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ABSTRACT
Twenty-first century medicine is trending towards personalized therapies based
on molecular response to treatment.
problems is also highly desired.

Early intervention for cancer and other health

The evolution of the proteomics field has greatly

benefited the possibility of getting to these goals by allowing the researchers to look at
different biomarkers. However, the high complexity of biological samples and the low
levels at which the biomarkers are found in these fluids make the analyses even more
complicated.
Protein microarrays have arisen as alternatives to traditional methods to look at
multiple protein levels at once with the benefit of very high specificity, very low limits of
detection and the requirement of very small samples.

In this work, a significant

improvement in net signals obtained with fluorescent detection while using threedimensional scaffolds based on silica colloidal crystals is presented in contrast to
commercially available flat substrates.
A novel approach to extract trace proteins in solution and more complex matrices
like serum by using sub-micrometer silica particles as support for antibodies in affinity
capture experiments is presented. Bovine Serum Albumin, Ephrin-receptor A2, Alphafetoprotein, and Prostate Specific Antigen have been used in these experiments as model
proteins. Recoveries of 90% or more are obtained with this method and reusability of the
particles was also achieved when using a basic solution as releasing agent. MALDI-MS
detection was successfully performed with the protein extracts which opens up the
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opportunity of further analysis such as determining post-translational modifications
which is relevant when dealing with biomarker candidates.
Last we present the use of our substrates as alternatives to conventional targets in
mass spectrometry.

Traditional Matrix-assisted Laser Desorption Ionization mass

spectrometry (MALDI-MS) of proteins presents the problem of adduct formation with
clusters from the matrix used in the process (e.g. sinapinic acid). Those adducts can
affect the accurate determination of the molecular weight for a given protein and when
looking at protein mixtures could potentially mask slight differences in molecular weight
of very similar proteins. We present the alternative of using silica colloidal crystals on
silicon wafers as a target for MALDI-MS samples. Our peak widths are extremely
narrow and approach the one of the isotopic envelops. At the same time, the porosity of
our material seems to prevent the formation of adducts, which enables the differentiation
of proteins with small molecular weight differences like mutants or same proteins from
different sources.
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CHAPTER 1. INTRODUCTION
Section 1.01 Looking at Biomarkers for Disease Diagnosis
Current trends in our society call for a way of personalizing everything. The ads
we receive when we go online, the type of services we have in our bank accounts, the
kind of plans we have on our mobile devices. And 21st century medicine is not an
exception to this trend: nowadays the ultimate goal is to have personalized medicine
based on the specific responses and characteristics of the disease of a given individual. It
is because of this that the focus of current diagnostics is now going towards the analysis
of biomarkers. The term biomarker per se refers to any type of molecule or substance
that is used to assess a biological process: the response to a given drug, the presence of a
disease, the evolution of an illness1-3. Among the different molecules considered as
biomarkers, proteins are some of the most studied ones in industry and academia as the
proteomics field develops3. When it comes to diseases like cancer an early detection can
greatly improve the outcome of the treatment and looking at protein level profiles could
actually be a form of giving an accurate assessment4.
Some of the biggest challenges in the biomarker discovery and analysis route
include, but are not limited to, the highly complex samples as well as the low abundances
and complexity of the different candidates. Biomarkers are found in body fluids such as
blood, urine, saliva, etc. and in organ tissue2. However, blood and specifically serum in
blood is usually the body fluid in which most of the analysis and tests are performed.
Needless to say that blood serum is very complex and includes more than 10,000 proteins
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among which the most abundant one is albumin with a concentration of about 50 mg/mL
and the majority of the other proteins can be found at concentration levels below the 1.0
ng/mL5,

6

(see Figure 1-1). All of the proteins at levels higher than 1.0 µg/mL are

considered to be classic plasma proteins7. The “other” proteins include secreted proteins
like cytokines that use plasma as a communication or transport medium between different
systems related to cellular response and also some leaked proteins originated inside of
cells but excreted due to some sort of abnormal response7. This last group includes some
proteins that fall below the detection limits of traditional assays like Enzyme-Linked
Immunosorbent Assays (ELISA).
Due to the overwhelming difference in concentration levels, and despite the high
affinity obtained when using antibodies to capture the proteins, the presence of the
abundant proteins call for methods of purification in order to clean up the sample prior to
any analysis and hence the prevention of non-specific adsorptions and masking of the
proteins of interest. Immunodepletion is one of the strategies that can be used in order to
get rid of the highly abundant proteins. However, as any other technique or strategy,
there will always be some sample loss which ideally would not affect the already low
abundances of the proteins of interest or biomarker candidates.
Besides ELISA, techniques like protein microarrays can be used to directly assess
multiple proteins at once. Coupling microarrays to the sensitivity of detection methods
like fluorescence can push detection limits to encompass the levels of proposed
biomarkers during early stages of disease. Nowadays, the substrates used in microarrays
are generally flat or include a 3D network of nitrocellulose which is highly fluorescent
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and creates a big background for tiny signals making them as hard to distinguish as stars
in a sunny day firmament.
At the same time, using proteins as biomarkers implies not only being able to
quantify them thoroughly but also identify minuscule differences between the molecules
that could be related to the specific diseases. In this case, the appearance and evolution
of Mass Spectrometry (MS) has shone a light at the end of the tunnel. Post-translational
modifications can be routinely assessed with MS1, 4 and the detection limits are in the low
attomole levels8.
Last but not least, the complexity of the samples and the loss of relevant
information with intermediate steps could be avoided by analyzing whole serum by using
affinity principles. Affinity capture of proteins is one of the most effective methods of
detection and quantitation of low-abundance proteins2 but the presence of interfering
proteins causes some difficulties and false positives.

Section 1.02 Purpose and Significance of This Research
The work presented in this dissertation relies on the usage of silica nanoparticles
and the advantages of getting higher surface areas.

The use of three dimensional

scaffolds based on silica colloidal crystals (SCC) as a platform for new microarray
substrates as well as the use of modified versions of these SCC as targets for MatrixAssisted Laser Desorption Ionization (MALDI) MS, and the use of free colloids for
affinity capture and purification of proteins are explored in detail.
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Porous crystalline materials made of silica nanoparticles have been introduced as
a substrate for protein arrays9 (Figure 1-2) since they offer a high binding capacity,
optical transparency (see Figure 1-3), no fluorescence10, and fast mass transport11. These
crystals are found in nature as opals and have been used in our group as separation media
on planar substrates12 and in capillaries13, 14. Some of the afore mentioned advantages
have been covered in our research group including the possibility of enhancing the
fluorescent signal of a microarray with our materials9. One of the aims of my project was
to find a surface chemistry that would help in the application of our materials to more
realistic microarrays under different formats as will be explained later in this dissertation.
We also intend to demonstrate the capacity of silica nanoparticles to perform not only as
crystalline materials as in microarrays but also as affinity beads as compared to some of
the available products like the Protein-A Sepharose beads (Thermo Fischer Scientific,
Rockford, IL) (see Figure 1-4) which are used by some collaborators, or the Dynabeads
(see Figure 1-4) (Invitrogen, Carlsbad, CA). The advantage of using silica over the
commercial products is the cost of the materials as well as the versatility one can find
when modifying the surface chemistry of the nanobeads to suit the needs of the
experimenter. The performance of our silica colloidal crystals has also been shown as
suitable for other aspects such as capillary isoelectric focusing15 (see Figure 1-5) and
separation media with astonishingly low plate-heights for proteins13 (see Figure 1-6) and
we intend to explore it as a valuable alternative for mass spectrometry and specifically for
soft assisted desorption/ionization mass spectrometry.
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An overview of the fundamentals of protein separations is included in CHAPTER
2. CHAPTER 3 will cover protein microarrays and a collaboration established with
BioVidria Inc. (Tucson, AZ) that dealt with different surface chemistries that help
enhance the signal intensities as well as the advantages of a three dimensional substrate
like the SCC versus using a flat surface as in most of the commercially available
microarray slides.

Some insight in the troubleshooting of our collaborator’s

manufacturing process is also included.
An effective method for affinity purification of proteins is discussed in detail in
CHAPTER 4. An initial study with bovine serum albumin (BSA) as a model protein, and
a refined study with ephrin-receptor type A2 (EphA2) as the target protein using
hydrophobic and a hydrophilic surfaces are also covered in this chapter where very
efficient recoveries are obtained even directly out of whole serum. An initial qualitative
study for PSA is also covered.
In CHAPTER 5, a study on the usage of polyacrylamide modifications on SCC on
silicon wafers as new targets for MALDI-MS of proteins is included. cytochrome c and
other proteins are spotted on the SCC composite materials and traditional stainless steel
plates for a side-by-side comparison.
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Figure 1-1: Compilation of Plasma Protein Concentrations Measured by Different
Methods in Different Laboratories. Figure taken from the work by Brian Haab and
coworkers6.
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Figure 1-2: SEM images of silica colloidal crystals viewed from (a) top, and (b) side.
Image taken from the work by Zheng et al9.

31

Figure 1-3: UV-Visible transmission spectra of three silica colloidal crystals of different
thicknesses (1.9, 4.2, and 11.0 micrometers as measured with SEM). Image taken from
the work by Zheng et al9.
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Figure 1-4: SEM images of Sepharose beads® (left) and Dynabeads® (right). Images
taken from the GE Healthcare Handbook of Gel Filtration (Sepharose beads®)16 and the
Invitrogen website (Dynabeads®)17.
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Figure 1-5: Capillary Isoelectric Focusing performed inside silica colloidal crystal
packed capillaries. Images taken from the work by Hua et al15.
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Figure 1-6: Electrochromatogram of an isocratic separation of a mixture of three proteins
in less than 1.0 cm. Image taken from the work by Wei et al13.
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CHAPTER 2. FUNDAMENTALS OF PROTEIN SEPARATIONS: 50 YEARS OF
NANOTECHNOLOGY, AND GROWING*
Section 2.01 Introduction
The sequencing of the human genome has greatly accelerated the field of protein
analysis. While the genome is the blueprint for the organism, the proteins carry out the
functions of biological cells. The analysis of proteins has emerged as a vital area of
medical research and clinical diagnostics. In principle every disease is described by its
unique set of proteins and their concentrations. The magnitude of the analytical task is
daunting: the human genome codes for over 20,000 proteins, and there are scores of
physiologically relevant post-translational modifications. Consequently, protein analysis
represents an enormous challenge to the separation scientist.

We start here with

illustrations of why protein analysis is such a vital and active field today, and we show
the principles of the separations that are used in these analyses. We will see that
nanotechnology pervades protein separations, and the design of new separation
technology is facilitated by a fundamental understanding of basic principles.

Section 2.02 Extractions of Single Proteins
Disease is associated with a change in levels of proteins. This means that the
diagnosis of disease can, in principle, be made through detection of unusual protein

*

This chapter was previously published in the Annual Review of Analytical Chemistry. See reference 18.
Egas, D. A.; Wirth, M. J., Fundamentals of Protein Separations: 50 Years of Nanotechnology, and
Growing. Annual Review of Analytical Chemistry 2008, 1, 833-855..
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levels.

As one common example, diseases of the thyroid and pituitary glands are

diagnosed in part by analysis of the protein thyrotropin, which is a hormone secreted by
the pituitary gland, which stimulates the thyroid gland19.

The clinical lab uses a

commercial kit that tests for this protein in blood samples by immunoassay, which is the
most common technique for clinically sensing protein levels in body fluids. A protein, or
any other species, whose concentration is indicative of a disease is called a biomarker. In
this case, multiple biomarkers are used to distinguish between thyroid and pituitary
diseases. Other common clinical immunoassays include biomarkers for heart attack,
prostate cancer, infectious disease, and pregnancy. Immunoassays are among the most
powerful separations today; selectively extracting one protein at nM concentration levels
out of a mixture of tens of thousands of proteins. Immunoassays are not normally
discussed in the analytical chemistry literature as separation tools, but they are
extractions, and the fundamentals are the same as those of separations: selectivity and fast
mass transport are the primary technological issues.
The concept of the immunoassay was originated by Rosalyn Yalow in 195920,
which earned her the Nobel Prize in 1977 for this invention. It has revolutionized clinical
analysis. The immunoassay is based on nature’s nanotechnology, where an antibody
specifically binds to the protein, through a spatial arrangement of functional groups that
fit like a lock and key with the functional groups of the protein or other analyte of
interest21. Figure 2-1 illustrates the commonly used sandwich immunoassay, in which
two antibodies having different structures recognize different parts of a protein, which is
the analyte. The capture antibody is bound to the surface, and the protein of interest is
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selectively removed from the complex mixture, such as the blood serum, by virtue of the
high specificity and strength of binding.
selective solid-phase extraction.

The immunoassay is essentially a highly

The orientation of the capture antibody cannot be

controlled so nicely in practice, and the analysis relies on there being a sufficient number
of capture antibodies having their recognition sites accessible to the protein of interest.
The binding constant, Kb, (as defined in Eq. 1 for antibody, antigen and complex
concentrations, [Ab], [Ag] and [AbAg], respectively)
(1)

Kb 

 AgAb
 Ab Ag 

where Kb ranges from 105 to 109. Binding equilibria allow analysis of concentrations on
the order of 100-fold lower than 1/Kb, which is the nM to pM range for immunoassays.
High binding constants correlate with slow kinetics of dissociation of the complex
because K is the ratio of rate constants for binding, kb, and dissociation, kd.
(2)

K

kb
kd

Because the rate constant for dissociation is so small, unwanted species can be rinsed
from the substrate with minimal loss of the targeted protein. To detect the protein that
has been extracted, the secondary antibody is labeled, using fluorescence or
chemiluminescence for signal transduction. The signal is proportional to the protein
concentration as long as the population of capture antibodies is not saturated with protein.
In developing new immunoassays, the selectivity, or its opposite, the cross-reactivity,
must be characterized because proteins sometimes have a subunit that is the same as that
of another protein.
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The speed of immunoassays can be undesirably slow. While the rate constant for
binding is high, the rate of binding is low because the concentration of analyte is low.
The full expression for the rate of formation of the antibody-antigen complex, AbAg, has
three terms, which are due to rate of diffusion of antigen to the antibody, the rate of
binding of antigen to antibody, and the rate of dissociation of the complex22.
d  AbAg 

(3)

dt

 D  2  Ag   kb  Ab  Ag   kd  AbAg 

The rate term D is the diffusion coefficient of the antigen, and  is the surface
concentration of accessible antibody. As an illustration, a study of the binding kinetics of
the HIV-1 capsid protein p24 to a monoclonal antibody revealed that kb=2.25x105 M-1 s-1
and kd=0.0062 s-1 23. One can see from this very small rate constant for dissociation why
rinsing removes the loosely bound species without significantly reducing the selectively
bound species.

Modeling of Eq. 3 using these parameters, or even a 100-fold lower

value of kb22, shows that diffusion is the slow step. Researchers who want analysis times
to be less than an hour will assist the mass transport with flow, electromigration, or the
use of beads as substrates, which can be shaken in the solution of analyte.
Unmet needs include the development of inexpensive synthetic antibodies, and
aptamers are an attempt to address this need24. Higher sensitivity, smaller quantities of
reagents, particularly the antibodies, faster binding times and less nonspecific adsorption
are perennial needs for immunoassays.
By the time a protein analysis has made its way into the clinical lab as an
immunoassay, the research to discover the protein biomarkers, and the research to
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understand why the disease is correlated with each biomarker, have already been done.
The research requires protein separations that can analyze large numbers of proteins. The
first to be discussed is the protein microarray.
Section 2.03 Protein Microarrays
The levels of large numbers of proteins can be studied using microarrays of
antibodies, which are now commercially available from a variety of sources. These are
called protein microarrays, and they represent a rapidly developing technology.

A

protein microarray is an organized high-density assortment of microscopic spots of
proteins immobilized onto a support.

This can be a solid planar support25-28,

microspherical beads29, and polymers or gels30. Ink-jet printing is commonly used for the
impregnation of proteins onto the supports31. Other procedures include micro-contact
printing26 and self-assembling protein microarrays32.

All methods of printing give

pronounced deformities in spot shapes, often giving rings rather than filled spots28, and
this can be a challenge in quantitative interpretation. Additives prevent the protein from
denaturing when the microarray is dried after printing33.

In the use of protein

microarrays, such as arrays of antibodies, the microscopic spots of printed protein bind
the analytes from solution, and the same considerations previously discussed for
immunoassays, such as enhancing mass transport and rinsing weakly bound species, also
apply for microarrays34.
As an example of one type of protein microarray, cytokine arrays are promising in
medicine35. Cytokines are small proteins that are involved the inflammatory response,
which is activated by disease. Because cytokine biology is complex, typically a dozen
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cytokines need to be measured simultaneously to characterize the inflammatory process,
hence the attractiveness of microarrays. One interesting application is in tailoring HIV
therapy to the patient. HIV kills CD4 cells, and current treatment to kill the virus, if
effective, restores these levels. Some HIV patients continue to have low CD4 levels
despite the therapy lowering the viral load. A cytokine array was used to study the
differences between the two populations of patients having low viral loads but differing
levels of CD4 cells36. Two cytokines were found to be significantly different in levels for
the two groups, and the identities of these two proteins point to greater immune damage
in the case of the patients whose CD4 cells levels had not recovered. With further
research, the insight into the biology of HIV could lead to improved therapy for the group
whose CD4 cells did not recover. Most applications of protein arrays are in the research
stage because it is a new technology, and, as with DNA microarrays, the technology will
likely result in new clinical tests and drugs tailored to the patient.
Unlike DNA, proteins have no amplification reaction that is analogous to PCR;
therefore, sensitivity is a problem that has slowed the development of protein
microarrays. Consequently, the substrates for protein arrays are often thin, hydrophilic
polymer films, which allow for more moles per area to be printed to increase sensitivity30.
The polymeric substrates for protein arrays are compatible with the same microarray
printers that are used for the well-established technology of DNA microarrays. The spots
spread more on the polymers, but the density requirements are not as great for protein
arrays as they are for DNA arrays. Polymer substrates bind antibodies and other proteins
well and leave the proteins in their native conformation to retain binding specificity. The
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binding is not understood: printed proteins appear to physisorb33. As with DNA arrays, a
blocking solution must be used after printing to deactivate the surface so that it dos not
bind the analytes. New materials for protein microarrays would be valuable because
polymers suffer from low optical transmission and fluorescence background.
Silica colloidal crystals, which are porous crystals of silica nanoparticles, have
recently been introduced as a substrate for protein arrays9. They offer a high binding
capacity, optical transparency, no fluorescence, and fast mass transport. Silica colloidal
crystals occur in nature as opals, which make them another example of Mother Nature’s
nanotechnology.

Figure 2-2 shows a photo of a natural opal of gem quality, in

comparison with three synthetic silica colloidal crystals having different sizes of silica
nanoparticles37. Scanning electron micrographs in the same figure show that, for both the
natural and synthetic opals, the silica nanoparticles are arranged in a face-centered cubic
lattice structure. The sizes of the silica particles are on the order of the wavelength of
light; therefore, their crystalline order gives Bragg diffraction at visible wavelengths.
The scientist can make monodisperse nanoparticles to impart just one color to the crystal,
while the artwork of Mother Nature is from a patient mixing of crystallites of differing
sized nanoparticles. For protein analysis, the size of the nanoparticle determines the pore
size, where basic geometry shows the limiting pore diameter to be 15% of the particle
diameter. One would probably want a pore diameter of at least 40 nm to accommodate
the sandwiches of three proteins for an antibody array. This would require nanoparticles
to the order of 250 nm in diameter, which are readily synthesized and crystallized. A
comparison of a silica colloidal crystal with a flat surface was made for capture of the
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protein streptavidin by using biotin bound to the surfaces of both types of substrates.
Using a colloidal crystal with silica nanoparticles of 250-nm in diameter to form a crystal
of 11 m in thickness, the signal from labeled streptavidin was increased by a factor of
80 relative to the flat surface9. This high enhancement agreed with theory, and the
increase in fluorescence background was negligible. These materials are currently being
evaluated as substrates for antibody arrays.
For both immunoassays and antibody arrays, one has to know what proteins one is
looking for. To learn which proteins are involved in a disease, and to discover new
biomarkers for disease, one has to separate and identify unknown proteins from the
complex sample.

This requires separations that can resolve enormous numbers of

proteins, including the post-translationally modified forms of proteins. In addition, the
separation has to be compatible with mass spectrometry to enable identification of the
proteins. There is no one type of separation with adequate power to separate proteins
mixture as complex as human serum or cell lysates.

To address the challenge,

combinations of powerful separations are used, each separating based on a
complementary property of the protein. There is no one approach that works for all
applications and the field continues to develop. The next sections discuss the types of
separations being used.

Section 2.04 Gel Electrophoresis: Introduction
Complex protein analyses use at least two orthogonal separations, combined with
mass spectrometry, because the massively large number of proteins demands the
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resolution of many proteins. A given separation can be described by its peak capacity,
which is the number of peaks that can be fit into the separation window.

In 2D

separations, if one dimension has a peak capacity of n proteins and the other dimension
has a peak capacity of m proteins, than the total peak capacity is the product, nm. This
assumes that the mechanism of the separations is independent of one another, i.e., that
they are orthogonal.

If the mechanisms are perfectly correlated, the peak capacity

remains on the order of n or m. Aside from this condition of orthogonality, the random
overlap of peaks along one dimension reduces n and m each to 18% of their ideal values,
based on statistics alone38. A high peak capacity would be 100. The limited size of peak
capacities, relative to the large number of proteins in serum samples, makes
multidimensional separations a requirement.

The mass spectrometer additionally

provides some ability to resolve overlapped peaks.
To choose which separations to include in a 2D separation, the peak capacity in
one dimension is limited by the similarity of the properties of the components 39. For
example, if the components are similar in size, a separation based on size will inherently
give a small peak capacity. Giddings defined the term “sample dimensionality” as the
number of independent types of properties that can be used to achieve a separation40. For
example, a polydisperse sample of polymer, such as polystyrene, has one dimension
because only molecular weight of the polystyrene varies, not its composition. Proteins
have multiple properties that vary because of the variety of amino acids. The most
notably properties that vary are molecular weight, charge, and hydrophobicity. A three
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dimensional separation of proteins would thus be expected to be possible for complex
protein samples.
In a typical 2D gel electrophoresis separation, one axis is isoelectric point (i.e.,
charge) and the other axis is molecular weight. These are quite orthogonal to one
another. The third dimension of hydrophobicity is not used in conjunction with 2D gels
because the proteins are denatured by SDS in the size separation, which masks the
hydrophobicity of the protein. After separation by the 2D gel, the separated spots of
denatured proteins are individually removed and digested by trypsin into peptides, and
these are separated by reversed phase HPLC, which is called RPLC.

The unique

combination of peptides is used to identify the protein. Some overlap of protein spots in
the gel can be tolerated because the mass spectrometer can resolve multiple peptides
within overlapping peaks, and the algorithms for protein identification consider multiple
proteins contributing to the collection of peptides from a given gel spot. A problem is that
a high abundance protein can hide a low abundance protein. Nonetheless, owing to the
orthogonality of its two dimensions and the power of mass spectrometers, the 2D
polyacrylamide gel in combination with mass spectrometry is the workhorse of
proteomics.
One use of the 2D gel separations has been for the search for biomarkers. Using a
2D gel technique called differential in-gel electrophoresis (DIGE), one can search for
potential biomarkers by labeling proteins from healthy vs. diseased cells with different
color dyes41-43. The chief difficulty is that there are a dozen high abundance proteins in
serum that comprise 85% of the total serum protein. These give broad bands in the gel
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due to precipitation, and they swamp out the signals of lower abundance proteins. For
biomarker studies, the high abundance proteins are removed by passing the serum
through an affinity column containing antibodies that bind the high abundance proteins44.
This is necessary because high abundance proteins are about six orders of magnitude
more abundant than tissue leakage biomarkers45. Figure 2-3 illustrates an example of a
separation by 2D DIGE, comparing total protein in serum (labeled green), with serum
that has been depleted of the 12 most abundant serum proteins (labeled red)46. One high
abundance protein, human serum albumin, is responsible for the bright peaks around 66
kDa. The loss of the high abundance proteins allows one to scale the intensity of the
orange image in this figure to reveal many proteins that were not visible in the whole
serum sample. Human serum albumin binds other proteins, so there is some depletion of
the proteins of interest.
In one study of biomarkers in pancreatic cancer, DIGE revealed apolipoprotein E
as a promising biomarker because it is 7.7 fold higher in the cancer patients 46. This
protein did not stand up to validation as a biomarker after study of a larger number of
serum samples. Aside from the low number of serum samples that is reasonable for
studies with DIGE, there may be a more fundamental reason why this method has not
fulfilled its promise in biomarker discovery. It has been pointed out that the clinically
successful biomarkers are very low abundance proteins, e.g., nM concentration levels,
and even with serum depletion, DIGE is not sensitive to such low levels45.

The

biomarker, apolipoprotein E, in the aforementioned example is 100-fold higher in
abundance than prostate specific antigen, which is a widely used clinical biomarker
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whose concentration is on the nM scale when it indicates cancer. More separation power
to achieve a higher dynamic range is needed. In addition, much higher speeds are needed
because it takes a day just to separate with DIGE.

We will now look at how

electrophoresis what limits its resolution and speed.

Section 2.05 Gel Electrophoresis: Mechanisms
Isoelectric focusing takes advantage of the fact that the velocity, v, of the protein,
depends on the charge, z, of the protein, where E is the applied electric field, f is the
friction coefficient for the protein, and F is the Faraday.
(4)

v  zFE f  e E

The terms z, F and f are usually lumped together as the electrophoretic mobility, e. The
charge of the protein is dependent upon pH, and every protein has a pH at which its
charge is zero. This is called its isoelectric pH. In isoelectric focusing, a medium is used
that has a pH gradient spatially imposed, and the protein will electromigrate until it
reaches the region of its isoelectric point. It will then stop. As it diffuses in either
direction, it picks up a charge that causes it to electromigrate back to the position of its
isoelectric pH, hence the term focusing. Resolution depends on the steepness of the pH
gradient, dpH/dx, the change in protein charge with pH, dz/dpH, and the temperature, as
summarized in Eq. 547.
1/ 2

(5)

pI  FE  dz dpH 
Rs 


4  RT dpH dx 
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Extraordinary resolution is possible: pH=0.001 can be resolved for a shallow pH
gradient and a large change in charge with pH.
Isoelectric focusing is typically performed in gel strips for proteomics, and this
separation is allowed to run overnight. In principle, one could apply an enormous electric
field and separate the proteins quickly. High fields are used for isoelectric focusing in
capillaries, giving focusing in 7 min48, and more recently in 30 s49. The high initial
currents are a problem for the larger cross-sectional areas of gels because the Joule heat
cannot be dissipated quickly.

Capillaries are thinner, giving less current for a given

voltage and faster heat transfer. Any approach to speeding up 2D electrophoresis will
probably involve miniaturizing the volume to minimize effects of Joule heating.
The second dimension of the gel electrophoresis separation is sieving.

This

separates proteins based on their sizes, using the porous nature of the gel. Referring to
Eq. 4, the friction coefficient of the protein is related by Stoke’s law to its radius, r,
where  is the viscosity of the medium.
(6)

f  6 r

Since the migration is electrically driven, the charges of the proteins must be the same to
make the separation depend only on size. This is accomplished by denaturing the protein
with the surfactant sodium dodecyl sulfate (SDS), which binds to the protein in a ratio of
1.4 g SDS per g protein50. Since the charge per gram is constant, the electrophoretic
mobility is constant. To separate the SDS-denatured proteins based on size now requires
a sieving medium.
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Nanotechnology is used to sieve proteins because of their nanoscale sizes. To
achieve sieving requires that the pores through which the protein passes be on the order
of the sizes of the proteins. Sieving media were developed well before the use of SDS,
beginning in the 1950’s with starch gels51. These starch gels of the 1950’s can be
considered the advent of nanotechnology in separations, hence the title of this review. A
few years later, in 1959, polyacrylamide gels were introduced for protein separations 52.
Agarose gels were introduced in 196653. Use of cross-linked polyacrylamide gel to sieve
SDS-denatured proteins was demonstrated as early as 196754. The polyacrylamide gels
and SDS denaturation of the proteins remain the dominant technology in proteomics.
Why polyacrylamide gels have stood the test of time, how a new material might
be developed to improve the speed can be explained by a look at the principles of sieving
electrophoresis.

Giddings describes the partition coefficient, K, of a protein, as it

distributes between the pores and free solution, relating K to the fraction of accessible
volume in the pore, according the radius of the protein, r, and the pore, R, for a pore
length of L47.
(7)





2
2
accessible volume  R  r  L
K

true volume
 R2  L

This partition coefficient describes the mechanism of size-exclusion chromatography.
Rodbard and Chambrach showed that the electrophoretic mobility, e, relative to that in
free solution, e0, is equal to the same K as in size-exclusion chromatography55, i.e., both
are described by the ratio of accessible to true volume of the pore.
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(6)

K

accessible volume e
 0
true volume
e

The ability of protein to electromigrate in a gel is thus dictated by the accessible volume
in the gel pores. An intuitive way to understand why this would be the case is that the
velocity of the protein has to be zero when it is in contact with a wall, and the accessible
volume is proportional to the probability that the protein is not in contact with a wall.
Entropy thus controls sieving separations.
The pores of polyacrylamide gels are not monodisperse, and the random structure
of the gel fibers was first modeled by Ogston56. Using this structural description gives
the Ogston-Morris-Rodbard-Chrambach (OMRC) model for gel electrophoresis, which
describes the electrophoretic mobility relative to that in free solution.
(7)

   d  r 2 
e
 exp   
 
e0
 4  R  

In Eq. 7, d is the radius of the gel fibers, and r and R are again defined as the protein and
pore radii, respectively. This model agrees well with experiment57. Other models give
comparable agreement with experiment57, so one should not take Eq. 7 as the law of the
land. Even using Eqs. 5 and 6, which ignore the fact that there is a distribution of pores,
a similar dependence of mobility on protein size is obtained.
The one essential issue for any model of sieving is that the radius of the pore must
be on the same order as the radius of the protein to give a sieving separation.
Experimentally, the pore size of the gel is controlled by the percentage of both monomer
and cross-linker in the gel58. To illustrate the role of pore size, Figure 2-4 shows a series
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of plots of computed mobility vs. protein radius, using Eq. 7, for a three different pore
radii: 5, 10 and 15 nm. In each case, the fiber radius was assumed to be equal to the pore
radius for simplicity. The 10 nm pore radius is shown to be well suited to the molecular
weight range of 10 to 200 kDa that is typically studied in proteomics. The dotted line
shows the same relationship for the monodisperse pores, which require a somewhat larger
pore radius to span this range of molecular weights. The graph shows how similar the
behaviors are for the gel and the monodisperse pores. The smaller slope indicates that the
monodisperse pores give somewhat greater selectivity than the distribution of pores.
Another difference is the abrupt cutoff at r=R for monodisperse pores, which is smoothed
in the case of the gel because the distribution of pores provides a path for proteins larger
than the average pore size. Overall, the differences between gels and monodisperse pores
are rather small.
AFM has been used to image the nanoscale structure of gels used in
electrophoresis, and this is done by using tapping mode, which imparts minimal force to
the soft material59. Figure 2-5a shows an AFM image of a 3% agarose gel, revealing a
web structure. This image gives us a visual way of thinking about gels. Image analysis
revealed the pore diameter distribution in Figure 2-5b, in agreement with the structural
model of Ogston56. The AFM results further showed that the pore size distribution
narrowed with higher agarose concentration, decreasing by a factor of two for a 5%
agarose solution. AFM images of polyacrylamide gels show the expected small pore
sizes60. The wide pores of the agarose introduce an important question: why is such a
wide-pore medium able to sieve small proteins?
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The answer is interesting and it has consequences for speeding up sieving
separations. It has been shown that even lower concentrations of agarose give size-based
separations of small proteins61. In general, large hydrophilic polymers in homogeneous
solution impart a sized-based separation without forming permanent pores.

The

explanation is that at sufficiently high concentrations the polymer chains become
entangled to form transient pores62, 63. The larger pores obvious in the AFM image of
Figure 2-5 are not the same pores responsible for the sieving of the much smaller
proteins. Many hydrophilic polymers of high molecular weight are now available for
sieving of proteins and DNA fragments, including polyethylene glycol, cellulose
derivatives and linear polyacrylamide, and copolymers64. These polymer solutions have
been called replaceable gel media, non-crosslinked polymers, or entangled polymer
solutions. These media have enabled the routine use of gels in capillaries for fast and
automated DNA sequencing62,

65-67

. This advance led to the completion of the human

genome project ahead of schedule68.

Entangled polymer solutions are now used

commercially for fast microchip-based protein sieving69. In the latter case, a set of
protein molecular weight standards was easily resolved in 40 s using an electric field of
340 V/cm. This is a ten-fold higher field than a slab gel would tolerate. The microchip is
able to accommodate the higher field strength because it is only 13 m deep, giving
lower current and faster heat dissipation. The ability to avoid the gel, which is required
to be thick in order to be reasonably uniformly in a routine way, is now possible by using
entangled polymer solutions in thin capillaries and thin channels of microchips. The
drawback is that neither of these media can be cast in a 2D format to allow 2D
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electrophoresis.

The polymer solution also makes it difficult to couple with other

separations or with mass spectrometry.
Silica colloidal crystals have been introduced as a thin separation medium that can
be cast in a 2D format70, 71. These materials were described earlier in the context of
proteins arrays. The particle size can be tailored to give pore sizes optimal for sieving. A
separation of proteins by sieving through the pores of colloidal crystals was demonstrated
in a microchip: the channel was filled with a colloidal crystal of 160 nm silica particles,
and proteins from 20 to 205 kDa were separated using a field strength of 31 V/cm71.
Much higher fields can be used, and no deleterious heating effects were observed in
electrochromatography up to 1000 V/cm12. The surfaces of silica nanoparticles can be
made to be as high in quality as the best chromatographic silica gel72, in fact, silica
nanoparticles are constituents of the highest quality silica gel particles73. The use of these
materials in separations will advance as better and faster are rapidly being developed for
making these crystals, such as calcining to enabled crack-free materials crystals74, and
spin-coating to enable deposition of crystals in less than a minute75. These materials have
the potential for 2D protein separations because they are inherently 2D in format. They
also have the potential for interfacing with mass spectrometry, either through MALDI or
protein extraction. These could increase the sensitivity of DIGE because the colloidal
crystals are intrinsically low in fluorescence9.
The unmet needs for protein electrophoresis and 2D gel electrophoresis are many.
Obviously the speed of the 2D separation needs to be improved. Also, if one could
separate the proteins in 2D, and introduce them directly into a mass spectrometer without
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the SDS, that would save a day in analysis time. Another unmet need is low cost. DIGE
analyses in particular are very expensive, with one 2D gel separation typically about
$2,000 without the mass spectrometry. Devices for fast 2D separations on the benchtop
in researchers’ labs that allow detection of lower abundance proteins would be valuable.

Section 2.06 Chromatography of Proteins
Gel electrophoresis utilizes size and charge as the two properties on which to base
a protein separation. In HPLC, it is common to use the third distinguishing property of
proteins, which is hydrophobicity.
chromatography (RPLC).

This is achieved by reversed phase liquid

These separations use a hydrophobic stationary phase,

typically a monolayer of short hydrocarbon chains covalently bonded to the silica surface
through a siloxane linkage. This monolayer is on the order of 1 nm in thickness, which
allows fast mass transport to the mobile phase.

These monolayer bonded phases

represent another example of the early use of nanotechnology in separations76.
Separations of proteins using stationary phases of hydrophobic monolayers are typically
achieved by gradient elution RPLC, for which the gradient begins with a mobile phase
composition that is mostly water and ends with a composition that is mostly organic,
typically acetonitrile.

For peptides, the elution has been shown to be in order of

increasing hydrophobicity77. This necessarily would scale with size if two peptides or
proteins had similar amino acid compositions, but overall the correlation with size is not
high. For example, for bovine serum albumin (66 kDa) elutes earlier than the much
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smaller myoglobin (16.7 kDa)78. RPLC thus contributes in a complementary way to
selectivity in protein separations by separating based on hydrophobicity.
Chromatography can also separate based on size. Size exclusion chromatography
(SEC), is based on the same fundamental principles as sieving electrophoresis. SEC
offers one potential advantage over sieving electrophoresis: there is no need for
denaturing with SDS. The need for SDS denaturation in electrophoresis arises because
the native proteins have different charges, and so much SDS is adsorbed that it masks the
differences in protein charges. Since there is no electric field in SEC, the charges of the
proteins do not contribute to the retention times, therefore SDS is not needed in SEC.
The problem with using SDS in electrophoresis is that it prevents the use of mass
spectrometry on whole proteins because there is no effective way of removing SDS from
the gel spots. Size exclusion, by avoiding this denaturing, would allow the proteins to be
directly analyzed by mass spectrometry.
There are two reasons why size exclusion is not used nearly as extensively as
sieving for protein separations.

First, chromatography columns do not readily lend

themselves to 2D separations. Second, the peak capacity is low. The first issue can be
overcome to some extent by using sequential columns to achieve 2D separations, where
one column is eluted slowly and the other column analyzes each peak quickly79.
Coupling two one-dimensional columns to achieve a two-dimensional separation requires
more planning and design than separations that have a spatially 2D format, such as a slab
gel or a TLC plate. As one illustration, a 3D separation of peptides from a tryptic digest
of ovalbumin was performed using SEC as the first dimension, followed by reversed
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phase HPLC, and finally by capillary electrophoresis80. These are the three orthogonal
properties pointed out earlier in this article for proteins, and the same idea applies to
peptides. The SEC separation of the peptides is shown in Figure 2-6a, which illustrates
that this technique does not separate the rather limited number of peptides very well. The
reasons will be discussed shortly, but for now, the other two dimensions enable resolution
of the peptides. Figure 2-6b shows the final 3D separation. The vertical discs are due to
the fact that the broad, slowly eluting SEC peaks are sampled discretely by the reversed
phase column.

The peptides are well resolved in three dimensions.

Figure 2-6b

illustrates that the three dimensions are orthogonal to one another. Of any of the three
axis correlated with one another, the effect would be that the data points lie within a
plane rather than in three dimensional space. The figure shows that the points fill three
dimensional space rather uniformly, showing that these three separation modes are
orthogonal. Figure 2-6b also illustrates that the peak capacity is smallest for the SEC
dimension.
The difficulty of coupling three one-dimensional separations together is that it is
an engineering feat that must be carefully planned. Each successive dimension has a
progressively faster time scale: the SEC scale spans 80 min, the reversed phase axis spans
1.5 min, and the capillary electrophoresis axis spans 27 s. This contrasts with the 2D gel,
where sampling and timing are not issues. To our knowledge, a 3D separation has not yet
been used for proteins. A nice example of a coupling two one-dimensional separations of
proteins uses two capillaries, where micellar electrokinetic chromatography (based on
hydrophobicity) and capillary electrophoresis (based on charge) were coupled for fast 2D
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separations in proteomics studies of single cells81. In this example, very high sensitivity
and low loss were achieved to enable single cells to be analyzed. New and well grounded
ideas, such as the ones presented here, to achieve multidimensional protein separations
will ultimately facilitate mechanistic studies of diseases and biomarker discovery.
The limited peak capacity of SEC is an interesting problem because the same
physical phenomenon gives rise to sieving separations in gels, yet gels can separate on
the order of 50 proteins by sieving electrophoresis, while SEC separates only a handful or
so of proteins. The fundamentals of SEC explain why this is so. First, SEC has a smaller
window in which the peaks must fit, and second, the peaks are broad compared to the
width of this window. This can be explained from first principles. Recalling our earlier
discussion of sieving, the equation for the partition coefficient in size exclusion is given
here for the retention volume, VR, the mobile phase volume, V0, and the total volume
(mobile phase plus pores), VT.

(8)
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All of the peaks in the chromatogram fit within the window bounded by V0 and VT. The
largest proteins that do not fit into the pores elute at V0, and the lowest molecular weight
species that enter these pores without any size exclusion elite at VT. To estimate how
many peaks fit in between these two extremes, we consider a typical set of column
parameters. If a column is packed with spheres as the stationary phase, for randomly
packed spheres, V0 = 40% Vsphere82. If the sphere is hollow to give a pore volume that
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equals the sphere volume, which is obviously the upper limit of pore volume, then
VT=V0+Vsphere. In this limiting case, the range of retention volumes is V0 to V02.5. More
typically, the range is V0 to V01.583. Retention volumes larger than the theoretical
maximum can be observed if adsorption occurs, which is irrelevant to this retention
mechanism. The peak capacity, n, neglecting statistical overlap, is the ratio of this range
to the average peak width, 4. Converting retention volume to retention time makes for a
more convenient expression.
(9)

n

1.5 V0  V0 0.5  t0

4 V
4 t

For pure size exclusion, suppose L = 10 cm, V0 = 0.3 mL and VT = 0.5 mL, and a linear
flow rate of 10 cm/min. If the plate height is estimated to be 10 m, which is about as
good as one can do with SEC columns, and this dictates the peak width through the
relation H = 2/L. These conditions would give 5 peaks that are baseline resolved if they
were evenly spaced in size. This illustrates the problem with SEC: the window is so
narrow that even for this high efficiency of H = 10 m, there are few resolved peaks.
One way to increase the number of resolved peaks would be to increase the column
length to 25 cm, but the number of resolved peaks would go up only as L1/2, which is a
factor of 1.6. Another way would be to use smaller particles, 1.8 m in diameter, which
would give a factor of 3 at the most by reducing H to an impressive 1 m. There are not
any anticipated factors at this time that would increase the peak capacity enough to catch
up with sieving. Fundamentally, because the window is narrow relative to the peak
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width, the peak capacities of size-exclusion chromatography are not likely to approach
those of sieving electrophoresis or those of other HPLC techniques.

Section 2.07 Combination of Separations
Combining the strengths of diverse separation tools is a promising approach in
proteomics.

One illustration is the proteomics of glycoproteins. These species are

interesting because altered glycosylation is the hallmark of cancer84. Glycosylation is a
common type of post-translational modification that attaches a carbohydrate to a protein,
and the structure of the carbohydrate on a glycoprotein is often altered for cancer cells. A
novel approach for analysis of serum samples uses this idea to analyze only the
glycoproteins, where the salient concept is that the biomarker need not be a protein
whose level has changed due to the disease, instead, it would be the structure of the
carbohydrate attached to the protein that has changed85. To search for proteins of altered
carbohydrate structure, a combination of affinity extraction, RPLC, and protein
microarrays were applied to serum samples of patients with pancreatic cancer85. The
high abundance serum proteins were removed by an affinity column having antibodies
for these 12 proteins. A lectin column was then used to extract the glycoproteins.
Lectins are proteins that selectively bind glycoproteins, and a mixture of lectins in the
affinity column ensured that a variety of glycoproteins were extracted. This further
reduces the amounts of high abundance proteins and simplifies the mixture to the relevant
proteins.
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Subsequent gradient elution RPLC of the lectin-extracted protein sample gave
protein peaks that were rather well resolved. A column of nonporous 1.8 m silica
particles was used to for this separation. The smaller particle diameter is needed to
achieve a reasonable surface area for separation. This is because in chromatography the
resolution, Rs, is proportional to surface area, A, in the limit of low surface area.
Rs 

(10)

L H
K  A Vm
  1
4
1  K  A Vm

This equation strictly holds for isocratic elutions, but the gradient elution can be thought
of as having a progressively changing K for each protein as mobile phase composition is
varied. The nonporous particles provide a lower plate height by eliminating broadening
due to intraparticle diffusion. The other terms are the selectivity,, and the volume of the
mobile phase, Vm, which are comparable to conventional gradient elution RPLC. Their
minimizing H while maintaining sufficient surface area enabled about two dozen protein
peaks to be observed.
Fractions were collected from the RPLC separation to isolate the glycoproteins,
which were then spotted onto a substrate to make a glycoprotein array. It is called a
reverse protein array when the analytes, rather than the capture agents, are spotted onto
the substrate. The protein array was probed by labeled lectins, with each type of lectin
was chosen to recognize a different type of carbohydrate. Figure 2-7 shows a section of
the protein array corresponding to one protein fraction from the serum samples of 24
patients, probed by 5 different lectins. One can see that the 6 samples from cancer
patients typically had more glycosylation than either the 10 samples from healthy patients

60

or the 8 samples for patients with pancreatitis.

For this protein fraction, the most

glycosylation was observed for the lectin AAL (Aleuria Aurentia), which selects for
fucosylation. The microarray revealed multiple proteins whose fucosylation was altered.
Mass spectrometry of the corresponding RPLC protein fractions enabled identification of
the proteins, and this showed that biomarkers originate from the liver rather than the
pancreas, apparently due to the inflammatory reaction associated with pancreatic cancer.
Higher sensitivity detection might enable pancreatic proteins to be identified. This study
illustrates the use of a strategic combination of a wider variety of separations tools, and
this approach could have significant impact on biomarker discovery and mechanistic
studies of disease.

Section 2.08 Summary of Protein Separation Techniques
The various techniques described above, among others, are shown in Table 2-1.
The properties used by each technique are also shown. The additional techniques
presented include immobilized metal ion affinity chromatography (IMAC), strong cation
exchange (SCX), and multidimensional protein identification technology (MudPIT). In
IMAC the specific binding of histidine residues to metal ions is utilized as the separation
principle, and proteins are typically genetically engineered to have a hexahistine tag for
purification by IMAC. In SCX the proteins adsorb to cationic sites in a resin and are
differentially eluted with step increases in ionic strength of the mobile phase.
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Section 2.09 Conclusions
The era of proteomics has placed large demands on the analysis of highly
complex protein samples, requiring multidimensional separations coupled with mass
spectrometry. The modern evolution of separations toward both higher speed and higher
resolution through miniaturization has improved proteomics mainly in the case of
chromatographic separations, where sub-2m particles provide sharper peaks and faster
elution. Immunodepletion columns and protein microarrays are new manifestations of
antibody-antigen interactions, and these provide valuable new tools for proteomics. Gel
electrophoresis has evolved little, and this is one area where breakthrough might have the
most impact. Higher resolution in all types of protein separations is a general need for
proteomics.
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Figure 2-1: Depiction of Antibodies in an Immunoassay of a Protein
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Figure 2-2: (a) Gem-quality opal (left panel) (courtesy of George R. Rossman, California
Institute of Technology) and scanning electron micrograph (SEM) image (right panel)
(courtesy of Chi Ma, California Institute of Technology). (b) Synthetic opal (left panel)
and SEM image of the synthetic opal (right panel).
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Figure 2-3: Differential

in-gel

electrophoresis

image before and after the

immunodepletion of abundant serum proteins. Figure taken with permission from Yu et
al46.
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Figure 2-4: Calculated dependence of electrophoretic mobility on molecular weight
(MW) for gel sieving with three different pore radii (solid lines). The dotted line is the
same curve with r = 10 nm, but for monodisperse pore radius.
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Figure 2-5: (a) Atomic force microscopy (AFM) image of agarose gel. (b) Pore size
distribution determined from image analysis of the AFM image. Figure taken with
permission from Pernodet et al. (42).
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Figure 2-6: (a) Size-exclusion chromatogram of peptides. (b) Display of threedimensional separation using size-exclusion chromatography (SEC), reversed-phase
liquid chromatography (RPLC), and capillary zone electrophoresis (CZE) for the three
dimensions. Figure taken with permission from Moore & Jorgenson (64).
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Figure 2-7: Protein array using five different lectins (SNA, CONA, PNA, MAL, and
AAL) to detect glycoproteins in reversed-phase liquid chromatography (RPLC) fractions
of the same retention time for 24 different patient serum samples. AAL detects the most
glycosylation, and the samples from cancer patients are the most extensively
glycosylated. Figure taken with permission from Zhao et al. (69).

69

Table 2-1: Protein separation techniques and their properties

Technique
PAGE

Size
√

Charge

Property
Hydrophobicity

√

IEF
2D-PAGE†

√

√

CZE

√‡

√‡
√

RPLC
SCX

√

MudPIT§

√

SEC

Affinity

√

√

IMAC

√

Microarrays

√

†

Sequential combination of IEF and PAGE in a two-dimensional gel.

‡

Separation based on ratio of charge to size.

§

Sequential combination of SCX and RPLC.

Abbreviations: 2D, Two-Dimensional; CZE, Capillary Zone Electrophoresis; IEF,
Isoelectric Focusing; IMAC, Immobilized Metal Affinity Chromatography; MudPIT,
Multidimensional Protein Identification Technology; PAGE, Polyacrylamide Gel
Electrophoresis; RPLC; Reversed-Phase Liquid Chromatography; SCX; Strong Cation
Exchange; SEC, Size Exclusion Chromatography.
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CHAPTER 3. PROTEIN MICROARRAYS
Section 3.01 Introduction
In cancer diagnostics and staging, the study of tumor markers and other
byproducts from anomalous cell growth and decay represents an extremely powerful
method. Proteins and other biomolecules play an important role as biomarkers. Protein
microarrays have been proposed as a practical method to study cancer and disease
diagnostics by looking at multiple (thousands) biomarkers (proteins) simultaneously with
the advantage of small sample volumes being required for a fingerprint of the illness
obtained at a glance86-88. The levels of large numbers of proteins can be studied using
microarrays of antibodies, which are now commercially available from a variety of
sources. A protein microarray is an organized high-density assortment of microscopic
spots of proteins immobilized onto a support. This can be a solid planar support25-28,
microspherical beads29, and polymers or gels30. Ink-jet printing is commonly used for the
impregnation of proteins on the supports31. Other procedures include micro-contact
printing26 and self-assembling protein microarrays32.

All methods of printing give

pronounced deformities in spot shapes, often giving rings rather than filled spots28, and
this can be a challenge in quantitative interpretation. Additives prevent the protein from
denaturing when the microarray is dried after printing33.

In the use of protein

microarrays, such as arrays of antibodies, the microscopic spots of printed protein bind
the analytes from solution, and the same considerations previously discussed for
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immunoassays, such as enhancing mass transport and rinsing weakly bound species, also
apply for microarrays34.
There are several types of protein microarrays but one can summarize them in
three categories as depicted in Figure 3-1: functional arrays, analytical arrays, and reverse
phase arrays89.

Functional arrays are mainly used to study protein function and

interactions with other molecules (e.g. drugs, substrates, enzymes, etc) in fundamental
research.

The analytical arrays (or detection arrays) rely on the immobilization of

affinity molecules like antibodies or antigens on the surface of the support to assay the
concentration of the proteins in the different samples regardless of how complex it could
be (like serum). The last category involves the immobilization of cell lysates, tissue or
serum samples that are then probed with antibodies89.
The purpose of our investigation was to develop an alternative surface chemistry
that would increase the signal intensity at the same time the background signal was either
decreased or at least not as enhanced as the signal. Using a three dimensional matrix was
demonstrated previously to be a powerful alternative to planar substrates by increasing
the signal obtained from the analytes by 80-fold over that of planar surfaces while the
background only increased by 0.3%9. This project aimed for the identification of the
functional group for surface modification that allowed the highest level of protein
function. This was initially proposed to be done by evaluating surface chemistries
containing amino-, epoxide- and nitro- moieties on silanes to modify the silica colloidal
crystals (See Figure 3-2). Those specific functional groups were chosen since they are
already used on commercially available products like the Corning GAPS TM surface
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(amino), and the Schott-Nexterion surface (epoxy).

Nitrobenzene was not used

previously but based on the natural ability of nitrocellulose for binding proteins, this
coating was worth studying.

Section 3.02 Evaluation of different surface chemistries for binding
(a)

Modification of the slides
Initially, the evaluation began with flat glass surfaces. After UV-ozone cleaning

and rehydroxylating the silica surfaces under acidic media, the glass slides were
chemically modified. 2% solutions of 3-glycidoxypropyltriethoxysilane (GOPS), 3aminopropyltrimethoxysilane (GAPS), and triethoxysilylbutaraldehyde were prepared in
toluene and then the slides were immersed in the reaction chambers for 90 minutes.
Simplified reaction schemes for these surface modifications are depicted in Figure 3-3. A
couple of the GAPS slides were then reacted with 2.5% glutaraldehyde to obtain another
type of aldehyde surface. Then these new aldehyde slides were treated with sodium
cyanoborohydride (NaCNBH3) in order to reduce the Schiff bases formed as
intermediates during the reaction. Thorough rinse with methanol after the modification
was done as the last step before printing the slides with the protein.
(b)

BSA Printing for Reverse Protein Arrays
A Microcaster (Whatman - GE Healthcare, Waukesha, WI) was used during the

printing process. The protocol followed was the same suggested by the manufacturer.
The protein used was BSA which was printed at a concentration of 1 mg/mL in Gentel
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Printing Buffer (Gentel Biosciences, Madison, WI). The slides were printed and then
blocked using a Thermo Protein-Free T20 (TBS) Blocking Buffer (Thermo Fischer
Scientific, Rockford, IL) for 60 minutes. The butyraldehyde surfaces were first treated
with NaCNBH3 and then blocked with the blocking buffer for 60 minutes.

After

thorough rinsing the slides were incubated with 1 mL of 20 µg/mL anti-BSA (FITC) for
60 minutes under constant shaking.
As one can observe in Figure 3-4, the results clearly showed the GOPS surface
had brighter spots with less background and fewer imperfections in the spots. The
aldehyde surfaces presented irregular spots with high background, and the GAPS surface
had an acceptable performance. These findings were very important since these pointed
us in the direction of the best surface modification. Once we established the surface
chemistry to be used we wanted to do a comparison between the flat and the threedimensional surfaces.
(c)

BSA sandwich-immunoassays
Based on the previous findings, the GOPS surface chemistry was chosen as the

modification for the surfaces in our microarrays. At the same time a new surface
chemistry was developed by our collaborators at BioVidria Inc. (Tucson, AZ) which is
proprietary. A last test was needed in order to compare the performance of the GOPS
surface versus the BV surface, along with a comparison between a flat glass-slide versus
a three-dimensional matrix such as the one provided by the silica colloidal crystals. For
this purpose, we obtained some bare slides from BioVidria Inc. and modified them with
GOPS, and we also received some of their early attempts at coating slides with silica
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particles. Some glass slides were modified with GOPS and the BioVidria proprietary
chemistries. In addition to these slides, a couple of the Corning Epoxide slides (Corning
Inc., Lowell, MA) were also tested.
For the purpose of this test, a sandwich immunoassay was performed. Briefly, a
sandwich immunoassay is when the protein is captured by an antibody that targets a
specific epitope and then a second (generally labeled) antibody targeting a different
epitope is introduced for the detection of the protein (See Figure 3-5).

In our

experiments, anti-BSA at 0.100 mg/mL was printed on the slides following the same
protocol as before. The slides were then blocked as before and incubated with 750 µL of
10 ng/mL BSA for one hour. After rinsing with the Gentel Wash Buffer, anti-BSA
(FITC) was introduced at a concentration of 10 µg/mL and the slides were incubated for
another hour. Last, the slides were imaged with a PhotonMax 512b CCD camera.
Figure 3-6 shows the results obtained for the sandwich immunoassays on the (a)
GOPS, (b) Corning Epoxide, (c) proprietary flat, and (d) proprietary particle surfaces.
The first two show similar results which were very predictable since the functionalities
are essentially the same (both epoxide surfaces). On the other hand, the silica particle
slides showed a higher net signal on both types of surfaces with the SCC being much
higher. For a numerical perspective, the data are summarized in Table 3-1. The net
signals for the GOPS and Corning surfaces are statistically the same, but the proprietary
flat already present a higher signal which is increased 10-fold when the surface is a three
dimensional surface as in the silica particle slides.
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These results not only demonstrate what the best surface modification could be
for the future manufacturing of protein microarrays, but also show what the promise of
the three-dimensional matrix presents for the enhancement of the signal.

Future

refinement of the surface morphology is being done in order to improve the uniformity of
the deposition of the silica particles to ensure reproducibility between slides of the same
batch as well as within different batches.

Section 3.03 Surface Morphology and Troubleshooting the Manufacturing Process
of Protein Microarray Slides
The sensitivity of the 3D slides with the proprietary coating was high, and given
the goals of the project, the findings represented a great step towards improved protein
microarray slides. There is a variety of ways of depositing the silica particles, and a
collaboration was established to characterize the slides made by the first proposed
method of production. A microscopic study of the surface morphology was performed
using a Field-Emission Scanning Electron Microscope Hitachi S-4800 Type II equipped
with a ThermoNORAN NSS Energy-Dispersive X-ray Spectroscopy (EDS) detector
(University Spectroscopy and Imaging Facilities at the University of Arizona, Tucson,
AZ). Conditions were intended to make an amorphous material to allow for sufficient
pore volume to accommodate the protein complexes, and SEM confirmed that the coating
was amorphous, as shown in Figure 3-8.
The introduction of a hardening agent helped in making the slide more rugged
without significantly reducing the pore diameter, as shown in Figure 3-9. An EDS

76

analysis of the material after the addition of the hardening agent shows there is no
contamination since the only elements still present are silicon and oxygen (Figure 3-10)
plus trace platinum from the sputtering required for SEM. Based on these findings, a
new coating process was designed and implemented.

Section 3.04 Conclusions
The initial objective in this project was to find the best possible surface chemistry
that, in addition to the three-dimensional matrix provided by the silica colloidal crystal,
would result in a signal enhancement of at least a factor of 10 in the fluorescent detection
of proteins in microarrays. This was shown to be accomplished when the proprietary
surface chemistry invented by BioVidria, Inc. chemistry was used with a sandwich
immunoassay for BSA. SEM is a powerful method to reveal both the uniformity of the
coating of particles and any intrusion of hardening agents into the pores. The studies
were useful in rejecting one method for coating particles.
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Figure 3-1: Types of protein microarray formats. Figure taken from the Functional
Genomics website90.
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Figure 3-2: Chemical structures of (a) GAPS, (b) epoxide, and (c) nitrobenzamide
silanes.
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Figure 3-3: Simplified reaction schemes for the silica nanoparticle surface modification
with 3-glycidoxypropyltrimethoxy silane (left) and 3-aminopropyltriethoxy silane (right).
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Figure 3-4: BSA reverse microarrays on four different surfaces. The protein was printed
at 1 mg/mL with a Microcaster and probed with 1 mL of 20 µg/mL anti-BSA (FITC).
The surfaces are (a) Butyraldehyde, (b) GAPS, (c) GAPS/butyraldehyde, and (d) GOPS
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Figure 3-5: Representation of a sandwich immunoassay. Depicted in blue is the capture
antibody, in yellow the protein, and in purple the second antibody that has a label for
detection.
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Figure 3-6: Sandwich immunoassays on (a) GOPS, (b) Corning Epoxide, (c) proprietary
flat, and (d) proprietary 3D slides. 10 ng/mL BSA were captured by an antibody and
detected with a 10 µg/mL anti-BSA (FITC).

83

Figure 3-7: Sandwich immunoassays on GOPS and proprietary flat and proprietary 3D
slides. 10 ng/mL BSA were captured by an antibody and detected with a 10 µg/mL antiBSA (FITC).
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Figure 3-8: Surface morphology of prototype 3D slides provided by BioVidria Inc.
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Figure 3-9: SEM of the 3D slides before modification without (top) and with (bottom)
the addition of a hardening agent. The inserts show the particle connectivity under each
condition.
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Figure 3-10: Surface composition of the prototype 3D slides provided by BioVidria Inc.,
before chemical modification.
attachment on a FE-SEM.

The X-ray analysis was performed with the EDS
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Table 3-1: Summary of Signals obtained with the GOPS, Corning Epoxide, and
proprietary coating (flat and 3D) as seen in Figure 3-6. The proprietary coating on the
3D slide presented a higher net signal with more than a 10X enhancement when
compared to commercially available 2D slides.
Average
Chemistry

Type

Average Signal

Net Signal
background
460.3 ±

Glycidoxy

flat

5102 ± 126.2

4641 ± 65.31
142.1
474.9 ±

Corning

flat

5074 ± 256.9

4599 ± 64.43
273.6
591.7 ±

Proprietary

flat

5194 ± 183.8

4602 ± 53.78
191.5
6142 ±

Proprietary

3D

11219 ± 998.1

5077 ± 138.6
1008
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CHAPTER 4. AFFINITY CAPTURE AND PURIFICATION OF PROTEINS ON
SILICA SUBMICROMETER PARTICLES
Section 4.01 Introduction
Fast and sensitive analysis of biological samples in biomarker discovery is one of
the ongoing goals of the next generation of medical diagnostics. The challenge of protein
biomarker discovery is the low abundances combined with the complexity of the
matrices, e.g. cell lysates or serum18. Some of the newly proposed multidimensional
techniques for fast analysis now include UHPLC,14 which facilitates the screening of
complex samples in order to achieve a good separation and subsequent quantitation of the
different analytes, and at the same time it requires only small aliquots of original sample.
However, a relatively clean sample is required to prevent the columns from being
overloaded. The problems with these techniques include the lack of sensitivity, the
length of the analysis, and the cost of the analysis. More sensitive alternatives include
ELISA and protein microarrays91, but these preclude further analysis, such as the study of
post-translational modifications, e.g. glycoproteins, which are associated with cancer91-94.
Proteins such as alpha-fetoprotein, prostate specific antigen, and Ephrin-receptor
A2 are among the biomarker candidates being studied. Typical concentrations of these
biomarkers in cancer patients have been found to be in the low nanograms per milliliter95.
Early diagnosis of malignant diseases is crucial for a positive outcome in medical
treatment. False positives in the diagnostic process arise when only the concentration
levels are assessed96 and the false positive rate could potentially be reduced by doing
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further analysis such as studying the post-translational modifications of the proteins97
(e.g. differences in glycosylated species). Mass spectrometry (MS), specifically tandem
MS, has been shown to be an excellent tool to characterize glycosylation of proteins and
peptides98.
We present a novel technique in which sub-micrometer silica particles with a
chemically modified surface serve as supports for antibodies for affinity capture of
proteins in solution in a fast and efficient manner.

This method also includes the

effective release of the target protein into a smaller aliquot, which translates into a critical
enrichment and cleaning method that is particularly attractive when dealing with trace
proteins such as biomarker candidates. The enrichment reaches concentrations amenable
to mass spectrometry. The results in this chapter also show the possibility of reducing the
costs of analysis by opening the alternative of reusing the capture beads with negligible
loss in performance. Further analysis such as the study of different post-translational
modifications of the proteins is possible with our technique.

Section 4.02 Experimental Section
(a)

Hydrophobic Particle Preparation
Monodisperse 0.50 µm silica particles (Fiber Optic Center Inc., New Bedford,

MA) were processed as before13, 14. Briefly, the particles were calcined three times at 600
ºC for 6 hours in a box furnace to drive off all the residual water. Then the particles were
rehydroxylated in 50% nitric acid and rinsed with nanopure water. After drying and UV-
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cleaning the surface, it was chemically modified using 3-aminopropyltriethoxysilane
(GAPS) or 3-glycidoxypropyltrimethoxysilane (GOPS) (Gelest Inc., Morrisville, PA) in
toluene under reflux for two hours with vigorous stirring (see Figure 4-1).

This

modification was then followed by three resuspensions of the particles in toluene under
sonication and the appropriate centrifuging of the particles to get rid of the supernatant.

(b)

Hydrophilic Particle Preparation
Silica nanoparticles were coated with a layer of copolymer of acrylamide and

glycidyl methacrylate (see Figure 4-2) by surface-initiated atom transfer radical
polymerization (ATRP). A typical procedure to modify silica particles is as follows: 0.3 g
380 nm silica particles were modified in a 2% (v/v) solution of trichloromethylsilane
(C1) and (chloromethyl) phenylethyl-trichlorosilane (BC) at a volume ratio of 1:20 in dry
toluene. After modification in silane solution overnight, the silica particles were
thoroughly washed with dry toluene and dried in a vacuum oven at 80 °C. A mixture of
4.144 g acrylamide, 199.6 µL glycidyl methacrylate, 59.7 mg CuCl, 8.1 mg CuCl 2 and
170 µL tris (2-dimethylaminoethyl) amine was prepared in

16 mL N,N-

dimethylformamide (DMF) in an argon environment. This solution was then transferred
to a Schlenk flask containing silica particles coated with silanes. The polymerization was
carried out under argon protection for 7 hr with stirring. Finally the coated silica particles
were washed with DMF, water and methanol, and then dried in a vacuum desiccators.
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(c)

Protein Capture Protocol GAPS and GOPS Particles
Once the particles were cleaned and stored in the vacuum oven overnight, a fixed

amount of them was added into a 1.5 mL microcentrifuge tube along with PBS buffer
(pH 7.4). Sonication for 30 minutes was needed to fully resuspend the particles using an
Advanced Sonic Processing Systems with an adjustable 20 kHz power output (Oxford,
CT).

Afterwards, enough antibody solution was added to achieve the desired

concentration, typically 10 µg/mL, and the conjugation reaction was allowed to proceed
at room temperature for 90 min. The particles were then centrifuged at 7,000 rpm for 45
seconds using a Galaxy 16 microcentrifuge (VWR Inc., West Chester, PA), and the
supernatant was discarded. The particles were then resuspended with Protein-Free T20
(PBS) Blocking Solution (Thermo) to minimize non-specific binding, and agitated for 90
min, followed by a centrifuging step as described before. Once the supernatant was
decanted, a known-concentration protein (fluorescently labeled with Alexa Fluor 647) in
PBS was added to the particles and then mixed by pipetting the solution several times,
followed by a 1 hr agitation for complete capture of the protein. Centrifuging followed
by three rinses with PBS buffer was used before introducing the releasing agent that was
either a pH 10.0 aqueous solution of triethylamine (TEA) or a 20 mg/mL solution of
sinapinic acid in acetonitrile:water:TFA (70:30:0.1). The volume of releasing agent was
set to be 1/40 of the original solution volume (i.e. 25 µL when using a 1 mL original
sample). This last step was performed under constant agitation for 30 min. The extract
was then transferred into amber vials for further analysis.

92

(d)

Protein Capture Protocol Hydrophilic Particles
The protocol for these particles is the same as the one described for the

hydrophobic beads above, with the only difference being of not needing the sonication
for the resuspension of the particles. Instead of sonication, simple pipetting of the
solution up and down for 5 or 6 times is enough to achieve resuspension.

(e)

Detection of Recovered Protein
The final concentration of the protein was accomplished by using fluorescence

detection of the extracts using a NanoDrop 3000 (Thermo Scientific, West Palm Beach,
FL), measuring the signal intensity of 2 µL aliquots of the solutions by triplicate. The
MS detection was performed at the Mass Spectrometry Facility in the Chemistry and
Biochemistry Department at the University of Arizona by using a Brüker TOF/TOF
operating under positive ion mode; samples were directly introduced from a standard
MALDI plate.

(f)

Optimizing Conditions
Varying amounts of particles were used, with a fixed concentration of protein, in

order to determine the adequate mass of capture beads needed.

Once the mass of

particles was determined, varying concentrations of protein were then used with fixed
amount of particles in order to determine the binding constant of our antibody-antigen
(Ab-Ag) complex. Reusability of the particles was also assessed. The performance of
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the capture beads in a more complex matrix was tested by using spiked MCF7 cell lysates
(GenScript Inc., Piscataway, NJ), and an even more complex matrix by using sheep
serum (Innovative Research Inc., Novi, MI).

The recovery was assessed using

fluorescence detection for quantitative analysis and with MALDI-MS for qualitative
analysis. A comparison with commercially available products was also performed.

Section 4.03 Bovine Serum Albumin as a Model Protein
Working with antibodies and proteins can be very costly. It was mainly for this
reason we first tested the validity of our approach with an inexpensive model protein,
Bovine Serum Albumin (BSA). Since the cost of purified BSA is relatively inexpensive
and there are multiple antibodies with and without fluorescent tags commercially
available, the protein was attractive for our initial studies.
The first thing to test was immobilizing the antibodies on the surface of the silica
beads. The two types of surfaces chosen for this section were GAPS and GOPS. The
protocol followed for the immobilization was the one described in the previous section.
The results for the GOPS particles were not successful, based on the binding of the
antibody to the surface of the beads, since it formed particle aggregates and for this
reason only the GAPS, Figure 4-3 presents the results of this binding experiment. As
expected, with higher amount of particles a lower amount of antibody is left in solution.
With 18.3 mg of particles (highest amount used), approximately 40% of the antibody was
bound to the beads.
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With the same beads, a 10 ng/mL solution of af647-BSA was used for the capture
step. Figure 4-4 presents the results, in which an unexpected behavior was observed
when using more than 4 mg of particles. At 3.7 mg, a recovery 90.0 ± 7.0% is already
obtained, which is extremely good considering the low concentration of protein. A
repetition of the experiments was not considered necessary since this was only a model
protein. When one takes into consideration the amount of surface coverage of the
antibody on the surface and assumes only a third of them remain active, our calculation
predicts that about 3.0 mg of particles are needed for the experiment.
In Figure 4-5 the liquid portion of the experiment was imaged in each step of the
process.

It can be seen that the fluorescence in the original 10 ng/mL af647-BSA

disappears when treated with our capture beads, and reappears with a higher intensity
when it is released in a smaller volume, yielding an effective enhancement in the signal,
as expected. On the other hand, Figure 4-6 depicts the solid portion of the experiment
(i.e. the beads on the bottom of the tubes) with a fluorescent signal that appears when the
protein is captured and then goes back to the original intensities when the protein is
released.
A binding experiment was also performed by using varying concentrations of
af647-BSA with a fixed amount of GAPS-SiO2 beads. The results are shown in Figure
4-7. With this, a fitting to a Langmuir isotherm gives a binding constant of 5.53x10 -3
mL/ng which is the equivalent to 3.83x108 M-1. This falls within the expected values for
a commercially available antibody such as the one used from Invitrogen (A11133,
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Carlsbad, CA). These results demonstrate feasibility of capturing other more biologically
relevant proteins.

Section 4.04 Using a γ-Aminopropyltriethoxy Silane Surface for Ephrin Type-A
Receptor 2
Figure 4-8 shows the fluorescence intensity ratio (intensity of the sample vs.
intensity of a 10 ng/mL af647-EphA2 solution) as a function of the amount of particles
(capture beads) being used. This mass was varied from 0 to 14 mg. It can be seen that
once the mass of capture beads is above 10 mg, it reaches a plateau. Based on this
observation, the amount of beads for further experiments was set to 10.0 mg. The
recovered fraction of protein extracts showed a fluorescence intensity ratio that was
extremely close to expected (i.e. 40) with very small deviations (≤1.0%) due to errors in
the volumetric methods being used.
The binding constant for the antibody-antigen complex was evaluated by varying
the concentration of the original protein solution and treating this with the proper amount
of beads. As depicted in Figure 4-9, the fluorescence intensity of the protein extracts fit a
Hill equation. Based on the fit parameters, a binding constant (Kd) was calculated to be
(1.52±0.05)×109 M-1 which is in agreement with typical commercially available
antibodies.
One of the interests in mind originally was the reduction of costs of the materials
used in the experiment. A very interesting way of doing this cost reduction would be by
reusing the capture beads for further experiments.

The results of the reusability

96

experiments are shown in Figure 4-10. It was shown that the beads can be reused at least
4 times without significant loss in the performance while using TEA as the releasing
agent. In order to do that, a rinse with PBS buffer is done after the releasing of the
protein, followed by vacuum drying for 1 hr and a resuspension in the blocking solution
for 90 min. This reusability option would effectively reduce the cost of analysis by at
least a factor of four.
The performance of the capture beads when the target protein was spiked into a
more complex sample was assessed. Figure 4-11 depicts a typical signal obtained from
the recovered fraction of a 10 ng/mL af647-EphA2 solution in the MCF7 cell lysate. The
results show full recovery of the protein. This would be beneficial when dealing with
real samples and extracting the biomarker candidates for further analysis.
Since the molecular weight of our protein of interest is about half the molecular
weight of a typical antibody, we decided to test if the antibodies were coming off from
the beads and giving a false signal by having two charges. Figure 4-12 includes mass
spectra of alpha-fetoprotein recovered from our capture beads and the contrast with a
blank sample. These not only show our method is fully compatible with multiple systems
(Ab-Ag complexes) but also demonstrates that the antibodies remain attached to the bead
surface, leaving a clean sample for subsequent experiments.
A comparison between our capture beads with Protein-A Sepharose (PAS) beads
was also performed. Figure 4-13 shows a contrast of the MALDI-MS obtained from the
same original protein sample treated with our beads and PAS beads. Recoveries of less
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than 10% were obtained with lower concentrations of protein. Some of this lack of
performance has been attributed to non-specific adsorption on the PAS beads.

Section 4.05 Using a Mixed Polyacrylamide and Polyglycidoxylmethacrylate
Surface for Ephrin type-A receptor 2
One concern with our affinity bead protocol was the required sonication steps to
resuspend the beads. Since a powerful sonicator as the one used is not available in all
laboratories, and especially in medical laboratories, we redesigned the chemistry of the
surface of the beads so resuspension could be done in a faster and simpler way. In our
laboratory, Dr. Yimin Hua had developed an ATRP protocol for hydrophilic surfaces that
could make the beads hydrophilic to avoid the need for sonication. The plan was then to
modify her procedure to also allow for antibody binding to the beads. We make a
random copolymer of acrylamide and glycidoxylmethacrylate, and tested its performance
for affinity capture.
As before, the optimization of the required amount of particles was performed as
seen in Figure 4-14. For these particles, the optimum was found around 3 mg, and with
this amount the remaining experiments were performed. A calibration curve for serial
dilutions of af647-EphA2 was obtained (Figure 4-15) and the intensity of the extracted
fraction is depicted in the same figure as the data point in blue. This value corresponds to
a recovery of 94.0% for a single extraction. A summary of the different recovery
efficiencies is found in Table 4-1 for the different type of particles for single and double
extractions. The results show that our beads have a significantly higher recovery than the

98

commercial beads at the concentration of 10 ng/mL of protein, and that our beads allow
for double extractions. The double extractions potentially enable the capture from serum.

Section 4.06 Using a Mixed Polyacrylamide and Polyglycidoxylmethacrylate
Surface for Prostate Specific Antigen
Considering the objective of recovering the proteins of interest from complex
matrices, sheep serum was used as the complex medium and PSA was spiked to make 10
ng/mL samples. Simultaneous experiments with our PAAm-Epoxy beads, Protein-A
Sepharose beads and Dynabeads Epoxy were run.

After following the appropriate

protocol and using a monoclonal antibody ab63590 (mouse monoclonal, Abcam, Boston,
MA), MALDI spectra were obtained for the three types of particles. As observed in
Figure 4-16, the performance of the beads was slightly different from one to the other.
Reproducible results were obtained in triplicate measurements as seen in Figure 4-17.
In order to obtain cleaner extraction from serum, we used a second extraction with
fresh beads bearing monoclonal antibody ab76311 (rabbit monoclonal), which is
complementary to the first monoclonal antibody. The MALDI mass spectra after the
second extraction only showed protein signals for our particles, as depicted in Figure
4-18 and the main peak is PSA. The clean extraction of 10 ng/mL of protein serum is
unprecedented and remarkable.
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Section 4.07 Conclusions
We have introduced a new approach to dealing with low-abundance proteins
considered as biomarker candidates.

Our silica affinity capture beads have shown

recoveries of >90% of the target proteins for a single extraction of 10 ng/mL of protein.
Binding constants of Ab-Ag complexes can be assessed using this method. The use of
these capture beads not only enables successful protein enrichment but also a very
effective and clean method for subsequent analysis of biomarker candidates. The use of a
more hydrophilic surface avoids the need for sonication and makes the possibility of
using our beads universally adopted. Double extractions can be used to clean samples
when extracting from more complex matrices like cell lysates, e.g., tumors, and serum.
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Figure 4-1: Simplified reaction schemes for the silica nanoparticle surface modification
with 3-glycidoxypropyltrimethoxy silane (left) and 3-aminopropyltriethoxy silane (right).
Cartoon representations not to scale.

101

Mon
ATR

oclo

nal

anti
P-PA
bod
A
ies
Mix m-gly
ed S
c
AM idoxy

SiO2
380 nm
Figure 4-2: Schematic representation of the particles used for the immunoextractions. A
self-assembled trifunctional silane monolayer bears a benzyl chloride initiator for atomtransfer radical polymerization (ATRP). This is used to grow a mixed brush layer of
polyacrylamide and polyglycidoxylmethacrylate. The monoclonal antibodies bind to the
glycidoxyl groups.
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Figure 4-3: Immobilization of FITC-anti-BSA on the surface of GAPS-SiO2
nanoparticles. The fluorescence intensity of the supernatant after the immobilization
reaction was compared to the original intensity for the 10 µg/mL FITC-anti-BSA stock.
The difference was assumed to be due to bound antibody on the surface of the beads.
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Figure 4-4: Recovery of af647-BSA released from the GAPS-SiO2 particles using
ACN/TFA solution. A volumetric ratio of 1:20 was used, which implied an enhancement
factor of 20X in the fluorescence intensity.
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Figure 4-5: Fluorescent images of (a) the original 10 ng/mL af647-BSA in PBS, (b) the
supernatant after the capture experiment, and (c) the extract in a smaller volume (right).
The images were all taken with a filter for af647.
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Figure 4-6: Fluorescent images of the capture beads. The images correspond to (a) the
centrifuged particles at the bottom of the tubes before, and (b) after exposure to the
protein solution (10 ng/mL af647-BSA), and (c) after the release of the protein.
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Figure 4-7: Capture and release experiments with af647-BSA. The amount of af647BSA was varied and the fluorescence intensity of the extracted supernatant was
measured.
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Figure 4-8: Recovery of protein from varying amount of capture beads.
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fluorescence intensity of the supernatant is compared to the fluorescence intensity of the
original 10 ng/mL af647-EphA2 solution
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Figure 4-9: Titration of the particles. The fluorescence intensity was measured in the
released fraction after the original protein solutions were treated with 10 mg of capture
beads
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Figure 4-10: Reusability of particles. After each experiment, the particles were dried
under vacuum and re-blocked with protein-free blocking solution before performing
another experiment in which the fluorescence intensity was measured.
represent the SD of replicate measurements

Error bars
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Figure 4-11: Fluorescence Signal of the recovered fraction of the cell lysate spiked with
10 ng of af647-EphA2.
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Figure 4-12: Proof that the antibody stays on the surface and the MS peaks are due to
protein. Top: A blank experiment with just buffer solution. Bottom: A 10 ng/mL alphafetoprotein sample was extracted from solution.
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Figure 4-13: (a) MALDI-MS spectrum of the recovered fraction using silica capture
beads. (b) MALDI-MS spectrum of the recovered fraction using Protein-A Sepharose
beads with our protocol
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Figure 4-14: Recovery of protein from varying amount of the hydrophilic PAAm-Epoxy
capture beads.

The fluorescence intensity of the supernatant is compared to the

fluorescence intensity of the original 10 ng/mL af647-EphA2 solution
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Figure 4-15: Calibration curve of af647-EphA2. A set of standards was analyzed using a
NanoDrop 3000.

Error bars correspond to the standard deviation of replicate

measurements. The data point in blue represents the signal obtained for the extract after
our protocol. The inserted arrow reflects the change in the fluorescent signal from the
original sample to the recovered extract.
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Figure 4-16: MALDI-MS of the recovered extract of PSA from sheep serum using our
beads (black), Dynabeads® epoxy (blue), and Protein-A Sepharose® beads (red). The
insert shows a closer look at the singly charged molecular peak region.
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Figure 4-17: Three replicate measurements for the single extraction of PSA using
Dynabeads® epoxy (a), Protein-A Sepharose® beads (b), and our beads (c).
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Figure 4-18: MALDI-MS of the recovered fraction of PSA from sheep serum after a
double extraction using our beads.
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Table 4-1: Summary of recovery with the different type of particles for EphA2 extraction
and recovery

Type of Particles

First Extraction Recovery

Second Extraction Recovery

GAPS

95.0%±3%

90.0%±5%

PAAm-Epoxy

94.0%±4%

89.0%±5%

PAS

24.2%±5%

N.D

Dynabeads

35.1%±15%

N.D
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CHAPTER 5. MALDI MASS SPECTROMETRY ON SILICA COLLOIDAL
CRYSTALS
Section 5.01 Introduction: Detecting proteins on TLC plates
The purpose of this work started as an alternative method of detection for proteins
separated using Thin-Layer Chromatography (TLC) on silica colloidal crystals. A couple
of coworkers at Purdue University, Zhaorui Zhang and Dr. Saliya Ratnayaka, were
working with polyacrylamide (PAAm) coated submicrometer silica particles on planar
surfaces (silicon wafers) and using them as the separation media for proteins using the
TLC principle. They had obtained excellent results with record low plate-heights that
were even comparable to traditional HPLC of proteins.

However, the method of

detection they were using was fluorescence, which required their samples to be labeled
with a fluorescent tag. Since one of the ultimate goals was to use the new SCC plates for
regular TLC of multiple proteins a detection method that did not involve labeling was
desired. The ideal technique was mass spectrometry, since the information obtained with
it aids in the determination of the identity of the molecule (i.e., protein), as well as
keeping open the possibility of differentiating between different types of posttranslational modifications.
The collaboration started with Zhaorui sending some sample plates with three
different proteins that were previously developed and kept frozen under an inert
atmosphere. The three proteins used were myoglobin, cytochrome c and lysozyme.
Preliminary results as the one depicted in Figure 5-1 showed the possibility of using
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MALDI-MS as a realistic option for the detection as intended: peaks were observed for
proteins. Further study of the different samples demonstrated some issues with the
concentration levels of the different proteins and the inconvenience of finding the spots
when the samples were not labeled. With these facts in mind, the possibility of using
these substrates as targets for MALDI-MS analysis of proteins was explored, as described
in this chapter.
Since first introduced for biopolymers and proteins, Matrix-assisted Laser
Desorption Ionization Mass Spectrometry (MALDI-MS) has been one of the most
important tools in protein detection and identification99-102. Adduct formation has been
one of the most common artifacts with the matrices used for MALDI-MS103, which
represents a major problem by complicating the mass spectra and obscuring mass
determinations by making molecular peaks seem wider than they really are.

The

selection of the matrix for a given analysis depends greatly on the specific analyte of
interest. For instance, with peptides and tryptic digests, the use of 2,5-dihydroxybenzoic
acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA) is very common. Sinapinic
acid (SA) is widely used for larger and intact proteins104.
The target plate for MALDI-MS is usually a stainless steel plate. Good sensitivity
and limits of detection are usually obtained with these traditional plates. Nonetheless, the
presence of “hot-spots” where the matrix has co-crystallized with the protein is the norm.
The use of a Time-of-Flight mass analyzer in the linear mode is the norm for intact
proteins. However, when the mass spectrum is observed, the lack of base-line resolution
of adjacent peaks, as well as the appearance of matrix-adducts, complicate the analysis of
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it. As mentioned before, this could lead to ambiguities in the determination of molecular
masses for proteins with wide peaks, when in fact it could be that this wide peak really
represents multiple different variations, and/or just the presence of several adducts.
Traditionally, peak widths for proteins are larger than for other analytes. The possibility
of narrow peaks approaching the width of isotopic distribution is rare. The mechanism of
the ion formation on the surface of the target plate has been studied previously105, 106, as
well as the mechanism of matrix-adduct formation.107 Briefly, there are two mechanisms
contributing to MALDI as mentioned by Jaskolla108: Desorption of pre-ionized proteins,
and ablation followed by ionization in the plasma. The former can give rise to multiply
charged ions, whereas the latter typically gives rise to singly charged ions.
The matrix gives a large background at low values of m/z, necessitating
alternatives for samples such as peptides.

Alternatives for MALDI-MS have been

proposed, and one of them is surface-assisted laser desorption ionization109 (SALDI), in
which activated carbon surfaces and other porous nanomaterials (e.g. metal-oxide
particles, silicon nanoparticles, etc.) are used to absorb the laser power and transfer it
onto the analyte molecules for ionization. Hot-spots are not observed with SALDI and
the background is relatively clean when compared to the one left from the matrix in
conventional MALDI-MS.

Still, SALDI has been only used with relatively small

molecules like steroids110, additives in plastics111, and small peptides,112 among others.
When working in negative-ion mode, another matrix-less technique called SPALDI
(silicon nanoparticle-assisted laser desorption) has been demonstrated to be useful for
small acidic molecules113. A particular case of SALDI, and probably the most common
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one, is the use of porous silicon as the substrate (Desorption/Ionization on Silicon DIOS). In this work we present a novel composite material which is based on the use of
silica colloidal crystals on silicon wafers, with a chemical modification that helps reduce
the peak widths at the same time that it reduces the appearance of matrix-adduct peaks.

Section 5.02 Experimental
Chemicals
The proteins used in this study, cytochrome c, lysozyme, myoglobin, and
ribonuclease B (see Supporting Information) were obtained from Sigma-Aldrich (St.
Louis, MO) and used as they were received, or diluted to specific concentrations with
MALDI solvent. The matrix utilized in our experiments was sinapinic acid, obtained also
from Sigma-Aldrich (St. Louis, MO).

Silica Colloidal Crystal Preparation
Sub-micrometer silica spherical particles (350 nm) obtained from Fiber Optic
Center, Inc. (New Badford, MA) were calcined as described in previous studies in our
group13,

15

and then deposited on silicon wafers using a draw-down coater to form a

highly-ordered three-dimensional silica colloidal crystal (SCC). The surface of the SCC
was then modified with a brush layer of polyacrylamide (PAAM) as also described in
previous work in our group15, 114.

Sample Preparation for MALDI-MS
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The proteins were dissolved to a concentration of 0.1 mg/mL using the MALDI
matrix, which was saturated sinapinic acid in MALDI solvent composed of 70:30:0.1
Water:ACN:TFA. Immediately after mixing the proteins with the matrix, 2 µL of the
mixture was pipetted onto the SCC and the traditional stainless steel plates and allowed to
dry under atmospheric pressure at room temperature for about 5 minutes.

Analysis of Samples in MALDI-MS
The samples were analyzed using an Ultraflex III MALDI TOF/TOF mass
spectrometer from Brüker Daltonics (Billerica, MA) equipped with a Nd:YAG/KTP laser
(355 nm, 150 µJ/pulse). The spectra shown in this work were all obtained from 1000shot accumulations on the different materials unless, specifically noted.

Scanning Electron Microscopy and Optical Microscopy Images
The images of the crystals were taken with a benchtop Scanning Electon
Microscope JCM-5000 NeoScope from JEOL Ltd. (Peabody, MA) and SMZ1500 Zoom
Stereomicroscope from Nikon Inc. (Melville, NY).
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Section 5.03 Limit of Detection and Peak Width of Cytochrome c on the
Traditional Stainless Steel and the Silica Colloidal Crystal – PAAm on Silicon
Wafer Plates
An initial study to compare the performances of the SCC plate and the stainless
steel plate was conducted. In this, the samples were prepared by serial 10x dilutions of
the stock cytochrome c 1 mg/mL solution and then mixed with a saturated sinapinic acid
solution in an ACN:H2O:TFA mixture (70:30:0.1). The samples were spotted on the
surface of each plate by pipetting a 2 µL aliquot of the protein-matrix mixture onto the
plate and allowing it to dry at room temperature.
The performance of the SCC plate when it came to the limit of detection was
about two orders of magnitude poorer than the traditional stainless steel plate (as seen in
Figure 5-2 and Figure 5-3). The limit of detection for the SCC plate is between 1 and 10
µg/mL (80 – 800 nM) compared to the stainless steel plate which is somewhere between
10 and 100 ng/mL (0.8 - 8 nM). Strictly speaking, these amounts correspond to roughly
150 fmol and 1.5 fmol for the SCC and stainless steel plates, respectively. The result for
the stainless steel plate is not nearly as good as the attomole levels reported by Jespersen 8
but is still a very low limit of detection for regular vials, unlike the special “vials” used in
their work.
Then, the peak shape was studied by looking at a relatively high concentration.
Figure 5-4 presents the spectrum of 0.1 mg/mL cytochrome c. As can be easily seen, the
peaks are much narrower and defined in both cases (the +1 and +2 charged states) for the
SCC plate.

Furthermore, Figure 5-5 shows the peak shape on the SCC and the
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traditional plates when using different spotting techniques. Under all circumstances the
widths are much narrower in the SCC.
Based on these findings, one might be tempted to say that the results are only due
to lower signal intensity obtained on the SCC when compared to the traditional plate.
However, when carefully examining Figure 5-2 and Figure 5-3, the noise level is also
dramatically decreased for the SCC and the signal to noise ratio is better for the SCC
even with small signals.

Section 5.04 Matrix-Assisted

Laser

Desorption

Ionization

of

Proteins

on

Polyacrylamide Silica Colloidal Crystals on Silicon Wafers
Our materials present an alternative to the traditional stainless steel target plates
(TP) in MALDI-MS. An interesting characteristic of our SCC plates is shown in Figure
5-6 in which one can see the crystals formed on the surface of the SCC and the ones
formed on the TP. One can easily observe the crystals on the TP under an optical
microscope, while the ones on the SCC are better observed with the use of SEM. We
believe the difference in size, as well as the rapid formation of the crystals on the surface,
favors our material, by allowing a narrower distribution of kinetic energies during the
ionization process. This then yields to narrower peaks as seen in Figure 5-7.
Specifically, Figure 5-7 shows a comparison between the SCC and TP for the
analysis of cytochrome c. It can be seen that the main peak at 12.3 kDa is narrower for
our material than in the case of the TP. But that is not the only interesting finding. The
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additional peak at ~12.5 kDa which is due to the matrix adduct formation with SA is
absent when using the SCC. These two factors are very important, since the possibilities
of efficiently resolving proteins with small differences in mass can be greatly benefited
from them. Another peculiarity of the SCC is the different ratios found for the +2
charged state with respect to the +1 charged state. Based on these findings, we wanted to
investigate the advantages we obtained when dealing with glycosylated proteins.
Ribonuclease B was the model protein we chose for the tests. As it is known,
ribonuclease B (~15.0 kDa) is the glycosylated form of ribonuclease A (~13.7 kDa). The
mass differences between the different glycosylated forms are relatively small (ca. 160
Da) and when dealing with matrix adducts, the peaks can be shifted or seem wider than
they actually are, due to overlapping, as seen in the case of the TP in Figure 5-8. The
advantages obtained from the narrow distributions of kinetic energies, as well as the
absence of the matrix adducts, enabled us to completely resolve the different glycosylated
states of ribonuclease B. The significance of this finding is found in possible diagnostic
usage of glycoforms of proteins such as Prostate Specific Antigen in the cancer research
as stated by Dudkin and coworkers97.
In order to fully understand the benefits of our composite material, we studied the
influence of each individual element in the outcome of the spectra we obtained. The
effect of the amount spotted is shown in Figure 5-9. Using the Microcaster pin, which
allows a higher concentration of spotting, because the solvent dries faster than the spot
spreads, comparing parts a and b shows that the signal intensity is higher, while the peak
width is somewhat wider, and the matrix adducts are still absent. Figure 5-10 and Figure

127

5-11 show the influences of the PAAm coated silicon wafer by and the bare wafer,
respectively. It can be seen that the signal intensities drop quite a bit at the same time
adducts appear, and the ratio of intensities for the +2 and +1 charged state changed
significantly. Nonetheless, the outcome is still better when using the composite SCC
material, as shown with Figure 5-7.
Based on the findings we obtained to this point, we wanted to attempt the analysis
with other proteins like myoglobin (~17.0 kDa) and lysozyme, as seen in Figure 5-12 (a)
and (b). As in the case of cytochrome c, the other two proteins showed a different ratio
for the +1 and +2 charges and in these cases the +2 charged state peak intensity was
higher than the +1. This suggests that preionized proteins are desorbing. However, the
overlay of the three proteins in Figure 5-12 (c) shows no overlapping and clean
backgrounds for the three proteins which could be advantageous for mixtures.
In regards to the power of resolving mixtures, we attempted some mixture
analysis of equine and human variants of cytochrome c on the SCC and the TP as shown
in Figure 5-13.

The advantage of the SCC is notorious, and the ability to base-line

resolve two proteins that differ in ~150 m/z units was particularly impressive,
considering that we were only using the linear mode of the instrument. We performed
similar experiments with pigeon and bovine variants of cytochrome c, which are only
~50 Da apart. The results were even more impressive as seen in Figure 5-14, which
shows not only base-line resolution, but also complete absence of matrix adduct-peaks.
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Section 5.05 Effect of the Location of the Laser Beam
One of the possible questions left when doing the above-mentioned analysis was
what kind of effect did different laser beam positions have when it came to the signals
obtained. For this purpose, a set of experiments was conducted with samples in which
the signals were observed at three different locations in each MALDI sample spot. The
highest signal in conventional MALDI is obtained when the samples are bombarded on
the outer ring, where most of the crystals are formed, instead of the inside of the spot. In
contrast, in our work, the highest signals are obtained in the middle of the spot, where the
smallest crystals are formed. This is consistent with a desorption mechanism, where the
high surface areas of the smaller crystals give the highest signals.
The specific area locations on the dry spots were marked using a small pin. The
schematic of the locations is depicted in Figure 5-15. The results are seen summarized in
Figure 5-16, and as with previous experiments, the data show higher signal intensities
when the laser is shot at the middle of the sample spot, and the intensity is lower as one
goes towards the outside of the ring.

Section 5.06 Conclusions
Our composite SCC material is shown to have resolving power for single and
mixed proteins, give lower adduct peaks. Evidence points to a desorption mechanism: a)
the z=2 peak is prominent, b) smaller crystals are present, c) the effect is only observed
with the Nd:YAG laser at 355, not with a nitrogen laser at 337, and there is a resonance
absorbance band in silicon at 355 nm. Exciting possibilities emerge for applications in
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the medical diagnostics field, since the material is shown to be applicable to
glycoproteins. A good limit of detection is obtained for the proteins studied, and the
width of the protein envelopes are very narrow, to the point in which they are close to the
ones in the isotopic protein envelopes.
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Figure 5-1: MALDI-MS detection of myoglobin on SCC TLC plate developed by
Zhaorui Zhang at Purdue University. On the left, sample TLC plates developed by
Zhang. On the right, the mass spectrum shows the appearance of peaks with multiple
charges for myoglobin. The insert shows a fluoresecent image of the TLC spot before
and after MALDI-MS.
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Figure 5-2: Limit of detection studies on a SCC plate. Cytochrome c 10x dilutions were
prepared from 1 mg/mL stock solution, and then mixed with a saturated sinapinic acid
solution in an ACN:H2O:TFA mixture (70:30:0.1)
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Figure 5-3: Limit of detection studies on a traditional stainless steel plate. Cytochrome c
10x dilutions were prepared from 1 mg/mL stock solution, and then mixed with a
saturated sinapinic acid solution in a ACN:H2O:TFA mixture (70:30:0.1).
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Figure 5-4: Protein envelopes for cytochrome c on a traditional plate (blue) and a SCC
plate (red). The panel on the left shows a region of interest around the +2 charged state,
while the one on the right show a similiar region of interest around the +1 charged state.
The protein concentration was 0.1 mg/mL.
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Figure 5-5: Protein envelopes for cytochrome c (a) spotted on a SCC plate with a
microcaster pinhead, (b) spotted on a SCC plate spotted with a pipettor, and (c) on a
traditional stainless steel plate spotted with a pipettor. The concentration of the protein
was 0.1 mg/mL in all cases.
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Figure 5-6: Sinapinic acid crystals are orders of magnitude smaller when solution is
deposited on the SCC. In the top panel, SEM images of sinapinic acid crystals on our
SCC plates are shown clearly demonstrating the crystals are orders of magnitude smaller
than the ones on the bottom which are on a traditional stainless-steel plate.
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Intensity
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Figure 5-7: MALDI-MS of cytochrome c on silica colloidal crystals (top) vs. metal plate
(bottom). The peak width and the absence of matrix-adducts are better on the SCC.

137

3.0

1.2
2.5
2.0

0.8
1.5

0.6

1.0

0.4

Ion counts (x10-3)

Ion counts (x10-6)

1.0

0.5

0.2

0.0

0.0
14000

15000

16000

m/z

Figure 5-8: Region of interest of MALDI-MS of ribonuclease B (MW ~ 15 kDa) on the
SCC (red) and traditional stainless steel plate (blue)
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Figure 5-9: MALDI-MS of cytochrome c on bare silica colloidal crystals
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Figure 5-10: MALDI-MS of cytochrome c on modified Silicon Wafer: adducts are more
evident.
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Figure 5-11: MALDI-MS of cytochrome c on unmodified Silicon Wafer: the z = 2 peak
is more prominent.
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Figure 5-12: MALDI-MS of (a) myoglobin, (b) lysozyme, and (c) composite of
myoglobin, lysozyme and cytochrome c
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Figure 5-13: MALDI-MS of a mixture of equine (expected m/z = 12,361) and human
(expected m/z = 12,233) cytochrome c on (a) SCC plate, and (b) stainless steel plate
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Figure 5-14: MALDI-MS of a mixture of bovine (B) and pigeon (P) cytochrome c on
SCC plate (blue), and stainless steel plate (red). Notice the resolution of the two adjacent
peaks, which differ in ~50 m/z units
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Figure 5-15: Schematic (left) and actual SCC plate (right) for the analysis of the impact
of the beam location on the sample in the signal intensity for MALDI-MS of cytochrome
c. The outer ring is visible on the actual plate.
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Figure 5-16: MALDI-MS of cytochrome c taken at different positions within the sample
spot. The spectra were taken from (a) the middle, (b) halfway between the middle and
the border, and (c) the border of the spot.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS

We have covered aspects related to microarrays, which help in profiling and
quantifying multiple proteins/biomarkers at the same time, affinity capture of proteins to
clean up samples and look for trace proteins with minimal losses, and MALDI-MS
substrates that help in having better resolution in the protein peaks.
In the microarray project, the main objective was to find the surface chemistry
that, in addition to the three-dimensional matrix provided by the silica particles, would
result in a signal enhancement of at least a factor of 10 in the fluorescent detection of
proteins in microarrays. This was demonstrated to be the BioVidria, Inc. proprietary
surface chemistry, shown by a sandwich immunoassay for BSA. In addition, there was
no significant increase in background, and there was sufficient hydrophobicity to
maintain small spots. The concepts in microarray spotting and spreading in 3D networks
of silica particles were used again in later work on MALDI in the dissertation.

Future

work in the microarray field in our group would include the use of biologically
representative proteins (including biomarker candidates) and the exploration of capture
arrays with multiple proteins being assayed simultaneously.

The possibility of using

samples with more complex matrices could also be studied.
We have introduced a new material for recovering low-abundance proteins as
biomarker candidates. The silica affinity capture beads gave recoveries of at least 90% of
the target proteins. Binding constants of Ab-Ag complexes can be assessed using this
method. The use of these capture beads not only enables at least 40x protein enrichment
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but also is method for subsequent analysis of biomarker candidates from serum. The use
of a more hydrophilic surface aids in avoiding sonication and makes the possibility of
using our beads more universal. Double extractions can be used to clean samples when
extracting from more complex matrices like lysates and serum. Further experimentation
needs to be done to characterize the capacity by using a purified monoclonal antibody.
Quantitative analysis of PSA can also be done in the near future. The particles are
expected to have a capacity of 1 g protein per 2 mg of particles, which allows for the
use of ESI-MS for the analysis of the capacity to avoid labeling. For applications, the
minimum amount of particles, which is a factor of five lower than what were used here,
would allow a 200x enrichment in concentration. This would enable studies of patients
who are negative on the PSA test, < 4 ng/mL, but have aggressive prostate cancer.
The composite SCC material is shown to have great resolving power for MALDI
of single and mixed proteins, with the near absence of adduct peaks. A vast list of
possibilities emerges for applications in the medical diagnostics field since the material is
shown to be applicable to glycoproteins. The highest signals are obtained in the middle
of the spots as a contrast to traditional plates in which the signals tend to be higher on the
outer regions of the spots. A good limit of detection is obtained for the proteins studied
and the width of the protein envelops are very narrow to the point in which they are close
to the ones in the isotopic distribution. The preliminary evidence is that the proteins are
desorbed from the surfaces of small sinapinic acid crystals. This insight can be used to
design and test materials to assess the idea and perhaps to give improved signal-to-noise
ratios to facilitate applications of this phenomenon. Some more experimentation needs to
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be done to get a better picture of the mechanism behind our ionization process with
different types of lasers, including a nitrogen laser for comparison.
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APPENDIX A. SILICA COLLOIDAL CRYSTALS AND THEIR PREPARATION
Section A.01 Introduction
The use of silica submicrometer particles in different types of applications that
include separation media and photonic crystals, among others, has been extensively
studied and reviewed115. The research in our group has been strongly related to these
materials as substrates for stationary phases in chromatography columns and
electrophoresis and as lipid and membrane-protein supports in microscopy studies9-15, 70,
116-120

. During the initial stages in the group, everyone was required to learn the particle

preparation method from other fellow members.

The particles were sized using the

contact mode with an Atomic Force Microscope in our laboratory of the spheres
deposited on glass/quartz slides. After the training some unsuccessful attempts were
performed in order to obtain batches of particles in the desired ranges and even the same
protocol did not yield the same results in different experiments so a more thorough
initiative was taken to test the protocols we were following.
The original protocol was obtained from a former postdoctoral fellow in our
group, Doctor Scott Long, and included a detailed recipe for the preparation of silica
spherical particles of 200, 250, 300, 450 and 50-60 nm in diameter. This method was
based on the hydrolysis of tetraethoxysilane (TEOS) in ethanol using a modified version
of the Stöber Method121. However, the particles were not being properly characterized
after each synthesis and a simple inspection of the color obtained when smeared on a
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bench was used to determine the particle size based on the Bragg peak. As a matter of
fact, same particle sizes (measured under AFM) gave different colors.

Section A.02 Synthesis of Silica submicrometer particles
(a)

Original protocol for Synthesis of Silica Nanoparticles
The following protocol is the original obtained from Dr. Scott Long as mentioned

before. This procedure was developed to produce 450 nm particles as stated by the
author.
Procedure
1. Thoroughly clean and dry a 500-mL round bottom flask.
2. Add the following components to the flask: 293 mL filtered absolute ethanol, 41
mL filtered DI water, 113 mL 2M ammonia (in ethanol). Use the Nalgene PTFE
200 nm filters.
3. Mix 16 mL tetraethoxysilane (TEOS) and 21 mL absolute ethanol. Add this to the
flask.
4. Seal the flask and spin with a stir bar overnight. “Several hours” is not enough
time.
5. Pour into 8 large (50-mL) centrifuge tubes.
6. Sonicate, unless the nanoparticles are already fully dispersed, and centrifuge at 7
krpm for 5 minutes. Centrifuging at faster speeds is unnecessary. Never spin the
centrifuge tubes faster than 8 krpm or you may shatter the tubes. Centrifuging for
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longer is only necessary for relatively small nanoparticles. Remove the solvent
and replace with absolute ethanol.
7. Repeat step 6 at least 2.

Sonication will take ~2 hours for uncalcinated

nanoparticles, and ~4 hours or more if they are calcined (see later). The final
time, do not add more absolute ethanol after solvent removal.
8. Put the centrifuge tubes (with nanoparticles in them) in the vacuum dessicator to
remove the remaining absolute ethanol. Be careful if you evaporate the ethanol
from the centrifuge tubes in an oven because this may weaken the structural
integrity of the centrifuge tubes.
9. If the nanoparticles are ever going to be deposited onto a slide and heated to high
temperatures, calcine the nanoparticles at least 1 beforehand. To calcine is to
heat to 600ºC for at least 6 hours. Following this, resuspend the nanoparticles in
abs ethanol, centrifuge, remove the solvent, and dry in the vacuum dessicator. I
have not noticed a difference between 1 and 3 calcination regarding the
deposition quality of nanoparticle monolayers sintered at 1050ºC overnight.
General considerations
1. The round bottom flask must not have residual nanoparticles on the sides. If it
does, they will serve as nucleation sites during your nanoparticle preparation.
This will negatively impact your final nanoparticle size distribution.
2. Always store TEOS in the glove box. Never take it out of the glove box (see the
instructions for proper use of the glove box and materials within it). Make sure
you know how to use the glove box properly before using it. If you contaminate
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the glove box atmosphere, it is time consuming to fix. Never use ethanol in the
glove box or you will destroy the inert atmosphere regeneration catalyst. For this
reason, as a general rule, do not perform reactions in the glove box.
3. Normal glassware will likely melt in the furnace when heated to much higher than
600ºC. Some glassware will even melt well below 600ºC. Consequently, when
calcining nanoparticles in the furnace, I recommend using a ceramic crucible
4. The nanoparticles are supposedly stable at room temperature.
Under these guidelines the particles were synthesized multiple times with
different results obtained each time. The characterization of the silica nanospheres was
done as described later in this chapter.

(b)

Modified recipes for silica colloid synthesis
Based on some research from Bogush and coworkers122 and the later correction

from Razink and Schlotter123, a curve fit for the conditions of the preparation of silica
colloids was found to be



d  AH 2 O exp  BH 2 O
2

(1)

1

2

,

where
(2)

A  TEOS 

1

2

82  151NH

3

  1200NH 3 2  366NH 3 3 

and
(3)

B  1.05  0.523NH 3   0.128NH 3 

2
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For these equations, d represents the average particle diameter in nanometers and all the
species in brackets represent the molar concentrations of the chemicals including water
(H2O), tetraethoxysilane (TEOS) and ammonia (NH3).

These equations fit the

experimental data in Bogush’s research perfectly as shown in Figure A-1. With these
fits, the recipes found in Table A-1 were obtained. Since the particles obtained always
shrink after being calcined9, the idea was to always attempt a bigger particle size such as
after calcination the colloids would match the desired diameter.
In this new protocol, the TEOS was sonicated with ethanol for 20 minutes prior to
mixing it with the rest of the reagents which were mixed and purged under nitrogen for
the same period of time.

Once all the reagents are poured into a round-bottom flask a

new purge with N2 is done prior to capping the flask with a rubber stopper wrapped in
parafilm to prevent any leaks. The reaction was allowed to go overnight and the next day
thorough rinsing with ethanol with intercalated centrifugations and resuspensions were
performed to get rid of the unreacted chemicals.

Unfortunately, only a few recipes were

successful as the ones listed in Table A-2. For this reason a decision to obtain particles
commercially was made so that the rest of the experiments depending on the colloids
would not be halted for a long term.

(c)

Characterization of particles
The principal method of characterization of the particles synthesized in our group

has been Atomic Force Microscopy. The AFM used was a Digital Instruments Bioscope
with a Dimension SPM head on a Nikon Eclipse TE2000-U microscope. The method
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was exactly as described by Michael Legg in his dissertation work124. Briefly, a droplet
of the slurry was deposited on a glass slide and allowed to dry. Then the slide is imaged
with the AFM in the tapping (hammering) mode. An example of the micrographs
obtained with this method is found in Figure A-4 where 375 nm colloids were deposited
onto a glass slide with the vertical deposition method described below.

Section A.03 Planar crystals
(d)

Preparation
The preparation of planar crystals using silica colloids has been studied in

numerous occasions9, 125-128. Our group had adopted a modified version for the vertical
deposition method (see Figure A-3) in which a 0.1% slurry of colloids in ethanol is
prepared by sonicating the mixture for 3 hours so that the particles are totally
resuspended. A glass/quartz slide is cleaned with methanol and UV-ozoned for three 20minute intervals and then immersed in the small beaker with the resuspended slurry. The
beaker is introduced in an evaporation chamber exposed to an indirect heat source to
allow constant but controlled evaporation of the solvent leaving a film of colloids
deposited on the surface uniformly coated after 3 days. The phenomenon is depicted in
the left panel on Figure A-4 which is adapted from one of the references128.
The success of the vertical deposition method depends greatly on the vibrations of
the room as well as the temperature stability in the reaction chamber. Also, as mentioned
by Yu and coworkers, the moisture levels in the evaporation chamber should be under
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control in order to get a good quality crystal. Microscopic regions can be obtained with
perfect crystallinity as depicted in the right panel of Figure A-4 but for the purpose of
further experimentation, the crystallinity should be present in the whole slide or at least in
big enough regions for the different purposes (e.g. a small lane for protein electroseparations). Unlike the AFM image showing only a 100 µm2 area, a wider view of a
vertically deposited slide can be obtained using a Field-emission SEM as seen in Figure
A-5. Multiple packing forms as well as amorphous packing can be found in wider views
of the material which can then affect the performance of the experiments conducted on
these materials. Hence, alternatives for this method have been explored in our group
because of the lack of reproducibility as well as the issue with the lengthy preparation
time. Unfortunately, the results with those other methods were not successful either so
most of the efforts have been pointing towards alternatives such as capillaries and
colloidal crystals in capillaries as described below.

Section A.04 Crystals in capillaries
Capillary columns were explored in our group initially by initiative of Dr.
Douglas S. Malkin and Dr. Eric E. Ross. The work of Dr. Malkin has been published14
but the initial work for packing capillaries was a collaboration between him and the
author of this dissertation. Dr. Malkin was a graduate student at the time and we were
working to solve the problems he was getting in his capillaries when they were packed
with his normal method. In this method, a long capillary was first rinsed with 0.1 M
sodium hydroxide for 10 minutes, followed by a nanopure water rinse for another 10
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minutes, and ending with a 15-minute rinse with absolute ethanol. The capillary was then
cut in small 10-cm sections and these were then dried in a vacuum oven for 20 minutes.
In the meantime, a 30%-slurry of previously-rehydroxylated colloids in ethanol was
sonicated thoroughly to resuspend the particles. Once the capillaries were ready, they
were dipped in the slurry to let the capillary forces pull the slurry up, after which the
capillaries were inverted and allowed to dry while sitting vertically at room temperature
for one day. This procedure usually yielded crystals of ~ 2 cm in length. However, when
these capillaries were observed under the microscope (Figure A-6), imperfections were
easily seen throughout the entire silica colloidal crystal plug.
After careful analysis of the process, the particle aggregation/agglomeration was a
big factor in the imperfections of these capillaries. In order to avoid these, the silica
slurry was sonicated in a capped glass vial for a longer period of time (4 hours) while
maintaining a low temperature by using ice. While still under sonication, the capillaries
were dipped into the slurry. This step helped not only to avoid particle aggregation but
also to speed up the process of bringing the slurry into the capillary. After that, the
capillaries were inverted and allowed to dry at room temperature for one day as before.
This procedure yielded much better capillaries with very few imperfections. One of the
ends of the plugs was imaged under SEM and the quality of the packing can be easily
observed as seen in Figure A-7.
Capillaries packed with this new method were then used in some of the
experiments conducted by Douglas S. Malkin and served as the basis for his dissertation
work. The method was further refined and patented by the Wirth Research Group at
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Purdue University (West Lafayette, IN). This packing method, as well as some of the
subsequent chemical modifications, is now licensed by BioVidria Inc. (Tucson, AZ).

Section A.05 Conclusions
A summary of the synthesis protocols for silica colloids in our research group was
presented, as well as modified versions that were intended to make the process more
reliable and reproducible. Unfortunately the attempts to obtain these objectives were not
very successful and the decision to buy commercially available colloids was made. This
decision had a positive impact in the experiments in our group.
The deposition and packing of silica colloidal crystals on flat surfaces and
capillaries (respectively) was described as well as the characterization with methods like
SEM and AFM. The flat slides need some more work, especially with the vertical
deposition, in order to get a bigger regular area. The capillaries work very well, and
some minor details need to be adjusted for further experiments.
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Figure A-1: Figure 1 in the work of Razink et al.123 presenting the data from the research
by Bogush and coworkers122 and the curve fits (original in dashed line and corrected in
solid line).
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Figure A-2: AFM image of silica colloids on glass. A droplet of the slurry was allowed
to dry on the glass slide prior to imaging it.
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Figure A-3: Summarized procedure for vertical deposition of silica colloids on slides.
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Figure A-4: Schematic of the vertical deposition method (left), and AFM image of 375
nm colloids deposited on a glass slide using vertical deposition (right). A very crystalline
material was obtained with a preferential trend to the face-centered cubic lattice (fcc).
The schematic on the left was adapted from the work by Yu et al128.
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Figure A-5: FESEM of a vertically deposited slide. The inset shows a close-up where
multiple types of packing can be found, even when a small region can have a perfectly
fcc packed lattice.
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Figure A-6: Capillaries prepared with the original packing method using capillary forces
to pull up the silica slurry.

Cracks and imperfections in the crystal can be found

throughout the silica colloidal crystal plug and a few examples are marked with the red
circles on the image on the left. A zoom in shows the cracks and imperfections better on
the image on the right.
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Figure A-7: SEM image of an extruded portion of a silica colloidal crystal plug of a
capillary packed under constant sonication. This image is courtesy of John Lemon.
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Table A-1: Recipes for colloids based on the curve fits from the work by Razink et al123.
The diameter of the colloids presented in this table is for the particles as made and prior
to being calcined or modified.
Volume

Volume

Volume

Volume

Average Particle

TEOS [mL]

NH3 [mL]

H2O [mL]

EtOH [mL]

diameter in nm

20.0

50.0

2.0

100.0

47.6

20.0

50.0

3.2

100.0

95.3

20.0

50.0

4.4

100.0

143.1

20.0

50.0

15.0

376.8

191.0

20.0

50.0

7.1

100.0

239.0

20.0

50.0

8.6

100.0

287.1

20.0

50.0

10.3

100.0

335.2

20.0

50.0

12.3

100.0

383.5

20.0

100.0

260.0

200.0

323.8

20.0

50.0

14.9

100.0

431.9
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Table A-2: Successful recipes for silica colloids synthesis
Size as made

TEOS

Ammonia

EtOH

Water

(nm)

(mL)

(mL)

(mL)

(mL)

550

25

150

300

67

551

75

450

900

200

350

20

100

100
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