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Polymer brushes are extremely versatile materials, as monomer choice allows the user to
design a material with the desired physiochemical properties. Given the wide variety in monomer
functionality, polymers can be fine-tuned for a specific application. In this work, polymer brushes
bound to a silica support are designed and utilized to enhance performance of protein extraction
and chromatographic separations.

The effectiveness of an analytical method is strongly affected by matrix composition,
however, the presence of species other than the target analyte is usually unavoidable. An excellent
technique will be able to identify and/or quantify the analyte even when its concentration is low
compared with interfering molecules. Protein analysis is particularly challenging, since many
proteins of clinical and scientific significance are present in complicated matrices such as plasma
or cell lysates.

A common method to specifically separate a protein from a complicated matrix is solid
phase extraction. In this method, a species (such as an antibody) with high specificity towards the
target is immobilized onto a solid substrate (commonly beads or small particles for greater surface
area). Next, the target is collected onto the surface, bound by the species. The solid substrate is
rinsed of the liquid matrix, before elution of the target. Only the active species should interact with
the analyte, and the surface should be otherwise inactive. However, nonspecific interactions lead
to binding/adsorption of undesirable compounds. Therefore, an optimal substrate for protein
extraction must be 1) easily and completely removable from the liquid phase, 2) have a high
concentration of active sites for specific binding, and 3) exhibit low nonspecific binding. As part
of this work, commercial magnetic particles were coated with a nonporous silica layer that tolerates
the acid bath and silane coating necessary to attach a polymer layer. On the silane coating, a

polymer layer was covalently bound; this layer contains epoxide active groups for immobilizing
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antibodies. These antibodies bind to the target molecule with high specificity, and low nonspecific
binding. Obtained particles were evaluated for protein extraction, where antibodies as well as
specifically engineered drug compounds were successfully bound to the particle surface.

Glycosylation influences several physiopathological processes in proteins. Glycans can act
as receptors, modify protein solubility, and participate in folding conformation. Altered
glycosylation is a common feature in tumorous cells. As such, many modifications in glycoproteins
have been related to cancer, including increased branching of N-glycans or augmented units of
sialic acid. Therefore, characterization of glycoproteins is important not only as a diagnostic tool,
but also to monitor patients’ response to treatment. Furthermore, it is important in the growing
field of monoclonal antibodies as drug carriers.

Among different methods used for glycosylation analysis, Hydrophilic Interaction Liquid
Chromatography (HILIC) has showed important advantages over time-consuming digestion-MS
based techniques. An adequate HILIC stationary phase can be used to rapidly differentiate
glycoforms present in a sample. In the second part of this work, a polymer brush based bonded
phase was developed as a HILIC stationary phase. The new polymer improved the separation of a
model glycoprotein compared with a commercial HILIC column, while also exhibiting enhanced

stability over a previous bonded phase synthetized in our group.
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CHAPTER 1. INTRODUCTION

1.1 Polymer Brushes

Polymer brushes are thin films of polymeric molecules bound to a substrate in a high graft
density to obtain chains oriented perpendicularly to the surface.® As depicted in Figure 1.1, the
bottom of the polymer chains are immobilized on the surface by physical adsorption or covalent
bonds, while the end of the chains are extended away from the surface. Polymer brush architecture,
such as surface formation and density, is controlled by the choice in polymerization technique.
Solvent also plays an important role in polymer conformation. In some solvents, brushes undergo
swelling, extending chain lengths, in some cases up to three times longer.? By choosing the
polymer brush architecture, one can select the functionality and/or configuration necessary for a

given application.

Figure 1.1. General scheme of polymer brushes.

1.1.1 Techniques for obtention of polymer brushes

An early method for polymer brushes synthesis was physisorption of block polymers.® One
polymeric block with high affinity for the surface was initially attached, followed by the other
block which had improved compatibility with the solvent. Mechanical instability of such
configurations limited their applicability, leading to advances in polymerization techniques for
obtaining brushes covalently bound to surfaces. Synthesis of covalent attached brushes can be
carried out by either “grafting to”* or “grafting from”® methods. In the “grafting to” approach,

polymer chains with end reactive groups are bound to reactive groups pre-functionalized on the
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surface (Figure 1.2A). Graft densities of brushes obtained by this method are usually low, because
steric hindrance, caused by initially attached chains, blocks reactive sites for incoming chains. In
the “grafting from” method, polymer chains are extended directly from surface initiators by
addition of monomer units. (Figure 1.2A). This methodology produces high grafting densities,

since small monomer units can easily reach the initiator on the surface and growing chains.

il
(

f
[—|

‘ . . . q
B Reactive group in polymer chain I Monomer unit

C Reactive group on the surface ‘ Surface initiator

Figure 1.2. Scheme of polymer brush synthesis. A) “Grafting to” method. B) “Grafting from”
approach.

Appropriate surface initiator selection plays a fundamental role in the “grafting from”
method, allowing control over polymer conformation and brush density.” Common surface
initiation techniques include reaction of superficial amino or hydroxyl groups with acidic halides,®
reaction of silanes with silica or iron oxide,° functionalization of gold using disulfides or thiol
groups,*! and reactions with adsorbed carboxylic acid.*?

Almost all polymerization methods have been used with the “grafting from” technique,
including radical,® ring opening,'* electrochemical,'® photochemical,® cationic,*” and anionic
polymerization.'® Controlled radical polymerization techniques such as atom transfer radical
polymerization (ATRP)®, nitroxide-mediated polymerization (NMP)?°, and reversible
addition—fragmentation chain transfer (RAFT)?! have arisen as the most dominant techniques for

polymer brushes synthesis, since they provide control over reaction rate, density and polymer
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polydispersity. Furthermore, the “grafting from” approach combined with these techniques permits
complex polymer architectures and minimizes free polymer formation in solution. ATRP is an
especially user-friendly polymerization technique due to its moderate reaction conditions such as
relative lower temperature, and the availability of initiators, catalysts, and monomers with a wide

variety of functional groups.?>?* A more detailed discussion of ATRP can be found in section 1.2.

1.1.2 Complex polymer brush architectures

The elimination of transfer and termination reactions of a growing polymer chain allowed
development of the so-called “controlled/living radical polymerization (CRP)”%. In this type of
polymerization, the rate of initiation is much larger than the propagation rate. This results in a
constant rate of chain growth, producing polymers with lower polydispersity (i.e. chains have very
similar lengths). Due to the inherent predictability of this method, it is possible to calculate the
molecular weight of the final polymer from reaction conditions and have control over end-groups.
Since polymerization can occur in stages, CRP permits variations of polymer brush architecture,
such as synthesis of block copolymers using different monomers in each stage.?® Other
architectures include random, cross-linked, hyperbranched, highly branched, and y-shaped binary
mixed. A brief overview of polymer architectures of relevance for this thesis is described below

for convenience.

1.1.2.1 Block copolymer brushes

A first polymer layer is attached to the surface, then, the active end-chains are used as
initiators for subsequent layers (Figure 1.3A). Polystyrene and polymethyl methacrylate diblock
polymer (PS-b-PMMA) has been successfully prepared from silicon wafers via surface initiated
ATRP (SI-ATRP).?” SI-CRP has also been used to obtain triblock polymer brushes (PS-PMMA-
PS).28

1.1.2.2 Random copolymer brushes

A mixture of two or more monomers react simultaneously to obtain random copolymers
(Figure 1.3B). This type of polymerization is mainly used to adjust properties such as
hydrophilicity and responsiveness, or to exploit features of mixed functional groups.?
Composition of a copolymer can be different from the one of monomer feed, due to differences in

monomer reactivity. For instance, with SI-ATRP copolymerization of equimolar mixtures of 2-
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(tert-butylamino) ethyl methacrylate (tBAEMA) with styrene (S) or acrylic acid (AA), were
obtained poly(tBAEMA-co-PS) and poly(tBAEMA-co-AA) with molar compositions of 47:53

and 40:60, respectively.®

A B

Figure 1.3. Scheme of some common polymer brush architectures. A) Block copolymer brushes.
B) Random copolymer brushes. C) Cross-linked polymer brushes. D) Binary mixed brushes

1.1.2.3 Cross-linked brushes

Synthesis of cross-linked brushes (Figure 1.3C) can be accomplished using two different
approaches: homo- or copolymerization of bifunctional monomers and post-polymerization
modification of polymer brushes with cross-linking agents. Monomers such as ethylene glycol
methacrylate and N,N’-methylenebisacrylamide have been added to the polymerization mixture to
prepare cross-linked brushes.®*-3? Linear polyglycidyl methacrylate (PGMA) brushes can be post-
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modified to yield cross-linked brushes, using reaction of the epoxide groups with diamines such

as ethylendiamine.

1.1.2.4 Binary brushes

This type of mixed brushes is formed by two different polymer chains attached to a solid
support (Figure 1.3D). Multiple configurations can be achieved depending on the initiator
employed. For example, simultaneous surface functionalization with ATRP and NMP initiators
produce binary brushes.®* Similarly, synthetic asymmetric difunctional silanes (Y-silane) have
been used to prepare binary PMMA/PS and PtBA/PS brushes.>-%

1.1.3 Important applications of polymer brushes

Polymer brushes have been extensively employed in many fields due to their versatility as
surface modifiers. Obtention of multiple architectures has been exploited in applications as
antifouling and antibacterial surfaces, membrane design, biosensors and biomedical materials.%’
Polymer brushes are attractive materials due to their stability in harsh environments and the ability
to adjust their physicochemical properties such as hydrophilicity, adsorption and adhesion features.
In this section are presented advances with emphasis in biomedical and analytical applications

with specific importance for the present work.

1.1.3.1 Antifouling and low nonspecific binding surfaces

A common goal in producing an antifouling surface is to reduce intermolecular interactions
between biomolecules and the interface. Thus, adsorbed material can be released without difficulty
using mild conditions. Hydrophobic surfaces present high protein adsorption, while hydrophilic
interfaces exhibit low protein adhesion. Neutral and zwitterionic polymers are the two main types
of hydrophilic brushes that can be employed as antifouling materials.3® In both cases, low fouling
capability is related with a hydration layer formed above the surface. This water layer becomes a
physical and energetic barrier that blocks protein adhesion. In addition to this hydration layer,
polymer chains produce steric hindrance, avoiding interaction of the protein with the surface due
to unfavorable entropic changes. A combination of these two mechanisms produces ideal

conditions for resistance to protein adsorption, thereby obtaining an antifouling surface.*
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1.1.3.1.1 Neutral hydrophilic brush polymers

A representative example for this group of hydrophilic polymers is the widely used poly
(ethylene glycol) (PEG), valued for its high biocompatibility.*® Other neutral polymers prepared
from monomers such as hydroxyethyl methacrylate (HEMA) or poly (ethylene glycol)
methacrylate (PEGMA) have shown antifouling properties as well. In Figure 1.4, chemical

structures of common hydrophilic monomers used to obtain antifouling polymer brushes are

displayed.
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Figure 1.4. Chemical structures of common monomers used to obtain neutral antifouling polymer
brushes. A) Oligo (ethylene glycol) methyl methacrylate.** B) Poly (ethylene glycol) methyl
ether methacrylate.*? C) 2-hydroxyethyl methacrylate.** D) N-acryloylaminoethoxyethanol.*® E)
hydroxypropyl methacrylate.*® F) 2-hydroxyethyl acrylate.** G) N-Hydroxyethyl acrylamide.*
H) Acrylamide.*®

Besides hydrophilicity and chemical composition, grafting density has a vital contribution
to nonspecific adsorption in polymer brushes. Studies with poly (N, N-dimethylacrylamide)
revealed that at low densities, adsorption of proteins is increased due to the “mushroom”
configuration of the polymer brushes (Figure 1.5).*” However, at high densities, polymer chains

are greatly stretched which provides the steric hindrance necessary for minimizing protein
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adsorption to the surface (Figure 1.6). Furthermore, some studies with PHEMA and PHPMA (poly
(hydroxypropyl methacrylate) showed that polymer thickness varies the amount of proteins
absorbed during exposure to blood plasma.*® These studies concluded that an augment in brush
length produces more resistance nonspecific absorption due to an enhanced hydration layer that
makes energetically unfavorable protein adsorption (Figure 1.7). Different studies demonstrated
that there is a minimum polymer thickness, that varies with every polymer, in which a grafted
surface exhibits enhanced antifouling performance.**=° Below that optimal range, the hydration

layer is not enough to prevent protein adsorption (Figure 1.8).

Low density polymer Nonspecific binding

Figure 1.5. Schematic of low-density polymer brush in “mushroom” configuration, allowing
nonspecific binding of biomolecules to the surface.

High density extended polymer brushes Adsorption resistance

Figure 1.6. Schematic of high-density polymer brushes. Stretched polymer chains avoid
adsorption of proteins to the surface.
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Hydration layer in long polymer brushes Nonspecific binding Resistance

Figure 1.7. Schematic of hydration layer in long polymer brushes. The water layer makes
protein adsorption energetically unfavorable.

Hydration layer in short polymer brushes Nonspecific Adsorption

Figure 1.8. Schematic of the hydration layer in short polymer brushes.

1.1.3.1.2 Zwitterionic brush polymers

Charged polymers can be divided into betaines, which have a positive and a negative charge
on the same monomer unit (Figure 1.9), and polyampholytes, which are block copolymers
containing the same amount of positive and negative charges on two different monomer units
(Figure 1.10). Electrostatic forces in zwitterionic polymers induce a strongly bound water layer,
more stable than in neutral hydrophilic polymers. °* Two key requirements for the antifouling
behavior of zwitterionic polymer brushes are 1) a homogeneous distribution of charge and 2) an
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overall neutral charge on the substrate. If these two requirements are met, a more efficient
hydration layer is produced. The hydration layer in turn diminishes electrostatic interactions with

proteins, minimizing nonspecific binding.
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Figure 1.9. Chemical structures of common betaine monomers used for obtaining antibiofouling
surfaces. A) Sulfobetaine methacrylate.*? B) Carboxybetaine methacrylate.*? C)
Sulfobetaineacrylamide.* D) Methacryloyloxylethyl phosphorylcholine.>!
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Figure 1.10. Chemical structures of common polyampholytes. A) Poly(Sodium styrene
sulfonate-co-4-Vinylpyridine).>? B) Poly(4-Vinylpyridine-co-Acrylic acid).>® C) Poly(Acrylic
acid-co-N-Vinylimidazole).>* D) Poly(Acrylic acid-co-N,N’-dimethyl-N,N’-diallylammonium

chloride).>
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Polybetaines have been used in several applications to improve a surface’s resistance to
biomolecule adsorption from undiluted plasma.>® As in the case of neutral polymer brushes,
grafting density and thickness play a critical role in antibiofouling performance. Polyampholytes
are considered artificial equivalents of natural biomolecules as proteins, containing positive and
negative charges in different units. Like for polybetaines, uniform charge distribution and overall
charge neutrality determine antibiofouling behavior of polyampholytes. This is normally
accomplished by copolymerizing equimolar mixtures of monomers with similar reactivity. In a
random copolymerization, it could be expected to obtain two or more consecutive units with the
same charge, however, some studies in ion-pairing demonstrated that these defects have minor

consequences for protein adsorption.>¢->’

1.1.3.2 Covalent immobilization of proteins

Water-swollen polymer brushes have adequate available volume to attach monolayers of
proteins. This property makes them extremely useful for protein immobilization and purification.
Methods for protein immobilization include electrostatic interactions,®® covalent binding,*® and
formation of metal-ion complexes.®® Covalent binding exhibits the highest mechanical stability
among binding methods. This section describes the most important functional groups used in
polymer brushes for protein covalent immobilization: carboxylic acids, hydroxyl, epoxides, and

active esters.

1.1.3.2.1 Polymer brushes containing carboxylic acid groups

Carboxylic acids can react directly with primary and secondary amines in proteins to form
amides, however, activation with intermediates as carbodiimide or NHS ester provides a faster
reaction.t Figure 1.11 shows activation of carboxylic groups with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC). Acrylic acid and methacrylic acid are
the most used monomers to obtain polymer brushes containing carboxylic acids, Figure 1.12

displays chemical structures of some polymers used to immobilize proteins via covalent bonds.
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Figure 1.11. Protein binding using carboxylic groups in polymer brushes via carbodiimide
activation with EDC. A) Activation with EDC produces a more reactive o-Acylisourea ester. B)
Protein is covalently immobilized via reaction with a primary amine.

1.1.3.2.2 Polymer brushes containing hydroxyl groups

In order to covalently bind proteins to polymer brushes with hydroxyl groups, it is
necessary to use coupling agents such a tresyl chloride, pentafluoropyridine, cyanuric chloride,
carbonyldiimidazole (CDI), or disuccinimidyl carbonate (DSC).%? Figure 1.13 shows protein
immobilization using hydroxyl groups activated with CDI. Hydroxyl group forms a reactive
imidazole carbamate intermediate with CDI, which reacts with amines to produce a carbamate
linkage. Polyethylene glycol related polymers are employed to immobilize protein via hydroxyl
groups, containing not only the reactive group, but also presenting nonspecific abilities. Some

polymers used to form covalent bonds with proteins are displayed in Figure 1.14.
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Figure 1.12. Chemical structures of polymers containing carboxylic acids used for covalent
immobilization of proteins. A) Poly (acrylic acid).%® B) Poly (methacrylic acid).%* C) Poly
(oligo(ethylene glycol)methacrylate-b-acrylic acid).®® D) Poly (carboxybetaine acrylamide).%® E)
Poly (carboxybetaine methacrylate).®’

1.1.3.2.3 Polymer brushes containing epoxide groups

In contrast with the previously described groups, epoxides allow direct immobilization via
reaction with amines. As depicted in Figure 1.15, the reaction proceeds without activation or
intermediate formation steps, and under mild conditions (room temperature, neutral pH). The most
commonly used monomer to synthetize polymer brushes containing epoxide groups is glycidyl
methacrylate (GMA). Despite its versatility, GMA is slightly hydrophobic, so homopolymers of
GMA present nonspecific adsorption. Therefore, copolymers of GMA with hydrophilic monomers
are preferred to build polymer brushes with epoxide groups. Figure 1.16 presents some polymers

containing epoxide groups that have been used for protein covalent binding.
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Figure 1.13. Protein binding using carbamate-activated hydroxyl groups in polymer brushes. A)
Activation with CDI produces an intermediate imidazole carbamate. B) Protein is covalently
immobilized via reaction with a primary amine.
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Figure 1.14. Chemical structures of polymers containing hydroxyl groups utilized for covalent
binding of proteins. A) Poly (2-hydroxymethyl methacrylate).®? B) Poly (N-(2-hydroxypropyl)
methacrylamide).%® C) Poly (oligo(ethylene glycol methacrylate)).®?
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Figure 1.15. Direct protein immobilization using polymer brushes with epoxide groups.
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Figure 1.16. Chemical structures of polymers containing epoxide groups used for covalent
immobilization of proteins. A) Poly(glycidyl methacrylate-co-(2-hydroxyethyl) methacrylate).®®
B) Poly(glycidyl methacrylate-co-oligo (ethylene glycol) methacrylate.”® C) Poly[2-hydroxyethyl

methacrylate-b-(glycidyl methacrylate-co-(2-hydroxyethyl) methacrylate)].”

1.1.3.2.4 Polymer brushes containing active ester groups

Like epoxide groups, polymer brushes containing active esters allow covalent protein
immobilization without additional activation or coupling agents. N-Hydroxysuccinimide (NHS)

ester is the most widely used active ester to react with amines in proteins (Figure 1.17).”
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Polymerization of monomers containing active ester is demanding due to high reactivity of the
side chain. Another drawback of using active esters in polymer brushes is the facility to hydrolyze

demonstrated by this group of compounds.
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Figure 1.17. Direct protein immobilization using polymer brushes with NHS ester.
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Figure 1.18. Chemical structures of polymers containing active ester groups used for covalent
immobilization of proteins. A) Poly(methacryloyl succinimide).”? B) Poly(pentafluorophenyl
acrylate).”

1.1.3.3 Bonded phases for chromatographic separations

Initial stationary phases used for chromatographic separations consisted of liquids
adsorbed onto solid supports. This approach was appropriate for gas chromatography; however, it

is difficult to maintain a consistent liquid layer for techniques requiring high pressure and flow
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rates (such as HPLC) . Stability of stationary phases was vastly improved with the introduction of
chemically bonded stationary phases, in which alkylsilane reagents are covalently bound to solid
supports. " Silanization has become the most used method for modifying silica surfaces as
stationary phases for HPLC. The main advantage of this method is the high stability of the siloxane
bonds of the silylant reagent and silanols on the silica surface. Despite this important advance,
obtention of densely silanizated silica surface is difficult due to steric hindrance, resulting in
around 50 % of unreacted silanols. Major problems for HPLC are caused by these exposed silanols
on the silica surface: limited pH range (2-8 units) and interaction of residual silanols with some
analytes via ion exchange.”

In order to take advantage of silica supports, it is necessary to improve surface
functionalization. Polymer grafting have been successfully applied to silica-based
chromatographic separations.” Availability of a broad variety of monomers with numerous
functional groups allows one to finely-tune selectivity of a stationary phase to be appropriate for a
given separation. Polymer brushes with high graft density sterically isolate silanols on the silica
surface (Figure 1.19), avoiding interaction with analytes. Similarly, polymer chains can be
developed to enhance silica resistance to a wider pH range. Further, one can take advantage of
properties rarely present in other substrates. For instance, polymer brushes of poly(N-
isopropylacrylamide) have been used to obtain thermoresponsive stationary phases,’® in which

separation is reached by changing the column temperature without modifying solvent composition.

@ ' Analytes

Polymer brushes

Si i i i i Si Si [
[/'\/'\W Silica surface

Figure 1.19. Scheme of polymer brushes on a silica surface preventing interaction of analytes
with silanols.
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As described in Table 1.1, several polymer brushes have been used to develop bonded stationary

phases by selecting monomers with desirable properties for specific applications.

Table 1.1 Examples of polymer brushes used as bonded phases for chromatographic separations

Chromatography

Polymer Solid Chromatographic | Analytes Ref
Support | Mode/Type

Poly(N- Silica Thermoresponsive | Hydrocortisone,

isopropylacrylamide) HPLC dexamethasone, 76
hydrocortisone acetate

Poly(2-(2- Porous Thermoresponsive | Hydrocortisone,

methoxyethoxy) ethyl | polymer HPLC testosterone, 77

methacrylate- co-oligo | monoliths medroxyprogesterone

(ethylene glycol) acetate

methacrylate

Polyacrylamide Silica HILIC Glycoproteins 78

Poly(chloromethylstyr | Silica HILIC Vanillic acid, salicylic

ene-co- acid, puerarin 79

divinylbenzene)

Poly(2- Porous Salt and pH- Hydrocortisone,

(dimethylamino) ethyl | polymer responsive HPLC dexamethasone 80

methacrylate) monoliths acetate,
medroxyprogesterone
acetate

Poly(GMA-co-N- Silica Thermoresponsive | Ovalbumin, and

isopropylacrylamide) HILIC Horseradish 81

modified with boronic peroxidase

acid

Poly(N- Silica HILIC Uracil, cytosine, and

[tris(hydroxymethyl) ephedrine 82

methyl]acrylamide)

Poly(pentaerythritol Polymer HILIC monolithic | Thymidine, adenosine,

tetraglycidyl ether-co- | monoliths | capillary uridine, cytidine, 83

ethylene imine) inosine

Poly(ethyl Polymer Reverse Phase Ribonuclease A,

methacrylate-co- monoliths | monolithic capillary | insulin, cytochrome, 84

trimethylolpropane lysozyme, albumin

triacrylate)

Poly(methyl Silica Hydrophobic Antibody-drug

methacrylate) Interaction conjugates 85
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1.2 Atom Transfer Radical Polymerization (ATRP)

Controlled/living radical polymerization (CRP) provides exceptional control over molecular
weight, functional groups, polydispersity, and polymer architecture. CRP’s most commonly used
methods are Atom Transfer Radical Polymerization (ATRP), Nitroxide-mediated Radical
Polymerization (NMR) and Reversible Addition—Fragmentation chain-Transfer polymerization
(RAFT).8® ATRP is one of the most important polymerization methods, showing a vertiginous
growth over the last few decades..” ATRP was independently reported by Sawamoto® and
Matyjaszewski/Wang'® in 1995. Since then, ATRP has been widely employed because it facilitates
polymerization of a greater variety of functional groups (alkyl, amino, epoxy, hydroxy, and vinyl)
than can be present in monomers or initiators?® 8993,

In ATRP, a free radical (Pn®) is created from a reaction between an initiating alkyl halide/
macromolecular species (Pn-X) and an activator metallic complex (L.M?) with the reaction
constant rate of activation (Kact), Shown in Reaction (1) in Figure 1.20 (M? represents the transition
metal species in a oxidation state z and L is ligand). From that reaction, a deactivator organic
complex is produced with a higher oxidation state (L,M?*X) and a lower redox potential, which
makes the reaction easily reversible and involves just one electron from halogen atom. The
generated free radical can react with an unsaturated species (Reaction (2), Figure 1.20) to
propagate the reaction, extending the polymer chain. The deactivator intermittently reacts with the
growing radical in a opposite reaction (Kgeact) to form a dormant species and activator. With these
simultaneous reactions, it is possible to momentarily inhibit the addition of monomers units to the

growing free radical, obtaining control over the polymerization.

kact

P,—X +  L,M? p, + LM*IX (1)
kdeact
kp

P, + /\Rm Poi )
kt

P, o+ P, P,—P, (3)

Figure 1.20 ATRP mechanism.
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Appropriate design and selection of a catalyst (metal/ligand) and initiator (structure and
halogen type) results in a polymerization process in which molecular weight increases linearly
with conversion in agreement with a living process. Also, with the correct selection of reaction
solvent and temperature, it is possible to control topography, composition, and functional groups
using a great variety of polymerizable monomers.%

Monomers in ATRP are usually molecules with substituents that provide stability to the
growing radical, such as styrene or methacrylates. Reaction of these monomers is satisfactory
when the free radical concentration (growing species) is in equilibrium with the dormant species
(initiator, monomer), generating polymers with controlled molecular weight and narrow
polydispersity. Propagation velocity is specific for every type of monomer, therefore, reaction
conditions such as initiator, catalyst and solvent, need to be optimized to keep the concentration
of dormant species higher than radical species, without slowing down polymerization or reaching
early termination (Reaction (3), Figure 1.20).

The amount of initiator in the reaction determines the number of concomitantly growing
polymer chains. A faster initiation generates fewer termination and transfer reactions. Commonly,
as initiators are used organic halides with similar structure of the monomers. Alkyl halides as
initiators provide good control over molecular weight. Bromides are often preferred because of
their higher reactivity, but chlorides allow a narrower polydispersity in chain length.®® Choice in
initiator defines polymer structure. For instance, an initiator with multiple alkyl halide groups
creates a star polymer.%® It is possible to use macroinitiators in ATRP, such as previously
synthetized polymers with proper functionalization, to develop well-defined block copolymers.®’

The catalyst is the most important component in ATRP, because it determines the
equilibrium constant between active and dormant species (Katre = Kact/Kaeact).®® Since Katrp
governs polymerization rate, a small Katrp can slow down or stop polymerization. On the other
hand, an extremely large Katre Speeds up the reaction, increasing polymer chain length
distribution (polydispersity).

For ATRP, the transition metals need to meet several requirements. Its two oxidation states
must be separated by only one electron, and the metallic center must have a reasonable affinity
with the halogen involved. The metal’s coordination sphere needs to be expandable so when it

oxidizes, the halide can link to the catalyst structure.?? It is required that the ligand strongly
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complexes the catalyst. Finally, the complex needs to be at least partially soluble in reaction media,
since polymerization can be carried on under homogeneous or heterogeneous conditions.*

The main role of a ligand is to stabilize the metallic salt and adjust catalytic activity of the
metal to produce a controlled polymerization. The most used and efficient ligands in ATRP are

nitrogenated bases®

. An adequate ligand selection greatly influences catalyst effectiveness. Cu
base catalyst have been extendedly applied to ATRP polymerizations.101-102

Besides previously described components, it is necessary to consider other important
variables for a successful ATRP such as temperature, pressure, and oxygen concentration.
Temperature is usually employed from room temperature to around 150 °C, allowing control over
reaction velocity, molecular weight, and polydispersity. Molecular oxygen quickly reacts to
capture radicals, forming stable peroxy radicals, and can oxidize transition metal. Oxygen’s effects
reduce reaction speed or could even halt radical polymerizations.’®® Therefore, oxygen must be
limited in ATRP, often using complicated experimental set ups. In order to address this limitation,
some modifications to initiation have been introduced, which has coined new ATRP techniques
such inverse ATRP and AGET (activators generated by electron transfer) ATRP. In inverse ATRP,
an initiator and metallic complex in its lower oxidation state are generated in situ from a
conventional initiator and a metallic complex in its high oxidation state'®*. In AGET ATRP
(section 1.2.1), catalyzing is performed by using an organic reducing agent to generate the metallic
complex in its lower oxidation state from its higher oxidation state.!® This more stable catalyst
system suppresses the need for an oxygen-free reaction media, allowing simpler experimental

procedures.

1.2.1 Activators generated by electron transfer for Atom Transfer Radical Polymerization
(AGET ATRP)

As previously stated, AGET ATRP was introduced to overcome the need of a deoxygenated
environment of normal ATRP. In this technique, the air sensitive activator in its lower oxidation
state is substituted by a catalytic complex with the metal in its higher oxidation state, which permits
adding the activator without initiating polymerization. Figure 1.21 shows the AGET ATRP
mechanism using copper (Cu) as a catalyst. Polymerization is initiated by adding a reducing agent
that reacts with the metallic complex (L.Cu*2X) to generate the active species (L.C**X), following

a similar path to normal ATRP. All added reagents (L,C*?X, ATRP initiator and reducing agent)
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are stable in the presence of oxygen, enabling better control over polymerization that starts only
when the reducing agent is added to reaction media. Reducing agents used in AGET ATRP include

tin(11)-ethylhexanoate!®, ascorbic acid'®’, phenol®®, glucose!® and methylaluminoxane.%

L, Cu™X
l Reducing agent

kact
P,—X +  L,Cu"! P, + L,Cu”X
k
ATRP initiator deact @ kt
EN
kp

Figure 1.21 AGET ATRP mechanism.

Overall, the benefits of AGET include easy manipulation of the catalyst, tight control over the
process, obtention of polymer chains with low polydispersity and minimal use of copper (less than
50 ppm).%*

1.3 Glycoproteins
1.3.1 Glycosylation

Glycosylation is an enzymatic process that covalently attaches saccharides to amino acid
side chains of a protein, generating a glycoprotein (Figure 1.22). The carbohydrate chains (glycans)
can be anywhere from one up to hundreds of sugar units in length, branched or straight-chained.
Glycosylation is a regulatory mechanism influencing several processes in proteins. Glycans can
be used as receptors, playing an important role in cell attachment and cell-to-cell interactions. Due
to their hydrophilic character, glycans can change protein solubility, thereby influencing its
functions. The many possible combinations of monosaccharides give rise to a large variety of
glycans, arising from differences in composition, linkage site, anomers, branching, and bonding

with other compounds (proteins and lipids), among others.!!
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Figure 1.22. Crystal structure of human 1gG1-Fc with glycan -MangGIcNAC.- (blue) attached to
N297 (red). Created with pyMOL, PDB file: 2WAH.

There are two main types of linkage of the glycans to the amino acids in glycoproteins: N-linked
glycosylation (N-glycans, to the nitrogen atom of an amino acid) and O-linked glycosylation (O-
glycans, to the oxygen atom of a hydroxyl group of an amino acid). In N-glycosylation, the
oligosaccharide chain is bound to the amino group of asparagine (Asn), usually in the sequence
Asn-X-Ser/Thr, where X can be any amino acid but proline. In O-glycosylation, the carbohydrates
are linked to the hydroxyl group of serine (Ser) or threonine (Thr).

Glycans have both inside (intrinsic) and outside (extrinsic) cellular functions. For instance,
as part of some immune system cells, N-glycans on the cell’s surface determine migration behavior
to specific sites where the cells are needed. Also, glycosylation plays a transcendental role in
immunoglobulins’ characteristic affinities by modifying their Fc fragments and other immune
receptors. Structural conformation introduced by N-glycans affect not only the attachment site, but
also hydrogen bonding, hydrophilic and hydrophobic interactions with other residues in the protein.
Figure 1.23 shows IgG1l-Fc residues interacting with different sugar units in the N-glycan
covalently bound to asparagine 297. It is indicated that several amino acids in the Fc interact with

a single saccharide, which contributes to folding structure of the entire molecule.!*?
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Figure 1.23. Crystal structure of a portion of the fragment crystallizable (Fc) region of human
IgG1. A) The saccharides attached to N297 (red) are shown in yellow (GIcNAc), blue (Gal),
grey (Man) and magenta (Fuc) (PDB file 1FC1). B) Contacts between the 1IgG1 Cx2 domain and
the oligosaccharide. C) Glycan structure and residues interacting with saccharide units (red).

Glycan modification is a common characteristic in cancerous cells and may affect N-

glycans and O-glycans. A variety of alterations in glycoproteins have been reported, showing

repression or overexpression of specific sugar structures and the development of other glycan

structures not usually found in normal cells. Some of the most common features in tumor cells

include an increased branching of N-glycans, more sialic acid units, higher expression of specific

carbohydrate antigens like sialyl-LewisX (SLecx), sialylLewisa (SLea), or polysialic acid.**®
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1.3.2 Structure analysis of glycoproteins

Due to their complexity, glycoprotein analysis is a very challenging field for analytical
chemists and biochemists. Structural analysis of glycoproteins to elucidate glycosylation sites and
glycan sequences is frequently a complicated process and may include multiple stages such
extractions, separation and purifications, enzymatic or chemical cleavage, chemical derivatization

and specialized assemblies and instrumentation.

1.3.2.1 Characterization of N-glycosylation by means of cleavage and mass spectrometry (MS)

In N-glycosylated proteins, polypeptide chains appear with the sequence Asn-X-Ser/Thr,
where X can be any amino acid but proline, where the sugar chain is attached to the asparagine
residue. In Figure 1.24 schematics of usual methodologies for N-glycoprotein analysis using mass
spectrometry are shown. Two main procedures for glycoproteins can be performed using MS.

The first approach uses chemical or enzymatic cleavage of the intact glycan before an in-
solution or in-gel proteolytic digestion. The polysaccharide chains can be released from the
glycoprotein using peptide-N-glycosidase F (PNGase F), an enzyme that specifically cleavages
the glycan in the Asn residue, producing the respective glycosylamines and converting Asn to
aspartic acid (Asp). After the enzymatic digestion, the protein and the free glycan are analyzed
separately. Deglycosylated protein is lysed in the gel or solution and the amino acids sequence can
be determined by Electrospray lonization Collision-Induced Dissociation mass spectrometry (ESI-
CID). The released glycan may be characterized by ESI/MS, Matrix-assisted laser
desorption/ionization (MALDI)!* or High-Performance Anion-Exchange Chromatography
Coupled with Pulsed Electrochemical Detection (HPAEC-PAD).!!° Hence, it is possible to obtain
both the glycans’ sequences and the binding sites that were previously occupied by them on the
protein. Unfortunately, this approach does not identify which glycan was bound to which site.

In a second strategy, the intact proteolytic products are separated by high performance
liquid chromatography (HPLC) before the MS analysis*¢. This method determines not only the
glycan structure but also the specific glycosylation sites occupied by the carbohydrates in the
protein. These two methods provide valuable information about glycan sequences and peptides.

Both methodologies are, however, time-consuming and arduous.
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Figure 1.24. Most common methodologies for structural analysis of N-glycosylated proteins by
MS.

1.3.2.2 Analysis of glycoproteins by Hydrophilic Interaction Liquid Chromatography (HILIC)

Hydrophilic Interaction Liquid Chromatography (HILIC) has been successfully used in
separating hydrophilic compounds such as carbohydrates. It is considered a complementary
technique to reverse phase chromatography (RPLC), since HILIC can retain polar analytes, and
the aqueous-organic solvents used are advantageous to dissolve hydrophilic samples that are not
soluble in the nonpolar mobile phases utilized in normal phase chromatography (NP).11” Also,
HILIC is appropriate to be used with mass spectrometry, given that prevailing organic solvent can
enhance sensitivity.!®

There has been an active discussion about retention mechanism in HILIC. Initially, it was
proposed that polar analytes were retained by means of partitioning between a more hydrophobic

mobile phase and a hydration layer created on the stationary phase, with contribution of other polar
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interactions such as dipole-dipole.t!® Later findings have proved that the retention mechanism of
HILIC is more elaborated than a straightforward liquid partitioning, as other mechanisms, like
adsorption, electrostatic and hydrophilic interactions, and hydrogen bonding can also be present.*?

HILIC has been successfully used for the analysis of glycosylation of proteins. Zhang et al,
used acrylamide polymer brushes to obtain a HILIC stationary phase to separate glycoforms of
intact Ribonuclease B, with excellent performance compared with commercial columns.”® Periat
et al, developed a new stationary phase based on silica functionalized with amide groups, for the
analysis of protein biopharmaceuticals, under intact and digested conditions.*?! Tengattini et al,
characterized intact semi-synthetic glycoproteins using different commercial amide HILIC
columns (TSKgel Amide-80, XBridge BEH and AdvanceBio Glycan Mapping), being able to
achieve good selectivity for different glycoforms.'?? Rinaldi et al, developed and evaluated a rapid
HILIC-UV method for the analysis of glycoproteins, suitable for glycosylation characterization

during synthesis.*?3

1.4 Thesis overview

The main purpose of this research is to create polymeric brushes for high performance in
separation, extraction and analysis of protein analytes. Bonded phases were developed, optimized
and characterized for two main applications: protein immobilization and HILIC stationary phase.

Chapter one introduces the synthetic processes, with an overview of the main features of
utilized polymers and analyte characteristics in this work. In chapter two the coating process and
characterization of magnetic particles, grafted with an epoxide-containing block copolymer is
described. Performance of the obtained material was assessed by immunoprecipitation of BSA to
determine specific and nonspecific binding properties. Also, in collaboration with Pfizer, magnetic
particles were used to bind a model drug compound to capture a protein from a complex matrix.

Chapter three describes the development of a new HILIC bonded phase by means of a
polyamide polymer, used for the analysis of an intact glycoprotein. The synthetized polymer brush
was characterized and HPLC performance was tested using a model glycoprotein. Mass
spectrometry compatibility was also assessed. In chapter four future directions for the polymeric

materials developed in this work are discussed.
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CHAPTER 2. HIGH MAGNETIZATION ULTRA-STABLE
FERRIMAGNETIC PARTICLES FOR IMMUNOPRECIPITATION
AND DRUG BINDING EVALUATION

2.1 Abstract

Magnetic particles are attractive for immunoprecipitation due to their stability,
biocompatibility and fast extraction capability. Common structure of magnetic beads includes an
iron core embedded in a polymer with a reactive group such NHS ester or epoxide to allow binding
of antibodies. The purpose of the present work is to obtain ultra-stable magnetic FezO4 particles
with high magnetization and improved binding capabilities. As an initial stage, commercially
available magnetic nanoparticles were coated with silica by a modified Stéber process and heat
treated. It was established that calcination at 600 °C under vacuum produces an impermeable shell,
resistant to subsequent surface initiation processes. TEM analysis revealed a 50 nm thick silica
layer, smothered after the temperature treatment. Fe3O4s@SiO> particles were aggregated into 1
pum sized agglomerates during coating process because of the residual magnetism of the starting
material. Silica surface was grafted using aqueous AGET-ATRP with a two steps block copolymer
of polyhydroxyethyl acrylamide, to reduce protein adsorption, and polyglycidyl methacrylate, to
covalent binding of antibodies. Resulting polymer coated particles exhibited excellent dispersion
in aqueous solution. Magnetization measurements determined that reported particles are almost
three times more magnetic that commercial Dynabeads. Immunoprecipitation of fluorescent
labeled BSA showed a 2-fold binding capacity compared to Dynabeads, with similar non-specific
binding. Also, it was demonstrated that these beads can be used for protein pull out, attaching a

specific engineered drug compound to the particles through amine group.

2.2 Introduction

Magnetic nanoparticles (MNPs) are widely used in multiple fields, including magnetic
inmunoprecipitations, protein purification,? ferrofluids,® drug delivery* and biosensors.®
Application for bio-separations are based in their magnetic properties that allow for a facile
recovery of biomolecules from complex matrices. Naked iron oxide (FesOs) particles are highly
reactive and can be easily oxidized in air, losing their magnetic properties. Accordingly, magnetic
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particles are generally coated to improve their chemical resistance. Most used covering processes
include grafting of or coating of the surface with a broad type of compounds, such as biomolecules,
surfactants, and polymers, or using an inorganic layer such as silica, metal oxides or sulfides.®
Surface coating not only produces more stable iron oxide particles, but also allows subsequent
funcionalization.’

Stober based methods are widely used to obtain silica-coated FesO4 particles.® However,
the addition of nonmagnetic silica to the surface frequently produces a reduction of the
magnetization of small magnetic particles.® Research efforts have been focused in coating larger
ferrimagnetic particles to enhance their magnetization extraction efficiency.'®** Furthermore,
silica layer obtained by Stber method is not completely impermeable and shows microporous,**
13 50 iron core is not entirely protected against oxidation. Since FesOa is susceptible to acid
dissolution, hydrochloric acid (HCI) can be used to evaluate stability and quality of the silica layer
of coated magnetic particles. Previously utilized approaches to obtain acid-resistant silica-coated
MNPs include addition of an intermediate hydrophobic silica layer (using
dimethyldiethoxysilane)!* and silane post-modification with (3-aminopropyl)triethoxysilane.'®
However, these methods produce particles that can only resist HCI concentrations up to 1 mol/L.

Silanes are extensively employed as modifiers for silica surfaces. Noncorrosive ethoxy
silanes are preferred to minimize damage of the silica coating, although, they do not provide a
dense surface coverage.l” Contrarily, chlorosilanes afford much dense surface functionalization,
feature that makes them very useful in fields like chromatography where highly coated surfaces
are essential.*® However, attachment of chlorosilanes requires more aggressive reaction conditions,
thus, an appropriate silica coating is essential, restricting their use to pure silica or very well coated
surfaces.

Utilization of MNPs as capture agents requires binding specificity and efficacy, conferred
by inclusion of active groups on the surface. Such groups allow direct interaction with the target
molecules by electrostatic forces and/or hydrogen bonds, like in the case of amino-modified
surfaces,'” or indirectly through immobilization of molecules like antibodies.*® Functional groups
that enable attachment of bioactive molecules on surfaces throughout formation of covalent bonds
include N-hydroxysuccinimide (NHS) ester,'® and epoxide.?® NHS esters are not stable in aqueous

conditions and suffer from hydrolysis, compromising their binding capacity over time.?* On the
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other hand, epoxy groups are stable in aqueous media and are very reactive to amines and
sulfhydryl groups.??

Epoxide functionalization of silica coated magnetic nanoparticles can be made by grafting
with epoxide-containing polymers such polyglycidyl methacrylate (PGMA).2 However, PGMA
is hydrophobic, presenting non-specific absorption of undesirable molecules,?* being necessary to
copolymerize it to improve this drawback. Hydrophilic polymers such as poly (meth)acrylates and
polyacrylamides have been used to obtain antifouling? and low protein adsorption surfaces, with
adequate mechanical resistance. Consequently, a copolymer of PGMA with a hydrophilic low
adsorption polymer can be used to graft MNPs in order to improve their anti-biofouling
functionality, obtaining a material with high reactivity with low non-specific binding.

Magnetic nanoparticles have attracted attention in biomedical applications due to their low
toxicity and biocompatibility.?” In magnetic resonance imaging, MNPs are used as enhancing
contrast agents.?®?® As drug delivery systems, MNPs are guided with an external magnetic field
to target a desired area, minimizing side effects and controlling doses for chemotherapy.30-32
Different synthetic methodologies are used to functionalize drug molecules onto MNP’s surface,
these include, amines, acids, epoxy, hydroxyl, thiol, azide, aldehyde and hydrazide.®® In vitro tests,
have shown that MNPs have potential in drug development to evaluate specific drug-target
interactions.3*

Phosphodiesterases (PDEs) are the only known enzymes that catalyze degradation of
CAMP and cGMP, key intracellular messengers to multiple cellular functions. PDEs include 11
families, PDE1 to PDE11, with specific functionalities across brain regions.® PDE2A inhibitors
have demonstrated potential to improve cognitive and social functions in rodents.*
Pyrazolopyrimidine derivative compounds have been studied as potent inhibitors of PDE2A,
showing strong binding capacity and selectivity®’, making them good candidates for in-vitro
evaluation of drug-target relations with MNPs.

In this work, commercial iron particles were silica-coated and thermally treated under
vacuum to obtain an impermeable surface, tolerating HCI concentration up to 11 M. Enhanced
resistance, permits surface functionalization with nitric acid under reflux and aggressive
chlorosilanes. Using “grafting from” approach with AGET ATRP,%° a uniform low biofouling
block copolymer with PGMA and polyhydroxyethyl acrylamide (PHEAA), was synthetized.

Copolymer binding performance was evaluated using immunoprecipitation of Bovine Serum
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Albumin. Also, as an attractive application, PDE2 inhibitor was bound to the MNPs via amine

coupling, to extract and elute PDE2 from a complex lysate matrix.

2.3 Experimental
2.3.1 Materials

Deionized water was obtained using a Milli-Q Gradient equipment to a final conductivity
of 0.055 mS. Fe3O4 nanoparticles (50 nm — 100 nm) were obtained from Nanostructured &
Amorphous Materials, Inc. Ethanol (200 proof) was acquired from Decon Laboratories. Tetraethyl
orthosilicate (TEOS, 97%), branched polyethylenimine (PEI, Mw ~ 25,000 Mn 10,000), N-
hydroxyethyl acrylamide (HEAA, 97%), glycidyl methacrylate (GMA, 97%), CuCl, (99.995%),
phosphate buffered saline (PBS, tablet), 2-Amino-2-(hydroxymethyl)-1,3-propanediol (TRIS,
99.9%), ammonium hydroxide solution (28 %), and sodium dodecyl sulfate (SDS, 98.5 were
purchased from Sigma Aldrich. Protein free T-20 blocking buffer, hydrochloric acid (37 %),
Dynabeads M-270 epoxide and toluene (99.5%) were distributed by Thermo Fisher Scientific.
Sodium L-Ascorbate (98 %) were obtained from TCI chemicals. Tris(2-dimethylaminoethyl)
amine (Me6Tren, 97%) was a product of Alfa Aesar. Chloromethyl phenylethyl
dimethylchlorosilane (98 %) was procured from Gelest. 1 um silica particles were obtained from
Superior Silica. Fluorescent Bovine Serum Albumin (LBSA, Alexa Fluor® 555 or 488 conjugate)
and BSA antibody (Anti-BSA, 70-BC67) were purchased from Fitzgerald. PDE2 and PDE2
inhibitor (drug) were provided by Pfizer.

2.3.2 Silica coating

2 g of FesO4 were dispersed in 400 mL ethanol with sonication (Branson 3800) for 3 h.
Next, the particles were magnetically separated, and dried under vacuum at 60 °C for 2 h. 1 g of
the dried solid was suspended into a solution of 200 mL of water and 2 g of PEI. This dispersion
was sonicated and overhead stirred (Chemglass) for 8 h, followed by separation via centrifugation.
500 mg of the PEI treated FesO4 was transfer to 500 mL of water and sonicated with overhead
stirring for 15 min. Then, 200 mL of ethanol were added and sonicated/stirred for extra 5 min. The
stirrer was removed, and sonication alone was allowed for 5 min. Then, 10 mL of TEOS were
added, and sonication was extended for 1 h. FesO4 particles were magnetically extracted, rinsed

three times with ethanol and dried under vacuum at 60 °C for 2 h. 250 mg of the silica coated
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particles were sonicated and stirred for 15 min in a mixture of 800 mL of ethanol and 160 mL of
water. Stirring was stopped and 16.6 mL of NH4OH and 2 mL of TEOS were added. Sonication
only was continued for 1 h. Finally, the silica coated magnetic particles were magnetically

extracted and dried at 60 °C under vacuum for 2 h.

2.3.3 Thermal treatment

500 mg of dry silica coated material were transferred to a quartz boat and placed inside of
a tube oven (MTI corporation, model OTF-1200 X). The tube was sealed and purged with nitrogen
for 3 min and vacuumed for 2 min; four more purge/vacuum cycles were performed leaving the

tube under active vacuum before starting the heat treatment.

2.3.4 HCI resistance evaluation

Heat treated particles were placed in a tared 20 mL Scintillation glass vial to measure initial
mass. 10 mL of 37 % HCI were added and the capped vial was sonicated for 1 h at room
temperature. Afterwards, supernatant was magnetically removed. Vial was rinsed with DI water
until neutral pH. Container was vacuum dried at 60 °C until constant weight. Mass loss percentage

was calculated as in (Equation 2.1).

% mass loss = W x100  (Equation 2.1)

where: ms: mass of sample before acid, g
my: mass of vial and sample dried, g

my: mass of the empty vial, g

2.3.5 AGET ATRP surface initiation

500 mg of acid tested FezOs@SiO> were suspended in 10 mL of 37 % HCI and sonicated
for 1 h. Then, material was washed with deionized water until neutral pH. Next, 250 mL of 1.5 M
HNO3 was added and refluxed during 24 h. Particles were washed five times with deionized water
and once with ethanol, followed by drying at 60 °C under vacuum for 2 h. In a dried round bottom

flask, 500 mg of particles were dispersed in 100 mL of dried toluene under a nitrogen atmosphere.
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2 mL of chloromethyl phenylethyl dimethylchlorosilane and 100 pL of butylamine were
incorporated. The mixture was refluxed for 3 h. After reaction completion, the particles were

washed twice with toluene and twice with acetonitrile and dried at 60 "C.

2.3.6 Polymer grafting

Water and ethanol were purged with nitrogen under sonication for 15 min to remove
dissolved oxygen. In a 50 mL two necked round bottom flask equipped with a homemade sealed
overhead stirrer, 200 mg of surface-initiated particles and 15 mL of ethanol were sonicated until
dispersion. Then, a mixture of 6.3 g of HEAA (53 mmol) and 14 mL of water was added to the
flask and sonication with nitrogen sparging was applied for 10 min. A solution of 40 mg of CuCl;
(0.295 mmol), 80 pL of Me6Tren (0.298 mmol) in 2.5 mL of water was incorporated. The reaction
was started by addition of 2.5 mL of water containing 27 mg of sodium ascorbate (0.136 mmol).
The reaction flask was transfer to a water bath at 35 °C, nitrogen flow was suspended, and
polymerization was allowed for 120 min under hermetic conditions. Upon completion, PHEAA
coated particles were magnetically extracted, washed thrice with water, and once with ethanol.

For the second copolymer layer, in a 50 mL two necked round bottom flask equipped with
a homemade sealed overhead stirred, 100 mg of PHEAA coated particles were suspended in 18
mL of ethanol, 13 mL of water with 0.9 g of HEAA and sonicated with nitrogen purging for 10
min. A solution of 15 mg of CuCl, (0.1104 mmol), 29 pL of Me6Tren (0.1079 mmol) in 3 mL of
water was transferred to the reaction flask. After homogenization, 1.05 mL of glycidyl
methacrylate (3.73 mmol) were added. Polymerization at room temperature was initiated with 10
mg of sodium ascorbate (0.0505 mmol) dissolved in 2 mL of water and allowed for 20 min under
nitrogen (no flowing) and stirring. Epoxide containing magnetic particles were rinsed once with
acetonitrile, twice with ethanol followed by two water rinses. Particles were completely dried

under vacuum at room temperature.

2.3.7 Transmission Electron Microscope Analysis

1 mg of material was suspended in 500 pL of solvent (ethanol for silica coatings and water
for polymer coatings). 5 pL of the slurry was transferred to a F/C 300 mesh Cu grid (TED PELLA

Inc.). TEM micrographs were acquired in a FEI Tecnai G2 20 Transmission Electron Microscope.
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2.3.8 Infrared Analysis

Samples were grinded with dried KBr, in an agate mortar to get a 0.2 % homogeneous fine
powder. 50 mg of the mixture were hydraulically compressed to form a pellet. IR spectra were

measured using a FT-IR spectrometer (Tensor 37, Bruker)

2.3.9 Magnetic Characterization

A sample of 5 mg was introduced into a SQUID straw, and a four-quadrant scan was done
using an MPMS-3 magnetometer at 300 K. For correcting the residual magnetic moment of the
equipment at zero magnetic field, an identical scan using a gadolinium gallium garnet was

performed.

2.3.10 Fluorescence Analysis

Fluorescence measurements were performed in an Edinburgh Instruments FLS980 Steady

State Fluorescence Spectrometer.

2.3.11 Antibody binding Capacity

5 mg of epoxide coated beads were suspended in 1 mL of PBS 1X containing 0.1 mg of
Anti-BSA, incubation for 3 h was performed on a horizontal shaker at 750 rpm. After binding, 50
pL of supernatant were transferred to a new vial containing 500 pL of T-20 blocking buffer,
reaction was allowed for 1 h. Magnetic extracted beads were washed three times with PBS 1X and
then incubated for 1 h in 1 mL of fluorescent BSA (0.1 g/L in PBS 1X). Particles were rinsed 3
times with TRIS buffer (20 mM, pH 8.2). Elution was performed for 30 min with 20 pL of 2 %
SDS. 10 pL of final supernatant were diluted with PBS 1X to 2 mL for fluorescence quantitation.

2.3.12 Non-specific Binding

3 mg of epoxide magnetic beads were incubated in 600 pL of T-20 blocking buffer for 1
h. Particles were magnetically extracted and rinsed 3 times with PBS 1X and 100 pL of fluorescent
BSA (40 mg/mL in PBS 1X), allowing binding for 1 h. Particles were washed 6 times with TRIS
buffer (20 mM, pH 8.2). Elution was performed as for antibody capacity.
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2.3.13 Drug Binding

10 mg of epoxy coated beads were suspended in 450 pL of pH 8.9 buffer containing 0.2 M
sodium tetraborate and 1 M ammonium sulfate in a 1.5 mL vial. Then, 25 pL of inhibitor
compound solution in DMSO (50 mM) were added and allowed to bind for 3 h under shaker at
750 rpm. Upon completion, supernatant was removed under magnetic extraction and beads were
incubated in 500 pL of T-20 blocking buffer for 1 h at 750 rpm. Blocked beads were rinsed three
times with 50m M TRIS buffer pH 8.2 containing 1 % (m/v) SDS and 0.5 % (m/v) Tween 20.
Three more were made with PBS 1X and one with Trizma buffer 50 mM (MgCI2 1.3 mM and Brij
35 0.01 %).

2.3.14 Hela lysate clean-up

HeLa lysate vials containing between 2.8 mg and 5 mg in 500 uL of PBS buffer were
centrifuged at 14000g for 10 min to remove cell debris, utilizing the supernatant for binding

experiments.

2.3.15 Chromatographic measurements

A Waters Acquity I-Class UHPLC system (Waters Corporation, Milford, MA) was used
for chromatographic separations, with a column ACQUITY UPCL BEH300 C4 1.7 um (Waters
Corporation, Milford, MA).

2.3.16 PDE2 Protein extraction

10 mg of drug bound beads were placed in 500 pL of PDE2 protein or HeLa lysate solution
(pH 7.5) containing Trizma 50 mM, MgCl> 1.3 mM and Brij 35 0.01 %. Binding was carried out
at room temperature for 1.5 h in a horizontal shaker at 750 rpm. After protein binding, beads were
magnetically extracted and rinsed five times with 20mM Tris buffer containing 0.1 % Tween.
Rinsed beads were suspended in 150 puL of 20 mM Tris buffer (0.1 % Tween) and quantitatively
transferred to a 200 puL PCR tube. TRIS buffer was removed, and 100 pL of 0.1 % SDS was added
and a first extraction was performed for 30 min. Supernatant was collected and analyzed. Beads
were rinsed 3X with PBS 1X buffer and protein elution was made using 60 pL of 2 % SDS (0.2 %

TFA) were added and elution was performed for 30 min.
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2.4 Results and Discussion
2.4.1 Coating of magnetic particles

Commercial iron particles were first coated with a silica layer and after surface initiation,
grafted using AGET ATRP, with epoxide containing block polymer as depicted in Figure 2.1.

Individual stages are discussed in this section.

2.4.1.1 Silica Coating

Initially, iron particles are coated with PEI, to produce a positive zeta potential, enhancing
suspension, and allowing subsequent silica deposition. Silica coating is obtained using a modified
two steps Stober procedure.*® TEM micrograph in Figure 2.2A reveals a rough topography of the
50 nm silica layer. When these particles are treated with 37 % HCI under sonication, the iron core
is dissolved, leaving an empty shell as depicted in Figure 2.2B. This finding exposes the porous

nature of the synthetized silica layer.

PEI-coated Fe;0, Fe;04 @ PEI-SiO, Fe;04 @ SiO, (Sealed )

1. HCI137 %
2.HNO3 1.5 M

A I W AN
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_ CI/@Sl
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Silane
«

YrPr r vy o<
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44 d a4 b
Fe;04 @ SiO,@epoxy polymer

Fe304 @ Si02
Fe;04 @ Si0, (Rehydroxylated)
(Benzochlorine Initiated)

Figure 2.1 Scheme of coating process of magnetic particles.
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It has been proved that thermal treatment seals silica cracks and condenses the siloxane
groups creating an impermeable and denser shell. “* However, if iron oxide is heated under an
oxygen environment, it oxidizes, losing its magnetic properties.* So, the material needs to be heat
treated under free oxygen atmosphere. This can be achieved in a tube furnace, pre-purged with
nitrogen and maintained at high vacuum along the cycle. Silica heat treatment includes annealing
in a wide range of temperatures (800 °C — 1200 °C) and calcination (400 °C — 600 °C). 443
Accordingly, evaluated thermal cycles included annealing and calcination at Ta and Tc
temperatures during ta and tc times, respectively as described in Figure 2.3. Percentage of mass

loss after HCI exposure was used as indication of silica layer permeability.

No heat treatment

After heat treatment

Figure 2.2.TEM micrographs of Fes04@SiOz. (A) Before thermal treatment. (B) After
sonicating in 37 % HCI for 1 h. (C) After calcinating at 600 °C for 3 h. D) After heat treatment
and sonication in 37 % HCI for 1 h.
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Initially, annealing at 1050 °C (without calcination) was evaluated during 10 min and 30
min (Table 2.1, programs 1 and 2), but obtained particles were completely dissolved in HCI.
Addition of calcination at 600 °C (program 3) slightly improved permeability, though only 20 %
of the material survived the acid. Annealing at 800 °C (programs 4 and 5), exhibited lower mass
loss in acid. Also, it was appreciated that longer calcination time at 600 °C enhances silica porosity.
Hence, only calcination for longer time (program 6) was evaluated, given the lowest mass loss
among examined programs. These results can be explained by calcination’s capacity to remove
excess reagents from Stober process (ethanol, water, ammonia), making silica denser and sealing
pores. Annealing temperatures, on the other hand, can make silica softer, allowing subtle
deformation, that for a thin layer (about 50 nm) could yield to exposed iron cores, make them
susceptible to acid attack. After effective heat treatment, silica layer is smoother and thinner
(presumably denser) as appreciated in Figure 2.2C, preventing oxidation of FesO4 under strong

acid conditions (Figure 2.2D).
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Figure 2.3. Evaluated heat treatment for FesO4@SiO- particles included two stages, calcination
at Tc during tc time and annealing at Ta during ta time. Heating up and cooling down rates were
kept constant between vacuum tube furnace specifications. Mass loss in HCI after every tested
program was used to assess its effectiveness.
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Particles tend to stick together during silica coating due to their residual magnetic moment,
producing aggregates of around 1 um of size as shown in Figure 2.4. Despite the large size of the

particles, surface area is high, a desirable feature for binding purposes.

Table 2.1 Heat treatment optimization programs. Tc and Ta are calcinating and annealing
temperatures at times tc and ta, respectively. Empty boxes indicate that the step was omitted.

Program Tc [°C] Tc[min] Ta[°C] Ta (Min) % Mass loss
1 1050 10 92+35
2 === === 1050 30 97+238
3 600 20 1050 10 80+5.6
4 600 20 800 40 48 + 3.8
5 600 120 800 40 18+ 2.5
6 600 180 12+1.7

Figure 2.4. TEM micrograph of FesO4@SiO: particles after heat treatment and acid test.
Aggregation is obtained due to magnetic properties of starting material.
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2.4.1.2 Surface initiated AGET ATRP

Calcinated silica coated magnetic particles can withstand re-hydroxylation under acidic
reflux conditions (1.5 M HNOgz for 24 h) and the following chlorosilane modification to incorporate
ATRP initiators. GMA is used as epoxide containing polymer, but its hydrophobicity hinders
obtention of a low biofouling surface. Polyacrylamides were selected to form a copolymer with
GMA, due to their high hydrophilic character and biocompatibility. Polyacrylamide (PAAM)
shows very good non-specific absorption behavior,?® but it undergoes hydrolysis under agueous
conditions, producing acrylic acid.** On the other hand, poly-N-Hydroxyethyl acrylamide
(PHEAA) is higher resistant to degradation than PAAM and demonstrates low biofouling.*6-4
Hence, a copolymer of PGMA and PHEAA was chosen to develop a more hydrophilic surface
with high binding capacity.

Since, obtention of silica coated magnetic particles is time-consuming, optimization of
surface initiated AGET ATRP was made using 1 pm SiO2 particles, with same silane
functionalization. The goal was to synthetize a dense and smooth polymer layer with a thickness
of at least 10 nm,*** to obtain a surface with low non-specific absorption and high binding
capacity. Initially, copolymerization of GMA and HEAA was carried out using 0.4 M of both
monomers. These polymerization conditions produced particle aggregation as seen in Figure 2.5A,
and free polymer growing in solution after only 10 min of reaction. Aggregates formation was
slightly improved by lowering monomer concentrations to 0.1 M and extending the reaction time
to 20 min, but surface was still irregular and polymer thickness was only 3 nm (Figure 2.5B).

Controlled ATRP reactions require proper selection of initiator.>* Selection of benzyl
chloride as initiator was made considering that chlorine initiators provide slower reaction rates
compared with bromide initiators,> and bromide initiators are less stable and need to be used in
short time after functionalization. So, a change in initiator would not help to improve reaction
control. Since methacrylates are more ATRP reactive than acrylamides, the difference in reaction
rates for GMA and HEAA presents an important problem for this copolymerization. Living
character of ATRP provides a way to not only obtain block copolymers, but also, to “change
initiator”, since halogens at end chains become initiators for next polymerization.>*® Hence, a

block copolymer would be helpful to control the PGMA-co-PHEAA polymerization.
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Direct polymerization on surface: PGMA-co-PHEAA

Block copolymerization:

Figure 2.5. TEM micrographs of 1um silica particles grafted with polymer. A) SiO,@ PGMA-

co-PHEAA ([monomers] = 0.4 M, 10 min reaction) B) SiO.@ PGMA-co-PHEAA ([monomers]

= 0.1 M, 20 min reaction. C) SiO.@ PHEAA (1 M, 60 min), D) SiO.@ PHEAA-b-PGMA-co-
PHEAA (0.15 M, 20 min).

Optimized conditions allowed to grow an 8 nm PHEAA layer (Figure 2.5C), producing
hydrophilic particles with improved water dispersity. Next, a second layer of PGMA-co- PHEAA
was added to the PHEAA surface. Using 0.2 M monomer concentrations the reaction was
controlled during 20 min, with no appreciable aggregation, adding 5 nm of epoxy containing
polymer (Figure 2.5D). Variation in molar ratio of monomers were subsequently evaluated with
similar polymerization control in all experiments. LBSA was directly bound to the surface and
intensity of obtained color was used as qualitative indication of binding performance (see Figure
2.6). As presented in Table 2.2. a 1:1 molar ratio (0.2 M of each monomer) permits a balance

between binding capacity and particle hydrophilicity.
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Figure 2.6. Vials containing silica polymer beads with LBSA bound directly to epoxide on the
surface.

Table 2.2. Label Fluorescence test. 0.1g/L LBSA was incubated for 2 h directly with silica
polymer beads. Intensity was qualitatively evaluated to asses binding performance.

[HEAA] mol/L [GMA] mol/L Fluorei(éeg,ie from | Suspension in water

0.2 0.03 No visible Complete
0.2 0.09 No visible Complete
0.2 0.12 fair Complete
0.2 0.2 Very good Complete
0.4 0.2 good Complete
0.8 0.2 Fair Complete

1 0.2 No visible Complete
1.2 0.2 No visible Complete

Applying this optimized polymerization to the silica coated magnetic particles needed a
modification to the experimental set up, because a magnetic stirrer causes aggregation and without
a homogenization mechanism the particles would stick against the bottom of reaction flask. Also,
the reaction requires to be carried out under a nitrogen atmosphere. A home-made overhead stirring
system provided appropriated experimental conditions to full fit these requirements. A small
magnet was attached to one end of a long glass rod as shown in Figure 2.7A. A condenser was
connected to a two necked reaction flask, placing the stirrer inside and using the condenser inlet
for nitrogen purge (Figure 2.7B). Top of the condenser was sealed using an extension with an
outlet for nitrogen and an overhead stirred with a magnet provided the agitation (Figure 2.7C)
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The optimized method allowed to obtain a controlled polymerization over the silica coated
magnetic particles. As revealed in Figure 2.8B, PHEAA layer is smooth and around 8 nm, in
agreement with the polymerization on the 1 um silica particles. The second polymerization
increases the homogeneous polymer thickness to around 13 nm, as presented in Figure 2.8C. These
TEM micrographs demonstrate that the block copolymerization approach was effective to obtain
a controlled growing of PGMA-co-PHEAA.

2.4.1.3 Infrared Spectroscopy characterization

In Figure 2.9 are displayed the chemical structures for the components of coated material: iron
core (magnetite), silica coating (SiO2) and block copolymer (PGMA and PHEAA). Fourier-
transform infrared spectroscopy confirms chemical composition of material along coating process.
Figure 2.10, presents FT-IR spectra of material after main steps. Magnetite (FezO4) absorption
band can be located around 800 cm™ and 500 cm™. "8 Silica coating produces additional peaks
at 1080 cm™ due to Si-O-Si stretching and at 1050 cm™ to 1250 cm™ by Fe-O-Si stretching
vibration. °>%° PHEAA composition is verified by characteristic carbonyl vibration of at 1728 cm-
181 and amide absorption band at N-H stretching at 3300 cm™ — 3500 cm™. One of the most
important features of the surface is the presence of the epoxide ring at 908 cm, 52 an intact oxirane

group in the final material is vital for binding with amine groups in proteins.

2.4.2 Magnetic characterization

A faster magnetic extraction, compared with other separation techniques as centrifugation,
makes very attractive the material presented in this work. The particles must have high
magnetization in the presence of an external magnetic field to reduce waiting time and maximize
recovery. Figure 2.11, shows variation of magnetization during the different coating stages. It is
possible to appreciate a decrement in magnetic saturation, starting with more than 90 emu/g for
Fes0s, then after silica coverage is reduced to 56 emu/g and finally becomes 45 emu/g for polymer
coated particles. This variation is mainly due to the addition of non-magnetic materials (silica and
polymer) and possible minimal oxidation of iron during heat treatment. It is necessary to point out
that plotted moment values are per mass unit, and since silica and polymer cause a net diminution
in material density, a unit mass of coated material has less magnetic iron cores compared with pure
Fe30a.
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Figure 2.7. Experimental set up for AGET ATRP of magnetic particles. A) Glass stirrer with
magnet at the top, placed inside condenser. B) Two-neck reaction flask connected to condenser
with nitrogen inlet. C) Top of condenser with nitrogen outlet. Overhead stirrer with magnet
attached allows sealed mixing.

Figure 2.8. TEM micrographs of polymerization process of silica coated magnetic particles. A)
Initial FesO4@SiO2 chlorosilane initiated. B) Fez0.@SiO@PHEAA after first AGET-ATRP
polymerization. C) FesO4s@SiO,@PHEAA-b-PGMA-PHEAA, final block copolymer.



73

Fe 2+ Fe
/ ~. Ffe -~ %O O—Si—0

Magnetite Silica

Jk O\/Ao
\ y /\/OH
O
N-Hydroxyethyl acrylamide Glycidyl methacrylate
(HEAA) (GMA)
Figure 2.9. Chemical structures of components of epoxide magnetic beads.
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Figure 2.10. FT-IR spectra of iron oxide (Fe3Oa4), silica coated iron after calcination
(Fes04@Si0y), and after block copolymerization (Fes04@SiO.@copolymer). Silica peak (1100
cm™ — 1000 cmt) absorbance was used for normalization of spectra.
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Figure 2.11. Magnetic hysteresis loops of variation of magnetization during coating stages,
reduction of magnetic saturation is mainly due to addition of layers of non-magnetic materials
and changes in material density

Another evident feature displayed in Figure 2.11, is the residual magnetic moment, intrinsic
to starting material and almost constant during coating steps. This characteristic causes aggregation
of particles during coating, hindering obtention of singly silica coated particles as pictured in TEM
micrographs of Figure 2.4. Some efforts have been made to obtain individually silica coated
magnetic particles;'% however, such coating processes give very low yields and require several
synthesis steps. Figure 2.12 compares magnetic hysteresis loops of the epoxy magnetic beads
obtained in this work with two commercially available extraction beads: Dynabeads M-270 epoxy
and BcMag. Particles developed here, have a higher magnetic saturation (45 emu/g) contrasted
with Dynabeads (32 emu/g) and BcMag (19 emu/g). This feature permits to use smaller particle

size for a higher surface area, keeping a fast removal from suspension.

2.4.3 Binding performance for immunoprecipitation

As a basic test of binding capacity, common immunoprecipitation test was performed. BSA
antibody was bound to the surface at different binding times, particles were blocked and incubated
for 1 h with LBSA. Eluted LBSA from beads was quantified via fluorescence measurements.
Similar protocols were followed with commercial beads and results are pictured in Figure 2.13.

Saturation of all studied particles is reached around 4 h, although silica coated magnetic
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nanoparticles exhibit higher binding capacity (1.83 pg BSA/mg) than Dynabeads and BcMag
(approximately 0.9 ug BSA/mg).
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Figure 2.12. Magnetic hysteresis loops, comparison of epoxide magnetic beads
(FesO4@SiO2@polymer) and commercial beads.

Despite this difference, it is important to point out that the comparison is made per mass of
particles, and it could be unfair for noticeable differences in density and surface area. Therefore,
it was investigated the non-specific binding of all the beads to contrast them with their specific
bindings, in order to obtain the signal to noise ratio (SNR) as a fair comparison. As shown in Table
2.3, Fes04@SiO@copolymer particles have 1.85 times more SNR compared to Dynabeads and
almost 16-fold contrasted against BcMag, despite the fact BcMag have higher surface area. This
could be attributed to the obtained block copolymer, with high graft density and long chains (more
than 10 nm), improving resistance to protein absorption.®
There are notable differences in structure of compared particles, Dynabeads and BcMag are similar
in morphology. Dynabeads are 2.7 um polystyrene spheres inserted with superparamagnetic iron
nanoparticles (Figure 2.14). BcMag are silica coated magnetic particles, with smaller size and have
only 1 nm of epoxide linker (Figure 2.15).54 Lower non-specific binding of the magnetic particles
reported by this work can be attributed to the longer dense polymer layer (13 nm), which avoids

interaction of proteins with silanols present on silica surface.
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Figure 2.13. BSA antibody binding kinetics measured via eluted fluorescent BSA. All
concentrations were 0.1 pg/uL.

Table 2.3. Comparison of specific and non-specific binding of fluorescent BSA for silica coated
magnetic particles and commercial beads. Signal to noise ratio (SNR) was calculated as the
quotient of specific/non-specific. Binding time was 4 h for all assays.

Specific nonspecific Surface

Beads binding binding SNR area
(ng/mg) (ng/mg) (m?/g)

BcMag 091 + 0.08 0225 + 0.005| 405 + 0.35 100
Dynabeads M-270 092 + 0.11 0026 + 0.003|34.69 + 57 2t05
Fe304@SiO.@copolymer | 1.83 + 0.04 [{0.029 + 0.004 | 64.21 + 8.01 10




Figure 2.15. TEM micrograph of BcMag beads.

77
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2.4.4 Drug — protein binding

A more interesting application of the reported magnetic extraction beads is to study their use
as a mean to evaluate drug-protein interaction. Essentially, the idea is to investigate target protein
pull out using a drug compound immobilized on the particles. It has been found that trifluromethyl
drug compounds can strongly bind to phosphodiesterase 2A (PDE2A) enzyme, inhibiting its
activity (Figure 2.16A). At first, the drug compound must be attached to the surface via a covalent
bond. Since used PDE2A drug shown in Figure 2.16B, does not have an active group to react with
the epoxide groups, it was necessary to create a linker with an amino group that allows the binding.

Inclusion of an amino PEG chain was selected because its low biofouling properties (Figure 2.16C).

Amino linker

WS T
PEG units

Figure 2.16 A) Phosphodiesterase 2A (PDE2A) with trifluorimethyl drug (rainbow chain) filling
induced pocket on x-ray structure PDB code 5U7L. B) PDE2A inhibitor (PF-05085727, Pfizer).
C) PDE2A inhibitor with a 3-PEG units amino linker.
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2.4.4.1 Evaluation of the effect of linker length in protein binding

It was necessary to evaluate how long the linker chain needs to be to facilitate interaction
of the drug active site with the binding pocket of the PDE2A (Figure 2.16A). Three different PEG
linker lengths (3, 6 and 12 units) were studied, comparing the relative amount of PDE2A that can
be eluted from every group of particles, after being incubated with standard PDE2 2 pg/mL in
Trizma buffer. PDE2 analysis was made using RPHPLC, a standard sample of PDE2 50 pg/mL in
Trizma 50 mM was ran to obtain a model chromatogram (Figure 2.17A). As can be appreciated in
Figure 2.17B, eluted PDE2 from beads with various PEG lengths drugs, does not show a

significant difference. For remaining experiments, drug with 6 PEG units was used.

0.175 - B) 0.10 ~
01501 0.08 4 —— Drug PEG 3
= —— Drug PEG 6
E 01254 £ g
£ S 0064 Drug PEG 12
S = ——Nodru
- 0.100 N 9
® ® 0.04-
Q 0.075 A 3
8 g o002
IS 02 4
£ 0.050 ‘g M
2 2
< 0025 < 000 -Mm
0.000 e M ————— -0.02
A e
0.025 T T T T T T T 1 -0.04 T T T T T T T 1
3 4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11
Time (min) Time (min)

Figure 2.17. HPLC chromatograms for: A) PDE2 standard 50 pug/mL in buffer (Trizma 50 mM).
B) PDE2 eluted in 2 % SDS from beads with different PEG units drugs bound and from beads
with drug. Conditions: Flow rate: 200 pL/min. Solvents: A: H20 (0.1 % TFA), B: ACN (0.1 %
TFA); flow rate: 200 pL/min; injection: 30 pL (3 times 10 pL during stacking conditions (25 %

B). Gradient: 0 — 1 min: 25 % 1-14 min 25 % B to 90 % B. Column temperature: 60 °C

2.4.4.2 Correlation of initial concentration with amount of eluted PDE2

For quantifying PDE2, a calibration curve was obtained with PDE2 standards in 2 % SDS
(0.2 % TFA), since those are the elution conditions utilized with the particles (Figure 2.18). It can
be seen a good correlation of peak area and protein concentration, confirmed by the correlation
coefficient close to 1. This calibration plot was used to determine recovered PDE2 from binding

experiments.
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Figure 2.18. PDE2 standard curve in 2 % SDS (0.2 % TFA). A) HPLC chromatograms for
PDE2 standards in 2 % SDS (0.2 % TFA), conditions as described in Figure 2.17. B) Calibration
plot of PDE2 in 2 % SDS (0.2 % TFA).

To stablish the relation between the PDE2 concentration used during incubation with drug-
bound beads and the amount eluted, four different initial concentrations of PDE2 in Trizma buffer
(1 pg/mL, 1.5 pg/mL, 2 pg/mL, and 4 pg/mL) were utilized for binding experiments.
Chromatograms of eluted PDE2 from those different initial PDE2 concentrations shown in Figure
2.19, show that binding of PDE2 is correlated with the solution initial concentration. Also,
according with these results, for the analytical method used in this work, PDE2 released when

initial concentration is lower than 1.5 pg/ml is not detected.
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Figure 2.19. HPLC chromatograms for eluted PDE2 from beads incubated with different initial
standard concentrations. (Note that labeled concentrations correspond to PDE2 initially
incubated with beads, chromatograms do show PDE2 released)
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PDE?2 recovery can be calculated using the peak area and obtained calibration curve. For
instance, for the initial PDE2 concentration of 4 pug/mL, the peak area of the eluted protein is

0.0077 (Figure 2.19), and the concentration in 60 pL of extract is:

(PDE2] = 0.0077 + 0.0004
B 0.0011

= 7.36 pg/mL

The mass of PDE2 released is 7.36 pug/ml x 0.06 mL = 0.4416 pg. Since, solution used for
binding was in 500 pL, recovery can be calculated as follows:

R __ 04416ug 00— 22.08%
ecovery = o/mL X 0.5 X100 = 22.08 %

These findings show that protein recovery could be enhanced adjusting binding parameters
as incubation time, however, in more complex matrixes increasing the binding time longer than

used here (1.5 h) potentially increases not specific absorption.

2.4.4.3 Reuse of drug-bound magnetic particles

The ability of the covalently drug-bound beads to be reused for multiple analysis, makes
them more attractive. To assess this, beads used in a previous experiment were prepared for a
second extraction by additional washes with 2 % SDS and subsequently rinses with Trizma buffer
to remove any surfactant. Once clean, the particles were used again for extraction of PDE2 at initial
concentration of 2 pg/mL and eluted PDE2 was analyzed. As presented in Figure 2.20, PDE2
released from reused drug-bound beads is comparable with the first extraction, demonstrating that

the drug immobilization is stable enough for being reused at least one more time.

2.4.4.4 Non-specific absorption of the surface without drug bound

It is necessary to stablish if capturing of PDE2 is due to interaction with drug and not to
adsorption into polymer layer. Hence, it is critical to evaluate the non-specific binding by the
surface. Epoxy magnetic particles were incubated with blocking buffer to deactivate the epoxide
groups, and no drug was bound. Next, the blocked particles (10 mg) were incubated with HelLa

lysate (section 2.3.14) during 1.5 h. Same procedure was applied for Dynabeads. Elution from
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both type of beads was made with 2 % SDS and HPLC analysis was performed. Chromatograms
for the extracts shows no visible PDE2 protein, (Figure 2.21). Non-specific binding is higher for
Dynabeads compared with magnetic particles reported here, however such a complex matrix
contains species that can be absorbed on the surface, which is appreciable between 2 min and 6

min as a raised baseline for the copolymer beads.
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Figure 2.20. HPLC chromatograms for released PDE2 from beads reused twice. HPLC
conditions as described previously.

2.4.45 PDE2 binding from HeLa lysate with drug-bound particles

Amount of PDE2 found in HeLa lysates was too low for being detected by the HPLC method
utilized in this work. The main purpose of this part of the research is to evaluate the influence of a
more complex matrix in binding PDE2. Hence, HelLa lysates was spiked with 2 pg/mL of PDE2
for these experiments.

Preliminary binding experiments with HeLa lysates showed that washes with Tween 0.1 %
were not completely effective to remove species adsorbed on the surface, evident in extracts
exhibiting a large variety of extra peaks. During elution conditions studies, lower SDS

concentrations were used and non or very low amounts of PDE2 were obtained. Considering these
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discoveries, it was proposed to use a preliminary stringency rinse using 0.1 % SDS during 20 min
(same time used for final elution) to minimize adsorbed species during final elution. After that
initial wash, the elution with 2 % SDS was utilized as previously described. Improved protocol
was applied also to Dynabeads. From chromatograms for reported beads in Figure 2.22A is
noticeable that stringency wash removed an important amount of absorbed species and no visible
PDE2 bound to the drug (blue line), while elution with 2 % SDS shows the characteristic peak for
PDE2 around 8 min (red line). Results for Dynabeads in Figure 2.22B, it is also evident the removal
of a higher amount of non-specific binding to the surface with the stringency wash (blue line).
However, the expected peak for PDEZ2 is not visible in the final elution solution and a considerable

number of extra peaks is present (red line).
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Figure 2.21. HPLC chromatograms for elution with 2 % SDS (60 uL) from beads with surface

previously blocked (no drug), incubated with HelLa lysate spiked with PDE2. HPLC conditions
as described previously.
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Figure 2.22. HPLC chromatograms for a previous rinse with 0.1 % SDS (blue line, bottom) and
elution with 2 % SDS (red line, top) from beads with inhibitor bound, after incubation with HeLa
lysate spiked with PDE2: A) Fe3s04@SiO.@copolymer and B) Dynabeads M-270 epoxy. HPLC
conditions as described previously.

2.5 Conclusions

Commercially available magnetic nanoparticles were coated with silica using a modified
two steps Stober and heat treated to obtain a strong acid resistant surface. Large FesOa particles
have high magnetization and can be easily extracted with regular neodymium magnets. Impervious
silica coating can be functionalized with chlorosilanes to obtain ATRP initiator on the surface. A
two steps AGET ATRP, permits control over the copolymerization of monomers with different
reactivity to produce a hydrophilic layer preserving binding capacity of epoxide groups.
Composition analysis and TEM showed a successful optimized stepwise coating process.
Immunoprecipitation performance of the reported particles indicated higher binding capacity in
short time and lower nonspecific binding compared with some commercial extraction beads.
Versatility of the particles reported in this work, allowed binding of a drug via amino linker
reaction with epoxide groups, being possible to extract the target protein PDE2 from a complex
matrix of HeLa lysate, showing better performance than commercial beads with low non-specific

binding.
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CHAPTER 3. POLYACRYLAMIDES AS BONDED PHASES FOR
INTACT GLYCOPROTEIN ANALYSIS BY HYDROPHILIC
INTERACTION LIQUID CHROMATOGRAPHY

3.1 Abstract

Glycosylation modifications are related to some diseases; hence, glycan characterization is
used as a biomarker for early detection. Most analytical methods for glycosylation involve
enzymatic or chemical cleavage and labeling, becoming time-consuming and cumbersome.
Utilizing intact proteins allows for faster analysis. Hydrophilic interaction liquid chromatography
(HILIC) has been successfully applied for intact glycoprotein analysis. According to previous
studies, polyacrylamide (PAAM)-grafted silica particles as stationary phases show enhanced
HILIC resolution for glycosylation of proteins. However, PAAM is susceptible to hydrolysis. In
this work, poly N-hydroxymethyl acrylamide (PHMAA) was selected as a HILIC bonded phase
based on better performance and hydrolysis resistance compared with polyacrylamide, poly N-
hydroxyethyl acrylamide and poly Tris acrylamide Surface-initiated polymerization of PHMAA
was monitored by transmission electron microscopy (TEM), revealing that an optimized procedure
produces reproducible, smooth and low polydispersity layers appropriate for HPLC. PHMAA as
a HILIC bonded phase was characterized with a model glycoprotein (Ribonuclease B) and standard
hydrophilic analytes such as adenosine, guanosine, adenine, uracil and cytosine. The bonded phase
exhibited augmented resolution, run to run reproducibility, resistance to degradation and mass

spectrometry (MS) coupling capabilities.

3.2 Introduction

Glycosylation is an important post-translational modification produced by enzymes in
cells, where individual sugar units are arranged to form unique sequences.® In the human genome
it is estimated that around two percent of genes encode for proteins involved in some way with
glycosylation, and near fifty percent of cellular proteins are glycosylated.? Consequently, it is not
unexpected that several genetic alterations have been detected across many glycosylation routes.*
* Identification of different glycoforms is crucial in fields such as drug discovery and development,
and study of biomarkers for early detection of disease.>
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Standard analytical methods for glycosylation characterization are time consuming and
laborious, commonly involving enzymatic or chemical cleavage, labeling of polysaccharide chains
and separation via capillary electrophoresis or hydrophilic interaction liquid chromatography
(HILIC) coupled with mass spectrometry (MS).”8 In many cases, these methods are not able to
identify glycosylation sites in the protein sequence. Hence, analysis of intact glycoproteins allows
not only faster characterization, but also establishment of the glycosylation site.

HILIC has been utilized for the characterization of intact glycoproteins with
acceptable performance.®!! Previous work in our group used polyacrylamide to obtain a HILIC
stationary phase to separate glycoforms of intact Ribonuclease B, with excellent performance
compared with commercial columns.'? Additionally, packing difficulties were overcome growing
the polymer after packing the surface initiated silica particles, instead of packing pre-polymerized
particles. 13 Even though polyacrylamide columns exhibited enhanced resolution, stability was
poor as columns only maintained resolution for around one month.*

In theory, any hydrophilic polymer can be used as a HILIC stationary phase. Most
commonly used HILIC polymers include vinylic units, *>*8 due to availability of a large number
of monomers with functionalities than allow fine tuning of hydrophilicity, and mainly because of
their compatibility with the versatile Atom Transfer Radical Polymerization. Main problems
associated with limitations for commercial applications of such novel bonded phases are related
with reproducibility of the polymerization and chemical or mechanical stability of polymer layers.
Additionally, obtention of reproducible columns is hindered by packing related issues with
polymer swelling, and in-column approach proposed previously*® is can be less attractive to
manufacturers due to difficulty of sequential production.

In this study different acrylamides were initially evaluated as HILIC stationary phases for
intact glycoproteins characterization. During selection, both HPLC performance for the model
glycoprotein Ribonuclease B and stability were considered. These preliminary studies showed a
superior performance of poly N-hydroxymethyl acrylamide among tested polymers, being selected
for a more detailed optimization and characterization. Polymerization conditions were carefully
tuned to obtain a smooth polymer layer with low polydispersity, evaluated by means of
transmission electron microscopy (TEM). Moreover, the packing procedure was optimized to

minimize polymer swelling, obtaining adequate operational backpressures.
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3.3 Experimental
3.3.1 Materials

Deionized water was obtained using a Milli-Q Gradient equipment to a final conductivity
of 0.055 mS. Ethanol (EtOH) (200 proof) was acquired from Decon Laboratories. Acrylamide
(AAM, 99.9 %), N-hydroxyethyl acrylamide (HEAA, 97%), and CuCl> (99.995%) were purchased
from Sigma Aldrich. Methanol (MeOH), dimethyl sulfoxide (DMSO) and ethylene glycol were
acquired from Thermo Fisher Scientific. Sodium L-Ascorbate (98 %) were obtained from TCI
chemicals. Tris(2-dimethylaminoethyl) amine (MesTREN, 97%) was a product of Alfa Aesar.
Trimethylchlorosilane (98 %) and chloromethyl phenylethyl dimethylchlorosilane (98 %) was
procured from Gelest. 1.5 pum silica particles were obtained from Superior Silica.

3.3.2 Silica thermal treatment

5 g of 1.5 um of silica were calcinated at 600 °C for 12 h. Once at room temperature,
particles were sonicated in 600 mL of deionized water until maximum suspension (1 h to 3 h).
Silica was collected under centrifugation and rinsed twice with ethanol. After dried at 60 °C for 3
h, SiO> was transferred to a crucible and calcinated at 600 °C for 12 h. Temperature was raised to
1050 °C and kept during 3 h. After cooling down, particles were transferred to a glass container
for storage.

3.3.3 Silica particles rehydroxylation

5 g of heat-treated silica particles were sonicated in 500 mL of 1.5 M HNO3 in a 1000 mL
reaction flask until complete suspension. Reaction flask was transfer to a hot plate and an open
condenser was attached. Reflux was performed for 15 h. Particles were washed with deionized
water until neutral pH of the rinse water was reached. Then SiO; particles were rinsed once with

ethanol, followed by drying at 60 °C under vacuum for 3 h.

3.3.4 AGET ATRP surface initiation

In a water free 1000 mL round bottom flask, 5 g of rehydroxylated particles were dispersed
in 500 mL of dried toluene under sonication, with nitrogen purging. Under nitrogen atmosphere,
10 mL of ((chloromethyl)phenylethyl)dimethylchlorosilane and 500 puL of butylamine were

incorporated. The mixture was refluxed under nitrogen for 3 h once boiling was reached. With
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nitrogen flowing, condenser was removed, and 10 mL of trimethylchlorosilane were added.
Condenser was placed back, and reflux was performed for three more hours. Heat source was
suspended, and reaction flask cooled under nitrogen overnight. Surface initiated particles were
washed twice with toluene and twice with acetonitrile and dried at 60 "C.

3.3.5 AGET ATRP polymerization

Water and ethanol were purged with nitrogen under sonication for 15 min to remove
dissolved oxygen. In a 100 mL round bottom flask, 0.45 g of surface-initiated silica particles and
15 mL of ethanol were sonicated until dispersion. Then, 13.3 mL of water were added with
respective monomer. Nitrogen was bubbled while keeping sonication for 15 min. Sonication
temperature was controlled at 35 °C during the whole process.

A solution of 40.0 mg of CuCl; (0.295 mmol), 80 puL of Me6Tren (0.298 mmol) in 2.5 mL
of water was incorporated. The reaction was started by addition of 2.5 mL of water containing 20.0
mg of sodium ascorbate (0.1 mmol). Nitrogen purging was kept for 10 min, and then a balloon
was set to obtain a seal environment and avoid oxygen to reach reaction solution. Polymerization
was allowed for respective time under sonication, controlling temperature. Upon completion,
reaction solution was transferred to a 50 mL centrifuge tube and polymer grafted particles were
separated by centrifugation. If not stated, all centrifugation steps were done at 7500 rpm for 1 min.

Particles were washed twice with water using vortex, and one more time under sonication
for 5 min, using centrifugation for separation. Sonication for 30 min in 40 mL of Ethylene glycol
was done. Centrifugation at 6000 rpm during 3 min was used to separate potential free polymer
suspended in ethylene glycol from silica particles. Afterwards, particles were resuspended in 40
mL of deionized water and sonicated for 15 min. Suspension was filtered through a 2 pm mesh
stainless steel grid. Filtered solution was centrifuged and resuspended in ethanol with sonication
for 5 min. A final suspension/wash/centrifugation step was performed with acetone. Rinsed

particles were dried at room temperature under vacuum.

3.3.6 Transmission Electron Microscope Analysis

1 ug of material was suspended in 500 pL of water. 5 pL of the slurry was transferred to a
F/C 300 mesh Cu grid (TED PELLA Inc.). TEM micrographs were acquired in a FEI Tecnai G2

20 Transmission Electron Microscope.
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3.3.7 Infrared Analysis

Samples were grinded with dried KBr, in an agate mortar to get a 0.2 % homogeneous fine
powder. 50 mg of the mixture were hydraulically compressed to form a pellet. IR spectra were

measured using a FT-IR spectrometer (Tensor 37, Bruker).

3.3.8 Dynamic Light Scattering

Suspensions were prepared in selected solvents in a concentration to obtain a stable slurry,
with an adequate mass of particles for measurements with low polydispersity indexes. The

instrument used was a Wyatt DynaPro Plate Reader Il (Wyatt technology Corp, CA, USA).

3.3.9 Column packing

Packing slurry was prepared sonicating polymer grafted particles in 2 mL of selected
solvent mixture. For a 50 x 2.1 mm column, 0.26 g of particles were used, while for a 30 mm x
2.1 mm column, 0.16 g of polymer coated particles were utilized. Once complete suspension was
reached (approx. 30 min), slurry was transferred to a reservoir column (150 x 4.6 mm) attached to
respective column. Packing with solvent mixture used for the slurry was made under sonication
until collected volume of solvent passing through the column was at least 5 mL. Solvent was
switched to acetonitrile and packing was extended for 20 min. Pressure was kept at maximum
pump capacity (17.5 kpsi) during all packing steps. Column was detached from reservoir and top

cap was placed.

3.3.10 Chromatographic analysis

A Waters Acquity I-Class UHPLC system (Waters Corporation, Milford, MA) was used for
chromatographic separations, with UV detection at 215 nm. Solvent A was H>O (0.1% TFA) and
solvent B was acetonitrile (0.1% TFA). Column temperature was 30 °C. For UHPLC-MS analysis,
Waters Acquity UHPLC system was connected to a Thermo LTQ Velos mass spectrometer.
Solvent A was water with 0.1% TFA and solvent B acetonitrile with 0.1 % TFA. Column

temperature was 30 °C.
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3.4 Results and Discussion

3.4.1 Silica particles grafting and column packing processes

% in which polymer

Compared with the previously proposed “in-situ” polymerization
grows on particles already packed into the column, an “ex-situ” reaction has two main challenges.
First, during the reaction particles in solution must be well-suspended and the polymerization rate
controlled to minimize free polymer formation and polymer layer polydispersity. With these
attributes controlled, even surface topography, homogeneous polymer thickness and low
aggregates are observed. Second, for packing polymer-grafted particles, it is necessary to form a
stable and well-suspended slurry, which for hydrophilic polymer brushes is an aqueous mixture.
Unfortunately, water forms a hydration layer that swells the polymer coating, which causes high

backpressure during packing, restricting solvent flow and resulting in a loosely-packed bed.

3.4.1.1 Polymerization improvement

Since polyacrylamides are very hydrophilic, AGET ATRP for such polymers is normally
performed in agueous mixtures. Water-based media ensure good solubility for acrylamide
monomers, and stable suspension for grafted particles. However, initial benzylchloride silane
surface modified particles are hydrophobic, and do not suspend in pure water. Also, ATRP in
aqueous solvents can be difficult to control due to “disproportionation” of copper-ligand
complex,? causing precipitation of elemental metal and speeding up the reaction rate. Therefore,
for AGET-ATRP of Sl-particles, mixtures of alcohols and water were selected, within a range of
30 % to 40 % alcohol. Isopropanol (IPA) provides very good suspension for initial particles, but
reaction rate is not high enough to produce an adequate polymer length in short time (< 2 h),
requiring a monomer concentration of at least 2.5 M. Methanol on the other hand, is faster and less
than 1 M monomer is necessary. Particle shown in Figure 3.1, was obtained grafting 1.5 um SiO-
with AGET ATRP in methanol 40 %, with a monomer concentration of 0.4 M. As can be seen,
obtained surface topography is smooth and no aggregation was observable. Despite this, a small
amount of metallic copper was obtained at the end of reaction, requiring additional rinses in

aqueous 0.1 % TFA to remove.
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Figure 3.1. TEM micrograph of 1.5 um SiO- grafted with poly (N-hydroxyethyl)acrylamide,
HEAA in 40 % methanol. Reaction conditions: [HEAA] 0.4 M, solvent: methanol 40 %,
temperature: 35 °C, reaction time: 120 min. Polymer thickness is around 12 nm.

An obvious next step was to evaluate an intermediate solvent between IPA and methanol: ethanol.
AGET ATRP was implemented in 30 % ethanol, being necessary to use a higher monomer
concentration 1.5 M and shortening reaction time to prevent Cu precipitation. As seen in Figure
3.2, polymer layer obtained under described conditions yields a homogenous surface, with particle
aggregation minimized and no visible precipitated copper. Based on these findings with HEAA,
all further polymerizations were conducted using ethanol as solvent, adjusting solvent composition
(30 % to 40 %) and monomer concentration around 1 M based on each monomer’s ATRP
polymerization rates. Additionally, polymerization protocol was further improved by, initially
suspending the hydrophobic Sl-particles in pure ethanol under sonication and addition of water,

monomer, ligand-Cu, and sodium ascorbate at reaction start.

3.4.1.2 Free polymer removal

Even under optimized polymerization conditions, formation of free polymer in solution is
possible (Figure 3.3). Thus, free polymer removal is important previous packing steps, to obtain a
stable packing bed. Free polymer is less dense than coated particles, so it is possible to separate it
under selective centrifugation. Initially, water and water/ethanol mixtures, were unsuccessfully
tested to obtain free polymer suspended with silica particles completely separated by
centrifugation. At low rotor speeds a considerable amount of grafted silica particles stayed in
suspension with the free polymer, and at high rotor velocities, both were completely sedimented.

According with Stoke’s law (Equation 3.1),2! sedimentation velocity can be adjusted also changing
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solvent, which implies a variation in viscosity (n) and density (p) of the medium. Consequently,
the use of a solvent with higher viscosity decreases sedimentation velocity of particles and free
polymer, allowing a finer tune by changing rotor speed to achieve a more complete separation.
Hence, it was necessary to find a solvent in which polyacrylamides grafted particles were
suspended, with higher viscosity than water (0.89 cP)?2. Ethylene glycol exhibits a complete and
stable suspension of the polymer coated particles, with a viscosity of 16.1 cP and similar specific
densities (water 0.999 , ethylene glycol 1.111)?2. Rotor speed and centrifugation time were
carefully varied until only few particles were visible in the supernatant, obtaining better results at

6000 rpm during 3 min. Efficiency of free polymer removal was visually evaluated by TEM.

d?(p-L) a ]
= dlpl)a Equation 3.1
181
where: V: sedimentation velocity

d: diameter of the particle
p: particle density

L: medium density

n: viscosity of the medium

a: acceleration

In addition to free polymer issues, it is necessary to consider that silica particles obtained
by Stdber process can be forming aggregates, even though manufacturers do their best to offer a
product with a narrow size distribution. As depicted in Figure 3.4, silica particles can be fused
together, causing packing problems. It is clear that those defects are not caused by polymerization,
and also it is important to mention that the point of contact of the particles (red arrows in Figure
3.4) do not represent any type of crosslinking of the particles, those are created by the drying
process of the suspension deposited on the TEM grids. In order to minimize aggregated particles
in the columns, the particles are suspended in water and filtered using a stainless-steel grid with a
2 um mesh, and filtrate is used for packing. Even after filtering, those contact point are always

seen when particles dry in the TEM grid.
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Figure 3.2. TEM micrograph of 1.5 um SiO> grafted with poly (N-hydroxyethyl) acrylamide,
HEAA in 30 % ethanol. Reaction conditions: [HEAA] 1.5 M, solvent: ethanol 30 %,
temperature: 35 °C, reaction time: 90 min. Polymer thickness: 15 nm.

Figure 3.3. TEM micrograph of free polymer formed during AGET ATRP.
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Figure 3.4. TEM images of defects found in silica particles. Right: 1.5 um SiO.@PHMAA, Left:
1 um SiO@PHMAA. Red arrows represent contact points of polymer layers, created during
drying of the suspension on TEM grids.

3.4.1.3 Polymer grafted particles packing improvement

As previously discussed, polyacrylamides undergo swelling when in contact with water
containing solvents. On the other hand, aqueous solvents provide a stable and complete suspension
of polyacrylamide grafted particles. To overcome this difficulty, a greater percentage of
hydrophobic solvent was added to the packing solvent. The scheme showed in Figure 3.5 describes
the principle behind this approach, where a less swollen polymer layer during packing produces a

tighter packed bed.

Selection of adequate solvent for preparing packing slurry was made based in two criteria,
suspension of the particles and low polymer swelling. Suspension was evaluated by weighting a
fixed amount of polymer coated particles (100 mg), followed by addition of tested media and
sonication for 20 min. Vials containing formed suspensions were maintain in repose for 1 h and
stability was assessed based in visual sedimentation profiles. Images in Figure 3.6 show the vials
utilized for suspension experiments for silica particles coated with poly (hydroxymethyl
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acrylamide) (PHMAA) after 1 h of repose. Surprisingly, alcoholic mixtures and dimethyl sulfoxide

(DMSO) displayed more stable suspensions compared with pure water.

A)

SiO2@PAAM in water SiO2@PAAM in lower water content solvent

Figure 3.5. Depiction of polyacrylamide-grafted particles in water-rich and water-restricted
solvents. A) In a water-rich solvent, polymer on surface swells and extends into the solvent. B)
In a solvent with lower water content, polymer is collapsed on surface.

eOH 50 % eOH 100%

| 2 T ©

EtOH EtOH EtOH Water DMSO MeOH MeOH
70% 50% 50%

Figure 3.6. Vials used for testing suspension of SiO.@PHMAA particles in different solvent
mixtures after 1 h of repose.

B
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In order to compare the swelling of polymer layers in selected solvents, dynamic light
scattering (DLS) was employed. Since DLS indirectly measures hydrodynamic diameter of the
particles, Z-average variation of the same sample of particles in different solvents can be used as
an indication of the hydration layer formed around the particles, and therefore, swelling of the
polymer layer in this case. Based on Z-average measurements listed in Table 3.1, ethanol 50 %
was selected as solvent for preparing slurries for packing, since suspension is stable and polymer

swelling is diminished.

Table 3.1. Dynamic Light Scattering (DLS) measurements in different solvent mixtures. PDI:
polydispersity index

Particles Solvent Z-average (d. nm) PDI
1.5 um SiO; (rehydroxylated) | Water 1435 0.111
1.5 pm SiO.@PHMAA Water 1987 0.094
1.5 um SiO,@PHMAA DMSO 1724 0.130
1.5 um SiO,@PHMAA Ethanol 50 % vol. 1442 0.065
1.5 pm SiO2@PHMAA Methanol 50 % 1548 0.086
vol.

An additional improvement to the packing procedure includes changing solvents during
packing, just before placing the top frit to the column. Ideally, particles would be suspended in a
non-aqueous solvent to minimize polymer swelling, but suspension experiments with organic
solvents such as acetonitrile or IPA failed to produce stable slurries. So, the idea behind the
proposed protocol is to utilize 50 % ethanol to form the slurry and place the particles inside the
column and switch the solvent to a non-aqueous solvent to dry out the water and shrink the particles
while a higher flow rate compacts the less swollen particles. Scheme in Figure 3.7 describes the
optimized packing protocol. Slurry in 50 % ethanol is placed into the reservoir column attached to
the column (not showed) and packing is accomplished until volume of collected solvent is at least
twice the reservoir capacity (around 5 mL). Once the pump has depressurized, the solvent bottle
in the pump is replaced with acetonitrile (ACN) and packing continues.
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EtOH 50 % ACN Frit with
] (— p— cap
Packing _ " W
pump ¥ | ¥
Reservoir
column

Stage 1: Suspend in Stage 2: Replace solvent for Stage 3: Place top frit on the
50 %EtOH and pack. ACN and finish packing. column.

Figure 3.7. Packing protocol for polyacrylamides-grafted silica particles.

3.4.2 Preliminary selection of different acrylamides as HILIC bonded phases

Polyacrylamide (PAAM) was used previously as HILIC bonded phases for separation of
intact glycoproteins,*? ¥ showing excellent performance. In this section, similar monomers were

evaluated as stationary phases for separation of Ribonuclease B as a model protein.

3.4.2.1 Polyacrylamide

1.5 um silica particles were grafted in 30 % ethanol using AAM at a final concentration of
1.5 M during 60 min (3.3.5). Particles were suspended in 50 % ethanol and packed in a 50 mm x
2.1 mm column as described in section 3.3.9. Ribonuclease B was used to assess HILIC
performance of obtained column. In previous works, it was identified that PAAM columns undergo
degradation over time. Separation of Ribonuclease B is remarkable in PAAM columns as
displayed in Figure 3.8A, however, as can be seen in Figure 3.8B, lower resolution is appreciable
after 45 days of polymerization, even with few runs between that period (less than 20). This finding
becomes the main problem for using PAAM as an HPLC bonded phase and motivated the present

work.
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Figure 3.8. Chromatograms of Ribonuclease B analyzed using 1.5 um SiO.@PAAM column (50

x 2.1 mm). A) Run made the first day. B) Run made 45 days after the first run. Sample:

Ribonuclease B 2 pug in 75 % ACN and 0.2 % TFA, flow rate: 100 pL/min, gradient: 75 % B to

65 % B in 20 min, temperature: 30 °C.

Initially, it was necessary to identify the origin of PAAM columns’ loss of resolution over

time. In previous research, it was established that PAAM can be hydrolyzed in aqueous solvents??,

producing acrylic acid units (Figure 3.9). Those acrylic acid units can cause subsequent polymer

chains loss and exhibit other interactions with proteins (electrostatic, hydrogen bonding), which

could explain the broader peaks in Figure 3.8B.

HoN Cl HoN Cl
NH, OH
0 (¢}
HoN o) H,N 0
HN_ © + H,0 I:> HO.© + 2 NH;
NH, NH;
o} o]
H,N o) HoN o)
o) o)

Figure 3.9. Scheme of polyacrylamide brushes hydrolyzing to produce units of acrylic acid.
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Experiments were carried out using FTIR, to assess extent of PAAM hydrolysis. Silica
particles grafted with PAAM were placed in a solution containing water: acetonitrile (40:60, 0.1 %
TFA) to emulate HPLC running conditions. The temperature was maintained at 50 °C to speed up
the hydrolysis reaction. Particles were sampled over several days and FTIR spectra were obtained.
If polymer chains are not lost during the hydrolysis and only amide group is being replaced by
hydroxyl group, the carbonyl group must be constant, so it was used to normalize FTIR data. In
spectra displayed in Figure 3.10, the N-H stretch band (around 3300 cm™ decreases with reaction
time, which supports the hypothesis that HILIC conditions hydrolyzes PAAM layer. In HPLC,
shear forces due to flow rate and high back pressure can generate additional polymer hydrolysis

and chain loss.
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Figure 3.10. FTIR spectra of samples of 1.5 um SiO.@PAAM particles exposed to hydrolytic
conditions. Solvent: water: acetonitrile (40:60), 0.1 % TFA, temperature: 50 °C. Carbonyl peak
around 1700 cm™ was used to normalize spectra.
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3.4.2.2 Poly (N-hydroxyethyl acrylamide)

Selection of this monomer was based on its structural similarity with AAM (Figure 3.11), and its
reported high hydrolysis stability, given by the hydroxyl group attached to the amide.?* HEAA
monomer is slightly more hydrophobic than AAM, and reaction rate was comparable. For AGET
ATRP, 1.5 um silica particles were grafted in 30 % ethanol using HEAA 1.5 M over 90 min,
obtained particles are shown in Figure 3.2. Particles were suspended in 50 % ethanol and packed

in a 50 mm x 2.1 mm column as described in section 3.3.9.

N i, AN E/\/ OH

Acrylamide (AAM) N-Hydroxyethyl Acrylamide (HEAA)

Figure 3.11. Chemical structures of acrylamide and N-hydroxyethyl acrylamide.

HILIC performance of the novel stationary phase was evaluated with Ribonuclease B. It
was found that when starting at 75 % B, the most abundant glycoform peak (with 5 mannose units)
elutes sooner (around 4 min, Figure 3.12A) and resolution was compromised, compared with
gradient starting at 78 % B as presented in Figure 3.12B. This study shows that retention of
PHEAA columns is lower compared with PAAM columns, as predicted based on higher
hydrophobic character of PHEAA given the extra ethyl group.

Higher thermal resistance of PHEAA compared to PAAM allowed an increase in column
temperature without instability showed by PAAM columns.** Figure 3.13 presents enhanced
resolution produced by PHEAA at higher temperature. Despite the use of higher temperatures with
PHEAA, Ribonuclease B glycoform resolution is still better with PAAM (Figure 3.8).
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A) Gradient 75 % B to 65 % B in 20 min B) Gradient 78 % B to 68 % B in 20 min
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Figure 3.12. Chromatograms of Ribonuclease B analyzed using 1.5 pm SiO2@PHEAA column

(50 x 2.1 mm). A) Gradient 75 % B to 65 % B in 20 min. B) Gradient 78 % B to 68 % B in 20

min. Conditions: Ribonuclease B 0.5 pg in 75 % ACN and 0.2 % TFA, flow rate: 100 pL/min,
temperature: 40 °C.
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Figure 3.13. Chromatograms of Ribonuclease B analyzed using 1.5 um SiO,@PHEAA column
(50 x 2.1 mm). A) Column temperature 30 °C. B) Column temperature 60 °C. Conditions:
sample: Ribonuclease B 0.5 pg in 75 % ACN and 0.2 % TFA, flow rate: 100 pL/min, gradient:
78 % B to 68 % B in 20 min.
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3.4.2.3 Poly N-[Tris(hydroxymethyl)methyl]acrylamide

Tris-AAM is a highly hydrophilic monomer due to its three hydroxy groups in addition to
the amide group (Figure 3.14). This polymer was used previously as a bonded phase for HILIC
separations, modifying silica particles.!” Polymerization was especially challenging due to the high
concentration of KCI (7 %) included with the monomer as a stabilizer. Chlorides act as common
ions in the AGET ATRP reaction using CuCl, as catalyst, slowing the reaction.? Solvent used was
50 % methanol to speed up the reaction and monomer concentration was only 0.5 M (2.5 g), due
to the high cost of the monomer. Reaction time had to be extended to 3 h to obtain a polymer layer

thickness of 13 nm (Figure 3.15), but no copper precipitate was visible.
OH
0)

OH
\)kg

OH

Figure 3.14. Chemical structure of N-[Tris(hydroxymethyl)methyl]acrylamide (Tris-AAM)

Figure 3.15. TEM micrograph of 1.5 um SiO; grafted with poly (N-
[Tris(hydroxymethyl)methyl]acrylamide) in 50 % methanol. Reaction conditions: [TrisAAM]
0.5 M, temperature: 35 °C, reaction time: 180 min. Polymer thickness: 14 nm.



u.)

ABS @ 215 nm (A.

109

HILIC performance was tested packing obtained particles ina 5 cm column (2.1 mm ID).
As shown in Figure 3.16A, the resolution for Ribo B under HILIC conditions is not as good as for
previously evaluated polymers. Even at optimized gradients (Figure 3.16B), peaks for glycoforms
are not base line resolved. This could be explained by formation of strong hydrogen bonding

interactions with the abundant hydroxyl groups and steric hindrance diminishes contact with amide

groups.
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Figure 3.16. Chromatograms of Ribonuclease B analyzed using 1.5 um SiO2@PTrisAAM
column (50 x 2.1 mm). A) Gradient 75 % B to 65 % B in 20 min. B) Gradient 78 % B to 68 % B
in 20 min. Conditions: Ribonuclease B 0.5 pg in 75 % ACN and 0.2 % TFA, flow rate: 100
puL/min, temperature: 40 °C.

3.4.2.4 Copolymer of polyacrylamide and poly (N-hydroxyethyl) acrylamide

PAAM shows good resolution as bonded phases for HILIC, while PHEAA exhibits high
hydrolysis resistance. Hence, it was considered if a copolymer of these two monomers could
preserve advantages of both compounds. AGET ATRP polymerization was carried at using 0.75
M of each monomer in 30 % EtOH during 65 min to obtain a smooth 16 nm layer (Figure 3.17).
Separation of Ribo B glycoforms is very good as seen in Figure 3.18A, with sharp peaks and

almost baseline resolution. However, after 10 h running at 50 °C, mild bonded phase degradation



110

occurs, evident in loss of minor peak details shown in Figure 3.18B. It is concluded that there is

an improvement is resistance, since PAAM alone degrades after 12 h of use even at 40 °C.*

Figure 3.17. TEM micrograph of 1.5 pm SiO.@PHEAA-co-PAAM. Reaction conditions:
[AAM]=[PHEAA]=0.75 M, EtOH 30 %, temperature: 35 °C, reaction time: 65 min. Polymer
thickness: 16 nm.
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Figure 3.18. Chromatograms of Ribonuclease B using 1.5 um SiO.@PHEAA-co-PAAM column
(50 x 2.1 mm). A) Initial run. B). Run after being ran at 50 °C during 10 h. Conditions:
Ribonuclease B 0.5 pg in 75 % ACN and 0.2 % TFA, gradient 75 % B to 60 % B in 20 min, flow
rate: 100 pL/min, temperature: 30 °C.
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3.4.2.5 Poly (N-Hydroxymethyl acrylamide)

Considering that copolymer of PHEAA and PAAM showed excellent HILIC separation of
Ribo B, based on a simple inspection of their chemical structures displayed in Figure 3.11, it was
hypothesized that a polymer with an “intermediate” hydrophilicity could present good HILIC
performance and hydrolysis resistance. N-hydroxymethyl acrylamide (HMAA) clearly presents
similarities to those compounds as indicated in Figure 3.19. One less methyl group compared with
PHEAA makes it less hydrophilic and steric hindrance also diminishes, allowing interaction with

amide group. It is expected higher hydrolysis resistance compared with PAAM.

o 0 0
\)J\NHZ \)J\g/\OH \)J\E/\/ OH

AAM N-Hydroxymethyl Acrylamide (HMAA) HEAA

Figure 3.19. Comparison of chemical structures of N-hydroxymethyl acrylamide (HMAA) with
AAM and HEAA.

AGET ATRP polymerization of 1.5 um Sl-silica particles with HMAA was carried out in 37.5 %
ethanol, using a monomer concentration of 0.85 M over 100 min. As displayed in Figure 3.20, the
polymer layer is smooth with a homogeneous thickness of 12 nm. Ribonuclease B was again used
as a model glycoprotein to assess success of PHMAA coated silica particles for separation under
HILIC conditions. Excellent separation was achieved with the packed column with 1.5 pum
SiIO2@PHMAA particles as presented in Figure 3.21. Based on this preliminary evaluation,
PHMAA underwent further characterization as a HILIC bonded phase, as presented in the next

sections.
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Figure 3.20. TEM micrograph of 1.5 um SiO.@PHMAA. Reaction conditions: [PHMAA]=
0.85 M, 37.5 % EtOH, temperature: 35 °C, reaction time: 100 min. Polymer thickness: 12 nm.

0.10 -
)
2
< 0.08
€
c
S
< 0.06
®
(O]
2 0.044
c o
2
o
8
< 0.02 w
T T T T T T T T T T T T T T T 1
6 7 8 9 10 11 12 13 14

Time (min)

Figure 3.21. Chromatogram of Ribonuclease B using 1.5 um SiO.@PHMAA column (50 x 2.1
mm). Conditions: Ribonuclease B 0.5 pg in 75 % ACN and 0.2 % TFA, gradient 75 % B to 60 %
B in 20 min, flow rate: 100 puL/min, temperature: 30 °C.
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3.5 Characterization of poly N-hydroxymethyl acrylamide as bonded phase for intact
glycoproteins analysis by Hydrophilic Interaction Liquid Chromatography

3.5.1 Hydrolysis resistance evaluation

As with PAAM, assessment of the extent of PHMAA hydrolysis was made via FTIR. Silica
particles grafted with PHMAA were placed in a solution containing water: acetonitrile (40:60, 0.1 %
TFA) and the temperature was kept at 50 °C. Sample during different days were removed and
FTIR spectra obtained. Relative to the carbonyl band at 1700 cm™, the N-H stretch band is
changing between experimental variation, and only decreasing slightly overtime as pictured in
Figure 3.22.This indicates that PHMAA is more resistant than PAAM to hydrolysis, hence,
PHMAA columns might last longer than PAAM under normal HILIC conditions.
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Figure 3.22. FTIR spectra of samples of 1.5 um SiO2@PHMAA particles exposed to hydrolytic
conditions. Solvent: water : acetonitrile (40:60), 0.1 % TFA, temperature: 50 °C. Carbonyl peak
around 1700 cm™ was used to normalize spectra.
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3.5.2 Optimization of AGET ATRP polymerization

Experimental conditions were adjusted based on preliminary data collected during
monomer selection. Monomer concentration was set to 0.8 M and solvent was 37.5 % ethanol,
maintaining other conditions as previously described (catalyst, ligand, reducing agent, and
temperature). These changes produced very smooth surfaces with even thicknesses. To study
AGET ATRP Kinetics, samples were removed over time and TEM images were taken (Figure
3.23).

A)

Figure 3.23 TEM micrographs of 1.5 um SiO.@PHMAA for reaction kinetics study. A)
Reaction time 20 min. B) Reaction time 60 min. C) Reaction time 120 min. Reaction conditions:
[PHMAA]=0.80 M, 37.5 % EtOH, temperature: 35 °C.

According to data plotted in Figure 3.24, the first 20 minute’s reaction rate is fast and after
that slows down. This outcome can be explained considering that initially the faster initiator on
the surface produces many radicals, coating the surface before extending polymer chains. It can
be noticed that polydispersity (error bars in Figure 3.24) is small during that initial stage. Reaction
rate decrement is related to two components. First, the propagation step uses the polymer end
chains for forming new radicals; these new “initiators™ are less stable and slower to react with a
monomer compared with the benzyl chloride initiators on the surface. Second, as the reaction
advances, some termination occurs, truncating some polymer layers and increasing polydispersity

as seen for particles obtained after 120 min of reaction (error bars).
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Figure 3.24. Polymer thickness measured by TEM as function of reaction time for AGET ATRP
polymerization of SI 1.5 pm SiO. Reaction conditions as specified in caption of Figure 3.23.

As presented in Figure 3.25, optimized grafting produces extremely smooth and even

surfaces, with a very good separation of Ribo B glycorforms.
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Figure 3.25. SiO,@PHMAA Particles obtained by the optimized AGET ATRP polymerization.
A) TEM micrograph. B) Chromatogram of Ribonuclease B obtained with a 5 cm column.
Conditions: Ribonuclease B 0.3 g in 75 % ACN and 0.2 % TFA, gradient 75 % B to 65 % B in
20 min, flow rate: 100 pL/min, temperature: 30 °C
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3.5.3 Polymer thickness influence in separation of intact Ribonuclease B

Polymer brush length and density are vital parameters to obtain effective surface coverage.
A high graft density provides steric hindrance to avoid direct interaction of molecules with the
surface. Long polymer brushes minimize electrostatic interactions caused by free silanols in silica-
based bonded phases. Given the importance of polymer brush length, the performance of PHMAA
at different polymer thicknesses was evaluated as part of bonded phase optimization.

As displayed in Figure 3.26A, even a 7 nm polymer thickness successfully creates an
adequate hindrance water layer to provide a good HILIC separation. As polymer thickness
increases, resolution of the two most abundant peaks increases, and smaller peaks between them
emerge. Furthermore, as polymer layer increases, so does retention time. Peaks are sharper, and
intensity is enhanced when polymer is more than 11 nm thick. This reveals than polymer layers
higher than 11 nm provide an effective silanol isolation and efficient retention.

One of the main concerns when using polymeric materials as stationary phases is the
difficulty of packing a slurry of the swollen particles.’® Also, thicker polymer layers reduce
porosity of packing bed, increasing back pressure that limits maximum flow rate. Therefore,
polymer thickness must be maintained in a range where separation is efficient, and the back
pressure is minimized. Figure 3.26B shows back pressure evolution during chromatographic runs.
For 11 nm and 13 nm the pressure is kept lower than 4000 psi, a value around 30 % of UPLC
maximum allowed pressure (14000 psi).

Based on the obtained results, the optimal range to obtain good separation and minimal

back pressure is between 11 nm and 13 nm.

3.5.4 HILIC mode evaluation

Ribonuclease B separation has already probed that PHMAA is an excellent HILIC bonded
phase for resolution of glycoforms. Some studies made for new HILIC stationary phases include
the evaluation of separation performance of nucleosides as adenosine and guanosine.?® These
hydrophilic analytes (Figure 3.27) are used to assess how retention changes with variation of
solvent composition. In HILIC mode, retention factor decreases with an augment in eluent water
content over organic phase (ACN). On the other hand, in RPLC mode, retention factor increases

with higher aqueous solvents.
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Figure 3.26. Chromatographic performance of SiO.@PHMAA (50 x 2.1 mm, 1.5 pm) at
different polymer thickness. A) Ribonuclease B chromatograms. B) Backpressure changes
during runs. Conditions: sample: Ribo B 0.3 pg, gradient: 0 —1 min: 75 % B, 1 — 21 min: 75 %
to 65 % B. Flow rate: 100 pL/min. Temperature: 30 °C.
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Figure 3.27. Chemical structures of analytes used to evaluate HILIC mode separation

In Figure 3.28 and Figure 3.29 are presented chromatograms from different runs at various
acetonitrile contents for adenosine and guanosine, respectively. As expected, both analytes elute
sooner at lower ACN content (more water) of the eluent. Also, it is visible that the more
hydrophilic guanosine is more retained than adenosine under the same composition for the mobile

phase.
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Figure 3.28. Chromatograms for adenosine from isocratic runs at different acetonitrile content
(volume/volume). Conditions: solvent A: ACN (0.1 % TFA), solvent B: H20 (0.1 % TFA), flow
rate: 100 pL/min, column temperature: 30 °C
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Figure 3.29. Chromatograms for guanosine from isocratic runs at different acetonitrile content
(volume/volume). Conditions: solvent A: ACN (0.1 % TFA), solvent B: H20 (0.1 % TFA), flow
rate: 100 pL/min, column temperature: 30 °C

In Figure 3.30, the retention factor of both nucleosides decreased while the content of ACN
reduced from 95 to 30 %. This is the characteristic HILIC behavior expected for the high
hydrophilic character of PHMAA as the stationary phase. However, when ACN content reduces
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to lower than 30 % (vol), retention factor increases as appreciated in the insert of Figure 3.30,
generating the distinctive “U-shape” trend, revealing a small HILIC/RPLC mixed mode. This
phenomenon indicates the presence of a hydrophobic interaction of methyl groups in the polymer
with analytes once surface has been saturated with water. This effect has been previously reported

for hydrophilic polymers containing hydrophobic groups.?” 2
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Figure 3.30. Effect of acetonitrile content in the mobile phase on retention factor of adenosine
and guanosine. Conditions as described in Figure 3.29.

Multiple approaches have been used to study the retention mechanisms in chromatographic
separations. The most studied mechanism involves partitioning of analyte between mobile phase
and stationary phase. In the case of HILIC, such partitioning takes place between organic rich
solvent and water layer formed on stationary phase. Mathematical model for partitioning

mechanism is given in Equation 3.2:%



120

Logk = Logk,,-S @ Equation 3.2

where ¢ is the volume fraction of strong solvent (water for HILIC), and kw is theoretical retention
factor when ¢ = 0. S is the slope of the linear fit of Log k vs ¢. This model was used to fit data
obtained from varying mobile phase composition for HILIC of adenosine and guanosine, results
are displayed in Figure 3.31. It is evident that this model fits data for adenosine in the “HILIC
range” (95 % - 30 % ACN), while for guanosine the behavior is clearly non-linear, showing that
other types of interactions undergo in HILIC separation of this more hydrophilic molecule.
Obtained data allows to calculate kw = 6.06, a rational value considering the k value for 5 % (5.29).
Also, it is important to point out that large error bars obtained for last data of Log k values for
adenosine, are mainly due to the low retention time values of those runs, very close to retention
time for an unretained compound (to). Moreover, a linear trend with opposite slope is seen in the
“RPLC mode” (25 - 10 % ACN), consistent with the same partitioning model in which the strong
solvent is acetonitrile and not water.

Another studied mechanism in normal phase chromatographic system is surface adsorption,
in which the relationship between the retention and molar fraction of the strong solvent (xg) is

given by Equation 3.3:%°

Logk = Log kg- ? Log xp Equation 3.3
B

where kg is the solute retention factor when pure strong solvent is used (xs = 1), As and ng are the
cross-sectional area occupied by the solute and number of B molecules, respectively. A linear-fit
plot of Log k vs Log xs reveals if adsorption is dominant. The absorption model was used to fit
data obtained from varying mobile phase composition for HILIC of adenosine and guanosine,
results are displayed in Figure 3.32. Based in the linear behavior in the HILIC mode range (95 -
40 % ACN), it is possible to conclude that for guanosine prevails absorption on the surface of
PHMAA particles. On the other hand, this model does not fit data for adenosine, in agreement with
previous results that concluded partitioning predominance. Based on Equation 3.3 and intercept
from linear fit in Figure 3.32, the calculated retention factor for guanosine when eluent is pure
water (kg) is 0.075, a reasonable value compared with the retention factor for 60 % (v/v) H20 of
0.23.
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Figure 3.31. Partitioning mathematical model applied to HILIC separation of adenosine and
guanosine.

3.5.5 Evaluation of different mechanisms involved in HILIC selectivity

Multiple interactions have been studied as responsible for analyte separation in HILIC.?®
Ibrahim et at.®°, developed a “simplified graphical representation of selectivity in HILIC” to
compare retention mechanism in different bonded phases used for hydrophilic analytes. This work
was inspired by previous approaches utilized to characterize RPLC stationary phases.®! In their
methodology, evaluated aspects included cation exchange, hydrophilic/hydrophobic and hydrogen
bonding. For this purpose, model analytes exhibiting one predominant interaction were selected,

their molecular structures and character evaluated are presented in Figure 3.33.
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Figure 3.32. Absorption mathematical model applied to HILIC separation of adenosine and
guanosine.
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Figure 3.33. Analytes used to assess selectivity in HILIC. BTMA: Benzyltrimethylammonium
chloride.
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Cytosine/Uracil are hydrophilic analytes, cytosine being slightly more hydrophilic, hence,
a higher retention ratio (Cytosine/Uracil) reveals a more hydrophilic stationary phase. BTMA is a
quaternary amine, so it is positively charged despite of the eluent pH and can participate in cation
exchange. Hence, BTMA/Cytosine retention ratio exposes ion exchanges of the stationary phase,
since both compounds undergo all other interactions. Higher (BTMA/Cytosine) retention ratio
shows stronger cation exchange character, while a lower (BTMA/Cytosine) retention ratio implies
stronger ion exchange character. Adenosine has a higher capacity to take part in hydrogen bonding
than adenine, as a result of its ribose unit. In this way, a higher (Adenosine/Adenine) retention
ratio indicates the ability of the bonded phase to participate in H-bonding. Different from the cited
reference, biphenyl was used as the unretained compound, due to its high hydrophobicity and
strong UV absorption.

For these experiments, eluent consisted of a mixture of ACN/H20 (80:20) containing 5
mM of ammonium acetate adjusted to pH 6.8 with HCI. This mobile phase guarantees neutrality
and mild salt concentration in order to create a balance between studied mechanisms. Analyte
concentrations were adjusted to obtain adequate absorbance and avoid overloading of the column.
HILIC runs for the model analytes were performed using a 1.5 pm SiO.@PHMAA (50 x 2.1 cm
column), with a flow rate of 50 puL/min. For comparison, a commercial column (Acquity UPLC
Glycoprotein Amide 300A 1.7 um 2.1 x 100 mm, Waters) was also tested, using a flow rate of 100
pL/min. Figure 3.34 displays chromatographic runs of the described analytes in both columns.
Retention ratios are summarized in Table 3.2.

Figure 3.35A compares ion exchange capability and hydrophilicity of the bonded phases.
Stationary phases located in the left side of the plot are hydrophilic, while those to the right are
more hydrophilic. The bonded phase reported in this work shows a hydrophilicity located between
zwitterionic and silica-based phases, which was expected due to the hydrophilic amide and
hydroxyl groups, but the presence of the methyl group introduces a hydrophobic unit. The Amide
Waters column is extremely hydrophilic compared with evaluated columns by Ibrahim et at.*°,
even though cytosine is more retained in PHMAA column, The Waters column retained less uracil,
making the retention ratio higher. This implies a higher influence of hydrophilicity of the analytes
in HILIC selectivity for Waters column compared with PHMAA column. Vertical axis of Figure
3.35A reflects ion-exchange ability of the stationary phase. As can be seen, PHMAA phase has

low ion exchange, while Waters column behaves like zwitterionic phases, but exhibits less cation
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exchange than silica phases. The fact than SiO.@PHMAA presents low cation exchange compared
with silica phases, demonstrates that polymer brushes are highly dense and long enough to avoid

silanol interaction with the analytes.
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Figure 3.34. Chromatograms for analytes used for evaluating HILIC selectivity. A) 1.5 um
SiIO2@PHMAA column (50 x 2.1 mm), 50 pL/min. B) Waters Glycoprotein column (100 x 2.1
mm), 100 pL/min. Conditions: mobile phase: ACN/H20 (80:20) with 5 mM of ammonium
acetate (pH 6.8), temperature: 30 °C. Absorbance at 254 nm normalized.

Table 3.2. Retention ratios of the selected analytes in tested columns for evaluation of HILIC

selectivity.

Compounds SiIO2@PHMAA | Waters Glycoprotein®
BTMA/Cytosine 0.09 0.98
Cytosine/Uracil 2.61 3.76
Adenosine/Adenine 0.81 1.19

Figure 3.35B represents a selectivity plot of stationary phases, comparing ion exchange
with H-bonding capability. Phases to the right side of this plot are more likely to form hydrogen
bonds with analytes than the ones located to the left side. PHMAA stationary phase reveals a
similar H-bonding capability than silica phases, probably due to hydroxyl groups in the polymer
layer. Waters column shows higher H-bonding formation even compared with zwitterionic phases.
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Figure 3.35. Selectivity plots for HILIC stationary phases. A) lon exchange vs Hydrophilicity
plot. B) lon exchange vs H-bond formation capability. Dashed ellipses represent groups for
different columns obtained in reference *°.

3.5.6 Efficiency in separation of Ribonuclease B Glycoforms

Separation in HILIC mode is based on interaction of hydrophilic portions of the sample
with the bonded phase. In the case of glycoprotein analysis by HILIC, glycoforms with higher
content of sugar units are more retained than those with lower sugar content, hence, last eluted
peaks contain longer or more hydrophilic glycan chains. For Ribonuclease B, five main glycoforms
have been identified, with mannose from 5 to 9 units.

Since the only difference between Ribonuclease A and Ribonuclease B is the glycosylation
(Ribonuclease A lacks glycosylation), a sample containing both proteins can be used to assess
selectivity based on glycans in HILIC. As presented in Figure 3.36, resolution is very good
between Ribo B with 5 mannose units (peak 2) and non-glycosylated form (Ribo A, peak 1), with
narrow peaks and small full width at half maximum (FWHM). For the other peaks, even though
separation is only one mannose unit, PHMAA column exhibits good separation. One interesting
feature is the splitting of peak 4, likely due to isomers of the 7 mannose unit glycan (Figure 3.26).
This demonstrates separation is based on glycan sequence, more than other interactions such as
hydrophobicity of the protein.

An important factor affecting column efficiency is amount of injected sample with respect
to peak width. It is necessary to consider that intact glycoproteins analysis implies an additional
challenge for the size of the analyte, due to the effect that analyte size has on column capacity.

Figure 3.37 shows results from isocratic runs to assess the effect of injected sample mass on peak
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width. As can be seen in Figure 3.37A, separation is very good in isocratic elution as well with
very small FWHM values. In Figure 3.37B narrow peak widths are obtained up to 1.0 pg of sample;
however, it is evident that peak overlap is more accentuated at higher injections (0.7 pg and 1.0
Hg). These outcomes were considered for all runs made in this work, so injections were used in

the range of 0.1 pg to 0.3 pg to minimize overloading and to improve signal to noise ratio.
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Figure 3.36. Resolution of HILIC separation of Ribonuclease glycoform in SiO,@PHMAA (30 x
2.1 mm, 1.5 um) column. Conditions: sample: Ribo A 0.3 ug, Ribo B 0.3 pg, gradient: 0 — 1
min: 75 % B, 1 — 21 min: 75 % to 65 % B. Flow rate: 100 pL/min. Temperature: 30 °C.

Mass spectrometry coupled to LC (LCMS) is an important tool for the analysis of
glycoproteins. To establish whether LCMS is possible with the PHMAA column, chromatographic
detection was simultaneously performed using MS and UV detection, as shown in Figure 3.38. It
is remarkable than even using TFA, a known ionization suppressor, signal intensity is strong
enough for an appropriate detection as seen in Figure 3.38B, yet with a small amount injected (0.12
MQ). Isomers of peak 3 (Figure 3.38A) reveal a single peak in chromatogram obtained with MS
detection, demonstrating than PHMAA can separate compounds with small structural difference
in the glycans. Figure 3.39A presents the clear mass spectrum for the main glycoform obtained
with PHMAA column, giving the correct molecular weight (14.89 kDa) of this species. In Figure

3.39 (B to E), the increasing changes in the mass of the other glycoforms are shown, deconvoluted
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in molecular masses in agreement with mannose increments. These results demonstrate the
feasibility of LCMS coupling with PHMAA columns.
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Figure 3.37. Effect of amount of Ribo B injected in FWHM for SiO,@PHMAA (30 x 2.1 mm,
1.5 um) column. A) Chromatographic runs under isocratic conditions. B) FWHW vs injected
amount. Conditions: 100 pL/min of 71 % ACN (0.1 % TFA). Temperature: 30 °C
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Figure 3.38. Isocratic elution of Ribonuclease B in SiO2@PHMAA (30 x 2.1 mm, 1.5 um)
column. A) Chromatogram with UV detection. B) Chromatogram with MS detection, mass
range 1862.44 Da to 1949.52 Da. Conditions: sample: Ribo B 0.12 pg, 71 % ACN (0.1 % TFA),

100 pL/min, temperature: 30 °C.
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Figure 3.39. Mass spectra of Ribonuclease glycoforms from chromatogram in Figure 3.38B. A)
MS of peak 1, corresponding to a mass of 14.89 kDa. B) MS of peak 2, corresponding to a mass
of 15.06 kDa. C) MS of peak 3, corresponding to a mass of 15.22 kDa. D) MS of peak 4,
corresponding to a mass of 15.38 kDa. E) MS of peak 5, corresponding to a mass of 15.55 kDa.

3.5.7 Chromatographic Repeatability

One of the main concerns with the use of polyacrylamides as stationary phase is the
possibility of degradation, affecting separation over time and/or for extended use. It was already
demonstrated than PHMAA shows enhanced hydrolysis resistance compared with PAAM (section
3.5.1). Nevertheless, those experiments were carried out under static conditions without the
influence of flow and high backpressure that are present during HPLC. With the purpose of
evaluating column stability, a single packed column was run over the course of two months, doing
intermittent runs (100) in that period of time.

Polymer chains loss or breakage would produce a variation in backpressure due to an
increment in column porosity. Hence, as an indicator of polymer degradation, back pressure
change was monitored between runs as presented in Figure 3.40A. It is showed that during initial
20 runs backpressure decreases rapidly and then less fast until been almost invariable after around
40 runs. This decrement in pressure can be attributed to a polymer layer shrinking as an effect of

the high back pressure during runs, which augments porosity of the column.
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Regarding to chromatographic separation, it was observed that PHAA columns need a
conditioning period of around 5 runs, during that period, resolution improves, and retention time
stabilizes. After that initial stabilization, retention time remains almost invariant as evident in
Figure 3.40B. Despite the pressure decrement, chromatographic performance is highly repeatable,
demonstrating that PHMAA is stable enough for being used as HPLC stationary phase.

Conditioning is needed in commercial columns, reason why manufactures advise to make
conditioning runs with the analyte when using a column for the first time or after an extended
storage period. This also allows to saturate possible binding sites with analyte, so they will not

cause strong interactions in subsequent analyses.
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Figure 3.40. Chromatographic repeatability for SIO.@PHMAA (30 x 2.1 mm, 1.5 pm) column.
A) Back pressure change between first and last run. B) Chromatograms of selected runs.
Conditions were the same as in Figure 3.26.

3.6 Conclusion

Various polyacrylamides grafted from 1.5 pum silica particles were tested as potential bonded
phases for separation of intact glycoproteins. Poly N-Hydroxylmethyl acrylamide (PHMAA)
provided higher resistance to hydrolysis and superior resolution among evaluated polymers.
Transmission electron microscopy (TEM) was used to optimize PHMAA polymerization,
allowing for synthesis of very smooth polymer layers with low polydispersity. An improved

packing procedure permitted obtention of columns with adequate packed beds and low operational
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back pressures. Higher retention of glycoproteins compared with nonglycosylated proteins
demonstrated that separation is based on glycans’ interactions with the hydrophilic PHMAA
stationary phase, confirming HILIC separation mechanisms. Selectivity of the new stationary
phase was evaluated with model analytes, demonstrating that PHMAA participates in hydrophilic
interactions and H-bonding, but negligible ion exchange. LC coupled with mass spectrometry was
used to resolve the five glycoforms of Ribonuclease B, in agreement with differences in mannose
units. Chromatographic repeatability indicated PHMAA is stable during multiple runs and over

time.
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CHAPTER 4. FUTURE DIRECTIONS

4.1 Magnetic retention for direct release in capillary columns

One of the most attractive features of magnetic particles is their capability of being fast and
completely removed from solution using an appropriate external magnetic field. In the case of
magnetic extraction beads, this capability makes them uniquely suitable for automation, reducing
transfer stages, which minimizes sample loss.> In biological samples usually target analytes are
in low concentrations, and even with preconcentration reached in immunoprecipitation by means
of capture beads, eluted concentrations can be still below the detection limit of the analytical
method.

In the particular cases of immunoprecipitation of BSA and PDE2 capture studied in this
work, elution volume was minimized to improve the detection limit. However, the minimum
practical volume that could be utilized during those experiments was 60 pL. Main limitations for
a smaller volumes were the size of the vial to perform such elution with respect to the volume
occupied by the particles themselves and the inevitable residual volume of elution solution
adsorbed to the beads. Another experimental limitation is the injection volume of the
chromatographic systems, which usually utilize injection loops filled with up to three times the
actual injected volume, wasting sample. A possible method to overcome these difficulties is to
perform direct elution inside of the chromatographic column, avoiding additional transfer steps
and using a smaller volume of eluent.

As a proof of concept, fluorescent label BSA was captured with anti BSA antibody bound
to epoxide beads and immobilized using the experimental set up shown in Figure 4.1A. In this
assembly, a solution containing beads with analyte bound is suctioned with the syringe through
the capillary, using an adequate low flow rate the magnetic particles are trapped by the magnetic
field inside of the capillary as described in Figure 4.1B and C. The shape of the magnet used in
this experiment was selected to geometrically enhance the magnetic field.* Once the particles are
restrained inside, the small capillary tubing could be coupled with a capillary column for a
subsequent elution. For this preliminary experiment, the elution was made using 80 % ACN (0.1 %
DFA) as eluent without a chromatographic column at the edge of the capillary (Figure 4.2A).

Elution profile displayed in Figure 4.2B is an evidence of the plausible success of this proposed
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method. Despite the results, this approach needs to be further optimized and more realistic

applications need to be evaluated.
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Figure 4.1 Immobilization of magnetic particles with analyte bound to the surface. A) Scheme
of experimental set up. B) Close up of magnetic retained particles. C) Capillary after magnetic
immobilization.
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Figure 4.2. Release of fluorescence label BSA from trapped magnetic particles. A) Scheme of
experimental conditions. B) Fluorescence measured during release as function of time.

4.2  Alternative epoxide monomers for improved hydrophilicity

As described previously, GMA is a versatile monomer extensively used to produce epoxide
containing polymer brushes. However, the presence of the methyl group makes it hydrophobic,
being necessary to blend it with hydrophilic monomers to diminish non-specific absorption.>’
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Regardless of good non-specific binding reached with the block copolymer of PHEAA and PGMA,
hydrophilicity of the polymer brushes could be enhanced if a less hydrophobic epoxide containing
monomers is used instead.

In Figure 4.3 are presented chemical structures of most common utilized epoxide monomers
with their respective water solubilities,® as a way to contrast their hydrophilicities. Among
considered compounds, glycidyl acrylate (GA) could be considered a great candidate to replace
GMA, because its higher water solubility and possibility of ATRP. However, GA is expensive
compared with GMA and to the date of finalization of the present work, it was not in stock until
unknown date. Allyl glycidyl ether (AGE) is a cheaper and more hydrophilic monomer, but it is
not ATRP polymerizable by itself due to formation of an unstable radical. On the other hand, it
has been reported that AGE can be ATRP copolymerizable with methyl acrylate (MA), because
the more stable vinyl radical from MA can initiate AGE chains.® Preliminary attempts to
copolymerize AGE and HEAA were only possible when replacing the ligand Me6 TREN by N, N,
N’,N”’, N”’ - pentamethyldiethylenetriamine (PMDETA) and directly on the surface initiated silica,
not using SiIO.@PHEAA as initiator for a block copolymer. Despite of successful results in
binding experiments of the SiO,@PHEAA-co-PAGE surface, the polymer thickness was not
enough to guaranty low non-specific binding (Figure 4.4), therefore more research needs to be

done to accomplish an appropriated surface based on PAGE as epoxy source.

0 0
o V/\0)‘\”/ o V/\O )‘W o V/\O /\/
Glycidyl Methacrylate (GMA) Glycidyl Acrylate (GA) Allyl glycidyl ether (AGE)

10 mg/mL 50 mg/mL 140 mg/mL

Figure 4.3. Chemical structures of epoxide containing monomers with water solubilities.
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Figure 4.4. TEM micrograph of 1 um SiO.@PHEAA-co-PAGE. Polymer thickness around 2
nm.

4.3 Application of magnetic beads in click chemistry

In chapter 1 were discussed some of the main approaches to covalently bind molecules to
surfaces, being epoxide one of the most used and versatile. Even with their high reactivity,
reactions with amines are sometimes advised to be performed overnight when low temperatures
are required for protein stability. Click chemistry has emerged as an important tool for the
manipulation and synthesis of molecules in diverse fields.'® Click reactions are usually carried out
with derivatives from alkenes and alkynes, providing highly energetic and fast reactions. The
copper catalyzed reaction between azides and terminal alkynes for the obtention of triazoles, as
described in

Figure 4.5, is the most typical click reaction.!! Applications of this type of reactions in drug
discovery have been growing in last decade, being of special interest, in high-throughput

screening.*?

N
N Cu(l) N R,
N VU
! \ —R, /N
R

N

Azide Alkyne " diazole

Figure 4.5. Click chemistry reaction between azides and alkynes to form diazoles.
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Considering the drug evaluation made in this work, it would be very attractive to obtain
azide functionalized magnetic beads for application in the pharmaceutical industry, allowing
automation of process such as high-throughput screening. Feasibility of that gold seems pretty
straight forward, since epoxide groups can be converted into azide under mild conditions, as
previously reported for ATRP polymers.t*4 Figure 4.6 describes the proposed approach to obtain
azide magnetic beads. Applications of such particles would involve attachment of drug compounds
with terminal alkynes functionalities with the reactive azide on the beads, a faster reaction

compared with epoxide — amines.

0
A NaNj >_\
—_—

N3
NH,CI

Figure 4.6. Azide transformation of epoxide group on polymer grafted silica coated magnetic
particle.

4.4  Block copolymer with a hydrophobic first layer for diminishing silanol interaction for
HILIC bonded phase

In order to improve silanol isolation in silica based stationary phase, polymer brushes need
to have a high grafting density and proper length.*® For chromatographic applications, a thick
polymer layer usually enhances separation and avoids the need for an acidic modifier as difluoro
or trifluoro acetic acids.® However, hydrophilic polymer layers undergo swelling in aqueous
solvents, diminishing porosity of packed material, increasing backpressure. Therefore, a controlled
polymer thickness provides an equilibrium between good separation and adequate operational
pressure.

An alternative to reduce the necessity for a very thick hydrophilic layer is to include a not
water swollen polymer as first layer and create a block copolymer with the HILIC polymer. As a
proof of the possibility of such polymerization and the effect in HILIC, the hydrophobic poly N-
tert-butyl acrylamide (PTBAA) was used as first layer over silica particles for a subsequent
PHMAA layer (Figure 4.7A). As seen in Figure 4.7B, total polymer layer is only 6 nm and obtained

surface is smooth and with low polydispersity.
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Figure 4.7. Block copolymer of PHMAA and PTBAA. A) Scheme of polymer bushes isolating
silanols. B) TEM micrograph of 1 um SiO2@PTBAA-b-PHMAA. Thickness: 3 nm each layer
for a total of 6 nm.

HILIC performance of the SiO.@PTBAA-b-PHMAA was tested using 1 pum silica
particles. As seen in Figure 4.8A, separation of Ribo B glycoforms has very good resolution and
isomers of the 7 mannose units is improved. The backpressure is not extremely high compared
with the obtained for 1.5 um particles (Figure 4.8B), considering that tested particles were smaller
(2 um). In spite of these promising results, block copolymerization is challenging, since TBAA is
very hydrophobic for being used with aqueous mixtures necessary for AGET ATRP when sodium
ascorbate is the reducing agent. This limits the monomer concentration due to low solubility,
making the reaction very slow and obtaining copper precipitates when polymerizations were
allowed for more than 5 h to grow longer polymer brushes. Some other hydrophilic polymers such
as methyl acrylate were tested, but second polymer layer was uneven and rough. Consequently, a
more research needs to be done to optimize the proposed approach of a first hydrophobic later.
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Figure 4.8 HILIC separation of Ribonuclease B in SiO.@PTBAA-b-PHMAA column (30 x 2.1

mm, 1 um). A) Chromatogram. B) Backpressure during run. Conditions: sample: Ribo B 0.3 g,

gradient: 0 — 1 min: 75 % B, 1 — 21 min: 75 % to 65 % B. Flow rate: 100 puL/min. Temperature:
30 °C.

4.5 Self-crosslinking of poly N-Hydroxymethyl acrylamide for better stability in HILIC

Another way to improve silanols isolation is with crosslinking of the polymer brushes. °
Bisacrylamide (N,N’- methylenebisacrylamide)) is a common hydrophilic crosslinking agent used
in ATRP.Y” Unfortunately, the use of bisacrylamide as crosslinking agent of acrylamides did not
show good results for Sl-silica particles, forming aggregation and gels, due to interparticle
crosslinking. A plausible alternative is to take advantage of the reactivity of the hydroxy alkyl
groups present in PHMAA. Cui and Du®®, and Moritani'® demonstrated copolymerizations with
PHMAA for a subsequent self-crosslinking using the hydroxyl groups, under acidic and/or heat
treatment conditions, proposed mechanism is described in Figure 4.9. This proposed method could
enhance hydrolysis resistance and separation performance, but the influence of the synthesis
process on the polymer brushes and its hydrophilicity as a consequence of the water loss, need to

be evaluated.
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Figure 4.9. Scheme of proposed mechanism for self-crosslinking of PHMAA.
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Abstract

Magnetic particles have been extensively used for immunoprecipitation because of the
feasibility of fast extraction and biccompatibility. Commenly used magnetic beads have an iron
core embedded in a polvmer with a reactive group such NHS ester or epoxide to allow binding of
antibodies. The purpose of the present work: is to obtain ultrastable magnetic FesOs particles with
high magnetization and improved binding capabilities. First, commercially available magnetic
nanoparticles were coated with silica by modified StSber process. It was established that
calcination at 800 *C under vacuum produces an impermeable shell, resistant to concentrated HC1
exposure. TEM analysiz revealed 2 30 nm thick silica layer, smothered after heat treatment.
FezO4@3107 particles were aggregated into 1 pm sized agglomerates duning coating process
because of residual magnetism of starting material. Silica surface was grafted using aguecus
AGET-ATEFP with a two layers block copolvmer of polvhydroxyvethyl acrylamide, to reduce
protein adsorption, and polyglycidyl methacrylate, to covalent binding of antibodies. Fesulting
polymer coated particles exhibited excellent dizpersion in aqueous solution. Magnetization
measurements determined that reported particles are almost three times more magnetic that
commercial Dynabeads. Immunoprecipitation of fluorescent labeled BSA showed a 2-fold binding
capacity compared to Dynabeads, with similar non-specific binding.

1. Introduction

Magnetic nanoparticles (MINPs) are widely uvsed in multiple fields, including magnetic
inmunoprecipitations,! protein purification? ferrofluids® drug delivery? and biosensors?
Application for bio-separations are based in their magnetic properties that allow for a facile
recovery of biomeolecules from complex matrices. Waked FesOy particles are highly reactive and
can be easily oxidized in air, losing their magnetic properties. Consequently, magnetic particles
are commonly coated to improve chemical resistance. These approaches include grafting of or
coating of the surface with a broad tyvpe of compounds, such az biomolecules, surfactants, and
polymers, or using an inorganic layer such as silica, metal oxides or sulfides ® Surface coating not
only produces more stable iron oxide particles, but also allows subsequent funcionalization

Modified Stober process 1s the most commonly used method to obtain silica-coated FeaOy
particles ® However, the addition of nonmagnetic silica to the surface frequently produces a
reduction in saturation magnetization of small magnetic particles.® To overcome this situation,
preserving extraction efficiency, research efforts have been focuszed in coating larger ferrimagnetic
particles 1% Furthermore, silica coating obtained by Stéber method is not completely
impermeable and shows microporous, 21 so iron core is not entirely protected against oxidation.
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Since Fe;Oy cores are susceptible to acid corrosion, hydrochloric acid exposure can be used to
evaluate stability and quality of silica-coated magnetic particles. Approaches to obtain acid-
resistant silica-coated MINPs include addition of an intermediate hydrophobic silica layer (using
dimethyldiethoxysilane)™ and silane post-modification with (3-aminopropyi)triethoxysilane, ! but
these methods produce particles that can only resist HC! concentrations up to 1 M.

Silanes are extensively used as surface modifiers for silica. Noncorrosive ethoxy silanes
are preferred because they preserve silica coating, although, do not provide a dense surface
coverage 17 In contrast, chlorosilanes afford much dense surface functionalization, feature that
makes them very useful in fields like chromatography where highly coated surfaces are essential 18
Attachment of chlorosilanes requires more aggressive reaction conditions, thus, an appropriate
silica coating is necessary, restricting their use to pure silica or extremely well coated surfaces.

When applying MNPs as capture agents, binding specificity and efficacy are provided by
modification of the surface with active groups. Such groups can interact with target molecules
directly by electrostatic forces and/or hydrogen bonds, like in the case of amino-modified
surfaces.!” Also, more specialized capture can be afforded by covalent attachment of specific
entities like antibodies for a particular antigen extraction.'® Functional groups that facilitate
immobilization of bioactive molecules on surfaces throughout formation of covalent bonds with
amine groups include N-hvdroxysuccinimide (NHS) ester,'® and epoxide.®® NHS esters are not
stable in aqueous conditions and suffer from hydrolysis, compromising their binding capacity over
time 21 On the other hand. epoxy groups are stable in aqueous media and are very reactive to not
only amines but also to sulfhydryl groups 22

Epoxides can be introduced to silica coated magnetic nanoparticles by grafting epoxide-
containing polymers such polyglycidyl methacrylate (PGMA). 2 However, PGMA is hydrophobic
enough to exhibit non-specific absorption of undesirable molecules * Hydrophilic polymers such
as polyacrylates and polyacrylamides have been used fo obtain antifouling % and low protein
adsorption surfaces 2¥ Consequently, a copolymer of PGMA with a hydrophilic low adsorption
polymer can be used to improve anti-biofouling functionality, obtaining a material with high
reactivity for amines with low non-specific binding.

In thiz work, commercial iron particles were silica-coated and thermally treated under
vacuum to obtain an impermeable surface, tolerating HCI concentration up to 11 M. Enhanced
resistance, permits surface functionalization with nitric acid under reflux and aggressive
chlorosilanes. Using “grafting from™ approach with AGET ATEP, ¥ a uniform low biofouling
block copolymer with PGMA and polvhydroxyvethyl acrylamide (PHEAA), was synthetized.
Copolymer surface binding performance was evaluated using immunoprecipitation of Bovine
Serum Albumin., showing enhanced specific to non-specific binding ratio compared with
commercial magnetic extraction beads.

2. Experimental

2.1. Materials

Deionized water was cobtained using a Milli-Q) Gradient equipment to a final conductivity of
0.055 mS. Fe:0s nanoparticles (30 nm — 100 nm) were cobtained from Nanostructured &
Amorphous Materials, Inc. Ethanol (200 proof) was acquired from Decon Laboratories. Tetraethyl
orthosilicate (TEOS, 97%), branched polvethylenimine (PEI, Mw ~ 25,000 Mn 10,000), N-
hydroxyethyl acrylamide (HEAA, 97%). glyvcidyl methacrylate (GMA, 97%), CuClz (99.995%),
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phosphate buffered saline (PBS, tablet), 2-Amino-2-(hydroxymethyl)-1.3-propanediol (TRIS,
00 0%), ammonium hvdroxide solution (28 %2), and sodium dodecyl sulfate (SDS, 9385 were
purchased from Sigma Aldrich. Protein free T-20 blocking buffer, hvdrochloric acid (37 %),
Dynabeads M-270 epoxide and toluene (99.3%) were distributed by Thermo Fisher Scientific.
Sodium L-Ascorbate (98 %) were obtained from TCI chemicals. Tris(2-dimethylaminoethyl)
amine (Me6Tren, 97%) was a product of Alfa Aesar. Chloromethyl phenylethyl
dimethylchlorosilane (98 %) was procured from Gelest. 1 um silica particles were obtained from
Superior Silica. Fluorescent Bovine Serum Albumin (BSA, Alexa Fluor® 555 or 488 conjugate)
and BSA antibody (Anti-BSA, 70-BCE7) were purchased from Fitzgerald.

2.2, Silica coating

2 g of Fe:0y was dispersed in 400 mL ethanol with sonication (Branson 3800) for 3 h. Next,
the particles were magnetically separated, and dried under vacuum at 60 °C for 2 h. 1 g of the dried
solid was suspended into a solution of 200 ml. of water and 2 g of PEI. This dispersion was
sonicated and overhead stirred (Chemglass) for 8 h, followed by separation via centrifugation. 500
mg of the PEI treated Fe:Os was transfer to 500 mL of water and sonicated with overhead stirring
for 15 min. Then, 200 mL of ethanol were added and sonicated/stirred for extra 5 min. The stirrer
was removed, and sonication only was allowed for 5 min. Then, 10 mL of TEOS were added. and
sonication was extended for 1 b Fe;Og particles were magnetically extracted, rinsed three times
with ethanol and dried under vacuum at 60 °C for 2 h. 250 mg of the silica coated particles were
sonicated and stirred for 15 min in a mixture of 800 mL of ethanol and 160 mL of water. Stirring
was stopped and 16.6 mL of NH4OH and 2 mlL of TEOS were added. Sonication only was
continued for 1 h. Finally, the silica coated magnetic particles were magnetically extracted and
dried at 60 *C vnder vacuum for 2 h.

2.3. Thermal treatment

500 mg of dry silica coated material was transferred to a quartz boat and placed inside a tube
oven (MTI corporation, model OTF-1200 X). The tube was sealed and purged with nitrogen for 3
min and vacuumed for 2 min, four more purge/vacuum cycles were performed leaving the tube
under active vacuum before starting the heat treatment.

2.4, HCI resistance evaluation

After thermal treatment, weighted particles were placed in a tared glass 20 mL Scintillation
vial and initial mass was measured. 10 ml of 37 % HC1 were added and the vial was capped and
sonicated for 1 h at room temperature. Afterwards, supernatant was removed using a magnet to
retain the particles. Vial was rinsed with DI water until neutral pH. Container was dried at 60 *C
under vacuum until constant weight. Mass loss percentage was calculated as in Equation 1.

144



% mass loss = w x 100 (Equation 1)

my

where: m.: mass of sample before acid. g
ms. mass of vial and sample dried, g
my: mass of the empty vial, g

2.5. AGET ATRP surface initiation

500 mg of heat treated Fea04(@ 5102 was added to 10 mL of 37 % HCI and sonicated for 1 h.
Then, material was washed with deionized water until a neutral pH was reached. Next, 250 mL of
1.5 M HNO; was added and heated under reflux during 24 h. Particles were washed five times
with deionized water and once with ethanel, followed by drying at 60 °C under vacuum for 2 h. In
a dried round bottom flask, 500 mg of particles were dispersed in 100 mL of dried toluene under
a nitrogen atmosphere. 2 mL of chloromethy] phenylethyl dimethylchlorosilane and 100 pL of
butylamine were incorporated. The mixture was refluxed for 3 h. After reaction completion, the
particles were washed twice with toluene and twice with acetonitrile and dried at 60 °C.

2.6. Polymer grafting

Water and ethanol were purged with nitrogen under sonication for 15 min to remove dissolved
oxygen. In a 50 mL two necked round bottom flask equipped with a homemade sealed overhead
stirrer, 200 mg of surface-initiated particles and 15 mL of ethanol were sonicated until dispersion.
Then, a mixture of 6.3 g of HEAA (53 mmol) with 14 ml of water was added to the flask and
sonication with nitrogen sparging was applied for 10 min. A solution of 40 mg of CuClz (0.295
mmol), 30 pl. of Me6Tren (0.298 mmol) in 2.5 mL of water was incorporated. The reaction was
started by addition of 2.5 mL of water containing 27 mg of sodium ascorbate (0.136 mmel). The
reaction flask was transfer to a water bath kept at 35 °C, mtrogen flow was suspended. and
polymerization was allowed for 75> min under hermetic conditions. Upon completion, PHEAA
coated particles were magnetically extracted, washed thrice with water, and once with ethanol.

For the second copolymer layer, in a 25 mL two necked round bottom flask equipped with a
homemade sealed overhead stirred, 100 mg of PHEAA coated particles were suspended in 18 mL
of ethanol, 13 mL of water and 0.9 g of HEA A and sonicated with nitrogen purging for 10 min. A
prepared solution of 15 mg of CuClz (0.1104 mmol), 29 L of Me6Tren (0.1079 mmol) in 3 mL
of water was transfer to the reaction flask. After homogenization, 1.05 mL of glycidyl methacrylate
(3.73 mmol) were added. With addition of 10 mg of sodium ascorbate (0.0505 mmeol) dissolved in
2 mL of water, the reaction was run at room temperature for 20 min under nitrogen (no flowing)
and stiring. Epoxy containing magnetic particles were rinsed once with acetomtrile, twice with
ethanol followed by two water rinses. Particles were completely dnied under vacuum at room
temperature.

2.7. Transmission Electron Microscope Analysis

1 pg of material was suspended in 500 pL of solvent {ethanol for silica coatings and water for
polymer coatings). 5 uL of the slurry was transferred to a F/C 300 mesh Cu gnd (TED PELLA
Inc.). TEM micrographs were acquired in a FEI Tecnai G2 20 Transmission Electron Microscope.

145



2.8 Infrared Analysis

Samples were grinded with dried KBr, 1n an agate mortar to get a 0.2 % homogeneous fine
powder. 30 mg of the mixture were hydraulically compressed to form a pellet. IR spectra were
measured using a FT-IR spectrometer (Tensor 37, Bruker)

2.9. Magnetic Characterization

A sample of 5 mg was introduced into a SQUID straw, and a four-quadrant scan was done
using an MPMS-3 magnetometer at 300 K. For correcting the residual magnetic moment of the
equipment at zero magnetic field, an identical scan using a gadolinium gallium garnet was
performed.

2.10. Fluorescence Analysis

Fluorescence measurements were performed in a Edinburgh Instruments FLS980 Steady State
Fluorescence Spectrometer.

2.11. Antibody binding Capacity

5 mg of epoxide coated beads were suspended in 1 ml of PBS 1X containing 0.1 mg of Anti-
BS5A, incubation for 3 h was performed on a horizontal shaker at 750 rpm. After binding, 50 pL
of supernatant were transferred to a new vial contaming 500 pL. of T-20 blocking buffer, reaction
was allowed for 1 h. Magnetic extracted beads were washed three times with PBS 1X and then
incubated for 1 h in 1 mL of fluorescent BSA (0.1 g/L in PBS 1X). Particles were rinsed 3 times
with TRIS buffer (20 mM, pH 8.2). Elution was performed for 30 min with 20 pL of 2 % SDS. 10
ul. of final supernatant were diluted with PBS 1X to 2 mL for fluorescence quantitation.

2.12. Non-specific Binding

3 mg of epoxide magnetic beads were incubated in 600 pL of T-20 blocking buffer for 1 h-
Particles were magnetically extracted and rinsed 3 times with PBS 13X and 100 pL of fluorescent
B5A (40 mg/mL in PBS 1X), allowing binding for 1 h. Particles were washed 6 times with TRIS
buffer (20 mM, pH 8.2). Elution was performed as for antibody capacity.

3. Results and Discussion
3.1. Coating of magnetic particles

Commercial iron particles were first coated with a silica layer and after surface mitiation, grafied
using AGET ATRP, with epoxide containing block polymer as depicted in Figure 1. Individual
stages are discussed in this section.

3.1.1. Silica Coating

Initially, iron particles are coated with PEI, to produce a positive zeta potential, enhancing
suspension, and allowing subsequent silica deposition. Silica coating is obtained using a modified
two steps Stéber procedure.?® At this point, silica layer is not completely hermetic and shows a
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rough topography (Figure 1A), if treated with 37 % HClunder sonication, the iron core is dissolved
(Figure 1B).

It is known that thermal treatment, seals silich cracks and condenses the siloxane groups
creating an impermeable and denser shell. 332 However, if iron oxide is heated under oxygen
atmosphere, it oxidizes, losing its magnetic properties.?® So, material needs to be heat treated under
free oxygen environment. This 13 achieved by using a tube furnace, purging with nitrogen before
heating and maintaining the high vacuum along the cycle. Common heat treatment includes
annealing 1n a wide range of temperatores (800 °C — 1200 °C) and calcination (400 *C — 600 "C).
30-32With this in mind, an optimization for the thermal cycle (Figure 3) was performed, using mass
loss in HCI after every tested program to evaluate silica stability. Initially, annealing at 1050 *C
without calcination was evaluated during 10 min and 30 mun (Table 1, programs 1 and 2), but
obtained particles were almost entirely dissolved in HCL Caleination at 600 °C was added to
annealing (program 3), showing a slightly improvement over only annealing, though only around
20 % of the material survived the acid. Decrement in annealing temperature to 800 °C (programs
4 and 3), exhibited lower mass loss in acid. Despite this, it was appreciated that longer calcination
at 600 “C had an enhanced effect over silica guality. Hence, only calcination was finally used,
given the lowest mass loss after 3 h (program 6). These results could be explained considering that
calcination is efficient in removing excess reagents from Stéber process (ethanol, water, ammonia),
making silica denser and sealing pores. Annealing temperatures, on the other hand, can make silica
softer. allowing subtle deformation, that for a thin layer (about 30 nm) could yield to exposed iron
cores, make them susceptible to acid attack. After effective heat treatment, silica layer is smoother
and thinner (presumably denser) as appreciated m Figure 1C, preventing oxidation of Fe:O4 under
strong acid conditions (Figure 1D).

3.1.2. Surface initiated AGET ATRP

Once calcinated, silica coated magnetic nanoparticles are robust enough to be re-
hydroxylated under acidic conditions (1.5 M HNO; for 24 h) at strong reflux temperature as well
as a following chlorosilane modification to include active groups for ATRP polymerization. As
discussed previously, GMA is used as epoxide containing polymer, but its hydrophobicity hinders
its use as homopolymer for a low bicfouling surface. Polyacrylamides were considered to form a
copolymer with GMA, due fo thewr high hydrophilic character and biocompatibility.
Polyacrylamide shows good non-specific absorption behavior,? but it undergoes hyvdrolysis under
agueous conditions, producing acrvlic acid ** On the other hand, poly-N-Hydroxyethyl acrylamide
(PHEAA) is higher resistant to degradation than normal polyacrylamide and demonstrates low
biofouling 3537 Hence, a copolymer of PGMA and PHEAA was selected to develop a more
hydrophilic surface with high binding capacity.

Since, obtention of silica coated magnetic particles is a time-consuming process, optimization of
surface initiated AGET ATEP was made wsing 1 pm S5i0: particles, with same silane
functionalization. The goal of this optimization was to synthetize a dense and smooth pelymer
layer with a thickness of at least 10 nm - to obtain a surface with non-specific absorption and
high binding capacity. Initially, copolymerization of GMA and HEAA was carned out using 0.4
M of both monomers. As seen in Figure 4A, these conditions yielded to an uncontrollable
polymenzation, showing particle aggregation and even free polymer growing in solution after only
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10 min of reaction. Lower monomer concentrations (0.1 M) were used, increasing reaction time to
20 min to obtain an appropriate polymer thickness. Formation of aggregates was lower, but surface
was still irregular and polymer thickness was only 3 nm (Figure 4B)

Controlled ATRP reactions require proper selection of initiator *® Chlorine initiators
provide slower reaction rates compared with commonly used bromide initiators. ¥ Also, bromide
inifiators are less stable and need to be used in short time after functionalization. These factors
were previously considered to select a benzyl chloride as initiator. So, using a bromide initiator
would not help to improve reaction control. Monomer reactivity also plays a vital role in ATRP
performance, being methacrylates more reactive than acrylamides.*? So, the difference in reaction
rates for GMA and HEAA 1s the main reason for this uncontrolled reaction. Living character of
ATRP provides a way to not only obtain block copolymers, but also, to “change initiator™, since
halogens at end chains become initiators for next polymerization **-* These principles, allowed to
overcome the difficult PGMA-co-PHEAA polymerization. First, adjusted conditions allowed to
grow an § nm homopolymer PHEAA (Figure 4), producing very hydrophilic particles with
increased water dispersity. The PHEAA grafted particles were used for the copolymerization of
PGMA and PHEAA Using 0.2 M monomer concentrations the reaction was controlled during 20
min, with no appreciable aggregation, adding 5 nm of epoxy containing polymer (Figure
4D) Variation in molar ratio of monomers were subsequently evaluated with similar
polvmerization control in all tests and concluding that 1:1 meolar ratio of monomers permits a
balance between binding capacity and particle hydrophilicity (see supporting information).

The optimized method allowed to obtain a controlled polymerization over the silica coated
magnetic particles. As revealed in Figure 5B, PHEAA layer is smooth and around 8 nm, in
agreement with the polymerization on the 1 wm silica particles. The second polymerization
increases the homogeneous polymer thickness to around 13 nm, as presented in Figure 3C. These
TEM micrographs demonstrate that the block copolvmerization approach was effective to obtain
a controlled growing of PGMA-co-PHEAA.

3.2. Infrared Spectroscopy characterization

In Figure 6 are displayed the chemical structures for the components of coated material: iron
core (magnetite), silica coating (S10:) and block copolvmer (PGMA and PHEAA). Fourier-
transform infrared spectroscopy confirms chemical composition of material along coating process.
Figure 7, presents FT-IR spectra of material after main steps. Magnetite (Fes04) absorption band
can be located around 800 cm! and 500 cm-L. %47 Silica coating produces additional peaks at 1080
cm ! due to 5i-0-5i stretching and at 1050 cm to 1250 cm! by Fe-0-5i stretching vibration. #8549
PHEAA composition is verified by characteristic carbonyl vibration of at 1728 cm™! * and amide
absorption band at N-H stretching at 3300 cm? — 3500 cm!. One of the most important features
of the surface is the presence of the epoxide ring at 908 cml, 3! an infact oxirane group in the final
material is vital for binding with amine groups in proteins.

3.3. Magnetic characterization
A faster magnetic extraction, compared with other separation techniques as centrifugation,

makes very attractive the kind of material presented in this work. In order to reduce waiting time
and maximize recovery, the matenal must have high magnetization in the presence of an external
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magnetic field. Figure 8A, shows variation of magnetization during different coating stages. It is
possible to appreciate a decrement in magnetic saturation, starting with more than 90 emu/z for
Fe:0y, then after silica coverage 1s reduced to 56 emu/g and finally becomes 45 emu/g for polymer
coated particles. This variation 1s mainly due to the addition of non-magnetic materials (silica and
polymer) and possible minimal oxidation of iron during heat treatment. It is necessary to point out
that plotted moment values are per mass unit, and since silica and polymer cause a net diminution
in material density, a unit mass of coated material has less magnetic iron cores compared with pure
Fe:04.

Another evident feature displayed in Figure 8A, is the residual magnetic moment, intrinsic to
starting material and almost constant during coating steps. This characteristic causes aggregation
of particles during coating, hindering obtention of singly silica coated particles as pictured in TEM
micrographs of Figure 2 and supporting material. Some efforts have been made to obtain
individually silica coated magnetic particles;!%!! however, such coating processes give very low
vields and require several synthesis steps. Figure 8B compares magnetic hysteresis loops of the
epoxy magnetic beads obtained mn this work with two commercially available extraction beads:
Dynabeads M-270 epoxy and BcMag. Particles developed here, have a higher magnetic saturation
(45 emu/g) contrasted with Dvnabeads (32 emu/g) and BeMag (19 emu/g). This feature permits to
use smaller particle size for a higher surface area, keeping a fast removal from suspension.

3.4. Binding performance

As a basic test of binding capacity, common immunoprecipitation test was performed. BSA
antibody was bound to the surface at different binding times, particles were blocked and incubated
for 1 h with fluorescent BSA. Eluted BSA from beads was quantified via fluorescence
measurements. Similar protocols were followed with commercial beads and results are pictured
in Figure 9. Saturation of all studied particles iz reached around 4 h, although silica coated
magnetic nanoparticles exhibit higher binding capacity (1.83 pg BSA/mg) than Diynabeads and
BeMhAg (approximately 0.9 ug BSA/mg).

Despite this difference, it is important to point out that the comparison is made by mass of
particles, and it could be unfair for noticeable differences in density and surface area. Therefore,
it was investigated the non-specific binding of all the beads to contrast them with their specific
binding, in order to obtain the signal to noise ratio as a fair comparison. As shown in Table 2,
Fe:04@ 5102@ copolymer particles have 1 85 times more SNR compared to Dynabeads and almost
16-fold contrasted against BcMag, despite the fact BeMag have higher surface area. This could be
attributed to the obtained block copolvmer, with high graft density and long chains (more than 10
nm), improving resistance to protein absorption. ™

There are notable differences in structure of compared particles (see supporting information),
Drynabeads and BeMag are similar in morphology. Dynabeads are 2.7 um polystyrene spheres
inserted with superparamagnetic iron nanoparticles. Behag are silica coated magnetic particles,
with smaller size and have only 1 nm of epoxide linker®® Lower non-specific binding of the
magnetic particles reported by this work can be attributed to the longer dense polymer layer (13
nm}, which avoids interaction of proteins with silanols present on silica surface.
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4. Conclusions

Commercially available magnetic nanoparticles were coated with silica using a two steps

Stober and heat treated to obtain a strong acid resistant surface. Large FesOy particles have lugh
magnetization and can be easily extracted with regular neodymium magnets. Impervious silica
coating can be functionalized to obtain surface-initiated particles. A two steps AGET ATRP,
permits control over the copolymerization of monomers with different reactivity to produce a
hydrophilic layer preserving binding capacity of epoxide groups. Composition analysis and TEM
showed a successful optimized stepwise coating process. Immunoprecipitation performance of the
reported particles indicated higher binding capacity in short time and lower nonspecific binding
compared with some commercial extraction beads.
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Table 1. Heat treatment optimization programs. Te and Ta are calcinating and annealing
temperatures at times tc and ta, respectively. Empty boxes indicate that the step was omitted.

Program Te [°C] T¢ [min) Ta[°C] T4 (min) % Mass loss
1 —- — 1050 10 92+35
2 — — 1050 30 07x28
3 600 20 1050 10 B0+5.6
4 600 20 200 40 48+£38
5 600 120 200 40 1823
4 600 180 — — 12+17

Table 2. Comparnison of specific and non-specific binding of fluorescent BSA for silica coated
magnetic particles and commercial beads. Signal to noise ratio (SNR) was calculated as the
quotient of specific/non-specific. Binding time was 2 h for both specific and non-specific.

Specific nonspecific Surface

Beads binding binding SNR area
(ng/mg) (ng/mg) (m?/g)

BcMag 091 + 0088|0225 + 0005 405 =+ 033 100
Dvnabeads M-270 092 + 011 |0026 + 0003 3469 + 57 2to5
Fe:04@S5i0z@copolymer | 1.83 + 004 | 0029 + 0004 6421 =+ B.01 0.04
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Figure 1. Scheme of coating process or magnetic particles: iron particles are coated initially with
PEI and then with a silica layer. Surface silane initiation is performed after rehydroxylation, and
finally a block copolymer through AGET ATRP vields to a low biofouling, high capacity
surface.
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After heat treatment

Figure 2. TEM micrographs of Fe;04@S10:z. (A) Before thermal treatment, synthetized surface is
rough and porous. (B) After sonicating in 37 % HCI for 1 h. non-calcinated particles’ magnetic
core have been dissolved due to the porosity of silica coating. (C) Calcinating at 600 °C for 3 h
produces a smother, thinner, non-porous silica surface that protects the iron core from acid attack.
(D) Heat treated particles are not dissolved after sonication in 37 % HClfor 1 h.
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Figure 3. Evaluated heat treatment for Fe:O04@510: particles included two stages, calcination at
Te during tc time and annealing at Ta during ta time. Heating up and cooling down rates were kept
constant between vacuum tube furnace specifications. Mass loss in HCI after every tested program
was used to assess its effectiveness. Results are summarized in Table 1.
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Direct polymerization on surface: PGMA-co-PHEAA

Figure 4. TEM micrographs of 1um silica particles grafted with polymer A) Si02@ PGMA-co-
PHEAA ([monomers] = 0.4 M, 10 min reaction), direct polymerization onto chlorosilane initiated
surface shows particle aggregation and irregular polymerization. B) SiO2@ PGMA-co-PHEAA
([monomers] = 0.1 M. 20 min reaction), lower monomer concentration reduces aggregation, but
surface is still irregular, and thickness is only 3 nm. C) SiO2@ PHEAA (1.3 M, 60 min), first
PHEAA layer (8 nm) is smooth and no aggregation was observed. D) SiO2@ PHEAA-b-PGMA-
co-PHEAA (0.1 M, 20 min) second block copolymer grows evenly and controlled, adding 5 nm
to total thickness.
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Figure 5. TEM micrographs of polymerization process of silica coated magnetic particles. A)
Initial FesO4@SiO: chlorosilane initiated. B) Fe;O4@SiO2@PHEAA after first AGET-ATRP
polymerization. C) Fe;O4@Si02@PHEAA-b-PGMA-PHEAA, final block copolymer.
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Figure 6. Chemical structures of components of epoxide coated magnetic beads.
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Figure 7. FT-IR spectra of iron oxide (FesO4), silica coated iron after calcination (Fe:Ou@5i0z),
and after block copolymerization (Fe304@Si102@ copolymer). Silica peak (1100 em™! — 1000 cm-
1y absorbance was used for normalization of spectra.
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Figure 8. Magnetic hysteresis loops. A) Variation of magnetization during coating stages,
reduction of magnetic saturation 15 mainly due to addition of layers of non-magnetic materials and
changes in material density B) Comparison of epoxide magnetic beads (Fes04@ Si02@ polymer)
and commercial beads.
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Figure 9. BSA antibody binding kinetics measured via eluted fluorescent BSA . All concentrations
were 0.1 pg/nl.



