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Nanopatterning of materials is of particular interest for applications in biosensors,
microfluidics, and drug delivery devices. In biosensor applications there is a need for
rapid, low cost, and durable system for detection. This dissertation aims to investigate
methods to pattern nanostructured surfaces using virus particles as templates. The virus
species used in these experiments is a cysteine modified tobacco mosaic virus. The first
project utilized the lamellar microphase separation of a block copolymer to pattern the
virus particles. Although microphase separation of the poly(styrene-b-2-vinylpyridine)
(PS-P2VP) into lamellae was confirmed, specificity of the viruses to the gold doped
block of the polymer could not be achieved. Single virus particles lay across multiple
lamellae and aggregated in side-to-side and head-to-tail arrangements. The second
project studied the effect of a surfactant on virus assembly onto a gold chip. The
experiments included placing a gold chip in virus solutions with varying triton
concentrations (0-0.15%), then plating the virus particles with a metal. Results showed

that as the triton concentration in the virus solution increases, the virus density on the



surface decreases. The gold coated virus particles were applied to Surface Enhanced
Raman Spectroscopy (SERS) detection in the final project. SERS is of interest for
biosensor applications due to its rapid detection, low cost, portability, and label-free
characteristics. In recent years, it has shown signal enhancement using gold, silver, and
copper nanoparticles in solutions and on roughened surfaces. The gold plated virus
surfaces were tested as SERS substrates using R6G dye as the analyte. An enhancement
factor (EF) of 10* was seen in these samples versus the non-SERS substrate. This
corresponded to the sample with 0.05% triton in the virus solution which showed the
most intersection points between the virus particles and the most uniform coverage of the
viruses on the surface. This value is lower than that of previous studies; however, future

work may be performed to optimize conditions to achieve the highest signal possible.
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Chapter 1: Significance

Nanostructured biomaterials have been studied for applications in sectors such as
biosensors, drug delivery, and microfluidic devices. The ability to spatially orient
biomolecules at the nanoscale level allows for the development of functional materials
that can be used with these devices. There is a need for faster, more durable, lower cost,
label-free, and reagent-free methods for detection.

This research investigates the use of tobacco mosaic virus (TMV) particles as
templates for biosensor applications. For this dissertation, we focused on three specific
objectives towards better understanding of the nanopatterning of TMV on various
structured surfaces. The first objective was the patterning of the cysteine-modified
tobacco virus onto a gold doped block of a copolymer. The second objective was to
study of the effect of surfactant addition at various concentrations on the assembly of the
viruses onto a gold chip. These included control experiments with different wafer
material as well as the variations in virus density were quantified by calculating the
number of viruses in a certain area on the gold chip. The third objective tested these
metal coated virus surfaces as substrates for surface enhanced Raman spectroscopy
(SERS) activity.

Modified versions of TMV have also been used for developing nano-templated
materials. Yi et al. assembled a TMV1cys modified virus template onto microfabricated
electrodes [1]. Royston et al. utilized the same virus as a template in the fabrication of
high surface area nickel and cobalt electrodes [2]. The templating of metals into a

specific block of the copolymer can aid in the patterning of biological components. For



example, previous studies have templated nickel in a block copolymer of norbornene and
norbornene dicarboxylic acid in order to test protein binding [3].

Patterned substrates can be applied to the molecular imprinting of materials.
Molecularly imprinted polymers (MIPs) can mimic the function of some enzymes by
creating cavities of a specific size and shape complementing that of the target molecule
for recognition of bioactive compounds [4]. MIPs have high affinity and selectivity
similar to natural receptors and possess stability superior to that of natural biomolecules.
They can also be easily adapted to different applications, and are known to be resistant to
chemically harsh environments [5]. The patterned surface can be used as a 2-dimensional
stamping imprint for applications in biosensors.

Another application of these patterned substrates is surface enhanced Raman
spectroscopy (SERS). Surfaces coated with silver, gold, and copper have shown
increased intensity in the signals due to the electromagnetic interaction around the target
molecules. Studies have also shown that the use of patterned nanostructures (creating
surface roughness) produce a stronger signal [6]. There are several advantages to Raman
Spectroscopy over current detection methods, such as the “fingerprinting” ability to
produce distinct spectra from molecules similar in structure and function, elimination of
expensive reagents and time-consuming sample preparation, and portability of Raman
spectroscopy devices.

The findings from these experiments can have broad impacts on biosensor
technology with applications in crop protection, homeland security, and disease
prevention/detection. For example, in homeland security, this type of sensor could be

taken into the field for TNT or anthrax detection and rapid detection of toxins in water



systems, pesticides in crops, or e-coli in food sources. The application of metal coated
virus surfaces was expanded by using them for SERS testing. The hypothesis for these
experiments is that there is a correlation between the densities of metal coated virus rods

and the signal obtained with SERS.



Chapter 2: Virus binding to block copolymers

2.1 Introduction

The assemblies of nanostructured systems may be used to pattern various biological
components such as proteins, viruses, or bacteria [7]. Polymers are of particular interest
for these applications due to their durability and ease of processing. Block copolymers,
which are comprised of two or more chemically distinct polymer chains covalently linked
together, are often useful in the synthesis of nanostructured materials due to their
tendency to microphase separate into a variety of periodic nanostructures because of the
thermodynamic incompatibility of the two blocks [8, 9]. The size and shape of these
microstructures are dependent upon the volume fraction of the constituent polymers,
block length, chemical nature of the blocks, and solvent type. Block copolymers have
been previously used in experiments to pattern metals such as nickel and gold [3, 10, 11].

The templating of metals into a specific block of the copolymer can aid in the
patterning of biological components. For example, previous studies have templated
nickel in a block copolymer of norbornene and norbornene dicarboxylic acid in order to
test protein binding [3]. Studies have also shown that Tobacco mosaic virus (TMV)
templates engineered to encode unique cysteine residues (TMV 1cys) are attracted to gold
surfaces via gold-thiol interactions. The TMVlcys readily binds to the gold in an
orientation perpendicular to the substrate when plated with metal nanoparticles [2, 12].
This is useful in applications requiring high surface area such as electrodes, sensors, and

energy storage devices.



Block copolymers are long sequences of the same monomer unit, covalently
bound to another chain of a different repeating unit.  These segments are
thermodynamically incompatible, which gives rise to a variety of microstructures in bulk
and in solutions, a phenomenon known as microphase separation [8, 9]. The shape and
size of the microstructures are dependent upon the volume fraction of the polymers, block
length, chemical nature of the blocks, and solvent type. For example, if there are equal
volume fractions of polymer A and B, then lamellae will be thermodynamically
favorable. Some of the common equilibrium phases for block copolymers include

spheres, cylinders, gyroid, and lamellae. Schematics of these are shown in Figure 2.1.
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Figure 2.1: Representation of microdomains in block copolymers with

respect to volume fraction [13].



The interfacial energy plays a crucial role in the microphase separation of block
copolymer thin films. The preference of one phase to the substrate will drive the system
to an alignment of the microdomains parallel to the film surface rather than
perpendicular. The morphology of block copolymer thin films can be controlled by
changing factors such as casting surface, solvent conditions, annealing time, or
incorporation of nanoparticles in one of the blocks [14-22]. In the 1980s, Hashimoto
studied the molecular weight, concentration and temperature dependence on lamellar size
of polystyrene-b-polyisoprene block copolymers. This group found that the Bragg
spacing D varies between 30 to 50 nm for volume fraction of the polymer in solution
between 0.2 and 0.7. The effect of solvent on microphase separation has also been
studied by Sotcker [18]. This group was able to induce a lamellar morphology in
poly(styrene-b-methacrylate) (PS-b-PMMA) by evaporating the solvent over a period of
one week. The slow evaporation allowed the chains to separate into lamellar periods
perpendicular to the surface of the film. Lin et al. [16] have induced the perpendicular
alignment of poly(styrene-b-ethylene oxide) cylindrical morphology by spin casting the
polymer solution onto a surface of silicon oxide. Yokoyama et al. [20] have also
observed this type of morphology using a poly(styrene-b-2-vinylpyridine) cast onto a
silicon oxide substrate. A patterned surface can also assist in obtaining a desired
morphology. Rockford et al. [17] used silicon oxide substrates striped with gold lines
(width equal to block period) to induce a PS-b-PMMA lamellar morphology
perpendicular to the film surfaces. Several groups have incorporated metal nanoclusters
into the phases of block copolymers [23-26]. Cohen et al. used the carboxylic acid

groups on block copolymers to bind to both PbS and ZnS nanoclusters. Bawendi et al.



employed CdSe semiconductor nanocrystals into polynorbornene-based block

copolymers to gain surface-passivation and electron transport functionalities [26].

2.2 Virus Binding to Homopolymer
2.2.1 Project Objectives

The purpose of these experiments was to investigate the binding of tobacco
viruses to certain polymers for biosensor applications using block copolymers in lamellar
morphology. This was achieved by completing the following tasks:

1) Homopolymer binding to virus

2) Verifying lamellar structure of block copolymer

2.2.2 Virus Selection
One common and well-studied group of plant pathogens are the tobacco viruses,
of which two are tobacco necrosis virus (TNV) and tobacco mosaic virus (TMV). TEM

images showing the structure of these viruses are shown in Figure 2.2.



Tobacco Mosaic Virus Tobacco Necrosis Virus

Figure 2.2: Transmission electron microscope images of tobacco viruses [27].

These viruses were chosen for the experiments due to their well-studied characteristics
and ease of production in plants. The virions are also very physically and chemically
stable, with the ability to be suspended in several polar solvents without substantial
changes in their structural integrity. The structure of TNV has been studied in previous
work [28]. When the virus particles infect plants, necrosis will occur in its leaves. TNV
is non-enveloped, icosahedral shaped, and is 24 nm in diameter. The term non-enveloped
refers to the absence of a lipid bilayer present on some viruses containing proteins coded
for the viral genome and host genome. The virus is composed of a single 3.8 kb RNA
strand inside a virus shell consisting of 180 protein subunits (each subunit containing
267-272 amino acid residues). TNV has an overall negative charge above its isoelectric
point (pI), which occurs at pH =4.5.

The TMYV virus particle is shaped like a rigid rod with dimensions of 18 nm (D) x

300 nm (L). This is a non-enveloped virus which forms a mosaic-like pattern on infected



leaves. The virus is a supramolecular unit composed of one 5130 kb RNA strand
surrounded by 2130 protein subunits (153 amino acids per subunit) arranged in a right
hand helix. Many of the proteins translated from the viral RNA have been identified and
studied [29]. The pl of TMV is pH= 3.5, and it is stable at pH values from 2-10 and
temperatures up to 60°C [30].

The TMV coat protein can aggregate into different forms depending on the pH
and ionic strength of the solution (see Figure 2.3). The 4S trimer/pentamer/monomer
structure and 20S aggregates exist in equilibrium at pH 7 and temperature of 20C, and
they both contribute to virion assembly. The 20S bilayer disk has 17 coat protein
molecules in each layer and formation of these disks is important for initiation of virus

assembly.
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Figure 2.3: Diagram showing the polymorphic aggregates of TMV protein [31].



2.2.3 Polymer Selection
The aim of this project was to align the viruses in a pattern on the polymer film surface.
An oriented pattern would arise when all the virus rods are confined to a single block
copolymer domain. To create this pattern, the virus must be able to bind to one block of
the copolymer while repelling the other. It would not bind to the second block because it
did not contain the functional groups needed for binding to the virus. Since the viruses
maintain a negative charge above their isoelectric point, it was essential to choose a
polymer block with positively charged monomer units. The polymer must also be soluble
in aqueous solutions due to the nature of virus solubility. The block copolymers chosen
for this system were poly(ethylene oxide-b-2-vinylpyridine) (PEO-P2VP) and
poly(ethylene oxide-b-4-vinylpyridine) (PEO-P4VP)). The chemical structures of the

homopolymers can be seen in Figure 2.4.

(a) (b)

(c)
—CHCH, — AP —CH J;
CH, —[— OCH,CH, —] _—OH S A
= "N
|

N n n

Figure 2.4: Chemical structure of (a) poly(ethylene glycol), (b) poly(4-vinyl pyridine),

and (c) poly(2-vinyl pyridine)

P4VP and P2VP, which are normally hydrophobic, will dissolve in aqueous solutions
upon protonation of the amine groups (Figure 2.5) at pH levels below 6 [32, 33].
Protonation also provides those polymers with a positively charged amine which will

bind to the virus above pH 3.5.
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4VP - monomer
Cu(I)C1 - catalyst, Me,TREN - ligand
2-PrOH - solvent

~8 hours (@ 40 °C~

\ 4
Poly(ethylene glycol-block-4-vinylpyridine)

-[CHCH,],-CH, —— (11, -[CHCH,],-CH,

O (Quaternize using HCI) @

H+

Cl

Figure 2.5: Procedure for protonation of amine groups of P4VP and P2VP polymers

2.2.4 Research Design and Methods

Virus Harvesting

Both TMV and TNV are stable and easily purified from infected plant tissue.
They were purified using a method modified from Gooding and Hebert [34]. Nicotiana

tobacium served as a differential host for TMV and TNV. Defined mosaic patterns appear

on the tobacco leaves within 3-4 days after inoculation with TMV. A N. tobacium plant
was mechanically infected with TMV by rubbing a 10 mL of 1 mg/mL virus solution onto
two leaves on the second level from the top of the plant after spraying the leaves with
carboranium. TNV infection showed defined necrotic lesions on the plant leaves
approximately 5-7 days after inoculation. For the necrosis virus, the tobacco plants were
infected in a similar manner as TMV, except all the leaves must be sprayed with

carboranium and rubbed with the virus solution rather than just two. After the virus
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infection spread throughout the plant, the leaves could be harvested and stored at -80 °C
until purification.

To obtain purified virus, a blender was used to grind 0.5 kg of the harvested
leaves into a slurry. The mixture was passed through cheesecloth and placed in an even
number of 250 mL plastic centrifuge bottles. Total number of bottles depended on yield
of filtered mixture. Chloroform was added to the bottles (20% of final volume) and
shaken by hand for 20 minutes to extract organic debris, which formed a two-phase
solution. The bottles were then spun in a centrifuge for 10 minutes at 5,000 rpm and 4
°C. The aqueous layer (top) was filtered through two Kim wipes placed in a funnel into a
1 L graduated cylinder. The solution was then poured into a 1 L beaker with potassium
chloride (1.5% w/v of total volume) and polyethylene glycol (Mw 8000, 6% w/v of total
volume), and mixed at 4 °C for one hour to precipitate the virus particles. The resulting
solution was poured into centrifuge bottles and spun to pellet the virus for 10 minutes at
10,000 rpm. The supernatant was discarded and the pellet suspended overnight in
ultrapure water. The virus solution was then placed in centrifuge tubes containing 10-
40% sucrose gradient and centrifuged at 22,000 rpm for 2 hours at 4 °C. A white band of
liquid showed the virus location and was collected, placed in centrifuge tubes, and spun
at 30,000 rpm for 2 hours at 4 °C. The supernatant was discarded and the virus pellet
dissolved overnight in 0.5 mL of water, then stored at -10 °C until use. Concentration of
the virus solution was determined by UV-Vis spectroscopy using a Beckman DU-65

Spectrophotometer and the equation below:

[0D560—(0D355 X 2.44)] X dilution factor
3

Concentration of Virus =

12



Where OD is the optical density of the virus solution measured by the spectrophotometer
and the dilution factor is the final volume being tested divided by the amount of the
original dissolved sample that was added. Since the Beckman spectrometer requires 1
mL samples, the solution is diluted 100-fold prior to the measurements (using 10 uL of

the sample).

Homopolymer binding to virus

These experiments were performed to show evidence of virus interaction with
only one block of the PEO-P2VP copolymer. Film samples approximately 200 nm thick
of each homopolymer (poly(ethylene oxide) (PEO), poly(4-vinylpyridine) (P4VP), and
poly(2-vinylpyridine) (P2VP)) were placed on silicon monoxide-coated copper support
grids (01830, Ted Pella, CA). A 5 pL drop of 1 mg/mL polymer solution in water was
allowed to dry on the grid. A drop of 0.1 mg/mL virus solution was then placed on the
grids and left for 2 minutes. Next, the solution was removed by placing a small piece of
filter paper next to the drop, the grids dried, and washed in a 1% TWEEN 20 detergent
solution to remove any particles with nonspecific binding. This involved placing the grid
in the TWEEN solution for one minute and rinsing with a 10 uL drop of water. Negative
staining was performed by placing 5 UL of 1% phosphotungstic acid (PTA) solution on
the grid for 30 seconds, then wicking the remaining liquid away with a small piece of
filter paper. Transmission electron microscopy (TEM) was performed to determine virus

presence.
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Block Copolymer Morphology

Studies were performed to determine the morphology of the PS-P4VP block
copolymer. A 1 mg/mL solution of the block copolymer in chloroform was applied to a
glass slide cover slip and allowed to dry overnight. Atomic force microscopy (AFM) was

performed using contact mode.

2.2.5 Results and Discussion
As seen in Figure 2.6, the negatively stained TNV viruses remained bound to the P4VP
polymer grids (a) after the TWEEN wash, but were not visible on the PEO grids (b). This
indicates an interaction between the virus and the P4VP polymer other than non-specific
binding. The P4VP film showed aggregates of virus due to the electrostatic interaction
between the functional groups on the surface of the virus and the film. There were dark
areas on the PEO film that could be due to PTA residue after staining; however no

negatively stained distinct spherical shapes could be detected.

(b)

Figure 2.6: TEM images of TNV on (a) PAVP and (b) PEO homopolymer films
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The AFM results showed a distinct lamellar microphase separated morphology
(Figure 2.7a). This lamellar microstructure has also been shown in previous TEM work

by Cresce et. al. Figure 2.6b shows a microtomed sample of the PS-P4VP block

copolymer cast from tetrahydrofuran as seen in TEM [10].

(b)

‘gt

Figure 2.7: (a) AFM and (b) TEM images of PEO-P4VP block copolymer films

2.3 Cysteine Modified Tobacco Mosaic Virus Patterning

2.3.1 Project Objectives
The purpose of these experiments was to investigate the binding of a tobacco virus

genetically modified with a cysteine residue to a gold doped block copolymer. This was

achieved by completing the following tasks:
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1) Develop lamellar structured block copolymer with one block doped with gold
nanoparticles

2) Study the self-assembly of cysteine modified tobacco mosaic viruses to the gold
doped block of the copolymer

3) Study the self-assembly of wildtype TMV to gold surfaces to validate the

importance of the cysteine residue for the previous experiments (See Chapter 4)

2.3.2 Virus Selection
Modified versions of TMV have also been used for developing nano-templated materials.
Yi et al. assembled a TMV lcys modified virus template onto microfabricated electrodes
[1]. Royston et al. utilized the same virus as a template in the fabrication of high surface
area nickel and cobalt electrodes [2].

The virus was modified by encoding an additional cysteine residue at the amino
terminus of each of the virus coat proteins. This was created by inserting a TGT codon in
the third amino acid position within the open reading frame of the full-length TMV
infectious clone. This virus was chosen due to its affinity for binding to gold surfaces. It
is hypothesized that the favorable attachment of the modified virus is perpendicular to the
substrate, due to the cysteine residue locations being recessed within the virus structure.
Figure 2.8 shows a computer generated schematic of the virus structure. The yellow dots
represent the cysteine residues added to the coat protein. It can be seen that the residues
on the upper rings are not exposed to the outside of the virus particle. The only ones
exposed to the outside of the virus are along the end of the rod. Therefore, the majority

of the cysteine functional groups are not exposed to the gold surfaces used for self-
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assembly in these experiments and previous studies. Utilizing a virus as a template for
biosensor patterning is beneficial because of its monodispersity and its ability to be

chemically modified.

-—
Protected

" Exposed
1cys

Figure 2.8: Computer model of TMV 1cys virus structure showing exposed vs. protected

cysteine residues

2.3.3 Polymer Selection
The polymer utilized in these experiments was a poly(styrene)-b-poly(2-vinylpyridine)

block copolymer.
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Figure 2.9: Chemical structure of poly(styrene) and poly(2-vinylpyridine) polymers

Previous studies have well characterized the structure of this polymer in films at different
molecular weight ratios [35-37]. The structure of PS-P2VP is such that when doped with
gold nanoparticles, they are only attracted to the poly(2-vinylpyridine) block of the
copolymer due to its amine group. Several research groups have studied the doping of

this block copolymer with metal nanoparticles.

2.3.4 Research Design and Methods
Poly(styrene-b-2-vinylpyridine) polymers with molecular weight ratio of 57,000:57,000
g/mol were purchased from Polymer Source (Quebec, Canada). Samples in a 50:50
dioxane:chloroform solution were spin cast onto 1 inch square glass slides by using 200
pL of 3% polymer solution. The solution was then annealed in chloroform vapor at 50°C
for 48 hours to ensure microphase separation of the two blocks.

The samples were treated with a 1% solution of the gold precursor, Chloroauric
acid (HAuCly), in ethanol for 30 minutes and then rinsed with deionized water several
times. This was followed by three treatments of 30 seconds each in the reducing solution
of 1% sodium borohydride (NaBHy4). After drying, the samples were removed from the
slides with hydrofluoric acid (HF), embedded in epoxy, and microtomed for TEM

viewing.
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The cysteine modified tobacco mosaic virus particles were genetically modified
and harvested in similar fashion to as previously described [1, 34]. A 0.01 mg/mL virus
solution was placed on the nanopatterned polymer samples, followed by a 2% TWEEN
wash to prevent non-specific binding. Uranyl acetate was used for negative virus
staining. 5 mL of 2% solution was placed on the TEM grids and wicked away with filter
paper after 1 minute. Transmission electron microscopy was used to verify attachment of

the virus to the substrate with a JEM 2100 LaBg at 100 keV electron beam strength.

2.3.5 Results and Discussion
Microphase separation of the block copolymer and attraction of gold nanoparticles to one
particular block was evident from the TEM pictures. In Figure 2.10, there are areas of
lamellar morphology shown from the doping of the P4VP block doped with gold
nanoparticles. EDS results showed that gold is present in the sample. There were also
high concentrations of copper and carbon, likely due to the TEM grids on which the
polymer film is tested, and chlorine, from the precursor HAuCls. Low resolution images
are shown in Figure 2.11. From these images, it appears that there is a small area that is
strongly doped with gold nanoparticles surrounded by an area with less doping within the
epoxy sandwich. The vertical lines are marks from the diamond knife as the sample was
cut parallel to the direction in which the sample lay in the epoxy. There is no evidence
other than the TEM image that the gold nanoparticles are sufficiently exposed for
interaction with the TMV 1cys rods. However, since the samples are cut in a direction
perpendicular to the film’s surface, it is inferred that there are some nanoparticles

exposed on the surface of the film.
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Figure 2.10: Block copolymer microphase separation with gold nanoparticles embedded

in the P2VP block
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Figure 2.11: Low resolution images of the block copolymer film embedded in epoxy
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Figure 2.13: TMYV particles stained with uranyl acetate

Figure 2.12 is a high resolution TEM image of the virus particles attached to the
PS-P4VP polymer film. Although areas of dense gold concentration seemed to contain

larger number of viruses (Figure 2.13), specificity of the virus to a particular block could
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not be determined because the virus particles lay across multiple phases of the block
copolymer. The virus particles are seen aggregating in both side-to-side and head-to-tail
formations due to the affinity to each other. It is believed that the visible virus particles
are on the top surface of the block copolymer due to the procedures in preparing the
samples. The viruses were applied in a drop on the TEM grid, and then rinsed with a
TWEEN solution to prevent non-specific binding. Staining was performed by drop
casting onto the top of the TEM grid, then wicking away with filter paper and rinsing the
grid with water in the same manner. Future work should be to study a procedure that
would allow individual virus particles to be assembled on the surface without
aggregation. This method of patterning with a block copolymer may also be more
applicable for self-assembly of smaller biological agents such as proteins, since the
lamellae were too small for the virus particles. This method is easier than current
lithography methods of substrate patterning because the samples do not have to be
fabricated in a clean room, while still generating lamellae of the same size with each

sample.
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Chapter 3: Molecular Imprinting for Detection

3.1 Introduction
3.1.1 Molecular Imprinting
Molecular imprinting is a technology which allows for synthesis of materials that possess
binding sites specific to a target molecule. Through this process, three-dimensional
cavities are formed within a polymeric matrix or on a film’s surface matching the size,
shape, and functional group orientation of the target molecule.

Molecularly imprinted polymers (MIPs) can mimic the function of some enzymes
by creating cavities of a specific size and shape complementing that of the target
molecule for recognition of bioactive compounds [4]. MIPs have been the focus of
previous investigations for several reasons. They have high affinity and selectivity similar
to natural receptors and possess stability superior to that of natural biomolecules. MIPs
can also be easily adapted to different applications, and are known to be resistant to
chemically harsh environments [5]. Applications for MIPs include catalysis, separation
and purification, drug delivery, and detection technologies [38-43].

The virus imprinted MIP proposed in this research utilizes readily available
shape-conforming polymers that can be applied to the development of a device for the
detection and identification of viruses. The need is widespread in diverse sectors,
including gene therapy, national security, human and animal health, and crop protection
[4].

Molecular imprinting utilizes a readily available polymer in aqueous solutions

rather than organic solvents has been presented in recent articles [44, 45]. This greatly
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increases the use of MIPs and may bring the technology closer to application to
biological systems. The development of general methods using MIPs capable of specific
recognition of biological analytes would have an enormous value in medicine and
bioanalytics. A detailed understanding of the parameters influencing surface imprinting
and association of a virus with an imprinted polymer surface are needed before
commercial manufacturers can create a reproducible device on a batch-to-batch basis.
Such a device would have widespread applications for detection of pathogenic viruses
and perhaps in biodefense as a viral specific sensor for environmental samples.

Some advantages that MIPs have over their natural analogues (i.e. antibodies and

enzymes) are:

1. MIPs are stable in a wide range of conditions (i.e. different solvents, high
temperatures, various pHs), and can be stored for long periods of time in their
dry state while maintaining performance. Biomolecules require storage in
certain controlled and sometimes costly environments in order to remain
effective.

2. Synthesis of MIPs is simple relative to biomolecule production. For example,
materials needed for MIP s can be obtained by purchase from chemical
vendors and the synthesis can be completed within 24 hours, while antibody
or enzyme harvesting and purification can take longer and be more labor
intensive.

3. MIPs can be reused many times as long as the target molecule is removed
between cycles, while biomolecules can be used a limited number of times

before decreased performance is observed.
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3.1.2 Mechanism of Molecular Imprinting

Molecular imprinting exploits the simple, but elegant, principle of using elements of the
target molecule to create its own recognition site. This is achieved by forming a highly
crosslinked polymeric matrix around a template, which can be the target molecule itself
or a close structural analogue. The template molecule serves two functions. The first is as
a space-filling object around which a complementary polymer cavity can be formed. The
second is to organize complementary interactions between groups on the template and
functional monomers during polymerization. The templated molecules are subsequently
extracted from the polymer. Left in the polymer matrix are three-dimensional cavities,
“molecular imprints”, that are complementary in shape to the templated molecule with
desired functionality in a specific arrangement (Figure 2.1). The highly cross-linked
polymers prepared this way can selectively recognize and rebind the template molecules.

Molecular imprinting’s earliest beginnings can be traced to Linus Pauling’s work
in the late 1930’s and early 1940’s [46, 47]. Pauling, in an attempt to explain antibody
formation, suggested that antibodies may form as a result of an immunoglobin folding
around an antigen. This idea suggests that the antigen acts as a template by which the
immunoglobin could become a specific antibody.

While this is not how the formation of antibodies proceeds, an important idea was
founded on this flawed theory. Frank Dickey, a student of Pauling’s, synthesized silica
gels in the presence of various dyes and observed a preference in the silica gels for
rebinding the imprinted dye. Since this initial discovery, there has been a variety of work

aimed at the development and refinement of molecular imprinting procedures.
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Figure 3.1: Schematic of molecular imprinting

Many bioactive molecules have complex shapes and/or a low degree of symmetry
with regard to shape and functionality. In order to create the complex, irregular cavities
necessary to accommodate these molecules, one must use a matrix flexible enough to
conform to the imprint molecule’s shape. At the same time the matrix must have
sufficient mechanical strength to maintain the shape and integrity of the cavities during
synthesis procedures and in applications such as chromatographic supports and sensor
elements. Because of their ability to conform to complex shapes and achieve sufficient
structural integrity, some polymers are excellent candidates for molecular imprinting.
Polymers and silica matrices are the only regularly employed materials in this field [45,
48-55].

While methods of template fixation vary among research groups, the large
majority of molecular imprinting studies have concentrated on synthesizing imprinted
polymers in organic solvents. Polymerizable, functional monomers, capable of non-
covalent interactions with the template molecule, are mixed in organic solutions with the
template and allowed to associate. Problems may arise when working with organic

solvents if the templates are naturally found in aqueous solutions because the template
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needs to dissolve in the solvent used for imprinting (i.e. the biological molecule may
become denatured).

Currently, most of the synthetic methods for developing MIPs use functional
methacrylate monomers as the starting material [50, 52, 53]. Monomer units bind to both
the template and to other monomers by their functional groups. A crosslinker is added to
hold the template in place. Upon removal of the template, a three-dimensional polymeric
matrix is left with cavities which are complementary to the template with respect to size
and functional group orientation. Further work has been done by Li et. al. [49] where the
monomer used acts also as the crosslinker, which simplifies the process.

Another way to synthesize an MIP is to crosslink an already formed polymer in
the presence of the template molecule to form the matrix [45]. After the template
associates with the polymer chains by its functional groups, a crosslinker is added to
covalently connect the polymer chains together using any remaining functional groups.
The result is still a three-dimensional polymeric matrix with cavities complementary to
the template molecule.

Different methods have been used to synthesize MIPs, but can typically be
classified as either covalent or non-covalent molecular imprinting. Both methods have
been successfully employed in the creation of MIPs. The different bonding types refer to
the chemical bond formed between the template and the polymer or polymerizable entity
prior to crosslinking or polymerization. In the covalent technique, the functional groups
of the monomer and template are covalently linked [54, 55]. After crosslinking, the
template is removed from the matrix by breaking this bond. The template is covalently

linked again to the binding sites during rebinding. An advantage of using this technique is
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that the functional groups in the matrix will be limited to within the cavities and will be
arranged in a nearly perfect fashion around the template upon removal. However, only a
small number of distinct template-monomer complexes can be created, limiting the
number of molecules that can be targeted by MIPs.

Alternatively, the non-covalent imprinting approach holds more potential with
respect to the number of compounds able to be imprinted [48, 51, 52]. The increased
potential is due to the vast number of compounds, including biological compounds,
which are capable of non-covalent interactions with polymerizable monomers. Non-
covalent interactions include ionic interactions, hydrogen bonding, pi — pi interactions,
and hydrophobic interactions. Another advantage of the noncovalent approach to
molecular imprinting is the fact that non-covalent interactions are more easily reversed.
This is important because it is necessary to reverse the template-polymer interaction once
the imprinted matrix is formed in order to remove the template to form the MIP. Reversal
of the template-polymer interaction for non-covalent interactions is usually accomplished
by a wash in aqueous solution of an acid, base or methanol. One disadvantage of the
noncovalent technique is that the functional groups in the matrix are not all located within
the created cavities, which leads to more non-specific binding.

One of the difficult tasks in molecular imprinting is finding the balance between
flexibility and rigidity of the polymer matrix which will yield the optimum binding of the
target molecule. Mechanical properties are controlled by varying the amounts of the
materials used during synthesis, such as polymer and crosslinker. The MIP needs to have
enough flexibility to conform to the template’s shape, while also having the rigidity to

maintain the shape of the cavity when the template is removed.
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3.1.3 3-Dimensional Imprinting
An important consideration with 3-dimensional (3-D) imprinting is the control of
porosity and pore size of the polymer matrix. During the rebinding process, the target
molecule will need to move freely within the matrix to be reintroduced to the imprinted
site. Several groups have recently studied the use of polymers for 3-D imprinting of
hydrogels, sol-gels, and acrylates [38, 56-63].

Hydrogels are a class of polymers which can undergo reversible volume
transitions between the swollen and collapsed phases. These changes can be triggered by
stimuli such as temperature, solvent, and pH. Kofinas et al. [44, 45] has synthesized a
glucose phosphate imprinted hydrogel made of poly(allylamine hydrochloride) capable of
quantitative isomer specific glucose recognition. This complex of ionic interactions is
crosslinked with epichlorohydrin and is selective in rebinding glucose over fructose.

Sol-gel imprinting has been applied to the encapsulation of proteins and has
recently been adapted to protein imprinting because sol-gels can be synthesized in
conditions close to those favorable to proteins (pH, ionic strength, aqueous solutions) [58,
59].

Several groups have prepared protein MIPs using water soluble acrylic
monomers, due to the insolubility of acrylate polymers in aqueous solutions. Vaidya et
al. demonstrated that in a trypsin imprinted poly(acrylamide) gel, the target molecule
binding was favored when in a mixture of chymotrypsin [60]. Also, the Hjerten group
created a column consisting of poly(acrylamide) and N,N’- methylenebisacrylamide) that

selectively adsorbed a specific protein [61].
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3.1.4 2-Dimensional Imprinting
2-dimensional (surface) imprinting is a method for imprinting larger target molecules that
may not be able to locate binding sites within a 3-dimensional bulk polymer matrix. The
binding sites on these MIPs are limited to the surface of a thin film, providing additional
support to the film by a fixed surface, which creates increased durability to the system
and allows for the development in MIP-based biosensors.

The majority of surface imprinting has been performed using either stamping or
self-assembled monolayers. Stamping involves organizing the template on a glass slide
or other surface and applying it to a polymer film during crosslinking [39, 64]. Dickert et
al. [39] has utilized this method to create a tobacco mosaic virus (TMV) templated MIP
for virus sensing with quartz crystal microbalance (QCM). Balci et al. utilized an
oxidized PDMS substrate as the imprinted material for TMV stamps [65]. Whitesides et
al. [66] has used poly(dimethylsiloxane) (PDMS) stamps to print patterns of bacteria on
agar plates. These stamps are easily adaptable to different sizes and patterns and can
regenerate to be used for up to a month if culture media is included with the bacteria. A
disadvantage of stamping is that it cannot be used for templates with a fragile surface,
because the templates may deform during the imprinting process, yielding inaccurately
sized cavities.

Self-assembled monolayers (SAMs) have been employed to address this
complication. One method that has been used is to submerse a substrate in a mixture of
the template and polymer [67-69]. If both possess an affinity toward the surface, it
allows self-assembly of the polymer and template onto the substrate in a single layer. A

second technique to create a SAM is to apply the template to the substrate prior to
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exposure to the polymer solution [69]. This allows the template and polymer to evenly
disperse on the substrate and prevents competition between the polymer and template for

binding to the substrate.

3.2 Project Objectives

The goal of these experiments was to create imprint sites on a polymer surface via a
modified stamping method for virus detection. A poly(allylamine hydrochloride)
hydrogel was synthesized for surface imprinting with a template, the tobacco mosaic
virus. The template, or stamp for the imprint was a surface consisting of metal coated

cysteine-modified virus particles.

3.3 Research Design and Methods
Current techniques apply the template to the imprinted polymer during crosslinking. This
becomes problematic if imprinting with a fragile template and also risks deformation of
the imprint site due to pressure from the stamp. Instead of creating a stamp with a virus
on a glass slide, the virus was arranged on a surface, while another polymer was placed
on top of it during crosslinking. This insured the cavity size and template shape would
not be affected by pressure from the stamp. A schematic of the stamping procedure is

shown in Figure 3.2.
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Figure 3.2: Procedure for stamping experiments

The template or stamp for the imprint utilized metal coated cysteine-modified
virus particles on gold surfaces as described by Royston et al. [2]. The TMVlcys
encodes a cysteine codon at the N-terminus of the coat protein open reading frame, which
creates virus particles that form strong gold-thiol interactions. The virus templates were
assembled onto gold-coated silicon chips. To create the gold surface, a thin layer of
chrome was deposited on a silicon wafer surface, acting as an adhesion layer for the gold.
This was followed by gold sputtering. Once the gold was deposited, a thin layer of
photoresist was spun onto the wafer and scored into 0.25 cm” squares. The chips were
sonicated in acetone, methanol, and isopropanol for 30 minutes each to remove the
photoresist layer. Immediately prior to use, the chips were sonicated in acetone for 30

minutes, and then rinsed in ethanol and water to remove any organic contaminants, which
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would interfere with virus attachment. The chips were placed in a 0.2 g/L virus in 0.1 M
phosphate buffer (pH 7) solution overnight.

Platinum metal nanoparticles were applied to the virus assembled on the gold chip
using an electroless plating method. Metal plating on the virus particles was performed
by placing the chip in 300 pL of 3-(N-morpholino)propanesulfonic acid (MOPS)
solution, and alternating the addition of platinum ions (K,PtCly 99.9+%, Aldrich) and
dimethylaminoborane (DMAB, ((CH;3),NHBH;, Aldrich, 97%)) reducing agent at 5
minute increments. Two different protocols were utilized for the experiments. A

detailed description of the platinum plating can be found in the Appendix.

Protocol #1 Protocol #2
300 uL MOPS 300 uL MOPS
10 ML KthC14 10 ML KthC14
} x 10 } x 10
1 uL DMAB 1 uL DMAB
100 puL K,PtCly New solution (300 uL MOPS):
10 uL DMAB 100 uL K,PtCly; 10 uL DMAB

In both protocols, the platinum plated virus coated chips were removed from the
final solution 10 minutes after the last DMAB addition. A Hitachi SU-70 field emission
scanning electron microscope (FE-SEM) was used to visually determine which protocol
produced the most homogeneous metal plating, which was ideal for imprinting. Element
analysis was performed by a Bruker energy-dispersive x-ray spectrometer (EDS) at SkeV

electron beam strength to verify the presence of the platinum layer.
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A solution of poly(allylamine hydrochloride) (PAA HCI) (MW 60k Da,
Polysciences, Warrington, PA in water was applied to the surface during crosslinking.
This mixture was prepared with 50% PAA-HCI in water and 50% of crosslinker ethylene
glycol diglycidyl ether (Sigma-Aldrich, St. Louis, MO). Various volume ratios (60-90%
polymer solution) were tested to optimize the properties of the film. The solution was
pipetted onto the virus template surface after 20 minutes of crosslinking. The PAA-HCI
was left overnight to insure completion of the reaction, then removed from the block
copolymer slide. The PAA-HCI film was washed with NaOH to remove any template

remaining in the MIP.

3.4 Results and Discussion

SEM images are shown in Figures 3.3 and 3.4. Protocol #2 yielded more homogeneous
plating of the metal onto the viruses. Protocol #1 showed higher aggregation of the metal

nanoparticles which covered areas of the virus making imprinting of the rods difficult.

Platinum nanoparticle aggregates

|||||.|b"'|f|||. . ’ . L T I R SR
1.00um | 3.0kV 15.4mm x30.0k SE(M) 1.00um

Figure 3.3: SEM image of platinum plating protocol #1 (30k magnification)
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Figure 3.4: SEM image of platinum plating protocol #2 (10k magnification)

The homogeneous coverage of metal nanoparticles could have been due to the
placement of the chip in a new vial of MOPS buffer without the previous additions of
metal and DMAB. The new solution prevents excess metal nanoparticles from attaching
to the chip. Even though protocol #2 produced the more desirable metal nanoparticle
coverage, imprinting the viruses would still pose a problem due to the virus particles
overlapping on one another. It would be ideal to find a procedure that would allow virus
density on the surface to vary for different applications.

The EDS results shown in Figure 3.5 were analyzed in the areas of high virus
density. The peaks at keV 0.1, 2, and 9.5 are indicative of platinum presence on the

sample.
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Figure 3.5: EDS spectrum for platinum plating

Hydrogel films for stamping were tested at various crosslinker concentrations.
The ideal results would be those that yield a film that could easily be removed from the
“stamp” surface while maintaining its structure. The lower crosslinker percentages
produced hydrogels that peeled away from the imprint stamp; however, the volume
changes during the washes due to expansion and contraction of the gel caused it to break
apart. The higher crosslinker percentage produced a gel that was too brittle to peel away
from the imprint without breaking into small pieces. Figure 3.6 shows a digital
photograph of two of the lower concentration crosslinker (60%/70%). On sample #1, the
black circle drawn around the imprint stamp area was still visible, but the gel was too
deformed to characterize the imprint sites. We were unable to obtain a clear picture of
the higher concentration gels due to poor lighting conditions and limitations of the

camera in the laboratory. The gel had the appearance of sand granules after it fell apart.
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Figure 3.6: Digital picture of 60% and 70% crosslinker in PAA hydrogel

The platinum plating method #2 allowed for individual virus particles to be
visible on the surface. The difference between results the two plating methods is likely
from adding the platinum ions multiple times. When the ions and DMAB are added all at
the same time, there is an excess of nanoparticles that aggregate within the solution, and
attach to the substrate. The PAA hydrogel, however, did not form an imprinted film that
could be used for the detection of virus particles. Future studies should include utilizing

different films with higher elasticity.
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Chapter 4: Controlled Virus Assembly on Surfaces

4.1 Introduction

The spacial control and arrangement of biomimetic nanostructured materials have
attracted interest for its potential in research applications in electronic and photonic
devices, ranging from molecular nanoelectronics to biological sensing devices.
Biological molecules such as DNA, plant viruses [65, 70], bacteria, protein tubes, and
protein fibers have been used in studies of the assembly of nanoscale biomolecular arrays
for these devices, as functional units or templates.

Balci et al. showed that the selective adsorption and alignment of TMV on
siloxane stamps resulted in extended, printable nanostructures [65]. This research group
oxidized a PDMS surface with oxygen plasma to create a hydrophilic surface to assist in
the alignment of TMV particles on the stamp surface. Suh et al. adhered anitbodies to
substrates patterned with poly(ethylene glycol (PEG) nanowells for use in E. coli
detection using host-parasite and virus-antibody interactions [71]. The same group also
patterned the M13 bacteriophage by confining the particles into wells fabricated by
nanomolding a PEG based random copolymer [72]. The Arter research group grafted the
M13 bacteriophage into an array of poly(3,4-ethylenedioxythiophene) (PEDOT)
nanowires to generate hybrids of conducting polymers and viruses. This resulted in real-
time, reagent-free electrochemical biosensing of analytes [73].

There have also been several studies researching polymers that are used to assist
in virus patterning. The self-assembly of tobacco mosaic virus (TMV) assisted by the

polymerization of aniline creates one dimensional nanofibers with high aspect ratio. The
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electrostatic interaction between the negatively charged virus and positively charged
amine group on the polymer induces head-to-tail assembly of the virus [70]. There have
also been studies where electrostatic assemblies of M13 viruses were patterned onto a
polyelectrolyte multilayer. Solvent-assisted capillary molding of the polymer layers was
employed to form micrometer-scaled dense patterns of viruses and the ability to modify
the surface with biological ligands was examined for applications in biological detection

[74].

4.2 Project Objectives

The goal of these experiments was to study the effects of a surfactant on the assembly of
a cysteine modified tobacco mosaic virus onto a gold surface. Metal plating on the virus
particles was performed with platinum and gold nanoparticles. Control experiments were

also performed to verify the necessity for the cysteine modified particles.

4.3 Research Design and Methods

Gold chips were prepared as previously described in section 3.3. Triton was chosen as
the surfactant to add to the virus solution at different ratios. The chips were left in the
virus/triton solution overnight. Triton-to-virus ratios (Molar:Molar) used for platinum
plating were 0% triton in solution, 62:1, 124:1, and 186:1. After the virus attachment onto
the chip, the surface was plated with the metal nanoparticles. Platinum plating was
applied using the procedure described in Section 3.3.

Triton-to-virus ratios for gold plating were determined from the results obtained
in the platinum plating experiments. Gold nanoparticles were applied by a three step

process using a hypophosphite bath originally used by Swan & Goslin [75]. First,
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palladium ions were attached to the virus particles to activate the TMV surface and
catalyze the electroless plating reaction. This was completed by adding 7 mg/mL
palladium solution (0.01g/1.5mL Na,PdCl,) for every 100 mL virus solution. Nickel
plating was performed by using a standard electroless nickel plating solution at pH 7
containing 0.1 M nickel chloride (NiCl,), 0.15 M sodium tetraborate (Na,B407), and 0.25
M glycine, with 0.5 M dimethylamine borane (DMAB) ((CH3),NHBH3)) for the reducing
agent. A detailed description of the nickel plating protocol can be found in the Appendix
(page 91). The plating solution was diluted with deionized water with a 1:1 ratio and the
gold chip was placed in the solution until it darkened uniformly (approximately 5-10
minutes). After the nickel layer was complete, the chip was rinsed thoroughly with water
and gold plating was performed by incubating the chips in approximately 300 uL of a
solution of potassium aurocyanide (KAu(CN),), ammonium chloride (NH4Cl), sodium
citrate, and sodium hypophosphite (NaH,PO;) at 90 °C until gold coverage on the chip
was complete. The gold plating components and detailed procedure are shown Table 1 in
the Appendix, and a schematic of the plating is shown in Figure 4.1. Initial molarities
added were chosen in order for the final volume to equal 1 mL, and the molarity of each

component in that solution to equal that of the last column.

Figure 4.1. Computer schematic showing (1) virus assembly on chip, (2) virus particles

after nickel coating, and (3) virus particles after gold coating
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The thickness of the plating at two different time points was also investigated.
These tests were performed with higher concentrations of triton in order to provide more
separation of the virus particles. Scanning electron microscopy was used to quantify
arrangement and density of virus particles on the chip.

The structure of the virus particles at different triton concentrations (used in the
surfactant experiments) was studied. 5 pL aliquots of wild-type virus solution were
dropped onto formvar coated carbon TEM grids, and then wicked away with filter paper
for 1 minute. The grids were rinsed with water followed by an application of saturated
uranyl acetate solution to achieve negative staining of the virus particles. TEM was
performed using 100 keV electron beam strength on a JEOL JEM Lab6 device.

Control experiments were performed to investigate the assembly of wild-type
tobacco mosaic virus and Icys TMV particles during binding to the gold surface and after
metal plating of the virus (with and without surfactant present). Surfactant studies were
performed at 0.05% triton concentration after determining the level at which the highest
SERS signal was received from experiments in Chapter 5. SEM images were taken after
each step in the metal plating process, (a) initial virus assembly, (b) nickel plating, (c)
gold plating. EDS was performed on each sample to verify metal plating on the virus
particles. The virus assembly of wild type and TMVl1cys was also tested on a plain
silicon wafer, without the gold coating.

Experiments similar to those on gold coated wafers were performed using
uncoated silicon wafers as the binding surface for the wildtype and TMVlcys virus
particles with and without surfactant. The same methods as those used in the previous

paragraph were employed for these studies.
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4.4 Results and Discussion

Platinum Plating

The chips were removed from the second plating solution after 10 minutes. They
had visibly changed color from gold to dark silver/black. SEM images show the different
densities relating to each virus:triton concentration. The sample with 0% triton
concentration shows the results similar to those obtained in Section 3.4. The subsequent
samples show that with an increasing triton concentration, the virus density decreases. In
the 0.1% sample, the virus rods aligned next to each other in side to side and head to tail
manner. The size of the rods in the image indicates that there is more than one virus

present underneath the plating.

(a) (b) (©) (d)

Figure 4.2: SEM images (10k magnification) of platinum plated virus particles at
(a) 0% triton concentration, (b) 0.075% (93:1 triton:virus),

(c) 0.01% (124:1 triton:virus), and (d) 0.15% (186:1 triton:virus)
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The platinum plating results show that in order for the virus particles spread apart and not
overlapping each other, the triton concentration should be higher than 0.05%. The
number of rods per micrometer squared (um?) were manually counted and graphed as a
function of triton concentration (Figure 4.3). This was performed by choosing a random
area on the SEM images for each sample and counting the number of rods seen within
that space. The triton to virus ratios chosen for gold plating were 62:1 (0.05%), 93:1

(0.075%), 124:1 (0.1%), and 186:1 (0.15%).
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Figure 4.3: Platinum plating virus density as a function of triton concentration

Gold Plating

The chips visibly changed color from shiny gold to a dark brown/black during the
nickel plating. Once the chips were completely covered in the dark color, about 5-10

minutes after placing them in the solution, they were transferred to the gold plating
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solution. The chips were checked after 10 minutes and every 5 minutes afterward in
order to verify when the gold plating was complete. For the time trials, chips were
removed from the gold plating solution at the 15 minute time period and 30 minute time
period. EDS was used to determine gold presence on the virus (Figure 4.4). The peaks at
energy values 0.25 and 2.0 keV show the presence of gold in the sample. Figure 4.5
shows that the gold coated virus particles gain approximately 100nm extra in diameter

with 30 minutes in solution versus the 15 minutes (170-190nm for 15 min; 245-345nm

for 30 min).
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Figure 4.4: EDS spectrum of gold plated virus particles shown in SEM picture above.

The green cross shows the area tested.

45



5.0kV 10.8mm x30.0k SE(M)
(a) (b)
Figure 4.5: SEM images (25k magnification) of time trials in gold plating experiments

(a) 15 minutes and (b) 30 minutes in plating solution

The SEM images of the different triton:virus ratios are shown in Figure 4.6. The
pictures show that as the triton concentration increases, the virus density decreases. The
lowest triton concentration (62:1 ratio) shows very dense virus assembly with no clear
virus particle rods visible. The highest triton concentration (186:1) shows very few virus

particles with much empty space around each rod.
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(d)

Figure 4.6: SEM images of gold plated virus samples at triton concentrations (a-¢) 0%

(0:1 triton:virus), 0.05% (62:1), 0.075% (93:1), 0.1% (124:1), and 0.15% (186:1).

The number of rods per micrometer squared (um?) were manually counted and graphed
as a function of triton concentration. This was performed by choosing four random areas
on the SEM images for each sample, counting the number of rods seen within that space,
and averaging the values. The samples were similar in its densities on larger scales of the

chip as seen in Figure 4.7.

10.0um

Figure 4.7: Low magnification images of gold plating at triton concentrations

(a) 0.05%, (b) 0.075%, (c) 0.1%, and (d) 0.15%
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Figure 4.8: Gold plating virus density as a function of triton percentage

The results show that the surfactant addition was successful in decreasing the
virus density on the gold surface. As seen in Figure 4.8, the number of viruses per um? in
the gold plating experiments drastically decreases (approximately 75% less virus
particles) between 0.05% and 0.075%. These results also showed fewer number of virus
particles at the 0% triton concentration versus the 0.05% concentration. Given the size of
the plated particles on the 0% substrate, there may be more than one virus particle
underneath each counted particle. This would increase the number of virus particles for
that surface. The addition of a surfactant interferes with both the assembly of the virus
on the chip as well as virus aggregation. These gold surfaces would be ideal substrates
for Surface Enhanced Raman Spectroscopy applications due to the differences in

roughness caused by the metal coated virus particles.
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Virus structure with surfactant in solution

The structure of the virus particles was studied as a function of triton
concentrations used in the surfactant experiments. 5 pL samples of the virus solution
were dropped onto formvar coated carbon TEM grids, and then wicked away with filter
paper for 1 minute. The grids were rinsed with water followed by an application of
saturated uranyl acetate solution to achieve negative staining of the virus particles. TEM
images show that the concentration of triton is not significant enough to denature the wild
type tobacco mosaic virus particles (0.025%-0.15% triton in solution/virus coat protein to
triton ratio). In Figure 4.9, the stained wild type virus particles remained intact with few

virus particles less than 300 nm in length.

(a) (b)

Figure 4.9: TEM images of TMV with (a) 0.025% and (b) 0.15% triton added to solution

Control experiments with wild type TMV

SEM images were taken after each step in the metal plating process; (a) after initial virus
assembly, (b) after nickel plating, and (c) after gold plating. Figure 4.10 shows the virus
assembly on the chip and plating with nickel and gold for wild-type virus. There are no

visible virus particles deposited onto the surface of the gold coated silicon wafers with
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the wild-type TMV particles, which indicates that there is no affinity of the wildtype
TMV to the gold coated wafer. EDS of the nickel plated samples yielded minimal nickel
peaks, suggesting that most of the nickel nanoparticles do not adhere to the surface
during metal plating. It is inferred that since no cysteine residues are present along the
virus rod, that there are no nucleation points for the metal plating to occur. Even if some

metal plating occurred, the gold peaks shown in (e) are most likely due to the gold

coating on the silicon wafer, and not from metal plating.

(a) (b) (©)
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(d)

Figure 4.10: SEM images of wild-type TMV on gold coated silicon wafers (a) after virus
assembly on the chip, (b) after nickel plating, and (c) after gold plating; EDS spectra of

(d) nickel plated samples and (e) gold plated samples
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The TMV cys particles without surfactant in Figure 4.11 showed the presence of
virus rods on the gold coated silicon wafer, as thin dark rods in the SEM image. Some of
the rods were greater than 300 nm in length, suggesting that the viruses align in a head to
tail fashion when on the surface. After each metal plaing application, the rod thickness
increases to ~200 nm after nickel plating and ~500 nm after gold plating. After the last
round of plating, the individual virus rods are not discernible because of the high density

of the viruses. EDS spectra verifies the nickel and gold plating on the virus surface. The

nickel plating image is similar to that obtained in previous results by Royston et al [2].
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Figure 4.11: SEM images of TMV lcys particles on gold coated silicon wafers (a) after
virus assembly on the chip, (b) after nickel plating, and (c) after gold plating; EDS

spectra of (d) nickel plated samples and (e) gold plated samples
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Figure 4.12 shows SEM images of the silicon wafer studies with wild-type virus
and 0.05% triton solution. There were no virus particles visible after leaving the wafer in
the solution overnight. The nickel plating yielded spherical nanoparticle aggregates
between 200-300nm diameter which became larger after the gold plating step. EDS
showed that nickel was present in Figure 4.12(b) and gold in Figure 4.12(c). This
indicates that nickel and gold nanoparticles adhere to the surface of the virus, but do not
attach specifically to virus particles. This implies that there may be an interaction
between the metal plating solution and the triton or Pd molecules left on the chip from the
initial virus solution. Since the chip is not washed after submersion in the virus/triton

solution, there will be molecules still left on the chip during metal plating.

2.00um 2.00um

(a) (b) (©)
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Figure 4.12: SEM images of wild-type TMV particles with 0.5% triton concentration on
gold coated silicon wafers (a) after virus assembly on the chip, (b) after nickel plating,

and (c) after gold plating; EDS spectra of (d) nickel plated samples and (e) gold plated

samples
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SEM images of virus assembly and plating for TMV 1cys with triton surfactant are
shown in Figure 4.13. Virus rods are visible on the gold surface prior to metal plating
and are less dense than those shown in Figure 4.11. Nickel and gold plating images are
similar to those shown in Figure 4.6 at the same concentration. The diameter of the
nickel plated rods are approximately 130 nm, slightly less than that those in Figure 4.11.
The addition of triton to the virus solution causes the viruses to spread apart, showing

individual rods on the surface after gold plating.
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Figure 4.13: SEM images of TMV lcys particles with 0.5% triton concentration on gold
coated silicon wafers (a) after virus assembly on the chip, (b) after nickel plating, and (c)

after gold plating; EDS spectra of (d) nickel plated samples and (e) gold plated samples
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Virus assembly and plating on silicon wafers

SEM images were taken after each step in the virus assembly and plating process using
plain silicon wafers instead of gold coated chips, after (a) virus assembly, (b) nickel
plating, and (c) gold plating. Figure 4.14 shows SEM results from wafers placed in wild-
type TMV solution with no surfactant. Dark marks can be seen in the image after the
wafer has been placed in the virus solution, however, after nickel plating, no virus rods

remain on the chip. There appears to be metal nanoparticles and the EDS spectra of that

sample show the peak for nickel.

(@) (b) (©)
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Figure 4.14: SEM images of wildtype TMV on plain silicon wafers (a) after virus
assembly, (b) after nickel plating, and (c) after gold plating experiments; and EDS after

(d) nickel and (e) gold plating
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Virus assembly and plating of wildtype TMV with triton added to the virus
solution are shown in Figure 4.15. These SEM images show no virus particles prior to
the metal plating, as well as after these steps. There was also no visible color change to
the chip, and EDS verified that no metal plating occurred by the nickel solution. After
the gold plating process, small metal nanoparticles (between 15-50 nm diameters)
appeared in areas along the edges of the chip, however large areas of the chip remained
blank. Figure 4.16 is a high resolution SEM image showing the nanoparticles in greater

detail.

(a) (b) (©)
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Figure 4.15: SEM images of wild-type TMV particles with triton on plain silicon
wafers (a) after virus assembly, (b) after nickel plating, and (c) after gold plating;

and EDS after (d) nickel and (e) gold plating
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Figure 4.16: High resolution image of TMV cys on a silicon wafer after gold plating

As seen in Figure 4.17, virus rods are very densely assembled on the silicon wafer
surface. The rods also show localized alignment with the particles aligned in the same
direction. After the nickel plating, the rods were packed with multiple layers, and yielded
diameters of approximately 130 nm, similar to those seen in the TMVlcys with triton
samples. The diameter after gold plating could not be assessed due to the entire surface
being covered with gold nanoparticles, no longer showing individual rods. Since the
virus particles are packed very close together after the assembly and nickel plating, it
causes the gold to coat the top of the virus layers without attaching to individual rods.
The virus attachment and plating are not uniform across the entire chip as shown in the

comparison between silicon and gold in Figure 4.18.
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Figure 4.17: SEM images of TMV1cys on plain silicon wafers (a) after virus assembly,
(b) after nickel plating, and (c) after gold plating; and EDS after (d) nickel plating and (e)

gold plating
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Figure 4.18: Low resolution images comparing gold plating uniformity of TMV1cys on a
(a) silicon wafer and (b) gold chip
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The experiments using TMV 1cys with triton on plain silicon wafers (Figure 4.19)
showed a virus assembly that was less dense than the solution without triton prior to
metal plating. Some nickel plating occurred as seen in the SEM image and EDS results,
but the virus rods (~130 nm after nickel plating and ~250 nm after gold plating) are
laying down on the silicon wafer surface. The EDS composition showed less nickel in
these samples than the previous ones without triton added. As in the samples on the gold
coated silicon wafer, the triton seemed to interfere with the assembly of the virus
particles onto the silicon wafer surface, but still allowed metal plating due to the cysteine

modified viruses. However, the attachment of the viruses and metal plating is not

uniform across the surface of the wafer (Figure 4.20).
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Figure 4.19: SEM images of TMV 1cys with triton on plain silicon wafers (a) after virus
assembly, (b) after nickel plating, and (c) after gold plating; and EDS after (d) nickel and

(e) gold plating
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Figure 4.20: Low resolution image of TMV 1cys with triton on a silicon wafer
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Figure 4.21: Number of particles as a function of virus type, surface, and triton

concentration
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The results from the control experiments show that while virus attachment is seen
in some cases with wildtype TMV, there is no uniform metal plating that occurs,
verifying that the cysteine virus is an important factor in the plating procedure. The
nanoparticles that appeared in the wildtype images are most likely due to residual Pd
from the initial virus solution. Although the highest number of virus particles were seen
using TMVlcys on silicon wafers, there is no specificity of the cysteine residue to the

surface, and the viruses lay in multiple layers on top of each other.
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Chapter 5: Virus Templated Substrates for Surface-Enhanced Raman

Spectroscopy

5.1 Introduction

The development of a rapid and reliable detection method of biomolecules such as
pharmaceuticals, amino acids, and proteins has been the focus of many researchers in
recent years. Surface-enhanced Raman spectroscopy (SERS) has been investigated as a
technique for these applications due to its relatively simple laboratory equipment, sample
preparation and field-portable devices [76-79]. Surfaces coated with silver, gold, and
copper have shown increased intensity in the signals due to the electromagnetic
interaction around the target molecules. Studies have also shown that the use of
patterned nanostructures (creating surface roughness) produce a stronger signal [6]. This
research utilizes a virus template in order to create nanostructures at varying densities for
use as a metal nanostructured surface, in order to increase the intensity in SERS detection
methods.

There are several advantages to Raman Spectroscopy over current detection
methods. It has a “fingerprinting” ability to produce distinct spectra from molecules
similar in structure and function, which allows the same substrate to be used for the
detection of multiple analytes. Also, it eliminates the use of expensive reagents or time-
consuming sample preparation associated with current techniques such as polymerase
chain reaction (PCR) or immunoassays. Finally, some Raman Spectroscopy devices are

now portable and can be easily taken in the field.
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The Raman effect was discovered in 1928 by Chandrasekhara Venkata Raman
and Kariamanickam Srinivasa Krishnan while performing studies in light scattering [80].
Raman scattering is a process in which incident photons gain or lose energy due to the
vibrational and rotational motion of the analyte molecule. The resulting spectrum is
made up of bands (peaks) specific to the molecular structure of a certain analyte. When
light is scattered from a molecule or atom, most photons are elastically scattered, because
they have the same energy and wavelength as the incident photons (Rayleigh scattering).
Approximately 1 out of 10° — 10® photons are scattered at frequencies different from the
incident photons (inelastic scattering), which is a process known as the Raman effect.
The incident photons either lose (Stokes) or gain (anti-Stokes) energy on the vibrational-
rotational or electronic level. When a photon (light) is scattered from a molecule in a
ground vibrational state (v = 0), there is a momentary change in the energy state of the
molecule corresponding to the virtual state designated as j. Molecules in the ground state
can absorb a photon corresponding to an energy of hve and emit a photon with a change
in energy represented by h(vex — Vy), and is referred to as Stokes shift (vs). Molecules that
are already in an excited vibrational state (v = 1), will scatter and return to their ground
state, producing a photon with energy corresponding to h(vex + V). This effect is known

as anti-Stokes shift [76, 81, 82].
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Figure 5.1: Schematic of energy states in Raleigh and Raman scattering
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Figure 5.2: Schematic of photon scattering in Raman Spectroscopy

Raman spectrometers consist of a laser source, sample holder, and signal collection
device. Some laser sources used are He-Ne, Ar', or Kr' each corresponding to different
wavelengths. Some samples will absorb the incident or Raman scattered photons, while

others will fluoresce. Also, photodecomposition of the sample can occur at lower
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wavelengths. The incident wavelength is chosen in order to maximize the signal while
minimizing photodecomposition, fluorescence, and absorbance.

A Raman signal can be obtained using gas, liquid, and solid samples. Aqueous
samples are often used for both inorganic and biological samples since water has a weak
Raman signal.

In the past, Raman spectrometers have used photomultiplier tubes as detectors. In
order to improve the signal to noise ratios and reduce background noise, those systems
have been replaced by photon counting systems [82]. More recently, linear diode arrays

and CCD detectors have been used to produce Raman spectra.

History of Surface Enhanced Raman Spectroscopy

Fleischmann et. al first reported strong Raman signals (enhancement factors of
10%) from an interface of pyridine, sodium carbonate, formic acid, and potassium formate
adsorbed to redox-cycled silver electrodes as well as pyridine adsorbed to copper
electrodes in 1974 and 1975. The formation and reduction of silver chloride resulted in
substantial etching of the silver surface, resulting in an estimated tenfold increase in
surface area. They suggested that the high intensity of the signal was due to a large
number of adsorption sites on the roughened surface [83]. However, Jeanmaire and Van
Duyne examined factors such as surface features and potential of the electrode, solution
analyte concentration, and electrolyte composition of the solution, which affect the
intensity of the Raman bands of adsorbed molecules [84]. Albrecht and Creighton
continued Fleishmann’s studies in 1977, looking at the spectra acquired for pyridine

adsorbed to a silver electrode before and after a single oxidation-reduction cycle. After a
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cycle of a single voltage sweep, the spectral bands were almost five times greater
compared to that of the sample before the sweep. Raman spectrum performed after
removal of the electrode was missing the 1025 cm™ band, confirming that the increased
signal was due to pyridine adsorbed at the electrode surface [85]. The conclusion from
these experiments was that Fleishmann's initial explanations of increased surface area
were incorrect. It was determined that localized plasmons that were resonant at the
incoming wavelength were responsible for the enhanced signal.

SERS is a result of both an electromagnetic and a chemical effect. The
electromagnetic enhancement arises from the excitation of the localized surface plasmon.
An external electric field provides an excitation causing the conduction electrons to
oscillate collectively, leading to a surface plasmon resonance [86].

The chemical mechanism contributes to the signal by allowing the electrons from
the molecule to interact with those of the metal surface. Chemical enhancement requires
the adsorbate to be chemisorbed directly to the surface. SERS measurements are possible
on several metals (i.e. platinum, iron, cobalt, and nickel), but the achievable enhancement
factors are significantly larger for molecules adsorbed on gold, silver and copper surfaces
due to the electromagnetic enhancement mechanism from the interaction of the incident
laser with the surface plasmon in these metals [86]. Simply stated, mobile electrons are
required for enhancement, and since the other metals oxidize quickly, the electrons are
not mobile.

SERS has attracted attention due to its high sensitivity and speed of detection.
Since its discovery, it has been applied to a wide variety of biomedical and environmental

analytical applications to molecules, pathogens, and cells [87-89].
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Surface-Enhanced Raman Spectroscopy Substrates

Although the strongest SERS enhancements have been seen with silver, gold and copper
substrates, the effect is expected to be seen with any metals with outer shells of (n —
1)d*°ns! [84, 90-93]. In addition to the material, the substrate structure has been shown
to play a role in the enhancement factor in SERS. It has been shown that the
electromagnetic field is greater in regions with high curvature, resulting in a higher SERS
signal [94]. Murphy et al. created silver and gold nanorods of various aspect ratios using
a controlled growth environment of metal salts with a weak reducing agent [95].

During the 1980s, SERS was developed by depositing SERS-active metals onto
non-SERS-active substrates, including coating SERS-active Ag or Au electrodes with
ultrathin films of other metals such as Ni, Co and Fe. The weak SERS spectra of
adsorbates on the transition metal overlayer could be obtained with the long-range effects
of the electromagnetic (EM) enhancement of the SERS-active substrate underneath. The
EM field decreases drastically though from the coated film, so studies showed that the
layer applied must be ultrathin, around 3-10 atomic layers [96-102]. Because it was
difficult to completely coat the roughened substrates with a thin layer of film, Weaver et
al. developed methods to create a “pinhole-free” transition metal coating over the SERS-
active Au surface using electrochemical atomic-layer epitaxy. This utilized constant-
current deposition at a low current density or by redox replacement of underpotential-
deposited metals on Au [103-107].

SERS detection does not require the adsorbate to be in direct contact with the
metal surface; however, the enhancement decreases as the distance between the two

increases [108-111]. Dieringer et al. investigated the distance dependence of SERS
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signals using atomic layer deposition to fabricate alumina dielectric spacers. Their
results showed that the signal decreases logarithmically between zero and 5 nm alumina
thickness [109].

Silver and gold nanoparticles are the most frequently used substrates for SERS
detection because of the ease in preparation and well characterized SERS properties [109,
112-118]. Kneipp et al. and Nie et al. reported enhancement factors of up to 10" in the
1990s in clusters of silver nanoparticles, enabling single molecule spectroscopy [112,
118]. Metal nanoparticles are created by reduction of a metal salt (i.e. silver nitrate or
chloroauric acid) by agents such as sodium citrate and EDTA. The size of the nanoparticles
may be controlled based on the amount of reducing agent compared to the metal [119-121].
Intersection points between nanoparticles where electromagnetic fields may overlap generate
large field enhancements and have allowed for single molecule detection. Much of the SERS
detection has been performed in solution; however, Doering and Nie immobilized silver
colloids on a glass surface inside a microfluidic device and obtained enhancement factors of
10% - 10? for rhodamine 6G molecules adsorbed on the surface.

Another method that has been used for SERS detection was to assemble gold
nanoparticles into structured porous films templated by colloidal crystals. The Kuncicky
group found an enhancement factor of 10° for the structured films versus the non-structured
in the detection of cyanide [122]. Lu et al. utilized varying experimental conditions in order
to control the structures of macroporous Au and Ag nanostructured films. They showed that
these porous nanostructured films with large interconnected aggregates are desirable SERS
substrates in terms of increased signal, stability and reproducibility [123].

SERS substrates have also been developed using lithography techniques. Jensen et

al. studied the localized surface plasmon resonance (LSPR) of silver nanoparticle arrays
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created by nanosphere lithography. By encapsulating the nanoparticles in SiOx and
controlling nanoparticle size, height, and shape, they were able to systematically tune the
LSPR from ~400-6000 nm [124]. The Im research group found that when controlling the
size, position, shape and orientation of nanogap arrays using atomic layer deposition, there is
an increasing SERS signal enhancement of up to 10 as the gap size decreases to 5 nm [125].
Deng et al. fabricated gold nanograting on silicon wafers consisting of 120 nm gold cladding
on top of parallel silica nanowires with gaps <10 nm at the narrowest point. The SERS signal
produced was uniform and reproducible.

Other groups have also used SERS for targeting molecules such as proteins, DNA
and RNA [87-89]. Negri et al. developed a SERS-active silver surface with aligned
nanorods using oblique-angle vapor deposition (OAD), which successfully detected an
anti-influenza aptamer [87]. Another group utilized SERS to characterize yeast cell walls
by detection of alkali sensitive proteins. They were able to correlate expression of the
proteins generating SERS activity and cell division, demonstrating a convenient and
sensitive method for cell wall analysis [88].

Some recent work has included the development of novel substrates such as a
paper-based inkjet-printed surface by White et al. [126, 127]. This research group
modified the surface chemistry of cellulose paper on which they patterned nanoparticle
sensing arrays for the detection of R6G dye and achieved an enhancement factor of 2 x
10°. Singamaneni et al. utilized filter paper adsorbed with plasmonic nanostructures
(gold nanorods) and obtained SERS detection of 0.5 nM trans-1,2-bis(4-pyridyl)ethane
[128].

Current issues with SERS substrates are reproducibility, degradation of substrates

over time, and particular conditions required to create the nanoparticle colloid hotspots.
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Hotspots also require testing to occur in those areas where the nanoparticle aggregates
occur. With the metal coated virus surface developed in this research, homogeneous

assembly of the virus is shown on the entire chip.

SERS and R6G

Rhodamine 6G (R6G) is a chemical compound and a dye. It is often used in
biotechnology applications such as fluorescence, microscopy, flow cytometry, and

spectroscopy.

Figure 5.3. Chemical structure of R6G dye

This compound was chosen for these experiments because SERS detection of R6G dye
has been previously characterized by many groups using silver for enhancement [118,
129-133]. In 1997, Nie and Emory reported the observation of spectra from single R6G
molecules adsorbed on citrate-reduced Ag nanoparticles electrostatically immobilized on
glass [118]. R6G yields a net positive charge in water, while metal contains a net

negative charge allowing it to interact well electrostatically with the metal nanoparticles.
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This dye has a very strong Raman signal and groups study new substrates with it in order

to compare their results to previous studies.

SERS and TNT

Detection of explosives has been of interest to homeland security. 2.4,6-
Trinitrotoluene (TNT) is one of the most common explosives used for military and
terrorist activities. One of the major concerns of TNT is the contamination of soil and
groundwater due to its toxicity and mutagenicity. It can also absorb through the skin and
is shown to cause anemia and abnormal liver function if exposure occurs for a prolonged
period of time. There are also global security concerns for detecting hidden explosive
devices in war zones and transportation hubs. Previous technologies for TNT detection,
such as fluorescent polymers, microcantilevers, ion mobility spectrometry, and raman
spectroscopy, are time consuming, do not produce the sensitivity level desired, and do not
allow for on-site detection.

Several groups have investigated the detection of TNT using surface enhanced
raman spectroscopy. Dasary et al. utilized a cysteine modified gold nanoparticle based
surface for TNT recognition with SERS. The formation of the Meisenheimer complex
between TNT and cysteine allowed aggregation of the nanoparticles forming several hot
spots which provide significant enhancement of the Raman signal intensity by 9 orders of
magnitude [134]. Jiang et al. employed the Meisenheimer complex with 3-D porous
anodic alumina (PAA) membranes. The vertical pores in the membranes were filled with
cysteine-modified gold nanoparticles to create hot spots for TNT detection [135]. Xu et

al. studied the detection of 2,4-dinitroanisole (DNAN) in tap water as a TNT replacement
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using L-cysteine modified Ag nanoparticles [136], however, the deposition of the metal
particles onto the surface was not consistent. The main problem with creating hotspots
for these SERS surfaces is that the laser must be targeting certain areas on the surface. It
would be ideal for the signal to be consistent throughout the entire substrate. Holthoff et
al. has developed a molecularly imprinted polymer system for TNT detection. TNT
imprinted micron thick films of sol-gel-derived xerogels were deposited onto SERS
active substrates as the sensing layer [137]. A disadvantage of the imprinted gels is that
residual TNT remains in the gels after the wash; therefore, this remaining signal must be

subtracted from any spectrum when testing for the presence of TNT.
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Figure 5.4: Chemical structures of TNT and cysteine
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Figure 5.5: Mechanism of Meisenheimer complex between TNT and cysteine.

The circles represent gold nanoparticles to which the cysteine binds.
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SERS and Melamine

Melamine (1,3,5-triazine-2,4,6-triamine) is a nitrogen-rich molecule commonly
used in the manufacturing of plastics, such as whiteboards, kitchenware, and commercial
filters. The ingestion of melamine can cause severe renal failure from absorption into the

gastrointestinal tract and precipitation in the kidney in the form of crystals.

Figure 5.6: Chemical structure of melamine

In 2008, the illnesses and deaths of babies in China were linked to melamine-
tainted formula. It was also discovered in eggs during October 2008 and pet food in
2007. It was illegally added to food in order to increase the protein readings of these
products. The acceptable concentration for melamine in food products set by the Food
and Drug Administration (FDA) is 1 ppm [138].

A number of groups have studied melamine detection using SERS in the past few
years [139-142]. Lin et al. utilized Klarite SERS active substrates to detect melamine in
gluten, chicken feed, and processed foods. The level of detection obtained with these
samples was 33 ppb (0.033 pg/mL) [139]. The Ren and Dong research groups both
applied melamine screening to portable devices, which is ideal for rapid detection in the
field [140, 141]. Ren tested the level of detection of melamine in sucrose, urea, and

arginine and found the limit at 0.5 ppm [141]. Lou et al. developed a substrate with 4-
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mercaptopyridine (MPY)-modified gold nanoparticles for this application. The SERS
measurement of melamine on this substrate relied on the “hotspot” effect in which gold
nanoparticles aggregated upon addition of melamine to the solution. Detection limits as

low as 0.1 ppb were observed in these experiments [142].

5.2 Project Objectives

The goal of this project was to investigate the effect that metal coated virus patterning
had on the signal enhancement in SERS. This was achieved by completing the following
tasks:
- Determine which gold coated virus density from Chapter 4 (various virus:triton
ratios) yields the highest signal with R6G dye.
- Use sample with highest signal for targets such as melamine for biosensing
applications.

The substrates in these experiments are a more robust alternative to current techniques.

5.3 Research Design and Methods — R6G

Substrates from Section 4.4 (gold coated virus particles on silicon wafers) with varying
triton concentration were evaluated for SERS signals using Rhodamine 6G (R6G) dye. A
785 nm laser diode and a portable Ocean Optics spectrometer (QE65000) were used to

obtain Raman signals from the substrate (Figure 5.6).
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Figure 5.7: Schematic diagram of SERS setup

3 uL of 100 uM R6G dye was drop cast onto the 0.5 cm” wafers with the gold plated
viruses. Data was collected at 1 second intervals at setting level 0.4, which corresponds
to a power of 17.5 mW. A total of ten scans were taken for each sample and averaged to
minimize background noise. Readings were done immediately after applying the dye as

well as after drying for 15 minutes to determine if the signal was higher.

5.4 Results - R6G

Figure 5.8 shows the SERS spectra for the different triton concentrations. The sample
that showed the highest signal was 0.05%. The spectral peaks at wave numbers of
approximately 600, 760, 1200, 1310, and 1510 cm™! are the well-known Raman peaks for
R6G. The wave number is the inverse of frequency values read by the CCD camera in

the spectrometer. The intensity is the number of photons counted at each frequency
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(wave number). The control sample, which is a gold-coated silicon wafer without virus

assembly and metal plating, showed no discernible SERS signal at the 100 uM

concentration.
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Figure 5.8: SERS spectra of R6G dye on gold plated virus surfaces

The averages of the spectra for wet and dry samples were graphed in Figure 5.9.
These results showed that there was a distinct difference in the SERS signals after the
evaporation of the water in the R6G sample. This is most likely due to the concentration

of the dye particles onto the gold surface and the proximity of the particles to the surface.
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Figure 5.9: SERS spectra averages of R6G dye on gold plated virus surfaces before and

after drying

Since the gold chip with no virus showed no SERS signal, it was used for the
enhancement factor tests. The raman spectroscopy signal was read using a high
concentration of R6G. The enhancement factor for the SERS samples was calculated
using the following equation:

non SERS molarity o SERS signal height
SERS molarity non SERS signal height

Enhancement factor =

Where the non-SERS molarity was the R6G concentration used on the plain gold chip (10
mM), and the SERS molarity was 100 uM. The SERS signal height was the highest
value for the intensity readings obtained with the 0.05% triton concentration samples and

the non-SERS signal height was 13. The enhancement factor calculated for these
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experiments was 10* with similar values seen across different areas of the chip. This is at
the lower level of EF from other research groups who have reported values of 10* — 10,
but could be increased with future studies optimizing the testing conditions as described
in the discussion in Section 5.7. The enhancement factors for each peak at that triton
concentration as well as the 1510 cm™ peak for all concentrations were calculated and
shown in Table 1. The results show that the enhancement factors are similar across
different peaks in the spectrum, which is expected for R6G dye. The enhancement
factors for the different triton concentrations range from 10-10*. The lowest corresponds

to the sample with the least number of viruses present on the surface,

Table 1. Enhancement factors for R6G on metal plated virus substrate

Wavenumber
Concentgggg 1510 1310 1200 760 600
0% | 10
0.05% 10% 10* 10* 10* 10*
0.075% | 10*
0.10% | 107
0.15% 10

Experiments were also performed to demonstrate homogeneity of the metal
coated virus surface. Low resolution SEM images were taken at three separate points
around the surface of the 0.5 cm® chip (at least 2 mm apart from each other) and are
shown in Figure 5.10. Although some agglomeration of the virus particles is shown in
the image, the overall density remains consistent throughout the chip. SERS results show

that the signal also remains consistent throughout the different areas of the chip. The

86



average number of virus particles for each image is 6.2, 6.2, and 6.9 per pm”. The SERS

signals also showed similar intensities at different points on the sample (Figure 5.11).

A it 00K S

Figure 5.10: Low resolution SEM images of metal plated virus substrate used for SERS

at different points on the 0.5 cm? surface showing homogeneity of the virus assembly
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Figure 5.11: SERS signal at different points around the metal plated virus surface

5.5 Research and Design Methods — Melamine

The gold plated virus surface with the highest SERS signal, 0.05% triton concentration,
was also used in experiments with Melamine as the analyte. For these experiments,
melamine was tested at concentrations of 50 uM, 500 uM, and 5 mM. 1.5 pL of each

solution was placed on the chips and allowed to dry prior to SERS testing.

5.6 Results — Melamine

Figure 5.12 shows the SERS spectra obtained from samples of melamine. Distinct peaks
can be seen at approximately wave number 700 cm™ at all three concentrations. The
enhancement factor calculated for melamine on the SERS substrates was 10°, showing a

SERS peak at concentrations as low as 50 mM. This EF is not as high as other studies
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using melamine as an analyte; however, it can be increased if the laser wavelength is

matched with the surface resonance frequency.
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Figure 5.12: SERS spectra for Melamine on gold plated virus surfaces

5.7 Discussion
The gold plated virus surfaces exhibited qualities of a SERS active substrate. To our
knowledge, these studies are the first time gold coated virus particles have been used for
SERS detection of chemical agents. We were successful in experimentally identifying
the fabrication protocol (surfactant concentration) that yielded the highest SERS signal.
Distinct peaks for R6G dye were seen at 3 picomoles on the 0.5 cm?” chips, with the

highest at 0.05% triton concentration. These results are consistent with what is expected
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for SERS surfaces due to the increase in photon activity that would occur at the points
where the virus rods intersect each other. This surface was also applied to melamine
detection as low as 50 uM, which corresponds to molecule number of 1.5 picomoles and
6 ppm. These surfaces are an improvement on previous SERS substrates because of their
uniform enhancement factor over large areas of the sample, due to the virus density
remaining consistent across the chip, rather than hotspots from colloid aggregation. The
level of detection of the metal coated virus substrates is low compared to others in the
literature; however the samples developed in these experiments are stable and do not
require a clean room for synthesis. Future studies should focus on investigating the
wavelength range for optimal excitation of these surfaces and applying the testing to
other targets. Since SERS enhancement is based on the resonance between the excitation
light and nanoparticle geometry, and the virus aggregates present a complicated

geometry, the resonance that best matches the surface should be used for the experiments.
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Conclusions

Through this research, it has been shown that virus particles can act as a template for
nanoscale patterning. The first set of experiments was developed to investigate the
assembly of a cysteine-modified tobacco virus onto a gold-doped polymer. The
microphase separation of the block copolymer and gold doping were evident in TEM
images; however, the virus lay across multiple blocks of the polymer and aggregated in
head-to-tail and side-by-side arrangements. Patterning could not be achieved using this
method since the size of the viruses was much greater than that of the length scale of
lamellar. The 2-dimensional molecular imprinting of virus particles onto the surface of a
hydrogel film was unsuccessful due to the brittle nature of the polymer gel when formed
into a thin film. Future studies could employ a polymer material that remains intact
during the thin film polymerization process.

The use of a surfactant during the virus assembly onto gold chips assisted the
patterning by creating various virus densities on the substrates. The increasing surfactant
levels showed decreasing number of virus particles on the chip surface. It was deduced
that this is due to the triton interfering with the assembly of the virus particles onto the
chip and with each other. The control experiments, which were performed using
wildtype virus on gold chips and silicon wafers, verified the need for the cysteine
modified virus and gold surface for virus attachment and metal plating. The TMVlcys
showed attachment to the silicon wafer after the metal plating; however, there were

multiple layers of virus (seen on the SEM image) which was likely the result of the virus
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interaction with other virus particles, and not the interaction with the surface. There
seemed to be no specificity of the virus rod ends to the silicon surface.

These surfaces could be used for biosensor, battery, and other nano applications.
One of the biosensor applications of these surfaces is SERS, which requires a substrate
with a roughened gold, silver, or copper surface in order for the highest signal
enhancement to occur. Our studies showed that the metal-coated virus substrates are
SERS active, with the ability to detect R6G and melamine at less than 100 pM
concentration. The substrate that corresponds to the highest signal possesses the most
number of intersection points between metal coated virus particles and the surface,
allowing high electromagnetic activity near the sample. The lowest signals were seen in
the two extremes of density values (highest and lowest) because the surfaces do not have
a roughness ideal for electron activity. The 0% triton level shows the viruses so densely
packed that the surface is nearly flat, and the 0.15% triton sample shows few viruses with
very low surface roughness. In order to obtain a lower detection level, the optimal
wavelength for plasmon resonance can be investigated for the samples with 0.05% triton.
This method can be a competitive alternative to current detection techniques due to its

durability, speed, and simplicity.
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Appendix

Pt-coating of TMV1cys Protocol (with viruses attached to gold surface)

Solutions: 0.1M MOPS

10.

0.05M K,PtCly

0.01M DMAB
Submerge a (cleaned) gold-plated surface in a solution of .1 mg/mL 1Cys TMV
overnight.
Remove surface from solution and place immediately, without rinsing, in 300uL
MOPS buffer on ice.
Add 10pL K,PtCly and mix thoroughly and gently by pipetting. Let sit on ice for 5
minutes.
Add 1uL DMAB and mix thoroughly and gently by pipetting. Let sit on ice for 5

minutes.

. Repeat steps 3 and 4 to a total of 10 times.

Add 10uL DMAB and mix thoroughly and gently by pipetting. Let sit on ice for 5
minutes.

Add 100pL K,PtCly and mix thoroughly and gently by pipetting. Let sit on ice for 5
minutes.

Add 100uL DMAB and mix very gently by pipetting. Let sit on ice for about 10
minutes.

Move surface to a new tube containing 300uL. MOPS and 100uL K,PtCl,.

Add 50pL DMAB and mix very gently by pipetting. Let sit on ice for about 10

minutes.
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11. Remove surface from solution and rinse with H20. Let dry.

Ni Plating Solution (2x):

Mix the following in a glass beaker (final concentrations: 0.1M metal salt and 0.5M

DMAB):

- 0.6g NiCl, (Nickel (IT) chloride) hexahydrate 99.9%, Sigma Aldrich

- 0.45g Glycine, tissue culture grade, Fisher Scientific

- 1.5g Sodium tetraborate, 99%, Sigma Aldrich

- 0.77g Dimethylamine borane (DMAB), 97%, Sigma Aldrich (add under fume hood)

- 25mL H,0 (added last)

1) Place solution mixture with a stir bar on a stirplate, covered with parafilm.

2) Periodically check pH and stop mixing with pH paper indicates the solution has
reached pH 7 (color will change from green to blue).

3) Remove supernatant, divide into microcentrifuge tubes and freeze at -20°C for

storage.

Pd solution:
0.01g Na,PdCly4

1.5mL Methanol
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Plating procedure for surface-attached TMV:

1)

2)
3)
4)
)

6)

7)

8)

Submerge a (cleaned) gold-plated surface in a solution of .1 mg/mL 1Cys TMV
overnight at 4°C.

Add 7pL Pd solution per 100uL. TMV solution and mix well.

Let sit for at least 30 minutes.

In a fresh tube mix 1 part Ni plating solution with 1 part water.

Transfer gold surface without rinsing or drying quickly to the plating solution.
The surface should begin darkening after about 4 or 5 minutes. Once the surface
is uniformly darkened, allow the plating reaction to continue for another 4-5
minutes.

Remove the surface from the plating solution and rinse thoroughly by submersion
in water.*

Remove and let dry.

*The plating quality can be verified by submersion into ethanol instead of water. If

coating is thin and/or noncontinuous, the surface will appear to lighten and mottle as

the ethanol destroys the exposed virus and dislodges the metal coating, exposing the

gold underneath.
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Au (gold) Plating Protocol - *Au is deposited onto Ni-coated 1Cys TMV.

Au Plating Bath (pH adjusted to 7.0-7.5):

0.007M KAu(CN),
1.4M NH,CI

0.2M Sodium citrate
IM NaH,PO,

Due to a lack of NH4CIl, sodium citrate, and sodium hypophosphite the more specific

protocol was followed.

Table 2. Gold plating protocol

Molarity added Volume added Final Molarity

KAU(CN), 0.1 M 70 uL 0.007 M
NH.CI:

- NH,OH ~85M ~164 uL ~1.4M

- HCI ~12M ~116 uL ~1.4M
Sodium Citrate:

- NaOH 2M 100 uL 02M

- Citric acid 2M 100 pL 02M
NaH,PO,:

- HsPO, 10 M 100 uL IM

- NaOH 10 M 100 uL IM
Water 250 pL

~1 mL Final Volume

*Volumes of NH4OH and HCI are approximate as slightly more or less was used to bring

the final pH of the solution to 7.0-7.5.
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