sample and one empty reference cell; the difference between the cells is
recorded. A double-twin (two chambers in each cell, and two cells) sorption
calorimeter [50] was employed to establish the water sorption isotherm of the

surfactant C,,EO, at 25 °C in Paper L.

Polarized light optical microscopy (PLOM)

Optical microscopy is a technique used to magnify samples and to visualize
features in the pm range. Liquid crystalline phases or heterogeneously oriented
crystalline domains may give rise to anisotropy in a sample [8, 17]. Anisotro-
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py can be detected between a set of crossed polarizers. Anisotropic parts ap-
pear bright, while the background is dark. PLOM was employed in Paper I
and II to investigate phase behaviour in surfactant solutions, and in native and
model plant leaf cuticle wax. The technique was used in a temperature span of
20 to 120 °C.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful technique where electrons
are directed to the surface of a sample, and a range of detectors records the
reflected energy, from electrons and photons of different energy. In this work
detection of both secondary and back-scattered electrons was used. The tech-
nique has magnification properties down to the nm level and the Environmen-
tal type (E-SEM) enables analysis of sample features in non-vacuum as the
analysis chamber may be partially filled with water vapour and the relative
humidity controlled. SEM has been previously employed to study and visualize
the surface of plant leaves [8]. In this thesis SEM was used in order to investi-
gate the structure and to quantify the thickness of the cuticle and the underly-
ing leaf tissue.

High Performance Liquid chromatography (HPLC-UV)

High performance liquid chromatography with UV spectrophotometric detec-
tion (HPLC-UV) was used in an assay to quantify the content of UV-active
analytes in solutions. HPLC separates sample analytes in a liquid phase on a
column due to the affinity of the sample analytes to that column [51]. The
sample analyte with the smallest affinity to the column is first to pass through.
HPLC was employed to analyse the content of solute in the donor and recep-
tor solution during the Franz cell diffusion experiments in Paper IV.

Gas chromatography with Mass spectrometry (GC-MS)

Gas chromatography with Mass spectrometry (GC-MS) is a tool where a sam-
ple can be fractionated and its constituents quantified. In GC sample analytes
in the gas phase are separated on a column due to their affinity for that col-
umn [52]. The substance with the least column affinity is eluted first from the
column, and the substance with the highest column affinity exits last. The
sample analyte in the column eluent is then separated according to mass in a
mass spectrometer (MS) [52]. This technique was employed in Paper II to ana-
lyse the content of extracted plant leaf wax and to match the constituents to
known substances in a database containing both aliphatic and aromatic hy-
drocarbons.
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RESULTS AND DISCUSSION

Cuticle characterization

It is evident for the perceptive reader that what actually happens when a pesti-
cide formulation sits on the surface of the leaf is not completely understood.
The formulation contains surfactant and Al, and solvent evaporation and in-
teraction with the cuticle is present as the droplet settles on the leaf. To bring
some enhanced understanding to the complex process of cuticle/solution inter-
action, firstly the characteristics of the cuticle needs to be understood.

Stomata and cuticle thickness

Most terrestrial plants have stomata [8]. The gaseous exchange between plant
leaves and the surrounding atmosphere occurs at the stomata [8]. It has previ-
ously been claimed that the stomata may pose a possible route for cuticle Al
absorption [8], and that some surfactants can wet the inner surface of the
stomatal openings [8]. The main target here is to characterize the cuticle and
the transport through the cuticle barrier and exclude stomatal uptake. There-
fore, it was important to confirm that the upper (adaxial) surface of mature
Clivia Miniata Regel lacks stomata. SEM was used to investigate this and mi-
crographs of the leaf surface are shown in figure 6. Nine different leaves of
three individual plants were examined and stomata where found on the lower
side of the leaves but not on the upper side. From this, it can be concluded
that adaxial administration of Al to Clivia does not involve the stomatal
pathway. The pathway where the AI’s cross the cuticle barrier by diffusion in
the hydrophobic cuticle matrix [8] should be the dominating one. Hence,
Clivia is a valid model for study of leaf cuticle permeability. The thickness of
the barrier was determined by SEM by analysing 12 leaf segments from three
individual plants, and one micrograph is shown in figure 6D. The average
thickness of the cuticle was determined to be 8.5 pm. This value was used for
calculating the diffusion coefficient of the Al tebuconazole in the cuticle (Eq.
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1, Paper IV). The surface of the cuticle may in some species be covered with
protruding wax structures [8]. These structures may prevent droplet spreading
and wetting of the leaf surface. No such structures have been reported for
Clivia [8], and this was also confirmed by SEM (fig. 6).

10pm
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T T

Figure 6. SEM micrographs of the Clivia leaf surface, A: Stomata present at

the lower leaf surface, B: zoom-in of a stomata, C: Lack of stomata at the up-
per leaf surface, D: the thickness of Clivia leaf cuticle = 8.5 um.

Cuticle thermotropic phase behaviour

It is established that the cuticle is the barrier that a penetrating molecule has to
cross [8]. It is also accepted that the main obstacle in this process, i.e. the cuti-
cle elements that exercise the actual barrier effect, are the cuticle waxes [8].
Therefore, the next step in understanding cuticle Al penetration is to map the
characteristics of the cuticle and its constituents. Different methods are de-
scribed in the literature for extracting plant leaf waxes. The cryo-adhesive
method [53] and the cellulose-acetate method [54] both isolate the top-level
of the leaf waxes. Both are mechanical methods, and as such they cannot ex-
tract intracuticular waxes without extracting the insoluble polymer matrix.
These methods have been claimed mainly to isolate the epicuticular waxes
[53, 54], leaving the actual barrier (i.e. the intracuticular waxes) largely unaf-
fected [55]. In Paper II a chloroform-methanol extraction method was used
[56]. With this method solvent molecules are able to reach the deeper layers of
the cuticle and an extract of both epi- and intracuticular waxes is obtained
[57-58]. Cuticle wax was extracted with chloroform/methanol from the adax-
ial side of Clivia leaves and the chemical composition of the extract was de-
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termined by GC-MS. The extract contained 68% primary alcohols (C,.-C,,,
centred at C,,) and 16% n-alkanes (C,,-C,;,, centred at C,,), full details on the
extract composition are given in Paper II. 96% of the alcohols are comprised
by C,.H,;OH - C,,H,,OH, but the extract also contains shorter alcohols. 92%
of the n-alkanes are comprised by C,H,, — C,;H,,, and hydrocarbon chains
with an odd number of carbon atoms dominate, but the extract also contain
n-alkanes that are shorter or have an even number of carbon atoms. Com-
pared to leaf waxes from common crop plants like wheat (Triticum aestivum)
[60] and barley (Hordeum vulgare L.) [61], a common feature is the high con-
tent of primary alcohols (72 and 87%, respectively) and the relatively low
content of n-alkanes (5 and 1%, respectively). The alcohols in wheat are dom-
inated by C,;H;;OH (66%) and in barley by C,,H;;OH (80%). The chain-
lengths of the main n-alkane components are C,,-C,; in wheat and C,,-C,; in
barley. Enzymatically isolated cuticle, CHCI,/MeOH extracted Clivia wax,
and extracted wax in excess water (50 wt%) were compared using DSC to
map the thermotropic phase behaviours (Fig. 7).
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Figure 7. Thermograms of: (A) extracted Clivia wax, (B) extracted Clivia

wax with 50 wt % water, and (C) enzymatically isolated cuticle. Offset +50
mJ/K-g per curve, scan rate 1 °C/min.

Extracted Clivia wax shows a broad pronounced transition peak (T 61
°C) followed by a smaller shoulder (T, , =74 °C). The total transition covers a
temperature range from 30 to 80 °C, with a transition enthalpy of 137 J/g.
When the wax is immersed in excess water (50 wt%) the two transition tem-
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transition enthalpy of the first peak is significantly decreased. The total transi-
tion enthalpy for hydrated wax is 44 J/g wax. The enzymatically isolated cuti-
cle membrane shows a broad transition region that starts at 30 °C and ends at
95 °C (AH=44 ]/g). Two peaks appear at T, | =83 °C and T, =88 °C, prob-
ably originating from the polymer network [62]. The transitions attributed to
the extractable wax are barely visible, which reflects the fact that the cuticle
only comprises about 20 wt% wax [63].

2, max

Surfactant structural effects on isolated cuticle

The diffraction patterns of ground cuticles were evaluated at 25 °C. SAXD of
cuticles equilibrated at 50 and 85% RH are compared to dry cuticle and dry
re-crystallized extracted wax, figure 8 A. Re-crystallized extracted cuticle wax
displays a lamellar phase with a repeat distance of g= 1.64 nm™ (d= 3.83 nm).
The untreated cuticle shows a small indication of a peak in the curve at ap-
proximately the same spacing, at both dry and humid conditions. This indi-
cates that the diffraction peak in the cuticle originates from wax entities with-
in the cuticle, and that the same structure is retained after re-crystallization of
the wax. The cuticle is a complex matrix [8] and long-range order is present in
cuticles from most plants [14]. However, some plants (like E. myrsinites, S.
striatum, Lactuca sativa and Juniperus communis) lack long range order in
their cuticle wax [14]. The short range order in the cuticle was evaluated by
WAXD. The WAX diffraction traces of dry cuticle as a function of tempera-
ture are shown in figure 8B. The Clivia cuticle shows orthorhombic hydrocar-
bon chain packing with a main peak at approximately q=15.1 nm" (d=0.416
nm) and a smaller peak at q=16.6 nm" (d=0.378 nm). The main peak shifts
slightly to lower g, and the small peak disappears above 65 °C, indicating a
transition from orthorhombic to hexagonal hydrocarbon chain packing. As
the temperature increases, parts of the wax turn amorphous and give rise to a
shoulder just below q=14 nm". The cuticle equilibrated at 50 RH% (Fig. 8C)
maintains a trace of the orthorhombic peak even at higher temperatures. At
this relative humidity other smaller peaks are apparent at approximately:
q=9.54, 10.9, and 11.5 nm" (d=0.659, 0.576, and 0.546 nm). The peak at
q=11.5 nm" tentatively may come from triterpenoids [64]. The small peaks do
not move as a function of temperature or humidity, but loose intensity when
surfactant is present (see below). The cuticle equilibrated at 85 RH% (figure
8D) shows similar behaviour. The peak attributed to an orthorhombic struc-
ture at 0.378 nm does not re-emerge when temperature is lowered, probably
due to insufficient time for the molecular rearrangement, but traces of the
smaller peaks at higher d-spacings reappear.
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Figure 8. SWAXD of intact cuticle without surfactant present. A: SAX dit-
fraction traces at 0, 50, and 85 RH%, where: C=Cuticle, compared to re-
crystallized cuticle wax. WAX diffraction traces of cuticle as a function of
temperature. B: dry cuticle, C: cuticle equilibrated at 50 RH%, D: cuticle
equilibrated at 85 RH%.

Model cuticle wax

The structure and ordering of the cuticle has been investigated and described
in detail. Furthermore, some insight has been gained in how humidity affects
the cuticle characteristics. With this at hand, efforts were made to design a
model of the limiting barrier in the cuticle, i.e. the plant leaf intracuticular
wax (IW), with the aim to be used to estimate effects of formulations on cuti-
cle diffusivity in vitro (Paper II). The thermotropic (25-80 °C) and lyotropic
(water) phase behaviour and the structure of individual phases in the model
wax — water system was determined. The model was developed based on data
obtained through analysis and characterization of cuticle wax from Clivia
leaves (Fig. 7, Paper II).
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Model wax composition

1-docosanol (C,,H,;,OH) and dotriacontane (C,,H,,) were chosen as constitu-
ents of the tentative model cuticle wax based on their resemblance to the two
most abundant aliphatic chemical compound classes in Clivia leaf and other
commercially important plant leaf waxes (c. f. Paper II). The simplicity of the
model wax system facilitates the observation of physical-chemical interactions
that would be enveloped and difficult to interpret in a native or more complex
model system. The phase behaviour of dry 1-docosanol and 1-tetracosanol
was reported by Precht and co-workers in 1976 [65], but to the best of our
knowledge, the longest primary alcohols to be investigated in a binary phase
diagram with water are hexadecanol(C,) and octadecanol(C,,) [66] where the
ability of the alcohols to form hemihydrates is discussed. The highest al-
kane/alcohol mixture described is that of hexadecane(C,,)/hexadecanol(C,,)
[67], revealing the space groups and unit cell parameters. The miscibility of n-
alkanes and alcohols in the solid state is very low even if their chain lengths
are matched and rather short (c.f. hexadecane/hexadecanol [67]), and they do
not co-crystallize. Therefore, the choice of an alcohol with a slightly shorter
chain length than the median in the cuticle wax extract, together with a longer
alkane, was adopted to mimic the distribution of hydrocarbon chains in the
native wax. The phase triangle (Fig. 9) served as map when the thermotropic
phase behaviour of the system was characterized by DSC and PLOM along
four sections of the triangle: A (C,,H,,OH / C,H,,), B (C,,H,/H,0), C
(C,,H,;OH /H,0) and D ({C,,H,;,OH / C,,H,}/H,0, 50/50). Micrographs illus-
trating the phase transitions in the dry model wax system are presented in fig-
ure 10. Transition temperatures, enthalpies and entropies for phase transitions
detected in the system are summarized in table 1. SWAXD was used to deter-
mine the structure of the individual phases (Table 2). The entire data set was
used to construct binary phase diagrams (Figures 11-14), comprising the lines
A-D in figure 9.
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Figure 9. Phase triangle of the C,,H,,OH/C,,H,/H,0 system. A (C,,H,;OH /
C,H,), B (C,H,/H,0), C (C,,H,;OH /H,0) and D ({C,,H,;OH / C,,H,}/H,0,
50/50).

Table 1. The temperature, enthalpy and entropy of phase transitions observed
in the C,,H,;,OH/C,,H,/H,0 system. Changes in enthalpy and entropy are cal-
culated per mol (or mass) of compound below the transition, except the melt-
ing of the hemihydrate which is per mol (or mass) of C,,H,,OH-1H,0.

Phase transition T (°C) AH AH AS
(kJ/mol)  (J/g) (J/mol K)

Dry
C,,OH(M) > LL. 71.6 82.0 251 238
C,,(0) > Cy(T.) 64.2 32.2 71.4 95.6
C(T,.) > LL. 69.2 74.2 165 217
C, OHM)+ C,(T,,) = LL. 64.9 (Eutectic)

Wet
C,,OH(M) > C,OH(H) 60.7 28.2 86.3 84.5
C,,OH(H) > LL. 73.4 52.6 157 152
C,,(0) > Cy(Te) 64.2 32.2 71.4 95.6
Co(To) > LL. 69.2 74.2 165 217
C,OH(H)+ C (T,n) = LL. 65.6 (Eutectic)

LL.: isotropic liquid, C,, (T,,): triclinic crystalline rotator phase, C,, (O) and C,,OH (M):

orthorhombic alkane and monoclinic alcohol crystalline phases, respectively. C,,OH (H):

<

RJ[[) 32

hexagonal crystalline hemihydrate.
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Figure 10. PLOM micrographs of binary mixtures of C,,H,,OH/C,,H,, vs.
temperature (64-70 °C), (c.f. phase diagram in figure 11).

PLOM images of binary mixtures of C,,H,,OH / C,,H,, vs. temperature (64-71
°C) are shown in figure 10. Dotriacontane forms needle like highly birefrin-
gent crystals over a more or less transparent background and melts at 69.2 °C.
1-docosanol appears as a continuous birefringent film and melts at 71.6 °C.
Mixtures with high amounts of 1-docosanol follows a similar pattern as the
pure alcohol. However, when dotriacontane is the main component a strongly
birefringent network is observed, against a more transparent background. The
thermotropic phase behaviour of mixtures of C,H,,OH, C,,H,,, and H,0 is
depicted in the binary phase diagrams (Figs. 11-14). Each diagram corre-
sponds to one of the lines A, B, C and D in figure 9.

Cy,HsOH/Cy H,

The phase behaviour of the dry model wax C,,H,;,OH/C,,H,, is presented in
figure 11. Below 64.9 °C the two components are present as separate crystal-
line phases, but C,,H,, transforms to a rotator phase at 64.2 °C. Above the eu-
tectic transition line at 64.9 °C three different regions are visible, from the left:
i) an isotropic liquid comprising the two components together with C,,H,, in a
crystalline state, ii) isotropic liquid and iii) crystalline C,,H,;OH together with
isotropic liquid. The eutectic meets the liquidus line at a temperature of 64.9
°C and a composition of 40.3 % C,,H,;OH. Rotator phases in pure alkanes
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have previously been described by others [48, 68], where dotriacontane is re-
ported to form a T,,, phase at 64.0 0.5 °C upon heating [68]. Eutectic transi-
tions have been discussed for other related systems [69, 70]. In the binary
phase diagram given in figure 11 pure 1-docosanol melts at 71.6 °C and pure
dotriacontane melts at 69.2 °C which corresponds well with literature data
(72 °C) [71] and (69 °C) [72] respectively. The enthalpy of melting is 251 J/g
for pure C,,H,,OH and 236 ]J/g for pure C,,H,,, where the rotator transition
accounts for 71.4 J/g. This corresponds to a molar enthalpy of melting for the
two components of 82.0 kJ/mol and 106 kJ/mol, respectively, which is in good
agreement with literature: 82.8+6.0 k]J/mol (C,,H,,OH) [70, 73], 118 k]/mol
(C,,H,,) [72]. The enthalpy for total sample melting is rather invariant to the
mass composition of the model wax, 247+5 J/g, (i.e. 2% of AH,, of pure
C,,H,;OH). The liquidus line in figure 11 was fitted using the Shreder equa-
tion (Eq. 9, [74]) in combination with the Flory-Scatchard approach on linear
polymers (Paper II) to account for non-ideality of the liquid.

melt

AHop (1 1
In a; = ( )

R \ro T
(Eq. 9)

Where a, is the activity of component i (in this case C,,H,,OH or C,H,,),
AH

melt

and T’ is the heat effect and the melting temperature of pure component
i, while T is the melting temperature of the mixture. The Shreder equation de-
scribes the composition of a liquid phase x; in equilibrium with a pure solid
phase [75]. However, activity a, was used, and the relation between activity
and composition was established using the Flory-Scatchard approach in order
to account for association of the alcohol [76].
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Figure 11. Binary phase diagram of 1-docosanol/dotriacontane. I.L.: isotropic
liquid, C,, (T,,,): triclinic crystalline rotator phase, C,, (O) and C,,OH (M):
orthorhombic alkane and monoclinic alcohol crystalline phases, respectively.
Data points obtained by DSC; Rhombi: C,, (O) to C,, (Ty,,) transition, Circles:
system eutectic transition, Triangles: endpoint of melting. Lines: C,, (O) to C,,
(T,,,) isothermal transition at 64.2 °C, eutectic isothermal transition at 64.9
°C and liquidus calculated using the Shreder equation and the Flory-Scatchard
approach.

Model wax - water phase behaviour

1-docosanol melts at 71.6 °C, which is in agreement with literature data (72
°C) [66]. Water induces a phase transition at lower temperature (60.7 °C) fol-
lowed by a second phase transition at 73.4 °C. This indicates some interaction
between the alcohol and water. The water solubility in 1-docosanol at 60.7-
73.4 °C is 2.7 % (w/w). This corresponds to one water molecule per two al-
cohol molecules. Above 73.4 °C the solubility is below the detection limit of
0.1 % (w/w). In comparison, 1-docosanol solubility in water was determined
at 68 °C to 0.0094 % (w/w), and at 80 °C the solubility is 0.025 % (w/w).
The alcohol solubility in water could not be detected below its first phase
transition at 60.7°C. Dotriacontane shows a phase transition at 64.2 °C and
melts at 69.2 °C, which corresponds well with literature data (64 and 69 °C)
[77, 78]. Apart from the phase transition in dry dotriacontane at 64.2 °C, an-
other transition exists in a wide range of compositions at around 64.9 °C.
This indicates the presence of an eutectic point in the system. The solubility of
dotriacontane in water and vice versa in the temperature range 20-100 °C was
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below the detection limit of the method used. This indicates that interactions
between the alkane and water are absent. The ternary system 1-
docosanol/dotriacontane/water has a slightly higher eutectic point at 65.6 °C.
SWAXD was employed to resolve the structure of the individual phases in the
pure, mixed and hydrated samples (Table 2).

Table 2. Bragg peaks (d) of model wax constituents in dry and hydrated (50
wt % water) state. Weak peaks are given in parenthesis (c.f. Figure 11-15).

C,H,.OH, dry C,,H,.OH, excess water

T d Unit  d (A) Unit

°C)  (A) cell cell

25 502 (4.28) 410 (3.95) 3.64 M 502 (428 410 (3.96) 3. M
65

54 - . . - - - 502 (4.30) 412 (4.000 3. M
69

55  50.5 (4.30) 4.12 (4.000 369 M - - - - - -

58 - : . - - - 50.5  (4.30) 413 (4.01) 3. M
70

60  S50.5 (4.30) 413 (4.01) 370 M 626 - 418 - -

62 - - - - - - 62.6 - 4.19 - - H,

64 - - - - - - 62.1 - 4.19 - - H,

65  50.5 (4.30) 413 (4.02) 371 M - - - - - -

70 - - - - - - 62.1 - 4.22 - - H,

72 - - - - - - (63.1) - - - -

74 - - - - - - - - - - - -

C,H,,, dry C,H,., excess water

T d Unit d Unit

o) (A cell (A cell

25 42.8 4.14 3.76 (3.70) O 42.8 4.14 3.75 (3.69) O

58 42.8 4.17 3.81 (3.76) O 42.8 4.16 3.80 (3.75) O

60 42,6 4.16 3.83 (3.76) O 42,6 416 3.82 (3.75) (@]

66 413 425 412 4.07 T,, 41.5 423 415 4.09 T

70 - - - - - - - - - - - -

M: Monoclinic, H: Hexagonal, O: Orthorhombic, T, Triclinic rotator III

RINI®

C,,H,,OH/H,O

The binary phase diagram in figure 12 shows the phase behaviour of the sys-
tem C,,H,,OH/H,0. Below 60.7 °C the system comprises a monoclinic crystal-
line phase of C,,H,;OH in equilibrium with water. Above this temperature a
hexagonal crystalline phase is formed in the presence of water (C,,H,,OH -
H,0), which melts at 73.4 °C. This hemihydrate prevails in excess water,
while at low water content (less than 2.7%) it co-exists with the monoclinic
crystal up to 71.6 °C, as well as an isotropic liquid phase of C,,H,,OH (71.6-
73.4 °C). Above 73.4 °C two phases are present at all compositions, the iso-
tropic liquid and water.
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Figure 12. Binary phase diagram of 1-docosanol/water. L.L.: isotropic liquid,
C,,OH (H ): hexagonal crystalline phase (C,,H,;OH - ¥2H,0O), C,,OH (M):
monoclinic crystalline phase. Data points obtained by DSC; Squares: C,,OH
(M) to C,,OH(H,) transition, Triangles: onset of melting. Lines: C,,OH(M) to
C,,OH(H,) isothermal transition at 60.7 °C, liquidus isothermal transition at
73.4 °C, hydrate-line isocompositional (60.7 - 73.4 °C) at 97.3% C,,H,,OH.
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Figure 13. Binary phase diagram of dotriacontane/water. I.L.: isotropic liquid,
C,, (T,,): triclinic crystalline rotator phase, C,, (O): orthorhombic crystalline
phase. Data points obtained by DSC; Rhombi: C,, (O) to C,, (Ty,,) transition,
Triangles: onset of melting. Lines: C,, (O) to C,, (T,,,) isothermal transition at
64.2 °C, liquidus isothermal at 69.2 °C.
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CyoHee/H,0

The binary phase diagram in figure 13 shows the phase behaviour of the sys-
tem C,H,/H,O. Below 64.2 °C the system comprises an orthorhombic crys-
talline phase of C,,H,, in equilibrium with water. At 64.2 °C a triclinic rotator
phase (T,,,) is formed instead, and above 69.2 °C two phases are present at all
compositions: liquid C,,H,, and water.

C,,H,sOH/C,H./H,0
The phase behaviour of the hydrated model wax C,,H,,OH/C,,H,/H,0 is pre-
sented in figure 14. Below 60.7 °C the alcohol and the alkane are present as
separate crystalline phases in equilibrium with water. The C,,H,,OH- 2H,O
hemihydrate forms at 60.7 °C, and the C,,H,, rotator phase forms at 64.2 °C.
Above the eutectic transition line at 65.6 °C three different regions are visible,
from the left: i) C,,H,, triclinic rotator phase (T,,,), isotropic liquid and water,
ii) isotropic liquid and water and, iii) C,,H,;OH- %2H,O hexagonal hemihy-
drate, isotropic liquid and water. The eutectic meets the liquidus line at a tem-
perature of 65.6 °C and a C,,H,;OH content of 33.8%. At the eutectic point
four phases are present at the same time (c. f. Gibbs Phase Rule [17]).
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Figure 14. Ternary phase diagram of 1-docosanol/dotriacontane/water (i.e.
(C,,H,,OH/C,,H,,)/ H,0, 50/50 by weight). I.L.: isotropic liquid, C,, (T,,):
triclinic crystalline rotator phase, C,,OH (H,): hexagonal crystalline phase
(C,,H,;,OH - ¥:H,0), C,, (O) and C,,OH (M): orthorhombic alkane and mon-
oclinic alcohol crystalline phases, respectively. Data points obtained by DSC;
Squares: C,,OH (M) to C,,OH (H,) transition, Rhombi: C,, (O) to C,, (T,
transition, Circles: system eutectic transition, Triangles: endpoint of melting.
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Lines: C,,OH (M) to C,,OH (H,) isothermal transition at 60.7 °C, C,, (O) to
C,, (T,,,) isothermal transition at 64.2 °C, eutectic isothermal transition at
65.6 °C, and liquidus calculated using the Shreder equation and the Flory-
Scatchard approach.

This phase diagram was constructed partly by using data from the dry system
(the liquidus line on the alcohol side of the eutectic, dotted line in figure 14).
Dotriacontane does not interact with water. Hence, the liquidus fitting of the
alkane branch using the Flory-Scatchard approach from the dry system could
also be used for the wet case. The alcohol, however, forms a hydrate which
melts at 1.8 °C higher than the monoclinic crystalline form. To construct the
alcohol branch of the liquidus in figure 14, the same parameters as for the dry
system were used, except for the enthalpy of melting of the alcohol that was
taken as the sum of the two transitions of the wet alcohol. The data given in
figures 11-14 were compiled to illustrate the ternary phase behaviour of the
system with respect to temperature (Figure 15). Although schematic in their
nature and not to scale (to facilitate visibility) the diagrams acknowledge

thermodynamic laws at all points within the triangles.
C,,0H C,,0H

€y, (0) + C,,OH (M) + H,0

Cy, H0 62 °C Cy

C,,0H

H,0 64.5°C G M0 65 °C Ca
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H,0 72°C Cs

Figure 15. Schematic ternary phase diagrams of 1-docosanol/ dotriacontane/
water at fixed temperatures. I.L.: isotropic liquid, C32 (TRIII): triclinic crys-
talline rotator phase, C220H (Hc): hexagonal crystalline phase (C22H450H -
BH20), C32 (O) and C220H (M): orthorhombic alkane and monoclinic al-
cohol crystalline phases, respectively.

Model wax validation

Cuticle wax contains many different compounds with characteristic proper-
ties. Furthermore, compounds interact and create a complex system, probably
partly amorphous in nature. Individual phase transitions may very well be
hidden in the broad transition peaks of figure 7. Dry extracted Clivia wax dis-
plays a broad pronounced transition peak at 61 °C, followed by a smaller
shoulder at 74 °C. In presence of water, the positions of these peaks are more
or less preserved (59 and 72 °C, respectively) while the transition enthalpy of
the first peak is significantly decreased. The total transition enthalpy of the
hydrated wax corresponds to one third of that for the dry wax, which reflects
a large effect of water. The enzymatically isolated cuticle membrane shows
two pronounced peaks at 83 and 88 °C, which may be attributed to transi-
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tions in the cutin-cutan polymer network. Here the wax phase transitions are
hidden in the long preceding slope, starting at 30 °C. The transitions in the
model waxes clearly fall in the transition window of the extracted leaf waxes.
The transition enthalpy for dry extracted Clivia wax was 137.1 J/g. Other ex-
tracted plant waxes have melting enthalpies in the range of 130 - 200 J/g [61,
79, 80]. The total transition enthalpy is lower for the cuticle waxes than for
the model wax mixtures (248 J/g), which implies that the complex cuticle wax
is more disordered and contains a larger fraction of amorphous material.

The features shown by the micrographs in figure 10 correspond to coexistence
of a C,,H,, triclinic rotator phase (T,,) and a C,,H,;,OH monoclinic alcohol
phase (M), and their melting (c.f. phase diagram in Figure 11). The presence of
different domains in the wax matrix relates to what have been shown for oth-
er reconstituted native plant waxes [19, 20, 61, 79, 81] and model systems
thereof [82]. As a further remark it should be acknowledged that there might
be other phase transitions than those of the wax itself occurring below 80 °C.
Sachleben and co-workers used NMR to study the polymer network of the cu-
ticle [62]. They reported that cutan is crystalline below 87 °C, while cutin on
the other hand, has a glass transition below 60 °C and is in a rubbery state
above this temperature. Cutin could potentially induce wax monomer melting,
or allow for a larger part of the wax molecules to stay in an amorphous phase
even at lower temperatures. The volume of disordered wax monomers sur-
rounding the cutin polymer network strands could thus be a major diffusional
pathway for hydrophobic solute molecules [8].

Surfactant solutions

The characteristics of the cuticle in terms of its content and thermotropic
phase behaviour are crucial to evaluate in order to understand the process of
Al cuticle penetration. But the information is not complete until the structure
and ordering of the individual building-blocks that comprise the barrier can be
explained, and how surfactant absorption affecting this structure is known.
Therefore, X-ray diffraction was used to determine the aggregate structure of
surfactant/water solutions, and how absorption of surfactant affects the cuti-
cle.

Surfactant water sorption

In this thesis two surfactants (C,,EO, and C,G, ;) were used together with one
Al (tebuconazole) as a model compound. The chemical structures of these
compounds are shown in figure 16.
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Figure 16. Chemical structure of surfactants and active ingredient. A: C, EO.,
B: C,G, ,, C: tebuconazole.

C,,EO, with a straight hydrocarbon chain (hepta (ethylene glycol) mono n-
decyl ether) should go through two phase transitions as the water content in-
creases at 25 °C (liquid to hexagonal at around 30 wt% water, and hexagonal
to liquid at around 57 wt% water, [83]). This may however not be true for
the technical grade of C, EO, with a branched chain, which is commonly used
in agricultural spray applications, and investigated in this study (Fig. 16A).
Sorption calorimetry and water activity measurements were used to investigate
phase transitions upon hydration of the surfactant, and the relation between
water content in a sample and its corresponding water activity, both at 25 °C.
The range in sample hydration resembles conditions on the leaf surface as wa-
ter evaporates from the formulation. Figure 17A shows the C, EO, water sorp-
tion isotherm at 25 °C and figure 17B the partial molar enthalpy of mixing for
water.
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Figure 17. A: C, EO, water sorption isotherm, solid line obtained using sorp-
tion calorimetry, x obtained with Novasina, B: partial molar enthalpy of mix-
ing of water in the C,,EO, — water system, obtained using sorption calorime-
try. Both curves at 25 °C.
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Table 3 shows the water activity and the clouding temperature of the surfac-
tant solutions used in this study. It is clear from the sorption isotherm in figure
17A that no major events take place as the water activity increases from close
to zero to 0.94. At the highest water activity, the mass fraction of water in the
sample is close to 30 wt%. Thus, viewing the data in figure 17 it is possible
that a transition would occur at higher water content. This was checked with
polarized light microscopy (Tab. 3) and no transition except clouding could be
observed in the 10 to 95 wt% water content range and temperature range of
25 to 100 °C. Hence, this surfactant does not undergo any major phase transi-
tions during the application procedure. Prior to application the surfactants are
diluted from concentrated solutions and mixed with water in a spray tank.
Complete dissolution can be facilitated by the fact that the concentrate does
not undergo any phase transition upon dilution.

Table 3. Characteristics of surfactant solutions.

Surfactant solution (wt % C EO,) a_ Clouding T. (°C)
1 1 55.5
4 1 56.5
25 0.997 62.6
50 0.988 79.4
83.5 0.85 >100
97.2 0.50 >100

Surfactant solutions

Potential changes of surfactant aggregate structure in solutions as a function
of concentration was investigated by SWAXD and the results are shown in
figure 18. The solution undergoes changes as water activities decrease and sur-
factant concentrations increase. In SAXD (Fig. 18A) a small peak is observed
at q=1.48 nm’', which indicates spherical micelles in the solutions that contain
1 to 20 % surfactant [17]. In the 25% solution, the micelles have grown to
ellipsoidal shapes [85], resembling a more rod-like structure [86]. The peak
originally at q=1.48 nm" has moved to q=1.82 nm. A peak is also present just
above q=1.13 nm", which arises from the structure-factor of the micelles in
solution [87]. In WAXD (Fig. 18B) a peak corresponding to bulk water is ob-
served at q=20nm™ for the solutions that contain 1 to 25 % surfactant [84].
With 50% surfactant a signal from the liquid hydrocarbon chains is clearly
visible at around q=14 nm" (d=0.42 nm) [88-90]. This bump increases in size
to form a distinct peak at higher surfactant concentrations, as more hydrocar-
bon chains are present in the sample.
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Figure 18. Ditfraction curves of water and surfactant solutions (aq.) at 25 °C,
83.5% and 97.2% corresponds to 8SRH % and SORH % respectively, A:
SAXS, B:-WAXS.

In solutions that contain 30 to 50 % surfactant, elongation and growth of the
micellar aggregates occur. At higher surfactant concentrations (83.5 and
97.2%) the system has undergone a transformation to a reverse micellar solu-
tion, with different size and scattering of the aggregates [91, 92]. Thus, the
scattering shifts so that the structure-factor disappears while the original peak
moves to around q=2.0 nm".

Formulations design and dynamics

Surfactants can increase the solubility of hydrophobic substances in aqueous
solution [17]. The solubility of tebuconazole as a function of surfactant con-
centration is shown in figure 19. This was investigated in order to establish a
relationship between the tebuconazole concentration and activity in aqueous
surfactant solutions. The surfactants greatly increase the solubility of tebucon-
azole in aqueous media (Fig. 19). To verify that all formulations provide the
same steady state solute flux at a given thermodynamic activity (Eq. 1), sili-
cone membranes were used. These are considered to be inert to surfactant in-
duced effects. C,,EO., C,G, ., and water formulations having the same satura-
tion concentration of tebuconazole (80% of the solubility limit, Fig 19) pro-
duced the same initial gradient in thermodynamic activity of solute over the
membrane. Consequently, very similar steady-state fluxes were obtained for
silicone membranes (Fig. 20).
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Figure 19. Tebuconazole solubility as a function of surfactant concentration.
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Figure 20. Steady-state flux for C,,EO, (Squares), C,G, , (Circles), and water
(Triangles) formulations of 0.8 tebuconazole saturation concentration over sil-
icone membranes.

For silicone membranes and low tebuconazole concentration (26 mg/L), pure
water appears to be the most effective carrier, producing the highest release
rate, followed by C,G, ,and C,E,.. However, lowering the thermodynamic ac-
tivity of tebuconazole decreases the driving force, which correlates well with
what has previously been implicitly stated for plant CM in the literature [8,
23]. The subsequent decrease in flux seen with 26 mg/L tebuconazole in pure
water on silicone membranes (Paper IV) is explained by the fact that the gra-
dient in tebuconazole thermodynamic activity in the membrane is decreasing
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faster when the solute concentration is low due to limited solubility in the car-
rier. Replacing the donor solution with fresh carrier formulation after 3, 6 and
9 hours quenched this depletion effect and thus resulted in overlapping release
graphs (Paper IV) for water and the two 4 % surfactant solutions, producing
close to identical steady state flux values. Hence, the data shows that the so-
lute flux over silicone membranes is mainly governed by the gradient in ther-
modynamic activity, and thus not by the gradient in concentration, or by a
surfactant induced increase in membrane diffusivity. Clivia leaf CM interacts
with surfactants, unlike silicone, and therefore the flux cannot be described
solely in terms of thermodynamic activity, c.f. [23]. Tebuconazole solubility in
pure water is rather low, but in formulations containing surfactants the solute
amounts can be significantly increased by solubilisation in micelles. Tebucona-
zole is not depleted from the water phase during the steady-state flux regime
in the presence of surfactants since the rate of tebuconazole transfer from the
micelles to the surrounding water is much faster than the flux of tebuconazole
over the CM. The diffusion coefficient for tebuconazole from the micelle to
the water phase is higher (D=10° m’/s, calculated using the information in
[93] for a similar system: water-decane-C,,EO, and/or C,EO; 2.5 wt %), than
over the CM (D=10"" m’/s, Paper IV). The difference is ten orders of magni-
tude and tebuconazole in the micelles thereby acts as a reservoir, constantly
replenishing the water phase. It is also possible that surfactant molecules may
accumulate at the membrane surface and thereby increase the local tebucona-
zole concentration. However, the exchange of tebuconazole between the sur-
face layer and the bulk liquid is rapid. Hence, the thermodynamic activity of
tebuconazole in the bulk liquid will determine the activity gradient in the
membrane (da/dz), which in turn is the driving force for diffusion. As tebu-
conazole diffuses through the CM so do the surfactants. Diffusion coefficients
in CM for surfactants like the ones used in this study, and tebuconazole can be
similar, but their wax/water partition coefficients differ (c.f. log K_u.e(TeD.)
= 3.0 (Paper IV), log K C,,EO;) = 1.5 [94], log K C,,EO,) = 0.75
[94]). Hence, even if they have similar diffusion coefficients (D)), the surfac-

wax/watcr( wnx/watcr(

tant concentration in the membrane (c,), and the flux (J,) over the CM is lower
than that for the fungicide. Since only a minor decrease of the surfactant con-
centration will take place during the experiments, it stays well above the CMC
and saturation of the donor solution with tebuconazole will not occur.
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Effects of surfactants on the cuticle

Surfactant structural effects on isolated cuticle

The diffraction patterns of ground cuticles treated with defined amounts of
surfactant solution (1:1, wax:surfactant weigh ratio) were evaluated at 25 °C.
SAXD of treated cuticles equilibrated at 50 and 85 RH% are compared to
ground untreated cuticles equilibrated at the same RH%’s in figure 21A.
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Figure 21. SWAXD of cuticle with or without surfactant present (1:1 ratio in

dry conditions). A: SAX diffraction spectra at 0, 50, and 85 RH%, where:

C=Cuticle, CS=Cuticle + Surfactant. WAX diffraction spectra of cuticle as a

function of temperature. B: dry untreated cuticle, C: treated cuticle equilibrat-

ed at 50 RH%, D: treated cuticle equilibrated at 85 RH%.

The presence of 50 wt% surfactant in the cuticle sample affects the shift in
transitions to lower temperatures (c.f. section on cuticle above and Paper I).
With surfactant present the orthorhombic structures almost completely disap-
pear at 65 °C, at both 50 and 85 RH%, while a temperature elevation to 80
°C is needed for this transition with no surfactant in the samples. In a similar
manner more amorphous material appears at 65 °C for samples with surfac-
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tant while 80 °C is necessary in untreated cuticle samples. Isolated cuticle has
a wide transition window and transitions appear gradually in the temperature
range 30-95 °C (Fig. 7). Extracted leaf waxes exhibit transitions in the range
of approximately 40-80 °C in both dry and wet conditions (Fig. 7).

Surfactant induced changes in cuticle model wax I: Phase behaviour
The model of leaf cuticle wax was characterized by its phase behaviour and
verified against native Clivia cuticle wax. The establishment of the binary (X-
T) and ternary phase diagrams on model wax above offered some explana-
tions to what actually may happen in the cuticle as it is subjected to water and
surfactant. However, absorption of surfactants may change the phase behav-
iour of the wax.

Thermotropic phase transitions

The effect that addition of C,EO., C,G, ,, or tebuconazole, have on thermo-
tropic phase transitions in the model wax at different compositions
(C,,H,,OH/C,,H,: 100/0, 80/20, 50/50, 20/80, and 0/100) was studied by
DSC. 2, 5, or 10 % of the respective substance was added to the model wax
mixtures. The data are presented in figure 22. With 10% of surfactant the
change in endpoint of melting was generally small, typically less than 1.6 °C
(C,,EO.) and 1.8 °C (C,G, ). The eutectic transition line was lowered by max-
imum of 2.7 °C (C,,EO.) and 2.1 °C (C,G,,) compared to the binary model
wax system. The effect of tebuconazole vs the two surfactants is generally
stronger. The melting endpoint with 10% tebuconazole is lowered by 2.1 °C
and the system starts to melt at a temperature 4.7 °C lower than the pure
model wax. This is the largest effect seen in the whole data set. The RIII tran-
sition of the alkane is largely unaffected by any of the three substances used,
but this transition disappears in the alcohol rich systems when the eutectic
transition goes below 64 °C. The apparent increase in the melting temperature
of the high alkane model waxes is due to peak broadening causing difficulties
in assigning exact transition temperatures, most likely caused by kinetic effects
in the sample. Effects of surfactants on aqueous dispersions of the model wax
(i.e. 1,4, or 25 % in C,,H,;,OH/C,,H, /H,0: 40/10/50 and 10/40/50). DSC re-
sults are shown in figure 23. The melting endpoint decreases by < 1.2 and <
0.3 °C for C,,EO, and C,G,, respectively, and the eutectic transition line de-
creases by 1.0 °C for both surfactants. Both C,;EO. and C,G, , cause a minor
increase in the alcohol hydrate formation temperature, while no effect is seen
on the alkane rotator transition. X-ray diffraction (SWAXD) shows no effect
on wax crystal structure upon water and surfactant exposure (data not
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shown). Figures 22-23 show the effects on phase transition temperatures from
adding one of the compounds C,,EO., C,G, , or tebuconazole to the model
wax. Of these three, tebuconazole had the most pronounced effect, followed
by C,,EO, and C,G, . C,,H,,OH showed a stronger response to the added sub-
stances than C,,H,,, and while the transition temperatures were generally low-
ered for the alcohol, they were largely unaffected for the alkane. Adding a
third component to the model wax also lowers the eutectic point and the tem-
perature change is dependent on the ability of the components to mix in the
melted state. This explains the change seen with tebuconazole, C,,EO., and
C,G,, in figures 22-23, as tebuconazole is the most hydrophobic of the three.
If mole fractions are considered, instead of mass fractions, these effects are re-
tained in the same order although the differences are slightly less pronounced.
Both surfactants caused a marginal decrease in eutectic transition and end
point of melting of the wax in the wet state (about 1 °C), but they are most
probably caused by kinetic effects due to separation of hydrophobic domains
in the sample.
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Figure 22. Effect of C,,EO,, C,G, ,, or tebuconazole on phase transition tem-
peratures of model wax mixtures (C,,H,,OH/C,,H,.: 100/0, 80/20, 50/50,
20/80, 0/100). Data points; Triangles: Endpoint of melting, Squares: System
Eutectic, Rhombi: C,,H,, rotator transition. X-axis: %wt added substance, Y-
axis: Temperature (scaled for clarity).
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Figure 23. Effect of C,,EO, or C,G, , on phase transition temperatures of wa-
ter/model wax mixtures (C,,H,;,OH/C,,H,/H,O: 40/10/50, 10/40/50). Data
points; Circles: hydrate formation, Rhombi: C,,H,, rotator transition, Squares:
System Eutectic, Triangles: Endpoint of melting. X-axis: % wt added substance
(dry mass), Y-axis: Temperature.

Surfactant induced changes in cuticle model wax Il: Fluidity

Cuticle wax surfactant absorption caused changes in the phase transition tem-
peratures of the model wax, as seen above. These results add to the under-
standing of the effects the interaction between cuticle wax and surfactant may
present. However, the barrier properties of the cuticle are also related to the
softness of the cuticle [8]. Thus, how surfactants affect the softness — or fluidi-
ty — of the model wax can offer some deeper insight in surfactant — cuticle in-
teractions. QCM-D was employed to investigate this.

Continuous QCM-D experiments

Model wax films were prepared on QCM-D sensors and surfactant effects on
the rheological properties of these films were quantified. Aqueous solutions of
C,,EO, and C,G,, (i.e. 1, 4, or 25 % (aq)) were evaluated. QCM-D measures
how the oscillating frequency changes as the total mass of sensor and film
vary, i.e. a high mass lowers the sensor oscillation frequency. The technique
also measures the ability of the film covered sensor to continue to oscillate as
the power input is discontinued; this is called the dissipation of the adsorbed
film. A higher dissipation means a less rigid film. All QCM-D experiments
were performed at a controlled temperature of 25 °C.
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Surfactant adsorption and desorption to clean gold sensors were recorded as
the baseline (data in Paper III). The frequency and dissipation shifts over the
sequence of liquids starting from water followed by: 1 % surfactant solution,
water, 4 % surfactant solution, water, 25 % surfactant solution and water.
After water rinsing, the residual changes in frequency and dissipation were in-
significant compared to the clean sensor. This indicates that negligible
amounts of surfactants remain at the sensor surface. The sensors got a frosty
appearance and a thin film could be appreciated after deposition of model
waxes (C,,H,,OH/C,,H,,, 80/20 or 20/80). Heat treatment made the film more
compact and evenly distributed over the gold surface, which was confirmed by
AFM (data not shown). The average (n=6) thickness, shear viscosity, shear
elastic modulus and G”/G’-ratio of the spin-coated films were determined in
air employing the Kelvin-Voigt model (Paper III). The effects on frequency and
dissipation of 1% surfactant solutions (C,,EO, or C,G, ,, aq) on the two wax
films were evaluated in triplicate. Adding surfactants caused the frequency to
drop sharply and the dissipation rose, indicators of increased mass and a less
stiff film. However, the frequency quickly increased again and the dissipation
decreased, indications of film thinning, i.e. wash-off.

Pulsed QCM-D experiments

A pulsed QCM-D experiment was designed to evaluate the effects that surfac-
tants have on the spin-coated wax film without removing substantial amounts
of material from the surface. Unlike the previous continuous QCM-D experi-
ment, the spin-coated wax films were now only exposed to short pulses of sur-
factant solution. The surfactant concentration in the solution was increased
stepwise and the experiments were performed in triplicate. A characteristic re-
sponse in frequency- and dissipation shifts is presented in figure 24. The first
plateau in the curve represents the wax covered gold sensor in water, followed
by a 20 s pulse of 1 % surfactant solution, sensor in water, a 20 s pulse of 4
% surfactant solution, sensor in water, a 20 s pulse of 25 % surfactant solu-
tion and sensor in water. The surfactant pulses induce a decrease in frequency
and an increase in dissipation. After this peak effect of the surfactant pulses
the dissipation levels off at a higher value for each step indicating a stepwise
less rigid film. The frequency curves level off at lower values for the first and
second exposure, indicating a larger sensed mass, and at a higher value for the
final pulse, indicating a minor wash-off.
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Figure 24. Characteristic frequency and dissipation change -plot from water
and C, EO, (aq) treatment of model C,,H,,OH/C,,H,,: 80/20 wax vs time,
pulsed QCM-D experiment. Data points: Squares, Rhombi, and Triangles,
corresponds to the 3’rd, 5’th, and 7’th overtone respectively. Lines fitted using
Q-tools.

Changes in the modelled parameters during the experiment are displayed in
figure 25. All changes in frequency and dissipation along with the values for
the modelled parameters are listed in Paper III. As shown in figure 25, the
shear elastic modulus drops sharply when a surfactant pulse is introduced to
the system and it recovers to some degree when water is again the medium.
The film thickness increases rapidly on surfactant addition and then decreases,
while the shear viscosity of the film has a sharp prevailing increase. Thus the
parameters change in irreversible steps triggered by the surfactant pulses
throughout the experiment. The change in G”/G’ in the same experiment is
also shown in figure 25. The wax film in water has a stable G”/G’ ratio
around 0.15, but when the surfactant solutions are pulsed through the system
this ratio increases in steps with each pulse. The 1, 4, and 25 % pulse increas-
es the G”/G’ ratio to approximately 0.18, 0.22, and 0.27, respectively. Water
rinsing between the pulses did not alter the G”/G’ ratio. The relative change
in the G”/G’-ratio for each surfactant-wax combination was evaluated by set-
ting the G”/G’ ratio for the water plateau prior to surfactant exposure equal
to 1. The G”/G’ ratio at the water plateaus after each consecutive surfactant
pulse were compared to the original value and a relative change could be ob-
tained. In figure 26 the effect of the two surfactants on model wax surfaces are
compiled for the pulsed QCM-D experiments. The strongest effect is seen with
the combination of the C, EO, surfactant and the C,,H,,OH/ C,,H,, 80/20
model wax, and the second strongest effect is seen with the same surfactant

61



and the C,,H,;,OH/ C,,H,,20/80 model wax. A maximum relative increase of
approximately 1.8 and 1.2 times, respectively, is observed after the 25 % sur-
factant solution pulse. In the same set of experiments, the other surfactant,
C,G, ,, causes a decrease in the relative G”/G’ ratio. This effect is more pro-
nounced with higher surfactant concentration. C,G, , in combination with the
C,,H,;,OH/ C,,H,, 80/20 and the C,,H,,OH/ C,,H,, 20/80 model wax gives rel-
ative values for the G”/G’ ratio of approximately 0.9 and 0.8 respectively, af-
ter the 25 % surfactant solution pulse.
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Figure 25. Characteristic plot over changes in modelled parameters (shear vis-
cosity, shear elastic modulus, thickness, G'/G') from water and C,,EO, (aq)
treatment of model C,,H,,OH/C,,H,,: 80/20 wax vs time, pulsed QCM-D ex-
periment.

A control experiment was also performed where the mass of wax on the sen-
sor was compared before and after 1 and 4 % surfactant exposure; after each
pulse the frequency and dissipation return to their start values prior to surfac-
tant exposure.
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Figure 26. Relative changes compared to the original G'/G' ratio for each
surfactant-wax combination. G'/G' plot vs increasing surfactant concentra-
tions, pulsed QCM-D experiment. Data from water plateaus between the sur-
factant peaks (n=3). Squares (C,,H,,OH/C,,H,,: 80/20, C,,EO,), Circles
(C,,H,;OH/C,,H,,: 80/20, C,G,,), Rhombi (C,,H,,OH/C,,H,,: 20/80, C,,EO,),
Triangles (C,,H,,OH/C,,H,,: 20/80, C,G, ).

Wax film rheology

QCM-D was employed to quantify the effects that C,,EO, and C,G, , have on
the change in frequency and dissipation of oscillating sensors, clean or covered
by a film of model wax in two different compositions. The temperature was
25 °C in all experiments. Wax films in water have a shear elastic modulus (u,
or G') between 1x10° and 2x10° Pa, and a shear loss modulus (G”) of around
2x10’ Pa. Severtson and Nowak report G’ and G” of pure C,, and C,, alkanes
to be around 5x10” and 7x10° Pa, respectively, and around 3x10” and 5x10°
Pa respectively for a mixture [95]. They also report G’ and G” values for a
commercial paraffin wax (a mixture of C,,-C,, alkanes, centred at C,;) to be
around 3x10” and 3x10° Pa, respectively [96]. Lionetto and co-workers report
waxy crude oil to have a shear elastic modulus of around 1x10° and a shear
loss modulus of around 1x10* [97]. These determinations were however done
at much lower frequency (1 Hz) than that employed in QCM-D here (around
4.95 MHz). The experiments on clean sensors revealed that C, EO, induces a
larger change in both frequency and dissipation than C,G, . This can be ex-
plained by the size and structure of the two molecules. C,)EO, has a larger
molecular mass and is less bulky than C,G, ;; C, EO, also diffuses more rapidly
to the surface especially at higher concentrations. Hence, more molecules of
the former surfactant can adsorb per unit area, which results in a larger sensed
mass. Surfactant concentrations are above CMC for all cases except 1%
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C,G, ,, but this does not mean that the change in bulk viscosity with surfactant
concentration and its effect on frequency and dissipation data can be neglected
[98]. The continuous experiments on wax covered sensors (Paper III) showed
that the response of model wax surfaces to surfactant exposure is rather fast.
Within a couple of minutes drastic effects were observed, inevitably leading to
wash-off. After an initial decrease following exposure, the frequency increased
by 250 Hz for all of the overtones shown (3, 5 and 7). Thus the surfactants
remove wax from the surface. The main idea of doing the pulsed set of exper-
iments was to study the effect of surfactant solutions of different concentra-
tions (1, 4, and 25 %) on the wax films, as well as to observe the relaxation
when going from bulk surfactant solution back to water - i.e., to evaluate the
reversibility of the surfactants effect on the wax films. The pulsed type of ex-
periment was also a way to avoid effects on Af and AD from changes in bulk
properties and to reduce wax wash-off caused by the surfactant. Wash-off is
promoted by exposure time, energy, temperature, and surfactant concentra-
tion. Reducing exposure time from 40-90 minutes to just 20 seconds and vary-
ing the surfactant concentration in the pulses proved to reduce wash-off sub-
stantially and allowed for surfactant effects to be quantified in more detail.
This experimental setup is kinetically controlled (it is dependent on the diffu-
sion coefficients of the surfactants in water and wax), and 20 seconds was
deemed to be sufficient to allow surfactants to affect the surface while at the
same time keeping wash-off minimal. As for the continuous QCM-D experi-
ments the wax responds to surfactant exposure rather rapidly. In figure 25 the
stepwise change in the modelled parameters can be observed. Compared to the
frequency and dissipation plots in figure 24, it is clear that the effect of the
surfactant does not diminish after the surfactant pulse. Instead the effect pre-
vails for at least 30 minutes after just 20 seconds of possible absorption and
hence G”/G’ is constant during water rinse periods. A stepwise and irreversible
(during the current time-scale) softening of the film can be observed after eve-
ry consecutive pulse. At the 25 % surfactant pulse wash-off can in fact be
seen, although not very severe since the frequency correlates to that of the first
water period. The control experiment revealed that the change in mass before
and after surfactant exposure (1 %, or 1 % followed by 4 %) is negligible.
Furthermore, the fact that dissipation and frequency return to their initial val-
ues after the pulses, indicates that the effects seen in water plateaus in between
the pulses are not caused by increased surface roughness. If the roughness had
increased, more water would be dragged along the oscillating surface, which
would show up as an apparent decrease in frequency.



The changes seen in the frequency and dissipation as well as the changes in the
modelled parameters (shear viscosity, shear elastic modulus, thickness, and
G”/G’) cannot be explained by simple surfactant adsorption. If that would be
the case, the frequency and dissipation would go back close to their initial val-
ues (x the small changes shown in the results for clean sensors) for water in
between the surfactant pulses. But this does not happen and thus the surfac-
tant also absorbs in the film and affects its fluidity. Even at this rather short-
pulse treatment a large amount of the C, EO, surfactant seem to be trapped
inside the alcohol dominated wax film as the fluidity continues to increase
with each step. Also, C,,EO, has a small fluidizing effect on the alkane rich
film as well. At low concentrations and short exposure times C,G, , has an ef-
fect on fluidity of the high alkane model wax, however at higher concentra-
tions this surfactant tends to solidify both types of wax films. This is probably
due poor absorption of C,G,, into the film, being bulkier and considerably
more hydrophilic, and also less surface active. The reason for the rather strong
effect seen in these experiments could be that the wax film is formed from

smaller crystalline domains (Fig. 27).
“
AaLAl

Figure 27. Schematic overview of surfactant absorption and entrapment in be-
tween crystalline wax domains.

X-ray diffraction (SWAXD) experiments did not reveal any influence of water
and/or surfactant on the model wax crystal structure within these domains.
However, surfactant and water may enter the crevices (or grain boundaries)
between the individual domains to separate them through a continuous less
ordered wax/water/surfactant network. The alcohol dominated wax should be
more prone to such effects as it is less hydrophobic than the wax dominated
by the alkane. Even in the absence of water C,EO, has a fluidizing effect on
wax (Fig. 22, [81]), although the effect is stronger with water. The mechanism
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of surfactant/water absorption in crevices between crystalline wax domains is
supported by the observation that the G”/G’ ratio does not decrease even after
the surfactant addition to the system is discontinued.

Diffusion in the cuticle

Up to this point the focus has been on cuticle characteristics, cuticle model
wax, properties of surfactant solutions, surfactant/cuticle interaction and sur-
factant/model wax interaction. What these investigated changes do to the ac-
tual transport of an Al over the cuticle still remains to be investigated. How
two selected surfactants change the flux of a model Al over intact Clivia leaf
cuticle was evaluated using Franz diffusion cell equipment.

Cuticle membrane

Plant leaf cuticle membranes were obtained from the stomata free [99] upper
side of Clivia leaves, using either a dermatome (CM-d, details in Paper IV) or
a previously established enzymatic isolation technique (CM-¢) [56]. No visible
damage to dermatomed cuticles could be seen in SEM experiments. The two
different isolation techniques proved to give membranes of very similar char-
acteristics in terms of permeability. However, the degree of leaf maturation
had a drastic effect on tebuconazole cuticle diffusion (details in Paper IV). All
membranes for further experiments were therefore retrieved mid-leaf.
The approach in this work, where CM-d specimens were used as membranes
and HPLC-UV was employed to assay solute transport across membranes, en-
ables the quantification of solute transport over plant leaf CM without the
need for enzymatic cuticle separation and radiolabeled solutes. This stream-
lined and less cumbersome protocol should be universally applicable to flat
leaves of sufficient size and thickness, tentatively at least: 60x30x0.2 (length x
width x thickness, mm).

Membrane partition

As mentioned in the experimental part of this thesis, partition of a substance is
important to know when investigating its transport over a membrane. To de-
termine how the solute tebuconazole partitions between the particular mem-
brane material and the surrounding, solution sorption isotherms were ob-
tained. The silicone tebuconazole sorption isotherm was fitted to a non-linear
GAB (Guggenheim-Anderson-de Boer) model [100, 101] (Fig. 28A), while the
CM-e sorption isotherm was best fitted to a linear model (Fig. 28B), they cor-
respond to approximately: log K, = 1.40 (silicone/water) and log K, = 2.95
(CM/water), c.f. log K, = 3.54 [8].
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Figure 28. A: Sorption isotherm of tebuconazole in silicone (titted to a non-
linear GAB model), B: Sorption isotherm of tebuconazole in CM-e (fitted to a
linear model).

Membrane permeability

The flux over the non-responding silicone membranes was mainly governed by
the thermodynamic activity, vide supra. Tebuconazole permeability over
Clivia CM was evaluated with the same set of test formulations as used for sil-
icone (Paper IV for details). Formulations containing surfactant significantly
shortened the lag-times; formulations with identical thermodynamic activity
performed as C,,EO, > C,G,, > pure water. C,EO, and C,G,, produced
steady-state fluxes 4 and 3 times higher than water, respectively (Fig. 29).
Clearly, it appears that both surfactants affect the cuticle to increase the diffu-
sion coefficient (D,) of tebuconazole therein.

Solute distribution and diffusion

The diffusion experiments had initially fixed boundary conditions (i.e., fixed
concentration or fixed thermodynamic activity of the solute in the donor for-
mulation). Even so, the distribution of solute over the different compartments
(donor, membrane and receptor) will change with time. The sorption iso-
therms (Fig. 28) and diffusion experiment data were employed to calculate the
distribution profile of two carrier formulations and how the profile changes
during the course of the experiment. This was done for both silicone and CM
membranes and is presented in figure 30.

67



30

25

20

15

10

5

Cumulative amount {ug/cm?)

0

// M
L /
0 24 48 72 96 120 144 16

Time (h)

8
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bottom: CM. Left: H,O 26 mg/L, CM-e, right: 4% C,,EO.(aq), CM-d, 911
mg/L carrier formulation.
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In the silicone experiments, 26 mg/L in H,O, the thermodynamic activity of
tebuconazole decreases rapidly in the donor formulation from 0.8 to about 0.3
after 24h. This shows that the donor formulation needs to be replaced regular-
ly during the experiment to maintain steady-state flux. Sink conditions in the
receptor compartment are well preserved (i.e. a,, < 0.1) [102]. With the 911
mg/L in 4% C,EO,(aq) formulation steady-state conditions are reasonably
well preserved over the first 9 hours. Sink conditions in the receptor compart-
ment are violated (i.e. a_, > 0.2) at 24 hours and thereby the gradient in ther-
modynamic activity over the membrane is diminished. For Clivia membranes
an initial decrease in donor solute activity is observed (to approx. a,, = 0.6)
before apparent steady-state conditions are obtained for the 26 mg/L in H,O
formulation. This fact may be attributed to the ability of the CM to accom-
modate large amounts of tebuconazole. The donor solute activity remains al-
most constant for the 911 mg/L in 4% C,,EO,(aq) formulation and sink con-
ditions in the receptor compartment are well preserved (i.e. a, < 0.1) for both
formulations. Up to this point the focus has been on tebuconazole flux and
compartment distribution as a function of the gradient in thermodynamic ac-
tivity over the membrane, with or without surfactants present. However, the
results clearly show (Fig. 29) that surfactants also may affect the diffusivity of
tebuconazole within the membrane, as reflected by the diffusion coefficient
(D)) (c.f. Ficks law, Eq. 1). Schreiber and Schonherr [8] reviewed alternative
methods for determining the diffusion coefficient in plant CM based on per-
meation data. Two of these methods were adopted as examples and are shown
below (Eq. 10 and Egs. 11-12, respectively). Equation 10 used the extrapolat-
ed lag time (t,) and the square of the membrane thickness (z°):

(Eq. 10)

The second method is based on the fraction of tebuconazole permeated (m'/m)
vs the square root of time. The slope (Eq. 12) is generated from m/m' € \t:

m” 4 Dt

mt:\/_E 72

(Eq. 11)
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_ n(slope)?z?

16
(Eq. 12)

Both methods are commonly used, although when applied to the current data
set they generate diffusion coefficients that differ by several orders of magni-
tude (details in Paper IV). According to our knowledge there are no data on
diffusion coefficients for tebuconazole in Clivia leaf CM available from the lit-
erature. However, related data may be used for comparison: 2,4-D (2,4-
dichlorophenoxyacetic acid) diffusion in reconstituted cuticle wax from barley
(1.9x10" m’/s) [94] (calculated using Eq. 11-12), and in Clivia (2.2x10™
m’/s) [103] (Eq. 10), as well as tebuconazole in reconstituted cuticle wax from
barley (5.8x10™" m?/s) [94] (Eq. 11-12). To resolve the apparent discrepancy
between the diffusion coefficients calculated using the two methods above a
third method was derived in Paper IV. This method is based on Fick’s first law
(Eg. 1) and does not require steady-state conditions or refilling of donor com-
partment to function properly. The sorption isotherm of the solute is assumed
to be linear i.e. that partition coefficients and the solute thermodynamic activi-
ty in solution may be used to set the concentration of the solute in the mem-
brane. Furthermore, the profiles of the solute concentration and the thermo-
dynamic activity gradient in the membrane are both assumed to be linear.
When this is applied to Fick’s first law (Eq. 1), Equation 13 can be derived to
describe how the mass of solute in the receptor compartment changes with
time (dm'/dt):

vr vd

dm” ADK,,AC _ ADK, (m" m?
dt C' dz  (C%4Az

(Eq. 13)

A is the area of the membrane, D is the diffusion coefficient, K_, is the mem-
brane/surrounding liquid partition coefficient (obtained using the sorption iso-
therms in figure 28 for the silicone membrane and the Clivia CM-¢), C’ is the
saturation concentration of the active ingredient at a given surfactant concen-
tration (obtained through the solubility curve in figure 19), and Az is the
thickness of the membrane. m" and m" are the solute mass in the donor and
receptor compartments of the diffusion cell, V' and V' are the corresponding
volumes of these compartments. Since m‘ is not known, Eq. 13 can be rear-
ranged into the form of Eq. 14 that instead contains m" and m' (i.e. total mass
of solute in the system), both of which are known.
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dm”

dt

= a(cmt — bm")
(Eq. 14)

Three coefficients (a, b and ¢) are used in Eq. 14, outlined in Egs. 15-17 (V" is
the volume of the membrane):

_ ADK,,
“= oAz

V™K
L (1)

VmKCW)
ya2co

(Eq. 15)

Vd(1+
(Eq. 16)
1

Ve (1+ k)

Cc =

(Eq. 17)

Integrating Eq. 14 with respect to time gives Eq. 18, while Eq. 19 is a reorgan-
ization of Eq. 18. Plotting the left side of Eq. 19 vs At (the time past lag time,
At =t-t,) generates a slope (-ab), from which the diffusion coefficient (D) is de-
rived by employing Eq. 15 and Eq. 16. Eq. 19 can be used to predict solute
flux at any given D.

In(cm® — bm™) — In(cm?) = —abAt
(Eq. 18)
o cmt(1 — exp(—abAt))
b
(Eq. 19)

The first method (Eq. 10) and third method (Egs. 14-19) produce similar dif-
fusion coefficients, while the second method (Eqs. 11-12) suffers from the
facts that the amounts of solute present inside the membrane itself, and the
gradient in solute chemical potential are neglected. The third method takes
this into account and shows a more consistent effect from surfactant addition,
i.e. a 3-14 times increase in D. At fixed tebuconazole concentration (26 mg/L),
C,,EO, is superior to C,G,, (i.e. 14x and 4x vs. the water carrier), while at
fixed thermodynamic activity (a,=0.8) the surfactants generate an increase in
D by roughly 4 and 3 times, respectively. In addition, Burghardt and co-
workers report an increase of the diffusion coefficient for tebuconazole in re-
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constituted barley (Hordeum) leaf waxes by about 9 times when C,EO, is
present [94]. The C, EO.-formulation does however carry 5 times more tebu-
conazole compared to the C,G, ,-formulation and thus the smaller increase in
D at higher solute concentration may be attributed to a crowding effect at
high concentrations. The limited space available for diffusion in the dense CM
is in this case not sufficient to allow for all tebuconazole molecules to diffuse
unhindered at maximum individual rate. Thus, the less pronounced increase in
diffusion coefficients observed at higher solute concentrations could be quali-
tatively explained, as previously discussed by e.g. Baur and co-workers [104].
Such crowding effects are not observed in silicone membranes, see figure 20,
owing to the limited partition of tebuconazole to the silicone membrane, in
comparison to the Clivia CM (Fig. 29). With reference to Eq. 1 the flux (J,)
depends solely on Dy, at a constant thermodynamic activity gradient (da/dt)
and barrier thickness (z). Furthermore, the same quantitative increase in both
J. and D, was observed in the presence of surfactants. Therefore it may be con-
cluded that both C,EO, and C,G,, induce changes in the barrier properties,
which affects the solute mobility (D,) in the cuticle while leaving the solute
concentration inside the membrane (c,) unchanged. Thus, the CM-water parti-
tion coefficient (Ig K_,) is not affected by either of the two surfactants and the
sorption isotherm presented based on thermodynamic activity is valid for all
formulations. In the calculations of diffusion coefficients the CM was consid-
ered to be homogenous with a single D to describe the solute diffusion. How-
ever, the cuticle is indeed heterogeneous [8] and partition-, and diffusion coef-
ficients vary between different compartments within the membrane. Since the
exact structure of the cuticle is not known, an average thickness of 8.5 pm was
used to calculate D, (c. f. Fig 6D and [8 p.44]).
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CONCLUDING REMARKS AND FUTURE
OUTLOOK

In this work the following topics have been addressed: cuticle characteristics,
properties of a cuticle model wax, surfactant solution characteristics, surfac-
tant/cuticle interactions, surfactant/model wax interactions, and diffusion
through the cuticle. The cuticle is the main barrier to solute penetration and
intact sliced plant leaves can replace enzymatically isolated cuticles in the
evaluation of in vitro permeability of solutes. However, the barrier function
of the Clivia CM improves with maturation of the leaf and membranes for in
vitro studies should thus be harvested mid-leaf. The native Clivia cuticle wax
is heterogeneous and contains both crystalline and amorphous domains. The
wax has a broad melting interval between 40 and 80°C which comprises a
crystalline transition from orthorhombic to hexagonal sub-cell. This transition
is facilitated by addition of surfactants. Both intact cuticle and extracted wax
also possess lamellar long range order. Clivia is an appropriate model plant
since it is related to some of the most important crop plants, wheat and barley,
and has similar leaf characteristics. It is easy to cultivate indoors and the
leaves are wide enough to be evaluated in vitro through diffusion cell experi-
ments. The barrier is very tough; if it works on Clivia it most probably will
work in the field as well. A model of plant leaf intracuticular wax can be used
to estimate formulations effects on the cuticle structure. The model was based
on leaf wax extract and included 1-docosanol (C,,H,;,OH) and dotriacontane
(C,,H,,). The thermotropic phase behaviour of the model was investigated,
and the structure of individual phases in the model wax - water system was
determined. The thermotropic transitions of the model wax fit in the window
of the extracted leaf waxes, but the model wax would benefit from further de-
velopment, striving for a more amorphous system.
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The effects of surfactants on the phase behaviour and the rheological charac-
teristics of the model wax were quantified. This was done to address the cur-
rent lack of understanding of how surfactants affect the barrier properties of
plant leaf cuticles on a molecular level. The model wax used is crystalline at
ambient conditions, yet it is clearly softened by the surfactants. The softness of
the wax film increased in irreversible steps after surfactant exposure and
C,,EO, has a stronger fluidizing effect than C,G, .
comprise both crystalline and amorphous domains. Surfactants exercise their
fluidizing effects in amorphous regions. A mechanism is suggested to explain
the fluidizing effects seen on a primarily crystalline wax. It is proposed that
surfactants may enter the crevices in between crystalline domains to establish
an expanded continuous amorphous network. Surfactants allow higher
amounts of Al in solution, i.e. Al available for penetration. Commercial prod-
ucts may contain such high amounts of Al that complete solubilisation of Al is
never reached, even after dilution. Undissolved Al cannot enter the cuticle and

Intracuticular waxes (IW)

may lead to an unnecessary environmental burden when dislocated from the
leaf. The rate of Al leaf uptake may be increased by an appropriate surfactant.
If the contents of surfactant and Al are set with care, penetration will increase
and waste is decreased. Surfactants increase the flux of Al over the cuticle bar-
rier by increasing the Al diffusion coefficient inside the cuticle. Based on Fick’s
first law, an algorithm that accommodates changes in boundary conditions
and takes partition into account was developed. The new algorithm provides a
more accurate method, compared to the standard equations normally used, for
calculating solute diffusion coefficients in membranes. The same quantitative
increase in both flux (J,) and diffusion coefficient (D,) was observed with sur-
factants present, while the CM-water partition coefficient (Ig K_,) remained
unchanged.

By the establishment of QCM-D and membrane diffusion protocols and the
investigations on model wax, a set of evaluation tools have been developed.
These tools can facilitate the determination of desired properties of new and
better adjuvants in agriculture. Subsequently, it may contribute to a more cost-
efficient and environmentally friendly usage of pesticides in foliar spray appli-
cations. The wider aim of this project was to contribute to a more efficient
and optimized pesticide application through investigation of the cuticle and its
interplay with surfactant solutions. However, there are a number of paths to
explore in order to further increase knowledge. To further characterize native
leaf wax and perhaps even complete intact cuticle in terms of the thermotropic
phase behaviour (by DSC) and rheological properties (by QCM-D), and to see
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how those characteristics are affected by surfactants would put the under-
standing one step closer to the actual application. An interesting plant to
evaluate in the context of further diffusion experiments would be wheat. It is
one of the major sources for nutrition in the world today and susceptible to a
number of devastating pests if untreated. Another fascinating path to go down
is to continue the development of the model wax. This work might evolve to a
powerful screening model for new pesticide formulations, and even in a great-
er distance to the construction of something that would resemble an artificial
leaf. It is imperative that the work continues to improve the understanding of
the surfactant/pesticide/plant reciprocity to enable optimization of pesticide
usage. This ought to be a joint responsibility for both academic institutions
and the agrochemical industry.
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