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Abstract
Polyelectrolyte microcapsules have great potential in serving as targeted carriers to
deliver their contents when triggered by external stimuli. Aptamers are newly developed
antibody-like biosensors. They are synthesized ssDNA or RNA which can bind with a
specific target with high affinity and selectivity. In this work, polyelectrolyte
microcapsules encapsulating aptamers were obtained by layer-by-layer assembly of
oppositely charged polyelectrolyte films on a sacrificial template, CaC0 3 . Aptamers were
captured within the porous CaC03 particles in a coprecipitation process. Based on
systematic

trials,

Aptamer:PSS-(PDDA/PSS)5

microcapsules

were

successfully

synthesized. These microcapsules would release the encapsulated contents upon the
binding of aptamer with target. In addition, aptamer polymer was also obtained and the
aptamer polymer rmicrocapsules for triggered delivery will be investigated in future
work. The results of this work promise potential applications in smart fertilizers or other
fields such as sensing or controlled release drug delivery.
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Chapterl Introduction
The goal of this research project is to lay the groundwork for the development of a
"smart fertilizer" that could allow for the synchronization of nutrient uptake by crops
with the release of nutrients from fertilizers. Aptamers are - nucleic acid "antibodies"that can bind with a wide range of targets with high affinity and selectivity, as well as
change conformation upon binding with the targets. The introduction of aptamers into the
field of fertilizer delivery may offer a feasible way to fabricate a "smart fertilizer". In the
long term, this work could provide the basis of a new paradigm for fertilizer delivery and
insights provided by this project could be applied to other areas of triggered release, such
as drug delivery.
1.1 Inefficient delivery of fertilizer to crops leads to detrimental effects on economy and
environment
1.1.1 The demands for increasing nitrogen use efficiency
In the last one hundred years, the world population has grown exponentially, reaching
to 6.8 billion in 2010. It is estimated that in 2043, the world population will reach to 9
billion.

[1]

With the rapid increase in world population, the demand for food increases

every year. On the other hand, the area of cultivable land has decreased dramatically in
the past decades due to soil degradation, drought, flood, global warming, and industrial
occupancy and so on. All this leads to the price of food increasing every year, especially
from 2007 to 2008, when the price of wheat increased from $200/tonne to $400/tonne. [2]
The global food crisis that occurred in 2008 impacted both poor and developed countries.
All this implies that the efficiency of agricultural food output per unit of cultivable area

1

needs to be tremendously improved to relieve the burden of the increased demand for
food in the world.
Since the "green revolution" in the late 1960's, new technologies such as pesticides,
herbicides, fertilizers and new crop breeds were widely employed to greatly increase the
yield and quality of global food production. Among these new technologies, artificial
fertilizers play an important role to provide nutrients to crops. Nitrogen, which is the key
nutrient for the growth and survival of crops unfortunately cannot be fixed by most crops
themselves and this leads to the dependence on the usage of artificial fertilizers. New
breeds of maize, wheat and rice developed in the green revolution have greater
requirement for nitrogen than normal crops due to their high yield. For example, the
usage of nitrogen fertilizers increased almost 15 times in the US and UK for maize plants
in the last 40 years. [3] Every year nitrogen fertilizers provide 53 million tonnes of N in
foods for human consumption. [4J However, comparing with nitrogen inputs in fertilizers,
irrigation water or seeds, the nitrogen use efficiency (NUE) or agricultural output of
nitrogen, is quite low. [5]
1.1.2 Nitrogen circulation in environment
Ammonium (NH4+) and nitrates (NO3") salts are the major forms of N which can be
taken up by plants. [6] Unfortunately when conventional nitrogen fertilizers composed of
NH4+ or NO3" are applied to crops, almost 50-70% of nitrogen is lost due to volatilization,
leaching, denitrification or mineralization processes.[7] The nitrogen circulation in
environment is shown in Fig. 1-1. [6] The inefficient delivery of nitrogen fertilizers to the
crops leads to adverse effects on environment, economy, as well as human and animal
health. The leaching of soluble nitrates into groundwater is a direct threat to fish and
2

marine ecosystems. The volatilization of nitrous oxides and gaseous ammonia into the
atmosphere has a detrimental effect on the ecology system, climate, and our health.
Nitrous oxides are very powerful greenhouse gases and ammonia may be oxidized,
converted into nitric acid and then form acid rain.

[]

Besides the negative effects on

environment and health, it has been reported that the associated economic losses from
this lost nitrogen for Canadian farmers alone reaches from $680 M to $1.13 B per year.[9]

Fig. 1-1 Nitrogen
circulation
in
environment
[6]
http://bioscholars2.wikispaces.com/BiogeochemicalCycles)

(reprinted

with

permission

of

1.1.3 Controlled release fertilizers
New methodologies are necessary in an effort to stem fertilizer losses and mitigate
environmental impact. Economic performance for farmers would improve by about $4.7
B annually if nitrogen usage efficiency increased by 20% worldwide. f9 ' 10] Controlled or
slow release fertilizers have been developed as enhanced efficiency nitrogen fertilizer
products and have begun to come into the markets. For example, Agrium Advanced
Technologies, a worldwide leader in slow release fertilizers, produces "Environmentally

3

Smart N" (ESN). It releases nitrogen in response to increased soil temperature over the
growing season.[11]
Based on preparation methods and release mechanisms, currently developed controlled
or slow-release fertilizers can be generally classified into three categories.[12]
1) Organic-N low solubility fertilizers: Nitrogen compounds condensed with aldehydes
form slowly released Organic-N compounds due to the low solubility of these compounds
in water. Urea-formaldehyde is one of the most researched and widely used compounds
in this type of fertilizer.[13]
2) Inorganic low solubility fertilizers: ammonium, phosphate or potassium salts are
mixed together to make inorganic N-P or N-P-K fertilizers. Because of the low content of
nitrogen and the poor controlled release property, the practical usage of inorganic low
solubility fertilizers is limited.[14]
3) Fertilizers with physical barriers to control the release rate: Fertilizers are wrapped
with biodegradable polymer coatings as a physical barrier to control the release of
Nitrogen. Compared to the low solubility fertilizers, fertilizers with polymer coatings
show better controlled release performance and have been widely investigated in recent
years. The research has indicated that this kind of fertilizer releases nutrients
continuously at low concentrations to feed the crops. [15]
While controlled release fertilizers are a major improvement over conventional systems,
they have their own limitations. The currently developed bacterial, ionic strength, soil
temperature or light controlled release fertilizers

[15]

reduce leaching to the air or water

and elongate their presence in soil. But the main problem is that controlled release

4

fertilizers cannot track with the crops growth or release nitrogen synchronized with the
requirements of crops. The ideal fertilizer delivery system would release fertilizer based
on signals from the crops themselves which indicate the need for nitrogen, rather than
from outside environmental stimuli.
1.2 Crops excrete root exudates that may serve as a signal of the crop's need for
nitrogen
1.2.1 Root exudates
The plant root system, called the hidden half of a plant, serves a multitude of functions
in plant growth including the anchorage, provision of nutrients or water, and production
of root exudates. [16] Root exudates with growth regulatory properties are released from
the root hairs or fibrous roots to the root soil interface "rhizosphere" — the most active
site within the soil matrix in response to biotic or abiotic stresses.

[17]

The symbiotic

association between the roots of seed crops and the mycelium of a fungus as mycorrhiza
are typically found in rhizosphere system. The mycorrhiza which are important
components in the soil chemistry system, will improve the water and mineral absorption
efficiency of the crops as mycorrhizal mycelia will provide a larger surface area to
explore a greater soil volume than the crop roots. Besides this, some organic acids which
are excreted from the membrane of fungi will aid in the ion displacement of the crops.
Mycorrhiza is very beneficial to crops for nutrients absorption, especially in nutrient poor
soils.
Root exudates include ions, oxygen, and water, but most of them are composed of
carbon-containing compounds such as amino acids, sugars, organic acids, vitamins,
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steroids, flavonoids, terpenoids, polyacetylenes, enzyme and nucleotides. ' ' The root
exudates can impact the soil microbial community in the rhizosphere and:
-act as regulators of microbial growth and function
-mediate plant to plant communication and inhibit the growth of competing plant species
-alter the chemical and physical properties of the soil to provide beneficial symbioses
-regulate plant internal metabolic process such as respiration of plant
-prompt external metabolic process such as nutrient acquisition.[19]
Root exudates are released in three different ways. Low molecular weight molecules can
diffuse through the lipid bilayer of the root membrane. Some specific carboxylates can
exude from ion channels. High molecular weight compounds generally exude via vesicle
transport.

[17 20]

'

Both the quantity and type of root exudates released from plants vary

considerably with the species, age, cultivar and stress factors. [18a>21] Moreover, increased
release of root exudates has been observed in response to decreased nutrient availability
such as nitrogen deficiency.[22]
1.2.2 The mechanism of nutrient uptake
Plant root hairs play an important role in water and nutrient uptake from the
rhizosphere and soil. They contain nanometer sized pores which work as the channel for
the transportation of ions and molecular species. [16a,23] Plants can increase the capacities
of ion transportation and enzyme activity in response to the limited availability of
nutrients. The root architecture will also be altered to build the optimal root system and
grow into nutrient rich areas.[24] (Fig. 1-2) But, until now, how plants adapt to nutrient
deficiency or excess and how root hairs metabolize and develop are still mysterious.[25]

6

(a)

(b)

Fig. 1-2 The elongation of root hairs in the response to root signals, (a) with and (b) without the addition of
activated charcoal. Red arrows shown the beginning and the end of one lateral root [26] (reprinted with
permission from Springer, Plant Growth Regulation)

Research into root exudates that can regulate nitrogen uptake and control root system
development could help optimize nitrogen use efficiency in plants. A previous study
indicated that an amino acid-lysine may be an exudate signal for crop nitrogen uptake. It
may stimulate nutrient release from endogenous microbial communities to the soils.

[27]

Synchronizing the release of fertilizers with the detection of chemical signals and
tailoring of the fertilizers to the needs of the crops could dramatically improve nitrogen
use efficiency. The release of nutrients on demand will prevent the premature conversion
of fertilizers into un-usable forms before they are taken up by the plants as well as reduce
environmental contamination due to leaching and volatilization of fertilizers into the
water or air.
1.3 Nanoscale multilayer polyelectrolyte thin films used in controlled release systems
(e.g. drug delivery) and could be adapted to fertilizer release
1.3.1 LbL technique

1

The Layer-by-Layer (LbL) method was first introduced by Her in 1966 and developed
by Decher group in 1990s.

[28]

It is now widely used and has generated more and more

attention due to its simplicity, versatility and potential applications in sensing and
controlled release of medicines, cosmetics, or pharmaceuticals and so on.

[29]

This

powerful technique enables precise control of thickness, structure and composition of the
films on nanoscale by appropriate choice of deposition components, the number of layers,
deposition order or by adjusting the deposition conditions such as component molecular
weight, concentration, component charge density, deposition temperature, solution pH
value and ionic strength. [30]
LbL assembly is extremely versatile, as inorganic nanoparticles, functional polymers,
orientable chromophores, lipid bilayers, or biological macromolecules such as enzymes,
polypeptides/proteins, polysaccharides and nucleic acids can all serve as the building
blocks. [31] It is a convenient approach for the assembly of multilayered polymer films on
planar substrates or three dimensional templates by alternative exposure of these charged
substrates to oppositely charged polyelectrolyte solutions.

[32]

The deposition of

multilayer polyelectrolyte films onto three dimensional templates including colloidal
particles, polystyrene latexes, melamine resin particles, silica particles, biological cells
and organic or inorganic crystals and subsequent removal of the core to get hollow
capsules are dramatically extending the usage of the LbL technique.

[33]

The schematic

procedure for the assembly of multilayer polyelectrolyte films onto three dimensional
substrates are shown in Fig. 1-3.
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polymer science) [32a]

1.3.2 The mechanisms for films formation
The main driving force for the deposition of each polyelectrolyte layer is the formation
of a large amount of electrostatic bonds between the oppositely charged polymers. This is
an overcompensation process, each successful deposition step leads to surface charge
reversal and then the zeta potential value which present the surface charge of particles
alternates between positive and negative values upon the formation of films.[34] (Fig. 1-4)
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Fig. 1-4 Demonstration of zeta potential as a function of polyelectrolyte adsorption procedures (PEAP)
[34a] (reprinted with permission from American Chemical Society, Langmuir)
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In this deposition process, the salts (ionic strength) also play an important role. The
deposition of polyelectrolyte onto the surfaces includes two processes: the first process is
an intrinsic adsorption process. Charged groups in the polycation and polyanion will form
a large amount of ion pairs between each other in this compensation process. In the
second process, the remaining partially uncomplexed charged groups will be extrinsically
compensated by counter ions. [30 ' 31 '

5]

Besides working as counter ions in the extrinsic

deposition process, the salts also influence the degree of interdigitation of the polymer. In
the absence of salts, polyelectrolyte such as PAH (polyallylamine hydrochloride) or PSS
(poly sodium-4-styrene sulfonate) will be rod-like shape; while with the salts, they will
switch to coiled-shaped as the salts will partially reduce the electric repulsion between
the charged groups along polyelectrolyte chains.^ '
The other main factors in the formation of the films will be the pH value of the solution
and deposition temperature. For weak polyelectrolyte, which pKa or pKb are at 2-10
range, adjusting the pH value of the solution will impact the degree of ionization, which
then influences the properties of the films.[37] In solutions of high salt concentration, when
the electrostatic attraction between the polyelectrolyte is strongly screened, the deposition
of the films depends on the temperature-influenced hydrophobic interaction between the
polymers.[34a]
1.3.3 The applications of LbL technique
One of the significant uses of LbL technique is to fabricate external stimuli responsive
polyelectrolyte multilayers. The wettability, adhesivity, permeability or porosity of these
polyelectrolyte multilayers will be changed based on external stimuli such as the change
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of pH, pressure, temperature, ionic strength, magnetic fields, lights, enzymatic
degradation, or hydrolysis.[34'38]
The degradation or disassembly properties of multilayered films upon external stimuli
are attracting increased interest for application in the area of controlled release. The
variation of the pH of a solution will change the degree of protonation and charge density
in weak polyelectrolyte, which will affect the binding between the layers of the
polyelectrolyte films and then lead to a change of porosity and permeability of the
polyelectrolyte films.

[39]

Polymers as PNIPAM (poly N-isopropylacrylamide) which

have thermo-reversible phase transition properties can be used in fabrication of thermally
responsive films.

[4 ]

The shrinkage of these polymers upon an increase in temperature

will induce the collapse of polymers; Polyelectrolyte containing UV absorbing groups
(such as aromatic groups) will shrink dramatically upon UV irradiation and eventually
rupture as the absorption of UV light can cause a change of chemical structure of these
functional

groups

in

the polymers;

[41]

Biocompatible

and/or

biodegradable

polyelectrolyte formed multilayer films can be degraded by enzymes, thus controlling the
concentration of enzyme will control the release rate of the contents from the multilayer
films.[42]
Among these stimuli-responsive systems, biodegradable polyelectrolyte microcapsules
which can be used for drug delivery have been the most attractive in recent years.
Microcapsules can serve as targeted carriers and for the delivery of contents such as
drugs, cosmetics, cells, catalysts, etc when triggered by external stimuli. The commonly
used methods to encapsulate contents inside of the microcapsules are 1) by a
coprecipitation process: the contents are simultaneously trapped inside porous templates
11

by the precipitation of the templates

l J

2) after the fabrication of hollow multilayered

microcapsules the contents permeate into the microcapsules.[44]
Our goal is to design a system in which the dissociation of the polyelectrolyte films and
concomitant release of a molecular payload (e.g. nitrogen fertilizer) occurs upon
detection of a target molecule (e.g. key root exudate). This would require a sensing
element or receptor specific for the target to be incorporated into these thin films.
1.4 Aptamers offer a feasible solution to the problem of inefficientfertilizer delivery
1.4.1 What is an aptamer?
In the early 1990s, synthesized nucleic acids which bind with enzymes, proteins or
organic dyes with high affinity and selectivity were successfully reported by Joyce, Gold,
and Szostak groups separately.[45] These "antibody-like" functional single stranded DNA
and RNA molecules, generally composed of 15-60 nucleotides, were termed as
"Aptamer", derived from latin aptus for "fit" and the Greek word meros for part or piece.
Aptamer can be generated by an in vitro process known as SELEX (Systematic
Evolution of Ligands by Exponential enrichment) from a DNA/RNA pool which contains
up to 1016 random DNA/RNA strands with high diversity. (Fig. 1-5) After several
repetitive selection and partitioning rounds, the unbound or low affinity DNA/RNA
strands will be discarded and the potential aptamer candidates are enriched through PCR
(Polymerase Chain Reaction) methods. Several methods have been developed to
effectively partition between target-binding and non-binding nucleic acids strands,
including affinity chromatography, capillary electrophoresis, nitrocellulose filters, flow
cytometry and target-coated magnetic beads. The choice for separation methods depends
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on the properties of the random RNA or DNA pool and the size, charge, or functional
[46]

groups of the targets.

Typically, the stringency is increased after each competitive

selection and partitioning round. Besides this, a counter selection is also incorporated in
SELEX to remove strands with low discrimination ability to molecules which have
similar chemical structure. At last, the final strands will be cloned and sequenced.[47]
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Fig. 1-5 Schematic process for in vitro selection of target-specific aptamer using SELEX technology [53 a]
(reprinted with permission from nature publishing group, Nature Reviews Microbiology)

Aptamer will bind with targets through non-covalent interactions such as electrostatic
interaction, n-n stacking of aromatic rings, hydrogen bonds or a combination of these
effects. Understanding the binding mechanisms between aptamer and their targets will
enhance the rational design of aptamer. Upon binding with the targets, aptamer will form
into specific three-dimensional spatial conformations to fit with a wide range of targets
from small molecules such as ethanolamine or acetylcholine to large protein complexes
and even whole cells.

[48]

The secondary structure of aptamer include G-quadruplexes,

13

loops, bulges, hairpins, pseudoknots, triplexes or 2-way to 5-way junctions.L ' See Fig.l6 for an example of an aptamer-target structure.

Fig. 1-6 Schematic representation of the antiparallel G-quadruplex structure of the thrombin aptamer HD
and aptamer bound to thrombin. Negatively charged areas of thrombin in red color and positively in blue;
aptamer bound with the positive areas in thrombin. [49b] (reprinted with permission from Oxford
University Press, Nucleic Acid Research)

1.4.2 The dissociation constant (Kd) of aptamers
Binding affinity is an important characteristic of an aptamer and subsequent applications
of an aptamer mainly depend on its specificity and affinity. The smaller Kd (dissociation
constant) value designates a higher affinity to the target. The measured Kd values for
many aptamers reach in the low nanomolar to picomolar range. Several methods such as
dialysis, ultrafiltration, gel electrophoresis, capillary electrophoresis, UV-Vis absorption,
fluorescence, surface plasmon resonance, and fluorescence anisotropy are widely used to
determine the Kd value. Each method has its application condition and Kd values from
different measurement methods may show a little variation.

[

' Even though the size,

complexity, and quantity of targets do not determine the specificity and affinity of the
aptamer,[47fl a few interesting trends can be concluded based on the previous Kd studies.
For example, larger molecular targets normally have lower Kd values than small targets
14

due to the opportunity for more potential non-covalent (electrostatic, hydrogen bonding)
interactions between the large target and aptamer. Another interesting phenomenon is
that targets which contain the heterocyclic bases like cyanocobalamin, theophylline and
ATP will bind better with aptamer than those without heterocyclic bases. [51]
For a simple 1:1 aptamer to target stoichiometry, assuming that aptamer either associate
(Kon) or dissociate (Koff) from the target and there is no other reaction between them,
this reversible reaction can be described by:
A (aptamer) + T (target) ^

*C (aptamer-target complex)

So the Kd which is defined as the equilibrium constant, will be equal to: [50]

Kd =ME
[Q

Where the [A] is the free aptamer, [T] is the free target molecule, and the [C] is the
concentration of aptamer-target complex at the equilibrium point. The Kd value is
commonly measured by titration methods. Generally, the concentration of one species
such as the target is kept constant, while the concentration of other species, the aptamer,
is gradually increased over a range of several orders of magnitude. The fluorescent
intensities, UV adsorption intensities or refractive index changes of the free and bound
aptamers are monitored at each point, and then the fa (bound fraction) can be calculated.
The binding curve is obtained with the X-axis as the concentration of varied species, and
the Y-axis as the bound fraction. Then the Kd value will be fitted based on the following
formula.

[50

^ The Kd value can be described as the aptamer concentration at the point

which 50% of the aptamer is bound to the targets.
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f

lr]
Kd+[T]

1.4.3 Advantages of aptamer
Aptamer, which is innovative alternatives to antibodies used to detect, purify, or remove
molecules as affinity tools, are attracting a great deal of attention. Compared to
antibodies which are evolved in vivo, aptamer have some advantages.
1) The in vitro nature of SELEX allows for more precise control of binding conditions
and minimizes batch to batch variation, meaning the developed aptamer has consistent
structure-activity. SELEX technology is a powerful and universal tool to evolve aptamer
for a wide range of targets. The targets can be well-known molecules and also can be
complex mixtures with unknown structure or composition. The selected aptamer can be
synthesized by a chemical process with high accuracy and reproducibility. The produced
aptamer can be purified under stringent conditions to ensure the purity of products. [

7]

2) Comparatively, aptamer is less immunogenic and less toxic than antibodies. Aptamer
display low to no immunogenicity to humans, which is important for applications in
therapeutics. Aptamer-based drugs are coming into the market in recent years. [

]

3) Modified, high-throughput SELEX methods with reduced selection rounds result in
shorter times and less cost to generate aptamer than that for antibodies. The Ellington
group was the first to automate the SELEX process and highly improve the efficiency of
selection. The isolation time was reduced from several months to a few days. [53] Besides
this a major improvement is that by using capillary electrophoresis, high affinity aptamer
can be isolated in a single round. [53] Innovations to improve the partition efficiency also
reduce the generation time for aptamer.
16

4) Moreover, laboratory-made aptamer molecules are easily modified with functional
groups to optimize the aptamer for increased the stability, cellular uptake efficiency,
target binding affinity or multifunctional properties. The modified aptamer have higher
temperature and nuclease resistance than the natural nucleic acids. They have potential
diagnostic and therapeutic applications and can be stored over a long period.[54]
Locked nucleic acids (LNAs) which contain a methylene bridge connecting the 2'ribose oxygen with the 4'-carbon have higher nuclease resistance and target binding
affinity than natural nucleic acids. [55] The substitution of 2'-OH groups of ribose with 2'F or 2'-NH2, or 2'-0- methyl groups will protect RNA aptamer from degradation by
nucleases. 3'-end capping with amine, phosphate, polyethyleneglycol (PEG), cholesterol,
fatty acids or proteins will increase the circulation half-life inside of biological systems
by defending the aptamer from the exonucleases and reducing clearance.[56]
5) Denatured aptamer can be regenerated easily within a few minutes while antibodies
have a limited shelf life, are sensitive to temperature and easily undergo irreversible
denaturation.[57]
1.4.4 Aptamer applications
The stability, reusability, multifunctionality of aptamer, along with their high binding
affinity, specificity and regulating ability, allow for promising applications in numerous
fields, especially in bioanalytical and biomedical areas.[58]
Aptameric biosensors have been well-developed over the past few years. The basic
principle for aptamer-based biosensors is that the capture of analytes by aptamers will be
transduced into detectable signals such as electrochemical, piezoelectric, colorimetric,
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refractive index or fluorescent response.

L J

The typical example is aptamer beacon. In

aptamer beacons, a fluorophore and a quencher are attached to the 3' and 5' ends of the
aptamer respectively. In the absence of analyte, due to the inherent flexibility of aptamer,
the fluorophore is far away from the quencher, so fluorescent signal is "on". After analyte
binding, the aptamer may fold into a compact structure so the 3' and 5' ends of aptamer
will be brought closer together. Thus, the fluorescent signal will be turned to "off. The
target-induced conformational change property of aptamer has wide usage, not only in
detecting contaminants in the environment, but also in diagnostic fields.[60]
The discriminatory ability of aptamer can be applied for the purification of key analyte.
The analyte will bind to the aptamer under certain conditions and thus can be enriched.
This method can yield high purity analyte especially for trace proteins, which can be
purified in a few steps or single step. [61]
Aptamer can work as vehicles to deliver therapeutic and diagnostic reagents.

[

" ] For

example, aptamer can serve as both the target recognition agents and building blocks to
crosslink linear polyacrylamide chains and then form a target-responsive hydrogel. The
binding of aptamer with the target can facilitate the release of model drugs. In another
example, DNA micelles which are composed of a hydrophilic DNA shell and
hydrophobic polymer core are effective detection/delivery vehicles. The outside free
aptamer can recognize and bind with the cancer cells. This system has promising
applications for targeted drug delivery. In aptamer/polyacrylamide hydrogel and DNA
micelles, the binding affinity of aptamer is preserved and the recognition and binding of
aptamer with the targets will trigger alterations of the scaffold structure and drug release.
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1.5 Objectives
The primary motivation for this project is towards the development of a "smart"
fertilizer to maximize nitrogen use efficiency by releasing nitrogen in response to the
need of crops during their growth cycle.
Recently, our groups reported on the successful embedding a DNA aptamer into a
multilayered polyelectrolyte film.

[65]

We confirmed that the matrix was flexible enough

to permit our aptamer to fold into its active conformation, allowing for the films to bind
with the target strongly and specifically. Thus, the unique properties of aptamers, namely
their affinity and specificity for a molecular target as well as the effect of their molecular
conformation on target binding, can be integrated into multilayered polyelectrolyte films
to yield innovative functional films for a range of applications.
Based on the results of several groups which have explored the use of template-assisted
LbL assembly to prepare multilayered capsules, [43] polyelectrolyte films deposited onto
sacrificial spherical template which can be removed by dissolution or degradation after
film deposition, we propose to develop a new approach for smart fertilizer systems using
aptamer/polyelectrolyte thin film coatings. The aims of this work are to prepare a model
strategy for triggered capsule rupture. (Fig. 1-7) Here, aptamer serve as a part of a
scaffold for a polyelectrolyte microcapsule. Shape changes that take place in the aptamer
upon target binding lead to collapse and rupture of the capsules, initiating payload
release. Long polymers of aptamer sequences prepared by rolling circle amplification will
also be investigated as microcapsule scaffolds.
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Fig. 1-7 Target binding changes the shape of the aptamer leading to collapse of a capsule scaffold. Aptamer
will be used in long polymer form or as unlinked sequences

Our eventual goal will be to have the fertilizer encapsulated with a smart biosensor
"aptamer" into the sacrificial porous CaCC"3 templates in a coprecipitation process,
followed by the layer-by-layer deposition of a multilayer protective polyelectrolyte film.
After the dissolution of the CaCC>3 template, the polyelectrolyte microcapsules containing
fertilizers and aptamers will be obtained. The trigger for the bursting of these
microcapsules and the release of fertilizers will be root exudates excreted from the crops
into the soil as a biochemical signal to stimulate the uptake of nitrogen at the required
moment. The aptamer can detect this root exudate and bind to it with high affinity, and
then aptamers will fold into certain structure upon the binding. The folded aptamers no
longer can work as a scaffold for the microcapsules, leading to microcapsules collapse.
Meanwhile, in the absence of this triggering molecule, the fertilizers will be protected
and stay stable inside of the microcapsules. In this project, we will test this idea, in the
absence of a fertilizer payload, with a target dye molecule as the trigger for aptamer
binding and microcapsules collapse.
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Chapter 2 Aptamer-based targeted delivery polyelectrolyte microcapsules
2.1 Introduction
Polyelectrolyte microcapsules have the potential to serve as targeted carriers to deliver
their contents when triggered by external stimuli. [39~

]

Aptamers are newly developed

"antibody-like" biosensors. They are synthesized ssDNA or RNA that have high affinity
and selectivity for specific targets.

[45]

The introduction of a "molecular recognition

probe" aptamer into polyelectrolyte microcapsules could allow for controlled uptake of
reactants or even aptamer-triggered release of their contents under selective conditions.
These microcapsules with added functionality could be potentially used in a number of
important areas such as drug delivery or "smart" fertilizers.[23'27]
The previous studies in our group indicate that free aptamers retain their binding
affinities even after being embedded within polyelectrolyte films.

[65]

In this project, we

attempted to fabricate an aptamer-based triggered delivery system. Biodegradable
polyelectrolyte microcapsules with encapsulated aptamers as a core were prepared by
layer-by-layer assembly of oppositely charged polyelectrolyte films on a sacrificial
template, CaCC>3. Aptamers were captured within the porous CaC03 microparticles in a
coprecipitation process when mixed with aqueous solutions of CaCb and NaHCC^. After
deposition of the polyelectrolyte films, the CaCC>3 template was dissolved using EDTA,
leaving aptamer-loaded microcapsules. Upon the binding of aptamer with specific target
molecule, the conformation of aptamer will change, and they may no longer serve as a
scaffold to support the stability of microcapsules. So, the binding of the aptamer with its
target will drive the collapse of microcapsules and then contents will be released. The
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whole process is shown in Fig.2-1. In the following sections, the detailed information of
each experiment will be provided.
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Fig.2-1 Schematic picture for project process

2.1.1 Porous CaCO3 particle synthesis and mechanism
Over the past few decades, morphology-controlled synthesis of CaC03 particles has
attracted considerable attention.

[66]

The CaC03 particles have wide applications in

industry, technology, or medical fields. They are used as filler in paints and rubber, ' 7 ^ as
well as a biomimetic scaffolds for target drug delivery systems and tissue engineering
systems. [68] In particular, spherical porous CaC03 particles are the main template choice
for the preparation of polyelectrolyte microcapsules due to their structural control and the
ease of dissolution.[69]
There are several methods to fabricate morphology-controlled CaC03 particles, such as
Langmuir monolayer, reverse microemulsion, self-assembled monomolecular films or
double hydrophilic block copolymer.

[70]

In these methods, an organic macromolecule

serves as the template to mediate the morphology of the CaC03 particles. In this thesis, a
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simple method, the crystallizations of inorganic salts (sodium bicarbonate and calcium
chloride) from supersaturated solution, has been explored. To get the uniform and non
aggregated porous CaC03 particles with homogenous sizes, reaction conditions such as
the concentration of the salts,

[66]

temperature,

[71]

stirring rate of solution and reaction

time [71] will be the determining factors.
Spherical porous CaC03 particles with hollow cores are formed by the aggregation of
the CaC03 nanoparticles (in some papers, also called the CaC03 nucleus).

[7 ]

The

mechanism of formation of the spherical porous CaC03 particles is shown in Fig.2-2. The
morphology of a single CaC03 and a broken spherical CaC03 particle which can
demonstrate the hollow core of CaC03 particle is shown in Fig.2-3.
O
Q Q j Nanoparticle
O
aggregation

O

CaC03 nanoparticle

Fig.2-2 Graphical growth process of spherical porous CaC0 3 particle

Fig.2-3 SEM image of a single spherical porous CaC0 3 particle, the inset is a broken one displaying the
empty core
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2.1.2 Methods for encapsulating biomaterials into polyelectrolyte microcapsules
Biomaterials such as proteins, DNA, enzymes and drugs can be encapsulated into
microcapsules using different approaches. 1) After proteins are precipitated in high salt
concentration solution, the oppositely charged polyelectrolyte can be added, which are
used to wrap the protein microaggregates to get microcapsules. This is a simple method
to get microcapsules but the disadvantage is that the activity of the proteins is
dramatically reduced.

[73]

2) The permeability of polyelectrolyte microcapsules is

changed through a change in the pH value of the solution. By controlling pH value, the
biomaterials are allowed to permeate into the hollow microcapsules. The advantage of
this method was that the size of microcapsules was uniform but the loading efficiency
was low because some biomaterials will be absorbed on the surface of microcapsules due
to electrostatic intereactions. [44] 3) Biomaterials are loaded into sacrificial templates by a
coprecipitation method. After the layer-by-layer polyelectrolyte film deposition process,
the templates are dissolved, yielding microcapsules with biomaterials within their core.
This method is currently widely used to load biomaterials into the microcapsules.[72'43] In
this thesis, the third method was adopted.
In this thesis, the biomaterial of interest is a model aptamer system, the sulforhodamine
B (SRB) aptamer. Sulforhodamine B aptamer was generated by Wilson and Szostak in
1998 by in vitro SELEX method.[74] This short strand of DNA composed of 29
nucleotides will form a three-tiered G-quartet structure upon the binding with the
sulforhodamine B dye at 1:1 stoichiometric ratio. The monovalent cations K+ are required
to stabilize the folding of Sulforhodamine B aptamer into their active conformation.
There will be no binding between aptamer and SRB dye without K+.[27c'74] This aptamer
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binds to SRB dye with high affinity and selectivity. The Kd for free SRB dye can reach to
660nM±60nM. On the other hand, tetramethylrhosamine (TMR) dye, which has a similar
chemical structure to SRB dye, has no affinity for the SRB aptamer. (SRB and TMR
chemical structures are shown in Fig.2-4.) Our group's previous studies proved that SRB
aptamer retained its binding selectivity and affinity with the target molecule and also that
the permeability of a SRB-embedded polyelectrolyte multilayer film will be increased
when incubated with the target dye. [23 ' 27]

Fig.2-4 Chemical structures of Sulforhodamine B (left) and Tetramethylrosamine (right)

2.1.3 C, potential and multilayer films formation mechanism
The C, potential is the surface charge of a particle at the slipping plane. When particles
are dispersed in the solution, these particles will absorb bilayer ions onto their surfaces;
one is the condensed layer and the other one is the loose layer. These bilayer ions will
move together with the particles as a single entity in the solution. The plane which
contains these bilayer ions is called as the slipping plane.
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The C, potential of the particles can be measured by using Henry equation:[75]
V/E =e c;/(ka)/67iri
V: the velocity of the particles
E: the strength of applied electrical field
e: dielectric constant of the medium
c^: zeta potential of the particle
/(ka): correction factor
r\: viscosity of the medium
Electrophoretic mobilities of the particles in the solution can be converted to C,
potential by this Henry equation. The C, potential of particles may be varied with
dispersion medium, pH value, ionic strength of the solution, or the type of the salt. In this
chapter, C, potential, as well as SEM, EDS and fluorescence microscopy, will allow for
the characterization of core particles and microcapsules.
2.2 Experimental
2.2.1 Synthesis of spherical porous CaCO3 particles in low volume
2.2.1.1 Materials
Calcium chloride anhydrous (>93.0%, granular), Sodium bicarbonate (Bioultra®,
>99.5%) were purchased from Sigma-Aldrich (Oakville, ON).
2.2.1.2 Methods
A series of experiments was conducted to examine the effect of concentration,
temperature and reaction time on the formation of spherical porous CaC03 particles in a
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low reaction volume solution. Parametric study on the synthesis was investigated aiming
at to producing a large percentage of spherical porous CaC03 particles.
Firstly, the effect of concentration on the formation of spherical porous CaC03 particles
was checked. 1ml of IM, 0.33M and O.IM CaCl2 solution were obtained by dissolving
CaCl2 in DI water. Then they were mixed with 1ml NaHC03 solution prepared at the
same concentration under vigorous stirring condition (lOOOrpm) at room temperature for
20 seconds. After 20 seconds, the solutions were left unstirred for 30 minutes. All
experiments were conducted on the IKA® RCT basic dry bath heat block. Then the
solutions were filtered with a medium porosity DIMA GLASS filter to collect the
CaC03 particles, which were dried overnight.
After the appropriate concentration was obtained, the influence of temperature on the
formation of porous CaC03 particles was compared. CaCl2 solutions were mixed with
NaHC0 3 solutions at 10°C, 15°C and 20°C respectively with all the other reaction
conditions as previously described.
Lastly, the reaction time was investigated. The sitting times were set at 4 minutes, 5
minutes, 6 minutes, 7 minutes and 8 minutes at the refined reaction concentration and
temperature.
The morphologies of all samples were checked by Tescan Vegall XMU SEM (Scanning
Electron Microscope) with SE (Secondary Electron) Detector. The dried samples were
uniformly spread onto the aluminum stubs and then sputtered with a thin layer of gold
film.
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2.2.2 Preparation of aptamer-CaCO3 particles
2.2.2.1 Materials
CaCl2 and NaHC03 were as same as described above. The four basic phosphoramidites :
dA-CE phosphoramidite, dT- CE phosphoramidite, dmf-dG-CE phosphoramidite and AcdC-CE phosphoramidite and 5'-Fluorescein phosphoramidite which used to add
fluorophore to the DNA were purchased from Glen Research (Sterling, VA) in powder
form. The diluent anhydrous acetonitrile was also purchased from Glen Research.
Activator, deblock, capping and oxidizer solution for DNA synthesis were purchased
from Bio Automation (Irving, TX). MerMade 1000 A CPG lumol support column were
used for synthesizing DNA strands. Note that the first nucleotide at the 3' end of the
DNA is already attached to the controlled pore glass beads in these support columns.
2.2.2.2 Methods
Synthesis of sulforhodamine B (SRB) aptamer: SRB aptamer 5'-CCG GCC TAG GGT
GGG AGG GAG GGG GCC GG-3' was prepared on a MerMade 6® DNA synthesizer by
standard phosphoramidites. The fluorescein modified SRB aptamer was used to check
aptamer status in particles and non modified SRB aptamer was synthesized for particles
morphology measurements. After DNA synthesis, the columns were immersed in 1ml
28% concentrated NH4OH solution overnight to cleave the DNA strands from the
columns and dried in a Thermo Savant® DNA 120 SpeedVac Concentrator to evaporate
the NH4OH. Then DNA strands were purified with DI water to get rid of the remained
organic solvent and dried to store SRB aptamers.
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Fabrication of aptamer-CaC03 particles: A series of experiments was conducted to
compare the loading efficiencies in which the weight ratio between SRB aptamers and
CaC03 particles were at 1:6.6, 1:22.0, and 1:47.2, respectively. The appropriate amount
of SRB aptamers was dissolved in 0.33M NaHC03 solution, and then mixed with 0.33M
CaCb solution under vigorous stirring condition at 1000 rpm at 10°C for 20 seconds.
After the 20 seconds reaction time, the solution was left unstirred for 6 minutes. The
solution was filtered and dried overnight.
Measurements: Zeiss LSM510® (5% laser intensity) Confocal Laser Scanning
Fluorescence Microscope (CLSM) with a Plan-Acochromat 63x/1.4 Oil Die objective
and LP950 filter was used to characterize SRB aptamer the loading within the CaC03
particles. The exciting wavelength for fluorescein is at 492nm and emission wavelength
is at 520 nm. Aptamer-CaC03 particles were dispersed into DI water, put onto the glass
slides, and dried overnight to prepare the samples.
The morphology of Aptamer-CaC03 particles was measured by a Tescan Vegall XMU
SEM with a thin layer gold coating to check whether the particles remained spherical.
2.2.3 Multilayer film formation and scrutiny
2.2.3.1 Materials
The positive charged polymer PAH (polyallylamine hydrochloride),

average

Mw~56,000 and the negative charged polymer PSS (poly sodium-4-styrene sulfonate),
average Mw~70,000, were purchased from Sigma-Aldrich Company.

The Bis-tris

buffer: 2, 2-Bis (hydroxyl methyl) -2, 2', 2"-nitrilotriethanol, (Mw at 209.24 g), used to
adjust the pH value of the solution, was purchased from Alfa-Aesar. Sodium Chloride,
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biotechnology performance certified, using for adjust the ionic strength of the solution,
was from Sigma Company.
2.2.3.2 Methods
Parameter validation of the ionic strength: The ionic strength was adjusted by two
different NaCl solutions; one at 0.2M, another one at 0.5M. PAH was dissolved in these
two different NaCl solutions. The amount of PAH was increased from 5ug/ml to
40ug/ml, each time increasing 5ug/ml to make two series PAH-NaCl solutions. (0.2M
NaCl + varying [PAH], and 0.5M NaCl + varying [PAH]). Then lmg Aptamer-CaC03
particles were incubated into 1ml these series PAH-NaCl solution respectively in a
Labnet® mini incubator at room temperature for 30 minutes. After incubation, the
particles were centrifuged at 6000g for 2 minutes and the supernatant was removed. The
particles were then dried under vacuum.
C^ potentials of these PAH-coated Aptamer-CaC03 particles were measured on a
Malvern Zetasizer 3000HS instrument at 25°C in DI water. The samples were dispersed
into 10 ml DI water, and after 5 minutes of sonication the colloidal solution was used for
the measurements. The pH values of the dispersion solutions were measured by inserting
pH probe. The recorded C, potentials values will have small variations due to a slight drift
in pH value of the dispersed solutions, so each sample were measured 5 times and the
average value was used to compare the data.
Parameter validation of the pH of deposition: The Aptamer-CaC03 particles were
incubated in 1) 2mg/ml PAH solution with the Bis-tris buffer to adjust the pH value to
6.55 (no added NaCl); 2) 2mg/ml PAH with 0.5M NaCl optimal ionic strength solution
(no added bis-tris buffer); 3) 2mg/ml PAH in 0.5M NaCl solution and with Bis-tris
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buffer, pH=6.55 respectively in mini incubator for 30 minutes. Then, the particles were
washed with DI water and centrifuged three times to get rid of the suspension. Malvern
Zetasizer 3000HS instrument were used to measure the C, potentials of these particles.
Parameter validation of the concentration of polyelectrolytes: The lmg AptamerCaC03 particles were incubated in 2mg/ml PAH-0.5M NaCl solution and 3mg/ml PAH0.5M NaCl solution respectively, in the mini incubator for 30 minutes to coat the
particles with the first positively charged layer. Then, the particles were washed with DI
water and centrifuged three times to remove the supernatant which contained excess
PAH. Then particles were then dried under vacuum.
Then particles coated with the first positive layer were incubated in PSS-0.5M NaCl
solution in mini incubator for 30 minutes to add the first negatively charged layer.
Aptamer-CaC03 particles incubated in lower PAH concentration solution were incubated
in 2mg/ml PSS-0.5 M NaCl solution, while particles coated in higher PAH concentration
solution were incubated in 3mg/ml PSS-0.5M NaCl solution. Centrifugation and washing
were used to remove the excess PSS. At this point, the particles were now coated with
one bilayer of polyelectrolyte.
C, potentials of these coated Aptamer-CaC03 particles were measured by Malvern
Zetasizer 3000HS instrument at same condition as described previously. The
morphologies of the particles were checked by SEM.
2.2.4 Fabrication of Aptamer - (PAH/PSS)X microcapsules
2.2.4.1 Materials
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Sulforhodamine B aptamer, PAH, PSS and NaCl were the same as previous described.
EDTA (ethylenediaminetetraacetic acid), biotechnology grade was purchased from
Bioshop Company. The cell culture tested dye Sulforhodamine B powder was purchased
from Aldrich Company.
2.2.4.2 Methods
The Aptamer-CaC03 particles were incubated in polyelectrolyte, alternating between
3mg/ml PAH or 3mg/ml PSS in 0.5M NaCl solution in the mini incubator for 30 minutes
repeatedly with intervening centrifugation and washing steps (3 times) to constitute a
range of different films such as 5 bilayer (PAH/PSS) or three layer PAH/PSS/PAH films
onto the particles. Each time, before incubation in the polymer solution, the particles
were mildly shaken on a vortex for 5 minutes to avoid the agglomeration of the particles
and the sticking of the charged particles to centrifuge tube walls. The microcapsules were
obtained after dissolution of the sacrificial CaC03 template with 0.5M EDTA, pH= 6.97
with overnight sitting. This high concentration of EDTA was crucial to completely
remove all the calcium carbonate. The extra EDTA was washed away with DI water
before any measurements.
The morphologies of the coated Aptamer-CaC03 particles after deposition of 5 bilayer
or three layer polyelectrolyte films and microcapsules (after dissolution of CaC03
template) were checked by SEM. The fluorescein labeled SRB aptamer was used to
check the state of aptamers in Aptamer-(PAH/PS S)s microcapsules by confocal
microscope.
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2.2.5 Fabrication of Aptamer: PSS - (PAH/PSS)X microcapsules
2.2.5.1 Materials
Sulforhodamine B aptamer, PAH, PSS, NaCl and EDTA were the same as previous
described.
2.2.5.2 Methods
Both PSS and aptamer (weight ratio 1:5) were encapsulated inside of the porous CaC03
particles in coprecipitation process as described before. The Aptamer:PSS-CaC03
particles were incubated in 1ml 3mg/ml PAH or 3mg/ml PSS in 0.5M NaCl solution
alternatively, for 30 minutes with intermediate washing steps (3 times DI water) to
constitute a single bilayer (PAH/PSS) film on the particles to check the feasibility of the
introduction of PSS into the core of the microcapsules.
The deposition steps were monitored by a Malvern Zetasizer and SEM as in previous
studies.
2.2.6 Fabrication of Aptamer: PSS - (PDDAZPSS)s microcapsules
2.2.6.1 Materials
Sulforhodamine B aptamer, PSS, NaCl and EDTA were the same as previous
described. Medium Molecular weight (Mw~200,000) PDDA (20% aqueous solution) was
purchased from Aldrich Company.
2.2.6.2 Methods
Aptamer:PSS-CaC03 particles were fabricated in the same process as described above.
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The Aptamer: PSS-CaC03 particles were incubated into 3mg/ml PDDA or 3mg/ml PSS
in 0.5M NaCl solution, alternatively, for 30 minutes with intermediate centrifugation and
washing steps (3 times) to construct a 5 bilayer (PDDA/PSS) film on the particles. 0.5 M
EDTA solution was used to dissolve the template to get the microcapsules.
The deposition steps were monitored on a Malvern Zetasizer and SEM. The elemental
analysis was conducted on an Oxford EDS® (Energy Dispersive X-ray Analysis)
instrument, with INCAx-act® Detector and INCA Energy software was used to analysis
the components. The samples were spread evenly on Al studs and the elemental analysis
measurements were conducted in Nitrogen environment.
2.2.7 Triggered release properties of Aptamer: PSS-(PDDAZPSS) 5 microcapsules
2.2.7.1 Materials
Aptamer:PSS-(PDDA/PSS)5 microcapsules were fabricated following the steps as
described before. Sulforhodamine B dye was purchased from Aldrich Company.
Tetremethylrosamine chloride (TMR) (378.90g/mol) was purchased from Invitrogen
Company.
2.2.7.2 Methods
Aptamer:PSS-(PDDA/PSS)5 microcapsules were incubated with Sulforhodamine B
(SRB) dye at different concentrations and incubation times to achieve suitable parameters
for the triggered release. Besides this, the microcapsules were also incubated with non
target

molecule-Tetramethylrosamine

(TMR)

dye to

check the

selectivity

of

microcapsules. After incubations all samples were washed three times with DI water and
stored at -80°C freezer before measurements.
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(PDDA/PSS)5 coated Aptamer:PSS-CaC03 particles and Aptamer :PSS-(PDDA/PSS)5
microcapsules were also spread onto the Al studs immediately after sample fabrication
and stored at -80°C for using as control samples.
The SEM images were conducted on Cryo Stages. After leaving samples at -20°C for a
few minutes to allow the water solvent to evaporate, all the measurements were operated
at -30°C in Low Vacuum Environment SEM by using BSE (Back Scattered Electron)
Detector under 10 Pascal Nitrogen pressure condition.
2.2.7.3 The calculation for aptamer molarity in each microcapsule
Before designing experiments to unravel the required parameters for triggered release in
Aptamer:PSS-(PDDA/PSS)5 microcapsules, the molarity of aptamers in the each
microcapsules needed to be calculated.
There were 3.3xl0~4 moles CaCb in 1ml 0.33M CaCi2 solution, and 3.3xl0"4 moles
NaHC0 3 in 1ml of 0.33M NaHC0 3 solution. Assuming 100% porous spherical CaC0 3
particles were produced (no cubic CaC03), then the mass of porous CaC03 will be
0.0330g.
The density of porous CaC03 particles p=1.6g/cm3 [76^, mcaco3 = 0.0330g,
Then the total volume of the CaC0 3 particles: VCaco3 = m/p=0.0206cm3 =2.06x10"8m3.
Based on SEM images measurements, the average radius of particles r is at 2.4um, so the
volume of each individual particle is equal to: V=4/37ir3= 5.6xl0"l7m3.
Then, the number of porous CaC03 particles in total will be: N=2.06xl0"8 m3 / 5.6x10"
17

m 3 =3.69xl0 8
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In each reaction, 0.64mg of aptamer was loaded into these CaC03 particles, so in each
porous CaC0 3 particle, it contains 0.64xl0"3/3.69xl08=1.74xl0"12g Aptamer.
The molecular weight for sulforhodamine B Aptamer is 9146.9g,

[77]

so in each CaC03

particle contains 1.74xl0"12/9146.9= 1.90x10"'Voles Aptamer.
Based on CLSM measurements, the average radius for the core of porous CaC03 is
1.6 urn, the volume of Aptamer in each CaC03 particle is equal to V'= 4/37ir3 = 1.715x10"
17

m3=1.715xlO"14L.

Assuming all aptamers were loaded inside of CaC03 particles and none was left in DI
water solvent and also that aptamers distributed in each particle evenly, then the volume
of aptamers in each particle will be equal to the volume of CaC03 hollow core. So
maximum molarities for Aptamers in each particles will be 1.90xlO"I6/l.715x10"
14

=l.llxlO" 2 M.

2.2.7.4 Parametric study of triggered release conditions
SRB dye concentration: If the incubated SRB dye concentration equals lOuM, [dye] x
[Aptamer] =10xl0" 6 xl.llxl0" 2 =l.llxl0" 7 < Kd (660nM=6.6xlO"7 M), which means that
only a low proportion of aptamer-dye complex will form in this sample. If the SRB dye
concentration is increased to ImM, [dye] x [Aptamer] = 1x10" xl.11x10" =1.11x10" >
Kd, then more than 50% aptamer-dye complex will form. (Equation for Kd was given in
introduction)
Time: 16 hours, 1 day and 6 days were chosen to check the release status of
microcapsules.
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Then a systematic experiment was designed as follows:
1) Microcapsules incubated in ImM SRB dye for 16 hours, 1 day and 6 days; 2)
Microcapsules incubated in lOuM SRB dye for 1 day and 6 days to compare the
microcapsules status. All SRB dyes were dissolved in O.IM KC1 solution. All samples
were imaged under frozen conditions on cryo stages by SEM and EDS.
2.3 Results and discussions
2.3.1 Effect of concentration, temperature and reaction time on the synthesis of CaC03
particles
In this project, spherical porous CaC03 served as the template for the formation of
polyelectrolyte microcapsules. While spherical CaC03 particles can be obtained from low
reactant concentrations, (O.IM CaCb and O.IM NaHCOs), the yield of spherical CaC03
is too low to continue the experiments. (Fig.2-5a). Under high reactant concentrations
(IM of salts) all particles are cubic. (Fig.2-5b) In the intermediate case (0.33M salts),
more spherical CaC03 particles were formed than in O.IM and IM solution but some
CaC03 particles still were cubic. (Fig.2-5c) Comparing all three SEM images, the 0.33M
concentration was studied for further parameter determination.
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Fig.2-5 SEM images of CaC0 3 particles from
different salt concentrations reacted at room
temperature and left to sit for 30 minutes: a)
0.1M,b)lM, c)0.33M

The effect of temperature was next examined. When the sample was reacted at 10°C, the
percentage of spherical particles increased compared with which reacted at room
temperature (both at 0.33M concentration). The SEM image is shown in Fig.2-6a. At
higher reaction temperature (15 °C or 20°C), almost all particles were cubic. The SEM
images are shown in Fig.2-6b and Fig.2-6c respectively.

Fig. 2-6 SEM image of CaC0 3 particles
from 0.33 M salts concentration reacted at
different temperatures and left to sit for 30
minutes: a) 10°C, b) 15°C, c) 20°C
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The possibility of forming spherical CaC03 particles at different reaction times was
investigated in detail. As shown in Fig.2-7a, when left to sit for 4 minutes, spherical
CaC03 particles can be obtained, but the percentage is low. When the reaction time is
elongated to 5 minutes (Fig.2-7b) and 6 minutes (Fig.2-7c), the percentage of spherical
CaC03 particles increased with 6 minutes showing the highest percentage. But when the
reaction time was increased further to 7 minutes and 8 minutes, (Fig.2-7d and Fig.2-7e)
most particles went back to cubic structure.
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Fig.2-7 SEM image of CaC0 3
particles from 0.33 M salts solutions
reacted at 10°C and left to sit for
different reaction times: a) 4 minutes,
b) 5 minutes, c) 6 minutes, d) 7
minutes, e) 8 minutes
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Comparing the morphologies of CaC03 particles in all the SEM images, 0.33M of salt
concentration, reacted at 10°C and left to sit for 6 minutes, as shown in Fig.2-7c were the
refined parameters for fabricating a large percentage of spherical CaC03 particles
(Biomaterials such as aptamer can be loaded inside) in low reaction volume. Based on the
size measurements of the spherical CaC03 particles in these SEM images, the size of the
spherical porous CaC03 was from 4-6um, which is also the same size range as described
in the literature.[72]
2.3.2 Synthesis of aptamer-CaCO3 particles
Aptamer-embedded CaC03 particles were prepared by a coprecipitation process with
varying aptamer to CaC03 ratios. Confocal imaging was used to characterize these
particles as the used aptamer was tagged with fluorescein. Fig.2-8a shows the fluorescent
image from the confocal microscope for the samples prepared at a ratio of 1:6.6. This
image clearly presented that in some areas the fluorescent intensity was stronger than the
background. The Fig.2-8b shows the light image for the same sample. This image shows
that there are some particles on the glass slide and the sizes of these particles were in 46um ranges which were in the range for the porous CaC03 particles. The Fig.2-8c is the
overlay of these two images. The Fig.2-8 proved that the higher fluorescent areas were
coming from the porous CaC03 particles. The results indicated that coprecipitation
method was suited for the fabrication of Aptamer-CaC03 particles. But these CLSM
images also showed that there were lots of free aptamer left outside of the porous CaC03
particles. These free aptamer were spread on the glass slide and presented as the small
green spots on the background. The results show that not all the aptamer was included in
the coprecipitation process. Even after three DI water washing steps, there were still too
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much unwrapped aptamer left outside. Reducing the added amount of aptamer was then
investigated.

Fig.2-8 Confocal images of Aptamer-CaC03 particles from aptamer: CaC0 3 weight ratio at 1:6.6. A)
fluorescent image, B) light image, C) overlay of A and B.

Changing the aptamer to CaC03 ratio to 1:22.0 (Fig.2-9) led to a reduction in the
background green spots. However the enlarged inset in Fig.2-9c clearly presented that
several Aptamer-CaC03 particles were aggregated together, perhaps due to extra aptamer
on the surface of the CaC03 particles linking the separated CaC03 particles together.

Fig.2-9 Confocal images of Aptamer-CaC03 particles from aptamer: CaC0 3 weight ratio at 1:22.0. A)
fluorescent image, B) light image, C) overlay of A and B. Inset image is enlarged image.

Changing the ratio further to 1:47.2, all fluorescent signals were coming from the
Aptamer-CaC03 particles and no particles were found that were aggregated together,
suggesting that no free aptamer was left outside of the particles (Fig.2-10). The status of
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the aptamers in these CaC03 particles was checked by high magnification images. The
previous studies showed that pure CaC03 will be evident as non fluorescent particles and
fluorescein-tagged aptamers will be evident as a green fluorescent. In Fig.2-1 Oc, the
green colour is only present inside of the hollow cores of porous CaC03 particles and was
uniformly distributed throughout the whole core of the particles. There were no
fluorescent signals from the walls of the Aptamer-CaC03 particles suggesting that no
aptamer is bound to the outside of the particles. Based on the measurements of different
individual Aptamer-CaC03 particles, the width of the porous CaC03 wall were in the 1.52pm range. The average radius of the cores of these particles was 1.6pm. If aptamers
were distributed evenly inside of these particles, then aptamers in each particle occupy
the same volume as the Aptamer-CaC03 core.

Fig.2-10 Confocal images of aptamer-CaC03 particles from aptamer: CaC0 3 weight ratio at 1:47.2, A)
fluorescent image, B) light image, C) overlay of A and B. Inset is enlarged particles.

The morphology of these Aptamer-CaC03 particles from the 1:47.2 weight ratio
syntheses was checked by SEM. After loading the aptamers inside the CaC03 particles,
the particles still remain in a spherical structure as shown in Fig.2-11. The surfaces of the
particles were as smooth as those without embedded aptamers. The encapsulation of the
DNA aptamers did not change the morphologies of these particles.
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Fig.2-11 SEM image of Aptamer-CaC03 particles

Thus, the Aptamer-CaC03 particles were successfully fabricated by a coprecipitation
method and the aptamers were uniformly distributed inside of the core of the porous
CaC03 particles at a weight ratio of aptamer to CaC03 was at 1:47.2. After aptamer
loading into the CaC03 particles, the morphology of the particles remained as spherical
structures.
2.3.3 Parametric study of multilayer film formation
As discussed in the introduction, oppositely charged polyelectrolytes will form a large
amount of ion pairs between each other or with the charged substrates to form films. This
is an overcompensation electrostatic interaction process. The equilibrium adsorption will
be obtained until the polyelectrolytes are electrostatically repelled from each other. [

]

In

this process, the concentration of the polyelectrolyte, the ionic strength (including the
type of the salts) and the pH value of solution will determine the properties of the films.
[34-37] gQ^ w e

conc iucted a

series of experiments to obtain proper synthesis parameters in
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terms of the concentration of the polyelectrolyte, the ionic strength and the pH value of
solution.
2.3.3.1 Effect of Ionic strength
The measured C, potential of the pure CaC03 particles dispersed in DI water is positive
at 12.5 mV. After sulforhodamine B aptamers were loaded into the core of CaC03
particles, the C, potential of particles switched to negative at -22.3mV. This result further
confirmed that the aptamers have been loaded into the CaC03 particles, (see Table 2-1).
Then, Aptamer-CaC03 particles were incubated into two series of PAH-NaCl solutions
(series 1 was in 0.2M NaCl and series 2 was in 0.5M NaCl). The results suggested that in
high ionic strength lower amounts of PAH was needed to reach the highest C, potential
value. (Fig.2-13) The reason for this may be that the deposition of PAH on the surface of
the Aptamer-CaC03 particles includes two processes. The first process is an intrinsic
absorption process. Only PAH deposits onto the particles, so C, potential value will go to
the positive direction. The second process is an extrinsic process. When the charge
density of the PAH deposited on the particles surface is higher than the saturated value,
the particles will absorb some oppositely charged counter ions from the solution. Then C,
potentials will go to the negative direction.

[7 ]

Comparing the two plots in Fig.2-13, at

0.5 M NaCl solution, only 15ug PAH was needed for the charge density of the PAH
polymer chain to be saturated. But in 0.2M NaCl solution, 25pg PAH was required to get
the saturated charge density. It was reported that with the increasing ionic strength of the
solution, the polyelectrolytes will have more possibility to reorganize their structure.

[79J

In high salt concentration solution, polyelectrolytes will coil up together and no longer
remain in a rod-like structure and this coiled structure is easier to deposit onto the
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spherical particles. Beside this, with increased ionic strength, the pH value near the
surface of the polyelectrolyte will decrease. While in a lower pH value solution, the
degree of protonation of the weak polyelectrolyte PAH will increase and this will
improve the formation of films. The influence of pH value on the degree of protonation
of PAH will be further discussed in the next section 2.3.3.2.[80] As a result, 0.5M NaCl
was chosen to adjust the ionic strength.

PAH

PSS

^ 7
NH3+ CI"

S03'Na +

Fig.2-12 Chemical structure of PAH and PSS

Fig. 2-13 C, potential of aptamer-CaC03 particles as a function of amount of PAH (series 1 in 0.2M NaCl
solution, series 2 in 0.5M NaCl solution)
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2.3.3.2 Effect of deposition conditions
With the increasing deposition amount of PAH, the particles' C, potential will be
increased and at last they will switch to positive which has already been demonstrated for
hollow porous CaC03 particles. [32 ] But as seen above, none of the particles' C, potential
had became positive. The reason may be that as the PAH concentration was too low but
the concentration of salts was high, these PAH polymer strands cannot effectively wrap
on the whole surface of particles. For a single PAH polymer chain there may remain free
functional groups which will absorb counter ions to reduce the electrostatic repulsion
along the polymer chains. If the C, potential of the particles did not switch to positive, it
would be difficult to continue the LbL process. To minimize the effect of high ionic
strength, the concentration of PAH was increased to supersaturation as reported in the
literature.[35]
As a weak polycation, the pKa of the primary amine in free PAH in solution is about
10.5. [78] Under low and moderate pH conditions, the amine group is positively charged
and the degree of ionization of PAH is high. But under high pH conditions, the
dissociation of H+ ions from PAH will lead to uncharged free amine groups. Then the
degree of ionization of PAH will decrease, which will damage the formation of the films.
[81]

In the previous study, the pH value of DI water medium was close to neutral, which

was within the suitable condition for a high degree of protonation. The question then is
would the deposition efficiency be enhanced if the pH value was held at 6.55 for the
whole deposition process by the addition of bis-tris buffer? To achieve appropriate the
best deposition conditions, three different experiments were compared: 1) bis-tris buffer
was added, 2) NaCl was added; 3) both bis-tris and NaCl were added.
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The results in Tab.2-1 demonstrated that the C, potential of Aptamer-CaC03 particles
incubated with PAH/NaCl or PAH/bis-tris all switched to positive values. And in
PAH/NaCl solution the highest L, potential value was obtained. But the Aptamer-CaC03
particles incubated both with the PAH and NaCl/bis-tris buffer still remained at negative
values, which perhaps means that the deposition of PAH polymer was low. The low
deposition efficiency may be caused by competitive adsorption of bis-tris buffer salts
with PAH. The bis-tris buffer, which contains hydroxyl functional groups, will be
attracted by the Aptamer-CaC03 particles and may bind with them.[81] As a result, the
formation of the film is not as ideal as without the buffer.
Besides the obviously low deposition efficiency in bis-tris buffer solution, the number
of particles after incubation in buffer was reduced compared to the number of particles
without buffer condition. The reason may be that by adjusting the buffer pH value will
dissolve the solid CaC03 templates slowly during the incubation process. The possible
reaction was shown as below.
2H+ + CaC0 3 (s) 4

»Ca2+ + 2 HC03"

All of the results revealed that bis-tris buffer will impair the deposition of the PAH. So
the idea of using buffer in film formation process was discarded.
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CaC0 3 particles

12.5

Aptamer-CaC03 particles

-22.3

Aptamer-CaC03 in 2mg/ml PAH solution, pH=6.55

2.52

Aptamer-CaC03 in 2mg/ml PAH-0.5 M NaCl solution

3.98

Aptamer-CaC03in 2mg/ml PAH-0.5 M NaCl solution,
pH=6.55

-5.76

Table 2-1 C, potentials of CaC0 3 , aptamer-CaC03 particles and coated particles under different conditions

2.3.3.3 Effect of polyelectrolyte concentration
There was not much difference in surface charge of the particles in low or in high PAH
concentration- 0.5M NaCl solutions; both become positive at 3.98mV or 3.50mV. In high
concentration PAH deposition solution, the C, potential value was even a little lower. The
positive surface charges indicate the successful deposition of PAH onto the surface of
Aptamer-CaC03 particles. But the value is lower than that normally observed for PAH as
the outermost layer in hollow microcapsules (which is typically about 40mV). [34b] This
phenomenon may be caused by the loading of the negatively-charged aptamer inside of
the CaC03 particles which could partially neutralize the positive charge of PAH. [82]
Then, particles were incubated in PSS/NaCl solution to continue the assembly process.
At this time, the surface charges of particles obtained from the two different
concentration conditions were quite different. After coating two layers of polyelectrolyte
films in low concentration, surface charge was at about -0.7mV, a value too low to
continue the layer-by-layer assembly process as C, potentials of particles should alternate
between positive and negative values during alternative absorption of polycation and
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polyanion.

L

J

When both PAH and PSS concentration was increased to 3mg/ml, the

surface charge of particles after coating with the PSS film switched to -18.46mV. This
value suggested that the absorption of PSS onto the surface of Aptamer-CaC03 particles
was successful. (Table 2-2)

Aptamer-CaC03 coating the first layer in 2mg/ml PAH

3.98

Aptamer-CaC03 coating the first layer in 3mg/ml PAH

3.50

Aptamer-CaC03 coating one bilayer film in 2mg/ml PAH and
2mg/ml PSS

-0.70

Aptamer-CaC03 coating one bilayer film in 3mg/ml PAH and
3mg/ml PSS

-18.46

Table 2-2 C, potential of the aptamer-CaC03 particles after coating one layer of PAH and bilayer PAH/PSS
at different concentrations, (ionic strength is 0.5 M NaCl)

SEM images will provide information about the surface morphology of the particles
which will confirm the completeness of the films.[43a] As shown in Fig.2-14, even though
the C, potential value of the particles after deposition of the first layer of polyelectrolyte
was similar, the morphology of the film obtained from the low concentration experiments
were not as complete as that from the high concentration series. After deposition of PAH,
the morphology of the particles in high concentration looks like a pine cone, (recall that
without PAH, the surface of Aptamer-CaC03 particles was smooth). This difference
between the film morphologies at different polyelectrolyte concentrations became more
obvious when we continued the assembly process. (Fig.2-15) The lower density of the
films meant lower deposition efficiency of the films and this result also further confirmed
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the difference between C, potential values obtained from the two different polyelectrolyte
concentrations.
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Fig.2-14 SEM images after deposition of the first layer of PAH. 2mg/ml (left), 3mg/ml (right), Insets were
the enlarged particles, (ionic strength is 0.5M NaCl)
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Fig.2-15 SEM images after deposition of one bilayer of PAH/PSS. 2mg/ml (left), 3mg/ml (right), (ionic
strength is 0.5M NaCl)

Overall, these parametric studies of the experiments found that no buffer was needed to
adjust the pH value of solution for the deposition. High ionic strength was shown to
enhance the deposition efficiency of the films, so 0.5M NaCl was chosen to adjust the
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ionic strength. Furthermore, supersaturated polyelectrolyte concentration solutions at
3mg/ml provided the best performance.
2.3.4 Characterization of Aptamer-(PAHZPSS)5 microcapsule
The morphology of particles after deposition of one bilayer PAH/PSS films in 3mg/ml
polyelectrolyte concentration was already confirmed. But after repeating the layer-bylayer process under the same deposition conditions until a 5 bilayer polymer film was
deposited, the size of most individual particles increased to 20pm, (Fig. 2-16) and film
morphologies were no longer as regular and complete as what was seen after a single
bilayer deposition. (Fig.2-15 right) If the polyelectrolyte films bound to the AptamerCaC03 particles normally, the thickness of each layer of film is about 3-5nm.

[43]

The

average size for Aptamer-CaC03 particles is in the 4-6um range, so after 5 bilayer
deposition the size of these particles should have remained in the 4-6um range. The
reason of the formation of this irregular 5 bilayer Aptamer-CaC03 structure may be that
the weak polyelectrolyte PAH may contain some degrees of the uncharged free amine
groups under experimental conditions, so the electrical repulsion between the particles
and polymers will be weak.

[79 80]

'

Due to the fact that supersaturated polyelectrolyte

solutions were used in the film formation process, extra polyelectrolyte PAH will be
attracted by the particles, and the size of aptamer-CaC03 particles will be increased
abnormally. With the increased number of layers deposited, the possibility of forming
these artifacts will be increased. Besides this, the evidence of different particles linked
together by the polymers was also found. (Fig. 2-16 right) So the size may be also
increased by the aggregation of individual particles.

c 2b]

In addition, with the increased

layer number this aggregation phenomenon will be more obvious.
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Fig.2-16 SEM images of the aptamer-CaC03 particles after coating (PAH/PSS)5

After the dissolution of CaC03 template, the size of Aptamer-(PAH/PSS)5
microcapsules should decrease or they should stay flat on the surface of the substrate
(almost no 3-dimensional structure) under dry conditions. But most SEM images for
aptamer-(PAH/PS S)5 show that after dissolving the CaC0 3 template by EDTA, the
capsules were still larger than 6pm (what would be the average size of porous CaC03
particles). (Fig.2-17) The irregular deposition of polyelectrolyte and the aggregation of
aptamer-CaC03 particles will form larger than expected microcapsules. The image on the
left may be individual capsules and the right image may present several capsules
aggregated together. As a result, the majority of the particles seen on the SEM appeared
to be agglomerates.
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Fig.2-17 SEM images of Aptamer-(PAH/PSS)5 microcapsules

While the majority of the particles seen on the SEM appeared to be agglomerates, the
CLSM images showed a few samples that were in the correct size range for an individual
microcapsule. Fig.2-18 shows a capsule after the template dissolution. The fluorescence
from the aptamer within the capsule can still be seen, confirming that the aptamer
remained within the capsule after template dissolution.

^^^^^^l^f^B^^^^B

Fig.2-18 CLSM image of the aptamer-polyelectrolyte microcapsules

2.3.5 Characterizations for Aptamer-(PAH/PSS/PAH) microcapsule
Because the majority of the Aptamer-(PAH/PSS)s samples imaged did not contain
individual capsules, but rather agglomerates of capsules, fewer polyelectrolyte layers
were deposited to Aptamer-CaC03 particles to reduce the possibility of aggregation
during the layer-by-layer fabrication process. The morphologies of Aptamer-CaC03 cores
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coated with a three layer PAH/PSS/PAH film were checked by SEM. After three
deposited layers, however, agglomeration of the particles was still observed. Some of the
particles were linked together by the polymers and were no longer as regular as what was
seen for two layers. (Fig.2-19)
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Fig.2-19 SEM image of the Aptamer-CaC03 particles after coating PAH/PSS/PAH

After dissolution of the CaC03 template, some cracks were found on the surface of
microcapsules, suggesting poor stability and weak mechanical strength of these
microcapsules.[83] It has been reported that unwanted leakage of the contents such as
catalase enzyme from the 3 bilayer microcapsules can reach to 33% due to an
unintegrated membrane.[84] The cracks found in the microcapsules will be mainly
responsible for the leakage of the contents. Besides this, some microcapsules were still
aggregated together, even though it was not as serious as seen with 5 bilayer
microcapsules. (Fig.2-20)
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Fig.2-20 SEM images of the Aptamer- PAH/PSS/PAH microcapsules

There are two big issues to prevent the successful fabrication of Aptamer-(PAH/PSS)x
microcapsules. 1) Aggregation of the Aptamer-CaC03 particles during the layer-by-layer
deposition of polyelectrolyte films process is quite serious. Even when the deposition
layers have been reduced to 3 layers this phenomenon still exists. 2) Besides this the
stability of microcapsules with lower layer number is quite poor. The selectively
increased permeability of microcapsules or the triggered release of contents properties are
difficult to check.
In the next experiments, a small amount of PSS was encapsulated along with SRB
aptamer inside the microcapsules. PSS doped porous CaC03 template have been shown
to increase the stability of microcapsules after the dissolution of CaC03.

[82 85]

'

PSS will

bind with the opposite charged polymers which are deposited on the surface of particles
instantaneously after being released from the porous CaC03 in the dissolution process,
leading to the hardening of the microcapsule shell. The introduction of PSS in the CaC03
core will be a valid approach to fabricate stable microcapsules with a few layers of films.
If both PSS and SRB aptamers work as the collapsible scaffold, it will not only improve
the stability of the shell but also add the target selectivity function to the microcapsules.
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2.3.6 Synthesis of Aptamer: PSS-CaCO3 particles
The morphologies of the CaC03 particles after encapsulating with both SRB aptamer
and PSS were checked by SEM. Most CaC03 particles remained as spherical structures
and the surface of these particles was still quite smooth. (Fig.2-21) Compared to the
Aptamer-CaC03 particles, the PSS-doped Aptamer-CaC03 sample contained a higher
percentage of spherical particles. Like most organic macromolecules such as sodium
dodecyl sulfate (SDS),

[66]

poly (acrylic acid),

[70a]

octadecyltrichlorosilane (OTS),

[70b]

and poly (alpha, beta)-DL-aspartic acid, [70d] PSS can also work as a template to mediate
the morphology of the CaC03 particles. So, the yield of the spherical structures will be
increased.

Fig.2-21 SEM images of the Aptamer: PSS CaC0 3 particles, inset is an enlarged one

The loading of the aptamer and PSS inside the CaC03 particles was characterized by £
potential measurements. The C, potential for pure CaC03 particles is at about 12.5mV, and
after encapsulating the SRB aptamer, the C, potential of Aptamer-CaC03 switched into the
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negative range at -22.3mV (Table 2-1). After both the SRB aptamer and PSS were
encapsulated in the CaC03 particles, the C, potential of Aptamer: PSS-CaC03 particles
turned out to be -16.7mV (Table 2-3). This value was even less negative than that of just
CaC03 doped with SRB aptamer alone, the reason may be that PSS contributes less to the
surface charge than aptamer by remaining more confined to the interior of the particles.
2.3.7 Characterization of Aptamer: PSS-(PAHZPSS) microcapsules
In this section, the deposition of polyelectrolyte films onto the Aptamer: PSS-CaC03
particles and the properties of Aptamer:PSS-(PAH/PSS) microcapsules are discussed
mainly based on SEM measurements. The results for C, potential measurements after
coating with first layer PAH will be discussed later.
After coating one layer of PAH, the surfaces of most particles were no longer as smooth
as before. Some regular, small chips like fish scales could be observed on the surfaces of
the particles due to the adsorption of PAH. (Fig.2-22) After deposition of the first layer of
PSS, most particles remained separated as individual particles. The results suggest that
having the PSS inside the CaC03 template is helpful to increase the electrostatic
repulsion between the particles and keep them separate. But evidence of aggregation by
the polymer still can be found. (Fig.2-23) If the polyelectrolyte deposition process was
continued to add more layer, the aggregation of the particles would likely worsen. So
after deposition of just one bilayer PAH/PSS film, the particles were dissolved in an
attempt to make the microcapsules. After dissolution of the CaC03 templates, the
individual microcapsules flat on the surface of substrate were observed, but
unfortunately, the structure of some microcapsules looked incomplete. As the
polyelectrolyte wall of the microcapsules was only one bilayer thick, the mechanical
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strength of the microcapsules was likely too low, even with the inner structural support of
the PSS, causing unwanted breakage of microcapsules. Furthermore, most of these
Aptamer: PSS-(PAH/PSS) microcapsules were still agglomerates. (Fig.2-24)
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Fig.2-22 SEM image of the Aptamer: PSS-CaC03 particles after coating the first layer of PAH
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Fig.2-23 SEM image of the Aptamer: PSS-CaC0 3 particles after coating PAH/PSS
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Fig.2-24 SEM image of aptamer: PSS-(PAH/PSS) microcapsules

The main advantages of doping PSS into the CaC03 cores will be that: 1) the
macromolecular PSS can work as a template to provide nucleation sites for the growth of
spherical CaC03 particles, leading to a higher percentage of synthesized spherical
structure of CaC03 particles. 2) In the polyelectrolyte layer-by-layer deposition process,
more individual particles were obtained than without the PSS doping.
Unfortunately,

the

aggregation

phenomenon

in

Aptamer:

PSS-(PAH/PSS)

microcapsules was still observed. The electrostatic repulsion between the particles or
microcapsules was perhaps too low leading to aggregation. Besides this, the broken
microcapsules were observed due to low mechanical strength of these thin-walled
microcapsules. So, in the following experiments, the partially charged, weak polymer
PAH was replaced with the high charge density, strong polycation PDDA
(polydiallyldimethylammonium chloride) and the LbL assembly process was continued
until 5 bilayer films were deposited.
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2.3.8 Characterization of Aptamer:PSS-(PDDA/PSS)j microcapsule
2.3.8.1 PAH vs PDDA
PAH, a weak base polyelectrolyte has pH dependent charge density along the polymeric
chains. After incorporation into the polyelectrolyte multilayer film, each functional group
on PAH will also be influenced by neighboring groups (they will create a potential to
attract or repel protons), so the apparent dissociation constant of PAH in films will be
reduced from 10.5[78] (for pure PAH) to 8.6.

[86]

As a result, PAH is more protonated at

low pH values (pH < 4[86]) but in this pH range, the stability of the aptamer is low.

[57]

Even though the deposition behavior of PAH can be refined by adjusting the pH value of
solution, this method still was discarded in this project.
On the other hand, PDDA has a pH-insensitive quaternary ammonium polycation that
has high charge density in all pH ranges. It has been reported that the deposition behavior
of PDDA was quite different than PAH. PDDA has easier access to the coiled
conformation and increased contact sites with the polyanion substrates. So both the
roughness and thickness of PDDA films are larger than PAH film. [87~89]

Fig.2-25 Chemical structure of PDDA
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2.3.8.2 ('potential measurements
As shown in Table 2-3, after one layer of PAH was deposited on the Aptamer:PSS
CaC03 particles, the surface charge of particles switched to positive at 2.6mV. When the
high charge density positive polymer PDDA was used to form the films, the surface
charge of particles was at about 2.2mV, which was smaller than that of PAH. If no
aptamer or PSS were doped inside of CaC03 particles, the surface charge of the
outermost layer of PDDA has been reported to be higher than that of PAH.

[32b 87]

'

In

these hollow microcapsules or polyelectrolyte multilayer films, the bulky and rigid
charged groups of PDDA will extend outward further than functional groups in PAH
contributing more to the surface charge, so the measured £ potential value will be higher
than PAH. But in this experiment, the negatively charged PSS and aptamers were already
encapsulated inside the CaC03 particles, thus the binding or electrostatic interactions
between the PDDA or PAH with PSS and aptamers will greatly influence the measured
surface charge. Comparing the PDDA/PSS acid-base pair with PAH/PSS pair, the charge
density between the PDDA and PSS will be better matched than that between PAH and
PSS (PAH is just partially charged at this experiment condition). PDDA will bind with
PSS in a more condensed manner and fewer charged functional groups of PDDA can
extend outside, which may be the predominant factor for the decrease in surface charge.
[87]
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Aptamer : PSS- CaC0 3

-16.7

Coating one layer of PAH (3mg/ml, 0.5M NaCl)

2.6

Coating one layer of PDDA (3mg/ml, 0.5M NaCl)

2.2

Table 2-3 The surface charge of Aptamer: PSS-CaC03 particles and after coating one layer of PAH or
PDDA

2.3.8.3 SEM and EDS analysis
The surface morphologies of particles after coating the first layer of PDDA were
checked by SEM. The results showed that a condensed film was deposited onto the
surface of the particles. (Fig.2-26) Unlike coating with one layer of PAH, the particles
looked like a pine cone. For PDDA, the particles remained as spherical structures, but the
surfaces of these particles were completed covered with condensed films with some
ridges due to the roughness of the films. The morphology difference between PDDA and
PAH films may be due to the fact that PDDA will bind with Aptamer:PSS-CaC03
particles more tightly compared to the binding of PAH with Aptamer:PSS-CaC03
particles. This may also further explain why the surface charge after PDDA coverage is
lower than after PAH coverage.
When the deposition process was continued to add a PSS layer, the roughness of the
surface on most particles became more obvious. (Fig.2-27) The morphology of the films
was no longer as even as after deposition of one layer of PDDA. The reason may be that
the thickness of the PDDA/PSS film increase in an exponential way, [88] the films will
form bottom-ridges structure due to the interpenetration between the PDDA and PSS
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polymers; While PAH/PSS bilayer films will grow in a linear way, the thickness of films
will increase evenly.
The common phenomenon of particle aggregation by excess polyelectrolytes was not
observed when PDDA/PSS bilayer was deposited. The separation between the particles
was important to continue the layer-by-layer process.
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Fig.2-26 SEM images of the AptamenPSS CaC0 3 particles after coating the first layer of PDDA, inset is an
enlarged one
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Fig.2-27 SEM images of Aptamer: PSS-CaC03 particles after coating the first PSS layer, the right one is a
close-up view
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A trial to check if, after dissolving the CaC03 templates, whether these microcapsules
remain separate was conducted after depositing one bilayer of PDDA/PSS films. In a
large area SEM image, all microcapsules were flat on the substrate surface and separate.
The results indicating that charge density match between PDDA/PSS films is important
to keep the microcapsules individually. (Fig.2-28 left) But after enlarging the SEM
image, (Fig.2-28 right) some small holes can be clearly observed in individual
microcapsules and some broken microcapsules will lead to unwanted leakage of contents
from microcapsules.[84] So 5 bilayer polyelectrolyte films were deposited to fabricate
ideal microcapsules.

Fig.2-28 SEM images of Aptamer: PSS- (PDDA/PSS) microcapsules, the right one is a close-up view

After deposition of 5 bilayer PDDA/PSS films onto the Aptamer:PSS-CaC03 particles,
the morphology of the separated particles turned to a flower-like structure due to the
exponential growth model of PDDA/PSS films and the interpenetration between them.[88]
(Fig.2-29) Whether aptamers still remained inside of these particles was checked by EDS.
Before the EDS measurements for 5 bilayer wrapped Aptamer:PSS-CaC03 particles, the
background element analysis was conducted on the clean Al stud. The morphology of
clean Al studs was not as smooth as they looked by naked eye; there are some scratches
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and holes on it. (Fig.2-30) The main component of the studs, as expected, was Al with a
small amount of impurities such as Mg or Cu and trace amounts of C and O. (Spe.2-1)
There were some new elements in the 5 bilayer (PDDA/PSS) wrapped AptamenPSSCaC03 particles compared with the Al stud background: Ca was coming from the CaC03
template, S was from the PSS polymers, and most importantly P, which was only
contained in aptamer, was also found in this sample. (Spe.2-2) So, after the layer-by-layer
films assembly process, aptamers still remained inside of the CaC03 templates.

Fig.2-29 SEM image of Aptamer:PSS-CaC03
particles after deposition of (PDDA/PSS)5
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Element

Weight%

Atomic%

C

28.20

44.50

O

20.53

24.33

Al

31.21

21.93

P

0.17

0.10

_S

0.30

0.18

Ca

17.85

8.44

Cu

1.74

0.52

Totals

100.00

Spe.2-2 EDS Spectrum and compositions of Aptamer:PSS-CaC03 particles coated with (PDDA/PSS)5
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Fig.2-3 0 Al stud SEM image

Element

We lg ht%

Atomic%

C

12 13

22 72

O

6 48

911

Mg

3 18

2 94

Al

78 22

65 23

Totals

100 00

Spe.2-1 Al stud EDS spectrum and composition

After dissolution of the CaC03 templates, Aptamer:PSS-(PDDA/PSS)s microcapsules
were found to be flat on the substrate when imaged under dry conditions. (Fig.2-31) The
average size of the individual microcapsules was still in 4-6um range, which proved that
no aggregation took place in the PDDA/PSS films deposition process. The element Ca
can no longer be detected in these microcapsules by EDS, which means that all the
CaC03 was dissolved by the EDTA solution. After dissolution of Ca, the main
component in the sample became C, from the backbone of the PDDA and PSS
polyelectrolyte as well as the aptamer. Similarly as before, S also came from PSS. P
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from the aptamers was also detected in the sample. Thus, after the dissolution process,
the aptamer was still present.

Fig.2-31 SEM image of dried aptamer:PSS-(PDDA/PSS)5 microcapsules
Element

Weight%

Atomic%

C

55.64

71.90

O

8.96

8.69

Na

0.41

0.28

Al

27.94

16.07

P

0.11

0.05

s

5.48

2.65

Cu

1.46

0.36

Totals

100.00

Spe.2-3 Dried Aptamer:PSS-(PDDA/PSS)5 microcapsules EDS spectrum and their compositions

(PDDA/PSS)5 microcapsules encapsulating aptamers and PSS were successfully
fabricated, likely because the charge density match between PDDA and PSS was better
than that in PAH and PSS pair under these experimental conditions. There was no
aggregation between particles and microcapsules after the dissolution of the template, and
the size of them were all in the expected range. The encapsulated aptamers, which will
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work as the biosensors to detect the target molecule, remained inside of both the particles
and microcapsules, so in the following section the triggered release properties of these
microcapsules were investigated.
2.3.9 Characterization of triggered release property
2.3.9.1 (PDDA/PSS) 5 coated Aptamer:PSS-CaCO3 particles in frozen condition
SEM with a cryo stage was used to examine the hydrated sample. In this experiment, the
complete microcapsules will absorb water and turn into swollen spherical structure.

[ ]

While the broken microcapsules present as collapsed or rupture structure. The
measurements were done of microcapsules in a frozen condition allowing for observation
of the status of microcapsules after incubation in target or non-target molecular solution.
The SEM images of (PDDA/PSS)5 coated Aptamer:PSS-CaC03 particles under frozen
condition (Fig.2-32) did not show any difference compared with these particles imaged
under dry conditions (Fig.2-29). All particles still looked like "flowers" without any
structural rearrangements and none of these particles aggregated during the frozen
storage period. As these SEM images were obtained in low vacuum nitrogen
environment, they were not as clear as those obtained with the thin gold coating.
The presence of Ca in the EDS spectrum means that the CaC03 templates still exist
under frozen condition. The detected S from PSS polyelectrolyte was also in agreement
with previous results. P, which represents the DNA aptamers, could still be found under
frozen condition; however the peak is quite small. (Spe.2-4) All the results indicated that
there were not any structural or compositional differences between these particles
whether they were measured under frozen or dry conditions.
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Fig.2-32 SEM image of frozen Aptamer:PSS-CaC03 particles after deposition of (PDDA/PSS)5
Element

Weight%

Atomic%

C

16.44

30.46

O

16.24

22.59

Mg

1.98

1.82

Al

32.04

26.44

P

0.21

0.15

s

1.18

0.82

Ca

31.91

17.72

Totals

100.00

Spe.2-4 Frozen Aptamer:PSS-CaC03 particles coated with (PDDA/PSS)5 EDS Spectrum and thencompositions

2.3.9.2 Aptamer :PSS-(PDDA/PSS) s microcapsules under frozen conditions
Water can permeate into (PDDA/PSS)X microcapsules freely. After absorption of the
water, microcapsules will swell and go back to a spherical structured

1]

In this

experiment, the samples were spread on the Al stud immediately after the dissolution of
CaC03 templates and stored at -80°C and measured on a cryo stage at -30°C. Compared
with dried microcapsules, the semi-swollen microcapsules can be observed in this sample
due to absorbed water stayed inside the microcapsules under frozen conditions. (Fig.269

33) After absorption of water, microcapsules looked transparent because their walls are
composed of nanoscale thin films.
The microcapsules, however, did not completely return to a spherical structure. Some
reasons for this may be 1) Supersaturated EDTA solution was used to dissolve the CaC03
and this could have limited the permeation of water into the microcapsules. 2) The
sample was prepared without an incubation step; water was just used to wash them over a
few minutes. As a result, the microcapsules displayed as semi-swollen structure.
Compared with the EDS spectrum of same microcapsules obtained in dry condition, P
no longer can be detected in the swollen microcapsules. After dissolution of the CaC03
template, the main component in this sample was C, as before. S which comes from PSS
still can be detected. (Spe.2-5)
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Fig.2-33 SEM image of frozen Aptamer:PSS-(PDDA/PSS)5 microcapsules
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C
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0
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s

2 09

100

Totals

100 00

Spe.2-5 Frozen Aptamer:PSS-(PDDA/PSS)5 microcapsules EDS spectrum and their compositions

2.3.9.3 Incubation in ImM SRB dye for 16 hours
The initial thought was that microcapsules will burst after incubation in ImM SRB dye
for short time such as in 16 hours. The idea is that, assuming the aptamers are still
present in the microcapsules and serving to support the microcapsule, in the presence of
the target, they will fold up and allow for the collapse of the capsules. But after the
measurement of the SEM image, (Fig.2-34) all microcapsules were complete and swollen
in spherical structure. None of them were burst at this point. The reason may be that SRB
needs some time to bind with the aptamers and drive the collapse of microcapsules. Then,
the next experiment's incubation time was prolonged to lday. The element contents of
this sample were the same as pure microcapsules in frozen condition due as the
incubation of SRB dye did not introduce new elements. (Spe.2-6)
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Fig.2-34 SEM image of swollen microcapsules after incubation in ImM SRB dye for 16 hours
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C
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1.78

1.18
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36.84

21.99

s

2.64

1.32

Totals

100.00

Spe.2-6 Microcapsules EDS spectrum and compositions after incubation in ImM SRB dye for 16 hours

2.3.9.4 Incubation in ImM SRB for 1 day
When incubation time for ImM SRB dye was lengthened to 1 day (24 hours), some
collapsed microcapsules were discovered on the surface of the cryo stage even though the
sample was stored and checked in water medium. (Fig.2-35) As designed in this dye
concentration, at least 50% aptamers will bind with the SRB dye and form the aptamerdye complex. After the SRB dye bound to aptamers with high affinity, as discussed
before, aptamers will no longer work as a scaffold to support the microcapsules. The
conformational change may cause the formation of pores in the microcapsule walls. [27c'
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'

As a result, microcapsules appeared more collapsed after incubation in ImM SRB

dye for 1 day. But, there was no detected element composition change in this sample
comparing with the frozen pure microcapsules. (Spe.2-7)
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Fig.2-35 SEM images of collapsed microcapsules after incubation in ImM SRB dye for lday, right is a
close up view
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C

59.97

73.24

0
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0.71
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22.01
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s

2.97

1.36

Totals

100 00

Spe.2-7 Microcapsules EDS spectrum and their compositions after incubation in ImM SRB dye for lday

2.3.9.5 Incubation in 10^iM SRB for 1 day
The microcapsules incubated in the low concentration of SRB dye (lOuM) after 1 day
(24 hours) remained as swollen spherical structures. (Fig.2-3 6) At this dye concentration,
very few aptamers will bind with the SRB dye, thus most of them will still work as the
scaffold and support the completeness of microcapsules. Comparing the microcapsules
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incubated in ImM dye O.IM KCl solution, this result suggested the collapse of
microcapsules at high dye concentration may have come from the binding of aptamers
with the dyes and not from other reasons such as long time incubation in water or storage
under frozen conditions. The element analysis illustrated that there was no obviously
element contents difference in this sample with the frozen microcapsules. (Spe.2-8)
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Fig.2-36 SEM images of swollen microcapsules after incubation in lOuM SRB dye for lday, right is a
close up view
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S

224
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2.3.9.6 Incubation in ImM SRB for 6 days
After incubation in ImM SRB dye for 6 days, almost all the microcapsules appeared to
be burst. Only the bottom of microcapsules were left on the surface of cryo stage and
from the enlarged SEM image it can be observed that the morphology of microcapsules
bottoms were uneven. (Fig. 2-37 right) The EDS spectrum of this sample contained a new
element: "K". Based on the literatures, this monovalent cation K+ will coordinate with the
SRB aptamers within the plane of their G quartets plane and stabilize this active
conformation. In this experiment, the concentration of K+ was at 0.1 M while the
aptamers concentration was at about 0.0IM. So K+ spectrums may be easier to be
detected than the P spectrum in the burst microcapsules. Even though the P spectrums
was not present in this EDS spectrum, the finding of this element which could be part of
the SRB aptamer-dye complex gives some suggestion that the aptamers are still present
in the microcapsules and that they have bound with the targets. (Spe.2-9) The detection of
K+ leads some credibility to the idea that the breaking of the microcapsules could have
been driven by aptamer-SRB dye binding.
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Weight%

Atomic%

C
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68 29
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K
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100 00

Spe.2-9 Microcapsules EDS spectrum and compositions after incubation in ImM SRB dye for 6 days

2.3.9.7 Incubation in 10/uMSRBfor 6 days
After checking different areas on the cryo stages at -30°C, microcapsules incubated in
lOuM SRB dye for 6 days, all remain swollen and complete spherical structures. (Fig.238) The completeness of the microcapsules mean that they were stable in water medium
even when the incubation time was extended to 6 days. The stability of the microcapsules
in water medium will be important for the future usage as smart fertilizers. Compared to
the sample for microcapsules in ImM SRB dye for 6 days, the completeness of
microcapsules at lower dye concentration again suggests that the bursting of the
microcapsules may have been caused due to aptamer-dye binding. The elemental analysis
of this sample did not find K+ in them, which suggested that the presence of K+ in the
burst microcapsule was not due to the absorption by the microcapsules as the counter ions
during the incubation time. The EDS spectrum of this sample had the same elements as
frozen microcapsules. (Spe.2-10)
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Fig.2-38 SEM image of swollen microcapsules after incubation in lOuM SRB dye for 6 days
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2.3.9.8 Incubation in ImM TMR dye for 6 days
The SRB aptamer does not bind to TMR, thus it served as a good control for our
experiments. After incubation in ImM TMR dye for 6 days, all microcapsules appeared
complete and remained as spherical structure. (Fig.2-39) The elemental analysis of this
samples showed that there were no new elements present compared with the frozen
microcapsules. (Spe.2-11) The results revealed that the collapse and bursting of
microcapsules in SRB dye solution was not simply caused by the osmotic pressure from a
outside highly concentrated dye solution. The microcapsules appear to be stable with
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non-target molecule at this concentration. Owing to the discriminatory nature of
aptamers, they will bind with the specific target with high affinity and selectivity. As a
result, in these microcapsules no aptamers bound with TMR dye and then the porosity of
microcapsules did not change.

Fig.2-39 SEM image after microcapsules incubation in ImM TMR dye for 6 days
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The targeted molecule triggered release properties of aptamers encapsulated in
microcapsules and their relationship with trigger concentration and time can be
summarized in Fig.2-40. In lower dye concentration, no matter how long the
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microcapsules are incubated, the microcapsules appear to be stable and complete and
remain as swollen spherical structures. While if the microcapsules are incubated at high
dye concentration when more than 50% of aptamers were bound to the target molecule,
the microcapsules went through swollen, collapsed and burst forms. At short incubation
time, the porosity variation of the microcapsules was not significant and then
microcapsules appeared stable. With prolonged incubation time, the increased possibility
of forming more pores in the microcapsule wall leads to collapse and rupture. When
microcapsules were incubated in high concentration of TMR solution, which has the
similar chemical structure of SRB dye, these microcapsules exhibited high selectivity.
These microcapsules appear to burst only upon the binding of aptamers with the target
molecule. That is to say, they will release their contents in response to the detection of
their targets. However, because SEM images are not entirely clear, these results will need
to be confirmed by another method, such as fluorescence microscopy.

release status
burst

collapse

ImM dye. 1 day

swollen
1 mM dve. 16hours

10 uM dve. 1 davs

10 MM dve. 6 davs
time
Fig.2-40 Microcapsules status of as the function of incubated dye concentration and time, single swollen,
collapsed or burst microcapsule was highlight by circle.
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2.4 Chapter summary
Aptamers

and

PSS-encapsulated

porous

CaC03

templates

fabricated

in

a

coprecipitation process, followed by layer-by-layer film deposition would be a suitable
method for synthesis of stable aptamer-loaded microcapsules.
The refined parameters for polyelectrolyte films deposition in this work were found to
be the use of 0.5M NaCl to adjust ionic strength and of supersaturated polyelectrolyte
solution for deposition.

When the weak polyelectrolyte PAH was chosen as the

positively charged polymer, most of the aptamer-CaC03 particles aggregated during
layer-by-layer films assembly process. As a result, no regular microcapsules were
acquired. With loading both PSS and aptamers inside of the CaC03 particles, the
percentage of synthesized porous spherical CaC03 increased. (No aptamers seem to be
captured by cubic CaCOs particles.) But, the aggregation phenomenon of aptamenPSSCaC03 particles remain a problem in the PAH/PSS film formation process. After
replacing PAH with the strong polyelectrolyte PDDA, perfect

AptamenPSS-

(PDDA/PS S)5 microcapsules were attained.
SEM imaging evidence suggests that Aptamer:PSS-(PDDA/PSS)5 microcapsules
demonstrated target molecule triggered release properties. The bursting of the
microcapsules seems to be tunable according to the target molecular concentration and
related to incubation time. The conformational change of aptamers upon the binding to
the target molecules may lead to pores formation on the microcapsule wall.
Microcapsules went through collapse and bursting as a result of this porosity change.
Owing to the discriminatory nature of aptamers, the microcapsules only seemed to burst
in response to the detection of the target molecules. The microcapsules with introduced
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aptamers may therefore

exhibit additional "smart" functionalities than hollow

microcapsules.
The release of contents in microcapsules concomitant to the detection of target
molecules would be beneficial for aimed precisely targeted delivery of contents. In the
future these functionalized microcapsules may be used in a "smart" fertilizer system.
Ideally, the release of the fertilizer will be synchronized with the demand of crops in their
growth cycle and not based on the variation of temperature, ionic strength, or
environment pH value.
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Chapter 3 Fabrication of a Sulforhodamine B Aptamer polymer "tape"
3.1 Introduction
In Chapter 2, collapsible microcapsules were prepared with aptamers and PSS serving
as a scaffold within the capsule's core. It was found that the aptamers alone were likely
too small to support the microcapsule structure. As an alternative strategy to adding PSS
to help maintain the integrity of the microcapsules after dissolution of the CaC03
template, a long aptamer polymer "tape" will be prepared in this chapter with repeating
sulforhodamine B aptamer units as recognition sites using a method known as rolling
circle amplification (RCA). In future work, these "tapes" could be used as the collapsible
scaffold for triggered release systems, or to replace the polyanion in our LbL films.
In recent years, rolling circle amplification has been widely investigated in analytical
research and biotechnology due to its unique properties.

[ 1]

For example, the whole

rolling circle amplification process can be conducted at room temperature and can
produce long single stranded or branched repetitive DNA sequences from very small
amounts of starting material at high efficiency. By using the unique polymerase phi29,
this isothermal amplification process can be initiated with circular DNA as the template
and then can subsequently produce long sequences of DNA. Note that since aptamers are
linear, not circular, a DNA ligation to produce a circular aptamer template with a spacer
will first need to be performed.
In this project, the RCA process initiates with a circular DNA template and a single
primer. The nucleic acid replication will proceed in one direction in a linear fashion,
resulting in a long single stranded DNA "tape". The first step is to produce a nicked
circular DNA strand hybridized with a primer, followed by ligation. The second step will
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proceed around this circular DNA template, starting from the free 3' hydroxyl end of the
primer. The replication process will continue until the phi29 enzyme is denatured at
65°C. The schematic process is shown in Fig.3-1.

Annealing
*

Polymerase phi29

A

dNTPs, land half hour

Fig.3-1 Schematic picture of RCA, the blue dot represents a 5'-phosphate group

3.2 Experimental
3.2.1 Design and synthesis of the circular DNA template
3.2.1.1 Materials
Materials for

synthesizing

the

linear DNA

and primer:

The

four

basic

phosphoramidites: dA-CE phosphoramidite, dT- CE phosphoramidite, dmf-dG-CE
phosphoramidite and Ac-dC-CE phosphoramidite and chemical phosphorylation reagent
used to prepare phosphorylated linear aptamer were all purchased from Glen Research
(Sterling, VA) in powder condition.
Quick Ligation Kit used to make circular DNA from linear DNA template and primer
was purchased from New England Biolabs. This quick ligation kit includes Quick T4
DNA ligase and 2xQuick Ligation Reaction Buffer.
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Materials for purification of circular DNA: Acrylamide (DNA sequence Grade), N, N'methylenebisacrylamide, Urea (Molecular Biology Grade), Ammonium Persulfate
(Electrophoresis Grade), 99% purity N,N,N',N'-tetramethylethylenediamine (TEMED)
were all purchased from Bioshop Canada Company (Burlington, ON). 99% purity
Formamide was purchased from Sigma-Aldrich Company. Tris/Borate/EDTA (TBE)
buffer was prepared from Biotechnology Grade Boric acid (VWR Mississauga, ON),
Bioultrapure Grade Tris(hydroxymethyl) aminomethane (Bioshop Company) and
Biotechnology Grade ethylenediaminetetraacetic acid (EDTA) (Bioshop Company).
3.2.1.2 Methods
The design and synthesis of circular DNA: In order to form a long SRB aptamer
polymer "tape" by Rolling Circle Amplification (RCA), a circular DNA template must be
prepared first. A 5'-phosphorylated linear DNA was designed as the complementary
strand of the SRB aptamer with a spacer sequence. The sequence of the linear DNA was
5 '-GATCCTAAC TAA GTA ACT CTG CCG GCC CCC TCC CTC CCA CCC TAG GCC
GGA AAA AAA AAA AAA AAA AAA ACC GGC CCC CTC CCT CCC ACC CTA GGC
CGG AAA AAA CCA CAC-3'. The green parts in the linear DNA were designed as the
reverse complementary strands for the SRB aptamer. The black parts will work as a
spacer, and the primer used to hybridize the linear DNA was designed as following 5 'TTA GGA TCG TGT GGT T-3'. The linear DNA and primer will hybridize together in a
head to tail fashion at the red and purple fragments. The phosphorylated DNA template
and primer were synthesized using a MerMade 6 DNA synthesizer and then isolated
with high concentrated NH4OH and DI water as described earlier.
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The Quick Ligation Kit was able to ligate either cohesive or blunt ends of DNA
fragments

at room temperature in a short time. According to the Plasmid

Recircularization Quick Ligation protocol for DNA fragments, 30pL of 7.6 uM
phosphorylated linear DNA solution, 30pL of 71 pM primer solution, 240uL deionized
water, 300pL of 2xQuick Ligation Reaction Buffer (132mM Tris-HCl, 20mM MgCl2,
2mM dithiothreitol, 2mM ATP, 15% Polyethylene glycol, pH=7.6) and 30 uL Quick T4
DNA ligase enzyme were mixed together thoroughly and left to sit at room temperature
for 30 minutes. Then the solutions were heated at 65°C for 10 minutes to denature the
ligation enzyme.
Preparation of the polyacrylamide gel to purify the circular DNA: The acrylamide
stock

solution

was

made

by

dissolving

190g acrylamide

and

lOg N,N'-

methylenebisacrylamide into about 250mL DI water at 37°C with stirring condition.
After filtering with a 0.22pm cellulose acetate sterilizing filter, the final volume of the
solution was diluted to 500mL with the addition of DI water.
5xTBE buffer was prepared by dissolving 107.8g Tris, 55.Og Boric acid and 7.44g
EDTA in 2L DI water under heating and stirring condition to dissolve all the chemicals.
Then the solution was filtered with a cellulose acetate filter.
An 8% polyacrylamide gel was made to separate the circular DNA from the linear
DNA and the primer. The 31.5g Urea, 16ml acrylamide stock solution, and 15ml 5xTBE
buffer was mixed with 21.5ml DI water to make the 8% polyacrylamide gel. The solution
was stirred and heated at 37°C to dissolve all the solids. Then after filtration with
cellulose acetate filter, the solution was left to cool to room temperature. When the
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solution was cooling, 450pl 10% ammonium persulfate solution and 35ul TEMED were
added into solution with mild swirling, taking care not to introduce bubbles. Then the
solution was quickly cast into the polyacrylamide gel electrophoresis (PAGE) system and
left for 30 minutes for complete polymerization of the gel. PAGE electrophoresis
experiments were conducted in a Hoefer 600X Chroma Vertical Electrophoresis system.
A FBI000 Electrophoresis Power Supply (Fisher Scientific Company) was used to
provide the power.
After the polyacrylamide gels were prepared, the gels were pre-run for 30 minutes in
lxTBE buffer before being loaded with DNA samples. The DNA samples were prepared
by adding lOpl of DNA solution with lOpL of formamide and heated at 55°C for 10
minutes. Then, DNA samples were loaded into the PAGE gel and run at 25mA for 2
hours. After electrophoresis, an Alpha Innotech Alphalmager EC was used to image the
gels.
After imaging, only circular DNA was cut from the gels and eluted with lOmM Tris
buffer pH=7.4. All the cutting gels were transferred to a 5ml syringe and squeezed into a
15ml Eppendorf tube. For each 0.5ml gel, 3ml of tris buffer was added to make sure all
DNA was dissolved. After the thoroughly mixing the gel with the buffer, the tubes were
frozen at -80°C for 30minutes. After that, incubation in two water baths was conducted.
(One was at lower temperature at 55°C for 5 minutes; another was one at 90°C for 5
minutes). At last, the tubes were put into a mini incubator to shake at 37°C overnight. At
this point, all DNA should be dissolved into the tris buffer. And then all the mixture was
put into the 5ml syringe, using 0.45pm PVDF® syringe filters to separate the gel with tris
buffer solution. The tris buffer solution with eluted DNA strands was dried in a
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Labconco Freezone 4.5 lyophilizer overnight. 1.5 ml of DI water was added to dissolve
all DNA and salts and then the DNA was purified by ethanol precipitation.
Ethanol precipitation was used to purify the DNA from the gel impurities and salts
(from buffer). For each purification reaction, lOOul DNA tris buffer solution was
transferred into a 1.5 ml Eppendorf centrifugation tube and 50 pi of 3M NaCl was added
along with 1ml of 100% ethanol to each tube. After cooling the tubes at -80°C for 45
minutes, the tubes were centrifuged at -9°C at 14xl000g for 30 minutes. The supernatant
was gently decanted and the residue was dried the by the speed vacuum. The
precipitation process was repeated two times to get rid of all the salts and impurities.
3.2.2 Fabrication of the Sulforhodamine B Aptamer polymer
3.2.2.1 Materials
A rolling circle amplification kit (Templiphi™ 100 amplification Kit, which includes
sample buffer, reaction buffer and enzyme mix) was purchased from GE Healthcare
Company. QIAEX II Gel Extraction kit, which was used for extraction the aptamer
polymer from the agarose gel was purchased from Qiagen Company. This extraction kit
includes buffer QX1, QIAEX II silica suspensions and buffer PE. Biotechnology grade
Agarose was purchased from Bioshop Company in powder condition. Electrophoresis
Grade Ethidium bromide (EtBr) was purchased from Fisher Biotech Company.
3.2.2.2 Methods
A Templiphi amplification kit was used to fabricate the Sulforhodamine B aptamer
polymer. As recommend from the protocol, for each RCA reaction, 0.5pl of diluted pure
circular DNA solution (in this work, every 0.5pl solution contains 7ng circular DNA)
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was incubated with the 5 pi templiphi amplification sample buffer and denatured at 95 °C
for 3 minutes. After cooling down to room temperature, 5pi reaction buffer and 0.2pl
phi29 DNA polymerase enzyme were added into the mixture incubated at 30°C for 16-18
hours. The rolling circle amplification process was stopped by denaturing the enzyme at
65°C for 10 minutes. Each reaction was conducted separately in Thermo Scientific
ABgene® 0.2ml flat cap tube (from Abgene Limited Head Office, Epsom KT19 9AP,
United Kingdom). Every aptamer polymer tape contains thousands of periodic repeat
complementary units of the circular template, in this case, the sulforhodamine B aptamer
separated by a poly thymine nucleotide spacer (polyT2o).
0.6% agarose gel was used to purify and check the size of the aptamer polymer. The
0.6% agarose gel was made by following steps: 1.08g agarose particles mixed with 36ml
5xTBE buffer and 144 ml DI water and heated in microwave for 3 minutes. 10pi of
lOmg/ml EtBr solution was added into the mixture and then they were cooled down to
60°C. Then the whole solution was poured into Owl® Horizontal Electrophoresis tray.
(Owl Separation System model Al, Portsmouth, NH, USA). The DNA samples for each
lane were made by mixing 5 pi rolling circle amplification solution with lpl agarose gel
loading dye. The 5pl Invitrogen® (Invitrogen Canada Inc., Burlington, ON) lkb DNA
ladder mixed with 1 pi loading dye was also loaded as the reference. As described by the
producer, this lkb DNA ladder was used to size linear DNA fragments from 500bp to
12kb. The ladder is composed by 12 bands from 506 bp to 12,216 bp and the biggest one
will be 12kb. After loading the samples, the gel was run in lxTBE buffer at 170-480 for
5 hours.
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After the separation process, a QIAEX II kit was used to extract the DNA from the
excised agarose gel. Firstly the aptamer polymer band was cut from the gel and put into
the 5ml syringe and squeezed into a 15ml sterile Eppendorf tube. QXl buffer and DI
water were added to the gel fragments. The QXl buffer was used to dissolve the gel
releasing the aptamer polymer into the water. Then, the QIAEX II suspension, which
contains the silica particles, was added to the gel solution and the mixture was incubated
at 50°C for 10 min to let the DNA efficiently bind to the silica particles. Centrifugation at
5,000g for 1 min separated the beads from QX 1 buffer and the dissolved agarose gel.
DNA bound silica particles were washed with buffer PE two times to remove all of the
impurities. The particles were air dried at least 30 minutes to evaporate the ethanol
(introduced with buffer PE). Then, the silica particles were incubated in lOmM tris
buffer, pH=8.4 at 50°C for 5 minutes to elute the aptamer polymer. The mixture was
centrifuged again, repeating the tris buffer elution step to extract all the aptamer polymer.
The tris buffer-aptamer polymer solution was desalted using Millipore™ Amicon® ultra
0.5ml centrifuge filter tube (MWCO will be 3,000) at 13xl000g for 30 minutes. The
aptamer polymer solution was dried in speedvac and the purified aptamer polymer was
stored at -20°C.
An Ntegra NTMDT STO505 AFM (Atomic Force Microscope) instrument was used to
check the topographical image of aptamer polymer. The sample was prepared by drying
5pl of 50pg/ml aptamer polymer solution on the freshly cleaved mica surface.
3.3 Results and Discussion
3.3.1 Circulation results
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After the quick ligation process, a small aliquot of sample was loaded in the 8%
polyacrylamide gel to check the results. The sample after ligation reaction was loaded in
lane 8. The reference 5'-phosphorylated linear DNA and primer mixture was loaded in
lane 11. In Fig.3-2, it is clearly shown that the circular DNA runs more slowly than the
linear DNA, suggesting that the ligation process was successful. Then all the
concentrated solution from the ligation reaction was loaded into the gel to purify the
circular DNA.

Fig. 3-2 8% PAGE image for checking the ligation reaction of circular DNA

3.3.2 RCA on a small reaction scale
Using the purified circular template, RCA was attempted on a small scale. The products
after RCA were loaded onto an agarose gel to check the results of amplification reaction.
The sample from 10 amplification reactions was loaded in lane 4, and the reference lKd
DNA ladder was loaded in lane 7. As shown in Fig. 3-3, the aptamer polymer moved
even slower than the biggest DNA ladder band, these high molecular weight aptamer
polymers were almost not moving under this separation condition and appear to be left
inside the wells. Based on the principle that the bigger the DNA strand, the slower it
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moves through the gel, we cab estimate that the size of the aptamer polymer tape is at
least larger than 12Kd. The agarose gel image indicated that the aptamer polymer
amplification was successful.[92]

Fig.3-3 0.6 % agarose gel image for checking the results of RCA

3.3.3 AFM image of the aptamer polymer tape
After extraction of the aptamer polymer from the gel, the morphology of the aptamer
polymer was checked by AFM. As shown in Fig.3-5, the single stranded polymer was
folded together like a drop of water. But, the size of the aptamer polymer is on the
micrometer scale and the highest height of aptamer polymer is at 4.5nm, which is
comparable to other DNA polymer tapes obtained from the RCA process.

[93]

This long

DNA polymer was composed of thousands of repeating SRB aptamers units as the active
sites along the polymer chain, which should bind with the target molecules at high
affinity and selectivity.
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Fig.3-4 AFM image of aptamer polymer

3.3.4 Results for RCA on a large scale
As described before, for this alternative method, the aptamer polymer alone will be
encapsulated into polyelectrolyte (PDDA/PSS)s microcapsules and used as the collapsible
scaffold

[94]

to support the stability of thin-walled microcapsules after dissolution of

sacrificial CaC03 template. If so, from the previous study, at least 0.7mg aptamer
polymer tape will be needed for a 1ml 0.33M CaCL; and 1ml 0.33M NaHC03 reaction.
As claimed in Templiphi™, each rolling circle amplification reaction after 16-18 hours
incubation at 30°C, yields of DNA polymer in the 1.25pg-1.75pg range. As a result,
almost 500 reactions were needed to fabricate enough amounts of aptamer polymer from
the RCA reaction.
Considering the RCA reactions are conducted at constant temperature 30°C, we tested if
the reactions could perhaps be run on a large scale of 50 reactions together in one 1.5ml
centrifuge tube. The reaction process was as the same as recommended by the Templiphi
protocol. After the large scale amplification reaction, agarose gel electrophoresis was also
used to separate the aptamer polymer. For each gel separation reaction, the lkb DNA
ladder reference was loaded in lane 1, and the aptamer polymer samples were loaded
from lane 2-11. As shown in Fig.3-5, there are faint broad bands in lane 2-11 in the range
size lower than 12Kd DNA band. The reason for fabrication of shorter aptamer polymers
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may be that in this large scale reaction, circular DNA template were not in adequate
contact with the dNTP, so some shorter aptamer polymers were lower than 12kb.
The aptamer polymers with the size larger than 12kb were cut from the agarose gel and
extracted by the QIAEX II kit with the same procedure as before. After the extraction
process, the aptamer polymer was desalted and dried in speedvac and then stored at 20°C in freezer.

Fig.3-5 0.6 % agarose gel image for separation aptamer polymer from large scale RCA reactions, the
excised aptamer polymer was highlight in the blue box (from right, lane 1, 1 Kd DNA ladder, lane 2-11,
condensed DNA solution)

Until now, the 500 reactions for aptamer polymer RCA reactions were done and all of
them have been separated by agarose gel and purified by QIAEX II extraction kit.
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Chapter 4 Summary and future work
Based on the results in this work, aptamer encapsulated microcapsules can be fabricated
by using aptamer-loaded porous CaC0 3 particles as templates, followed by the layer-bylayer assembly process to deposit films and template dissolution.
The introduction of aptamers in polyelectrolyte microcapsules will add functionality to
them. Aptamer that can bind with their targets with high affinity and selectivity may
allow for targeted delivery of microcapsule contents.
Aptamer:PSS-(PDDA/PSS)5 microcapsules were the most promising system developed
in this work and these microcapsules presented evidence for target-molecule-triggered
release properties. While in non-target molecular solution they appeared to be stable
under our experimental condition.
In the future the status of the aptamers in these microcapsules under wet conditions will
be confirmed by CLSM measurements. The fluorescence experiments will be conducted
to confirm the presence of aptamer after incubation with the target molecules. The
samples will be prepared under the same reaction conditions as the SEM measurements
for microcapsules triggered release properties.
Furthermore, the permeability to target molecule of the microcapsules loaded with
aptamer will be compared with hollow microcapsules. Fluorescence Recovery after
Photobleaching (FRAP) experiments will be carried out to decipher the fluorescent
recovery rate when incubated both in target molecular and non-target molecular solution.
The results will demonstrate the selectivity of the aptamers-encapsulated microcapsules.
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Eventually, fertilizer with exudates aptamer will be encapsulated in the microcapsules;
the binding of the exudate aptamer with the target will trigger the release of fertilizer
from the microcapsules.
As an alternative method, the aptamer polymer alone will work as the microcapsule
scaffold, as we have shown that aptamer polymer tapes were successfully fabricated.
In the future, the binding ability and specificity of the aptamer polymer tapes will need
to be confirmed prior to any microcapsule experiments. Fluorescence anisotropy methods
could be employed for this purpose.
Assuming these experiments are successful, in the future, the Aptamer polymer-CaC03
particles will be fabricated by the coprecipitation method. The question to be investigated
is when the short aptamer strands are replaced with the aptamer polymer tape, can
aptamer polymer-loaded CaC03 particles still be prepared? The status of the aptamer
polymer within the particles will be checked by CLSM using fluorescent-labeled aptamer
polymer.
If the aptamer polymer can be loaded inside the porous CaC03 particles, and then
coated by the layer-by-layer process, a 5 bilayer PDDA/PSS film will be deposited onto
the surface using the same deposition conditions which were discussed in chapter 2. After
dissolution of the CaC03 template, the (PDDA/PSS)s microcapsules with aptamer
polymer as the core will be obtained.
With the loading of the aptamer polymer within these microcapsules, the stability and
permeability of Aptamer polymer-(PDDA/PSS)5 will be studied. For Aptamer polymer(PDDA/PSS)5 microcapsules, as they only have aptamer polymer encapsulated inside of
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the microcapsules, the target such as the sulforhodamine B may have a higher likelihood
of binding with the aptamer. The triggered release properties of the Aptamer polymer(PDDA/PSS)5 will be investigated. In the absence of additional PSS structural support,
perhaps the Aptamer polymer-(PDDA/PSS)5 microcapsules will burst at lower target
concentration or perhaps will need less time to collapse and burst . So, initially, the
triggered release properties will be checked under the same conditions as for
aptamer:PSS-(PDDA/PSS)5 microcapsules. In later experiments, the triggered release
properties will be checked at lower target concentration or for fewer days.
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