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Tobacco mosaic virus (TMV) imprinted polymer was grafted onto the surface of
paramagnetic nanobeads via atom transfer radical polymerization (ARTP). The affinity
of the imprinted paramagnetic nanobeads towards TMV was dependent on the polymer
nucleation sites and cross-linker concentration included in the polymerization mix.
Greater TMV binding to imprinted nanobeads (0.235 mg/ml) over non-imprinted controls
(0.100 mg/ml) was observed at pH 7.0 and short (5 min) binding times. Using the TMV
imprinted nanobeads, it was possible to extract and concentrate TMV particles from
solutions containing as little as 100 µg/ml of the virus in buffered solutions. The
imprinted beads were highly discriminative and could selectivity bind TMV over the
structurally similar virus, Pepper Mild Mottle Virus. The results provide proof-ofprinciple of an approach for fabricating microbial imprinted paramagnetic nanobeads that
could find utility as an alternative to immuno-assays in pathogen screening.
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CHAPTER I
Literature Review

1.1 Introduction
Pathogens whether occurring naturally or introduced intentionally can cause
significant disruption to food production, raise panic in the population and result in
significant economic losses. Diagnostic devices remain valuable tools to facilitate
detection of pathogens; thereby, enabling containment and recovery. Of primary interest
is in-field diagnostics that can be used on-site thereby enabling the rapid implementation
of emergency management plans. To this end there has been extensive research on
detection platforms based on genetic or immune techniques. However, development of
sample preparation methods that function to concentrate targets and remove interferences
has received less attention. Immunomagnetic separation represents one of the most
widely applied sample preparation step to extract biological targets from sample matrices
thereby reducing the overall time of analysis. Here, antibodies are immobilized on the
surface of magnetic beads and suspended in the test sample such as enrichment culture.
The antibodies bind the target with separation and concentration being achieved through
applying in a magnetic field. Although immunomagnetic separation (IMS) is a proven
technology, the cost and instability of antibodies are noted limitations. In addition, the
extended time to select and produce antibodies means that IMS beads are only available
for common targets such as Salmonella enteritidis or Listeria monocytogenes. Microbial
imprinted polymers are an alternative to antibodies with the advantages in low cost,
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versatile targets and rapidly synthesize. The latter is especially relevant given that
molecular imprinted polymers (MIP’s) can be synthesized rapidly in the event that an
exotic, not commonly encountered, pathogen is encountered.
The following will provide an outline of the diagnostics market along with the
current state-of-the-art in sample preparation technologies. A review of the current status
of microbial imprinted polymers will be provided along with a description of tobacco
mosaic virus that was selected as a model biohazard in the current study.
1.2.1 Pathogen testing; markets and economics
The diagnostic market has experienced rapid growth over the last decade and is
currently estimated to have a market value of over $16 bn annually (Buzby & Roberts,
1997). The medical sector is by far the largest market with blood monitoring dominating
the field. Yet, the food sector also represents a significant proportion of the diagnostic
market with pathogen screening being the most relevant.
Within the food sector the majority of testing performed is pathogen screening
primarily to verify that a food safety system is operating effectively. There is also
environmental testing to verify the effectiveness of sanitation plans. Pathogen screening
at the primary production level is a relatively small sector at present but is growing given
the focus on preventative strategies within the food chain. Testing at the primary
production level is undertaken to rapidly identify pathogens to facilitate their containment
in an overall emergency management plan. Of concern are infectious agents that affect
animals and plant productions. For example, the foot-and-mouth outbreak in the UK in
the 1990’s resulted in an estimated economic loss in the order of $6 bn (Thompson et al.,
2002). In the subsequent review of the outbreak it was noted that the 48 h delay in
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identifying the disease condition was responsible for the uncontrolled spread of the
infectious agent (Abubakar et al., 2007). Relevant to the current study, an outbreak of
plum pox virus in Pennsylvania resulted in 80-100% crop loss due to tree removal for
control by sanitation (Agrios, 2005). Moreover, the economic losses were extenuated by
export restrictions that persisted over several growing seasons.
Based on the above background it is evident that there is a clear demand for
diagnostics at the primary production level. The research work performed in the
following study used viruses, specifically tobacco mosaic virus (TMV) as a model system
principally because it is a highly stable virus making it easier to work in the laboratory as
well as having occasional economic losses. Unlike most fungal bacterial pathogens that
can be readily grown in culture, all viruses require host tissue to multiply.
1.2.1.1 Tobacco mosaic virus
TMV is the first virus to be discovered late in the 19th century and has become an
established model virus (Wang & Stubbes, 1998). TMV has been extensively used to
probe viral genetics, function and develop diagnostics (Bolisay, 2007; Hayden et al.,
2005; Okada, 1999) TMV is rigid helical rod, 300 nm long and 18 nm in diameter (Hull,
2002). The virus is composed of a single strand of RNA wrapped by 2130 molecules of
coat proteins, and each capsid contains 153 amino acids (Wang & Stubbes, 1998). The
isoelectric point for TMV is 3.5.
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Figure 1.1 Tobacco mosaic virus symptoms on the Nicotiana tabacum leaves.
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TMV can infect a wide range of plants that include vegetables, flowers and weeds
(Bolisay, 2007). TMV is very stable virus, and it can persisted over extended time periods
in infected leaves (PDB, 2009), Yet, the significance of TMV as a plant pathogen has
reduced over recent years due to the selection of resistant cultivar lines (Yang et al.,
2012). Nevertheless, TMV remains an important model in research akin to Escherichia
coli in bacteriology.
1.2.1.2 Pepper Mild Mottle Virus
Pepper mild mottle virus (PMMoV) is one of the key viral pathogens in Capsicum
spp. (Genda et al., 2005) and is responsible for significant crop losses in North America
and Europe (Fauquet et al., 2005).
In the southeastern US, an outbreak of PMMoV resulted in significant losses to
growing of jalapeno peppers (Martinez-Ochoa et al., 2003). PMMoV is from the same
family as TMV and has a similar structure to TMV. PMMoV is helical and rod-shaped，
being 312 nm long and 18 nm diameter, in which a positive sense linear single-stranded
RNA is encapsulated by a coat protein. (Hamza et al., 2011). The isoelectric point pH is
3.38 to 3.71. Symptoms of PMMov are puckered and mottled yellow or light green on
leaves, and stunts the growth of infected plants. There is also evidence that PMMov can
result in human illness through stimulating the immune system through mechanisms that
still require to be elucidated (Colson et al., 2010; Hamza et al., 2011; Rosario et al.,
2009; Zheng et al., 2006).
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Figure 1.2 Pepper Mild Mottle Virus Symptoms on Pepper Fruit (http: web site address,
Thriving Community of Pathogenic Plant Viruses, 2005)
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1.2.2 Extraction and purification methods
There has been extensive research on diagnostic platforms based on molecular,
biochemical and immune techniques. The general trend of increased automation, rapid
throughput , sensitivity and selectivity. Yet a common limitation of rapid detection
techniques is the small sample volumes that can be screened which ultimately reduces the
sensitivity of the assay. In addition, techniques such as Polymerase Chain Reaction
(PCR) and Enzyme-linked immunosorbent assay (ELISA) are prone to interference from
sample matrix constituents thereby necessitating a clean up step. Reverse transcriptasepolymerase chain reaction (RT-PCR) usually enables a further 100- to 1000- fold
increase in sensitivity than ELISA (Candresse et al., 1998). Therefore, in many respects
the sample preparation step is critical although has received little attention to date
(Stevens & Jaykus, 2004).
1.2.2.1 Membrane technology in filtration
Filtration can be broadly sub-divided into dead-end and cross-flow techniques
(Zokaee et al., 1998; Fig 1.5). The dead-end filtration technique is the simplest form with
the liquid sample being passed through a membrane of suitable pore size to capture the
target. For example, bacterial targets can readily be captured using 0.22 µm pore size
membrane. The advantages of dead-end technology are high recovery yields, cost and
simplicity (Weber & Stahl, 2001). However, the sample needs to be relatively free of
particulate and polymeric matter that can readily block the pores thereby decreasing the
filtration rate. To overcome such limitations there has been interest in cross-flow
filtration whereby the sample is flowed through hollow fibers that retain the target with
low molecular weight species passing through the pores (Fig 1.5).
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Figure 1.3 Configuration of membrane filtration processes from input (feed) to output
(permeate): (a) dead-end filtration and (b) cross-flow filtration. Red balls indicate larger
unwannted particle in the feed that are elminated from the permeate, small blue ovals
indicate smaller target particles in the feed that pass through the filter into the permeate,
and large blue ovals indicate the membrane. Arrows indicate the direction of flow of
particles in solution.
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Tangential flow filtration (TFF) is a cross-flow system that enables high filtration
rates of large volumes of sample without excessive pore blocking as experienced with
dead-end filtration techniques (Reis & Zydney, 2001). TFF has been used extensively in
the biotechnology industry to recover proteins or metabolic products from fermentations
but increasingly as a sample preparation technique for concentrating microbes prior to
detection (Naja et al., 2006; Reis & Zydney, 2001). For example, Fu et al. (2005)
developed a TFF sampling system for testing spent irrigation water derived from alfalfa
sprout production. The spent irrigation water sample collected 48 h into the sprouting
period was circulated within a TFF system achieving 100-fold concentration of
inoculated Salmonella spp. or Escherichia coli O157:H7 within 2 h. McEgan et al. (2009)
reported on an integrated concentration and detection system based on using TFF linked
to a flow through ELISA sensor. Under optimized conditions it was possible to detect
Salmonella spp. in 10 L spent irrigation water at levels of 2.43 log CFU/ml within 4 h.
TFF is also increasingly used for concentrating microbes from water testing where the
target (i.e. enteric virus) cannot be increased by culturing, in addition to avoiding bias
introduced by enrichment techniques (Gibson & Schwab, 2011a, 2011b; Knappett et al.,
2011; Rhodes et al., 2011).
1.2.2.2 Ion exchange resin
Ion exchange materials include exchangeable anionic or cationic functional
groups that can be exchanged with other ions in solution (Helfferich, 1962). Cationic
resins have positive charge, and anionic resins are the negative charged conter-ion
(Sharbatmaleki, 2010). Based on the different functional group types, resins can be
divided into four groups: strong acid, week acid, strong based and weak based
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(Sharbatmaleki, 2010). Ion exchange resins are usually applied in water treatment and
purification. Jacobsen and Rasmussen (1992) developed a new method to extract bacteria
DNA by cation exchange resin. Exchange resins could bind up to 1010 cfu/gram of resin
under optimize environment (Payne & Kroll, 1991). Capsids of the RNA plant
pathogenic virus included protein subunits, and protein subunits have a net positive or
negative charge could be concentrated by ion-exchange chromatography. In the last few
years the Convective Interaction Media monolithic chromatographic support has been
developed to concentrate a typical plant pathogenic virus such as TMV (Kramberger et
al, 2004). Ion exchange is a reliable method, high selectivity, fast reacting with less cost,
but there are some limitations such low specific binding for bacteria, easy contamination
and disposal problems (Roquebert et al., 2000; Urbansky & Schock, 1999).
1.2.2.3 Immunomagnetic separation (IMS)	
  
Immunomagnetic separation is a powerful extraction technique to extract bacteria
from food samples or enrichment broths (Jeníková et al., 2000). Typically, the beads are
1-5 µm spheres constructed from γ-Fe2O4, MeFe2O4, and Fe3O4 to impart paramagnetic
properties (Qiu et al., 2009). Selectivity of beads is imparted by immobilization of
antibodies via ionic but more commonly covalent bonding. IMS is a rapid, specific,
efficient and technically simple method for the extraction of pathogens from foods
without any need for centrifugation or filtration. Since 1990 the number of published
reports using IMS for the detection of pathogens from foods has been dramatically
increasing; it is able to extract Salmonella enterica, Listeria monocytogenes (Skjerve &
Olsvik, 1991) and E. coli (Favrin et al., 2002; Jacobsen et al., 1997). Real-time reverse
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transcription assay combined with IMS to rapid detect hepatitis A virus had high
selectivity and sensitivity as few as 20 PFU (Galil et al., 2004).
A recent advance in the area of IMS has been the substitution of micron size beads
with nano-sized dimensions. Nano-paramagnetic beads have the advantage of higher
capture efficiency due to the high surface area enabling a greater number of beads to bind
to the target (Lazcka et al., 2007).
1.2.3 Molecular imprinted polymer
Molecular imprinted polymers are a class of artificial receptors that mimic the
selective binding of antibodies to designated targets. The first work on molecular
imprinting was published in 1931 by Polykov who reported the influence of presence
benzene, toluene and xylene on the silica pore structure during the drying process
(Garacia & Laino, 2005). However, it was not until the 1970’s that molecular imprinting
became established and a substantial body of research has been performed in the area of
the last 40 years (Plietsky & Turner, 2006). MIPs research has applied in
chromatographic adsorbents, membranes, biosensors, artificial enzyme, and solid phase
extraction (SPE). Research into imprinting microbes has received less attention primarily
due to the difficulty in imprinting biological agents (Warriner et al., 2008).
1.2.3.1 Principles of molecular imprinting
Molecular imprinted polymer allows for preparation of synthetic antibody with
specific binding site for a target molecule. The target is called template, which serves as
antigen analogue. Firstly, the template molecule is dissolved in a solvent along with
monomers and cross-linking agent. Upon the initiation of polymerization a polymeric
network is formed that fixes the template into a three-dimensional structure (Warriner et
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al., 2008; Widstand et al., 2006). The template is eluted by solvent extraction or chemical
cleavage, leaving a polymer cavity to rebind the template. (Fig 1.6).
Currently, molecular imprinting involves two different approaches: covalent and
non-covalent bonding. Non-covalent bonding is versatile and can be used to imprint a
diverse range of targets (Mayes et al., 2005). This approach is much faster and simpler
than the covalent bonding assay and is a more flexible technique. In addition, during noncovalent approach, the special binding sites are formed by self-assembly, and during the
remove part the template is much easy to be eluted by washing repeatedly in a suitable
solution (Yan & Row, 2006). However, non-covalent interaction exhibits a low affinity in
some artificial receptor sites, especially for large molecular weight target. To form
imprinted hydrogels there is a requirement to include a high concentration of monomer
and cross-linking agent to achieve voids that retain integrity (Turner, et al., 2006). The
consequence is that large templates can be problematic to remove even when a
combination of SDS:acetic acid was applied that in theory at least would have disrupted
the capsid protein structure and ionic bonding (Hawkins et al., 2005; Turner et al., 2006) .
In addition, non-covalent bond is the formation of interactions between monomers
and the templates are stable in hydrophobic environments, while polar environments
disrupt them easily. A limit is the need for several distinct points of interaction. For
example, isolated carboxyl gives very limited recognition properties which causes low
selective sites.
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This approach is much faster and simpler than the covalent approach and is a more flexible
technique, considering the vast choice of functional monomers, possible target molecules and
the use of imprinted materials. It is believed that the functional monomers become spatially
fixed within the matrix, which is both sterically and chemically complimentary to the template.
As no covalent bonds are formed between the template molecule and functional monomers,
template removal simply involves washing repeatedly in a suitable solvent. With this method,
the pre-polymerization complex is an equilibrium system, the stability of which depends on the
affinity constants between imprint molecule and functional monomers. On a per-bond basis,
noncovalent bonds are 1–3 orders of magnitude weaker than covalent bonds, and consequently

Figure 29.1. Schematic representation of a (noncovalent) molecular imprinting process. (Reprinted from Batra et al.
(2003), with permission of Elsevier).

Figure 1.4 Molecular imprinting process. From left to right, step one is preparetion for

imprinting on the template, step two is imprinting, step three is imprinting polymerization
and step four is removing the target from imprinted polymer. (Batra et al., 2003).
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With covalent imprinting the template is physically bonded to the monomer that is
subsequently polymerized (Sellergren & Allender, 2005). The template bond is cleaved
upon completion of the polymerization process leaving reactive groups that can
selectively bind the target (Haupt, 2000; Warriner et al., 2008). However, there are some
strict requirements for covalent imprinting processing. Because the choice of reversible
covalent reaction, the numbers of potential templates are limited, reversible covalent
interactions with monomers are fewer and require an acid hydrolysis procedure to cleave
the covalent bonds between template and the functional monomer (Yan & Row, 2006).
The non-covalent and covalent bonding methods for preparation of imprinted
polymers have advantages and disadvantages. Whitcombe et al. (1995) reported a
“semicovalent” procedure, which combined both covalent and non-covalent imprinting
principles. In this approach, covalent interaction is applied in polymerization step; noncovalent bond is used in rebinding stage.
1.2.3.2 Imprinting Template
The selectivity of MIP’s is dependent amongst other factors, on the template used
during the fabrication step. In the majority of cases the target forms the template although
this has the disadvantage of resulting in false positive reactions. The template trapped in
the polymer network following the removal step can subsequently leach into the sample
when applied in the preparation step. MIP’s to date have been low molecular weight
targets such as pesticides or hormones. Low molecular weight targets or templates have
the distinct advantage of being relatively easy to remove due to the high diffusion rates
(Hawkins et al, 2005; Sellergren & Allender, 2005; Siemann et al., 1996). However,
larger templates such as proteins or whole cells are more challenging due to poor
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diffusion within the polymer matrix but also the need to perform in aqueous phase that
compromises polymer rigidity (Rechichi et al., 2007; Xue et al., 2009). Because of the
need to work in the aqueous phase to preserve template integrity the choice of polymers
is limited hydrogels although successful imprinting of toxins and proteins has been
reported (Hawkins et al., 2005; Qu et al., 2009).
1.2.3.3 Functional Monomer
The functional monomer is a further critical part of the MIP formulation mix and
forms the backbone of the subsequent polymer. One side of functional monomer bonds
the temple, and other side is left to covalently bond to the cross-linking molecule
(Warriner et al., 2008). For covalent molecular imprinting, changing the ratio of function
monomers is not essential, since the template dictates the number of functional monomers
that can be covalent attached; hence, the functional monomers are attached in
stoichiometric manner (Yan & Row, 2006). The role of the functional monomer in noncovalent bond includes forming van der Waals forces, electrostatic bonding and hydrogen
bonding (Nicholls et al., 1996). MIPs could perform high selectivity, excellent
recognition for target (Zeng et al., 2012). For the optimal monomer ratio for non-covalent
bonding is achieved empirically be evaluating several polymers cooperated with different
formulations with increasing template (Kim & Spivak, 2003). The common functional
monomers are methacrylic acid, acrylamide, vinylpyridine, and methyl ethacrylate.
A novel type of functional monomers used in surface MIPs is Nisopropylacrylamide (NIPAAM), which is one kind of broadly researched intelligent
polymers (Xin et al., 2011). It could graft template with well-defined 3D porous structure,
and reduce the challenge of covalent interaction by Atom transfer radical polymerization
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(ATRP), and the temperature and salt concentration could be controlled to achieve the
high affinity in chromatographic analysis (Xin et al., 2011).
Combinational functional monomers like multiple co-monomers have also been
applied in imprinting technology, increasing the binding sites and producing truly “tailormade” monomer complexes (Lubke et al 2000; Warriner et al., 2008).
1.2.3.4 Cross-linking
Cross-link agents stabilize the bonds between the template and functional
monomers thereby adding rigidity to the structure (Piletshy & Turner, 2006). According
to cross-link density theory, when the degree of crosslink stabilize the polymer structure
and hence the integrity of the formed voids. As a result, raising the number of specific
binding sites because of improving the polymer architecture (Warriner et al., 2008).
1.2.4 Type of imprinted materials

1.2.4.1 Hydrogel
Hydrogels are cross-linked polymer network structures composed of hydrophilic
homo- or hetero-co-polymers. It has the ability to absorb amounts of water (Byrne et al.,
2002). The significance of hydrogels in biomedical technology was initially realized
when poly 2-hyderoxyethyl methacrylate was developed for soft contact lenses
(Wichterle et al., 1960).
The hydrophilic and hydrophobic balance of the hydrogels could be easy changed
to give tunable contributions, which exhibit different solvent diffusion characteristics
(Warriner et al., 2008). Hydrogels also has a degree of flexibility really similar to natural
tissue result in their significant water content, and so hydrogels posses the low potential
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irritation to template or target (Byrne et al., 2002). The major inter molecular forces
responsible for the hydrogels are based on non-covalent (electrostatic and hydrogen
bonding) interaction (Singh et al., 2008). Hence, the choice of gel system should consider
the ratio of amino groups and pI from the target. Also, the increase in crosslinking
monomer may drop the average molecular mass between cross-links lead to a more rigid
system. In low cross-link systems, movement of the macromolecular chains, specifically
the spacing of functional groups, may change as the network expands which relates to the
chosen rebinding solvent, application and environment (Warriner et al., 2008).
1.2.4.2 Surface imprinted
Imprinting macromolecules and microbial cells has been hindered by the poor
diffusion into and out of the polymer matrix (Gai et al., 2010). Such problems can be
overcome through imprinting the surface structures of the target (Lu et al., 2009).
Microbial imprinted films have shown the proof-of-principle of imprinting viruses on
quartz-crystal microbalances (Dickert & Hayden 2002; Hayden et al., 2006). Films were
formed using a “stamping” technique whereby the immobilized cell template was pressed
onto the surface of a sol-gel polymer layer. By using the “stamping technique” it is possible
to form uniform imprints homogenously across the polymer surface and problems relating to
template release are negated.
A further example of surface imprinting is the grafting of imprinted polymers onto the
surface of paramagnetic beads. The technique of imprinting onto magnetic beads has the
advantages associated with the aforementioned stamping technique but also the ability to
concentrate the captured target by application of a magnetic field (Lu et al., 2007).
Examples of surface imprinted polymers based on magnetic beads include bovine serum
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albumin (Tan et al., 2008), lysozyme (Gai, 2010), tetracycline (Chen et al., 2009) and
sulfonamides (Chen et al., 2009). However, MIP’s based on magnetic nanoparticles
(MNPs) have a tendency for inconsistent performance due to the random nature of the
polymerization process. Atom transfer radical polymerization has been proposed as a
new surface imprinting technology to improve polymerization process in MIPs (Gai et al.,
2011).
1.2.5 Atom transfer radical polymerization
Atom transfer radical polymerization (ATRP) is a transition metal-mediated living
radical polymerization process that generates highly ordered polymer chains (Jakubowski
et al., 2010; Shen, 2001;). ATRP uses transition metal catalyst (e.g. copper, bromide),
which can exist in two different oxidation stages, to form covalent bond, and keep a
uniform polymer chain growth. Metal complex (copper (I) chloride) react with ATRP
initiator, abstracted a halogen atom form initiator to from a carbon-halide bond, and
release a radical (R*) to propagate monomers (Figure 1.7); however, the latter complex
could react with and Cu(II) Cl2/ligand transfer the halogen atom back to the radical, regenerating the alkyl halide and the lower oxidation state metal.
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a. R-Cl +Cu (I) Cl/ ligand  R*+ Cu(II) Cl2/ligand
↓M
b. P-Cl +Cu (I) Cl/ ligand  P*+ Cu(II) Cl2/ligand
M
c.
Figure 1.5 General ATRP Reaction, a.Initiation, b. Equilibrium with dormant species c.
Propagation (Wang & Matyjaszewski, 1995.)
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1.2.5.1 Composition of ATRP
All ATRP reactions consist of a monomer, initiator and catalyst (transition metal).
Firstly, various monomers have been applied in ATRP reaction; the most common being
styrene (Kato et al., 1995), acrylates andmethacrylate (Yin et al., 2005) 4-viylpyrideine
(Pietrasik & Tsarevsky, 2010) and acrylonitrile (Chen, 2011). The initiator in ATRP is
typically an alkyl halide, which reacts with transition metal catalyst during the radical
polymerization. It is necessary that the initiation rate should be higher that the
propagating rate to achieve synchronization of polymer elongation (Carlmark, 2002).
Catalysts employed in living radical polymerization include Cu (Gai et al., 2010), Br, Ru,
Fe, Ni, Pd, Rh, Re, Mo and Co (Luo et al., 2008).
1.2.5.2 ATRP using an imprinting polymer
ATRP has attracted interest in the area of molecular imprinting due to the ability to
work in the aqueous phase thereby being compatible with biological templates. More
importantly, the ordered process of ATRP generated more ordered structures compared to
the typical random hydrogel network (Qin et al., 2009). The ordered structure should in
principle provide greater definition of the voids formed and consequently greater affinity
of the formed imprints (Gai et al., 2011).
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1.3 Research hypothesis and objectives
Molecular imprinting has been an active area of research for over 40 years
although little work has been devoted to microbial targets. The difficulty in imprinting of
large targets, such as viruses, along with the need to preserve the integrity of the template
during the fabrication process has been clear challenges. In the following work such
limitations were overcome by applying surface imprinting using ATRP. Moreover, by
growing the imprinted polymers on the surface of paramagnetic beads the resultant
format would be compatible with IMS based techniques that are routinely used in
microbiological analysis. Therefore, the hypothesis of this research is that hydrogel
TMV-imprinted beads with affinity towards viruses can be fabricated and used to
selectively concentrate the target from complex sample matrices.
The objectives of the research are to fabricate magnetic nanoparticle molecular
imprinted polymer with affinity towards target viruses that is grown by ATRP, optimize
the selectivity of molecular imprinted polymers, and verify sensor performance to detect
TMV in spiked plant tissue samples.
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CHAPTER II
Materials and Methods
2.1 Reagents
Acrylamide (≥99%, Sigma-Aldrich, Oakville, Ontario, Canada), N,N′methylenebis(acrylamide)(MBAm, 99%, Sigma-Aldrich), ammonium persulfate (≥98%,
Sigma-Aldrich), N, N, N', N'-tetramethylethyldiamine (TMEDA, ~99% Sigma-Aldrich),
phosphate buffered saline (1X dry powder, Fisher Scientific, Ottawa, Ontario, Canada),
calcium nitrate tetrahydrate((≥99.%, Sigam-Aldrich), tris-HCL(≥99.0%, Sigam-Aldrich),
tagnesium sulfate heptahydrate (ACS reagent, ≥98%, Sigam-Aldrich), gelatin
solution(Type B, tissue culture grade, Sigma-Aldrich).poly(allylamine hydrochloride)
Mw ~58,000(Sigma-Aldrich). sodium hydroxide (99.99%, Sigma-Aldrich).
epichlorohydrin((≥99%, Sigma-Aldrich).ethanol (96%, Sigma-Aldrich). sodium doedecyl
sulfate(SDS, ≥98.5%, Sigma-Aldrich). acetic acid (ACS reagent, ≥99.7% SigmaAldrich). sodium chloride (ACS reagent, ≥99%). poly(ethylene glycol) (average Mn6000,
sigma-Aldrich). 1-butanol (anhydrous, 99.8%, Sigma-Aldrich), iron(II,III) oxide
(nanopowder,<50 nm particle size, Sigma-Aldrich).N-isopropylacrylamide (NIPAAm,
≥97%, Sigma-Aldrich), 3-aminopropyltriethoxysilane (APTES, 99%, Sigma-Aldrich),
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA,99%, Sigma-Aldrich), 2bromoisobutyryl bromide(98%, Sigma-Aldrich), copper(I) chloride(reagent grade 97%,
Sigma-Aldrich) tetrahydrofuran(anhydrous, ≥99.9%, inhibitor-free, Sigma-Aldrich),
triethylamine(≥99.9% Sigma-Aldrich) tobacco mosaic virus ELISA kit (TMV ELISA
complete Kit PSA 57400/0288, Agdia, Elkhart, Illinois, USA) and Pepper mild mottle
virus (ATCC PV-227, ATCC, Manassas, Virginia, USA ), Pepper mild mottle virus
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ELISA kit (PMMoV ELISA Reagent set SRA 37501/1000, Agdia, Elkhart, Illinois,
USA)	
  
2.2 Methods
2.2.1 Replication and purification of TMV
	
  
TMV was kindly donated by Dr L Stobbs (Agriculture Agrifood Canada,
Vineland, Ontario, Canada). Tobacco plants (Nicotiana tabacum) were cultivated from
seed by initial germination in pots containing all-purpose compost. After 21 days the
seedlings were transferred to 16-liter pots and allowed to grow over a 7-week period with
periodic irrigation with fertilizer solution. The leaves of the plant were roughened by
manual abrasion using carborundum powder. A cotton swab moistened by dipping into a
1mg/ml TMV or Pepper Mild Mottle Virus PMMoV solution was then used to apply the
virus to the damaged area of the leaf. The plants were then left for 2-3 weeks within a lab
setting to permit virus propagation.
The virus was extracted from the diseased tobacco leaves using the polyethylene
glycol (PEG) precipitation method (Bateman & Chant, 1979). Samples of tobacco leaves
(100 g) were collected and homogenized in 100 ml 0.5 M PBS buffer (0.01 M, pH 7.4).
The homogenate solution was strained through a 200 µm pore size filter to remove plant
debris with the filtrate being mixed with 8 ml of n-butanol. The mixture was incubated at
25°C for 15 mins and precipitate removed by centrifugation (10, 000 rpm for 30 min;
Avanti J-E centrifuge, Beckman, Fullerton, California USA). The supernatant containing
the virus was decanted into a flask then supplemented with 4.0 g of PEG (MW 6000) and
4.0 g NaCl per 100ml. The mixture was incubated at 4°C for 90 min with constant
agitation before harvesting the precipitated virus by centrifugation (20 min, 10,000 g).
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The pellet was resuspended in 20 ml of 0.01M PBS buffer (pH 7.4) and subjected to a
further round of purification by the addition of 0.8 g PEG and 0.8 g NaCl to the virus
suspension. The mixture was again incubated at 4°C for 90 min with constant stirring
with the precipitated viruses being harvested by centrifugation. The pellet was
resuspended in 10 ml 0.01 M PBS buffer and pooled with the first extraction. A final
centrifugation step was applied and the pellet resuspended in 10 ml of PBS and
maintained at 4 °C until required.
The concentration of purified virus was determined by measuring the absorbance
at 260 and 325 nm, using an extinction coefficient of 3.16 cm2/mg and 3.18 cm2/mg,
respectively (Hendry & Durham, 1980). For binding assays, the virus levels were
quantified using ELISA in accordance with the manufacturer’s instructions (TMV ELISA
complete Kit, PSA 57400/0288, Agdia). Dilution series of the virus were prepared in PBS
and 100 µl added to the wells of a titer plate coated with the capture antibody. Plates were
incubated for 2 h at 25°C before removing unbound virus by washing. Aliquots (100 µl)
of alkaline phosphatase conjugate were added and plates incubated for 2 h at 25°C with
unbound conjugate being removed by washing. Enzyme substrate (100 µl PNP) was
added followed by incubating the plate at 30°C for 1h before measuring the absorbance at
415 nm. A standard curve was constructed to convert A415nm to TMV mg/ml.

2.2.2 Fabrication of TMV-imprinted beads
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The method described by Gai et al. (2010) was followed (Figure 2.1). TMVimprinted beads were prepared by dispersing Fe3O4 nanoparticles (20-30 nm diameter,
2g) in 10 ml absolute ethanol. The nanoparticles were dispersed by sonication for 15 min
followed by the addition of 3 ml 3-aminopropyltriethoxysilane (APTES). The formed
Fe3O4 -SiO2 (3.0 g) modified beads was dispersed into 30 ml of tetrahydrofuran and 1 ml
of triethylamine. Aliquots of 2-bromoisobutyryl bromide (1 ml) were added drop-wise to
start the reaction to form initiator groups on the nanobead surface. One g of the Fe3O4
initiator was mixed with 0.4 g N-isopropylacrylamide (NIPAAm) as functional monomer,
10 mg acrylamide as assistant monomer, and 5.3 mg N,N-methylenebisacrylamide as the
cross-linker and 1200 µg/ml TMV in 30 ml of phosphate buffer solution (20 mM, pH 7.0;
TMV 400ug/ml). 3-Aminopropyltriethoxysilane (APTES; 30 µl) was added with the
reaction being initiated using 15 mg CuCl2 under a nitrogen atmosphere (Gai et al. 2010).
The reaction was incubated under a nitrogen atmosphere at 23°C with constant agitation
for 24 h. The beads were then separated from the polymerization mix using a magnetic
separator and washed three times in distilled water. The beads were then separated from
TMV by the addition of 10% w/v sodium dodecyl sulphate (SDS) in 10% v/v acetic acid
and then sonicating for 10 min. The beads were placed in a shaker for 12 h, and this step
was repeated three times to remove unbound templates. This was followed by extensive
washing with distilled water until the washing water was pH neutral. Lastly, the beads
were concentrated by placing the tubes onto a magnetic plate, dried in oven and
resuspended in PBS.
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Figure 2.1 Schematic representation of generation of Fe3O4 nanoparticles modified with
ATRP to fabricate TMV surface-imprinted polymer. Nanobeads (in black) were
functionalized with a silica layer (in gray) and the coated silica layer beads were grafted
with carbon-halide bond (-CBr) on the surface to become the ATRP initator.
Polymerization of the monomer (N-isopropylacrylamide) and assistant monomer
(acrylamide) along with cross-linker (N,N-methylenebisacrylamide) was initated in
presence of TMV template. The template was removed following the imprinting process
to yield the TMV-imprinted nanobeads (Gai et al 2010).
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2.2.3 Characterization of TMV-imprinted beads
Modified beads were examined using Fourier transform infrared spectroscopy
(FTIR) (model MB 10, Bomem, Markham, Ontario, Canada) and transmission electron
microscopy (TEM) (Leo 912AB with cryoEFTEM, Carl Zeiss Inc., Oberkochen,
Germany)
2.2.4 Virus binding assay
TMV or PMMoV (1.2mg/ml) were suspended in 30 ml phosphate buffer adjusted
to pH 2.0 – 9.0. One mg of TMV-imprinted beads were added to the virus suspension and
gently mixed and then incubated at room temperature (23°C) at different binding times.
The TMV-imprinted beads were separated from the solution using the magnetic
separator, and the supernatant was screened for residual viruses using ELISA. The extent
of target binding was calculated based on subtracting the concentration of virus in
solution after separating unbound templates from the TMV-imprinted beads from the
levels prior to adding the virus to the TMV-imprinted beads.
2.2.5 Statistical Analysis
Statistical analyses were performed by a t-test, one-way ANOVA, repeated
measure two-way ANOVA followed by Student Newman-Keuls. A difference with
p<0.05 was considered significant. Statistical analyses were performed using sigma Plot
12 (Systat Software Inc, Chicago, Illinois, USA) for repeated measure two-way ANOVA
analysis and GraphPad Prism 5.03 (GraphPad Software Inc, San Diego, California, USA)
for one-way ANOVA analysis. Data are expressed as the mean ± standard error of mean
(n=3). Points on the graphs not sharing a letter are statistically different, p<0.05.
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a
b
Figure 2.2 TMV-imprinted beads were separated from the solution using a magnetic
separator. TMV-imprinted nanobeads were dispersed in solution without magnetic fleid
(a) and TMV-imprinted nanobeads were congregated by a magnetic separator (b).
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CHAPTER III
Results and Discussion
3.1 Synthesis of TMV-imprinted polymer on paramagenetic nanobeads
The steps in the fabrication of the TMV-imprinted beads were functionalizing the
surface of Fe3O4 paramagnetic nanobeads with silica coating and then immobilizing the
initiator that formed the nucleation sites for polymerization (Figure 2.1). TEM images of
the TMV template confirmed a rod shape morphology of approximately 300 nm in length
and 18 nm in width (Figure 3.1 A). In comparison, the Fe3O4 nanobead had a diameter of
approximately 60 nm, which was a fraction of that of the TMV virus (Figure 3.1 B).
TEM images of TMV and beads following the imprinting process illustrated a high
degree of clustering with no free template being visible (Figure 3.1 C). The results
confirm that in the course of polymerization there was a close association of the
elongating polymer with the TMV template resulting in imprinting. Gai et al (2010)
reported a homogenous, thin, coating of paramagenetic beads following the imprinting
process when egg white purified lysozyme was the adsorbed target. In contrast,
polymerization in the absence of the TMV template exhibited a lower degree of
clustering and appeared more dispersed (Figure 3.1D).
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Figure 3.1.TEM images during fabrication of TMV-imprinted paramagnetic beads. (A)
TEM micrographs of TMV, (B) Fe3O4 paramagnetic bead , (C) TMV-imprinted beads
prior to template removal and (D) non-imprinted beads prepared using ATRP without the
TMV template. The lengths of the scale bars shown are 50nm (A), 20nm (B), 100nm (C)
and 20nm (D).
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3.2 FTIR of TMV-coated and uncoated Fe3O4 nanobeads following imprinting
On the uncoated beads, the Fe-O stretching vibration giving a band at 584 cm-1
was dominant (Figure 3.2). On the initiator beads, the 1031 cm-1 band was attributed to
Si-O stretching vibration, and the 3435 cm-1 band was indicative of hydrogen bonding
(O-H stretching). A band at 1627 cm-1 was attributed to the amide C=O stretch, bands at
2922 cm-1 and 2858 cm-1 were due to an alkyl C-H stretch in the surface, and a band at
584 cm-1 was a result of the C-Br bond covered by Fe-O stretching vibration. By
comparing the spectra of the modified and non-modified beads, it was concluded that the
polymer had been successfully deposited on the Fe3O4 surface. This agrees with Gai et al
(2010) who obtained a similar FTIR spectra from paramagnetic beads with same
monomer-cross linker combination during preparation of lysozyme imprinted beads.
3.3 Effect of 3-aminopropyltriethoxysilane (APTES) concentration on affinity TMVimprinted beads towards TMV
TMV-imprinted beads were prepared with 3%, 6%, 15% and 30% w/v 3aminopropyltriethoxysilance (APTES) that formed the silica group that created covalent
bonds with the initiator (Chang et al. 2012). It was hypothesized that higher
concentrations of APTES would result in a greater number of anchor sites that would
affect the subsequent polymer density that in turn would influence the integrity of the
imprints. After the TMV-imprinted paramagnetic beads were fabricated with different
concentrations of APTES, polymerization of the polymer was done in the presence and
absence of TMV template.
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Figure 3.3. FTIR analysis of paramagnetic APTTS-modified beads (A. green line) and
polymer-coated initator beads (B. black line). Wavenumbers (cm-1) indicates the
reciprocal of the maximum reardation in cm. Beads were mixed with solid potassium
bromide. Then, a small amount of KBr/ beads-mixture was loaded in a die that would be
pressed to form the thin pellet by pressure. Only the collar was placed in the holder of the
IR machine for FITR analysis.
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At 3% w/v APTES, the polymer density was low leading to a high level of nonspecific binding as indicated by lower (11.1%) re-binding of TMV to TMV-imprinted
nanobeads. (Figure 3.3). As the APTES concentration increased, selectivity for TMV was
enhanced that was attributed to the higher polymer density leading to a greater integrity
of the formed imprints. It was evident that inclusion of 30% w/v APTES was insufficient
to saturate the surface given that a homogeneous silica layer would have insulated the
beads from the magnetic field (Men et al. 2012). Regardless, an APTES concentration of
30 % v/v was selected for fabricating TMV-imprinted beads in subsequent experiments.
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Figure 3.3 Effect of the concentration of 3-aminopropyltriethoxysilane (APTTS) during
treatment of paramagnetic beads on the subsequent binding of TMV to TMV-imprinted
(red line) and non-imprinted (black line) paramagnetic nanobeads. The modified beads
were mixed with added TMV in binding solution, and the residual TMV in the binding
solution was determined by ELISA and used to calculate the amount of TMV captured by
the beads (Y-axis). Data are the mean ± standard error of mean (n=3).
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3.4 Effect of cross-linker concentration on TMV binding
Bis-acrylamide cross-linker provides rigidity to the polymers and hence
influences the integrity of the formed imprints (Lepinay et al. 2012). Using a low crosslinker concentration (0.017% w/v) resulted in non-specific binding of TMV as shown by
there being no significant difference (P>0.05) in the TMV-imprinted beads, (Figure 3.4)
With beads prepared using 0.17% w/v cross-linker, the specific binding of TMV
increased with capture of the virus now being significantly (P<0.05) higher using TMVimprinted paramagenetic beads compared to non-imprinted controls. Further increasing
the cross-linker concentration to 0.5% resulted in both a decrease in TMV binding and
the specificity of TMV-imprinted beads with comparable levels of TMV being captured
as in the non-imprinted controls. Consequently, 0.17% cross-linker concentration was
used to fabricate all TMV-imprinted nanobeads.
The optimal concentration of cross-linking agent can be explained by the degree
of polymer chain flexibility. With low cross-linker concentrations the polymer chains are
too flexible that results in poor integrity of voids left following template removal.
Conversely, a high cross-linker concentration makes the polymer too rigid thereby
restricting template removal during the final stages of the imprinting process (Cormack &
Elorza 2004; Mayes & Whitcombe 2005).
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Figure 3.4 Effect of N,N-methylenebisacrylamide (MAA) cross-linker concentration on
the binding of TMV to paramagnetic nanobeads. TMV was bound to TMV-imprinted
beads (black line) or non-imprinted nanobeads (red line). The modified beads were mixed
with added TMV in binding solution, and the residual TMV in the binding solution was
determined by ELISA and used to calculate the amount of TMV captured by the beads
(Y-axis). Data are expressed as the mean ± standard error of mean (n=3).	
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3.5 Effect of incubation time for TMV binding to TMV-imprinted beads
The binding of TMV to TMV-imprinted beads was biphasic with an initial rapid
binding phase followed by slower binding kinetics phase eventually reaching equilibrium
(Figure 3.5). There was greater binding of TMV to TMV-imprinted beads compared to
non-imprinted controls over 5 – 30 min, but from 100 to 360 min the degree of nonspecific binding increased as indicated by the recovery of TMV at similar levels from
non-imprinted and TMV-imprinted beads (Figure 3.5).
Gai et al (2010) fabricated egg white lysozyme imprinted polymers on the surface
of paramagnetic beads using ATRP and also reported a biphasic binding curve with an
initial period of rapid binding followed by a slower rate with a plateaus after 12 h. In
contrast to the results observed with TMV-imprinted beads, the lysozyme imprinted
beads exhibited maximum difference between imprinted and non-imprinted beads at 12h.
It was evident in this work with TMV-imprinted beads that the degree of non-specific
binding occurred after 30 min of incubation time. The difference in binding kinetics was
likely that the larger size of the target of an entire TMV particle versus a lysozyme
enzyme would results in a stronger and faster interaction with the TMV-imprinted
polymer beads because larger imprinted targets such as TMV contains more sensitive
reaction sites on the imprinted bead surface.
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Figure 3.5 Effect of TMV incubation time on TMV binding to TMV-imprinted beads.
TMV in binding solution was incubated for 5 to 360 min with the TMV-imprinted beads
(black line) or non-imprinted beads (red line). The unbound TMV left in the binding
solution was determined by ELISA and used to calculate the amount of TMV captured by
the beads based on subtraction from the amount of TMV in binding solution added to the
beads. Data are the mean ± standard error of mean (n=3).
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3.6 Effect of pH on TMV binding to TMV-imprinted beads
The extent and selectivity of TMV binding was dependent on the pH of the
solution in which TMV was added to the beads (Figure 3.6). At more neutral pH (pH 6-7)
the binding of TMV was significantly higher (P<0.05) in TMV-imprinted beads
compared to non-imprinted beads. However at pH 2-4, TMV binding decreased and was
not significantly (P>0.05) different between the TMV-imprinted and non-imprinted
beads. At pH 9 the degree of TMV binding increased but non-specific interactions
dominated as indicated by no significant (P>0.05) differences between the TMVimprinted and non-imprinted beads.
The dependency of pH on TMV binding can be attributed to charges on the virus
and charges associated with the voids imprinted on the bead surface. At near neutral pH,
the TMV carries a net negative charge (Meulewaeter et al. 1990) that complements the
positive charges on the bead backbone. This is supported by other work with imprinted
polymers that showed the greatest affinity for TMV at near neutral pH (Birnbaumer et al.
2009; Bolisay et al. 2006, 2007; Bolisay & Kofinas 2010). At extreme low or high pH,
the charge distribution on TMV was altered along with the stability of the virus leading to
repulsion from the polymer or increasing non-specific binding (Bolisay & Kofinas 2010;
Meulewaeter et al. 1990).
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Figure 3.6 Effect of pH of the binding solution on the binding of TMV to TMVimprinted (black line) and non-imprinted (red line) beads. TMV-imprinted or nonimprinted beads were suspended in TMV binding solution adjusted to pH 2, 4, 6, 7, or 9.
The unbound TMV left in the binding solution was determined by ELISA and used to
calculate the amount of TMV captured by the beads based on subtraction from the
amount of TMV in binding solution added to the beads. Data are the mean ± standard
error of mean (n=3).
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3.7 Selectivity of TMV- or PMMoV-imprinted beads
The selectivity of imprinted beads was assessed by comparing the binding of
Pepper Mild Mottle Virus (PMMoV) which is structurally similar to TMV (Genda et al.,
2005). Beads were imprinted with either TMV or PMMoV as templates and then assessed
in binding efficiency for each virus (Table 1). TMV binding to TMV-imprinted beads
was 0.199 mg/ml, which was significantly higher than to non-imprinted beads at
0.082mg/ml, while for PMMoV-imprinted beads, TMV binding was at 0.072 mg/ml,
which was not significantly different than the non-imprinted beads. The binding of
PMMoV to TMV-imprinted beads was 0.086mg/ml, which was comparable to nonimprinted controls. In contrast, binding of PMMoV to PMMoV-imprinted beads did not
result in significantly greater binding compared to non-imprinted beads. It is unclear as to
why PMMoV detection was not possible with PMMoV-imprinted beads, but this may
have been related to the fact that conditions for imprinting these beads was not optimized
as the same approach to imprint PMMoV was used as for TMV. Consequently, it is likely
that different polymerization mixture and reaction conditions would be required for
imprinting different targets and thus generalizations cannot be made.
PMMoV belongs to the same genera as TMV and also shares the same helical rodlike structure with an average length of 320 nm with the capsid protein unit consisting of
156 amino acid residues (Garcialuque et al. 1993). Given the close relationship between
TMV and PMMoV, it was expected to have a degree of cross-reactivity. However, the
binding of PMMoV on TMV-imprinted beads was comparable to non-imprinted controls
indicating that the imprints were highly selective to the TMV target. Similar selectivity
was observed for ATRP synthesized BSA-imprinted polymers on paramagnetic beads
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where BSA-imprinted beads selectively bound BSA in a mixture of proteins that included
human serum albumin and lysozyme (Gai et al. 2010; Gai et al. 2011). Therefore, it can
be concluded that ATRP polymerization holds strong potential for preparing imprinted
polymers with affinity towards macromolecules.
3.8 Verification of extraction efficacy of TMV
The capture efficiency of TMV-imprinted nanobeads was assessed by mixing the
beads with binding solution containing 0.01, 0.10 and 10 mg/ml of TMV (Figure 3.7). At
0.10 and 10 mg/ml TMV, there was a significant difference between the TMV-imprinted
and non-imprinted beads; however, the error bars were very close and thus not visible in
Figure 3.7. However, the clearest difference was at 10 mg/ml of TMV added. Therefore,
the detection limit of the assay is between 0.01 and 0.10 mg/ml of TMV. This may not be
an issue as in naturally infected plant tissue. By 2-3 weeks after the tobacco plant
(Nicotiana tabacum) was infected by TMV, each tobacco leaf contained about 1 mg
TMV per g fresh wt leaf as detected by the TMV ELISA kit (PSA 57400/0288, Agdia).
That is well above the predicted detection limit.
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Table	
  1.	
  Selectivity of TMV-imprinted beads for detection or TMV and PMMoV.
Numbers represent the virus concentration (mg/ml) of bound TMV or PMMoV by
imprinted bead or non-imprinted beads after binding. The unbound TMV or PMMoV left
in the binding solution was determined by ELISA and used to calculate the amount of
each virus captured by the beads based on subtraction from the amount of TMV or
PMMoV in binding solution added to the beads.
Virus concentration bound (mg/ml)

Virus
Virus Detected
Imprinted

Virus-imprinted Beads Non-imprinted Beads

TMV

TMV

0.199±0.019a

0.082±0.010b

TMV

PMMoV

0.079±0.007b

0.114±0.036b

PMMoV

TMV

0.086±0.010b

0.108±0.025b

PMMoV

PMMoV

0.072±0.015b

0.081±0.011b

Data are the mean ± standard error of mean (n=3). Letters are different with the means
with the row, the means are not sharing a letter are statistically different,
p<0.05.According to the student t-test analysis by sigma Plot.
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Figure 3.4 Extraction efficacy of TMV. TMV was added to TMV-imprinted beads (black
line) or non-imprinted beads (red line) at 0.01, 0.1 and 10 mg/ml in binding solution. The
unbound TMV left in the binding solution was determined by ELISA and used to
calculate the amount of TMV captured by the beads based on subtraction from the
amount of TMV in binding solution added to the beads. Data are the mean ± standard
error of mean (n=3).
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3.8 The most significant contribution of this work
In this reseach, TMV-imprinted polymer was grafted onto the surface of the
paramagnetic nanobeads via ATRP, and successfully extracted TMV target in short time
(5 min). Surface TMV-imprinted polymer magnetic nanoparticle were highly
discriminative and could selectively bind TMV over the structurally similar virus,
PMMoV.
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CHAPTER IV
Conclusions
The work has successfully fabricated TMV-imprinted paramagnetic nanobeads.
The affinity of the fabricated beads to the TMV target was both dependent on the
polymerization conditions and intrinsic parameters of the sample solution.
The APTES concentration that formed the nucleation sites for polymer attachment
had a significant influence over the binding of TMV to the subsequent TMV-imprinted
beads. This could be attributed to the density of the polymer chains that formed the
imprints of the TMV surface. A similar effect was observed with increased cross-linker
that again resulted in greater density of the polymer chains forming the TMV imprints. In
terms of the assay conditions, short binding times enhanced the selectivity of the TMVimprinted beads although maximal loading was observed over longer incubation periods.
The extent and selectivity of TMV binding was also dependent on the pH of the
supporting solution. Non-selective binding was observed at alkali and acidic pH with
maximal binding occurring at pH 7 values.
The selectivity of TMV and PMMoV binding showed that TMV-imprinted beads
had highly selectivity for TMV by complementary cavities not simple geometries as both
TMV and PMMoV have the same rod shape, but are 20% different on their coat proteins.
	
  

In summary, specific imprinting of TMV on the surface of paramagenetic

nanobeads is possible, which can create a highly sensitive and selective detection assay.
The same approach could be used to imprint other viral agents, such as norovirus, and
bacterial pathogens, such as the food poisoning Salmonella enterica. However, as the
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PMMoV-imprinting results illustrated, the polymerization, monomer and assay
conditions would need to be tailored to the individual target. If this could be achieved,
then the technique of ATRP based imprinting could be used to fabricate imprinted beads
for a variety of biological targets.
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CHAPTER V
Future work
	
  

In this study, the novel superparamagnetic nanoparticles were successfully

imprinted with TMV but not PMMoV, which had the same shape as TMV. For this
reason, different shape of plant virus should be investigated for the superparamagnetic
nanoparticles to confirm that chemical recognition between polymer and templates are
the primary sites to select the initial template. For example, cucumber mosaic virus or
pepino mosaic virus, which are hexagonal in shape, could be applied to rebind TMVimprinted polymer. Secondly, using quantum dots (QDs) as sensing and recognizing
element have attracted attention in past few years for use as fluorescent labels (Zhang, et
al., 2011), and surface imprinted polymer-based fluorescent artificial receptor was
developed to successfully imprint denatured bovine serum albumin (dBSA) by modified
cadmium telluride (CdTe) quantum dots (Zhang et al., 2011). Therefore, our surface
imprinted nanobeads could incorporate CdTe quantum dots to achieve a direct detection.
Thirdly, coat protein should isolate from virus and applied for only coat protein imprinted
polymer. Then, comparing to the whole virus imprinted polymer exam selectivity from
both to confirm the critical binding sites. Last but not the least, the surface imprinted
nanoparticles coated by CdTe quantum dots should be tested with infected plant sap
rather than purified virus for plants containg TMV and several plant viruses.
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