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ABSTRACT 

This work explores the development and application of chip-scale bioassays based 

on surface-enhanced Raman scattering (SERS) for high throughput and high sensitivity 

analysis of biomolecules. 

The size effect of gold nanoparticles on the intensity of SERS is first presented. A 

sandwich immunoassay was performed using Raman-labeled immunogold nanoparticles 

with various sizes. The SERS responses were correlated to particle densities, which were 

obtained by atomic force microscopy (AFM). The response of individual particles was also 

investigated using Raman-microscope and an array of gold islands on a silicon substrate. 

The location and the size of individual particles were mapped using AFM. 

The next study describes a low-level detection of Escherichia coli 0157:H7 and 

simulants of biological warfare agents in a sandwich immunoassay format using SERS 

labels, which have been termed Extrinsic Raman labels (ERLs). A new ERL scheme based 

on a mixed monolayer is also introduced. The mixed monolayer ERLs were created by 

covering the gold nanoparticles with a mixture of two thiolates, one thiolate for covalently 

binding antibody to the particle and the other thiolate for producing a strong Raman signal. 

An assay platform based on mixed self-assembled monolayers (SAMs) on gold is 

then presented. The mixed SAMs were prepared from dithiobis(succinimidy1 undecanoate) 

(DSU) to covalently bind antibodies on gold substrate and oligo(ethy1ene glycol)-terminated 

thiol to prevent nonspecific adsorption of antibodies. After the mixed SAMs surfaces, 

formed from various mole fraction of DSU were incubated with antibodies, AFM was used 

to image individual antibodies on the surface. 



viii 

The final study presents a collaborative work on the single molecule adsorption of 

YOYO-I labeled h-DNA at compositionally patterned SAMs using total internal reflection 

fluorescence microscopy. The role of solution pH, h-DNA concentration, and domain size 

was investigated. This work also revealed the potential importance of structural defects. 

' 
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CHAPTER 1. GENERAL INTRODUCTION 

Dissertation Organization 

This dissertation describes the development and application of surface-enhanced 

Raman scattering (SERS) based immunoassay biochips. A general introduction and 

overview of the research is presented in this chapter. The first two data chapters (Chapter 2 

and 3) describe efforts to develop biochips based on immunoassays using surface-enhanced 

Raman scattering (SERS). In Chapter 2, the size effect of gold nanoparticles on the SERS 

signal is studied. In Chapter 3, the detection of Escherichia coli (E. coli) 0157:H7 and 

simulants of biological warfare agents using SERS as sensitive and rapid method for 

biochip readout is presented. The last two data chapters (Chapter 4 and 5) explore the use of 

self-assembled monolayers (SAMs) in biochip development. In Chapter 4, an assay 

platform surface using a mixed monolayer is introduced, and in Chapter 5, the interactions 

and adsorption behavior of DNA on compositionally patterned SAMs is investigated as an 

approach to examine the nonspecific adsorption of biomolecules on solid surfaces. 

The first part of the general Introduction section describes SAMs and specific forms 

of SAMs that are used throughout the later data chapters, followed by general aspects and 

various types of immunoassay formats. The last part of the Introduction provides the basics 

of SERS via a brief overview of electromagnetic theory and then some of its more 

intriguing applications in biotechnology. 
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Self-assembled monolayers (SAMs) for biological studies 

The stability and the chemicalhiological variability of SAMs have led to their 

widespread use. There are many SAM systems, such as organoalkanethiolate on gold or 

silver, organosilicon on oxides, and carboxylic acid on metal oxides. Among them, SAMs 

on gold is the most studied experimentally and the~retically.l-~ Alkanethiolates are 

generally composed of three regions: a sulfur head group, a polymethylene or aromatic 

spacer group, and an end or terminal group (Figure 1). Thiols chemisorb to gold via the 

sulfur head group while the alkyl chain provides additional stability from interchain van der 

Waals or z-n stacking forces, leading to well-ordered 2D structures. The surface 

characteristics of SAMs are typically controlled by the end group functionality, which can 

be readily varied synthetically. Because of the ability to modify its surface in one simple 

step, SAMs on gold have been widely used as a model of bio-surfaces as well as platform 

for sensor construction. In this part of the Introduction, four of the SAM systems often used 

in those applications are discussed. 

Covalent coupling of biomolecules on S A M s .  The immobilization of 

biomolecules (bioimmobilization) such as antibodies onto solid surface provides an 

excellent approach to optical and electrochemical sensing. Immobilization can be achieved 

by physical adsorption, covalent binding, entrapment in membranes, and 

microencapsulation into polymers and hydrogek6 Among them, stable covalent coupling 

not only allows use of the harsh washing steps in immunoassays, but also results in an 

increased operational stability. Covalent binding methods with SAMs have employed 

various end group hctionalities (e.g., su~c in imidy l~~~  and photoactive  group^'^). 
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Figure 1. Idealized representation of self-assembled alkanethiolate monolayer on gold. 
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In this dissertation, covalent coupling is based on SAMs with a succinimidyl 

functional group and is applied not only for immobilization of antibodies on flat gold 

substrates but also on gold nanoparticles. SAMs formed from 

dithiobis(succinimidy1undecanoate) (DSU) have been utilized to immobilize a wide variety 

of biomolecules such as and enzymes? This dissertation has made exclusive 

use of SAMs formed from dithiobis(succinimidy1propionate) (DSP) and 

dithiobis(succinimidy1nitrobenzoate) (DSNB), as well as DSU. The succinimidyl end group 

readily reacts with primary amines in proteins by nucleophilic attack. This reaction forms 

an amide linkage, resulting in covalent binding of the protein onto the SAM and therefore to 

gold. 

S A M s  that resist protein binding. Preventing the nonspecific adsorption of 

biomolecules is critical in many areas of biotechnology such as biomaterials,” tissue 

engineering,I4-l6 drug 

resists protein adsorption is poly(ethy1ene glycol) (PEG). The mechanism for PEG to resist 

and biosensors.” The most well known surface that 

protein adsorption is explained by “conformational freedom 77 . 20-24 Pale-Grosdemange et al. 

explored this idea further by introducing SAMs that present short oligomers of EG, or 

oligo(ethy1ene golycol) (OEG), where EGn, n=3-6, on gold.” Thereafter, a host of 

experimental and theoretical3033’ studies have shown these compounds to be effective for 

resisting the nonspecific adsorption of proteins. While the mechanism by which PEG resists 

protein adsorption has been detailed extensively, that for OEG is not fully understood. 

Protein resistance of PEG via “conformation freedom” can be explained by a water barrier 

mechanism. 

26-29 

32-34 Water molecules tightly bound at PEG interface form a physical barrier 
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that prevents contact between the protein and the surface. OEG forms a compact monolayer, 

which restricts conformational freedom. 

Grunze et al. used a steric repulsion model to compare the mechanism of protein 

adsorption on OEG SAMs to that of PEG in order to determine how the conformations 

affect the ability to prevent protein ad~orption.~’ They found that EG30Me exists in 

different forms when assembled on gold and silver. The OEG moiety formed all trans 

conformations when adsorbed on silver, but formed helical structure on gold. Interestingly, 

the EG30Me-SAM on gold prevented fibrinogen adsorption, but not when adsorbed on 

silver. They hypothesized the uptake of water into the interior of the adlayer by the OEG 

moieties is central to the ability to resist protein adsorption and that the greater the solvation 

of the adlayer, the greater the ability to resist protein adsorption. Shortly thereafter, a sum 

kequency generation study in the Grunze Laboratory showed that the structural order in 

EG30Me SAMs is affected by presence of water solvent.36 Monte Carlo simulations by 

Pertsin et al. confirmed that a significant number of water molecules can penetrate into the 

helical-SAM formed on a gold surface, which induces a conformational disordering of the 

SAM due to the oxygen atoms which induces a hydrogen bonding with the water molecules. 

On the other hand, the trans-SAM on silver was much more resistant to the penetration of 

water. Finally, an ab initio calculation also demonstrated that the incorporation of water 

molecules is favorable in helical SAMs and unfavorable in the all-trans SAMs. 32,37,38 

Although the origin of protein resistance is not fully understood, other surfaces394’ 

have been explored and showed an ability to resist protein adsorption. The functional 

groups studied include zwitterioni~->~’~~ galactose-, 44 tnprophylene . sulfoxide->5 maltose- 

terminatedz6 SAMs and mannitol groups.46 At present, however, there is no all 
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encompassing theory that describes these observations. 

Mixed S A M s .  Mixed SAMs serve as an experimental system to study interactions 

of biomolecules with surfaces by tailoring the surface chemical and structural properties. 

They can also provide means to control gradients of composition, which can also be of 

value in studies of biomolecules adsorption and manipulation. Mixed SAMs can be formed 

by co-adsorption from thiol or disulfide mixtures, or by adsorption of asymmetric disulfides. 

Studies show that the homogeneity and preferential adsorption of these precursors can be 

affected by chain length, head group, tail group, and When two components 

with different chain lengths were used, the mixed monolayer phase segregated due to a 

thermodynamically controlled process. In ethanol, the favorable adsorption of one 

component over the other was controlled by solubility and ability to form intra-monolayer 

hydrogen bonds.47 In a Monte Carlo simulation, Shevade et al. found that the mixed 

monolayer exhibits phase segregation when the chain length difference was more than three 

carbon atoms, with the longer chain component showing preferential ad~orpt ion .~~ 

A more interesting form of mixed monolayer can be formed when EG30Me is 

mixed with a SAM that can bind biomolecules. This type of mixed monolayer provides a 

system that can control the surface density of biomolecules, while minimizing protein 

nonspecific adsorption. In Chapter 2, mixed monolayers formed from EG30Me and DSU 

are studied as a route to control the surface density of anti-prostate specific antigen. 

Patterned S A M s .  Patterned SAMs have multiple components in predetermined 

spatial locations. Importantly, patterned SAMs can be used to control the spatial 

positioning and lateral distribution of protein, DNA, and cells, which are important in 

biology, bioengineering, and biochemical purposes. The patteming can be achieved 13,50-52 
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by the spatially selective removal of particular SAMs, placement of SAMs, or reaction of 

SAMs. 

SAMs can be patterned by soft lithography (microcontact printing), 

photolithography, or scanning probe lithography (SPL). Since Whitesides et al. introduced 

soft lithography, there have been studies utilizing this technique to construct two 

dimensional features at the nanometer to micrometer scales. This method uses 50,53-55 

elastomeric polymers such as polydimethylsiloxane (PDMS) to function as stamps. A 

PDMS stamp is first immersed in an alkanethiol solution and dried. The stamp is then 

gently pressed onto a gold substrate, with the inked thiols are transferred from the stamp. 

Then, the non-patterned (ie., uncoated) areas can be filled with a second component by its 

adsorption from solution. The method is rapid and cost-effective. The patterned SAMs 

produced by this method are as stable as those formed from solution. 

Patterning SAMs with W irradiation uses photograpkc masks.56 This method is 

utilized in formation of compositionally patterned SAMs to study the adsorption behavior of 

DNA at the liquid-solid interface (Chapter 3). When SAMs on gold are exposed to UV 

radiation, they are photooxidized by ozone to form oxidized sulfur groups, which can be 

easily removed with water or other mild solvents. By immersing the SAMs in the 

second-component thiol solution, compositionally patterned substrates are prepared. In 

Chapter 3, transmission electron microscopy (TEM) grids are used as photomasks. 

SPL patterns SAMs by atomic force microscopy (AFM) or scanning tunneling 

microscopy (STM). In these techniques, the tip can act as a “pen” to “write” patterns on the 

surface.57258 Mirkin et al. developed a new technique called dip-pen nanolithography, which 
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is a type of SPL.59-6’ Alkanethiol molecules are transferred by AFM tip via capillary action 

between the tip and sample. 

Immunoassays 

Immunoassays are a type of analytical method that utilizes antibodies as analytical 

reagents for the specific recognition of analytes (antigen), often b i o m o l e c ~ l e s . ~ ~ ~ ~ ~  A small 

portion of the antigen surface, the epitope, can bind to the recognition site, a paratope, on 

the complementary antibody. Based on X-ray diffraction, the molecular interaction between 

epitope and paratope takes 15-22 amino acid residues of the epitope, with a surface area of 

about 700-900 8, . These residues are often arranged in a discontinuous configuration, 

indicating the importance of tertiary structure. The attraction forces between paratope and 

epitope are from hydrophobic, electrostatic interactions, van der Waals, and hydrogen bonds. 

2 64,65 

Immunoassays find wide applications in many areas such as clinical science,66-68 

environmental ana ly~ i s ,6~ .~~  and food ind~stry.~’.~’ A major development in these fields is 

the use of immunosensors based on heterogeneous immunoassays, including surface 

plasmon resonance (SPR), enzyme-linked immunosorbent assay (ELISA), and fluorescence 

based immunoassay. 

ELISA is by far the most widely used immunoassay method and has become an 

ELISA utilizes enzymes as a signal amplifying method. Typical 74-84 industry standard. 

assay procedures involve capture of target analytes into culture wells followed by 

incubation with antibody. Then, a secondary antibody tagged with enzyme is added to each 

well. The activity of the enzyme is measured by various methods such as colorimetry and 
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fluorometry, depending upon the type of enzyme. Horseradish peroxidase (HRP) is the 

most common enzyme label due to its colorimetric sensitivity. 

In fluorescence-based immunoassays, the detection antibody is labeled with 

fluorescent molecules. The most widely used fluorophores are fluorescein, rhodamine, and 

umbelliferone derivatives. 

Stoke’s shift and umbelliferones have a low quantum yield and short emission wavelengths. 

Time-resolved fluorescence based assays utilize probes with chelates (such as europium 

ion) with lifetimes much longer than that of other fluorophores to minimize the interference 

from background fluorescence. 

limitations of fluorescence such as light scattering and quenching, which reduces sensitivity 

dramatically. Also, contamination of enhancement reagent with europium ion in the 

environment is problematic. 

85-88 However, fluorescein and rhodamine show only a small 

89-99 However, this method still suffers from the general 

Immunoassay methods without labels, such as SPR, provide simple and rapid assays, 

and detection limits of to 

successful commercializations of SPR immunosensors. SPR detects changes in the 

refractive index of a material supported on a thin metal film. The oscillation of electron 

clouds (surface plasmon) absorbs the evanescent field generated by total internal reflection. 

The total internal reflection light intensity is plotted as a function of incidence angle and this 

plot produces a profile with a sharp dip at the angle that generates a resonant condition. 

When molecules bind on the metal surface, the refractive index changes and shifts the angle 

of minimum reflection intensity. SPR-based immunosensors show promise especially in the 

real-time determination of concentration, lanetic constant, and binding specificity of 

M have been reported. 94-103 There have been several 
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biomolecules. However, it suffers kom interference by changes in the rekactive index or 

temperature. 

Our immunoassay, which will be introduced in Chapter 2 and 3, is a sandwich type 

immunoassay. It uses a novel labeling scheme based on surface-enhanced Raman scattering 

(SERS). SERS shows large scattering enhancements from molecules adsorbed on 

nanometrically rough metal structures. In our detection scheme, gold nanoparticles are used 

as the enhancing medium. Gold nanoparticles modified with Raman reporter molecules and 

antibodies exhibit strong, biospecific Raman signals. Since, Raman bands are much 

narrower than those of fluorescence, these Raman labeled immunogold particles, also called 

extrinsic Raman labels (Ems), have a strong potential for multiplexing. Chapter 3 

describes the use of ERLs in the detection of biological warfare agents and E.coZi 0157:H7. 

Also, an alternative design of ERL is introduced. 

Surface-Enhanced Raman scattering 

When the strong Raman signal of pyridine adsorbed on roughened silver electrode 

surfaces was first observed, Fleishmann et al. attributed this signal to the increased surface 

area due to a roughening process.'04 However, Jeanmire and Van Duyne'05 and Albrecht 

and Creighton'06 later independently discovered that the strong Raman signal could not be 

explained simply by an increase in surface area increasing the number of scatterers. 

Jeanmire and Van Duyne proposed an electric field enhancement mechanism. Since its 

discovery, there have been a large number of studies aimed at understanding and explaining 

the phenomenon. It is generally agreed that SERS enhancement is largely due to 

electromagnetic (EM) enhancement. In EM enhancement theory, upon irradiation, free 
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electrons in a roughened metal or a particulate absorb the radiation and oscillate with a 

resonance frequency determined by the dielectric function of the metal, Le., the surface 

plasmon resonance. In this resonance condition, the incident field is greatly increased. In 

SERS, not only there is an enhancement in this incident field but also an enhancement in the 

scattered field in shifted frequency (Raman frequency) due to the presence of the metal 

substrate. 

There are many versions of EM theory with different levels of sophistication. 

Models have been developed to treat spheres, spheroidal particles, interacting spheres, 

hemispheres and gratings. The simplest model is isolated spherical particles.i07 So, let us 

consider the isolated spheroidal metal particle coated with Raman scattering molecules. 

When the particle is irradiated with incident field E, at frequency 00, three different types of 

fields are generated. Those are Lorenz-Mie scattering by the particle (ELM), Raman 

scattering by the adsorbed molecule   ED^), and the field that results from scattering of 

Raman radiation by the particle (Esc). The Lorenz-Mie scattering (ELM) can be calculated 

using Lorenz-Mie theory.  ED^ is proportional to E, and ELM. Esc is more complex and must 

be computed by solving the appropriate boundary value problem at the Raman frequency 

The enhancement factor G at the surface of the particle is given by, 

G E  (lEp21)/Eiz x (IER21)/Ei2= 5 I 1+2g0+2g+4gg0 I ’ (1) 

where (IEP21) is mean square field intensity from Ei and and ELM, and E is the mean 

square field intensity from EDIP and Esc, respectively. The values g and go are (~-1)/(~+2) 

evaluated at o and wg, respectively and correspond to enhancements of the local fields at 

(I :I) 
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each frequency (w and wo). When real part of dielectric function ( E )  approaches -2 (resonant 

condition), the above equation is dominated by the gg, term and the enhancement factor 

becomes, 

G=80 I gg, I (2) 

When the frequency shift is small, then g - go, and the overall enhancement 

increases roughly as fourth power of the enhancement in the local incident field. Therefore, 

a small increase in the local field can generate large enhancements in Raman scattering. 

The maximum calculated values of EM enhancement for isolated spheroidal silver and gold 

particles are on the order of lo6-10 . 
because the resonance condition is satisfied at the visible frequencies widely used in Raman 

spectroscopy. 

The coinage metals are useful SERS substrates 7 109,110 

Schatz and co-workers calculated the peak value for G (optimized with respect to 

wavelength) vs. radius (semi major axis for spheroidal particles) and showed that for gold 

particles smaller than 150 nm, R increases as the size of the particle increases.II0 They also 

calculated the wavelength at which the maximum in G occurs as a function of radius and 

found that the optimum wavelength increases as the radius increases. 

The simple model above qualitatively explains most of the experimental 

observations. There have been works concerned with different model systems such as two 

However, more coupled particles,"' and many coupled particles and gratings. 112-114 

improvements are still required on matching the surface modeled and that experimentally 
I 

tested. 

Research efforts continue to explore the applicability of SERS for the very low-level 

detection of a variety of bioanalytes and the real-time monitoring of the movement of 
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With very different biological molecules such as neurotransmitters and cytochrome c. 

narrow spectral bands and high sensitivity, SERS has potential to be used as a nearly perfect 

read-out method for the labels in immunoassays. In an earlier application of SERS in 

immunoassay, Rohr et al. detected thyroid-stimulating hormone (TSH) by performing a 

sandwich immunoassay on silver film.”8 A silver film coated with anti-TSH captured TSH, 

then the detection anti-TSH labeled with resonance dyep-dimethylaminoazobenzene was 

added. When the detection anti-TSH was bound on the TSH, the resonance SERS signal 

was observed. Another immunoassay based on SERS was introduced by our research 

group.”’ The immunoassay utilized colloidal gold as the SERS-active material. Gold 

particles are labeled with both organic Raman reporter molecules and antibodies. By 

covering gold particles with different combinations of antibodies and Raman labels, Ni et al. 

reported simultaneous detection of rabbit and rat IgG molecules.”’ Later, using a different 

design of Raman labeled immunogold nanoparticles, femtomolar detection of free-prostate 

specific antigenI2’ and low level detection of virus were reported.12’ Dou et al. introduced 

an enzyme immunoassay for mouse IgG using SERS of the enzyme reaction product.’22 

When a secondary antibody labeled with peroxidase was reacted with o-phenylenediamine, 

azoaniline was produced. The product is adsorbed on colloidal silver particles generating a 

SERS spectrum. The detection of an enzymatic product was also demonstrated for the 

membrane bound enzymes in cells.’23 

115-117 

While the most exciting aspect in biological applications is trace analytical 

capabilities, SERS still suffers from lack of reproducibility, mainly originating from the fact 

that the label must be bound to a SERS active substrate. This weakness in reproducibility 

originates from the irreproducibility in consistently creating SERS active substrates. The 
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efforts to create SERS substrates with higher reproducibility include self assembly of gold 

colloids'24 and high quality metal films.'*' Overall, with its excellent features such as 

photostability and narrow spectral bands, SERS has a bright future in the analytical arena as 

the reproducibility can be improved as developments in nanotechnology provide better 

control on SERS active materials. Moreover, instrumental advances in the size, efficiency 

in spectrometers, and charge-coupled devices promise to further development of 

SERS-based applications. 

Dissertation Overview 

Chapter 2 is a study of the effect of the size of gold particles on SERS intensity. 

Two different systems are employed. In one system, the average SERS intensity was 

obtained by combining AFM particle counts and SERS measurements on assay substrates. 

In the second system, the SERS signal from individual particles was recorded for particles 

with different sizes. 

Chapter 3 shows the application of E m s  in the detection of the pathogen E. coli 

0157:H7 and simulants ofbiological warfare (BW) agents. 

Chapter 4 presents the study antibody immobilization on a mixed monolayer system. 

The effect of solution composition ratio on the protein coverage is studied using atomic 

force microscopy. 

Chapter 5 investigates the non-specific interaction of DNA with compositionally 

patterned SAMs. The effect of solution pH, topography, and surface heterogeneity on the 

adsorption of DNA is discussed. 
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CHAPTER 2. SINGLE PARTICLE RAMAN MEASUREMENTS OF GOLD 
NANOPARTICLES USED IN SURFACE-ENHANCED RAMAN SCATTERING 

(SERS)-BASED SANDWICH IMMUNOASSAYS 

A paper published in Proceedings of SPIE-Nanosensing: Materials and Devices' 

Hye-Young Park: Robert J. Lipert,2.3 and Marc D. Porte?,3 

Abstract 

The effect of particle size on the intensity of surface-enhanced Raman scattering 

(SERS) using labeled gold nanoparticles has been investigated. Two sets of experiments 

were performed, both of which employed 632.8-nm laser excitation. The first entailed a 

sandwich immunoassay in which an antibody coupled to a smooth gold substrate selectively 

captured fi-ee-prostate specific antigen (f-PSA) from buffered aqueous solutions. The 

presence of captured f-PSA was then detected by the response of Raman-labeled immunogold 

nanoparticles with nominal diameters of 30,40,50,60, or 80 nm. The resulting SERS 

responses were correlated to particle densities, which were determined by atomic force 

microscopy, by calculating the average response per particle after accounting for differences 

in particle surface area. This analysis showed that the magnitude of the SERS response 

increased with increasing particle size. The second set of experiments examined the response 

of individual nanoparticles. These experiments differed in that the labeled nanoparticles were 
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coupled to the smooth gold substrate by an amine-terminated thiolate, yielding a much 

smaller average separation between the particles and substrate. The results revealed that 

particles with a diameter of -70 nm exhibited the largest enhancement. The origin of the 

difference in the two sets of findings, which is attributed to the distance dependence of the 

plasmon coupling between the nanoparticles and underlying substrate, is briefly discussed. 

Keywords: surface-enhanced Raman scattering (SERS), gold, nanoparticles, size, 

atomic force microscopy (AFM), self-assembled monolayer 

Introduction 

Our laboratory recently reported on the use of surface-enhanced Raman scattering 

(SERS) in sandwich-based immunoassays employing labeled gold nanoparticles.'22 

Paralleling recent developments in the application of SERS in biodiagnostics,3-8 femtomolar 

detection of free-prostate specific antigen (f-PSA) in spiked human serum samples was 

achieved by modifying 30-nm gold nanoparticles with extrinsic Raman labels (ERLs) and 

anti-f-PSA antibodies. The ERLs were formed by employing dithiobis succinimidyl 

nitrobenzoate (DSNB) as a bifunctional ligand to covalently couple anti-f-PSA antibodies to 

the gold particle surface and to provide a distinctive Raman spectrum for detection of the 

binding of f-PSA to a capture smooth gold films modified with anti-f-PSA. Gold 

nanoparticles were chosen as the enhancing substrate to facilitate excitation with 632.8-nm 

laser light, thereby minimizing the fluorescent background that can arise from shorter 

wavelength excitation of biological media. 

The SERS effect for noble metal particles having a sub-wavelength size (i.e., 

nanoparticles) originates to a large extent from an amplification of the electromagnetic field 
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upon irradiation due to excitation of the plasmon resonance. Interestingly, the plasmon 

resonance is stronglyparticle size and shape dependent, which in turn results in characteristic 

UV-vis absorption spectra. Current theory predicts that SERS enhancements increase with 

increasing particle size as a result of the electric field enhan~ement.~ However, recent 

experimental studies at the individual particle level show a strong discrepancy with respect to 

theoretical expectations. Emory et ai. studied the size and shape dependence of enhancement 

by identifymg SERS active silver nanoparticles by the filtration of heterogeneous mixtures of 

silver colloids. The results showed that the most active particles were collected in the 

80-100 nm fraction.” Krug et al. found that gold nanoparticles with a 63 (i 3) nm diameter 

have an unexpectedly large enhancement at an excitation wavelength of 647 nm. In both 

cases, the discrepancy between theory and experiments was amibuted to the presence of 

facets on the particle surface, which may act as locations of sharp surface asperity with 

unusually large electric field enhancements andor as sites active for charge-transfer based 

enhancements.” In adopting a different tactic, Freeman et al. examined the effect of the size 

of gold nanoparticle aggregates on SERS intensities. The results showed that aggregate sizes 

less than 200 nm gave highest SERS intensities. These experiments also revealed that the 

size of the particles that form the aggregates played a key role in the magnitude of 

enhancement. ’’ 
These reports indicate the need for an assessment of the effect of particle size and 

aggregation on the response observed in our SERS-based immunoassays, noting that changes 

in particle size can have several differing effects on the assay. Size alters the frequency of the 

plasmon resonance, which has an impact on the optimal excitation wavelength. Size also 

changes the number of DSNB labels coated on an individual particle. Moreover, size has a 
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direct impact on the time required for the labeled particles to bind to the captured antibody 

and on the stability of the colloidal solution with respect to particle precipitation. As a 

consequence, assay optimization reflects a compromise between maximization of SERS 

enhancement, the number of labels bound to a particle, and particle stability, and 

minimization of incubation time. 

In this paper, the effect of using different sizes of gold nanoparticles in our ERL-based 

detection scheme is investigated. Our previous study reported a notable variability in signal 

across the sandwich assay surface, which was attributed to particle aggregation and/or to a 

few particles exhibiting anomalously large enhan~ements. '~' '~ While these "hot spots" were 

omitted from our analysis of the assay results, an understanding of their origin is of both 

fimdamental and technological importance. The experiments described herein were therefore 

designed to examine enhancements in the absence of particle aggregation as well as to begin 

an assessment of contributions from plasmon resonance coupling between the particles and 

underlying gold substrates. Two sets of experiments were performed, both of which 

employed 632.8-nm laser excitation. The frst  set of experiments involved the 

aforementioned sandwich immunoassay in which (1) immobilized anti-PSA selectively 

bound f-PSA from buffered aqueous solutions, and (2) captured f-PSA was detected by the 

response of Raman-labeled immunogold nanoparticles with nominal diameters of 30,40,50, 

60, and 80 nm. The second set of experiments examined the response of individual 

nanoparticles. These experiments, however, differed in that the labeled nanoparticles were 

coupled to the underlying smooth gold substrate by an amine-terminated thiolate, yielding a 

much smaller separation between particle and substrate. The findings of these experiments 

are discussed, with the differences in the two sets of results in light of theoretical 
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considerations of the distance dependence of the plasmon coupling between the nanoparticle 

and underlying substrate. 

Experimental Section 

Reagents. Gold nanoparticles with differing diameters (30,40, 50, 60, and 80 nm) 

and respective concentrations (2.0 x lo”, 9.0 x lo”, 4.5 x lo”, 2.6 x lo”, and 1.1 x 10” 

particledml) were purchased from Ted Pella. The cited particle sizes and concentrations are 

vendor specifications. Capture anti-human f-PSA, f-PSA and detection anti-human PSA 

were purchased from BiosPacific. Tween 80, bovine serum albumin (BSA), 

aminoethanethiol (AET), and octadecanethiol (ODT) were purchased from Sigma-Aldrich. 

Dithiobis (succinimidyl undecanoate) (DSU) and dithiobis (succinimidyl nitrobenzoate) 

(DSNB) were synthesized according to a slight modification’ of a literature pro~edure.’~,’~ 

Photoresists 1813, lift-off resist, and AZ developer were purchased fiom Shipley. Deionized 

water (1 8 MR), purified with a Millipore system, was used in the preparation of all aqueous 

solutions. 

Substrate preparation. For the f-PSA assay study, a smooth gold film was used as 

the capture substrate. These substrates were prepared by the deposition of 300 nm of gold 

onto cleaned glass slides (size of 0.8 x 1.5 cm) that were previously coated with a 15-nm 

chromium adhesion layer. The assay area was defined by using a poly(dimethylsi1oxane) 

stamp coated with ODT.” 

For the single nanoparticle SERS measurements, patterned gold films on a silicon 

wafer were prepared to create addresses that facilitated the identification of individual 

particles. These substrates were prepared by first sonicating a silicon(ll1) wafer in hexane, 
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acetone, and methanol (30 min in each), which were then dried under a stream of purified 

nitrogen gas. Patterns were then prepared via lift-off methodology. First, the silicon surfaces 

were dehydrated on a hot plate at 200 “C for 5 min and then coated with lift-off resist by 

spin-coating at 4,000 rpm for 30 s. Next, the coated substrate was prebaked at 160 “C for 30 

min, coated with photoresist 1813 at 4,000 rpm for 30 s, and soft baked at 115 “C for 5 min. 

These samples were patterned by using a transmission electron microscopy grid (800-mesh 

with 22.5 pm-hole width and 11 pm-bar width) as a photomask. The photomask was placed 

on the substrate and exposed to UV light (275 W Hg lamp) at 365 nm for 15 s. The exposed 

resin was then removed by using AZ photoresist developer. This process leaves grid-like 

patterns of photoresist with -20 by 20 pm “addresses” of exposed silicon that are separated 

by -10 pm-wide lines of photoresist. These samples were next coated with a 15-nm 

chromium adhesion layer, followed by a 300-nm gold film. The remaining photoresist was 

removed by sonication in acetone. This process yields an array of square-shaped gold 

addresses on the silicon wafer. The patterned substrate was then cleaned in methanol, dried 

with nitrogen gas, and immersed in 1 mM of AET in ethanol for 24 h. The substrates were 

thoroughly rinsed with ethanol and dried under a stream of nitrogen gas. These substrates 

were then immersed for -12 h directly into a solution of DSNB-labeled gold nanoparticles, 

prepared as described below. 

Preparation of capture surface and Raman-labeled immunogold particles. 

Capture anti-f-PSA was immobilized on gold-coated glass substrates via the linker 

molecule DSU. A monolayer of the corresponding thiolate of this linker was prepared by 

immersing the gold substrates in a 1 mM ethanolic solution of DSU for 24 h and then rinsing 

with ethanol and drylng under a stream of high purity nitrogen gas. For antibody 
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immobilization, 35 pL of 100 pg/mL of anti-PSA in 50 mM borate buffer @H 9.0) was 

pipetted on the DSU-based monolayer and allowed to react for 12 h. The succinimidyl group, 

positioned at the terminus of the monolayer formed from DSU, reacts with amine groups of 

anti-f-PSA to form an amide linkage, which covalently tethers anti-f-PSA to the organic 

adlayer. 

Tween 80. 

After incubation, the substrates were rinsed in 25 mM borate buffer with 1% 15,18,19 

To prepare labeled immunogold, as-received gold nanoparticles were centrifuged and 

resuspended in 2 mM borate buffer (PH 9.0) that contained 1% Tween 80. The particles were 

then coated with a Raman scatterer by adding 100 pL of 1 mM DSNB in acetonitrile to 1 mL 

of the particle solution, which was reacted at room temperature for -12 h. The mixture was 

centrifuged at 2,000 g and resuspended in 2 mM borate buffer three times to remove 

unreacted DSNB. The next step added 23 pg of detection anti-PSA to the reaction vessel, 

with the mixture incubated overnight. After three repetitive cycles of centrifugation at 

2,000 g and resuspension, the particles were resuspended in 2 mM tris buffer (PH 7.4) that 

contained 1% BSA. We note that the particles used in the characterization of isolated 

nanoparticles (i.e., those coupled to the AET-modified gold films) were only coated with 

DSNB. 

Assay protocol. The sandwich immunoassay for f-PSA was performed as previously 

described.'x2 Briefly, after blocking with 1% BSA in 50 mM borate buffer, the capture 

surfaces were exposed to phosphate buffer solutions (PH 7.5) containing various 

concentrations of f-PSA (1,10,100 ng/mL). Bound f-PSA was then detected by exposing the 

sample to the immunogold reagent for 12 h. After rinsing the substrates to remove excess 

particles, the samples were characterized by SERS and atomic force microscopy (AFM). 
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Nanoparticles larger than 80 nm were not characterized because sedimentation occurred on a 

time scale shorter than the incubation times employed. 

SERS. Raman spectra for the sandwich immunoassays were collected using a 

fiber-optic-based Raman system, the NanoRaman I from NanoRaman Instruments.2 The 

system is equipped with CCD (Kodak 0401 E) which is thermoelectrically cooled to 0 "C and 

a Czemy-Tumer imaging spectrometer v72.0). The power incident on the sample from a 

HeNe laser (632.8 nm) was 30 mW (390 pm2 spot size). 

For the characterization of single nanoparticle responses, a SERS-microscope was 

assembled by combining an optical microscope (Olympus BH-2) and spectrograph 

(SpectraPro, 300i, Acton Research Corp.) equipped with Liquid nitrogen cooled-CCD 

(LNKCD-1 100PB, Princeton Instruments). The CCD and spectrograph were controlled by 

computer interface (ST-133 controller, Princeton Instruments). The light source was HeNe 

laser (632.8 nm) with output power of 7.4 mW. The incident power on sample was 0.4 mW. 

A microscope objective with a lOOx magnification and numerical aperture of 0.95 was used to 

obtain the optical micrographs and to collect the Raman signal fiom individual particles. This 

configuration provides a laser beam focused to a 1.2-pm diameter spot on the sample surface. 

AFM. All particle images on the PSA assay substrates were obtained in 

TappingModeTM under ambient conditions using a Multimode NanoScope III AFM from 

Digital Instruments that was equipped with a 125-pm tube scanner. The tips were silicon 

TESP probes (Nanosensors) with resonance frequencies between 298 and 365 k Hz. 

Histograms were generated by exporting the data from the particle size analysis software 

resident on the AFM. For single nanoparticle studies, a Dimension 3000 AFM from Digital 
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Instruments equipped with an optical microscope was used to locate, focus, and image the 

surface regions of interest. 

Results and Discussion 

Characterization of the size-dependent response for gold nanoparticles in a 

sandwich immunoadsorbent assay. SERS spectra and AFM images were collected on five 

different locations on each sample as a fimction of particle size (30,40, 50, 60, and 80 nm) 

and f-PSA concentration (100, 10, and 1 ng/mL). Figs. 1A , B show representative SERS 

spectra that were obtained from these samples with the 60-nm and 40-nm Raman-labeled 

immunogold particles, respectively. Three important inferences can be drawn from these 

data. First, bands diagnostic of the DSNB-labeled particles (e.g., the symmetric nitro stretch 

at 1335 cm-' and an aromatic ring stretching mode at 1566 cm-')*O are present in both sets of 

data. Second, the changes in the magnitude of the bands track with the differences in f-PSA 

levels. Third, the responses of the assays that used the 60-nm gold particles are much greater 

than those for the corresponding assays carried out with the 40-nm gold particles. These 

results are consistent with the design of our sandwich-based assay. Moreover, the differences 

in the magnitude of the responses for the 60- and 40-nm gold particles are qualitatively 

consistent with the dependence of position of the plasmon resonance on particle size." 

Correlations of the response magnitude and particle size also entailed sample 

characterization with AFM. Fig. 2 presents a portion of these findings by showing a set of 

AFM images (19.7 x 19.7 pm) for the samples used in the assays with the 60-nm (Figs. 2A-C) 

and 40-nm (Figs. 2D-F) gold particles. The AFM image area was set to approximately the 

size as the focused laser spot, but do not represent the same areas in which SERS 
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measurements were made. The results show that (1) the number of particles presented in the 

image increases, as expected, with the increase in f-PSA concentration; (2) the sizes of the 

particles are close to those specified by the vendor; and (3) the majority of the particles are not 

aggregated. With respect to the latter, only 2-5 particle clusters were observed for every 100 

particles, with clusters generally composed of less than five particles. We did not find 

evidence for a correlation between aggregation and particle size. Moreover, these images 

indicate that the spectra in Fig. 1 and for all other samples reflect enhancements primarily 

from isolated particles and not aggregates. 

Fig. 3 shows a series of representative histograms generated from AFM images of the 

f-PSA capture surfaces following assays for 100 ng/mL f-PSA using different sized gold 

particles. Particle counts were collected from five different locations on each sample and 

averaged. The number of particles for each AFM image was obtained using particle analysis 

software provided with the AFM by setting the counting threshold just above that of the 

roughness of the underlying film. For 30-nm particles, there was no clear gap between the 

background and particle height distribution. Particle analysis for the 30-nm particles was 

performed based on the assumption that the peak profile is symmetric. 

Table 1 shows the particle analysis results. In general, the AFM-determined particle 

sizes were close to those specified by the vendor. The largest relative differences occurred 

with the 40 and 50-nm particles, which were both more than 10% smaller than as specified. 

We used the AFM-determined sizes in the calculations of the size and surface area 

dependence of the SERS signal. 

Table 2 summarizes the SERS and AFM data. It lists the SERS intensity in counts/s 

for the symmetric nitro stretch of DSNB, the number of particles from the AFM images, and 
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the SERS intensity in counts/particle/s. Tp account for the fact that the number of labels per 

particle is dependent on the particle size, Table 2 also provides the response after accounting 

for particle surface area. The surface area of the particles is based on the average particle size, 

assuming all particles were spherically shaped. The data in Table 2 show the following trends. 

First, as the particle size increases, the SERS intensity tends to increase for all f-PSA 

concentrations. The particle counting results also show that the increase in SERS intensity is 

not solely due to an increase in the number of captured particles. By normalizing the SERS 

intensity to the number ofparticles in each assay, it is seen that the SERS intensity per particle 

also increases as the particle size increases. Furthermore, by normalizing the data to particle 

surface area, which accounts for differences in the total number of scatterers, the signal is still 

observed to increase with increasing particle size; this trend suggests that the SERS 

enhancement factor also increases with particle size. These results appear to contradict 

earlier studies that found a maximum in the enhancement factor for particles smaller than 80 

nm.". " These studies, however, examined the response of nanoparticles deposited on a glass 

substrate, a support with optical properties markedly different from the smooth gold films 

employed herein. The single particle SERS measurements described next point to how the 

plasmon coupling between the nanoparticles and gold capture surface play an important role 

in determining the optimum particle size for SERS enhancement in our experiments. 

Single gold nanoparticle SERS. The above measurements represent SERS 

responses averaged over a population of particles with unknown exact sizes and shapes. To 

more fully examine the influence of particle size on the observed SERS intensity, SERS 

measurements were made using single particles that were also characterized by AFM. To 

facilitate the evaluation of individual particles, patterned gold substrates were used to define 
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addresses that could be readily mapped by AFM. The response of these particles was then 

measured using an optical microscope to locate an address known to contain only a few single 

particles. A simplified particle immobilization scheme, as shown in Fig. 4, was used to bind a 

small number of particles to the gold surface, noting that this mode of immobilization reduces 

the separation between the particles and underlying smooth gold substrate. 

Figs. 5A, B present optical microscopy images of the patterned gold substrate. Fig. 

5A shows an image of a small portion of the patterned substrate, and confirms the presence of 

an array of gold addresses of the expected size, shape, and separation. Fig. 5B is a magnified 

image of the substrate location outlined by the dashed lines in Fig. 5A. The bright spot in the 

lower left portion of the partial gold address at the top of the image is the focused laser beam. 

Figs. 5C-E are examples of the topographic AFM images of the patterned substrate modified 

with DSNB-labeled gold nanoparticles having a nominal diameter of 80 nm. Fig. 5C is the 

entire area of a square-shaped address, while Figs. 5D, E represent incremental expansions of 

the image in Fig. 5C. The bright spots in Figs. 5D, E indicate the location of goldparticles. In 

Fig. 5E, the circled areas designate regions where SERS measurements were made. 

As is evident in Fig. 5E, regions 1,2, and 3 contain single gold nanoparticles, whereas 

region 4 is an area devoid of particles. Cross-sectional analysis kom the AFM topographic 

images indicates that the particles in regions 1-3 have sizes of 80.2,67.6, and 56.9 nm but are 

irregularly (i.e., non-spherical) shaped. SERS spectra were measured using the AFM images 

as a guide to the location of the nanoparticles in a gold address. The focused laser was 

positioned in regions 1-4 using large aggregates or other surface features visible by optical 

microscopy as reference points. 
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A portion of these results are shown in Fig. 5F-I. Spectral features characteristic of 

DSNB-coated gold particles are evident in each of the measurements made in regions 1-3. 

Note that the SERS intensity is observed to decrease with decreasing particle size over this 

size range. No SERS was observed in region 4, indicating that the Raman spectra originate 

from the observed particles and not from background contamination. 

In addition to mapping out the location of the immobilized particles, the AFM images 

were analyzed to correlate particle size and SERS intensity. Fig. 6 summarizes the first 

results of these experiments by plotting the SERS intensities, normalized to the particle 

surface area, for several different sized gold particles. These preliminary results show that the 

area-normalized response undergoes a gradual increase as the size of the particles decreases, 

reaching a maximum at -70 nm. While requiring a larger data set, the findings also suggest 

that the area normalized response begins to decrease as the particle size moves below -70 nm. 

Interestingly, the results in Fig. 6 differ from those found for the experiments based on the 

inmunoadsorbent assay. With the immunoadsorbent assay, the area-normalized response 

had yet to reach a limiting value for particles with a nominal size of 80 nm, suggesting that 

larger particles may result in larger enhancements. Qualitatively, the differences in the 

particle size responses are consistent with expectations that take into account the coupling 

between the particle plasmon and the underlying smooth gold substrate?’ That is, the extent 

of plasmon coupling is dependent on the ratio of the particle diameter (6) to the separation (a)  

between the particle and substrate. As a consequence, the maximum coupling, as revealed by 

the location of the extinction maximum, will occur at smaller values of a as d decreases. Our 

results are in general agreement with this expectation, confirming the importance of substrate 

coupling on the observed response. 
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The role of coupling in our two sets of results is further evident from the results of 

experiments in which we attempted to detect the presence of labeled gold particles effectively 

dispersed in aqueous solution. These experiments used particle concentrations such that the 

number of particles in the focused laser beam was much greater than those in the experiments 

using immobilized particles. We have, to date, not detected a response from the particles in 

any of these experiments. In contrast, we are able to readily measure SERS from single 

particle in close proximity to a gold surface, suggesting that the coupling between the particle 

and surface has shifted the plasmon resonance to a wavelength more favorable for excitation 

with 632.8-nm light. 

Conclusions 

This paper has investigated the dependence of SERS enhancements on the size of 

DSNB-coated gold nanoparticles in two different formats, each of which yielded differences 

in the average separation between the immobilized nanoparticles and underlying smooth gold 

substrate. The observed enhancements, which reflected the response of non-aggregated 

particles, qualitatively followed expectations based on the distance dependence of the 

plasmon coupling between the nanoparticle and underlying substrate. That is, enhancements 

in the assay experiments increased with increasing particle size for the range of particle sizes 

tested (30-80 nm), whereas the enhancement for the particles immobilized with much smaller 

average particle-substrate separation maximized at a nominal diameter of -70 nm. Ongoing 

research will build on these findings in an effort to more fully understand the contribution of 

plasmon coupling and how to fully exploit this phenomenon for further lowering the limit of 
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detection in SERS-based immunoassays and other areas in biodiagnoistics and homeland 

security. 
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Table 1. Results from gold nanoparticle size analyses from histograms in Figure 1. 

Nominal particle size (nm) AFM mean diameter (nm) Standard deviation of AFM 
mean diameter (nm) 

30 28.9 5.1 
40 34.0 5.7 
50 45.9 6.4 
60 60.3 8.5 
80 78.2 8.5 

Table 2. Summary of SERS and AFM characterizations for the f-PSA immunoadsorbent 
assay. 

f-PSA concentration : 100 ng/mL 

SERS intensitya’ Number of Counts/particle/s Counts/s/ m 2 ( x  
(counts/s) - particles io5) 

30 nm 15 (53.5) 402 (516) 0.04 1.52 
40 nm 130 (i18) 633 (516) 0.21 5.78 

60 nm 638 (535) 367 (i84) 1.74 15.2 
80 nm 15333 (i307) 2424 (i l09) 6.33 32.9 

50 nm 200 (i25) 546 (i19) 0.36 5.43 

f-PSA concentration : 10 ng/mL 

SERS intensitya‘ Number of Counts/particle/s Counts/s/ nmz (x 
(counts/s) particles 1 05) 

30 nm 1.3 (i0.25) 42 (i7) 0.03 1.14 
40 nm 19 (53) 88 (i3) 0.21 5.78 
50 nm 10 (51) 55 (i7) 0.17 2.56 
60 nm 75 (512) 57 (510) 1.31 11.6 
80 nIn 793 (516) 113 (518) 7.00 36.4 

f-PSA concentration : 1 ng/mL 

SERS intensitya’ Number of Counts/particle/s Counts/s/ nm’ (x 
(counts/s) particles 1 05) 

50 nm 2 (*l) 13 (i2) 0.14 2.11 

30 nm 2 (51) 34 (56) 0.05 1.90 
40 nm 5 (*I) 29 (*2) 0.17 4.68 

60 nm 13 (i4) 19 (i3) 0.70 6.13 
80 nm 129 ( i l 5 )  25 (i4) 5.16 26.9 

a) Intensity of symmetric nitro stretch (1335 cm-I). 
b) Uncertainty is within 25% of the reported value. 
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Figure Captions 

Figure 1. SERS spectra collected from the f-PSA sandwich immunoassay samples with 

60-nm (A) and 40-nm (B) DSNB-labeled gold particles. 

Figure 2. Topographic AFM images of two sets of samples in the SERS-based detection of 

f-PSA. Images A-C employed 60-nm ERL particles and images D-F used 40-nm 

ERL particles; each set was obtained at respective f-PSA concentrations of 100, 

10, and 1 ng/mL. 

Figure 3. Histograms from the AFM particle size distribution analyses for sandwich assay 

using 100 ng/mL of f-PSA: 80-nm (A); 60-nm (B) ; 50-nm (C); 40-nm (D); and 

30-INII (E). 

Figure 4. Schematic of DSNB-coated gold nanoparticles immobilized on an AET 

monolayer on gold. 

Figure 5 (A) Microscopic image ofpatterned Au on Si -10 x objective (Width of each 

pattern is -20 pm). (B) Laser focused on particle a - 100 x objective. (C- E) 

Topographic AFM image of DSNB-coated Au nanoparticles immobilized on AET 

SAM on gold. (F- H) Single-particle Raman spectra of particle 1,2, and 3 

respectively. (I) blank spectrum (from spot 4). Peak labeled with * due to 

room lights. 

Figure 6. Area normalized single particle-SERS intensity as a function of the gold 

nanoparticle diameter. 
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Figure 4. 
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CHAPTER 3. SURFACE-ENHANCED RAMAN SCATTERING BASED 
IMMUNOASSAY FOR DETECTION OF ESCHERIcHL4 COLI 0157: H7 AND 

SIMULANTS OF BIOLOGICAL WARFARE AGENTS. 

A manuscript in preparation for submission to Applied Spectroscopy 

Hye-Young Park,’ Robert J. L i~er t ,”~  Chris Schoen? and Marc D. Porter”3 

Abstract 

Low-level detection of Erwinia herbicola and bacillus globigii, simulants for 

biological warfare agents, and the pathogen Escherichia coli 0157:H7 is demonstrated 

utilizing a surface-enhanced Raman scattering (SERS) detection scheme based on a 

sandwich immunoassay format. SERS labels, also called Extrinsic Raman labels (ERLs”), 

are created by coating 80-nm gold nanoparticles with a bifunctional thiolate monolayer, 

which exhibits a strong Raman signal while forming covalent binding with detection 

antibodies. In the assay, limits of detection of each analyte were determined and single cell 

detection is demonstrated. Also, a new SERS labeling scheme based on a mixed monolayer 

is introduced and utilized in the assays of IgG molecules and bacteria. The mixed 

monolayer E m s m  are created by covering the gold nanoparticles with a mixture of two 

thiolates. One thiolate covalently binds antibody to the particle and the other thiolate 

produces a strong Raman signal. The mixed monolayer ERLs can be prepared in 
” 
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relatively simple steps using commercially available materials, Le., synthesis of a 

bifunctional reporter is not required, facilitating the generation of EmsM with different 

Raman labels for potential multiplexing applications. 

Introduction 

The tragic events of September 11,2001 have placed the development of techniques 

for the rapid, low-level detection of biological warfare (BW) agents at the highest possible 

levels of emphasis.’ Traditional detection methods for this purpose include 

ELISA-6, and fluore~cence-’~~ based assays. While generally effective, these methods may 

have a low level of throughput, be difficult to multiplex, or suffer from photobleaching or 

shelf-life issues. More recently, research to address these needs have realized 

breakthroughs such as the polymerase chain reaction,’ surface plasmon resonance,” quartz 

crystal microbalance, 11,12 ~mmunofiltration,’~ . immunomagnetic technology,14 

chemilumine~cence,’~ and surface-enhanced Raman scattering (SERS).I6 Nevertheless, the 

demands of homeland security continue to place a premium on portability, ease of use, and 

cost, all of which drive the research agenda in a large number of analytical research 

laboratories. 

This paper extends the development and application of a chip-scale readout 

methodology that has the potential to address many of the challenges presented by the 

detection of BW agents. The method, which is based on a sandwich-styled immunoassay, 

utilizes the strong SERS signal from aromatic compounds (ix., reporter molecules) that are 

immobilized on gold nanoparticles and subsequently coupled to a molecular recognition 

element (e.g., antibody). The identity of each antigen is therefore determined from the 
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characteristic SERS spectrum of the nanoparticle-bound reporter species linked to the tracer 

antibody, whereas the amount of antigen is quantified by the spectral intensity of the 

reporter species. The advantages of this detection method largely reflect two unique 

features of our Extrinsic Raman Labels (Emsm). First, the intensity of the Emm‘ responses 

for immobilized reporters rival that of fluorescence dyes. Second, the widths of Raman 

spectral bands for nearly all organic compounds are typically 10-100 times narrower than 

those of fluorescence, a characteristic that minimizes the potential for spectral overlap in the 

response from the different labels. These attributes point to the potential of this 

readout‘labeling technology to serve as a highly sensitive, high throughput methodology for 

pathogen detection. 

In earlier reports, we discussed the use of E m s N  in the detection of proteins such as 

immunoglobulin G (IgG)”,’* and free-prostate specific antigen (f-PSA).” More recently, 

we detailed the low level detection of viruses (e.g., feline calicivirus) by a comparable 

pathway.2o In this paper, as a first step towards an integrated instrumentation setup capable 

of fast, sensitive detection with high throughput and multiplexing capability, we have 

extended our SERS-based platform to the low-level detection of pathogenic bacteria and 

spores, i.e., Escherichia coli (E. coli) 0157:H7 and simulants of BW agents Bacillus 

anthracis (anthrax) and Yersiniapestis (plague) in buffer matrix. The simulant for Bacillus 

anthracis is Bacillus globigii (B. globigii) and the simulant for Yersiniapestis is Erwinia 

herbicola (E. herbicola). 21,22 Importantly, these targets are much larger in size (E. coli 1 x 

3 pm, E. herbicola 0.5-0.7 x 1-2 pm, and, B. globigii 1 x 1.2 pm) than the nanometric 

proteins (IgG; 5-7 nm, f-PSA; 1-2 nm), and viruses (feline calicivirus; 20-30 nm) previously 
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detected by E m s m .  This study serves as a vehicle for assessing the potential of the concept 

to address performance needs, (Le., accuracy, sensitivity, and specificity), in the detection of 

BW agents, as well as pathogens central to food and water security. 

Herein, the detection of simulants of BW agents is demonstrated first using an 

Emm scheme based on bifunctional reporter molecules that also serve to covalently bind 

antibodies to gold nanoparticles. Then, in a later section, an alternative E m m  design based 

on mixed monolayers is introduced to facilitate the creation of E U s m  with different Raman 

reporters, which can be used in multiplexing. The mixed monolayer Emm has two 

components on the same nanoparticle, one component with covalent binding capability and 

the other component produces a strong Raman signal. Using mixed monolayer Emsm, 

single analyte assays for IgG and simulants of BW agents is demonstrated. Finally, SERS 

signal was measured from tagged single E. coli 0157:H7 cells using a Raman microscope. 

Experimental Section 

Reagents. Gold nanoparticles (80 nm in diameter, 1.1 x 10” particles/mL) were 

purchased from Ted Pella. Dithiobis succinimidyl propionate (DSP), polyclonal goat anti- 

human IgG, anti-mouse IgG, anti-rabbit IgG, human IgG, mouse IgG, and rabbit IgG were 

obtained from Pierce Biotechnology. Dithiobis (succinimidyl-2-nitrobenzoate) (DSNB) 

was synthesized according to a procedure slightly modified from that in the earlier 19 . 

Heat killed E. coli 0157:H7 was the generous gift from Dr. Nancy Comick 

(Department of Veterinary Medicine, Iowa State University). Polyclonal anti-E. coli 

01  57:H7 was obtained from Kirkgaard & Perry Laboratories. Polyclonal a n t i 4  herbicolu, 
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polyclonal anti-B. globigii, E. herbicola, and B. globigii were acquired from Tetracore. 

Bovine serum albumin (BSA), borate buffer, and phosphate buffered saline (PBS) buffer 

packages were from Pierce. Two-part epoxy was purchased from Epotek. Octadecanethiol 

(ODT), 5,5'-dithiobis(2-nitrobenzoate) (DNBA), thiophenol (TP), mercaptobenzoic acid 

(MBA), and NaCl were obtained from Sigma Aldrich. All buffers were prepared in 

deionized water and then passed through a membrane filter with a 0.22-pm mesh size. 

Gold substrate preparation. Template-stripped gold (TSG) substrates were 

prepared for capture substrate fabrication. First, silicon (1 11) wafers were cleaned in 

methanol and dned with a stream of high purity nitrogen gas. The cleaned wafers were 

placed in an evaporator (Edwards) and coated with a 300-nm gold film. Next, glass slides 

were cut into 8 x 8 mm sections, sonicated in surfactant (Contrad) -containing water, 

deionized water, and methanol, each for 30 min, and dried under a nitrogen stream. After 

drymg, two-part epoxy was used to attach the glass sections to the surface of the wafer- 

supported gold film. The resulting sandwiched materials were then baked in an oven at 

150 "C for 90 min. Finally, the careful detachment of the glass sections from the wafers 

exposed the underlying TSG surface. 

Capture substrate preparation. An ODT monolayer was stamped on TSG 

substrates to define the area addressed in the surface modification and assay procedures. In 

this process, a PDMS stamp (Dow Coming) with a centered, 3-mm hole was immersed in 

2 mM ODT for 1 min and dried with nitrogen gas. The dried PDMS stamp was then gently 

pressed on a TSG substrate for 30 s. This process leaves an uncoated gold area (3-mm 

diameter) that is surrounded by a hydrophobic ODT monolayer that acts to confine droplets 

of aqueous fluids. Next, the substrate was immersed in 0.1 mM DSP in ethanol for 24 h, 
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rinsed with ethanol, and dried with high purity nitrogen gas, creating a 3-mm diameter 

DSP-coated address. 

The capture antibody substrate was prepared by pipetting 30 pL of lOO-pg/mL 

antibody solution in 50 mM borate buffer on the DSP-monolayer coated address. The 

substrates were then incubated in a humidity chamber for -12 h. Substrate preparation was 

completed by the application of BSA (1% w/w) in 50 mM borate buffer (PH 8.3) as a 

blocking agent. In the blocking step (1 h), the unreacted succinimidyl groups of the DSP 

derived monolayer couple with BSA molecules. 

ERLN preparation. To 1 mL of gold nanoparticles (80-nm diameter) in 2 mM 

borate buffer (PH 8.3) was added 10 pL of 1 mM DSNB in acetonitrile. The mixture was 

then incubated for 8 h. After the particles were centrifuged at 2,OOOg for 10 min and 

resuspended in 2 mM borate buffer, and the process repeated an additional two times, 23 pg 

of antibody was added. The mixture was incubated for 8 h, followed by exposure to 100 pL 

of 10% BSA. Finally, the particles were rinsed three times and resuspended in borate buffer 

with 50 mM NaCl. 

Assay protocol. The capture substrates were incubated with 30 pL of 10 mM PBS 

buffer solution (PH 7.4) having concentrations of bacteria and spores ranging from 0 to lo8 

cells (or cfu)/mL. Concentrations of IgGs were varied from 0 to 1000 ng/mL. The 

substrates were incubated for 3 h and rinsed with PBS buffer. Finally, 30 pL of Emm was 

pipetted onto the substrate and incubated 6 h, followed by a rinse with 2 mM borate buffer. 

SERS measurement. All Raman spectroscopic measurements were performed 

using either a Raman spectrophotometer, (NanoRaman I, Concurrent Analytical), or an in- 
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house constructed Raman spectroscopy microscope. The NanoRaman I instrument is 

equipped with fiber optic probe, thermoelectrically cooled CCD (Kodak 0401 E), a Czemy- 

Turner imaging spectrometer v72.0), and HeNe laser (30 mW, 632.8 nm). A SERS- 

microscope was used for single bacterium measurements. This setup consists of an optical 

microscope (Olympus BH-2) and spectrograph (SpectraPro, 300i, Acton Research Corp.). 

The spectrograph was equipped with a thinned, back-illuminated, liquid nitrogen-cooled 

CCD (LN/CCD-llOOPB, Princeton Instruments). Substrates are mounted on the 

microscope sample stage and a HeNe laser (632.8 nm) is used for excitation. This 

configuration provides a laser beam focused to a 2.5-pm diameter spot with an incident 

power of 0.4 mW after passage through the 50X objective (numerical aperture of 0.80) of 

the microscope. The same objective collects the scattered light. All spectra were collected 

with a 1-s integration time. 

Results and Discussion 

Assays ofE. coli 0157:H7 and simulants of the BW agents. Based on an earlier 

gold nanoparticles with an 80-nm diameter were employed. In that study, the size 

of the gold nanoparticles was varied, and the average SERS signal as a function of particle 

size was obtained using 632.8 nm excitation. The number of captured particles and average 

diameters were determined by atomic force microscopy (AFM). The results showed that the 

average enhancement per particle increased with particle size, and that -80 nm represented 

a compromise between the normalized enhancement and the stability of the particle 

suspension. 
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Figure 1 shows representative spectra from assays for E. coli 0157:H7, E. herbicola, 

and B. globigii using the NanoRaman I system. Features diagnostic of a DSNB-derived 

monolayer formed on the gold nanoparticles are evident. The largest peak, which is located 

at 1336 cm-I, is the symmetric nitro stretch of the adlayer and is used to quantify the amount 

of biolyte captured by the antibody-modified substrate. The smaller peaks are aromatic ring 

modes. The presence of these features, coupled with the increase in their strength with 

increasing antigen concentration, demonstrates the general effectiveness of the assays. 

Dose-response curves were constructed based on the intensity of the symmetric nitro 

stretch averaged over five different locations on each capture surface. These curves are 

shown in Figure 2 for all three biolytes: E. coli 0157:H7, E. herbicola, and B. globigii. As 

is evident, the plot for E. coli 0157:H7 approximates a linear dependence on concentration, 

whereas those for E. herbicola and B. globigii begin to plateau at higher concentrations. We 

suspect these differences arise, in part, from differences in the antigen-antibody binding 

affinities of the three distinct systems. The limit of detection (LOD) for E. coli 0157:H7 

was 1,000-2,000 cells/rnL, with those for E. herbicola and B. globigii, roughly 8,000 and for 

4,000 cWmL, respectively. The LOD was calculated from the signal of the blank sample 

plus three times the standard deviation of the signal of the blank sample. Sample-to-sample 

variation of the signals was about lo%, adding that these LODs are about five times better 

than conventional ELISA methods!’ The spot-to-spot variation was 3-lo%, except for the 

very low concentrations (0 - IO5 cWmL). In these cases, including the blanks, the variation 

in signal strength was much greater (15 - 100%). For example, the signal on one spot was 

several hundred counts whereas that at another spot was only few tens of counts. This is 
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probably because at very low concentrations, only a small number of captured cells is on the 

assay substrates, leading to a relatively inhomogeneous distribution of the analytes. 

As a preliminary assessment of binding specificity for these assays, three groups of 

capture substrates were prepared, with each group consisting of three capture substrates 

coated with antibodies for one of the three antigens. Each group was then incubated with 

matching antigen, Le., the three capture substrates coated with anti-E. coli 0157:H7 were 

incubated withE. coli 0157:H7 (lo7 cells/mL, Group 1) and likewise for E. herbicolu (lo7 

cfu/mL, Group 2) and and B. globigii (lo7 cfu/mL, Group 3). Next, one substrate &om each 

Group was exposed to E m s M  conjugated with anti-E. coli 0157:H7, with the same process 

repeated for incubations with Emsrn conjugated with anti-E. herbicolu and with anti-B. 

globigii. This procedure yielded nine samples exposed to all possible combinations of 

different captured antigens incubated with different antibody-modified E m s n .  

The results from the SERS-characterization of the three Groups are summarized in 

Figure 3 by the intensity of the symmetric nitro stretch. In all three Groups, the signal level 

for the substrate with the Emrn matched with its target antigen was significantly larger than 

those for the two mismatches. The largest level of nonspecific binding (-10%) was 

observed for the Group 1 sample that was exposed to the Emsrn labeled with anti-E. 

herbicolu. In contrast, other combinations yielded a much lower level of detectable 

nonspecific binding (< 2-3%). Collectively, these results begin to demonstrate the 

effectiveness of this assay format. 

Mixed monolayer based Emrn.  This section examines an alternative strategy in 

the design of Emsrm. Key issues in the design of E m s m  include Raman signal strength, 
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biospecificity, and the stability of the colloidal suspension after each step in the 

modification process. Intense Raman scattering is realized by using aromatic compounds 

(e.g., benzyl and naphthyl thiols and disulfides) that readily chemisorb to the gold 

nanoparticle surface. Colloidal stability is affected by various parameters, such as the 

nanoparticle surface coverage of the reporter and antibody, the energetics of the attachment 

of the antibody to the gold particle (e.g., adsorption vs. covalent coupling), and the pH and 

ionic strength of the suspending solution. The presence of surfactants in the suspending 

solution can also be of importance. 

In our earlier work, Emsrn were prepared bya co-immobilization method in which 

both the antibody and Raman label were directly adsorbed onto the surface of the gold 

nanoparticle." Figure 4A depicts of this type of Emrn. While successfully applied to the 

concurrent qualitative analysis of two biolytes (i.e., rat and rabbit IgG), questions remained 

regarding a contribution to the apparent nonspecific adsorption of the Emsrn by the 

possible transfer of weakly adsorbed antibodies fiom one Emrn to another Emm that had 

been modified with a distinctly different antibody coating. There would therefore be the 

possibility of "cross-talk" between different E m s  present in the same solution during a 

multiplexed labeling step. This approach was also complicated by occasional problems 

with the stability of the particle suspension, also potentially the result of the desorption of 

the protein-based coating. 

The next scheme developed, shown in Figure 4B, used a bifimctional Raman 

reporter molecule to covalently couple the antibody to the particles. This scheme improved 

particle stability and reduced the limit of detection via a lower level of non-specific Emrn 
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adsorption.” Using this type of E U m ,  we recently reported on the femtomolar detection of 

prostate specific antigen (PSA) directly in human serum,19 and was used in the experiments 

described above. 

This approach, while working with a high level of effectiveness, nevertheless 

required the synthesis of the bifunctional reporters. Figure 4C introduces a new design for 

ERLsTM that eliminates the synthesis of a bifunctional reporter, yet incorporates its attributes. 

In this scheme, the surface of gold nanoparticles is modified with two different thiolates, 

each derived from commercially available compounds. One thiolate component has a large 

Raman cross section and serves as the reporter molecule. The other component is derived 

from the bifunctional compound DSP, which has both a disulfide and a succinimidyl 

functional group for the respective chemisorption onto gold and the facile covalent coupling 

of antibodies to the particle. DSP, however, is an intrinsically weak Raman scatterer. This 

scheme therefore facilitates the production of distinctive Emsm, referred to hereafter as 

mixed-monolayer E m s ,  for the potential use in multianalyte assays. 

To test the effectiveness of this concept, mixed monolayer E U s m  were constructed 

using TP, MBA, and DNBA as Raman reporters and DSP as the coupler. Figure 5 presents 

representative SERS spectra for assays of (A) human IgG, (B) mouse IgG, and (C) E. 

herbicolu. Each set of data was obtained using the appropriate capture substrate, prepared 

by the procedures described earlier. As expected, the spectra in Figures 5A, C exhibit 

distinctive peaks for TP, with the respective signal strengths increasing as the concentration 

of human IgG and E. herbicolu increases. All the observed bands (999, 1022, 1069, and 

1568 cm-’) are from aromatic ring modes of the TP label. The assay of mouse IgG used 
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DNBA, in contrast, as the reporter. These results are given in Figure 5B. These spectra 

also undergo an increase in signal strength with antigen concentration. We add that the 

spectrum for the DNBA-based assay is virtually identical to that for the DSNB-derived 

spectrum, which reflects the use of DNBA as the starting material in the synthesis of 

DSNB.” 

These spectra were used to construct the dose response curves shown in Figure 6. 

The plots for the assays of human IgG and E. herbicola employed the peak at 1069 cm-I, 

whereas that for mouse IgG utilized the peak at 1336 cm-’. Each data point represents the 

average of five different measurements. Spot-to-spot variation was -10%. Using the 

earlier data treatment, limits of detections were estimated at 0.06 ng/mL for human IgG, 

0.04 ng/mL for mouse IgG, and lo4 cfu/mL for E. herbicola. The LOD for E. herbicola is 

about the same as was measured using the bifunctional reporter DSNB. This clearly shows 

that the mixed monolayer E a m  approach is successhlly applied to detection of bacteria 

and proteins without losing performance. With excellent particle stability and relatively 

simple preparation, the mixed monolayer ERL shows potential to be used not only for 

single analytes but also for multi analyte assays for various types of biomolecules. 

rm 

Single E. coli 0157:H7 SERS. The SERS signal from a single E. coli 0157:H7 

cell was measured using a SERS microscope. After completing the sandwich immunoassay 

utilizing DSNB-based Emsn,  the laser beam, focused to a spot 2.5 -3 pm in diameter, was 

placed onto a single E. coli 0157:H7 cell tagged with Emsm.  Since the size of the laser 

spot size is comparable to that of E. coli 0157:H7, the observed signal originates primarily 

from the irradiated cell and not other portions of the capture substrate. A strikingly large 
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signal from a single bacterium is evident. (Figure 7A) On the other hand, no signal was 

observed on the area (Figure 7B) without E.coli 0157:H7, further demonstrating the 

selectivity of our Ernsn. In an earlier single particle SERS study:5 80 nm DSNB-coated 

particles gave a SERS signal of -6 counts/s/particle using the same instrument setup. The 

signal of - 600 counts/s from a single cell, therefore, suggests that the cell is covered with 

many particles. Moreover, given the large size ofE.coZi 0157:H7 cells, it is not expected 

that Emsn  captured on the top surface of the cells will contribute strongly to the SERS 

signal, based on the importance of particle-substrate electromagnetic coupling in producing 

the enhanced Raman scattering in these experiments and the rapid decay of this coupling as 

the particle-substrate separation distance increases.25226 We estimate that in the previous 

study, ERL? were located somewhere between 10 to 20 nm from the metal substrate. Here, 

ERLsm on the upper surface of captured cells could be as much as 1000 nm away from the 

substrate. It is possible that some E m s n  are localized around the periphery of the cells and 

near the substrate. It is also possible that the SERS signal in bacterial assays is further 

enhanced by particle-particle coupling of E m s n  on the cell surface. Although not fully 

investigated, the drying process may have caused the dehydration of the cells, bringing the 

particles closer to the surface and closer to each other, both contributing to the enhancement 

of the signal. Nevertheless, this result demonstrated the potential of EmsTW in single 

bacterium detection. 
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Conclusions 

The flexibility of Raman labeled immunogold nanoparticles, Emsm,  was 

successfully demonstrated by the application to the low-level detection of bacteria and 

spores, Le., E. coli 0157:H7 and simulants of BW agents using a bifunctional reporter 

molecule for ERLm.fabrication. Also, a new labeling design based on mixed monolayer 

coated gold nanoparticles was introduced and applied in the assay of IgGs and bacteria. The 

mixed monolayer E m s m  have proven to perform as well as Ernsm based on a bifunctional 

reporter molecule. 

E m s m  were also used to obtain SERS signal from labeled single E. coli 0157:H7 

cells. The result suggested the binding of many EmTM on each cell, producing a large 

signal for a single E. coli 0157:H7. 
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Figure Captions , 

Figure 1. Immunoassay results for (A) E. coli 0157:H7, (B) E. herbicola, and (C) B. 

globigii. For E, coli 0157:H7, solid, dotted, short dashed, dot-dashed, and long- 

dashed lines indicate SERS spectra for concentrations of 5 x lo7, 5 x lo6, 1 x lo6, 

2 x lo5 cell/mL, and blank, respectively and for E. herbicola and B. globigii, 1 x 
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lo8, 1 x lo’, 2 x lo6, 4 x 10’ cfu/mL, and blank, respectively. Sample volumes 

were 30 pL. 

Figure 2. Dose-response curves for (A) E. coli 0157:H7, (B) E. herbicolu, and (C) 

B. globigii. These plots were constructed using the intensity of the symmetric 

nitro stretch (1336 ern-]) from the Ems. Each data point represents the average 

signal for measurements from five different locations on each sample. The 

dashed lines indicate the signal from the blank sample. 

Figure 3. SERS signal for substrates covered withE. coli 0157:H7 (Group l), E. herbicolu 

(Group 2), and B. globigii (Group 3) incubated with E m s N  with anti-E. coli 

0157:H7, anti-E. herbicolu, and anti-8. globigii. Each data bar indicates the 

signal averaged from five different areas on the sample. 

Figure 4. ERLm schemes based on (A) co-immobilization, (B) bifunctional reporter, and 

(C) mixed monolayer. 

Figure 5. SERS spectra of assays for (A) human IgG, (B) mouse IgG, and (C) E. herbicolu 

using the mixed monolayer based ERLm scheme. For human IgG and mouse 

IgG, solid, dotted, short dashed, dot-dashed lines are concentrations of 100, 

10, 1 ng/mL, and blank, respectively and for E. herbicola, each lines indicate the 

concentrations of lo8, loG, lo4, and blank, respectively. 

Figure 6. Dose-response curves of assays for (A) human IgG, (B) mouse IgG, and (C) 

E. herbicolu using the mixed monolayer based ERLm scheme. 

Figure 7. SERS spectra of (A) a single labeled E. coZi 0157:H7 cell and (B) a blank area. 



65 

60000 . 
h . 
w (I) 

.% 40000 . 
x 
(I) 
S 

w .- 

400 800 1200 1600 
Raman Shift (cm-1) 

60000 . 
h . 
c (I) 

40000 . 
x 
rn c 
c .- 

.I 

~ -..-..-.. - ..-.._.. -.. W ---- ----d-- 
0 

400 800 1200 1600 
Raman Shift (cm-1) 

h . rn e 40000 
v 

x 
(I) c 
S 

w .- 

$ 20000 - 
0 nf 
W 
0 0 

400 800 1200 1600 
Raman Shift (cm-I) 

Figure 1. 



66 

40000 

$ 30000 
h 

.,- 
Y 
0 

.- 2 20000 * 

103 104 105 106 107 IO* 
E. coli 0157:H7 Concentration (cellslmL) 

40000 1 I 

I J 

E. herbicola Concentration (cfulmL) 
103 104 105 106 107 i o 8  

30000 1 I 

I I 

103 104 1 0 5  106 107 i o 8  

6. globigii Concentration (cfu/mL) 

Figure 2. 



61 

40000 

ERL with anti-E. herbicola 
ERL with anti-B. globigii n cn 

0 

h 
cn 

+ 30000 
v - .- 
E 20000 

fx W 10000 

-c, c - 
rn 

rn 

0 
Group 1 Group 2 Group 3 

Figure 3. 



68 

A 

B 

Ramanlabel 

DSP derived monolayer 

Antibody 

Figure 4. 



69 

15000 
h . (I) 

0 
12000 

Y 

.- 0 9000 
(I) c 
C 6000 - 
2 3000 
W 

0 
(I) 

30000 
h 

2? 

> 20000 

5 10000 

u) 
0 

Y 
(I) 
K 
a, 

(I) 
IY 
W 
(I) 

c 
Y 

.c.' 

0 

600 900 1200 1500 1800 
Raman Shift (cm-I) 

15000 
h . (I) 

s 12000 
0 
> .- 9000 0 
K 
a, 
c 6000 
(I) E 3000 
(I) 

Y 

c 

c - 

0 

600 900 1200 1500 1800 
Raman Shift (cm-I) 

600 900 1200 1500 1800 

Raman Shift (cm-1) 

Figure 5, 



70 

20000 . 

$ 15000 . 
h 

c 
v 
0 

3 10000 . Ill 
8 
al 
3 5000. 
v) 
LT 
W 0 
v) 

8000 1 

B € € 

0 .- - - - - - - - - - - - - 

10-2 10-1 100 101 i o 2  103 104 

8000 - 

$ 6000. 

3 4000 . 

c 
v 
0 

Ill c 
W z 2000. 
0 
E w 
UI 

C 
€ 3  

I 
o.--L. ---------- 

IO-’ 100 101 i o 2  103 104 

1 

103 104 105 106 107 108 109 
E. herbicola Concentration (cfu/mL) 

Figure 6 .  



71 

260. 

240. 

h -.. v) 

v 

x c ‘Z 220 * 

= 200- 

2 !.$ 180-  

a, c 

1200 ) 

B 

200 J 

800 1000 1200 1400 1600 
Raman Shift (cm-I) 

160’ 
800 1000 1200 1400 1600 

Raman Shift (crn-I) 

Figure I .  



72 

CHAPTER 4. CONTROL OF ANTI-PROSTATE SPECIFIC ANTIGEN 
ADSORPTION USING MIXED SELF-ASSEMBLED MONOLAYERS OF TRI 

(ETHYLENE GLYCOL) MONOMETHYL ETER - AND N- 
HYDROXYSUCCINIMIDYL- TERMINATED ALKANETHIOLS ON GOLD 

A manuscript in preparation for submission to Lnngmuir 

Hye-Young Park’ and Marc D. Porter”* 

Abstract 

Surface antibody density was controlled by using mixed self-assembled monolayers. 

The mixed monolayers were prepared from dithiobis(succinimidy1 undecanoate) (DSU) and 

tiethyeneglycol monomethyl ether (EG30Me)-teminated thiol. Mole fraction of DSU 

(%su) was varied. Borate buffer solution containing anti-PSA was incubated on the mixed 

monolayers. Atomic force microscopy was used to image individual anti-PSA on mixed 

monolayers. As xoSu increased, number of anti-PSA on the surface increased. ERAS 

measurement verified the covalent binding of anti-PSA on DSU derived monolayer. 

Introduction 

Control of capture antibody coverage is important in multi-analyte sandwich 

immunoassays utilizing a single address. Investigations of individual antigen-antibody 

binding events based on scanning force microscopy also often require spatial separation of 

individual capture antibodies.I4 Our novel immunoassay readout method using Raman 

labeled immunogold nanoparticles, also called Extrinsic Raman labels (Ems),  showed 

potential for m~ltiplexing.~ ERLs are coupled with Raman reporter molecules for strong 

I Ames Laboratory - U.S. DOE and Department of Chemistry, Iowa State University, 
Ames, Iowa 5001 1 
Corresponding Author 
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Raman signal and antibodies for biospecificity. While ERLs present successful assay 

results for single analyte assays6,’ and qualitative assays for dual-analytes,’ quantitative 

dual-analyte assay was complicated by steric hindrance, Le., if ERL of analyte A has greater 

binding affinity and if analyte B is located close to analyte A, the ERL of analyte B cannot 

bind on its analyte (Figure 1). Therefore, correlations between SERS signal versus 

concentration of each analyte affected the binding affinities of each ERLs.’ In another 

format of immunoassay, gold nanoparticles of different sizes were utilized for dual-analyte 

assays of IgGs. The study also suggested that the reduced response for one analyte comes 

from steric and diffusional constraints. Therefore, creating capture substrates to address 

those issues is important. By carefully controlling the surface antibody coverage, the 

capture antibodies can be separated out to have inter-antibody separations larger than the 

size of labeled antibodies. It is also important to minimize nonspecific adsorption of labeled 

antibodies while maximizing epitope density. 

In developing capture antibody surfaces to meet those requirements, mixed self- 

assembled monolayers (SAMs) can provide well-defined structure with a well-defined 

average surface density and be a good model system to study the effect of the fraction of the 

different functionalities on the adsorption of protein.’ Dong et al. utilized mixed 

monolayers formed from two different components, one with ability to couple the antibody 

and the other one without specific interaction with antibody, and showed that by varying 

molar ratio between the two components, antibody coverage could be varied.’ However, 

SAMs formed from thiols with shorter chain length are known to be less ordered and less 

stable than those formed from thiols with a longer chain length. Also, butanethiol is not 

well known for resisting protein and the authors observed some nonspecific adsorption. 

although not discussed in detail. 
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Surfaces that resist the nonspecific adsorption of proteins are of particular 

importance as functional coatings to reduce background re~ponse . '~- '~  Poly (ethylene 

glycol) (PEG) is known to be protein-repelling due to steric repulsion originating from the 

high conformational freedom of the chains and tightly bound water  molecule^.'^^'^ In the 

past decade, self-assembled monolayers (SAMs) of OEG moieties have also proven to resist 

the adsorption of biomolecules and have become the standard for 

the most studied groups of OEG is 1-undecanethiolate with a methoxy-terminated 

tri(ethy1ene glycol) (EG3-OMe). Studies on the interaction of water with OEG suggest that 

the resistance in the OEG-terminated SAMs is result of the ability of the different 

conformations to bind water, resulting in the stability of interfacial water that prevents the 

protein from contacting the surface. 

One of 

27-33 

We employed two different precursors to form mixed monolayers with longer chain 

akanethiolates (n>lO) which are known to provide more ordered monolayers. Two SAMs 

used in our mixed monolayer study are that formed from dithiobis succinimidyl undecanoate 

(DSU) and that formed from (undec-1 1 -mercapto-1-yl) triethylene glycol (EG3-OMe). 

DSU has succinimidyl hnctionat groups which react with the primary amine group on 

protein forming a covalent binding. The solution ratio between EG30Me and DSU was 

varied and subsequently exposed to anti-PSA. Atomic force microscopy (AFM) was used to 

image and count the number of antibody molecules bound on each surface. 

Experimental section 

Reagents. Capture anti-human f-PSA was purchased from BiosPacific. Tween 80, 

bovine serum albumin (BSA), octadecanethiol (ODT), 1 I-bromoundec-1-ene, triethylene 

glycol monomethyl ether, sodium hydride, 9-borabicyclononane (9-BBN) in hexane, sodium 
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hydroxide, hydrogen peroxide, sodium bicarbonate, pyridine, tosyl chloride, and 

hydrochloric acid were purchased from Sigma-Aldrich. Borate buffer packages were 

obtained from Pierce. Two-part epoxy was obtained from Epotek. Dithiobis (succinimidyl 

undecanoate) (DSU) was synthesized by a modification of a literature procedure.34 

Deionized water (18 MQ), purified with a Millipore system, was used in the preparation of 

all aqueous solutions. 

Synthesis of EG30Me. All the reactions were performed under a purge with Nz gas 

and all the solvents were carefully dried prior to use. In a volumetric flask with 150 mL of 

tetrahydrofuran, 13.2 mL of 11-bromoundec-1-ene, 4.77 mL of triethylene glycol 

monomethyl ether, and 2.30 g of sodium hydride were added. The reaction mixture was 

stirred overnight. This step, via nucleophilic substitution, produces (undec-10-en-yl) 

triethylene glycol methyl ether. To the mixture, 1 mL of 2-propanol and 2 mL of deionized 

water were added and the mixture was further diluted with 20 mL of DI water, extracted 

three times with hexane, and the organic layer was rotor evaporated to remove the solvent. 

In the second step, to the reaction flask, 9-BBN was added and stirred for 4 h, 

followed by the addition of ethanol, 6 M NaOH, 30% hydrogen peroxide, and a 1-h reflux. 

Then, saturated sodium bicarbonate was added and the organic layer was rotor evaporated. 

This process produced (undec-1 1-hydroxy-1-yl) triethylene glycol monomethyl ether. 

In the third step, pyridine and tosyl chloride were added sequentially to the flask in 

ice bath and stirred for 1 h. The mixture was refiigerated overnight. The next day, 15 mL 

of deionized water was added to the mixture, which was then extracted three times with 

methylene chloride and back extracted three times with 10% hydrochloric acid. The organic 

layer was dried with magnesium sulfate, filtered, and rotor evaporated. In this step, (undec- 

1 1-tosyl-1-yl) triethylene glycol monomethyl ether is produced. 
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Finally, to the product of the third step was added degassed ethanol and thiourea and 

refluxed for 4 h and rotor evaporated. The product was stirred with 1.10 g sodium 

hydroxide in 10 mL deionized water overnight. This step formed the final product, (undec- 

1 1-mercapto-1-yl) triethylene glycol (EG3-OMe) monomethyl ether. The aqueous solution 

was boiled for 15 min and 15 mL of deionized water was added. Then, the aqueous layer 

was acidified with concentrated sulfuric acid. The solution was extracted three times with 

methylene chloride, dried with magnesium sulfate, and finally rotor evaporated. The 

product was characterized with HI NMR (CDClj): 6 3.5 (15H) and 1.5(22H). 

Substrate preparation. Three different gold substrates were prepared, based on 

annealing, template-stripping, or e-beam evaporation methods, to create atomically smooth 

surfaces. A highly smooth surface is required in order to readily image the nanometer-sized 

footprints of the covalently coupled antibodies to the mixed monolayer surfaces. First, 

single crystal gold surface was prepared by a flame annealing method." Cleaned gold wire 

was melted in an oxygen-hydrogen flame, and the surface was cooled in deionized water. 

The gold surfaces formed from this method are reported to be Au(ll1)- facets.35 Gold 

surfaces were also fabricated by e-beam evaporation under high temperature (200 Co) and a 

slow rate of evaporation (0.05 h). Finally, template-stripped gold (TSG) substrates were 

formed. In this procedure, silicon (1 11) wafers were cleaned in hexanol, acetone, and 

methanol, respectively, under sonication for 30 min each, and dried with high purity 

nitrogen gas. The cleaned wafers were placed in an evaporator (Edwards) and coated with a 

300-nm gold film. Next, glass slides were cut into 1 x 1 cm sections and sonicated in 

surfactant (Contrad) containing water, deionized water, and methanol (30 min each), and 

dried under a stream of nitrogen gas. Two-part epoxy was used to affix the glass pieces on 

the gold on silicon wafers. The substrate was then baked in the oven at 150 "C for 90 min. 
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By carefully detaching the glass section, a freshly exposed gold side was obtained. The 

antibody-covered area was defined by using a poly (dimethylsiloxane) stamp @ow 

Coming) coated with ODT.36 

The gold substrates for IRRAS measurements were prepared by the resistive 

evaporation of gold layers (300 nm) with chromium adhesion layer (15 nm) in a vacuum 

evaporator (Edward). 

Monolayer preparation. Ethanolic solutions with various mole fractions of DSU 

and EG30Me were prepared, spanning solutions of only EG30Me to only DSU. The total 

concentration of the two thiols was fixed to 0.1 mM. The adlayers were formed by 

immersing the ODT-stamped gold substrate in each solution for 24 h. The samples were 

then rinsed with ethanol, and dried under a stream of high purity nitrogen gas. 

Binding of anti-PSA. The antibody modification step pipetted 35 pL of 100 pg/mL 

of anti-PSA in 50 mM borate buffer (PH 9.0) onto each gold substrate; The derivatization 

reaction was allowed to proceed for 12 h. After incubation, the substrates were rinsed in 25 

mM borate buffer with 1% Tween 80. 

AFM. All images were obtained in TappingModeTM under ambient conditions using 

a Multimode NanoScope I11 AFM (Digital Instruments). The instrument was equipped with 

a 125-pm tube scanner. The tips were silicon TESP probes (Nanosensors), with resonance 

frequencies between 298 and 365 k Hz. 

Infrared reflection absorption spectroscopy (IRRAS). For IRRAS, a Nicolet 750 

FT-IR spectrometer, which is purged with liquid NZ and equipped with a liquid-NZ cooled 

HgCdTe detector was used. All spectra were collected usingp-polarized light at an incident 

angle of 82' with respect to the surface normal. The spectra were recorded as -log@&), 

where R is the reflectance of the sample and & is the reflectance of an octadecanethiolate- 
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d37 monolayer-coated Au(ll1) reference. The spectra are an average of 512 scans and were 

taken at a resolution of 2 cm-’ with Happ-Genzel apodization. These samples were prepared 

using as evaporated gold substrates, supported on glass slides. After acquiring the IR 

spectra of the mixed monolayers, samples were exposed to a solution of anti-PSA in borate 

buffer for 12 h. The samples were again rinsed with buffer and deionized water, dried with 

Nz, and characterized by IRRAS. 

Results and Discussion 

Fabrication of gold substrate. As a starting point, gold substrates prepared from e- 

beam evaporation-, flame annealing-, and TSG- methods were compared. Figure 2 presents 

AFM images of gold substrates prepared by the three methods. Gold film prepared bye- 

beam evaporation provided rough surfaces with large islands (Figure 2A). This suggests 

that the gold island formed initially went through melting and growing cycles, leading to 

surface with rough  feature^.^' 

Single crystal gold (1 11) prepared by flame annealing method provided large smooth 

areas (Figure 2B) (up to about several tens of mm’). The surface showed cross-hatching 

shaped lines which are indicating the crystalline structure. Zooming into much smaller area 

revealed the gold (1 11) atomic structure of the surface. Roughness throughout the surface 

was -0.7 nm. 

The gold surface prepared by TSG method showed the largest atomically smooth 

areas (Figure 2C). The roughness was less than 0.5 nm on most of the sample area (-lcm’). 

Although gold surfaces fabricated by flame annealing method provided surface with 

comparable roughness on large area, their shape (ball type) made it challenging to be 

imaged by AFM. Therefore, TSG substrates were used for the imaging of anti-PSA. 
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Monolayer formation. On the TSG substrates, mixed monolayers were formed 

then imaged with AFM to verify surface smoothness. In order to image antibodies that are 

several nanometers in size, monolayers must be featureless. As will be discussed in Chapter 

5, nonspecific adsorption of biomolecules is also influenced by surface topography such as 

defect sites and roughness. Figure 3A shows AFM image of DSU monolayer. There are 

many objects bound on the monolayer surface, feature sizes varied from about 3-5 to 40-50 

nm. These objects are probably from remaining impurity from synthesis procedure. DSU 

was recrystallized one more time to study the effect of purification. As shown in Figure 3B, 

the monolayer from DSU after recrystallization presents a much lower number of the 

objects. Therefore, for the antibody immobilization, monolayers formed after multiple 

recrystallizations of the precursors were used. Figure 3C shows corresponding Raman 

spectra of the DSU derived monolayers. Huge fluorescence background profile from the 

impurity disappeared after purification of DSU. Also, the total concentration of ethanolic 

solution of DSU and EG30Me was important as fewer features were observed on the 

monolayers formed from solution with total concentration 0.lmM of DSU and EG30Me 

than that formed from solution with total concentration of 1 mM. 

Figure 4 shows the examples of EG30Me monolayer (Figure 4A) and mixed 

monolayer formed from DSU and EG30Me (Figure 4B). In both cases, monolayers were 

nearly featureless. The mixed monolayers from all the tested ksu values exhibited similar 

surface images. 

The monolayers were characterized by IRRAS. Figure 5 show IR spectra of SAMs 

from DSU and EG30Me. For DSU-derived monolayer, bands in 1787 cm" and 1750 cm-' 

are attributed to in-phase and out-of-phase C=O stretches of the succinimidyl group 

respectively and the band in 1816 cm-' is from C=O stretch of the ester. The bands at 1218 
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cm-' and 1077 cm-' arise from the C-N-C stretch and N-C-0 stretch from the succinimidyl 

group?* For EG30Me-derived monolayer, a distinctive band at 1125 cm-' is from C-0-C 

stretch mode and small peaks around 1353 cm-' are from OCH2 wag modes?' These IR 

spectra verify the formation of SAMs of the DSU and EG30Me. 

Anti-PSA binding. Anti-PSA (100 pg/mL in borate buffer, pH 9.0) was incubated 

on the mixed monolayers formed from the solutions of mixture with csu value of 0,0.048, 

0.09, 0.17, 0.29, 0.41, 0.5, and 1. 

The AFM results from anti-PSA binding on mixed monolayers are presented in 

Figure 5. It is clear that the number of anti-PSA increases as x,,,sU increases. For the 

monolayer formed from EG30Me (Figure 6A), minimal binding of anti-PSA was observed. 

There was only 0-2 anti-PSA bound on the surface of EG30Me derived monolayer 

indicating an excellent ability to resist anti-PSA binding. This control experiment suggests 

that the anti-PSA binding is mainly because of portion of monolayer formed from DSU. 

For the mixed monolayer substrates containing DSU monolayer, anti-PSA started to 

appear (Figure 6B-G)). Figure B shows anti-PSA randomly spread out on the surface of 

mixed monolayer with fiSu of 0.048. Only height measurements were performed due to the 

tip convolution effect of AFM.39 The height of anti-PSA varied from 1-3 nm indicating 

random orientation of antibodies. The height of anti-PSA appeared to be small compared 

with that estimated from X-ray experiments (10 ~ n ) ~ '  and that from the experiment done 

previously in Shannon's laboratory (7 This is probably due to the drying procedure 

prior to imaging, causing dehydration of anti-PSA. A greater number of anti-PSA was 

observed on the surface of mixed monolayer with c s u  of 0.09. For the rest of the substrates, 

the number of anti-PSA was observed to continue to increase for higher DSU contents until 

it reached bSu of 0.5. On the mixed monolayer with xoSu of 0.5, surface was fully packed 
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with anti-PSA as no underlying monolayer was seen. Figure 6H shows anti-PSA on 

monolayer from all DSU (Le., fisu =1.0). Surface is fully covered with anti-PSA as in the 

mixed monolayer formed from solution with fisu of 0.5. However, anti-PSA showed more 

aggregated state on the monolayer from all DSU. 

Figure 7 shows a plot of the number of anti-PSA as a function of fisu. There is a 

nearly linear increase in the number of anti-PSA in the region as the value fisu increases 

from 0 to 0.5. Desired surface anti-PSA coverage can be achieved by simply varying fisu 

value. 

IRRAS was used to verify the chemistry, Le. covalent binding of anti-PSA on DSU 

derived monolayer. Figure 8 shows IRRA Spectrum of DSU derived monolayer after 

exposure to anti-PSA. For monolayer of DSU, upon exposure to anti-PSA, the magnitude 

of bands responsible for the succinimidyl and ester functionalities decreased and new bands 

have appeared at 3295, 1666, and 1544 indicative of a N-H stretch, the amide I, and amide 

I1 modes, respecti~ely.~~ When the monolayer was formed from EG30Me entirely, the 

features on the spectra did not change after exposure to the anti-PSA confirming minimal 

binding of anti-PSA on EG30Me monolayer. 

Conclusions 

We have shown that surface antibody coverage can be controlled by using mixed 

monolayer formed from dithiobis(succinimidy1 undecanoate) (DSU)and triethylene glycol 

monomethyl ether (EG30Me) terminated thiol. The results showed that number of anti- 

PSA increases correspondingly as ksu increases linearly and maximizes at ksu of 0.5. 

Minimal binding of anti-PSA was observed on EG30Me derived monolayer demonstrating 
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ability of EG30Me monolayer to prevent nonspecific adsorption of anti-PSA. The IRRAS 

verified covalent binding of anti-PSA on DSU derived monolayer. 
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Figure Captions 

Figure 1. Schematic of dual-analyte assay using E m .  

Figure 2. AFM images of gold substrates prepared by (A) e-beam evaporation method, 

(B) oxygen-hydrogen flame annealing method, and (C) TSG method. 

Figure 3. AFM images of DSU monolayer (A) before and (B) after extra 

recrystallization, and (C) corresponding Raman spectra of DSU monolayer. 

Figure 4. TappingModeTM topographic AFM images of (A) EG30Me derived 

monolayer and (B) mixed monolayer formed fiom ethanolic solution with 

mixture of DSU and EG30Me with xosu = 0.5. The monolayers were allowed 

to form for 24 h. 

Figure 5. IRRAS spectrum of DSU (upper) and EG30Me (lower) derived monolayers at 

gold substrates. 

Figure 6. TappingModeTM topographic AFM images of anti-PSA incubated on mixed 

monolayers of DSU and EG30Me with bSu value of (A) 0, (B) 0.048, (C) 

0.09, @) 0.17, (E) 0.29, (F) 0.41, (G) 0.5, and (H) 1.0. 

Figure 7. Number of anti-PSA immobilized on mixed monolayers formed fiom 

ethanolic solution of mixture of DSU and EG30Me as a function of bSu. 

Figure 8. IRRA spectrum of DSU derived monolayer after binding of anti-PSA. The 

anti-PSA was incubated on DSU for 12 h. 
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CHAPTER 5. SINGLE MOLECULE ADSORPTION AT COMPOSITIONALLY 

DOMAIN BOUNDARIES 
PATTERNED SELF-ASSEMBLED MONOLAYERS ON GOLD: ROLE OF 

A manuscript in preparation for submission to Langmuir 

Hye-Young Park,' Hung-wing Li,' Edward S. Yeung: and Marc D. P ~ r t e r " ~  

Abstract 

This paper examines the single molecule adsorption of YOYO-I labeled LDNA at 

compositionally patterned self-assembled monolayers (SAMs). The interactions of 

fluorescently labeled LDNA molecule with the compositionally patterned SAMs comprised 

of different functional groups (Le,, amine-, alcohol- and acid- terminated thiols) was 

monitored using total internal reflection fluorescence microscopy (TIRFM) at optically 

transparent gold films. The role of solution pH, 1-DNA concentration, and domain size was 

investigated. In addition to further delineation of the relative adsorption strength as a 

function of the terminal group identity ( N H 2  > COOH > OH), the potential importance of 

structural defects was also delineated. The latter result, found both at the disordered 

boundaries between domains and at adlayers in which structural order is affected by the 

length of the a w l  chain, points to the subtle but preferential adsorption of the "sticky ends" 
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of I-DNA. These findings also demonstrated an intriguing dependence of preferential 

adsorption with respect to domain size. 

Introduction 

The dynamics of adsorption and retention of DNA at the liquid-solid interfaces are 

central to the development of biosensors, chip-scale platforms, and chromatographic 

 material^.'.^ Moreover, gaining fundamental insights into these dynamics is critical to cell 

and protein adhesion and numerous other areas in biotechnology.6"8 

This paper extends our recent investigation in which the adsorption dynamics of 

fluorescently-labeled (YOYO-I), I-DNA was monitored at the single molecule level at self- 

assembled monolayers ( S A M S ) . ' ~  That work exploited the ability to construct substrates 

with well defined surface functionalities for use as models of various chromatographic 

packings by the chemisorption of thiols with different terminal groups on optically 

transparent gold films.z0~22 That work also took advantage of recent advances in the 

technical ability to directly monitor adsorption by single molecule s p e c t r o s c ~ p y ~ ~ ' ~ ~  these 

methods not only enable the direct observation of the real-time random motion of individual 

I-DNA molecules, but can also collect high contrast images at a sub-millisecond temporal 

resolution and submicron spatial resolution.2s'z6 

By coupling those two technologies, our earlier study began to delineate the 

importance of various interactions (e.g., electrostatic and hydrophobic) to I-DNA 

adsorption at adlayers comprised of carboxylic acid-, hydroxyl-, EG30Me- (triethylene 

glycol methyl ether), and methyl-terminal groups by the systematic manipulation of solution 
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pH. Furthermore, these experiments revealed that the exposed purine and pyrimidine 

groups at the 12-base, unpaired ends of h-DNA (Le., the “sticky ends”) play an important 

role in the initial stages of the adsorption of each molecule. The work reported herein, 

designed to examine these systems in more detail, led to another interesting finding - the 

importance to adsorption of structural order and defects in the adlayer. This paper presents 

these observations and examines possible origins. 

Experimental Section 

Reagents. Mercaptohexadecanoic acid (MHDA), mercaptoundecanol (MUL), and 

mercaptohexanol (MHL) were purchased from Sigma-Aldrich. Aminoundecanethiol (AUT) 

was obtained from Dojindo. Millipore-purified deionized water (18 Mn) was used for the 

preparation of all aqueous solutions. Two-part epoxy was obtained from Epotek. 

Buffer solutions @H 4.0-7.0) were prepared from 1.0 M aqueous solutions of acetic 

acid, sodium acetate and sodium chloride. A.C.S. grade or higher glacial acetic acid, 

sodium acetate and sodium chloride were purchased from Fisher Scientific. As detailed 

previo~sly:~ the final mass balance of acetate ion was 25 mM, as was the nominal ionic 

strength, unless otherwise specified. All the solutions were then photo-bleached for -12 h 

under a mercury lamp and passed through a 0.2-pm filter immediately prior to use. 

YOYO-labeled h-DNA. h-DNA (48502 bp) was obtained from Life Technologies. 

All DNA samples were prepared at a concentration of 500 pM in 10 mM Gly-Gly buffer, 

pH 8.2 (Sigma). LDNA, which has a fully extended length of -16 pm,27 was labeled with 

YOYO-1 (Molecular Probes) at a ratio of one dye molecule per five base pairs. These 
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solutions were diluted to 50 pM with each buffer prior to the start of a single molecule 

imaging experiment. 

Substrate preparation. For the TIRFM studies, optically-transparent gold 

substrates were prepared. Glass coverslips (25 x 25 mm) were first cleaned by sonication in 

an aqueous detergent (Contrad), deionized water, and high purity methanol (30 min each). 

The cleaned coverslips were then placed in a high vacuum evaporator (Edwards) and coated 

with a I-nm chromium adhesion layer, followed by a 20-nm film of gold (99.99% purity) at 

a deposition rate of 0.1-0.2 nm/s. This thickness of gold allowed adequate light 

transmission for TIRFM excitation while maintaining an effectively uniform coverage. 

Upon removal from the vacuum chamber, the substrates were either immediately modified 

or stored in a dessicator. 

For AFM imaging, template stripped gold (TSG) samples were prepared via a 

previously reported procedure.” Silicon(ll1) wafers were cleaned by sequentially 

sonicating for 30 min in hexane, acetone, and methanol, and then dried under stream of high 

purity nitrogen. The cleaned wafers were placed in a vacuum evaporator and coated with 

300 nm of gold. Next, glass slides were cut into 1 x 1 cm sections and cleaned by the same 

procedure used for the TIRFM substrates. After drying with a stream of nitrogen, a drop of 

Epotek 377 epoxy was applied to surface of the glass substrate, which was then affixed 

directly to the gold surface on the.silicon wafer. This process sandwiches the gold film 

between the glass and silicon wafer. Preparation was completed by baking the sandwiched 

platform in a muffle furnace at 150 “C for 90 min. By carefully detaching the glass slide, a 

smooth gold surface is obtained. 
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Adlayer preparation and patterning. The compositionally patterned monolayers 

were prepared in a multi step process. SAMs were formed by immersing the gold substrates 

in ethanolic solutions of desired thiol solutions (1 mM) for -20 h. Samples were rinsed 

with ethanol and dried under a stream of nitrogen gas. 

Nickel transmission electron microscopy (TEM) grids and chromium patterned 

quartz plates were used as masks for W photolithography. Both mesh [2000 mesh (hole 

size: 7.5 pm, bar size: 5 pm) and 600 mesh (hole size: 30 pm, bar size: 10-16 pm)] and 

parallel bar grids (bar width: 40 pm, bar spacing: 25 pm) (SPI Supplies) were employed. 

The mask was sandwiched between a monolayer-coated gold substrate and a quartz slide. A 

medium pressure mercury W lamp was used at an irradiation time of 20 min. This process 

removes the monolayer exposed to the light that passes through the photomask by the 

generation of ozone, which creates various oxygenated forms of sulfur that can readily be 

removed by rinsing with water and other mild  solvent^.^^'^^ These samples were then rinsed 

with deionized water and ethanol and dried under nitrogen. Finally, the samples were 

immersed into a second thiol solution, which filled in the uncoated regions of gold created 

by the photopatterning process. This step completes the fabrication of the compositionally 

pattered samples. 

Total Internal Reflection Fluorescence Microscopy (TIRFM). Figure 1 shows a 

partial schematic of the experimental setup, which has been previously described.” 

argon ion laser at 488 nm was used as an excitation source and was coupled to a Zeiss 

Axioskop microscope mounted with a CCD camera (Cascade 650, Roper Scientific) that 

was tbermoelectronically cooled to -35°C. A 488-nm holographic notch filters was 

positioned between the objective and the CCD. With this setup, the angle of incidence at 

An 
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the prism-sample interface was -66", which yielded an evanescent field thickness of 

-150 nm. The 40x microscope objective (Zeiss Plan-Neofluar (oil 1.3 NA)) was optically 

coupled to the coverslip by immersion oil (type FF, n=1.48, Cargille). Single-molecule 

timing was performed using a mechanical shutter synchronized with the CCD. Finally, the 

optically transparent gold substrate was mounted on the fused silica prism. 

Atomic Force Microscopy. All the AFM images were taken using Multimode 

AFM (Digital Instruments), equipped with a 125-pm tube scanner and operated in 

TappingModeTM at a scan rate of 1 Hz. The tips were silicon TESP probes (Nanosensors) 

with resonance frequencies between 298 and 365 Wz .  

Results and Discussion 

The interactions between DNA and the various modified surfaces include 

electrostatic, hydrogen bonding, and hydrophobic contributions. Interactions between 

neighboring h-DNA adsorbates may also play an important role. The combined weight of 

these interactions, coupled with factors which affect solubility (e.g., pH and ionic strength), 

determines the strength of h-DNA adsorption. Thus, by manipulating solution pH, 

interactions affecting LDNA adsorption can be probed. 

In our earlier study using SAMs, the adsorption of h-DNA increased as pH 

de~reased.'~ This dependence primarily reflected the importance of electrostatics on 

solubility, which modulated the strength of interaction with the terminus of the adlayer. 

That study also showed that there were subtle differences in how the sticky ends of the 
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adsorbates interacted with polar terminal groups at low pH, which appeared to play a major 

role in the early stages of the adsorption process. The investigation herein was designed to 

examine these observations in more detail by using compositionally-patterned monolayers 

in which the direct comparison of adsorption at two different domains of functional groups 

would enable a more effective assessment of the relative strength of adsorption. 

Furthermore, these experiments ~ were carried out to determine if the structural order of the 

adlayer contributed to adsorption, noting that SAMs with longer chain lengths are more 

ordered than those with shorter chain lengths.” 

General observations. Figure 2 shows a series of TIRFM images for three different 

concentrations (20, 25, and 50 pM) of YOYO-I labeled LDNA at three different 

compositionally patterned adlayers (i.e., AUTMHDA, MUL/MHDA, and MHL/MUL). 

These images are representative of those from a much larger data set that spanned pH values 

fiom 4.0 to 8.2, and correspond to pH values in which preferential adsorption at one of the 

two domains for a patterned adlayer was fxst observed as the pH was lowered. The set of 

images in Figure 2A therefore correspond to those for a patterned adlayer composed of an 

amine-terminated adlayer (AUT) in the square-shaped addresses and a carboxylic 

acid-terminated adlayer (MHDA) in the grid regions, with the leftmost image at a h-DNA 

concentration of 50 pM and the center and rightmost images at 25 and 20 pM, respectively. 

The images in Figures 2B,C follow the same order with respect to A-DNA concentration. 

However, those in Figure 2B are images for a surface patterned using the parallel bar grid 

and is composed of a carboxylic acid-terminated adlayer in the wider lanes and a 

hydroxyl-terminated adlayer in the narrower lanes. Furthermore, Figure 2C represents the 

results at a surface composed of hydroxyl-terminated SAMs, with the square-shaped islands 
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modified with a longer chain adlayer (1 1 methylene groups) and the grid regions derivatized 

with a shorter adlayer (six methylene groups). 

From a compositional viewpoint, the differences in the images presented in Figures 

2A-1 and 2B-1 are qualitatively comparable to those in our earlier report.” Figure 2A-1 

shows a clear preference for adsorption at the amine-terminated islands over the carboxylic 

acid terminated grids around these islands. This result is attributed to the presence of 

protonated amines and deprotonated carboxylic acids at pH 8.2. 32-34 The driving force for 

the adsorption of negatively charged LDNA is therefore electrostatically favored at the 

AUT-derived islands. This preference in adsorption continues as the pH is lowered (data 

not shown). However, the magnitude of the difference diminishes, with both domains 

showing comparable levels of adsorption at pH 5.0 and lower. Moreover, the number of 

adsorbed molecules undergoes an increase with decreasing pH. The evolution of these 

observations is ascribed in large part to a contribution of electrostatic interactions (is., the 

reduction in the total negative charge of h-DNA and the change in the extent of ionization of 

the terminal groups at the AUT and MHDA domains). More detailed studies, including 

assessments of the acid strengths of the two terminal groups, will be necessary in order to 

unravel the contributions of these and other (e.g., hydrophobic) factors. 

Closer inspection of Figure 2B-1 reveals another intriguing spatial dependence of 

adsorption - the tendency for adsorption at the boundary between domains (is., an “edge 

effect”). This result points to the potential role of defects in the adlayer with respect to 

adsorption in a manner thatresembles, at least in part, the mixed mode adsorption 

phenomenon described by various chromatographic theories?’ 
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Along the same lines, Figure 2C-1 shows favored adsorption at the short chain 

(MHL) over the long chain (MUL) hydroxyl-modified surface at pH 5.0. Increases in pH 

revealed a decrease in the extent of adsorption, but little observable differentiation at the 

two domains. Decreases in pH led to an increase in the number of adsorbed LDNA, 

however, subtle differences in preferential adsorption were observed in only a few images. 

These findings are consistent with the lower order with respect to chain packing of shorter 

chain monolayers, which exposes more of the hydrophobic interior of the adlayer for 

interactions with the sticky ends of LDNA. 

Concentration dependence. To investigate the observed edge effect further, the 

concentration dependence of adsorption was examined at the same three types of patterned 

samples and at the sample pH values used in the images described in the last subsection. 

Two different LDNA concentrations were tested, 20 and 25 pM, and are represented by the 

images in the rightmost and center panels of Figures 2A-C, respectively. All the images 

exhibit the same preference for adsorption with respect to the identity of the terminal group 

and chain length as found at the 50 pM concentrations. These results also show that the 

adsorption of LDNA is partially favored at domain boundaries. In fact, the edge effect is 

more apparent at the two lower concentrations, with adsorbed LDNA outlining the 

boundaries between the islands and grids in the images sets in Figures 2A, C, and those 

between the lanes in Figure 2B. 

Some of the lower concentration images also showed LDNA anchored with one end 

located at a boundary and its opposite end at a neighboring domain boundary. An example 

of this observation is given in Figure 2A-2. This patterned adlayer has a separation between 

the amine-terminated domains of 5-7 pm, which is less then the length (-16 pm) of an 
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extended h-DNA molecule. Note also that the bridging adsorbates are extended along the 

same general direction. This situation, as discussed by Kang et reflects the low level 

of solution flow (20-200 d m s )  across the surface that can be induced by the coverslip 

when placed on top of the sample solution immediately before an experiment begins. Other 

images, in contrast, show extended sections of h-DNA that appear to have both ends 

adsorbed in the same domain, or have one end fixed at a domain boundary and the other in 

the surrounding gnd. The image in Figure 2C-1 is an example of such an observation, and 

is a reflection of the distance (30-40 pm) between the square-shaped islands being greater 

than the fully extended length of h-DNA. 

These results collectively argue that the adsorption of h-DNA is a complex process, 

especially at surfaces with the heterogeneity of OUT patterned adlayers. Moreover, the 

observed preferential adsorption at the domain boundaries for samples composed of the 

hydroxyl-terminated adlayers with different chain lengths points to structural disorder as an 

important contributor to this tendency. 

AFM characterization of the domain boundaries. As a further investigation of 

the origins of the edge effects, AFM imaging was used to examine the structural topography 

across the patterned samples. These experiments were carried out using samples prepared 

on the atomically smooth surfaces of TSG. Figure 3 shows topographic AFM images for 

(A) AUT(square)/MHDA(grid), (B) MUL(square)/MHDA(grid), and (C) 

MHL(square)/MUL(grid), and their respective cross-sectional plots. Each image contains 

features tractable to the photopatterning process. More importantly, some of the images 

display an obvious disruption in topography at the domain boundaries. Figure 3 4  for 

example, exhibits an almost undetectable difference in the absolute height of the two 
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domains, but clearly undergoes a large drop in height at the domain boundary. These 

changes, while less than the thickness of either adlayer, are between 700 and 900 nm in 

width. This finding represents, we believe, the uncertainty in the edge definition from the 

photopatterning process, which relies on the gradual top-down degradation of the adlayer by 

W-generated 0 2 o n e . ~ ~ ' ~ ~  

The same qualitative description applies to the image in Figure 3B, noting that the 

structural variations in the AFM-measured depth and width at the domain boundaries are 

less then in Figure 3A. Some samples, like that in Figure 3C, did not show an obvious 

disruption in topography at the domain boundary. Together, these images reveal that there 

is often a structural irregularity in the sample at the domain boundaries. 

Adsorption dependence on immersion time for adlayer formation. As another 

investigation of role of edge effects on X-DNA adsorption, a preliminary study of the 

influence of the immersion time employed for the formation of a MHDA adlayer, which is 

known to alter the packing density of SAMs:' was carried out. This study, summarized in 

Figure 4, revealed that the number of X-DNA molecules which are permanently adsorbed on 

the MHDA surface was significantly higher for samples with an immersion time shorter 

than 10 s. At a 1-s immersion time, the number of X-DNA permanently adsorbed (-200 per 

image) was comparable to that on bare gold at the same pH (4.5). However, the adsorption 

of X-DNA decreased rapidly as immersion time increased, reaching to the minimum at -30 s 

to 1 h. This change is consistent with the formation of a MHDA-derived monolayer on the 

gold surface. Interestingly, the amount of adsorbed X-DNA then undergoes an increase at 

longer immersion times. We, at present, suspect that this increase results from the 

formation of hydrogen-bonds between the partially ionized acidic terminus of the adlayer. 
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Recent work has indicated that the driving force for hydrogen-bonding is more than 

sufficient to overcome the barrier to form gauche kinks that would potentially impede 

h~drogen-bonding.~~ It was also proposed that the formation of hydrogen-bonds exposed 

portions of the methylene spacer groups, which would provide a hydrophobic site for 

adsorption of the h-DNA sticky end. Clearly, a more in-depth series of investigations along 

these lines are needed. These results nevertheless begin to support the importance of 

structural disorder to LDNA adsorption. 

Patterns with Smaller Domains. Lastly, the effect of domain size was examined 

by creating compositionally patterned adlayers using the same W photopatterning 

technique but with a chromium mask composed of circular holes having a 3-pm diameter. 

Samples composed of an AUT-based monolayer formed in the circular addresses that were 

surrounded by MHDA were studied. The results are presented in Figure 5.  As is evident, 

the surfaces exhibit clear evidence for adsorption at one domain (AUT) over the other 

(MHDA). These findings are diagnostic of the larger strength of adsorption for h-DNA at 

the amine-terminated groups, which are protonated at this pH, with respect to all the other 

terminal groups tested. There is another interesting aspect from this set of experiments. 

Only a few (1-3) adsorbates were found in each circular domain. At the 3-pm addresses, the 

average area per adsorbate, when we consider the area of each address (-7 pm’), spans from 

2 to 7 pm’. Presumably the steric interference of &-DNA molecules with one another 

prevented higher adsorption densities. 
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Conclusions 

This paper examined the adsorption of individual h-DNA molecules at 

compositionally patterned SAMs. h-DNA showed a preferential adsorption onto one 

component that was pH and domain size dependent. These differences result from the 

combination of electrostatic, hydrogen-bonding, and hydrophobic interactions as well as 

steric effects. In addition, surface topology affected the initial stages of adsorption; Le., h- 

DNA was preferentially anchored at the boundary between two adlayers. This effect was 

also observed using an adlayer formed from thiols with a shorter chain length. Experiments 

are currently being designed to further examine the fundamental underpinnings of each of 

these intriguing observations. 
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Figure Captions 

Figure 1. Experimental setup: (A) sample mounted on fused silica prism and optically 

coupled with microscope objective for monitoring the movement of single h- 

DNA molecule excited in the evanescent field; (B) sample solution with h-DNA 

interacting with patterned S A M  surfaces on optically transparent gold film. 

Figure 2. Fluorescence images (60 x 80 pn) at three different compositionally patterned 

adlayers as a function of YOYO-I- LDNA molecules concentration: 

(A) AUT(square)/MHDA(grid) (PH 8.2,25 mM Gly-Gly buffer solution) using 

2000 mesh TEM grids; (B) MUL(lane)/MHDA(grid) @H 5.0,25 mM sodium 

acetate/acetic acid) using parallel bar TEM grids; and 

(C) MHL(square)/MUL(grid) (PH 5.0,25 mM sodium acetate/acetic acid) using 

600 mesh TEM grids. In each case, the concentration of h-DNA in the leftmost, 

middle, and rightmost frames equaled 20,25, and 50 pM, respectively. 

Figure 3. Topographic AFM images and corresponding cross section plots for three 

different compositionally patterned adlayers: (A) AUT(square)/MHDA(grid); 

(B) MUL(square)/MHDA(grid); and (C) MHL(square)/MUL(grid). The spikes 

in the cross sectional view in Figure C are due to the defects on TSG surfaces. 

Figure 4. Plot of h-DNA surface concentration on a MHDA adlayer as a function of 

immersion time for adlayer formation. These measurements were carried out 

using 50 pM of YOYO-I labeled LDNA @H 4.5,25 mM sodium acetate/acetic 

acid) was pipetted on the substrate. 
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Figure 5. (A) Fluorescence images (60 x 80 pm) of YOYO-I labeled LDNA at 

AUT(circle, 3 pm)/MHDA(grid, 10 pn) (PH 8.2,25 mM Gly-Gly buffer 

solution). The concentration of DNA was 50 pM. (B) A topographic AFM image 

and corresponding cross section analysis of the AUT(circle)/MHDA(grid). 
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CHAPTER 6. GENERAL CONCLUSIONS AND PROSPECTUS 

This dissertation has explored the development and application of a high sensitivity 

immunoassay readout method based on SERS. Chapter 2 explored the effect of particle size 

on SERS signal employed in sandwich immunoassays. Sandwich immunoassays of f-PSA 

were performed using ERLs created from various sizes of gold nanoparticles. By 

correlating SERS signal and AFM particle analysis, average SERS signal per particle was 

obtained as a function of particle size. Also, SERS signal from individual gold particles 

coated with Raman reporter molecule DSNB was recorded using an in-house assembled 

Raman-microscope. The results show that SERS signal increases as particle size increases 

for particle sizes tested (30-80 nm) on assay substrate. Single gold nanoparticle SERS 

showed consistent results where particles larger than 70 nm gave the largest signals. 

Chapter 3 demonstrated the application of ERLs in the detection of Erwiniu 

herbicolu and Bacillus globigii, simulants for biological warfare agents and the pathogen 

Escherichia coli 0157:H7. ERLs prepared by 80-nm gold nanoparticle were utilized and 

showed low level detection of the analytes. The limit of detection (LOD) for E. 

coli 0157:H7 was 1,000-2,000 cells/mL, with those for E. herbicolu and B. globigii, 

roughly 8,000 and for 4,000 cfu/mL, respectively. A new ERL scheme based on mixed 

monolayer was created by covering the gold nanoparticles with a mixture of two thiolates, 

one covalently binds antibody to the particle and the other produces a strong Raman signal. 

The mixed monolayer ERLs were applied in the detection of IgGs and bacteria and have 

shown to perform as well as ERLs based on bifunctional reporter molecule. 

Chapter 4 introduced assay platform based on mixed SAMs of DSU and 

EG30Me-terminated thiol. Mixed SAMs prepared from ethanolic solution with mixture of 
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DSU and EG30Me with various fraction of DSU. Then, the mixed SAMs were incubated 

with anti-PSA. Using AFM, individual anti-PSA was imaged and counted. The results 

revealed that the number of immobilized anti-PSA increased as x Dsu increased. Use of 

EG30Me terminated thiol showed ability to resist binding of protein. The covalent binding 

of antibody onto DSU- derived monolayer region was evident as verified by IRRAS. 

Chapter 5 described adsorption behavior of single YOYO-1 labeled h-DNA at 

compositionally patterned SAMs. Patterned SAMs were created with various combinations 

of thiolates with different functional groups, i.e., -COOH, -NHz, -OH via UV 

photopatterning process. TIRFM was used to monitor adsorption of individual h-DNA on 

the substrates as a function of solution pH and concentration of LDNA. The study revealed 

that h-DNA preferentially adsorbed on one component showing clear patterns with 

dimensions comparable to those of photomasks at carefully controlled pH. This behavior 

was attributed to the fact that balances between the interactions governing the adsorption of 

h-DNA, i.e. electrostatic, hydrophobic, and hydrogen bonding interactions, changed as pH 

changed. Defect sites, chain length of the thiolate, and domain size also played a role in 

giving preferential adsorption of h-DNA. h-DNA initially adsorbed onto the boundary 

regions of the addresses which exhibit topographical defects as verified by AFM. This 

study showed the ability of h-DNA to probe both chemical and physical heterogeneity. 

The ability to measure signal from single nanoparticle allows us to study 

fundamental aspects of SERS. The difficulty in performing experiments to elucidate the 

size-, shape-, particle-particle interaction-, particle-substrate interaction- dependence of 

SERS has been mainly due to the difficulty in creating surfaces with high reproducibility 
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and defined shapes, i.e. controlling surface morphology. By using single-nanoparticle SERS, 

signal from individual particles with different shape and particle-particle distance and 

particle-substrate distance can be directly measured. With modeling and theoretical work 

for more complex systems, the origin of the enhancement of SERS can be better understood. 

SERS based immunoassays will continue to find their applications in real world 

analytes as instrumentation develops to create hand-held device that will allow field- 

deployable system. Potential improvements can also come from sample introduction, i.e. 

microfluidic device which will allow high throughput analysis with minimum sample 

consumption, as well as sample preconcentration. While SERS based readout methods 

perform well for single analyte assays with ultra-low level of detection and for yesho type 

dual-analyte assays, there are still issues to be addressed regarding quantitative dual- or 

multi- analyte assays. The problem may have come from, as discussed earlier, the 

difference in binding affinities between different ERLs. Therefore, assay platform with 

controlled antibody density (studied in Chapter 4) can be applied to further investigation. 

For example, the surface can be used to study viability of antibody. Also, incorporation of 

the platform in the dual- or multi- analyte assay can provide a capture surface with minimal 

steric hindrance in SERS based assay. 


