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Abstract

ABSTRACT
Well defined micron sized particles are used in applications ranging from
immunoassay detection agents to enzyme immobilisation supports.

The

market for microparticles is constantly changing and expanding and
developments in particle technologies need to meet these advancements as
well as act as enabling systems to realise new applications. Chromophoric
and/or fluorescent particles have a broad range of applications. Of particular
interest is their application as detection agents for rapid diagnostic
applications.

Developments in improving particles as detection agents

concentrate on improving their visual (colour intensity), optical properties,
particle size, and biological binding capacity. This study aimed to evaluate
the application of ReSyn™ (WO2009057049) particles as detection agents.

The study investigated three parameters that are important for the application
of microparticles. These are particle size, particle size distribution and optical
properties. Using an emulsion based technique particle sizes of 6, 13 and
20µm were prepared. These particles were further bound to different dyes to
improve their visual properties. The particles demonstrated a higher binding
capacity when compared to particle technologies currently available on the
market. These particles bound up to 54% dye of the final dry weight. Dyes
with distinct spectral wavelengths were used to illustrate the particle
technology’s potential to be applied in bead based multiplex assays.

The capacity for ReSyn™ for possible application as a detection agent in
diagnostics and multiplex assays has been demonstrated with the high dye
binding capacity and the ability to control particle size.

These properties

confer good visibility with potential to improve particle detectability; the ability
to control particle sizes offers the possibility of realising more applications.
However, further improvements are required to realise these applications,
including controlling the emulsion parameters for producing more uniform
particles.

These particles will be further developed for application as

detection agents.
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Introduction

1.1 BACKGROUND
The market for microparticles is constantly changing and expanding as the
requirements for research and industry advance (Fenniri et al., 2007).
Current particle technologies are required to meet the progress being made
for the different applications as well as to act as enabling technologies to
assist in realising new applications and industries (Vignali, 2000).

Well-

defined polymer particles offer suitable supports for a large variety of
biotechnological, pharmaceutical and medical applications (Pichot, 2004).

An example of an existing application includes particles of defined sizes
ranging from 20 nm to 2000 µm which are used as reference or calibration
standards (whitehousescientific, 2009).

Functionalised latex particles are

currently used for immunoassays and rapid diagnostic tests (Andreotti et al.,
2003, Rundström et al., 2007, Franse et al., 2008 & Posthuma-Trumpie et al.,
2009), detection agents for enzyme-linked immunosorbent assay (ELISA)
(Sato

et

al., 2000), flow cytometry (Schwartz et

al.,

1998), and

charged/functionalised particles for protein or enzyme immobilisation
(Cakmak et al., 2009) or delivery systems for food and pharmaceutical
applications (Stejskal et al., 2000, Zhang et al., 2007 &

Rong-Hwa et

al.,2010).

Improvements

in

immunoassay

performance

have

concentrated

on

developing particulate systems with improved properties (Seydack, 2005).
These include the preparation of microparticles with enhanced visibility and
colour discrimination (Yates et al., 2000). These detection agents may be
dyed using fluorophores, chromophores, fluorochromes or scintillators (Bangs
et al., 1994). Advancements in immunoassay technologies have resulted in
the ability to develop simultaneous detection methods of multiple analytes
(multiplexing) (Müller et al., 1997), detectable labels for measuring analytes
(Camilla et al., 2001), optical properties for enhanced detection with or without
the use of instrumentation, and the ability to discriminate the signal from
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potential background interference in the case of detection with instrumentation
(Mercolino et al., 1994).

Market leaders in microparticle technology have demonstrated as much as
25% dye loading by weight (thermoscientific,2009). These microspheres are
designed for application in research and the development of lateral flow
diagnostic tests, where labelling and detection of low sample (analyte)
concentrations is required (Nolan et al., 2006). Dyed reagent microspheres
with higher dye intensity provide enhanced test sensitivity in qualitative and
quantitative lateral flow tests (Bangs labs tech note 301).

Increased sensitivity can be achieved through the use of multicoloured and/or
increased detection agent load, e.g. increased dye load or alternate improved
detection properties such as improved chromophores (Tozzoli et al., 2007).
New labels and detection systems that are capable of multiplexing, which can
be used in miniaturized (micro and nano scale) platforms are becoming
important for bio-analysis (Penn et al., 2003).

Sensitive methods that allow identification of biomolecules at earlier disease
states provide better prospects for effective therapy and better health (Agasti
et al., 2009). These particles have the potential to confer better sensitivity
and signal amplification through preparation of particles with improved
properties (Carville, 2007).

The nature of the particle used for the different applications must satisfy
specific criteria. The density, charge and functionality are critical for their
successful application of particles as detection reagents (Kawaguchi, 2000).
The size of the microparticle influences the available surface area for binding
and light scattering properties (Rosi et al., 2005).

The uniformity or

monodispersity of the microparticles used are important for giving reliable and
reproducible results for an intended application (Martín-Banderas et al.,
2006). Uniformity is not limited to the size but extends to other properties
such as the chemistry and morphology (Kawaguchi, 2000). The charge on
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the particles is critical for the prevention of aggregation and to reduce the nonspecific binding of biologicals to its surface (Rembaum et al., 1976).

1.2 PROBLEM STATEMENT
In general, current limitations associated with microparticle technologies
include, limited surface area (limited binding area), sensitivity (detection
requires a lot of analyte to bind), non specific binding, stability of bound
molecules and expense (Fenniri et al., 2007). Particle technologies under
development need to overcome the current limitations without compromising
on known advantageous properties such as narrow size distribution and
chemical functionality (Seydack, 2005).

1.3 AIM
Due to the variety of applications of chromophoric particles, this study intends
to evaluate the ReSyn™ technology as a potential candidate for inclusion in
the aforementioned applications. Of interest is the suitability of the particles as
research and diagnostic detection agents. The intention is to achieve this by
investigating the effect of various emulsion modifications to determine the
effect on particle size since particle size distribution is a key component for
determining the breadth of feasible applications. Others parameters under
consideration include optical, density and dye loading capacity of the
microparticles.
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Literature review

2.1 Applications of microparticles
2.1.1 Diagnostic detection agents

Diagnostic tests and assays make use of sub-micron sized latex particles and
colloidal gold nanoparticles (AuNP) as detection agents for immunologically
based reactions (Bangs labs tech note 303 & Bonenberger et al., 2006).
Bead based diagnostic assays utilising these particles include; agglutination
tests (latex), particle capture assays, particle immunoassays and dyed particle
sandwich ELISA tests (Bangs et al., 1994).

Diagnostic applications, such as lateral flow assays (LFA) combine
immunoassay principles with thin layer and paper chromatography, based on
fluid migration (Figure 1) (Posthuma-Trumpie et al., 2009). Coloured latex or
colloidal gold particles are widely used as detection labels in LFA’s and
colloidal gold is currently used as the primary detection particle (Ling et al.,
2009). The major advantage of using colloidal gold for diagnostic detection is
the improved flow properties and detectability (Shyu, et al., 2002).

Latex

particles can be dyed to achieve a variety of colours, providing more versatile
visual and optical detection capabilities than colloidal gold which is limited to a
single colour (pink). This enables detection of more than one parameter at a
time (Yguerabide, et al., 2001).

6
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Figure 1: Representation demonstrating the principle of lateral flow assay
technology. (a) Free Ab used as a control and an antibody specific to the
antigen of interest is bound to coloured microparticles used as detection
agents. (b) Conjugation of antigen with antibody bound microparticles
followed by migration to the test line. (c) Reaction of Ab-Ag conjugates with
another Ab at the test line as well as binding of free Ab in the control line
(reproduced from Bell et al., 2006).

An immunoassay is often based on the ‘sandwich’ format which uses two
antibodies of distinct specificities. In the case of lateral flow immunoassays
(Figure 1), one antibody is immobilized to a defined detection region (test line)
on a porous membrane, while the other antibody is conjugated to the
detection agent (colloidal gold or coloured latex particles).

The biological

sample containing the potential antigen is added to the membrane and
allowed to react with the antibody-coated particles (detection agent). The
conjugate then migrates along the porous membrane by capillary action over
7
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the detection line, which in turn binds the antigen and prevents further
migration of the particles.

This results in accumulation of the coloured

particles resulting in a distinct change of colour in the test line (Figure 2b).
The colour intensity of the line is proportional to the antigen concentration in
the biological sample (Figure 2). In the absence of the analyte, no gold or
latex particles bind to the second antibody in the test line. The control line is
designed to ensure the validity of the test and should always be positive to
indicate the test is working (Figure 2b &c).

Handle

a

b

c

d

e e

Control

Test
window

Test

Sample
window

positive

negative

invalid

invalid

Figure 2: A typical rapid diagnostic test and the interpretation of the results.
(a) Test strip before the application of sample, no distinct colour is visible. (b)
Positive result, change in colour in the test and control region. Distinct and
consistent colour bands appear on the control and test regions. Colour
intensity of the bands may vary according to concentration of Ag of interest.
(c) Negative result only one line appears in the control region. (d) Invalid test,
no line appears in the control or test region. (e) Invalid test when the test line
changes colour while the control line does not.
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Immunoassays utilising gold nanoparticles require good labelling efficiency,
i.e. good interaction between the particle and the antibody, with a good
particle size for visibility (Dendukuri et al., 2009).

Developments towards

improving gold nanoparticles as detection agents with improved optical
properties for increased sensitivity are ongoing (Baptista et al., 2008 &
Sanvicens, et al., 2008). Research by Lui et al., (2010) focused on methods
of particle preparation with the aim of producing particles with increased
uniformity and lower density.

These properties are associated with the

sensitivity of the intended application including flow and visibility.

The aim of optimising colloidal gold preparation methods is to achieve ‘good’
colloidal gold. The uniformity of the colloidal gold influences the aggregation,
stability and optical properties of the particles (Yeh et al., 2009). An example
of improving the sensitivity of colloidal gold by altering the optical properties
can be found in a study by Rong-Hwa et al. (2010), where inclusion of silver
improved the visual properties of the colloidal gold and hence its sensitivity.
Gold nanoparticles catalyze the reduction of silver and thus act as nuclei for
silver deposition, resulting in improved colour development to intensify the
binding signal of the colloidal gold at the test line (Newman et al., 1999).

The requirements for improved sensitivity of LFA’s have led to the
development of signal enhancing steps.

For example Choi et al., (2010)

developed a dual system for LFA composed of two AuNP-antibody conjugates
(Figure 3). The 1st AuNP conjugate was prepared and conjugated to an Ab
as part of the sandwich assay, the 2nd AuNP conjugate was larger in size and
was designed to bind to the 1st AuNP. The two nanoparticles were positioned
at different points in the diagnostic test strip to prevent interaction before
application of sample. This double conjugate assay improved the sensitivity
of the LFA for troponin I.

9

Literature review

1st conjugate
Sample
introduction
2nd conjugate

Test line
Sample addition

Sample flow via
capillary action

2nd conjugate flow

Figure 3: Improving signal amplification for lateral flow diagnostic using dual
AuNP system. The 1st AuNP is conjugated with the Ab specific for the analyte
of interest and blocked with BSA. The 2nd AuNP is conjugated with anti-BSA
Ab to bind specifically with the 1st AuNP conjugate to amplify the signal
generated from the 1st AuNP.
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2.1.2 Research detection agents

Microparticle properties can be exploited for different research applications
(Warsinke et al., 2009). In cell labelling studies the distinct optical properties
of microparticles can be used to provide and or generate contrast in tissue
samples (Chithrani et al., 2006). Microparticles with distinct optical properties
such as colloidal gold can be functionalised for attachment to specific
biological tissues and are suitable for visualisation applications (Figure 4)
(Sperling et al., 2008).

Labelling of tissue samples for electron microscope studies with gold particles
(Figure 5) ensures the label is not easily mistaken for a tissue structure. The
resolution of this labelling in electron microscopy is thus higher than alternate
(Chu et al., 2005).

Cell labelling studies for microscopic analysis utilise

microparticles that are biocompatible, in the size range of 0.001-0.4 µm in
diameter and have functional groups that allow for covalent binding of
antibodies or other biomolecules with affinity for their target (Rembaum et al.,
1976 & Gosh et al., 2008).

In a study by Chithrani et al., (2006) HeLa hepatocytes were exposed to gold
nanoparticles

to

evaluate

biological

uptake.

Transmission

electron

microscopy of labelled tissue indicated that the particles were efficiently
translocated into the cells and were easily distinguishable from the
surrounding tissue. This demonstrated that the unique optical properties of
gold nanoparticles can be used for specific applications and can be easily
detected. Their translocation into the cells alludes to their application as drug
delivery systems (DDS).

AuNP have the potential to act as contrast agents in reflectance based optical
imaging (Figure 5). This arises from their unique optical response to light
which allows them to absorb and scatter light. The optical signal generated
can be further enhanced through aggregation or localisation of AuNP (Stirhoff
et al., 2000 & Kah et al., 2008).
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Figure 4: Scheme indicating application of AuNp as contrast agents (not drawn
to scale, AuNP (~10-40nm), DNA (~60kDa) and or proteins (~20-30kDa). The
AuNP allow the labelling of the cell or parts of the cell for visualisation. The
insert shows a AuNP that has been functionalised with an Ab adsorbed to its
surface and used as a contrast agent and targeted delivery and or attachment
of biomolecules (reproduced from Sperling et al., 2008).
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Figure 5: TEM images of AuNP of various sizes trapped inside vesicles of
HeLa cells. Images B- F are AuNP with sizes 14, 30, 50, 74 and 100 nm
respectively, gold particles are used as contrast agents (reproduced from
Chithrani et al., 2006).

2.1.3 Detection agents for flow cytometry

Flow cytometry uses the principles of light scattering, light excitation and
emission of fluorochromes, to generate specific multi-parameter data from
particles and cells (Kellar et al., 2002).

It is a technique that is used to

quantify as well as provide qualitative data of sample populations. It is used
in analysing expression of cell surface and intracellular molecules,
characterizing and defining different cell types in heterogeneous cell
populations, assessing the purity of isolated subpopulations, and analyzing
cell size and volume (Brown et al., 2000).

Its use is not only limited to

biological applications, synthetic molecules such as polymer beads have also
been studied using this technique (Spherotech, 2009,).
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Flow cytometry is now a widely used technique for it is predominantly used to
measure

fluorescence

intensity

produced

by

fluorescent-labelled

biomolecules (BD Biosciences, 2000). Beads of the same size are labelled
with the same fluorophore but different intensities (Brookhaven, 2009). Figure
6 each bead is coupled to a unique antibody or probe that recognizes a
specific molecule after the beads are mixed with a sample.

The beads are

ordered into a stream of single particles through hydrodynamic flow focusing.
The "sheath" fluid surrounds a thin core thread of sample and flows at a
higher speed then sample stream. This spaces the cells out so that only one
passes the laser beam at a time, and keeps the cells centred in the flowing
stream so that they pass the laser beam optimally centred.

The sample

stream and sheath fluid do not mix and thus laminar flow occurs.

Laser

beams are used to decode the beads and quantify the fluorescence, as well
as the forward and side scatter light emitted from the particles.

The

combination of scattered and fluorescent light is detected and analyzed.
Forward scatter correlates with the size and side scatter measures the
complexicity of the particle. Fluorochromes used for detection/staining will
emit light when excited by a laser with the corresponding excitation
wavelength (Joos et al., 2002).
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Sheath
fluid

Sample
inlet
Hydrodynamic
focusing of
samples

Fluorescence
detected from the
sample

Laser light
source

Forward and
side scattered
light from the
sample

Figure 6: Diagram showing how the bead-based flow cytometric technology
operates. When the sample in suspension buffer is run through the cytometer,
it is hydrodynamically focused, using sheath fluid, through a small nozzle. The
tiny ‘stream’ of fluid takes the particles past the laser light one bead at a
time. There are a number of detectors to detect the light scattered from the
particles as they go through the beam. The insert shows beads of the same
size with different intensities of the same fluorophore and functionalised for
specific binding

Camilla et al., (2001) demonstrated a specific and quantitative immunoassay
through the combined use of flow cytometry and latex microparticles of
specific sizes. Bead based flow cytometry assays need to meet the following
criteria of specificity (binding to specific biomolecules), sensitivity (detection of
low abundance of biomolecules), simplicity (basic skills required for operating
and or performing assays), reliability (to ensure reproducible results), multplex
capabilities (allowing for complex sample analysis) (Vignali, 2000 & Holmes et
al., 2007).
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Multiplexing beads offer several advantages over single target detection
methods; less time and cost per analysis, simpler protocol formats, fewer
sample volumes required and reproducible and reliable measurements
(Tozzoli et al., 2007 & Derveaux et al., 2008). Ten intensities of two colours
enable the encoding of 102 different microspheres that can be discriminated
by a flow cytometer (Nolan et al., 2006). The beads are coded using unique
tags, chromophores or fluorophores (Figure 7) depending on the detection
that is used. The unique coding designated to each particle affords easy
identification and detection (Birtwell et al., 2010).

Coded bead

Antigen
Antibody

Figure 7: Coded beads used in multiplex assays. The beads are coded with
unique tags, chromophores or fluorophores for easy identification upon
detection (reproduced from Birtwell et al., 2010).

Various systems have been formulated such as multiplexed suspension
(bead—based) assays which offer a number of advantages over alternative
approaches such as ELISAs and microarrays. Molecular sensitivities of bead
based assays are comparable to both ELISAs and microarrays and are
realistic candidates for high throughput, low sample volume replacements for
these technologies (Birtwell et al., 2010).

Wu et al., (2008) successfully

prepared two-dye labelled polystyrene particles. By controlling and varying
the dye concentrations they were able to obtain two distinguishable parts of
fluorescence and varied intensities.
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2.1.4 Enzyme immobilisation
The major advantage of enzyme immobilization is that it facilitates recovery
and recyclability of catalysts.

The generally very expensive and valuable

biocatalysts can be used repeatedly used in successive batches (Biro et al.,
2008).

Enzymes are immobilized on solid supports having particle sizes

ranging from tens of micrometers to several millimetres. Microparticles used
have specific surface area with numerous active sites for the enzyme
molecules to bind (González et al., 2005). The supports used in
immobilisation must offer stability and adsorption of enzymes with out
leaching (Brady et al., 2009). Microparticles provide increased surface to
volume ratio reducing the volume of reagents required. Biomolecules can be
immobilised on particle surfaces thus localising the chemistry to a defined
point for rapid analysis (Lei et al., 2002).

2.1.5 Microfluidics

Microfluidics involves the processing and manipulation of small (microlitre and
less) amounts of fluids in small channel dimensions (micrometer) (Whitesides,
2006), it takes advantage of the already advance microfabrication processes
and technologies developed by the microelectro-mechanical systems industry
(Xia et al., 1998). It has the potential to impact many research fields including
clinical diagnostic, chemistry, biochemistry, biosensing, immunology, genetic
research, drug discovery and drug delivery (Whitesides et al., 2001b).
Systems and devices are being realised through microfluidics research by
modernising and miniaturising existing techniques such as sample transport
and detection (Beebe et al., 2002). These processes can be developed for
microfluidic platforms to perform better and more efficiently compared to
currently available bench top technologies (Whitesides et al., 2001a).
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Sample flow

a

b

Ab coated microparticle

Ab

Figure 8: Micro channels (100µm) used in the development of miniaturised
immunoassays. (a) Functionalised microparticles are conjugated to specific
Ab and attached to the microchannel surface. The particles provide increased
surface area for improved sensitivity. (b) Alternative limited sensitivity; Ab are
attached directly onto the microchannel surface.

Microfluidic separation relies on the exploitation of particle properties to
achieve the intended separation (Anderson et al., 2003).

The charge or

magnetic properties of microparticles can be used for dielectrophoretic (DEP)
or magnetic separation respectively (Yasukawa, et al., 2007). A study by
Kuntaegowdanahalli et al., (2009) investigated the use of an inertial
microfluidic system for passive simultaneous separation of microparticles of
sizes 10, 15 and 20µm. The ability to sort these sizes has applications for
high throughput sorting in medical and environmental industries.

Microfluidic bead-based immunoassays offer several advantages over the
conventional counterparts (Bange et al., 2005).

They provide shorter

operational times, wide range particle surface chemistries available, better
specificity for target analyte, and ease of recovery (Murakami et al., 2004).
Miniaturised assays are accepted on the basis that they function similarly to
other assays such as ELISA which are currently the gold standard.

An
18

Literature review
increase in sensitivity is achieved due to the increase in available surface
area for binding (Figure 8), faster analysis times and a reduction in cost as
well as ease of handling (Sivagnanam et al., 2009).

Unfortunately

miniaturisation through microfluidics often occurs at the expense of
detectability and instrumentation for detection. Particles with high dye loading
capabilities can potentially address this limitation (Uchiyama et al., 2004).

2.2 Factors influencing applications of microparticles
The market for microparticles is constantly changing and expanding as the
requirements for research and industry advance (Fenniri et al., 2007).
Current particle technologies are required to meet the progress being made
for the different applications as well as to act as enabling technologies to
assist in realising new applications (Vignali, 2000).

Research has been dedicated to the design and preparation of particles with
appropriate properties.

These properties are conferred to the particles

according to the intended application (Pichot, 2004).

The properties of

microparticles, such as their size, usually determines the available surface
area for binding, while monodispersity is often required for applications such
as diagnostics and can affect the reproducibility of the intended application
(Park et al., 2002); presence of bioreactive groups; biodegradability,
bioresorbability and nontoxicity are required in the case of particles used as
DDS (Pichot, 2004).

The optical properties can affect the application of particles as contrast agents,
particularly for cell labelling studies (Yates et al., 2000).

The intensity of

colour in the case of dyed particles can result in very high contrast and
relative visibility to background materials, which can be observed directly in
the media being tested either visually or by light microscopy (Dukescientific,
2009).
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From this literature review it is evident that the development of microparticles
with improved properties, such as better detection agents, increased dye
loads and flow properties has the potential to overcome limitations in current
technologies including limited detection, stability and surface area.

Of

particular interest is their application as diagnostic detection agents for point
of care devices (Rundström et al., 2007).

2.3 ReSyn™ technology description
The ReSyn™ technology developed by Jordaan et al., (2009) has several
features that can be used to potentially overcome these current limitations
and meet increasingly stringent industry and research requirements.
ReSyn™ is a proprietary polymer matrix prepared using an emulsion based
technique. The advantages of this technology include control of particle size.
The advantages stem from the loosely linked polymer network. The loose
network confers optical translucency, a property that can result in easier
detection using optical measurements and detection techniques (Figure 9).
The particles contain a high density of functional groups on the polymer
strand network that are available for binding of biomolecules and/or chemicals
through covalent, hydrophobic, affinity and ionic bonds.

Polymeric
strands

Biomolecules
bound to the
particle
Figure 9: Illustration of a ReSyn™ particle. The particles formed are spherical
and contain a high density of functional groups.
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The following research investigated the preparation of microparticles of
different sizes by changing reaction parameters. The particles were prepared
with specific characteristics such as high dye loading capacity and enhanced
optical properties for improved sensitivity as well as lower density.

2.4 Properties of microparticles
2.4.1 Microparticle size distribution

The controlling of microparticle size through physical properties of the
materials, such as polymer and surfactant concentration (Gurkov et al., 1994
& Biro et al., 2009) and through modifying the experimental conditions
(Mitragotri et al., 2008) is of interest.

Emulsion based particle synthesis uses an aqueous reaction media.

An

emulsion system is formed of at least three components. These are the oil
phase, the water phase and the surface-active agent. The physicochemical
properties of these components affect the emulsion behaviour (Salager et al.,
1996 and van Zyl et al., 2004).

During emulsification, a combination of

surface active agent and agitation, are used. The nature of such an emulsion
is then determined by the affinity of the surface active agent whether it is
towards the water or oil phase (Sajjadi et al., 2003). The physiochemical
formulation of the emulsion system is sometimes more important than the
surfactants, energy and stirring/mixing parameters individually (Salager et al.,
1996).

A study by Lui et al., (2005) investigated changes in the emulsion
microstructure and stability by varying the amount of energy delivered during
formulation. They observed the role that energy input plays but also indicated
the role of the physiochemical conditions of the emulsion components to
greatly influence the outcome.

For the samples prepared with low

concentrations of surfactant a significant increase in droplet size was
achieved to that of the high surfactant concentration.
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2.4.1.1 Surfactants

In the preparation of polymer particles the size and morphology are primarily
dependent on two factors, the concentration and type of surfactants used
(Jang et al., 2002) and the energy delivered during formulation (Lui et al.,
2005). The surface active agent or emulsifier is an essential element for the
initial formation and the long-term stability of emulsions (Gullapalli et al.,1999).
The general rule is that particle size can necessarily be reduced by increasing
the surfactant concentration, resulting in a decrease in interfacial energy, and
increased dispersion of the emulsion droplets (Lee et al., 2005). Surfactants
are used as emulsifiers in the food, cosmetic and pharmaceutical industries
for the formulation of emulsions.

Surfactants contain an ionic head and a non-polar hydrocarbon tail (Figure
10) and upon dissolution the surfactant molecules align under critical micelle
concentration (Hicks, 1971).

The surfactants form micelles, which are

required for particle formation by micellar nucleation.

Additionally, the

surfactants provide colloidal stability for the monomer droplets by forming a
film around the suspending dispersed phase droplets. Strengthening of this
film through concreting at the interface attains a much greater degree of the
droplet stability (Antonietti, et al., 1992 and Gullapalli et al., 1999).
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Oil phase

Hydrophobic tail
Water phase
Hydrophilic head

Figure 10: Alignment of surfactant molecules during emulsification to form
stable emulsion droplets. The hydrophobic tails orientate themselves and give
stability to the formed emulsion droplets.

The hydrophobic- lipophilic balance (HLB) factor for the different surfactants is
an important parameter for emulsification as it directly influences the emulsion
formation (Sajjadi et al., 2003). The detergent is selected for an application
based on this HLB as it indicates the suitability for emulsification of the
emulsion components (Velev et al., 1994). Examples of surfactants used for
emulsion derived microparticles include Nonoxynol 4, Span and Tween.
Nonoxynol 4 has an HLB factor of 8.9. Span, having an HLB factor of 8.6, is a
more lipophilic surfactant and tends to be soluble in the oil phase (Gullapalli et
al., 1999).

The surfactant affinity to either the oil or water phase depends on other
conditions such as the type of oil phase, the surfactant concentration and on
the presence of other additives in the system (Sajjadi et al., 2003). Tai et al.,
(2001) has shown and emphasised the importance of taking into
consideration the system HLB instead of the surfactant HLB factor only. The
nature of the oil phase used can modify the geometry of the surfactant at the
interface and thus affect the emulsion type and stability of the emulsion.
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2.4.1.2 Energy impact on emulsification

Emulsions are thermodynamically unstable and require energy during their
formation.

Mechanical energy in the form of (agitation or mixing) is the

primary from of energy for emulsion formation (Campbell, 1991). Liu et al.,
(2005), observed the role the energy input plays but also indicated the role of
the physiochemical conditions of the emulsions to have a greatly influence the
PSD of an emulsion.

2.4.2 Optical properties of microparticles
Chromophoric and/or fluorescent particles have a broad range of applications.
Of particular interest is their application as diagnostic detection agents for
point of care devices (Rundström et al., 2007).

Pregnancy tests (Chard,

1992), food tests (Rong-Hwa et al.,2010), lateral flow assays (Andreotti et al.,
2003) immunosorbent assays (Sato et al., 2000) fluorescent labelling (Müller
et al., 1997) and microsphere based flow cytometric assays (Camilla et al.,
2001) all utilise labelled microparticles.

Solid supports used in applications as diagnostic detection agents require
enhanced sensitivity, selectivity, mobility, and stability.

Depending on the

nature of the signal, the reactants may be detected visually, electronically,
chemically, or physically (Andreotti et al., 2003 & Agasti et al., 2009). Areas
that

still

require

improvement

have

been

identified,

these

include

improved/simpler methods of preparation, improved size uniformity and the
capacity to retain their properties, i.e. optical characteristics (Gañán-Calvo et
al., 2006).

The optical properties of ReSyn™ particles offer distinct advantages for their
application as detection agents. They are optically translucent due to the
loose polymer network. The high density of binding sites can be used to
prepare microparticles with improved dye loads.
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2.5 Objectives
The objectives of this research were:
•

To manufacture polymer particles of 5, 10 and 20 microns in diameter
by altering preparation parameters. To control particle size for
determining the versatility of the technology for various particle-based
applications.

•

To evaluate the dye binding capacity of ReSyn™ particles by
determining the amount of dye that can be incorporated in the particles.

•

To investigate the physical properties such as density, size,
morphology as well as optical characteristics.

•

To compare ReSyn™ technology to the existing microparticle
technologies with respect to the parameters of interest such as dye
binding capacity and size.
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3.1 Particle preparation
Particles were produced using a water-in-oil bi-emulsion process (Figure 11)
as described previously (Jordaan et al., 2009).

In brief, two separate oil

phases were prepared by dissolving 50 µl NP4 detergent in 5ml of mineral oil.
The mineral oil and detergent were mixed using a vortex (IKA®) at maximum
speed (2500 rpm) for 10 seconds.

To the one oil phase a water phase

consisting of 200 µl of 10 % polyethyleneimine (PEI) solution (pH adjusted to
9 using HCI) was added, and to the second 200 µl of 20 % Glutaraldehyde
(Grade II). These were subsequently emulsified using a vortex at maximum
speed (2500 rpm) for 10 sec. The two emulsions were combined and mixed
end-over-end at 60 rpm for 60 min to allow particle crosslinking to occur.

The particles were recovered by centrifugation at 3901x g for 5 min. The
particles were subsequently washed six times using 50 ml MilliQ water
(Millipore) to remove oil and detergent. The particles were stored at 4ºC in a
20% ethanol solution until required. This method has been demonstrated to
produce particles with an average size of 6 µm (Jordaan et al., 2009).
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Figure 11: The particle preparation process as described in 3.1
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3.2 Evaluation of emulsion parameters for particle size
differentiation
The manufacturing procedure as described in section 2.3.1 for the production
of 6 µm particles was modified for the manufacturing of 13 µm and 20 µm
sized particles. The surfactant NP4 was substituted with 50 µl and 75 µl of
Span 20 for the 13 and 20 µm particles respectively. Magnetic stirring at 700
rpm for 25 sec was used for preparing the oil phase. The water phases
remained the same as previously stated in section 2.3.1 and emulsified using
a magnetic stirrer at 700 rpm for 25 seconds. The particles were recovered
by centrifugation at 3901x g for 10 minutes. The particles were washed using
3x 50 ml aqueous solution of Triton®X100 (0.1%) followed by 10x 50 ml
washes with MilliQ water. The particles were stored at 4ºC in a 20% ethanol
solution.

3.3 Particle Analysis
3.3.1 Particle Yield

The samples were washed a minimum of three times using water to remove
ethanol (recovery using 12470x g for 5 min). The pellet was subsequently
made up to 5 ml using distilled water. Samples (1 ml) were lyophilised using
Labconco Triad system and weighed to determine particle dry weight.
Particle preparation and dry weight determination were performed in triplicate.

3.3.2 Particle size distribution

Particle size distribution (PSD) analysis was undertaken to determine the
effect of the above mentioned variations in the emulsion parameters.
Particles (1 ml) suspended in 20% ethanol were analysed using a Malvern
Mastersizer 2000 using three different conditions, no sonication, presonication (1 min) and in-line sonication. Samples were analysed in triplicate.
Ultrasonication (pre- and in-line) can separate potential aggregates.
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3.3.3 Flow Cytometry

The particle sizes from the different preparation methods were evaluated
using flow cytometry.

Flow cytometric analysis of the particles was

undertaken in the Central Analytical Facility of the Department of Physiology
at Stellenbosch University by Dr. Ben Loos.

The BD FACSAria and BD

FACSDiva software was used to record the data and analyse the forward
scatter (size) and side scatter (complexity) of the samples.

3.3.4 Microscopic analysis

Microscopic analysis of the particles was undertaken using the Olympus
Cell^R system attached to an IX81 Inverted fluorescence microscope
equipped with a F-view-II cooled CCD camera (Soft Imaging Systems) with a
Xenon-Arc burner (Olympus Biosystems GMBH) as the light source. Images
were acquired using a 360 nm, 472 nm or 572 nm excitation filter. Emission
images were collected using a UBG triple-bandpass emission filter cube
(Chroma). Images were acquired using an Olympus Plan Apo N60x/1.4 Oil
objective.

The morphology of native ReSyn™ microparticles was characterised using
light and fluorescence microscopy. Microscopic images were taken using the
Olympus BX 41 light microscope with 1000x magnification using and oil
immersion objective.

3.3.5 Particle density determination

The approximate density of particle preparations was calculated using
sucrose concentrations of known densities. Sucrose concentrations of 0, 1, 2,
4, 10, 12 and 14% were prepared. Samples of 50 µl of particles were applied
to 1 ml of sucrose solution and allowed to settle for 5 min.

Polystyrene

-3

particles of known density, 1.05 g.cm , were used as a control to validate the
method.
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3.4 Particle Dyeing
3.4.1 Dyeing of ReSyn™ particles

The dyeing method used for the particles manufactured in chapter 2 section
2.1 and 2.2 was adapted from Compton et al., (2002). Dye solutions were
prepared consisting of 10 mg dye in 1 ml of water. Table 1 summarises the
different dye concentrations used for dyeing the particle preparations. Dye
solution (200 µl) was added to 800 µl of particle sample and heated at 70°C
for 30 min shaking at 5 min intervals to avoid settling of the particles. The
dyed particles were washed with 1ml distilled water from the milliQ water
(Millipore) system until all the dye was removed.

The particles were

recovered by centrifugation at 12470x g for 3 min. The supernatants from all
the washing steps were stored for absorption spectroscopy analysis.

3.4.2 Evaluation of dye-particle interactions

Twenty seven dyes were screened to evaluate the capability of ReSyn™
particles to bind dyes. Only 20 of the dyes screened are represented in
appendix 2 as 4 of the dyes did not dissolve using the preparation method
described in section 3.4.1.

Three of the dye samples changed colour

properties after addition to the particles. Thus the evaluation of these does
was not pursued further and investigation of this phenomenon was not
explored further as it fell outside the scope of this study. Stringent elution
processes were used to evaluate particle-dye interactions using NaCl (ionic),
ethanol (hydrophobic) and chloroform (non-polar).

Three major colours

namely; blue, red and yellow were screened. The particles were prepared
according to the method in section 3.4.1. The dyed particles were washed
with ethanol (absolute), chloroform (100%) and 2 M NaCl solutions (1 ml) and
recovered by centrifugation at 12470x g for 3 minutes. The supernatants from
the different dyes were recovered and evaluated for dye leaching. Brilliant
Yellow, Remazol Brilliant Blue R (RBBR) and Congo red were subsequently
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chosen in this study as they demonstrated no dye leaching and were strongly
associated with the particles.

Table 1: Summary of the concentrations of dye used for dyeing particles.

Particle size (µm)

6

13 and 20

Concentration (mg.ml-1)

Dye
RBBR

8

Congo Red

4

Brilliant Yellow

4

RBBR

4

Congo Red

2

Brilliant Yellow

2

3.4.2.1 Optimum wavelength determination

The dye binding was calculated by difference i.e. dye solutions as prepared in
section 2.4.1 were diluted and spectral analysis was performed using a
Shimazdu UV-1650pc UV-VIS spectrophotometer using 1cm disposable UVcuvette.

The absorbance spectrum of each dye was recorded over the

wavelength region of 300-700 nm.

This was used to determine the

absorbance maxima of each dye required for calculating the binding capacity
of the particles in section 3.4.1.2.

3.4.2.2 Dye binding capacity quantification

The dye loading capacity of ReSyn™ particles was determined by quantifying
the non-bound dye in the supernatant using absorbance analysis. The linear
regression equation was solved to determine the unbound dye concentration
of the different dyes. Fixed wavelengths 400 nm, 500 nm and 600 nm were
used, corresponding to the absorbance maxima of RBBR, Congo Red and
Brilliant Yellow respectively as obtained from the spectra shown in Figure 14.
A dilution series of the different dyes were used to generate the standard
curves (Appendix 1) used to evaluate dye binding.
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4.1 Particle Preparation
Alterations in the emulsion parameters were investigated for the production of
particles with different sizes.

The type and concentration of surfactant and

energy input were identified as suitable criteria for experimentation as these
have been previously demonstrated to contribute to PSD in emulsion based
particle preparation methods (Sajjadi et al., 2003).

A

B

C

Figure 12: Image of the formed particles prior to the washing steps. Images A,
B and C are 50, 75 µl Span and 50 µl NP4 particles respectively.

The polymer crosslinking reaction, which results in the formation of particles,
occurs in the water phase of the emulsion. In the preparation method where
Span20 (Figure 12) was used as a surfactant it appeared that some PEI may
have dissolved in the oil phase rather than take part in the formation of the
particles.

This could have been due to the lipophilic property of Span

detergents (Gullapalli et al., 1999) which has a high affinity for the oil phase
and may have dissolved some of the components in this phase.

The particles that could be recovered from the pellet after centrifugation were
used for subsequent characterisation. The pellet was dried to determine the
yield for the different preparation methods. The Span particles required a
relatively high centrifugal force for pelleting.

The parameters required for

pelleting were 12470x g and extended up to 10 minutes to achieve a
recoverable pellet during the washing steps.
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4.2 Emulsion energy calculations
The following calculation present the first approximation towards determining
the role energy plays in the preparation process. The system was treated as
a solid as facilities for measuring parameters such as viscosity and friction
were not available.

The following function (A) was used to estimate the

energy input in the emulsion based preparation process. Figure 13 outlines
the model system used in the experiment. The following assumptions were
made in calculating energy; complete homogenous mixing was achieved
during the preparation steps, the fluid was considered incompressible and
having uniform density, 100% of the energy in the system was incorporated in
manufacturing the particles and the angular speed of all the particles in the
fluid stayed constant throughout the vessel/ container. Up to date only the
basic assumptions about the system and the type of energy involved were
evaluated. Further experimentation and analysis must still be undertaken to
fully recognise and understand the role that energy plays in this particular
system.

E= 2 [½ mv 2] t ∫ dr ∫ dz
E = kinetic energy of the system (Joules)
M = mass in kg of sample
v = velocity in meters.sec-1 (mixing)
dr = radius in meters (vessel)
dz = distance in meters (sample movement during mixing)
t = Time of mixing (in seconds)
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dz
dr

Figure 13: Representation of the preparation system (vessel). The vessel
radius (dr) and the height (dz) is the assumed distance the sample travels
within the vessel during the mixing process. These values in combination with
the velocity and duration of mixing are used to calculate the energy used to
achieve the emulsion in the system.

Table 2: Measurements of energy input for the different manufacturing
procedures.

Particles manufactured using NP4
2 {½ (0.01769) (1.04) 2 (0.015)} (0.042)(10)
=1.20*10-4 J

Particles manufactured using Span 20
2{½ (0.01743) (0.2934) 2 (0.015) } (0.025)(25)
= 2.36*10-5 J

The manufacturing procedures used in this study were designed to achieve
different sized particles based on changing reaction conditions. Energy input
is a factor that could have a direct influence on the size of particles produced.
(Table 2).

The Span particles were prepared using the same method and thus the same
energy input, the resultant different particle sizes can be attributed to the
concentration of surfactant. The NP4 particles were prepared using a higher
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energy input i.e. 10 sec at 2500 rpm. Thus the smaller size may be attributed
to the increased energy and the type of surfactant used.

The following factors were identified as contributing to the particle size of the
preparations: surfactant concentration and type; energy input. These have
previously been identified as mechanisms to control particle size (Lui et al.,
2005).

4.3 Dry weight determination
Table 3: Determination of particle yield by dry weight determination per
starting raw material.

Particle Mass (mg)
Detergent type

Sample 1

Sample 2

Sample 3

Average

NP4 (50 µl)

20.4

18.88

19.00

19.4

Span20 (50 µl)

15.6

15.2

15.4

15.4

Span20 (75 µl)

6.4

6.00

6.2

6.2

The dry weight of each manufacturing process was evaluated to determine
the yield from each emulsion preparation. The particles produced using NP4
as the detergent had the highest mass yield, while the use of the Span 20
(75 µl) resulted in the lowest yield.

The dissolution of PEI in the oil phase (Figure 12) resulted in a decrease in
available polymer for the formation of the particles. The particle mass as per
preparation method is an important component of the process as it is the
primary method of evaluating yield.

This provides information on the

reproducibility of the preparation process. Low recoveries in the case of Span
could be associated with the loss of polymer to the oil phase as well as
difficulties experienced during recovery.
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4.4 Particle size distribution analysis

Peak height (% of maximum)

120

100

80

Span20 75 µl
Span20 50 µl

60
NP-4 50 µl

40

20

0
1

10

100

Particle size µm (LOG)

Figure 14: Particle size distribution (PSD) the particles produced using the
different emulsion parameters. The red (
) peak indicates the 6 µm particles
followed by the green (
) peak for the 13 µm and the blue (
) peak for the
20 µm particles.

Table 4: Laser diffraction statistics of the different sample populations.

D(0.1) µm

D(0.5) µm

D(0.9) µm

D(3.2) µm

D(4.3) µm

Np4

3.163

7.740

18.954

5.990

14.246

50 µl Span20

6.762

12.951

37.494

11.993

23.698

75 µl Span20

9.087

19.519

73.986

17.284

32.380

Figure 14 displays the median (D (0.5)) value, indicating the average sizes
obtained from analysis of the particles produced by the different preparation
methods. The D (0.9) indicates that 10% of the particles have a greater size
than 18.954 for 6 µm, 37.494 for 13 µm and 73.989 for 20 µm. The D (0.1)
indicates that 10 % of the particles measured have sizes less than 3.163 µm,
6.762 for 13 µm and 9.087 for 20 µm. A three fold difference in the size
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distribution is evident between the D (0.5) and D (0.9) for both the 13 and 20
µm particles.

The high D (0.9) values for the 13 and 20 µm particle

populations is an indication of a broad PSD, perhaps due to the presence of
aggregates.

According to Moolman et al., (2005) Span 20 which has a higher HLB factor
should necessarily have resulted in smaller particles compared to the particles
prepared using NP4 as a detergent. The current study has indicated results
that are contrary to this study.

Particles produced with Span20 as the

surfactant were indeed larger then those produced using NP4 as the
surfactant (Table 3).

However, the nature of the liquids used in the

preparation i.e. water and oil can influence particle size distribution as it may
alter the way in which the detergent interacts with these liquids.

The

importance of the system conditions were investigated by Tai et al., (2001)
and the system as opposed to the surfactant alone contributes to the size and
nature of the particle formed.

The concentration of the detergent used was another parameter that was
investigated for the preparation of particles of distinct sizes.

At different

detergent concentrations the integrity of the emulsion is either reinforced or it
is compromised. In a study by Ueyama et al., (2000) the concentration of the
surfactant was found to greatly influence the size of the particles produced.
At low concentrations of 20 g.L-1 the average particle size was 5 µm and
concentration of 80 g.L-1 the particle size was reduced to 0.5 µm.

Stringent control over microparticle size is an important requirement for size
based applications. The applications of precision particles are size standards
for flow cytometric analysis, cell estimation studies and fluid dynamic
investigations. The current standard for variance in particle size standards is
<3%. The particles manufactured in this study are therefore not currently
suitable as size standards. Further research in the formation of the emulsion
will have to be conducted to improve the monodispersity of the particles.
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4.5 Flow cytometric analysis
Analysis using flow cytometry was performed to determine the uniformity as
well as the structural complexicity of the particles produced using the different
preparation methods. Figure 15 (A) 6 µm particles, shows a population of
particles that is compact in size and uniform. The side scatter is minimal
indicating that the particles have similar spherical morphology.

A

B

C
Figure 15: A, B and C are dot plots of the 6 µm, 13 µm and 20 µm particle
populations respectively. P1 represents the sample population, P2 was sorted
for microscopic analysis as it was considered representative of the population,
P3 represents the more complex particles in the population and P4 represents
the large or aggregated particles in the sample.
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The P1 region of the 13 µm particles (Figure 15, B) indicates a bigger
population size denoted by a shift to the right as compared to the P1 region of
the 6 µm particles.

This is an indication of the difference in the size of

particles produced.

The complexicity of the population may be due to

aggregates formed as seen in the PSD analysis (Table 2) or the shape of the
particles that are formed (Figure 21).

The 20 µm sized particles have the highest population in the P3 region
(Figure 15, C) indicating a high complexity. This is further supported by the
presence of aggregates in the PSD for this particle preparation (Figure 14). It
is further evident that the particle size is generally larger then the 6 and 13 µm
sample populations. The Span20 preparation method resulted in particles
that are not completely spherical due PEI being dissolved in the oil phase
(Figure 12) rather than partaking in the crosslinking reaction, collapsing the
particles formed.

This results in the formation of particles that are not

completely spherical, some appear concave (Figure 21).
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4.6

Morphological

characterisation

and

analysis

using

microscopy
Microscopic analysis (Figure 16) confirms that in general the particles were of
different sizes and supports the PSD data recorded (Table 3 and Figure 14).
The images display smooth edged, spherical morphology of the particles as
well as the similar distribution of sizes of the particle in each batch

A

B

C

Figure 16: Microscopic images (P2 region of flow cytometry analysis) of the
different particles produced and their size distribution. (A) Image of the 6 µm
sized particles (B) Image of the 13 µm sized particles and (C) Image of the 20
µm sized particles. (600x magnification).
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Figure 17: Light microscopy image of undyed ReSyn™ particles using a 100x
oil immersion objective (1000x magnification).

4.7 Particle density determination

Control

4%

2%

1%

0%

14%

12%

10%

Figure 18: Particle density determination experimentation.

ReSyn™ particles have a lower density (Figure 18) compared to the
commercially available polystyrene particles.

The approximate density of

ReSyn™ was found to be between 1.0021 g.cm-3 and 1.0060 g.cm-3. The
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density for 14% sucrose is 1.0549 g.cm3. The control behaved as expected,
with a density of 1.05 g.cm-3 they remained buoyant, indicating the validity of
this technique for density determination.

Lateral flow assays require microparticles with good flow properties, and the
density of the particulate system used influences this characteristic.

The

different particles available for this application range from 0.4 µm to 1 µm and
are made from a variety of materials.

Polystyrene particles of 1.05 g.cm-3

are used in diagnostic applications. The particle size is limited due to the
hindrance to flow associated with larger particles. The ability to control the
size and density, while maintaining other properties of interest, is a
requirement for this application.

4.8 Dye binding capacity of the dyes
4.8.1 The absorbance spectra of RBBR, Congo Red and Brilliant Yellow

The reactive dyes chosen for this application had to meet two criteria, (1) Dye
must bind to the microparticles covalently (no leaching) and (2) the dyes must
have distinct, non overlapping spectral wavelength maxima (Figure 19).
These two requirements are important for applicability of microparticles as
reagents in research and in multiplexing technologies.

44

Results and Discussions

180
O

Maximum Absorbance (% of max)

160

Brilliant Yellow

H
NH
+ O-

H O

O
N

140

N

S

O

120

S

N

Remazol Brilliant Blue R
(RBBR)
Congo Red

N

O

H

O N

N

N H

N

O

S
O

O

N

S
O
ON +

O

N

N

O

N

OH

O
S

+

N

OO

O

100

O

N

S

O
O

O
S

O-

N

+

O

80
60
40
20
0
350

400

450

500

550

600

650

700

750

Wavelength (nm )

Figure 19: Absorbance spectra and chemical structures of the dyes used
during experimentation. The blue, red and yellow curves represent RBBR,
Congo Red and Brilliant Yellow respectively. The three dyes chosen have
distinct spectral wavelength optima with limited overlap.

Multiplexing is a technique that requires the encoding of beads for
identification of multiple analytes.

The unique coding designated to each

particle affords easy identification and detection (Figure 8; Nolan et al., 2006).
Beads can be coded in various ways e.g. beads of the same size are dyed
using varying intensities of the one or more fluorophores or chromophores.
Bead based arrays offer a more flexible choice and development of a new
assay only requires the addition of a new bead with a different code i.e. a
bead with a new identity (different Ab and colour). Decoding of beads in
multiplexing assays can be achieved through the use of flow cytometers or
optical reading platforms available (Birtwell et al., 2010). The dyes RBBR,
Congo Red and Brilliant Yellow were chosen after screening of a multitude of
dyes (Appendix 2) as they met the two requirements of particles for this
application, i.e. covalent attachment to the particles and distinct spectral
wavelengths which define and give each bead in a population a unique
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identity that can be easily detected. Wavelengths maxima for the different
dyes were; RBBR 600nm, Congo Red, 500nm and Brilliant Yellow, 400nm

Covalent bonding of dyes with appropriate functionalities on microparticle is a
great advantage as no leaching of the dye occurs. Leaching may indicate
limitations for applications where particles are used after long term storage
and stability of reagents is important e.g. rapid diagnostic tests.

4.8.2 Percentage dye binding capacities of the different particle sizes

Binding capacity (femtomol per particle)

7
0

RBB
R
Congo
Red
Brilliant
Yellow

6
0

5
0

4
0

3
0

2
0

1
0

0

6 µm

13 µm

20 µm

Figure 20: Binding capacity (femtomol) of the different dyes based on the
volume of individual particle sizes.

Dye binding was achieved on all the particle sizes. The particles dyed with
RBBR took up more dye (percentage) compared to the other dyes
investigated in this study. Figure 20 shows the dye binding capacity achieved
with the average particle sizes. The average volume of the different particle
sizes was calculated (Appendix 3) to estimate the number of molecules
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(moles) of dye bound to the particles.

RBBR and Brilliant Yellow dyed

particles show an exponential increase in binding capacity with an increase in
particle size. A linear increase in binding capacity was observed with the
Congo Red dyed particles with increase in particle size. An overall increase
in dye binding capacity was observed with the different particle sizes from 6
µm to 13 µm to 20 µm respectively and the dyes used.

RBB
R
Congo
Red
Brilliant
Yellow

Binding capacity (micromol/mg)

2.
5

2

1.
5

1

0.
5

0

6 µm

13 µm

20 µm

Figure 21: Dye binding (micromol) of the different dyes per mass of particles
dyed. Comparison of the dye binding capacities of the different particle sizes
with different dyes.

Particles (6 µm) dyed with RBBR and Congo Red (Figure 21) seem to have a
similar binding capacity. The moles of dye bound per mg particle were 1.17
µmol.mg-1 and 1.03 µmol.mg-1 for RBBR and Congo Red respectively.
However, Brilliant Yellow dyed particles showed a binding capacity of 0.518
µmol.mg-1, which is approximately 50% below that observed with RBBR and
Congo Red.

A similar binding pattern to that of the 6 µm particles was
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observed with the 13 µm particles. RBBR and Congo Red bind similarly at
0.79 and 0.74 µmol.mg-1 respectively and Brilliant Yellow binds up to 50% less
compared to RBBR and Congo Red at 0.339 µmol.mg-1. A general decrease
is observed in the binding capacity of the 13 µm particles with all the dyes
compared to that of 6 µm particles. The 20 µm RBBR and Brilliant Yellow
dyed particles show an increase in dye binding capacity compared to the 6
and 13 µm RBBR and Brilliant Yellow coloured particles. Binding capacity of
RBBR and Brilliant Yellow was 1.73 and 0.81 µmol.mg-1 respectively.

An

approximate doubling in dye binding when compared to the RBBR coloured
13 µm and 2.5 fold increase for the Brilliant Yellow particles. Congo Red dyed
particles did not follow the same pattern observed with RBBR and Brilliant
Yellow. A decrease in the amount of dye bound was observed. Congo Red
binds 0.652 µmol.mg1 a decrease from the 6 and 13 µm Congo Red dyed
particles.
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groups for binding.
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The 6 and 13 µm particles show no difference in the binding capacity for
RBBR and Congo Red. Congo Red contains terminal functional groups and
RBBR contains a linker on one of the terminals making them more available
for binding (Figure 22). However, there is a slight decrease in the amount of
dye bound from the 6 to the 13µm particles indicating surface area limitations.
Further investigation (Appendix 3) indicated that the decrease is not
significant enough to be related to surface area phenomenon. A 4.6 fold
decrease from 6 µm to 13 µm and 2.36 fold decrease from 13 µm to 20 µm
indicates surface area related binding. The results show that a combination of
surface area and penetration of dye may be occurring.

Brilliant Yellow

coloured particles bound up to 50% less in both the 6 and 13 µm particles.
The decrease in binding capacity may be attributed to steric hindrance.
Brilliant Yellow contains functional groups that are positioned towards the
middle of the molecule where access to binding sites can be obstructed
(Figure 22). The low binding capacity may also be influenced by the duration
of incubation during the binding process. The experiments for this study were
timed and extensions in the incubation period may result in an increase in the
binding of Brilliant Yellow.

The 20 micron particles showed an increase in binding capacity with both
RBBR and Brilliant Yellow. This may be due to the availability of more binding
sites on the particle. The 20 µm particles may be more porous then the 6 and
13 µm sized particles as a result of the preparation process where a
significant amount of PEI was dissolved in the oil phase (Figure 12). The
increased particle porosity could result in an increase in the number of
available binding sites.

Congo red however deviates from the pattern observed with RBBR and
Brilliant Yellow in that a decrease in binding is observed when compared to
the other particle sizes.

The increased porosity of the particle may be

allowing the Congo Red molecules to act as crosslinking agents.

The

polymer strands may be positioned at distances that could allow both terminal
groups of Congo Red to bind. This may increase the structural firmness of
the particles as observed in Figure 23.
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4.8.3 Microscopic analysis of coloured particles

Applications in imaging and flow cytometry require particles that can be
discriminated easily against the background or in a mixture with other
molecules and that are optically translucent (Sperling et al., 2008).

6 µm

CR

RBBR

BY

RBBR

BY

RBBR

BY

13 µm

CR

20 µm

CR

Figure 23: Microscopic images of the different dyed particle preparations,
showing the particles still retain their translucent property (1000x
magnification).

Images of the coloured particles were taken using a light microscope to
investigate their visual properties. The morphology of the particles and the
different colours of the dyes bound can be clearly visualised under the
microscope (Figure 23). The dyes appear to bind throughout the volume of
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the particles and not limited to the particle surface. The 20 µm Brilliant Yellow
dyed particles clearly show a collapsed structure and this may be attributed to
the limited polymer available due to the dissolution of PEI in the oil phase
(Figure 12). The 20 µm Congo Red particles appear to be more structurally
rigid compared to the 6 and 13 µm sized particles. The particles do not
appear to lose their translucent property even after dyeing.

4.9 Technology comparison
The high dye load can be attributed to the use of a loose polymer network
instead of the typical solid particles that are routinely used in coloured
microparticle applications discussed in Chapter 1.

The high dye binding

capacity of ReSyn™ makes them suitable for applications such as diagnostic
detection agents where this feature can improve the sensitivity of the
applications.

Higher dye content can translate to improved visibility and

easier detection (Posthuma-Trumpie et al., 2009).

The ReSyn™ particles were compared to other commercially available
coloured particles. These particles are marketed as having a standard dye
content.
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Table 5: A comparison of the particle technologies currently available for
diagnostic applications.

Brand

Polymer

Particle

Dye

size (µm)

Dye load

Supplier

( % per
weight)

ReSyn™

PEI

6

RBBR

45

Congo

39

Red
Brilliant

24

Yellow
Chromosphere Polystyrene

0.47

All

14

colours
HiDye™

PL-Latex

0.05-1

All

Thermo
Scientific

10

Varian Inc.

25

Brookhaven

colours
Reagent

Polystyrene

microspheres

0.4

All
colours

Manufacturers of microparticles used in diagnostic test development provide
particles that are small (submicron) in size for better flow properties as well as
increased surface area. The particles also come in various colours for easy
detection and visualisation which is important for detection. Commercially
available diagnostic detection microparticles come in sizes ranging from 0.051 µm and dye loading from 10-25% (Table 5). ReSyn™ particles currently
exceed what is commercially available in terms of the amount of dye that can
be loaded onto the particle.

Properties such as size distribution and

uniformity still require optimisation to be suitable for application as diagnostic
detection agents. The 6 µm RBBR coloured microspheres can load up to
45% dye per particle which is better by a factor of 1.8 compared to other
particles.
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Table 6: A comparison of the coloured microspheres used in applications
other than diagnostics.

Brand

ReSyn™

Polymer

Particle

PEI

Dye

Dye load

size

(%per

( µm)

weight)

6

RBBR

45

Congo

39

Supplier

N/A

Red
Brilliant

24

Yellow
ReSyn™

PEI

13

RBBR

35

Congo

31

N/A

Red
Brilliant

17

Yellow
ReSyn™

PEI

20

RBBR

54

Congo

28

N/A

Red
Brilliant

33

Yellow
ChromoSphere Polystyrene

49

divinylbenzene

Polyethylene

Polyethylene

microspheres

All

5

colours

20-27

DukeScientific

Black

20

Blue

5

Cospheric

These polymer particles are applied in the testing of filtration media and
systems, sedimentation processes, pharmaceutical, fillers, carriers, or active
ingredients in paints, coatings, cosmetics and imaging.

The characteristic

requirements for these applications are different to those in diagnostics. For
application in imaging the high contrast and visibility is required to distinguish
the particles from the background.

The size of the microparticles is also
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negligible depending on the end application. Commercially available
microparticles range between 1 and 1000 µm.

Comparison with current

technology concentrated on particles with sizes ranging from 20-27 µm with a
dye loading capacity of between 5-20% (Gobrogge, 2010) as a direct
comparison can be done with ReSyn™. ChromoSpheres from Duke scientific
are 49 µm in size with a dye binding capacity of 5% for all colours
(Dukescienific.,2009 ). The high dye binding capacity indicates that ReSyn™
may have application in these technologies; more specifically the high dye
binding capacity may assist in improving the sensitivity of these various
applications. The highest dye load achieved was 54% (Table 6) using RBBR
as the dye. This is 2.7 fold better than existing microparticle technologies.
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The study identified three parameters that are important for a variety of
microparticle applications. These are particle size, particle size distribution
and optical properties.

These parameters were investigated to elucidate the potential for application
of proprietary particles according to WO2009057049 as detection agents.
Emulsion parameters were controlled by changing reaction conditions,
including detergent type and concentration, which yielded average particle
sizes of 6, 13 and 20 µm in diameter. Of further interest was the effect of
energy to control particle size. However, this appeared to be a less important
criterion.

The PSD results of the various preparations showed the populations were
polydisperse. The wide PSD could be a result of factors such as non-uniform
energy dispersion. Investigation of alternate energy delivery systems for the
preparation of microparticles could possibly result in the production of
particles with a narrower particle size distribution.

Alternate methods for

particle preparation, such as the use of microfluidic technologies, or the use of
alternate energy sources such as sound, may improve particle uniformity. A
narrow particle size distribution is desirable as it can influence reproducibility
in applications such as flow cytometry. The particle uniformity is at present
not optimal for application as a diagnostic detection agent. Further studies on
controlling preparation parameters to achieve a more uniform and narrow
PSD will be undertaken for ReSyn™ to expand the potential applications.

The particles bound high quantities of dye in comparison to alternate bead
based technologies. The combination of particle size and dye structure was
found to influence binding capacity. ReSyn™ particles achieved a maximum
dye binding of 54% of the final dry weight. This is more than double that of
the nearest alternate technology. Dyeing the particles increased their visibility
under the microscope. The coloured microspheres were chemically stable
and exhibited no dye leaching under stringent elution conditions.

This is

indicative of the stability of the particles, which is important for applications
where reagent storage for extended periods of time is required e.g. point-of56
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care diagnostic devices. Further studies such as storage stability are required
for commercial use.

Visual and optical properties of the particles are important for applications
such as flow cytometric and diagnostic detection agents. Improved dye loads
may improve the visibility of particles, potentially resulting in improved ease of
detectability. The translucent nature of the particles is a property that is useful
in flow cytometric applications, ReSyn™ particles retain their optical
translucency, even after dyeing. The ability to detect analytes at very low
concentrations can greatly improve the performance of immunoassays. The
high dye binding achieved with ReSyn™ indicates that the particles are
potentially suitable for applications where improvements in sensitivity are
required, without compromising on other properties that are already
established, such as size and particle chemistry. Application of ReSyn™ as
detection agents in diagnostics and multiplex assays can be explored further.
The ability to attach different chromophores to confer unique codes needs to
be evaluated for the application of these particles in flow cytometry.

In conclusion, the novel proprietary polymer particle technology ReSyn™ has
been evaluated as a promising particulate system for application as a
detection agent. The high dye binding capacity, stability, and ability to control
emulsion parameters for the preparation of particles of different sizes,
indicates it is potentially suitable for the development of a variety of
applications.

Bead based assays including rapid diagnostic tests and

multiplex assays can benefit from particle systems with excellent visual
properties, as it can possibly enhance the performance and efficiency of
potential applications.
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Standard curves of the different dyes used to determine the amount of dye
bound to the particles
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Congo Red Absorbance (500nm)
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Brilliant Yellow Absorbance (400nm)
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Table summarising the different dyes screened for dye-particle interactions

Dye

NaCl (ionic)

Ethanol

Chloroform

(hydrophobic)

(non polar)

Remazol Brilliant Blue R

N

N

N

Brilliant Yellow

N

N

N

Congo Red

N

N

N

Remazol red (RGB)

N

N

0

Eosin

Y

Y

0

Reactive Orange 14

N

N

0

Acridine Orange

N

Y

0

Azure ll

N

N

0

Fuschin Magenta

N

Y

0

Fuschin Acid

Y

N

0

Acid violet 9

Y

Y

0

Methyl Green

N

N

0

Amide Black

Y

Y

0

Erronyl Black
Levafix Brilliant Blue E-

0
N

Y

0

N

Y

0

Y

0

N

0

Y

0

Y

0

BRA
Levafix Blue
Lanaset Blue ZR
Methylene Blue

N

Brilliant Blue G
Indigo Carmine

Y

*Leaching (Y) No leaching (N) Not tested (0)

The different dyes were screened for application in this study. Dyes that were
eluted following treatment with solvents and salts were excluded. The visual
properties of the dyed particles using microscopy were also used as a
criterion for the selection of dyes.
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Surface area- volume calculations
Surface Area= 4. π.r2
6 µm particles

1.13E-10 m

13 µm particles

5.30E-10 m

20 µm particles

1.25E-9 m

Volume=4/3. π.r3
6 µm particles

1.13E-8 µl

13 µm particles

1.15E-7 µl

20 µm particles

4.18E-7 µl

Number of particles = volume/ number of particles
6 µm particles

1.799E10 µl

13 µm particles

1.739E9 µl

20 µm particles

4.780E8 µl
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Mole dye binding

Molecular Weight

RBBR (50%)

696.67 g.mol-1

Congo Red (85%)

625.56 g.mol-1

Brilliant Yellow (40%)

624.56 g.mol-1

n= m/Mw
n = mol
m = mass (g)
Mw = Molecular weight (g.mol-1)

Number of moles of dye bound per particle

= mol/particle

Number of moles of dye bound per mass of particles

m = mass of dye bound to particles (g)
Mw = dye Molecular weight (g.mol-1)
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