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Abstract

Hydrogels are an emerging class of functional and tunable biomaterials. The hydrogel net-
work can be maintained by chemical or physical interactions that are established between poly-
meric chains.

The aim of this work is to develop polyethylene glycol (PEG)-based hydrogels using inno-
vative methods based on chemical and physical interactions.

A new chemical strategy for the production of hydrogels using a multicomponent reaction
was shown for the first time. Here, 4-arm star-shaped PEG molecules, with suitable end function-
alities, were used to form mechanically stiff chemically cross-linked hydrogels. The possibility of
incorporating different molecular moieties into the network allowed the creation of functional and
tunable hydrogels.

The other approach of the work focused on physically cross-linked hydrogels. Here, the
interaction between two affinity pairs was exploited to form physically crosslinked hydrogels. The
first affinity pair studied was a peptide-inspired WW domain and its natural binding partner (PPxY
peptide). Multivalency was created by conjugating both components of the affinity pair into 8-arm
star-shaped PEG polymers. Once mixed, a new soft affinity-triggered assembly was formed, and
the mechanical properties of these hydrogels were characterized, and shown to be similar to
hydrogels that contain the full version of the WW peptide in tandem.

The second affinity pair studied was the Green Fluorescent Protein (GFP) and a de novo
designed ligand. In this case, multivalency was generated by the tandem arrangement of GFP in
3 and 5 repeats. GFP in tandem was intercalated with a hydrophilic spacer and recombinantly
expressed in two E. coli strains. The obtained crude extracts were further processed to purify the
GFP protein using immobilized metal affinity chromatography, anion exchange and size-exclusion
chromatography.

Keywords: Hydrogel; PEG; Ugi reaction; WW domain; GFP; tandem.






Resumo

Os hidrogeéis sdo uma classe emergente de biomateriais funcionais e ajustaveis. A rede
do hidrogel pode ser mantida por interagdes quimicas ou fisicas que sao estabelecidas entre as
cadeias poliméricas.

O objetivo deste trabalho é desenvolver hidrogéis a base de polietileno glicol (PEG)
usando métodos inovadores baseados em interagdes quimicas e fisicas.

Uma nova estratégia quimica para a produgao de hidrogéis usando uma reagao multicom-
ponente foi mostrada pela primeira vez. Aqui, moléculas de PEG em forma de estrela de 4 bra-
¢os, com funcionalidades finais adequadas, foram usadas para formar hidrogéis quimicamente
reticulados que sao mecanicamente rigidos. A possibilidade de incorporar diferentes porgdes
moleculares na rede permitiu a criagdo de hidrogéis funcionais e ajustaveis.

Outra abordagem do trabalho focou-se em hidrogéis fisicamente reticulados. Aqui, a inte-
racdo entre dois pares de afinidade foi explorada para formar hidrogéis fisicamente reticulados.
O primeiro par de afinidade estudado foi um péptido inspirado no dominio WW e o seu par de
ligacéo natural (péptido PPxY). A multivaléncia foi criada conjugando os péptidos a polimeros de
PEG em forma de estrela de 8 bragos. Uma vez misturados, forma-se instantaneamente um novo
gel. As propriedades mecanicas destes hidrogéis foram caracterizadas e demonstradas serem
semelhantes aos hidrogéis que contém a versdo completa do péptido WW em conjunto.

O segundo par de afinidade estudado foi a proteina fluorescente verde (GFP) e um ligando
de afinidade desenhado de novo. Neste caso, a multivaléncia foi gerada pelo arranjo da GFP em
3 e 5repetigdes. A GFP multivalente foi intercalada com um espagador hidrofilico e expressa por
via recombinante em duas estirpes de E. coli. Os extratos brutos obtidos foram posteriormente
processados para purificar a proteina GFP utilizando varias técnicas cromatograficas.

Palavras-chave: Hidrogel; PEG; Reagéo de Ugi; Dominio WW; GFP; tandem
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1. Literature Review

1.1. Hydrogels

Hydrogels are three-dimensional, hydrophilic and insoluble polymeric networks (Figure
1.1). They absorb water and biological fluids without losing their structural integrity due to their
physical or chemical cross-linking.['? The cross-linking provides mechanical strength, stability
and enables the hydrogels to be water insoluble.34

Hydrogels were first developed in 1960 with the goal of creating more biocompatible con-
tact lenses.’l. As the strategy to produce hydrogels has been in constant evolution, the im-
portance of these hydrophilic structures on the biomedical field has also been increasing.[. The
major developments in hydrogel research led to the categorization of three hydrogel genera-
tionsl’l. The first generation comprised simple, water-swollen, chemically cross-linked hydrogels
mostly prepared by polymerization of water-soluble monomers such as vinyl monomerst® or by
the cross-link of hydrophilic polymers like Poly(vinyl alcohol)®. Afterwards, in the 1970s, the sec-
ond generation of hydrogels arrived when hydrogels began to respond to environmental triggers
such as temperature!'®, pH!"" or molecule concentrationl'?. Most recently, in the 1990s, new
cross-linking methods were introduced. Examples include peptide interactions!'®!, metal-ligand
coordination!' and stereocomplexation('® resulting in enhanced hydrogel properties.

)

Figure 1.1 — Schematic representation of a hydrogel and its network.

1.1.1. Hydrogel Classification

Hydrogels can be categorized based on source, polymeric composition, physical appear-
ance, type of cross-linking, physical state, network electrical charge, or the stimuli the hydrogels
respond t0.316.171 Herein, the hydrogels’ classification will be based on the preparation method,
more specifically on their cross-linking nature, and divided into two main categories: chemically
cross-linked hydrogels and physically cross-linked hydrogels.

Chemically and physically cross-linked hydrogels have many differences namely due to the
strength of the bonds that contribute to their formation!'®l. These characteristics are exploited to
create hydrogels for a wide range of applications mainly on the biomedical field from drug delivery
to tissue engineering.['®!

23



1.1.1.1 Chemically Cross-linked Hydrogels

When synthetizing chemically cross-linked hydrogels, covalent bonds are formed between
the polymeric chains. In result, chemically cross-linked hydrogels are so stable that only when
the covalent points are cleaved, the hydrogels can be dissolved. Usually, these hydrogels present
higher mechanical strength and its degradation times can be extended for long periods of time,
depending on the type of chemical bonds.®! Moreover, unlike physically cross-linked hydrogels,
it is possible to control the network’s pore size.!["!

There are many different methods for creating chemically cross-linked hydrogels (see Ta-
ble 1.1 and Figure 1.2). These methods rely on the polymer’s properties, namely the existence of
compatible functional groups that form a covalent bond with the aid of a cross-linking agent.['®!

Table 1.1 — Different approaches for creating chemically cross-linked hydrogels.

Method Methodology Polymers Application Ref.
Chemical graft- Activation of macromolecular
I, 9 vatl , Chitosan-cellulose Agricultural 1]
ing backbones by a chemical agent

Most common: Ugi /Passerini re-

action.
Condensation . . .
reaction Chemical reaction between two Alginate Biological (201
smaller molecules to form a
larger molecule
Polymerization of unsaturated
High-energy ra- y , Poly(vinyl methyl . , 1
o compounds using gamma or Biological [21]
diation L ether)
electron beam radiation
Polymerization of a polymer’s Carboxymethyl cellu-

Radiation graft- y , .p y Y Y Water purifica- -
i monomer using of high energy lose and styrene sul- tion (22]
|

g radiation fonate
Successive addition of free-radi-
. . Poly(ethylene gly-
Radical cal low molecular weight mono- . . )
L ) o col)methyl ether Anti-fouling 23]
polymerization mers aided by a cross-linking
methacrylate

agent
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Figure 1.2 — Different approaches for creating chemically cross-linked hydrogels.
Legend: 1 — Chemical grafting; 2 — Condensation reaction; 3 — High-energy radiation; 4 — Radiation grafting;
5 — Radical polymerization.

1.1.1.2 Physically Cross-linked Hydrogels

Physically cross-linked hydrogels maintain their integrity due to physical interactions
(ionic?4, hydrophobic?® or hydrogen bonds[?®) that occur between the various polymer chains.P!
A major advantage of these gels is the lack of need for chemical cross-linking agents and so, they
are highly requested to be applied in the pharmaceutical and biomedical field.['®!

The dependence of the precursors for the gelation restricts the ability to tune the hydrogels’
properties because they are dependent on the polymers’ intrinsic properties.?”! Moreover, the
ratio in which the precursors are introduced to the mixture is also of great importance. As an
example, Zhang?® reported that introducing the precursors with a ratio of 7.5:2.5 or 9:0.5 to form
a non-covalent hydrogel lead to a difference of 100 Pa of the gels’ stiffness which is important
when considering the suitability of the hydrogels to different applications.

One of the most prominent examples of the formation of a physically cross-linked hydrogel
is through the establishment of ionic interactions between alginate molecules and calcium ions.['®!
As the formation conditions are very mild — room temperature and physiological pH — these hy-
drogels are highly used as a matrix for cell encapsulation.?%:30

Hydrogen bonds are often exploited to design physically cross-linked gel-like structures.
For instance, when combining gelatin and agar, a physically cross-linked hydrogel can be created
via the formation of hydrogen bonds between the two components. However, these networks are
very reliant on the solution’s pH and they can dilute and disperse when in contact with an inflow
of water.['°]
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Another example of a mean to form physically cross-linked hydrogels is by using hydro-
phobic interactions. These hydrogels are formed when an amphiphilic polymer — present in con-
centrations as low as 0.25 % (weight percentage) — interacts with water.['®3'-33 There is a plethora
of combinations between different polymers that can resort into hydrogels that can solubilize at
different temperatures and acquire different shapes."l

1.1.1.2.1. Hydrogel Formation Triggers

The self-assembly of polymers is a common method of physically cross-linked hydrogels’
formation. The network formation can be triggered by several stimulus such as pHP4, the pres-
ence of an enzyme to convert a precursor into a hydrogel® or by the affinity between precur-
sorsiel,

ChiuP¥ developed hydrogels based on a chitosan conjugated hydrophobic side chains that
are triggered by a balance between charge repulsion and hydrophobic interactions at pH 7.4. The
storage modulus (G’) is of 27 kPA at pH 7.4.

Toledano®! developed enzyme-sensitive hydrogels in which N-(fluorenylmethoxycar-
bonyl) coupled with an amino acid and a dipeptide were set in a solution with a protease. The
enzyme will activate by reverse hydrolysis the N-(fluorenylmethoxycarbonyl)-amino acid moiety
and a N-(fluorenylmethoxycarbonyl)-dipeptide hydrogel was formed.

There are some reports in the literature where a hydrogel is formed due to the implemen-
tation of two triggers. For silk fibroin hydrogels to gelate, it is important to either increase the
temperature or to reduce the solution’s pH to promote a bigger water desorption and to decrease
the repulsion between the B-sheets. This way, the protein chains assemble into hydrogels.”!

For detailed reviews on the promotion of physically cross-linked hydrogels by these exter-
nal triggers, see 13839,

Affinity-triggered hydrogels

The affinity constant (ka) is a kinetic parameter that describes the association dynamics of
a system. It is connected to the binding and unbinding reaction of two different molecules — the
receptor and the ligand. The stronger the binding ligand and the target molecule (receptor) are
attracted towards each other and bind, more intramolecular interactions are established and the
greater the affinity constant will be.#041]

Noncovalent intermolecular forces are essential for molecular recognition and consequent
complex formation. These noncovalent interactions such as hydrogen bonding, ionic and Van der
Waals interactions are relatively weak (0.5 to 10 kcal mol™') and so, a stable complex is often
formed by a combination of multiple interactions. Moreover, both the binding and the target mol-
ecules need to be in close proximity because the noncovalent forces feature a short range.*"!

For the hydrogel network to be formed, the presence of at least two binding participants is
necessary (Figure 1.3). One well-known example of an interaction responsible for the for-
mation/destruction of a network is the interaction established between an antibody and an antigen
(ka 8.9x108 M™"). An antibody and an antigen were grafted to a polymer and their affinity towards
each other leads to the formation of an network.?! For more examples of ligand-receptor pairs
used to create affinity triggered hydrogels, see Table 1.2.
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Binding participant | Binding participant Il Hydrogel

Figure 1.3 — Schematic representation of the formation of an affinity-triggered hydrogel

Table 1.2 — Examples of ligand-receptor pairs exploited to create affinity-triggered hydrogels.

Affinity constant ka

Binding participant | Binding participant I M) Ref.
Glucose Concanavalin A 6.61x102 [43.44]
Proline-rich peptide WW domain CC43 2.2x10° (361
Proline-rich peptide WW domain Nedd4.3 1.6x10% (361
Heparin Heparin-binding, coiled-coil peptide 1x10° (28]
Low-molecular-weight heparin- | Heparin-binding, coiled-coil peptide- 8.75107 26]
functionalized star PEG functionalized star PEG
Gyrase Coumermycin 1x108 (4]
Rabbit IgG Goat anti-rabbit IgG 2.61x108 [42]
Avidin Biotin 1x10" [46]

Besides the affinity pairs, the affinity constant (ka) determined for the interaction between the two compo-
nents is also indicated. These hydrogels are used for either drug delivery or tissue engineering.

When determining affinity-triggered hydrogels’ properties, there are some factors to take
into account: Not only will the concentration and the binding affinity of the hydrogel’s components
affect its mechanical properties, but their molecular weight will have an important role as well.
When decreasing the molecular weight and increasing the binding strength, stiffer hydrogels will
be formed.['4"]

When creating affinity-triggered hydrogels, the affinity pairs need to be arranged in a mul-
tivalent way. Otherwise, the network with none or only one multivalent affinity pair will not be
formed.8 Multivalency allows for strong, reversible and dynamic interactions between different
interfaces and molecules.*!

The affinity constant of the affinity pair and the multivalency strategy will have an effect on
the stiffness of the hydrogel (see Table 1.3).
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Table 1.3 — Ligand-receptor pairs and multimerization strategy to form affinity-triggered hydrogels.

Storage Modulus

ka ,
Binding participant | Binding participant Il 1 (G)) Ref.
M-
(M) (Pa)
TIP1—bin(?ing ;.)eptide f.used to 2.3 %10 262 (50]
TIP1 fused to tri- a trimeric protein
meric protein TIP1-binding pe.ptide: conju- 2.3 x10° 35 (51]
gated to a multimeric PEG
TIP1 fi - | TIP1 -bindi tid ju-
used to tetram binding peptide conju 1.5 x10° 80 52]

eric protein gated to multimeric PEG

Besides the affinity pairs, the affinity constant (ka) determined for the interaction between the two compo-
nents and the storage modulus of the hydrogel formed are also indicated. In bold, the multimerization strat-
egy employed. TIP1 — tax-interactive protein-1.

There are three different strategies to ensure the multivalency of the affinity pairs (Figure
1.4): 1) Tandem display of the affinity pairs 2) Multimeric polymers to immobilize the affinity pairs,
or 3) Multimeric proteins.
1

Figure 1.4 — Schematic representation of the strategies to create multivalency of the affinity pair
components.
Legend: 1 — Tandem display separated by a spacer (blue); 2 — Branched polymer; 3 — Multimeric proteins.

1. Affinity pairs with tandem display

Tandem display is a result of the design of a gene construct involving a pre-defined number
of repeats of the same protein/protein domain.*”]

Using repeat proteins or peptides as building blocks designed by a variable number of
tandem repeats, grants the capacity to manipulate the behaviour and/or properties of a given
protein-based material.®3! However, the production of stable and soluble tandem repeat proteins
either synthetically or biologically is a big hurdle to overcome but it is overshadowed by the pos-
sibility to select the number of repeats and the function of each linker introduced between the
repeats. This allows to construct affinity pairs tailored to the need of the user such as introduc-
ing arginine-glycine-aspartate peptides to promote cell adhesion combined with heparin binding
factors to facilitate the delivery of growth factors.!® There are also reported examples of affinity
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pairs with tandem display coupled by the introduction of spacers. Seven repeats of the WW do-
main were linked together by hydrophilic spacers aiming to confer flexibility to the protein chains
so the WW domain would become more assessible to a proline-rich peptide domain (PPxY do-
main).B8 Also, the peptide where PPxY domain is present, contained 9 repeats of this domain
interposed by another linker that facilitates the formation of cross-links between a single WW
domain and a single PPxY domain ensuring the formation of a fully linked network.[®!

2. Multimeric polymers

Multimeric polymers are a great resource to generate multivalency because the end-groups
of these polymers can be varied. This possibility combined with the linear or branched (multi-arm
or star) structure of the polymer lets the user to create different conjugation strategies between
the affinity pairs in function to the end goal. Moreover, the end groups can be the same (symmet-
rical) or different (asymmetrical) allowing for the possibility to form different hydrogels. %6571

Polyethylene Glycol (PEG) is a polyether composed of repeated ethylene glycol units.[®
This polymer is biocompatible, hydrophilic and non-ionic. It has been employed to create hydro-
gels that mainly serve as a drug-delivery system and a vehicle to promote tissue regeneration.®®-
61 Despite chemically cross-linked PEG hydrogels being the focus of most research and applica-
tions, physically cross-linked PEG hydrogels are also studied.[”? One example of this type of hy-
drogels is reported by Jing!"® in which peptides where conjugated to PEG chains to produce an
hydrogel when in presence of a phosphate-buffered saline solution.

The use of polymers such as PEG as a structure building platform is highly convenient
because it allows the users to vary its molecular sizes, the topologies and chemical functionalities
(various functional groups such as thiol, malidemide, azide or vinyl sulfone can be added to PEG
polymers) in order to create a tailored template according to the purpose of the experiment.#59.621
Hydrogels with longer and more flexible PEG chains are more prone to degradation due to their
hydrophilic character. To contradict this difficulty, it is important to increase the number of cross-
linking sites for the network to be more hydrophobic.63!

Both Zhang?® and Yamaguchi“®! have reported on the importance of incorporating multi-
meric polymers such as 4-arm PEG to obtain hydrogels with higher affinity when compared to
similar cases of hydrogels with the same affinity pairs without the multimeric proteins.

Other polymers such as polylactic acid, poly(ethylene oxide) diacrylate, polyglycolic acid,
poly(propylene oxide), poly(N-isopropylacrylamide) and N-(2- hydroxypropyl) methacrylamide
have also been synthetized in a multimeric fashion.64:691

3. Multimeric proteins

Multimeric proteins such as the tetrameric streptavidin allow for the binding of multiple lig-
ands.’®8! When these proteins and their respective ligands (displayed in a multivalent way) are
introduced into a solution, a hydrogel network is formed.
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1.2. Research Strategy

In this work, the aim is to explore chemical and physical strategies to yield hydrogels using

PEG as a multicomponent polymer (Figure 1.5).

Firstly, on chapter 2, hydrogels formed by polymer condensation via the Ugi reaction will
be studied by using two different 20 KDa star-shaped PEG molecules whose terminal molecular
moiety is varied (one will present an amine and the other a carboxylic acid). These polymers,
combined with an amine and an isocyanide, will be the participants of an Ugi condensation reac-
tion that will result into chemically cross-linked hydrogel whose rheological behaviour is going to

be analysed.

Lastly, on chapter 3, affinity-triggered assemblies are going to be explored by following two

different strategies:

1) Conjugation of two different peptides with affinity towards each other into 20 KDa
8-arm star-shaped PEG molecules and promoting the creation of an affinity-trig-
gered assembly. The dynamic storage modulus and loss modulus of this hydrogel
is going to be observed. This work is included in the publication “Affinity-triggered

assemblies based on a designed peptide- peptide affinity pair”,

10.1002/biot.201800559.

2)

A4C7 conjugated into a 20 KDa 4-arm star-shaped PEG molecule.

Approach:

Expressing and purifying GFP (Green Fluorescent Protein) in tandem aiming to cre-
ate an affinity-triggered hydrogel between the tandem GFP and an Ugi based ligand

Hydrogels
Chemically Physically cross-
cross-linked linked
W,
1 1
4 A 4 A 4 )
4-arm PEG 8-arm PEG- gy
based Ugi [mWW], + 8-arm 4-arm EEG-
reaction PEG-[PPxY]s [A4CT],
\
4 ) 4 ) 4 )
Morphological Physical Expression and
and physical charac‘{::zaation Purification of
characterization tandem GFP
\ S \ y \ y

Figure 1.5 — Schematic representation of the research strategy.
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2. Multifunctional Chemical Hydrogels

2.1. Hydrogels Formed by Polymer Polycondensation
via the Ugi Reaction

2.1.1. Ugi Reaction

Multicomponent reactions are one-pot reactions involving three or more reagents to form
a single product. Three classes of multicomponent reactions are described in the literature: (1)
isocyanide-based, (2) non-isocyanide and (3) metal-catalysed reactions. Due to the high effi-
ciency, atom economy and versatility, multicomponent reactions are emerging as a very resource-
ful tool in polymer science. The isocyanide-based Ugi four-component reaction is one of the most
established ones.!®”] The Ugi reaction is a one-pot reaction that was first reported in 1959681, This
multicomponent reaction involves an amine, a carboxylic acid, an isocyanide and an aldehyde or
a ketone.™

Firstly, the formation of an imine 4 occurs from the reaction between the amine 1 and the
ketone 2 with the loss of a water molecule (limiting step of the Ugi reaction). Subsequently, the
imine 4 will be protonated by the carboxylic acid 3 and the ion iminium 5 is formed. Immediately
after, the nucleophilic carbon of the isocyanide 6 attacks the iminium 5 whilst the anion of the
carboxylic acid is reacting with molecule 7 to originate molecule 8. Lastly, the molecules rearrange
themselves (Mumm rearrangement) by transferring the acyl group from the oxygen to the nitrogen
thus forming the Ugi scaffold marked as 9 (Figure 2.1).

R, R,
o) o) I o) !
-H,0 N._R N+ _R
R4—NH, + —2-, + 2 — H” N2 ‘C=N*-R
RQ)L Rs HOJ\R4 \\IR/ ) -o)L R4 \Rr\/ s
2 1 113 3
his n
Ry _N R
Ry 0" R, Ry O9 R, 4j]/ %N 5
NG N_ _Ce .R O R3R: H
H NN+ H’ N8
RsRx N\ ) Rs Ry H*

5

Figure 2.1 — Ugi reaction mechanism.
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It is important to carefully select the components introduced in this one-pot reaction due to
the extremely prominence of the formation of the iminium ion. If a scarcely nucleophilic amine is
chosen, the reaction can either present a low yield or not take place at all. When the basic strength
of an amine is low the concentration of the iminium ion will be low and, consequently, the reaction
will not take place.® Another aspect to take into consideration is the temperature at which the
reaction takes place. Even though some reactions involving amino sugar components were per-
formed at low temperatures (-50 °C)"%, usually the Ugi reaction is done at either 21-25 °C[0.71-73]
or at 60 °C (in some cases when methanol is the solvent of choice).[>731

Concerning the solvent, although there are some reports of the Ugi reaction being per-
formed using benzenel”?, toluene!™ or even deep eutectic solvents such as a mixture of urea and
choline chloride!, most commonly they are performed in a polar protic solvent” such as meth-
anol (either pure methanol?7'-73 or a mix between methanol and other solvents such as tetra-
hydrofuranl™! or chloroform!”™!). Choosing methanol as a solvent results in higher yields because
the conditions of polarity and solubility of reagents and products are facilitated by it.[% Also, when
methanol is chosen, the imine or the isonitrile ought to be in excess to improve the yield of the
reaction as proved by a statistical study on the effect of the usage of the reagents in excess.["®
Occasionally, other alcohols such as ethanol™! or trifluoroethanol are used.

The Ugi reaction can be combined with other combinatorial chemistries allowing for the
creation of a plethora of different compounds (example: Petassis-Ugi ligands).[8!

Another isocyanide-based multicomponent reaction is the Passerini reaction, first de-
scribed by Mario Passerini in 19218182 Here, the amine group is missing and, instead of the
formation of an ester and an amide bond, the formation of two amide bonds takes place. The
major disadvantage associated with the absence of the amine group in the final product is the
deficient structural diversity and thermal stability in comparison with the final products of the Ugi
reaction.[7]

2.1.2. Ugi Reaction and Hydrogel Formation

In 1999, De Nooy reported what many consider to be the first hydrogel formed by polymer
condensation by the Ugi reaction. Here, a hydrogel was synthetized in water at a pH of 3.5-4
using cyclohexyl isocyanide and a selection of carboxylic acids, amines and aldehydes. These
hydrogels were transparent and highly stable when in contact with a saline solution. Also, De
Nooy conveyed that when the amine is in tremendous excess, the hydrogel was more resistant.
In this communication, it is also stated that hydrogels’ properties can be tuned by changing the
components and proportions of the reactants.[”"83

Five years later, Bu and co-workers contributed to exploration of the importance of the
effect of temperature and ratios of the components introduced into the system to create hydrogels
via an Ugi condensation reaction. Bu et al. stated that increased temperatures accelerated the
gelation process and that higher concentrations of the polymer/cross-linking agent led to an in-
creased gelation time.?%

These are some examples of the ground-breaking work done related to chemically cross-
linked hydrogels formed by the Ugi reaction. For more, see Table 2.1.
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Table 2.1 — Hydrogels synthetized by polymer condensation via the Ugi reaction.

Amine Ketone / Aldehyde Carboxylic acid Isocyanide Ref.
NH4CI
; I Ideh hyl cellul
1-(deoxylactit-1-yl) Gluteraldehyde Carboxymethyl cellulose Cyclohexyl -
chitosan Formaldehyde Tartaric acid Isocyanide
1,5-diaminopentane
Hyaluronic acid
Alginic Acid Cyclohexyl
1,5-diaminopentane Carboxymethyl cellulose Isocyanide
Formaldehyde 184]
Lysine methylester Carboxymethyl dextran N-butyl Isocy-
Carboxymethyl scleroglucan anide
C6-oxidized scleroglucan
Cyclohexyl
Lysine ethyl ester Formaldehyde Hyaluronic acid Y , Y 85]
Isocyanide
A . Cyclohexyl
1,5-diaminopentane Formaldehyde Alginate , [20]
Isocyanide
Cyclohexyl
1,5-diaminopentane Formaldehyde Pectin Y , Y 86]
Isocyanide
Deacetylation hyalu- Deacetylation hyaluronic Cyclohexyl
yiation fiyalts Formaldehyde ylation hyaluroni yclonexy (67]
ronic acid acid Isocyanide
3-(Diethylamino)
propylamine
4-picolylamin 1,4-bis(3-iso-
, Formaldehyde Pectinic acid cyanopro- 88]
4-fluorobenzylamine . .
pyl)piperazine
Benzylamine
Furfurylamine
4-picolyl amine,
Benzylamine 1,4-bis(3-iso-
Formaldehyde Carboxymethyl cellulose cyanopro- 189]
Furfurylamine pyl)piperazine

Isopropyl amine
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2.2. Research Strategy

The aim of the study reported in this chapter is to create, for the first time, PEG-based
hydrogels formed by the Ugi polycondensation reaction. Two different sets of 20 kDa 4-arm PEG
molecules will be employed in the same reaction: one will carry an amine as the terminal group
and the other will be set with a carboxylic acid. The PEG molecules with a terminal carboxylic
acid will be previously functionalized so the -COOH group will be modified giving the possibility
to tune the properties of these hydrogels. The effect of the temperature, solvent and introduction
of different aldehydes and isocyanides into the reaction will also be studied. The hydrogels will
be rheologically characterized. Moreover, an antimicrobial and a static biofilm assay will be per-
formed for two hydrogels in which the aldehyde for the Ugi reaction is varied.
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2.3. Materials and Methods

2.3.1. Materials

2.3.1.1 Chemicals

4-arm PEG functionalized with NHS moiety (PEG-[NHS]4) (SUNBRIGHT PTE-200HS) and
4-arm PEG functionalized with NH2 (PEG-[NHz]4) (SUNBRIGHT PTE-200PA) were purchased
from NOF Europe (Frankfurt am Main, Germany).

4-(aminomethyl)benzoic acid (283746), 4-biphenyl-3'-amino-acetic acid (CDS010205), cy-
clohexyl isocyanide (8181510010), DL-tryptophan (T0129), gamma-amino-N-butyric acid crystal-
line (A2129), isopropyl isocyanide (553344), ninhydrin (151173), phenol (P1037), phenylacetal-
dehyde (107395), pyridine (P57506), potassium cyanide (207810) and propionaldehyde (538124)
were purchased from Sigma-Aldrich (Missouri, USA).

Difco Mueller Hinton Broth (90001-822) was purchased from VWR (Pennsylvania, USA).
Ethanol (131085) was purchased from PanReac AppliChem (Chicago, USA).
Methanol (M/4056/17) was purchased from Thermo Fisher Scientific (New Hampshire,
USA).
2.3.1.2 Software

ChemDraw Professional 16 was used to draw all of the structures and the reactions dis-
played on this chapter.

2.3.2. Methods

The reagents were weighted in a Sartorius AX423 scale (Max 420 g, d=1 mg) (Goettin-
gen, Germany) or in a Mettler Toledo scale (Max 42 g, d=0.01 mg) (Ohio, USA) and the calibration
of pH values was conducted with pHenomenal pH 1100L from VWR (Pennsylvania, USA).

The U.V measurements at 560 and 600 nm were conducted with the TECAN Infinite F200
from Tecan Trading AG (Mannedorf, Switzerland) on 96-well transparent flat-bottom microplates
from Sarstedt (Nimbrecht, Germany) for the Kaiser test and Nunc MicroWell 96-Well Microplates
from Thermo Fisher Scientific (New Hampshire, USA) for the antimicrobial and static biofilm as-
says.

2.3.2.1 Multi-arm PEG Functionalization

The carboxylic acid of choice was used to functionalize 4 arm-PEG molecules with an N-
Hydroxysuccinimide (NHS) terminal group. Both molecules were dissolved in a PBS pH 7.4 solu-
tion and later mixed. The reaction was incubated for 12 hours at 4 °C with rotational agitation (22
rpm). Afterwards, the solution was dialysed with water as a solvent using the dialysis membrane
Spectra/Por 7 Dialysis Tubing 10 kDa MWCO (132120) from Spectrum (New Jersey, USA). Later,
the solution was stored for at least 24 hours at -80 °C to be freeze-dried.
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The percentage of functionalization was assessed by the Kaiser test using the dialysate
freeze-dried. The functionalization was confirmed by ART-FTIR.

2.3.2.2 Kaiser Test

50 uL of 80% phenol in ethanol (w/v), 50 pL of 2% 0.001M potassium cyanide in pyridine
(v/v) and 50 pL of 5% ninhydrin in ethanol (w/v) were added to 1 mL of sample. Afterwards, the
mixture was heated up to 100 °C in the water bath Scanvac SHC200 (Lynge, Denmark) for 5 min.
After that period, the samples were diluted 1:20 and the absorbance was measured at 560 nm in
a microplate reader. A calibration curve (0 — 5 ymol mL™") was made using glycine as standard.
The Kaiser test detected the amount of primary amines present in the dialysate. The concentra-
tion of amines is proportional to the concentration of the molecule that was object of functionali-
zation (either gamma-amino-butyric acid, 4-(aminomethyl)benzoic acid, 4-biphenyl-3'-amino-ace-
tic acid or tryptophan). If the percentage of functionalization was 100 %, there would be no amines
in the dialysate.

2.3.2.3 ATR-FTIR

The ATR-FTIR spectrums were recorded in the range 400-3000 cm™" with 24 scans with a
PerkinElmer FT-IR Spectrometer Spectrum Two using the UATR Two module.

The samples were put directly on top of the crystal and, when solid, compressed using a
L160-1742 tip. The force gauge used diverges from sample to sample.

2.3.2.4 Hydrogel Formation

The appropriate mass for the PEG-[NH2]s and the PEG-[COOH]4 functionalized (concen-
tration 1 %, 2.5 %, 5 % and 10 % w/v each) was weighted. Both substances were dissolved in
the appropriate solvent and were then mixed together. Afterwards, the aldehyde and the isocya-
nide of choice were added to the solution, in this order, with a molar excess towards the amines
in solution. The Ugi reaction took place at either 25 °C or at 60 °C. The solvent used was either
methanol, water or a mixture of the two with a 1:1 ratio.

Unless it is stated otherwise, the hydrogels will be formulated with PEG-[NH2]4, 4-arm PEG
functionalized with gamma-amino-butyric acid (PEG-[GABA]4) as PEG-[COOH]4, propionalde-
hyde as the aldehyde and isopropyl isocyanide as the isocyanide.

All of the hydrogels that gelated at 60 °C were left at this temperature for 1 day.

2.3.2.5 Gel Fraction Determination

When the gelation process occurred, the hydrogel’s weight was noted. Afterwards, the hy-
drogel was dried at 60 °C for 24 hours and its weight was recorded (Wg). Next, 1 mL of distilled
water was added for 10 minutes to the hydrogel. Then, the hydrogel was removed, and its total
weight was logged. Later, the hydrogel was again submersed in water and this process was re-
peated until a plateau in the swelling factor vs. time curve was reached. When this stage was
accomplished, 1 mL of water was added to the system and only 24 hours later, the hydrogel
weight was registered. Afterwards, water was regularly replaced for 24 hours and the gel was
then dried at 60 °C and its weight recorded (Wr).
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By measuring the gel fraction (GF) (Equation 2.1), it is possible to quantitively assess the
efficiency of the cross-linking. The gelation process takes place when a sufficient number of func-
tional groups per molecule is present in order to reduce the amount of non-reacted precursors in
the hydrogel.[®

Gel fraction (%) = x—; x100 Equation 2.1

2.3.2.6 Rheology Studies

Oscillatory amplitude and frequency sweep measurements were conducted on an Anton
Paar MCR 102 using a parallel sandblasted plate with a diameter of 8 mm. For each sample, an
amplitude sweep measurement was performed to determine the samples’ critical strain. After-
wards, a frequency sweep measurement was performed to determine the viscous and the elastic
moduli with a constant strain determined by the amplitude sweep measurements. The tempera-
ture set for these experiments were 21 °C.

2.3.2.7 Antimicrobial Assay

The bacterial strains Escherichia coli K-12 and Staphylococcus aureus ATCC 25923 were
chosen as an example of Gram-positive and Gram-negative bacteria, respectively.

The bacterial strains were inoculated in Mueller Hinton broth medium and grown overnight
at 37 °C with constant shaking of 180 rpm. The optical density at 600 nm of the overnight culture
was 4.4 for E. coli and 3.96 for S. aureus. The culture was then diluted to an optical density at
600 nm (O.D.soonm) of 0.05 with Mueller Hinton broth medium. Afterwards, the cultures were pi-
petted into a well on a 96-well microplate and the hydrogel was inserted on top. The mixture was
then incubated at 37 °C for 24 hours. After that time, the O.D.s0onm Was measured.

2.3.2.8 Static Biofilm Assays

After the antimicrobial assays, the media and the non-adherent cells were removed, and
the wells were carefully washed twice in water. Then, to fix the biofilms, the adherent cells were
incubated at 60 °C for one hour, without agitation. After that time, 0.006 % (w/v) of crystal violet
was added to each well for 10 minutes. Afterwards, the excess stain was removed with water.
Subsequently, to create a homogenous solution, 30 % of acetic acid was added and the O.D.s0onm
was measured.
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2.4. Results and Discussion

2.4.1. Hydrogel Formation Conditions

The Ugi reaction is a one-pot reaction that involves an aldehyde/ketone, an amine, a car-
boxylic acid and an isocyanide.®! To understand if PEG-based hydrogels could be formed by
using this reaction, several conditions were varied such as the concentration of the multimerized
PEG molecules, the temperature and the solvent used. To determine the best conditions, the
hydrogels formed will be characterized by rheology.

The starting components were propionaldehyde, an amine that was present on the terminal
groups of a 4-arm PEG molecule, gamma-amino-butyric acid functionalized on the terminal
groups of a 4-arm PEG molecule and isopropyl isocyanide (Figure 2.2).

O% )\

N%
SC
Propionaldehyde 4-arm PEG molecule 4-arm PEG molecule Isopropyl
with an amine present with gamma- isocyanide

on the terminal groups aminobutyric acid
functionalized on the
terminal group

Figure 2.2 — Starting components for the formation of hydrogels via Ugi condensation reaction.

2.4.1.1 Functionalization of Gamma-aminobutyric acid on 4-arm PEG
Molecules

A carboxylic acid-terminated PEG was not available commercially, unlike the amine-termi-
nated 4-arm PEG. Therefore, the carboxylic acid-terminated PEG was functionalized by mixing
PEG-[NHS]s with gamma-aminobutyric acid (GABA) in house. By a Kaiser test, it was possible to
determine that the degree of functionalization was 99.5 %. The functionalization products and
reagents were evaluated by ATR-FTIR (Figure 2.3).
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Figure 2.3 — Sample characterization by ATR-FTIR spectra to confirm functionalization.

The ATR-FTIR spectra for gamma-amino-butyric acid, in orange, shows a characteristic
peak at 1560 cm™ attributed to an asymmetric stretching of the carboxylate group. The FTIR
spectra for PEG-[NHS]4, in green, presents a peak at 2860 cm™' corresponding to an O-H stretch-
ing, a peak at 1743 cm™ (marked by the dashed line) characteristic of a C=0 stretching due to
the presence of the ester group, confirming the presence of NHS and a peak at 1091 cm™' at-
tributed to the ether group. The presence of alkenes (C=C bending) will be responsible for the
peaks between 974 cm™ and 812 cm. Finally, in blue, the FTIR spectra for 4-arm PEG function-
alized with gamma-amino-butyric acid presents the same peaks as PEG-[NHS]4 except for the
characteristic peak that identifies the NHS component (marked by the dashed line).

2.4.1.2 Optimizing Conditions for Hydrogel Formation

To successfully employ the Ugi reaction and to obtain high product yields, there are several
parameters that need to be optimized, especially since, in the literature, it has never been reported
the formation of hydrogels via the Ugi reaction using multivalent PEG molecules. In this case, the
optimized parameters were the temperature, aldehyde and isocyanide excess, the solvent used
and the concentration of the multimerized PEG molecules (Figure 2.4). These conditions were
studied using as starting materials those presented in Figure 2.2.

Temperature and 60 °C k

Reagent Excess 10x
Methanol

PEG concentration w

Figure 2.4 — Schematic representation of the optimization conditions process.
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To understand the effect of the isocyanide, the aldehyde and the effect of the temperature
in the formation of the hydrogels, two hydrogels were formed in methanol by exploring the follow-
ing conditions: concentration of 10% (w/v) for both PEG-[GABA]4 and PEG-[NH:]4, 10-excess
molar of both isopropyl isocyanide and propionaldehyde. Other two hydrogels were formed by
adding, in methanol, concentration of 10% (w/v) for both PEG-[GABA]4 and PEG-[NH:]4, 1-excess
molar of both isopropyl isocyanide and propionaldehyde. One of each formulation was incubated
at 60 °C and the remaining was set at room temperature (25 °C) (Table 2.2).

Table 2.2 — Parameter determination of different hydrogels formed by polymer polycondensation by
the Ugi reaction at different temperatures and with different isopropyl isocyanide and propionalde-
hyde molar excess in comparison to the amines in the system.

Udi | PEG con- Molar excess Hydrogel G Critical
i Temp. | formed & . GF
Gel | centration G” strain
ya- Alde- (°C) gelation (%)
N° (W/v) nide hyde time (Pa) (%)

1 10 % 1x 1x 25 No - -

Yes — 1 5014.8+70.5;
2 10 % 1x 1x 60 0.01 92.742.8
day 75.8+17.4

3 10 % 10x 10x 25 No - -

Yes_5 | 2156.3:43.5;
4 10 % 10x 10x 60 0.01 88.9+2.9
hours 39.6421.2

The concentration of PEG-[GABA]4 is 10 % (w/v) and the concentration of PEG-[NH2]4 is 10 % (w/v).
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=3 Time For Hydrogel Formation (h)

Figure 2.5 — Hydrogels formed by polymer polycondensation by the Ugi reaction with different iso-
propyl isocyanide and propionaldehyde molar excess at 60 °C.

a) Gel fraction and Hydrogel formed & gelation time for Ugi hydrogel 2 and 4. b) Ugi hydrogel 2 — Formed at
60 °C in methanol with a concentration of 10 % (w/v) for both PEG-[GABA]4 and PEG-[NH_z]4, 1-excess molar
of both isopropyl isocyanide and propionaldehyde, in comparison to the amines in the system. c¢) Ugi hydro-
gel 4 — Formed at 60 °C in methanol with a concentration of 10 % (w/v) for both PEG-[GABA]s and PEG-
[NH2]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in comparison to the amines in
the system.
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Regarding the effect of isocyanide and the aldehyde, the hydrogels were formed with 1-
excess and 10-excess molar in comparison to the amines present in the system (Ugi hydrogels
2 and 4, Table 2.2 and Figure 2.5). As expected, the gelation time was lower when employing a
higher molar excess since high concentrations of the reactants benefits the Ugi reaction.6%

Hydrogel formation was only observed when the reaction temperature was 60 °C (Ugi hy-
drogels 2 and 4, Table 2.2). In fact, Bu and co-workers have reported that increasing the temper-
ature allows faster gelation because the rate of cross-linking increases at higher temperatures
granting a faster connectivity of the gel network.?% Perhaps, there has not been enough time for
the hydrogels to be formed at room temperature.

To understand the mechanical properties of the hydrogels, rheological studies were per-
formed. The response of the hydrogels when under an applied frequency was studied. On fre-
quency sweeps, the amplitude of deformation is kept constant and the frequency is varied. On
low frequencies, the object of study is the behaviour of the hydrogel at slow changes of stress.
On the other hand, at high frequencies, the hydrogel will be tested under fast loads. It is given
more prominence on the overall trend and on changes of information.[*°!
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Figure 2.6 — Rheological analysis: Frequency sweeps of the hydrogels’ samples from the studies on
the effect of the isocyanide and aldehyde excess.

Both hydrogels are composed of a concentration of 10% (w/v) for both PEG-[GABA]s and PEG-[NH_]4, in-
cubated at 60 °C in methanol. a) Ugi hydrogel 2 — The molar excess of both isopropyl isocyanide and pro-
pionaldehyde in comparison to the amines in the system is 1; b) Ugi hydrogel 4 — The molar excess of both
isopropyl isocyanide and propionaldehyde in comparison to the amines in the system is 10. ¢) G’ and G” of
Ugi hydrogels 2 and 4.

Legend: ® — Storage modulus (G’); O — Loss modulus (G”).

As it can be seen in Figure 2.6, Ugi hydrogels 2 and 4 present higher storage modulus than
loss modulus signifying a more elastic than viscous behaviour. Moreover, the difference between
the elastic or storage modulus (G’) and the viscous or loss modulus (G”) combined with a lack of
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dependence of the G’ toward the frequency are indications of mechanically structured hydro-
gels.®"l The hydrogel formed with a molar excess of 1 regarding both isopropyl isocyanide and
propionaldehyde (Ugi hydrogel 2) has a higher G’ (~43 %, see Table 2.2) indicating a mechani-
cally stiffer gel in comparison to the hydrogel formed with 10 times the molar excess. This state-
ment is supported by the higher gel fraction of the first hydrogel in comparison to the former as a
superior gel fraction means that the percentage of cross-linking is higher.®1Perhaps, by introduc-
ing 10-excess molar of isocyanide and aldehyde there are steric effects that prevent the reaction
to occur.®?

As the gelation kinetics of the hydrogels formed with a 10-excess molar of the isocyanide
and the aldehyde (Ugi hydrogel 4) is more favourable, the hydrogels herein formed will present
10-excess molar of the isocyanide and the aldehyde in comparison to the amines in the system.
The gelation kinetics will be preferred over the stiffness of the hydrogels because the order of
magnitude of G’ for both hydrogels is the same.

As such, the Ugi hydrogel 4, formed at 60 °C in methanol with 10 % concentration (w/v) of
both PEG-[GABA]4 and PEG-[NH2]4, with 10-excess molar of both isopropyl isocyanide and pro-
pionaldehyde will be named as the standard hydrogel.

Another important feature to study is the effect of the solvent. In an attempt to perform the
reaction in milder conditions, the components were dissolved in water instead of methanol. When
the water is the solvent used to perform the Ugi reaction, the protonation of the components needs
to be taken into consideration. Bu and co-workers!®3 have studied the effect of the pH on the
rheological behaviour on alginate-based hydrogels performed with the Ugi multicomponent reac-
tion. It was observed that the viscosity of the solution increased by lowering the pH and that a
hydrogel was only formed when the pH of the solution was below the pKa of the carboxylic acid
groups, showing the importance of the carboxylic acid’s protonation.

Since the pKa of gamma-amino-butyric acid is 4.031, PEG functionalized with the amine
and the carboxylic acid were mixed together in water and the solution’s pH was set to either 1, 2
or 3 using a 2 M HCI solution. Afterwards, the aldehyde and the isocyanide were added to the
mixture and incubated at 60 °C. None of the solutions formed a hydrogel (Ugi hydrogel 6-10,
Table 2.3). There are two possible reasons for the unsuccessful formation of a hydrogel: 1) Since
water is a stronger nucleophile, it can react with the iminium ion hindering the progression of the
reaction; 2) Isocyanides are not very stable when in contact with an aqueous acidic environment
as they will hydrolyse and form a formamide.[®*

Still with the intent of working in milder conditions, water and methanol were used as co-
solvents in a 1:1 proportion (see Table 2.3, Ugi hydrogel 11 and Figure 2.7). By introducing meth-
anol to the system, the iminium moiety was protected from the nucleophilic attack of the water
allowing the progression of the reaction.
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Table 2.3 — Parameter determination of different hydrogels formed by polymer polycondensation by
the Ugi reaction in different solvents.

Vol o Hydrogel G; Critical oF
concentration f d& .
Gel Solvent = pH | o€ G” strain
(Wiv) gelation o (%)
N° time (Pa) (%)
5 10 % Water 1.09 No - -
6 10 % Water 1.97 No - -
7 10 % Water 2.9 No - -
8 10 % Water 1 No - -
9 10 % Water 1.97 No - -
10 10 % Water 3 No - -
Wa- 1519.9+98.4
1 10 % ter/Meth- - Yes — 1 day 0.01 74.1+4.4
anol 55.5+33.3
Yes — 5 2156.3+43.5
4 10 % Methanol - 0.01 88.9+2.9
hours 39.6421.2

The concentration of PEG-[GABA]4 is 10 % (w/v) and the concentration of PEG-[NHz]4 is 10 % (w/v), the
reactional temperature is 60 °C, the isopropyl isocyanide and the propionaldehyde were in 10-excess molar
in comparison to the amines in the system.
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Figure 2.7 — Hydrogels formed by polymer polycondensation by the Ugi reaction with different sol-
vents.

a) Gel fraction and Hydrogel formed & gelation time for Ugi hydrogel 11 and 4. b) Ugi hydrogel 11 — Formed
at 60 °C in methanol and water (1:1) with a concentration (w/v) of 10 % for both PEG-[GABA]4 and PEG-
[NH2]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in comparison to the amines in
the system. c¢) Ugi hydrogel 4 — Formed at 60 °C in methanol with a concentration of 10 % (w/v) for both
PEG-[GABA]s and PEG-[NH]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in com-
parison to the amines in the system (Standard Hydrogel).
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Figure 2.8 — Rheological analysis: Frequency sweeps of the hydrogels’ samples from the solvent
effect studies.

Both hydrogels are composed of a concentration of 10% (w/v) for both PEG-[GABA]4 and PEG-[NH:]4, the
molar excess of both isopropyl isocyanide and propionaldehyde is 10 and the mixture was incubated at 60
°C until the hydrogel was formed; a) Ugi hydrogel 11 — Solvent used was a mixture 1:1 of water and metha-
nol. b) Ugi hydrogel 4 — Solvent was methanol (Standard Hydrogel). ¢) G’ and G” of ugi hydrogels 11 and 4.
Legend: ® — Storage modulus (G’); O — Loss modulus (G”).
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Both hydrogels (100 % methanol — Ugi hydrogel 4 or methanol/water in a proportion of 1:1
— Ugi hydrogel 11) present a larger G’ than G” (Figure 2.8) indicating a dominance of the elastic
force over the viscous force. However, when comparing the G’ of both hydrogels, it is obvious
that Ugi hydrogel 4 is stiffer, 2156.3+43.5 Pa (Ugi hydrogel 4) and 1519.91+98.4 Pa (Ugi hydrogel
11). The difference of G’ leads to believe that the methanol introduced to the second system was
not enough to completely protect the iminium ion, compromising a complete formation of the hy-
drogel. This statement can be supported by the lower value of the gel fraction of Ugi hydrogel 11
in comparison to Ugi hydrogel 4 indicating a smaller percentage of the polymer used to form Ugi
hydrogel 11.97.991

In regards to the solvent effect, the best condition is using only methanol because the ge-
lation kinetics is more favourable and the hydrogel formed has better mechanical properties.

It is also important to understand what the value of the critical gel concentration is. The
minimal concentration of polymer available in solution with which it is possible to form a hydrogel
is named as the critical gel concentration.!®! Different hydrogels were attempted to be form with
a concentration of each 4-arm PEG of 1 %, 2 % and 5 %, the aldehyde and the isocyanide were
introduced to the system with a 10-excess molar, the reaction occurred in methanol and at 60 °C
as it is described in Table 2.4.

Table 2.4 — Parameter determination of different polymer concentrations formed by polymer poly-
condensation by the Ugi reaction.

Ugi Concentration (w/v) Hydrogel G’ Critical
GF
Gel forme.d & G” strain
PEG-[GABA], PEG-[NHa]4 gelation o (%)
N° time (Pa) (%)
12 1% 1% No - -
13 2% 2% No - -
2119.5+54.2
14 5% 5% Yes — 1 day 0.1 93.1¢4.5
37.345.2
Yes—5 2156.3+43.5
4 10 % 10 % 0.01 88.9+2.9
hours 39.6+21.2

The reactional temperature is 60 °C and the isopropyl isocyanide and the propionaldehyde were in 10-ex-
cess molar in comparison to the amines present in the system.

47



a) 100 UgiHydrogel 14 UgiHydrogel4 30 §
T

< 80 .
= L20 <
c S
S 607 3
g 40 e
: o 3
O 20 5
=

s o sl 3

0— T T 0 ’3\_

5% 10 %
PEG-[GABA], and PEG-[NH,], concentration

Ugi Hydrogel 4

Ml Gel Fraction (%)
=3 Time For Hydrogel Formation (h)

Figure 2.9 — Hydrogels formed by polymer polycondensation by the Ugi reaction with different PEG
concentrations.

a) Gel fraction and Hydrogel formed & gelation time for Ugi hydrogel 14 and 4. b) Ugi hydrogel 14 — Formed
at 60 °C in methanol with a concentration (w/v) of 5 % for both PEG-[GABA]s and PEG-[NH-]4, 10-excess
molar of both isopropyl isocyanide and propionaldehyde, in comparison to the amines in the system. c) Ugi
hydrogel 4 — Formed at 60 °C in methanol with a concentration of 10 % (w/v) for both PEG-[GABA]4 and
PEG-[NH]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in comparison to the
amines in the system (Standard Hydrogel).
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Figure 2.10 — Rheological analysis: Frequency sweeps of the hydrogels’ samples from the critical
gel concentration studies.

Both hydrogels were formed in methanol by introducing PEG-[GABA]+ and PEG-[NH:]4, isopropyl isocyanide
and propionaldehyde with the molar excess of 10 each. The mixture was incubated at 60 °C until the hydro-
gel was formed. a) Ugi hydrogel 14 — Concentration of 4-arm PEG molecules was 5 %. b) Ugi hydrogel 4 —
Concentration of 4-arm PEG molecules was 10 % (Standard Hydrogel). ¢c) G’ and G” of hydrogels 14 and 4.
Legend: ® — Storage modulus (G’); O — Loss modulus (G”).
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Since the hydrogels with a concentration of 1 % and 2 % (Ugi hydrogels 12 and 13) were
not formed, these concentrations were below the critical gel concentration. Hydrogels with a PEG-
[GABA]4 and PEG-[NH:]4 concentration of 5 % (Ugi hydrogel 14, Figure 2.9 b) were formed and
so, the critical gel concentration was determined to be 5 %, similarly with other hydrogels formed
with a PEG-based system.['%]

The G’ and G” of both hydrogels is very similar, 2119.5+54.2 Pa for Ugi hydrogel 14 and
2156.3+43.5 Pa for the standard hydrogel (Ugi hydrogel 4, Table 2.4, Figure 2.10). It is important
to notice that the critical strain determined during amplitude sweep experiments for the standard
hydrogel is ten-fold lower and so, the strain applied to the standard hydrogel was also ten-fold
lower meaning the hydrogel with 5 % concentration of each 4-arm PEG can undertake higher
stress rates without its structure breaking down.®"

The hydrogels were characterized by ATR-FTIR (Figure 2.11). All of the main peaks found
in PEG-[GABA]4 are found in the spectra correspondent to the hydrogels. With the exception, of
a sharp inverted peak at 1660 cm™ which can be masked by the background (water). This peak
can be attributed to C=0 stretching due to the presence of an amide.
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Figure 2.11 — Sample characterization by ATR-FTIR spectra of different hydrogels formulated by the
starting conditions.

Legend: In black, Ugi hydrogel 11 — Gauge force 86; In orange, hydrogel 4 (Standard Hydrogel) — Gauge
force 81; In green, Ugi hydrogel 14 — Gauge force 99; In blue, PEG functionalized with gamma-amino-butyric
acid; In pink, Ugi hydrogel 2 — Gauge force 79.

Transmitance (%)

Lastly, to ensure that all of the components used for the Ugi reaction were responsible for
the formation of the hydrogels mentioned above, controls were performed, where 4 different for-
mulations were done. Each formulation does not include one of the four components involved in
the Ugi Reaction (Table 2.5). Since none of the hydrogels were formed, this shows that all of the
components are essential for hydrogel to be formed. Also, it is important to mention that the Pas-
serini reaction is not a viable strategy to employ when aiming to form chemically cross-linked
hydrogels with a four arm-PEG functionalized with a carboxylic acid. Since the product of the
Passerini reaction is thermally less stablel®’], it is possible to theorize that since the reaction is
made at 60 °C, the Passerini reaction can be indeed taking place, however the final product may
not be able to withstand the high temperature.
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Table 2.5 — Components introduced into the mixture of different hydrogel to understand the influence
of the Ugi reaction

FOMUS | pEGGABAL  PEGNMJ | ©OTionelder | Isopromyiser  Hydrogel For
1 No Yes Yes Yes No
2 Yes No Yes Yes No
3 Yes Yes No Yes No
4 Yes Yes Yes No No

Legend: * Passerini Reaction

To sum up, the best conditions to obtain PEG-based hydrogels using the Ugi multicompo-
nent condensation reaction as the cross-linking strategy, correspond to the Ugi hydrogel 4 (stand-
ard hydrogel). This statement is based on the gelation kinetics which is maximized when the
conditions chosen are: 10 % (w/v) of PEG-[COOH]4, 10 % (w/v) of PEG-[NH2]4, 10-excess molar
of aldehyde in comparison to the amines present in the system, 10-excess molar of isocyanide in
comparison to the amines present in the system. The most appropriate reactional temperature is
60 °C and the solvent of choice is methanol. Herein, unless it is stated, the hydrogels will be
formulated with these conditions and using PEG-[NH2]4, PEG-[GABA]4 as PEG-[COOH]4, propio-
naldehyde as the aldehyde and isopropyl isocyanide as the isocyanide.

2.4.1.3 Incorporating variability in the hydrogels

Chemically cross-linked hydrogels have many applications and the final user can tune the
properties of the hydrogel by incorporating different molecules into the hydrogel's network.

The Ugi reaction involves an amine, a carboxylic acid, an aldehyde and an isocyanide.™!
Since the amine is commercially available functionalized into a 4-arm PEG molecule, the carbox-
ylic acid, the aldehyde and the isocyanide are the moieties that can be altered in order to introduce
functionality (Figure 2.12).

R s

"C=N-Rs M
Ry” 'R

l

A
4-arm PEG molecule
with a carboxylic acid Isocyanide Aldehyde
functionalized on the
terminal group
Figure 2.12 — Chemical components that can be altered to introduce functionality.

The first attempts to introduce variability were done with PEG-[COOH]4. Aromatic carbox-
ylic acids were functionalized into 4-arm PEG-[NHS]4 to form PEG-[COOH]s. For this, the pres-
ence of a terminal amine (1) in the carboxylic acid moiety is a requirement so that it reacts with
the NHS group (2) forming an amide bond (3) with the PEG molecule and the NHS group (4) will
be consequently released (Figure 2.13).°71 So, three different molecules were incorporated: 4-
(aminomethyl)benzoic acid, 4-biphenyl-3'-amino-acetic acid (PAMBA) and tryptophan (Figure
2.14).
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Figure 2.13 — Reaction between NHS group and an amine.
Legend: 1 — Molecule with a terminal amine; 2 — Molecule with a NHS group; 3 — Molecule with an amide
bond; 4 — Leaving NHS group.

4-(aminomethyl)benzoic acid 4-biphenyl-3'-amino-acetic acid Tryptophan

Figure 2.14 — Compounds used for the incorporation into PEG-[NHS]a.
In blue, the expected reaction point with PEG-[NHS]4.

Besides incorporating different molecules into PEG-[COOH]4, a formulation based on the
standard hydrogel was attempted. However, instead of using isopropyl isocyanide, cyclohexyl
isocyanide was utilized with a 10-excess molar to the amines present in the system (Figure 2.15).
This experiment was designed aiming to understand if there was any steric effect by using bulkier
isocyanides for the formation of these PEG-based hydrogels and how compromised the formation

of a hydrogel would be.

Isopropyl Isocyanide Cyclohexyl Isocyanide

Figure 2.15 — Isocyanide compounds used to formulate the hydrogels.
In blue, the expected reaction point.
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Table 2.6 — Parameter determination of different hydrogels formed by polymer polycondensation by
the Ugi reaction using varied carboxylic acids.

) PEG-[COOH], ,
Ugi G Critical
Gel Function- | Hydrogel formed o strain GF
-COOH alization & gelation time (%)
N° (Pa) (%)
(%)
A-(aminome- 4758.42175.66
15 (aminome- 98.9 Yes — 1 day 0.01 >100*
thyl)benzoic acid 2015.74145.7
G —amino- 2156.3+43.5
4 amma-amino 99.5 Yes — 5 hours 0.01 | 889+2.9
butyric acid’ 39,6421 2
4-biphenyl-3'- -
16 PipnenyrS 99.9 No ] i
amino-acetic acid -
17 Tryptophan 99.9 No - -

The functionalization percentage was assessed with the Kaiser test method.
Legend: * — Not possible to accurately determine the gel fraction; ' — Standard hydrogel.

The carboxylic acid compounds were successfully functionalized (>98%) into the 4-arm
PEG molecules. The functionalization was assessed by the Kaiser test.

As verified in Figure 2.16, the ATR-FTIR spectra that corresponds to 4-(aminomethyl)ben-
zoic acid presents three peaks. The peak at 1398 cm is representative of O-H bending due to
the carboxylic acid part of the molecule. Moreover, the C-C stretching from the carbons present
in the aromatic ring arise a peak at 1570 and 1591 cm™. The FTIR spectra for PEG-[NHS]4, in
green, presents four distinctive peaks: a broad band at 2860 cm™' corresponding to a O-H stretch-
ing, a peak visible at 1743 cm™' (dashed line) characteristic of a C=0 stretching due to the pres-
ence of the ester group, confirming the presence of NHS. Moreover, there is a peak at 1091 cm-
" attributed to the ether group and the presence of alkenes (C=C bending) is noted by the peaks
between 974 cm™ and 812 cm-. Finally, in blue, the FTIR spectra for the 4-arm PEG functional-
ized with 4-(aminomethyl)benzoic acid (PEG-[PAMBA]J4) is full of noise however, it presents the
main peaks that the PEG-[NHS]4 spectra presents except the peak at 1743 cm™.

; L 4-arm PEG functionalized with 4-(aminomethyl)benzoic acid
s [ v
g f—V\{W
N
c
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-
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Wavenumber (cm™)
Figure 2.16 — Sample characterization by ATR-FTIR spectra.
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Figure 2.17 — Hydrogels formed by polymer polycondensation by the Ugi reaction with different PEG-
[COOH]..

a) Gel fraction and Hydrogel formed & gelation time for Ugi hydrogel 15 and 4. b) Ugi hydrogel 15 — Formed
at 60 °C in methanol with a concentration (w/v) of 10 % for both PEG-[4-(aminomethyl)benzoic acid]s and
PEG-[NH]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in comparison to the
amines in the system. c) Ugi hydrogel 4 — Formed at 60 °C in methanol with a concentration (w/v) of 10 %
for both PEG-[GABA]+ and PEG-[NH-]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde,
in comparison to the amines in the system (Standard Hydrogel).
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Figure 2.18 — Rheological analysis: Frequency sweeps of the hydrogels’ samples with different PEG-
COOH.
a) Ugi hydrogel 15 — PEG-[4-(aminomethyl)benzoic acid]s as the carboxylic acid component. b) Ugi hydrogel
4 — PEG-[Gamma-amino-butyric acid]s as the carboxylic acid component (Standard hydrogel). ¢c) G’ and G”
of Ugi hydrogels 15 and 4.
Legend: ® — Storage modulus (G’); O — Loss modulus (G”).
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The functionalized 4-arm PEG-[GABA]4 molecules, PEG-[NHz]4, propionaldehyde and iso-
propyl isocyanide were mixed in methanol and left in 60 °C for the reaction to occur. Besides the
standard hydrogel, the only hydrogel obtained was the one whose formulation contained the car-
boxylic acid 4-(aminomethyl)benzoic acid functionalized to the 4-arm PEG molecule (Ugi hydrogel
15, Table 2.6, Figure 2.17).

Table 2.7 — Parameter determination of different hydrogels formed by polymer polycondensation by
the Ugi reaction using varied isocyanides.

Ugi Concentration Hydrogel G Critical
(wiv) Alde- . formed & strain GF
Gel Isocyanide . G”
PEG- PEG- hyde gelation %) (%)
(] H 0
N° | [GABAL | [NH2 time (Pa)
Yes—1 | 9794.4%382.2
18 10 % 10 % Propion- | Cyclohexyl 0.01 86.5+0.1
day 170.0£120.4
Yes_5 | 2156.3%43.5
4 10 % 10% | Propion- Isopropyl’ 0.01 88.9+2.9
hours 39.6421.2

Legend: ' — Standard hydrogel
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Figure 2.19 — Hydrogels formed by polymer polycondensation by the Ugi reaction with different iso-
cyanides.

a) Gel fraction and Hydrogel formed & gelation time for Ugi hydrogel 18 and 4. b) Ugi hydrogel 18 — Formed
at 60 °C in methanol with a concentration (w/v) of 10 % for both PEG-[GABA]4 and PEG-[NH2]4, 10-excess
molar of both cyclohexyl isocyanide and propionaldehyde, in comparison to the amines in the system. c¢) Ugi
hydrogel 4 — Formed at 60 °C in methanol with a concentration (w/v) of 10 % for both PEG-[GABA]4 and
PEG-[NH]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in comparison to the
amines in the system (Standard Hydrogel).
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Hydrogel 15 - PEG-[PAMBA],

Hydrogel 4 — Standard Hydrogel
Hydrogel 18 - Cyclohexyl Isocyanide

Transmitance (%)

3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2.20 — Sample characterization by ATR-FTIR spectra of the hydrogels formulated to incorpo-
rate the function of conductivity.

Legend: In green, Ugi hydrogel 15— Gauge force 101; In orange, Ugi hydrogel 4; In pink, Ugi hydrogel 18—
Gauge force 81.

As observed in Figure 2.20, all of the hydrogel samples present a broad band from 2978.5
cm' to 2618 cm™' corresponding to a O-H stretching, a characteristic peak at 1560 cm™ attributed
to a asymmetric stretching of the carboxylate group and a peak whose minimum transition is at
1405 cm that is credited to O-H bending. In addition, around 1660 cm™', there is a sharp inverted
peak which can be masked by the spectrum of the background (water). This peak can be at-
tributed to C=0 stretching due to the presence of an amide bond.

The hydrogels’ stiffness was measured by rheology (Figure 2.18 and Figure 2.21). The
higher G’ in comparison to G” and the non-dependence with frequency are indicators of mechan-
ically structured hydrogels. The standard hydrogel (Ugi hydrogel 4) is the less rigid hydrogel
meaning that the introduction of bulkier molecules to the system created a more robust structure.
Regarding the hydrogel formed by incorporating PEG-[PAMBA]4 as the carboxylic acid (Ugi hy-
drogel 15, Figure 2.18 a), the G’ and the G” (4758.4+175.66 Pa, 2015.7£145.7 Pa, respectively)
show an improvement on the gel’s stiffness (~120 % higher). Finally, the introduction of cyclohexyl
isocyanide (Ugi hydrogel 18, Table 2.7, Figure 2.19 a) lead to the highest G’ and G” (9794.4+382.2
Pa and 170.0£120.4 Pa) of all the hydrogels formed (Figure 2.21 a).
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Figure 2.21 — Rheological analysis: Frequency sweeps of the conductive hydrogels’ samples.
a) Ugi hydrogel 18 — Formed with cyclohexyl isocyanide for the isocyanide component. b) Ugi hydrogel 4 —
Formed with isopropyl isocyanide as the isocyanide component (Standard Hydrogel). ¢) G’ and G” of Ugi

hydrogels 18 and 4.
Legend: ® — Storage modulus (G’); O — Loss modulus (G”).

Finally, it was attempted to vary the aldehyde component. The aromatic phenylacetalde-
hyde was introduced in the hydrogels’ network as a substitute of propionaldehyde (Figure 2.22).

oo L.
DR X0

Propionaldehyde Phenylacetaldehyde
Figure 2.22 — Aldehyde compounds used to formulate the hydrogels.

Table 2.8 — Parameter determination of different hydrogels formed by polymer polycondensation by
the Ugi reaction using varied aldehydes.

Ugi Concentration Hydrogel G’ Criti-
(wiv) formed & cal GF
Gel Aldehyde | Isocyanide ] G” strain
PEG- PEG- gelation (%)
o .
N° | [GABAL | [NH time (Pa) (%)
Ph la- Yes — 1 2112.4£15.6
19 10% | 10% eI 1sopropyl 0.1 | 74.0:48
cet- day 114.4+13.3
Yes_5 | 2156.3t435
4 10 % 10 % Propion- Isopropyl 0.01 88.9+2.9

hours 39.6421.2

Legend: ' — Standard hydrogel
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By mixing 10 % (w/v) PEG-[GABA]4, 10 % (w/v) PEG-[NH2]4, 10-excess molar of phenyla-
cetaldehyde and 10-excess molar of isopropyl isocyanide in methanol and letting the solution
gelate at 60 °C, a hydrogel was formed (Table 2.8, Figure 2.23). From the ATR-FTIR spectra
(Figure 2.24), it is possible to see an inverted peak around 1660 cm™ that can be attributed to
C=0 stretching due to the presence of an amide bond.

Ugi Hyd 119 UgiHyd 14 =
a) 100 o V0% giflydrogeld 39 5
- o
-
\? 80“ 9;
< L20 S
c Q.
S 604 3
g w0 «‘i Ugi Hydrogel 19
= 10 3
O 204 5
o
= J
0—' T T 0 ?
Phenylacet- Propion- ~
aldehyde aldehyde
Aldehyde Ugi Hydrogel 4

Ml Gel Fraction (%)
=3 Time For Hydrogel Formation (h)

Figure 2.23 — Hydrogels formed by polymer polycondensation by the Ugi reaction with different al-
dehydes.

a) Gel fraction and Hydrogel formed & gelation time for Ugi hydrogel 19 and 4. b) Ugi hydrogel 19 — Formed
at 60 °C in methanol with a concentration (w/v) of 10 % for both PEG-[GABA]4 and PEG-[NH2]4, 10-excess
molar of both isopropyl isocyanide and phenylacetaldehyde, in comparison to the amines in the system. ¢)
Ugi hydrogel 4 — Formed at 60 °C in methanol with a concentration of 10 % (w/v) for both PEG-[GABA]4+ and
PEG-[NH]4, 10-excess molar of both isopropyl isocyanide and propionaldehyde, in comparison to the
amines in the system (standard hydrogel).

J

ST W 4-arm PEG functionalized with gamma-amino-butyric acid

3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2.24 — Sample characterization by ATR-FTIR spectra of the hydrogels formulated to incorpo-
rate new functionalities.

Legend: In green, hydrogel 19 — Gauge force 94; In orange, hydrogel 4 — Gauge force 81; In blue, PEG
functionalized with gamma-amino-butyric acid.

Transmitance (%)

The rheological properties of the hydrogels were studied and, as verified in Figure 2.25 and
Table 2.8, the storage and the loss moduli are similar: Standard hydrogel (Ugi hydrogel 4) G’ is
2156.3143.5 Pa and the G” is 39.6+21.2 Pa; hydrogel with phenylacetaldehyde (Ugi hydrogel 19)
G’ is 2112.4+15.6 Pa and the G” is 114.4+13.3 Pa. Although the G’ of both hydrogels are very

57



similar, the critical strain of Ugi hydrogels 19 is 10 times higher (Table 2.8), meaning that this
hydrogel can endure higher stress before breaking.
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= 1500 § [ 6 = cra
< \ R
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0 T § : Lo
G G G G
Phenylacet- Propion-
aldehyde aldehyde
Aldehyde

Figure 2.25 — Rheological analysis: Frequency sweeps of the antimicrobial hydrogels’ samples.

a) Ugi hydrogel 19 — Formed with phenylacetaldehyde as the aldehyde component. b) Ugi hydrogel 4 —
Formed with propionaldehyde as the aldehyde component (Standard Hydrogel). ¢c) G’ and G” of Ugi hydro-
gels 19 and 4.

Legend: ® — Storage modulus (G’); O — Loss modulus (G”).

Previously, in our lab, PEG-coated magnetic nanoparticles were functionalized with an an-
timicrobial peptide composed by three tandem repeats of the peptide arginine-tryptophan.[®® Due
to the aromaticity of these dipeptides, they have the ability to penetrate the membranes leading
to cell death.® This system presented excellent results in inhibiting the growth of the Gram-
negative bacteria E. coli and in inducing cell death of the Gram-positive B. subtilis.®® Given the
success of this work, we performed preliminary assays to assess the potential antimicrobial ac-
tivity of the Ugi hydrogels. As it can be verified in Figure 2.26, the aromatic component of the
aldehydes (R3) and the isocyanides (R5) are more available to interact with the bacteria in com-
parison to the carboxylic acid (R6). Therefore, an aromatic aldehyde will be a great candidate to
be incorporated into the hydrogels’ network instead of an aromatic carboxylic acid.
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Figure 2.26 — Schematic representation of the hydrogel obtained by polycondensation via the Ugi
reaction.

Legend: PEG-[NH_]4 is represented in orange, PEG-[COOH]4 is represented on pink; Aldehyde is repre-
sented in green; Isocyanide is represented in blue.

To assess the antimicrobial properties of these hydrogels, each one was divided into 6
equal parts and were separately set on top of a well on 96 well microplates with the culture me-
dium and respective cells that were grown overnight. The experiment was 24 hours long and, at
the end, the O.D.s0onm Was measured.

From Figure 2.27, it is possible to conclude that the hydrogels do not present antimicrobial
activity. In fact, when the hydrogel is present, the O.D.s0onm increased in comparison to the posi-
tive control, especially on the E. coli culture. Here, there was a significant increase of the microbial
activity when in contact with the standard hydrogel. Since the phenylacetaldehyde (Ugi hydrogel
19) was incorporated into the network, the presence of the aromatic compound in the solution
may not be detected by the bacteria.

Kolewel'% described that the stiffer PEG-based hydrogels are, the more bacterial adhesion
there is. One explanation for the increased cell density in the cultures where the hydrogel was
layered could be that the platform created by the hydrogels beneficiated cell growth. It is important
to notice that the mechanism to why bacteria respond to hydrogel’s stiffness is not understood.
Perhaps, when more is known about this phenomenon, an explanation to the increased cell den-
sity observed in Figure 2.27 will arise.
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Figure 2.27 — Antimicrobial activity of hydrogels against Escherichia coli K-12 and Staphylococcus
aureus ATCC 25923 after 24 hours of incubation.
Antimicrobial activity of hydrogels against Escherichia coli K-12 (a) and Staphylococcus aureus ATCC 25923

(b).
Legend: Blue — Negative control (Muller Hinton Medium); Pink — Positive control (Cell culture); Green — Ugi
hydrogel 4 (Standard Hydrogel); Purple — Ugi hydrogel 19.

Afterwards, a static biofilm assay was conducted. The hydrogels also do not inhibit biofilm
formation as it can be seen in Figure 2.28 that after one hour of incubation there is no significant
difference in the O.D.soonm When comparing the positive control and the hydrogel samples.
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Figure 2.28 — Biofilm formation in the absence and presence of hydrogels against Escherichia coli
K-12 and Staphylococcus aureus ATCC 25923 after 1 hour of incubation.

Escherichia coli K-12 culture (a) and Staphylococcus aureus ATCC 25923 culture (b).

Legend: Blue — Negative control (Muller Hinton Medium); Pink — Positive control (Cell culture); Green — Ugi
hydrogel 4 (Standard Hydrogel); Purple — Ugi hydrogel 19.
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2.5. Conclusions

On this chapter, it was shown, for the first time, that it is possible to take advantage of the
Ugi reaction to create chemically cross-linked hydrogels whose sole component are PEG mole-
cules. These hydrogels were formed due to the cross-linking of 4-arm PEG molecules with an
amine and a carboxylic acid as the end groups. Taking into consideration the gelation kinetics
(24h vs 5h), the best conditions for hydrogel formation were: 10 % (w/v) PEG-[NHz]4, 10 % (w/v)
PEG-[COOH]J4, 10-excess molar of aldehyde and isocyanide (in regard to the amines in solution).
The reaction would have to take place at 60 °C and in methanol.

By introducing different molecules to form the network of the hydrogels, there is a variation
of the hydrogels’ stiffness (from G’ of 9794.4+382.2 Pa — Ugi hydrogel 19 —to a G’ of 1519.9+98.4
Pa — Ugi hydrogel 11, strain 0.01%). This way, it is possible to achieve a control of the convenient
stiffness according to any future application. From the results obtained, the Ugi reaction partici-
pants that play a bigger role on the gel stiffness are the aldehyde’s chemical structure. Even
though the highest G’ recorded was referred to the hydrogel sample with a different isocyanide
(cyclohexyl isocyanide) — hydrogel 18, the critical strain was 10 times lower in comparison to the
critical strain of the hydrogel with the different aldehyde (phenylacetaldehyde) — hydrogel 19.

It is reported in the literature that higher gel fraction results from an increase of the per-
centage of cross-linking.®"! Simultaneously, an increase of the degree of cross-linking usually
leads to stiffer hydrogels.®>! However, this relationship between cross-liking, gel fraction and hy-
drogel stiffness was not always observed because the introduction of different aldehydes and
carboxylic acids into the system resulted in a lower gel fraction. In contrast, the introduction of
these bulkier compounds lead to a higher rigidity and it is possible that they could have counter-
balanced the effect of the decrease in cross-linking degree.
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3. Affinity Triggered Hydrogels

In biomaterial science, proteins and peptides are seen as building blocks for the creation
of biomaterials with fine-tuned proprieties.['°"]

There is a plethora of affinity pairs that can be exploited to form physically cross-linked
hydrogels such as the WW domain/PPxY and the green fluorescent protein (GFP)/A4C7. These
affinity pairs will be the subject of study on this chapter.

3.1. Affinity Pair: WW Domain and PPxY

The WW domain, first reported in 19940'%2 is a 30-40-residue peptide whose core is of
hydrophobic nature. This domain has two loops and three twisted and slightly bent antiparallel 8-
sheets with charged amino acids that typically include 4 conserved aromatic amino acids of which
two are tryptophans spaced by 20-22 amino acids, hence the name WW domain.['92-10%1 Thijs
domain is commonly found in proteins that participate in signalling and regulatory pathways such
as dystrophin, Yellow-Black-Blue2 and Yes Associated Proteinl102.104.106]

The WW domains have different binding specificities and so they are divided into four dif-
ferent classes: Class | domains employ hydrogen bonding to recognize and bind to peptides pre-
senting a proline rich domain (PPxY — x represents an amino acid of choice), being the tyrosine
of extreme importance for the establishment of the interaction between the affinity pair PPxY
domain and the WW domain.['93.195.1071 The interaction established between the WW domain and
its affinity pair PPxY has been extensively studied namely due to its importance in cell signal-
ing.['1%8-11% Class Il that identifies PPLP motif (also known as the PL motif). Class IlI that identifies
proline-rich segments containing arginine (PR motif) And finally, Class IV that acknowledges a
motif comprising S/TPmotif.['1"]

Macias!''? has analysed several WW domain sequences and designed a folded prototype
based on those sequences (see Figure 3.1) in which the residues of the first and the third strand
establish hydrophobic interactions.
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Figure 3.1 — WW domain prototype proposed by Macias et al via NMR experiments.[''? Protein Data
Bank ID: 1EOM.

3.2. Affinity Pair: Green Fluorescent Protein and A4C7

3.2.1. Green Fluorescent Protein

The GFP is composed by a B-barrel containing eleven strands that are neighbouring a
central helix (see Figure 3.2). The GFP resembles a perfect cylinder that is 40 A tall with a radius
of 12.5 A" Inside this cylinder, in the central coaxial a-helix, there is a chromophore isolated
from the solvent."'" GFP’s fluorescence does not depend on a cofactor or a substrate, only on
the residues number 65 to 67 (Serine-Tyrosine-Glycine) that compose the chromophore.

Figure 3.2 — GFP structure proposed by Yang et al.l''®! Protein Data Bank ID: 1GFL.

Studies on Green Fluorescent Protein go back to 1960 when Osamu Shimomura, Martin
Chalfie and Roger Tsien started a ground-breaking work, worthy of a 2008 Nobel Prize in Chem-
istry, with Aequorea victoria, the jellyfish from where this 238 amino acid protein was first iso-
lated.[''4118] This is one of the most researched proteins because its fluorescence, high stability
at pH 6-10 and at temperatures up to 65 °Cl'"'"l and because of its possible applications!®3117-121,
GFP is commonly used as protein tag to produce recombinant proteins!'?>-24 pecause it is very
robust, allows for easy detection of the protein of interest in a bulk cell suspension and gives
information about the dynamic and association to other proteins.[125.126]
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In spite of a high demand of GFP in numerous applications, there was no specific mild and
low-cost purification scheme of GFP-fusion proteins. So, our lab developed a small synthetic af-
finity ligand (A4C7) that can selectively recognize GFP and, consequently, could be employed to
create a new and specific purification methodology.['?]

3.2.2. AAC7: Small synthetic ligand for GFP purification

Biological, structural or synthetic affinity ligands towards a specific target (protein, peptides,
cells, etc) can be designed by studying natural interactions between proteins and/or residues,
using in vitro techniques such as phage, ribosome or yeast display and by applying combinatorial
chemistry using screening and/or selection techniques.['?%12° Qur lab has already developed sev-
eral affinity ligands for the purification of antibodies!'*”, GFP-tagged proteins!'3" and albumin('3"l,

Synthetic affinity ligands such as A4C7 are highly resistant to chemical and biological deg-
radation, cheap, easily scalable and have low toxicity.['%7:129.132]

A4C7 is an Ugi-based ligand composed by an amine, 1-Pyrenemethylamine Hydrochloride
(A4), and a carboxylic acid, Phenylacetic Acid (C7) (Figure 3.3). This small ligand presents a high
binding percentage (93 %) due to the contribution of hydrophobic interactions and hydrogen-bond
interactions. The affinity constant of A4C7 towards GFP is in the order of 10% M-1.['27]

Figure 3.3 — Chemical structure of A4C7.

3.2.3. Introducing Multivalency by Incorporating Multi-arm PEG
Molecules

The availability of 2, 4 or 8-arm PEG molecules (Figure 3.4), allows for the creation of
hydrogels with tunable properties. In theory, expanding the number of arms would originate stiffer
hydrogels because the degree of cross-linking would be higher. However, by increasing the num-
ber of arms, the intermolecular aggregation increases as well. In conclusion, the number of arms
can only be increased until a certain point before the degree of cross-linking decreases.['33-"3
This statement is supported by some studies that suggest that even though it is more advanta-
geous to incorporate 4-arm PEG molecules in detriment of 2-arm PEG molecules, when compar-
ing hydrogels formed with 4-arm PEG to hydrogels formed with 8-arm PEG, the first presents
faster gelation time, a rougher surface and a more porous surface that can improve the swelling
and water uptake.['33134 Moreover, hydrogels formed with 4-arm PEG molecules present higher
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storage and loss moduli meaning these hydrogels are stronger and more deformable at the same

time.[33]

Figure 3.4 — Schematic representation of 2-arm PEG, 4-arm PEG and 8-arm PEG molecules.

3.3. Research Strategy

This chapter will focus on affinity-triggered hydrogels by exploring two different systems
based on proteins/peptides and PEG. Peptide- or protein-based materials are highly attractive in
the biomedical field due to the possibility of using proteins as building blocks to obtain a material
with tunable proprieties and because of the non-toxicity of the degradation products.'®"! Moreo-
ver, PEG is a biocompatible polymer that is highly used to create systems

First, peptide-peptide interactions will be studied in which the proline rich peptide PPxY
(KGEYPPYPPPPYPSG) and mWW, a minimalist version of the WW domain
(SMGLPPGWDEYKT) will be conjugated to an 8-arm PEG molecule and mixed together in iPSC
medium to create an affinity triggered assembly (Figure 3.5) The multivalence will be obtained by
the 8-arm PEG molecules conjugated with the proteins. This assembly will be characterized rhe-
ologically. The results presented in this section were included in the publication “Affinity-Triggered
Assemblies Based on a Designed Peptide-Peptide Affinity Pair''™*®  DOI:

10.1002/biot.201800559.
%

Figure 3.5 — Schematic representation of an affinity triggered assembly formed by PEG-[PPxY]s and
PEG-[mWW]s.

Legend: PEG-[PPxY]s — Peptide PPxY functionalized on an 8-arm PEG molecule; PEG-[mWW]s — Minimalist
version of the WW peptide functionalized on an 8-arm PEG molecule.

PEG-[PPxY], PEG-[mWW],

Lastly, the interactions established between a synthetic ligand and a protein will be ex-
ploited to create hydrogels. The trigger will be the affinity of the GFP in tandem repeats (3 and 5)
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and the synthetic ligand A4C7 functionalized in a 4-arm PEG molecule (Figure 3.6) creating a
much more modular system in comparison to the previous one. In this case, the multivalence is
granted by the tandem repeats and the multi-arm PEG molecules. Tandems of (3 and 5) GFP will
be recombinantly expressed in a tandem fashion. The 3 and 5 repeats of GFP will be purified via
immobilized metal affinity chromatography (IMAC), anion exchange and size-exclusion chroma-
tography (SEC).

PEG-[A4C7], GFP in tandem display

Figure 3.6 — Schematic representation of an affinity triggered assembly formed by PEG-[A4C7]s and
GFP in tandem display.

Legend: PEG-[A4C7]4 — Synthetic ligand A4C7 functionalized on a 4-arm PEG molecule.
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3.4. Materials and Methods

3.4.1. Materials

3.4.1.1 Chemicals

NHS-terminated 8-arm PEG 20 kDa (SUNBRIGHT HGEO-200GS*) and maleimide termi-
nated 8-arm PEG 20 kDa (SUNBRIGHT PTE-200MA) were purchased from NOF Europe (Frank-
furt am Main, Germany).

Peptide PPxY (KGEYPPYPPPPYPSG, 98% purity) was purchased from GeneCust
(Boynes, France) or produced at the Department of Chemistry and Biochemistry of the Faculty of
Sciences of the University of Porto, Portugal. The minimalist version of the peptide WW
(SMGLPPGWDEYKT) was also produced at the Department of Chemistry and Biochemistry of
the Faculty of Sciences of the University of Porto.

10% SDS solution (1610416), 30% Acrylamide/bis-acrylamide solution, 37.5:1 (1610158),
Fixative Enhancer Concentrate (1610461), Image development reagent (1610464), Reduction
moderator solution (1610463) and Silver Stain Plus Kit (1610449) were purchased from Bio-Rad
(California, USA).

Tetramethylethylenediamine (23673), Ammonium persulphate (9592) was purchased from
Carl Roth (Karlsruhe, Germany).

Methanol (10675112), Solution 1-StepTM TMB-Blotting Substrate (34018) and Pierce
Clear Milk Blocking Buffer 10x (37587) was purchased from ThermoFisher Scientific (Massachu-
setts, USA).

Coomasie brilliant blue R-250 (27816), ethylenediamine tetraacetic acid (ED3SS-1), imid-
azole (1202), glycerol (G9012), sodium phosphate dibasic heptahydrate (431478) and sodium
phosphate monobasic (S3522-2), were purchased from Sigma (Missouri, USA).

Acetic acid glacial (101830) and Tween20 detergent (655204) were purchased from Merck
(Darmstadt, Germany).

LB Broth (MB02802), NZYTech Miniprep (MB010), GreenSafe Premium (MB132), NZY-
DNA Loading Dye (MB131), agarose (MB05201), agar (MB02902), Tris Base (MB01601), ampi-
cilin (MB02101), tetracycline (MB02202) and chloramphenicol (MB02402) were purchased to
NZYTech (Lisbon, Portugal).

3.4.1.2 Biochemicals

iPSC medium TeSR2 Basal medium (05861) was purchased from StemCell Technologies
(Grenoble, France).

The plasmid pET21b (69741-3) and BLR (DE3) cells were purchased to Merck (Darmstadt,
Germany).

The Rosetta cells were kindly given by Dr. Inés Grilo from UCIBIO, Requimte.
NZYDNA Ill (MB04401) was purchased from NZYTech (Lisbon, Portugal).
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Precision Plus Protein Dual Xtra prestained protein standard (1610377) was purchased
from Bio-Rad (California, USA).

Anti-Mouse 1gG (Whole Molecule) Peroxidase Conjugate (A 4416) was purchased to
Sigma-Aldrich (Missouri, USA).

Anti-GFP rabbit IgG fraction (A11121) was purchased to Life Technologies (Paisley, UK).
3.4.1.3 Software

Chimera 1.13.1 program was used to render the structures of the WW domain and the
structures of the GFP molecule. ChemDraw Professional 16 was resorted to draw the structure
of the A4C7 molecule.

3.4.2. Methods

The reagents were weighted in a Sartorius AX423 scale (Max 420 g, d=1 mg) (Goettingen,
Germany) or in a Mettler Toledo scale (Max 42 g, d=0.01 mg) (Ohio, USA) and calibration of pH
was conducted with pHenomenal pH 1100L from VWR (Pennsylvania, USA).

The measurements of the fluorescence were performed in a TECAN Infinite F200 from
Tecan Trading AG (Mannedorf, Switzerland), using BRAND GMBH 96 U Bottom Black Polysty-
rene microplates from Sigma (Missouri, USA). Unless stated otherwise, the measurements in the
visible spectra were also made in the TECAN Infinite F200 on 96-well transparent flat-bottom
microplates from Sarstedt (Nimbrecht, Germany).

3.4.2.1 Functionalization of WW domain and PPxY domain

The minimalist version of the WW peptide was previously functionalized with the malei-
mide-terminated 8-arm PEG (PEG-[Mal]s) (PhD work from Claudia Fernandes).

The PPxY peptide was dissolved in PBS pH 7.4. The N-hydroxysuccinimide-terminated 8-
arm PEG (PEG-[NHS]s) was also dissolved in PBS pH 7.4. The solutions were mixed with a molar
ratio of 1:1. Afterwards, the mixture was left incubating for 16 hours with rotational agitation (22
rpm). The solution was then dialysed using a Spectra/Por 7 Dialysis Tubing against water. 24
hours later, the mixture was stored at -80 °C and lyophilized.

To determine the yield of PPxY functionalization on the NHS-terminated 8-arm PEG, the
amount of peptide PPxY in the sample, before and after dialysis, was measured by recording the
fluorescence intensity. The excitation wavelength was of 280 nm and the emission wavelength
was of 340 nm and a gain of 41. The degree of functionalization was estimated to be 93 %.

For the controls used in the rheological characterization, PEG-[Mal]s was dissolved in PBS
pH 7.4, left incubating for 16 hours with rotational agitation (22 rpm), dialysed using a Spectra/Por
7 Dialysis Tubing against water, stored at -80 °C and lyophilized. The same protocol was adopted
for PEG-[NHS]s.

3.4.2.2 Formation of a Hydrogel Between the Functionalized WW and
PPxY domains

Both peptides functionalizated into the respective 8-arm PEG were individually dissolved
in iPSC medium and mixed together with a 1:1 ratio, each contributing to 20 % of the total hydrogel
volume. The pH of the mixture was set to 8-8.2 using a 1 M solution of NaOH. This hydrogel
formed by the mixture of the minimalist version of the WW peptide functionalized on an 8-arm
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PEG molecule and the peptide PPxY functionalized on an 8-arm PEG molecule will herein be
referred to as the hydrogel in study.

PEG-[Mal]s and PEG-[NHS]s were also separately dissolved in iPSC medium and joined
together with a 1:1 ratio, each contributing to 20 % of the total hydrogel volume. The pH of the
mixture was set to 8-8.2 using a 1 M solution of NaOH. This mixture will be referred, in this section,
as the negative control.

3.4.2.3 Rheological Studies

The hydrogel samples examined presented a total volume of 100 uL. A HAAKE MARS Il
controlled stress rheometer with a temperature unit (Peltier element) set to 20 +0.5 °C was used.
Stress sweeps and frequency sweeps tests were performed using a cone-plate geometry with a
diameter of 35 mm, cone angle of 2° and a gap of 0.125 mm.

3.4.2.4 |solate, Quantify and Evaluate the Integrity of Plasmid DNA of
Bacterial Cells

5 uL of transformed Rosetta cells with the plasmid pET21b carrying the gene of interest
([GFP-HS]s— 5 repeats of the GFP followed by the hydrophilic spacer complex) were added to 10
mL of Luria-Bertani (LB) medium containing 100 ug mL™" ampicillin and 30 ug mL"* chloramphen-
icol and incubated overnight at 37 °C with 200 rpm of orbital agitation.

The gene codifying for [GFP-HS]x (x repeats of the GFP followed by the hydrophilic spacer
complex) is cloned on the expression vector pET 21b (Figure 3.7).

GFP HS
Sall [ | Xhol

U

pET 21b-[GFP-HS]

PP

/oe\

Figure 3.7 — Graphic representation of the plasmid carrying the [GFP-HS] gene.

The LB medium was prepared by dissolving 25 g of LB per litter of distilled water.

The DNA isolation procedure was performed with the NZYMiniPrep kit. The pre-inoculum
was centrifuged in a VWR MicroStar12 centrifuge using the rotor GRF-m2.0-12.b (Pennsylvania,
EUA) for 3 minutes at 11000 xg. Next, the supernadant was discharged. The pellet was then
resuspended in 500 uL of A1 buffer by vortexing. Following, 500 uL of A2 buffer were added to
the mixture and gently mixed. Then, it was left incubating for 4 minutes at room temperature. This
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step was followed by the addition of 600 uL of A3 buffer. Afterwards, the mixture was centrifuged
for 10 minutes at 11000 xg and the pellet was discharged. The supernatant was introduced in a
silica-based gel column and centrifuged for 2 minutes at 11000 xg. Subsequently, the flow-
through was discharged. Afterwards, 500 ulL of previously heated AY buffer was added into the
column followed by centrifugation of 2 minutes at 11000 xg. The flow-through was discharged,
600 uL of A4 buffer were added and three cycles of centrifugation for 2 minutes at 11000 xg
began intercalated by the discharged of the flow through. The elution process began by adding
30 ulL of previously heated autoclaved and deionized water followed by the introduction of the
eppendorf containing the mix into the water bath Scanvac SHC200 (Lynge, Denmark) set at 42
°C for one minute. Afterwards, the samples were centrifuged for two minutes at 11000 xg. The
product of the first elution was stored while the second elution took place. Finally, 50 pL of of
previously heated autoclaved and deionized water were added to the eppendorf and the samples
were once again centrifuged for two minutes at 11000 xg.

The recovered DNA was quantified via Nanodrop 1000 from Thermo Scientific (Massachu-
setts, USA) and its purity and integrity were evaluated via an electrophoresis with an 0.8 % (w/v)
agarose gel. This gel was prepared by dissolving pure grade agarose in TAE buffer (40 mM Tris
Base, 20 mM glacial acetic acid and 1 mM ethylenediamine tetraacetic acid) and adding 3 uL of
stain Green Safe Premium per 100 mL TAE buffer. The samples were prepared by diluting 4 pL
of each plasmid in 2 uL of milliQ water and in 1 uL of loading dye, resulting in 7 uL loaded into
the gel. 5 uL of the molecular marker NZYDNA Ladder Ill was directly applied into the gel. The
agarose gel was casted and run in Mini-Sub Cell GT Systems from Bio-Rad (California, USA)
with PowerPacTM Basic Power Supply (300V, 4.0A, 75W) from Bio-Rad (California, USA). The
electrophoresis was run for 60 minutes at 100 V. Afterwards, the gel was revealed using Molec-
ular Imager GelDocTM XR* from Bio-Rad (California, USA) in a UV Transiluminator.

For [GFP-HS]s (3 repeats of the GFP followed by the hydrophilic spacer complex) the same
protocol was implemented.
3.4.2.5 Transformation of Competent Cells E. coli BLR (DE3) With the
Plasmid pET-21B

5 pL of the plasmid DNA of interest were added to 50 pL of competent E. coli BLR (DE3)
cells and 1 uL of the control plasmid was added to 20 uL of competent cells. These solutions
were left on ice for 30 minutes. The heat shock protocol began by introducing each of the solutions
for 40 seconds into a 42 °C water bath, followed by 2 minutes on ice. Then, LB medium was
added until the total volume of each solution was 1 mL. These mixtures were left for 1 hour at 37
°C with an orbital agitation of 225 rpm.50 uL and 150 uL of each mixture were added into different
LB agar plates. The remaining volume was centrifuged at 1700 xg, the supernatant was dis-
charged, the pellet was resuspended in LB medium and plated.

The LB agar medium was prepared by adding 15 g of agar and 25 g of LB per litter of
distilled water. This mixture was autoclaved and 100 ug mL™" of ampicillin and 12.5 ug mL™" of
tetracycline was then added.
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3.4.2.6 Protein Expression

3.4.2.6.1 1 Litter of Culture Medium

Firstly, a pre-inoculum was performed with 6 mL of LB medium supplemented with 100 ug
mL"" ampicillin and 30 ug mL™" chloramphenicol and with a single colony of competent E. coli
Rosetta (DE3) cells harbouring a plasmid for the [GFP-HS]s for 6 hours at 37 °C and 225 rpm of
orbital agitation on a IKA KS 4000 ic control VWR incubator (Radnor, Pennsylvania, USA). After-
wards, 1 mL of the pre-inoculum was used to inoculate overnight at 37 °C and 225 rpm of orbital
agitation with 50 mL of the LB medium with 100 ug mL"" ampicillin and 30 ug mL™" chloramphen-
icol. Then, 50 mL of the previous inoculum was added to 1 L of LB medium with 100 ug mL™"
ampicillin and 30 ng mL™" chloramphenicol and left with 200 rpm of orbital agitation at 37 °C until
the optimal density at 600 nm (O.D.s00) reached 0.6-0.8. At this point, an aliquot was collected
and 1mM of isopropyl 3-D-1 thiogalactopyranoside (IPTG) was used to induce expression. The
culture was then incubated at 30 °C with 200 rpm of orbital agitation. Every two hours until the 6
hours time point, aliquots were collected. After 22 hours of induction, a final aliquot was collected.

The cell expression from the moment before induction up until the 22 hours time point (time
course) was evaluated via O.D.eoo in an Evolution 201 UV-Visible spectrophotometer from
Thermo Scientific (Massachusetts, USA), fluorescence spectroscopy and sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) gels. The polyacrylamide gels were casted
and run in Mini-Protean Tetra Cell System with PowerPacTM HC High Current Power Supply
(250V, 3.0A, 300W) from Bio-Rad (California, USA). The gels were stirred in an Enduro Minimix
orbital shaker from Labnet (New Jersey, USA) for staining and also revealed in the Molecular
Imager GelDocTM XR+, Bio-Rad (California, USA).

For [GFP-HS]s expression the same protocol was implemented. For protein expression in
BLR(DE3) cells, instead of chloramphenicol, 12.5 ug mL™" of tetracycline was used.
3.4.2.6.2 2.5 Litter of Culture Medium

The protocol implemented was the same as the one used for the protein expression in 1 L
of culture medium. However, the 50 mL inoculum was added to 2.5 L of LB medium supplemented
with the antibiotics.

3.4.2.6.3 Cell Fractionation

After 22h protein expression, the cells were harvest by centrifugation in a HERAEUS Mul-
tifuge X3R centrifuge using the rotor Fibralite F14 — 6x250 LE from Thermo Scientific (Massachu-
setts, USA) for 15 minutes at 4 °C and 1500 rpm. The supernatant was discarded, and the pellet
was resuspended in 20 mM sodium phosphate, 0.5 M NaCl pH 7. Afterwards, the suspension
went through 3 cycles of freeze (-80 °C)/ thaw (room temperature). The suspension was stored
at -20 °C until further use.

Then 10% of DNase | was added to the mix, and the sample was incubated on ice. 30
minutes later, the cells were disrupted in a French Press homogenizer from Thermo Scientific
(Massachusetts, USA) for 3 cycles under 4000 psi. Then, the cells were centrifuged at 10 000 xg
for 40 minutes at 4 °C. The resulting pellet was resuspended in 20 mM sodium phosphate, 0.5 M
NaCl pH 7 and the supernatant was ultracentrifuged using a Beckman Optima LE-80 centrifuge
using the rotor 45Ti (California, USA) at 204710 xg for 1 hour and 30 minutes at 4 °C. The pellet
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was resuspended in 20 mM sodium phosphate, 0.5 M NaCl pH 7 and the supernatant was col-
lected and stored at -20 °C.

The cell fractionation was assessed via fluorescence and SDS-PAGE gels.

3.4.2.7 Purification

For the purification, the AKTA avant 25 automated system GE Healthcare (Uppsala, Swe-
den) was used. The columns used for purification were the HisTrap FF 1mL, HiTrap Q HP 5 mL
and the HiLoad 16/600 Superdex 75 prep grade column, all from GE Healthcare (Uppsala, Swe-
den).

To concentrate and/or to exchange buffer, Merck Amicon ultra centrifugal filters 10 kDa
(UFC901024) from Merck (Darmstadt, Germany), Merck Amicon ultra-0.5 mL centrifugal filters
10 kDa (UFC501096) from Merck (Darmstadt, Germany) and Spectra/Por 7 Dialysis Tubing 50
kDa MWCO (10031954) from Spectrum (New Jersey, USA) were used. To dialyse the function-
alization product of the peptides on the 8-arm PEG molecules, Spectra/Por 7 Dialysis Tubing 10
kDa MWCO (132120) from Spectrum (New Jersey, USA).

3.4.271 Immobilized Metal Affinity Chromatography

For IMAC a pre-packed 1 mL HisTrap FF column was used. The column was connected to
the AKTA avant 25 system under the flow rate of 0.5 mL min-' and equilibrated (5 column volume
— C.V. - of 10 mM sodium phosphate, 0.5 M NaCl pH 7.4) with a constant flow rate of 1 mL min
'. The sample was loaded and the column was washed with 10 C.V. of 10 mM sodium phosphate,
0.5 M NaCl, pH 7.4. Then, the elution was performed by using a gradient elution with increasing
concentration of imidazole until 0.5 M imidazole. Fractions of 1 mL were collected in a 96-deep
well block. The sample content was evaluated through fluorescence and SDS-PAGE gels.

The column was regenerated by using 5 C.V. of milliQ water, 2 C.V. of 1 M NaCl followed
by with 5 C.V. of milliQ water, 2 C.V. of 1 M NaOH followed by 5 C.V. of milliQ water. Finally, the
column was equilibrated with 5 C.V. of 10 mM sodium phosphate, 0.5 M NaCl pH 7.4.

The column was stored at 4 °C after being equilibrated with 10 C.V. of milliQ water and 5
C.V. of ethanol 20 %.

3.4.2.7.2 Size-Exclusion Chromatography

Size-exclusion chromatography was performed using a HiLoad 16/600 Superdex 75 prep
grade column. The column was connected to the AKTA avant 25 system under a 0.5 mL min™!
flow rate and equilibrated with 1 C.V. of distilled water and 2 C.V. of PBS buffer pH 7.4 with a
constant flow rate of 1 mL min'.

A sample of 1 mL was loaded on a 5 mL loop and the column was washed with 1.5 C.V. of
PBS buffer pH 7.4 with a constant flow of 1 mL min™'. Fractions of 1 mL were also collected in a
96-deep well block. Before storing the column at 4 °C, it was regenerated with 1.2 C.V. of 1 M
NaCl and 2 C.V. of milliQ water. The column was left with 20% ethanol.

The sample content was evaluated through fluorescence and SDS-PAGE gels.
3.4.2.7.3  Anion Exchange Chromatography

For the anion exchange chromatography, a prepacked 5 mL HiTrap Q HP column from GE
Healthcare was used. This column was connected to the AKTA avant 25 system under a 0.5 mL
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min~! flowrate and equilibrated with 5 C.V. of 20 mM Tris-HCI pH 8 with a constant flow of 1 mL
min.

The sample was loaded on a 5 mL loop. A first washing step with 8 C.V. of 20 mM Tris-HCI
pH 8 was performed. Afterwards, the elution was performed with a gradient of 20 mM Tris-HCI
pH 8 to 20 mM Tris-HCI 0.5 M NaCl. This was followed by a final step with 20 mM Tris-HCI 0.5 M
NaCl pH 8. Fractions of 1 mL were collected in a 96-deep well block. The sample content was
evaluated through fluorescence and SDS-PAGE gels.

To store the column at 4 °C, it was first regenerated with 5 C.V. of distilled water and 3 C.V.
of 20% ethanol.

3.4.2.7.4 SDS-PAGE Electrophoresis Analysis

Polyacrylamide gels of 12.5 % were prepared with a 30 % solution of acrylamide/Bis 37.5:1
to analyse the samples form time course, cell fractioning and purification. Two different method
of sample preparation were used: One to evaluate the time course and another for the evaluation
of fractioning and purification.

To evaluate the time course, the volume of the samples was dictated by the following equa-
tion:
1.2

Volume sample (mL) = Equation 3.1

0.D.600 nm

Each sample was centrifuged for 5 minutes at 5000 xg, the supernatant was discarded and
the pellet was resuspended in 50 uL of sample buffer. Afterwards, the samples were boiled for
10 minutes. Regarding the fractionation and purification samples, 5 uL of each sample were dis-
solved in 5 uL of sample buffer and boiled for 10 minutes.

The polyacrylamide gels were run for eighty minutes at a constant voltage of 120 V. Then,
the SDS-PAGE gels were stained by either comassie blue staining or by silver staining. When
the method of comassie blue staining was used, the gels were stained for 30 minutes with a
Comassie Brilliant Blue solution and then distained with a solution comprising of 7.5 % acetic acid
and 45 % methanol.

When the method for staining was silver staining, the Silver Stain Plus kit was used and
the supplier instructions were followed.

3.4.2.75 \Western-Blot

Two polyacrylamide gels were run for two hours at a constant voltage of 80 V. One of the
gels was stained with silver staining and the other one was used for Western-blotting.

A filter paper, a nitrocellulose membrane, the polyacrylamide gels and a filter paper were
assembled by this order and assembled in a cassette. This cassette was placed on the electro-
phoresis tray with a chill unit (-20 °C). Cold transfer buffer (Tris 25 mM, Glycine 192 mM and 20
% methanol, pH 8.1-8.4) was deposited into the electrophoresis tray. Afterwards, the transfer
occurred at 100 V for 1 hour.

The membrane was then blocked for one hour with 15 mL of milk in TBST (TBS with 0.05
% Tween 20) 1x at room temperature. Then, the membrane was washed twice with TBST for one
minute at room temperature. Subsequently, the primary antibody Anti-GFP rabbit IgG fraction
was diluted 1:2000 in TBST and then added to the membrane overnight at 4 °C with mild agitation.
Posteriorly, the membrane was washed twice for one minute at room temperature. Then, the
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membrane was incubated with mild agitation for one hour at room temperature with a solution
comprising of the secondary antibody Anti-Mouse 1gG diluted 1:2000 in TBST. The membrane
was then washed three times with TBST for 10 minutes.

The method of detection utilized was the colorimetric method which consisted on adding
15 minutes of the 1-Step TMB-Blotting Substrate Solution until a blue colour was observed.

3.4.2.7.6 Fluorescence Intensity Quantification

To measure the fluorescence intensity, 200 pL of each sample were pipetted into a 96-well
black microplate and the fluorescence was measured in an infinite Tecan Microplate Reader. The
excitation wavelength used was 485 nm and the emission wavelength used was 535 nm and the
gain (41) was previously determined with a GFP calibration curve. Finally, the GFP concentration
was determined by the following equation:

Sample fluorescence = 487016 x [GFP — HS], + 279.24 Equation 3.2
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3.5 Results and Discussion

3.5.1 Affinity-triggered Assemblies Based on a Peptide-Peptide
Affinity Pair

A minimalist version of the WW domain (SMGLPPGWDEYKT — Figure 3.8, in orange) was
used to create a hydrogel triggered by the affinity of this pair towards the small peptide PPxY
(KGEYPPYPPPPYPSG). This minimalist version presents all of the amino acids required for the
recognition of the PPxY domain, namely the two proline residues that are essential to establish
interactions with the proline residues of the target molecule and, the aspartic acid and glutamic
acid, necessary for the establishment of hydrogen bond interactions to the target due to their
hydrophilic and charged character.!''?

The WW domain is hydrophobic and so, its biological production in the soluble form would
be very difficult. By using this minimalist version, it is possible to synthetize the peptide by solid-
phase peptide synthesis. This technique allows for the cheaper production of small peptides.['3"]

Figure 3.8 - WW domain prototype proposed by Macias et al.[''?l Protein Data Bank ID: 1EOM.
In orange, the structure of the minimalist version of the WW peptide.

Even though a minimalist version of the peptide was used to produce affinity triggered
hydrogels, its affinity constant towards the PPxY peptide is in the same order of magnitude in
comparison to the full peptide (Table 3.1).

Table 3.1 — Comparison between the affinity constant of minimalist version and the full version of
WW domain towards the PPxY domain.

WW domain Ka (M) Method Ka determination Ref.
mwWw 1.6x10° Microscale thermophoresis [136]
CC43 2.2x10° Isothermal Titration Calorimetry 36]

Nedd4.3 1.6x10* Isothermal Titration Calorimetry 36]
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In terms of mechanical proprieties of the hydrogels triggered by the affinity between a WW
domain and PPxY, the storage modulus is always low (Table 3.2). Furthermore, the G’ and the
G” are always very similar.[36:47.136]

From these examples, it is possible to conclude that for these systems, the introduction of
multivalency to form the hydrogels by either multivalent polymers or by tandem proteins does not
affect greatly the mechanical proprieties of the hydrogel.

Table 3.2 — Comparison of storage modulus between different affinity-triggered hydrogels compris-
ing of the pair WW and PPxY domains.

WW domain PPxY G’ (Pa) Ref.
PEG-[mWW]s PEG-[PPxY1s 20 [136]
Tandem Nedd4.3 Tandem 9 36]
Tandem CC43 PEG-[PPxY1s 15 (7]

From the frequency sweep assays (Figure 3.9), the hydrogel in study is a viscoelastic liquid,
as it is a mechanically weak assembly. Despite presenting a similar behaviour to the negative
control, the hydrogel in study presents a tendency to have a more predominant elastic compo-
nent. This proves the beneficial contribution of the affinity between the PPxY and the mWW on
the material.
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Figure 3.9 — Frequency sweeps of the hydrogel and the control.

In blue, the storage modulus (G’) and the loss modulus (G”) of the control sample that is comprised of a
mixture (20 % w/v — C-20) between PEG-[Mal]s and PEG-[NHS]s. In red, the storage modulus (G’) and the
loss modulus (G”) of the hydrogel formed by PEG-[mWW]g and PEG-[PPxY]s. The close and open symbols
represent the storage (G’) and the loss (G”) moduli, respectively.

The mechanical behaviour of the hydrogel in study shows a dependency of the frequency
as an increase of the frequency leads to higher storage and loss moduli. Moreover, in higher
frequencies, there is a shift on the behaviour and the storage modulus is increasingly higher in
comparison to the loss modulus.
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3.5.2 Affinity-triggered Assemblies Based on a Protein-synthetic
ligand Affinity Pair

On this section, the aim is to express and purify multimeric GFP tandem proteins and to
produce an affinity-triggered hydrogel based on the reported affinity between A4C7 and GFP. The
two components of these hydrogels are: a multimeric GFP tandem protein and the synthetic lig-
and functionalized in a 4-arm PEG molecule. The multimeric protein was expressed in tandems
of 3 and 5 GFP molecules to later analyse the difference of hydrogel formation and its proprieties
caused by the difference of avidity between the different tandems and the ligand A4C7.

The final aim is to recombinantly produce protein-based biomaterial, by exploiting the af-
finity between the synthetic ligand A4C7 and GFP, as they are a promising and versatile class of
materials.

The plasmid containing the gene of interest was grown overnight in Rosetta cells compe-
tent cells. Then, the plasmid DNA was extracted and isolated with the aid of a MiniPrep kit. The
results obtained are shown on Table 3.3 and Figure 3.10.

Table 3.3 — Quantification and purity evaluation of the DNA extracted with the MiniPrep Kit.

[DNA] (ng pL™) Abszg0/Abs2go Absze0/Abs230
PET-[GFP-HS]; 41.8 1.81 2.1
97.2 1.86 1.92
PET-[GFP-HS]s
31.2 1.79 213

For pET 21b-[GFP-HS]s, the values presented correspond to the second elution. For pET 21b-[GFP-HS]s,
the values on top correspond to the first elution and the ones on the bottom correspond to the second elution.

To assess the purity of the extracted DNA, absorbances at 260, 280 and 230 nm were read
to detect the presence of protein contamination, contamination of aromatic moieties such as phe-
nol and urea and to detect the presence of nucleic acids, respectively.['3® In the presence of pure
plasmid DNA, the ratio Abs260/Abs280 should be between 1.8 and 2.0 and the ratio Abs2e0/Abs230
should be over 1.8.1'3% Therefore, the extracted DNA presented good purity with very little con-
tamination. In the case of the plasmid DNA of pET-[GFP-HS]s, the second elution was chosen to
proceed to the transformation because it presented higher Abs2so/Abs23o ratio. On Table 3.3 and
Figure 3.10 the first DNA elution of pET-[GFP-HS]s is not represented because this elution did
not present enough volume to assess the quantification, purity and integrity.
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Figure 3.10 - Integrity evaluation of plasmid DNA.
Legend: 2. pET-[GFP-HS]s represents the second DNA elution, 1. pET-[GFP-HS]s and 2. pET-[GFP-HS]s
represents the first and the second DNA elution, respectively.

From Figure 3.10, on the first and second elution of pET-[GFP-HS]s, it is possible to distin-
guish the four forms of the plasmid: nicked, linear, supercoiled and circular (from top to bottom)
being the most prominent band the one related to the supercoiled form and the least prominent
the one demonstrating the circular form. In contrast, on the second DNA elution correspondent to
pET-[GFP-HS]s, it is only possible to distinguish the nicked, linear and the supercoiled forms of
the plasmid (from top to bottom). In opposition to the band representing the linear band being
very faint, the supercoiled one is very prominent.

3.5.2.1 Protein Expression

Bacterial recombinant protein expression is very advantageous because it is relatively in-
expensive, the culture conditions are simple and easily scalable.'*! In opposition, one of the main
disadvantages of using recombinant protein expression are the low yields (usually below 50 mg
of protein per litter of expression).l"!

The proteins [GFP-HS]s and [GFP-HS]s (for the molecular weight of each tandem repeat,
see Table 3.4) were expressed using two different E. coli strains (Rosetta (DE3) and BLR (DE3))
and in two different culture volumes (1 L and 2.5 L) using BLR (DE3) cells.
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Table 3.4 — Molecular weight of the tandem GFP protein.
Molecular weight (KDa)

[GFP-HS]; 32.13
[GFP-HS], 60.47
[GFP-HS]s 88.81
[GFP-HSs 117.27
[GFP-HS]s 145.61

The estimated molecular weight was calculated by an online tool by Innovagen known as pepcalcl''l. Leg-
end: [GFP-HS]1 — 1 repeat of the GFP followed by the hydrophilic spacer complex; [GFP-HS], — 2 repeats
of the GFP followed by the hydrophilic spacer complex; [GFP-HS]; — 3 repeats of the GFP followed by the
hydrophilic spacer complex; [GFP-HS]s — 4 repeats of the GFP followed by the hydrophilic spacer complex;
[GFP-HS]s — 5 repeats of the GFP followed by the hydrophilic spacer complex.

The Rosetta strain (characterized by Novagen) is used to improve protein expression as it
supplies tRNAs for rare codons that are commonly not found in E. coli, allowing for an “universal”
translation.l'#?! As the goal is to express GFP in tandem which is a more complex protein than a
single GFP molecule, this strain was preferred over the commonly used BL21 (DE3).

BLR (DE3) cells are lon and ompT deficient and carrying a chromosomal copy of the gene
encoding for the T7 RNA polymerase under control of the lacUV5 promoter, like the Rosetta cells
previously used. However, it also presents a recA delection, minimizing the recombination of long
and repetitive DNA sequences and so it enables the expression of tandem sequences of the
same protein.[143-14%]

3.5.2.1 Expression in Rosetta (DE3) Cells

The expression was carried out for 22 hours at 30 °C with 200 rpm of orbital agitation after
being induced with 1 mM of IPTG when O.D.soonm reached 0.6-08. The expression conditions
used of GFP (time and temperature of induction, concentration of IPTG and velocity of agitation)
were optimized in house.

After induction, the expression was followed over 22 hours (Figure 3.11-a and Figure 3.11-
b) by measuring the optical density at 600 nm (Figure 3.11-c and Figure 3.11-d). To assess if the
protein of interest was being produced, the fluorescence was also measured (Figure 3.11-c and
Figure 3.11-d).
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Figure 3.11 — Expression of tandem proteins [GFP-HS]: and [GFP-HS]s in Rosetta cells.
SDS-PAGE gel of the fractions collected through expression (time course) and fractioning for [GFP-HS]s (a)
and for [GFP-HS]s (b). Fluorescence intensity and O.D.goonm Of fractions collected throughout expression for
[GFP-HS]s (c) and for [GFP-HS]s (d). Fluorescence intensity of the protein of interest during the several
fractioning stages for [GFP-HS]s (e) and for [GFP-HS]s (f). Both gels were stained with comassie blue stain-
ing.

Legend: MM — Molecular weight Marker; Bl — Before Induction; 2h — 2 hours after induction; 4h — 4 hours
after induction; 6h — 6 hours after induction; 22h — 22 hours after induction; SC — Supernatant collected after
the first Centrifugation; PC — Pellet collected after the first Centrifugation; SU — Supernatant collected after
the Ultracentrifugation; PU — Pellet collected after Ultracentrifugation.

It is possible to perceive, on the time course gels, that the protein [GFP-HS]s is being pro-
duced because of the presence of one intense band at 89 KDa is noted (Figure 3.11-a). Also,
[GFP-HS]s is being expressed as confirmed by an intense band at 145 KDa (Figure 3.11-b).
These statements are also established by an increase of the fluorescence registered during the
expression for both proteins in tandem and without being displayed in tandem (Figure 3.11-c and
Figure 3.11-d).

After cell fractionation, the samples were analysed by SDS-PAGE gels (Figure 3.11-a and
Figure 3.11-b) and quantified by fluorescence measurements gels (Figure 3.11-e and Figure 3.11-
f). As it can be seen on Figure 3.11, and on Table 3.5, a great amount of protein is produced on
the soluble fraction after ultracentrifugation.
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Table 3.5 — Concentration of GFP in tandem display on the various stages of fractioning.

Supernatant af- Supernatant af- Pellet after the
. Pellet after the .
ter the centrifu- i . ter the ultracen- ultracentrifuga-
. centrifugation . . .
gation trifugation tion
[GFP-HS]3
17.03 20.00 23.76 3.17
(g mLT)
[GFP-HS]s
19.19 15.74 23.07 1.47
(g mL")

It is important to mention the presence of two distinct bands between 25 and 37 KDa. It is
possible that one of these bands can correspond to one repeat of the GFP with the hydrophilic
spacer, whose molecular weight is 32.1 KDa (Table 3.3). This can be the indication of homolo-
gous recombination, probably due to the presence of the RecA protein. Even though this protein
increases the stability of average plasmids, this recombinase can also instigate plasmids with
numerous repeats to become unstable, causing a deletion in it. Afterwards, when the protein
expression begins, instead of expressing the desired protein with tandem display, the end result
is a protein with only one repeat.['*¢147l The strategy to avoid these problems is to insert the
plasmid into an E. coli strain with a recA mutation, such as the BLR (DE3) strain.

3.5.2.2 Expression in BLR (DE3) Cells

For the BLR (DE3) strain, two different culture volumes were used: 1 L and 2.5 L to test
the efficiency of production and possible scale-up applications. After isolating the plasmid from
the Rosetta cells, the competent BLR (DE3) cells were transformed with the plasmid of interest.
Afterwards, the GFP tandem in pET21b was expressed according to the procedures described in
the section 3.4.2.6 Protein Expression.

1 L of expression medium

When the O.D.s0onm reached 0.6-0.8, the expression was induced using IPTG. Later, the
expression was followed over 22 hours for [GFP-HS]s; and 17 hours for [GFP-HS]s (Figure 3.12-
a and Figure 3.12-b). Also, the optical density at 600 nm was measured (Figure 3.12-c and Figure
3.12-d) and, to assess if the protein of interest was being produced, the fluorescence was also
measured (Figure 3.12-c and Figure 3.12-d).
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Figure 3.12 — Expression of tandem proteins [GFP-HS]; and [GFP-HS]s in BLR (DE3) cells in 1 L of
culture volume.

SDS-PAGE gel of the fractions collected through expression (time course) and fractioning for [GFP-HS]s (a)
and for [GFP-HS]s (b). Fluorescence intensity and O.D.so0nm Of fractions collected throughout expression for
[GFP-HS]s (c) and for [GFP-HS]s (d). Fluorescence intensity of the protein of interest during the several
fractioning stages for [GFP-HS]; (e) and for [GFP-HS]s (f). Both gels were stained with comassie blue stain-
ing. Legend: MM — Molecular weight Marker; Bl — Before Induction; 2h — 2 hours after induction; 4h — 4 hours
after induction; 6h — 6 hours after induction; 22h — 22 hours after induction; SC — Supernatant collected after
the first Centrifugation; PC — Pellet collected after the first Centrifugation; SU — Supernatant collected after
the Ultracentrifugation; PU — Pellet collected after Ultracentrifugation.

There is an intense band that marks the production of the desired proteins — 89 KDa for
[GFP-HS]s (Figure 3.12-a) and 145 KDa for [GFP-HS]s (Figure 3.12-b). It appears that the band
corresponding to [GFP-HS]s (Figure 3.12-a) is more intense than the band corresponding to
[GFP-HS]s (Figure 3.12-b). There is also an increase of the measured fluorescence while the time
after induction is progressing, indicating the production of proteins with fluorescence (protein in
tandem repeats and protein without tandem repeats). (Figure 3.12-c and Figure 3.12-d). Once
again, the two distinct bands between 25 and 37 KDa seen in Figure 3.11-a and Figure 3.11-b
are also present, perhaps indicating the presence of GFP without being displayed in tandem
fashion. Furthermore, on Figure 3.12-a, there is a very distinctive band at around 150 KDa which
is the approximate molecular weight of [GFP-HS]s, despite the protein being produced is [GFP-
HS]a.

After expression, cell harvest, mechanical lysis, the cells were fractionated, and aliquots
were reserved to analyse the cell fractioning process by SDS-PAGE (Figure 3.12-a and Figure
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3.12-b). The fluorescence was also measured (Figure 3.12-e and Figure 3.12-f). As it can be
observed by the SDS-PAGE gels and on Table 3.6, the protein was mostly produced on the
insoluble form. However, there was also protein production on the soluble form in which, 4 to 5
% was the protein of interest (Table 3.7). The fraction of the supernatant collected after the ultra-
centrifugation was the one that progressed for the purification (See section 3.5.2.2 Protein Purifi-
cation).

Table 3.6 — Concentration of GFP in tandem display on the various stages of fractioning.

Supernatant af- Supernatant af- Pellet after the
. Pellet after the .
ter the centrifu- i . ter the ultracen- ultracentrifuga-
. centrifugation . . .
gation trifugation tion
[GFP-HS]3
22.67 46.48 14.07 10.90
(g mL")
[GFP-HS]s
19.82 35.58 14.96 7.22
(g mLT)

Table 3.7 — Percentage of the protein of interest expressed in the soluble form.

[GFP-HS] Total protein
% [GFP-HS]x
(ug mL™) (g mLT)
[GFP-HS]; 14.07 264.1 411
[GFP-HS]s 14.96 364.64 5.30

The expression in BLR (DE3) cells presents lower protein expression in the soluble form in
comparison to the expression in Rosetta (DE3) cells. Moreover, when using BLR (DE3) cells, it
seems that there is high production of protein in the insoluble form.

The insoluble form contains inclusion bodies (aggregates of expressed protein that present
undefined hydrophobic interactions). A reason for the formation of these insoluble aggregates
can be the hydrophobicity of the proteins being expressed.l'481491 Ag it is well known, the GFP is
a hydrophobic proteinl'® and the proteins that are being expressed might be equally or even
more hydrophobic than the GFP protein alone. To decrease the hydrophobicity of the protein, a
hydrophilic spacer ((AGAGAGPEG]2) was introduced between the GFPs present in the tandems.
This spacer was previously used by several other authors in previous studies.[26:47.57.151-1531 |t jg
possible that the hydrophilic spacer might not be enough to counterbalance the hydrophobicity of
the whole molecule. It would be important to add buffers to control pH fluctuations during growth,
and co-expression of chaperones to either prevent aggregation during the folding process or to
assist in the solubilization of misfolded proteins.['%*

Since the majority of the protein is in the insoluble form, using either high concentration of
denaturants and chaotropes such as guanidine hydrochloride or non-denaturing solubilization
agents like DMSO would be interesting approaches to undertake in order to solubilize these ag-
gregates.['49
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2.5 L of expression medium

To assess the possibility of scaling up, both proteins of interest were expressed in 2.5 L of
LB medium instead of 1 L. The conditions of temperature, concentration of IPTG and antibiotics
were the same as when the expression occurred on one litter of LB. The expression was also
followed by SDS-PAGE (Figure 3.13-a and Figure 3.13-b), and by measuring the optical density
at 600 nm and the fluorescence (Figure 3.13-c and Figure 3.13-d).
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Figure 3.13 — Expression of tandem proteins [GFP-HS]; and [GFP-HS]s in BLR (DE3) cells in 2.5 L of
culture volume.

SDS-PAGE gel of the fractions collected through expression (time course) and fractioning for [GFP-HS]s (a)
and for [GFP-HS]s (b). Fluorescence intensity and O.D.ggo Of fractions collected throughout expression for
[GFP-HS]s (c) and for [GFP-HS]s (d). Fluorescence intensity of the protein of interest during the several
fractioning stages for [GFP-HS]s (e) and for [GFP-HS]s (f). Both gels were stained with comassie blue stain-
ing. Legend: MM — Molecular weight Marker; Bl — Before Induction; 2h — 2 hours after induction; 4h — 4 hours
after induction; 6h — 6 hours after induction; 22h — 22 hours after induction; SC — Supernatant collected after
the first Centrifugation; PC — Pellet collected after the first Centrifugation; SU — Supernatant collected after
the Ultracentrifugation; PU — Pellet collected after Ultracentrifugation

By analysing the SDS-PAGE gels, it can be seen that protein with the desired molecular
weight is being produced as there is an intense band at 89 KDa corresponding to [GFP-HS]s
(Figure 3.13-1). Also, in Figure 3.13-b, it is possible to observe an intense band at 145 KDa that
matches to the molecular weight of [GFP-HS]s. Moreover, as it can be seen in Figure 3.13-c and
Figure 3.13-d, the fluorescence is increasing along with the progression of the expression mean-
ing that fluorescent proteins are being produced.

The two bands found between the molecular weight marker of 25 KDa and 37 KDa are also
present but are more visible on the pellet collected after ultracentrifugation fraction.
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On Table 3.8, the concentration of [GFP-HS]s and [GFP-HS]s on each fraction after cell
lysis is represented. Analogous to the case of the expression on BLR (DE3) in 1 L of culture
volume, the protein was expressed mostly on the insoluble fraction.

Table 3.8 — Concentration of GFP in tandem display on the various stages of fractionation.

Supernatant af- Supernatant af- Pellet after the
. Pellet after the .
ter the centrifu- i . ter the ultracen- ultracentrifuga-
. centrifugation . . .
gation trifugation tion
[GFP-HS]3
7.45 38.03 7.72 3.27
(g mLT)
[GFP-HS]s
7.05 27.3 6.75 2.52
(g mL")

Table 3.9 — Concentration of GFP in tandem display expressed using different strains and culture
volumes.

Concentration of the soluble fraction (ug mL"")

Strain Rosetta (DE3) BLR (DE3)
Culture volume 1L 1L 25L
[GFP-HS]; 23.76 14.07 7.45
[GFP-HS]s 23.07 14.96 7.05

To sum up, concerning the expression of [GFP-HS]s and [GFP-HS]s, on both Rosetta (DE3)
and BLR (DE3) cells, homologous recombination appears to take place even though BLR (DE3)
cells presents a recA delection. With BLR (DE3) cells it was expected that the protein would be
mostly expressed in tandem however, a band that can possibly be representing [GFP-HS]1 is very
visible. It appears that the production of GFP in tandem over single GFP was favourable. This
can be explained because GFP in tandem presents, in proportion, more hydrophobic residues
than [GFP-HS]4, forcing the cell to go through a higher metabolic burden when producing [GFP-
HS]s and [GFP-HS]s in comparison to [GFP-HS]1.

When the vehicle of expression was Rosetta (DE3) cells, most proteins went to the soluble
fraction. In opposition, when BLR (DE3) cells were used, most protein was expressed on the
insoluble fraction. This can be due to an increase of the energetic burden of the cell to express
the proteins in a multimeric tandem fashion instead of only one monomer.

When testing different culture volumes, the most profitable one — regarding the concentra-
tion of protein expressed — was 1 L instead of 2.5 L (Table 3.9). Since the culture volume was
lower, the quantity of cells was also lower. This could have led to a production of less protein but
with the correct folding.

Finally, it would be important to perform a Western-blot with a primary antibody anti-GFP
on the fractionation samples, to understand if the bands between the 25 and 37 KDa are GFP or
another protein that is being produced at the same time as the multimeric GFP proteins.
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3.5.2.2 Protein Purification

The fractions from the supernatant of the ultracentrifuge of the expression in Rosetta (DE3)
and of the expression in BLR (DE3) were purified using different chromatography techniques.

3.52.21 [GFP-HS}

The soluble fraction was purified via immobilized metal affinity chromatography, size-ex-
clusion chromatography and anion exchange (Figure 3.14).

l U j> MIAG j\> SEC ’ \_ Exchange J

Figuré7'§.14 - §6hematic of the bﬁi’ificatif}h steps of [GFP-HS]:, crddé extract.

Immobilized metal affinity chromatography was firstly introduced in 1975 by Porath('%%], This
is one of the most used chromatography systems to date. Because IMAC metal ion ligands inter-
act with imidazole rings present on the Histidine residues present in his-tag, the protein of interest
will bind to the column whilst other proteins will be washed away with the binding buffer. To elute
the fraction of interest, a compound such as imidazole who can act like a metal ion ligand is used
in excess.!'%

The crude extract containing the soluble fraction of the [GFP-HS]s expression from BLR
(DE3) was loaded in a 1 mL Histrap FF which is a prepacked column consisting on an agarose
with an immobilized chelating ligand charged with nickel ions. See Figure 3.15 for the chromato-
gram representative of the metal affinity chromatography. 57 % of protein of interest bound to the
columns and 71 % of the bounded protein was eluted.

The high absorbance values are indicative of the proteins that were not able to bind to the
column, including proteins that present fluorescence. At 40 mL, the concentration of imidazole
begins to increase gradually forcing the proteins that bound to the column to be eluted. At 55 mL,
there is an absorbance and a fluorescence peak indicating that the protein of interest was eluted.
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Figure 3.15 — Chromatogram of immobilized affinity chromatography of the [GFP-HS]; soluble frac-
tion.

The samples that contained the eluted protein of interest were concentrated to a final vol-
ume of 1 mL and loaded into a 5 mL loop to be purified by size-exclusion chromatography. This
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type of gel filtration chromatography consists on separating the proteins by size. Each column is
composed by beads which have pores of different sizes. Proteins with higher molecular weight
cannot enter all of the beads and will flow through the column much faster than smaller pro-
teins.['5"] The column used was a HiLoad Superdex 75 pg that can resolve proteins with a molec-
ular weight ranging from 30 KDa to 70 KDa. As the molecular weight of both [GFP-HS]s; and [GFP-
HS]s is over 70 KDa, the proteins will be eluted in the void volume.

From the chromatogram in Figure 3.16, it is possible to observe that a major fraction of
proteins were eluted between 50 and 55 mL, meaning that most of these proteins present a mo-
lecular weight over 70 KDa, like [GFP-HS]s. Later, between 100 and 120 mL, other proteins that
do not present fluorescence were eluted.
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Figure 3.16 — Chromatogram of size-exclusion chromatography of the [GFP-HS]; soluble fraction
from the expression in BLR (DE3) cells.

To confirm whether the proteins eluted between 40 and 55 mL were GFPs expressed in a
tandem fashion, a Western-blot against anti-GFP was used.

a) Elutions 43-53 mL MM b) Elutions 43-53 mL MM
(KDa)
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100 |
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37
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Figure 3.17 — Evaluation of the samples purified by size-exclusion.
a) the SDS-PAGE gel of the samples eluted between 43 and 53 mL, b) the Western-blot using anti-GFP.
The SDS-PAGE gel (12.5 %) was stained with silver staining.

Legend: MM — Molecular marker.

Figure 3.17 confirms the presence of GFPs expressed in a tandem fashion. However, as
the molecular marker does not show up on the Western due to the washing steps, it is difficult to
assess the molecular weight of the two bands.

90



Afterwards, the buffer of the sample highlighted by the blue box on Figure 3.17 was
changed to Tris-HCI pH 8 and it was purified by anion exchange. This technique was used after
the size-exclusion chromatography because there seems to be a difficulty in purifying the protein,
so a different approach was tried to separate the GFP extract containing other proteins and other
potential contaminates.

Anion exchange allows for the separation of proteins based on their charge. Negatively
charged proteins will bind to the positively charged resin and will then be eluted by either increas-
ing the salt concentration or by decreasing the pH.['% The column used is a 5 mL HiTrap Q HP
which is a prepacked column consisting on a matrix that was functionalized with positively
charged groups. The theoretical isoelectric points of each repeat are stated in Table 3.10. At pH
8, the protein of interest will be negatively charged, so the buffer chosen as the binding buffer
was 20 mM Tris-HCI. To elute the proteins, a gradient of sodium chloride was used.

Table 3.10 — Molecular weight and isoelectric point of each tandem GFP protein.

Molecular weight (KDa) | Isoelectric point

[GFP-HS]4 32.131 5.67
[GFP-HS]; 60.473 5.53
[GFP-HS]3 88.814 5.46
[GFP-HS]4 117.270 5.4
[GFP-HS]s 145,612 5.38

The estimated molecular weight and the isoelectric point was calculated by an online tool designed by Inno-
vagen known as pepcalcl™],

Legend: [GFP-HS]1 — 1 repeat of the GFP followed by the hydrophilic spacer complex; [GFP-HS]» — 2 repeats
of the GFP followed by the hydrophilic spacer complex; [GFP-HS]; — 3 repeats of the GFP followed by the
hydrophilic spacer complex; [GFP-HS]4 — 4 repeats of the GFP followed by the hydrophilic spacer complex;
[GFP-HS]s — 5 repeats of the GFP followed by the hydrophilic spacer complex.

The sample was then loaded into a 5 mL loop, there seems that no contaminants were
washed before the elution process began (Figure 3.18). Also, 100 % of the proteins that present
fluorescence bound to the column.

After the concentration of NaCl began to rise, some contaminants were eluted and when
the concentration reached 0.5 M (100%), the protein of interest was eluted.
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Figure 3.18 — Chromatogram of anion exchange chromatography of the [GFP-HS]; soluble fraction
from the expression in BLR (DE3) cells.

Contrary to what was expected, the purification process was not efficient as there were still
contaminants left and the fluorescent proteins were able to bound to the column. The protein of
interest was eluted at 130 mL, approximately, and only 29 % of the protein with fluorescence
loaded into the column was eluted. The protein of interest present in this final purification step is
in very low concentrations when compared to the other contaminants (Figure 3.19).
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Figure 3.19 — Evaluation of the purlflcatlon methods used for [GFP-HS]s.

The SDS-PAGE gel (12.5 %) was stained with silver staining.

Legend: MM — Molecular Marker, SU — Supernatant collected after the Ultracentrifugation; IMAC — Immobi-
lized Metal Affinity Chromatography; SEC — Size-Exclusion Chromatography; Anion — Anion exchange chro-
matography.

3.52.2.2 [GFP-HSJs

The soluble fraction was purified via immobilized metal affinity chromatography and size-
exclusion chromatography (Figure 3.20).
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Figure 3.20 — Scherﬁéfic of tﬁé purification sféﬁs of [GFP-HS]s crude eﬁract.

The soluble fraction from the ultracentrifuge was loaded into a 1 mL HisTrap FF and
purified. In this case, there was also a great amount of unbound protein, even though 63 % of
proteins with fluorescence bound to the column. After the elution process with a gradient of imid-
azole began, the protein of interest was eluted on 53-58 mL as proven by the fluorescence and
the absorbance peaks (see Figure 3.21). Here, 61 % of the bounded fluorescent protein was
eluted.
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Figure 3.21 — Chromatogram of size-exclusion chromatography of the [GFP-HS]s soluble fraction
from the expression in BLR (DE3) cells.

Then, the fractions of interest were concentrated to 1 mL and loaded into a 5 mL loop to
be purified by SEC (Figure 3.22).

The chromatogram shows multiple absorbance peaks between 30 and 60 mL and the pro-
tein of interest was eluted at 50 mL.
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Figure 3.22 — Chromatogram of size-exclusion chromatography of the [GFP-HS]s soluble fraction
from the expression in BLR (DE3) cells.
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Once again, as proven by Figure 3.23, the protein was not pure after the purification steps.
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Figure 3.23 — Evaluation of the purification methods used for [GFP-HS]s.

The SDS-PAGE gel (12.5 %) was stained with silver staining.

Legend: MM — Molecular Marker, SU — Supernatant collected after the Ultracentrifugation; IMAC — Immobi-
lized Metal Affinity Chromatography; SEC — Size-Exclusion Chromatography.

To sum up, the purification of the soluble fractions of [GFP-HS]3 and [GFP-HS]s by using
the steps of IMAC, SEC and anion exchange chromatography (for the [GFP-HS]s extract) still
require optimization as most of the protein of interest is lost during the purification process (Table
3.11) and, in the final purification steps, it still contains many impurities.

Table 3.11 — Yield associated with each purification step.

Yield
(%)
Purification Step [GFP-HS]; [GFP-HS]s
IMAC 39.9 33.6
SEC 39.3 10.2
Anion exchange 19.7 -
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3.6 Conclusions

On this chapter, the main goal was to study two affinity pairs to form affinity-triggered hy-
drogels. The peptides and the proteins used in this work were produced in two different ways.
The minimalistic version of the WW domain and the PPxY domain were obtained by chemical
syntehsis (outsourced to a specialised company). The multimeric GFP proteins (3 and 5 repeats
in tandem) were produced by recombinant expression in bacterial cells.

Whilst chemical synthesis is more suitable for the production of peptides, production of
proteins with higher molecular weight is more manageable on cells using a recombinant DNA-
based system. ['*"l Nonetheless, recombinant protein expression systems, specially of repeating
units of a hydrophobic protein, has several challenges, namely the formation of inclusion bodies,
low expression yields, protein inactivity and difficulty in purifying the crude extract. This is a pro-
cess that needs extensive and thorough optimization.'*”! In this work, two of these challenges
were faced.

For the first time, a minimalist version of the WW domain was explored to study the effect
of its affinity towards a proline-rich peptide in a polymer-polymer system.l'*®! The multivalency
was achieved by conjugating both peptides PPxY and mWW into 8-arm PEG molecules instead
of resorting to multiple repeats of the peptide. By mixing PPxY and mWW functionalized to the 8-
arm PEG molecules, an assembly with weak mechanical proprieties was obtained. In the future,
materials based on the assembly of this peptide-peptide affinity pair could be used for drug deliv-
ery and cell encapsulation for cell and tissue engineering.

When comparing the hydrogels formed between PEG-[mWW]s and PEG-[PPxY]s and the
hydrogels that would be formed between [GFP-HS]z or [GFP-HS]s and A4C7, it would be ex-
pected that the last system (tandem proteins combined with a multimeric polymer functionalized
with the proteins affinity pair) would present a larger storage modulus because this arrangement,
in contrast to the first system, is a modular system and so, the flexibility of the affinity pairs to
connect in different points is higher allowing for the hydrophobic interactions to be established
more freely without any additional stereochemical hindrance.
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4 . Conclusions and Future Perspectives

This work aimed to explore PEG-based hydrogels using innovative methods based on
chemical and physical interactions.

In the first chapter, it is reported for the first time, PEG-based chemically cross-linked hy-
drogels via the Ugi condensation reaction. These gels present stiff networks with a G’ varying
from 9794.4+382.2 Pa to 1519.9198.4 Pa, depending on the chemistry of the compounds incor-
porated into the network. In the future, other hydrogels will also be formed using isocyanides that
possess aromatic rings, such as phenyl isocyanide. Moreover, the electric conductance of these
hydrogels will be measured.

Since the gelation kinetics was preferred over the stiffness of the hydrogels, the incorpora-
tion of the different carboxylic acids, aldehydes and isocyanides was made with a 10 % concen-
tration of polymer instead of 5 % which provided networks ~120 % stiffer. So, it is important to
study the incorporation of the different compounds when the concentration of PEG is 5 % to
determine if the stiffness of the hydrogels can be further tuned. Also, the swelling behaviour of
these hydrogels will also be studied in order to be employed as real-time biosensors.

In this work, two different applications were thought for the Ugi hydrogels: 1) Introducing
molecules with aromatic rings to implement a conductive system into the hydrogel; 2) Incorporat-
ing molecules to create an antimicrobial system. There has always been an increasing search for
conductor/semiconductor materials that are easy to fabricate and to tune.['® Hence electrocon-
ductive hydrogels are being designed where the hydrogel network presents conducting polymer
chains. Potentially, the introduction of aromatic compounds into the structure of the hydrogel can
generate an electron and proton conductive system, especially since carboxylic acids and amino
groups (hydrogen donating and accepting groups) are also present in the gel network.['6%-163 De-
spite the lack of antimicrobial activity observed in our preliminary results, the Ugi hydrogels ap-
pear to promote cell adhesion despite the fact that PEG itself is an antifouling agent.['84 This
feature can be further explored to, eventually, develop a system for biofilm washing.

In the second chapter, affinity triggered physically cross-linked hydrogels were explored in
which the affinity pairs were displayed in different multivalent configurations: the first affinity pair
was conjugated to 8-arm PEG and one of the binding participants of the second affinity pair was
also conjugated to a 4-arm PEG while the remaining one was displayed in tandem. The binding
of the first affinity pair (MWW and PPxY) originated a new soft affinity-triggered assembly (G’ 20
Pa).

Regarding the second affinity pair (GFP and A4C7), GFP in tandem display of 3 and 5
repeats was recombinantly expressed and purified. If | was able to successfully express the pro-
tein of interest in high yields and purify the soluble fractions, a gel of 100 pL, 10 % (w/v) would be
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made. The fluorescence of the GFP, would be a great asset for creating hydrogels to be applied
as drug delivery systems because it would allow the medical specialist to quantitively assess the
delivery of the therapy to a certain region in order to tune the treatment in function of the progres-
sion of the patient’s health.['65.168]
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