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ABSTRACT

Carbohydrates may be found inside or on the surface of cells. Understanding the
structure and role carbohydrates play in regulating these processes is of great importance.
This can be done by the development of carbohydrate detection methods. Surface
enhanced Raman spectroscopy (SERS) can be used as a label free biosensing technique
which yields a chemically sensitive signature of the analyte molecule. Carbohydrates
were immobilized by copper (Cu) free click chemistry reactions to develop carbohydrate
nanoparticles for detection and differentiation of proteins by SERS. Galectin proteins
were detected with 95-100% sensitivity and specificity. Two galectin proteins were
differentiated by SERS with 85-100% sensitivity and specificity. Then we demonstrate
that sialylated carbohydrates can be immobilized to SERS substrates using Cu free click
chemistry reactions. This created a sialylated carbohydrate sensing surface that was used
to detect influenza hemagglutinin. Using SERS we were also able to detect HIN1 and
H7N9 hemagglutinin binding to sialylated carbohydrates and differentiate H7N9 and
H1N1 hemagglutinin. These findings demonstrate that SERS can be used as a label free

method to detect biomolecular interactions.
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CHAPTER 1
REVIEW OF THE LITERATURE
Carbohydrate Microarrays

In biology the major classes of macromolecules consist of DNA, proteins, lipids,
and carbohydrates. These macromolecules govern many important biological processes
and understanding the roles they play may lead to discoveries in cancer treatment, drug
delivery systems, and disease screenings. DNA is important to living cells because it
governs processes cells need to live. Proteins regulate many vital functions such as cell
shape and participate in reactions with enzymes.* Carbohydrates participate in signaling
and cell death. Carbohydrates are also known as glycans and can be further broken down
to include monosaccharides, oligosaccharides, and polysaccharides. Monosaccharides
are smaller carbohydrates and oligosaccharides and polysaccharides are polymeric
saccharides which have been modified with proteins or lipids.

The study of carbohydrates in biology has been coined glycobiology and this field
is dedicated to the study of glycoproteins, glycolipids, proteoglycans, and free
oligosaccharides. In its early beginnings, carbohydrate research was limited because of
structure complexity and difficulty in determining carbohydrate sequences. Some
important discoveries in this field date back to the late 1800s to early 1900s.? This
includes the discovery of glycosphingolipids, lectins and hemagglutinins, stereoisomeric
structure of glucose and other monosaccharides, structure of ribose in RNA, sialic acids,

and carbohydrate determinants of ABO blood group types.? Now, this is a rapidly



growing field which expands into the areas of biomedicine, biotechnology, chemistry of
carbohydrates, glycan formation and degradation, and recognition of glycans by proteins.

Carbohydrates differ from other macromolecules in that they are branched
molecules and are connected to each other by many different types of linkages.® This
feature allows them to be attached to many different molecules such as proteins and lipids
a process called glycosylation. Cells are surrounded by a layer of carbohydrates whose
structures are determined by the cell type expression and sugar modifying enzymes.”
Glycosylation is linked to protein folding, cell targeting, cell differentiation, and immune
response. When attached to proteins or lipids, glycans are called glycoproteins or
glycolipids. Carbohydrates attach proteins through nitrogen or oxygen atoms. When
carbohydrates attach to proteins, they alter the structure and function of proteins.> On cell
surfaces glycoproteins are presented as mixtures where the protein backbone are similar
but the position of glycans are different.’

Research in this area has primarily focused on dietary sugars and their metabolic
pathways however there is a desire to expand into other areas. Not much has been done
or known about the functions of polysaccharides and oligosaccharides and their
importance.” Glycosylation, which is an important form of post translation modification
of proteins, has led to the characterization of an increasing amount of carbohydrate
receptors such as effector proteins involved in the folding of nascent proteins, microbe
host interactions which lead to infection, and mechanism of inflation and immunity.® In
the past, there were difficulties with expanding carbohydrate research.

Some of these difficulties have been well documented. Characterization of

carbohydrates ligand interactions is challenging because carbohydrates have diverse



structures and they are not readily synthesized. For instance, oligosaccharides have
greater structural complexity than nucleic acids and proteins, due to branching and
linkage variety. The complexity and diversity of the structure of oligosaccharides can be
attributed to the glycosyltransferase genes which synthesize carbohydrates through
nontemplated processes.® These processes are unique and not readily reproduced.
Monitoring carbohydrate interactions require large amounts of sugars to be screened and
reactions with carbohydrates are relatively weak in nature. Carbohydrate binding proteins
generally have monomeric KD values in the micromolar to millimolar range.'® Therefore,
binding efficiency requires multivalent interactions, which can be hard to measure.™

Biophysical tools needed have not been fully developed to complement research
in the field of glycomincs. Current techniques used to study carbohydrate interactions are
labor intensive. Knock-out techniques which give insights to carbohydrate functions and
interactions are time consuming and may interfere with the synthesis of some
carbohydrates. There is a need for high throughput methods to detect and characterize
these interactions. Purification of carbohydrates is challenging because many are closely
related and possess similar physical properties. Advancements such as automated solid
phase synthesizers and methods for enzymatic synthesis have led to pure chemically
defied carbohydrates.***® Hence, combining synthetic advances and new biochemical
tools will increase the production of research in this area.

Glycan arrays can help overcome some of these challenges. Glycan arrays require
small amount of product and many different compounds can be screened at on time.
Already microarrays have been developed for DNA and proteins.****> Work in DNA and

protein arrays have been helped by a plethora of new laboratory techniques such as



automated synthesis of nucleic acids and peptides, rapid DNA and peptide sequencing,
protein expression systems, and SiRNA gene silencing.*® Glycan arrays combine
carbohydrate libraries, attachment of saccharides to surface, high throughput expression
of carbohydrate binding proteins, and analysis.’

Glycan arrays mimic naturally occurring events on cell surfaces so they are well
suited for glycomic studies to examine binding profiles between carbohydrate and lectins.
Arrays allow for the examination of multiple combinations of carbohydrates immobilized
onto the surface. New technologies such as robotic arrays and high resolution imaging
permit miniaturization of tens to thousands of carbohydrates which can be immobilized
onto common glass microscope slides. Arrays reduce the amount of carbohydrates
needed for binding experiments and this is important because often small amounts of
carbohydrates are synthesized or purified. Carbohydrates can be isolated from cells,
tissues, pathogens, or urine however, enzamayic or chemical synthesis methods of
isolation are preferred because they allow for control of the structure being synthesized
and produce homogeneous materials. Currently no amplification strategies such as
polymerase chain reaction (PCR) or cloning exist to produce suitable quantities of
oligosaccharides, so arrays are preferred because about 10™? mol of compound can be
used to perform several experiments.*’

Large libraries of carbohydrates are needed for the fabrication of glycan arrays.
Pure carbohydrates isolated from natural sources of chemical synthesis are difficult to
obtain and they have to be derivatized with linkers to attach to array surfaces. Isolated or
synthetic carbohydrates can be changed chemically or by enzymes. Functionalization and

coupling reactions are important factors to designing carbohydrates. Functionalization of



glycans by chemical synthesis is generally easier than for natural occurring sugars. This
involves reducing the terminal sugar end with the desirable linker for derivatization.
Natural occurring sugars are present in smaller quantities and often require pre-existing
groups such as amino groups, peptides, or lipids.'® An alternative approach to the
synthesis of glycans is enzymatic glycosylation using recombinant glycosyltransferases.*
Glycosyltransferases are enzymes that synthesize glycosidic linkages. This process
transfers a saccharide from a donor substrate to an acceptor substrate. Here, donors can
be nucleotide sugars, sugar phosphates, sugar lipids, or saccharides. Acceptors tend to be
other saccharides, proteins, lipids, or nucleic acids.” Realistically there are only a limited
number of synthetic or natural glycans available. Libraries are generally created to focus
on specific lectins so they tend to consist of a small number of carbohydrates.
Recognition between carbohydrates and lectins is dependent on how
carbohydrates are presented on the surface. Because monovalent interactions are weak,
multivalent interactions are desirable since there is an increase in binding sights. The
orientation for optimal carbohydrate-lectin interactions is not easily established so several
strategies have been employed to investigate glycan density. Strategies have included
varying the spacing between glycan chains, printing multivariate glyconjugates onto
surfaces, varying the context of the glycans, and spotting mixtures of glycans onto the
surface.?*%
Spacing, orientation, linker length flexibility and ligand density are important for
carbohydrate-lectin recognition to occur. Several factors affect ligand density. First, the

maximum density is controlled by the capacity of the surface. Secondly saturation should

not occur for materials that are printed onto the surface. Finally, some attachment



methods can cause carbohydrates to change new orientations once immobilized onto the
surface creating densities that are not well defined. For carbohydrates that are printed on
the surface, density can be controlled by varying the concentration of the carbohydrates
in the print solution.

Since glycans must be present in large numbers to record a signal for analysis,
immobilization methods are important factors to consider when developing microarrays.
There a variety of immobilization chemistries used to fabricate arrays. Noncovalent site
nonspecific methods assemble glycans to unmodified or modified surfaces. This method
may lead to the washing away of glycans during purification steps. Another
immobilization method is noncovalent site specific attachment. Examples of non-
covalent attachment include immobilizing unmodified polysaccharides or lipid sugars to
microtiter plates or binding of biotinylated sugars to streptavidin glass slides.?** Other
noncovalent immobilization methods include printing neoglycoplipids onto nitrocellulose
of poly(vinylidenefluoride) (PVDF) sheets.?® Large quantities of polysaccharides or lipids
are needed for non-covalent immobilization strategies.

Covalent site nonspecific attachments of non-modified glycans involve a one-step
procedure which can be time consuming and labor intensive. For covalent methods a
glass slide is functionalized with a reactive group which is then coupled to a compatible
functional group which contains the carbohydrate of interest. These reactions should be
quick, specific, high yielding, and react with groups present on the carbohydrate. *
Immobilization processes can be completed in several hours or days. Examples of this
method include the recognition of 1,2 or 1,3 diols of sugars by boronic acid modified

surfaces.?” Covalent immobilization methods also involve amides and [3 + 2] Husigen



cycloadditon reactions.?®% Lectins gain access to immobilized carbohydrates because of
the use of spacers which lie between the sugar and the array surface. The nature of the
linker is important to prevent nonspecific binding on lectins. Oligo or poly(ethylene
glycol) linkers are hydrophilic and help prevent nonspecific binding of lectins. In
addition to the chemical makeup of the linker, the length is important as well, because it
controls the access of glycans to its binding partner. *°

Cellular assays, surface plasmon resonance (SPR), fluorescent imaging, and mass
spectrometry (MS) are used as detection methods for glycan arrays. Fluorescent methods
may exist in the form of dyes or labels, where the array is scanned for readout. Detection
of fluorophores bound to glycans by a fluorescence scanner is the most common
detection method for microarrays. Variations of this method include direct fluorophore
labeling of the protein, labeling secondary reagents that bind to the protein, and labeling
secondary reagents that bind to a tag such as biotin.*®* Common fluorescent dyes used in
arrays are cyanine dyes because of their brightness and reduced complexity of labeling
proteins. Fluorescence labels have high sensitivity and throughput and many different
types of surfaces can be used such as glass, gold, and membranes. This method can be
carried out with ELISA equipment making it inexpensive and readily available.

A typical fluorescence experiment begins before incubation with proteins.
Fluorescent agents can be directly or indirectly bound to glycan binding proteins (GBP)
with Fc fragments of human IgG, biotin, or anti-GBP antibodies. After incubation
periods, probes are then reacted with binding partners such as streptavidin, or secondary
antibodies. Washing of this complex removes any unbound protein complexes and the

binding is detected with a fluorescence scanner. *! Quantitative information can be



gathered because the fluorescence intensity is proportional to the amount of bound
proteins. Advantages of using fluorescence include that many labels are commercially
available, anti-glycan antibodies can be detected with labeled secondary antibodies,
biotinylated proteins can be monitored by labeled streptavidin. Disadvantages of this
method are insertion of labels can reduce activity or selective binding, labeled secondary
regents are not always available, some regents can bind with carbohydrates, some
captured GBPs can be removed during washing steps, and binding profiles may change
due to binding of fluorescent labels .*?

Because of these issues, there is a push in the research community to use label
free methods of detection. Requirements for label free methods are techniques should be
suitable for high throughput analysis, able to detect small molecules binding to
immobilized targets, and detect interactions of carbohydrates with lectins at small
concentrations. Label free techniques are acceptable alternatives to fluorescent based
methods because they are not susceptible to interference from tags and the can provide
real time kinetic information. SPR has been used as a label free method of detection for
glycan arrays.

SPR occurs when an evanescent wave excites charge density oscillations along a
metal dielectric interface. This leads to changes of the optical constants on the metal
surface which influences the resonance condition.*® SPR monitors optical parameters
such as the angle at which photons resonantly couple with valence electrons on the
metallic surface, wavelength at which resonance occurs, light phase, or modulation of
light’s polarization.** The change of refractive index is proportional to the mass and

conformation of the analyte and immobilized constituent, number of analyte molecules



bound to the immobilized constituent, and distance of the bound analyte from the sensing
surface. *

Flow systems combined with SPR allow for continuous monitoring of the
formation of carbohydrate-lection complexes and the dissociation of analyte from the
immobilized ligands.* There are two types of SPR sensors, angular and spectral. Angular
SPR are based on angular interrogation and measure carbohydrate-lectin interactions by
scanning angles of incidence at constant wavelength. Spectral SPR is based on
wavelength interrogation and scans wavelengths at constant incidence angles.*® SPR
gives real time information of carbohydrates binding to lectins. SPR experiments
proceeds first by immobilizing the analyte of interest onto a SPR chip. Next an
interacting analyte is flowed over the chip and binds with the analyte on the surface
causing a change in the refractive index of the chip. From this process association and
dissociation constant can be calculated and there is no need for the use of fluorescent
labels.*® Sensitivity in SPR is dependent on interactions between the analytes being
studied, surface chemistry of the array, density, activity of immobilized analyte, and
availability of signal enhancers.®” One challenge with SPR methods is that nonspecific
binding can give false positive results. Nonspecific binding can occur on the sensor
surface or to the analyte of interest and can be overcome by using gold surfaces and
bioresistant surface chemistry.>*

Signals of small peptides or proteins that are not detectable using traditional
detection methods can be detected by MS and this technique can also provide chemical
and structural information. MS can analyze a mixture of carbohydrate —lectin interactions

provided that each interaction produces a unique mass to charge (m/z) peak. Analysis by



MS gives information on the species present in the reaction, the intended products,
unintended components, and the substrate, thus creating a complete outlook of
carbohydrate lectin activity. Surface enhanced laser desorption ionization time of flight
mass spectrometry (SELDI-TOF-MS) has been used as a detection method for arrays. In
this technique following the incubation of glycans with their binding partners, an energy
absorb matrix is added to the substrate surface. SELDI-TOF-MS coupled with a UV
nitrogen source laser causes the surface lectins to desorb and become ionized. The ions
are moved by an electric field down a flight tube where they hit a detector and a signal is
produced. The flight time is dependent on the m/z of the lectin, hence the mass of the
lectin can be determined and used for identification.*® Matrix assisted laser desorption
ionization mass spectrometry is another MS (MALDI-TOF MS) technique that can be
used as a detection method for arrays. MALDI can be combined with self-assembled
monolayers to give specific interactions with carbohydrates that can be easily identified.
MALDI can be used to monitor the immobilization of a peptide onto a monolayer,
monitor enzymatic modification of an immobilized analyte, and provide kinetic data for
carbohydrate-lectin interactions. Drawbacks of MS are the need for specialized
equipment and sample preparation can be tedious and complex.

Other array detection methods not commonly used are quantum dots and atomic
force microscopy (AFM). Quantum dots are nanocrystals made up of a semiconducting
fluorescent core coated with a semiconducting shell which has a larger spectral band gap
and light scattering capabilities. Quantum dots were shown to be 30 times more sensitive
for the identification of cancer biomarkers.® They are advantageous over fluorescence

labels because they have brighter fluorescence, stable against photo bleaching, and
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tunable emission spectra.’ They fall short in some areas because they have short
lifetimes, are easily oxidized of photolyzed, and may be hazardous to the environment
and humans.*!

In AFM a nanometer sharp tip is attached to a cantilever that is sensitive to the
force between the tip and sample surface. Disturbances to the cantilever are detected with
a laser beam which is focused on the back of the cantilever, where the signal is then
reflected onto a photodiode creating a topological image of the structure.*® AFM gives
information about surface features and it gives cantilever deflection with picometer
resolution. It can detect carbohydrate-lectin interactions by measuring the height increase
across an array surface. The technique will be limited in measuring biomolecules in
aqueous solutions and artifacts are challenges as well.*?

Applications of glycan arrays designed thus far have extended into many different
areas. Their use is growing in the fields of biomedical research for diagnostic agents, high
throughput analysis of glycan interactions with lectins, antibodies, and pathogens; and
development of therapeutic agents. Ccarbohydrate-lectin binding is commonly detected
and characterized using glycan arrays. Specific binding between mammalian, plant, viral,
and, bacterial lectins has been analyzed by researchers at the Consotrium for Functional
Glycomics. Amine derivatized glycans were coupled with a reactive surface containing
N-hydroxysuccinimide using printing technology. Over 200 synthetic and natural glycans
were placed onto the array. The glycans were then incubated with labeled proteins or
sandwich procedures incorporating secondary antibodies. The lectin-carbohydrate
interactions were analyzed by fluorescence scanning and imaging methods. This research

demonstrated the advantages of using arrays. Only 0.1-2ug of protein was needed to get
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an optimal fluorescence signal. The fluorescence intensity was greatly enhanced when the
carbohydrates were presented as multivalent arrays.*?

Pathogen detection is another application of glycan arrays. Pathogens are able to
enter cells through proteins that bind to carbohydrates. These proteins regulate cell
adhesion, binding, entry of toxins, and immune response. Understanding these
interactions can lead to therapeutic treatments. Cancer associated carbohydrates are
candidates for therapeutics because they are expressed on tumor cells in greater densities
than many oncogenes and are located on proteins found in tumors.**

Glycan arras have been used to develop anticancer vaccines. It may be possible to
target cancer cell glycans based on their altered glycosylation. Certain tumor glycans
have embryonic origin, therefore, they are not perceived as foreign by the immune
system so B cells expressing high affinity for these structures are not created during
development. So anticancer vaccines can be designed to make the immune system
respond to the tumor glycans as foreign invaders. Danishefsky, Livingston, and co-
workers designed a glycan array by linking synthetic tumor glycans to the immunogenic
carrier protein keyhole limpet haemocyanin (KLH). This created an immune response
where peptide antigens required for T-cell help were generated. This method was
employed into a vaccine form and when administered to mice and humans, antibody and

cell mediated responses were generated against tumor glycans.*

Click Chemistry

As stated above there is a wide selection of synthetic transformations and

immobilization techniques available to scientist to prepare highly complex molecular
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structures. Most of these techniques have stringent reaction conditions that may require
toxic solvents, stoichiometric reagents, extreme temperatures, and protocols for
protective groups. Furthermore these reactions may not be selectively specific. These
conditions make them unsuitable for reactions with biomolecules. Furthermore,
modification and immobilization of biomolecules require for only a single functionality
of interest to be selectively modified in the presence of functional groups; and this is hard
to achieve. A solution is the use of bioorthogonal chemical species which form covalent
bonds between two abiotic groups that have mutual reactivity. A group of reactions that
fit this description are click chemistry reactions.*

The idea of click chemistry was first presented by Kolb, Finn, and Sharpless as a
new strategy for organic chemistry. It is based on the idea of generating substances by
joining small units together with heteroatom links. Several criteria must be met before a
reaction may be labeled as click chemistry. Reactions must be modular, wide in scope,
give high yields, create only one inoffensive byproduct which can be removed by
nonchromatographic methods, and be stereospecific. Reaction conditions should have
readily available starting materials, be simple, have very little use of solvent or none at
all, and simple product recovery and isolation.*’

Currently, five classes of reactions have been identified to meet these
requirements. They are: Cycloaddition of unsaturated species: 1, 3-dipolar cycloaddition,
cycloaddition of unsaturated species: [4+2]-cycloaddition (Diels-Alder), nucleophilic
substitution/ring opening reactions, carbonyl reactions of the non-adol type, and addition
to carbon-carbon multiple bonds.*® Of these reactions, cycloaddition of unsaturated

species has become the method of choice for click chemistry. These reactions fuse two
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unsaturated reactants and provide access to a variety of five and six membered
heterocycles.*® The Cu'-catalyzed 1, 3 dipolar cycloaddition of azides and alkynes
(CuUAAC) to yield 1, 2, 3 triazoles is considered to be the most useful cycloaddition
reaction for click chemistry.

The usefulness of this reaction lies in the azide and alkynes moieties. Azides are
an important moiety in click chemistry. They are abiotic in animals and absent from
nearly all naturally occurring species. They do not react with water and are resistant to
oxidation. The do not react with amines or other nucleophiles that are present in
biological systems. Azides are 1,3-dipoles which can undergo reactions with
dipolarophiles like activated alkynes.”® The synthesis of alkyne-azide functionality is
rather easy and the formation of a triazole between azides and alkynes is irreversible.”

Click chemistry has proven its worth by the immobilization of sugars, proteins,
DNA, and cells in previous works. They are successful for bioconjugation specifically,
attaching proteins and cell-adhesion ligands and attachment of cells.>** Bioconjugation
uses techniques which involve covalent attachment of synthetic labels to a biomolecular
framework. Chaikof et al** demonstrated how click chemistry can be used to immobilize
proteins and carbohydrates onto solid support substrates. This work showed that the
attachment of such molecules to support substrates preserves their activity and this opens
the door for the development of microarrays, microbeads, and biosensor chips.

There is one aspect of Cu' catalyzed click chemistry this is unappealing. The Cu'
catalyst used for cycloaddition reactions is toxic to bacterial and mammalian cells.* The
limitations of CUAAC reactions are highlighted when this method is applied to biological

applications. Fokin, Sharpless, Finn, and co-workers noticed that cowpea mosaic virus
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degraded or aggregated under CUAAC reaction conditions.*® Cu causes oxidative stress in
biomacromolecules which leads to the formation of reactive oxygen species (ROS).>’
This is problematic to the functionalization of proteins, nucleic acids, polysaccharides
and lipids. In proteins, ROS cause cleavage of polypeptide chains and degradation of
amino acids.”®

Therefore, Cu'-free cycloaddition reactions are more desirable. An alternative
method for activating alkynes with azides for Cu'-free cycloaddition involves ring strain.
Wittig and Krebs showed that the reaction between cyclooctyne and azides can proceed
like an explosion to give a triazole product.>® Constraining an alkyne within an eight-
membered ring creates 18 kcal mol™ of ring strain which is released upon cycloaddition
with an azide.®® Attaching electron withdrawing groups to cyclooctynes will further
increase the rate of this strain promoted reaction. Furthermore, attaching benzene rings to
cyclooctyne rings impose additional ring strain hence, increasing the reactivity of the
alkyne.

There are several types of strain promoted cycloaddition reactions (SPC). The
SPC between alkenes and dipoles have been used for bioorthogonal conjugation
techniques. Carrell et al, investigated SPC between norborenes and nitrile oxides. This
reaction produces exoselective substituted 2-isoxazolines and it was used to label
oligonucleotides in solution and on solid supports with high efficiency.®* A bioorthogonal
reaction based on strain promoted alkyne-nitrone cycloaddition (SPANC) was proposed
by Boons et al. Benzofused cycloctynes react rapidly with nitrones resulting in

isoxazolines. Depending on the substituents, the reaction proceeded at rates 32 times
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faster than those for SPAAC. This method has been used for site specific modification of
peptides and proteins.®

Copper (1) free cycloaddition has been compared to Cu' catalyzed azide alkyne
cycloaddition in a study by Agard et. al. This study examined the effect of these types of
reactions on live cell labeling. Significant cell death was observed when Cu' catalyzed
reactions were used. No cell death occurred when strain promoted cycloaddition was
used. Because of the benefits of click chemistry, more specifically strain promoted click
chemistry, this method will be used for the covalent attachment of carbohydrates to solid
supports for the development of glycoarray technology.

Variations of SPC reactions have successfully immobilized carbohydrates onto
microarray surfaces. In research by Wendel, Singh, Rinnen, and others f-p-galactose was
immobilized to an array surface using SPC. Oxime linked with cyclooctyne was printed
onto an undecylazide modified glass surface using a microstructured elastomeric stamp.
This produced an azide/oxime surface. AFM and X-ray photoelectron spectroscopy
(XPS) were used to verify the immobilization of these moieties. After verification of the
azide/oxime surface a 3-p-galactose norborene conjugate was synthesized and reacted
with the modified surface in the presence of diacetoxy iodobenzene (DIB).* To this
carbohydrate was bound TRITC-labeled peanut agglutinin. High surface coverage was
verified with fluorescence microscopy. This paper demonstrated that SPC reactions can
be carried out under mild conditions, with high yields, in an aqueous environment at

room temperature.®
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Surface Enhanced Raman Spectroscopy

The purpose of this dissertation research is to develop a glycan detection methods
based on surface enhanced Raman spectroscopy (SERS). To that end, focus will shift to
describing Raman spectroscopy and SERS. Raman spectroscopy is an optical technique
based on the scattering of photons. Over the years this field of vibrational spectroscopy
has seen a double digit growth in the number of articles published in scientific journals.®®
Raman spectroscopy has proven to be a powerful technique in the fields of
pharmaceutics, forensics, bioscience, and biomedicine. Nontraditional uses of Raman
spectroscopy has ventured into the field of art, archeology, pigments and paints. In this
field, Raman spectroscopy has been used to identify the first occurrence of yellow
pigment from Italian pottery from the 16" century.® Raman spectroscopy has also been
used as a characterization technique of nanomaterials. The interest and growth of
applications for Raman spectroscopy is expected to continually expand into more areas
over the next half century.

Raman spectroscopy was discovered by Sir C.V. Raman in 1921.%” Sir Raman
observed that light from scattered molecules is accompanied by scattered light at a
different wavelength from the incident light. Scattering is defined as the simultaneous
absorption of an incident photon and emission of another photon. ® The light observed
by Sir Raman appeared very weakly and was difficult to see in his experiments. Since
this discovery the scattering of light observed has been classified as either inelastic or
elastic scattering. Rayleigh scattering, also known as elastic scattering; a molecule is
struck by a photon with excitation energy hvo. From this process, energy is emitted at the

same hv frequency. Inelastic scattering photons have energy at a different wavelength
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from the incident photons. The photons of inelastic scattering may have a wavelength

higher or lower than the incident photons. It is inelastic scattering that was observed by

Sir C.V. Raman in 1921.

A diagram representing the quantum energy transitions for Rayleigh and Raman

scattering is shown in Figure1.1.%
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Raman
Figure 1.1 Diagram representing quantum energy transitions for Rayleigh and Raman
Scattering.

Stokes scattering is used to describe scattered photons which have less energy than the
incident photons. In this case a molecule is excited from the vibrational ground state to

the first excited state. Therefore, absorbed energy at hv, frequency will be scattered a
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frequency of hvo- hvp,. Anti-Stokes scattering is used to describe scattered photons which
have higher energy than the incident photons. This can be described as a vibrational
excited electron relaxing into the vibrational ground state.®® In this case the reemitted
light is at a higher frequency hvo. hvy,. Anti-Stokes scattering is generally much weaker
than Stokes scattering and sometimes cannot be observed. This is because more
molecules are in the ground state at room temperature.

Rayleigh and Raman scattering are weak processes. If total intensity of incident
light is considered, only about one part in a thousand of the total intensity can be
Rayleigh scattered. The value drops to one part in a million for Raman scattering. Stokes
and anti-Stokes peaks are symmetrically positioned about the Rayleigh peak. Because
Rayleigh scattering is so much stronger, Raman instruments must be designed to filter
this intense light. Another competitive effect to Raman scattering is fluorescence. Some
excitation sources used for Raman experiments can excite fluorescence of the analyte
being measured. Even weak fluorescence can be stronger than Raman scattering thus
overpowering the weak Raman signal.”

Raman instruments consist of an excitation source, sample illumination system,
wavelength selector, and detector. Raman spectrometers are commonly combined with
microscopes. This setup is allows for focus of excitation light into a spot several microns
in diameter to capture a Raman spectrum. This allows for the Raman spectrum to be
captured at high collection efficiency owing to the high numerical aperture of the
microscope lens. Fluorescence can be limited using a confocal Raman setup which
reduces the collection of fluorescence to photons emitted. Confocal describes a

microscope where the sample is illuminated with a point source and the image of the
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point is detected through a pinhole located in front of the detector.”* Continuous wave
lasers (CW) are generally used as excitation sources for Raman instruments. These lasers
offer the advantage of narrow linewidth and are able to isolate a specific vibrational
transition. CW lasers can be tunable for Raman resonance experiments. Over 95% of the
commercially available lasers on Raman instruments are Argon lon, frequency doubled
YAG, diode, and Helium-Neon CW lasers.”

Raman scattering intensity is proportional to %, where ¥ is the frequency of
radiation from the laser excitation. Because the Raman scattering is proportional to the
excitation power, the power of laser excitation should be selected so as to not thermally
decompose the sample. Resolution is given by:

Ax =0.61 x ¥NA Equation(1.1).

Ax = shortest distinguishable distance between two points

A = wavelength

NA = numerical aperture of objective.

This equation indicates shorter excitation wavelengths yield higher lateral resolution.
Lateral resolution decreases at longer wavelengths and efficiency of Raman scattering
decreases. To optimize collection efficiency and spatial resolution, the highest numerical
aperture available should be used when collecting spectra.”

Gratings in Raman spectrometers disperse the collected signal to the charge
coupled device (CCD) detector by deflecting wavelengths at different angles. Dispersion
characteristics of gratings are determined by the number of grooves per millimeter,
hence, high number of grooves give high dispersion and resolution as well as distributing

the Raman signal over a large number of CCD pixels. CCD detectors are made of an
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array of light sensitive silicon photodiodes, where each is connected to a capacitor. CCD
detectors are graded by their quantum efficiency (QE), which is the percentage of
detected photons to total incoming photons. QE determines the quality of the signal
detected in Raman sampling and this can be affected by noise in the signal or noise in the
detector. Common noise sources of noises are shot, thermal and readout noises. Thermal
noise can be reduced by cooling the detector. Readout noise is dependent on the readout
amplifier and readout speed. Ideal detectors have 100% QE, no thermal, readout, or any
other sources of noise, or shot noise is limited.”* Raman spectra generated from collected
measurements are presented in units of wavenumber shift, which is the distance between
the Raman scatter and the laser probe. Positive wavenumber shifts are Stokes shifts and
negative wavenumbers are anti-Stokes shifts.

Carbohydrates and their interactions with various biomolecules have been
analyzed with Raman spectroscopy. Raman was used to detect physiological
concentrations of glucose in vitro from simulated aqueous human solutions.”® However,
these experiments required high laser powers and long acquisition times which are not
desirable for point of care diagnosis similar to a commercially available glucose
monitors. Another vibrational spectroscopy method that has been use to examine
carbohydrate interactions is IR spectroscopy. This method was used to examine aromatic
protein interactions with various sugars.” There are some advantages of using Raman
over IR. Water can be used as a solvent for Raman analysis, which is helpful for analysis
of biological and symmetric vibrations which are observable in Raman. However, due to

the weak scattering cross section of Raman, there is a desire to increase this efficiency.
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In 1977 Van Duyne and independently Albrecht observed very intense Raman
signals measured from pyridine on a roughed silver electrode. They hypothesized that the
intensely strong Raman signal was an enhancement of the Raman scattering efficiency
and could not be explained by anything else, such as an increase of the adsorbed
molecules. This effect observed by Van Duyne and Albrecht has become known as
surface-enhanced Raman scattering (SERS). SERS has made advancements in systems
for biomolecular detection, cancer cell detection and imaging, DNA and RNA detection,
and food quality analysis.

A general description for the SERS effect begins with how an electromagnetic
wave interacts with a roughened metal surface. When an electromagnetic wave interacts
with roughened surfaces, plasmons on the surface are excited. Figure 1.2 diagrams the

surface plasmon effect.

Electric Field \

T T Metal Sphere

Figure 1.2. Diagram illustrating localized surface plasmon effect (a) surface
propagating plasmon and (b) a localized surface plasmon.

Plasmons are excitations associated with high frequency collective oscillations of valence

electrons.” Their excitation creates an oscillating dipole in the particles resulting in
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enhancement of electromagnetic fields near the surface. When a laser excites electrons in
these metals, they will oscillate collectively across the surface generating so-called
surface plasmons. If the plasmons are excited to resonance, there is an increase in the

1.7® This can be

local electromagnetic field which correlates to an enhanced Raman signa
seen by the dipole moment which is expressed as:

H(t) = P ¢ Einc (t). Equation(1.2).
The incident electric field and molecular polarizability are Ej,c and P respectively.
Because the Raman intensity is proportional to the square of the dipole; an increase in
polarizability or incident field enhances the Raman signal. Roughened surfaces used to
achieve this effect have consisted of coinage metals such as platinum, ruthenium, iron,
and nickel. However, very large enhancements have been reported from noble metals
such as gold, silver, and copper.

In normal Raman, the Stokes Raman signal is proportional to the Raman cross
section, the excitation laser intensity, and the number of molecules in the probed
volume.”” In SERS experiments where molecules are attached to metal colloids, the
SERS Stokes Raman signal is proportional to the Raman cross section of the adsorbed
molecule, the excitation laser, and the number of molecules which are involved in the
SERS process.’” There still exists great debate over what causes the SERS effect. The
first experiments on SERS demonstrated how pyridine signals were enhanced when they
were attached to roughened metallic surfaces. Methanol however shows no such
enhancements, nor do molecules attached to flat metallic surfaces. This is an example of

the electromagnetic enhancement effect. There is a gap of about two orders of magnitude

between calculated electromagnetic SERS enhancements and experimentally observed
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nonresonant SERS enhancement factors.”® Findings from early experiments by Jean
Marie and VVanDuyne point to electromagnetic enhancement as the mechanism for SERS
enhancement while Albrecht and Creighton proposed the chemical or charge transfer
enhancements for the reason behind the SERS effect. Therefore, the consensus is that
chemical and electromagnetic enhancements are the major contributors of the SERS
effect.

Chemical enhancements require direct contact between the molecule and the
metal and contribute an enhancement magnitude of 10-102.” Chemical enhancement
provides information on chemisorption interactions between metal and adsorbate. Several
models exist to explain the chemical enhancement effect of SERS. One proposed model
is assigned to electronic coupling between the molecule and metal forming an adsorbate
complex which increases the Raman cross section of an adsorbed molecule.” This model
is called charge transfer and is linked with the overlapped electronic wavefunctions
between the metal and adsorbte leading to ground state and light induced charge transfer
processes.® In the charge transfer model, an electron of the metal which has been excited
by a laser, tunnels into a charge transfer excited state of the adsorbed molecule. This
induces a different equilibrium geometry for the adsorbate molecule electron. A
relaxation of the excited state returns the electron to the metal, which leads to a
vibrationally excited neutral molecule and emission of a Raman-shifted photon.®

The adatom model explains the chemical enhancement effect of molecules
adsorbed at different defect sites on the metal surface. This model concludes the charge
transfer enhancement mechanism receives contributions from adsorbates at special active

sites of atomic scale roughness.(ASR)®" The adatom model was proposed by Otto et.al.
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who theorized a strong Raman enhancement for an adsorbate on a silver surface was only
possible when the adsorbate was bound to the ASR.* In this model, the electron laser
interaction increases the Raman signal because there is an additional momentum
available for scattering of electron hole pairs at ASR conditions. %

The electromagnetic enhancement effect is largely responsible for SERS. The
electromagnetic enhancement effect is attributed to enhanced local optical fields between
the molecule and metal surface due to excitation of electromagnetic resonances.
Excitation of the surface plamson increases the local field experienced by the molecule
adsorbed on the surface of the particle to roughly E*. The resonances are due to excitation
of surface plasmons. At the plasmon frequency, metal nanoparticles are polarized which
results in a large local field on the surface and an increase in Raman enhancement.®* The
molecule adsorbed onto the surface experiences an effective magnetic field. However, the
field decreases as it moves away from the surface a distance of 1/r°.%

The magnitude of SERS enhancement is dependent upon the design of the SERS
substrate. There are no clear cut best practices to design them, but they should be
designed to optimize chemical and electromagnetic enhancement effects. When designing
SERS substrates; the composition of the metal, size, and shape of the nanomaterials is
important. As stated earlier, silver and gold are the most commonly used materials for
designing substrates. Furthermore, SERS signals from silver nanomaterials are 10-100
fold higher than for gold nanomaterials.* However, gold nanomaterials are generally
used for biological samples because they have higher biocompatibility and better control
over its shape and size.® The intensity of the SERS signal increases with size and

nanomaterials size can range from 15-200nm. The optimum size was originally thought
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to be between 20-100nm, however, it has been shown that SERS signals can be obtained
from particles as large as 200nm in size.2®®” Controlling the shape allows for tuning the
optical and spectroscopic response of nanomaterials which is important for a wide range
of applications.®®

Many different platforms have been used as SERS substrates. They started out as
roughened silver electrodes, moved to silver and gold colloids, metal films, and a
combination of colloids and metal films.* Colloids are versatile, inexpensive, and cheap
to fabricate. They are used for studies as a sol or dried onto a solid support which leads to
the formation of a variety of shapes.” Colloids can be prepared by chemical reduction,
laser ablation, or photoreduction. The reduction of gold or silver with sodium citrate or
sodium borohydride is the most common chemical reduction method for the synthesis of
nanoparticles. Particles made in this manner can be stable for months to a year.*! Stability
of the colloidal solutions is attributed to ions, introduced during the fabrication of
colloids, absorbed to the metal surface.*

Self-assembly of nanoparticles into various patterns or arrays is another way to
fabricate SERS substrates. Different assembly approaches include layer-by-layer (LBL),
solvent induced evaporation, Langmuir-Blodgett (LB) assembly, external field-driven
assembly, ion or small molecule or polymer induced assembly, and liquid-liquid (LL)
interface assembly.? In our lab, we have used LBL, LB-assembly, and LL interface
assembly to make SERS substrates. LBL assembly is a technique where multilayers are
fabricated by alternating the deposition of positively and negatively charged colloid
particles.®® Substrates fabricated in this manner have reported SERS enhancement factors

of 7x10** LB-assembly generate a large uniform metal nanoparticle film up to several
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tens or hundreds of square centimeters in an area while controlling the optical and
electrical properties of the nanoparticle film being fabricated.*® A calculated
enhancement factor for this technique was reported as 1.2x10°. LL assembly allows for
nanoparticles to assemble into three dimensional constructs while reserving their
properties, and easy access to nanoparticles for post modification.*® This technique can
yield enhancement factors of 5.06x10%.%

Immobilized nanorod assemblies are another kind of method that can be used to fabricate
SERS substrates. These assemblies produce predictable and reproducible SERS
enhancements, allow for surface plasmon tunability at any wavelength, and large area
uniformity.®® Our group has fabricated aligned silver nanorod arrays (AgNAs) by oblique
angle deposition (OAD) as SERS substrates. OAD is a physical vapor deposition
technique where a substrate is positioned close to the grazing angle resulting in the
growth of nanorods in the direction of the deposition.*® Characterization of these rods by
scanning electron microscopy, transmission electron microscopy, and X-ray diffraction
showed them to be cylindrical with some irregular shaped surface protrusions. This
substrate can be patterned by a polymer molding technique to provide high throughput
sensing and multiplexing.*® Figure 1.3 show SEM images of tR array substrates.
Enhancement factors of these substrates were reported to be around 5x10° and a uniform
signal was achieved across the area of each substrate fabricated.*® While there are many
ways to fabricate SERS substrates several factors should be adhered to during the design
process. They should be stable, reproducibly prepared, inexpensive, and easy to make for

routine experiments.'®
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Figure 1.3 SEM images of Ag nanorod array substrate.

SERS substrates can be used as chemical sensors in a wide variety of applications.
Various applied research areas include corrosion, catalysis, advanced materials, biology,
and sensors. In environmental analysis SERS sensors have been used to identify
herbicides, banned food dyes, and pesticides in drinking water. SERS sensors have also
been used to detect pathogens such as adenovirus, bacterial meningitis, human
immunodeficiency virus, and bacillus spores. Furthermore, there is a movement to
implement SERS in clinical settings and research is being developed to probe in vivo
analysis.'®! Since the interest of this dissertation is to develop microarray technology to
detect carbohydrates and their interactions with various biomolecules a brief review of
SERS related research is given.

Silver nanorod arrays used as SERS substrates have been developed by our group
and applied to the detection of pathogens. We have fabricated a microwell arrayed SERS
chip on standard glass microscope slides. Fabrication of this substrate included the use of

the OAD technique to produce a SERS active surface, followed by well array pattering
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with polydimethylsiloxane (PDMS). The use of such substrate has the advantage of
saving on costs of deposition materials, requiring smaller amounts of samples, and the
ability to perform multiple isolated analyses. One application of this array was to detect
mycoplasma pneumonia in simulated and true clinical throat swab specimens. Three M.
pneumonaie strains were reproducibly differentiated by this technique and were detected
with a lower detection limit than standard PCR.'%? The array fabrication process shown
here will serve as the basis for the development of carbohydrate microarrays based on
SERS detection.

Another goal of this dissertation is to use SERS to detect carbohydrate
interactions. Very little work has been done in this area, so it is still developing.
However, recent work has demonstrated how SERS can be applied to this area.’® A
SERS aggregation system was designed to investigate glycan interactions with
Concanavalin A (ConA), which has specificity towards a-p-mannosyl and a-p-glucosyl
residues.’® Glycans were immobilized onto nanoparticles and a SERS reporter
compound, benzotriazole, dye was added to detect the signal. These glycannanoparticles
were later incubated with ConA. Using information obtained from a calibration study
which measured the SERS intensity obtained from the particles when mixed with ConA,
a limit of detection was calculated from this method to be 40pM. Although an array was
not created, this technique shows the potential to monitor carbohydrate interactions with
various biomolecules.

Specific interactions we are interested in investigating are those between
carbohydrates and influenza. More specifically we are interested in the interactions

between hemagglutinin (HA) and carbohydrates. HA is a glycoprotein of influenza and it
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binds with carbohydrates on the surfaces of cells. We have demonstrated the label free
detection of influenza proteins using the AgNR array. This study was carried out by
binding influenza protein to a polyvalent anti-influenza aptamer. Selective binding
between the aptamer-influenza protein complex could be identified based on collected
spectral signal.’® Combining techniques and ideas from the applications presented
demonstrates the belief that SERS detection of carbohydrate interactions with various

biomolecules can be achieved.

Chemometrics
Once SERS spectra are collected, they can be analyzed by chemometrics.
Chemometrics uses statistical and mathematical methods to provide information about

SERS data. Mathematics and statistics are also used to design or select optimal

experimental procedures, analyze chemical data to give relevant information, and acquire

knowledge about chemical systems. It applies multivariate data analysis to chemical data

to determine important variables that are not readily measurable. Chemometrics has been

used to determine the concentration of a compound or compound mixture, predict the
property or activity of a chemical compound, and evaluate the process status in chemical

technology.*®

The term chemometrics was first used by Svante Wold of the University of Umea

in1971. Early combinations of statistics and mathematics involved studying areas of
curve fitting and statistical control methods.'%” The field of chemometrics was developed
as advancements to the computer were made. In the late 1960s to early 1970s papers and

books were published on multivariate methods to interpret analytical chemistry
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data.'%*'% Chemomertics really expanded as it was becoming increasingly applied to near
infrared (NIR) techniques such as multivariate statistical methods principal component
analysis (PCA) and partial least squares (PLS). The first paper with chemometrics in its
title was submitted in 1975 by Kowalski in which he demonstrated the value of pattern
recognition.

Kowalski viewed chemometrics as a tool to that can extract data from a wide
variety of chemical fields. Kowalski’s interest in chemometrics began when he became
concerned that large amounts of data being collected from analytical measurements were
not being used to their full potential. At this time, there were no computer programs
being written for chemometrics so he created his own program for pattern recognition.
Immediately he saw the benefits of using this technique. Using this program the
combination of pattern recognition and display techniques gave solutions to problems
readily and n-dimensional measurement analysis was an improvement over simple
measurements by graphs. **®Chemometrics met initial pushback from scientists who
believed using this technique meant that experiments were being performed incorrectly.
Furthermore, some persons suggested that the field would die out.™"*** Now over a
hundred journals publish papers with chemometric analysis.

Multivariate statistics is used because many analytical chemistry measurements
require analysis of multiple species. This kind of analysis is divided into multivariate
classification and multivariate regression techniques. Regression methods are used to
analyze components of complex samples. A calibration model is built using data sets with

known concentrations and samples with unknown concentrations can be predicted.™
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Multivariate classification is a pattern recognition methods that can be further divided
into unsupervised and supervised techniques.

Unsupervised methods require no a priori knowledge about the training samples,
while a priori knowledge is required for supervised techniques. Samples which undergo
analysis by unsupervised methods will be grouped based on their shared components and
not qualifiers such as class membership. Therefore, this method is used for data
exploration so trends can be observed. Supervised techniques draw boundaries for
classification of samples into predefined boundaries.**® Supervised pattern recognition
methods can be summed up in the following manner: Training, calibration, and tests sets
are created where class membership is known. Variables containing classification
information are then selected. A mathematical model is derived using the training data
that describes the classes based on the variables belonging to the sample. Finally, the
model is validated to determine the reliability of the classification.*** Common
supervised and unsupervised statistical methods that will be discussed are PCA,
hierarchial cluster analysis (HCA) and partial least squares discriminant analysis (PLS-
DA) will be discussed as a supervised pattern recognition technique.

There are several advantages of using multivariate statistical analysis. Since
multivariate analysis uses all measured data, there is a reduction in noise caused by the
redundancy of measuring the same occurrence. Another advantage is that mathematics
makes non-selective signals become selective. Information gained from a multivariate
analysis can be used to validate, improve, and understand why generated models do not
work. This can be gained from scores and loadings plots which provide information on

samples that will give an understanding of the model. Also, the detection of data outliers
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is increased. This is important because errors can cause misinterpretation of model
information.*®

Analysis of SERS spectra can be complicated. Fluorescence background noise
and CCD background noise are just a few occurrences that may contribute to spurious
SERS signals.™*® Because many biological samples contain similar components, band
overlapping is also a problem in spectral analysis. Since SERS spectra can be complex,
special preprocessing steps are applied to remove these affects. It is also done to improve
exploratory analysis and classification models. Preprocessing steps also prevent
researchers from making incorrect conclusions or generalizations about their data. Failure
to preprocess data correctly can lead to the observance of noise or artefacts as real data.
Generally preprocessing steps include normalization, spectral derivation, and mean
centering. Preprocessing steps can be divided into sample base methods and variable
based methods. Sample based methods acts on each sample one at a time to remove
unwanted variance from individual samples. Normalization and derivitization are sample
based methods. Variable based methods act on variables of the data. The order of
preprocessing steps is important. Sample based preprocessing steps should occur prior to
variable based methods.

Our group has developed an order of preprocessing step. The first step in
preprocessing is baseline correction and it reduces uncontrolled background effects.
Derivatives remove additive and multiplicative effects from spectra. The first derivative
removes the baseline and the second derivative removes both the baseline and linear
trend.**’ Derivative methods in spectroscopy are used for spectra discrimination,

resolution enhancement, and quantitative analysis. Applied derivatives reveal small
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spectral differences and overlapped bands between seemingly similar spectra in a visual
way. It is recommended that derivative and smoothing take place in sync to provide
useful information.™*®

One such method that both smooths and derivatizes spectra is Savitzky Golay
(SG). This method was first popularized in 1964 by Abraham Savitzky and Marcel
Golay. The algorithm for SG first smooths spectral data by fitting it to a spectral curve
then derivatizes the fitted polynomial curve created.**® The following smoothing equation
is fit to spectral data:

Yi=ap+ ay(Vj- Vi) + ax(vj- Vi)> + ... + ap(Vj - vi)° Equation(1.3).

Here, ao,a,...ap fit the p-degree polynomial to the data within an interval of 2n + 1 points
centered on frequency v; where vi., < vi< vin are generated by a least squares criterion.
Hence, the central data point of the smoothing interval is replaced and the data window is
moved to the center of the next data point. Once spectral data has been smoothed, the
derivatives of any order can be calculated.

After the derivative is calculated the next step is spectral normalization.
Normalization methods identify a feature of spectral data that is consistent from sample
to sample and scales all variables to this feature. This ensures that all a samples will have
equal impact on the model constructed for analysis. Normalization methods are needed
because the spectral intensity may vary from sample to sample. This process is carried
out by dividing each data point X; of a spectrum X by a representative number A. Here A
can be the maximum value of the spectrum, the sum of all values in the spectra also
called the unit area, or the sum of squares of all values which is the unit length.*?° The

final preprocessing step that will be reviewed is mean centering. Mean centering
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subtracts the mean spectrum of the data set from every spectrum in the data set. In doing
so a sloping background is removed and variance within the spectral data set is not
altered.’*

After preprocessing spectra, data analysis can proceed by using exploratory
methods such as HCA and PCA. They both allow for graphical visualization of data sets
which may include high sample numbers and variables. Exploration of the presence or
absence of class groupings is the type of information that can be gained from these
methods.*?* HCA is the most widely used clustering method. HCA has two categories:
agglomerative and partition methods. An agglomerative method starts each sample as its
own cluster and then combines existing clusters into larger ones. Agglomerative methods
include nearest neighbor, furthest neighbor, pair group average, centroid, median, and
ward’s method. In partition methods all samples are considered to be a single cluster and
then they are divided into smaller clusters. Partitioning method most commonly used is
K-means. 8122

When setting up an HCA experiment, the SERS spectral data is first preprocessed
using the procedures above. Next the distance measure is specified. PLS toolbox uses
PCA, the original X-variables, Euclidean distance, or Mahalanobis distance to make
distance determinations. The number of PCs to use for distance measure is selected and
using PCA will reduce noise and provides collinearity. Euclidean distance is the
geometric distance in multidimensional space and it is the most common measure of
distance. Mahalanobis allows for the dominate multivariate directions to be accounted for

when performing clustering procedures. It accounts for the object points in the variable

space and is independent from the scaling of variables.*®
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After distance measures are selected, the type of HCA method is selected. The
partition method K-means selects K objects that are to be used as cluster targets. Here, K
is determined a priori. As this method progresses objects are allocated to one of the
clusters using the distance from each of the K targets. Next new cluster targets are
calculated as the means of the objects in each cluster. This procedure is repeated until no
objects are reassigned.''®

Agglomerative method starts each sample as its own cluster and then combines
existing clusters into larger ones. These methods differ on how the distance between the
clusters is defined. For Nearest neighbor, the distance between clusters is the minimum of
all possible pair wise distances of objects between the two clusters. Furthest neighbor
distance is defined as the maximum of all pair wise distances of objects between the two
clusters. Pair group averages distance between clusters as the average distance over all
pair wise distances between objects in the clusters. Centroid is defined by the multivariate
means of each cluster. Median distance is the difference in the weighted multivariate
means of each cluster. Ward’s method does not account for cluster centers. It joins
existing clusters in a manner that minimizes within cluster variance.

HCA produces graphical information in the form of a dendrogram which is a two
dimensional representation. Dendograms show how samples are grouped into
successively larger and more inclusive categories and they show what groups are created
when the clustering criteria changes. From the dendogram we can explore sample pattern
analysis, grouping, decision making, data mining, and pattern classification.

PCA is a method for reorganizing data from a set of samples. This technique is a

data reduction method from which information can be extracted from large data sets. The
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individual samples are expressed as a linear summation of the original data multiplied by
a coefficient which describes the PC. The values generated from the linear summation are
known as scores. PCs explain a majority of the information contained within the data.
PCA dissolves data sets into orthogonal components where linear combinations
approximate the original data with a desired degree of accuracy. As PCs are calculated
each component describes the maximum possible amount of residual variance in the data
set.'?

PCA identifies variables which describe major trends in data. Consider a data
matrix X. Each sample is represented by rows and is designated by m. The variables are
represented by columns and are designated by n. PCA decomposes the matrix X as the
sum of r tj and p;. The rank of the matrix X is denoted as r. The t; and p; pairs are ordered
by the amount of variance captured. Scores are t; vectors and p; vectors are loadings. The
score vector is a linear combination of the original X variables defined by p;. Loadings
contain information on how the variables correlate to each other. The t;, p; pairs are
ordered in descending order according to the amount of variance described. So, the first
pair captures the largest amount of data for any pair. After so many components are
calculated the remaining small variance factors are put into a residual matrix E.'?®

Scores can be visualized as line or scatter plots. Samples that have similar scores
will be grouped together, so classes formed from the PCA analysis can be readily
visualized. Scores plots are only specific for the fraction of variance they describe. For
instance, scores that describe five percent of the data do not have much meaning over the
entire data set. Loadings identify what a principal component represents therefore, what

the scores of the model represent can be described. Loading plots can also identify which
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variables of the data cause groupings in the scores plots. The loadings and scores plots
can be linked together. This allows for observed groupings to be explained.?® Residuals
provide information as to what spectral variation has not been explained.*?®

In addition to data reduction and classification, PCA can also be used to identify
sample outliers. Outliers are describe as unusual samples and if they are not removed
analysis of the PCA model can be incorrect. Identified outliers should be removed and
replaced with data of the same type. The first step to identify outliers is to survey the raw
data. Samples that contain cosmic rays or any other artefacts should not be included in
the data set used to build a PCA model. Furthermore, cosmic rays can be removed with
most software and after its removal spectra can be used. Hotelling’s T? is an automated
process of looking for outliers in scores plots.*® The Q statistic measures the difference
between the original data and the data reconstructed on the basis of the calibration model.
They are used to examine how each sample conforms to the model. High Q values
indicate samples have large out of model residuals. A plot of Q residuals and Hotelling’s
T2 values are normally used to evaluate outliers.**”

PCA has been used to evaluate information from carbohydrate arrays. PCA was
applied to a ToF-SIMS study which investigated ways to immobilize saccharides onto
metal surfaces with correct orientation. ToF-SIMS was used to monitor the
immobilization of the saccharides in a stepwise manner. PCA applied to the data
collected from ToF-SIMS allowed for the identification of key peaks that characterized
the saccharide samples and contributed to differences between the surface chemistries.
Scores and loadings plots were generated. The scores plot explained the relationship

between the spectra in the collected data sets with each point on the plot. The loadings
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plot identified the relationship between the PCs and the peaks in the ToF-SIMS data set.
This information was used to identify which peaks were related to each sample types.
Using PCA they were able to identify regions of spectral similarity and distinguish
between similar chemical fragments. Combining PCA with ToF-SIMS researchers were
able confirm immobilization of the saccharides as well as cell material interactions. This
shows how beneficial it is to use carbohydrate microarrays combined with PCA to gather
information about trends observed in data sets.*®

Linear disciminant analysis (LDA) uses linear discriminant functions to maximize
the ratio of between class variance and minimize the ratio of within class variance. It is a
data reduction method because it identifies a smaller dimension hyperplane on which data
points are projected from the higher dimension and this is done in a manner to achieve
class separation. LDA is limited as a classification technique because the number of
variables should not exceed the number of objects. This can be remedied by combining
LDA with partial least squares (PLS). PLS models a relationship between dependent
variables and independent variables; finding components in the data that describe as
much as possible the variations within the data set. It does this by maximizing the
correlations with values in the dependent variables and minimizing variations that are
noisy or not important.**

PLS-DA is a classification method that combines partial least squares regression
with discriminant analysis. It is based on PLS algorithm and identifies latent variables
(LVs) that have a maximum covariance with the Y-variables.®® LVs are linear

combinations of original variables and they are used to identify data variability in SERS

spectra. Similar to PCA, PLS-DA calculates scores and loadings, but they are done in a
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different manner. Loadings are the linear combinations of variables which determine the
LVs and they identify the influence of each variable on each LV. Scores show the
projection of samples in the LV hyperspace.

Building a PLS-DA model requires several parts. A class vector is assembled
containing memberships of samples the selected classes. Since PLS-DA is a supervised
method, class membership is done before the analysis. For SERS, the model will also
include the raw spectral data which has been input into an X-block and a Y-block which
is a dummy matrix used to assign class membership. The Y-block assigns a 1 or 0 to each
sample. One indicates the sample is a member of the class and O designates no class
membership. The Y-block is a matrix that contains rows for every sample and columns
for each class. The loadings of the X-block which is the preprocessed original data are
calculated from the scores of the Y-block and the loadings of the Y-block are estimated
from the scores of the X-block.

The model is calculated using a PLS2 regression which is calibrated on the Y-
block. The model generates estimated values for each sample and class. Class
assignments are made based on these estimated values. So samples whose values are
close to one will be assigned class member and samples whose values are closer to 0 will
not be given class membership. A threshold can also be use to assist with assessing class
memberships. Thresholds are calculated using the Bayes theorem. The Bayes theorem
attempts to minimize probability error that may occur when assigning samples to
classes.® If the estimated value for sample is higher than the defined threshold for the
class, then the sample will be assigned membership to the class. This also works in the

reverse.*?’
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The selection of LVs is based on the root mean square error cross validation
(RMSECV) curves. RMSECV measures the model’s ability to predict samples that were
not used to build the model. CV methods divide samples into groups and each group is
removed from the training set one at a time and the model is calibrated on the remaining
training samples. Then class membership is predicted for the CV group. The model is
then calculated based on the selected number of LVs. For PLS-DA the presence of
outliers can be assessed by Q redisuls and Hotelling’s T2,

Scores and loadings plots are used to visually interpret the data. The scores plots
graphs the calculated values as defined by the selected LVs. Classification of samples can
be clearly observed using the PLS-DA scores plot. The loadings plot identifies which
variables are important for classification. For SERS analysis, chemical information about
the sample can be learned and this knowledge can be applied to make generalizations
about similar systems. Models are evaluated based on their overall sensitivity and
specificity. Specificity measures the portion of negative samples which are correctly
identified as negative. Sensitivity measures the portion of positive samples that are
correctly identified as positive.*’

PLS-DA combined with SERS array technology was used to identify virulence
determinants in influenza viruses. An oligonucleotide silver nanorod array was fabricated
for rapid and sensitive detection of pathogenicity determinants isolated from pandemic
influenza viruses. This method was used to directly identify RNA and genetic mutations
in PB1-F2, a protein linked to influenza virulence, without amplification or labeling of
the virus. PLS-DA was used to build classification models to discriminate high virulence

RNA binding to the substrate. The Venetian Blinds cross validation method was used to
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evaluate the model. Models were built to identify high and low virulence strains. The
PLS-DA scores plots showed a clear separation between low and high virulence samples.
The model reported 100% sensitivity and specificity. The current method used to assay
for influenza is PCR. It has shown sensitivity around 75%. So in comparison SERS
combined with PLS-DA shows much higher sensitivity and this demonstrates a powerful

analysis method that can be readily applied to carbohydrate microarray analysis.**

The Objectives Of This Dissertation Were:

1. Determine if biotin can be immobilized on gold nanoparticles using strain
promoted click chemistry. Then determine if SERS can be used to detect avidin
binding to the modified surface.

2. Develop a carbohydrate array where carbohydrates are immobilized to gold
nanoparticles using strain promoted click chemistry. Then detect protein binding
and determine if SERS can differentiate between different proteins from the same
family.

3. Immobilize 2,3 and 2,6 o sialylated carbohydrates to gold nanoparticles using
strain promoted click chemistry. Then determine binding specificity of Influenza
hemagglutinin to the a sialylated carbohydrates using SERS detection. Finally
determine if SERS can differentiate hemagglutinin from different types of

influenza viruses.
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CHAPTER 2
SURFACE ENHANCED RAMAN SPECTROSCOPY DETECTION OF BIOTIN

AND AVIDIN INTERACTIONS

Introduction

Avidin is a tetrameric protein with a high affinity to biotin. The avidin-biotin
molecular recognition complex has been studied extensively and applied to many
applications. The concept behind its use is that avidin can recognize biotin in its natural
or modified state."*? Biotin is composed of an uriedo ring fused to a tetrahydrothiophene
ring and it contains a valeric acid side chain which may be used for modification
purposes. Avidin recognizes the bicyclic ring system of biotin and because avidin is
tetrameric it can bind up to four biotin units at once. The reported dissociation constant
for avidin biotin binding in a tetrameric assembly is Kp=10""M. ** This is the highest
known affinity in nature between a protein and a ligand.***

Because of the valeric acid side chain, biotin can be modified in a variety of ways.
Through this modification, biotin can be immobilized to nanoparticles to create
biosensors. Biotin can be modified by N-hydroxysuccinimide (NHS) esters to target
amine groups. Variations of NHS esters that have been used for such linkage are sulfo-

NHS and tetrafluorophenyl (TFP)-NHS. Biotin derivatives are also modified with amine

groups directly. Biotin can also be modified to target sulfhydryl groups. This requires
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biotin to be modified with malemide and pyridyl disulfide groups. An alternative method
to immobilize biotin is to use strain promoted click chemistry reactions.

Therefore, to develop biotin nanoparticle sensors strain promoted azide alkyne
click chemistry reactions were used to attach biotin derivatives to gold nanoparticles.
Azide alkyne cycloaddition reactions are reversible, give high yields, stereospecific,
produce no offensive by products and the incorporation of azide moieties into compounds
is relatively simple. For this study azide linkers were synthesized containing an eleven
carbon chain, PEG groups to reduce nonspecific protein binding, and disulfide moieties
for attachment to gold nanoparticles. The hydrophobic alkane region encourages
monolayer formation and the PEG moiety facilitates compatibility with an aqueous
environment. After immobilization of the azide linker a biotinlyated DIBO was used to
click to the azide groups on the nanoparticles. The ring strain generated using BDIBO is
enough to catalyze the reaction between the azide and alkyne group without the need for
a copper catalyst. After immobilization of biotin, the biosensing capability of the
modified nanoparticles was tested to see if they could detect avidin.

The formation of the biotinlyated sensors and incubation with avidin protein was
detected by UV-Vis analysis and surface enhanced Raman spectroscopy. SERS is as a
powerful tool for chemical and biological sensing applications. This technique can be
used to determine molecular structural information and provides ultrasensitive detection
limits, which includes single molecule sensitivity.*® Current applications of SERS
relevant to this proposal include DNA and bacteria biosensing, detection of processes
within living cells, and detection of different viral strains. SERS has also been used to

monitor click chemistry reactions. In a study by Yoo et al., SERS was able to monitor in
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real time the formation of a 1, 2, 3-triazole from the Cu' catalyzed azide alkyne
cycloaddition.’* Based on these bodies of work it is expected that SERS will be a
suitable fit to detect biotin avidin binding interactions.

Raman and SERS studies have been used to investigate biotin avidin interactions.
These studies relied on common protein bands that have high Raman cross sections to
detect avidin. Tryptophan (Trp) residues of avidin are implicated in as being important
for binding to biotin.**" Studies have shown that Trp is protected by biotin from oxidation
and removal of Trp renders the protein inactive. Raman spectra of the biotin-avidin
complex yielded spectral bands of amino acids: Trp, phenylalanine (Phe), and tyrosine
(Tyr), Lysine (Lys), threonine (Thr), and alanine (Ala). More protein bands observed in
SERS spectra were Amide | and Amide 111 vibrations.™*®'*° Therefore, using these studies
as a guide, we were be able to see similar peaks using our method. To examine SERS’s
ability to extract structural information of avidin biotin binding hierarchical clustering
analysis (HCA) and partial least squares analysis (PLS-DA) methods were used for

chemometric data analysis.

Experimental Methods
Materials. Highest Grade V1 mica sheets and gold nanoparticles with a diameter of 60nm
were purchased from Ted Pella. ACS grade ethanol, phosphate buffer saline (pH=7.4),
and (11-Mercaptoundecyl)tetra(ethylene glycol) were purchased from Sigma Aldrich.
Dimethylformamide was purchased from J.T. Baker and sterile water was purchased

from Braun. Gold (99.999%) and Chromium (99.998%) evaporation pellets were
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purchased from Kurt J. Lesker. Bovine Serum Albumin (BSA) was purchased from
Thermo Scientific. Avidin-FITC was purchased from Invitrogen.

Preparation of Substrate. The substrate used for this study was a gold covered mica

sheet. A Thermionics vacuum evaporator was used to prepare gold substrates. Highest
Grade V1 mica sheets were cleaved using tweezers. The substrates were then placed into
the Thermionics vacuum evaporator chamber. Ten nanometers of chromium was
evaporated onto the freshly cleaved mica surface to provide an adhesion layer for gold.
Then 300nm of gold was evaporated onto mica sheets at a rate of 1 A/s. After thermal
evaporation, substrates were flame annealed and cut into 1x1cm chips.

Preparation of Clicked Biotin Nanoparticles. Structures of analytes used in this study are

shown in Figure 2.1.
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Figure 2.1. Analytes used in biotin —avidin studies. (A) N,AT, (B) MEG,
(C) BDIBO ,(D)Clicked Product.
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Gold nanoparticles were functionalized with azides by placing them in a solution of the
azide (N3AT) and spacer (MEG), which were dissolved in DMF, for 12h under stirring.
To ascertain the best binding condition MEG/N3AT solutions were prepared in different
ratios. The ratios were 4:2, 6:2, and 8:2. After the binding time was completed, the gold
nanoparticle solution was purified by centrifugation to remove any excess MEG/N3;AT
that did not bind to the gold nanoparticle. Three rounds of centrifugation were done to
ensure all excess MEG/N3AT had been washed away. Between each round, the
nanoparticle supernatant was removed and fresh nanopure water obtained from a
Barnstead Nanopure purification system was added. Centrifugation formed the
nanoparticles into a pellet so after the last cycle, the particles were sonicated to break up
the pellets. The MEG/N3AT solution was divided into two halves. One half was kept for
SERS analysis and the second half was incubated with a 2mM solution of BDIBO. These
samples were reacted overnight under constant shaking. Following the overnight period,
this biotinylated gold nanoparticles were purified by centrifugation. The particles were
resuspended into nanopure water obtained from a Barnstead Nanopure water purification
system. SERS samples were prepared by removing 30ul of the biotinylated nanoparticles
from the solution. The particles were dropped onto a gold mica substrate, allowed to dry
overnight and analyzed by SERS.

Avidin-Biotin Binding Studies. All protein binding experiments were done using the

biotinylated nanoparticles that had been prepared with a MEG/N3AT ratio of 8:2. Avidin-
FITC protein solution was prepared in a PBS buffer to a final stock concentration of
50ug/ml. For the timed binding experiments three centrifuge tubes were filled with 500pl

of the biotinylated nanoparticle solution. To the tubes were added 500l of PBS buffer
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and 250 pl of the avidin protein. The final concentration of the avidin protein in these
solutions was 12.5ug/ml. The vials were wrapped into aluminum foil and placed into an
incubator which had a temperature of 4°C. Avidin was incubated with the biotinylated
particles for 15mins. After this period, the tubes were purified by centrifugation. They
were washed two times with buffer solution and a final wash with Braun water to remove
salts from PBS from the solution. Samples were later sonicated to resuspend the particles
in water. For SERS analysis 30ul of the avidin-biotin gold nanoparticle solution was
removed from the centrifuge tubes and dropped onto the gold mica substrate and allowed
to dry overnight.

In addition to avidin, neutravidin was also used in experiments. Neutravidin-FITC
was purchased from Invitrogen. Neutravidin is a modified form avidin that does not
contain carbohydrates. Therefore, it has lower nonspecific binding properties.**° Binding
experiments for neutravidin were prepared in a similar manner in comparison to the
avidin samples. The same binding time of 15 mins was used and SERS, fluorescence, and
UV-Vis response was measured.

UV-Vis Analysis. UV-visible absorption spectra were recorded on a Beckman Coulter

DUB00UV/Visible spectrophotometer using a 1cm path length quartz cuvette.

Fluorescence Measurements. Samples were spotted into a 96 well microplate from

Greiner Bio-One. Fluorescence measurements were recorded on a POLARstat OPTIMA
multidetection microplate reader. FITC has an excitation wavelength of 495 and an
emission wavelength of 519.

SERS Measurements. SERS measurements were obtained using a Renishaw inVia

confocal Raman microscope system equipped with a 785nm near-infrared diode laser as
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the excitation source. The incident laser beam was delivered to the sample through a 20x
(NA=0.40) objective onto an automated sample stage. The laser spot is ~4.8 x 27.8um.
The laser power was set to 1%, where the power at the sample surface was measured to
be ~3.5mW. Thirty microliters of each sample were spotted onto gold covered mica
substrates. Five-ten spectra were recorded from different locations on the substrate.
Acquisition settings were 5 accumulations for 10s each. The spectral range recorded was
between 2300 and 350 cm™.

Data Analysis. SERS spectra were averaged then baseline corrected using GRAMS32/Al
Version 6.0 spectral software package. Raw SERS spectra were pre-processed for
chemometric analysis in the following manner. Raw SERS spectra were derivatized using
the Savistky-Golay algorithm. The first derivative of each spectrum was taken using a
15point, 2" order polynomial followed by normalization to unit vector length with
Matlab software. This allowed direct intensity comparison between samples and between
variables within a sample. HCA was carried out using the median agglomerative method
in PLS Toolbox 4.0 (Eigenvector, Wenatchee, WA). PLS-DA models were built to
classify samples as well. The robustness of the models created by PLS-DA was tested by

cross-validation (CV) with Venetian Blinds.

Results and Discussion

Determination of a Suitable Ratio of MEG and NsAT. A suitable ratio of MEG and N3AT

was determined to ensure clicking would take place. In the present scheme, MEG serves
as a spacer compound to dilute the number of azides on the surface. This is needed

because, if each of the self-assembling compounds contains an azide moiety, the

49



recognition and binding of BDIBO will less likely occur. Densely packed monolayer of
all azides would block each other, preventing the binding of BDIBO.'*

Molar ratios of MEG:N3AT used were 8:2, 6:2, and 4:2. SERS spectra were taken
of MEG followed by the mixed ratios of MEG:N3;AT. The spectra can be seen in the

Figure 2.2.

MEG

4-2

6-2

Raman Intensity (A.U.)

8-2
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Raman Shift cm!

Figure 2.2 SERS spectra of MEG and different molar of MEG:N3AT.

MEG and N3AT have similar structures. Therefore, it is not surprising that spectra MEG
and MEG:N3AT are similar. Although MEG and N3AT have similar structures, because
MEG is present in a higher ratio, its spectrum dominates. Assignments can be seen in
Table 2.1. Azides generally have a band around 2200cm™ however, it appears weak in

Raman spectrum. Attachment to the nanoparticles is evidenced by the (C-S) bands at 638
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and 712cm™. Furthermore, not shown in the spectra is the absence of the (-SH) band at

2500cm™ and the (S-S) band ~500 indicate attachment of the linkers to the gold

nanoparticle.

Table 2.1. Assignment of the SERS bands in
the spectra of MEG and MEG:N3AT.

Wavenumber cm! Assignment

638 v(C-S)G

712 v(C-S)T

803 CH, rocking

843 CH, rocking

885 CH, rocking

1000 v(C-C)

1062 v(C-0) stretching
1114 CH, twisting
1297 v(C-0) stretching
1438 v(C-H) stretching
1457 v(C-H) stretching
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Biotin was clicked onto the functionalized surface using BDIBO. To understand
what features can be attributed to the BDIBO moiety, a SERS spectrum was taken of this
compound and is shown Figure 2.3. It should be noted, that the orientation of BDIBO as
a free compound is different from how it would be once it is clicked onto the

functionalized azide surface. Therefore, spectral features will appear differently once

Raman Intensity (A.U.)

2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Raman Shift cm!

Figure 2.3. SERS spectrum of BDIBO.

BDIBO is clicked to the azide surface. However, there are some spectral characteristics

that will be similar to both spectral orientations.

Characteristic spectral features that are of interest reside in the region between 1900-

2200 wavenumber (cm™). These bands can be attributed to (=C-C) vibrations. These

peaks for (=C-C) will disappear when BDIBO clicks to the azide functionalized surface.
The SERS spectra of the clicked biotin product are shown in Figure 2.4.

Examination of the clicked biotin spectra reveals several things. First, in the spectra for
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the ratios of 4:1 and 8:1, there is an appearance of bands around 679, 744, 951, 1021,
1563, and 1612 cm™. These bands can be assigned to the BDIBO compound. In these
spectra, evidence that clicking occurred between the BDIBO and azides can be seen the
disappearance of the bands for (=C-C)vibrations and the appearance of bands for the

formation of triazole around 1340 and 1530 cm™.

e WW\
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Figure 2.4. SERS spectra of the clicked biotinylated gold nanoparticles.

the disappearance of the bands for (=C-C)vibrations and the appearance of bands for the
formation of triazole around 1340 and 1530 cm-1. It should be noted that there is no
evidence that clicking of BDIBO occurred in the ratio of 6:1.

The spectrum contains (=C-C) vibrations and no bands for the BDIBO compound appear.

Spectral assignment can be seen in Table 2.2.
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To ensure that biotin was clicked onto the surface, our collaborators synthesized a
model compound to simulate the clicked product between BDIBO and azide. This
compound was prepared in an ethanolic solution and incubated with the gold
nanoparticles. The spectrum for this compound is shown in Fig 2.5 and it is compared
with the biotinylated spectra of 8:2, 6:2, and 4:2. Although there are dominant bands
from the MEG group, comparison of the four spectra show similar bands. Furthermore,

Table 2.2. Assignment of the SERS bands in
the spectra of the clicked biotin complex.

Wavenumber cm!  Assignment

641 MEG
679 BDIBO
709 MEG
744 BDIBO
850 MEG
887 MEG
950 BDIBO
1002 MEG
1021 BDIBO
1061 MEG
1103 MEG
1296 MEG
1335 Triazole
1436 MEG
1448 MEG
1529 Triazole
1563 BDIBO
1612 BDIBO
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the bands denoted with asterisks identify bands for biotin. Based on these results the ratio
of 8:2 was chosen for further experiments.

The biotinylation process for ratio of 8:2 samples were also analyzed by UV-Vis
spectroscopy. The spectra can be seen in Figure 2.6. UV-Vis also allowed the derivation

process to be followed step by step. Spectra were taken of the bare gold nanoparticles,

’ ' '

Model Compound
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Figure 2.5. SERS spectra of the model compound and clicked
products.

derivatization with MEG:N3AT, addition of BDIBO. Upon addition of MEG:N3AT to the

gold nanopatrticles, there is a slight red shift in the surface plasmon of the nanoparticle.
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This shift indicates that the nanoparticle has been derivatized in some manner. These
results go along with previous studies.*** When biotynlation occurs, the peak is
broadened and shortened.

Avidin Capture by Clicked Biotin Nanoparticles. Avidin-FITC was used to examine the

sensor capability of the clicked biotin nanoparticles. Avidin[12.5ug/ml] was incubated
with the nanoparticles for 15mins. The addition of avidin caused the nanoparticles to

aggregate and in Figure 2.7 of the UV-Vis spectrum there is significant broadening of the

Absorbance
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Figure 2.6. UV-Vis spectra Biotinylation process of gold nanoparticles. (A)Bare GNP
(B) MEG/N,AT, (C) biotinylated MEG/N,AT, (D) Avidin binding to biotinylated

nanoparticles.
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Figure 2.7. UV-Vis spectra of avidin timed Studies. (A)Bare GNP (B) MEG/N,AT,

(C) biotinylated MEG/N,AT, (D) Avidin binding to biotinylated nanoparticles.

surface plasmon of the nanoparticle. This is expected because avidin has up to four
binding sights for biotin. Therefore, crosslinking between biotinylated nanoparticles can
occur as has been previously reported.*** UV- VIS spectra were also taken for the
neutravidin samples and they are shown in Figure 2.8. A similar trend is observed when
neutravidin is added. The surface plasmon for the nanoparticles dampens and broadens.
This is indicative of the protein binding to the nanoparticles.
Since the avidin and neutravidin purchased contain the fluorescent label FITC at
a ratio of 1:1, the concentration of avidin captured by the biotinylated nanoparticles can
be estimated from a standard fluorescence curve. A standard fluorescence curve of

avidin-FITC was generated to estimate the amount of avidin and neutravidin captured
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Figure 2.8. UV-Vis spectra of neutravidin timed studies. A)Bare GNP (B) MEG/N,AT,
(C) biotinylated MEG/N,AT, (D) Neutravidin binding to biotinylated nanoparticles.

Table 2.3. Fluorescence intensity values for protein studies with estimated
concentration.

Sample Fluorescence Intensity Estimated Protein
Concentration (uM)

Biotin- Avidin 572 1.56E-2
MEG-Avidin 105 9.82E-3
Biotin-Neutravidin 316 1.39E-2
Biotin-BSA-Avidin 208 1.11E-2
MEG/N;AT-BSA-Avidin 74 9.44E-3
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onto the nanoparticles. A table detailing the fluorescence intensity values for the
biotinylated nanoparticles and the standard curve is presented in Table 2.3. It is well
known that a major problem with avidin is high nonspecific binding. This problem can
be attributed to presence of sugars mannose and N-acetylglucosamine on the backbone
structure of avidin and the high isoelectric point of avidin.'** Therefore, nanoparticles
containing only MEG were also reacted with avidin to examine nonspecific binding of
avidin. The values of the fluorescence response and estimated concentration are also
given in Table 2.3. The table shows that as expected, when biotin is present, the
fluorescence response for avidin is enhanced. The fluorescence response recorded when
avidin is present is over 5Xs greater when only MEG is present. Also, the fluorescence
response for the MEG nanoparticles is over 5Xs higher than the control, PBS. This is due
to the high nonspecific biding of avidin.

In addition to avidin, neutravidin was also used in similar binding experiments.
Neutravidin is a modified form avidin that does not contain carbohydrates. The binding
affinity of neutravidin to biotin is less than avidin, so a decrease in fluorescence intensity
was expected.’*® The fluorescence responses and estimated concentration for neutravidin
are shown in Table 2.3. It should be noted that the avidin and neutravidin concentrations
and binding times are the same for both binding experiments. Comparison of the
fluorescence response values for avidin and neutravidin indicate lower values for
neutravidin.

One final fluorescence experiment included the use of BSA as an agent to block

avidin from binding to the surface of the gold nanoparticles. BSA has a similar molecular
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weight to avidin, no specific reaction with biotin, and is commonly used to block
nonspecific interactions in ELISA procedures.**® A solution of BSA was added to the
nanoparticles after biotinylation for 15mins at 4°C. After purification by centrifugation,
avidin was then added to the nanoparticles for 15mins. After this time the samples were
washed using the same procedure in the methods section. The fluorescence response for
the biotin-bsa-avidin and MEG:N3;AT-BSA-avidin nanoparticles are 208 and 74
respectively. These values are significantly lower than the biotin-avidin nanoparticles and
MEG-BSA-avidin.

Further characterization of the derivatized nanoparticles was done by SERS. To
begin, a SERS spectrum of avidin was taken as a reference for spectral assignments. This

spectrum is seen in Figure 2.9.
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Figure 2.9. SERS spectrum of Avidin.
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SERS spectra of biotinylated nanoparticles incubated with avidin, neutravidin, and MEG-
avidin were taken as well. The averaged spectra are shown in the Figures 2.10 and 2.11.
Several spectral comparisons were examined. The avidin bands which appear in the
spectra are denoted by astericks.'*

A number of observations can be made from the spectra presented. The SERS bands for
avidin appear to be weak in the spectra. Previous studies have shown that the avidin
signals can produce a very high background.**” One reason for this observation is due to
the small amount of avidin captured onto the biotinylated nanoparticles. The

estimated concentration of the averaged biotin-avidin, biotin-neutravidin, and biotin-

MEG is 15.6nM, 13.9nm, and 9.82nm respectively. Since the MEG and MEG:N3;AT

concentrations are much higher, they mask some of the avidin signals.
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Figure 2.10. SERS spectrum of avidin and nentravidin binding. (A) Biotinylated
nanoparticles, (B) Biotinylated nanoparticles + avidin , (C) Biotinylated nanoparticles +
neutravidin, (D) avidin.
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Figure 2.11. SERS spectrum of avidin and nonbiotinylated nanoparticles. (A) MEG
nanoparticles, (B) MEG nanoparticles + avidin , (C) avidin.

Another explanation for the low SERS signal for Avidin may be explained by the
SERS effect. Two mechanisms that are used to explain the SERS effect are charge
transfer and electromagnetism. The electromagnetic mechanism occurs when the
electromagnetic field is enhanced by a plasmon excitation through the incident laser on
metal surfaces.*® Charge transfer occurs through a charge transfer process between the
adsorbed analyte and the metal surface.” These methods work simultaneously to
contribute to the overall enhancement. A requirement for the charge transfer effect is that
the molecules are in direct with the surface of the gold nanoparticles. Therefore, the first
monolayer which consists of MEG or MEG:N3AT will have higher enhancements than

the clicked biotin and avidin, which are further from the surface.** It has been shown
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that electromagnetic enhancements decrease exponentially with increasing chain length
for groups chemically bound to roughened surfaces.*® Hence, molecules closer to the
surface will experience greater electromagnetic enhancements than those further away.
These observations can be seen in several ways be examining the SERS spectra.
The avidin spectrum shows well defined spectral bands. This sample was prepared by
adding avidin to bare gold nanoparticles. Hence, the avidin molecules are in direct
contact with the gold nanoparticles, therefore avidin bands are greatly enhanced. If the
spacer is added first and then avidin, there is a noticeable reduction in bands for avidin,
which is due to its signal being masked by the MEG. In the spectra where avidin is added
after biotynlation, there is a significant reduction in the signals for avidin. Avidin bands
in the SERS spectra of the BSA coated nanoparticles appear weaker than the spectra
where BSA is not used. This suggests that BSA was able block additional binding sights
on the gold nanoparticles, therefore promoting further biding to biotin. The estimated
concentration for MEG/N3AT nanoparticles + BSA + avidin and biotinylated
nanoparticles + BSA + avidin was 11.1nM and 9.44nM respectively. SERS spectra for
these samples can be seen in Figure 2.12. Avidin bands in the spectra are indicated with

astericks.
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Figure 2.12. SERS spectrum of avidin and nentravidin binding. (A) Biotinylated
nanoparticles, (B) MEG/N,AT nanoparticles + BSA + avidin, (C) Biotinylated

nanoparticles + BSA + avidin , (D) avidin.

Chemometric Analysis. Since the SERS signals of avidin appear very weakly in the SERS

spectra, chemometric methods were used for classification purposes. Classification tools
used were HCA and PLS-DA. HCA is an unsupervised statistical method for analysis
which groups objects which have close distance to one another.'®> HCA is used to reduce
dataset dimensionality, reduce noise, and cluster similar spectra into groups for
classification. HCA was used to cluster data from the biotinylation of the gold
nanoparticles followed by incubation with avidin. Because new chemical components are
added to the nanoparticles at each step, the samples should cluster according to the new

components added. The analysis contained SERS spectra of MEG:N3AT,
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MEG:N3sAT:BDIBO, and MEG:N3;AT:BDIBO-Avidin. The results of the HCA analysis

are shown in Figure 2.13.
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Figure 2.13 HCA dendrogram of the biotinylation process and avidin binding.

The dendogram shows clear separation between the classes. This indicates there is
enough spectral differences for the samples to cluster together. Since this HCA is an
unsupervised method of analysis class membership was not established beforehand.
Further analysis was done by PLS-DA, a supervised statistical method where
prior knowledge of the classes is used for classification.®* This method minimizes the
contribution of spectral features which vary within a particular class and maximizes the
contribution of spectral features which vary among the different classes. The first model

was built to analyze the biotinylation and avidin incubation process. The model built
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contained SERS spectra of MEG:N3AT, MEG:N3AT:BDIBO, and MEG:N3sAT:BDIBO-

Avidin. The model built is shown in Figure 2.14.
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Figure 2.14 PLS-DA scores plot of the biotinylation process and avidin binding.
Classes used to build the model were MEG:N,AT v MEG:N,AT:BDIB( % ,and

MEG:N,AT:BDIBO-Avidin B

The model was able to correctly classify samples as belonging to each class. Using PLS-

DA and HCA, we are able to identify samples that contain avidin. The next question to

answer is using this method can SERS distinguish between samples containing avidin and

nuetravidin. A PLS-DA model containing only samples from neutravidin and avidin was

built for analysis. The PLS-DA scores plot for this model is shown in Figure 2.15.
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Figure 2.15 PLS-DA scores plot of the avidin and neutravidin. Classes
used to build the model were MEG:N,AT:BDIBO-Avidin v and

MEG:N3AT:BDIBO-Neutravidi n %

As discussed earlier, neutravidin is an alternative biotin binding partner commonly used.
Carbohydrates have been removed from the structure of neutravidin allowing it to be
distinguished from avidin. PLS-DA was able to distinguish between neutravidin and
avidin. This is important because many biomolecules have more than one binding
partner. So the ability to distinguish binding partners will allow for an enhancement of
information that can be gained.

In the figures the threshold is plotted as the dashed line. Cross validated
predictions for each model tested are shown in Tables 2.4. Class designation is
determined by the separation of Y prediction values which will appear either above or
below the threshold. For example, in the Neutravidin vs. Avidin model, all the values that
are above the threshold are classified as avidin and those below are classified as
neutravidin. The PLS-DA model was evaluated for performance in terms of sensitivity
and specificity. Sensitivity is defined as the number of samples assigned to the class

divided by the actual number of samples belonging to the class. Specificity is defined as
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Table 2.4. Cross Validated Prediction Scores for MEG:N,AT,
MEG:N,AT:BDIBO, MEG:N3AT:BDIBO-Avidin. Cross Validated Prediction
Scores for MEG:NSAT:BDIBO-Avidin, and MEG:NSAT:BDIBO-Neutravidin.

Sample Name Sensitivity = Specificity Class Error CV. =~ RMSECV
MEG:N;AT 1.000 1.000 0 0.200
MEG:N;AT:BDIBO 0.944 1.000 0.0278 0.207
MEG:N;AT:BDIBO- 1.000 1.000 0 0.0848
Avidin

MEG:N;AT:BDIBO- 0.800 0.933 0.0667 0.133
Avidin

MEG:N;AT:BDIBO- 0.933 0.800 0.133 0.0667
Neutravidin

the number of samples not assigned to the class defined by the number of samples not
belonging to the class.™" Sensitivity and specificity values for the model created to
examine the biotinylation process were >94%. Sensitivity and specificity values for the

model created to distinguish avidin from neutravidin were>80%.

Conclusions
A process for immobilizing biotin to nanoparticles was presented. This work
demonstrated that copper free click chemistry can be used to immobilize biotin to
nanoparticles. After biotin was immobilized, the biotinylated nanoparticles were
incubated with avidin. The clicked particles were successful in capturing avidin. Due to
the spectral uniqueness of the Cu'-free click chemistry reaction, SERS was used to

examine step-by step modification of the reaction. Using the nanoparticles as SERS
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substrates, we were also able to characterize avidin binding by UV and fluorescence.
Furthermore, we were able to quantify how much avidin was captured onto the particles.
Nonspecific binding of avidin was shown to be minimal and further reduced using BSA
as a blocking agent. Using chemometric analysis of SERS spectra classification of
spectra according to group type was made. Using the copper free click chemistry
platform, many different biomolecules and their binding partners can be analyzed. This
work served as a proof of concept and results indicate that this method can be applied to
carbohydrates, thus leading to the development of a carbohydrate array based on SERS

detection.
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CHAPTER 3
SURFACE ENHANCED RAMAN SPECTROSCOPY DETECTION OF

LACTOSE-GALECTIN PROTEIN INTERACTIONS

Introduction

Carbohydrates alter the functions of proteins and lipids to which they are
attached. On cell surfaces they operate as ligands for proteins which govern cell
trafficking, adhesion, and signaling.'** Carbohydrate bimolecular interactions also play
roles in tumor metastasis, viral and bacterial infection, and inflammation.*>* Hence, some
biological processes cannot be fully understood without knowledge of the roles and
functions carbohydrates play. Given this information, the study of carbohydrates may
lead to the development of tools for clinical diagnostic technology as well as therapeutics.

Carbohydrate microarrays are used to identify and examine carbohydrate
interactions with potential binding partners. Microarrays have the advantage of being
high throughput tools which do not require large amounts of carbohydrate sample.™
Carbohydrate microarrays have been used in immunology and clinical diagnosis, self-
assembly, bacteria detection, and proteomics.*®> Common methods for the detection of
carbohydrate microarrays include fluorescence, surface plasmon resonance (SPR), and
mass spectrometry. Fluorescence based methods are more commonly used because they

offer high sensitivity and throughput; however, this method is prone to denaturation of

proteins and can cause interference with carbohydrate binding.*® SPR, a label free
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detection method, eliminates some of the problems caused by fluorescence methods
namely the possibility of fluorescence labels binding to proteins. However, SPR is
limited by its inability to simultaneously measure a large number of carbohydrate-lectin

interactions.*®’

Mass spectrometry has been used to detect carbohydrate modification and
obtain structural information, but it is not suitable for detection of bound proteins on
surfaces.'*®

Surface enhanced Raman spectroscopy (SERS) can be used as a label free method
for carbohydrate microarray detection. SERS has already proven itself as a powerful tool
for microarray detection. This technique can be used to determine molecular structural
information and provides ultrasensitive detection limits, which includes single molecule
sensitivity.”*> SERS has been used for detection in bacteria microarrays, protein
microarrays, and DNA microarrays.'*®'®° SERS has advantages over other label free
detection schemes, namely SPR. SPR relies on a general response of a captured analyte,
while SERS is molecule specific. There have been very few studies published to date
which focus on carbohydrate and carbohydrate-lectin interactions detected by
SERS.'03161163 Therefore, to add to the current literature on this subject we have
developed a carbohydrate microarray based on SERS detection.

As a proof of concept interactions between lactose and galectin proteins were
examined. Galectins are carbohydrate binding proteins that share a conserved sequence in

the carbohydrate region domain (CRD).'%*

Of important note is they all possess aromatic
protein residues, which are strong Raman scatterers. Galectins can bind to the surface of
viruses, bacteria, protista, and parasites.*® We aimed to detect galectins binding to

lactose using SERS. Lactose was immobilized to SERS substrates via strain promoted
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azide alkyne click chemistry.*®® The lactose modified surface was then incubation with
galectins. Using SERS as a detection method allowed for monitoring carbohydrate
protein interactions to provide molecule specific analysis. Since carbohydrate protein
interactions are normally weak in nature, multivariate statistical analysis was employed to
identify spectral differences that were important indicators of protein binding and

provided a measure of sensitivity and specificity.'®’

Experimental Methods
Materials. Gold nanoparticles with a diameter of 60nm were purchased from Ted Pella.
Indium tin oxide (ITO) glass slides with square resistivity of 70-100 Q/sq and (11-
Mercaptoundecyl)tetra(ethylene glycol) (95%) were purchased from Sigma Aldrich. Also
purchased from Sigma Aldrich were recombinant human galectin-1, recombinant human
galectin-3, streptavidin-cy3, and Albumin, biotin labeled bovine(BSA). Human galectin-3
alexa fluor 488 was purchased from R&D systems. Gold (99.999%) and Titanium
(99.999%) evaporation pellets were purchased from Kurt J. Lesker. Dimethylformamide
(DMF) was obtained from J.T. Baker. Sterile water purchased from Braun was used in all

aqueous solutions and rinsing procedures.

SERS Substrate Fabrication. ITO glass slides were cleaned for twenty minutes using
heated piranha solution containing a mixture of 4:1 H,SO4:H,0, followed by rinsing
with nanopure water, and drying with a gentle nitrogen N, gas stream. Titanium (10nm)
and gold (300nm) were deposited at a rate of 0.5-1 A/s onto the ITO glass slides using the
PVD75 electron beam deposition system where background pressure was maintained at

less than 5.5 x 10" Torr. Following deposition the gold coated substrates were removed
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from the deposition chamber and stored inside a Petri dish sealed with parafilm to prevent
surface contamination. After fabrication of the gold film, a multi-well array was
assembled using a molding patterning process. In this process a stainless-steel mold was
pre-heated in an oven at 55°C for 30 minutes. After pre-heating, a mixture of
polydimethylsiloxane (PDMS, Slygard 184 Elastomer Kit), curing agent, and accelerator
(10:1:0.5, w/w) were poured through the mold opening. This mixture cured at 70°C for 45
minutes. After the curing process, the mold was removed from the oven and cooled down
to room temperature. The SERS substrate was detached from the stainless steel mold and
excess PDMS was removed with a razor blade. This process generated a uniform 4 x 10

multi-well array substrate which can be seen in Figure3.1.

Figure 3.1 Picture of gold substrate for
SERS analysis.

Immobilization of Lactose to Gold Nanoparticles. Compounds used for experiments are
shown in Figure 3.2. Carbohydrates were attached to gold nanoparticles using strain

promoted azide-alkyne click chemistry. Azides used for experiments had a disulfide
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moiety for attachment to gold nanoparticles, a hydrophobic alkane region for monolayer
formation, and a polar PEG moiety to facilitate compatibility with an aqueous
environment. A compound containing similar features was also added to the
nanoparticles to ensure proper spacing is achieved for carbohydrate attachment. Lactose

was synthesized to contain a dibenzocyclooctyne (DIBO) moiety for clicking properties.
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Figure 3.2. Compounds for SPAAC: (1) azide, (2) spacer (3) DIBO-Lactose,
(4) model compound.
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Derivatization of the gold nanoparticles occurred in a series of steps. First,
solutions of the spacer and azide linkers were prepared in DMF. The spacer and azide
total molar concentration was made to be 10mM. A total of 400ul of the spacer:azide
mixture was added to 4ml of 60nm gold nanoparticles in a centrifuge tube. To reduce the
exposure of light to the nanoparticle mixture, the centrifuge tube was wrapped in
aluminum foil throughout all phases of the experiment. Then the mixture was placed onto
a shaker for 8-12hrs. After this period of time, the solution was removed from the shaker
and purified by centrifugation 3 times at 1050rpm for 10 minutes. Between centrifugation
cycles, the supernatant was removed and the nanoparticle solution was rinsed with Braun
water. After centrifugation, the nanoparticles were resuspended into water and sonicated
for 20min to ensure particles were free from aggregation. Following sonication, 200ul of
solution was removed for SERS analysis. To click with the azide modified nanoaprticles,
lactose was modified with a dibenzocyclooctyne group.

DIBO-lactose (DIBO-Lac) was dissolved into water, 200l was added to the
azide gold nanoparticles, and this sample was placed onto the shaker for 8-12hrs. The
ratio of DIBO-Lac added to the nanoparticle mixture was double the portion of azide.
This was done to ensure immobilization of lactose throughout the substrate. After the
click reaction, the azide-lactose nanoparticle mixture was purified using the same
centrifugation and sonication procedure mentioned above. Following sonication, 200ul of
the nanoparticle solution was removed for SERS analysis. A model compound was
synthesized to simulate the clicked product. The model compound was dissolved in DMF

and attached to gold nanoparticles via the gold-sulfur bond. After all samples were
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prepared for SERS analysis 10ul of each sample were dropped into the multi-wells of a
patterned gold film substrate and allowed to dry overnight. The addition of the modified
nanoparticles to the gold film surface created a carbohydrate SERS sensing surface which
was then used to probe for galectin binding.

Galectin-1 and Galectin-3 Binding Study. Galectin proteins chosen for SERS

experiments were galectin-1 and galectin-3. Galectin-1 is a homodimer which has a
carbohydrate binding region composed of 130 amino acids. Galectin-3 is not a
homodimer and has a carbohydrate binding region consisting of 100 amino acids. It also
has an N-terminal domain which consists of an additional 30 amino acids.'®® The
differences in the structure and amino acid sequence of each protein allows for detection
and classification of each subtype. Human galectin-1 and galectin-3 were purchased from
Sigma Aldrich. The lyophilised galectin powders were dissolved into a PBS buffer and
prepared in the following concentrations: 100pg/ml, 50ug/ml, 25ug/ml, 5pg/ml, and
1pg/ml. For protein binding experiments ten centrifuge tubes were filled with 25ul of the
lactose modified nanoparticle solution. To the tube was added human galectin-1 or
galectin-3 at a certain concentration. The vials were wrapped in aluminum foil and placed
into an incubator for 2hrs at 37°C. After this period, the tubes were purified by
centrifugation. They were washed two times with buffer solution and a final wash with
Braun water to removed salts from PBS from the solution. Samples were later sonicated
to resuspend the particles into water. For SERS analysis 10ul of the galectin-lactose gold
nanoparticle solution was placed onto the gold film multiwall substrate and allowed to

dry overnight.
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Nonspecific Protein Control Experiments. Control experiments were done to examine the

specificity of the lactose-galectin interactions. Bovine serum albumim(BSA) has a low
affinity for lactose, therefore, minimal binding is expected to occur. However, the
binding of BSA with lactose is expected to be much less than lactose galectin binding.
BSA was prepared at concentrations 100ug/ml, 50pg/ml, 25ug/ml, 5pug/ml, and 1pg/mi
to be in line with concentrations used in the galectin experiments. Various concentrations
of BSA were added to five centrifuge tubes containing 25l of lactose modified gold
nanoparticles. The vials were wrapped in aluminum foil and placed into an incubator for
2hrs at 37°C. After this period, the tubes were purified by centrifugation. They were
washed two times with buffer solution and a final wash with Braun water to removed
salts from PBS from the solution. Samples were then sonicated to resuspend the particles
in water. For SERS analysis 10 pl of the BSA-lactose gold nanoparticle solution was
placed onto the gold film multiwell substrate and allowed to dry overnight.

Raman Spectroscopy. All samples were prepared in duplicates. SERS spectra were

measured using a confocal Raman Microscope (InVia, Renishaw, Inc. Gloucestershire,
United Kingdom). Laser excitation was provided by a 785nm near-IR diode laser.
Illumination of the sample was through a 20x (N.A. = 0.40) objective. This results in a
spot size of approximately 4.8 x 27.8 um. The laser power measured at the sample was
~3.62mW. SERS spectra were acquired from five different spots within a given micro-
well using a 10s acquisition time with three accumulations. The spectral range recorded
was between 2300 and 350 cm™.

Fluorescence Protein Binding Study. In addition to SERS analysis, fluorescence

experiments were done to serve as a measure of comparison to SERS and to quantify how
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much protein was captured onto the SERS substrate. Fluorescence measurements were
recorded on a POLARstar OPTIMA multidetection microplate reader. Fluorescence
experiments were designed to study the interactions of galectin-3 and BSA with lactose.
BSA modified with biotin was purchased from Sigma Aldrich. Galectin-3 and BSA-
biotin were prepared in concentration 100ug/ml. The freshly prepared lactose
nanoparticle solution was separated into 6 centrifuge tubes. Either galectin-3 or BSA-
biotin was added to the tubes and incubated with the lactose nanoparticles for 2hrs at
37°C. Following this incubation period, the protein solutions were purified by the
centrifugation process described above. Then 75ul of each solution was removed for
SERS analysis.

96-well plates from Greiner Bio-One were used in fluorescence experiments. Cy3
streptavidin was purchased from Sigma Aldrich. Cy3 has an excitation and emission
wavelengths at ~550nm and 570nm respectively. 50pl of 100ug/ml of Cy3 streptavidin
was incubated with the lactose BSA-biotin nanoparticle solution for 1hr at 37°C. Also,
50ul of 100ug/ml of Cy3 streptavidin was incubated with non-modified gold
nanoparticles under the same experimental procedures. After the incubation period, the
samples were purified using the centrifuge process described earlier. A standard curve of
Cya3 streptavidin was prepared and used to estimate the concentration of BSA-biotin on
the surface of the nanoparticles. In duplications, 80ul of each standard was placed into
the microwells. Also added to the well plate were 80ul of Cy3 streptavidin-lactose BSA-
biotin nanoparticle solution and 80ul of Cy3 streptavidin non-modified nanoparticle

solution.
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Human galectin-3 alexa fluor 488 affinity purified PAb was purchased from R&D
Systems. Alexa fluor 488 has an excitation and emission wavelengths at ~493nm and
519nm respectively. Human galectin-3 alexa fluor 488 was prepared at a concentration of
100pg/ml. 100ul of this solution was added to the carbohydrate-galectin-3 nanoparticle
solution for 1hr at 37°C. After this exposure time, the nanoparticles were purified by the
centrifugation process and analyzed by fluorescence. The alexa fluor 488 solution was
also incubated with non-modified gold nanoparticles under the same experimental
procedures. After the incubation period, the samples were purified using the centrifuge
process described earlier. A fluorescence standard curve was prepared for the alexa fluor
488 solution and samples were prepared in duplicate.

Spectral Preprocessing. Ten SERS spectra were collected for each sample. To view

spectral quality and increase signal-to-noise SERS spectra were averaged using GRAMS
32/Al spectral software package (Galactic industries, Nashua, NH). After averaging the
spectra were baseline corrected using multipoint leveling in the GRAMS 32/Al software.
In this step, the baseline is leveled at a value which is the average of the baseline points
and offset so the new baseline is set to zero.

Preprocessing for multivariate statistical analysis was performed in PLS Toolbox
4.0 (eigenvector, Wenatchee, WA) operating in Matlab software (version R2013b).
Preprocessing for multivariate analysis involved loading raw spectral data into an Excel
workbook. The workbook contained several sheets which are used to characterize the
SERS spectra: X-block, wavenumber, labels, classes, and Y-block. The X-block contains
all the spectral intensities recorded for each sample across the data range. The

wavenumber sheet contains data points of the spectral range that was recorded. The labels
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and classes sheets report the name of the samples and class membership identified with a
numerical value. The Y-block was created for use with partial least squares discriminant
analysis(PLS-DA) and will be explained in a later section. The Excel workbook was then
imported into the Matlab software, formed into a dataset array, and analyzed using PLS
Toolbox 4.0. Using the Toolbox, preprocessing of the X-block data involved taking the
first derivative of each spectrum using a 15 point, 2" order polynomial Savitsky-Golay
algorithm.*® This was followed by normalization to unit vector length and mean
centering. Preprocessing of the Y-block only involved mean centering.

Hierarchical Cluster Analysis (HCA). Hierarchical clustering is an unsupervised method

which groups objects which have close distance to one another. HCA was done using the
agglomerative method K-Nearest Neighbor (KNN). In agglomerative methods, each
spectrum serves as its own cluster and similar spectra are combined into larger ones.
HCA was performed to assess sample clustering.

Partial Least Squares Discriminant Analysis. PLS-DA is a supervised statistical

classification method, where prior knowledge of the classes is used for classification.**
This method minimizes the contribution of spectral features which vary within a
particular class and maximizes the contribution of spectral features among the different
classes.”™ PLS-DA incorporates both the X-block and Y-block. They Y-block contains
variables of 0 or 1 which serve as a reference for each sample. This number indicates
whether a sample belongs to a particular class. The models generated by PLS-DA are
tested by cross-validation using the Venetian Blinds method. PLSDA was used to

differentiate galectin proteins and to access nonspecific protein binding.
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Results and Discussion

SERS spectra of the clicked lactose complex. SERS spectra of the clicked lactose

complex are shown in Figure 3.3. Lactose was immobilized onto gold nanoparticles using
a mixed monolayer approach. The total molar concentration of the components added to
the nanoparticles was 10mM. The absence of bands for thiols and disulfides in the SERS
spectra confirmed the attachment of azide and spacer components to the nanoparticles.
Gauche and trans bands for (C-S) vibrations at 646 and 713cm™ are in agreement with

those reported in literature.!™® After azide immobilization lactose derivatized with DIBO
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Figure 3.3. SERS spectra of: (A) spacer-azide, (B) spacer-azide-lactose, (C) model
compound, (D) spacer-model Compound. Each spectrum shown is an average of
10 individual spectra for each sample.

was added to the nanoparticles to produce the clicked lactose complex. The SERS spectra

show noticeable changes in the spectra after the addition of lactose.
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Differences in the spectra are seen at spectral bands: 679, 1004, 1029, 1567, and
1615cm*. These bands are consistent with those reported for benzene ring stretching and

carbohydrates.* 1"

It was also noted that bands for the (=C-C) group are absent in the
spectra. This band would normally appear between 1900-2100 cm™.**® Therefore, its
absence in the spectra is further indication that clicking has taken place between the azide
and DIBO components. We next evaluated SERS spectra of our in situ fabricated clicked
nanoparticles with a model compound that was synthesized to simulate the clicked
product. We examined the model compound as a mixed monolayer (spacer-model
compound) and as a standalone monolayer. Examination of the spectra reveals clear
similarities to the clicked nanoparticle product. Bands for ring stretches, C-S bonds, and
carbohydrates can be seen in all the spectra. This gives further indication that we have

successfully clicked lactose onto the gold nanoparticles.

Galectin Proteins Binding to the Clicked Lactose Complex. Galectin binding with lactose

leads to the addition of protein on the surface of the modified nanoparticles which can be
sensed by SERS. Only a small amount of protein is expected to bind to the lactose
nanoparticles. Since bands from the spacer component dominate the spectra identifying
protein bands can be somewhat complex. Therefore, SERS spectra of the lactose complex
with and without protein were Savitzky-Golay derivatized and normalized using the
procedure outlined in the methods section. Figure 3.4a shows the normalized derivatized
spectrum for the clicked lactose complex before the addition of protein. Figure 3.4b
shows the normalized derivatized spectrum for the lactose nanoparticles incubated with
galectin-1 for 2 hours at 37°C with 100pg/ml galectin-1 content. Figure 3.4c shows the

normalized derivatized spectrum for the lactose nanoparticles incubated with lactose
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galectin-3 for 2 hours at 37°C with 100pg/ml galectin-3 content. The derivatized spectra
reveal overlapped bands and changes in the spectral pattern are seen after the addition of
the galectin proteins. These changes can be used to make protein assignments. Aromatic
and amide vibrations are used in SERS to identify protein bands. Protein bands are
indicated in the figure by the box outlines and assignments are given in Table 3.1. The
normalized Savitzky Golay spectrum for galectin-1 and galectin-3 show a high degree of

specificity for binding only to the lactose nanoparticles.
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Figure 3.4. Normalized Savitzky-Golay SERS spectra of: (A) spacer-azide-dibo-lactose,
(B) spacer-azide-dibo-lactose + galectin-1, (C) spacer-azide-dibo-lactose + galectin-3.
Each spectrum shown is an average of 10 individual spectra for each sample.

Negative Control with Protein. We incorporated BSA as a negative control protein in

experiments to assess the specificity binding of galectin proteins to the lactose
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nanoparticles. BSA is a protein derived from cows and often used as a protein
concentration standard in lab experiments. BSA prepared at various concentrations was

added to 25l of lactose gold nanoparticles using identical binding conditions to those

Table 3.1. Assignments for galectin -1 galectin-3 on nanoparticles.

Assignment Galectin-1 Galectin-3
Assignment Assignment

Indole ring Trp 1558

Trp 1459 1449

Tyr 1352 1352

Trp, C-H 1325

Amide ITT 1237 1236

C-N str. 1128

Tyr 1086 1087

Phe 1036 1035

Phe 1003

Phe 990 991

Trp 877 883

used for the incubation of galectin proteins. Figure 3.5b shows the normalized Savitzky
Golay spectrum of BSA-lactose nanoparticles.

This spectrum was compared with 3.5a which shows the normalized Savitzky Golay
spectrum of lactose nanoparticles. Minor spectral intensity changes are observed in the
figure. This observation was expected due to previous studies. The changes in the BSA
spectrum when compared to the spectral changes observed for galectin-1 and galectin-3

are minimal.
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Figure 3.5. Normalized Savitzky-Golay SERS spectra of: (A) spacer-azide-dibo-lactose,
(B) spacer-azide-dibo-lactose BSA, Each spectrum shown is an average of 10 individual
spectra for each sample.

Fluorescence Analysis of Lactose Galectin Binding. Fluorescence experiments were done

to estimate how much protein was captured onto the DIBO-Lac nanoparticles.
Fluorescence samples included: DIBO-Lac + Galectin-3 Alexa fluor 488, and DIBO-Lac
+BSA-Cy-3. Nonspecific protein binding was assessed for samples containing the GNP
solution + fluorescence label and BSA samples. Results from the fluorescence studies are

shown in Figure 3.6.
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Figure 3.6. Fluorescence intensity values for galectin -3protein studies.

When BSA was added to the DIBO-Lac nanoparticles, the recorded fluorescence
intensity was 166. The signal is much weaker than the DIBO-Lac + Galectin-3 Alexa
fluor 488 sample. This suggests that lactose has stronger interactions with galectin
proteins and very minimal binding with BSA. Furthermore, when the fluorescence labels
were added to the bare gold nanoparticles, the signals is much less than when the GNPS
are modified.

Chemometric Aalysis of Lactose Galectin Spectra. Since the SERS spectra are dominated

by bands of the spacer component, multivariate statistical analysis was used to identify
the extent of galectin proteins binding to lactose nanoparticles. Statistically significant

differences between the SERS spectra are expected to be identified by the multivariate
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analysis. Figure 3.7 shows dendograms produced by HCA based on the SERS spectra of

the lactose, lactose-galectin-1 binding, and lactose-galectin-3.
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Figure 3.7. Dendogram produced by hierarchical cluster analysis (HCA) of SERS
spectra using K-Nearest Neighbor. A total of 20 spectra were used to create each
dendogram, corresponding to 10 spectra in each of the sample categories. (A) HCA
Dendogram for DIBO-Lac and DIBO-LAC + galecin-1. (B) HCA Dendogram for
DIBO-Lac and DIBO-LAC + galecin-3.

The concentration of galectin protein in the samples was 100pug/ml. HCA is an
unsupervised statistical data analysis method and separates data based on total variance.
The HCA dendogram was calculated based on distance to K-Nearest Neighbor. Twenty
spectra are shown, correlating to ten spectra from the lactose samples and 10 spectra from
either lactose-galectin-1 or lactose-galectin-3 samples. HCA grouped 18 out of 20
samples to their correct classes.

PLS-DA was used to further investigate binding of galectin proteins to lactose
nanoparticles. PLS-DA is a supervised statistical analysis method where prior knowledge
of the classes is given to return a robust discrimination, reducing variation within classes

while emphasizing latent variables between or among classes. This method identified
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structural differences which can discriminate between the sample groups.'” The model
was built with SERS spectra of the lactose nanoparticles, lactose + galectinl or, lactose +
galectin3; where galectin was present in concentrations of 1ug/ml, Spug/ml, and 100ug/ml.
A total of 70 spectra were included in the model, with 10 spectra corresponding to each
sample. The robustness of the generated model was tested by cross validation with
Venetian Blinds with 8 splits. During calibration of the model, 10% of the data is
withheld and then applied to “unknown” samples to assess its predictive power. The
model was generated with 6 latent variables as optimized by Matlab accounting for 88%
of total variance. Scores plots for the PLS-DA model generated are shown in Figure 3.6.
The data was classified with 83-100% sensitivity, and 85-98% sensitivity. Sensitivity is
the probability of classifying a SERS spectrum belonging to the correct class and
specificity is the probability of classifying a SERS spectrum not belonging to the correct
class.'®

Lower sensitivity and specificity values can be explained by several reasons. First,
overall sensitivity and specificity affinity for galectin-1 are lower than galectin-3, so it
may not bind as tightly and can be washed away easier. Another factor that may explain
the lower sensitivity and specificity results is that this model was built with seven classes.
This may make classification difficult. So, binary models were built to contain samples
for lactose and lactose + galectin-1 or galectin-3 at a certain concentration. The cross
validated scores for those models generated sensitivity values of 100% and specificity

values ranged from 95-100% (Table 3.2).
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Figure 3.8. PLS-DAYY predicted plots. Classes used to build the model were lactose,
lactose + galectin-1, and lactose + galectin-3. Galectin protein concentration used were
1ug/ml, S5pg/ml,and ~ 100ug/ml. Each plot predicts a sample as belonging to or not
belonging to the specified classes. Lactose ¥, 1ug/ml Gal-1 %,Sug/ml Gal-1m,
100ug/ml Gal-1 ¢ ,1pg/ml Gal-3 | 5pg/ml Gal-3 A, 100pg/ml Gal-3 X.

One benefit of PLS-DA is that it identifies variables that statistically explain the
differences between the groups used to build the model. Therefore, a binary model was
built to examine non protein and protein samples. The non protein samples contained 10
SERS spectra for lactose nanoparticles and the protein samples contained 20 spectra for
lactose + galectin nanoparticles. The galectin sample contained protein concentrations of
100pg/ml for galectin-1 and galectin-3. Variables important in the projection (VIPs) as
identified by the PLS-DA model were used to identify bands in the SERS spectra that
were important for differentiation between non protein and protein classes. As a rule, it

is generally accepted that VIP values greater than one are used for variable selection. The

Table 3.2. PLS-DA cross validation results of samples from binary models. Each model
included Lactose and lactose + a specific concentration of galectin-1 and galectin-3.
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Protein Binding Classification

Lactose  lpg/ml Spg/ml 100pg/ml lpg/ml Spg/ml 100pg/ml
Galectin-1  Galectin-1  Galectin-1 Galectin-3 Galectin-3 Galectin-3

Sensitivity 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Specificity  1.000 0.950 1.000 1.000 1.000 1.000 1.000
Class Error 0 0.025 0 0 0 0 0
RSMECV  0.0121 0.205 0.125 0.131 0.178 0.158 0.00951

variables correspond to bands in the SERS spectra and are listed in Table 3.3 with
spectral assignments. It has been reported that amino acid residues of tryptophan,
tyrosine, and phenylalanine participate in binding of galectin proteins to lactose.!™ These
amino acids are aromatic and give very discernible bands in SERS spectra. The bands
identified as VIPs correlate to vibrations for these amino acids.

Differentiation of Galectin Proteins. To further our investigation of SERS as a detection

method for microarrays, we examined its ability to distinguish between proteins of the
same family. Although galectin-1 and galectin-3 are from the same family of proteins,
they have different structures. Galectin-1 is a homodimer composed of 130 amino acids
which are considered to be the domain for carbohydrate binding.*®® Galectin-3 consists
of the same 130 amino acids and an unrelated non-carbohydrate binding N-terminal
domain of about 120 amino acids.*” SERS spectra of Galectin-1 and galectin-3 prepared
at concentrations of 100ug/ml, 5pg/ml, or 1pug/ml were used for this analysis. The
averaged normalized Savitzky Golay spectrum (n=10) collected from the 100ug/mi

samples are shown in Figure 3.9 as an example of the spectra collected.
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Table 3.3. VIP scores generated as being important for
differentiation of non protein and protein. Spectral
bands that recorded a value greater than one are listed
along with their spectral assignments.

Wavenumber cm!  VIPValue Assignment

1498 1.08 CH, sciss.
1424 2.87 Trp

1413 16.67 Phe, Tyr, Trp
1352 34.90 Tyr

1235 9.07 Trp

1100 7.72 C-N str.
1090 15.11 Tyr

1038 3.75 Phe

1023 1.61 Phe

994 2.19 Phe

721 6.78 Phe, Trp, Tyr

The spectra show subtle distinctive spectral pattern differences between galectin-1 and
galectin-3. Variations in band shapes and peak intensities are observed in the spectra. An
example would be the band at 1056 cm™. This band appears to be broader in the spectra
of galectin-1 than in the spectra of galectin-3. An intensity increase of the band

around 1100 cm™ in the spectrum of galectin-3 also shows variations in the SERS
spectra. Furthermore, the band at 737 cm™ does not appear in the SERS spectrum for
galectin-3 but it does in the spectra of galectin-1. These pattern differences in the SERS
spectra allow for multivariate methods to be used to discriminate proteins from the same

family.
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Figure 3.9. Normalized first derivative spectra of (A) Lactose + 100ug/ml galectin-1
and (B) Lactose + 100pg/ml galectin-3 showing similarities but also clear differences
among the galectins. Differences are indicated by the boxes.

PLS-DA was used to determine if the differences observed in the SERS spectra
are statistically significant. The galectin samples were grouped by concentration and
family association. PLS-DA models were generated for each galectin protein
concentration used, 100pg/ml, 5pg/ml, or 1ug/ml. Models contained 20 spectra, which
included 10 spectra for each galectin type and the model was optimized using Venetian
Blinds cross validation.

The models were generated with 4-5 LVs as optimized by the Matlab software, which
accounted for 83-91% of the total variances. PLS-DA scores plots from the models
generated for each concentration are shown in Figure 3.10. PLS-DA was able to
distinguish between galectin-1 and galectin-3 at all concentrations. Cross validated

sensitivity and specificity values are reported in Table 3.4. The cross validated sensitivity
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and specificity ranged from 77-100%. An explanation for the drop in cross validated
sensitivity and specificity was expected for the galectin samples of 1ug/ml. Fluorescence
data indicated that the amount of protein captured is a very small amount which is not
readily distinguished between the background. However, multivariate statistical analysis
is able to identify enough spectral differences to distinguish between galectin-1 and
galectin-3 at this concentration.

Chemometric Analysis of Negative Control BSA. PLDSA models were also created to

investigate the negative control SERS spectra. The model was built with SERS spectra of
the lactose nanoparticles, lactose + galectin-1, lactose + galectin-3, and lactose + bsa.
Protein was present in concentration a of 100pg/ml. A total of 40 spectra were included
in the model, with 10 spectra corresponding to each sample. The model was created to
identify which samples contained protein, therefore two classes were created. They were
nonprotein, which included SERS spectra of the lactose nanoparticles and protein, which
included SERS spectra of the galectin samples.

Class values were not assigned the SERS spectra containing BSA. A class value

of 0 was used for these values. The designation of “0” effectively treats these samples as
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Table 3.4. Summary of the PLS-DA cross validated results for classification of galectin
samples at various concentrations

Protein Classification

100p  100pg/ Sug/ml Sug/ml lug/ml lug/ml
g/ml  mlGal- Gal-l Gal-3 Gal-1 Gal-3

Gal-1 3

Sensitivity  1.000  1.000 1.000 1.000 0.769 1.000

Specificity  0.900  0.900 1.000 1.000 1.000 0.769

Class Error 0 0 0 0 0.0758 0.0758
Ccv

RMSECV  0.233 0.233 0.150 0.150 0.293 0.293

unknowns and they are not used when calibrating the model. Their class assignment will
be predicted based on the calibrated model. The generated model was tested by cross
validation with Venetian Blinds with 6 splits. The model was generated with 3 latent
variables as optimized by Matlab accounting for 91% of total variance. Scores plots for
the PLS-DA model generated are shown in Figure 3.11. Since, the BSA samples were
entered as unknowns, they are represented by the black circles. Based on the results, the
samples containing BSA classify with the lactose nanoparticle samples. This is expected
because binding to lactose by BSA should be very minimal if at all. So, during the
washing steps, BSA should be washed away leaving behind lactose on the nanoparticles.
The model classified samples containing protein with 100% sensitivity and specificity

and nonprotein samples with 100% sensitivity and specificity.
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Figure 3.11. PLS-DAY-CV predicted scores plots. Classes used to build the model
were lactose, lactose + galectin-1, lactose + galectin-3, and lactose + BSA . Galectin
protein concentration used were 100ug/ml. Each plot predicts a sample as belonging to
or not belonging to the specifie classes. The defined classes were no protein and
protein. The no protein classes included lactose and BSA samples. The nrotein class
included samples from galectin 1 and 3. Lactose ¥ 100pg/ml Gal-1 9|é 100ug/ml
Gal-3 JJjj . 100ug/ml BSA .

Conclusions
We demonstrated that SERS is a rapid and direct method for detection of
carbohydrate-protein interactions. In this paper we reported the fabrication of lactose

nanoparticles using strain promoted alkyne azide click chemistry. Two galectin proteins
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were used in this study to examine the interactions of lactose with galectin proteins.
Because of the dominance of the spacer compound, multivariate statistical analysis was
carried out to differentiate the extent of lactose-galectin binding. HCA showed a clear
separation between the lactose nanoparticles and the lactose + galectin samples.
Furthermore, we were able to identify bands in the SERS spectra which were important
for distinguishing SRS spectra of lactose from lactose + galectin and correlate those
peaks to proteins bands from the sequence of the galectin proteins. PLSD-DA results
show high classification accuracy by having 95-100% sensitivity and specificity. We also
demonstrated that SERS can be used to distinguish between two proteins from the same
family. PLSD-DA classification results for distinguishing between galectin-1 and
galectin-3 was 77-100% sensitivity and specificity. Finally we employed BSA as a
negative control to examine the specificity of lactose binding. PLS-DA results showed
that the BSA spectra were classified with the lactose nanoparticle SERS spectra. This
indicated that BSA is washed off leaving behind the lactose nanoparticles. This work
demonstrated the feasibility of SERS as a label free detection method for carbohydrate

protein interactions. Future work will expand to study other carbohydrate lectin systems.
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CHAPTER 4
SURFACE ENHANCED RAMAN SPECTROSCOPY DETECTION OF
SIALYLATED CARBOHYDRATE-INFLUENZA HEMAGGLUTININ

INTERACTIONS

Introduction

The influenza virus affects humans, pigs, and birds in large numbers. It manifests
itself in humans as fever, head and body aches, and can cause other respiratory
complications such as pneumonia and bronchitis.*”® Yearly, an estimated 30 million
people visit doctors’ offices to seek relief from the flu virus. From this number, an
estimated 300,000 persons are admitted for hospitalization and in the United States,
nearly 30,000 deaths occur.*”’ Flu outbreaks that turn into pandemics not only cause
sickness, but also place strain on health and medical facilities, disrupts traveling and
public gatherings, and significantly increases the number of deaths to over a million
worldwide.'"

Influenza is an RNA virus from the family Orthomyxoviridae. It has three
subtypes, influenza A, B, and C.1” Influenza A infects the widest range of host species
and causes most of the worldwide pandemics. Subtypes of Influenza A are determined by
the surface antigens hemagglutinin(HA) and neuraminidase(NA). HA plays a role in how

the virus attaches to cells and NA determine how virus penetrates into cells.*** HA binds

to sialylated glycans on host cells. Sialic acids(SA) are nine carbon sugars and SA
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molecules are characterized by glycosidic linkages between terminal SA and penultimate
galactose residues. Common SA linkages that are important for interspecies transmission
are 02,3 and 02,6 linkages.'® It is generally believed that 02,6 SA linkages are
predominately recognized by human and swine influenza viruses while avian and equine
viruses bind to 02,3 SA linkages. However, recent data has shown that some avian
viruses can bind to 02,6 linkages. Of note are avian H5,H7, and H9 which have caused
high fatality in humans.'®? Therefore methods of detecting and understanding of HA
receptor binding are needed.

HA receptor binding can be analyzed using glycan microarrays. Glycan
microarrays have been used to probe the binding patterns of different influenza viruses’
receptors and investigate the binding specificity of influenza HA. Glycan arrays are made
by immobilizing carbohydrates to glass slides where their binding preferences are
analyzed by different detection methods. They offer high throughput analysis because
small quantities of analyte is used and many carbohydrates can be immobilized at one
time. Therefore a large number of carbohydrate-receptor interactions can be screened.

Surface enhanced Raman spectroscopy (SERS) can be used as a detection method
for glycan arrays. Our group has already demonstrated how SERS is a rapid, sensitive
and specific detection method for glycan arrays. SERS was used to probe interactions of
lactose and galectin proteins. From this study, we were able to detect unique molecular
signatures for lactose and galectin proteins, examine the specificity or lactose-galectin
binding, and differentiation between different galectin proteins. Furthermore, using

SERS, we have been able to differentiate between different influenza viral strains, detect
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genetic markers related to high pathogenicity in influenza, and detect viral nucleoprotein
binding to anti influenza apatamers,'%>183184

This work aims to develop a glycan microarray to investigate sialylated-glycan
binding to influenza HA. We demonstrate SERS active substrate manufactured from
CTAB coated gold nanoparticle (Au) films can be used for rapid and sensitive detection

of glycan-HA interactions without the use of labeling. These findings will add to the

current literature of SERS detection of glycan microarrays.

Experimental Methods
Materials. Hexadecyltrimethylammonium bromide (CTAB) and (1-mercaptoundec-11-
yl)tetra(ethyleneglycol) were purchased from Sigma Aldrich. Gold nanoparticles with a
diameter of 60nm were purchased from Ted Pella. Gold (99.999%) and Titanium
(99.999%) evaporation pellets were purchased from Kurt J. Lesker.
Dimethylformamide(DMF) was obtained from J.T. Baker. Sterile water which was used
to make HA binding buffers was purchased from Braun.

Fabrication of SERS Substrate. Glass microscope slides were cut into 1x1cm? pieces and

cleaned with heated Piranha solution (4:1 conc. H,SO4: 30% H,0;) followed by rinsing
with MilliQ 18.2 megaohm water and dried by a gentle N, stream. A custom designed
thermal evaporator was used to produce layers of 20nm Cr and 200nm Au prior to the
fabrication of the AUNP monolayer. The thickness of the film was determined by a quartz
crystal microbalance (QCM) which was placed inside the thermal evaporator chamber.
After fabrication of the gold film, 20pul of a disulfide amine linker was dropped onto each

substrate for 3 hours to produce a modified surface that would allow for capturing of

100



AUNPs. The substrates were placed into a petri dish. Inside the petri dish humidity levels
were maintained by placing water droplets around substrates, covering the petri dish with
a Parafilm® sheet, and sealing the petri dish lid.

AUNPs monolayers were made using a water/hexane interface based on an ionic
surfactant mediated Langmuir-Blodgett method. AuNPs were centrifuged for 10 minutes
at 8000 rpm to produce a concentration of 1x10™ particles/ml. After centrifugation 7ml of
the colloidal solution was placed into a 5cm petri dish. To this solution was added 350ul
of CTAB, 3.5ml of hexane. Then 3.5ml of ethanol was added dropwise at a rate of
350ul/min. After the Au film was made modified gold substrates were dipped into the
solution and then pulled out to transfer the Au monolayer film onto the modified Au
coated glass slides. Substrates were then allowed to dry at room temperature.

Immobilization of Sialylated Carbohydrates. Alpha 2,3 and 02,6 sialylated LacNAc were

immobilized to the fabricated SERS substrate using strained promoted click chemistry
(SPAAC). In this method, dibenzocyclooctyne is reacted with azides to conjugate
compounds in a selective and simplistic manner. A disulfide DIBO linker was dissolved
in DMF to obtain a final concentration of 4mM. The sialylated carbohydrates, which
were functionalized with an azide linker, were dissolved in 18.2 megaohm MilliQ to
obtain a desired concentration of 2mM. The DIBO linker and sialylated carbohydrates
were mixed in a ratio of 2:1 in a centrifuge tube and allowed to react for at least 8hrs
under gentle stirring. To minimize nonspecific binding and to ensure adequate spacing
(1-mercaptoundec-11-yl)tetra(ethyleneglycol) was used as a spacer linker. This
compound was dissolved into DMF to produce a final concentration of 0.04mM. Then

10pl of the spacer and clicked sialylated carbohydrate mixture was then added to the
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fabricated SERS substrate. The substrates were placed into a petri dish and allowed to
react for at least 8hrs in a humidity maintained environment. After the 8 hrs, the substrate
was washed with 50 pl of water 3xs, dried with a gentle N, stream, and analyze by SERS.

Binding of Influenza Hemagglutinin. Influenza HA was purchased from Abcam®. Avian

influenza A HA (Avian HA) full length protein from H7N9 (Shanghai/017/2013) and
Human influenza A (Human HA) full length protein HIN1 (New Caledonia/20/1999)
were chosen for experiments. Avian HA was lyophilized and dissolved into a sterile
buffer consisting of 0.6%Tris, 0.7% glycine, and pH of 7.5 to reach a stock concentration
of 100pg/ml. Human HA was received in the liquid form and mixed with a PBS buffer to
reach a stock concentration of 100ug/ml.

Concentrations of 50ug/ml, 25ug/ml, 10pg/ml, 5pg/ml, 1pg/ml, and 0.1pg/ml
were prepared for both types of HA. Binding of the sialylated carbohydrate SERS sensing
surface to HA was accomplished by adding 10l of the desired Avian HA concentration
to 02,3 sialylated carbohydrates or Human HA to 02,6 sialylated carbohydrates. SERS
substrates were incubated for at least 8hrs at 37°C inside of a petri dish humidity
chamber. After incubation, HA solutions were removed by washing twice with the
respective binding buffers and a final wash with 18.2 megaohm MilliQ water. The
substrates were then dried by a gentle N, stream and analyzed by SERS.

Negative Control Carbohydrate Experiments. Since, influenza HA bind to cells via

sialylated carbohydrates, non sialylated lactose(Lac) was used as a carbohydrate control
for HA binding experiments. Lac was dissolved in MilliQ water to a final concentration
of 2mM and added to a 4mM DIBO linker solution for at least 8hrs in a centrifuge tube

under gentle shaking. After 8 hrs, a 0.04mM solution of the spacer linker was added to
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the Lac mixture and 10pl of this mixture was placed on the fabricated SERS substrate.
After 8 hrs, the substrate was rinsed three times with MilliQ water and dried using a
gentle N stream. Avian or Human HA of concentrations 10pug/ml, 1pg/ml, and 0.1pg/ml
were incubated with the lactose substrate using the same binding protocol described
earlier.

Negative Control HA Experiments. As a negative control, HA from human H1N1 was

incubated with 02,3 sialylated carbohydrates. Because human HIN1 HA is specific for
02,6 sialylated carbohydrates it is not expected that binding will occur with a2,3
sialylated carbohydrates. Avian HA from H7N9 was not chosen for control experiments
because literature has shown that it can bind with 02,6 sialylated carbohydrates. o 2,3
sialylated LacNAc (SA- LacNAc) was immobilized using the strain promoted click
chemistry protocol described above. HA concentrations of HIN1used for these
experiments were 10pg/ml, 1pg/ml, and 0.1pg/ml. Incubation of HIN1 HA was done
according to the binding conditions mentioned above.

Raman Spectroscopy. An In Via Raman Microscope (Renishaw, Inc. Gloucestershire,

UK) was used to collect SERS Spectra. A 785nm near-infrared (NIR) diode laser was
used for the laser excitation. Data was collected using a 20x objective (NA=0.40) which
produced a laser illumination spot with dimensions of 4.8 x 27.8um. Spectra was
collected from 10 different spots using 5% power, 15s acquisition time, one
accumulation and a spectral range of 2000-600 cm™.

Data Analysis. Spectral averaging and baseline correction of SERS spectra was
performed using GRAMS 32/Al spectral software package (Galactic industries, Nashua,

NH). Before data analysis, raw SERS spectra were preprocessed using the first derivative
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of each spectrum and a 15 point, 2™ order polynomial Savitsky-Golay algorithm. This
was followed by normalization to unit vector length and mean centering. Preprocessing
steps eliminate non-analyte spectral variances such as baseline and substrate variations.
Data analysis was done in PLS toolbox 4.0 (Eigenvector, Wenatchee, WA) operating in
Matlab. Multivariate statistical analysis was carried out using Principal Component
Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA). Feature
selection was done by Analysis of Variance (ANOVA) along with post-hoc Tukey
Honestly Significant Difference (HSD) test. A test for spectra variability was based on
spectral amplitude (D) and the Wilcoxon rank sum test was used to determine the source

of variability.

Results and Discussion

Reproducibility Study on CTAB Coated AuNP Substrate. For fabrication of AuNP

monolayer, concentration of AuNP, concentration of CTAB, and the amount of ethanol,
were considered. The manipulation of these parameters determined the quality of the
AUNP film. Previous work in our lab has shown that AuUNPs with a size of 60nm and a
concentration of 1x10* particles/ml were sufficient to produce metal nanoparticle films.
After concentration and size of AUNPs were selected the next step was to study the
effects of CTAB on the particles. CTAB capping of AuNPs is one of the driving forces
to make the nanoparticle film. As a surfactant, CTAB was functionalized onto AuNPs by
forming self-assembled bilayers. This reduces the negative surface charge of the
nanoparticles and leads to a net positive charge preventing disordered aggregation by

having a net repulsive interaction between nanoparticles. In the water/hexane interface
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CTAB molecules move their polar heads to the aqueous phase and non-polar tail in the
organic phase. Furthermore, CTAB is easily replaced by a target molecule as it binds to
the surface of AuUNP by Coulombic forces.

Studies were done to determine which concentration of CTAB should be used
because values above the critical micellar concentration (cmc) of CTAB will induce
AUNP aggregation. The cmc of CTAB is 1ImM. For these studies, the concentration of
AuNps in all experiments was kept constant at 1x10'* particles/ml. The extent of
aggregation was determined analyzing the AuNP plasmon by UV-Vis spectroscopy. For
a 60nm sized particle, the plasmon band is normally at 520nm. Aggregation was
indicated by elongated or shifted bands and concentrations showing these features were
rejected for further analysis.

Another driving force to make the nanoparticle film is ethanol, which was used as
a low dielectric solvent. Ethanol changes the polarity of the aqueous phase and traps
AuNPs at water/hexane interface.®> When ethanol is added to the aqueous phase, it
decreases the nanoparticle surface charge density causing their movement to the
water/hexane interface.’® Therefore, the volume of ethanol and the rate at which ethanol
was added were studied to optimize the nanoparticle film.

To access the reproducibility of the SERS substrate fabrication method used in
this paper, SERS spectra collected from substrates fabricated from same batch and
different batches were compared. SERS collection parameters used for measurements
were 785nm laser excitation source, 0.1% laser power, 10 second acquisition time, 1
accumulation, and a spectral range of 1800-600cm™ was collected. Ten microliters of a 1

mM 4-aminothiphenol (4-ATP) solution in ethanol was dropped onto the AuNP substrate
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and allowed to evaporate. Three substrates were made for each batch and SERS spectra
were collected from eight different spots on each substrate. Ten microliters of the 4-ATP
solution were also placed onto a bare silicon wafer that had been functionalized with (3-
mercaptopropyl)-trimethoxy-silane (MPTMS) without AuNP for control experiments.
SERS spectra collected are shown in Figure 4.1. The spectrum of 4-ATP taken on the
CTAB AuNp substrate agrees well with what has been reported in literature. The
spectrum shows great enhancements over the SERS spectrum of 4-ATP taken on
substrates that did not contain AuNPs. The SERS spectra were averaged and the relative
standard deviation (RSD) was calculated and used to characterize the substrates

reproducibility. The SERS band at 1084cm™ represents the (C-C) bond in 4-ATP.
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Figure 4.1 SERS spectra of 4-aminothiphenol on AuNP. The
black spectrum was taken of 4-ATP on the fabricated CTAB AuNP
substrate. The red spectrum was taken of 4-ATP on a substrate that
contained no nanoparticles.
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This band is the most intense band in all the SERS spectra. Therefore, the intensity for
the band at 1084cm™ was used as a measurement of the reproducibility of the SERS
substrates. The RSD across a signal substrate, from substrates fabricated in the same
batch, and substrates prepared in different batches are 9%, 16%, and 16% respectively.
Further characterization of the substrates was done by Scanning electron microscope
(SEM) imaging. Images of the AuNP substrate were taken from each substrate across the

four different batches. The images are shown in Figure 4.2.

(A) (B)

©) (D)

Figure 4.2 SEM Images of AuNP Batch to Batch comparison. (A) Batch 1, (B) Batch
2, (C) Batch 3, (D) Batch 4.

SEM images show the small presence of aggregates and gaps within the substrate as

expected. The aggregates can be removed with additional washing steps.
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Immobilization of Sialylated Carbohydrates. Strain promoted azide alkyne click

chemistry was used to immobilize SA-LacNAc compounds to SERS substrates. Figure

4.3 shows the components used to make the influenza HA SERS sensing surface.
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Figure 4.3. Compounds used in experiments: (A) DIBO, (B) spacer (C) 2,3 sialylated
LacNAc (D) 2,6 sialylated C, (E) Lac.

The azide group of SA-LacNAc reacts with the cyclooctyne. This effectively joins

carbohydrates to the DIBO linker and through the disulfide moiety of DIBO, SA-LacNAc
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compounds are immobilized. The spacer molecule was immobilized with SA-LacNAc to
fill in any empty spaces on the substrate. This was done to reduce nonspecific binding
and ensure proper spacing between the SA-LacNAc on the surface. Samples for this
study included: DIBO+Spacer, DIBO+Spacer+ a2,3SA- LacNAc, and DIBO-Spacer+
a2,6SA+ LacNAc. Ten SERS spectra were collected from different spots across each

substrate. The average SERS spectra for each sample are shown in Figure 4.4.
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Figure 4.4. SERS spectra of: (A) DIBO+spacer, (B) DIBO+spacer+2,3sialylated
LacNAc(C) DIBO+spacer+2,6sialylatedLacNAc. Each spectrum shown is an
average of 10 individual spectra for each sample.

Carbohydrates consist mainly of carbon, hydrogen, and oxygen groups. These
groups are not high Raman scatterers. Furthermore, precursors such as DIBO and the

spacer group contain carbon, hydrogen, and oxygen as well. So, there will be some
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overlap in the spectra. Therefore, to observe clicking between DIBO and LacNac, we
monitored the alkyne band in DIBO. In the SERS spectrum for DIBO+spacer, the band
around 1969cm™ is assigned to the alkyne band. This band appears in part of the
spectrum that is not crowded or overlapped with many other peaks. The reaction between
azide and cyclooctyne causes the disappearance or reduction of the alkyne group. In
Figure 4.4b, there is a noticeable reduction in the alkyne band after clicking the SA-
LacNAc with DIBO. Because a higher concentration of DIBO was used in comparison to
the concentration of SA-LacNAc, we do not expect the peak to completely disappear,
however, a reduction is expected.

SERS Detection of Influenza Hemagglutinin. The SA-LacNAc nanoparticles were

incubated with influenza HA. 02,3SA- LacNAc was incubated with Avian HA and
a2,6SA- LacNAc was incubated with Human HA. Ten SERS spectra were collected for
each sample. The concentration of HA ranged from 50ug/ml, 25pug/ml, 10pg/mi, Spg/ml,
1pg/ml, and 0.1ug/ml for both types of HA. SERS spectra of the samples can be seen in
Figure 4.5. In the figure, differences are identified in the spectra by the boxes. The
differences created in the SERS spectra are caused by binding of the SA-carbohydrates.
PLS-DA was used to analyze the SERS data. Models were built for each concentration.
The models included samples for the DIBO-Spacer, DIBO-SA-LacNAc, and DIBO-SA-
LacNAc-HA. Table 4.1 and 4.2 report the sensitivity and specificity scores from the PLS-
DA models. The sensitivity scores for the Avian HA samples ranged from 80-100% and
the specificity scores ranged from 89-100%. The sensitivity scores for the Human HA
ranged from 97-100% and the specificity scores ranged from 89-100%. Therefore using

the SERS method we can detect SA-LacNAc-HA binding.
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Figure 4.5. SERS spectra of: (A) DIBO+spacer+a 2,3sialylated-LacNAc, (B) DIBO
+spacer+a 2,3sialylated-LacNAc-50ug/mlAvianHA (C)DIBO+spacer+a, 2,6sialylated
-LacNAc, (D) DIBO+spacer+a 2,6sialylated-LacNAc-50pug/mIHumanHA. Each
spectrum shown is an average of 10 individual spectra for each sample.
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Next, we identified which peaks from HA were important in discriminating SERS

spectra. For this study, HA samples at 50ug/ml were used. Models built included the HA

samples at 50pug/ml and DIBO-SA-LacNAc. A feature selection method based on the

one-way ANOVA test was used. A feature is an individual measureable property of the

SERS spectra that is observed. In the case of SERS spectra, the intensity values at each

wavenumber are considered to be features. The spectral range of 2000-600 cm™ collected

2902 data points for each spectrum. So feature selection was used identify which

variables are important for predicting samples as influenza HA.*%®
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Table 4.1. Summary of the PLS-DA cross validated results
for classification of Avian HA with DIBO+Spacer, DIBO+
a2,3SA- LacNAc , and DIBO+Spacer+a2,3SA- LacNAc+

Avian HA.

Modeled Sensitivity(CV)  Specificity(CV)
Class

Dibo-spacer 1.000 1.000
2,3 0.967 0.942
LacNAc(avg)

S0png/ml 1.000 1.000
H7HA

25ng/ml 1.000 1.000
H7HA

10pg/ml 0.800 0.850
H7HA

1pg/mlH7HA  1.000 0.947
0.Spg/ml 1.000 0.950
H7HA

0.1pg/ml 1.000 0.950
H7HA

The one-way ANOVA test examines the statistical difference between the
samples means. ANOVA tests the rejection of null hypothesis Hy = 1 = J2 = ... = Uy,
where i, represents the mean spectra of nth class. A confidence level of 99% was used
for the analysis. For data points that rejected the null hypothesis the post-hoc Tukey HSD

test was performed. Tukey HSD test conducts a statistical pairwise comparison across
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Table 4.2. Summary of the PLS-DA cross validated results
for classification of Human HA with DIBO+Spacer,
DIBO+a2,6SA- LacNAc , and DIBO+Spacer+a2,6SA-
LacNAc+Human HA.

Modeled Class Sensitivity(CV) Specificity(CV)
Dibo-Spacer 1.000 1.000
Dibo-¢2,6 LN(avg) 0.967 0.921
S0ug/ml HIHA 1.000 0.950
25ug/ml H1HA 1.000 0.900
10pg/ml HIHA 1.000 0.895
1pg/mlHIHA 1.000 0.950
0.5ng/ml HIHA 1.000 1.000
0.1ng/ml HIHA 1.000 1.000

each wavenumber to identify the wavenumber locations in which all classes differ most
from each other. Combining these two methods only wavenumbers that there were
statistically different were retained and it was possible to identify wavenumbers that had
the most significant difference between DIBO-SA-LacNAc and DIBO-SA-LacNAc-

HA. 17
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For the model built using DIBO- 02,3-SA-LacNAc and DIBO-a2,3-SA-LacNAc-
Avian HA, 181 wavenumbers were selected. The model built using DIBO- a2,6-SA-
LacNAc and DIBO-02,6-SA-LacNAc-Huma HA, returned 303 selected. Figures 4.6 and
4.7 show the spectrum created by the selected wavenumbers and peak assignments for

each model. Peak assignments were made using wavenumbers common of amino acids of

(A) (B)
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Figure 4.6. Summary Feature Selection for Avian HA with DIBO+02,3SA- LacNAC.
(A) Spectrum of the selected wavenumbers. (B) Table of peak assignments.

proteins. The peaks identified belonged to phenylalanine, tyrosine, tryptophan, CH,
wagging and CH.

It was important to determine if SERS could distinguish between the two HAs at lower
concentrations, therefore, influenza HA concentrations at 10ug/ml, 1ug/ml, and 0.1ug/ml
were selected. The ability of SERS to differentiate between Avian and Human HA was

analyzed. Two models were built for each concentration and samples included
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Figure 4.7. Summary Feature Selection for Human HA with DIBO+a2,6SA- LacNAC.
(A) Spectrum of the selected wavenumbers. (B) Table of peak assignments.

DIBO-a2,3-SA-LacNAc-Avian HA and DIBO-a2,6-SA-LacNAc-Human HA. The

unsupervised method PCA was used to view the data to determine if there was any

clustering within the samples. The PCA scores plots for each model are shown in Figure

4.8. In the figure, the green squares represent the Human HA samples and the red

diamonds represent the Avian HA samples. The PCA scores plots are plotted along PC1

and PC2 and represent 77-85% of the spectral variance. The plots show Human and

Avian HA samples separate along PC1. This indicates that there is enough spectral

difference between Avian and Human HA to cause this separation. From this data, we

can conclude that SERS can be used to distinguish Avian and Human HA.

SERS Analysis of Nonspecific Binding. Two experiments were done to examine

nonspecific binding. Non sialylated Lac was incubated with Avian or Human HA

influenza samples. Non-SA-Lac was clicked on the DIBO nanoparticles in a similar
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Figure 4.8. PCA scores plots for Avian HA vs Human HA. The 4 represent
Avian HA samples and 2 represents Human HA. (A) 10ug/ml, (B) 1pug/ml,
and (C) 0.1ug/ml.

manner to the SA carbohydrates in previous experiments. Figure 4.9 shows the SERS

spectra of DIBO-spacer and DIBO-spacer-non-SA-Lac. As indicated before, the alkyne

peak disappeared when non-SA-Lac was clicked onto the nanoparticles. These

nanoparticles were incubated with Avian or Human HA influenza samples at

concentrations of 10pg/ml, 1pg/ml, and 0.1pg/ml. In the Figure 4.9C and 4.9D are the

spectra that contain the influenza HA. The spectra are very similar to the SERS spectrum

for DIBO-spacer-non-SA-Lac shown in 4.9B. Minor differences in the spectrum are

indicated around 1000-1100cm™.
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Figure 4.9. SERS spectra of: (A) DIBO+spacer and (B) DIBO+spacer+Lac,

_(C) DIBO+spacer+Lac+AvianHA. (D)DIBO+spacer+Lac+HumanHA.
Each sample contained a HA concentration of 10ug/ml and the spectrum shown is an
average of 10 individual spectra for each sample.

PCA was used to examine clustering of the SERS spectrum for classification
purposes. The avian model was built using Avian HA, Human HA, DIBO-spacer-non-
SA-Lac, and DIBO-spacer-non-SA-Lac+Avian HA. PCA scores plots for these samples
are shown in Figure 4.10. The models captured 68-80% of the spectral variance. There
are a number of observations from the figure as it relates to the DIBO-spacer-non-SA-
Lac+Avian HA samples which are represented by the black circles in the figure. These
samples do not cluster with the avian or human HA samples as expected. The DIBO-

spacer-non-SA-Lac+Avian HA samples cluster with the DIBO-spacer-non-SA-Lac
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Figure 4.10. PCA scores plots for Avian HAvs Lac. The [ represents Human
HAsamples and g represents Avian HA. The Arepresents DIBO+spacer+ Lac,
and @ represents DIBO+spacer+ Lac +Avian. (A) 10ug/ml, (B) 1pug/ml, and (C)
0.1pg/ml.

samples. This indicates that the PCA does not identify Avian HA in the samples and the
similarities between DIBO-spacer-non-SA-Lac+Avian HA and DIBO-spacer-non-SA-
Lac are greater than the similarities between DIBO-spacer-non-SA-Lac+Avian HA and
the Avian HA samples. As the concentration of the Avian HA to 0.1ug/ml there is some
mixing of the samples with the Avian HA samples. This could indicate that the protein
presence is very minimal causing them to cluster together. However, the samples that
contain the Avian HA still do not cluster with the Human HA. So, as observed before,

Avian and Human HA samples can still be separated.
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A similar analysis was carried out for Non-SA-LacNAc with Human HA. The
PCA scores plots are shown in Figure 4.11. The models captured 74-79% of the spectral
variance. Samples included in these models included Avian HA, Human, HA, DIBO-
spacer-non-SA-Lac, and DIBO-spacer-non-SA-Lac+Human HA. The DIBO-spacer-non-
SA-Lac+Human HA samples in the plots do not cluster with Avian or Human HA.
Furthermore, for all concentrations the DIBO-spacer-non-SA-Lac+Human HA samples
clustered with the DIBO-spacer-non-SA-Lacfor every concentration. This may indicate
that preference of HIN1 HA (New Caledonia/20/1999) to bind to sialylated

carbohydrates is greater than H7N9 HA (Shanghai/017/2013).
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Figure 4.11. PCA scores plots for Human HA vs Lac. The [ represent Avian
HAsamples and 4 represents Human HA. The g represents
DIBO+spacer+Lac, and @ represents DIBO+spacer+Lac+Human HA.

(A) 10pg/ml, (B) 1pg/ml, and (C) 0.1ug/ml.
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Since, literature have proven that H7N9 HA (Shanghai/017/2013) can bind to both 02,3-
SA-LacNAc and 02,6-SA-LacNAc the specificity of HIN1 HA (New
Caledonia/20/1999) was examined.

Nanoparticles containing a2,3-SA-LacNAc was incubated with HIN1 HA using
the same procedures outlined earlier. It is expected HIN1 HA will not bind with a2,3-
SA-LacNAc nanoparticles. The PCA model was built using Avian HA, Human, HA,
DIBO+spacer+ a2,3-SA-LacNAc, and DIBO+spacer+ 02,3-SA-LacNAc+Human HA.
The models captured 72-77% of the spectral variance. In all the PCA models, the
DIBO+spacer+ a2,3-SA-LacNAc+Human HA samples are indicated by the black circles
and they do not cluster with Avian or Human HA samples. The samples cluster with the
DIBO+spacer+ a2,3-SA-LacNAc samples. This indicates that HIN1 HA (New
Caledonia/20/1999) does not bind with a2,3-SA-LacNAc.

Analysis of Spectral Variability. Up to this point we have used SERS spectra to detect

influenza HA on sialylated nanoparticles as well as differentiate between Human and
Avian HA. Models built using PCA and PLSDA analyze spectral variance within the
spectra. It is important to ensure spectral variance is not caused by the substrate but by
the SERS signals from the analyte. Therefore, a study of spectral variability was done to
examine within sample variability and among sample variability. The spectral variability
was measured according to the D metric developed by Price et al.*® The D metric was as
follows:

1
Ap—2a

2 1/2 .
D= [ 181 - SZ(A)]ZdA] Equation(4.1).

D is the root mean square difference between a pair of spectra (S; and S;) averaged over

the spectral range (Aa tohs).*®” The D metric scores were calculated for the following

120



models: a2,3SA- LacNAc +Avian HA, a2,6SA- LacNAc+Human HA, and Human HA
+Avian HA. These models underwent the same preprocessing steps that were outlined for
the PCA and PLSDA studies.

D metric values were calculated for within samples and among samples for all
pairwise combinations. Pairwise combinations were calculated as n[(n-1)/2] where n is
the total number of samples. A total 90 within samples and 100 among samples pairwise
combinations were obtained. After calculation of the D metric, Wilcoxon rank sum test (p
value <0.05) was performed to analyze whether within samples and among samples were
statistically significant. If the values are statistically significant, this indicated that spectra
variability calculated in the PCA and PLSDA studies were from the analyte and not the
SERS substrate. Tables 4.3-4.5 provide a summary of the D metric values calculated as
well values from the Wilcoxon rank sum test. The p values for the within and among
samples are <0.05 indicating that the values are statistically significant. Therefore, it was
concluded that the spectral variability observed could not be attributed to the substrate

but the analyte on the substrate.
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Table 4.3. Summary D metric values for Avian HA.

Avian Influenza Spectral Variability Values

Standard Deviation D
Category IAverage D Values [Values p-value

50ug/ml within classes 1.068E-02 4.843E-03 2 04E-06
among classes 1.169E-02 4.350E-03

25ug/ml within classes 7.611E-03 8.265E-04 153E-25
among classes 9.060E-03 4.949E-04

10ug/ml within classes 6.632E-03 1.527E-03 5 50E-05
among classes 7.815E-04] 7.310E-04

Jug/ml within classes 5.995E-04, 7.071E-04 1.30E-06
among classes 9.397E-04] 8.068E-04

0.5ug/ml within classes 8.350E-03 1.190E-03 131E-18
among classes 9.998E-03 1.001E-03

0.lug/ml within classes 8.221E-03 1.873E-03 8.74E-12
among classes 1.022E-02 1.022E-02)

Table 4.4. Summary D metric values for Human HA.
Human Influenza Spectral Variability Values
Standard Deviation D
Category |Average D Values [Values p-value

S0ug/ml within classes 9.023E-03 1.569E-03 341E-10
lamong classes 1.031E-02] 1.226E-03

25ug/ml iwithin classes 8.293E-03 1.714E-03 175E-04
among classes 9.427E-03] 2.192E-03

10ug/ml within classes 6.620E-03 1.500E-03 0.0280

among classes 7.128E-03] 1.412E-03

lug/ml within classes 6.937E-03 1.964E-03 9.53E-04
among classes 7.941E-03] 2.148E-03

0.5ug/ml iwithin classes 5.703E-03 1.899E-03 628506
among classes 6.734E-03] 1.892E-03

0.lug/ml within classes 5.300E-03 1.800E-03 3.12E-04
among classes 6.167E-03] 1.836E-03
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Table 4.5. Summary D metric values for Avian HA and Human HA.

Avian vs Human Influenza Spectral Variability Values

Standard Deviation D
Category |Average D Values [Values p-value

10ug/ml within classes 8.41E-03 2.312E-03 136E-32
among classes 2.50E-02] 2.350E-04

lug/ml iwithin classes 9.98E-03 2.429E-03 1 36E-32
lamong classes 2.52E-02] 2.938E-04

0. lug/ml within classes 8.10E-03 2.000E-03 1 36E-32
among classes 2.55E-02 3.153E-04

Conclusions

We demonstrated the use of CTAB AuNP substrate for SER detection of SA-Lac-
NAc and influenza HA. We tuned parameters of AuUNP concentration, CTAB
concentration, and volume of ethanol to produce uniform SERS substrates.
Reproducibility of the fabrication method was evaluated by comparing SERS signals
across a single substrate from substrates fabricated in the same batch, and substrates
prepared in different batches. The RSD across a signal substrate, from substrates
fabricated in the same batch, and substrates prepared in different batches were 9%, 16%,
and 16% respectively. Furthermore, we established a method to evaluate spectral
variability within the substrate. D metric values calculated indicated that the SERS
substrates used in these experiments did not contribute to spectral variability examined in
PCA and PLSDA.

A method based on SPAAC immobilization of SA-LacNAc onto SERS substrates

was established to identify influenza HA binding and differentiation between Avian and
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Human HA. Avian HA H7N9 (Shanghai/017/2013) and Human HA H1IN1 (New
Caledonia/20/1999) were used in this study. PCA and PLSDA were used to assess
binding between influenza HA and SA-Lac-NAc. PLSDA returned sensitivity and
specificity scores of 80-100% and 89-100% for Avian HA samples. Sensitivity and
specificity score of 97-100% and the specificity scores ranged from 89-100% for Human
HA samples. Furthermore, PCA was able to differentiate between H7N9 HA and HIN1
HA. Also, feature selection was used to identify which regions of the spectral range
contributed to the most difference between the different samples. From this, we were able
to identify that those differences were attributed to amino acids in the influenza HA. This
study demonstrated the feasibility of using SERS as a detection method for carbohydrates
and their interactions with various biomolecules. Future work will examine SERS
analysis of longer chained SA-Lac-NAc compounds which are supposed to have higher

affinities to influenza HA.
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CHAPTER 5
CONCLUSIONS
The principal objective for this project was to develop a method for SERS
detection of carbohydrate and their interactions with proteins. To develop this method,
we examined the immobilization of carbohydrates by strain promoted click chemistry
(SPCC). The practical use of this study was investigated by immobilization of biotin
derivatives to gold nanoparticles. The azide and cyclooctyne constituents of the SPCC
reaction provided a way to monitor the reaction via SERS. Furthermore, unique bands
from biotin were also observed in the SERS spectra. The presence of avidin was
characterized by SERS, UV-Vis analysis, and fluorescence. This project served as a proof
of concept. From it, we developed appropriate mixtures of spacer and azide derivatives
that were needed to click biotin to the substrate and used them in other projects. Using
gold nanoparticles as SERS substrates also allowed for versatility in characterization
methods. The surface plasmon of nanoparticles in UV-Vis can be used to monitor
nanoparticle derivatization. Also, fluorescence is the most common method of detection
for carbohydrate arrays. So combining these three techniques a greater combination of
information was able to be obtained.
After we determined parameters for SPCC reactions, we next examined the
immobilization of carbohydrates to SERS substrates and studied their interactions with
various lectins. It was important to immobilize carbohydrates to the nanoparticles but

detection of lectins using the carbohydrate nanoparticles as a sensor was important.
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Lactose was immobilized to nanoparticles using SPCC. SERS monitoring of lactose
immobilization was based on observing the alkyne peak in the SERS spectra. Galectin-1
and galectin-3 were later incubated with the surface. Using SERS we were able to detect
the galectin proteins as well as differentiate between the two. Furthermore, we were able
to quantify how much protein was captured onto the substrate. SERS and fluorescence
measurements were able to determine that proteins not specific for lactose bound to the
nanoparticles with less affinity. This study also demonstrated how an array can be
fabricated. To develop an array, a gold slide was patterned to create a high throughput
multiwell substrate. We were able to analyze all three proteins used in this study at one
time thus conducting time efficient measurements.

After the previous study, we sought to develop a SERS substrate where the
nanoparticles were already immobilized onto a solid surface and later functionalized with
the SPCC constituents. This was done to increase substrate fabrication reproducibility.
Therefore, a method was developed to create gold nanoparticle monolayers which were
later transferred to a substrate for SERS. We were able to make small areas of
monolayers that were sufficient for SERS detection. The reproducibility of these
substrates was tested from spot to spot across a single substrate, from substrate to
substrate, and from batch to batch. The standard deviation ranged 9-16% which is much
lower in comparison to the silver nanorods fabricated in our lab for SERS substrates. The
standard deviation values for those substrates ranged from 24-40%.'%°

The final application demonstrated by this body of work immobilized sialylated
carbohydrates to a SERS substrate to create sensors for influenza hemagglutinin.

Influenza hemagglutinin binds to cells via sialylated carbohydrates. Specificity of the
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type of influenza hemagglutinin (Avian or Human) is determined by the sialic acid
linkage. To investigate this system 02,3SA- LacNAc and a2,6SA- LacNAc were
immobilized to nanoparticles using SPCC. Then they were incubated with influenza HA
depending on their specificity. This study showed that a2,3SA- LacNAc which is specific
for Avian HA also bound to Human HA. These results were not shown but were verified
by previous literature. In our study, Human HA only bound to a2,6SA- LacNAc. When
non-SA Lac was incubated with Avian or Human HA, the binding was very minimal if at
all.

This project began a body of work to develop SERS as a detection method for
carbohydrate-lectin interactions. The study of carbohydrates by SERS is not widely done.
So this work can serve as a starting point into the field. There are some improvements
and future studies that can be done to increase this body of knowledge. There is a need to
increase the sampling size. While we are able to carry out most experiments in duplicates,
a larger sampling class is still needed to be able to make generalizations about the data
analysis. The synthesis of carbohydrates is a lengthy process and often times very little
sample is available to carry out extensive SERS experiments. Additionally, the average
experiment including sample prep time, SERS collection, and data analysis took as much
as one week to carry out. Therefore improvements can be made to determine the minimal
sample requirement and sample prep time needed to carry out the experiments.

Clicking of the SPCC constituents was done in solution and not on the SERS
substrate. The SA-carbohydrate experiments were done on the CTAB substrate, however,
we were not able to click to the DIBO linker on the substrate. In the biotin and lactose

studies, clicking was carried out on nanoparticles that were in solution. There was no
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evidence of problems with the reaction between the alkyne and azide when click in
solution. The surface roughness of nanoparticles immobilized onto a solid support may
be problematic for clicking to occur. This is evident by earlier attempts to click DIBO-
biotin onto silver nanorod arrays. Like the CTAB substrate, the silver nanorods are fixed
onto a solid support. In these experiments, clicking between azide and DIBO was
difficult to obtain, hence the move to gold colloids in solution. To reach the full potential
of this method, it is important to establish that this reaction can occur onto nanoparticles
that have been immobilized onto solid surfaces. So, this phenomenon should be examined
further.

The CTAB AuNP SERS substrate developed for the final project has not been
developed into an array format. Since, little carbohydrate samples were available arrays
are needed. They have the advantage of being able to carry out multiple experiments at
once so more data will be collected and minimal sample is required. Currently, our group
is able to fabricate patterned arrays on 1 x 3 in. glass slides. To reach a comparable size,
the CTAB AuNP monolayer would require scaling up fabrication materials. This could
include greater volume of AuNPs, ethanol, hexane, and CTAB. Furthermore the size of
the crystalizing dish used for fabrication would have to be increased as well to allow the
monolayer to grow to a bigger size. After the substrate is prepared, then establishing
conditions for creating the PDMS multiwell substrate would have to be examined.
Alternatively, patterning molds could be designed to fit substrates that are smaller than
1 x 3 iniches.

The influenza study can be expanded to include longer chained carbohydrates

which have higher specificity for influenza HA due to their multivalent nature.
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Furthermore, examination of other subtypes of Human and Avian influenza HA are
needed as well to determine if the trend observed in this study can be generalized across
different influenza subtypes. A lit search demonstrated that H7N9 (Avian influenza
strain) used was able to bind to both a2,6SA- LacNAc and a2,3SA- LacNAc. It would be
interesting to determine if other such trends are observable for other subtypes. Avian
influenza viruses H5,H7, and H9 can be transmitted between mammals. How this occurs
is currently not well understood but receptor binding specificity plays a role.**°
Increasing the length of the carbohydrates can be problematic for SERS analysis.
SERS enhancement decreases as the nanoparticle distance from the surface is increased.
Liver at al. reported that molecules placed between two spherical particles experience
greatly enhanced fields.™ Ketating et al. demonstrated the dependence of the SERS
signal increasing distance from the substrate can be overcome by placing the analyte
between two nanoparticles.’® In the Keating study, the protein cytochrome C was
conjugated to gold colloids and later adsorbed onto aggregated silver colloids. This
trapped cytochrome C between silver and gold nanoparticles. Several features of this
method are of importance. The two colloidal nanoparticles could be placed a known
distance apart and bimetallic nanoparticles allow for electromagnetic coupling to be
identified through wavelength-dependent measurements. SERS spectra of cytochrome C
conjugated to silver nanoparticles were compared to SERS spectra of cytochrome C
sandwiched between the silver and gold nanoparticles. They observed that SERS signals
from the sandwiched complex were weaker however, they were still observable. This
method can be tried an improved upon to gain further insights into analyses where the

target analyte is approaching the optimum distance for the SERS effect to be observed.
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This method has practical applications to study the binding of longer chained SA-
carbohydrates. After incubation of the SA-carbohydrates with influenza HA, SERS
spectra should be taken as a standard protocol. After SERS spectra are taken, particles
can be placed on top of the influenza HA surface and taken again to see if there are any
enhancements of the HA signal. Because in this orientation, the HA signals are closer to
the top layer of nanoparticles, their signals should be increased. An alternative to this
method could be conjugating HA to the second layer of nanoparticles. This may involve
some protein derivitation methods. Protein conjugation methods are similar to
carbohydrate immobilization schemes. After protein modification the HA-nanoparticles

would be incubated with the SA-nanoparticles and SERS spectra can be recorded.
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