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measured as the average light intensity within the capsules normalised
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(top left image) to the bottom (bottom right image) of the sample in
defined steps of 2 urn. (b) 3D projection of Prunus laurocerasus
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orthogonal cross-sections in the x-z and y-z planes, along directions
defined by the green and red line. The position of the single slice image
in the z-stack is shown by the blue line in the x-z and y-z orthogonal
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projections. Each slice in the series is taken in the same position of the
leaf at hour time intervals. (b) Slices taken through the centre of a single
capsule showing t he decrease in fluorescence relating to the release of
pesticide with time.
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leaf of Prunus laurocerasus reconstructed from a z-stack consisting of
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the emamectin benzoate capsule taken at half hour time intervals.

Figure 5.9 Graph detailing the release of the pesticides • lambda cyhalothrin and •
emamectin benzoate from microcapsules onto a leaf of the Prunus
laurocerasus.

Figure 5.10 Graph detailing the average release from microcapsules containing the
pesticide e mamectin benzoate when applied to. a glass slide and • a
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Figure 5.11 (a) High resolution image series z-stacking through the cuticle of Plutella
xylostella. Images shown are taken at 5 urn intervals from above to below
the cuticle. (b) 3D projection reconstructed from 150 serial optical
sections through the cuticle of the caterpillar.

Figure 5.12 (a) High resolution image series z-stacking through the cuticle of
Heliothis virescens. Images shown are taken at 5 urn intervals from above
to below the cuticle. (b) 3D projection reconstructed from 150 serial
optical sections through the cuticle of the caterpillar.

Figure 5.13 (a) z-stack through Nile red microcapsules on the surface of the Heliothis
virescens. Images were taken every 5 urn. (b) Single optical slice on
surface of Heliothis virescens and reconstructions of 150 serial optical
sections (step size I urn) to produce orthogonal cross-sections in the x-z
and y-z planes, along directions defined by the green and red line. The
position of the single slice image in the z-stack is shown by the blue line
in the x-z and y-z orthogonal projections.
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Chapter 6 - Preliminary studies on the combined use of CLSM and
electrochemistry for the trace detection of heavy metal ions
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Principles of anodic stripping. Values shown are typical ones used;
potentials and Ep are typical of Cu2

+ analysis. (a) Preelectrolysis at Ed;
stirred solution. (b) Rest period; stirrer off. (c) Anodic scan (v = 10-100
mV/s).

Visual screening of fluorescent indicator responses to metal ions. The
image shows a 96-well microplate containing various combinations of
ions and indicators in 50 mM MOPS pH 7.0. Each row of wells
represents a different indicator; each column of wells represents a
different ion. The indicators (top to bottom) are: Calcium Green-5N (0.5
11M), Calcium Green-2 (0.2 11M), fluo-4 (211M), fluo-5N (211M),
FluoZin-1 (211M), Newport Green DCF (211M), Phen Green FL (211M)
and calcein (0.5 11M). The left-hand column of wells contains 10 mM
EGTA + 10 11M TPEN (ion-free reference solution). Subsequent columns
(left to right) represent 1 11M concentrations of Ca2

+, Ba2
+, Mn2

+, Fe2
+,

~ .~ ~ ~ ~ ~ ~ . .Co ,NI ,Cu ,Zn ,Cd ,Hg ,and Pb ,respectIvely. The microplate
was scanned using a FLA3000G laser scanner (Fuji Photo Film Co.) with
excitation at 473 nm and fluorescence emission detected at 520 nm. The
image is pseudocolored according to fluorescence intensity (high = red>
orange> yellow> green> blue = low).

(a) Metal-ion response screening for Calcium Green-5N. The maximum
relative fluorescence intensity was measured for indicator concentrations
in solutions containing 10 mM EGTA + 10 11M TPEN, 111M ion (100 11M
for Mg2+) and 100 11M ion (10 mM for Mg2+). Results are plotted as
fluorescence changes relative to the ion-free ( 10 mM E GTA + 10 11M
TPEN) reference solution expressed as (F-Fo)/Fo, where F is the
fluorescence intensity of ion-containing solutions and F° is the
fluorescence intensity of the reference solution. Blue bars indicate the
response to 1 11M ion (100 11M for Mg2+), and red bars indicate the
response to 100 11M ion (10 mM for Mg~). (b) Structure of the
fluorescence indicator Calcium Green-5N.

(a) Photograph of the experimental set-up showing the trough and
electrode on the stage of the confocal microscope. (b) Schematic of
experimental arrangements for studies of Cd2

+ stripping experiments.

A typical current-time growth transient for the electrodeposition of
mercury onto a 25 11m diameter Pt UME, from a solution containing 10
mM mercurous nitrate, 0.1 M RN03 and 0.5 M KN03 with the electrode
held at 0.225 V.

Typical stripping voltammogram of cadmium from a Hg/Pt UME.
Preconcentration time 240 seconds.

Current time plots for the stripping of cadmium from a mercury UME.
The electrode was preconcentrated for 10 seconds then held at the
potentials shown in the legend.

Plot showing the dependence of charge passed during stripping with the
potential applied.
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Figure 6.9 Current time plots for the stripping of cadmium from a mercury UME.
The electrode was held at -0.8 V and was preconcentrated with cadmium
for the times shown in the legend.

Figure 6.10 Plot showing the dependence of charge passed during stripping with
deposition time.

Figure 6.11 Normalised light intensity as a function of Cd2
+ concentration for a

solution of Calcium green 5N and cadmium nitrate with CLSM images at
marked concentration values.

Figure 6.12 Time series of frames taken over surface of electrode in 1x10-5 mol dm-3

CdN03 and 0.5 urnol dm" Calcium Green 5N. Frames were taken every 7
seconds. Series recorded concurrently with ASV with preconcentration
time of 60 seconds. Preconcentration time started at 14 seconds.
Preconcentration was followed by a potential sweep from -1.1 to -0.5 V.

Figure 6.13 Schematic representation showing how spatiotemporal data collected
relates to the system studied.

Figure 6.14 Stripping voltammogrames of Cd2
+ from a Hg UME recorded after

specified preconcentration times. Associated spatiotemporal images are
shown in Figure 6.12.

Figure 6.15 Plot showing the dependence of charge passed during stripping on the
deposition time of cadmium into the mercury hemisphere UME.

Figure 6.16 Line scans taken across the centre of the electrode over time for
deposition times of (a) 10 seconds, (b) 20 seconds, (c) 30 seconds, (d) 40
seconds. (e) 50 seconds (f) 60 seconds (g) 70 seconds (h) 80 seconds .
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Abstract

This thesis aims to characterise the structural, adhesion and release properties of
polymeric microcapsules which are used ina griculture for t he controlled delivery of
pesticides to crops.

An adaptation of atomic force microscopy (AFM) known as chemical force
microscopy (CFM) has been used to investigate the adhesion characteristics of
functionalised polyurea microcapsules to surfaces. The adhesion properties of
microcapsules (attached to AFM cantilevers) to self-assembled monolayers (SAMs) of
alkyl thiols on gold have been investigated at the single capsule level, and as a function
of polymer wall surface functionality. Measurements have been made to OH­
terminated, CH3-terminated and mixed CH3: COOH-terminated SAMs. The importance
of microcapsule topography and elasticity on adhesion measurements has been
discussed. The surface pK1I2 of a capsule with a surface modified with a sulfonate­
terminated molecule has been estimated using force titration methodology. The
adhesion properties of functionalised microcapsules to the leaf cuticle of Prunus
laurocerasus have been examined, highlighting areas of hydrophilicity on the surface of
the leaf.

The release properties of a ctive ingredients from p olyurea microcapsules into
solution using confocal laser scanning microscopy (CLSM) have been investigated.
Preliminary studies obtained the optimum species to use inside the microcapsule and the
solution into which the species should be released. The release characteristics 0 f six
varieties of microcapsule, differing in the wall thickness and cross linking density were
examined and from the release profiles obtained, the product of the mass transfer
coefficient and solubility coefficient could be calculated.

The high resolution imaging capabilities of the confocal microscope have been
demonstrated, providing detail on the structure of the leaf of the Prunus Laurocerasus
plant and t he caterpillars Heliothis virescens and P lutella xylostella, two of t he most
common pests, which the microcapsules of interest are aimed at controlling. The
release properties to leaf surfaces of two types of polyurea microcapsules, which have
different release mechanisms, were investigated using CLSM. Detailed release studies
to model surfaces showed that one type of capsule (lambda cyhalothrin) released in the
dry state and the other (emamectin benzoate) did not. A release rate was determined in
the former case.

A technique has been developed which is capable of visualising the release and
diffusion of a species (Cd2+) from a hemisphere. Voltammetry has been used in
conjunction with CLSM to monitor quantitatively and visually the preconcentration and
release of Cd2+ into and away from a mercury hemisphere UME. The fluorescent
indicator used was Calcium Green-5N, which is a cadmium-sensitive fluorophore that
fluoresces upon binding Cd2+and can thus be detected by CLSM. A delay was observed
between the release of C d2+ from t he hemisphere (determined voltammetrically) and
binding to the fluorophore (visualised using CLSM).

..
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Chapter 1

Introduction

This thesis is concerned with investigating the structural, release and adhesion

properties of polymeric microcapsules.

This chapter outlines briefly the concept of controlled release systems and

microencapsulation, detailing the procedure by which the microcapsules studied in this

thesis are synthesised and the principles of their action. The chapter goes on to discuss

the principles of self assembled monolayers and how they are applicable as a model

system in these studies. A review of the technique atomic force microscopy (AFM) in

particular an adaptation of AFM known as chemical force microscopy (CFM) is

presented along with an introduction to confocal laser scanning microscopy (CLSM).

Details of how these techniques have been used previously to study microcapsules are

included.

1.1 Controlled release systems

Nature uses controlled release processes to deliver chemical species. Examples

include the oxygenation of blood in mammals by the diffusion of oxygen through the

alveolar walls and the delivery and control of the flow of food and waste across the

exterior membrane of a prokaryote. By mimicking nature's controlled release

mechanisms, it may be possible to develop more efficient and effective means of

delivering chemicals to intended targets SYnthetically. The pharmaceutical industry has

provided a major scientific impetus for this type of technology. There is often concern

over the administration of single, high doses of conventional drugs. This has led to the

development of controlled release oral drugs and more recently implantable devices
lO

-
l2

•

In its broadest sense, the concept of sustained or prolonged release of

biologically active agents has existed for decades'f'". The majority of early products

1



Chapter 1

were sustained release systems, meaning that the release of the active agent, although

slower than in conventional formulations was still substantially affected by the external

environment into which it is released. By comparison, controlled release systems

provide a release profile predominantly controlled by the design of the system itself. In

this case, the release of active agents is largely independent of external factors.

Using these principles, scientists in the pesticide field have developed new

technologies and formulations for the delivery of pesticides to required locations, which

have a number of associated advantages'<t'. These advantages include: a reduction in

the hazard associated with the use of highly toxic chemicals; extension of the duration

of effectiveness of the pesticides without increasing the rates of application; improving

pest control efficiency; prolonging the effective life of unstable, volatile or hydrolysable

pesticides; and minimising pollution of the environment.

1.1.1 Microencapsulation

In this project the controlled release mechanism to be studied is the release of an

active ingredient (pesticide) from a microcapsule. A microcapsule is a spherical object

with an outer polymeric shell which encloses the active ingredient. The process by

which the microcapsule with the pesticide oil inside is formed is called

microencapsulation. Microencapsulation fabrication processes can be divided into four

main categories: the physical methods category; the phase separation category'; the

9 d he i J::. I· 13multilayer poyelectrolyte film category ; an t e intertacia reaction category' .

1. t .1.1 Physical methods

In this category, wall material (monomers) and core particles (active ingredient,

AI) are physically brought together and the wall flows around the core particles to form

2
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the microcapsule. This is done by one of two methods, either the use of biliquid

extrusion nozzles or biliquid multiorifice centrifugal devices 18,19. After forming the

microcapsule, the polymer wall is hardened by chemical reaction, evaporation of

solvent or cooling. These processes have limited use in the microencapsulation of

pesticides as throughput is low and it is difficult to produce particle sizes less than 100

urn.

Other physical methods such as spray drying'", spray chilling'! and fluidised bed

spray coating'" bring wall and core together via an atomisation process. Problems with

these methods include volatility losses and the fact that under most conditions not all of

the pesticide is encapsulated and not all of the polymer particles actually contain

pesticide.

1.1.1.2 Phase separation methods

In this category, microcapsules are formed by emulsifying or dispersing the core

material in an immiscible continuous phase in which the wall material is dissolved,

separated physically from the continuous phase and deposited around the core particles.

A variety of techniques such as a change in pH, addition of a non-solvent or addition of

a salt, force the dissolved polymers out of solution1,23.

There are process control and pesticide loading limitations associated with these

phase separation techniques. Reproducible phase separation conditions are difficult to

achieve and it is difficult to ensure that the phase-separated polymer will preferentially

wet the core droplets. As the polymer phase separates from the continuous phase in

these processes, causing flow resistance between forming microcapsules, it is not

possible to produce pesticide microcapsule formulations with pesticide loading much

greater than 240 g active ingredient per litre.

3
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1.1.1.3 Polyelectrolyte multilayer methods

A more recently introduced technique for the encapsulat ion of species is the

fabrication of supramolecular shell structures (micro- and nanocapsules) consisti ng of

ultra-thin multilayer polyelectrolyte films9
. The capsules are produced by the stepwise

adsorption of pol yelectrolytes of opposite electric charge from their aqueous solutions

onto the surface of colloidal particles. This is followed by the dissolution of the

templating core, resulting in the polyelectrolyte capsules being replicas of the

templating core. See Figure 1.1 for details of formation.

(a)

(f)

...

(b)

(e)

(c)

I

(d)

Figure 1.1 Schematic illustrations of the polye lectrolyte depos ition process and of subsequent
core decomposition . Initia l steps (a-d) involve stepwise film formation by repeated exposure of
the colloids to polyelectrolytes of alternating charge with excess polyelectrolyte removed by
washing and centrifugation. The coated part icles are then exposed to 100 mM Hel whereupon
the core immediately decomposes (e-f). Reproduced from reference 9.
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1.1.1.4 Interfacial polymerisation reaction methods

The interfacial reaction category can be divided into two subcategories:

1. Interfacial addition. These processes use unsaturated monomers and have limited

use in pesticide microencapsulation due to the presence of impurities in technical

pesticides which interfere with the action of free radical producing catalysts.

2. Interfacial condensation. In this process two different monomers are brought

together at the oil/water interface where they react by condensation polymerisation to

form the microcapsule wall. The two different interfacial condensation polymerisation

types are demonstrated schematically in Figure 1.2.

WATER
OIL

Monomer C
Monomer 0

Solvent

TYPE II

OIL
Monomer A

WATER
Monomer B

TYPE I

Figure 1.2 Interfacial condensation polyme risation processes. Reproduced from reference 1.

Type I - One reactive monomer is incorporated in the organic phase (monomer A) and

a second in the aqueous phase (monomer B). Typically the organic phase monomer is a

polyfunctional isocyanate and the water phase is a polyfunctional amine
24

-
26

. Interfacial

polymerisation occurs rapidly at ambient temperatures.

Type II - Monomers are incorporated in the oil phase only and are polymerised

interfacially by increasing temperature.

Interfacial condensation microencapsulation processes are very suitable for the

microencapsulation of pesticides as they are characterised by high pesticide loading and

uncom plicated processing steps.
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1.1.2 Preparation of Microcapsules used in this project

The interfacial condensation microencapsulation process (Type II) is used to

make the microcapsules used in this project. The process involves first dissolving the

monomers in the pesticide oil to be encapsulated to form the organic phase. The

aqueous phase is then prepared by addition of emulsifiers and protective colloids to

water. The next step is to add the organic phase to the aqueous phase with appropriate

agitation to form an oil-in-water emulsion with an average particl e size in the range of

2-15 urn. Finally the microcapsule wall formation is initiated by heating the batch.

Figure 1.3 demonstrates schematically the process involved.

Organic phase - pesticides and monomers

INTERFACIAL
CONDENSATION

MICROENCAPSULATION

---.~

Aqueous phase

o ~ 000
00 0 0
0000
o 0 00

o 00
000 0

DISPERSING - form oil/water emulsion HEATING - form microcapsule walls

Figure 1.3 - Process steps in interfacial condensation polymerisation . Reproduced from reference 3.

Two interfacial condensation microencapsulation systems were involved in the

synthes is of microcapsules used in these studies. These are known as the polyfunctional

isocyanate system, which produces the microcapsules predominantly studied, and the

aminoplast pre-po lymer system:'.
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In the polyfunctional isocyanate system, the monomers that are incorporated in

the organic phase to form the wall of the microcapsules are polymeth ylene-

polyphenylisocyanate (PMPPI) and toluene diisocyanate (TOI) (Figure 1.4).

NCO NCO NCO

NCO

NCO

toluene diisocyanate
(TOI)

polymethylene-polyphenylisocyanate
(PMPPI)

Figure 1.4 Monomers used in the polyfunctional isocyanate microcapsule system

The wall forming reaction is initiated when the oil-in-water emulsion is heated

to 50 °C, at which point the isocyanate monomers are hydrolysed at the interface (slow

step) to form amines which in turn react with unhydrolysed monomers to form the

microcapsule wall. The mechanism is shown in Figure 1.5.

HO •-NCO + H2O • I II -NH2 + CO2

-N-C-OH Heat

Isocyanate Carbamic Acid
50°C

Amine
0
II

-NCO + -NH 2 • -N-C-N-
I I

Isocyanate Amine
H H

Polyurea

Figure 1.5 Wall form ing react ion for the polyfunctional isocyanate microcapsule system .

The interfacial reaction occurs on the oil side of the interface and is limited to

the interface because of the unavailability of water in the core of the oil part icle. Water

diffuses into the oil droplet, across the interface and reacts with isocyanate monomers

diffusing from the core of the particle to the interface. As interfacial polymerisation i

initiated by water which is at its highest concentration at the interface. decreasing as the

distance increases from the interface. the wall formed is asymmetric in constructi on.
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The structure of the wall of the microcapsule can be altered by dissolving a

modifier molecule in the aqueous phase prior to making the emul sion . Some of the

mod ifiers will react into the capsule wall (via reaction between amine group(s) and

isocyanate). The modifiers enable the wall of the microcapsule to become charged (for

further details see section 3.2)

In the second system used for microcapsule formation, the aminoplast

prepolymer system, the wall forming agent used is a butylated urea-formaldehyde

prepolymer, the structure of which is shown in Figure 1.6.

Figure 1.6 Butylated urea-formaldehyde pre-polymer used in the aminoplast pre-polymer
microcapsule.

The wall forming reaction is initiated by adjusting the pH of the oil-in- water

emulsion to pH 2 and heating the emulsion to 55 °C. At this point a butylated methylol

group on the prepo lymer, located on the oil side of the droplet interface, is activated by

the addition of a proton from the surface active sulfonic acid catal yst, and this activated

prepol ymer then react s with a methylol group from another pre-polymer located on the

oil side of the interface to form a methylene linkage (mechanism shown in Figure 1.7).

The membrane produced is also asymmetric because the concentration of the activated

pre-polymer decreases rap idly as the distance from the interfac e increases.

8
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Surface active
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catalyst
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l

'-.". N/"--.... N/

I I
poly(urea-formaldehyde)

microcapsule wall

'-.".N~O~N/

I I

Figure 1.7 Wall-forming reaction for the aminoplast pre-polymer microcapsule system .

The polymer formed is then cross-linked with a tetrafunctional thiol

(pentaerythritol tetrakis(3-mercaptopropionate) - for structure see Figure 1.8) to

complete the microcapsule wall. The crosslinking mechanism is shown in Figure 1.8.

HSR =

+ HSR -----.. ""'N~SR + SuOH + H+

I

Figure 1.8 Cross linking mechanism used in the formation of the microcapsule wall in the
aminoplast prepolymer system, showing the structure of the crosslinker pentaerythritol
tetrakis(3-mercaptopropionate) (HSR) .

1.1.3 Microcapsules - Current knowledge and reasons for study

The microcapsules discussed in this thesis are used to deliver pesticides to leaf

and soil samples. The microcapsule, after release from a source site such as a spray,

adheres to the surface of a leaf or soil particulate. Release of the active ingredient occurs

by diffusion from the microcapsule, through the polymer wall and away. The nature of

the adhesio n process and local permeability of microcapsules are still little understood.

9
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The structure of the polymeric wall of the se microcapsules has been investigated

using scann ing electron microscopy (SEM) and the membrane shown to be asymmetric

in construction as predicted in section 1.1.23
. In Figure 1.9 a scanning electron

micrograph of an artificially broken microcapsule is shown and a thin (0.05 urn) outer

dense layer can be observed in addition to a much thicker (0.5 urn) spongy underlayer.

The thin outer dense layer is the working end of the membrane offering

resistance to the flow of pesticide. The thick inner spongy layer provides mechanical

support .

Figure 1.9 Artificially broken microcapsule made using the polyfunctional isocyanate
microcapsule system - Magnification: 5200. Reproduced from reference 3.

The release rate of pesticide from the microcapsule has also been studied. The

microcapsule release rate (diffusion mec hanism) is described in equation 1.1.

dM (4JZUb )p (C1 - CJ- - = release rate = ....:.....-_--=-----2...--=--------=~

m b -a
1.1

where 4Jrab is the surface area of the sphere, C j -C2 is the conc entration

di fference across the polymer wall , b-a is the thickness of the microcapsule \ all. P is

the pemleabi lity of the microcapsule. Figure 1.10 gives a schematic representation of

the microcapsule demonstrating these terms,

10
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Core of sphere

Inner wall of capsule

Outer wall of capsule

Figure 1.10 Schematic representation of microcapsule demonstrating parameters included
in the release rate equation 1.1 .

Eq uation 1.1 shows that the release rate of the microcapsule is directl y

proportional to the surface area, permeability and concentration difference across the

wall and is inversely proportional to wall thickness.

The concentration difference across the wall is generally considered to be a

constant when the microcapsule is exposed to foliar or a soil environment. The foliage

or soi l acts as a 'sink' for pesticide and hence pesticide exists at a very low

concentration at the outer surface of the microcapsule. The average particle radius and

wall thickness are generally fixed within narrow limits to satisfy process and physical

stabi lity conditions.

This means that the release rate from the microcapsule can only be varied by

varying the permeability of the wall. For a given pesticide, the permeability is defined

as the product of the solubility coefficient and the diffusion coefficient as described in

. 1 ')equation . ~ .

P=DK 1.2

where P is the permeability of the microcapsule wall, D is the di ffusion

coefficient of the acti ve ingredient across the wall and K is the solubility coefficient of

the active ingredient into the polymer wa ll. Varying the chem ical composition of the

I I
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wall can vary the solubility coefficient and varying the cross-link density of the wall can

vary the diffusion coefficient.

For example, in the polyfunctional isocyanate system, varying the ratio of

PMPPI to TDI can vary the cross-link density. The higher the ratio of PMPPI to TDI,

the more cross-linking and hence lower the diffusion coefficient and the lower the

permeability.

The solubility coefficient of the wall is related to the ease with which a given

pesticide can partition from the core into the wall. The closer the chemical composition

of pesticide is to the chemical composition of the wall, the greater the solubility

coefficient and greater the permeability.

1.2 Self-Assembled Monolayers

One of the ultimate aims of the studies herein was to investigate the adhesive

properties of individual functionalised microcapsules to first, a surface of known

functionality, second, a representation of a leaf surface and finally, the leaf itself. The

self assembly of alkyl thiols on gold provide an ideal surface whose functionality can be

altered, simply by altering the tail group of the alkyl thiol from which the self assembled

monolayer (SAM) is formed.

SAMs involve the spontaneous formation of monolayers of long chain organic

molecules on solid surfaces, resulting in an ultra thin film with a high degree of

structural order. They are characterised by a strong chemisorption bond that ties the

molecules to the surface and by lateral interactions between molecules that favour a

densely packed and locally crystalline environment'.

The surfaces used are most commonly metals such as gold, silver, mercury,

platinum or copper27-
31

, although surfaces such as mica or silicon
32

-
J4

have also been
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employed. Gold surfaces have been studied predominantly, particularly with organic

molecules containing a thiol group, where linkage proceeds via a Au-S bond35-4o.

The properties of the gold upon which the SAM is formed have been

investigated and it was found that a better coverage of monolayer was obtained after the

gold had been annealed at high temperatures for period oftime4 1
-43.

Studies of SAM formation from a dilute solution indicate that for moderate

concentrations (1 mM) a well ordered full coverage is achieved within an hour44
.

Monolayer formation proceeds by the initial adsorption of molecules in a configuration

parallel to the gold surface. As the surface concentration becomes greater, a transition

occurs and clusters of molecules form which rearrange, through surface diffusion , to the

most stable packing structure45.

SAMs have many advantages in that they are robust and extremely versatile. An

infinite variety of structures can be created by, for example, changing the length of the

alkyl chain or the functional group at its end or by co-adsorbing two or more different

molecules at the same time. A schematic representation of SAMs of alkanethiols gold

is shown in Figure 1.11.

Hn~
55555555
I I I I I I I I

~H~ ~
55555555
I I I I I I I I

GOLD

HS(CH2)JCH3+
HS(CH2)14CH3

HS(CH2)11C02Fc+
HS(CH2)JCH3

Fe Fe Fe

H~ ~
SSSSSSSS
I I I I I I I I

Figure 1.11 Schematic representation of some of the supramolecular structures
poss ible with SAMs of thiols on gold. Reproduced from reference 2.
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In order to simulate the waxy surface of a leaf, mixed SAMs must be formed as

the surface of a leaf consists of approximately 5-20% hydrophilic sites and 80-95%

hydrophobic sites". Mixed SAMs have been studied extensivcly'" notably by Bain and

Whitesides who carried out detailed investigations of the variation of head group, tail

group, and alkyl chain length of thiols coadsorbed onto gold6
,48.

Characterisation of the properties of these mixed monolayers was carried out by

contact angle measurements and x-ray photoelectron spectroscopy (XPS) . It was found

that the relationship for the coadsorption of methyl (CH3) terminated thiols and

carboxylic acid (COOH) terminated thiols was not linear with the concentration ratio in

solution. Rather, there was a strong preferential adsorption of the apolar methyl

terminated thiol. Thus, using XPS, it was found that the ratio of the concentrations of

the two components on the surface of the mixed monolayer differed from that in

I . 6
so ution .

Figure 1.12 is a reproduction of these results showing a graph of the mole fraction

of an alcohol, bromide, nitrile or carboxylic acid terminated thiol in a solution

containing this thiol and a methyl terminated thiol (XPsolution) , plotted against the mole

fraction of thiol of interest that was present in the SAM (XP
surface) determined by XPS.

• Alcohol

6. Bromide

o Nl1rlle
• Carboxylic Acid

1.00.6 0.80.40.2

/
f... :·....

.. .
.' ... .

"A i
• ••ps.:

.../ 6
...•:?

. ·: . 0

1.0

0.8

0.6
P

Xsurface

0.4

0.2

0

0

xP
s o tut lon

Figure 1.12 Graph showing the comparison between mole fractio~ of thiol in a.n original
solution with a methyl terminated thiol ( l solution) and the correspond ing mole fraction of the
thiol in the monolayer ( XPsurface) . Reproduced from reference 6.
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1.3 High resolution microscopy

1.3.1 Atomic Force Microscopy (AFM)

One type of high-resolution microscopy employed in this project is AFM. AFM

belongs to a group of techniques known as scanned probe microscopies. The AFM was

introduced by Binnig, Gerber and Quate in the mid-80's49. They developed the idea of

using a force sensing cantilever, with an attached very sharp tip, which was capable of

measuring the force between the apex of the tip and substrate at the nm level.

The AFM is complementary to other force measuring techniques such as surface

force apparatus", optical tweezers51,52 and interfacial force microscopy', among others.

However, these techniques lack the ability to provide high spatial resolution mapping of

forces. The key interactions which control the adhesive properties of microcapsules to

surfaces are electrostatic54, hydrophobicY", steric", capillary'" and Van der Waals59 all

of which are measurable by AFM.

In AFM, the cantilever stiffness reflected in the spring constant, k, is usually

such that the cantilever deflects, rather than the substrate deforming upon tip contact

with the surface.

The spring constant of a rectangular cantilever loaded with a negligible mass can

be estimated using equation 1.3:

k= E;(fJ
where w, t, and I are the width, thickness and length of the cantilever and E is the

Young's modulus, a measure of the elasticity of the material employed.

The integrated cantilever-tip assemblies can have single or V-shaped beams'"

and normal spring constants in the range 0.01-100 N m-
I
. The k value can be varied by

changing the physical characteristics, t, I and w of the lever. Albrecht et al. were the first
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to fabricate silicon nitride microcantilevers6 1
. Today they are mass-produced from either

silicon or silicon nitride based materials.

To monitor and maintain a constant deflection of the cantilever a feedback

system is employed. A laser is shone onto the back surface of the cantilever and

reflected back onto a split photosensitive diode detector (PSD). As the cantilever bends

the movement of the reflected beam is detected by the PSD. The tip-substrate separation

is adjusted to maintain a constant cantilever deflection, in a closed feedback loop, and

for contact mode imaging, a topographical image is obtained in this way. A sharp tip

attached to the cantilever spring follows the contour of the surface.

The sharper the radius of curvature of the tip apex, the higher the resolution of

the image (~ nm level). A schematic representation of an experimental AFM set-up is

shown in Figure 1.13.

Cantilever~ L..5~~!.....__J

Sample

Laser

Piezo
Stack

Mirror

AFM
controller

and PC

Photodiode detector

Figure 1.13 A schematic of a typical AFM experim~ntal .apparatus showing a V-shaped
silicon nitride cantilever with a close up of the pyramidal tip.

In addition to topographical imaging, however, the AFM can also probe

nanomechanical and other properties relating to the force experienced between the tip
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and the substrate such as local adhesive forces. It is this latter property of AFM that will

be exploited in this project.

Force values are determined from the normal displacement, !:1z, of the cantilever

from its resting position. With an instrumental sensitivity on the order of 0.1 A, minimal

forces in the range of 10-13_10-8 N (depending on cantilever thickness) can be

measured". This means that in principle, the AFM can measure molecular interactions

ranging from weak Van der Waals «10-12 N) to strong covalent (10-7 N) bonds62
.

The AFM can record the amount of force felt by the cantilever as the probe tip is

brought close to a sample surface and then pulled away. The deflection of the cantilever

is recorded during approach and retract and a force-distance curve is produced, an

example of which is shown in Figure 1.14 . Experimentally this is done by applying a

triangular wave voltage pattern to the z-axis scanner causing it to expand and then

contract in the vertical direction generating relative motion between the probe and

sample.

A

B

C

D

1 FORCE

E

A

ADHESION
FORCE

E

i
SCANNER Z - POSITION

Figure 1.14 Schematic representation of an AFM force-distance (approach) curve .
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The cantilever position at several points along the force curve in Figure 1.12 is

shown to the left of the curve. At position A, the beginning of the measurement, the

cantilever is not in contact with the surface. If the cantilever feels a long-range attractive

(or repulsive) force then it will deflect downwards (or upwards) before making contact

with the surface. In the case shown, there is minimal long-range force so the force curve

shows no deflection response from the cantilever.

At position B the probe tip is brought very close to the substrate and if there is

sufficient attractive force (often a Vander Waals attractive force), it 'jumps into

contact'. At position C, the tip is in contact with the substrate and as the tip pushes

against the surface, the cantilever deflects upwards. This region is known as 'constant

compliance'. For hard substrates, the distance the cantilever deflects is equal to the

distance moved by the tip (or substrate) as they are pushed against each other.

After loading the cantilever to a desired force value, the process is reversed

(position D). As the cantilever is withdrawn, adhesion or bonds formed during contact

with the surface may cause the cantilever to adhere to the sample past the initial contact

point B.

The key measurement of the AFM force curve is the point at which these

adhesion forces are broken and the cantilever comes free from the surface (position E).

The observed cantilever deflection is converted to a force using the cantilever spring

constant.

To obtain quantitative force values requires knowledge of the cantilever spring

constants, and in some cases, tip contact radii. Several methods have been reported for

measuring the spring constant of an AFM cantilever. These include the use of finite

element analysis by Sader and White63 and formulas provided by Neumeister and

Ducker'" to calculate the spring constant from geometric and material data. However.
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the thickness and modulus of elasticity of cantilevers are not very easy to determine and

if the back of cantilevers are coated with aluminium or gold, to increase the reflectivity,

the influence on the mechanical properties is difficult to assess. A method to determine

the spring constant of a cantilever experimentally is therefore extremely desirable and a

number of experimental methods have been developed.

A non-destructive technique was used by Cleveland et a165
, which involved

measuring the change in resonance frequency of the cantilever, vo. as a range of end

masses were added to the cantilever, secured to the beam by capillary action.

The dependence of Vo as a function of the end mass, M, can be described by

equation 1.4:

1.4

where ma is the effective mass of the cantilever. Rearranged, this equation gives:

1.5

A linear plot of added mass versus 1/(21lVo)2 gives a straight line of gradient k,

and intercept ma.

Hutter et al66 found a value for the spring constant of a cantilever by measuring

the deflection of the cantilever in response to thermal noise. A vibrating cantilever can

be described as a simple harmonic oscillator. Thus, in the absence of external forces and

other noise sources, the root mean square amplitude of the tip, Arms, can be related to the

temperature of the system, T:

( J
1I 2

A,.ms = kt 1.6

where ke is the Boltzmann constant (kB = 1.382 X 10-23 J K-
1
) . If Arms is measured

at a fixed temperature. it is possible to estimate k.
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A method employing hydrodynamics has been demonstrated by Maeda and

Senden'". A macroscopic model of a cantilever was used to obtain a semi-empirical

relationship between the response to the distributed load on the cantilever due to viscous

drag and the response on known point loads at the end of the cantilever. From this the

spring constant of the cantilever was determined by measuring the hydrodynamic

deflection due to the linear movement in liquid.

Several groups68-71 have reported methods that use a reference cantilever with a

known spring constant for calibration. When pressing the cantilever to be calibrated

against the reference cantilever, the spring constant can be calculated from the measured

defelection. A fast and simple method for measurement of spring constants was

presented by Holbery et al72
, measuring the constant using a nanoindentor. The

instrumentation required for these measurements is expensive and so other techniques

are preferred.

The other parameter which needs to be characterised is tip radius. This affects

the contact area between the tip and sample, i.e. the number of molecular contacts.

Estimates of tip radii are obtained by inspection of electron microscope images
73,74,

or

by profiling sharp features75-79, uniform latex spheres80,81 or colloidal gold clusters on

the surface82,83. One method by which the actual tip radii is known is to use spheres of

defined diameter, attaching them to the end of the AFM cantilever to act as the tip54.

This method, known as colloidal force microscopy, is relevant for the studies in this

project, as spherical microcapsules of known diameter are attached to the tip of an AFM

cantilever. This method is discussed later in this introduction.

One of the first uses of force measurements was to improve the quality of AFM

images by monitoring and minimising the attractive capillary forces between tip and

sample. Capillary forces arise during in air imaging from the attractive pull of a thin
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layer of water on the surface of the substrate, on the tip. These forces cause the tip to be

pulled onto the surface with greater force potentially causing damage to soft samples.

Capillary forces can be minimised by immersing the sample in solution, notably

water. Weisenborn and co-workers'" noted that the typical adhesive force of 100 nN

between a silicon nitride tip and a mica surface in ambient air could be reduced by a

factor of 100 by immersion in water.

Capillary forces were used advantageously by Mate and others'" who recorded

the distance between the onset of the capillary force and the point at which the AFM tip

contacts the surface. From this they could measure the thickness of the adsorbed

molecular layers (ca. 2 nm).

For AFM probing of the adhesion forces between the tip and substrate it is

extremely important to work under solution so that the dominating capillary forces are

minimised. Moreover by adjusting the properties of the solution it is possible to make

measurements such as the effect of electrostatic double layer tip-sample force as a

functi f H d ., h5986 87chon 0 p an rome strengt ".

The ill-defined geometry of the AFM tip becomes a problem when comparing

measured force-distance profiles between an AFM tip and a surface to theoretical

models. Hutter et al88 have demonstrated an approach to get a better defined geometry

by etching silicon AFM tips in an oven in the presence of oxygen to obtain tips with a

spherical end of defined radius.

15489 d
The colloidal probe technique was first developed by Ducker et a ' an

Butt59, providing a more universal solution to the problem by replacing the tip with a

colloidal particle of well defined spherical shape. Since then. it has become a well

established and powerful technique for the study of surface forces. The measuring
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principle involved predestines it for the investigation of particle-surface interactions,

making single particle experiments feasible.

This technique has been used to study the dependence of force between a

particle and a surface on applied load and contact time90-95. Other factors investigated

include the influence of humidity96,97 and surface roughness98-102, and also the effect of

surface coverage with polymersl03-107.

The technique has also been used to probe adhesion forces in technical

applications such as mineral flotation108-1 11, conductive surface coatings112, powder

inhalation systems for drugs113-116, printing11 7-119 and stainless steel polishing'<",

1.3.2 Chemical Force Microscopy (CFM)

Although force microscopy can provide nanoscale information about friction,

adhesion and compliance, conventional force measurements lack chemical specificity.

To overcome this apparent limitation of AFM, it is possible to chemically modify the

probes to make them sensitive to specific molecular interactions. The ability of the

chemically modified tips to distinguish between chemically distinct functional groups

has led to this variation of AFM being called chemical force microscopy (CFM).

To be able to probe interactions between functional groups, the tip must be

modified with well-defined molecular layers. One successful method which has been

reported74,121,122 is the use of self assembled monolayers (see Section 1.2) of

functionalised organic thiols on gold-coated silicon or silicon nitride tips (Figure 1.15).

Covalent modification of AFM probes with thiols and silanes has been well

reported, including studies of adhesion73.l23-128, contact potential':' and surface

129
topography .
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Figure 1.15 Scheme for the chemical modification of tips and sample substrates .ln this case
the tip and substrate have been modified with thiols which have end groups which are
capable of hydrogen bonding with one another leading to enhanced interaction.

As discussed earlier, the experimental env ironment in which the surfaces of the

tip and substrate interact plays a crucial role in determining the measured forces. To

probe bare interactions (i.e. interactions resulting from solid-surface free energies),

adhesion forces must be measured in ultra-high vacuum. If force measurements are

carried out in ambient air, capillary forces62,1 30 dominate, which are usually 1-2 orders

of magnitude larger than the specific chemical interactions, making interpretat ion

extremely di fficult.

Measurements carried out in dry, inert gas atmospheres are a better

representation of the chemical sensitivity of bare interactions
73J 25

but it is difficult to

exclude or account for the presence of adsorbed vapour on high energy surfaces when

interpreting measurements. The capillary effect can be eliminated if measurements are

. d ' I' .d ' d f . 84 131 Adhes i c: t ' I' ,d ' IIcarne out In iqui instea 0 ai r ' , es ion rorce measuremen s In iqui W I

refl ect the interplay between surface free energies of so lvated groups,

The benefits of AFM studies in liquid have been reported. especiall in

reference to bio logical systems I32.133. It has been found that images of biomolecules are

'y "- -'
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highly dependent on adhesive forces' r'", which can be sensitive to solution pH and ionic

strength 59,135,136and surface composition137.

Work with covalently modified tips and substrates includes a study by Char les

Lieber and co workers at Harvard122 who bound functionalised thiol monolayers to

gold-coated AFM probes and samples. By varying the functional groups terminating the

monolayers on the tip and sample, they studied the adhesion and friction between

combinations of methyl (-CH3) and acid (-COOH) functional groups. Force curves and

images obtained from these studies are shown in Figure 1.16 .

(a) (b)

25IJm

Figure 1.16 (a) Representative force distance curves in ethanol recorded for GOOH/GOOH,
GH:/CH

3
and CH:/COOH tip-sample functionalisation (tip radius - 60 nm). (b) Image of

patterned CH3 / COOH SAM determ ined from friction measurements using GFM with a methyl­
term inated tip. Reproduced from reference 4.

The observed trend in the magnitudes of the adhesive interactions between

tip/sample functional groups - COOH/COOH > CH3/CH3 > CH3/COOH - agrees with

the qualitative explanation that interactions between hydrogen-bonding groups (i.e.

COOH) will be greater than between non-hydrogen-bonding groups (i.e. CH 3)·

CFM has many biological applications as we ll. It has been used to measure

forc es between compleme ntary strands of DN A 138. DNA ol igonucleotides were

covalently attached to a spherical probe and surface. The adhesive forces measured

between 20 base co mplementary strands fell into 3 distinct distributions \ hich
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corresponded to the rupture of the interchain interaction between a single pair of

molecules invol ving 20, 16 and 12 base pairs.

The binding force between individual ligand-receptor pairs has also been studied

using CFM. Florin et al. examined the adhesion force between the protein avidin (a

receptor) and a ligand, biotin5
. The AFM tip was mod ified so that its outer surface was

coated with avidin receptor molecules and an agarose bead coated with biotin molecules

served as the substrate, as shown schematically in Figure 1.17.

T Biotin

..... Avidin

Biotinylated agarose bead

Figure 1.17 Schematic of an avidin functionalised AFM tip and a biotinylated agarose bead,
shown here partially blocked with avidin . Reproduced from reference 5.

Under conditions that allowed only a limited number of molecular pairs to

interact , the force required to separate tip and bead was measured and this was

interpreted as the unbinding forces of individual molecular pairs.

Rief et al used AFM to investigate the reversible unfolding of individual titin

immunoglobulin domains". The AFM tip was brought down onto a gold surface onto

which native titin molecules had been adsorbed from solution. The tip was brought into

and kept in contact with the surface for several seconds whereupon a fraction of the

protein adsorbed onto the tip. When the tip was retracted, force-distance curves typi fi ed

by the one shown in Figure 1.18 were observed. This sawtooth pattern observed while
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stretching the titin corresponded to the sequential unfolding of individual titin

immunoglobulin domains as demonstrated in the schematic drawing in Figure 1.18(a).

(a)
400-~300

~200

.f 100

o

o 50 100 150
Extension (nm)

200

Figure 1.18 (a) schematic demonstrating the sequential unfolding of individual titin
immunoglobulin domains with the assoc iated force distance curve. (b) an example of the
characteristic sawtooth pattern of unfolding observed in these measurements. Reproduced
from reference 8.

Of particular relevance to the studies herein, CFM has been used to characterise

the surface properties of polymersI 39-142. Charles Lieber et al139 used chemical force

microscopy to study adhesive forces between surfaces of epoxy resin and self assembled

monolayers capable of hydrogen bonding to different extents. They also investigated the

influence of the liquid medium on adhesive properties. The trends in the magnitude of

adhesion forces for chemically heterogeneous systems measured with CFM were shown

to be quantitatively rationalised using the surface tension components approach by

143-1 46 I h h J:". hFowkes, van Oss, Chaudhury and Goog (FOCG) . It was a so s own t at lor ot er

epoxy polymers, inelastic deformations also contributed heavily to measured adhesion

1.3.3 AFM studies of polymeric microcapsules

AFM has been used to investigate both topograph ical and deformatio n properties

of microcapsules. Imaging of the surface of intact capsules. i.e. spherical capsules \ hich
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have not collapsed, has been carried out on individual cross-linked alginate capsules 'V

and nanocapsules made from biodegradable polymers 'l" . Topographical images of dried

polyelectrolyte capsules have also been obtained, enhancing the idea that upon drying,

the spherical films making up the capsule, collapse exhibiting creases and folds caused

by the evaporation of the aqueous contene,149,150.

The mechanical properties of microcapsules have also been investigated with

AFM. The deformation of individual polyelectrolyte microcapsules has been studied' ?' :

It was found that at low applied load, capsule deformation was elastic , reversible and

independent of the concentration of the inner polymer. Deformation was controlled

completely by the properties of the shell. Above a certain load, however, capsules

deformed substantially and, partly, irreversibly. The effect of pH and salt on the

stiffness of polyelectrolyte capsules has also been investigated, with moderate softening

being observed upon addition of electrolyte, but there was dramatic softening at both

low and high pH 152.

1.4 Fluorescence Microscopy

Fluorescence is a type of luminescence resulting from a 3 stage process that

occurs in certain molecules, called fluorophores or fluorescent dyes. Th is process is

demonstrated by the simple electronic state diagram in Figure 1.19.

m
::J
CD..,
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h VEX 8 h VEM 0

, II'
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Figure 1.19 Jablonski d iag r~m i ll u strati ~g the processes i nvo l~e~ in the creation of an excited
electronic singlet state by optical absorption and subsequent errussion of fluorescence.
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A photon of energy hvEX is supplied by an external source such as a laser.

adsorbed by the fluorophore to create an excited singlet state S I ' (1). This excited state

typically has a lifet ime of 1-10 nanoseconds,and during thi s period the fluorophore may

undergo conformational changes or be subject to possible interactions with its molecular

environment. During these processes the energy of S\ ' is partially dissipated to yie ld a

relaxed sing let excited state, S\ (2) . Finally, a photon of energy h V EAf is emitted

returning the fluo rophore to its ground state, So(3).

The wavelength of the emitted light is characteristically longer than the

wavelength of the absorbed light, as the energy of the emitted photon is lower due to the

energy dissipat ion during the excited state lifetime. This shift in wavelength is call ed the

Stoke's shift (Figure 1.20).

Increas ing wave length

Figure 1.20 The excitation and emission spectra of a fluorescent molecule showing the change
in wavelength between absorption and emission.

Compounds containing an aromatic ring tend to produce the most intense

fluorescent erniss ions '<' and fluorescence is particularly favoured as a means of de-

excitation, by rigid molecules' :". Man y naturally occurring molecul es autofluoresce

e.g., proteins containing the aromatic groups tryptophan, tyrosine and phenylalanine

when excited at 250-280 nm 155, but for most biological applications, fluore sce nt probes

are used .
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A fluorescent probe is a fluorophore that is incorporated into the substrate under

investigation to cause it to fluoresce . A fluorophore can be made to meet many criteria.

It can be added to increase fluorescent intensity, to emit or absorb at a specific

wavelength, or to chemically react at a selected site. Fluorescein and its derivatives are

examples of common fluorescent probes.

Fluorescence microscopy is a widely used method in biophysical studies155 and

the main advantage of this technique is that the signal to noise ratio is high since under

ideal conditions, the background should not fluoresce. It is also specific as fluorescent

molecules adsorb and emit at characteristic wavelengths with the signal being sensitive

to small numbers of fluorescing molecules and to changes in the chemical environment.

A schematic diagram of a typical epi-illumination fluorescence microscope is shown in

Figure 1.21.

Detector

Dichroic mirror

""Radiation above cut-off

/
Radiation below cut-off

Light source

Objective lens ~---i!------t--~

Specimen

Figure 1.21 The opt ical path in a typical epi-illumination fluorescence microscope .
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One of the main features of the fluorescence microscope is the dichroic mirror.

This has the ability to split the exciting light from the emission radiation. There is a

coating on the mirror which reflects light below a certain wavelength at an angle of 4SO

but permits light above that certain wavelength to pass through it to the waiting

detector. Light emitted by the specimen will have a longer wavelength, due to Stoke's

shift, and will therefore pass through to the detector whilst the excitation emissions will

be deflected back to the light source.

1.5 Confocal laser scanning microscopy (CLSM)

The idea of a confocal microscope was first introduced by Minsky in 19Si 56
,

but it was not until a decade later that Eggar and Pentran1
57 designed and produced the

first purely analogue mechanical confocal microscope. In the late seventies the advent

of affordable computers and lasers and the development of digital image processing, led

to the first single-beam CLSM.

In epi-illumination fluorescence microscopy, the entire field of view of a

specimen is illuminated causing excitation and fluorescence emissions throughout the

whole depth of the specimen rather than just the focal plane (full-field illumination, see

Figure 1.22a). The image formed will therefore be out of focus due to the high

proportion of light reaching the detector, causing a loss in contrast and sharpness. This

factor reduces the value of the technique as it restricts the thickness of sample that can

be viewed.

In contrast, in confocal laser scanning microscopy (CLSM), the out of focus

blur is significantly reduced, since illumination of the specimen is restricted to a single

point (or an array of points) which is scanned to produce a complete image (point

scanning illumination - see Figure l.22b). The insertion of a confocal imaging pinhole

30



Chapter 1

or aperture into the epi-illumination fluorescence microscope (see Figure1.23) reduces

the out of focus blur further. These two features ensure that almost all of the emissions

emanating from regions above and below the focal plane are prevented from reaching

the detector resulting in the image formed containing only in-focus information.

coverslip--~~~~~~~--­
specimenC:========;:::=::::::J

slide

(a) Full field

coverslip ------.;::lliiI

specimenC:====~~===:::::J
slide

(b) Point scanning

Figure 1.22 A comparison of the illumination exper ienced by the specimen during (a) full field
illumination in a conventional fluorescence microscope and (b) Single point illumination in a
CLSM .

The benefits of these features of the CLSM are that the microscope can carry out

direct , non- invasive serial optical sectioning of intact or even living specimens, leading

to the possibility of generating 3D images of thick transparent objects. The surfaces of

multilayer structures can also be studied by this non-contacting, non-de structi ve

method.

In CLSM, a beam of excitatory laser light from the illuminating aperture passes

through an excitation filter and is reflected by a dichroic mirror to be focused by the

microscope objective lens to a diffraction limited spot at the focal plane within a 3D

specimen. Fluorescence emissions excited both within the illuminated in-focus region,

and within the illuminated cones above and below it, are collected by the objective and

pass through the dichroic mirror and emission filter. However, only emissions from the

in-focus region are able to pass through the confocal detector aperture, or pinhole. to be

detected by the photomultiplier. This process is demonstrated schematically in Figure

1.23.
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Photomu ltiplyer

--...1·.......-- Confocal aperture

----~

Focal plane__~:.-__

Point source
:-----.q..;.-~

Illuminating aperture

Specimen

Figure 1.23 The principles of confocal laser scanning microscopy . Solid red lines indicate
light from the focal plane ( - ) black dashed lines indicate light above and below the focal
plane that is prevented from being detected by the confocal aperture ("',- - ).

There are many advantages of the confocal microscope over the standard light

microscope including the fact that it is superior in areas of image contrast, signal to

noise ratio and axial and lateral resolution 'r". However, the achievement of high

resolution images requires the confocal aperture to be very small. This greatly restricts

the amount of light detected, producing a poor signal level , especially from weakly

11 uorescing specimens. The optical sectioning performance of the microscope depends

upon the axial resolution which, in tum, depends upon a variety of experimental

parameters, such as the wavelength of the illuminating light, the Stoke's shift of the

fluorophore, the numerical aperture of the objective and the size of the confocal

aperture. The resolution is given by equation 1.7.

A­
d = 0.61 -

A
1.7
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where d is the distance between two resolved points (run), A is the wavelength of

emmited light and NA is the numerical aperture of the objective.

1.5.1 CLSM in the study of microcapsules

CLSM has been used as a technique to investigate vanous properties of

microcapsules. The structure and composition of the capsule wall has been studied

extensively by Lamprecht et al amongst others 159,160. In these studies the confocal

microscope was used to visualise and quantify the distribution of polymers within the

wall of microcapsules prepared by complex coacervation.

The technique has also been used to investigate the innards of microcapsules.

Used in conjuntion with transmitted light detection, the difference between air­

containing and oil-containing microcapsules has been demonstrated, the oil phase being

stained with nile red l 60
. Cross sections through microcapsules prepared by the double

emulsion technique have also been recorded using CLSM to visualise the matrix

structure. The data obtained has been shown to compare favourably with cross sections

through the microcapsules obtained by SEM I61
,162.

Another interesting way in which CLSM has been used to study microcapsules

is the use of FRAP (fluorescence recovery after photobleaching) to investigate the

permeability of the microcapsule wale. In these studies, hollow polyelectrolyte capsules

were placed in a solution containing 1 x 10-6 M 6-carboxyfluorescein dye. The dye

transferred into the centre of the capsule, whereupon the dye inside the capsule was

bleached photochemically and the fluorescence intensity due to the penetration of dye

molecules from outside into the capsule was recorded. A summary of these studies is

shown in Figure 1.22.
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Figure 1.24 (a) Schematic for the FRAP exper iment. CLSM images of capsules: (b)
before bleaching; (c) after bleaching inside the capsule; (d) fluorescence recovery; (e)
fluorescence intens ity from a fixed area within the capsule as a function of time.
Reprod uced from reference 7.

CLSM has been used to investigate the shrinking properties of ultrathin

polyelectrolyte capsules upon annealing I50. The Images recorded before and after

annealing clearly showed that the capsules shrank, with a reduction in the diameter of

ca. 1 urn. In a further study, the diameter of capsules made from different

polyelectrolytes increased upon annealing but shrank back to their original size upon

cooling' Y. When annealed a second time, the capsules grew once aga in but not to the

extent of the first annealing. This suggested that there was a permanent microstructure

rearrangem ent of the microcapsule wall upon cooling of the annealed capsules.

The mechani cal properties of microcapsules have also been investigated usmg

CLSM. For example C LSM has been used in conjunction with AFM to investiga te the
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deformation properties of microcapsules'Y, examining the effect of pH and salt on the

stiffness of polyelectrolyte multilayer microcapsules.

1.6 Aims of Thesis

The overall goal of this thesis is to explore some of the properties of polymeric

microcapsules, specifically the adhesion capabilities and the release characteristics of

microcapsules in both solution and in the dry state. This chapter describes some of the

techniques and applications that are developed later in this thesis. In Chapter 2, these

techniques are described further by providing the experimental details for investigations

into the use of AFM in adhesion measurements, the use of confocal microscopy in

release measurements and for high resolution imaging of biological samples.

Experimental details are also given relating to combined electrochemical and confocal

microscopy studies into the trace detection of cadmium.

The following four results and discussion chapters have been written so that

specific background relating to each chapter is considered in an introductory section,

followed by any significant additional experiment details relevant to that chapter.

Experiment results are then described, discussed and concluded.

In Chapter 3, the adhesion properties of microcapsules are investigated using

AFM. The aim is to explore how changing the surface functionality of the microcapsule

wall affects its adhesion characteristics. This is achieved by performing adhesion

measurements between a single microcapsule and a surface of known functionality

using AFM. The ultimate aim of these investigations is to characterise the adhesion of

functionalised microcapsules to the surface of leaves. This chapter details how a

substrate was developed to mimic the surface of a leaf and the results of adhesion

measurements to this surface and to an actual leaf cuticle.
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The development of confocal microscopy as a technique for measuring the

release of an active ingredient from microcapsules into solution is discussed in Chapter

4. The aim in this case is to be able to study the release of active from inside an

individual microcapsule in real time. The effect of wall thickness and crosslinking

density of the microcapsule wall on the release rate into an ethanol/water solution is

investigated and mass transfer coefficients of the pesticide across the microcapsule wall

are estimated.

The microcapsules studied in this thesis are used in agriculture to release

pesticide once dried down out of aqueous solution onto the crop of interest. It would

therefore be beneficial to carry out release studies on microcapsules in the dry state. In

Chapter 5, the high resolution imaging capabilities of the confocal microscope are

demonstrated using biological samples such as leaves and caterpillars. They are also

used to investigate the release to leaf surfaces from two types of polyurea

microcapsules, which have different release mechanisms.

This thesis is concerned with characterising the release properties of

microcapsules. Chapter 4 uses confocal microscopy to monitor the release from

microcapsules into solution. It would be beneficial to extend the use of CLSM to

monitor the diffusion characterisitics of species away from surfaces in solution. Chapter

6 details preliminary studies using CLSM to monitor the diffusion of species released

from a hemispherical mercury drop ultramicroelectrode. Anodic stripping voltammetry

is used to preconcentrate the mercury drop with cadmium which is then released from

the electrode by oxidation to Cd2+ into solution whereupon they bind to a cadmium­

selective fluorophore which fluoresces and can be detected by CLSM.
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Chapter 2

Experimental

This chapter describes the experimental techniques employed in these studies.

Details are given for:

i) AFM instrumentation

ii) Micromanipulation apparatus

iii) Calibration of AFM cantilever spring constants

iv) Substrate preparation

v) Confocal experiments

vi) Electrochemical experiments

vii) Reagents and preparation of solutions

More specific information on particular experimental procedures is included in

the relevant chapters that follow.

2.1 Force measurements

2.1.1 Instrumentation

Two models of AFM were used in these studies. For determination of the spring

constant of the AFM cantilever, a Multimode atomic force microscope with a

Nanoscope IlIA controller (Digital Instruments, California) was used. For force

measurements, the model used was a PicoSPM microscope running Picoscan 5.1

software (Molecular Imaging Corp., Phoenix, Arizona).

In all AFM experiments the probes used were standard silicon nitride contact

mode imaging cantilevers of beam width 21 11m and length either 100 or 200 Jl111

(Digital Instruments). Each cantilever had an integrated pyramidal tip, with a height of

2.86 urn, base width of 4.0 urn and radius of tip curvature of between 20 and 60 nm.

Once the microcapsule had been attached to the tip, much higher adhesion forces
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resulted than with a normal tip and due to the limited range of piezo-movement and

dynamic range of the split photodiode detector, a stiff cantilever had to be used to

ensure detachment of the particle from the target surface after contact.

2.1.2 Micromanipulation

A micromanipulation rig was designed and constructed in house. It consisted of

two x, y, z positioning stages (New Focus Inc. CA, USA) mounted on alumin ium

blocks. Each stage had attached a long metal arm, onto the end of which was attached a

sharp probe which could be positioned directly under the lens of an optical microscope

(Olympus BH2-UMA light microscope with Nomarski differential-contrast objectives,

range x 50 to x 1000 magnification). The whole set up was placed on an isolated

vibrational support to minimise vibration of the probes during micromanipulation. The

stages were placed either side of the microscope as shown in the photograph in Figure

2.1.

Figure 2.1 Photograph of the microman ipulation set up used in this project.
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To manipulate the microcapsules, probes were needed that had a tip diameter

smaller than that of the microcapsule i.e. smaller than 10 urn. This was achieved by

etching 250 urn tungsten wires (Goodfellow, Cambridge) to a fine point (~ 500 nm).

Tungsten wire is rigid and thus was the optimum choice for micromanipulation work.

The tungsten wire was etched to a fine point by heating in the hottest point of a

Bunsen burner flame until the wire glowed white. It was then immediately dipped into a

saturated solution of sodium nitride (NaNG3) for ca. 30 seconds' . This proce ss was

repeated until it was possible to observe, by optical microscopy, that the wire had been

etched. At this stage, the probe was removed and an optical microscope connected to a

PC with image analysis software was used to measure the tip diameter. The etching

process was repeated until the tip diameter was approximately 10 urn. Typical optical

micrographs of etched tungsten wires are shown in Figure 2.2.

120 IlJTI

20 IJlT1

Figure 2.2 Optical micrographs from the optical microscope (magnification x 200) of etched
250 urn diameter tungsten wires .

The etched tungsten wire was then attac hed to a length of copper wire with

araldite (Bostik Ltd, Leicester). The copper wire was used as it could eas ily be attached

to the metal arms of the micromanipulation set-up and bent into the shape so that the tip

of the etched tungsten wire could be positioned directly beneath the lens of the

microscope. A schematic of the micromanipulation set up is shown in Figure 2.3.
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Figure 2.3 Schematic representation of micromanipulation rig used in this project.

This micromanipulation rig had two main uses in this project. First, it was used

to place borosilicate spheres (14.5 urn, Duke Scientific) onto the tip of a silicon nitride

AFM cantilever to carry out the 'added mass ' method for determining the spring

constant of a cantilever' (see section 2.1.3). In this case , the borosilicate spheres were

added one by one and had to be placed on the very end of the cantilever, as close as

possible to one another.

The second and main use of the rig was the attachment of microcapsules to

AFM cantilevers. The procedure used was adapted from a 01 support note". An amount

of glue (general purpose epoxy, fast set, Permabond, Hampshire, UK), smaller than the

diameter of the microcapsule, was placed on the tip end of a commercial V-shaped

Si
3N4 tip cantilever assembly using a tungsten probe. The other tungsten probe was used

to transfer a single microcapsule (adhered to the probe using capillary forces alone) onto

the drop of glue, thus securing it to the end of the cantil ever. Cantilever/microcapsule

assemblies were then left to dry ove rnight.

A scanning electron microscope ( EM~ Jeol, l SM 6 100. equipped with Oxford

ISIS Ana lytica l System) was used to obtain SE Ms or each microcapsule attached to the
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cantilever. Prior to imaging, the cantilever-microcapsule assemblies were coated with a

thin layer of gold. These were acquired in order to obtain the true microcapsule

diameter, of importance when comparing adhesion data from different sized

microcapsules.

2.1.3 Spring constants

Two methods of spring constant determination were carried out on the silicon

nitride AFM cantilevers used in the force measurements. The first was the 'added mass'

method, which involved placing borosilicate spheres as close to the tip of a silicon

nitride cantilever as possible'. The cantilever was placed in the AFM and its resonance

frequency was measured using a Spectrum Analyser (Stanford Research Systems Ltd.).

The measurement was repeated with up to five spheres.

The second method was the 'thermal noise' method". The cantilever was

brought into contact with a hard substrate in the AFM and a force curve was measured

from which the tip deflection sensitivity of the cantilever was determined. The tip was

then retracted from the surface and its resonance frequency spectrum recorded on the

spectrum analyser. In the latter case, the resonant frequency was due purely to thermal

effects.

2.2 Substrate preparation for force measurements

2.2.1 Self-assembled monolayers of alkylthiols on gold

Si (100) wafers were coated in a Plassys MEB 450 electron beam evaporator

with a 20 nm adhesion layer of Ti deposited at 0.1 nm per second, followed by 120 nm

of Au deposited at 0.3 nm per second, with a background pressure of 10-6 mbar. The

substrates were annealed in a 'muffle furnace' for 6 hours at 350°C.
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The annealed substrates were then cleaned thoroughly by submerging them in

' piranha' solution for 30 minutes. This solution is made up of a 3:1 ratio of concentrated

sulphuric acid: hydrogen peroxide (300/0) CAUTION: this solution reacts aggressively

with any organic material. Upon careful mixing, this solution came to the boil

spontaneously, at which point the substrates to be cleaned were added. After removal

from the cleaning solution, the substrates were thoroughly rinsed with deioni sed water

and blown dry in a stream of nitrogen. The gold surface was characterised with

topographical AFM imaging (Molecular Imaging PicoSPM) before and after annealing.

The substrates were then placed into solutions containing the thiols of interest.

The solutions from which the SAMs were formed consisted of 1 mM of either 11-

mercapto-l-undecanol, 16-mercaptohexadecanoic acid (HS(CH2) IsCOOH) or 1-

hexadecanethiol (HS(CH2) ISCH3) or a 1 mM mixture of the latter two thiol s in ethanol.

SAMs were formed by placing the gold-coated substrates in these solutions for 48

hours. Substrates were then removed, rinsed with fresh ethanol and dried using nitrogen.

A schematic representation of this procedure is shown in Figure 2.4.

Si wafer I ~ I Si Wafer I ~ I Si wafer 1-1·m·M·~
+ 20 nm 6 hours In

titanium, 120 oven 250 ~ C, ethanolic
nm gold cleaned In alkylthiol

Piranha solut ion
solution

Figure 2.4 Schematic representation of the procedure for the formation of SAMs of alkyl thiols

on a gold surface.

The SAMs on gold were charac terised using contact angle measurements. The

substrate was placed in front of a video microscope and a drop of distilled \ ater was

placed upon the surface. Adding more solution enlarged the drop: the enlargement wa
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captured using a VCR and then transferred to a computer. The angle that the drop made

with the substrate during enlargement was then measured using image analysis software

(PaintShopPro, lacs software).

2.2.2 Cuticle substrate formation

A 10 mm hole cork borer was u sed to punch discs 0 ut 0 f a leaf 0 f the plant

Prunus laurocerasus avoiding the main veins. The lower surface of the leaf was marked

with a water indelible marker pen. The discs were then placed in an enzyme solution

consisting of 500 mg cellulase from Aspergillus niger, 5 g pectinase from Aspergillus's

niger and 1 g sodium azide added to 1 litre of 0.2 M citrate buffer (sodium citrate and

citric acid). The solution was then evacuated until all the leaf discs sank.

The discs in solution were incubated at 37°C and the enzyme solution was

changed every 3-4 days until the cuticles became completely transparent. All unwanted

tissue such as marked cuticles and leaf tissue was removed during this time. The

remaining cuticles were rinsed in Milli-Q reagent water for 24 hours before they were

dried flat on a Teflon sheet. The upper side of the cuticle was shiny and the underside

was dull so the substrates were used shiny side up.

2.3 Confocal microscopy

2.3.1 Instrumentation

The microscope used in all of these measurements was a Zeiss LSM 510,

Axioplan 2, upright confocal microscope. It was equipped with HeliumlNeon and

Argon lasers enabling wavelengths of 543 nm, 517 nm, 488 nm, 453 nm, 438 nm to be

used for excitation of samples.
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2.3.2 Experimental procedures

2.3.2.1 Microcapsule release into solution

The microcapsules used in these experiments were formed by interfacial

condensation polymerisation (see section 1.1 .2). They all contained the pesticide

lambda cyhalothrin , the structure of which is shown In Figure 2.5. Six sets of

microcapsules were synthesised with the properties outlined in Table 2. 1.

CN

I
COOCH

Figure 2.5 Molecular structure of the pyrethroid insecticide lambda cyhalothrin.

Table 2.1 Details of microcapsules used in release into solution experiments

Microcapsule
% Monomers in original

Ratio of monomers PMPPI:TDIorganic phase

1 10% 1:1

2 10% 1:10

3 10% 1:20

4 15% 1:1

5 15% 1:1 0

6 15% 1:20
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The percentage wall thickness relates to the percentage of monomers used in the

original reaction mixture. 100/0 yielded a thinner wall than 15%. The ratio of monomers

used in the original reaction mixture relates to the crosslinking density within the

polymer wall. The greater the proportion of TDI in the original reaction mixture, the

weaker the crosslinking density within the microcapsule wall.

All CLSM images (512 x 512,8 bit pixel) in solution were acquired with a water

immersion objective lens (Zeiss, Achroplan 20x/O.50 W) with a lOx tube lens. To

observe the auto-fluorescence of the lambda cyhalothrin within the microcapsules both

an argon laser (I.-. = 488 nm) and a helium/neon laser (I.-. = 543 nm) were used for

excitation and any emitted light was collected through one long pass filter (560nm) and

one band pass filter (505 - 530 nm)..

Images were processed using the LSM Image Browser software (Zeiss).

Average pixel intensities were calculated over the area corresponding to single

microcapsules using Paint Shop Pro. All confocal microscopy analyses were carried out

in an air conditioned room at 23 ± 0.5°C.

For further details of experimental procedures see section 4.3.

2.3.2.2 Microcapsule release in the dry state

Two types of microcapsules were studied for these measurements. One was the

lambda cyhalothrin capsule used in the studies described in the previous section and the

second type were microcapsules formed by the crosslinking of a butylated urea­

formaldehyde prepolymer with a tetrafunctional thiol (see section 1.1.2). These capsules

contained the pesticide emamectin benzoate, the structure of which is shown in Figure

2.6.
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R

B1a R = C~CH2­

B1b R = C~-

Figure 2.6 Molecular structure of the pesticide emamectin benzoate

For the detailed study of the cuticle of the caterpillars Heliothis virescens and

Plutella xylostella, an argon laser (488nm) was used in conjunction with a long pass

filter (505nm). Release from microcapsules was studied onto the surface of Primus

laurocerasus and onto glass and parafilm. For release studies a z-stack through the

microcapsule and substrate was taken every hour using an objective lens (Zeiss,

epiplan-neofluar 50x / 0.80 W). The slices taken in the z-stack were I urn apart. The

helium/neon (543 nm) and the argon (488 nm) lasers were used in conjunction with

long pass 560 nm and band pass 505 - 530 nm filters, respectively.

For further detail s of experimental procedures used see section 5.2.2.

2.3.2.3 Combined CLSM and electrochemistry studies

An argon laser (488nm) used in conjunction with a 505 nm long pass filter, was

employed when recording the fluorescence of the Calcium Green-5N solution. To

achieve the optimum compromise between resolution and image intensity, the confocal

aperture was set to give an optical slice of 1.1 urn. All CLSM images were recorded

using a water immersion lens (Zeiss, Achroplan 20x/O.50 W). For further detai ls see

sect ion 6.2.
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2.4 Electrochemical techniques

2.4.1 Ultramicroelectrode fabrication

A borosilicate glass capillary (2.0 mm o.d., 1.16 mm i.d., Harvard Apparatus,

Kent) was pulled to a fine point using a micropipette puller (Narishige PB7, Japan) and

the tip was closed by melting in a Bunsen burner flame. An optical microscope (Meiji

Techno, Model BM 29821) was used to ensure that the tip of the pulled capillary was

completely sealed. Approximately 1 ern length of the required diameter platinum

microwire (either 50 urn or 25 urn diameter, Goodfellow, Cambridge U.K.) was

inserted into the glass capillary, as close to the sealed end as possible.

The capillary was then placed under vacuum for ca. 20 minutes, after which the

microwire was sealed into the glass capillary by melting the glass around ca. % of the

length of the microwire, using a home-built heating element. A higher power optical

microscope (Olympus BH2-UMA light microscope with Nomarski differential-contrast

interference objectives, range x50 to x1000 magnification) was used to ensure that the

glass had formed a complete seal around the wire.

The surface of the wire was exposed by polishing the tip of the glass capillary on

a course carbimet paper disc (240 grit, Buehler, Coventry). A 600 grit disc (Buehler,

Coventry) was then used to polish the surface gently, ensuring that the capillary was

held vertical at all times, until the surface was free of any major imperfections and

relatively smooth. The electrode was then polished with an impregnated diamond

polishing pad (9 urn grade, Buehler, Coventry) on a custom built polishing wheel,

followed by a 0.1 urn grade impregnated diamond polishing pad (Buehler, Coventry) to

produce a mirror-finish surface with no imperfections. Throughout the preparations of

the electrode surface, the flatness and dimensions were monitored periodically with the

BH2 optical microscope.
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After the electrode surface had been polished back to a sufficient smoothness,

the sides of the electrode were coned on a fine grit carbimet paper disc, until the RG

value of the electrode was approximately 10.

r
RG = glass = 10

a

where rglass is the radius if the whole glass tip and a is the radius of the electrode

microwire (see Figure 2.7b)

a
Figure 2.7 Images from the optical microscope of the finished UME (a) Side view of the
UME (b) Top view of the UME defin ing the terms for calculating RG.

The next stage of the fabrication process was to make electrical contact to the

microwire. A piece of solder (ca. 1 em length, 60:40 tin :lead alloy, R.S . Components,

Corby) was placed into the capillary ensuring that it was in contact with the microwire.

A length of stripped, tinned copper wire (R.S. Components, Corby) which made contact

with the solder and was long enough to protrude from of the end of the capillary was

added next. The capillary was then held in a horizontal position and the solder was

melted with a soldering iron (450°C, Antex TCSU D2) to form the connection between

the two wires .

The voltammetric response of the UME was then tested (using linear sweep

voltammetry (LSY) see sec tion 2.4.2) to ensure that a good electrical connection had

been made. Finally the open end of the capillary was sealed using Araldite (Bostik Ltd.
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Leicester) which was carefully placed around the exposed metal wire and left to dry

overnight.

Before each use, the UME was polished on a polishing pad with 0.5 IJ.m y-

alumina polish to ensure a clean, smooth surface.

2.4.2 Electrochemical Measurements.

All electrochemical measurements were made using a two electrode setup, with

a UME fabricated as described in Section 2.4.1 as the working electrode (WE), and a

silver wire (Goodfellow) as a quasi reference electrode (AgQRE).

Electrochemical measurements to test the UMEs were performed using an Eco-

Chemie (Holland) Autolab Electrochemical Workstation, equipped with a low current

detection module. A known concentration of a well behaved electroactive mediator -

ferrocyanide Fe(CN)64
- - was used. Voltammetric potential scans were carried out from

a - 1.2 V versus AgQRE to effect the one-electron oxidation to ferricyanide. The

potential scan rate was typically 20 mVIs and the scans were carried out with the UME

placed in bulk solution, i.e. at a distance greater than lOa from the interface.

For the combined electrochemical/confocal experiments, a 25 IJ.m diameter

platimum UME was used and potentials were applied using a potentiostat (Model

CHI400, CH Instruments Inc, USA). For mercury deposition, a solution of mercurous

nitrate was held at - 0.225V until the steady-state curre nt response increased by 2nl4

times. The hemispherical mercury drop electrode produced was then held at -1.1 V for

specified times in a solution containing cadmium nitrate and the dye Calcium Green 5N

to deposit cadmium into the mercury hemisphere. Cadmium ions were then released

during scan from -1.1 to -0.3 V at a potential sweep rate of 10mVis. For further details

of experimental procedures see section 6.2.
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2.5 Chemicals and solutions

All aqueous solutions were prepared using Milli-Q-reagent water (Millipore

Corp., resistivity > 18 Mfzcm), Table 2.2 details grades and suppliers for all other

chemicals used.

Table 2.2 Grades and suppliers of chemicals used in this project

Chemical Grade Supplier

Sodium hydroxide A.R. B.O.H.

Ethanol A.R. B.O.H.

16-Mercaptohexadecanoic acid 90% Aldrich

1-Hexadecanethiol 92% Aldrich

11-mercapto-1-undecanol 95% Aldrich

Sodium nitride >99.5% Sigma

Potassium dihydrogen phosphate ACS Sigma Aldich

Oisodium hydrogen phosphate >99.5% Fluka BioChemika

Sodium carbonate A.R. BOH

Sodium hydrogen carbonate A.R. BOH

Sodium citrate 99% Sigma Aldrich

Citric acid 99.5% Aldrich

Potassium hydroxide A.R. Fisher

Cellulase from Aspergillus's Niger N/A Sigma

Pectinase from Aspergillus's Niger N/A Sigma

Sodium azide A.R. Sigma

Acetone > 99% Fisher

Hydrochloric acid 0.1 M std solution Sigma-Aldrich

Nitrogen pureshield BOC

Nile red N/A Molecular Probes, USA

Mercurous nitrate 98% Sigma Aldrich

Nitric acid 69% BOH

Sulphuric acid 98% BOH

Hydrogen peroxide 30% Sigma Aldrich

Potassium nitrate 99% Sigma Aldrich

Cadmium nitrate 95% Sigma Aldrich

Calcium Green - 5N N/A Molecular Probes
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2.5.1 Preparation of buffer solutions

Buffer solutions used in the force measurement experiments, with ionic strength

of 0.01 mol dm", were made up using quantities of potassium dihydrogen phosphate

and disodium hydrogen phosphate for low pH buffers (up to 7.8) and sodium hydrogen

carbonate and sodium carbonate for high pH buffers, as described in reference 5. The

pH of the buffer solution was measured using a pH meter (PHM20 1 Portable pH meter,

Radiometer, Copenhagen) calibrated over an appropriate pH range with standard

solutions (Philip Harris, Ashby de la Zouch, UK).

2.5.2 Preparation of solutions used in electrochemical experiments

To test the UMEs, solutions prepared were 0.5 M in KN03, added to act as a

supporting electrolyte, and 10 mM potassium hexacyanoferrate (II).

The solution from which the mercury drop electrode was formed was 0.1 M in

RN03, 0.5 Min KN03, and 10 mM in Hg2(N03h.2H20. The solution used for cadmium

deposition and stripping contained 0.5 urnol Calcium Green-5N and 1 x 10-
5

mol

Cd(NO)3. Due to the very small amounts of Calcium Green-5N used, it was necessary

to weigh it out on a seven figure analytical balance (Mettler).

Unless otherwise stated all reagents were weighed out on a four-figure analytical

balance (Sartorius A2008).
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Investigation into the adhesion properties of functionalised

microcapsules to different substrates

The adhesive properties of microcapsules are of essential importance in

agriculture applications of microcapsules 1,2. The ability of a microcapsule to adhere to a

specimen of interest such as foliage, crops or an insect affects the targeted delivery of

the pesticide within the capsule to the relevant surface.

This chapter details how AFM has been used, for the first time, to investigate the

adhesion properties of functionalised polyurea microcapsules. The adhesion properties

of polyurea microcapsules (attached to AFM cantilevers) to SAMs of alkyl thiols on

gold are investigated at the single capsule level, and as a function of polymer wall

surface functionality. The properties of alkyl thiol SAMs are well defined3
-
6 and provide

an appropriate substrate against which the complex adhesion properties of the

microcapsules can be characterised.

3.1 Introduction

Past AFM studies investigated the deformation properties7 and surface

topography" of a variety of capsules, but AFM has never been used to specifically

quantify the adhesive characteristics of microcapsules to surfaces. The development of

the colloidal probe technique9
-
11 (detailed in section 1.3.1), inspired the idea of attaching

a single microcapsule to an AFM cantilever to investigate its adhesion characteristics.

A variety of different techniques have been used to study microcapsule

adhesion. Microcontact printing of polyelectrolytes on a flat substrate has been used to

create alternating regions of positive and negative charge. It has been shown that

polyelectrolyte microcapsules of a certain charge preferentially adsorb to the surface in
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regions of opposite charge, as evident from usmg fluorescent microscopy

t hni 12,13 Th hesiec mques . e ad esion area of these charged polyelectrolyte capsules to a glass

substrate have also been investigated using reflection interference contrast microscopy

(RICM) but no studies have recorded the actual adhesion force between an individual

microcapsule and a substrate.

In order to characterise the surface adhesive properties of the polymeric

microcapsules employed herein, a technique known as a force titration has been used":

This technique is an extension of chemical force microscopy (CFM), in which the

solution pHi s systematically varied and the change in a dhesion between t he tip and

sample is measured as a function of pH.

This technique has been used previously to determine the pKII2, the pH at which

half the surface groups are ionised, of surface bound groups such a hydroxy, amine",

carboxylic acid l 6
,17 and phosphonic acid'' groups and it has also been used to

investigate the distribution of functional groups within surface treated polymers such as

oxyfluorinated films of isotactic polypropylene I9. The high resolution capability of the

chemical force titration has been demonstrated by the study of the acid /base properties

of a patterned SAM20
.

Another use of CFM has been to examine the effect of electrolyte concentration

on the force titration behaviour of carboxylic and phosphonic acid terminated

SAMs2 1
.These studies showed evidence for the formation of strong hydrogen bonds

between neutral and ionised species at low electrolyte concentrations which was

prevented at high electrolyte concentrations by the formation of an electrical double

layer.

Details on how this technique has been applied to probe the surface

characteristics of functionalised microcapsules to SAMs of alkyl thiols on gold appear

62



Chapter 3

in this chapter. The technique has also been used to investigate the adhesion properties

of the functionalised microcapsules to the cuticle of a leaf, specifically Prunus

laurocerasus. This leaf was chosen as it has a very thick waxy cuticle, with well defined

rti 2223 hi h be easil d c. .prope res ' ,w IC can e easr y extracte rrom the leaf to provide a flat substrate,

which is required for the force measurements.

3.2 Experimental

3.2.1 Formation of functionalised microcapsules

All polyurea microcapsules used in these force studies were prepared (Syngenta,

Jealotts Hill, Bracknell) using interfacial condensation microencapsulation. For details

on the reaction mechanism of polymer wall formation see section 1.1.2. The structure of

the wall of the microcapsule can be altered by the addition of modifier molecules

(Figure 3.1) which react via their amine group into the microcapsule wall giving the

surface of the microcapsule defined functionality. In this thesis, the modified

microcapsules will be referred to by the functional groups which terminate their

modifier molecule molecular structure.

ALKYL:

SULFONATE:

CATIONIC: ANIONIC:

Figure 3.1 Structures of modifier molecules which react into the polymer wall via the NH2

group to control the surface functionality of the microcapsule.

The microcapsules were then separated from solvent by centrifugation with

Milli-Q reagent water (Millipore Corp., resistivity ~18 MO em). A diluted sample was

spread on a glass slide and the water was allowed to evaporate in air.
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3.2.2 Experimental procedure for force measurements

Adhesion force measurements were obtained using a Molecular Imaging

PicoSPM (Molecular Imaging Ann Arbor, USA) equipped with a Teflon fluid cell. The

adhesive interaction between the microcapsule and substrate was determined by

recording the deflection versus displacement curves at varying pH against an Au-SAM

surface. The fluid cell was rinsed thoroughly 5 times with each buffer solution prior to

measurement to ensure the pH of the solution inside the cell at the time of measurement

was correct. The experimental set-up is shown in Figure 3.2.

AFM
Fluid cell filled
with buffer
solution

AFM cantilever with
microcapsule attached

Alkyl thiol
SAM on gold

Figure 3.2 Schematic representation of the experimental set-up for force measurements
between microcapsule and substrate.

At each pH, adhesion measurements were made at three or four different

positions on the monolayer approximately 300 times in total. The average deflection at

each pH was obtained from the mean value of the pull off force recorded. This

deflection was then converted into a force via the tip deflection sensitivity and normal

spring constant of the cantilever which had been determined prior to tip modification.

All forces observed were normalised with respect to the radius of the microcapsule.

This procedure was repeated for microcapsules with different surface

functionality to SAMs of either hydroxyl-terminated ( l l-mercapto-l-undecanol),

methyl-terminated ( l -hexadecanethiol) or carboxy lic acid-terminated (16-

mercaptohexadecanoic acid) thiols on gold.
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Chapter 2 gives details of experimental procedures for the formation and

characterisation of SAMs (section 2.2.1), measurement of AFM cantilever spnng

constant and tip deflection (section 2.1.3), micromanipulation and attachment of

microcapsule to AFM cantilever (section 2.1.2), extraction of leaf cuticles (section

2.2.2), preparation of buffer solutions (2.4) and apparatus used (section 2.1. 1).

3.3 Results and discussion

3.3.1 Characterisation of SAMs

The gold surface upon which the thiols were adsorbed to make the SAMs was

structurally elucidated using contact mode AFM imaging both before and after

annealing the gold substrate at 350 °C for 6 hours. Typical images obtained are shown

in Figure 3.3.

(a)

(b)

t~..... J.....!
I

Figure 3.3 AFM images of (a) non-a ~ nealed gold surface and (b) a gold substrate
annealed at 350 DC for 6 hours. Scan size 1urn x 1urn.
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The gold islands increase in size significantly upon annealing. On the top

surface of the islands the gold is atomically smooth. The overall height change of the

surface is ca. 60 A. Annealed surfaces are thus significantly better for producing SAMs

with longer range order than non-annealed surfaces.

The SAMs were characterised using contact angle measurements. A drop of

water was placed onto the surface of each SAM and the advancing contact angle was

measured as the droplet spread over the surface of the SAM. Figure 3.4 shows how the

wettability of the different SAMs changed as the functional end group of the monolayer

was varied. Images shown are for SAMs formed from: (a) an ethanolic solution of 16-

mercaptohexadecanoic acid (HS(CH2)lSCOOH); (b) an ethanolic solution made up of

500/0 COOH terminated and 500/0 CH3 terminated (hexadecanethiol, HS(CH2)lSCH3)

thiols; (c) an ethanolic solution of hexadecanethiol.

(a) (b)

(c)

Figure 3.4 Images captured during enlargement of water drople t on (a) 100% -COOH
term inated SAM , (b) 50% -COOH and 50% -CH3 terminated SAM, (c) 100% -CH3

terminated SAM . (8 = contact angle of droplet to surface).
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From the above optical images it is apparent that as the concentration of -CH)

terminated thiols on the surface of the monolayer increases, the contact angle increases,

as the surface becomes increasingly hydrophobic. The actual contact angles measured

are quoted in Table 3.1.

Table 3.1 Experimentally determined contact angle measurements.

% -eOOH terminated % -CH3 terminated Experimental contact angle

thiols in original SAM thiols in original SAM measurement (0). Theoretical

solution solution value in brackets.

100 0 56 (60-65)£4

70 30 74

50 50 81

40 60 86

30 70 102

20 80 107

0 100 110 (109-112)'~4

There is good agreement between the experimental values obtained in these

experiments and the values stated in the literature for 100% -CH), and 100% -COOH

terminated SAMs24
. Table 3.1 shows that there is a marked difference in the value

measured for the contact angle when the concentration of -CH) terminated thiol in the

bathing solution increased from 0 to 70%. Smaller differences were observed between

solutions with high concentrations of -CH) terminated thiols (70-100%) in the bathing

solution. This suggests competitive adsorption effects between the different types of

SAM.

Bain and Whitesides carried out XPS studies) on mixed monolayers of similar

Au-thiol systems, i.e. thiols which had the same functional end groups but shorter alkyl

chain lengths (CIO). They found that there was a marked difference between the mole

fraction of each thiol in the bathing solution (from which the monolayer was formed)
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and the mole fraction of thiol on the gold surface. This was attributed to preferential

adsorption of the -CH3 terminated molecules. The contact angle measurements reported

here are consistent with this prior work: with a high mole fraction of -CH3 terminated

thiols in the bathing solution, there is little difference in the measured value of 8, which

tends towards that of a pure -CH3 terminated monolayer suggesting that this does,

indeed, adsorb preferentially.

3.3.2 Characterisation of spring constants

In order to quantify the adhesion force between the microcapsule of interest

attached to an AFM tip and a target surface (CFM) it is necessary to characterise the

spring constant of the cantilever accurately. To establish the most effective method for

spring constant determination, the added mass method (Cleveland et aP5) was compared

to the thermal noise method (Hutter et aP6) for the same cantilevers.

For the added mass method, borosilicate spheres (diameter 14.5 urn ~ 1.0 urn,

density 2.52 g ern", mass 4.0226 ng) were added, one at a time, to the cantilever and the

resonance frequency, Do, recorded a s shown in Figure 3.5(a). A linear p lot of added

mass versus 1/(27tVO)2 (see equation 1.3) shown in Figure 3.5(b), gave a straight line of

gradient 7.15 (± 0.005) equating to k= 0.072 (± 0.005) Nm- l
, and an intercept, rno = 3.8

(± 0.1)ng.

The spring constant quoted by the manufacturer for this particular long, thick,

silicon nitride cantilever was 0.12 Nm- l
. However the value should serve only as a

guide. In particular, it assumes a uniform cantilever thickness across the wafer, which is

often not the case during the micro fabrication process of AFM probes. As k depends on

l (see equation 1.3 ), small variations in t can lead to a large change in k. The values
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within which the spring constant should fall for a long, thick silicon nitride canti lever

are 0.191 Nm-1 and 0.036 Nm-1 27.
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Figure 3.5 (a) The sequential frequency response of a silicon nitride cantilever with the addit ion
of 4 borosilicate spheres. (b) The added mass of the spheres is plotted as a funct ion of the
resonance frequency to allow the determination of the spring constant and cantilever mass .

To assess the accuracy of the added mass method, it was compared to the

thermal noise method. The latter methodology is far less time consuming, involving just

one measurement parameter and without the need for micromanipulation.

For the therm al noise method. the thermal resonance frequency peak was

identi fied for the same cantilever with no added spheres. The amplitude of the peak was

conve rted to a length sca le (nm). This was calculated using the tip deflection sensiti it.
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of the cantilever, which can be obtained from the gradient of the approach curve of

AFM tip to a hard surface.

The resonance peak was then fitted to equation 3.128 using Origin lab:

3.1
2 2

( 2 2)2 V oV
V o - v + 2

Q

A(v ) = Adc ----;========

where Adc is the de amplitude, Q is the quality factor and A (v) is the amplitude response

function.

The fit of equation 3.1 to the resonance peak was excellent as shown in Figure

3.6.
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Figure 3.6 Graph showing the fit of equat ion 3.1 to the experimental thermal resonance
peak obtained from a long thick silicon nitride cantilever.

From this fit, the parameters Ade. Q and Va were obtained which were then

substituted into equation (3.2) to find the mean square cantilever displacement <x"> :

3.2

The mean square cantil ever displacement was then used to calculate the spring

constant of the canti lever via equation 3.3:

k 3.3
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where kB is Boltzmann's constant, T is the absolute temperature and x2 is the mean

square displacement of the cantilever in anyone mode.

Using this method, for the same short thick cantilever, a value of 0.107

(± 0.0005) Nm-1 was obtained which, again, falls within the manufacturer' s guidelines

for the long thick silicon nitride cantilever. As the results of these methods are relatively

consistent, it was decided that the thermal noise method would be used in these studies

for spring constant determination due to the ease of measurement.

3.3.3 SEMs of microcapsules attached to AFM cantilevers.

Figure 3.7 shows examples of scannmg electron micrographs of

microcapsule/cantilever assemblies taken after they have been used for force

measurements and coated in a thin layer of gold. It is clear that the surface topography

of the microcapsules varies considerably and this is taken into account when analysing

the force data obtained. The diameters of the microcapsules used in these experiments

ranged from 15-30 urn. All forces recorded in force measurements were normali sed

with respect to the radius of the microcapsule used in the experiments.

Figure 3.7 SEMs of microcapsules attached to silicon nitride AFM cant ilevers using 5­
minute epoxy. (a) sulfonate modified microcapsule used in force measu rements. (b) alkyl
modified microcapsule used in force measurements.
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3.3.4 Force measurements between fun ctionalised microcapsules and an -OR

terminated SAM

In orde r to characterise the adhesion propert ies of functi onali sed microcapsules

full y, over a range of pH , a SA M was used whose surface funct ionali ty would not vary

over the pH range investigated. An -OH terminated SAM was chosen . Four sets of

microcapsules, each with a different surface fun ctionality we re investigated. Figure 3.8

provides a schematic of the surface functionalities inve stigated .

Figure 3.8 Schematic of the functiona.1 grouP.s investigated in fo~ce. meas~ remen~s : (a) sulfonate
modified microcapsule; (b) alkyl modified microcapsule; (c) anionic modified microcapsule; (d)
cationic modified microcapsule.
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Figure 3.9 shows a small selection of some of the force-distance curves recorded

during these measurements. Figure 3.9(a) shows the adhesive behaviour of an alkyl-

modified microcapsule (Figure 3.8b, Figure 3.7b) to an OH-terminated SAM over the

pH range 4.7 - 9.94 ; Figure 3.9(b) shows the adhesive behaviour of a sulfonate (Figure

3.8a, Figure 3.7a) modified microcapsule to an OH-terminated SAM over the pH range

3.24 - 7.84. The structures of both modifier molecules are shown in Figure 3. 1.

pH 3.24

pH 4.25

pH 5.89

(b)

14 nN/~m

pH 4.7

pH 5.86

E

pH 6.91

pH 7.84

A

D

c

4 nN/~m

(a)

Figure 3.9 (a) Examples of force-d istance curves for an alkyl mod ifi~d microcapsule to an
OH-terminated SAM at different pHs. (b) Examples of force-d istance curves for a
sulfonate-modified microcapsule to an OH-terminated SAM at different pHs. Forces are all
normalised with respect to the radius of the microcapsule studied.
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Considering the first force-distance curve in Figure 3.9(a), recorded at pH 4.7,

the cantilever/microcapsule assembly is brought towards the SAM (A) and when the

attractive force exceeds the spring constant of the cantilever, the microcapsule will

'jump into contact' with the substrate (B) . The cantilever is then pressed into the surface

(C) before being drawn back away from the SAM substrate. The microcapsule adheres

to the substrate past the initial point of contact (D) before breaking free from the surface

(E). The deflection of the cantilever over the distance travelled is recorded and

converted into a force which is normalised by the particle radius , r, and the normalised

force vs distance curve shown is produced.

The force-distance curves in Figure 3.9 show that there is strong adhesion of the

microcapsule to the surface of the SAM. We believe that the strong adhesion observed

in the case of these two types of microcapsules is due to ethylene and propylene oxide

groups present in the modifier molecules reacted into the walls of the microcapsule,

hydrogen bonding with the OH groups terminating the SAM as demonstrated in the

schematic in Figure 3.10.

(a) CH20CH2 = ethylene oxide (b) CH20 = propylene oxide

H H H H H H
//////
000000

H H H H H H
//////
000000

Figure 3.10 Schematic representation of hydrogen bonding between ethylene oxide and
propylene oxide groups present in modifier molecules on the surface of the sulfonate and
alkyl modified microcapsules with OH-terminated SAM.
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The adhesion observed for the alkyl modified microcapsule over the pH range

studied is ca. 2nNllm-
1 greater than the sulfonate modified capsule. This is probably due

to the greater number of ethylene and propylene oxide groups present in the modifier

molecule which are capable of hydrogen bonding with the SAM.

The large area of microcapsule in contact with the SAM means that there are

multiple interactions between the surface groups on the wall of the microcapsule and the

SAM, as many interacting groups are in contact. Multiple interactions are evident for

the sulfonate modified microcapsule (Figure 3.9(b)) with a long, drawn out pull-off

force observed. However, a much sharper pull off force is observed for the alkyl

modified microcapsule.

The drawn out pull off force observed in the force-distance curves in Figure

3.9(b) for the sulfonate microcapsule could be explained in relation to the capsules outer

surface topography, elasticity and the modifier molecules located on the surface of the

capsule. The most dominant factor of these is most likely to be the topography of the

surface of the microcapsule. Figure 3.7 shows SEMs of the (a) sulfonate modified and

(b) alkyl modified capsules taken after measurement has been made. It is apparent from

these images that the surfaces of the capsules studied vary considerably.

The sulfonate modified capsule has an extremely pitted or dimpled surface

which would cause bonds made with the OH-terminated SAM to break at different

points upon withdrawal of the cantilever-capsule assembly from the surface leading to

the multiple interactions observed in the pull off force. The alkyl modified capsule

however has a much smoother surface meaning any area in contact with the SAM will

not be pitted leading to a much sharper pull off force observed during withdrawal.

Another factor which may have a significant effect on the normalised force-

distance curves measured is the elasticity of the wall of the capsule studied. The
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elasticity of the wall of the capsule will affect the contact area of the capsule with the

surface. If the wall is very elastic, as the cantilever-capsule assembly is brought down

onto the surface and pressed against it, the capsule will exhibit increased deformation

leading to different contact areas of the capsule with the substrate. The elasticity of the

capsule can be estimated from the original deflection-distance data obtained. The closer

the gradient of the force curve is to 1, the less deformation is occurring upon

compression. The gradient of deflection-distance curves for both the alkyl-modified and

the sulfonate-modified microcapsules studied are similar to each other but they are

considerably less than one indicating deformation upon compression. This will cause

the contact area of capsule with substrate to increase significantly for both capsules

leading to multiple interactions.

A minor factor which may also affect the shape of the pull off force is the

structure of the modifier molecules located on the surface of the capsules. The sulfonate

modifier molecule has the ability to bind into the microcapsule wall via two points in its

structure during the microencapsulation process (see Figure 3.1). The modifiers bind

into the wall of the microcapsule via the NHx group in the structure, so in the case of the

sulfonate modifier, either the NHz group at the end of its chain or the NH group in the

middle. This 1eaves the possibility 0 f three differently functionalised modifier chains

exposed to the surface of the SAM (Figure 3.8(a)). As the microcapsule is drawn away

from the surface of the SAM, bonds formed between each of the chains and the SAM

break at different points giving the drawn out pull off force observed in these

measurements.

The alkyl modifier molecule only has one NHx group within its structure which

can bind into the polymeric wall of the microcapsule. Therefore a 'cleaner' pull of force

is expected as shown here as the modifier chains are of the same length and
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composition. However, the lengths of the modifier molecules are extremely short

compared to the dimples in the microcapsule surface meaning that the pull off force will

be mainly affected by the surface of the capsule rather than the modifier molecule

attached to the surface.

Figure 3.11 shows the adhesive force measured between an alkyl modified (e),

sulfonate modified (.) and unmodified (.) microcapsule to an OH terminated SAM

over a range of pH (2-11). Differences in the relative magnitude of the adhesion force

were observed between the three types of microcapsule. The error bars shown represent

the distribution of forces over the 300 force measurements made per pH step.
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Figure 3.11 Force titration showing adhesion forces normalised with respect to the radius of
microcapsule to an OH-terminated SAM for an alkyl (-) , sulfonate (e) and an unmodified (e)
microcapsule.

A significantly larger adhesive force is measured between the modified

microcapsules and OH-SAM compared to the unmodified microcapsule at all the pH 's

especially in the lower range. The fact that an adhesive force is observed when looking

at the adhes ion of the unmodified microcapsule to the OH-terminated SAM suggests

some interaction between the aromat ic wall of the microcapsule and the OH-terminated

SAM. The structures of the monomers which make up the wall of the capsules are

shown in Figure 3. 12 along with a representative sample of the structure of the wall.
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The shape of the force titration curve is similar for all three types of capsules with larger

adhesion observed between microcapsule and substrate at low pH compared to high pH.

(a) NCO

@-CH
NCO

NCO

OCN

polymethylene-polyphenyl isocyanate
(PMPPI)

toluene diisocyanate
(TOI)

(b) o
II

N-C-N
I I
H H

H H
I I

~~-N-C-N

II
o

Figure 3.12 (a) Monomers used in the polyfunctional isocyanate microcapsule system (b)
Representative portion of microcapsule wall structure .

The adhesion observed between the unmodified microcapsule wall and the OH-

terminated SAM is due to the fact that there are hydrogen bonding groups exposed on

the surface of the polymer wall which are capable of interact ing with the OH functional

groups which terminate the SAM. The fact that for each of the capsules, enhanced

adhesion is observed at low pH suggests that at low pH the cross linking within the

microcapsule starts to break up leading to an increased number of hydrogen bonding

groups which are exposed to the SAM which would lead to greater adhesion.

The difference in the magnitude of the adhesive force between modified and

non-modified microcapsules could be due to the presence of ethylene oxide and

propylene oxide groups in the modifier molecules , hydrogen bonding with OH groups

terminating the SAM. Multiple interactions cause the microcapsule to adhere to the

surface past the initial point of contact ; the adhesive force recorded and shown here

represent s the breaking of multiple interactions as the microcapsule is pulled off the

SAM.
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The gradient of the force titration curves obtained for the three systems studied

varies as well. A much sharper increase in adhesive force measured is observed with the

sulfonate modified microcapsule at approximately pH 5 whereas with the other two

microcapsules, a gradual increase in adhesion is observed as the curve runs from high to

low pH.

This sharp increase in adhesion at low pH could be due to partial protonation of

the sulfonate group terminating the modifier molecule. The difference in the acid-base

behaviour of functional groups incorporated on a surface compared to that of the same

functional group on a molecule in solution is a key feature of the surface chemistry of

hydrogen bonding. A factor which needs to be taken into account is the fact that the

solution pH (measured here) and the surface pH are not the same as the surface pH is

shifted relative to the bulk value by the presence of surface potentiae9
,3o. Generally this

shift is small less than 0.5 pH units. This does mean however, that the solution pH at

which exactly half the surface groups are ionised, pK1/2, does not represent the surface

It should also be taken into account that the surface pKa should be expected to

shift relative to the solution phase. The limited ability of the solvent to shield charge

species at the interface compared to solution and in-plane hydrogen bonding between

molecules on the surface should both increase the difficulty in ionising surface bound

species". This would lead to an upward shift in the surface pKa value relative to the

solution phase for acidic groups and a downward shift for basic groups.

From this force titration data, a surface pKl/2 of the microcapsule can be

estimated (at the pH of the sharp increase in adhesion) as ~ 4. This result is much higher

than for a sulfonate group attached to a freely dissolving species. Here the pKa is 1.5
29.

However, it has been shown that the pKI/2 of a sulfonate group attached to a surface is
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higher than when free in solution". In this study the chemical force titration method

was used to determine the surface pK1/2 of sulfonic acid modified

poly(dimethylsiloxane). This study indicated a pK1/2 value of 3.0 ± 0.5. However, the

result seen here is still higher than expected for a surface group. This could be due to the

fact that the modifier molecule could bond to the wall of the microcapsule via either one

of the two NH x group in the structure (see Figure 3.8(a)). This would expose not just the

sulfonate group to the SAM but an NH2 group which may cause the surface pKa to

increase further than expected.

Figure 3.13 shows the variation in the size of the 'jump to contact' portion of the

force-distance curves measured for the sulfonate and alkyl modified microcapsules to

the OH-terminated SAM. A similar trend to the force titration curves recorded for the

adhesive forces is observed here with a general increase in the size of the force observed

from high to low pH. The shapes of these curves are also similar with the alkyl modified

microcapsule system having a gentle slope over the pH range studied whereas the

sulfonate modified microcapsule shows a sharp increase in the size of this force at

approximately pH 5 once again suggesting that the sulfonate group on the microcapsule

becomes partially protonated, interacting with the OH groups of the SAM.
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Figure 3.13 Force titration showing 'jump to contact' forces obse rved in adhes ion
measurements normalised with respect to the radius of microcapsule to an OH-terminated
SAM for an alkyl (.) and a sulfonate (.).
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The adhesion characteristics of the cationic modified microcapsule to an OH-

terminated SAM, compared to an unmodified microcapsule (Figure 3.14), are similar

(the functional groups exposed to one another in these measurements are shown in 3.8

(d)) . The increase in adhesion from high to low pH is once again seen for these

microcapsules providing further evidence for the disruption of the cross linking within

the polymer wall at low pH. However, the anionic modified microcapsule exhibited

virtually no adhesion over the entire pH range studied. This could be due to in-plane

hydrogen bonding between the sulfonate groups of the modifier molecules effectively

shielding the wall of the microcapsule from the SAM. The forces seen in all of these

experiments are significantly smaller (0-3 nN) than those observed for the sulfonate and

alkyl modified microcapsules to the OH-terminated SAM (1-10 nN) and this is due to

the absence of ethylene and propylene oxide groups enhancing the hydrogen bonding

capabilities of the microcapsule wall with the SAM.

3 --.-------- - - - - - - - - - - - - - - - - - - -----.

2

E
::t--Z
c

0:::--LL

o

o 2

..L

•
4 6

pH

8 10 12

Figure 3.14 Force titration showing adhesion forces normalised with respect to the radius of
microcapsule to an OH-terminated SAM for a cationic (e), anionic (. ) and an unmodified (+)
microcapsule.
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3.3.5 Force measurements between functionalised microcapsules and SAMs of

d iffering functionality

Figure 3.15 shows a comparison of the adhesive forces observed between the

sulfonate (a) and alkyl (b) modified microcapsules to an OH-terminated SAM (.) and a

CH3 terminated SAM (.) as a function of pH. For both the alkyl and sulfonate modified

microcapsules, there is a large difference observed in the magnitude of the adhesive

force measured between the two substrates with a much larger adhesive force recorded

to the OH-terminated SAM then the Cl-Ij-terminated SAM.
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Figure 3.15 (a) Force titration showing adhes ion forces normalised with respect to the radius of
a sulfonate modified microcapsule to an OH-term inated SAM (.) and a CH3 terminated SAM (e).
(b) Force titration showing adhesion forces normalised with respect to the radius of an alkyl
modified microcapsule to an OH-terminated SAM (.) and a CH3 terminated SAM (e).

These results provide further evidence that the increased adhesion observed

between these sulfonate and alkyl modified microcapsules to the OH-terminated SAM

is due to the hydrogen bonding of the ethylene and propylene oxide groups in the

modifier molecules. The CH3 terminated SAM is hydrophobic so little, if any,

interaction between the hydrophilic groups in the modifier molecules and the SAM is

expected.

In orde r to simulate the surface of a leaf: a mixed monolayer was forme d from a

so lution consisting of 70:30 Cl-l j: COOH-terminated alkyl thio ls. Acco rding to XPS

studies by Bain and Whitesides
5
.
6

an ethanolic bathing solution containing this
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proportion of alkyl thiols should give a surface coverage of approximately 15% COOH

terminated alkyl thiol and 85% CH3 terminated alkyl thiol. This mainly hydrophobic

surface represents the actual proportion of hydrophilic/hydrophobic sites on the surface

of a leaf cuticle", the ultimate substrate of interest.

Comparing force titration data for the adhesion of, for example, the alkyl and

sulfonate modified microcapsules to a mixed SAM and a CH3 terminated SAM as

shown in Figure 3.16, it is apparent that there is very little difference, within error, in

the adhesive force measured between the two surfaces . For both types of capsule, if an

enhanced adhesion was observed between the mixed SAM and the capsules, this may

suggest a greater proportion of hydrophilic sites present on the monolayer capable of

hydrogen bonding with the propylene and ethylene oxide groups present in the modifier

molecules of the microcapsules. As it is, an enhanced adhesion was not observed

suggesting that, as expected, the SAM is predominantly hydrophobic.

(a) (b) 3
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Figure 3.16 (a) Force titration showing adhesion forces for a sulfonate modified microcapsule
to an CH3-term inated SAM (.) and a mixed 70:30 CH3:COOH terminated SAM (.). (b) Force
titration showing adhesion forces for an alkyl modified microcapsule to an CHTterminated
SAM (.) and a mixed 70:30 CH3:COOH terminated SAM (.).

There is some debate in the literature over the existence of phase separation in

mixed SA Ms3.6.33-35. It has been suggested that should phase separation occur. the
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macroscopic, single component domains of the two components of the monolayer will

occur as islands which are a few tens of angstroms across in size". Due to the size of the

microcapsule used in these measurements (r > 8 urn) the area of the capsule which is in

contact with the surface during force measurements is much greater than a few tens of

angstroms. This means that the capsule will not be able to detect specifically regions of

homogeneous hydrophobicity or hydrophilicity.

Adhesion measurements were made to various sites on the surface of the SAM

and at each pH studied; the adhesion observed remained constant within error. This

indicates that there are no large areas of hydrophilic sites present on the surface of the

SAM and for the purpose of these studies; the functionality of the surface is largely

heterogeneous. Examples of force curves measured at different sites on the SAM are

shown in Figure 3.17.

(a)

110nN/IJm

100 nm

(b)

100 nm

Figure 3.17 Examples of force distance curves for (a) a sUlfo~ate modified mi~rocaps~le and
(b) an alkyl modified microcapsule to a 70:30 CH3 : COOH mixed SAM at 3 different sites on
the surface of the SAM.
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3.3.6 Force measurements between functionalised microcapsules and a leaf cuticle

Force measurements were made between the alkyl, sulfonate, cationic and

unmodified microcapsules to a leaf cuticle which had been extracted from a leaf of the

Prunus laurocerasus as detailed in section 2.2.2. Details of the force titration behaviour

for each of these capsules are shown in Figure 3.18.

The most noticeable observation from these sets of data is that the forces

observed in these measurements are extremely small < 1 nN/~m. There is far more

irregularity with the distribution of the magnitude of forces measured over the pH range

studied for the cuticle compared to the measurements made to the SAMs which have

more uniform surface topography and functionality. There is still enhanced adhesion

observed for the alkyl and sulfonate modified microcapsules relative to the cationic and

blank modified microcapsules but this enhanced adhesion is distributed over the entire

pH range studied, perhaps increasing slightly at low pH in the case of the alkyl and

sulfonate modified microcapsule.
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Figure 3.18 Force titration showing adhesion forces normalised with respect to the

radius of microcapsule to a cuticle of the Prunus laurocerasus leaf for an alkyl (e),

sulfonate (_) cation ic(+) and an unmodified ( "') microcapsule.
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The reason for the irregularity in the force measurements between the

microcapsules and the leaf cuticle is the inhomogeneity of the functionality of the

surface of the leaf. It appears that there are areas of hydrophil ic sites interdispersed

between the large hydrophobic domains. Figure 3.19 shows examples of force curves

measured between an alkyl modified microcapsule and the leaf cuticle. All

measurements were carried out at the same pH but at different areas on the surface of

the leaf cuticle.

(a) (b)

110 nN/~m

100 nm

(c)
(d)

Figure 3.19 Examples of force distance curves of an alky l modified microcapsule to a leaf
cuticle all measured at the same pH at 4 different locat ions on the cuticle surface .

It is apparent from these measurements that there are areas of hydrophobicity

and hydrophilicity on the leaf surface. The hydrophilic sites cause the ethylene and

propylene oxide groups within the modifier molecules on the alkyl and sulfonate

modified microcapsules to hydrogen bond with the leaf leading to the enhanced

adhesion observed in Figure 3.19 (a) and (d). These areas of enhanced adhesion were
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not observed for the cationic and blank microcapsules which do not have hydrogen

bonding groups present on the surface of their polymeric walls. The adhesion forces

measured between these capsules and the leaf cuticle were extremely small <0.4 nN/~m .

There is good agreement however between the magnitude of the average force

measured between the microcapsule and the leaf and the mixed SAM. Figure 3.20

shows a comparison of force titrations measured for the alkyl and sulfonate capsules to

the leaf and the mixed SAM.
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Figure 3.20 (a) Force titration showing adhesion forces normalised with respect to the
radius of a sulfonate modified microcapsule to a leaf cuticle (.) and a mixed 70:30
CH3:COOH terminated SAM (e). (b) Force titration showing adhesion forces normalised
with respect to the radius of an alkyl modified microcapsule to a leaf cuticle (.) and a
mixed 70:30 CH3:COOH terminated SAM (e).

These graphs demonstrate the agreement between the magnitudes of forces

measured . The forces measured to the SAM are much less irregular than to the cuticle

and thi s is due to the dispersion of hydrophilic alkyl thiol groups over the whole surface

of the SAM not separated into domains as appears to be apparent for the surface of the

leaf cuticle.

3.4 Conclusions

AF M has been used for the first time to investigate the adhes ion prope rties of

functionalised po lymeric microcapsules. It has been shown that microcapsules hose
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surfaces have been modified with molecules containing ethylene and propylene oxide

functional groups experience increased adhesion to an OH-terminated SAM. Factors

affecting the shape of the pull-off force in the force-distance curves for all

microcapsules studied include the surface topography of the capsule and its elasticity.

The surface pKl/2 of the sulfonate modified microcapsule was estimated to be ca.

4. This value is higher than expected due to the variety of functional groups exposed to

the surface in these adhesion measurements.

The microcapsules whose surfaces were modified with molecules not containing

ethylene or propylene oxide groups exhibited similar adhesion to the Oll-terminated

SAM as the unmodified capsule. Further evidence was gained towards the theory that

hydrogen bonding was occurring between the 0 H-terminated SAM and the ethylene

and propylene oxide groups when adhesion measurements were made using the same

capsules to a Cl-lj-terminated SAM. In this case only a small adhesive force was

observed over the pH range studied.

Measurements were made to a mixed monolayer composed from a solution of

70:30 Cl-lj-terminated: COOH-tenninated thiols and it was found that similar adhesion

was observed on this monolayer to that of a pure CH3 terminated monolayer. No sites of

enhanced adhesion due to interaction with hydrophilic groups were recorded.

The adhesion of microcapsules to a leaf surface was investigated and it was

found that there were large sites of increased hydrophilicity on the leaf surface, capable

of being detected by the 1arge surface area of contact the microcapsule had with the

substrate. Areas of minimal adhesion and enhanced adhesion were observed at the same

pH but 0 n different a reas of t he leaf. The a verage adhesion 0 bserved over the areas

studied compared favourably with the adhesion measured to the mixed monolayer.
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Chapter 4

Investigations into the release of pesticide from microcapsules under

solution

This chapter investigates the release properties of polymeric microcapsules into

solution using confocal laser scanning microscopy. It includes details of preliminary

studies which were carried out to find the optimum species to use inside the

microcapsule and the solution into which the species should be released. The release

characteristics of six varieties of microcapsule differing in the wall thickness and cross

linking density were investigated and from the release profiles, the product of the mass

transfer and solubility coefficients of species across the wall were obtained.

4.1 Introduction

The main application of microcapsules is for the controlled delivery of species

to a specific site. An important factor in controlled delivery is the release rate of the

active ingredient from the centre of the microcapsule, across the polymeric wall to the

site of interest. The predominant factor affecting the release rate of active ingredient is

the permeability of the microcapsule wall. The permeability of the wall is controlled by

the thickness and cross linking density of the wall, which influences the ability of the

active ingredient to diffuse across it.

There has been considerable research into the release of active ingredient from

microcapsules and a number of techniques have been used to measure release rates.

Common techniques used to measure the release of active from capsules include UV

spectroscopi-5
, HPLC6

,7 and gas chromatography'', which analyse the concentration of

active species present in the elute over time. All of these techniques look at the bulk

release from microcapsules, whereas the studies in this chapter are concerned with the

release at the single capsule level.
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Mohwald et al have recently used CLSM to investigate the permeation

properties of the walls of polyelectrolyte rnicrocapsulesf'". CLSM has been used to

examme the permeation of fluorescent macromolecules into polyelectrolyte

microcapsules, by monitoring the percentage of microcapsules which were filled with

the dye over time, for different electrolyte concentrations10. A further study, mentioned

previously", used F RAP technique, in which lasers 0 n the confocal microscope were

used to photo-bleach inside the capsule, and the fluorescence recovery within the

capsule was subsequently monitored over time, to determine the permeability of the

capsule wall.

The diffusion of species out of, and away from, a spherical object has been

modelled on numerous occasions. A general solution for the diffusion from a hollow

sphere with both inner and outer surface maintained at a constant concentration has

been presented by Carslaw and Jaegar!'. Special cases have been considered by Barrer12

who also suggested some practical systems to which the solutions could be applied.

Crank presents well-known expressions for the diffusion in a sphere':'.

A study by Dappert and Thies presented work on the rationale and theory of

statistical models for controlled release microcapsules, taking into account the fact that

microcapsules have walls of arbitrary geometry 14. This study modelled the kinetics of

release of material by a single microcapsule and the model has been incorporated into a

statistical model for the kinetics of release from populations of microcapsules.

Zhou and Wu have applied the finite element method (FEM) to problems of

diffusion-controlled drug release from complex matrix systems including spherical

objects15
-17. They have also used the method to investigate the effect of interparticulate

interactions on release kinetics of rnicrospheres'". More recent studies have probed the

kinetics of dispersed drug release at a more complex level, using FEM once more19
-
21

.
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4.2 Theory

The theory behind the estimation of the release rate of an acti ve ingredient from

a microcapsule across a pol ymer wall uses parameters which are represented

schematically in Figure 4.1.

Core of sphere

Inner wall of capsule

Outer wall of capsule

Figure 4.1 Schematic representation of the parameters described in equation 4.1 .

Assuming that diffusion outside and inside the capsule is fast and that release is

limited only by diffusion across the capsule wall and that a is approximately equal to b

the release rate equation for the release of pesticide through molecular diffusion through

the microcapsule wall is given in Equation 4.1 22
,

dM (4JrGb)P(C - C., )-- = release rate = 1 _m b - a
4.1

whereM is the amount (mol) within the capsule, 4JrGb is the surface area of the

sphere, C I-C2 is the concentration difference across the polymer wall, b-a is the

thickness of the microcapsul e wall. P is the permeability of the microcapsule, which is

the product DK, where D is the di ffusion coefficient of species wit hin the microcapsule

wa ll and K is the solubility coefficient, referring to the solubility of the acti e species in

the ca psule wall wi th respect to the intern al compartment. This eq uation shows that the
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release rate of material from the microcapsule is directly proportional to the surface

area, permeability and concentration difference across the wall and is inversely

proportional to the wall thickness.

Assuming that the concentration outside of the capsule (C2) is zero, integrating

equation 4.1 gives equation 4.2:

4.2

The concentration change within the capsule can be determined from this

equation taking into account the volume of a sphere (Equation 4.3).

3Pt
=

(b - a)a
4.3

where Co is the initial concentration of species within the microcapsule and C is

the concentration at time t.

For this particular problem the concentration of active present within the capsule

at any time is assumed equal to, and is measured by the intensity of fluorescence

exhibited within the capsule i.e. concentration is proportional to intensity. Therefore,

3Pt
=

(b -a)a
4.4

I -I
Release measurements in this chapter are presented in plot of 0 { against

I{

. d' f 3Ptime, t. A plot of this type WIll have a gra lent 0 ---
(b - a)a

The mass transfer coefficient of the active ingredient can be estimated according

to equation 4.5:

k=~
{ b-a
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By substituting this term into equation 4.4, the mass transfer coefficient of species

across the microcapsule membrane can be calculated from the gradient of these plots.

. th d' t f 1 f 10 - It . . '11 b 'sk.KI.e. e gra len 0 a p ot 0 agamst time WI e--
It a

4.3 Experimental

All polyurea microcapsules used in these experiments were prepared at Syngenta

(Jealott's Hill, Bracknell) using interfacial condensation microencapsulation of the

monomers polymethylene-polyphenylisocyanate (PMPPI) and toluene diisocyanate

(TDI) (for details see section 1.1.2). Microcapsules studied contained either the dye Nile

Red or the pesticide lambda cyhalothrin suspended in the organic solvent Solvesso®

100. Properties of microcapsules were observed using a confocal laser scanning

microscope (LSM 510, Axioplan 2, Carl Zeiss, Jena, Germany).

To investigate microcapsules containing the dye Nile Red, a droplet of solution

containing the capsules suspended in deionised water was placed on a glass slide and

allowed to dry. CLSM images (512 x 512 pixels, 8 bit pixel depth) were acquired using

an objective lens (Zeiss, Epiplan Neofluar 50x! 0.80 NA W) with a lOx tube lens. To

observe the Nile Red dye within the capsules, a helium/neon laser was used (Iv = 543

nm) in conjunction with a long pass filter (Iv = 505 nm).

The wall thickness and cross linking density of the polymeric wall of the lambda

cyhalothrin filled capsules were varied. 6 sets of microcapsules were prepared whose

properties are outlined in Table 4.1. Further details of microcapsule composition can be

found in section 2.3.2.2.
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Table 4.1 Details of properties of microcapsules used in release into solution experiments.

0/0 monomers in
Microcapsule Ratio of monomers PMPPI:TDI

original organic phase

1 10% 1:1

2 10% 1:10

3 10% 1:20

4 15% 1:1

5 15% 1:10

6 15% 1:20

A droplet of solution containing microcapsules suspended in deionised water

was left to dry overnight on a thin layer of araldite on the bottom of a petri dish. The

petri dish was then placed on the stage of the confocal microscope and filled with 25

em:' of an ethanol/water solution. All CLSM images (512 x 512,8 bit pixel depth) were

obtained with a water immersion objective lens (Zeiss Achroplan 20x/O.50 W) with a 10

x tube lens which was dipped into the ethanolic solution and focused on the

microcapsules. See Figure 4.2 for experimental set-up for release measurements.

Dipping lens

25 ern"
solution

etri dish
Araldite Microcapsule

Figure 4.2 Experimental set up for studying the release of active ingredient from
microcapsule into solution .
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To observe the autofluorescence of the lambda cyhalothrin within the

microcapsules a multi-track laser configuration was used. An argon laser (A = 488 nm)

was used in conjunction with a long pass filter (A = 560 nm) and simultaneously, a

helium/neon laser (A = 543 nm) was used in conjunction with a band pass filter (A =

505-530 nm) in order to achieve the maximum fluorescence signal possible.

Black level (background offset) was adjusted to eliminate autofluorescence from

the background solution. To achieve the optimum compromise between resolution and

image intensity, the confocal aperture was set to give an optical slice of 9.2 urn. A scan

in the x-y plane was taken through the centre of the microcapsule as soon as possible

after the addition of solution and a scan was recorded every minute until the

fluorescence within the capsule had completely diminished.

Images were processed using the LSM Image Browser software (Zeiss).

Average pixel intensities were calculate over the area corresponding to single

microcapsules (typically 60 x 60 pixels) using Paint Shop Pro software (Jasc Software).

4.4 Results and Discussion

4.4.1 Preliminary studies

The morphology of microcapsules was investigated using confocal microscopy

to study microcapsules encapsulating the dye Nile Red. This dye was used as it

spectroscopic properties have been fully c haracterisedr' a nd functional groups which

may have reacted into the wall of the microcapsule were absent from the dye's

molecular structure. This meant that the dye could be encapsulated successfully. 3D

projections of these Nile Red microcapsules built up from x-y slices taken through the

capsules every I urn are shown in Figure 4.3.
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Figure 4.3 3D projection images of polyurea microcapsules filled with the dye Nile Red.

It is apparent from these images that the surface topography of the

microcapsules encapsulating Nile Red is even more dimpled and pitted compared to the

surface of the capsules containing the pesticide lambda cyhalothrin (see Figure 3.7 ).

This irregularity in the surface topography is due to the non -ideal nature of the dye

which has been encapsulated. This type of polyurea microcapsule has been designed

and deve loped to contain a pyrethroid insecticide in its oily co re. It is thu s not

unexpected that the use of other compounds would have an effect on the formation and

morphology of the microcapsule wall.

Whi lst imaging in a plane bisecting the centre of the se microcapsules. it was

apparent that the N ile Red within the capsules experienced photo bleaching, with the

intensity of the fluorescent signal diminishing rapidly over time as shown in Figure 4.4.

Images we re recorded every half hour for two and a half hours. As there is a ve ry sma ll.

finite amount of dye within the capsule. the fluorescent signa l was unabl e to recover

over time.

These two factors. the photobl eaching effec t and the irregul arity of the surface

topography o f the ca psules. led to the dec isio n not to use ile Red microcapsule to

investiuare the permeability propert ies of the microcapsul e wa ll.
'--
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Figure 4.4 Slice through the centre of a group of microcapsules conta ining the dye Nile Red at
(a) 0 min, (b) 30 min, (c) 60 min, (d) 90 min (e) 120 min (f) 180 min.

Preliminary CLSM studies of capsules containing the pesticide lambda

cy ha lothr in showed that a substance within the capsule co uld be excited with in the

waveleng ths of the lasers available.

In orde r to investi gate whe ther or not the so lvent within the capsule was the

orig in of thi s fluorescence, ca psules with ide nt ical wall composition containing just the

so lve nt w ith no pesticide were imaged . It was found that removing the pesticide

diminished the observed tluorescence within the capsule considerably. An example of

thi s is shown in Figure 4.5 wh ich shows an x-y sl ice taken through the centre of a

ca psule fill ed w ith lambda cy ha lothr in d issolved in so lve nt and a capsule which

co nta ined just the so lve nt. The setti ngs for the co nfocal microscope. the gains and

pinho les used. were identica l for the imaging of bo th capsules. as wa s the compositi on

of the m icrocapsul e wall.
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Figure 4.5 Slices through the centre of polyurea microcapsules conta ining (a) the pesticide
lambda cyhalothrin and the solvent Solvesso and (b) the solvent Solvesso alone.

4.4.2 Release studies into ethanolic solution.

The capsules studied in thi s project are designed so as not to release their oil y

core into the aq ueous so lution in whic h they are stored . The mechanism of release is

suc h that w he n the water fro m the sp ray droplet has evaporated after application, the

ca ps ules co ntro lled release mechani sm is triggered . The release of active ingredient can

be enco uraged if the ca psule is in co ntac t with a 'sink' site such as a waxy surface or an

ethano lic so lut ion. In orde r to study the release properties of microcapsu les on a

reasonabl e time scale, the release into ethanolic solutions of various ethanol: water

mi xes was investi gated.

Figure 4. 6 shows an example of how the release of pesticide wa s monitored as a

func tion of light intens ity within the capsule with time . This was done by taking an .v-v

fram e throu gh the ce ntre of the microcapsul e and record ing the average light intensity

within s ing le capsules over time. Each x-y frame wa s taken in 1.94 seco nds. This

approach is reason able because diffusion of the pesticide w ithin the wall is ex pec ted to

be rate limit ing: the diffusion coefficient in the o ilv core and externa l so lution i much
. ~ -

higher.
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Figure 4.6 Series of images taken through the centre of a lambda cyhalothrin filled
microcapsule showing the release of the pesticide over time. The time scale between each
image was 2 minutes with the first being taken at a minutes.

Using this methodo logy, the release properties of individual microcapsules with

a 100/0 wall and 1: 10 cross linking density were measured into solutions with differing

ethanol: water compositions. Figure 4.7 demonstrates the release curves of lambda

cyhalothrin into 25:75. 75:25 ethanol: water solutions and into 1000/0 water. The change

in tluoresce nce within the capsule, (10-1)/11. is plotted against time in order to obtain the

product of the mass transfer and solubility coefficients of the pesticide as described in

. 4 ;sect io n I . _ .

4.4 .2.1 Co ncentration of ethanolic solution used

The properties of the wall of the microcapsule used in this study to explore the

most effective proportion of ethanol in the release solution were such that it was one of

the weaker walls studied. These results demonstrated that a 75: 25 ethanol: water

so lution was optimal for these measurements. as the entire release profile of this weak
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wa lled capsule could be recorded over ~ 10 minutes. The 75:25 ethanol: water solution

provided the fastest release of active from the microcapsule as it was the most organic

of the solutions studied and would therefore encourage the active ingredient, which is

dissolved in an organic solvent, to cross the microcapsule wall into solution.

1.0

0.8

1000800400 600

Time (s)

200

t,:'
·•.•!ff!..,:: ,.•..•.•.

o
0.0

0.2

Io
--- 0.4

...: 0.6

..-..........

Figure 4.7 Plots of (Io-I,}/I, vs time showing the release of lambda cyhalothrin from capsules
with 10% wall, 1:10 crosslinking density. Measurements were taken in solutions of differing
ethanol :water concentrations; • 100% water, • 25:75 EtOH:Water, • 75:25 EtOH:Water.

Capsules with a stronger wall were expected to take longer to release, so the

solution which allowed the observation of the full release profile of the weaker walled

capsule in the fastest time possible would be the best solution to use as this would be the

solution which would encourage the capsules with the stronger walls to release.

These preliminary studies also demonstrated that very little photobleaching is

occurring within the capsules studied. The release profil e shown in Figure 4.6 for the

release of active into a solution containing only water showed very little decrease in

fluorescence over the time period studied. This result is as expected as the oily core or

the capsule is not likely to release into a purely aqueous solution. The minimal decrease
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in fluorescence observed in this result is a good indication that no photobleaching has

occurred.

4.4.2.2 Investigation of the effect of wall thickness and cross linking density on the

permeability of microcapsules

Within this study the effect of the thickness of the microcapsule wall on the

release rate of active ingredient from the capsule was investigated. The thickness of the

wall is controlled by the percentage of monomers present in the oil phase at the

beginning of the synthesis of the capsules. The two systems investigated in these studies

had either 10% or 15% of monomers making up the oil phase at the start of synthesis.

The greater the percentage of monomers present, the thicker the microcapsule wall.

Equation 4.1 shows the relationship between release rate and wall thickness, indicating

that the release of active ingredient from the microcapsule is inversely proportional to

the thickness of the wall.

The other factor i nvestigated in t his study w as the effect of t he cross I inking

density of the polyurea wall of the microcapsule on its release rate. In the case of the

microcapsules studied, the polymeric wall is formed via the interfacial polymerisation

of the isocyanate monomers PMPPI and TDI. The cross linking density of the

microcapsule wall can be varied by changing the ratio of these two monomers in the oil

phase of the original reaction mixture.

In this study the r atio of t he monomers investigated were 1 :1, 1:10 and 1 :20

PMPPI: TDI. The higher the ratio, the more cross linking within the wall of the capsule.

This might be expected to lower the diffusion coefficient of the species across the wall,

i.e. to lower the permeability. According to equation 4.1 the release rate of active
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ingredient out of the microcapsule and away is directly proportional to the permeability

of the microcapsule.

Figures 4.8 and 4.9 show the typical experimental data for the release of lambda

cyhalothrin from the 6 sets of microcapsules described in section 4.2 into a 75:25

ethanol: water solution. The plots show the average intensity of the fluorescence

observed within the capsules normalised with respect to the initial intensity observed

i.e. (Io-It)!It recorded over time. A measurement was taken every minute and the

intensity ratio recorded is that for four different capsules to obtain the mean intensity

value and standard deviation.

The plots in Figure 4.8 and 4.9 demonstrate that the release profile changes as

the properties of the microcapsule wall are altered. As the capsule wall becomes thicker

and denser, a lag time appears at the start of the release profiles. This lag time, which

increases as the capsule wall becomes thicker, is a culmination of two factors which are

directly related: the time taken for the wall of the microcapsule to adjust to its ethanolic

environment and the time required for the pesticide to establish a pathway from the oily

core to the exterior of the microcapsule wall for eventual release.

As the wall of the capsule becomes thicker and denser, as a consequence of the

increased cross linking between monomers, a more prominent lag time is observed. This

is particularly evident in the release profiles for the stronger walled capsules, i.e. the

15% 1:1 and 15% 1:10 samples, shown in Figure 4.9 (c) and (b). In the weaker walled

capsules, i.e. the 100/0 1:20 and 10% 1:10 samples, this lag time is absent from the

release profiles as the time taken for the wall to adjust to its new environment and for

the pesticide to diffuse across the wall is so rapid that this period is missed in the time to

make the initial measurement.
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Figure 4.8 Gra phs detailing the release of lambda cyhalothrin from capsules measured as the average
light intensity within the capsules normalised with respect to the initial intens ity aga inst time.
Measurements were taken in 75:25 EtOH:Water and the capsules used were 10% wall with (a) • 1:20
crosslink ing, (b). 1:10 crosslinking , (c) • 1:1 crossl inking.
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Figure 4.9 Graphs detailing the release of lambda cyhalothrin from capsu les measured as the average
light intensity within the capsules normal ised with respect to the initial intensity against time.
Measurements were taken in 75:25 EtOH:Water and the capsu les used were 15% wall with (a) • 1:20
crosslinking , (b) . 1:10 crossl inking, (c) • 1:1 cross linking;
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The other factor that is obvious from these plots is that as the wall thickness/

cross linking density increases, the time taken for the complete release of pesticide from

the microcapsule increases considerably. The 'weakest' walled capsule releases its total

pesticide content in 1,300 seconds. In contrast, the period of release for the capsule with

supposedly the strongest wall is an order of magnitude longer, ~ 10,000 seconds.

Figure 4.10 demonstrates the effect that varying the cross linking density of the

microcapsule wall has on the release profile of active ingredient out of the

microcapsule.
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Figure 4.10 Graphs detailing the release of lambda cyhalothrin from capsules measured as the
average light intensity within the capsules normalised with respect to the initial intensity against
time. (a)10% wall with . 1:20 cross linkinq ,e 1:10 cross linkinq .e 1:1 cross linking; (b) 15% wall
with . 1:20 cross link inq,» 1:10 cross linking, • 1:1 cross linking.
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These plots illustrate that changing the cross linking density of the microcapsule

wall has a significant effect on the release profile of the capsule. The greatest effect is

seen when comparing the 1:20 and 1:10 cross linking density ratios. For both wall

thicknesses, 100/0 and 150/0, the time lag does not appear in the 1:20 cross linking wall

profi le but at 1:10 cross linking ratio , a time lag is clearl y visible especially for the 15%

wall where it is seen to be ~ 3000 seconds.

The shape and position of the 1:10 and 1:1 release profiles for each of the wall

thicknesses are more similar. with the 1:1 having a slightly longer lag time as expected

and an increase in the time taken for full release to occur.

107



Chapter 4

Figure 4.11 shows the same data sets presented to show the effects of changing

the thickness of the microcapsule wall on the release profiles of the pesticide from the

microcapsules. A more pronounced effect is observed for changing the wall thickness

than for changing the cross linking density of the wall with a much longer release time

observed for the 15% wall then the 100/0 wall at all cross linking density ratios studied.
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Figure 4.11 Graphs detailing the release of lambda cyhalothrin from capsules investigating the
effect of changing the wall thickness on the release profile. (a) 1:20 cross linking with . 10% wall.e
15% wall; (b) 1:10 cross linking with . 10% wall , • 15% wall and (c) 1:1 cross linking with . 10%
wall.e 15% wall.

4.4.2.3 Calculation of the product of the mass transfer coefficient of lambda

cyhalothrin across the microcapsule wall and the solubility coefficients of th e

pesticide in the polymer wall.

The product of the mass transfer and solubility coeffic ients of lambda

cyhalothrin across the wall of the microcapsule can be determined from these release

profi les for all 6 sets of microcapsule studied. Section 4.2 describes the theor: behind
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the fact that a plot of norma lised intensity, 10
- I{ against time, I , will have a gradient
I t

of 3ktK h k ' hw ere I IS t e mass transfer coefficient of lambda cyhalothrin across the
a

microcapsule wall, K is the solubility coefficient referring to the solubility of the active

species in the microcapsule wall and a is the average external radius of the microcapsule

which is determin ed experimentally by confocal imaging.

From the release profiles obtained in section 4.4.2.2, k.K can be estimated from

the steep part of the release curve. An example of this is shown in Figure 4.12 which

shows the steep part of the release curve for the capsule with 10% wall thickness and

1: 1 cross linking ratio of monomers.
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Figure 4.12 Cropped release profile for microcapsule with 10% wall and 1:1 crosslinking

density ratio.

The gradients of the release curves for all of the microcapsules in the study were

determined in this manner and the average radius of microcapsule studied for each set of

capsules was measured from the confocal images. From this data, the k.K could be

calculated. A summary of these findings are shown in Table 4.2.
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Table 4.2 Prod uct of mass transfer and solubility coefficients of microcapsules with differing wall

properties .

Microcapsule Wall thickness
Ratio of monomers

krK
IPMPPI :TDI

1 10% 1:1 9.1 x 10-8 ± 5x10" O

2 10% 1:10 1.1 x 10-7± 5x1o"

3 10% 1:20 3.7 x 10-7± 5x10·g

4 15% 1:1 3.7 x 1Q -8± 5x10" O

5 15% 1:10 3.0 x 1Q-8± 5x10" O

6 15% 1:20 1.9 x 10-7± 5x10·
g

The value obtained here is the product of the mass transfer coefficient and the

solubility coefficient of species into and across the microcapsule wall. A trend is

observed showing that the product of the se coefficient s decreases as the thickness and

cross linking density of the microcapsule wall increases. Thi s is as expec ted due to the

fact that it is harder for the pesticide to move through the microcap sule wall and away

from the microcapsule.

The main observation from this data is that there is very little difference betw een

the coefficients recorded for the 1:1 and 1:10 cross linking density ratios for both the

10% and 15% wall but there is a huge differenc e observed between the capsules with

the 1:20 ratio a nd the 0 ther t wo sets 0 f capsules w ith t he same wall thickness. This

could be due to the fact that lambda cyhalothrin may have increased solubility in the

1:20 wall leading to an increase in the value observed here . The 1:10 and 1:1 walls may

not have such an affinity for the pesticide which would cause the rate 0 f release to

decrease.

It appears that overall the wall thickn ess of the microcapsule has the more

signi fica nt effect on the product of the mass transfer and so lubility coefficient or
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species across the wall, rather than the cross linking density of the wall. A larger

difference is observed between values measured for capsules with the same cross

linking density but differing wall thickness than values measured for capsules with the

same wall thickness but differing cross linking density. This fact is true over all of the

different ratios of monomers studied.

4.5 Conclusions

The studies 0 utlined in this chapter have shown the development of confocal

microscopy as a technique for the study of the controlled release of polymeric

microcapsules into an aqueous-ethanolic solution. It has been shown that the technique

can be used to record the release profiles of the pesticide from the capsule. The products

of the mass transfer coefficients 0 f t he pesticide through the polymeric wall and the

solubility coefficient of the pesticide in the polymer wall, k.K, have been estimated from

these profiles.

The technique has been able to identify the release characteristics of

microcapsules with differing thickness and cross linking density of their polymeric

walls. The release profiles demonstrated that the thicker, denser-walled microcapsules

took longer to release the pesticide lambda cyhalothrin encapsulated inside the polymer

wall. The values for k.K obtained were further evidence for this phenomenon, the

thicker, denser walled capsules having much small coefficients associated with their

release profiles.
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The release of pesticide from microcapsules to surfaces in the dry state

The studies in this chapter demonstrate the high resolution imaging capabilities

of the confocal microscope to provide detail on the structure of the leaf of the Prunus

laurocerasus plant and the caterpillars Heliothis virescens and Plutella xylostella. The

release to leaf surfaces from two types of polyurea microcapsules, which have different

release mechanisms, were investigated. It was found that one type of capsule released

upon drying out of solution onto a surface and the other did not. Detailed release studies

were carried out onto model surfaces to provide further evidence for this claim. A

release rate was determined for the capsule that did release in the dry state.

5.1 Introduction

The application of a pesticide treatment to a crop introduces chemicals to the

leaf surface of plants, the cuticle. The cuticle is a hydrophobic lipid structure, typically

0.1-10 urn thick2
,3. It can be divided into five generalised compartments - the

epicuticular wax, the cuticle proper, the cuticle layer, the pectinous layer and the cell

wall. Diffusive movement through these 1ayers is controlled by the properties 0 f t he

compound and the plant, environmental conditions and time.

Confocal laser scanning microscopy has been used previously to image both

leaves and insects'l", which are the substrates of interest in these studies. Three

dimensional images of insect morphology have been constructed using the z-stacking

ability of the confocal microscope along with 3D reconstruction techniques'v'. In these

instances, the autofluorescence of the insect cuticle was used to visualise small complex

structures in insects. These studies demonstrated the fine scale of resolution that this

instrument can achieve.
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Plant cuticles have also been visualised using confocal microscopy't". In one

case", selected isolated fruit and leaf cuticles were studied using the autofluorescence of

phenolics and flavanoids present in the leaf cuticle to build up three-dimensional images

of cuticular membranes. The wax layer of apple has been investigated in order to

demonstrate how CLSM can be used as a technique for non-destructive analysis of

biological specimens'. CLSM was used in this study to monitor the changes in the

structure and thickness of the waxy cuticle during storage of apples.

The permeability properties of the cuticular membrane have been investigated

using techniques other than CLSM8
-
10

. The rates of penetration of alkali metal cations

through isolated pear fruit cuticular membranes were studied as a function of pH using

atomic absorption spectroscopy". Liquid scintillation spectrometry was used to measure

the penetration of radioactive 2-(1-napthyl-)[I- 14C]acetic acid (NAA) from simulated

spray droplets through isolated tomato fruit cuticle9 and t he same approach was also

used to investigate the co-permeability 0 f 3H-Iabelled water and 14C-Iabelled organic

acids across isolated cuticular membranes of various plant species10.

Confocal microscopy has been introduced as a technique which could be used to

study the uptake of pesticides into plant foliage l l
-
13

. In one study, three fluorescent dyes

of contrasting polarities and low molecular weight were selected to represent foliage­

applied pesticides ll . The transcuticular diffusion behaviour, the compartmentation into

epidermal cells and the influence of surfactant on the uptake of these fluorescent

compounds were visualised using CLSM. Differences were found in the rates of

diffusion of the dyes across the cuticle and also in the distribution of the different dyes

into the cell compartments within the leaves.

The release of active ingredient from microcapsules into solution has been

studied extensively as described in Chapter 4. The main use of these microcapsules is
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for the controlled delivery of pesticides to crops and hence insects. In reality the

microcapsules release their active ingredient when in the dry state i.e. once they have

dried down out of solution 0 nto the crop 0 r insect 0 f interest. I t would therefore be

beneficial to study the release rates of these microcapsules in the dry state.

The investigations by Liu et al described above 11-13 have demonstrated that it is

viable to use CLSM as a technique to investigate the uptake of pesticide into plant

foliage. However, in these studies, the pesticide was applied directly to the plant

surface. This chapter details how CLSM has been used to investigate the release of

pesticides from microcapsules onto the leaves of Prunus laurocerasus.

The properties of the cuticle of the Prunus laurocerasus have been studied

extensively1
0,14-1 6. The leaf has an extremely thick waxy cuticle which should encourage

pesticide to release from the microcapsule within a reasonable time span. The

permeation properties of the leaf cuticle have been well documented. 10,16

5.2 Experimental

5.2.1 Leaf, caterpillar and microcapsule selection

The leaves used in these investigations were from the Prunus laurocerasus

plant, also known as the Cherry Laurel, which was cultivated in a garden centre near

Coventry and potted and kept outside. A single leaf was removed from the plant on the

day of the experiment. The end of the cut leaf was kept moist during experiments using

a small quantity of cotton wool soaked in water.

The caterpillars used were supplied by Syngenta (Jealott's Hill Bracknell). They

were stored in the freezer and defrosted prior to use. Two species of caterpillar were

investigated; the Heliothis virescens (tobacco budworm) and the Plutella xylostella

(Diamond Back Moth).
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Three types of microcapsule were used in these investigations. Two of them, the

Nile red and the lambda cyhalothrin capsules have been mentioned previously in

Chapter 4. Both of these capsules were made by the interfacial condensation

polymerisation process using the isocyanate monomers P MPPI and TDI described in

section 1.1.2. The third microcapsule studied was formed by the cross-linking of a

butylated urea-formaldehyde prepolymer with a tetrafunctional thiol (see section 1.1.2).

These capsules contained the pesticide emamectin benzoate, the structure of which is

shown in Figure 2.6.

5.2.2 Confocal microscopy measurements

For the detailed study of the structure of the leaf of the Prunus laurocerasus, a

cork borer was used to cut a circle of diameter 1 em out of the leaf avoiding the veins in

the leaf. The underside of the leaf was attached to a glass slice using a sticky tab and a

cover slip placed on top of the leaf. A drop of immersion oil (Zeiss Immersol" 518F)

was placed on the cover slip and the objective was immersed in the oil and focused on

the surface of the leaf.

An oil-immersion objective was used (Zeiss, Plan-neofluar 40x / 1.3 W) to

record high resolution (1024 x 1024 pixels, 12 bit pixel, averaging 4 times) frames

through the leaf every I J.ll11 in order to build up a detailed z-stack of images through the

leaf. In order to observe the autofluorescence of the leaf, both the helium/neon (543 nm)

and the argon (488 nm) lasers were used in conjunction with long pass 560 nm and band

pass 505-530 nm filters, respectively. A 3D projection of the leaf was built up using the

image manipulation software of the microscope (Zeiss).

To study the characteristics of the caterpillar cuticle, a single caterpillar was

defrosted and placed on a glass slide under the microscope. An objective lens (Zeiss,
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epiplan-neofluar 5Ox/O.80 Vi) was used in air to take a z-stack through the cuticle of the

caterpillar. The slices taken in the z-stack were 1 urn apart (1024 x 1024 pixels, 8 bit

pixel, averaging 4 times). A 3D projection of the caterpillar was built up as for the leaf

using the image manipulation software. The laser used to image the autofluorescence of

the caterpillar cuticle was the argon (488 nm) laser with a long pass filter (505 nm).

To image the Nile red microcapsules on the surface of the Heliothis virescens

caterpillar, a droplet of solution containing the microcapsules suspended in water was

placed on the surface of the caterpillar and allowed to dry. A z-stack was then taken of

the capsules on the surface of the caterpillar using the same objective and slice

properties as previously used to study the caterpillar. The lasers used were the

helium/neon (543 nm) and the argon (488 nm) lasers in conjunction with long pass 560

nm and band pass 505-530 nm filters, respectively.

Release was studied from the emamectin benzoate capsules and the lambda

cyhalothrin capsules onto the leaf of the Prunus laurocerasus. For these time series

studies, an intact leaf was used with its cut end wrapped in cotton wool soaked in water.

Release studies were also carried out on the emamectin benzoate containing capsules

onto borosilicate glass slides and Parafilm (American national, Chicago, IL).

A droplet of solution containing the microcapsules suspended in water was

placed upon the surface of interest and allowed to dry. A slice was taken through the

centre of three capsules every hour using an objective lens (Zeiss, epiplan-neofluar

5Ox/O.80 W). Prior to and at the end of the experiment, a z-stack was taken through the

capsules of interest and also capsules which were not investigated in this time sequence.

The slices were taken every 1 urn through the specimen. The lasers and filters used were

as described for the imaging of the leaf surface.
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In each case the confocal aperture and background offset were adjusted to

achieve the optimum compromise between resolution and image intensity.

5.3 Results and Discussion

5.3.1 High resolution imaging of Prunus laurocerasus

CLSM was used to determine the autofluorescent features of the leaf of the

Prunus laurocerasus. Figure 5.1 shows a schematic representation of the structure of a

leaf which can be used to aid in the identification of the structures observed with

confocal microscopy imaging.

Plastids - the colours in leaves are contained within
the tiny structures within the cells called plastids.

Palisade Parenchyma cells - rich
in chloroplasts, primary site f
photosynthesis in leaf.

Spongy Mesophyll cells ­
also photosynthetic. Large
gaps between cells allow
diffusion of CO2.

»->
Stoma - openings in leaf controlled
by guard cells. They permit exchange
of moisture and CO2 between the leaf
and the atmosphere.

Leaf surfaces are coated with a waxy
cuticle to prevent water loss.

The epidermis is a layer
of flattened cells that

appear on all plant
surfaces.

Xylem and Phloem - Xylem
transports water and minerals from
roots while phloem moves products
of photosynthesis around the plant.

Figure 5.1 Schematic representation of the structure of a leaf showing the different
components present within the leaf. Reproduced from reference

1

High resolution slices were taken at 1 urn intervals through the leaf starting

above the leaf and passing through it. Signal averaging (as described above) was used to

optimise the image resolution. Figure 5.2 shows a representative sample of slices taken

through the leaf surface (Figure 5.2(a)), a 3D reconstruction of the total slices taken

(Figure 5.2(b)) and finally an orthogonal cross section of the x-z and y -z planes through

the leaf of the Primus laurocerasus (Figure 5.2 (c)).
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Figure 5.2 (a) High resolution imaging of
the Prunus laurocerasus in different focal
planes using CLSM. Serial optical sections
were acqu ired from the top (top left image)
to the bottom (bottom right image) of the
sample in defined steps of 2 urn.
(b) 3D projection of Prunus laurocerasus
reconstructed from 82 serial optical sections
through the cuticle of the leaf.

(c) Single optical slice on surface of Prunus laurocerasus and reconstructions of 82 serial
optica l sections (step size 1 urn) to produce orthogonal cross-sections in the x-z and y-z
planes, along directions defined by the green and red line. The position of the single slice
image in the z-stack is shown by the blue line in the x-z and y-z orthogonal projections.
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In all of the images shown in Figure 5.2 the solid green area observed is the

waxy cuticle of the leaf. From Figure 5.2 (a) it is apparent that the cuticle wraps around

the upper epidermal cells of the leaf. The outline of the top of these cells can be

observed as irregular spherical objects shown in slices 8-16 within the z-stack. Figure

5.2 (b) and (c) also show this effect on the underside of the waxy cuticle.

The most impressive part of these images is the autofluorescence observed of

the chloroplasts present in the palisade and spongy mesophyll cells within the structure

of the leaf. These can be seen extremely clearly as red objects in the confocal images.

The chloroplasts appear to be distributed in circular structures and this is because they

are present in the p lastids in the cell wall 0 f the palisade cells, so in effect t hey are

outlining these cellular structures.

This is an excellent example of how the confocal microscope can be used for

direct non-invasive imaging. In this case the leaves of the plants studied were discs that

had been cut out of the leaf but it is possible that the leaf could be examined whilst still

attached to the plant ensuring that the plant was still alive.

In order to ascertain how best to prepare the leaf sample of the Prunus

laurocerasus in the release experiments, the leaf was monitored over time to see how its

conformation c hanged for various p reparations. A z -stack through the 1eaf was taken

every half hour on two samples which had been prepared in a different manner. For the

first sample, a cork borer was used to remove a disc of diameter 1 ern from the leaf,

which was then stuck down onto a glass slide using a sticky pad. It was thought that this

may give the best, flat surface to work with. The second sample u sed a n intact leaf

connected to water soaked cotton wool, stuck down to the microscope stage with a

sticky tab. Figure 5.3 demonstrates how the innards of the leaf changed with time (a) on

a disc of a leaf and (b) on an intact leaf attached to water soaked cotton wool.
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Figure 5.3 Series of single optical slices taken just below cuticle of Prunus laurocerasus and
reconstructions of 82 serial optical sections (step size 1 IJm) to produce orthogo nal cross­
sections in the x-z and y-z planes , along direct ions def ined by the green and red line. The
position of the single slice image in the z-stack is shown by the blue line in the x-z and y-z
orthogonal projections. Each slice in the series was taken in the same position of the leaf at
half hour time intervals. Samp les used were (a) a 1 cm diameter disc cut out of a leaf and (b)
an intact leaf attached to wate r soaked cotton woo l.
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From the images shown in Figure 5.3 it is obvious that when a disc cutting from

the Ieaf is u sed, the conformation of t he leaf changes dramatically 0 ver a very short

period of time. When an intact leaf is used, the internal structure of the leaf appears to

be much m ore stable and its internal structure is barely altered 0 ver the time period

studied.

It can be observed in Figure 5.3(a) that the epidermal cells situated below the

waxy cuticle 0 f the Ieaf appear to collapse sothat there is little 0 r no layer 0 f cells

between the chloroplast containing palisade and spongy mesophyll cells and the waxy

cuticle. The x-z orthogonal cross section shows that the surface topography of the leaf

changes as the leaf dries out with a ridge developing within the cuticle of the leaf.

These studies showed that in order to carry out release studies of microcapsules

on the surface of a leaf of the Prunus laurocerasus, an intact leaf should be used as the

drying out effect observed for the leaf not kept hydrated may have a dramatic effect on

the release properties of the microcapsule.

5.3.2 Release studies of emamectin benzoate and lambda cyhalothrin capsules

The studies in this thesis are largely concerned with the release from lambda

cyhalothrin containing capsules. These capsules work by releasing their oily core once

they have either dried down from aqueous solution onto the surface of sink materials,

such as a leaf or caterpillar cuticles or, as shown in Chapter 4, the microcapsules are in

the presence of an organic solvent.

The main objective of the studies in this chapter is to examine the microcapsule

system in the most relevant situation, i.e. release onto a leaf. Figure 5.4 shows images

of microcapsules with the 15°10 wall thickness and 1:1 ratio of cross linking monomers,

during release of the contents onto the leaf of Prunus laurocerasus.
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Figure 5.4 (a) Series of single optical slices taken in the centre of a single microcapsule on
the surface of a leaf of the Prunus laurocerasus and reconstructions of 55 seria l optical
sections (step size 1 urn) to produce orthogonal cross-sections in the x-z and y-z planes,
along directions defined by the green and red lines. The position of the single slice image in
the z-stack is shown by the blue line in the x-z and y-z orthogonal project ions. Each slice in
the series was taken in the same position of the leaf at hour time intervals. (b) Slices taken
through the centre of a single capsule , showing the decrease in fluorescence relating to the
release of pesticide with time .

The images shown in Figure 5.4. above. show clearlv that fluorescence from the
'-' '-' .

caps ule dec reases with time. Fluorescence from the microcapsule can be attribut ed to

the presence of the pest icide lambda cyhalothrin within the microcapsule. Thus it can be
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seen quite clearly in both Figures 5.4(a) and (b) that the microcapsule releases pesticide

over the time period studied. The release profile is represented graphically in Figure

5.5., in terms of normalised intensity, 1/ 10, as a function of time, t, where 10 is the initial

fluorescence intensity within the capsule and I( is the fluorescence intensity within the

capsule at time, t.

From the orthogonal cross sections in the x-z and y -z planes, it appears that the

microcapsule releases its contents into the leaf. Unfortunately, the location to which

release occurs cannot be observed unequivocally using this specific pesticide and leaf

combination, as the cut icle of the leaf exhibits strong autofluorescence at wavelengths

used to excite the pesticide.
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Figure 5.5 Plot of the release of the pest icide lambda cyhalothrin from microcapsules onto a
leaf of Prunus laurocerasus as a funct ion of time.

A simple model for the release from the lambda microcapsules can be proposed

that allows the rate constant for release to be estimated. Consider the schematic shown

in Figure 5.6:
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Contact area , A

Volume, V

Release flux, j

Figure 5.6 Schematic representation of parameters involved In the release of lambda
cyhalothrin from a polymeric microcapsule onto a surface .

The equation relating to the release of a species from a sphere onto a surface is

given by:

de
V - = - Aj

dt
5.1

where V is the volume of the microcapsule, e is the concentration inside the

caps ule at any time, t, A is the contact area of the capsule with the surface upon which it

is placed and j is the release flux of species out of the microcapsule. The equation

assumes that diffusion inside the capsule is fast compared to that outside and the

timescale of the experiment (which is long) and that there are no limitations from the

' sink' onto which the material is released.

The rate constant for release, IC , is related to the release flux and concentration

of spec ies inside a caps ule by equation 5.2

j = k'e

It follows that:

ln e= - Ak't

c
In - ' = <A k' !

co
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Since concentration is proportional to intensity,

In~ = - Ak't
10 V

5.6

1
A plot of In -I against time will give a straight line, the gradient of which will

10

A k'
be - V· The contact area, A, of the capsule with the surface can be estimated from the

confocal images which means the rate constant for the release can also be estimated.

Figure 5.7 shows this plot for the lambda cyhalothrin release onto Prunus laurocerasus.
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Figure 5.7 Plot of In(II/lo) against time for lambda cyhaloth rin release onto Prunus
laurocerasus.

The initial rate of release from the microcapsule can be measured from the

gradient of the ear ly part of the release profile. The mean contact area of microcapsule

with the leaf is 6.8 1 x 10-11 cm' and V is 6.48 x 10-15 em:'. Therefore the rate constant

for the release of lambda cyhalothrin from a polymeric capsule onto a leaf of Primus

laurocerasus is 1.1 2 x 10-7 ± 0.05 em S-I .

It was considered beneficial to compare the release properties of these polyurea

lambda cyhalothrin containing capsules with a capsule which had a different mechani m
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of release. The cap sules containing the pesticide emamectin benzoate (for structure see

Figure 2.6) are formed by the cross linking of a butylated urea-formaldehyde

prepolymer with a tetrafunctional thiol (see section 1.1.2). These microcapsules have a

different mechanism of release to that of the lambda capsules.

These capsules have been designed so that they release once inside the pest.

They have a base-trigger release system in which the capsule wall. when exposed to the

basic conditions that occur inside the caterpillar, changes its conformation to become

permeable to the pesticide. The y are designed so as not to release when applied directly

to the crop. It has been shown, however, by research carried out internall y at Syngenta.

that there may be some loss from the capsules upon application 17.

Using CLSM, it may be possible to visualise any processes that occur when

these capsules are applied to a leaf. Figure 5.8 shows a series of 3D projections of a

single emamectin benzoate capsule on the leaf of the Prunus laurocerasus taken at

differing time intervals. A time series of slices through the centre of a single

microcapsule is also shown.

75 105 135 165 195 285 315
mins mins mins mins mins mins mins mins mins mins

Figure 5.8 (a) 3D projections of an emamectin benzoate capsule on the surface of a leaf of
Prunus laurocerasus reconstructed from a z-stack consisting of 125 slices taken 1 IJ m apart .
The images were taken at different times after application of microcapsu le to the leaf.. (b)
Slice through the centre of the emamectin benzoate capsule taken at half hour time
intervals.
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The images shown in Figure 5.8(a) provide an interesting insight into the

processes that occur within the capsule upon application to the surface of a leaf. It

appears that the fluorescence intensity within the capsule is stable over the time period

studied for the lambda release (0 to 405 mins) suggesting that little or no release occurs.

The small changes in fluorescence observed are likely to be associated with the change

in conformation of the capsule upon drying down from solution onto the leaf.

Comparing the release of this capsule with the release from a lambda cyhalothrin

containing capsule for the same period of time, it is clear that the two capsules are very

different in their behaviour on surfaces. The plot shown in Figure 5.9 shows the

different intensity profiles measured from a slice through the centre of these two types

of capsules.

1.2 -,-----------,---- - - - - - - - - - - - - -,

Figure 5.9 Graph detailing the release of the pesticides. lambda cyhalothrin and • emamectin
benzoate from microcapsules onto a leaf of the Prunus laurocerasus.

Figure 5.9 shows clearly that the lambda cyhalot hrin capsules release at an

increased rate ove r the time period studied . The emamectin benzoate capsules in fact
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appear to have an extremely small change in fluorescence intensity compared to that of

the lambda cyhalothrin capsules indicating that little release occurs.

However, when the capsule was left overnight on the leaf it is apparent from the

3D projection at 1440 mins, shown in Figure 5.8 (a), that a small decrease in

fluorescence intensity is observed. In order to investigate this further , detailed

investigations were carried out on the release of the pesticide from the microcapsule

onto the surface of Parafilm and glass. These two surfaces were chosen for this study as

they exhibited distinctly different surface characteristics; the hydrophilic borosilicate

glass slide and the extremely hydrophobic Parafilm. It was expected that if capsules did

release in the dry state , with no trigger, then it would release far more quickly onto

Parafilm than onto glass , as the waxy surface would act as a sink site for the pesticide

which is dispersed in an oily solvent.

Figure 5.10 shows a comparison between the average release profiles of

emamectin benzoate capsules when on a hydrophilic glass surface and when on the

hydrophobic Parafilm coated glass slide.
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!!
Ht.!t
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Time (min)
Figure 5.10 Graph detailing the average release from microcapsu l~s containing the pesticide
emamectin benzoate when applied to • a glass slide and . a glass slide covered In Parafilm.

It is apparent from the graph shown in Figure 5.10 that the surface upon which

the capsule is located does not have a significant effect on the fl uorescence-time profile.
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In fact the average release profiles measured are similar within error. Control

experiments were carried out along with these release profiles in order to ascertain if the

decrease in fluorescence observed in these measurements was real or due to

photobleaching of the pesticide within the capsule. It was found that there was minimal

photobleaching of the pesticide during the measurement. The results of the control

experiments are also shown in Figure 5.10.

The decrease in intensity shown here is extremely small compared to what is

observed for the lambda cyhalothrin capsules in half the time. However, a small

decrease in fluorescence is observed over the time period studied. The fact that the

surface upon which the capsule was placed has little effect upon the fluorescence-time

profile, suggests that the change in fluorescence is unlikely to be due to release out of

the microcapsule. Rather, the small change in fluorescence which is observed could be

due to small changes in the volume of the capsule over time after it has dried out of

solution onto the surface of interest. For example, the 100/0 change in fluorescence

observed would only require a change in the radius of the microcapsule of a few percent

which would not even be seen by the confocal microscope.

Another explanation for the decrease in fluorescence intensity over time, without

a trigger, is that upon drying down, the pesticide may partition into the capsule wall.

The results from these studies are further evidence that the two types of capsules studied

have different stabilities on surfaces.

5.3.3 High resolution imaging of caterpillars

Microcapsules are applied in a spray over crops or leaves. As well as sticking to

crops, these microcapsules are designed to stick to the pests, enabling the pesticide to

pass into the pest through its cuticle. It would therefore be beneficial to study the release
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of active from microcapsul es onto the surface of caterpillars. CLS /1 was used to build

up 3D topographical images of two types of caterpi llar. with typical results shown in

Figure 5.11 and 5.1 2.
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Figure 5.11 (a) High resolution image series z-stack ing through the cuticle of Plutella xylostella.
Images shown are taken at 5 urn intervals from above to below the cuticle . (b ) 3D projection
reconstructed from 150 serial optical sect ions through the cuticle of the caterpillar.
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Figure 5.12 (a) High resolut ion image series z-stack ing through the cuticle of Heliothis
virescens. Images shown are taken at 5 IJm intervals from above to below the cuticle. (b) 3D
projection reconstructed from 150 serial optical sections through the cuticle of the caterpillar.

From these studies it became apparent that the cuticle of both of these

caterpillars is very strongly autotluorescent at the wavelengths used to excite both of the

pesticides. lambd a cyhalothrin and emamectin benzoate. The surface topography of the

caterpillars di ffers dramatically with one having far more hair than the other. Both

types. however. have extremely irregular surfaces . The unevenness of the cuticle and its
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strong autofluorescence meant that it was extremely diffi cult to locate any of the

capsules containing the two pesticides used in the se studies. It was possible however to

image the Nile red capsules on the surface of the caterpillar (Figure 5.13).

Figure 5.13 (a) z-stack through Nile red microcapsules on the surface of the Heliothis
virescens. Images were taken every 5 IJm. (b) Single optical slice on surface of Helioth is
virescens and reconstructions of 150 serial opt ical sect ions (step size 1 IJ m) to produce
orthogonal cross-sections in the x-z and y-z planes, along directions defined by the green and
red line. The position of the single slice image in the z-stack is shown by the blue line in the x-z
and y-z orthogonal projections .
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Although it is possible to visualise the Nile Red capsules on the surface of the

caterpillar, the high gains used to visualise the caterpillar cuticle mean that the images

of the capsules were not clear and have a reflected image which is not a true image. It

has also been shown in experiments detailed in Chapter 4 that over time the Nile Red

dye inside the capsules photobleaches and so the measurement of release rates would be

difficult for this dye.

5.4 Conclusions

The high resolution imaging capabilities of CLSM have been used in this

chapter to investigate the structure of leaf and caterpillar cuticles. This approach was

also used the direct non-invasive properties of the technique to investigate the internal

structure of the leaf of the Prunus laurocerasus. It has been shown how this technique

can be used to investigate the effect of the preparation of leaf sample on the internal

structure of the leaf.

The release properties of the lambda cyhalothrin containing capsules and the

capsules encapsulating the emamectin benzoate pesticide were investigated onto the leaf

of the Prunus laurocerasus. It was found that the lambda cyhalothrin capsules showed a

significant release over time whereas the emamectin benzoate capsules showed a

decrease in fluorescence over time but it was not significant enough to be attributed to

release of pesticide. A simple model was use to obtain a rate constant for release from

the lambda cyhalothrin capsule.

The emamectin benzoate capsules were not designed to release in the dry state

and so more detailed studies were carried out with the capsules deposited onto

hydrophilic and hydrophobic surfaces to investigate whether or not the decrease in

fluorescence observed on the leaf surface was due to release of pesticide from the
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capsule. These studies revealed that the surface upon which the microcapsule was

placed had no significant effect on the release, the same small decrease in fluorescence

was observed. If this decrease was to be attributed to release then a large decrease

should have been observed onto the hydrophobic surface. As this was not the case, the

decrease in fluorescence could be due to changes in the microcapsule wall over time

after drying down from solution, such as small volume changes. Alternatively, pesticide

entering the microcapsule wall may also be a factor that causes a slight decrease in

fluorescence observed.
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Chapter 6

Preliminary studies on the combined use of CLSM and

electrochemistry for the trace detection of heavy metal ions

In the previous two chapters, the release characteristics of microcapsules were

investigated using confocal microscopy to monitor the change in fluorescence within a

single capsule, which related directly to the amount of pesticide, which could be

followed in time. It would be beneficial to extend the use of CLSM to monitor the

diffusion characteristics of species away from surfaces into solution.

This chapter details preliminary studies of the development of a technique which

is capable of visualising the release and diffusion of a species (Cd2+) from a hemisphere

in solution. Anodic stripping voltammetry has been used in conjunction with CLSM to

monitor quantitatively and visually the preconcentration and release of Cd2+ into and

away from a mercury hemisphere UME.

6.1 Introduction

6.1.1 Stripping Voltammetry

The hanging mercury drop electrode (HMDE) and the mercury film electrode

(MFE) have been widely used for the detection of heavy metal ions3
-
11

• Heavy metals

are reduced to the corresponding metal at reasonably negative potentials, and a large

background current is recorded for a lot of electrode materials at these potentials.

However, mercury has a large cathodic window in which measurements can be made

because of the large hydrogen overpotential, making it the ideal material for these

measurements.
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To increase sensitivity and enhance detection limits, the mercury electrodes are

often used in pre-concentration or stripping techniques. In these techniques a pre-

concentration step accumulates the electroactive species into the small volume of a

mercury electrode or onto the surface of an electrode. The material is then stripped from

the electrode using a voltammetric technique such as linear sweep voltammetry (LSY ).

These techniques have been used for cations, anions and complexing neutral species, the

detection limit being of the order of 10-10 M9, 1O,12.
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The stripping technique utilised in these studies is known as anodic stripping

vo ltarnmetry, the principl es of which are repre sented in Figure 6.1. The cathodic

deposition step is carried out in a stirred solution with the electrode held at a potential
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(Ed) which is several tenths of a volt more negative than the potential at which the metal

is oxidised back to metal ions (E). After electrodeposition, a rest period is applied when

the stirrer is turned off and the solution becomes quiescent allowing the concentration of

metal within the mercury to become more uniform. The potential is finally scanned

linearly towards more positive values in a stripping step.

The introduction of ultramicroelectrodes (UMEs) to the field of stripping

analysis has brought with it a number of improvements to the technique3-8,13-18. Studies

have demonstrated that the use of UMEs resulted in the elimination of sample

deoxygenation and stirring in the preconcentration step 13. This is because the enhanced

mass transport associated with small electrodes leads to a decrease in the

preconcentration time negating the need for stirring and therefore removing one source

of error in the experiment.

The utilisation of UMEs also led to miniaturisation and simplification of the

inatrumentatiorr't'<l". Compared to stripping analysis conducted at conventional-sized

mercury drops and thin mercury film electrodes"!', other important aspects of stripping

.. 6 . I . . 619 Ianalysis have been improved such as precision, SIgna to norse ratio" , samp e

consumptiorr'i'v" and throughput'".

There are a number of possible choices for the solid substrate on which to

deposit mercury U MEs. T he ideal substrate would be 0 ne which is easily wetted by

mercury yet has a low solubility in mercury. Substrates that have been used in the past

include glassy carbon which has the added advantage that the glassy carbon can also be

used as an electrode for anion deterrninations". However, the substrate surface shows

poor wetting leading to the formation of inhomogeneous scattered mercury droplets'!

Metals such as platinum, silver and gold lead to the formation of intermetallic

compounds at the base metal, so restricting the cathodic potential window". The use of
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Pt-based Hg UMEs for routine stripping analysis was first demonstrated by Wehmeyer

and Wightman". It was shown that spherical drops could easily be made and that the

dissolution of platinum was hindered by the presence of surface oxides and could often

be neglected following deposition of a thick mercury layer. It has also been shown that

mercury UMEs formed at platinum substrates are more stable hydrodynamically 15,16,23.

The use of Hg UMEs for stripping analysis instead of conventional-sized

HMDEs has the added advantage that one of the important properties of UMEs is the

low ohmic drop which characterises their relevant voltammetric responses'". This

feature allows measurements to be taken in highly resistive solutions, for example

aqueous solutions which contain little or no supporting electrolyte25
-
32

. In cases where

the addition of supporting electrolyte could lead to interference such as low solubility or

interaction with the electroactive analyte, such experimental conditions may be

beneficial.

6.1.2 Fluorescence detection of metal ions

Fluorescent probes that show a spectral response upon binding Ca
2
+ have

enabled researchers to investigate changes in intracellular free Ca
2
+ concentrations using

. 33-38 h
fluorescence microscopy, flow cytometry and fluorescence spectroscopy . It as

been found that many of the fluorescent probes developed specifically for the purpose

of detecting calcium ions, also have high affinity for other metal ions such as zinc,

cadmium, and lead. Upon binding to the metal or calcium ion, these indicators exhibit

an increase in fluorescence emission intensity with little shift in wavelength. Figure 6.2

shows the visual screening of Ca2
+ selective fluorescence indicator responses to

different metal ions.
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EGTA
+

TPEN Ca2- Ba2+ Mn2- Fe2+ C0 2+ Ni2- Cu2+ Zn2.. Cd2+ Hg2.. Pb2-

Calci um
Green-5N

Calci um
Green-2

Fluo-4

Fluo-5N

FluoZin-1

Newport
Green DCF
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Green FL

Calcein

Figure 6.2 Visual screening of fluorescent indicator responses to metal ions. The image
shows a 96-well microplate containing various combinations of ions and indicators in 50
mM MOPS pH 7.0. Each row of wells represents a different indicator; each column of wells
represents a different ion. The indicators (top to bottom) are: Calcium Green-5N (0.5 IJM),
Calcium Green-2 (0.2 IJM), fluo-4 (2 IJM), fluo-5N (2 IJM), FluoZin-1 (2 IJM), Newport
Green DCF (2 IJM), Phen Green FL (2 IJM) and calcein (0.5 IJM). The left-hand column of
wells contains 10 mM EGTA + 10 IJM TPEN (ion-free reference solution ). Subsequent
columns ~Ieft to right) represent 1 IJM concentrations of Ca2

+ , Ba2
+ , Mn2

+ , Fe2
+ , C02

+ , Ni2+ ,

Cu2
+ , Zn +, Cd2

+ , Hg2
+ , and Pb2

+ , respectively. The microplate was scanned using a
FLA3000G laser scanner (Fuji Photo Film Co.) with excitation at 473 nm and fluorescence
emission detected at 520 nm. The image is pseudocolored according to fluorescence
intensity (high = red> orange> yellow> green> blue = low). Image reproduced from
reference 1.

The results from this microplate clearly show that the best indicators for the

detection of cadmium ions are Calcium Green-5N and Calcein. Calcein, however, is

eas ily contaminated by other metal ions present which may lead to quenching of the

fluorescence induced by the presence of cadmium ions. Calcium Green-5N is also far

more selective for cadmium ions over other metal ions. Traditional heavy metal

indicator fluorophores could not, unfortunately, be used in the experiments as their

excitation wav elengths were low, outside the region of the spectrum avai lable on the

confocal microscope.
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Figure 6.3a shows the fluorescence response of Calcium Green-5N to different

metal ions relati ve to an ion free reference solution. The fluorescence response is shown

for 1 JlM (blue) and 100 JlM (red) solutions of the metal ion. A strong response is

observed for the detection of Cd2
+ at both high and low concentrations. The molecular

structure of the indicator is shown in Figure 6.3(b).
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Figure 6.3 (a) Metal -ion response screening for Calcium Green -5N. The max imum relative
fluorescence intensity was measured for indicator concentrations in solutions containing
10 mM EGTA + 10 ~M TPEN , 1~M ion (100 ~M for Mg2+) and 100 ~M ion (10 mM for
Mg2+). Results are plotted as fluorescence changes relative to the ion-free (10 mM EGTA
+ 10 ~M TPEN) reference solution expressed as (1-1 0 )/1 0 • where I is the fluorescence
intensity of ion-containing solutions and 10 is the fluorescence intensity of the reference
solution. Blue bars indicate the response to 1 ~M ion (100 ~M for Mg2+), and red bars
indicate the response to 100 ~M ion (10 mM for Mg2+). (Reproduced from reference 1) (b)
Molecul ar structu re of the fluorescence indicator Calcium Green -5N.
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6.2 Experimental

The deposition of mercury onto a 25 11m diameter Pt-disc UME was achieved by

sealing the UME into a purpose built Teflon trough, through a hole in the base, and

filling the trough with a mercurous nitrate solution (Section 2.5.2). The UME was

polished with alumina and vigorously rinsed prior to deposition. Mercury deposition on

the Pt UME was carried out via the application of a constant potential of -0.225 V vs. an

Ag/AgCl reference electrode typically for a period of ~300 seconds. After deposition,

the mercury UME was thoroughly rinsed whilst still in the trough to remove any traces

of the deposition solution.

Simple ASV experiments were carried out to characterise the Hg UME

electrochemical response to cadmium ion detection. The trough was filled with a

solution containing 5 x 10-4 mol dm" CdN03 and 2 x 10-3 mol dm-3 KN03 and 3

different experiments were performed

• To characterise the stripping peak observed, the Hg UME was held at -1.1V for a

preconcentration time of 240 seconds with respect to an Ag/AgCl electrode, before

being scanned from -1 to -0.45 Vat a potential sweep rate of 50 mY/sec.

• Transient analyses on the oxidation of cadmium-mercury amalgamate to cadmium

ions were carried 0 ut, to examine t he current response with respect to time upon

application of potential after preconcentration. After a preconcentration time of 120

seconds at -1.1 V, the potential was pulsed to -0.95 V, -0.875 V, -0.85 V, -0.80 V, ­

0.75 V and -0.70 V for 10 seconds. The current-time response was recorded for each

potential.

• Further transient analysis was carried out to investigate the effect of varying the

preconcentration time. The preconcentration time at -1.1V was varied (120 seconds,
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240 seconds and 480 seconds) and the current-time response recorded once more

when the electrode was pulsed to -0.8 V for 10 seconds.

The fluorescent properties of Calcium Green-5N were characterised for

solutions of different cadmium ion concentrations. Solutions containing 5 x 10-6 mol

dm' Calcium Green-5N and Cd2
+ concentrations between 1 x 10-4 and 1 x 10-9 mol dm-3

were made up. A frame of 650 urn x 650 urn was imaged (512 x 512 pixels). An argon

laser of wavelength 488 nm was used as the excitation source and a 505 nm long pass

filter was employed when recording the fluoresence. To achieve the optimum

compromise between resolution and image intensity, the confocal aperture was set to

give an optical slice of 1.1 urn.

For the combined CLSM/electrochemical measurements, the solution contained

0.5 umol dm-3 Calcium Green-5N (Molecular Probes Inc.) and 1 x 10-5 mol dm-3

cadmium nitrate. Cadmium ions were deposited into the mercury droplet for deposition

times between 10-80 seconds with the Hg UME held at -1.1V with respect to a

Ag/AgCl reference electrode. The cadmium ions were then released by oxidising Cd in

the Hg electrode during a scan from -1.1 V to -0.4 V at a potential sweep rate of 10

mV S-I. The experimental set up is shown in Figure 6.4.

A water immersion lens (Zeiss, Achroplan 20x/O.50 W) was dipped into

solution and focused on the electrode surface and a line, ca. 100 pm across was selected

across the centre of the electrode surface as illustrated schematically in Figure 6.4(b).

Line scans were recorded concurrently with the stripping voltammetry for the different

deposition times using the confocal microscope. 512 pixel line scans were taken every

100 m sec with 1 6 x signal averaging for each 1ine scanned. T he laser configuration,

gains and pinhole used were the same as in the calibration measurements for Calcium

Green-5N.
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Figure 6.4 (a) Photograph of the experimental set-up showing the trough and electrode
on the stage of the confocal microscope. (b) Schematic of experimental arrangements for
studies of Cd2

+ stripping experiments.

6.3 Results and Discussion

6.3.1 Mercury hemisphere ultramicroelectrode growth.

A typical growth transient for mercury deposition on the Pt UME, when the

electrode was held at -0.225 V versus an Ag/AgCI reference electrode is shown in

Figure 6.5. The diffusion limited current, [lim, which flows at a disc UME is

[lim = 4nFDac' 6.1

where n is the number of electrons transferred per redox event, F is Faraday 's

constant, D is the diffusion coefficient of the electroactive species, a is the electrode

radius and c * is the bulk concentration of the electroac tive spec ies. The diffusion

limited current at a hemi spherical mercury UME however, is given by equation 6.2.

[l im = 2JmaFDe• 6.2

There fore, in the growth of a merc ury hemisphere on a disc UME. the

hemi sphere is fu lly grown once the current has been increased by 2Jr!4.
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Figure 6.5 A typical current-time growth transient for the electrodepos ition of mercury onto
a 25 urn diameter Pt UME , from a solut ion containing 10 mM mercurous nitrate, 0.1 M
HN03 and 0.5 M KN03 with the electrode held at -0.225 V.

Mercury electrodeposition at Pt occurs via the formation of a few isolated drops

which do not cover the ent ire surface. The wetting process is slow and this results in a

higher reduction current than would be expected for a surface spread evenly with

mercury. When the mercury drops coalesce, a sudden drop in current is observed due to

the decrease in surface area of the active electrode. The disappearance of these steps and

the transition into a smooth linear growth is an indicator that a coherent mercury surface

has been obtained.

6.3.2 Hg UME Stripping Voltammetry of ed(II)

Cd(l I) undergoes reduction at a potential which negates the use of Pt electrodes.

The current for wate r reduction at these potentials masks the observation of Cd(ll)

reduction in this case. Mercury electrodes however, have a larger negative potential
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range than Pt due to the high overpotential required for the evolution of hydrogen. thus

making Hg a suitable electrode material for the trace detection of Cd(ll ).
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Figure 6.6 Typical stripping voltammogram of cadmium from a Hg/Pt UME.

Preconcentration time 240 seconds .

Figure 6.6 shows a typica l stripping voltammogram for the detection of a 5x I0-4

mol dm-3 Cd2+ in 2xlO-3 mol dm-3 KN03 solution at a mercury UME, fabricated as

outlined in the previous section. Prior to stripping, the UME was held at a potential of -

1.1 V for 240 seconds, to reduce cadmium ions to Cd to preconcentrate the mercury

drop. The potential was then swept from -1.1 V to -0.4 V at a potential scan rate of 50

mY S-I . A clear, well defined stripping peak is observed which is due to the oxidation of

cadmium, deposited into the mercury hemisphere in the preconcentration step, to Cd~+

which diffuses into the solution.
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6.3.3 Current-time studies of Cd2
+ release from Hg

The characteristic s of the stripping process can be confirmed by carrying out

transient analysis on the oxidation of cadmium ions. Figure 6.7 shows the current

response with respect to time upon application of several different potentials after

preconcentration.
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Figure 6.7 Current-time plots for the stripping of cadmium from a mercury UME. The
electrode was preconcentrated for 120 seconds then held at the potentials shown in the
legend.

The Hg/Pt UME was preconcentrated with cadmium ions at -1.1 V with respect

to an Ag/AgCI electrode in a 5 x 10-4 mol dm-3 Cd2
+ and 2 x 10-3 mol dm-3 KN03

solution for 10 seconds. The potential was then stepped to a more positive value and the

current -time response recorded. The results show that a faster release of cadmium ions

(higher current) is observed when the preconcentrated electrode is pulsed to more

positive potenti als. The area under eac h of the transient peaks is equal to the electrical

charge, Q, and this value is app roximately the same for each of the potentials studied. A

plot o f charge agai nst potential is shown in Figure 6.8 demonstratin g this fact. This
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means that the same amount of material is released in each transient, even though the

rate of release from the hemi sphere depends on the potential applied.
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Figure 6.8 Plot showing the dependence of charge passed during stripping with the potential
applied.

Figure 6.9 shows the current-time response when the preconcentrated electrode

was jumped from -1.1V to -0.8 V. In this case the preconcentration time of the Hg/Pt

UME was varied.
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Figure 6.9 Current time plots for the strippi ng of cadmium from a mercury UME. The
electrode was stepped from -1.1V to -0.8 V and was preconcentrated with cadm ium for the
times shown in the legend.
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It is clear from these results that as the time taken to preconcentrate the mercury

hemisphere UME with Cd2
+ at -1.1 V is increased, the time taken for the electrode to

release Cd2
+ once the potential has been switched to -0.8 V also increases due to the

greater amount of cadmium in the hemisphere electrode. As before, the area under the

transient is equivalent to the electric charge passed during stripping and therefore the

amount of Cd2
+ released with, in this case, the log of charge shows an exponential

dependence on the log of the preconcentration time, t, as shown in Figure 6.10.
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Figure 6.10 Plot showing the dependence of charge passed during stripping with deposition

time .

6.3.4 Combined ASV and CLSM studies for the detection of Cd
2
+

The dependence of the fluorescence of the indicator Calcium Green-5N on the

amount of Cd2+ present in solution was established by averaging the light intensity,

captured over a constant area, of solutions containing various cadmium concentrations.

The appearance of all the solutions was uniform across a 650 urn x 650 urn frame.

Figure 6.11 shows the resulting plot with CLSM images collected at the marked

concentration values.
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Figure 6.11 Normalised light intensity as a function of CdL
+ concentration for a solution of

Calcium green 5N (5 x 10-7 M) and cadmium nitrate with CLSM images at marked
concentration values.

The molecular structure of the fluorescent indicator Calcium Green-5N is

shown in Figure 6.3. The calcium green indicator self quenches in the absence of

divalent metal ions. Once the calcium binds it changes the net charge of the molecule

and the resulting structural-conformational change relieves the quenching, which yields

fluorescence. This mechanism also applies to Cd2
+. In the plot in Figure 6. 11, the

fluorescence begins to increase when the concentration of Cd
2
+ rises above 10-

7
mol

dm-3 and maximum fluorescence is achieved at about 10-6 moldm-
3

.

Calcium Green-5N in its water soluble form exists as a hexa-potassium salt

(F igure 6.3). Therefore, when attempting the trace detection of Cd
2
+ using ASV with

potassium nitrate as a background electro lyte , no fluorescence was observed due to the

preferenti al binding of the large amount of K+ present in solution ove r the small amo unt

of ca" . All combined electrochemical-fluorescence measurements were therefore
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carried out in solutions without background electrol yte which IS possible due to the

properti es of Hg UMEs (see section 6.1).

To illustrate the capabilities of CLSM in this application. a fair ly high

concentration of cadmium nitrate solution was used (l x 10-5 mol dm'). so that the

solution would initially fluoresce. A decrease in fluorescence could then be observed

around the mercury hemisphere during preconcentration time (due to dep let ion of Cd 2+)

and a huge increase in fluorescence should be observed when the Cd2+ ions were

stripped out the hemisphere. Figure 6.12 shows a typi cal fluorescence response of the

Calcium Green 5N solution during anodic stripping vo ltamme try.

Figure 6.12 Time series of frames taken over the surface of an elect rode in 1x1 0-::> mol drn
3 CdNO and 0.5 umol ern" Calc ium Green 5N. Frames were taken every 7 seconds .
Ser ies ;ecorded concurrentl y with ASV with preconcentration time of 60 second.s.
Precon centration time started at 14 seconds. Preconcentration was followed by a potential
sweep from -1.1 to -0.5 V.
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In this experiment, the preconcentration time was 60 seconds. The time at which

the potential was stepped to -1.1 V can be clearly seen in these images as a bright spot

after 14 seconds. This can be attributed to the Cd2
+ moving through solution to surround

the hemisphere prior to preconcentration. During the preconcentration time, from 14 to

74 seconds, a dark region forms around the electrode in solution. This is because Cd2
+

ions are removed from solution into the mercury hemisphere. As the Calcium Green 5N

indicator only fluoresces in the presence of Cd2
+ once the ions are depleted the intensity

decreases considerably as shown in these images.

At 77 seconds a bright ring of fluorescence around the electrode is established

after the potential which scans at 50 mV S-I (from -1.1 to 0.5 V), from t = 74 seconds

onwards, reaches a potential where Cd2
+ is released from the mercury hemisphere into

solution. The electrochemical response, recorded at the same time as the CLSM

imaging, established that the release was recorded electrochemically in a stripping peak,

a few seconds before the bright ring of fluorescence was observed in the confocal

images. This would suggest t hat there may be a delay in the binding 0 f Cd
2
+ to the

fluorescent indicator upon release. Additionally, there is an inherent diffusion time

involved in Cd2+ diffusing from the electrode and establishing the diffusion profile. The

time taken to establish the diffusion profile can be estimated from'":

d 2

t=-
2D

6.3

where t is the time taken for diffusion profile to be established, d is the diameter

of the diffusion profile and D is the diffusion coefficient of the species in solution (4 x

10-6 cm2 S-I for Cd2+). The approximate diameter of the diffusion profile is 55 urn which

means that the time taken to establish the diffusion profile is approximately 2.5 s.

In order to obtain CLSM data at an increased rate to compare more accurately

with the electrochemical data, line scans over the centre of the electrode were recorded
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every 100 msec during preconcentration and release of Cd2+. Figure 6.13 represents how

the data recorded relates to the system studied.

CLSM line scan
)

CLSM line
scan

Side view
Top view

Figure 6.13 Schematic representation showing how spatiotemporal data co llected relates to
the system studied .

Spatiotemporal Images were built up from this data (see later). Figure 6.14

shows the stripping peaks which were recorded simultaneously with the images. The

preconcentration time was varied to examine the effect of increasing the amount 0 f Cd2
+

that would subsequently be released.
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Figure 6.14 Stripp ing voltammogrames of Cd
L

+ from a Hg UME rec~rd e? afte r specified
preconcentrat ion times. Associated spatiotemporal images are shown In Figure 6.12.
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Figure 6.14 shows electrochemically that as the preconcentration time of

cadmium ions into the mercury hemisphere increases, the current response from the

stripping peak is amplified significantly. The shapes of the stripping peaks are not ideal:

they are broad compared to measurements made when background electrolyte is present

(Figure 6.6). The potential shifts anodically and there is a linear non-zero baseli ne.

These are all the effects of having no supporting electrolyte present, which leads to

significant ohmic effect. Nonetheless, electrochemical measurements can be made.

Figure 6.15 presents this data in an alternative way showing that the charge

passed as Cd2+ ions are stripped out of the mercury hemisphere into solution is largely

dependent on the time taken to deposit cadmium. A linear relationship is observed in a

plot of log charge against log t with a much larger charge observed at longer deposition

times corresponding to a larger amount of Cd2
+ being released from the hemisphere.
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Figure 6.15 Plot showing the dependence of. charge passed during stripping on the
deposition time of cadmium into the mercury hemisphere UME.
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Figure 6.16 Line scans taken across the centre of the electrode over time for deposition
times of (a) 10 seconds . (b) 20 seconds. (c) 30 seconds . (d) 40 seconds. Top of image
represents start of experiment.
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Figure 6.16 Line scans taken across the centre of the electrode over time for deposition
times of (e) 50 second s, (f) 60 seconds. Top of image represents start of experiment.
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Figure 6.16 Line scans taken across the centre of the electrode over time for deposition
times of (g) 70 seconds (h) 80 seconds. Top of image represents start of experiment.
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The spatiotemporal images shown in Figure 6.16 are potentially very rich in

information. Starting from the top of each of the images, at t = 0 sec, it is clear that

during the preconcentration stage, i.e. when a potential of -1.1V has been applied to the

Hg UME, a dark circular profile is rapidly established around the electrode. In all the

deposition times the diameter of the dark ring observed is ca. 55 urn and corresponds to

the diffusion field around the UME.

Since the Pt UME used to form the liquid Hg hemisphere was relatively large in

UME terms, there is some movement in the diffusion field around the electrode during

preconcentration time, due to movement of the liquid electrode. To overcome this

problem, and to develop this technique further, a much smaller UME should be used in

subsequent studies.

Another feature which is apparent in each of these images is that the depletion

zone prevails for 10 seconds longer than the deposition time. This is evident from the

dark circular zone giving way abruptly to an increase in fluorescence intensity. It would

be expected that this would be seen at the same time as the stripping peak recorded in

the voltammetry, but this is not the case. The time lag observed maybe associated with

the diffusion time or the binding kinetics of the cadmium ions to the indicator Calcium

Green-5N. However, binding kinetic studies on this indicator have only been carried out

for Ca2+ ions4o. These studies showed that rate constant for the binding of calcium ions

to Calcium Green-5N is relatively fast 4.0 x 108 M-1 S-I.

A feature of these images which becomes more apparent as the preconcentration

time increases is the dual nature of the release ofCd2
+. By examining the spatiotemporal

images for 70 seconds preconcentration (Figure 6.16(g)) and 80 seconds

preconcentration (Figure 6.16(h)), it can be seen that there is an initial release of

cadmium ions, evident from the increase in fluorescence after the dark region, followed
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by a far more intense release where the fluorescence corresponding to the concentration

of cadmium ions present increases considerably. This pattern could correspond to an

initial release of Cd2
+ ions which are very near to or on the surface of the mercury

hemisphere, followed by the bulk release of ions from the centre of the droplet.

In all of the images, the bright ring of fluorescence which is observed upon

release 0 f t he cadmium ions is 0 f approximately the same diameter as the dark ring

observed during preconcentration time (ca. 55 urn) and this is associated with the

diffusion field. A sharp return to background fluorescence after the Cd2
+ release is also

observed in all of the images suggesting that the fluorescence observed can be attributed

to voltammetric experiments.

6.4 Conclusions

A technique has been developed which is capable of visualising the release and

diffusion of a species (Cd2+) from a hemisphere. Electrochemistry has been used in

conjunction with CLSM to monitor quantitatively and visually the preconcentration and

release of Cd2+ into and away from a mercury hemisphere UME. Using the fluorescent

indicator Calcium Green-5N there is a delay between the release of Cd
2
+ from the

hemisphere (determined voltammetrically) and binding to the molecules of the

fluorophore. Further studies may involve using a much smaller Hg/Pt UME to eliminate

movement of the liquid electrode during measurement so that a 3D diffusion profile of

Cd2+ diffusing to and from the mercury hemisphere can be determined.
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Conclusions

For the first time, the structural, adhesion and release properties of polyurea

microcapsules have been characterised at the single capsule level. These microcapsules

are designed for use in agriculture, for the controlled delivery of pesticides to crops.

Little is known about how or why the microcapsules work and the studies in this thesis

present new methodologies for investigating specific properties of the microcapsules

which had either not previously been studied or had only been examined at the bulk

level.

The adhesion characteristics of functionalised microcapsules have never before

been investigated for this polyurea microcapsule system and these studies show how by

using an adaptation of AFM, specifically CFM, the adhesion properties are able to be

fully characterised. Previously, the release characteristics of these microcapsules have

been investigated in bulk. The studies p resented in this thesis provide more detailed

information regarding the mechanism of release for different pesticides both in solution

and in the dry state at the single capsule level.

The adhesion characteristics of polymeric microcapsules is of particular

importance in agriculture as the amount of pesticide which is delivered to the pest is

directly proportional to t he number of microcapsules which adhere to the surface of

crops/leaves and therefore the effectiveness of the treatment. In Chapter 3, the use of

AFM has been described as a technique for investigating the adhesion characteristics of

single functionalised microcapsules, attached to the tip of an AFM cantilever, to model

surfaces over a range of pHs. SAMs of OH-terminated alkyl thiols on gold have been

characterised and used as the model surface in adhesion measurements.

Adhesion was observed between all microcapsules and the Ol-l-terminated

SAM. This adhesion can be attributed to the presence of hydrogen bonding groups
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within the wall of the microcapsule. Enhanced adhesion was observed between

microcapsules whose surfaces had been modified with molecules containing ethylene

and propylene oxide functional groups. This is thought to be due to further hydrogen

bonding between these groups and the SAM. Supplementary evidence for this was

provided from studies into the adhesion of the same microcapsules to Cl'Ij-terminatcd

SAM, where enhanced adhesion was not observed.

The surface topography and elasticity of the microcapsules will have had a huge

effect on the contact area and surface groups exposed and hence the number of bonds

formed during contact of the microcapsule with the surface of interest. It was found that

the microcapsules deformed upon compression and SEM images showed that the

surface topography of the microcapsules varied considerably for each microcapsule.

For all microcapsules enhanced adhesion to the OH-terminated SAM was

observed at low pH. This could be attributed to the fact that at low pH the cross-linking

between the polymer chains may start to weaken, leading to an increase in the amount

of hydrogen bonding groups within the wall of the capsule which are exposed to the

hydrophilic SAM. The microcapsules whose surfaces had been modified with molecules

not containing the ethylene and propylene oxide groups exhibited similar adhesion to

the unmodified microcapsule with slightly enhanced adhesion at low pH.

The surface pKI/2 for the sulfonate-modified microcapsule was estimated to be

ca. 4. This value is much higher than that of a sulfonate group free in solution, but the

value is expected to increase due to the fact that the limited ability of the solvent (and

ions) to shield charged species at the interface, compared to solution. Furthermore, in-

plane hydrogen bonding between molecules on the surface should increase the difficulty

in ionising surface bound species. The variety of functional groups on the microcapsule
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surface which are exposed to the substrate III these measurements may also be a

contributing factor.

The ultimate arm of these studies was to investigate the adhesion of the

functionalised microcapsules to the surface of a leaf. A solution of 70:30 CH
3

: COOH-

terminated thiol was used to form a mixed monolayer mimicking the proportions of

hydrophobic/hydrophilic sites on a leaf cuticle. Similar adhesion was observed on this

monolayer to that of a pure CH3-terminated monolayer. No sites of enhanced adhesion

were observed.

Adhesion measurements of microcapsules to the cuticle of a leaf of the Prunus

laurocerasus showed that sites of enhanced adhesion were present. This could be

attributed either to large areas of hydrophilicity on the leaf cuticle, or more likely, the

enhanced adhesion was due to the fact the leaf surface was not flat. The cuticle surfaces

are extremely irregular and if the capsule was brought into contact with a ridge then a

small contact area would result leading to decreased adhesion.

Overall, these studies have provided a vast amount of detail about the adhesion

characteristics of polymeric microcapsules. The 'bare' wall of the capsule was shown to

exhibit adhesive properties to hydrophilic surfaces and this adhesion could be enhanced

considerably by the addition of modifier molecules containing hydrogen-bonding

groups such as ethylene and propylene oxide. It has been shown that the surface

topography of the leaf/crop has a large effect on the adhesion characteristics of the

microcapsules to the surface.

The release properties of microcapsules have been investigated in bulk, into

solution, using a variety of techniques. In Chapter 4 CLSM is presented, for the first

time, as a technique which can be used in the study of the release of active ingredient

from microcapsules at the single capsule level. CLSM has been used to track the levels
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of active ingredient inside the microcapsule following release into an aqueous-ethanolic

solution. Release profile of pesticide from a capsule was recorded using this technique.

From the data, the products of the mass transfer coefficient and the solubility coefficient

of the pesticide in the polymeric wall have been estimated.

In order to investigate how changing the polymeric wall affects the controlled

release properties of microcapsules, the thickness and the cross-linking density of the

polymer wall were varied. Using CLSM, it was found that, as expected, the

microcapsules with the thicker, denser walls took longer to release the pesticide (lambda

cyhalothrin) encapsulated inside the polymer wall. The product of the mass transfer

coefficient and solubility coefficient of the pesticide in the polymeric wall provided

further evidence for this phenomenon, with the thicker, denser walled microcapsules

having much smaller coefficients associated with their release profiles. This indicates

that the mass transfer coefficient and/or the solubility coefficient decrease with

increasing wall density.

These studies provide a detailed insight at the single capsule level into how the

microcapsules release species into solution. The results could be used to determine the

optimum wall thickness/cross linking density that should be employed to obtain the

most effective crop protection.

In order to study the most life-like system, release measurements were made in

the dry state, i.e. with the capsules dried down from their aqueous storage solution.

Chapter 5 provides details of CLSM investigations into the release properties of both

lambda cyhalothrin and emamectin benzoate containing capsules. It was shown that the

two types of capsule exhibited different release properties when dried down onto the

leaf of the Prunus laurocerasus.
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Investigations found that the lambda cyhalothrin containing capsules showed a

significant decrease in fluorescence, indicating significant release 0 ver time, whereas

the e mamectin benzoate capsules showed a very s mall decrease in fluorescence over

time. A simple model was used to obtain a rate constant for release from the lambda

cyhalothrin capsule which compared well with literature.

The emamectin benzoate capsules were not designed to release in the dry state

and so the small decrease in fluorescence observed in these measurements was cause for

concern. To investigate this further, more detailed studies were carried out with the

microcapsules deposited onto hydrophilic and hydrophobic surfaces to determine

whether the decrease in fluorescence observed on the leaf was due to release of

pesticide from the microcapsule. If pesticide was released from the microcapsule then

an increased rate of release should have been observed onto the hydrophobic surface.

However, this was not observed; the surface upon which the microcapsule was placed

had no significant effect on the release, with the same small decrease in fluorescence

observed in each case. The observed decrease in fluorescence was thus attributed to a

redistribution of pesticide within the microcapsule which could be, for example, a slight

increase in the radius of the microcapsule upon drying down onto the leaf surface.

The high resolution imaging capabilities of CLSM have been used to investigate

the structure 0 f leaf a nd caterpillar cuticles. This approach also u sed the direct non-

invasive properties of the technique to investigate the internal structure of the leaf of the

Prunus laurocerasus. It was shown how this technique can be used to determine the

effect of the preparation of leaf sample on the internal structure of the leaf.

The results presented in Chapters 4 and 5 demonstrate the viability of CLSM as

a technique which can be used for the study of the release of species from single

microcapsules in both the dry state and under solution. Data obtained from these

167



Chapter ­

experiments can be directly compared to theoretical values calculated for release from

single microcapsules.

Imaging the release of pesticide from microcapsules into solution has been

demonstrated using CLSM. It would be beneficial to develop the methodology further

to monitor the diffusion of species away from surfaces into solution. Chapter 6 detailed

the development of a technique which is capable of visualising the release and diffusion

of a species (Cd
2+) from a hemisphere in solution. Voltammetry was used in conjunction

with CLSM to monitor quantitatively and visually the preconcentration and release of

Cd2
+ into and away from a mercury hemisphere UME.

Using the fluorescent indicator Calcium Green-5N a delay was observed

between the release of C d2
+ from the hemisphere (determined voltammetrically) and

binding to the molecules of the fluorophore. The time lag observed may be associated

with the diffusion time 0 r the binding kinetics of the cadmium ions to the indicator

molecule. These studies have shown that it is possible to use CLSM to monitor the

diffusion of species into and away from surfaces in solution. Further studies could

involve the use of a much smaller HgJPt UME to eliminate movement 0 f the liquid

electrode during measurement so that a 3D diffusion profile of Cd2
+ diffusing to and

from the mercury hemisphere could be determined. This technique could be developed

to study the release of species from a microcapsule. For example, a change in the

environment surrounding the capsule brought about by electrochemistry may cause the

capsule to release which could be monitored using CLSM.

Overall, the aims of this thesis have been achieved. For the first time the

adhesive properties 0 f functionalised p olyurea microcapsules have been characterised

and new methodologies have been developed with the use of CLSM to investigate the

release characteristics 0 f single polymeric microcapsules both in t he dry s tate and in
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solution. Preliminary studies on the combined use of CLSM and electrochemistry have

proved promising in the development of the technique for the visualisation of the

release and diffusion characteristics of species from a mercury hemisphere.
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