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ABSTRACT

Selective Enrichment of Glycoproteins Using Magnetic
Microspheres and Their Sensitive Detection with Surface
Enhanced Raman Spectroscopy

Biisra BiLGIiC
Master of Science, Department of Chemical Engineering
Supervisor: Asst. Prof. Dr. Eda GELIK AKDUR

February 2018, 77 pages

Glycoproteins play critical roles including cell-cell interaction; signal transduction,
protein folding, molecular recognition and host-pathogen interactions in
metabolism. Glycoproteins are also widely used in pharmaceutical industry
because of effectiveness in drug stability, pharmacokinetic and immunogenicity.
Antibodies and antibody-derived molecules are the leading family of
biopharmaceuticals. One of the most popular antibody is Immunoglobulin G (IgG)
and its production at high levels of purity is an important process necessity.

In the first part of this study, a magnetic silica based sorbent was used to purify
IgG glycoprotein from complex serum media. The sorbent was functionalized with
amino phenyl boronic acid (APBA) group to obtain pH-dependent diol-sensitive
system for 1gG purification. Adsorption-desorption mechanism was observed and
optimum conditions were studied. 0.05 M HEPES buffer, pH 8.5, was used as
binding buffer. 1gG adsorption behavior was found compatible with Langmuir
model; it shows that adsorption has occurred as a single layer and
homogeneously. Maximum adsorption capacity of IgG was calculated as 84 mg.g°
! After the adsorption process, optimization of the desorption media was
performed. Optimum isolation of IgG was obtained with 5 mg sorbent in 1 M Tris-
Cl (pH 8.5) with 0.2 M NaCl. After the purification process, IgG in serum was
concentrated 4-fold and IgG was found approximately 80% purity in elution buffer.

In the second part of this study, after the effective purification step of
glycoproteins, sensitive and fast detection of these glycan structures were
investigated for possible use in pathogen detection, early diagnosis of today’s
important disorders like cancer, diabetes and effective pharmaceuticals
production. For this purpose, Surface Enhanced Raman Spectroscopy (SERS)



technique was used with diol sensitive mercapto phenyl boronic acid (MPBA)
functionalized Ag nanoshell coated magnetic polymethyacrylate microspheres
(MPBA-Ag@MagPMMS). As model proteins, much similar RNase A protein
(negative control) and RNase B glycoprotein were used with this special sandwich
system. Characterization and quantification of adsorbed glycoproteins were
realized with this technique. RNase B concentrations down to 0.1 ng/mL, nearly
10 M, could be detected with this method effectively.

Keywords: Boronate Affinity Chromatography, Glycoprotein Enrichment, IgG,
SERS, RNase A, RNase B



OZET

Glikoproteinlerin Manyetik Mikrokureler Kullanilarak Segici
Zenginlestiriimesi ve Yiizey Destekli Raman Spektroskopisi ile
Hassas Tayini

Biisra BILGIiC
Yiiksek Lisans, Kimya Miuhendisligi Bolimui
Tez Danismani: Yrd. Dog. Dr. Eda CELIK AKDUR

Subat 2018, 77 sayfa

Glikoproteinler metabolizmada hucre-hucre etkilesimi, sinyal iletimi, protein
katlanmasi, molekll tanima ve konakgi-patojen etkilesimi gibi konularda kritik rol
oynamaktadir. Ayrica, ilag endustrisinde ilacin kararlihgi, farmokokinetik ve
imunojenik  Ozellikleri Uzerindeki etkisi sebebiyle glikoproteinler siklikla
kullanilmaktadir. Antikor ve antikor tlrevli molekuller ila¢ endustrisinin baslica
tyelerindendir. Antikorlarin en popiilerlerinden biri de immunoglobulin G (IgG)
glikoproteini olup, yuksek saflikta dretimi dnemlidir.

Calismanin ilk boliminde, kompleks serum ortamindan IgG glikoproteinini
saflastirmak igcin manyetik, silika temelli bir sorbent kullaniimistir. IgG saflastirmak
amaciyla pH-bagimh diol gruplarina se¢imli baglanmayi saglayan bir sistem olarak
sorbent, amino fenil boronik asit (APBA) grubu ile fonksiyonalize edilmigtir.
Adsorpsiyon-desorpsiyon mekanizmalari incelenmis ve optimum kosullar
arastinimistir.  Baglayici tampon ¢ozelti olarak 0.05 M pH 8.5 HEPES
kullaniimistir. IgG adsorpsiyon davranisi Langmuir modeli ile uyumlu bulunmustur;
bu da adsorpsiyonun tek tabaka halinde ve homojen olarak gercgeklestigini
gostermektedir. IgG  maksimum adsorpsiyon kapasitesi 84 mg.g’ olarak
hesaplanmistir. Adsorpsiyon igleminden sonra glikoproteini saflastirmak igin en iyi
desorpsiyon ortami incelenmigtir. IgG’nin optimum izolasyonu 0.2 M NaCl igeren 1
M Tris-Cl (pH: 8.5) desorpsiyon ortaminda 5 mg sorbent kullanarak elde edilmistir.
Saflastirma isleminden sonra serum igerisindeki IgG glikoproteini 4 kat konsantre
edilmis olup, elisyonlarda 80% safliginda IgG gozlenmisgtir.

Cahsmanin ikinci kisminda ise, etkili bir saflagtirma igleminden sonra; patojen
tanisi, kanser, diyabet gibi gunumuz hastaliklarinin erken teshisi ve eftkili



farmasotiklerin gelistiriimesi kapsaminda 6nemli bir ara¢ olan glikan yapilarin
hassas ve hizli tayini incelenmistir. Bu amagla, diol gruplarina segimli olarak
baglanmayi saglayan merkapto fenil boronik asit (MPBA) ile fonksiyonalize edilmis
gumug kabuga sahip manyetik polimetakrilat mikrokireler (MPBA-
Ag@MagPMMS) yardimiyla Ylzeyce Zenginlestiriimis Raman Spektroskopisi
(SERS) teknigi kullaniimistir. Model protein olarak birbirine oldukg¢a benzer yapida
olan RNase A proteini (negatif kontrol) ve RNase B glikoproteini bu 6zel sandvig
sistemiyle kullanilmistir. Adsorplanan glikoproteinlerin karakterizasyonu ve nicel
OlcimuU bu teknikle gergeklestiriimigtir. Bu yontemle, 0.1 ng/mL, yaklasik 10 M,
derigim seviyesine kadar RNase B tayini kolaylikla yapilabilmigtir.

Anahtar Kelimeler: Boronat Afinite Kromatografisi, Glikoprotein Saflastirma, 1gG,
SERS, RNase A, RNase B
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1. INTRODUCTION

Complex carbohydrates (glycans) bind to lipids and proteins as a result of
“glycosylation” process. The glycans bound with this posttranslational modification
play critical roles including cell-cell interaction, signal transduction, protein folding,
molecular recognition and host-pathogen interactions [1-3]. It is known that
differentiation in glycosylation is the reason of some diseases like cancer and
retroviral infections [4, 5]. At the same time, rise in glycosylation level of proteins

like albumin and hemoglobin is the reporter of diabetic disorders [6, 7].

Glycoproteins are also widely used in pharmaceutical industry because of
effectiveness in drug stability, pharmacokinetic and immunogenicity [8].
Monoclonal antibodies (mAb) and antibody-derived molecules are the leading
group of biopharmaceuticals considering therapeutic and market potential, with
total sales expected to reach $70 billion in recent years [9]. Nowadays, more than
40 mAb-based drugs have been approved by regulatory agencies (EMEA, FDA)
for the treatment of several diseases like cancer, multiple sclerosis and
rheumatoid arthritis. As a result of the increasing patient population and relatively
low capacity of mAbs, the need for production processes to produce consistently

large amounts of pharmaceutical-grade mAbs arises [10].

The most abundant type of antibody is Immunoglobulin G (IgG). It protects against
viral and bacterial infections and is also found in all body fluids. IgG is produced in
a delayed response to an infection and can be retained in the body for some time.
IgG is very useful for passive immunization because of the long half-life in serum.
For these reasons, IgG is the principle antibody used in clinical diagnostics and

immunological research.

The increasing demand for these therapeutic agents further demonstrates the
need to establish economical and feasible production processes. Currently, almost
all of the marketed therapeutic antibodies are produced in mammalian cells [11].
Since the latest improvements in cell culture productivity, the emphasis has now
shifted to the downstream processing. Protein purification strategy is still a
challenging topic in today’s technology. Currently, there are several methods to

separate or enrich glycoproteins, majority of them being lectin-affinity



chromatography [12-15], hydrazide chemistry [16, 17], size exclusion [18] and
hydrophilic interaction chromatography [19, 20].

In addition to these strategies, in recent decades, boronic acid-based affinity
methods have become more and more popular and have been successfully
applied in enrichment of glycoproteins [9, 21, 22]. The boronic acid groups can
tightly form a covalent bond with biomolecules containing cis-1,2-diols moiety in an
alkaline environment, while the five or six membered cyclic esters dissociate by
switching to acidic solutions [23]. Boronic acid functionalized materials like iron
oxide magnetic nanoparticles (MNP’s) are commonly used in glycoprotein
enrichment because they provide a quick and simple separation process by using
an external magnetic field [9, 21, 24, 25]. However, there is still a need for micro-

sized particles with high affinity and selectivity towards glycoproteins.

After the effective purification step of glycoproteins, sensitive and fast detection of
these glycan structures is another important topic, especially for pathogen
detection and early diagnosis of today’s important disorders like diabetes and
cancer [26]. Surface Enhanced Raman Spectroscopy (SERS) technique is one of
the most powerful spectroscopic techniques used in determination of analytes due
to some key advantages [27, 28]. SERS technique generates spectra specific to
molecules with one molecule sensitivity by using metal nanoparticles as signal
inducer surface for Raman scattering [29]. SERS is also preferred for non-

destructive, cheap, fast, sensitive and quantitative detection of analytes.

In this study, firstly, purification of IgG glycoprotein from serum sample was aimed,
using APBA@MagSiO2 microbeads. For effective enrichment of IgG, binding and
elution conditions were optimized, where guantitative detection of the glycoprotein
was realized using SDS-PAGE and spectrophotometric methods. In the second
part, SERS technique was used for ultrasensitive detection of glycoproteins. For
this purpose, diol sensitive MPBA-Ag@MagPMMS was used. As model proteins,
much similar RNase A protein (negative control) and RNase B glycoprotein were
preferred. The detection limit of RNase B glycoprotein was obtained at femtomolar

levels.



2. LITERATURE SURVEY

2.1. Carbohydrate Structures in Organisms

Carbohydrates in nature are very broad class of biopolymers found as
monosaccharides, oligosaccharides, polysaccharides and glycoconjugates, and
are found in nearly all plants and animals. More common monosaccharides in
organisms are glucose, fucose, mannose, galactose sialic acid, N-
acetylglucosamine and N-acetylgalactosamine (Figure 2.1). These are joined
together with loss of a molecule of water by using a glycosidic bond. It can be
possible to form more than 10 million tetrasaccharides from combination of just

nine monosaccharides, it is highly extraordinary [30].

(8]
H?m/&iw Ha% ”oﬂ
OH OH HO . OH
OH OH
Glucose Galacose Mannose
(Gle) (Gal) (Man)
OH HO OH
HO 0
HO ~ OH HO -~ OH OH
NHAc NHAc OH
N-Acetyl-Glucosamine N-Acetyl-Galacosamine Fucose
(GleNACc) (GalNAc) (Fuc)
OH HO
HO HO  oH oH
OH o
8]
AcHN - /07 ~COOH Ho&l/“ OH
HO HO oH NHAc
N-Acetylnuraminic Acid Gal(p1-3)GalNAc
(MNeusAc)

Figure 2.1 Examples of carbohydrate structures in organisms [31]



In recent decades, carbohydrates roles in cellular function and recognition has
started to be exactly realized and understood [32-36]. Carbohydrates play key
roles in cell-cell interaction , between constituents of the cellular environment and
cells and can appear on cell surfaces as glycocalyx [37]. In the glycocalyx layer,
carbohydrates are mainly bound to protein and lipid structures and they form
complex carbohydrate units like glycoproteins [38] and glycolipids [39].

2.1.1. Glycosylation of Proteins and Roles of Glycans in Cells

Glycosylation is one of the most common posttranslational modifications of
proteins which strengthens structural and functional roles of proteins on the
cellular surfaces and within cells [31]. It is one of the major ways in which proteins
are post-translationally modified and involves linking of monosaccharides via
glycosidic bonds to form a glycan that is covalently attached to a biomolecule,
such as a protein or a lipid. Over 50% of eukaryotic proteins are predicted to be
glycosylated [40], although yeasts have fewer total glycoproteins than multicellular
eukaryotes [41]. The importance of glycosylation is better understood by the fact
that nearly 70% of therapeutic proteins that are either approved by US and
European regulatory agencies or are in preclinical and clinical development are

glycoproteins [42].

Glycosylation can occur at several amino acid residues, most commonly through
asparagine (N-linked) and serine or threonine (O-linked). Although there are
currently no established rules for predicting the effect of glycosylation on protein
folding or function, empirical evidence reveals numerous roles for this protein
modification. For example, glycans can influence folding, stability, molecular
interactions, and quality control [43]. Extracellular display of glycans plays a role in

cell-cell recognition, adhesion, and host immune responses to pathogens [44].
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Figure 2.2 N-linked and O-linked glycosylation [45]

If compared with the normal tissues and cells, glycosylation level has altered in
malignant cells and diseased tissues [46]. Additionally, complex carbohydrates
behave as receptors for complementary binding proteins, typically lectins. Lectins
are proteins and their interactions with polysaccharides are similar to the

antibody—antigen and enzyme—substrate reactions [47].

Figure 2.3 shows carbohydrate—protein interactions at the cell surface like ligand—
receptor recognition, cell-cell interaction, , typing of blood group, transportation of
biological macromolecules, and immune recognition processes [13].
Carbohydrates present on cell surface play critical roles in many biological
processes including leukocyte—endothelial cell adhesion [48-50], fatal diseases
(inborn disorders of glycosylation [51, 52]) originated from a bacterial and viral
infection, deficiency of glycosidases, and production of glycoproteins.

The synthetic glycoconjugates can be used as tools for the fundamental study of
glycobiology and as candidates for future generation therapeutics [31].
Intentionally changing protein-associated carbohydrates can be used to tailor the
pharmacokinetic properties of a protein, leading to drugs with enhanced in vivo
activity, half-life, and resistance to proteolysis [43]. Glycosylation can also be used
in production of specific therapeutic proteins [53] and to enhance their biological
activities [54]. In an opposite manner, the inappropriate structure or position (on a
protein backbone) of glycans can negatively affect pharmacokinetics, and in some



cases trigger immunogenic responses [55]. For these reason carbohydrate
recognition has been located in the leading position of scientific research.

Cell
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M Antibodies
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i

Figure 2.3 Protein—carbohydrate interactions at the cell surface (Figure modified
from [31])

2.2. Analysis of Glycans as Biomarker

In the analysis of glycoprotein biomarkers or in glycoprofiling of intact, mainly

cancerous cells, recognition of glycan has been utilized as part of the biomarker.

Protein glycosylation, which is the most common post-translational modification in
higher organisms including human, means that a wide range of different
glycoproteins can be used as disease biomarkers for early detection of
pathological processes. This is a relatively new, yet very interesting approach with
a potential to develop assays for the detection of diseases such as diabetes,
rheumatoid arthritis, infection by a Dengue virus, as well as various types of

cancer [56].



For instance, glycated hemoglobin is a marker of diabetes. In this disease, a
continuously elevated concentration of glucose within the blood of patients with
diabetes modifies the N-terminal valine of the B-chain of hemoglobin. Thus,
monitoring of glycated hemoglobin can give information about a long-term
progression of the disease, not influenced by a short-term variability in the glucose
concentration. Also glycated albumin is used as an important biomarker for
monitoring the long term glycemic history of diabetics [56], glycated albumins are
not affected from changes in erythrocyte life times as a powerful feature, in
contrast to glycated hemoglobin [7]. Glycated hemoglobin (HbAlc) in blood
sample was detected quantitatively by using DCDR (drop coating deposition

Raman) technique for clinical applications of glycemic control [6].

Antibodies (particularly immunoglobulins G, IgG) circulating in the blood contain
complex type N-glycans of a biantennary structure [57]. IgG’s glycan is in healthy
individuals often terminated with N-acetylneuraminic acid, and in patients with
rheumatoid arthritis this glycan can be terminated in galactose or N-
acetylglucosamine. The severity of the rheumatoid arthritis correlates with the
extent of the IgG’s glycosylation change [14, 45]. Diluted serum samples from
patients suffering from rheumatoid arthritis and healthy individual controls were
analyzed by the EIS-based lectin biosensors. Three different lectins were
covalently immobilized on SAM patterned gold surfaces to prepare three lectin
biosensors for detection of sialic acid, galactose, and mannose/N-
acetylglucosamine present on the surface of glycoproteins. The lectin biosensors
could detect glycoproteins selectively down to the femtomolar level with the ability
to distinguish between samples from healthy and sick individuals based on

changes in the glycan composition on IgGs [14].

An early diagnosis of any type of cancer requires identification of cancer
biomarkers, an effort feasible to be achieved only by a multidisciplinary approach
relying on an array of strategies, technologies, and methods [58, 59]. Such studies
revealed that in cancer tissues, glycan structures of glycoproteins are altered.
There are only few cancer glycoprotein biomarkers approved by the U.S. Food
and Drug Administration for diagnostics of various cancer types. For example PSA
(prostate specific antigen) glycoprotein is a prostate cancer biomarker. Also CEA

(carcinoembryonic antigen) is one of the most widely used tumor biomarkers



worldwide and the most often utilized biomarker of colorectal cancer. Although it
was shown that CEA (or a CEA-like protein) is present in healthy people, its
concentration in people affected by cancer is approximately 60-fold higher as
compared to healthy individuals [60]. CEA is considered to be a biomarker also for
other kinds of cancer including breast, lung, and pancreatic cancer [61]. For
detecting of this antigen, attachment of glycan part of this protein can be used.

Recent studies, suggest that PSA from sera of patients with prostate cancer
contain glycan with a higher amount of sialic acid as compared to PSA from
healthy individuals or those having benign prostatic hyperplasia [61]. Moreover, it
was shown that a relative abundance of glycosylated isoforms of PSA may provide

useful additional information for clinically relevant investigations.

Graham et al. studied glycan expression for the identification of cancerous cell
with confocal SERS mapping technique. Lectin functionalized silver nanoparticles
were used for carbohydrate-lectin interactions in mammalian cells and as a result
it was shown that prostate cancerous cells has higher amount of sialic acid residue

composition according to noncancerous cell [4].

Chen et al. used SERS method with 4 MPBA functionalized AuNP, for detecting or
visualizing glycans on live cells and detected cancerous cells [62]. In another new
study, 4-mercaptophenylboronic acid (4-MPBA) functionalized, silver nanoparticle
decorated silicon wafer was used as multifunctional chip based on SERS
technique that effectively captures, discriminates, and inactivates pathogenic
bacteria [63].

Bacteria can be categorized as Gram-negative and Gram-positive bacteria. Many
diseases like pneumonia, meningitis, plague and diarrhea are caused by Gram-
negative bacteria. Gram-negative bacteria pathogenicity is often related with their
lipopolysaccharide (LPS) structure that covers 75% of the bacterial surface and is
a highly complex glycolipid layer. LPS is essential for bacteria and there are many
roles of LPS in host-pathogen interactions, so LPS analysis is important for truly
understanding these interactions through infections. Additionally, by using these
LPS-lectin interactions, detecting and isolating bacteria can be achieved more
easily [64, 65]. With the aim of detecting and removal of Gram-negative bacteria E.

coli, Wang et al. designed a lectin modified micro-engine and by using interactions



of lectin and O-antigens in glycan structure of E. coli cell surface, it was isolated

easily [65].
2.3. Glycans in Biotechnology and the Pharmaceutical Industry

Protein-based biopharmaceuticals are highly popular therapeutics, and the
necessity to these drugs within the pharmaceutical industry is rapidly increasing.
Nowadays the number of recombinant proteins approved for use is over 50 and
over 500 more are under development [66]. It is expected to increase
developments in this field with stem cell technologies [67, 68]. Over one-third of
these biopharmaceuticals have glycoprotein structure [69]. Glycosylation is the
most common post-translational modification (PTM), occurring in up to one-half of
all gene products [69]. Glycoproteins are also widely used in pharmaceutical
industry because of effectiveness in drug stability, pharmacokinetic and

immunogenicity [8].

Many well-known drugs, like anticancer therapeutic agents and antibiotics, have
glycans naturally in their essential structure and/or as a sugar side chain (i.e.,
a glycoside). Natural products that have a glycan side chains are shown in Figure
2.4. In some synthetic drugs, glycan structures have also been modified. The
most recent examples of these synthetic drugs are the small-molecule inhibitors of

influenza virus neuraminidase [45].

Digoxin

Figure 2.4 Examples of natural products which contain glycan components.
Doxorubicin is chemotherapeutic drug, streptomycin and erythromycin A are
antibiotics and digoxin is used to treat cardiovascular disease [45].
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Glycosylation of naturally occurring molecules is often critical for their function and
activity. Likewise, it is known that the action of therapeutic compounds might be
significantly altered by glycosylation. Properties such as serum half-life, solubility,
immunogenicity and binding specificity can be altered dramatically. Enzymatic
remodeling of recombinant glycoproteins promises to be a useful tool for refining
pharmacological activity. Thus it is possible to see many glycoconjugates as
therapeutics. A classic example of a recombinant glycoprotein used in human
therapy is erythropoietin which is used in treatment of anemia. Correct
glycosylation of this glycoprotein is essential for activity as the incorrectly
glycosylated molecule is rapidly cleared from circulation. Also, synthetically altered
glycosylation can affect the selectivity, potency or action of drug, and may have
beneficial or detrimental effects. In the case of morphine, artificial glycosylation
has a beneficial effect and more effective than native one. Other glycocconjugate
examples are antibiotics; altering their glycosylation may be a way of creating new
antibiotics to overcome antibiotic resistance developed by pathogenic bacteria
[70].

It is seen that clearly, glycoconjugates are abundant and effective in therapeutics
and pharmaceutical industry. It is not enough to determine whether a protein is
glycosylated, but also that the correct glycan has been attached truly and bound to
the correct amino acid. Thus, biosensors are aimed to investigate glycosylation

status in these pharmaceuticals easily and with high sensitivity.

In this respect, Goodacre et al., studied with model proteins, RNase A protein and
RNase B glycoprotein, to investigate glycosylated therapeutics. RNase B
glycosylation status was monitored and quantified, where its concentration was
determined with Raman spectroscopic technique. This study lead to determine

other glycoconjugates in drugs [8].

In another study, a boronate affinity sandwich assay was designed as an
alternative to immunoassays for the determination of glycoproteins by using SERS
method [71].

2.4. Glycomics

Similar to proteomics and genomics, glycomics shows the systematic methodology

of the “glycome” (total of glycan structures) of a cell type or organism. However,
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the glycome is more complex than the proteome or genome. Besides the
extremely greater structural diversity in glycans, the dynamic changes occur
during differentiation, development, malignancy, infection or inflammation. The
other diversity originates from glycosylation alterations. Therefore, a large nhumber
of possible glycome states can be described for a given cell type in a given
species. Today, glycomic analysis generally includes extracting complete cell
types, organs, or organisms; releasing all the glycan chains from their linkages;

and identifying them with detection techniques such as mass spectrometry [45].

The structural aspects of glycomics are being extensively addressed with the
improvement in advanced profiling and structural characterization approaches,
e.g., exoglycosidase digestions coupled high-resolution chromatography methods
[72] and modern mass spectrometry (MS) analyses [73] and NMR [74]. However,
understanding the involvements of carbohydrates in diverse recognition systems
(often through their interactions with effector proteins) that participate in cell-cell

communication and signaling still remain challenging [75].

Detailed analyses of carbohydrate-protein interactions present difficulties at all
levels. First, only limited amounts of oligosaccharides (at submicromol levels) can
typically be isolated from natural sources when released from proteins or lipids,
and these are often highly heterogeneous. Second, the structural diversity of
oligosaccharides leads to difficulties in their structural characterization; currently,
there is a lack of an efficient means of automated assignment and the
characterization is mainly reliant on expert interpretation by MS analyses. Third,
the biosynthesis of oligosaccharides is not template driven, as for proteins and
nucleic acids, and the diverse repertoire of oligosaccharides is difficult to access
by chemical synthesis. Fourth, most carbohydrate-protein interactions are of low
affinity, and there is a requirement for multivalent sites of carbohydrate ligands to
detect the binding in microscale analysis. These challenges lead to new
approaches to detect these interactions and structural analysis fast, easily and

effectively.
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2.5. Glycan Analysis Tools

The complexity and diversity of oligosaccharide structures and the physical
similarity of the monosaccharides of which they are composed means that their

analysis is technically difficult.

Lectins are useful tools for detecting of carbohydrates. They have biologically
significant activity, including specific recognition of complex carbohydrate
structures. [76]. Lectin affinity chromatography facilitates the purification of

oligosaccharides an glycoconjugates from complex mixtures [12].

Another glycan purification method is boronate affinity chromatography. The
specificity of boronate makes it an important ligand to separate cis-diol-containing
compounds like glycoproteins, catechols, nucleic acids, nucleotides, nucleosides,
and carbohydrates. The esterification process between boronate ligands and cis-
diol groups is the basic interaction for boronate affinity chromatography. The
process of esterification majorly requires that the two hydroxyl groups of a diol
should be on adjacent carbon atoms and in an nearly coplanar configuration, that
describes 1,2-cis-diol. Despite the interaction of boronate with cis-inositol, 1,3-cis-
diols or triethanolamine, the strongest boranate ester bond forms with 1,2-cis-diols
[77].

The other technique and the most common method for the analysis of proteins is
SDS-PAGE. Different concentrations of acrylamide are incorporated into the
electrophoretic gel matrix and the resulting differences in crosslinking enable gels
to be constructed which separate proteins ranging in molecular mass from 10 to
200 kDa. For some heavily glycosylated proteins that do not migrate adequately in
SDS-PAGE, borate buffer is used. Boric acid binds to the monosaccharides and
enables the glycoproteins to migrate in the electric field. Following their separation,
proteins are visualized with some stains like Coomassie Brilliant Blue or silver
stain [78].

Another powerful technique is Western Blotting. It is the process by which
(glyco)proteins, first separated by SDS-PAGE, are transferred to an inert
membrane that can then be probed with lectins or antibodies to identify
oligosaccharides on the protein of interest [79].
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Unlike proteins, monosaccharides and oligosaccharides only weakly absorb light
in the ultraviolet (UV) range. Furthermore, the immense diversity of
oligosaccharide structures means that they are often resent only in tiny quantities.
This has caused the development of alternative reliable, sensitive techniques for

detection of oligosaccharides.

There are so many techniques for detection of glycans. The sensitivities of the

different approaches to glycan analysis are compared in Table 2.1.

Table 2.1 The sensitivity of different methods for oligosaccharide analysis. The
amount of protein required has been based on 20% oligosaccharide w/w protein
[57]

Approximate

Starting amount of oligosaccharide

Analysis Method

protein detection levels
Nuclear magnetic 100 ug nmol
resonance (NMR)
Matrix  assisted laser 10s of ug pmol
desorption ionization/time
of flight (MALDI/TOF)
Electrospray mass 10s of ug 10 pmol
spectrometry (MS)
Fast atom bombardment 10s of ug 10 pmol
MS
Gel electrophoresis 0.5-1 ug 100 fmol
separation of glycans
(FACE)
HPLC with fluorescent 0.5-1 ug 10 fmol
label
High pH anion exchange 100 g nmol
chromatography (HPAEC)
Native glycans labelled 0.5-1 ug sub-pmol

with fluorophore
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It is seen that from Table 2.1, to improve detection levels of oligosaccharides have
included labelling of mono- and oligosaccharides. The development and validation
of fluorescent labels has also enabled improved sensitivity in detection of
oligosaccharides. It is now possible to detect oligosaccharides in quantities as
small as 10 fmol. It provides higher detection limit but makes it harder and noisier
to detect these structures because of extra substance (label). In addition to these,
carbohydrates or proteins labeling with fluorescence needs additional steps. The

presence of the labels may cause additional interferences to the binding process.

These reasons lead to label-free glycan detection techniques [31]. Many
techniques have been attempted to study carbohydrate—protein interactions,
including isothermal titration calorimetry (ITC) [80], surface plasmon resonance
(SPR) [81], capillary electrophoresis (CE) [82], nuclear magnetic resonance (NMR)
[83], quartz crystal microbalance (QCM) [84], fluorescence spectroscopy [85], and
atomic force microscopy (AFM) [86].

Raman spectroscopy is also another technique used in glycan analysis studies [8,
87]. It is easy, useful, simple and cost effective, but at the same time because of

lower detection limit inherently weak technique [88].

In recent years, to improve sensitivity, nanoparticle based tools are used. For
example, as a special case of SPR, Localized Surface Plasmon Resonance
(LSPR) technique is used. It realizes on the metallic nanoparticle surface
providing real-time assays and because of using simple instrumentation, good
reproducibility in a cost-effective way can be possible [89].

Another nanoparticle based tool is Surface-Enhanced Raman Spectroscopy
(SERS) technique. As different from the other techniques, concurrent analysis of
multiple components in a single sample is possible with SERS technique; it
provides a distinctive vibrational fingerprint spectrum so it causes an important
increase in sensitivity. SERS is a versatile technique which can be used
sensitively in many studies, including microorganism recognition [90], the
monitoring of biological interactions [91], and also as a tool for detection of
cancereous cell [92-94]. In this study, SERS is used because of its key
advantages, so more detailed information on the technique is given in Section
2.10.
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2.6. Affinity Chromatography and Glycoprotein Purification

Biomolecules are purified using several chromatographic techniques according to

differences in specific properties, as given in Figure 2.5.
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Figure 2.5 Separation principles in chromatographic purification (Figure modified
from [95])

Separations of proteins are realized with affinity chromatography by using
reversible interaction between a protein and a specific ligand in a chromatography
matrix. This technique is suitable for capturing or it can be an intermediate step in
a purification process and used when a complementary ligand is available for the
target protein(s). Because of high selectivity, high capacity and high resolution, it is
possible to achieve high recovery of active material. Also target protein(s) is

obtained in a purified and concentrated form.

In this technique by using hydrophobic or electrostatic interactions, van der Waals’
forces and/or hydrogen bonding, biological interactions between ligand and target
molecule can be realized. After the interaction step, to isolate the target molecule
elution from the affinity medium realizes with reversing the interaction, by changing

the pH, ionic strength or polarity and using a competitive ligand.

Affinity purification can provide immense time-saving process compared to less
selective multistep procedures. Large volumes can be processed because of
concentrating effect. Target molecules can be isolated from complex biological
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samples and biological material in low level can be purified from high amounts of

contaminating substances.

In the basis of successful affinity purification process, there is a biospecific ligand
that covalently attaches to a chromatography matrix. The specific binding affinity of
coupled ligand must be retained for the target molecules and, after washing step
of non-specific unbound material, the binding process must be reversible between
the ligand and target molecule to elute the target molecules in an active form. Any
material can be used as a ligand to purify its complementary partner. Some typical
examples of biological interactions widely used in affinity chromatography are
antibody-antigen, enzyme-substrate, glycoprotein-lectin, metal ions-poly(His)

fusion protein pairs.

Purification of glycoproteins by selectively capturing the glycan component is
commonly done using affinity chromatography. The most common nonspecific
binding of saccharides can be realized with boronate affinity matrices, whereas

immobilized lectins are used for specific binding of carbohydrates.

The difference of glycated proteins from non-glycated proteins is attachment of
sugar moieties at diverse binding sites via a ketoamine bond. Glycated proteins
therefore have 1,2-cis-diol groups that is not found in non-glycated proteins;
boronate affinity chromatography uses this difference to separate glycated and
non-glycated constituents [96]. Boronate affinity systems mimic lectins and they

have synthetic lectin-like carbohydrate receptors.
2.6.1. Lectin-Based Biosensors for Detecting Carbohydrates

Carbohydrates and lectins are interacted reversibly with each other’'s predominant
in different biological and pathological processes, like cell proliferation, cell-cell

interaction, tumor metastasis, apoptosis, fertilization and immune responses.

Lectins bind to cell surfaces includes specific carbohydrate-containing receptor
sites [97]. To analyze glycoproteins and carbohydrates, highly specific lectins are

used as bioreceptors for biosensor applications.

Common immobilization techniques of lectin range from non-covalent to covalent
immobilization onto a wide variety of substrates. In a study, as an example of non-
covalent immobilization, ConA lectin is attached reversibly to polymyxin B surface

with hydrophobic interactions [98]. In addition, the immobilization of lectins, like
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ConA, on gold NPs generally occurs via electrostatic interactions. With the aim of
make more efficient immobilization process, Oliveira et al. utilized gold and
polyvinyl butyral (PVB) NPs for the development of an immunosensor [99]. PVB

entraps the protein—NP aggregate on the electrode surface.

As an another technique, covalent immobilization of a lectin was obtained by flow-
injection assay of the pathogenic enterobacteria via a lectin-based QCM biosensor
[100]. In here, lectin ConA was the biosensing element and immobilized onto the

gold surface of a quartz crystal electrode.

Lectins have oligomeric structure with several glycan binding sites and there are
abundant carbohydrate structures on bacterial cell surface. Thus, in a study, a
carbohydrate—lectin sensor, by using binding affinity of a lectin to both
lipopolysaccharide structures of bacterial cell surface and a carbohydrate sensing
element that is immobilized onto the Au transducer surface, has been developed
[101].

In another lectin-based sensor study, Wang et al., by alkanethiol lectin conjugation
method, lectin modified microengine was designed and used for E. coli isolation
and release strategy [65]. For the lectin conjugation, alkane thiols are commonly
used molecules because of higher affinity of S-bonding to surface.

In another example, Graham et al, synthesized lectin functionalized silver
nanoparticles by using EDC-HCI and sulfo NHS coupling chemistry. The linker
molecule was modified with each lectin and then they were bound to citrate
reduced silver nanoparticles. In here, amine coupling method was applied again

[4].

Although lectin based biosensors provides high specificity and power in
carbohydrate detection, in case of some disadvantages and limitations about this
technique, by mimicking lectins, synthetic materials based sensors are revealed
and highly used in recent years. These types of sensors are explained in depth in

the next section below.
2.6.2. Sensors Using Boronic Acid Derivatives to Detect Carbohydrates

Natural sources are utilized in order to isolate most of the lectins so affinity of
lectins can decrease after purification process. Some lectins can also be

cross-specific; it means they bind multiple glycan structures. Furthermore, there
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are some disadvantages about lectin-based systems like the short lifetimes and
lack of stability, thus they need renewal because of their intrinsic protein nature. In
an alternative way, some molecular structures have been recently used in the

development of lectin-like carbohydrate receptors.

The most widely used one among lectin-like carbohydrate receptors is boronic
acid-containing compounds. They’re covalent interaction-based carbohydrate
receptors [102]. Because of low mammalian toxicity of boronic acids and their
unique interactions with diol groups, the boronic acid-containing receptors are
frequently used: cyclic esters are formed with interaction of boronic acid and diol
groups in water more readily compared to many other acids.

In recent years, studies with boronic acids are realized for use in glucose sensors
[103], membrane transport agents [104], cell surface imaging and recognition
[105], and catalysts and protective agents in synthesis [106]. The variety of
substrate affinity and selectivity is studied with boronic acid-based receptors,

containing multiple binding sites. [107].

In another example to enable the oriented immobilization, boronic acid containing,
O-cyanate chain-end functionalized polymer has been synthesized. This system
offers a three-dimensional expression of a carbohydrate receptor as shown in
Figure 2.6. Briefly, as a multivalent carbohydrate receptor a boronic acid-
containing polymer (boropolymer) was oriented and immobilized to surface using
isourea bond formation. In order to increase binding affinity and specificity of
boropolymer surface, carbohydrates were linked to AuNPs which provided

multivalent carbohydrate group to increase the response signal [31].

In another study, Zhang et al., synthesized boronic acid modified magnetic
nanoparticles with thiol-ene click chemistry for selective enrichment of
glycoproteins from complex bio-samples. In here, as boronic acid containing
compound, 4-mercaptophenyl boronic acid (4-MPBA) was used as a glycan

structures probe [21].
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Figure 2.6 Boronic acid containing, O-Cyanate chain-end functionalized polymer
and its immobilization on amine surface with isourea bond formation as
carbohydrate receptor [31]

Yu et al., studied an important issue of today’s world and reported specific,
sensitive and accurate detection of fructose for diabetic symptoms, in protein
solutions using SERS by forming a mixed self-assembled monolayer (SAM),
where the fructose probe was 4-mercaptophenylboronic acid (4-MPBA) [108].

In this thesis study, for selection of glycan structures in model protein samples and
detection of glycosylation level in glycoprotein samples, magnetic polymeric
microbeads functionalized with 4-MPBA were used as synthetic material in SERS-

based method.
2.7. Adsorption Equilibria

When the adsorbate and adsorbent are interacted with each other long enough,
equilibrium will be established, which is characterized by adsorption isotherms. An
adsorption isotherm is related to the equilibrium concentration of a solute on the
adsorbent surface, ge, to the concentration of the solute in the liquid, Ce, with
which it is in direct contact. The adsorption isotherm is also related to the amount
of solute adsorbed onto the surface of an adsorbent and the equilibrium

concentration of the solute in solution at a given temperature.

For calculation of ge values, equation below is used.

(Co—Ce).V
Qe = ——— (2.1)

m
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In this equation; e, adsorbed quantity by unit adsorbent at equilibrium
concentration (mg/g); Co, initial concentration of adsorbent (mg/L); Ce, equilibrium
concentration of adsorbent (mg/L); V, volume of adsorbent solution (L) and m,

mass of adsorbent (g).
2.8. Adsorption Isotherms

Equilibrium study on adsorption process informs about the capacity of the
adsorbent. An adsorption isotherm is described by certain constant values
provides the information about affinity of the adsorbent, surface properties and can
also be utilized to compare the adsorption capacities of the adsorbent for different
conditions. Equilibrium data is processed to analyze adsorption behavior using
commonly known adsorption models. The characterization of experimental data of
adsorption isotherms can be realized via several mathematical models. The
Langmuir, Freundlich and Temkin models were used to analyze the adsorption
behavior that happened in the glycoprotein purification experiments.

2.8.1. Langmuir Model

This isotherm developed by Irving Langmuir is the best model that expresses
chemical adsorption. Single layer is formed on outer surface of adsorbent by
adsorbed matter and after the layer forms, adsorption process ends. This
isotherm is explained by Equation 2.2 [109].

_ qm-KL-Ce
qe o 1+K;,.Ce (22)
When this equation is converted to linearized form, Equation 2.3 is formed.
1 1 1

Je dm dm-Ki.Ce

In this equation, gmn maximum adsorption capacity of adsorbent (mg/g) and K
Langmuir adsorption constant (L/mg) and these values are calculated with slope

and intercept values of linear curve from the graph plotted for 1/C. versus 1/qe .
2.8.2. Freundlich Model

Freundlich isotherm is mostly preferred to determine adsorption characteristics of
heterogenic surfaces. This isotherm is explained with Equation 2.4 [110].

1

Jde = Kf. Cg (2.4)
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In this equation, K;, Freundlich isotherm constant and n, adsorption density
constant. When Equation 2.4 is linearized, Equation 2.5 is formed.

Inqe = InK¢ + %.ln Ce (2.5)

In Ce versus In ge graph is plotted. n value is calculated with slope of the curve and
intercept of the curve is used for calculation of K; value.

2.8.3. Temkin Model

Temkin isotherm assumes that decrease in the heat of adsorption is linear with
increasing coverage. This isotherm is expressed in Equation 2.6 and Equation 2.7
[109].

R.T R.T
Je = E In AT + (E) .In Ce (26)
de = B.InAp + B.InC, (2.7)

In these equations Ar, Temkin isotherm equilibrium binding constant (L/g); br,

Temkin isotherm constant; B = ? , constant related with adsorption heat (J/mol);
T

R, gas constant (8.314 J/mol/K); T, heat (298 K).

In Ce versus ge graph is plotted. Ar and B values are calculated from intercept of
the curve and slope of the curve, respectively.

2.9. Raman Spectroscopy

The phenomena of inelastic light scattering, called as the Raman effect was
discovered by physicist Chandrashekhara Venkata Raman, in 1928. This
phenomena expresses the wavelength shift of a small fraction of radiation
scattered by molecules, its frequency is different from the frequency of incident
beam [111]. There is a relationship between the shift in wavelength and the
chemical structure of the molecules responsible for the scattering. This relation
used by Raman spectroscopy provides information about the symmetry, structure,
bonding and electronic environment of the molecule, so it provides the quantitative

and qualitative analysis of the every single compound [112].

The irradiation of a molecule sourced by monochromatic light causes inelastic or

elastic or light scattering. If elastic scattering occurs, photon frequency,
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wavelength and energy do not change. In other scenario, if inelastic scattering
occurs, there is shift in photon frequency and wavelength because of deactivation
or excitation of molecular vibrations in which either the photon may lose or gain
some amount of energy [113]. Thus, three types of phenomena can occur when
the light reaches a molecule as shown in Figure 2.7 [114]; elastic scattering, also
known as Rayleigh scattering, inelastic scatterings called as Stokes and Anti-

Stokes Raman Scattering.

Excited electronic state

TR T T T T T R Virtual state near excitation

Virtual state

(Not a real quantum state)

Excited vibrational states

i (E = hvy energy difference)

Ground electronic state

Stokes Raman Rayleigh Anti-Stokes Raman
Scattering Scattering Scattering

(In-Elastic E= Eq - Ey) (Elastic E= E¢) (In-Elastic E= E, + Ey)

Figure 2.7 Raman scattering mechanisms [115]

A typical Raman spectrometer contains light source, monochromator, sample
holder and detector. There are a few factors which affect the analysis on Raman
spectra. These can be high signal-to-noise ratio, satisfied resolution and
instrument stability [116]. In a typical Raman instrument like in Figure 2.8, firstly a
laser beam in the near infrared (NIR), ultraviolet (UV) or visible (Vis) range is sent
from light source to sample. Scattered light is collected by aid of a lens and finally
a Raman spectrum of a sample is obtained from interference filter or

spectrophotometer.
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Figure 2.8 Diagram of a typical Raman instrumentation [115]

Separation of spontaneous Raman scattering from intense Rayleigh scattering is
hard process. In here, the major problem is not only the Rayleigh scattering itself,
in the close proximity to the laser wavelength, the intensity of stray light from the
Rayleigh scattering may be pretty higher than the intensity of the useful Raman
signal. Generally to solve this problem, spectral range of + 80-120 cm™ from the
laser line are cut-off by using interference (notch) filters. This method is efficient
but its important disadvantage is not allowing the detection of low-frequency

Raman modes in the range below 100 cm™.

In the beginning, single-point detectors like photon-counting Photomultiplier Tubes
(PMT) were mainly used. However, a single Raman spectrum acquired with a
PMT detector is a time consuming process and slows down research based on
Raman analytical technique. In these times, multi-channel detectors such as
Photodiode Arrays (PDA) or Charge-Coupled Devices (CCD) are used to detect
the Raman scattered light. Efficiency and sensitivity of CCD detectors are rapidly
getting better with improvements. Currently, CCD is the preferred detector for

Raman spectroscopic analyses.

On its own, Raman technique is normally not quite well because of weakness of
Raman signal. To keep up with developing technology, Raman spectroscopy
techniques are also improved step by step. Many different methods of preparation

and illumination of sample or detection of scattered light were developed to
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increase the intensity of Raman signal. The important and strongest one of these
ways is SERS.

2.10. Surface-Enhanced Raman Spectroscopy (SERS)

SERS is a highly sensitive tool to detect adsorbate molecules on roughened metal
surfaces that enhances Raman scattering signal like showed in Figure 2.9
schematically. This enhancement phenomena was investigated independently by
Jeanmaire et al. [117] and Albrecht et al. [118], and they both explained this
observed enhancement with a different mechanism. According to them, there are
two effective factors to increase the Raman signals: (i) Electromagnetic
enhancement (EM), related with the roughness of the metal surface [117]; (ii)
Chemical enhancement (CHEM), related with the electronic coupling of adsorbed
molecules on the roughened metal surfaces which contains changes of the
electronic state of the molecules adsorbed because of the bond formation between
analytes and metal surface or chemisorption of the analyte [118].

Laser <— Enhanced Raman Scattering

<—— Analyte

< Au/Ag Nanoparticles

< Substrate

Figure 2.9 Surface enhanced Raman scattering [115]

When compared with each other’s, the electromagnetic effect is more dominant,
thus also known as the “first-layer effect,” due to necessity of direct contact
between the metal surface and analyte [119, 120]. These enhancement factors
can be understood by the concept of surface plasmon, found in the metals such as
Cu (copper), Au (gold) and Ag (silver). Strong scattering forms when this plasmon
oscillate perpendicular to the surface of the metal, reflects the roughness of the
surface sourced from nano/micro particles or a physical roughness [121-123]. As
mentioned above due to weak signals sourced from normal Raman scattering, to
get more detectable or enhanced signals, SERS technique is used. This technique
can be informative about molecules interacting with surfaces of the adsorbate,

even in very low analyte concentrations. The intensity of the Raman signal is
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increased by using these specially prepared metal surfaces such as copper, silver
and gold up to 10*-10° folds. This signal enhancement provides more sensitive,

faster and higher accuracy detection of chemical and biological samples [124].
2.10.1. SERS Materials

Au and Ag are air stable materials so they’re most often used as SERS substrates,
while Cu is more reactive. As shown in Figure 2.10, these three metals have
LSPRs cover most of the near infrared and visible wavelength range. Most of the
Raman measurements take place in this range and it makes these metals more

popular and suitable for SERS applications.

*

Au

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Figure 2.10 Approximate wavelength ranges where Cu, Ag, and Au used as
SERS materials [125]

In the last 30 years, to improve enhancement factors, it is tried to optimize
substrate structure and configuration. To contribute to SERS’s enhancement, new

plasmonic materials are discovered as well as different shapes [126-128].

SERS is increasingly used to detect some biomolecules as biosensor and it is
preferred because of importance of low detection limit in biomarker or biomolecule
analyses [129-131]. In this thesis study, the powerful SERS technique is utilized
for detecting model proteins. To detect low concentration biomolecules with SERS
method, various particles are used. These particles and their application areas will

be discussed in the next section.
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2.10.1.1. Micro and Nanoparticles

Metallic nanoparticles (NPs) have been widely used and preferred in biological
processes for developing different kinds of biosensors due to their unique optical,
electronic and catalytic properties. Biomolecule coupled metal NPs are very
popular probes because they can bind easily with thiolated molecules to the
surface of the adsorbent. It has been realized many improvement in development
of bioassay strategies because of the broad applications of metal NPs, include
colorimetric detection methods [132], localized surface-plasmon resonance
(LSPR) technique [3], electrochemical methods, and surface-enhanced Raman
scattering (SERS) technique [4].

Due to its unique optical (for example; surface plasmon resonance absorption and
resonance light scattering) and catalytic properties gold nanoparticles (AuNPs) are
popular in bioanalysis. Also due to their nontoxic and biocompatible structures,
they are used in many areas like fotonic, diagnostic and therapy [91, 133-135].
Especially the usage of functionalized gold nanoparticles with ultrasensitive
diagnostic and imaging methods in biology and pharmacology, makes these
materials popular in biodiagnostic platform for researchers [136, 137]. In addition
to these, by modifying of AuNP's with various biofunctional groups, they gain
multidirectional properties [138]. Amphilic polymers, silanes, sugars and nucleic
acids are some of these groups [139-141]. Also gold surfaces have strong affinity
to thiol groups and they're used often in literature [22]. By using these
nanoparticles, with properties shortly given above, chemical sensor and imaging

studies are sustained in analytical and biological sciences [134].

For example, to image proteins in biological samples, antibody conjugated gold
nanoparticles are fairly used in light and electron microscope. Maieret et. al.
developed immunochip biosensor in the basis of optical trapping near resonance
to detect allergens. With this method, by forming sandwich structure and no need
to reading apparatus, immunochemical binding is monitored easily and quickly
[142].

The most important point for AuNP's is low particle dimension distribution and
synthesis with desired shape and size. In this respect, different mechanisms are

suggested for their synthesis with different shape and size. The most common

26



method is classic Turkevich-Frens method in the base of citrate reduced gold salts
[143, 144]. With this method, the size of gold nanopatrticle is easily controlled by
adjusting ratio between reducing/ stabilizer agent (trisodium citrate) and gold salt

derivatives. This method was also used for the particles used in this thesis.

In addition to this common method above, alternatively by using microemulsion
[145], copolymer micelle [146], reverse micelle [147], and surfactant amphilic
components, gold nanoparticles are synthesized. Alternatively to chemical
methods to help synthesis of gold controlled nanoparticles, physical methods like
photochemistry (ultraviolet (UV), NIR) [148], sonochemistry [149], radiolysis [150]
and thermolysis [151] are used. In another study, Rubinstein et al., developed a
sensitive and effective LSPR transducer with carbohydrate-modified Au-film to
study carbohydrate-protein interactions [152]. This interaction informs about
biological process types in organisms and also it enables development of
biomedical agents according to type of processes. The carbohydrate-protein

interactions have a central importance for this thesis study.

Because of their strong characteristics, easy synthesis and biocompatibility
factors, AUNP's are used in intracellular diagnostic applications [134]. Medley et
al.,, determined cancer cells directly with colorimetric method. AuNP's
functionalized with aptamers showed high affinity to cancer cells interacted with
target cells, a distinct color change occured; but for the noncancerous cells it was
not observed [153]. Other strong and mainly used metallic nanoparticles are silver
nanoparticles (AgNPs). Graham et al., designed an on/off SERS aggregation
system to investigate carbohydrate-lectin interactions with AgNPs. Silver
nanoparticles were preferred in this study because of the 10-fold increase in
scattering efficiency in comparison to AuNPs. SERS is chosen in here as a
surface-sensitive technique, where, Raman signal is enhanced by adsorbed
molecules on rough metal surfaces. This enhancement can be as high as 10'°-

10™. The lectin Con A was detected at picomolar levels [92].

Silver has plasmonic properties and can also be used in many applications with
gold. Methods given in synthesis of gold particles are almost applied for silver. The
most used approach similar to Turkevich-Frens method is Lee-Meisel method

[154]. Only difference in application is usage of silver salts instead of gold ones. In
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this thesis, silver nanoshell coated particles are formed with seed mediated growth

method onto gold.

In recent studies, as sensitive and efficient biosensor, graphene and carbon
nanotubes (CNTs) have been used successfully for sensitive detection of
carbohydrate-related biomolecules [155, 156]. These materials are widely used
because of their high surface area-to-volume ratio, unique carrier mobility,
versatile chemistry and outstanding robustness. Chen et al. reviewed the
strategies for non-covalent and covalent functionalization of carbon nanostructures

with glycans, as well as their applications in biomedicine and biosensing [157].

As semiconductor nanocrystals, quantum dots (QDs) have unique electronic and
optical properties; it makes QDs more attractive in analytical chemistry. A QD
immunofluorescence coupled microfluidic platform was designed for monitoring
and determination of the expression of glycans on the cell surface. The QD-based
immunofluorescence probe showed greater stability and higher brightness against

photobleaching, when compared with equivalents [158].

Another type of attractive material is magnetic nanoparticles (MNPs). They are
used in magnetic resonance imaging, sensing and separation applications
because of their special magnetic properties. In addition to simple, rapid magnetic
separation advantages, MNPs provide fast assay procedure and prevent target
molecule damage and the potential risks of contamination during the time
consuming and difficult purification process. There are various methods for
synthesis of magnetic nanoparticles, such as hydrothermal [159], thermal
degradation [160, 161], microemulsion [162], sol-gel synthesis [163],
sonochemical reaction [164], flow injection synthesis [165] and electrospray
synthesis [166]. Dual precipitation technique is the easiest and most effective
method in production of magnetic nanoparticles. Iron oxides (Fe,O3 or Fez0,4) are
prepared by formation of stoichiometric mixtures of ferric and ferrous salts in

agueous solutions. Chemical reaction of Fe3O, formation can be shown in below:
Fe? + Fe3+ + B0OH™— Fe304 + 4H,0 (2.8)

Dual-precipitation method materializes in two steps [167, 168]. In first step, when
concentrations of iron solutions reach to critical extreme saturation, nucleation

occurs in short time. In second step, with diffusion of solute onto crystal surface,
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slow growth of seed in other words crystal growth occurs. During synthesis, by
adjusting pH, ionic strength, temperature, natural salts (perchlorates, chlor, sulfate,
nitrates) or Fe,/Fes ratio parameters; dimension, magnetic and surface properties
is controlled [168]. In our study, this method is also used. Magnetic nanoparticles
usage in medical application areas like magnetic storage [169], biosensor
applications [24, 170, 171], drug delivery [172, 173], gene delivery [174],
bioseperation [175], immunoserologic method [11] and magnetic resonance
imaging (MRI) [176, 177] are studied by researchers. Behra et al. also described
a microparticle system that provides selective detection and easy removal of
bacteria from contaminated solutions with introducing super-paramagnetic iron-

oxide NPs to microbeads [25].

Polymeric particles are also used widely in above applications. For this thesis, poly
glycdyl methacrylate poly (GMA) microspheres are produced with dispersion
polymerization of GMA monomer. Then, monodisperse and porous formed
polymethacrylate microspheres are obtained with multiple steps microsuspansion
polymerization method [178]. Moreover, there are also various composite
nanoparticles to integrate all other unique nanoparticle properties. For instance,
self-propelled, template-based, nickel/gold/ platinum/polyaniline (Ni/Au/Pt/PANI)
microtubular engines, functionalized with the Con A bioreceptor, provides rapid,
real-time isolation of E. coli bacteria from food, clinical and fuel-enhanced

environmental samples that are contaminated [65].

In the basis of these particles, analysis tools and application areas, in this thesis, a
multi directional system was designed, to unify all strong properties of
nanoparticles, a novel microbead design was used. The novel microbead gold
core AgNP nanoshell coated magnetic polymeric microbeads functionalized with
4-MPBA and it was used for selective enrichment and detection of glycan

structures in model protein samples, using SERS.
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3. MATERIALS AND METHODS

3.1. APBA Functionalized, Monodisperse-Porous Magnetic Silica

Microspheres

Amino phenyl boronic acid (APBA) functionalized, monodisperse-porous magnetic
silica (APBA@MagSiO,) microspheres were kindly supplied by Prof. Dr. S. Ali
Tuncel and Dr. Cigdem Kip at the Laboratory 12, Chemical Engineering

Department, Hacettepe University, Ankara, Turkey.

3.2 Glycoprotein Adsorption and Isolation Process via APBA Functionalized
Magnetic Silica Microspheres

Optimization of various experimental parameters was realized with adsorption and
desorption processes of different types of glycosylated and non-glycosylated
proteins. Model glycoprotein (IgG) isolation in complex media was succeeded via
magnetic silica microbeads at the optimized conditions.

3.2.1. Effects of Initial Protein Concentration and Sorbent Mass

Firstly, to see the effect of binding buffer pH to adsorption capacity, HEPES buffer
at pH 7.5, 8, 8.5, 9.0 and 9.5 was used. 1 mg/mL IgG glycoprotein solution was
prepared and added to 2 mg sorbent. According to adsorption capacity and
isolation yield results, 50 mM HEPES buffer at pH 8.5 was chosen as binding
buffer. IgG adsorption kinetics was also studied to determine the saturation point.
1 mg/mL IgG was added to 2 mg sorbent in adsorption medium and while IgG and
sorbent were interacting with each other, adsorption quantity of IgG was
measured, in different time periods. Required time period to reach saturation point
was determined. After these data following, initial protein concentration and

sorbent mass effects on adsorption capacity were studied.

APBA@MagSiO, microspheres were suspended in binding buffer (50 mM HEPES
buffer, pH: 8.5). This stock solution was vortexed to obtain homogeneous sorbent.
2 mg of sorbent was pipetted and allocated to micro-centrifuge tubes, washed with
binding buffer two times, followed by magnetic separation. Protein stock solutions
(0.5, 1, 2, 2.5, 3, 3.5, 4 mg/mL) were prepared in binding buffer. 0.1 mL stock
solution was added to micro-centrifuge tubes (1.5 mL) containing sorbent and

incubated at room temperature for 1h by shaking. Glycoprotein adsorbed

30



APBA@MagSiO, microspheres were settled via magnet and washed three times
to remove non-specifically adsorbed proteins. To investigate the effect of sorbent
mass, APBA@MagSiO, microspheres suspended in binding buffer was aliquoted
as 1, 5, 10, 20 and 40 mg to micro-centrifuge tubes and the same procedure was
followed using 2 mg/mL protein stock solution. All stock solutions and
supernatants (flow through, washes) were stored at 4°C and analyzed to calculate

equilibrium adsorption capacity of microbeads.

By using initial concentration of IgG glycoprotein and equilibrium adsorption
capacity values, by using drawn linearized adsorption isotherms, adsorption
behavior of IgG glycoprotein onto magnetic APBA functionalized silica microbeads
and compatibility with Langmuir, Freundlich and Temkin adsorption isotherms

were investigated.

3.2.2. Desorption Process of Specifically Adsorbed Proteins

After adsorption process of glycoproteins, for effective desorption of 1gG
glycoprotein pH, ionic strength and glucose effects were studied with different
concentrations of these parameters. Optimized desorption buffer was chosen and
desorption was realized with 0.1 mL of Tris-Cl buffer (1M, pH: 8.5) with 0.2 M
NaCl. Following the washing of microbeads, desorption buffer was added onto
microbeads in micro-centrifuge tubes contains adsorbed proteins. This solution
was shaken for 30 minutes at room temperature by vortex shaker. Eluted proteins
were collected three times and collected eluates were stored at 4°C to use in

analysis of desorption and isolation yields of proteins.
3.2.3. Isolation Process of Glycoproteins from Complex Media

In addition to optimized conditions above, effect of NaCl concentration in wash
buffer for high isolation vyield of IgG glycoprotein in complex media was
investigated. By using all of these knowledges, isolation process in complex media

was realized at optimized conditions.

To simulate complex media, firstly, equimolar solution of 1gG glycoprotein and
BSA non-glycosylated protein were used. 1 mg/mL IgG and BSA proteins solution
(0.1 mL) was incubated and then adsorbed proteins were eluted from

microspheres with 0.8 mL of elution buffer with same procedures above.

31



Rabbit serum (Sigma-Aldrich Co., U.S.A.) was also used as complex media, IgG
glycoprotein was purified via functionalized magnetic microbeads. 50-fold diluted
serum solution (0.5 mL) was added onto 5 mg sorbent and incubated. All the steps
were performed as described above. Adsorption capacity, desorption and isolation

yields of proteins were determined with methods specified in following sections.

3.3. Analysis

3.3.1. Total Protein Concentration

Total protein concentration in an eluate solution was determined
spectrophotometrically in duplicates using Bradford reagent (Sigma). The
absorbance was read at 595 nm by UV-spectrophotometer. The calibration curve
was obtained using BSA or IgG in the concentration range of 0-1 mg/mL. Protein
concentration was also verified spectrophotometrically at 268 nm (NanoDrop
1000, Thermo Scientific).

3.3.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Sample mixture, purified proteins and non-adsorbed proteins (supernatants) were
analyzed by using sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) including a protein ladder. Separated proteins were stained with
coomassie stain and visualized by GelDoc EZ Imaging System (BioRad). The
protein purification parameters like desorption yield and isolation yield were
calculated by using Image Lab 5.1 software (BioRad), based on total protein

concentration and analysis of the PAGE image.

The desorption yield for the target protein was defined as weight ratio of eluted
target protein from sorbent to adsorbed target protein onto sorbent. The isolation
yield for the target protein was defined as weight ratio of eluted target protein from

sorbent to initial target protein loaded to sorbent [179].
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3.4. SERS Analysis
3.4.1. p-aminothiophenol (PATP) and MPBA-attached Ag shell-coated

magnetic polymethacrylate microspheres as SERS substrate

Diol sensitive MPBA-Ag@MagPMMS were kindly supplied by Prof. Dr. S. Ali
Tuncel, Dr. Kouroush Salimi and Duygu Deniz Usta at the Laboratory 12,
Chemical Engineering Department, Hacettepe University, Ankara, Turkey.

3.4.2. Attachment of RNase A non-glycosylated and/or RNase B glycosylated
model proteins onto MPBA-Ag@MagPMMS

The lyophilized form of RNase A and RNase B proteins were dissolved in HEPES
buffer at pH 8.5 (50 mM, 5 mL) by gently mixing. Then these solutions were
aliquoted to micro-centrifuge tubes as 1 mg/mL stock solution, stored at -20°C.

Typically, MPBA-Ag@MagPMMS (2 mg) was precipitated from the HEPES buffer
by means of a magnet. The sample solution (5 mL, 50 mM HEPES buffer, pH 8.5)
containing RNase A and/or RNase B at a certain concentration was added to
precipitated MPBA-Ag@MagPMMS (2 mg). The new dispersion was mixed and
shaken for 2 h at room temperature. The sample solutions containing RNase A/B
with concentrations ranging from 0.1 to 1000 ng/mL were used for the adsorption
of the respective diol carrying agent onto MPBA-Ag@MagPMMS. RNase B
glycoprotein in sample was substantially captured by MPBAAg@MagPMMS via
the formation of a cyclic boronate ester between MPBA and diol groups of glycosyl
moieties on RNase B. RNase B-bound MPBA-Ag@MagPMMS was extensively
washed with HEPES buffer (50 mM, pH 8.5) using an external magnet and finally
dispersed in HEPES buffer (50 mM, pH 8.5) by vortexing.

3.4.3. Construction of Diol-Sensitive Sandwich System

The RNase B-bound SERS tag was incubated with the colloidal solution of
PATP:MPBA (2:1 mol/mol)-attached Ag NPs (PATP/MPBA@Ag NPs) in HEPES
buffer (0.1 mg in 5 mL, 50 mM, pH 8.5) for 2 h. Then, a certain fraction of
PATP/MPBA@Ag NPs were bound onto the RNase B present on MPBA-
Ag@MagPMMS by the formation of cyclic boronate ester between the glycosyl
residues on bound RNase B and MPBA ligand on Ag NPs. The unbound
PATP/MPBA@Ag NPs were removed with the supernatant obtained by the
precipitation of RNase B@MPBA-Ag@MagPMMS carrying bound fraction of
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PATP/ MPBA@Ag NPs (i.e., the sandwich system, PATP/MPBA@AgNPs@
RNase B@MPBA-Ag@MagPMMS) by an external magnet. The sandwich system
was washed three times with fresh HEPES buffer (50 mM, pH 8.5) to remove any
physically adsorbed constituents. The washed microspheres were redispersed
within the fresh HEPES buffer (5 mL, 50 mM, pH 8.5) for SERS measurements.

3.4.4. SERS Measurements

An aliquot (50 uL) of the sandwich system-bound and RNase B-attached SERS
tag dispersion was deposited on a glass substrate, and a cast film of the SERS tag
was obtained by evaporation of the liquid at room temperature. SERS
measurements were made using the cast film of the SERS tag. All SERS
measurements were performed using the WITEC Alpha 300S Confocal Raman
spectrometer module. A NIR laser with 785 nm wavelength was used for
excitation. Laser power was measured using an optical power and energy meter
console (Thorlabs, PM100D, USA). For single Raman measurements, 50x

objective, 20 s integration time, and 0.67 mW excitation power were used [180] .

34



4. RESULTS AND DISCUSSION

In the first part of this thesis study, 3-aminophenyl boronic acid (APBA)
functionalized monodisperse, porous, magnetic silica microbeads were used to
isolate glycoproteins selectively from complex media. IgG was selected as the

model glycoprotein.

First, binding buffer selection was done according to maximum adsorption capacity
of proteins. Then, effect of initial protein concentration and sorbent mass on
adsorption-desorption process and isolation yield was determined. Afterwards,
elution buffer was chosen and optimum conditions were determined for pH, ionic
strength and glucose concentration. Glycoprotein isolation from complex serum
media was realized successfully by using the optimized conditions and verified
with SDS-PAGE analysis.

After isolation of glycoproteins, SERS method was used for ultrasensitive
detection of glycoproteins with a sandwich system containing MPBA-functionalized
silver nanoshell-coated magnetic, monodisperse polymethacrylate microspheres
(MPBA-Ag@MagPMMS). By using SERS spectra, another model glycoprotein
(RNase B) was detected at femtomolar levels and calibration curves were formed

for determination of glycoprotein concentrations.
4.1. The Effect of Binding Buffer pH

For more stable boronic acid and cis-diols interaction, HEPES buffer is generally
preferred as the binding buffer. To see the effect of binding buffer pH to adsorption
capacity, HEPES buffer at pH 7.5, 8, 8.5, 9.0 and 9.5 was used. 1 mg/mL IgG

glycoprotein solution was prepared and added to 2 mg sorbent.

The maximum adsorption capacity, 29 mg lgG/g-sorbent was obtained using
0.05 M HEPES binding buffer with 8.5 pH value, as shown in Figure 4.1-A. Also,
the desorption yield of IgG glycoprotein was relatively higher when binding buffer
at pH 8.5 was used (Figure 4.1-B).
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Figure 4.1 (A) Adsorption capacity change of IgG glycoprotein to APBA attached
magnetic silica microbeads with pH of binding buffer. Binding buffer: 0.05 M

HEPES, IgG concentration: 1 mg.mL™, Adsorption medium: 0.1 mL.

(B) Relative desorption and isolation yield change of IgG glycoprotein with pH of
binding buffer. Desorption buffer: 1 M Tris-Cl with 0.2 M NaCl, Desorption medium:

0.08 mL.

Boronate normally has a trigonal coplanar geometry but in aqueous solution,
under basic conditions it is hydroxylated, forming a tetrahedral boronate anion.
Then, this anion can form five- or six-membered cyclic esters binding covalently

with cis-diols. Boronate ester is “trapped” in its more stable tetrahedral form at
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higher pH, because of high hydroxide concentrations. The reverse reaction takes
place under acidic conditions with hydrolyzing of cyclic diester [23].

4.2. The effect of initial protein concentration

Initial protein concentration effect on adsorption capacity of sorbent was studied
with 0.5, 1, 2, 3, 4 and 5 mg/mL concentrations of proteins. In here, 1gG
glycoprotein and BSA non-glycated protein were preferred as model proteins.
These proteins were added to 2 mg sorbent in 0.1 mL adsorption buffer. Also with
this study, it is aimed to see the effect of initial protein concentration for isolation of
the desired glycoprotein in mixture. Effect of initial protein concentration on
adsorption capacity before and after wash treatment is shown in Figure 4.2.
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Figure 4.2 Adsorption capacity of Immunoglobulin G (IgG) glycoprotein and
bovine serum albumin (BSA) non-glycoprotein onto 2mg APBA functionalized
magnetic silica microbeads before and after wash, according to their initial
concentrations. Adsorption buffer: 0.05 M HEPES pH 8.5, adsorption medium: 0.1
mL.

IgG is a glycoprotein that contains cis-diol groups. BSA has been used as negative
control, it is a non-glycoprotein, so according to boronic acid-diol interaction
mechanism, it is expected that only IgG glycoprotein is bound chemically to APBA

functionalized silica microbeads. As expected, with increasing concentration of IgG
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glycoprotein, its adsorption capacity also increased then became saturated. The
equilibrium adsorption capacity of IgG was observed as 46 mg.g™ On the other
hand, before the wash treatment, non-glycated BSA protein adsorption capacity
was high because of non-specific physical interactions between particles and BSA
protein. After wash treatment, it is shown that this interaction decreased and with
increasing initial protein concentration, the same saturation curve was obtained
but in low level according to IgG glycoprotein, as expected. Even for 1 mg/mL
protein, adsorption capacity difference between IgG glycoprotein and BSA non-

glycoprotein was highest; BSA was nearly not adsorbed in this concentration.
4.3. Adsorption Kinetic

IgG adsorption kinetics was also studied to determine the saturation point. 1
mg/mL IgG was added to 2 mg sorbent in adsorption medium and while 1gG and
sorbent were interacting with each other, adsorption quantity of 1gG was
measured, in different time periods. Initially adsorption capacity increased with a
high rate, then IgG adsorption rate decreased and eventually the sorbent was
saturated. The equilibrium adsorption capacity was reached within 30-40 minutes
(Figure 4.3).
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Figure 4.3 Effect of stirring time on adsorption of IgG glycoprotein with
concentration of 1 mg.mL™. Adsorption medium 0.1 mL, sorbent 2 mg.
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4.4. Adsorption Isotherms

By using initial concentration of IgG glycoprotein and equilibrium adsorption
capacity values, linearized adsorption isotherms have been drawn. These
adsorption data were used to determine adsorption behavior of IgG glycoprotein
onto magnetic APBA functionalized silica microbeads and compatibility with
Langmuir, Freundlich and Temkin adsorption isotherms. In Figure 4.4, Figure 4.5
and Figure 4.6 linearized adsorption isotherms are shown and calculated isotherm
constants are given in Table 4.1. When R? values for each fit are compared (Table
4.1), IgG adsorption behavior is seen to be more compatible with Langmuir model.
This shows that adsorption has occurred as single layer and homogeneously
[160].

In Figure 4.4 by using slope and intercept of the line, maximum adsorption
capacity of the IgG (Qn) and Langmuir adsorption constant (K.) were calculated
(Table 4.1). The maximum theoretical adsorption capacity of IgG was calculated
as 84 mg.g™*. From Figure 4.5, by using slope and intercept of the line, adsorption
density (n) and Freundlich adsorption constant (Kg) were calculated respectively
(Table 4.1). In Figure 4.6 by using slope and intercept of the line, maximum
adsorption process heat related constant (B) and binding constant at equilibrium

concentration (A1) were calculated and shown in Table 4.1.
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Figure 4.4 Langmuir Adsorption Isotherm of IgG glycoprotein onto APBA
functionalized magnetic silica microbeads. Adsorption buffer 0.05 M HEPES pH
8.5, adsorption medium 0.1 mL.
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Freundlich Adsorption Isotherm

y =0.8006x + 3.3834

R?=0.9682
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Figure 4.5 Freundlich Adsorption Isotherm of IgG glycoprotein onto APBA
functionalized magnetic silica microbeads. Adsorption buffer 0.05 M HEPES pH

8.5, adsorption medium 0.1 mL.
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Figure 4.6 Temkin Adsorption Isotherm of

IgG glycoprotein onto APBA

functionalized magnetic silica microbeads. Adsorption buffer 0.05 M HEPES pH

8.5, adsorption medium 0.1 mL.

When R? values for each fit are compared (Table 4.1), IgG adsorption behavior is

seen to be more compatible with Langmuir model. This shows that adsorption has

occurred as single layer and homogeneously [181].
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Table 4.1 Langmuir, Freundlich and Temkin Adsorption Isotherm Constants and
R? Values for IgG Equilibrium Adsorption onto magnetic silica microbeads

LANGMUIR FREUNDLICH TEMKIN

Ik R 'n ) R R
(mg/g) | (L/mg) (mg/g) (J/mol) | (L/mg)
84034 0241 0982 | 1249 29471 0968 54175 1269 | 0.952

4.5. Effect of Elution Buffer

Adsorption capacity of proteins on magnetic silica microbeads were shown in
previous figures. After adsorption process, isolation of these proteins is also an
important topic. To see effect of elution buffer type and pH value, three types of

elution buffer seen often in literature were used.
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Elution Buffer

Figure 4.7 Effect of elution buffer type to desorption yield of IgG glycoprotein (0.1
M Glycine Buffer pH 2.2, 0.1 M citrate buffer pH 3, 1 M Tris-Cl buffer pH 8.5).

In here, 0.1 M glycine (pH: 2.2), 0.1 M citrate (pH: 3.0) and 1 M Tris-ClI (pH: 8.5)
buffers were used to see effect of pH value on desorption yield. It is clearly seen
that desorption yield was higher with 1 M Tris-Cl buffer (Figure 4.7), being 72%
with Tris-Cl buffer, 33% with glycine buffer and 1.5% with citrate buffer,
respectively. Actually to break the boronic acid-diol group bond, acidic conditions
are generally preferred but in here, because of the low molarity of acidic buffers,
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Tris-Cl buffer was more effective. On the other hand, more concentrated acidic
conditions can be harsh for reusability of the sorbent.

4.5.1. Effect of Elution Buffer Molarity

In order to show elution buffer concentration effect on desorption yield, Tris-Cl
buffer was used at different concentrations. Desorption yield of IgG increased with
increasing molarity of Tris-Cl buffer, reaching 72% with 1 M Tris-Cl, 37.5% with 0.5
M Tris-Cl, 14.5% with 0.2 M Tris-Cl and 5% with 0.1 M Tris-Cl elution buffers,
respectively (Figure 4.8).
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Elution Buffers
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Figure 4.8 Effect of molarity of elution buffer (0.1, 0.2, 0.5, 1 M Tris-ClI buffer pH
8.5) to desorption yield.

4.5.2. Effect of sorbitol molarity in elution buffers

Addition of high amount of sorbitol to desorption media can cause ligand
competition between sorbitol and glycan structures in IgG so this mechanism can
increase desorption vyield. Therefore, Tris-Cl buffer with different sorbitol

concentrations were used to show effect of sorbitol on desorption of IgG.
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Figure 4.9 Effect of sorbitol concentration (0, 0.2, 0.5 M sorbitol) in elution buffer
to desorption yield.

Contrary to belief, Figure 4.9 shows that sorbitol had negative effect in Tris-Cl
buffer for desorption of IgG. Thus, elution buffer was preferred with no glucose nor

its derivatives.
4.5.3. Effect of NaCl molarity in elution buffers

The effect of ionic strength on desorption yield is shown in Figure 4.10. For this
purpose, NaCl salts were used in 1 M Tris-Cl buffer with different concentrations.
Desorption yield of 1gG glycoprotein increased with increasing ionic strength.
Maximum desorption percentage of IgG glycoprotein, 88% was obtained using 1 M
Tris-Cl buffer with 0.2 M NacCl.

4.5.4. Effect of Elution Buffer pH

In order to see the effect of pH on desorption yield of IgG glycoprotein, 1 M Tris-Cl
elution buffers were used with different pH values, 7.5, 8, 8.5 and 9. The maximum

desorption yield was obtained at pH 9 (Figure 4.11).
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Figure 4.10 Effect of NaCl concentration (0, 0.2, 0.5 M NacCl) in elution buffer to
desorption yield.
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Figure 4.11 Effect of elution buffer pH (7.5, 8, 8.5, 9) to desorption yield.

4.6. Effect of NaCl concentration in binding buffer

The effect of NaCl concentrations in binding buffer on adsorption and isolation of
glycosylated proteins in complex media was studied under this topic. For this
purpose, a protein sample was prepared by using 1gG glycoprotein and BSA non-
glycated protein in same ratio. It was aimed to investigate ionic strength effect on

isolation of 1gG glycoprotein.
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Figure 4.12 Effect of NaCl concentration in binding buffer for isolation of 1gG
glycoprotein in complex media.

In this experiment, in addition to NaCl concentration variations, different binding
buffer type was used and its effect on adsorption process was studied (Figure
4.12). Firstly, when binding buffers were compared, it was clearly seen that
HEPES buffer was more successful than PBS for adsorption process. When ionic
strength effect on adsorption process was compared, adsorption yield of 1gG
glycoprotein in mixture increased with increasing of NaCl concentration. 0.05 M
HEPES with 1 M NaCl had higher efficiency than others. Also with increasing NacCl
concentration, undesired BSA adsorption was minimized and isolation of IgG
glycoprotein was maximized (Figure 4.12). Although BSA adsorption realized in
low level, adsorption yield of IgG glycoprotein was also in low level. Before the
binding process, ionic strength effect on adsorption capacity was minimal, thus

ionic strength effect was studied after binding process, in wash treatment.
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Figure 4.13 Effect of NaCl concentration in wash buffer to isolation yield of 1gG
glycoprotein in complex media. (1) Binding Buffer 0.05 M HEPES, Wash Buffer
0.05 M HEPES+1 M NacCl (2) Binding and wash buffer 0.05 M HEPES+1 M NacCl.

In previous figure, effect of NaCl in binding buffer to isolation of IgG was studied.
With this condition adsorption capacity was low, thus the effect of NaCl existence
in wash buffer (0.05 M HEPES) on isolation of IgG glycoprotein in complex media
was observed (Figure 4.13). It is seen that, with the presence of NaCl in wash
buffer, isolation yield of IgG glycoprotein increased relatively more compared to
other condition, also negative control BSA protein’s adsorption yield decreased. As

a result, 1IgG purity level became higher.
4.7. Effect of NaCl concentration in wash buffer

lonic strength effect in wash buffer on isolation of glycosylated protein was shown
in previous figure. In order to see NaCl concentration effect on isolation efficiency
of 1IgG glycoprotein in complex media, wash buffer with different concentration of

NaCl were used.

Figure 4.14 shows that effect of NaCl concentration in wash buffer to isolate IgG
glycoprotein in complex media. Optimum results were obtained by using 0.05 M
HEPES with 0.5 M NaCl as wash buffer. Isolation yield of IgG glycoprotein
increased; besides this, adsorbed quantity of the non-glycated protein BSA
decreased as expected.
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Figure 4.14 Effect of NaCl concentration in wash buffer to isolation yield of 1gG
glycoprotein in rabbit serum media. Wash buffers: 50 mM HEPES + 1 M NacCl, 50
mM HEPES + 0.5 M NaCl, 50 mM HEPES + 0.25 M NaCl, 50 mM HEPES,
respectively.

4.8. Enrichment of IgG from serum media

Rabbit serum is composed of various glycated and non-glycated proteins. IgG
purification steps with APBA functionalized magnetic silica microbeads (original

sample, washes and eluted proteins, respectively) was investigated next.

SDS-PAGE analysis of purified IgG glycoprotein from rabbit serum is given in
Figure 4.15. After purification with APBA functionalized silica microbeads, 1gG
glycoprotein was seen clearly in elution lanes (E1, E2, E3), with negligible
amounts in wash lanes (W1, W2, W3). It showed successful purification process of

IgG glycoprotein.
4.8.1. Effect of ionic strength in wash buffer for IgG purification

SDS-PAGE analysis of purified IgG glycoprotein from rabbit serum by using
different concentrations of NaCl in wash buffer is given in Figure 4.16. According
to wash buffer types, IgG in serum sample (in the middle band of the figure) was
purified how was shown in elution bands. After purification with APBA
functionalized silica microbeads, IgG glycoprotein isolation yield changes with
different concentrations of NaCl in wash buffer (50 mM HEPES, pH: 8.5) was seen

clearly in elution lanes (E1, E2).
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Figure 4.15 SDS-PAGE analysis of affinity purification steps of IgG glycoprotein
from rabbit serum complex media flow-through loading 2 ul to well (FT), wash 1
loading 2 ul to well (W1/2), wash1l loading 30 ul to well (W1/30), wash 2 loading 30
ul to well (W2), wash 3 loading 30 ul to well (W3), elutions 1-3 loading 30 ul to well
(E1-E3), using 5 mg of sorbent in 0.5 mL of adsorption medium(0.05 M HEPES pH

8.5) and 1 M Tris-Cl with 0.2 M NaCl elution buffer.
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Figure 4.16 SDS-PAGE analysis of the effect of the non-specific protein suppress
and enrichment of 1gG glycoprotein from rabbit serum and with different NaCl
concentration (A: 1M NaCl B: 0.5M NaCl C: 0.25M NaCl D: OM NacCl) in wash
buffer. Using 2 mg of sorbent in 0.1 mL of adsorption medium (50 mM HEPES pH

8.5) and 1 M Tris-Cl with 0.2 M NaCl elution buffer.
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According to the SDS-PAGE image analysis, optimum results were obtained by
using 0.05 M HEPES with 0.5 M NaCl as wash buffer. In elution bands belonging
to 0.05 M HEPES with 0.5 M NaCl wash buffer; isolation yield of IgG glycoprotein
increased, also non-specific proteins were suppressed the most with this

condition.
4.8.2. The effect of sorbent mass for IgG purification process

By using different concentrations of APBA@MagSiO, microbeads, effects of
sorbent mass on IgG adsorption capacity and isolation yield from complex media
were investigated. For this purpose, six different concentrations of sorbent (1, 2,
5, 10, 20 and 40 mg) were used to adsorb same concentration of IgG in same

adsorption buffer.

In here, according to initial protein concentration experiment set to suppress
albumin adsorption effectively and increase the isolation yield of IgG glycoprotein,
1 mg/mL protein samples were used. The effect of sorbent mass on IgG
glycoprotein adsorption capacity (mg IgG per g sorbent) under equilibrium
conditions is shown in Figure 4.17(A). Adsorption capacity per unit sorbent was
decreased with increasing amount of sorbent. Maximum adsorption capacity was
observed as 46 mg IgG per g-sorbent with the lowest sorbent amount (i.e. 1 mg
sorbent). Adsorption capacity decreased from 46 to 2 mg IgG per g sorbent with

increasing sorbent mass from 1 to 40 mg.

When maximum isolation yield of IgG and minimum isolation yield of albumin to
obtain more purified IgG were compared, optimized sorbent mass was found

between 5 -10 mg interval.

In SDS-PAGE analysis, IgG purification level was determined colorimetricly
according to sorbent mass variation. Calculated protein purification parameters via
Image Lab 5.1 software showed that maximum purification of IgG was obtained
with 5 mg sorbent. IgG was concentrated and albumin was diluted 4-fold each with

this condition.
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Figure 4.17 (A) Effect of sorbent mass to adsorption capacity of IgG glycoprotein,
adsorption buffer 0.05 M HEPES pH 8.5, adsorption medium 0.5 mL

(B) Desorption and isolation yield change of IgG glycoprotein and albumin protein
with different sorbent mass. Desorption buffer 1 M Tris-Cl with 0.2 M NaCl,
desorption medium 0.1ml.
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Figure 4.18 SDS-PAGE analysis of affinity purification steps of IgG glycoprotein
from rabbit serum complex media using 1mg, 2mg, 5mg, 10mg, 20mg, 40mg of
sorbent in 0.1 mL of adsorption medium(0.05 M HEPES pH 8.5) and 1 M Tris-
Cl(pH:8.5) with 0.2 M NaCl elution buffer.

4.9. Reusability of Particle

In addition to adsorption/desorption yields, reusability of this particle is an
important topic. Reusable particles offer a cost effective method. For this purpose,
APBA functionalized magnetic silica microbeads reusability was investigated here,
by performing five successful IgG glycoprotein isolations under the same
conditions. The adsorption, desorption and isolation yields of 1gG glycoprotein
changes are given in Figure 4.19. Isolation yield of IgG almost did not change from

the first to fifth use.

4.10. Desorption Yield of Proteins

Desorption yields of different adsorbed proteins on magnetic APBA functionalized
silica microbeads, by using 1 M Tris-Cl buffer (pH 8.5) with 0.2 M NaCl are shown
in Figure 4.20.
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Figure 4.19 Reusability of APBA functionalized magnetic silica microbeads
according to their adsorption/isolation yield with recycling times.
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Figure 4.20 Desorption yield of equimolar glycoproteins (Mucin, IgG and RNase
B) and non-glycoproteins (BSA, RNase A) from APBA functionalized magnetic
silica microbeads with 1 M Tris-Cl buffer with 0.2 M NacCl, pH 8.5

52



In here, as BSA is a non-glycated protein and has no diol groups, it was neither
adsorbed nor desorbed. Mucin, IgG and RNase B are glycoproteins so as
expected, they were adsorbed by the particle. The maximum desorption yield was
obtained with RNase B. RNase A is a non-glycated protein but has one diol group
so it was adsorbed because of boronate affinity principle. RNase A and RNase B
proteins structures are similar but distinctively RNase B has 6 sugar groups, thus
RNase B was relatively adsorbed more. While SERS technique was studied for
sensitive detection of adsorbed proteins on microbeads, these similar RNase A

and RNase B model proteins were used to see efficiency of microbeads.

There are many studies about glycoprotein enrichment by using boronic acid
functionalized particles. In Table 4.2, some examples in literature were
summarized according to their adsorption capacity and they were compared with

this study.

It is seen that, the selective enrichment of different type of glycoproteins were
done by using boronic acid functionalized particles. In this study, IgG glycoprotein
enrichment was realized by using APBA functionalized magnetic silica
microbeads. Its maximum adsorption capacity was calculated as 84 mg.g™. This

value is effective and average in comparison with others.
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Table 4.2 Adsorption capacity comparisons of boronic acid functionalized particles

in literature
Adsorption
. Model .
Particle ' Capacity Reference
Glycoprotein 1
(mg.g™)
3-APBA functionalized IgG 84 This study
magnetic silica microbeads
4-FPBA functionalized
magnetic molecularly Horseradish 62 [182]
imprinted nanopatrticles peroxidase(HRP)
(MMIPs)
GO-APBA/MIPs OVA 278 [183]
3-APBA functionalized
poly(glycidyl methacrylate- P
co-ethylene dimethacrylate) Feldy Y [184]
microspheres
3-APBA functionalized Horseradish
magnetic molecularly eroxidase(HRP) 60 [185]
imprinted particles (MMIPSs) P
Binary 3-APBA
functionalized attapulgite Adenosine 21 [186]
(ATTA-NH2-DBA)
4-vinylphenylboronic acid
functionalized
poly(glycidylmethacrylate- OVA 31 [187]
co-ethylenedimethacrylate)
beads
APBA functionalized I9G 170 [9]

dextran coated MPs
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4.11. SERS Analysis

RNase A and RNase B proteins have similar structure, only difference being the
glycans in RNase B proteins. MPBA-Ag@MagPMMS has boronic acid, because
of boronate affinity mechanism; this microsphere binds to diol groups. RNases
have diol group but in RNase B protein diol groups are much more due to glycan
structures available. SERS sensitive spectral detection method is useful to see this
difference between proteins. Also with this method, according to the intensity of

signal, determination of concentration of these proteins is also possible.

SERS spectras of RNase A non-glycosylated and RNase B glycosylated proteins
at different concentrations are given in Figure 4.21. The same particle, MPBA-
Ag@MagPMMS was used as SERS tag for two types of protein. The Raman
bands at 698, 1000, and 1024 cm™* were assigned to the bending of C-C
ring/C-S stretching, C-C bending in the phenyl ring, and C-H bending in the
phenylboronic acid group, respectively [188, 189]. The B-OH stretching of the
same group should also contribute to the peak at 1070 cm™ [190]. The SERS tag
capturing RNase B and PATP/MPBA-functionalized Ag NPs displayed clear SERS
peaks at 1436, 1390, and 1140 cm™*. These peaks resulted from in situ-generated
dimethylamino benzaldehyde (DMAB) from the photocoupling transformation of
PATP on the Ag NPs under 785 nm laser irradiation [191]. Raman shifts at 1436
and 1390 cm™ are related to the N=N stretching vibrations of DMAB [192]. In situ-
formed DMAB should also contribute to the peak at 1070 cm™[191, 192]. On the
other hand, the peak at 1574 cm™ is related to the contributions from both MPBA
and DMAB/PATP. The intensities of peaks at 1140 and 1436 cm™ originating from
the in situ-formed Raman reporter during the SERS measurement, DMAB,
changed proportionally according to the RNase A and RNase B concentration in
the sample mixture (Figure 4.21). RNase A has no glycan moieties but it contains
a diol group, so binding to boronic acid functionalized SERS tag realized weakly.
However, capturing of the RNase B glycoprotein was stronger and the SERS
signal was more intensive compared to the one obtained for RNase A. Moreover,
with increasing concentration of protein, peak area increased and RNase B
concentration was determined over a broad range (0.1 to 1000 ng/mL). RNase B
concentrations down to 0.1 ng/mL nearly 10" M could be detected with this

method effectively.
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Figure 4.21 (A) SERS spectra of RNase A non-glycoprotein at different
concentrations (B) SERS spectra of RNase B glycoprotein at different
concentrations.
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For observing the SERS behavior of this sandwich system with varying
concentrations of RNase A and RNase B proteins, the peak area ratio from DMAB
at 1436 cm™to 1070 cm™ in SERS spectra of proteins were plotted against protein
concentrations in Figure 4.22. Increasing RNase B concentration in the sample,
resulted in a linear increase in SERS peak area ratio, because of boronic acid-
glycan interactions, as expected. RNase A has no glycan in its structure, so peak
area ratio stayed almost constant with varying concentration of RNase A. It is seen
that, there is an important difference in peak area ratio between these two proteins
SERS spectra; it also shows that this system substantially captured glycoproteins
like RNase B.
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Figure 4.22 Calibration curves for RNase A and RNase B proteins determination
in samples and trends of peak area ratio values of these proteins at different
concentrations. The R? values are given on the plot.

In here, to analyze SERS behavior of the sandwich system in protein mixture
which contains constant concentration of RNase A non-glycosylated protein and
varying concentration of RNase B glycoprotein was plotted against protein

concentrations in Figure 4.23.

57



It was shown that peak area ratio increased linearly with increasing concentration
of RNase B. Besides, peak area ratio based on RNase A concentration nearly

stayed constant because of constant concentration of RNase A protein, as

expected.
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Figure 4.23 Calibration curves for RNase A and RNase B proteins with varying of
RNase B concentration in RNase A-B mixture (RNase A concentration constant,
10 M) RNase A: 10™M - RNase B: 0, RNase A: 10™'M - RNase B: 10™M,
RNase A: 10™'M - RNase B: 10"°M, RNase A:10"'M-RNase B:2x10™°M, RNase
A1 M-RNase B:5x10°M, respectively.

In Table 4.3, several studies about low level detection of glycoproteins in literature
are given. There are many detection techniques and application areas of
glycoproteins. It is seen that clearly by using SERS technique, detection limit
becomes lower. In fact, this study has highest sensitivity in comparison to other

ones with 0.1 ng/mL detection level. It shows the effectivity of microspheres used.
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Table 4.3 Comparisons of low level glycoprotein detection studies in literature

Usage Area SERS Detailed Information Reference
e Phenylboronic acid-
functionalized, Ag shell coated,
magnetic, monodisperse
Purification and sensitive polymethacrylate microspheres This
determination of trace \/ e Qualitative and quantitative stud
amount of glycoproteins analysis y
¢ RNase A and B model proteins
¢ 0.1 ng/mL detection level
sensitivity
o e Phenylboronic acid-
dQeﬁmﬁg\:ﬁm of glycated functionalized, Ag shellcoated,
hemoglobin (HbALC) in \/ magnetic, monodisperse [180]
diaanosis of diabetes polymethacrylate microspheres
g ' e ng/mL detection level sensitivity
- : MALDI TOF M
Recognition of an intact : MNP OF M3
glycoprotein and its v lectin.i r .
By o tin-like binding properties [193]
characteristic fragments ® g |
g ¢ RNase B glycan-imprinted MNPs
e UM detection level sensitivity
gr?celcslgﬁsitive e Boronate-affinity molecularly
determination of trace \/ rbrinteg p_olymers (MIPs) . [71]
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5. CONCLUSION

Glycoproteins are used as diagnostic tools for some diseases and forms major
part of biopharmaceuticals. Thus glycoprotein purification and detection is an
important topic nowadays. Within the scope of this thesis, some glycoproteins like
IgG, RNase B etc. was purified by synthesized APBA functionalized magnetic
silica microbeads in sample mixture. Also optimized purification conditions, effect
of initial concentration of protein, sorbent concentration, binding buffer pH effects
on adsorption mechanism and effect of ionic strength, molarity, pH and
competitive ligand on elution mechanism were studied. Spectrophotometric
detection and quantification, SDS-PAGE analysis of these proteins were
performed. Also, using an ultrasensitive detection method, SERS technique,
RNase A and RNase B proteins were analyzed and glycoprotein detection limit

was determined.

In the first part, with the aim of purification of glycoproteins, APBA@MagSiO,
microbeads kindly supplied by Prof. Dr. S. Ali Tuncel and Dr. Cigdem Kip were
used. Synthesized silica particles with paramagnetic properties were
functionalized with 3-aminophenyl boronic acid (APBA). In this state, microbeads
could bind glycan groups as pH-dependent. When these particles were interacted
with sample containing glycoproteins and others, adsorption kinetic data shows
that 30-40 minutes was sufficient to reach saturation. As binding buffer, optimum
conditions were obtained with 0.05 M HEPES (pH: 8.5). Effect of initial protein
concentration was also studied. It is seen that desired glycoprotein adsorption and
purification in mixture increased with increasing concentration of protein, then at
sorbent saturation point adsorption capacity became constant. IgG adsorption
behavior was also observed and Langmuir model was found more suitable
compared to others. It shows that adsorption has occurred as single layer and

homogeneously.

After the washing step of sorbent, non-specific physical interactions were cleared
away. For the washing process, to suppress non-specific interactions on sorbent
ionic strength effect was investigated with different concentration of NaCl in

washing buffer. As expected, with increasing NaCl concentration, non-specific
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interactions decreased and optimum condition was obtained with 0.5 M NaCl in
washing buffer.

Then, desorption process of glycoproteins was investigated. For this, pH, molarity,
ionic strength and competitive ligand effects on desorption mechanism were
studied. According to desorption yield, 1 M Tris-ClI buffer (pH: 8.5) was chosen. As
ligand competitive, sorbitol effect was tried but with increasing sorbitol
concentration in elution buffer, desorption yield decreased so sorbitol was not
used in elution buffer in further experiments. Also to see ionic strength effect on
desorption mechanism, different concentrations of NaCl in elution buffer was
investigated and optimum NaCl concentration was found as 0.2 M.

Using optimum conditions determined, IgG glycoprotein purification in complex
media was realized and SDS-PAGE analysis was performed. To see effect of
sorbent concentration on adsorption capacity and isolation of IgG glycoprotein in
serum sample, different amounts of sorbent were used (1, 2, 5, 10, 20, 40 mg). It
was seen that with increasing amounts of sorbent, adsorption capacity per unit
sorbent decreased. According to isolation yield of IgG glycoprotein, optimum
sorbent amount was determined as 5 mg. Another important topic, reusability of
particles was also examined. The reusability of APBA functionalized magnetic
silica microbeads were studied by performing five successful IgG glycoprotein
isolations under the same conditions. Isolation yield of IgG almost did not change

from first to fifth iteration, so the particle is reusable.

In the second part of thesis, as an ultrasensitive detection of glycoproteins, SERS
technique was used. For this detection method firstly, silver nanoshell-coated
magnetic, monodisperse polymethacrylate (Ag@MagPMMS) microspheres were
produced. To obtain pH dependent diol-sensitive system, microspheres were
functionalized with 4-MPBA. As model proteins, much similar RNase B
glycoprotein and RNase A protein were used. RNase A and B has similar
structure, only difference is RNase B has between 6 and 10 sugar groups. Thus
because of diol groups in RNase B, it is expected that only RNase B could attach
to functionalized microbeads. RNase A was the negative control. RNase A and
RNase B proteins separately and as mixture were interacted with MPBA-
Ag@MagPMMS sorbent, on the other part synthesized PATP/MPBA@Ag NPs
were bound onto the protein sample present on MPBA-Ag@MagPMMS and a

61



sandwich system was formed. SERS spectra of these proteins were obtained.
When RNase B glycoprotein was bound to sorbent, SERS signal intensity became
stronger than RNase A protein, which shows the glycoprotein specificity of the
sorbent. According to specific peak area ratios, concentration of these proteins
were calculated; in other words, calibration curves for RNase A and RNase B
proteins according to concentration against peak area ratio values were obtained.
RNase B curve was linearly increased with increasing concentration, but RNase A
curve was nearly constant at different concentrations. With the aim of SERS
method, RNase B concentrations down to 0.1 ng/mL, nearly 10> M, could be
detected with this method easily. This detection limit will contribute to literature, as
glycoprotein in femto-molar concentration levels can be detected easily with this
method. Early diagnosis of diseases, characterization and quantification of

glycoproteins in biopharmaceutics can be realized with this sensitive technique.
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