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ABSTRACT 

 
 

This dissertation describes the development of a new method for increasing the 

resolution of the current protein microarray technology, down to the single molecule 

detection level.  By using a technique called size-dependent self-assembly, different 

proteins can be bound to different sized fluorescent nanostructures, and then located on a 

patterned silicon substrate based on the sized pattern which is closest to the size of the 

bead diameter.  This technique is advantageous for cases when protein quantities are 

limited and high detection resolution is desired.  It limits the required preparation time 

and surface modifications needed compared with other protein array techniques, and it 

can be used with conventional fluorescent microscopes.  Its simplicity and effectiveness 

will be a valuable asset in the analysis of rare proteins. 

The protein nanoarray was used to detect antibody-antigen binding, specifically 

anti-mouse IgG binding to mouse IgG.  The protein nanoarray is designed with the goal 

of analyzing rare proteins. However, common proteins, such as IgG, are used in the initial 

testing of the array functionality.  Mouse IgG, representing rare proteins, is conjugated to 

fluorescent beads and the beads are immobilized on a patterned silicon surface.  Then 

anti-mouse IgG binds to the mouse IgG on the immobilized beads.  The binding of the 

antibody, anti-mouse IgG, to the antigen, mouse IgG is determined by fluorescent signal 

attenuation.  Single molecule binding was determined when the signal attenuation was 

enhanced with polystyrene beads and AuNP, used as tags for the antibody, and was 

verified by scanning electron microscope (SEM) imaging. 
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 The first objective was to bind charged nanoparticles, conjugated with proteins, to 

an oppositely charged silicon substrate. Binding of negatively charged gold nanoparticles 

(AuNP), conjugated with mouse IgG, to a positively charged silicon surface was 

successful. 

 The second objective was to demonstrate the method of size-dependent self-

assembly at the nanometer scale (<100 nm).  Different-sized, carboxylated, fluorescent 

beads and AuNP, which were conjugated with proteins, were serially added to a patterned 

polymethyl methacrylate (PMMA) coated silicon surface. Size-dependent self-assembly 

was successfully demonstrated, down to the nanometer scale.   

 The final objective was to obtain a signal from antibody-antigen binding within 

the protein array.  Conjugated fluorescent beads were bound to e-beam patterns and 

signal attenuation was measured when the antibodies bound to the conjugated beads.  The 

size-dependent self-assembly is a valuable new method that can be used for the detection 

and quantification of proteins. 
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INTRODUCTION 
 

1. Overview of Dissertation 

Recently, attention has expanded from the field of genetics to the field of 

proteomics, and subsequently to protein arrays for the detection of specific proteins.  

There are good reasons for this change of interests; (1) many untreatable diseases are 

believed to originate from proteome level, not genome level, and (2) a single genome 

may express hundreds of different proteomes through post-translational modifications 

depending on environmental or developmental factors.1 

While DNA microarrays have numerous problems, protein microarrays have 

additional challenges.  Proteins are relatively unstable compared to DNA, as they can 

easily undergo unfolding and denaturating, altering or stopping the normal activity of the 

protein.  The proteins (typically antibodies) immobilized on the array surface have been 

reported to experience structural changes upon adsorption to almost any surfaces.  These 

structural changes include, but not limited to, decrease in the α-helix content,2 breakage 

of disulfide bonds,3 association through lateral protein-protein interactions,4 and 

dissociation into their sub-units.4  As a result, the portions of immobilized proteins may 

not be able to bind their antigens.  The signal from each array spot becomes ensemble-

averages, thus being difficult to discern each other.  The need for single molecule 

detection (SMD) becomes crucial in this respect.  In case of analyzing samples containing 

rare proteins, their small quantity becomes another issue. A low abundance analyte 

always exists in a complex biological mixture containing excess of contaminating 
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proteins.5 This is not a serious problem for DNA microarrays, because the amount of rare 

DNA can be amplified through the polymerase chain reaction (PCR) technique that is 

commercially available.  Unfortunately, we do not have such a tool for proteins.  

Recombinant DNA technology cannot be used to amplify the amount of rare proteins, 

since the exact duplication of post-translation modifications is always difficult.   One 

solution to accommodate SMD and to deal with the small quantity of proteins seems to be 

the development of protein nanoarrays.  The protein nanoarrays will have the ability to 

bind small amounts of proteins per spot and obtain a signal from protein-ligand binding, 

with the resolution of a single signal per single bound complex.  With the high signal 

resolution of protein nanoarrays, the amount of proteins needed to analyze a single ‘spot’ 

will be greatly reduced. 

The work presented in this dissertation shows the fabrication of a protein 

nanoarray based on the self-assembly of fluorescent submicro- or nanospheres onto 

nanometer patterns generated by electron beam lithography. The spheres, varying in their 

size, self-assemble to specific locations depending on the diameter matching the surface 

nanopatterns (Figure 1). This method verifies antibody-antigen binding, down to single 

molecule detection, by binding antibodies to nanospheres of varying size, then using the 

size-dependent self assembly to determine where each sphere/antibody conjugation is 

placed.  After placement, antibody-antigen interactions are initiated and binding is 

determined by fluorescent signal attenuation of each bound submicro- or nanosphere, 

with the use of a fluorescent microscope.  This protein array allows multiple proteins to 

be patterned and protein-ligand interactions, such as antibody-antigen interactions, to be  
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Figure 1a.  Top: An illustration showing the method of size dependent self assembly of 
different sized fluorescent beads being serially added and binding to their respective sized 
patterns.  Figure 1b.  Bottom: A top down illustration of a multi-component protein 
nanoarray using made by size-dependent self-assembly. 
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determined, down to the single molecule detection level.  A compilation of studies 

conducted between 2004 and 2008 show the development of this protein nanoarray. 

 

2. Antibody Affinities 

Antibody affinities are the driving force that allows this protein array to function.  

Protein-antibody interactions are determined by complex associations between epitopes 

on the target protein and the antigen-binding site on the detection molecule.  Association 

of antigens and antibodies is dependent on different forces, such as hydrogen bonds, 

hydrophobic interactions, electrostatic forces, and van der Waals forces.6 Antibodies and 

antigens share certain characteristics.  They both have the ability to be multivalent, either 

through multiple copies of the same epitope, or through the presence of multiple epitopes 

that are recognized by multiple antibodies.  This is highly evident when the target antigen 

is an actual antibody.  Multivalent interactions can make it easier to bind antibodies and 

antigens, creating complexes.  However, in some cases multivalency can result in steric 

difficulties, thus reducing the possibility for binding.  

Antibody-antigen binding is a reversible process that follows the basic 

thermodynamic principles of any reversible bimolecular interaction:  

 

  
]][[

][

AgAb

AgAb
K A

−
=   (Eqn. 1) 
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where KA is the  affinity constant, Ab and Ag are the molar concentrations of unoccupied 

binding sites on the antibody and antigen respectively, and [Ab-Ag] is the molar 

concentration of the antibody-antigen complex.7 

The time antibody-antigen reactions take to reach equilibrium is dependent on the 

rate of diffusion and the affinity of the antibody for the antigen. Affinity constants can be 

affected by variables such as pH, temperature and solvent type. Affinity constants can be 

determined for monoclonal antibodies, but not for polyclonal antibodies, as multiple 

bindings take place between polyclonal antibodies and their antigens. Polyclonal 

antibodies differ by as much as 10,000-fold in their affinities.   

The affinity constant, KA, is the ratio between the rate constants for binding and 

dissociation of antibody and antigen. Affinity describes the strength of interaction between 

antibody and antigen at single antigenic sites. Within each antigenic site, the variable 

region of the antibody interacts through weak non-covalent forces with antigen at 

numerous sites; the more interactions, the stronger the affinity. Avidity of the antibody-

antigen complex describes the antibody epitope affinity, the valence of both the antigen 

and antibody, and the structural arrangement of parts that interact.  

Ultimately these factors define the specificity of the antibody, that is, the 

likelihood that the particular antibody is binding to a precise antigen epitope. Cross-

reactivity refers to an antibody or population of antibodies binding to epitopes on other 

antigens. This can be caused either by low avidity or specificity of the antibody or by 

multiple distinct antigens having identical or very similar epitopes. Cross-reactivity is 

sometimes desirable when one wants general binding to a related group of antigens or 
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when attempting cross-species labeling when the antigen epitope sequence is not highly 

conserved in evolution. 

A protein array is a tool that utilizes the specificity of antibodies to antigen 

epitopes.  to detect, quantify, and analyze properties of proteins.   It is very useful in 

detecting protein interactions that affect protein structural changes. These changes can 

lead to things many different things, such as post translation modification and origins of 

rare diseases. 

 

3. Protein Arrays 

Protein arrays consist of proteins or antibodies immobilized on a glass or a chip 

surface.  These proteins retain their functionality and are used to identify protein-ligand 

interactions, and can also be used for clinical diagnostics and monitoring disease states.5  

Protein microarrays are a high-throughput method for studying large numbers of protein 

molecules and their interactions. 

Three types of protein microarrays are currently used to study the biochemical 

binding and behavior of proteins: analytical microarrays, functional microarrays, and 

reverse phase microarrays.8 Analytical microarrays are typically used to profile a 

complex mixture of proteins in order to measure binding affinities, specificities, and 

protein expression levels of the proteins in the mixture. In this technique, a library of 

antibodies, aptamers, or affibodies is arrayed on a glass microscope slide. The array is 

then probed with a protein solution. Antibody microarrays are the most common 

analytical microarray.  These types of microarrays can be used to monitor differential 
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expression profiles and for clinical diagnostics. Examples include profiling responses to 

environmental stress and healthy versus disease tissues. 

Functional protein microarrays differ from analytical arrays in that functional 

protein arrays are composed of arrays containing full-length functional proteins or protein 

domains. These protein chips are used to study the biochemical binding and behavior of 

an entire proteome in a single experiment. They are used to study numerous protein 

interactions, such as protein-protein, protein-DNA, protein-RNA, protein-phospholipid, 

and protein-small molecule interactions. 

A third type of protein microarray, related to analytical microarrays, is known as a 

reverse phase protein microarray (RPA). In RPA, cells are isolated from various tissues of 

interest and are lysed. The lysate is arrayed onto a nitrocellulose slide using a contact pin 

microarrayer. The slides are then probed with antibodies against the target protein of 

interest, and the antibodies are typically detected with chemiluminescent, fluorescent, or 

colorimetric assays. Reference peptides are printed on the slides to allow for protein 

quantification of the sample lysates.  RPAs allow for the determination of the presence of 

altered proteins that may be the result of disease. Specifically, post-translational 

modifications, which are typically altered as a result of disease, can be detected using 

RPAs. Once it is determined which protein pathway may be dysfunctional in the cell, a 

specific therapy can be determined to target the dysfunctional protein pathway and treat 

the disease of interest. 

Proteins microarrays are very useful tool for protein analysis.  However, their 

method of analysis has a few limitations.  Many immobilized proteins undergo structural 
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changes, and these portions of immobilized proteins may not be able to bind to their 

antigens.  Also, the signal from each array spot becomes ensemble-averages, thus small 

changes in binding is difficult to discern from each other.  In the case of analyzing 

samples containing rare proteins, their small quantity becomes another issue, as 

traditional microarrays utilize thousands of proteins per array spot.  In order to address 

these limitiations, devices such as a protein nanoarray should be utilized. 

3.1 Protein Nanoarrays 

So far, scanning probe lithography (SPL) methods have been the most promising 

as a potential tool for fabricating a protein nanoarray.  SPL methods are based on 

scanning probe microscopy (SPM), which includes atomic force microscopy (AFM), 

scanning tunneling microscopy (STM) and near-field scanning optical microscopy 

(NSOM).  The biggest advantage of SPL methods is that the fabrication (nano-patterning) 

and detection can be performed with a single SPM instrument.  The group led by Chad 

Mirkin at Northwestern University has recently developed dip-pen nanolithography 

(DPN) technique as a potential tool for patterning biomolecules in nanometer scale.  

Figure 2 shows the proof-of-concept of DPN.9 First, an AFM tip is ‘dipped’ in ‘ink.’  Ink 

can be any biomolecule, such as oligonucleotides (for a DNA array) or antibodies (for a 

protein array).  And then, the tip ‘writes’ on a substrate to transfer ‘ink’ (biomolecules), 

thus achieving nano-patterning.  DPN has mostly been demonstrated as serial patterning, 

i.e., tips have to be replaced whenever switching biomolecules.10  This means that 

patterning 50 different biomolecules requires replacing AFM tips 50 times.  Considering 

the time required for calibration and alignment for each tip replacement, serial patterning 
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may not be appropriate for making a multi-component (> 10) nanoarray.  Parallel 

patterning will be the apparent solution to overcome this limitation.  Quate et al. have 

recently demonstrated parallel scanning and patterning in SPL,11 where they used as 

many as 50 tips at once to obtain large-sized AFM image.  Their system has a serious 

limitation that each tip within the array needs a separate feedback system, which 

dramatically increases the instrumentation complexity and cost, as reported by Mirkin et 

al.12  The latter developed an improved parallel patterning system, with 8 tips and a single 

feedback system.  However, none of the above was successful in parallel patterning of 

biologically active biomolecules in nanometer scale.  Until now, only a limited number of 

proteins, typically two or three, have been patterned in nanometer scale (<100 nm),10 

indicating that DPN is cumbersome for multi-component patterning. Another serious 

problem includes non-specific binding of proteins to a substrate surface,13 which perturbs 

bio-patterning on the desired location and/or subsequent biorecognition.  Besides, one 

cannot tell how many biomolecules are deposited per single array spot in this DPN 

method.  To summarize, DPN at the current stage may not successfully pattern single 

protein molecule per each array spot to construct a multi-component (preferably > 10) 

protein nanoarray.  To address the issues of tedious calibration, as well as the other 

difficulties of DPN, an alternative method for protein nanopatterning is needed.   

 

3.2 Protein Nanoarray Applications 

There are many applications that are in need of a high resolution protein array 

capable of single molecule detection.  Once successful in producing a protein nanoarray 
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capable of single molecule detection, it can be used in identifying and/or screening 

recombinant therapeutic protein products.  Although recombinant protein production in 

prokaryotic expression systems has become a common practice these days, some 

eukaryotic proteins synthesized in bacteria are unstable, lack biological activity, or are 

contaminated with toxic compounds.14  For these reasons, the production of therapeutic 

proteins for humans or animals are typically produced in eukaryotic expression systems. 

Investigators are developing the production of therapeutic proteins from mammalian cell 

culture or even from transgenic plants.  The inability of the microorganism expression 

systems to produce authentic versions of proteins is, for the most part, due to the absence 

of appropriate mechanisms for generating certain post-translational modifications, 

including disulfide bond formation, proteolytic cleavage of a precursor, glycosylation, 

and additions to amino acids within proteins.14   

 Here, we will focus on the recombinant therapeutic protein products from 

transgenic plants, of which the past several years have seen development and 

commercialization.  Although the use of plants as an alternative production host has 

brought new challenges to downstream processing efforts, the economic attractiveness of 

the scheme is expected to provide sufficient impetus for finding creative solutions to its 

purification problems.  It has been estimated that it would cost approximately $43 per 

gram to produce and purify a recombinant protein in transgenic corn.  By contrast, the 

cost of producing and purifying a recombinant protein in transgenic goat’s milk would be 

$105 per gram, while heterologous protein production in mammalian cell culture would 

be from $300 to $3,000 per gram. 
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 The increased level of complexity in the transgenic plant expression system 

naturally leads to the large number of mutants and/or variants and relatively small 

quantities in therapeutic proteins.  Identification of correct products in this system should 

be done in a systematic manner, preferably in an array-type analysis system.  A 2-D 

electrophoresis system cannot serve as a screening tool for this, since all variants may 

have similar isoelectric point (pI) and molecular weight.  A protein array system at the 

level of single molecule detection is expected to successfully identify stable and 

biologically active therapeutic proteins and screen toxic products. 

 

4. Electron Beam Lithography 

Gaussian electron beam is a basic electron-beam technology which is used not 

only in lithography but also for scanning electron microscopy.15  The Gaussian apparatus 

is widely used for fine-pattern lithography, especially at less than 0.1 µm, to fabricate 

small quantities of devices and/or for pre-production.  In nanometer-scale lithography, 

challenges include obtaining a small spot-size and a stable beam.   

There are many parameters that affect the spot-size and beam stability in 

nanometer-scale lithography (Figure 3).  The accelerating voltage is probably one of the 

first parameters approached in electron beam lithography (EBL), as the electron beam 

diameter decreases with increasing accelerating voltage.  The next parameter is the 

condenser lens, which controls the beam current, adjusting the size of the beam diameter.  

Astigmatism correction coils allow astigmatism corrections to be made, to ensure a well-

rounded beam shape.  The aperture works in conjunction with beam current and the 
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accelerating voltage to obtain optimal beam diameter (probe size).  Focusing the beam 

with the objective lens ensures that one gets the smallest probe size possible at the point 

the beam strikes the surface.  One sometimes overlooked parameter is scan field.  A scan 

field that is too large will have slightly out of focus pattern details on the outer edge of 

the field, while the details while be in focus near the center of the pattern.  Usually, the 

software that comes with the EBL system will contain software that automatically 

corrects the magnification for the optimum scan size, yet the smaller the details desired, 

the smaller the optimum scan field becomes. 

Parameters directly related to the type of resist used include molecular weight and 

thickness of the resist.  The molecular weight affects the sensitivity of the resist to 

breaking of polymer chains by the electrons.  Higher molecular weight resists will yield 

better resolutions with EBL.  Thickness affects how much energy is needed in order to 

develop completely through the resist layer.  It is easier to get better resolution with 

thinner resist layers, as the sample interaction volume of the electrons is limited.   

Developing of the resist is a separate aspect of EBL that has its own parameters.  

Type of developer, developing time, and other less used parameters, such as sonication of 

substrate, can effect EBL patterns.  Most manufacturers of developers have 

recommendations for developers and developing time, depending on the application and 

resolution desired.  Overdeveloping of the patterns may cause the patterns to be oversized, 

and proximity effects may show up in the pattern.  Optimal developing time is best 

obtained through experimenting with various times. 
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5. Research Aims 

 The purpose of this research is to improve on the current methods of protein 

detection and quantification.  The method of size-dependent self-assembly (SDSA) will 

be able to increase the resolution of the optical detection of protein bindings, down to the 

single molecule level.  Single molecule detection (SMD) is defined, in this paper, as the 

detection of binding between a single antibody and a single antigen.  SDSA based protein 

arrays will be simple to construct and easy to use, and the binding analysis will be as 

quick as the current protein microarray methods, however, with higher resolution.   

There are three specific aims to the research in this dissertation.  The specific aims 

are 

1. To bind charged beads to exposed patterned silicon without the beads 

binding to the PMMA surface.  The term ‘beads’ includes all of the 

different polystyrene beads used in the research of this dissertation, as 

well as gold nanoparticles (AuNP). 

2. To demonstrate size-dependent self-assembly, down to the nanometer 

(<100 nm) scale.  Beads are serially added, from largest to smallest, to 

the patterned surface and bind to the size of patterns related to their bead 

diameter.   

3. Single molecule detection of antibody-antigen binding. 
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MATERIALS AND METHODS 

 

1. Summary of Materials and Methods 

 A p-doped silicon (Si) chip, which contains a positive charge on its surface, was 

coated with a layer of polymethyl methacrylate (PMMA), an electron beam resist that is 

relatively hydrophobic compared to the Si surface.  Patterns were etched into the PMMA 

all the way down to the Si surface, and negatively charged beads were added to the 

surface, in an attempt to bind them to the Si.   

 Next, SDSA was attempted using multiple sizes of beads.  Well patterns, slightly 

larger than each beads diameter, was patterned in array, with sizes of the wells alternating 

with each column in the array.  Starting with the larger sizes and the going down in size, 

the beads were serially added to the surface to attempt SDSA. 

In later experiments, an actual protein array was attempted using the method of 

SDSA.  Fluorescent beads were conjugated with mouse immunoglobulin G (IgG) and 

bound to patterns made in the PMMA by EBL.  Other beads were conjugated with anti-

mouse IgG and exposed to the bound fluorescent conjugates in an attempt to attenuate the 

fluorescent signal of the fluorescent beads upon antibody-antigen binding.  This section 

shows the details of setup and methods of analysis for the experiments of this dissertation. 
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2. E-beam Pattern Substrate 

Silicon used was p-type (Boron), 450-648 µm thick and 4-75 Ω cm (Exsil, Inc., 

Prescott, AZ).  The wafers were cut into 1 cm2 chips, then a 300 nm layer of 950 kDa 

PMMA (Microchem Corp., Newton, MA) was spin coated and baked on the surface at 

500 rpm for 5 seconds, then 4000 rpm for 40 seconds.  The wafers were then placed on a 

hotplate set at 180°C for 5 minutes, then removed and allowed to cool for 2-3 minutes.  

Copper tape, approximately 0.5 cm in length and 1 mm in width was placed at the top of 

the coated chip, to allow a high contrast signal from the SEM secondary electron detector 

and to easily locate the patterns (Figure 2).  Patterns were placed approximately 50 µm 

below the lower right corner of the copper tape.   

    For initial experiments, the PMMA was scratched, to expose the Si surface, and 

synthesized AuNPs were added to the substrate surface to see if the AuNPs would bind to 

the exposed Si surface and not bind to the PMMA surface.  Binding was positive on the 

exposed Si and negative on the PMMA surface (Figure 3).  A control substrate of N-type 

(Phosphorus) wafers, 7.5-12.5 Ω cm, 525 µm thick, also cut into 1 cm2 chips was used to 

assess if the synthesized AuNPs would bind to the surface (Walker Siltronic, Portland, 

OR).  Binding to the N-type silicon was negative, as verified by SEM.  Scattered AuNPs 

appeared to be bound to the surface of the PMMA, however, these were bound to 

contaminants in the PMMA, as verified by SEM. 
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Figure 2.  Photo showing a silicon chip substrate where a protein nanoarray is fabricated.  
The array is written just below the bottom right corner of the copper tape, but cannot be 
seen by the naked eye. 

 

 

_______________________ 

1 cm 
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Figure 3.  SEM image of AuNP assembled in a scratch pattern.  The scratch is nearly 
saturated with AuNP, while there is very few AuNP on the PMMA surface. 
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3. Nanopattern Generation System (NPGS) Writing and Microscope Limitations 

Initial AuNP binding experiments did not utilize an EBL system.  Crude patterns 

were written using a Hitachi 2640N SEM with tungsten filament in line scan mode.  The 

lines were in micrometer scale, 0.5 and 8 µm, and the AuNP bound inside the line 

patterns before being rinsed from the PMMA surface (Figure 4).  There was very little 

control of size and repeatability of the patterns, but this method for line pattern writing 

provided a good starting point until we gained access to the Nanopattern Generation 

System (NPGS) in the College of Optical Sciences at the University of Arizona. 

Once we gained access to the NPGS system, it worked well with many of our 

goals of pattern writing.  However, due to the age of the system, there were a lot of 

limitations that caused us to alter some our goals from the original plan of how the 

nanoarray would be developed.  Initially, we wanted patterns that could be written down 

to 40 nm, in order to experiment with SDSA of multiple sizes of beads below 100 nm in 

diameter.  However, due to an increased size of the writing limit of the NPGS, the size of 

the beads used for SDSA experiments also had to be increased. 

The original writing resolution limit of the JEOL 6400 SEM with NPGS was 40 

nm.  Due to age and wear of the parts, coupled with the difficulty in finding parts to 

repair the system, the 40 nm resolution was no longer attainable.  DesignCad Version 9 

software was used to create the patterns, and the NPGS system was used to convert the 

patterns from the DesignCad template, a template the SEM could utilize. Patterns were 

written, using systematically varied parameters, to determine optimal parameters for  
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Figure 4.  SEM image of line patterns made with a normal SEM in line scan mode 
containing bound AuNP. 
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pattern writing.  Simple square patterns were used to determine optimal line writing 

parameters (Figure 5), while small circle patterns were used to determine optimal well 

pattern parameters (Figure 6).  Later, smaller well patterns were written using a point 

dose method instead of circle patterns.  For the point dose method, the beam resided on a 

specific point on the PMMA for a specific length of time, based on the energy dose. 

Patterns written in the point dose method were drawn out as lines or squares, then the 

software drew the object with large spacing in between doses (Figure 7), creating small 

well patterns (Figure 8).  Once the threshold dose was determined for writing completely 

through the PMMA to the Si substrate, doses greater than the threshold dose were used to 

yield slightly larger well pattern diameters.  Under optimal SEM operating conditions, the 

point dose method could create >70 nm low resolution wells, or >100 nm high resolution 

wells.  Low resolution wells contained jagged, wavy edges with boundaries sometimes 

not clearly defined, while high resolution wells contained straight edges with clearly 

defined boundaries.  High resolution wells were needed for the synthesis of the protein 

nanoarray. 

 

4. Gold Nanoparticle (AuNP) Synthesis 

For initial experiments, AuNPs were synthesized utilizing a modified Brust-

Schiffrin method (Appendix C) and bound to exposed patterns.16 These AuNPs were 

approximatey 30 nm in diameter with a strong outer charge due to the chlorine ions 

within the outer shell.  Variations with the amounts of KAuCl4 and NaBH4 were assessed 

to try and obtain larger stable AuNPs with the outer chlorine shell.  Increases in the  
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Figure 5.  SEM image of the corner of some square patterns for NPGS parameter testing.  
The lines progressively get smaller in width as the squares progress inward. 
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Figure 6.  SEM image of NPGS parameter test for well patterns, showing variation in size 
based on change in parameters. 
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Figure 7.  Illustration showing how the NPGS program views a shape versus how it is 
written in point dose.  The left line and square is how it is written and viewed in the 
software, the right line of dots and square filled with dots is how the patterns will look 
after the NPGS software writes them on a pattern in line dose mode.  
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Figure 8.  Point dose mode was used to make well patterns in PMMA.  The upper patterns 
are etched all the way down, while the lower patterns did not have enough energy applied 
to etch through the PMMA. 
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amount of reducing agent resulted in the AuNPs clumping together in one large mass, 

then precipitating to the bottom of the glassware.  An increase in the KAuCl4 created 

multiple size aggregates within the colloidal suspension, disrupting the mono-dispersed 

size obtained with the original protocol.  Due to the lack of size control, >30 nm, 

carboxylated PS latex particles from Bangs Laboratories Inc. were used. 

 

5. Beads 

Different sized fluorescent beads were used in initial experiments, in order to 

prove the concept of SDSA.  Due to the writing limitations of the available NGPS, it was 

difficult to do initial experiments in nanometer scale.  It was easier to write the electron 

beam patterns in PMMA in the submicron scale, in between 100 and 500 nm.  Therefore, 

experiments were run using 300 nm fluorescent green beads and 140 nm fluorescent blue 

beads.  A size of 80 nm was also used, however a successful protocol for this size is could 

not be formalized. 

The overall goal was to bind the beads to the exposed silicon within the written 

patterns but not have any beads outside of the patterns, on the PMMA surface.  Ideally, as 

the beads were serially introduced from largest to smallest, the patterns would be 

completely saturated with their matching sized beads, before the next size would be 

added.  In order to get these ideal conditions, the surface chemistry of the beads had to be 

improved.  This improvement used a combination of washing, buffers, and surfactants to 

obtain a charged bead surface that was resistant to aggregation and binding to the PMMA, 

but was readily bound to the oppositely charged exposed silicon. 
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5.1 Washing 

Beads from Bangs Laboratories, Inc. were stored in Tween 20 surfactant.  Usually, 

the beads needed to be washed in order to remove enough surfactant to 1) expose the 

carboxyl end chains to initiate the negative charge of the bead and 2) successfully bind 

the proteins to either the exposed carboxyl groups or the actual bead surface.  Washing 

consists of repetitions of centrifuging, decanting the supernatant liquid, and re-suspending 

the precipitated beads in the correct buffer, with optional sonication if the precipitated 

pellet of beads is too compacted (Appendix D).  A lack of washing or not enough 

washing may leave the bead surface and carboxyl groups covered in surfactant, 

preventing protein binding as well as negative charge initiation, which would prevent the 

beads from binding to exposed Si  within the patterns and would cause more hydrophobic 

interactions between the beads and the PMMA.  However, excess of washing may strip 

the surface carboxyl groups from the beads or remove too much of the surfactant, 

allowing the beads to aggregate.  After much experimentation, it was determined that 

each size of bead had its own washing protocol that would allow binding to the exposed 

silicon as well as protein conjugation, while minimizing the binding on the hydrophobic 

PMMA surface.  For all bead sizes, it was discovered that the beads had approximately an 

8 week shelf life, before the carboxyl groups began to deteriorate and affect experimental 

results. 
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5.2 Buffers 

Buffers and buffer strength were another factor in the bead washing and binding.  

For activation of the carboxyl groups and future protein binding, 2-(N-

morpholino)ethanesulfonic acid (MES) and phosphate buffered saline (PBS) buffers were 

used.  When using PBS for bead washing, the beads bound to the exposed silicon.  

However, the beads also bound to the PMMA (Figure 9).  When using MES, the number 

of beads within the exposed silicon was reduced; the beads did not saturate the exposed 

silicon as well with MES as they did with PBS.  However, there is little to no bead 

presence on the PMMA surface when using the MES (Figure 10).  MES, in its unaltered 

state, has a pH of ~5.0.  Binding was still evident at this pH, but was greatly improved 

when sodium hydroxide (NaOH) was used to raise the pH of the buffer to ~7.0.  The 

molarity of the buffer greatly affected the bead binding.  Three different molarities were 

evaluated: 10 mM, 50 mM, and 100 mM.  The 50 mM was the best choice, as it bound 

much more beads to the exposed silicon than did the other 2 molarities.  The buffers used 

during protein binding will be discussed in the later protein binding section. 

5.3 140 nm Beads  

The washing protocol for the 140 nm beads was the simplest to determine.  Bangs 

Laboratories Inc. mentioned in their technical notes that centrifuging of beads to wash 

away the surfactant was not recommended for beads below 500 nm. However, successful 

attempts were made in washing by centrifuging for both the 300 nm and the 140 nm 

beads.  Based on the experiments on finding the optimum buffer, 50 mM MES was used 

for these beads.  The beads were centrifuged at 16000 g for 20 minutes (only 5 minutes  
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Figure 9.  SEM image showing beads with random binding.  The beads were washed in 
PBS buffer. 
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Figure 10.  SEM image showing 90% saturation of beads electrostatically bound in the 
patterns.  These beads were washed in MES buffer and bound in the patterns, not to the 
PMMA.   
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above the recommended 15 minutes in the technical notes), then re-suspended in the MES.  

The wash was repeated twice, and then the beads were stored in the MES.  Appendix D 

has the full protocol for the 140 nm bead washing. 

 

5.4 300 nm Beads 

For the 300 nm beads, the protocol provided for >500 nm beads was successful.  

Even after experimenting on other buffers and centrifuge times, centrifuging at 16000 g 

for 15 minutes in 50 mM MES seemed optimum.  However, when binding to the exposed 

silicon, there were very few beads binding, especially in comparison to the binding of the 

140 nm beads, which had similar properties and protocol.  I tried to increase the strength 

of the buffer, in order to try and activate as much of the carboxyl end chains as possible.  

However, this did not solve the problem.  When looking at the parking area of the 

carboxyl groups, and the measured ionic strength of the bead, I deduced that there needed 

to be some type of mixing or motion, so the beads would gain better exposure to the 

silicon substrate.   

An increase in thermal energy seemed to be a reasonable solution to the problem, 

as the increase in temperature would increase the motion of the beads, as well as decrease 

the surface tension between the water-air interfaces at the patterned wells.  A droplet 

containing the 300 nm beads was placed on a patterned chip.  The chip was then placed in 

an incubator set at 37°C, and the binding of the beads was checked once every minute 

under a fluorescent microscope.  After 3 minutes, there was a definite visual change in the 

amount of beads binding in the patterns, with some areas that seemed to be fluorescent 
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beads aggregating into a clump.  However, after 4-5 minutes, these “clumps” begin to 

dissipate into patterned areas fully saturated with the beads.  After 7 minutes, the patterns 

were nearly saturated.  This showed a great improvement from the binding of the beads 

with no heat added, and allowed us to move on to the next step of binding the 140 nm 

beads after binding the 300 nm beads, to prove the size-dependent self-assembly 

(Appendix F).  Appendix D has the full protocol for 300 nm bead washing. 

 

5.5 Surfactants 

Two different surfactants were evaluated, in order to try and reduce the binding of 

the beads to the PMMA, especially in the case of PBS buffer, and to increase the overall 

ionic strength of the beads.  Tween 80, a non-ionic surfactant, and SDS, an ionic 

surfactant were used.  Both surfactants were used within a range of concentration 

between 0.03% and 3%.  For the lower concentrations of Tween 80 in PBS, the amount of 

beads bound to the PMMA was reduced as well as the amount of beads bound to the 

exposed silicon.  Adding the Tween 80 to MES buffer only reduced the amount of beads 

bound to the silicon.  The SDS surfactant, when added to the beads in PBS or MES, 

reduced the beads bound to both the silicon and PMMA to a point where there were few 

beads on the substrate.  It was determined that under present conditions, surfactants were 

not needed to enhance binding results. 
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6. Protein Binding 

Protocol for protein binding had already been determined for carboxylated PS 

latex beads, as in the case of latex agglutination tests (LAT).  However, there had not 

been any reported attempts to first bind proteins to the beads and then subsequently bind 

the conjugated beads to another surface.   

Unlike the washing protocol which varied per bead size, the protein binding 

protocol was the same for all beads.  Bangs Laboratories provided a binding equation for 

saturation of beads with covalent coupling of proteins.  Using that equation, and 

calculating for 50% saturation of the beads carboxyl groups with proteins, we bound the 

proteins to the beads, then the beads to the patterns.  Appendix E has the full protocol for 

the protein binding. 

The protein binding protocol requires further improvement.  Testing went ahead 

to obtaining a signal from bound bead conjugates and their antibodies before the binding 

protocol was tested for optimum protein binding and with sustained binding site activity.  
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RESULTS AND DISCUSSION 
 

1. AuNP Binding and Signaling 

The synthesized AuNP bound very well to the scratches and initial SEM patterns.  

Initially, the AuNP were oversaturated with mouse IgG, and did not bind to the scratch or 

line patterns.  Once the AuNP conjugates successfully bound to the exposed silicon, the 

fluorescent tagged antibody, anti-mouse IgG,  bound to the PMMA just as much as to the 

AuNP.  We attributed this to hydrophobic interactions between the proteins and PMMA, 

and attempted to passivate the surface of the PMMA with BSA.  This approach was 

successful, and we gained our first steps toward a protein nanoarray.  The full results of 

these experiments are in the published paper in Appendix A. 

 

2. Sized-Dependent Self-Assembly 

 Three different sized beads were used in the size-dependent self-assembly 

experiments.  Besides different fluorescence characteristics, each of them contain 

different amounts of carboxyl groups per parking area (Table 1).  This was the cause of 

the requirement of using variations in washing protocols (Appendix D) and variations in 

binding results. The characteristics of each bead will be discussed further and will help to 

interpret many of the binding results. 

 The 300 nm Dragon Green carboxyl fluorescent beads have a similar excitation 

and emission range as fluorescein (ex = 494 nm; em = 521 nm).  Due to the fact that these 

are the largest of the fluorescent beads used in our experiments, they emit the strongest  
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Size (nm) Ex (nm) Em (nm) Carboxyl  

300 480 520 3.87 

140 360 450 5.71 

80 480 520 n/a 

AuNP 

(30) 
n/a n/a n/a 

   

Table 1.  Characteristics of beads used in protein nanoarray experiments.  Ex=Excitation 
Wavelength, Em= Emission Wavelength, Carboxyl=Carboxyl groups per nm2. 
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signal in the array.   These beads have less carboxyl groups per parking area, which 

probably attributes to the lack of saturation of the beads to the patterns, in comparison 

with the 140 nm beads, without the addition of thermal energy.  After binding, some of 

these beads were lost from the patterns after rinsing, due to the low ionic strength and 

binding energy.  A bead with more carboxyl groups per parking area and a larger surface 

charge would most likely bind more readily to the patterns, improving the size-dependent 

self-assembly. 

 The 140 nm Glacial Blue carboxyl fluorescent beads were the easiest to use in the 

protein array.  These beads emit a strong fluorescent signal, and the signal from 

individual beads can be seen under 10x fluorescent objectives.  These beads have the 

highest listed amount of carboxyl groups per parking area of any of the fluorescent 

carboxyl beads made by Bangs Laboratories, which is the reason why they bound so 

easily to the p-doped silicon.  The beads easily saturated any patterns after a couple 

seconds of exposure to the substrate, without any need for added thermal energy.  

Compared to the 7 minutes of increased thermal energy needed for the saturation of the 

300 nm beads, the 140 nm beads bound after 5 seconds. 

 The 80 nm Dragon Green carboxyl beads, for reasons that are unclear, were 

frequently problematic in binding specifically to the exposed silicon. One of the problems 

with these beads is that the amount of carboxyl groups per parking area is unknown.  

There were multiple attempts to find a working washing protocol in order to bind these 

beads to the silicon.  However, there seems to be a very few carboxyl groups on the 

surface of these beads, which would explain the lack of successful bindings of the beads 
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in the channel, while not binding to the PMMA.  Due to the lack of the lack of 

information on these beads, a solution is not obvious and so it is not clear if they are able 

to be used in this protein array. 

Initially, line patterns were used with both the 300 nm beads and the 140 nm 

beads to demonstrate the size-dependent self-assembly.  However, there were issues with 

the 300 nm beads saturating the patterns, small amount of carboxyl groups per parking 

area.  This was before we discovered the thermal energy effect on the 300 nm beads in 

enabling them to move closer to the patterns and ultimately bind more readily to the 

silicon.  The results were a few 300 nm beads scattered along their sized line pattern, and 

the 140 nm beads filling in the gaps that they made, plus filling in their own respective 

line pattern.  After continued trial and error with the line patterns, along with 

improvements in the writing and sizing of well patterns, the line patterns were abandoned 

and only well patterns were experimented upon.   

Ideally, each well pattern would be filled with a single bead of the correct size for 

SDSA.  However, binding of the beads were never ideal for the whole array.  Success or 

failure of the protein array was determined by two parameters:  saturation rate and 

success rate.  The saturation rate refers to the amount of beads bound to a pattern that 

relates to their size versus the amount of total wells related to their size.  The wells with 

bound beads divided by the wells available to bind the beads is expressed in a percentage 

that has been termed the ‘saturation rate’.  For the ‘success rate,’ we look at the amount of 

wells containing single beads versus the total amount of wells containing beads.  The total 

amount of wells containing beads may have multiple sizes of beads in a single well 
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pattern, or two or more beads bound to each other inside the pattern.  The success rate is 

the amount of well patterns with single beads divided by the total amount of wells with 

beads, and is expressed as a percentage. 

With larger patterns, the binding protocols were ideal for binding multiple beads 

in a single area of exposed silicon.  Once the sizes of the patterns were reduced to bind 

single beads into single patterns, the beads had trouble binding to their respective sized 

patterns.  Even with the addition of increased thermal energy, the results were still poor.  

In a few instances, there was binding by SDSA under the fluorescent microscope, but was 

due to the breakage of the polymer chains of the PMMA by the electron beam on the 

edges of the patterns, creating a negatively charge portion of the PMMA surface (Figure 

11).  SEM images showed SDSA, but with the beads binding to the edges of oval shape 

patterns; binding to the negatively charged areas of broken polymer chains (Figure 12).  

It was determined that at the current thickness of PMMA, the bead suspension was not 

able to enter into the patterns far enough for electrostatic interactions to take over, 

allowing the beads to bind.  Air pockets were formed within the patterns and, due to the 

distance between the beads and the Si caused by the thickness of the PMMA, there was 

not enough electrostatic force for most of the beads to displace the air within the patterns.  

However, when the thickness of the PMMA was reduced, the electrostatic attractive force 

was increased, and the desired binding of single beads within single well patterns was 

achieved.  The method of size-dependent self assembly was also shown in the submicron-

nanometer scale using 140 nm Bangs beads and 30 nm synthesized AuNP (Figure 13).  

The protocol for the 80 nm Bangs beads was not successfully generated, so the results  
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Figure 11.  Fluorescent image showing size-dependent self-assembly with 70% saturation 
rate of the patterns with beads.  However binding is due to the negative surface charge 
from broken polymer chains in the PMMA patterns.  The binding of the blue beads 
outside of the patterns is due to the loss of many of the carboxyl end chains from the 
surface of the beads, resulting in hydrophobic interactions between the beads and the 
PMMA. 

 

__________ 

10 µm 
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Figure 12.  SEM image showing size-dependent self-assembly due to electrostatic 
attraction from broken polymer chains on the edge of the patterns.  In this picture, the 
saturation rate of the proteins is 40%, and the success rate for the SDSA is 83%.  Even 
though this shows SDSA, the pattern sizes for edge binding is difficult to reproduce.  This 
picture also shows the effects of air pockets and surface tension, where the smaller beads 
were not binding into the larger patterns.  Binding of the smaller, 140 nm, beads to the 
PMMA and 300 nm beads is due to their loss of surface carboxyl groups, resulting in 
hydrophobic interactions. 
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Figure 13.  SEM image showing size-dependent self-assembly of 140 nm beads and 30 
nm AuNP.  In this area shown, both the saturation rate and the success rate are 100%.   
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with 80 nm beads in random spots, inside and out of the patterns generated a need for an 

alternate bead (Figure 14).  The AuNP were more stable, and bound readily to the 

smaller open patterns, without binding to the PMMA or other beads.  There were a few 

spots where the 80 nm beads did bind to the patterns (Figure 15), however, most of them 

bound in random spots on the PMMA or to other beads. 

Not only did the 140 nm beads and AuNP bind well to the patterns, but there was an 

electrostatic repulsion between them as well.  There was hardly any aggregation between 

these beads, while the 80 nm beads aggregated on the PMMA surface, as well as 

aggregated to some of the 140 nm bound beads.  This is an indication that either the 

carboxyl groups of the 80 nm beads were stripped off, or they were not there to begin 

with, and resulting in hydrophobic interaction between the two polystyrene beads as well 

as the PMMA.  More detailed results are in the published paper in Appendix B. 

 

2.1 Contaminants 

Contaminants affect the performance of the protein nanoarray.  Contaminants 

include, but are not limited to, dust particles on the PMMA surface, and dust or debris 

that is mixed in with the PMMA and near the surface, moisture, or defective beads.  The 

beads tend to bind readily to these contaminants, creating a large fluorescent signal that 

makes it difficult to read the signals coming from the correctly bound beads of the protein 

array (Figure 16 and 17).   
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Figure 14.  SEM image showing the 80 nm beads binding everywhere except the patterns, 
while the 140 nm beads and AuNP are seen only in patterns.  Not considering the 80 nm 
beads, there is 100% saturation rate and a 90% success rate of SDSA between the 140 nm 
beads and the 30 nm AuNP.  The larger patterns are patterns for use when the 300 nm 
beads are also used in SDSA, and are not counted in the success rate. 
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Figure 15.   SEM image of 140 nm and 80 nm beads and AuNP bound within the patterns, 
with a 100% saturation rate and a 75% success rate.  The upper left pattern contains both 
an AuNP and an 80 nm bead.   
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Figure 16.   Fluorescent image of protein array showing 65% saturation rate and blue 
beads binding to spots with contamination.  The aggregated beads in these spots increase 
the signal and varies the contrast, causing difficulty in obtaining the signal from single 
bound beads in the vicinity. 

 

 

__________ 

10 µm 
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Figure 17.  SEM image showing beads binding to contaminated spots on the surface of 
the PMMA instead of inside the patterns. 
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3. Signaling of Protein Binding 

With the success of the bead binding and SDSA, many different methods can be used for 

detection and quantification of antibody-antigen binding for this protein array.  

Fluorescent tagged antibodies were used in the preliminary results (Appendix A), 

however, the signal from the FITC tags becomes weak with only a few tags per spot.  

Since a fluorescent signal was being emitted from the beads containing the bound 

antigens already within the array, fluorescent signal attenuation was used as a signaling 

method.   

The first choice for signaling of the mouse IgG anti-IgG binding was signal 

attenuation of the fluorescent bead conjugates bound in the patterns.  By using the size of 

the natural antibody-antigen complex and saturating the surface of the beads with these 

complexes, some of the excitation signal to the fluorescent bead is blocked.  The signal is 

reduced compared to the signal observed when just the mouse IgG or no protein is present 

(Figure 18).  The paper in Appendix B shows attenuation results at 100x magnification 

under a fluorescent microscope.   

Another attempt at signaling was the amplification of the signal attenuation.  Once 

the fluorescent beads containing the mouse IgG were bound, larger 510 and 920 nm beads 

conjugated with anti-mouse IgG-FITC were added.  Some of the 910 nm beads bound to 

the mouse IgG, blocking the signal.  However, there were many of the fluorescent beads 

that remained unbound to the 910 nm beads (Figure 19).  Without sonication during 

protein binding, a large group of IgG conjugates aggregated on part of the patterned array 

(Figure 20).  This attracted a large amount of the 910 nm anti-IgG conjugates to bind to 
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Figure 18.  Fluorescent 140 nm beads bound to patterns in an array.  The beads are 
conjugated with mouse IgG, then an anti-IgG solution was added.  The dimmer spots 
show where the anti-IgG successfully bound to the patterned beads, showing signal 
attenuation. 
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Figure 19.  SEM image showing 140 nm beads conjugated with mouse IgG bound into 
the patterns, while 910 nm beads conjugated with anti-mouse IgG are bound to a few of 
the 140 nm conjugates. 
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Figure 20.  140 nm bead conjugates with mouse IgG massed together, attracting an 
equally large mass of 910 nm beads containing anti-mouse IgG. 
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this mass, creating an even bigger mass and attenuating the signal from many of the 140 

nm beads.  Even though the large mass of beads was not a desired effect, it showed the 

possibilities of this attenuation method.  A secondary effect, Förster resonance energy 

transfer (FRET) was observed between the binding of the 140 nm and the 910 nm beads.  

When bound, the emission wavelength (450 nm) of the 140 nm beads was in the 

excitation wavelength range of the FITC tagged antibodies on the 910 nm beads (Figure 

21), enhancing the fluorescent signal.  This method of FRET can be used in later 

experiments for determining antibody-antigen binding within the protein array.  

The binding of antibodies to larger beads for fluorescent signal attenuation of 

beads bound in patterns was successful.  However, the large surface area of the 910 nm 

beads requires a large amount of antibodies, which would not be viable in the case of rare 

proteins or antibodies, as the whole purpose of this protein array is to have a tool that uses 

small amounts of proteins.  This method would be best used if there is an abundance of 

antibodies and you are detecting free antigens.  A sandwich essay could be attempted 

using the 140 nm pattern bound beads and the 910 nm beads.   

The same method of fluorescent signal blocking was attempted with 510 nm 

beads.  However, the 510 nm beads seemed to be too small to consistently block the 

fluorescent signal of the bound 140 nm bead conjugates, binding to the side of the beads 

instead of on top (Figure 22), and failing to block the signal.  This method could later be 

used as a signal amplifier, if the 510 beads have a fluorescent signal. 

In another attempt to signal antibody-antigen binding through signal attenuation, AuNP 

were used.  AuNP have a characteristic called a surface plasmon effect, which absorbs  
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Figure 21.  A fluorescent image showing 140 nm blue fluorescent beads conjugated with 
mouse-IgG bound to 910 nm beads conjugated with anti-mouse IgG-FITC.  This picture 
demonstrates shows amplification of the FITC signal through FRET, as the emission from 
the 140 nm beads excites the FITC from the tagged antibodies on the 910 nm beads. 

__________ 

50 µm 
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Figure 22.  SEM image showing antibody-antigen binding of the 510 nm beads to the side 
of the 140 nm beads.  Some of the 510 nm beads bound to the side, instead of blocking 
the 140 nm bead emission light. 
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wavelengths of light between 350 and 550 nm.  In order for the AuNP to absorb the 

fluorescent signal they need to be close (<10nm) to the fluorescent signal being emitted.  

AuNP were conjugated with anti-mouse IgG and bound to the 140 nm fluorescent beads 

conjugated with mouse IgG, in an attempt to quench the 140 nm beads fluorescent signal 

during antibody-antigen binding.   

The AuNP bound to the 140 nm beads within the patterns, absorbing most of the 

fluorescent signal emitted.  However, due to the absorption of the fluorescent signal, it 

was difficult to find the exact location of the patterns under the fluorescent microscope.  

The SEM verified binding of the AuNP with the 140 nm beads (Figure 23).  Due to the 

size of the AuNP and steric effects of proteins when adsorbing to a surface, it is 

speculated that only 2-3 anti-mouse IgG molecules could bind to the gold. The steric 

effects placed the antibodies at opposite sides of the AuNP.  This binding is the closest 

we have come to achieving single molecule detection of antibody-antigen binding.   

 

4. Improvements and Further Research 

There are many improvements that can be applied to the protein array in future 

work.  One approach would be to return to the original plan of binding all nanometer 

scale structures, to try and bind a single protein to a single structure.  To do this, the 

writing of <100 nm patterns would have to be outsourced, as the current NPGS system at 

the University of Arizona does not have these writing capabilities.  Before the writing 

was outsourced, smaller fluorescent structures would either have to be synthesized or 

purchased and tested on larger silicon patterns to assess if binding and signaling can  
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Figure 23.  SEM image showing 140 nm conjugated with mouse IgG bound with AuNP 
on the surface conjugated with anti-mouse IgG. 
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occur.  I believe the signal attenuation from bound proteins on a smaller fluorescent 

structure would be much more visibly apparent as the structure sized decreases.  

Functionalized quantum dots may be another option for this array method.  The use of 

commercial beads may not be the best choice for this array.  The shelf-life is 

approximately two months, and the surface charge of most of the beads seems to be too 

weak for ideal binding.  By using the 140 nm bead surface characteristics as a reference 

point, beads could be synthesized that would bind readily to the p-doped silicon.  Use of 

the Stober method17 or other means of synthesizing functionalized beads may improve the 

binding as well as signaling, improving the overall functionality of the protein array. 

 Future work needs to be done with the signaling of the antibody-antigen binding 

for real protein detection applications.  For detecting specific proteins in a biological 

sample, a sandwich assay may prove useful.  By conjugating the patterned beads with 

antibodies and binding them to the patterns, adding the sample containing the protein to 

be detected, then adding a second larger bead conjugated with the antibody, the detected 

antigen can be sandwiched in between the two beads.  With this method, either signal 

attenuation or signal amplification, such as Förster Resonance Energy Transfer (FRET), 

could be used to detect binding.   

 Signal attenuation/absorption may also be achieved with antibody-antigen binding 

from a biological sample with the use of AuNP.  AuNP can be added to the biological 

sample, and proteins will adsorb to the surface of the AuNP.  The antibody to the protein 

being detected will be conjugated to the patterned beads.  When the biological suspension 

containing the conjugated AuNP are added, the AuNP with the proteins to be detected 
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will bind to the beads containing their antibody, and the AuNP will absorb the fluorescent 

signal from those beads, signaling the binding. 

 

5. Conclusions 

A new method, called size-dependent self-assembly, for the formation of a protein 

nanoarray has been demonstrated.  Multiple sizes of beads, containing a negative charge, 

were conjugated with proteins and serially self-assembled into their related sized patterns 

through electrostatic attraction with p-doped silicon. This method demonstrates control in 

placement of the beads and therefore control in the protein placement down to the 

nanometer scale.  With this placement, many different detection methods of protein-

ligand binding can be used; such as fluorescent tagging, direct signal attenuation, 

amplified signal attenuation with an antibody tag or larger bead, and signal amplification 

using Förster resonance energy transfer (FRET) or multiple bead binding.  This method is 

a large step toward single molecule detection of antibody-antigen binding.    
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ABSTRACT 

A new concept for line patterning of immunoglobulin G (IgG) in nanometer scale using 

gold nanoparticles (AuNPs) self-assembled in a nanochannel written with an electron 

beam is proposed and demonstrated.  AuNPs are synthesized by reducing KAuCl4 with 

NaBH4, producing AuNPs 40-70 nm in size, where Cl- ions are capping AuNPs thus 

making them negatively charged and subsequently stabilized.  IgG is conjugated to these 

AuNPs by simple adsorption.  Single or multiple nanochannels are written with an 

electron beam using a scanning electron microscope (SEM) in a layer of poly(methyl 

methacrylate) (PMMA), which is spin-coated on a p-doped Si wafer.  AuNPs bind into 

the etched nanochannel where Si surface is exposed, while the relatively hydrophobic 

PMMA area repels the particles.  The particles with a larger diameter than the channel 

width are not able to go inside of it.  Anti-IgG, conjugated with fluorescein 

isothiocyanate (FITC), is then exposed to the patterned surface, binding specifically to 

the IgG – AuNP conjugates within the line patterns.  These antibody-antigen bindings can 

be visualized with a fluorescent microscope, showing the fluorescent signal only along 

with the nanometer line pattern.  These initial steps will lead to the formation of complex 

protein nanoarrays, based on the size dependent self-assembly of AuNPs within variously 

sized nanopatterns. 

 

Keywords: Gold nanoparticles, SEM, electron beam lithography, protein array, self-

assembly. 
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INTRODUCTION 

DNA microarray technologies have accelerated the ability to sequence the human 

genome in the past years.  Recently, however, attention has been turned to the field of 

proteomics, and subsequently to protein arrays.  There are good reasons for this change of 

interest; (1) many untreatable diseases are believed to originate from the proteome level, 

not the genome level, and (2) a single genome may express hundreds of different 

proteomes through post-translational modifications, depending on environmental or 

developmental factors.1  

 Unlike DNA microarrays, however, protein microarrays have many problems.  

Proteins are relatively unstable compared to DNA.  The proteins (typically antibodies) 

immobilized on the array surface are more unstable than those dissolved in an aqueous 

medium, since many proteins have been reported to experience structural changes upon 

adsorption to almost any surface.  These structural changes include, but are not limited to, 

decrease in the α-helix content, breakage of disulfide bonds, association through lateral 

protein-protein interactions, and dissociation into their sub-units.2  As a result, the 

portions of immobilized proteins may not be able to bind to their counterparts.  In the 

case of analyzing samples containing rare proteins, their small quantity becomes another 

issue.  This is not a serious problem for DNA microarrays, because the amount of rare 

DNA can be amplified through polymerase chain reaction (PCR), which is commercially 
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available.  Unfortunately, we do not have such a tool for proteins.  Recombinant DNA 

technology cannot be used to amplify the amount of rare proteins, since the exact 

duplication of post-translation modifications is always difficult.  One solution to 

accommodate analysis of structural changes and to deal with the small quantity of 

proteins is the development of a protein array in nanometer scale, or a protein nanoarray. 

The first step for constructing a protein nanoarray would be patterning proteins 

(typically antibodies) in nanometer scale (or simply, nanopatterning antibodies).  Several 

methods are available for nanopatterning, including using a rigid stylus, a focused beam 

of energetic particles, an electrical or magnetic field, or a localized add-on of materials.3  

Among these, dip-pen nanolithography (DPN), which uses localized add-on of materials 

through the use of atomic force microscope (AFM) equipment, has recently been 

considered as a potential tool for patterning biomolecules in nanometer scale.4  However, 

only a limited number of proteins, typically two or three, have been patterned in 

nanometer scale.5  Efforts in multi-component parallel patterning showed significant 

complexity in both equipment modification and the process.6,7  Another serious problem 

includes non-specific binding of proteins to a substrate surface,8 which perturbs bio-

patterning on the desired location and/or subsequent biorecognition.  More advanced 

microfluidic-type array dispensing systems have also been proposed for AFM-based 

nanopatterning (e.g., NanoArrayerTM by BioForce Nanosciences9,10). 

A new concept towards fabricating a protein nanoarray is proposed here, 

demonstrated by the line patterning of immunoglobulin G (IgG) in nanometer scale using 

gold nanoparticles (AuNPs) self-assembled in a nanochannel written with an electron 
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beam.   This method can be considered a combination of a focused beam of energentic 

particles (electron beam lithography) and localized add-on of materials (AuNP self-

assembly).  AuNPs, stabilized by Cl- ions and varying in size, will be conjugated to IgG, 

then added serially to the nanochannels of exposed Si etched within the spin-coated 

poly(methyl methacrylate) (PMMA) layer.  AuNPs, with or without IgG conjugated, will 

then self-assemble through electrostatic interactions within the nanochannels where Si is 

exposed, demonstrating the line patterning in nanometer scale.  The patterned IgG-AuNP 

conjugates will capture the target molecule, here anti-IgG, tagged with fluorescent 

molecule.  Images from a fluorescent microscope will reveal both the location and the 

successful binding of the proteins into the patterns.  Figure 1 schematically illustrates the 

proposed protocol. 

 

MATERIALS AND METHODS 

 Substrate: The model substrate used for these experiments was PMMA (495,000 

MW, 3% in anisole; Microchem, Newton, MA), spin-coated on 4” p-doped silicon (Si) 

wafers, which contain a thin, natural oxide layer.  Wafers were placed on a spin coater, 

and then spun at 1000 rpm for 5 seconds while PMMA was added to the center of the 

wafers.  After 5 seconds, the speed increased to 4000 rpm for 15 seconds to evenly 

disperse PMMA on the wafers.  The PMMA thickness on Si substrate was approximately 

1200 Å, as measured by a profilometer (Alpha Step 2000, Tencor Instruments).  Chips 

were baked on a hot plate at 180 °C for 90 seconds.  After baking, the wafers were then 

cut into 1 cm2 chips. 
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Electron beam lithography: Electron beam lithography was performed on the 

PMMA surface using a Hitachi S-2460N scanning electron microscope (SEM) containing 

a tungsten thermionic electron gun.  Nanochannels were formed by exposing the PMMA 

to the electron beam in “line scanning mode” for 1 minute at 2.5 kV or at 25 kV.  After 

the etching, the channels were then developed by submerging in 1:3 methyl isobutyl 

ketone (MIBK) and isopropanol (IPA) developer (Microchem) for 90 seconds then rinsed 

with IPA for 30 seconds.  The channels formed were between 50-80 nm (with 2.5 kV) or 

500-800 nm (with 25 kV) in width, as confirmed from SEM images.  For a comparison 

purpose, microchannels, approximately 25 µm in width, were mechanically etched (i.e. 

with a scalpel) into the PMMA coated Si chips.  All chips were rinsed with DI water and 

dried with nitrogen gas. 

 AuNP self-assembly: AuNPs were synthesized by reducing potassium 

tetrachlotoaurate (KAuCl4; catalog number 334545, Aldrich, St. Louis, MO) with sodium 

borohydride (NaBH4; catalog number 452882, Aldrich) where Cl- ions are capping 

AuNPs thus making them negatively charged and stabilized.  This is basically Brust-

Schiffrin method11,12 without alkanethiol stabilizer.  All flasks, cylinders, and stir bars are 

pre-washed in 5 M sulfuric acid (H2SO4) and rinsed rigorously in deionized (DI) water  

(18.2 MΩ·cm; from Millipore Simplicity, Billerica, MA).  Nitrogen gas was bubbled 

through DI water for 15 minutes to eliminate dissolved oxygen and thus preventing 

oxidation.  The DI water was then used to make a 200 µg·mL-1 solution of NaBH4 and a 

1.2 mg·mL-1 solution of KAuCl4.  Solutions were bubbled for 15 minutes with nitrogen 

gas.  KAuCl4 was then dropwise added to NaBH4, while stirring in an ice bath, at a ratio 



 

 

75 

 

of 1:2 KAuCl4 and NaBH4.  The flasks were stirred for 3 hours in an ice bath, resulting in 

a dark pink/light purple coloration, signaling the synthesis of the AuNPs.  The chips with 

micro- or nanochannels were then inserted and stirred for 15 minutes within the AuNP 

suspension, then rinsed with DI water and blown dry with nitrogen gas. 

SEM imaging: Due to the fact that PMMA is made mainly for use in electron 

beam lithography, the PMMA coated Si chips needed to be sputter coated with a Au/Pd 

coating of approximately 12-15 nm in thickness.  The Au/Pd coating allowed the sample 

to be more conductive, as well as provided a protective layer that allowed longer viewing 

time of the samples before the PMMA was deteriorated.  The SEM used was the Hitachi 

S-4500 field emission SEM, containing a cold field emission electron gun, with a 

maximum magnification capability of 500,000×.  Samples were viewed using a 

secondary electron detector at 5 kV accelerating voltage, to allow both higher resolution 

and maximum viewing time of image, before deterioration of PMMA affected the image. 

Conjugating IgG to the AuNP: Mouse IgG (catalog number I5381, Sigma, St. 

Louis, MO) was dissolved in either 20 mM acetate buffer (pH measured as 4.5) or 20 

mM phosphate buffer (pH measured as 7.0).  Equal liquid volumes of the IgG 

suspensions and AuNP suspensions were added and mixed together in an orbital shaker 

(DS-500, VWR, West Chester, PA) at 100 rpm for 2 hours. 

Passivating the PMMA surface with bovine serum albumin (BSA): A 16 µg·mL-1 

solution of BSA conjugated with tetramethylrhodamine isothiocyanate (TRITC) (catalog 

number A2289, Sigma) was added to the chips with micro- or nanochannels, prior to 

adding IgG-AuNP conjugates.  After 2 hours, the chips are rinsed with DI water, then 
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dried with nitrogen gas.  This step prevents later non-specific binding of the mouse IgG 

to the PMMA surface. 

Nanopatterning of IgG-AuNP and biorecognition of anti-IgG: After the 2 hour 

mixing of the AuNP suspension and the IgG solution, the resulting mixture is added to 

the surface of the chips with micro- or nanochannels for 10 minutes, followed by rinsing 

(DI water) and drying (N2).  Next, a 15 µg·mL-1 solution of anti-mouse IgG conjugated 

with FITC (catalog number 03116-905-001, Roche, Switzerland) is added to the chip 

surfaces for 10 minutes, again followed by rinsing (DI water) and drying (N2).  The chips 

were then analyzed using a Nikon Eclipse TS100 inverted microscope (Nikon 

Instruments Inc., Tokyo, Japan) with a 10× or 40× objective lens and equipped with a 

Photometrics Cool Snap CF digital camera (Photometrics, Tucson, Arizona) and an 

EXFO X-cite 120 fluorescent illumination system (EXFO, Victor, New York).  Pictures 

were analyzed and stored using MetaVue software (Universal Imaging Corp., 

Downington, PA). 

 

RESULTS AND DISCUSSION 

 Line nanopatterning of AuNPs: Figures 2 to 5 show the SEM images of plain 

AuNPs self-assembled within micro- or nanochannels.  Figure 2 shows ca. 25 µm 

mechanically-etched microchannel attracted a majority of the AuNPs, while almost no 

particles remaining on the PMMA surface shown in the lower left corner.  The particles 

synthesized typically have the size of ca. 40-70 nm, as shown in the image.  Figure 3 

shows ca. 500 nm electron-beam-lithographed multiple nanochannels again attracted a 
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majority of particles while no particles remaining on the PMMA.  A narrower 

nanochannel in Figure 4 (ca. 80 nm) showed the same trend, where the size of AuNPs are 

comparable to the dimension of a channel.  Using the even smaller channel of ca. 50 nm 

showed intriguing result, as shown in Figure 5.  The particles of ca. 50 nm or smaller 

could bind to the nanochannel while the bigger one simply could not.  Since all particles 

are from a single batch, they supposedly have similar surface properties and this result 

can be interpreted as a size-dependent self-assembly. 

In all figures, the electron beam lithography seemed to completely eliminate the 

PMMA layer, because the small deterioration of PMMA during SEM imaging was not 

observed within nanochannels.  Therefore, it is conceivable that electrostatic attraction 

exist between the negatively charged AuNPs and p-doped Si chip.  Refer to the Materials 

and Method section about the negative charge of the AuNPs.  Pure p-doped Si contains a 

positively charged surface, and when exposed to atmosphere, contains a naturally 

forming thin oxide layer.  Even with this natural oxide layer, the electrostatic interaction 

is still able to take place because of its thin thickness.  One report also addressed that 

charged biomolecules were attracted to a Si wafer over 100 nm thermally grown oxide 

layer, which is more robust and thicker than natural oxide layer.13  This explains why 

most of the PMMA surface surrounding the channels is clear, while inside the channels is 

saturated with the AuNPs. 

Biorecognition of anti-IgG along line nanopatterns: The presence of the anti-

mouse IgG was confirmed through binding to the mouse IgG – AuNP line patterns.  

Figure 6 shows anti-mouse IgG (FITC tagged, green color) was found only at ca. 25 µm 



 

 

78 

 

line patterns with mouse IgG – AuNP conjugates (in mechanically etched channels), 

while BSA (TRITC tagged, red color) at the PMMA surface.  (Two separate fluorescent 

images were captured on the same substrate but with different filter cubes, and later 

super-imposed with MetaVue software.)  Stronger signal from the channel was observed 

with pH 4.5 acetate buffer, where the net charge of IgGs is positive (isoelectric point of 

IgG is known as 6.6).  It can be assumed that these positively charged IgGs were 

electrostatically repelled from the p-doped Si channel while the negatively charged 

AuNPs were electrostatically attracted to it.  With these electrostatic interactions, IgGs 

might be able to face towards the bulk liquid, i.e. in “correct” orientation, facilitating 

antibody-antigen binding.  Meanwhile, with pH 7.0 phosphate buffer, the net charge of 

IgGs is close to neutral, so the electrostatic repulsion between the IgGs and the channel 

could not exist.  Portions of IgGs might be in direct contact to the p-doped Si surface and 

thus “hidden” or in “wrong” orientation, resulting in a less extent of antibody-antigen 

binding. 

Similar trend could be observed in the smaller patterns, ca. 500 nm wide 

(electron-beam-lithographed), as shown in Figure 7.  Due to its small dimension, 

fluorescent signals from TRITC-tagged BSA were much stronger than those from FITC-

tagged anti-mouse IgG.  Therefore, the fluorescent signals from TRITC have not been 

recorded, showing only the FITC signals from the channel.  Note the result with pH 4.5 

acetate buffer shows stronger signal than with pH 7.0 phosphate buffer, consistent to the 

results with mechanically etched channels.  The concentration of antibodies to AuNPs 

was not optimized, and therefore there may have been a saturation of the antibodies on 
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some of the AuNPs, resulting in a lack of binding for many of them.  An optimal 

antibody concentration will need to be found, especially for later concerns of 1:1 

conjugation of a AuNP and an antibody. 

 

CONCLUDING REMARKS 

 We have so far demonstrated the self-assembly of AuNPs within etched channels 

of PMMA on a Si substrate.  We have also demonstrated the size-dependent exclusion of 

certain AuNP from a nanochannel.  The particles that failed to bind within a nanochannel 

were mostly washed away and rarely remained on the PMMA.  Nanochannels fabricated 

with an electron beam, although needing optimization of exposure and developing, also 

showed promising results for line patterning in nanometer scale.  The successful 

detection of FITC-tagged anti-IgG was demonstrated with IgG-AuNP line nanopatterns, 

which can be a promising biorecognition method in developing protein nanoarrays. 

 Further research will focus on constructing a multi-component protein array in 

nanometer scale.  Figure 8 shows the conceptual illustration in constructing a three-

component protein nanoarray using three different line patterns.  For example, IgG1 is 

conjugated to 10-nm AuNP in tube 1, IgG2 to 20-nm AuNP in tube 2, and IgG3 to 50-nm 

AuNP in tube 3.  Three nanochannels will be etched with an electron beam in a single 

chip, and the substrate will be immersed first in tube 3, then in tube 2, and finally in tube 

1, interceded by rinsing the excess IgG – AuNP conjugates.  Hence the whole patterning 

process is serial in nature.  Square patterns will also be tested to accommodate a single 
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particle per a square, where 1:1 binding of AuNP and IgG will definitely benefit towards 

fabricating an ideal protein nanoarray. 
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FIGURE CAPTIONS 

Figure 1. Biorecognition of FITC-tagged anti-IgG within an IgG-AuNP nanometer line 

pattern. 

Figure  2. SEM image of AuNPs assembled in a ca. 25 µm mechanically etched channel. 

Figure 3. SEM image of AuNPs assembled in multiple ca. 500 nm electron-beam-

lithographed channels. 

Figure 4. SEM image of AuNPs assembled in a ca. 80 nm electron-beam-lithographed 

channel. 

Figure 5. SEM image of AuNPs assembled in a ca. 50 nm electron-beam-lithographed 

channel. 

Figure 6. Fluorescent microscope images for FITC-tagged anti-mouse IgG (green) and 

TRITC-tagged BSA (red) in a ca. 25 µm mouse IgG-AuNP nanometer line 

pattern, with pH 4.5 acetate (top) and pH 7.0 phosphate (bottom) buffers.  The 

final buffer concentrations were 10 mM. 

Figure 7. Fluorescent microscope images for FITC-tagged anti-mouse IgG (green) in a ca. 

500 nm mouse IgG-AuNP nanometer line pattern, with pH 4.5 acetate (top) and 

pH 7.0 phosphate (bottom) buffers.  The final buffer concentrations were 10 

mM.  BSA was also used to passivate the PMMA area, but its fluorescent 

signals are not shown. 

Figure 8. Construction of multi-component protein nanoarray using line patterns (top) or 

square patterns (bottom).



 

 

91 
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A protein nanoarray is created when submicro and nano beads, varying in their 
size and each conjugated with different proteins, self-assemble to specific locations 
depending on the diameter matching the surface electron beam patterns created.  Protein 
binding is confirmed from the fluorescence attenuation of the beads upon antigen-
antibody binding on the bead surface.   This method, called size-dependent self-assembly, 
allows control of the location of each type of bead, and thus, control of the location of 
multiple proteins.   It provides fast multi-component patterning with a high binding 
resolution, which can be detected using a fluorescent light microscope.  This method is 
developed to be a simple stand-alone tool for analysis of protein interactions.  In addition, 
it has the potential to be used in conjunction with other methods protein analysis methods, 
such as enzyme-linked immunosorbent assay (ELISA) and atomic force microscopy 
(AFM). 



 

 

92 

 

1. Introduction 

Biomolecular arrays with extremely small features open the door for single-

particle (protein, virus, and cell) studies in biology.[1]  Specifically, protein arrays are a 

very important tool for investigating protein-ligand interactions; such as protein-protein, 

antibody-antigen, drug-protein, and biomolecule-protein interactions.[2]  Immobilization 

of the protein while maintaining its functionality is a crucial step in creating a protein 

array.  Proteins are generally immobilized by physical adsorption, covalent binding, or 

specific affinity interactions.[2]  A few techniques have had success in small scale arrays, 

such as microcontact printing (µCP), microfluidic printing, and dip-pen nanolithography 

(DPN).[3-5]  Unfortunately, most single-probe methods are limited with respect to scaling 

(i.e. an array grid in nanometer size) or their ability to directly deposit soft matter (i.e. 

biomolecules) to a desired array grid, two capabilities essential for realizing highly 

miniaturized biomolecular nanoarrays.[6]   

The use of atomic force microscopy (AFM) for the patterning and anylsis of 

proteins has become a popular practice in the field of protein nanoarrays.  DPN has 

started to emerge as one of the most successful demonstration of an AFM use in 

producing small scale protein arrays.[7-9]  Since AFM has the ability to determine protein 

binding based on many factors, such as Kelvin force probe and interaction force 

measurements,[6,10] both construction and analysis of protein array can be performed with 

a single instrument (AFM).  Even protein nanopatterning on a single DNA molecule has 

been attempted using DPN.[11]  However, the use of AFM for protein array building and 
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analysis requires many tedious setups and callibrations, and potential cross contamination 

issues. 

Electron beam lithography (EBL) has become a powerful tool in fabricating 

structures of nanometer size.  It has been used to structure nanowires and electrodes, 

directed growth of nanotubes, and even fluorescent signal enhancement of semiconductor 

nanocrystals.[12-14]  EBL has also become a headway for many different techniques for 

patterning proteins down to nanometer scale.  The use of EBL for patterning self-

assembled monolayers for protein attachment is an increasingly popular means of 

attaching proteins on a surface while maintaining their form and function.[15,16]  Even new 

idea such as direct patterning of bovine serum albumin (BSA) with an electron beam 

proves the usefulness of EBL in protein patterning.[17] 

Self-assembly is another powerful method in the world of protein arrays and 

biosensors.  In many cases, a self-assembled monolayer (SAM) is placed on a surface to 

enhance the binding of protein or to decrease the chances of protein denaturation or 

deactivation of binding sites.[1,8]  Self-assembly of DNA-tagged aptamer nanostructures 

has been used as a template to form protein arrays at the nanoscale level. [18]  DNA was 

also used to create a dynamically configurable nanoarray, creating a novel way for 

multiple biomolecular patterning at the nanometer scale by controlling the release of 

bound DNA in specific spots electrochemically.[19]  Functionalized horseradish 

peroxidase (HRP) nanotubes and electrochemical control has been used to form different 

structures as templates for protein nanoarrays.[20,21]  Many of these different methods of 

self-assembly to create protein arrays provide general strategies at proof-of-concept level.  
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Different issues still need to be addressed, such as constructing a multi-component array 

(i.e. multiple proteins of different kinds in a single array), how a specific protein can be 

patterned on a desired grid within the array, and limitiations in control and signaling of 

single molecule binding. 

Electrostatic self-assembly is an emerging technique that can become a powerful 

method in reducing steps toward creating protein arrays. [22,23]  Methods such as DPN and 

µCP use tedious and time consuming steps to prepare the different surfaces for protein 

immobilization.  Surfaces have to be coated with multiple layers of metal, protein binding 

agents, or other chemicals before the proteins can be absorbed and the interaction 

analysis occurs.  Electrostatic self-assembly eliminates many of these extra steps, by 

allowing micro/nanostructures conjugated with proteins to bind directly to a polar surface 

without having to add another functionalized surface layer.  However, these studies did 

not show the ability for a multi-component protein array, which is essential for any array 

constructions. 

Methods such as SAM and EBL have been used in combination to pattern protein 

arrays.[24-26]  Proteins were patterned using a focused electron beam to crosslink 

amineterminated polyethylene glycol (PEG) and covalently binding reagents to the amine 

groups.[24] EBL was used in combination with a perfluorodecyltriethoxysilane SAM to 

pattern a protein on the feature size of 100 nm.[25] In another study, nanoimprint 

lithography (NIL)  was used to create  nanometer sized wells in which a SAM was placed, 

allowing protein binding within the wells.[26] These studies showed successful 
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combinations of lithography techniques and SAM to bind proteins to surfaces.  However, 

the ability to pattern multiple proteins was not demonstrated. 

A new method is proposed that alleviates many tedious steps of surface coating 

and protein binding agents, by combining EBL (top down) with electrostatic self-

assembly (bottom up) of the beads onto the surface.  This method utilizes p-doped 

(positively charged) silicon wafers and carboxylated beads (negatively charged) for 

electrostatic self-assembly.  These materials are already commercially available and 

inexpensive to obtain.  The beads, varying in their size, self-assemble to specific 

locations depending on the diameter matching to the surface nanopatterns, thus creating 

size-dependent self-assembly (SDSA) (Figure 1).  This method verifies antibody-antigen 

binding, down to single molecule detection.  Antibodies are bound to nanometer beads of 

varying size, then SDSA is used to determine where each bead conjugation is placed.  

After placement, antibody-antigen interactions are initiated and binding is determined by 

fluorescent signal attenuation of each bound bead, with the use of a fluorescent 

microscope.  Once the initial substrate is fabricated, there is very little preparation time 

and calibration of expensive instruments.  Furthermore, the array analysis can be obtained 

from common fluorescent microscope imaging.  The SDSA technique has the ability to 

pattern multiple proteins on a desired grid within an array, as well as the ability to reduce 

the number of protein interactions that is analyzed down to the single molecule level.  

This protein array also has the potential to be combined with current microfluidic 

technologies to create highly sensitive biosensors, as well as the ability to be utilized by 

other protein analysis methods, such as AFM.[27,28] This new method for protein array 
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fabrication has the potential to become the leading method for high-resolution protein 

array construction. 

 

2. Results and Discussion 

2.1 Size-Dependent Self-Assembly 

For initial SDSA experiments,  we used 300 nm dragon green fluorescent beads 

and 140 nm glacial blue fluorescent beads.  The attempted e-beam patterns used to bind 

the beads were approximately 320 nm and 180 nm in diameter, alternating along with 

vertical lines.  The beads were added to the surface serially, largest to smallest, with 

rinsing in between.  Under the fluorescent microscope, separate blue and green 

fluorescent signals were shown in the patterns, showing size-dependent self-assembly 

(Figure 2). 

SEM images (Figure 3) show SDSA, but with the beads binding to the edges of 

oval shape patterns.  This binding of the beads is due to the breakage of the polymer 

chains of the polymethyl methacrylate (PMMA) by the electron beam on the edges of the 

patterns, creating a negatively charge portion of the PMMA surface that the beads bound 

to, instead of the Si exposed in the patterns. 

Success or failure of the protein array are determined by two parameters:  

saturation rate and success rate.  As the beads were added serially from 300 nm to 140 

nm, 380-nm pattern should be saturated with 300-nm beads to prevent 140-nm beads to 

inappropriately occupy 380-nm patterns.  The saturation rate refers to the amount of 

beads bound to a pattern that relates to their size versus the amount of total wells related 
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to their size. The overall saturation rate for the beads in Figure 2 is 70%.  For the 

‘success rate,’ we look at the amount of wells containing single beads versus the total 

amount of wells containing single and multiple beads.  The total amount of wells 

containing beads may have multiple sizes of beads in a single well pattern, or two or 

more beads bound to each other inside the pattern.  Even if there are smaller beads in a 

larger pattern (e.g. 140 nm beads in a 380-nm pattern), they still fluorescently signal their 

location, and are considered successful binding.  The success rate can be evaluated only 

from SEM images, which for Figure 3 is 83%.  

We used three different sized beads in order to show SDSA at the nanometer 

scale; 140 nm glacial blue fluorescent beads, 80 nm dragon green fluorescent beads, and 

30 nm gold nanoparticles (AuNP).   There were two different sizes of patterns used, 

approximately 180 nm is diameter and 130 nm in diameter.  All three of these beads 

contain negative charge on their outer surface. 

We first tried 140 nm beads followed by 30 nm AuNPs (Figure 4).  The 140 nm 

beads bound very well to the 180 nm patterns, nearly saturating the patterns.  They were 

not found to be bound to any of the smaller patterns or the open PMMA surface.  The 30 

nm AuNP bound to the exposed patterns that had no beads already in them, and did not 

bind to the other beads present, or the open PMMA surface (Figure 4).  The average 

saturation rate of the 140 and 30 nm beads was 90%, and the average SDSA succes rate 

was 95%.  The 140 nm beads bound ideally to the exposed patterns, binding only to the 

patterns that they were able to fit in, while the excess beads were rinsed from the open 

PMMA surface, with hardly any aggregates of beads showing within the pattern they 
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were bound in.  This shows that the washing protocol for the beads is optimized, leaving 

enough of the initial surfactanct so that the beads do not aggregate, while exposing the 

carboxyl groups and allowing enough surface charge to bind to the exposed silicon.   

We then tried 140 nm first, followed by 80 nm, then the 30 nm AuNPs (Figure 5).  

The 80 nm beads exhibited some problems binding to any of the patterns.  They did, 

however, bind to the open PMMA as well as other beads present. This leads us to believe 

that either the surfactant and carboxyl groups were stripped off, or the Tween 20 

surfactant (added to the beads by the manufacturer) is still covering the surface, blocking 

the carboxyl groups.  Even though the washing protocol of centrifuge/resuspend cycles 

worked for the other beads, the 80 nm beads may be too small for this washing method to 

be effective.  The washing protocol still needs to be improved before this size of bead 

becomes fully effective in the array. 

AuNP, on the other hand, did not show the same binding problems as the 80 nm 

beads, even with the use of Tween 80 to stabilize the particles.  Normally when 

synthesized without stabilizer, the AuNPs quickly become unstable and begin to 

aggregate.  The result is a variation in size of the aggregates, although binding to the 

polar surface still occurs, usually saturating all exposed patterns.  With the addition of the 

Tween 80, there is a reduction in the amount of binding.  However the size is stabilized, 

and therefore, no aggregates seem to form and binding still occurs to the polar surface of 

the p-doped silicon wafer (Figure 5). 

The charged outer surface of the beads serve two purposes; electrostatic attraction 

to the positively charged silicon surface and electrostatic repulsion of other beads.  When 
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the smaller beads filled in a larger pattern, the pattern bound only one bead per pattern, 

which shows the electrostatic repulsion.  This prevents aggregates of the beads and 

allows better resolution for the protein array (Figure 6). 

The washing protocols varied with the size, and the binding results varied as well.  

Some of the beads were washed well enough for them to bind to the exposed patterns, 

and not the open PMMA surface, showing that the method of electrostatic interaction and 

SDSA works.  However, either washing protocols need to be optimized for each bead 

type and size, or optimal beads may need to be synthesized in order to gain the full 

functionality of this array method.   This was proven by the use of the AuNP, where they 

were initially prepared with an optimal amount of Tween 80 and enough surface charge 

to bind to the p-doped silicon, which allowed optimum binding within the smaller 

patterns.  The use of both the carboxylated polystyrene beads as well as the AuNP shows 

that the method of SDSA using electrostatic attraction can be used successfully with a 

variety of materials, and does not need to be limited to biological applications. 

 

2.2 Fluorescent attenuation of protein binding 

Fluorescent attenuation was previously suggested as a possible method for 

biorecognition [29]. We comfirmed the method under two different scernarios: 1) droplet 

manipulation by using a microonjection apparatus and 2) a protein nanometer patterned 

array. In scernario 1, a droplet containing unconjugated beads was placed next to a 

droplet conjugated with anti-mouse IgG bound to mouse IgG (mIgG).  Under the 

fluorescent microscope, there was a huge difference in fluorescent intensity between the 
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unconjugated beads and the conjugated beads with bound antibodies in the droplet image 

(Figure 7).  Although, the right droplet has more beads than the left droplet, we still can 

identify and recognize the fluorescent intensity from single fluorescent beads. By using 

MetaVue software to measure the pixel intensity, the pixels representing the unbound 

beads showed intensities ranging from 800-1000 (analysis not shown).  The intensity of 

the conjugated beads with antibodies showed fluorescent intensities between 300-500; a 

50% reduction in the fluorescent intensity of the unconjugated beads. Hence, this simple 

experiment validated the use of fluorescent intensity measurement for determining 

antibody binding on the surface of the beads. 

For scenario 2, we applied a mixture of 140 nm fluorescent beads conjugated and 

unconjugated with mouse IgG (mIgG). Anti-mIgG tagged with fluorescein isothiocyanate 

(FITC) was added to mIgG-conjugated beads to verify the binding of the proteins on the 

fluorescent beads.  A difference in fluorescent intensity was recorded among the beads 

within the patterns (Figure 8). Column A of figure 8 is a superimposed image of the 

signals from the fluorescent beads (blue) and anti-mIgG-FITC (green); while column B 

shows a monochrome image of beads on the patterned array.  Beads that captured anti-

mIgG-FITC can clearly  identified in column A and located under the monochrome 

image for the measurement of pixel intensity.  It is evident under these images that not all 

beads within the patterned array are bound with anti-mIgG-FITC.  The presence of FITC 

(i.e. binding of anti-mIgG to mIgG; column A) attenuates the fluorescent signal from the 

beads (column B).  Analyses of pixel intensity indicate that beads conjugated with mIgG 

and anti-mIgG-FITC have about 50% decrease in fluorescent intensity compared to 
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unconjugated beads (Column C of Figure 8) and this situation is schematically illustrated 

in Figure 9. This result is similar to the previous finding of the two micro-droplets 

(Figure 7).  

Understandably, photobleaching can contribute to fluorescent attenuation. 

However, this is not a factor in displaying the difference between the fluorescent signals 

from conjugated and unconjugated beads in our experiments. We subjected the control, 

which is the unconjugated beads, to the same conditions as the conjugated beads.  

Fluorescent attenuation was initially shown with conjugated and unconjugated beads in 

two different droplets within the same image, without any superimposing (Figure 7). 

Also, we used the anti-mIgG-FITC as an indicator of antigen-antibody binding, showing 

fluorescent signals from the FITC where the bead fluorescent signals were attenuated. 

Therefore, photobleaching is not a factor when showing the difference between the 

fluorescent signal from the conjugated and unconjugated beads in our experiments.  
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3. Conclusion 

A protein nanoarray was created utilizing size-dependent self-assembly of 

charged submicron/nano structures on an e-beam patterned p-doped silicon surface.  This 

allows more precise placement and signaling of proteins conjugated to the 

submicron/nano structures.  Three different sizes of submicron/nano-sized beads were 

serially bound to two different sized patterns, from largest to smallest, showing size-

dependent self-assembly.  Even though there are a few setbacks, such as the correct 

washing protocol of the 80 nm beads, this method was proved to be very successful, and 

with a little optimization, can become a valuable advancement in the fabrication of 

protein nanoarrays.  Proteins were then conjugated to 140 nm fluorescent beads and 

bound to a simple pattern array.  Fluorescent attenuation was shown with the conjugated 

beads and the subsequent antibody binding, compared to signal given by beads with no 

protein conjugation.  Detection of antibody-antigen interaction was shown through the 

fluorescent attenuation.  Other protein interaction analysis methods, such as DPN, have 

the potential to integrate size dependent self assembly into their detection methods.  The 

method of size-dependent self-assembly is a powerful concept that will advance not only 

protein nanoarray technology, but has the potential to be used in the advancement of 

other nanotechnology applications as well.   

 

4. Experimental Section 

Substrate preparation:  A p-doped silicon wafer (p-type boron, 450-648 µm thick 

and 4-75 Ω-cm, Exsil, Inc., Prescott, AZ, USA), containing a positive surface charge, is 

cut into 1 cm2 chips.  Each chip is spin coated with 4% 950,000 molecular weight PMMA 
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in chlorobenzene (Microchem, Newton, MA, USA). A thinner resist layer is made by a 

1:1 dilution of the aforementioned resist with chlorobenzene (Microchem), resulting in 

2% PMMA in chlorobenzene and a 125-150 nm thick layer.  The resist is applied to the 

chip, then spun at 500 rpm for 5 s followed by 4000 rpm for 40 s.  The chips are then 

placed on a hot plate at 180°C for 5 min before being removed and allowed to cool down 

to room temperature (25°C), before e-beam etching. 

Pattern etching and developing: A JEOL 6400 scanning electron microscope 

(SEM, JEOL Ltd., Tokyo, Japan) equipped with a Nanometer Pattern Generation System 

(NPGS, JCNabity, Bozeman, MT, USA) is used to etch the patterns into the PMMA.  

DesignCAD software is used to create the desired patterns to be etched.  The energy 

applied is adjusted to obtain specific sized patterns that are able to be developed enough 

to completely expose the silicon while maintaining the desired size relative to the size of 

the beads.  Larger well patterns are obtained by creating small circular patterns in the 

software, while the smaller patterns (~100 nm) are obtained by increasing the residence 

type of electron beam to create various “spots” in the PMMA, thus etching the desired 

sized patterns for the smaller beads used.  The patterned wells are approximately 180 and 

130 nm in diameter. 

AuNP synthesis: Gold nanoparticles (AuNPs) were synthesized by reducing 

potassium tetrachlotoaurate (KAuCl4; catalog no. 334545, Aldrich, St. Louis, MO, USA) 

with sodium borohydride (NaBH4; catalog no. 452882, Aldrich) where Cl- ions are 

capping AuNPs, making them negatively charged and stabilized.  This is basically the 

Brust-Schiffrin method without alkanethiol stabilizer.[30,31] All flasks, cylinders, and stir 
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bars used in the AuNP synthesis were prewashed in 5 M sulfuric acid (H2SO4) for at least 

12 h and rinsed rigorously in deionized (DI) water (18 MΩ cm, Millipore Simplicity, 

Billerica, MA, USA). Nitrogen gas was bubbled through DI water for 15 min to eliminate 

dissolved oxygen and thus prevent oxidation. The DI water was then used to make a 200 

µg mL-1 solution of NaBH4 and a 1.2 mg mL-1 solution of KAuCl4.  Solutions were 

bubbled for 15 min with nitrogen gas. Tween 80 was added (0.02% w/v in solution) to 

the stirring NaBH4 to further stabilize the particles. KAuCl4 was then dropwise added to 

NaBH4, while stirring in an ice bath, at a ratio of 1:2 KAuCl4  to NaBH4. The flasks were 

stirred for 3 h in an ice bath, resulting in a dark pink/light purple coloration, signaling the 

synthesis of the AuNPs. This method produced AuNPs approximately 30 nm in diameter, 

stabilized by the Tween 80. 

Size-Dependent Self Assembly: Three different sized carboxylated fluorescent 

polystyrene beads, 300 nm dragon green, 140 nm glacial blue and 80 nm dragon green, 

were purchased from Bangs Laboratories, Inc.  The beads are in a solution containing 

Tween 20 surfactant and need to be washed to expose the carboxyl groups for both 

silicon surface binding and protein binding.   Various centrifuge speeds and repetitions of 

centrifuging, sonicating, and resuspending were used in order to find a protocol that 

would work well with binding the beads to the exposed Si within the patterns.  The beads 

also needed to be placed in a buffer solution, to dissociate the hydrogen ions of the 

carboxyl groups and create a negative surface charge. 

Buffers and buffer strength were another factor in the bead washing and binding.  

For activation of the carboxyl groups and future protein binding, 2-(N-
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morpholino)ethanesulfonic acid (MES) and phosphate buffered saline (PBS) buffers were 

used.  When using PBS for bead washing, the beads bound to the exposed silicon.  

However, the beads also bound to the PMMA.  When using MES, the number of beads 

within the exposed silicon was reduced; the beads did not saturate the exposed silicon as 

well with MES as they did with PBS.  However, there is little to no bead presence on the 

PMMA surface when using the MES.  MES, in its unaltered state, has a pH of ~5.0.  

Binding was still evident at this pH, but was greatly improved when sodium hydroxide 

(NaOH) was used to raise the pH of the buffer to ~7.0.  The molarity of the buffer greatly 

affected the bead binding.  Three different molarities were evaluated: 10 mM, 50 mM, 

and 100 mM.  The 50 mM was the best choice, as it bound much more beads to the 

exposed silicon than did the other 2 molarities.   

The final washing protocol for the 300-nm beads utilized two repetitions of 

centrifuging in 50 mM MES buffer (pH 7.0) for 15 min at 16 g, followed by re-

suspension in 50 mM MES (pH 7.0).  The 140 nm beads used a similar protocol with a 5 

min increase in the centrifuge time, and the 80 nm beads contained a 15 min increase in 

the centrifuge time. 

Once washed, the carboxyl groups of the beads are exposed, creating a negative 

charge on the surface of the beads when added to the buffer.  The beads were serially 

added to the substrate surface, from largest in diameter of beads on down to the smallest 

particles, by placing a 2 µL droplet where the patterns had been developed (Supporting 

Information available).  The droplets resided for 15 s, then were rinsed with DI water and 

blown dry with nitrogen gas.   
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Protein Conjugation: Two sets of 0.05% 140 nm carboxylated fluorescent beads 

(Bangs Lab Cat. No. FC02F) were washed twice with PBS-BN (10 mM PBS at pH 7.4, 

1% BSA, and 0.05% sodium azide) by centrifucation. One set was conjugated to mIgG 

(Sigma, catalog number I5381) and subsequently to anti-mIgG (Sigma, catalog number 

M8642) or anti-mIgG-FITC (Sigma, catalog number F9006) at room temperature under 

120 rpm for 2 h. The set was refrigerated overnight, to facilitate proper orientation of 

proteins, and then subjected to washing by centrifugation twice with PBS-BNT (10mM 

PBS at pH7.4, 1% BSA, 0.05% sodium azide, and 0.02% Tween 80). The other set was 

subjected to the same condition without proteins.   

Fluorescent Attenuation: A micro-injection apparatus was used to inject two 

droplets of mIgG conjugated fluorescent beads and unconjugated beads on a p-doped 

silicon surface, within 45 µm of each other.  This close proximity was to allow both 

samples to be imaged within the same picture, showing the effect of the presence of the 

antibodies (Figure 7).  To proove the concept of fluorescent attenuation as a 

biorecognition method on a nanoarray, 140 nm fluorescent beads, conjugated and 

unconjugated with mIgG and anti-mIgG-FITC, were mixed together and subsequently 2 

µL of the mixture was added to the 180 nm patterned array. Fluorescent images were 

taken under 100x objective by the Nikon Eclipse TS100 and analyzed by MetaVue 

Version 6.2r6 (Universal Imaging Corp., Downington, PA, USA). 

SEM Imaging: Due to the sensitivity of PMMA to the electron beam, the Si chips 

needed to be sputter-coated with a Au/Pd or Pt coating of approximately 5-10 nm in 

thickness. The metal coating allowed the sample to be more conductive and provided a 
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protective layer that allowed longer viewing time as well as enhanced signaling of the 

samples before the PMMA deteriorated.  The SEM used for viewing of the samples was 

the Hitachi S-4500 field emission SEM. Samples were viewed using a secondary electron 

detector at 5 keV accelerating voltage, to allow both higher resolution and maximum 

viewing time of image. 
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Figure 1.  Concept illustration showing the size-dependent self-assembly of the beads on 
the e-beam patterned surface (top) and a top view of multiple sizes of assembled beads 
within the patterns (bottom). 
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Figure 2.  Fluorescent image showing size-dependent self-assembly with 70% 
saturation rate of the patterns with beads.  The binding of the blue beads outside of the 
patterns is due to the loss of many of the carboxyl end chains from the surface of the 
beads, resulting in hydrophobic interactions between the beads and the PMMA. 
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Figure 3.  SEM image showing size-dependent self-assembly due to electrostatic 
attraction from broken polymer chains on the edge of the patterns.  In this picture, the 
saturation rate of the proteins is 40%, and the success rate for the SDSA is 83%.  
Even though this shows SDSA, the pattern sizes for edge binding is difficult to 
reproduce.  This picture also shows the effects of air pockets and surface tension, 
where the smaller beads were not binding into the larger patterns.  Binding of the 
smaller beads (140 nm) to the open PMMA area and to the 300-nm beads is due to 
their loss of surface carboxyl groups, resulting in hydrophobic interactions. 
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Figure 4.  SEM image at 30000x magnification showing size-dependent self-
assembly of 140 nm beads and 30 nm AuNPs in 180 nm and 130 nm well patterns 
created by electron beam lithography.  In the area shown, both the saturation rate and 
the success rate are 100%.   
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Figure 5.  SEM image of 140 nm and 80 nm beads and AuNP bound within the 
patterns, with a 100% saturation rate and a 75% success rate.  The upper left pattern 
contains both an AuNP and an 80 nm bead.   
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Figure 6.  SEM images at 130000x magnification showing a single 140 nm bead bound 
to a 180 nm pattern (top) and at 180000x magnification showing a bound AuNP within a 
130 nm pattern. 
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Figure 7.  Figure showing edge of left droplet containing unconjugated 140 nm 
fluorescent beads and the right droplet containing the same type of beads conjugated with 
mIgG and bound to anti-mIgG.  The unbound beads fluoresced brightly, while the 
conjugated beads showed signal attenuation when bound to anti-mIgG. 
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Figure 8.  Images showing 140 nm fluorescent beads bound to a patterned array and 
tables showing pixel intensity.  Beads are first conjugated with mIgG, and subsequently 
with anti-mIgG antibodies tagged with FITC.  The presence of the FITC (column A) 
confirms the binding of proteins, which attenuates the fluorescent signal from the beads 
(column B).  Based on pixel intensity measurement, mIgG conjugated beads have 
approximately 50% the fluorescent intensity of the unconjugated fluorescent beads 
(Column C). 
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Figure 9.  Graphical illustration of Figure 8. Binding of anti-mIgG-FITC to mIgG on 
blue fluorescent beads attenuates the blue emission from the beads. 
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binding is confirmed from the fluorescence attenuation of the beads upon antigen-
antibody binding on the bead surface. 
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Supporting Information 

 
 
Supporting Information.  A photo showing a 2 µL droplet being placed on a 1 cm2 
PMMA coated Si chip containing electron beam nanopatterns.  The copper tape is used as 
a locator for the nanopatterns, and the patterns are placed just below the lower right 
corner of the copper tape, where the droplet is located. 
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APPENDIX C: NEGATIVELY CHARGED AUNP PROTOCOL 
 
 
 

1. Place flasks, cylinders and stir bars into sulfuric acid bath at least overnight. 

2. Remove and rinse vigorously with DI water. 

3. Place 20 mL and 10 mL of DI water into two 25 mL cylinders. 

4. Bubble N2 gas through the water in the cylinders for 15 min. 

5. Add 12.5 mg of KAuCl4 to the 10 mL of DI water and 4 mg of NaBH4 to the 20 

mL of DI water, dissolving completely. 

6. Bubble each cylinder again for 15 min with N2 gas. 

7. Place approx. 6 mL of NaBH4 solution into each of three flasks.  Drop in a stir bar 

and place in an ice bath, putting it at a medium stir. 

8. (Optional) Place 0.03% Tween 80 surfactant for added stability, although surface 

charge may be reduced. 

9. Dropwise add 3 mL of the KAuCl4 into each of the flasks (you can vary the 

volume or concentration of NaBH4). 

10. Let them stir for 3 h, making sure to keep the temperature cold.  AuNP suspension 

should be dark pink to purple in color. 

11. For best results, use immediately. 

12. Store in refrigerator.  The beads should last between 1-2 weeks. 

 



 

 

123 

 

APPENDIX D: BANGS LABORATORIES, INC. BEAD WASHING PROTOCOLS 
 
 

140* nm Glacial Blue Carboxyl Fluorescent Beads (FCO2F/8251) 

1. Suspend 0.02% solids in 50 mM MES pH ~7.0 

2. Centrifuge @ 16000 g for 20 min 

3. Decant supernatant 

4. Re-suspend in MES 

5. Sonicate for 10 sec (if needed) 

6. Vortex until beads are monodispersed 

7. Repeat steps 2-6 

8. Use or store in refrigerator for up to 2 months 

 

300* nm Dragon Green Carboxyl Fluorescent Beads (FCO2F/7404) 

1. Suspend 0.06% solids in 50 mM MES pH ~7.0 

2. Centrifuge @ 16000 g for 15 min 

3. Decant supernatant 

4. Re-suspend in MES 

5. Sonicate for 10 seconds (if needed, but not usually needed for this size bead) 

6. Vortex until beads are monodispersed 

7. Repeat steps 2-6 

8. Use or store in refrigerator for up to 2 months 
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80* nm Dragon Green Carboxyl Fluorescent Beads (FCO2F/6931)** 

1. Suspend 0.04% solids in 10 mM PBS pH~7.4 (due to its size, many of the beads 

will be lost in the supernatant.  Estimated final concentration is 0.01% solids) 

2. Centrifuge @ 16000 g for 30 min 

3. Decant supernatant 

4. Re-suspend in PBS 

5. Vortex until beads are monodispersed 

6. Repeat steps 2-5 

7. Use or store in refrigerator for up to 2 months 

 

*Sizes of beads are listed differently under Bangs Laboratories Inc., however, the 

sizes listed in this dissertation are the bead sizes verified by SEM imaging. 

**Protocol is still being improved 
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APPENDIX E: PROTEIN CONJUGATION PROTOCOL 
 
 
 

Proteins are covalently bound to the carboxylated polystyrene beads. The amount 

may be estimated through the use of the following equation (provided by Bangs 

Laboratories, Technote 206):  

S = (6 / ρSd)(C) 

where S = amount of representative protein required to achieve surface saturation (mg 

protein/g of microspheres),  

ρS = density of solid sphere (g/cm3),  

d = mean diameter (µm), and  

C = capacity of microsphere surface for a given protein (mg protein/m2 of sphere surface). 

 

The amount of protein added to each bead suspension was calculated to be 25% S.  

This allowed a small amount of proteins to bind with a larger percentage of the carboxyl 

groups still available for binding to the silicon surface.  The proteins, which were 

suspended in 10 mM PBS, were added to the bead suspensions then shaken in an orbital 

shaker at room temperature for 2 hours.  The beads were then refrigerated for at least 12 h.  

After refrigeration, the beads were centrifuged and re-suspended twice in MES buffer, to 

remove the unbound proteins, with final suspension in 50 mM MES pH ~7.0.  This 

method was used for all the beads, all sizes included, used in the initial bead conjugates 

which were bound to the silicon substrate for the protein array. 
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APPENDIX F: 300 NM BEAD HEAT TEST 
 
 
 
 
 
 

The hot plate was set on the very fist setting and a 10 µL droplet was placed on 

the chip above the patterns, then the chip was placed on the hot plate for 1 min.  Each 

picture represents the same pattern with another minute added to it after a different 

dropped was placed on it.  The final picture was of 2 min before the chip was removed 

from the heat, showing the best saturation.  The total at the end of the last picture is 7 min.  

The droplet were nitrogen dried off, not rinsed off with the normal MES solution. 
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