FABRICATION OF THIOL REACTIVE POLYMERIC MICROSTRUCTURES

by
Tugge Nihal Gevrek
B.S., Chemistry Education, Marmara University, 2008

Submitted to the Institute for Graduate Studies in
Science and Engineering in partial fulfillment of
the requirements for the degree of

Master of Science

Graduate Program in Chemistry
Bogazigi University
2011



FABRICATION OF THIOL REACTIVE POLYMERIC MICROSTRUCTURES

APPROVED BY:

Assoc. Prof. Amitav Sanyal ...
(Thesis Supervisor)

Assist. Prof. Rana Sanyal ...

Assist. Prof. Senol Mutlu ...

DATE OF APPROVAL: ...



To my family



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my thesis supervisor Assoc. Prof.
Amitav Sanyal for his endless attention and scientific guidance throughout this study. |

appreciate his support and useful comments throughout my laboratory work.

I would extend my thanks to Assist. Prof. Rana Sanyal for accepting me to their
research group and for her efforts to provide a productive research environment.

| wish to express my appreciation to Assist. Prof. Senol Mutlu for his support and

guidance in micropatterning studies and optical microscope.

I would like to extend my thanks to Assist. Prof Stefan Fuss, for his help in using

fluorescence microscope.

I would like to express my gratitude to Eun Ju Park for her endless help in this
project and also for her enjoyful friendship and Irem Kosif for helping me to be a member
of this research group and her endless patience. | would like to thank to Merve Cosar,
Hasan Can Helvaci, Sensu Celasun, Rana Nur Ozdeslik, Semra Sahin and Yasemin Uziim
for their support, research work and friendship. 1 also thank my labmates, Ozgiil Gok, Elif
Iyilik, Saltuk B. Hanay, Sadik Kaga, Goniil Demirci, Melike Eceoglu, Nuray Bilgen,
Gamze Tanriver, Betiil Demirer, Pelin Ertiirk, Nazli Boke, Ozlem I. Kalaoglu, Mehmet
Arslan, Nergiz Cengiz, Giilen Tonga, Sezin Yigit, Serap Yapar, E. Ece Gegici, Oyuntuya
Munkhbat, Sebla Onbulak, K. Merve Tiirksoy, Burcu Siimer, Tugba Geng¢ and Firat
Ozdemir for their companionship. | would like to thank all the members of the faculty in

the Chemistry Department.

This research has been supported by The Scientific and Technological Research
Council of Turkey (TUBITAK) (110T068).



ABSTRACT

FABRICATION OF THIOL REACTIVE POLYMERIC
MICROSTRUCTURES

PEG-based 3D hydrogel patterns containing thiol reactive maleimide functional
groups have been prepared using a novel Diels-Alder/retro Diels-Alder strategy. Bulk-
hydrogels and hydrogel patterns containing various amount of thiol reactive maleimide
were synthesized by photo-polymerization in presence of photoinitiator and PEG-DA cross
linker. The thiol reactive maleimide group was protected with furan during gelation of
bulk-hydrogel and patterning of hydrogels and then was deprotected by retro-Diels-Alder
reaction. After activation of maleimide in the hydrogel structure, the reactive maleimide
group embedded hydrogels can be efficiently derivatized with thiol containing molecules
such as a fluorescent dye, BodipyC10SH. Thiol containing biotin derivatives were
covalently attached to the thiol reactive maleimide in bulk-hydrogel and hydrogel patterns
under mild condition. Immobilization of FITC-streptavidin onto biotinylated hydrogel
patterns were performed and investigated by fluorescence microscope. In order to detect
amount of accessible biotin in the hydrogel, HABA-assay was carried out with biotinylated

bulk-hydrogels.
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OZET

TiYOL REAKTIF MiKRO DESENLERIN HAZIRLANMASI

Tiyol gruplarina karsi reaktif maleimid foksiyonel grubu barindiran PEG tabanli 3
boyutlu hidrojel desenler yenilik¢i bir Diels-Alder/retro Diels-Alder stratejisi kullailarak
hazirlanmistir. Cesitli miktarlarda tiyol reaktif maleimid igeren dokme hidrojeller ve
hidrojel desenler fotopolimerizasyon baslatict ve PEG-DA ¢apraz baglayict varliginda
fotopolimerizasyon ile sentezlenmistir. Bulk ve desenlenmis hidrojellerin sentezi esnasinda
tiyol reaktif maleimidler furan ile korumus halde bulunmaktadir ve jellesme sonrasinda
retro Diels-Alder reaksiyonu ile korumasi kaldirilmistir. Hidrojeldeki maleimid gruplarinin
aktiflestirilmesinden sonra, reaktif maleimid gruplar1 tiyol grubu barindiran boya
molekiilleriyle foksiyonellestirilebildigi gosterilmistir. Tiyol grubu barindiran biyotin
tiirevi tiyole kars1 reaktif olan maleimid gruplari igere bulk ve desenledirilmis hidrojellere
oda kosullarinda kovalent olarak baglamistir. Biyotilenmis hidrojel desenlerine FITC-
streptavidin sabitlenmesi ise floresan mikroskop ile takip edilmistir. Hidrojel icerisideki
biyotin miktarin1 tayin etmek icin HABA-assay biyotinlenmis bulk hidrojel ile
gergeklestirilmistir.
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1. INTRODUCTION

1.1. Hydrogels

In recent years, enormous attention in biomedical sciences had been paid towards the
fabrication of biocompatible hydrogels, biological polymers, and three-dimensional (3D)
biomaterials [1]. Hydrogels are crosslinked hydrophilic polymer networks which can
absorb from 10% up to thousands of times their dry weight in water. Hydrogels may be
chemically stable or they may degrade and eventually disintegrate. Among the precursor
polymers for synthesizing hydrogels are natural polymers such as collagen, chitosan and
hyaluronic acid as well as biocompatible synthetic polymers such as poly(hydroxyethyl
methacrylate), poly(ethylene glycol) and poly(vinyl alcohol). Therefore, they are of use in
various biomedical applications such as biomolecular immobilization, tissue engineering,

and fabrication of biosensors, artificial implants linings, and drug delivery [2].

Hydrogels can be synthesized either via physical interactions or chemical cross-
linking. When the networks are constructed by molecular entanglements or secondary
forces such as ionic, H-bonding or hydrophobic forces they are called ‘physical’ gels [3].
Li et al. showed synthesized a novel supramolecular hydrogel system which is a kind of
physical hydrogel [4]. They used a-cyclodextrin and biodegradable poly(ethylene oxide)—
poly[(R)-3-hydroxybutyrate]—poly(ethylene oxide) (PEO-PHB-PEO) triblock copolymer.
It is very well known that poly ethylene oxide penetrates though a-cyclodextrin to form
inclusion complexes via supramolecular interactions [5]. The complexation of PEO
segments with a-cyclodextrin and the hydrophobic interaction between PHB blocks results

in the formation of the supramolecular hydrogel (Figure 1.1).
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Figure 1.1. Physically crosslinked hydrogel.

However, it must be noted that physical hydrogels are not homogeneous, since
clusters of physical interaction domains are present. Furthermore, the physical interactions
may not be strong enough to provide stable and robust gels [6]. In order to construct stable
networks, chemical cross linking of polymers is achieved via covalent bond formation.

They generally form stable, non-reversible and robust hydrogels.

Examples for chemically cross linked hydrogel networks with the most commonly
used mechanisms can be given as; azide functionalized PVA’s clicked with alkyne
appended PVA’s [7], polymerization of peptides with ATRP [8], crosslinking with Diels-
Alder reaction between PEG-bismaleimide and furan containing polymers [9], PEG-
tetrathiols clicked with bisacrylates [10] to give hydrogel networks and photo cross-linking

of acrylates in the presence of a photo initiator [11]. Indeed, by changing the type of the



polymer or reaction method or reaction conditions, we can tune the properties of hydrogels
such as their swelling ability, cross link density, biodegradability, biocompatibility and

functionality.

1.1.1. Functionalizable Hydrogels

Functionalization of hydrogel is achieved via covalent or non-covalent attachment.
For applications like bio-immobilization, controlled drug delivery and protein delivery for
tissue engineering, covalent attachment techniques are preferred to ensure control over
attachment. Hydrogels can be utilized in such applications due to their capability of
encapsulating various biomolecules in the interior matrix. They can exhibit controlled
interactions between cells and proteins and slow release of drug molecules from the

hydrogel matrix becomes possible in tissue engineering scaffolds.

The use of hydrogels as scaffolds for various applications derives from their ability
to encapsulate various guest molecules in their interior. These guest molecules can be
small molecules such as peptides or drug molecules that can be slowly released into the
vicinity of an implant under physiological conditions [12] or growth factors or signaling
peptide molecules for cell culture and tissue engineering applications [13]. Traditional
approaches for incorporating entities into hydrogel matrix have relied upon encapsulation
and physiabsorption. However, physiabsorption is limited due to the lack of control over
rate and uniformity; in addition, it is not applicable to incorporation of cell adhesion
peptides. For this reason, hydrogels bearing immobilized biomolecules have a great

potential of use in tissue engineering.

To covalently immobilize biomolecules on hydrogels usually a monomer of the
desired biomolecule is synthesized. For example West et al. synthesized a photo-
chemically crosslinked hydrogel scaffold with covalently immobilized gradients of basic
fibroblast growth factor (bFGF) using PEG-diacrylate and acryloyl-PEG-RGDS. It was
observed that cells seeded on this hydrogel were aligned in the direction of increasing
bFGF concentration within 24 hours [14]. In a later study, West and coworkers synthesized
hydrogels containing covalently attached biotin and the cell adhesive peptide RGDS. They



utilized a PEG monomer which contains an activated ester at one terminus that allows
attachment of any molecule of interest using the amidation chemistry, while the acrylate
group at the other end allows covalent integration into the hydrogel and created 3D

patterns using single photon absorbance (SPA) photolithography [15].

Hydrogels that contain molecules of interest integrated into the material through
covalent attachment usually utilizes employment of a functional acrylate containing
comonomer during the hydrogel synthesis. Hetero-bifunctional PEG such as acryloyl-PEG-
NHS polymer has been widely utilized. This polymer contains an activated ester at one
terminus that allows attachment of any molecule of interest using the amidation chemistry,
while the acrylate group at the other end allows covalent integration into the hydrogel. In
most cases, the macromonomer containing the N-hydroxysuccinimide-based activated ester
is functionalized with the peptide fragment of interest prior to gelation. Hydrogels
containing covalently attached biotin and the cell adhesive peptide RGDS have been

fabricated using this approach.

However, covalent immobilization techniques have been generally limited to
attachment of the molecule of interest into a polymerizable macromonomer [16]. Post-
functionalization of hydrogels has been evaluated as an attractive alternative in recent
years [17]. This approach relies on the presence of reactive functional groups in the
hydrogel matrix that can undergo efficient functionalization under mild reaction
conditions. Advent of “click” reactions [18] has dramatically influenced post-
polymerization functional group transformations due to their near-quantitative conversions
under mild reaction conditions. Indeed, recent works from Hilborn [19] and Hawker [20]
groups have reported efficient synthesis of hydrogels using Huisgen type cross-linking of
telechelic PEGs with multivalent azide based cross-linkers. Since then, many other groups
have reported synthesis of hydrogels using the Huisgen click cycloaddition-based strategy
[21].

Our research group showed synthesis of ‘clickable’ hydrogels utilizing the Huisgen-
type copper-catalyzed click reaction between biodegradable polyester dendrons and
biocompatible hydrophilic linear PEG polymers to access dendron—polymer—dendron

conjugates necessary for the hydrogel formation [22]. In this study, functionalization of the



dendron periphery with alkyne groups affords reactive hydrogel precursors. While some
alkyne groups are cross-linked via bis-azide to fabricate the hydrogel (second Huisgen type
“click” reaction), the residual alkynes allow efficient covalent functionalization of the
hydrogel matrix with molecules of interest via the third consecutive “click” reaction

(Figure 1.2).
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Figure 1.2. Hydrogel synthesized via click reaction from dendron-polymer-dendron

conjugates.

For immobilization of biomolecules, a much sought after functionalization is via
thiols since many biomolecules either contain or can be incorporated with cysteine residues
at specific sites. Sulfhydryl group of the cysteine residues in biomolecules undergo facile
reactions with maleimides [23], ortho pyridyl disulfide units [24], and vinyl sulfones [25].
The aforementioned functional groups have been incorporated in various polymers to
provide a handle for conjugation of biomolecules to polymers to obtain
polymer—biomolecule conjugates. Although the maleimide group has been extensively
exploited in biomolecular immobilization using monolayers on various metallic and glass
surfaces [26], examples of polymeric materials with maleimide side chains have been very
limited. The limitation stems from the tendency of the reactive double bond of maleimide

to participate in radical polymerization. Recently, remarkable advances have been made in



this area by utilization of protected maleimide-based initiators and monomers to obtain
polymers with maleimide as their end groups and as side chains using a Diels—Alder

reaction-based maleimide protection—deprotection strategy [27].

Especially, maleimide containing macromolecules are very advantageous used in
biomolecular immobilizations due to its latent reactive character [28]. With Diels-Alder
protection of this unit, active double bond does not participate to the polymerization or
gelation process but lately can be activated for further conjugations. Recently, our group
showed the fabrication of maleimide containing anti-biofouling hydrogels and these
hydrogels are amenable to site-specific thiol conjugations [29]. In this work, novel
hydrogels were synthesized via copolymerizing a furan protected maleimide based
methacrylate monomer with PEGMA. Some of the maleimides undergo retro Diels-Alder
reaction and acts as a crosslinker and free radical polymerization reaction ends up with
gelation. After that, remaining free maleimides were activated and functionalized with
thiol containing dyes and enzymes. Effects of temperature and feed ratio on the formation

of these gels were investigated. (Figure 1.3).

retro Diels-Alder
cycloreversion
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Figure 1.3. Thiol reactive hydrogels [29].



1.2. Soft Lithography and Microfabrication

Soft lithography based methodologies provides an easy access to micro and
nanofabrication [30]. The term ‘soft lithography’ refers to a family of techniques for
creating microstructures and nanostructures based on printing, molding and embossing
[31]. The reason it is called "soft" that it uses elastomeric materials such as
polydimethylsiloxane (PDMS). Soft lithography is generally used to construct features

measured on the micrometer to nanometer scale.

All of the techniques in soft lithography utilize a layer of
poly(dimethylsiloxane)(PDMS) or some other polymers with similar characteristics. The
layer of PDMS is fabricated from a master by embossing, and typically has features with
lateral dimensions of 1-1000 um and vertical dimensions from 100 nm to hundreds of

microns. The master is generally produced using photolithography [32] (Figure 1.4).

Pattern of master is obtained using computer-aided design. Patterns that have
features with lateral dimensions are bigger than 10 pyn are printed on a transparency via a
printer [33]; and it is used as a mask for photolithography. For designs with features that
have lateral dimensions smaller than 10 pm, the pattern is transferred to a thin layer of
chrome on a glass slide using a laser or an electron-beam writer. A photoresist is coated on
a silicon wafer or glass slide and the mask is placed between a source of ultraviolet light
and a thin layer of a photoresist. Exposure to UV light transfers the pattern from the mask
to the photoresist and the unexposed photoresist is washed away using organic solvent,
leaving behind the three dimensional polymeric structure. A silicon wafer with polymeric

photoresist structures patterned on its surface is referred to as the master [32].

To make PDMS masters, the liquid prepolymer of PDMS is mixed and poured on
the surface of the master. After curing thermally (at 65°C), the layer of PDMS is peeled
away and contains the inverse of the original pattern. The prepolymer of PDMS is
commercially available and inexpensive. It is prepared by mixing two the base polymer

with a curing agent basically.
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Figure 1.4. The fabrication of micropatterned slabs of PDMS [32].

1.2.1. The Tools of Soft Lithography

1.2.1.1. Replica Molding (REM). In replica molding method, a pre-polymer in the liquid

state is cast on the master structure and polymerised in situ, generally by thermal curing.
The elastomeric replica can then be peeled-off from the master. The REM process can also
be iterated, for instance it is possible to realise a first replica by PDMS from the master,
and then a second replica by a different curable polymer, but this time using the first
replica as mold. A patterned layer of PDMS functions as the mold in this technique and is
used to transfer the pattern to the surface of another polymer. A prepolymer is deposited on
the PDMS mold, is cured, and then separated from the master by peeling them apart
(Figure 1.5). This technique has been used to micropattern biocompatible polymers. The
costs for REM and the subsequent soft lithographic steps are quite low which makes these

techniques accessible to many laboratories [34].
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Figure 1.5. Fabrication of micropatterned agarose gels via replica molding [35].

1.2.1.2. Microcontact Printing. Microcontact printing (uCP) is one of the most common
soft lithography methods because it is easy to perform and can be used for many
applications. Microcontact printing locally transfers ink molecules from the surface of a

patterned PDMS stamp to the surface of a substrate upon physical contact.

In the first studies, micro contact printing was used to print monolayers of alkyl
thiols on gold surfaces [36]. The sulfur atom of the ink chemisorbs to the gold surface and
a dense self-assembled monolayer (SAM) is formed within seconds. However, pCP is not
limited to printing thiols on gold surfaces only. Various materials, including small
biomolecules, proteins, polyelectrolytes and suspensions of cells, can be patterned directly
on surfaces using microcontact printing. It has been shown in literature that silanes [37],
lipids [38], proteins [39], DNA [40], synthetic polymers [41] and nanoparticles [42] can be
printed by uCP.
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In this technique, contact between the PDMS stamp and a substrate only transfers
ink molecules from the patterned surface of the base relief features of the stamp to the
substrate, and generates patterns with very small feature sizes like 100 nm over large areas
like 1 m? The elasticity of the PDMS stamp facilitates conformal contact between the
stamp and the substrate, and makes patterning on non-planar surfaces such as porous,

rough or curved surfaces possible.

Ravoo and Reindhoudt showed that microcontact printing is also an advantageous
tool for catalysts free Huisgen 1,3-dipolar cycloaddition reaction [43]. In this work they
generated azide terminated monolayer on Si/ SiO, surface. Using alkyne terminated dye
molecule (LRA) they fabricated dye patterns via micro contact printing technique and
visualize these patterns via fluorescence microscope. With control experiment using
(monolayer on Si/SiO, without azide group) and they proved that Huisgen click reaction
works via micro contact printing without copper catalysts which is toxic for bio-

applications (Figure 1.6).
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Figure 1.6. Catalysts free Huisgen 1,3-dipolar cycloaddition reaction via micro contact

printing technique [43].
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1.2.1.3. Micromolding in Capillaries (MIMIC). A recent promising soft lithographic

method is Soft Molding (SM) in other words capillary force lithography (Figure 1.7) [44].
This technique combines soft and nanoimprint lithography using elastomeric elements and
exploiting the glass transition of organic compounds to transfer the pattern. In this method
the mold is placed onto a polymeric film, which is driven above the glass-transition
temperature (Ty) of the target compound. After cooling-down the subsequent below T
freezes the pattern into the polymer, the replica can be then peeled-off. The soft moulding
is based on the capillarity effect forcing the polymer to penetrate into channels of the

elastomeric stamp.

Figure 1.7. Scanning electron microscopy images (SEM) of patterned polymeric structures
formed using MIMIC. (a), (b) and (c) are polyurethane patterns, (d) free-standing film
formed using the structure in (b), after removal the film from its support [44].

MIMIC is a complementary technique to nano imprinting lithography (NIL) and has
several advantages over the NIL process. In fact, since the penetration of the polymer into
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the features of the mold is driven by capillarity effects, SM is marginally affected by
problems of difficult polymer transport, as compared to the high pressures conditions
under which NIL is carried out. More importantly, the SM technique is cheaper because it
does not need any press set-up to ensure the contact between the mold and the polymer.
This is because in most cases the soft elastomeric material strongly adheres to the surface.

1.2.1.4. Microtransfer Moulding. Microtransfer moulding is a technique for patterning
polymeric materials in which a thin layer of a liquid prepolymer is applied to the patterned
surface of a PDMS stamp [32]. In this method, firstly features of the stamp filled with
prepolymer. Then it is brought into conformal contact with a surface, and the prepolymer is
cured. When the stamp is peeled away, patterned microstructures remain on the surface of
the substrate. This technique is simple and does not need any expensive equipments and it
produces three-dimensional structures with feature sizes as small as ~1 pum in a single step
(Figure 1.8).
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% “TShutter

Figure 1.8. Photograph and schematic drawing of the micro-transfer molding apparatus
[45].
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1.3. Patterned Hydrogels

Patterned hydrogels are often designed to mimic natural tissue and are mainly used
in tissue engineering [46]. Current methods of patterning hydrogels include photoreaction
injection [47], photolithography [48], microfluidic patterning [49], microcontact printing
[50] and electrochemical deposition [51]. Photo-polymerization or photo-crosslinking
method has been used for obtaining patterned of hydrogel due to its several advantages
over conventional polymerization methods; spatial and temporal control over
polymerization, fast curing rates at room temperature under physiological conditions.
There are several biomedical applications of photopolymerized hydrogel, for example,
prevention of thrombosis [52], post-operative adhesion formation [53], drug delivery [54],
coatings for biosensors [55] and for cell transplantation [56]. Many different methods have
been used extensively for 3D structured polymer patterns, including, replica molding [57],
capillary force lithography [58] and micromolding in capillaries [59]. Recently, Spring et
al. has reported PEG based hydroxysuccinimide (NHS) 3D hydrogel pattern in presence of
PEG-diacrylate cross-linker and photoinitiator for small-molecule microarraying purposes
by micro contact printing technique and studied bioimmobilization. The 3D hydrogel
pattern display improved loading capacity, signal sensitivity and spot morphology

compared with 2D patterns [60].
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2. AIM OF THE STUDY

Aim of this study is fabrication of novel thiol reactive hydrogels. Bulk and patterned
hydrogel can be prepared by photo-polymerization in presence of PEG-DA cross-linker
and a masked maleimide-based methacrylate monomer (FuMa-MA). The masked-maleimide
groups in the hydrogels can be deprotected by retro Diels-Alder (rDA) reaction to render
them reactive toward thiol containing molecules by Michael addition conjugation reaction.
Incorporation of tailored amount of the thiol-reactive monomer into the feed, allows
fabrication of hydrogels with control over extent of functionalization. Extent of
incorporation the thiol reactive maleimide groups and their availability for conjugation
with thiol containing molecules can be determined by attachment of fluorescent dye and
immobilization of FITC-streptavidin on the biotinylated hydrogels.

retro Diels-Alder
cycloreversion

-

bioconjugation
o)

~ =0 QEQ"‘ @

0
furan maleimide

"

Figure 2.1. General scheme of the fabrication and functionalization of the maleimide

containing 3D hydrogel patterns.
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3. RESULTS AND DISCUSSION

3.1. Synthesis of Photopolymerized Bulk-Hydrogel

The cross-linked hydrogel by photo-polymerization in presence of PEG-DA as a
cross-linker was performed at various amount of FuMa-MA which is thiol-reactive after
retro-DA reaction (Figure 3.1). The recipe and the reaction parameters investigated in this
study are summarized in Table 3.1, where Bulk-hydrogels are symbolized by BH-X (X
means the percent weight fraction of FuUMA-MA in feed with respect to PEGMEMA and
PEG-DA). The photo-polymerization of bulk-hydrogels were resulted in transparent gel

with 97~98% conversion.
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Figure 3.1. Photo-polymerization of FuMa-MA containing hydrogels and activation of
FuMa-MA in the hydrogel structure by retro-DA reaction.

In order to understand FuMa-MA monomer conversion of photo-polymerization of
bulk-hydrogel, unreacted reactants from gels (BH-10, BH-30 and BH-60) were analyzed
by '"H NMR (Figure 3.2) and FuMa-MA monomer conversion was obtained 98~99%.
Photopolymerization of 30% FuMa-MA containing hydrogel was carried out in the
water/methanol (1:1, v/v) solvent system prior to prepare hydrogel in DCM. The
conversion of polymerization was obtained 94% in like manner to BH-0, BH-10, BH-30,
and BH-60. These results show that there are not much difference between water/methanol

solvent and dichloromethane for photopolymerization of hydrogel. Due to higher solubility
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of FuMa-MA in organic solvent, this is not so surprising since hydrogel formation in our

case does not involve any preorganization of the reactants in the solvent, unlike photo-

crosslinked hydrogels obtained via crosslinking of ABA triblock copolymers. In this work

we used dichloromethane as solvent for fabrication of bulk-hydrogels and preparation of

hydrogel micro patterns.

Table 3.1. Photopolymerization of Bulk-Hydrogel in the presence of FuMa-MA.
Photopolymerization condition; PEGMEMA = 200 mg, PEG-DA = 27 mg, DMPAP = 50

mg, DCM = 0.1 mL, UV (254 nm) illumination time = 40 min, room temperature. “bulk-

hydrogel by photopolymerization without FuMa-MA. °calculated from the amount of furan

released as observed in TGA. “conversion = (dry gel weight / total weight of monomer) x

100.
FuMA-MA Furan(%) Furan(%) )
sample ] b _ Conversion (%)°
in feed (mg) observed theoretical
BH-0* - 0 0 97
BH-10 22 1.97 2.065 98
BH-30 66 6.08 6.195 97
BH-60 132 10.95 12.390 99
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Figure 3.2. '"H NMR results of unreacted reactant from bulk hydrogel.

3.2. Thermogravimetric Analysis of Hydrogels

TGA analysis of bulk-hydrogel was used to determine the amount of the FuMa-MA
functional group in the gel. Bulk-hydrogel samples were analyzed before retro-DA reaction
at 110°C. The TGA result of hydrogels contain FuMa-MA (BH-10, BH-30, BH-60)
indicates a continuous weight loss starting from 60 to 180°C, associated with
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decomposition of furan protected maleimide group of FuMa-MA by retro-DA reaction
[61]. According to the TGA analysis the observed weight losses were 1.97%, 6.08% and
10.95% for bulk-hydrogel BH-10, BH-30 and BH-60, respectively. From TGA results, a
consistent increase in weight loss of the bulk-hydrogel was observed upon increasing the
amount of FuMa-MA and observed furan weight loss were close to the theoretical values.
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Figure 3.3. TGA curves obtained from bulk-hydrogels; BH-0, BH-10, BH-30 and BH-60 in

nitrogen.

3.3. Elemental Analysis of Bulk-Hydrogels

In order to ascertain the FuMa-MA contents increasing in bulk-hydrogel, CHNS
elemental analysis was accomplished. From the elemental analysis, significant increase in
total N content in the gel was observed as the amount of fed FuMa-MA increased (Table
3.2).
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Table 3.2. CHNS elemental analysis results of photopolymerized bulk-hydrogel, BH-O0,

BH-10, BH-30 and BH-60.

Sample Theoretical Value Obtained value
%C %H %N %C %H %N
BH-0 57.81 6.10 0 56.10 7.44 0
BH-10 58.15 6.11 0.43 55 8.60 0.36
BH-30 58.68 6.12 1.10 55.79 8.46 0.85
BH-60 58.25 7.68 1.75 58 7.81 1.46

3.4. Swelling Study of Bulk-Hydrogel

Figure 3.4 depicts the swelling study results for the photopolymerized bulk-hydrogels,
BH-0, BH-10, BH-30 and BH-60. As the concentration of the relatively hydrophobic

FuMa-MA segments increased, the swelling rate as well as the extent of swelling of the

hydrogels decreased. For example, the swelling ratio of the BH-0 hydrogel reached 146%

after 30 h immersion; while, at the same period (30 h), the swelling ratios were 97, 49 and
29% for BH-10, BH-30, and BH-60 hydrogels, respectively. Additionally, swelling
behavior of BH-30-1 was studied to compare with BH-30. Water uptake of BH-30-1 was
obtained as 52% (Figure 3.5) and it shows that BH-30-1 has similar swelling property as

BH-30 (49%).
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Figure 3.4. Swelling behavior of photopolymerized bulk-hydrogels; BH-0, BH-10, BH-30
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Figure 3.5. Swelling behavior of photopolymerized bulk-hydrogels BH-30-1.
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3.5. Morphology Analysis of Bulk Hydrogels

Morphology of the bulk-hydrogels was investigated with SEM (Figure 3.6 and Figure
3.7). For all bulk-hydrogel samples have fewer pores in the structure and tight rubber like
structure even aqueous solvents were used for photopolymerization of hydrogels. In this work,
PEG-DA was used as a cross-linker to form hydrogel and it was covalently bounded to double
bond of two monomers, PEGMEMA and FuMa-MA during photopolymerization. The
obtained morphologies are similar to other literature examples, PEG-DA crosslinker had been

used to make mechanically stable highly crosslinked hydrogels [62-64].
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Figure 3.6. SEM images of hydrogels; (a) BH-0 (b) BH-10 (c) BH-30 and (d) BH-60.
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Figure 3.7. SEM images of photopolymerized bulk-hydrogels BH-30-1.
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3.6. Biotin Concentration Determination

To estimate the availability of thiol-reactive maleimide in bulk-hydrogel, the amount
of biotin attached on maleimide in bulk-hydrogel was quantified by HABA/Avidin assay
[65]. Since biotin has a much higher affinity for the binding sites in avidin (Kg~10™° M for
avidin complex with free biotin), when present it stoichiometrically displaces HABA
(dissociation constant K¢~ 10 M) from the avidin [66]. When HABA bounds to avidin, it
exhibits a UV spectral absorbance at 500 nm. Since only the HABA/Avidin complex has
absorption at 500nm, the amount of released HABA can be determined by UV Abs500
readings when sites become occupied by biotin. Figure 3.8 shows the UV-vis spectra of
calibration absorbance of HABA/Avidin complex and the spectroscopic changes of the
complex upon the addition of biotinylated bulk-hydrogel. UV-vis spectra of calibration
curve for HABA/avidin assay shows a decrease in the absorbance of the complex as free
biotin concentration changed from 0 to 9uM. (Figure 3.8a) On basis of the calibration
curve (Figure 3.8b), the amount of available biotin in the biotinylated hydrogels were
calculated (Table 3.3). As expected, higher numbers of biotins were detected in hydrogels
containing more maleimide groups. BH-60, BH-30 and BH-10 were shown to possess

0.85, 0.49 and 0.18 pmol.mg™ of available biotin, respectively.
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Figure 3.8. (a) UV-vis spectra of calibration curve for HABA/Avidin assay, and in set is
the calibration curve of HABA/Avidin assay, (b) UV-vis spectra of the HABA/Avidin
complex with biotinylated bulk-hydrogels, HP-10, HP-30 and HP-60.
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Table 3.3. Results of HABA/Avidin assay for bulk-hydrogel. “Theoretical values of
the surface-available biotins based on the initial molar ratios of the biotinylated hydrogels.
®Available biotin in the hydrogel by comparison of the absorbance change with that of the

calibration curve (Figure 5a). “Available biotin per gram of hydrogels based on the

calculated concentration of the sample solutions used in each assay.

Sample theoretical value of available biotin per available biotin per gram
available biotin milliliter of sample of hydrogel °
(umol.mg™) solution ® (umol.mL™) (umol.mg™)
BH-10 0.29 0.17 0.18
BH-30 0.75 0.39 0.49
BH-60 1.25 1.22 0.85

3.7. Preparation and Activation of Photopolymerized Hydrogel Pattern (HP)

The reaction scheme for the preparation and streptavidin immobilization of patterned
hydrogel (HP) by photopolymerization is illustrated in Figure 3.9. In order to promote
adhesion of hydrogels onto the silicon surface, interfacial bonding photopolymerization was
utilized. For this purpose, 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) with C=C
groups was reacted with Si-OH groups on the surface of silicon wafer. Hydrogel patterns on
the silicon wafer were prepared by capillary reaction with PDMS stamp. The optical
microscope and SEM images of hydrogel pattern are shown in Figure 3.9. It was observed
from microscope imaging that hydrogel patterns were successfully prepared by
photopolymerization whose average width of pattern was 30pum (Figure 3.9b).The wrinkled
edge of is made according to the shape of the original PDMS pattern (Figure 3.9¢,d). The
photopolymerized hydrogel patterns are symbolized by HP-X like a BH for bulk-hydrogel, X
means the percent weight fraction of FuMa-MA in feed with respect to PEGMEMA and PEG-
DA. The hydrogel patterns are heated at 110°C under the vacuum for 30 min in order to
obtain deprotected FuMa-MA side group, furan protected maleimide, in the hydrogel
structure by re-DA reaction. Deprotected maleimide can be functionalized with thiol

containing biomolecules. These hydrogel patterns adhered well onto the silicon surfaces

and did not peel off after prolonged immersion and washing with various solvents.
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Figure 3.9. Schematic of micropatterning process (a) and characterization of patterned
hydrogel microstructures; optical microscope image (b), and scanning electron microscopy

images (c, d); scale bar is 10 um (d).

3. 8. Dye Immobilization on Patterned Hydrogels

The efficiency of functionalization of these hydrogel patterns contain various amount
of functionalizable maleimide, HP-0, HP-10, HP-30 and HP-60, was studied by
conjugation of a thiol containing fluorescent dye BODIPY-SH prior to attach biomolecules
to hydrogel patterns. As a control experiment, the latent reactive HP-10 hydrogel patterns
were exposed to BODIPY-SH. Figure 7 shows the process of immobilization of BODIPY -
SH in the hydrogel pattern and results of fluorescence microscope image after BODIPY -
SH immobilization. As expected, hydrogel HP-10 prior to activation by retro-DA reaction
has no fluorescence (Figure 6a). Activated HP-10 hydrogel pattern, on the other hand, was
fluorescent due to presence of thiol reactive maleimide after activation by retro-DA
reaction. BODIPY-SH immobilization was carried out onto activated HP-30 and HP-60

hydrogel patterns with same process as HP-10. But the fluorescence intensity of hydrogel
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patterns was decreased as thiol reactive maleimide fraction is increased in the hydrogel
pattern. These results are because of self-quenching of bodipy dyes. The self-quenching
arises as a result of energy transfer among molecules of a fluorophore and is also referred
to as quenching due to the formation of statistical traps. The type of fluorophore
concentration dependence of quenching has been described that if two fluorophore
molecules are at or within a critical distance, they are assumed to from a statistical pair that
acts as an exciton trap [38, 39]. Immobilization of fluorescently labeled enzyme was
attempted thereafter, since self-quenching process will be minimal due to larger separation

of the dye molecules.
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Figure 3.10. Immobilization of BODIPY-SH on the hydrogel patterns and fluorescence
microscope images of BODIPY-SH conjugated hydrogel pattern; HP-10 before (a) and

after (b) retro-DA reaction.
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3.9. Streptavidin Immobilization on the Biotinylated HP

Biomolecular immobilization of a fluorescently labeled enzyme, namely FITC-
streptavidin, was used to demonstrate increased extent of functionalization by increasing
the reactive functional group in the hydrogel matrix. Conjugation of biotin-SH onto the
patterned hydrogels with varying amount of maleimide made them amenable to specific

immobilization of streptavidin (Figure 3.11).
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Figure 3.11. Schematic of biotinylization and enzyme immobilization of hydrogel pattern.

Biotin is a ligand known to bind onto streptavidin through strong specific
noncovalent binding. All hydrogel patterns, HP-0, HP-10, HP-30 and HP-60, were reacted
with excess thiol containing biotin which can react with activated maleimide. Patterns were
exposed to FITC-streptavidin to visualize the efficiency of functionality due to various
amount of maleimide in hydrogel patterns, after washing off excess biotin from the
hydrogel patterns to remove any unbound ligands. After washing off physiabsorbed
streptavidin from the hydrogel pattern, fluorescence microscope was performed to

investigate the extent of immobilization.
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Figure 3.12. Fluorescence microscope images and intensity profiles of FITC-streptavidin
bounded biotinylated hydrogel patterns; HP-0 contains no covalently bounded biotin ligand
(a), HP-10 (b), HP-30 (c) and HP-60 (d).

The amounts of FITC-streptavidin in the gel is increasing according to increase of
amount of covalently bound biotin ligands which is react with activated maleimide by
thiol-ene reaction. HP-0 hydrogel pattern which is not biotinylated due to absence of
maleimide is used as control and it was exposed to FITC-streptavidin. As expected, no
significant fluorescence was observed due to minimal physiabsorption of streptavidin due
to the bio-inert nature of the PEG-based hydrogel matrix (Figure 3.12a). Bioimmobilized
hydrogel patterns with different amount of maleimide were observed by fluorescence
microscope, fluorescence intensity was increased with the rise of thiol reactive maleimide

in the gel (Figure 3.12 and Figure 3.13).
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60 (d).
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4. EXPERIMENTAL

4.1. Materials

The furan protected maleimidyl methacrylate (FuMa-MA) monomer was
synthesized according to previous report [27]. Poly (ethylene glycol) methyl ether
methacrylate (PEGMEMA, My, = 300) was purchased from Sigma Aldrich and purified by
passing through the activated aluminum oxide column prior to use. Poly (ethylene glycol)
diacrylate (PEG-DA, M,, = 700), 2,2-Dimethoxy-2-phenylacetophenone (DMPAP), 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA), 1-thioglycerol and triethylamine (TEA)
were obtained from Sigma Aldrich and used without further purification. Methacryloyl
chloride was obtained from Alfa Aesar and used as received. Biotinylated (triethylene
glycol) undecanethiol (Biotin-SH) was obtained from Nanoscience Instruments (Phoenix,
AZ). Fluorescein conjugated streptavidin (FITC-streptavidin) was obtained from Pierce
and used as received. 4,4-Difluoro-1,3,5,7-tetramethyl-8-[(10-mercapto)]-4-bora-3a,4a-
diaza-s-indacene (BODIPY-SH) was synthesized according to literature procedure [67].
HABA/Avidin reagent was obtained from Sigma. Other chemical reagents were obtained
from commercial resources and were used as received. Dry solvents such as
dichloromethane (DCM), tetrahydrofuran (THF) and toluene were obtained from
SciMatCo purification system and other solvents were dried over molecular sieves.
Column chromatography was performed using silica gel 60 (43-60 nm, Merck). Thin layer
chromatography was performed using silica gel plates (Kieselgel 60 F254, 0.2 mm,
Merck).

4.2. Fabrication of Photopolymerized Bulk-Hydrogel

Photopolymerized bulk-hydrogels were prepared by UV-initiated free radical photo
polymerization at ambient temperature. Monomer mixtures were prepared by mixing of
PEGMEMA as a monomer, PEG-DA as a crosslinker, DMPAP as a photoinitiator, DCM
as a solvent with different feed amount of FuMa-MA monomer (BH-0, BH-10, BH-30,
BH-60 in Table 1) into transparent glass vial. In order to check solvent effect for
photopolymerization of hydrogel, photopolymerization of hydrogel containing 30%

maleimide was performed in DCM and water/methanol (1:1, v/v) mixture, respectively.
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Monomer mixture solutions were degassed with nitrogen and sonicated for 5 min at room
temperature. The photopolymerization of bulk-hydrogel was carried by irradiating the
monomer mixture under UV-light (254 nm, Scientific Instrument Co. Ltd) for 40 min at
room temperature. UV lamp was placed at a distance of 3 cm from monomer mixture. The
photopolymerized bulk-hydrogels were washed with THF several times to remove
unreacted reactant and then dried by lyophilization for 12 hours. To determine monomer
conversion, unreacted reactant in THF solutions were dried by reduced pressure and
characterized by 'H NMR (Figure 3.2). The protected FuMa-MA in bulk-hydrogel was
activated as unprotected maleimide by retro-DA reaction. For the activation of gel, 0.2 g of
hydrogel was deep into dry toluene and heated at 110°C under nitrogen for 12 h. The
activated-hydrogel was precipitated into cold ether and dried under vacuum at room
temperature overnight. Quantitative characterization of FuMa-MA in the bulk-hydrogel

was done by thermogravimetric analysis (TGA).

4.3. Swelling Study of Bulk-Hydrogel

The lyophilized activated-hydrogel for 12 hr was cut into small pieces and weighted,

mean weight was 35 + 0.5 mg. Each hydrogel was placed into 25 mL beaker containing 10

mL deionized water at room temperature. At regular intervals the hydrogel was taken out

of the beaker, surface moisture was removed by tissue paper, and then it was weighed.

After this, the hydrogel was returned to the beaker and the water uptake was measured

until the maximum mass was obtained. The percentage amount of water uptake (W) was
calculated using the following equation

Wup(%) = (Wax— Wary) / Waryx 100 4.1)

where W, 1s the maximum weight of the swollen hydrogel, Wy, is the weight of the dry

hydrogel. All swelling studies were carried out in triplicate with different batches of

similar hydrogels.

4.4. Modification of silicon wafer substrate with TMSPMA

Silicon wafer was cleaved into pieces that were approximately 1 cm?” and then

soaked in ‘piranha’ solution consisting of 3:1 ratio of H,SO4 and 30 % H,O; solution for
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20 min, quickly rinsed with deionized water several times, then with isopropyl alcohol and
finally dried under vacuum at room temperature. Piranha solution can spontaneously
explode upon contact with organic compounds, so extra attention is needed when using it.
For promoting the covalent adhesion between the silicon surface and the hydrogel, the
silicon surface was modified with TMSPMA. Silicon wafer was soaked in a 10% (by
weight) solution of TMSPMA in dry toluene for 12 hours at room temperature. The
modified wafer was washed several times in toluene and methanol and then dried under

vacuum.

4.5. Preparation and Activation of Photo-polymerized Hydrogel Pattern

The photo polymerized hydrogel pattern (HP) on the silicon surface was performed by
capillary-force lithography with PDMS stamp [68]. PDMS stamp was used to obtain three-
dimensional structured hydrogel pattern. The PDMS stamp with patterned structure was
obtained by using standard photolithography [36]. To prepare the photoresist mold, negative
photoresist SU-8 was spin-coated on the silicon wafer at 500 rpm for 10 seconds and 3000 rpm
for 30 seconds. After spinning process the photoresist was dried via a soft baking at 95°C for
25 min. Substrate was exposed to UV-light (365 nm) with a power around 1 mW/cm?® for 5
min and post baked at 95°C for 12 min. The photoresist was developed with mr-Dev 600 and
rinsed with isopropanol and dried under vacuum. The PDMS stamp was prepared by pouring
PDMS into the photoresist mold and left to cure. Then PDMS stamp was peeled off from the
mold and was ready for the patterning process. The prepared PDMS stamp was carefully
placed on the surface of the TMSPMA modified silicon wafer. Monomer mixture was
dropped at the one open ends of channel of PDMS stamp on the silicon wafer and the
channel of PDMS was filled with monomer mixture by capillary action. Monomer mixture
in PDMS channel on the silicon surface was placed under UV lamp at a distance of 3 cm
and exposed to 254 nm UV-light for 40 min. The monomer mixtures were prepared in
same feed ratio for bulk-hydrogel. After exposure to UV-light, PDMS stamp was taken off
from the silicon surface and hydrogel patterns on the surface were washed with THF to
remove any unreacted reactants. The deprotection of the FuMa-MA moieties on the
hydrogel pattern were carried out via retro-DA reaction, pattern samples were heated under

vacuum at 110°C for 30 min and cooled under nitrogen.
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4.6. Streptavidin Immobilization on the Biotinylated HP

Biotinylated hydrogel pattern (bio-HP) was prepared by soaking activated-hydrogel
pattern (act-HP) in 3 mg Biotin-SH in 2 mL MeOH solution for 12 h under nitrogen at
room temperature. The bio-HP was washed several times with MeOH and FITC-
Streptavidin (0.2 mg/mL PBS) was added directly to the bio-HP. After immobilization of
streptavidin on the bio-HP for 30 min, FITC-streptavidin immobilized hydrogel pattern
(strep-HP) was rinsed with water several times and fluorescence microscope images were
taken. For control experiment, green-fluorescent BODIPY-SH dye was attached to act-HP
contains maleimide and without maleimide samples to identify absence of thiol-reactive
maleimide and physical entrapment of dye in the gel. The act-HP samples were incubated
with a BODIPY-SH (1 mg) in 2 mL dry THF solution for 12 h and washed several times
with THF. Streptavidin immobilized HP and BODIPY-SH attached HP were analyzed by

fluorescence microscope.

4.7. HABA/Avidin Assay of Biotinylated Bulk-Hydrogel

HABA/Avidin assay was performed to determine the amount of biotin in the hydrogel,
available for binding to streptavidin [66]. HABA/Avidin assay was monitored by UV-vis
spectrophotometer absorbance at 500 nm for the HABA/Avidin reagent and for the solution
after addition of biotinylated bulk-hydrogel. The calibration curve was obtained by measuring
the change in UV absorbance upon the addition of free-biotin of known concentration
sequentially into the HABA/Avidin reagent. The equivalent amount of free-biotin available on
the biotinylated bulk-hydrogel was calculated by comparing the absorbance changes to the

calibration curve.
4.8. Measurement and Characterization

The synthesized monomer was characterized by '"H NMR spectroscopy (Varian
Mercury-MX 400 Hz) and Fourier Transform Infrared (FTIR) spectroscopy (Thermo
Scientific Nicolet 380 FT-IR spectrometer). LabConco lyophilizer was used to dry the
hydrogels. Thermogravimetric analysis (TGA) was carried out with a TGA Q50 from TA
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instruments at a heating sample from ambient temperature to 600°C at a rate of 10°C/min
under a nitrogen flow (100 mL/min). Elemental analysis data were obtained from Thermo
Electron S.p.A. FlashEA® 1112 Elemental Analyzer (CHNS separation column, PTFE; 2
m; 6 x 5 mm). To characterize the hydrogel morphology, scanning electron microscopy
(SEM) observation was performed with a ESEM-FEG/EDAX Philips XL-30 (Philips,
Eindhoven, The Netherlands) operating at 10 kV. Hydrogels swollen in water were
lyophilized and immersed in liquid nitrogen and then broken prior to taking an image. UV-
visible spectra of HABA/Avidin assay were collected on a TU-1880 UV-vis
spectrophotometer. Fluorescence microscopy (HBO100 ZEISS Fluorescence Microscopy,
Carl Zeiss Canada Ltd, Canada) was used to confirm the attachment of BODIPY-SH and
FITC-streptavidin to hydrogel pattern (reflector = AF 488).
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5. CONCLUSION

Bulk-hydrogels and hydrogel patterns containing various amounts of maleimide
functional groups that are reactive toward thiol containing molecules are successfully
synthesized by photopolymerization in presence of photoinitiator and PEG-DA. Efficient
conversion of the furan protected maleimide groups into their deprotected reactive forms
was monitored by TGA analysis of bulk-hydrogels. Water uptake of hydrogels is found to
be dependent on the mass fraction of hydrophobic FUMA-MA in the hydrogel structure by
swelling test. The maleimide containing hydrogel patterns were efficiently functionalized
with fluorescent thiol containing dye, BODIPY-SH, and a thiol containing biotin ligand.
The immobilization of FITC-streptavidin onto these biotinylated hydrogel patterns proves
that functionalization of hydrogel patterns could be controlled by varying the density of

maleimide groups in the hydrogel patterns.
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