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“I am among those who think that science has great beauty. A scientist in his laboratory is
not only a technician: he is also a child confronting natural phenomena that impress him as

though they were fairy tales.

[...] Neither do | believe that the spirit of adventure runs any risk of disappearing in our
world. If | see anything vital around me, it is precisely that spirit of adventure, which seems

indestructible and is akin to curiosity.”

Marie Sktodowska Curie
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Abstract

It is widely accepted that material-cell interactions are mediated and affected by the type
of molecules adsorbed to the material. Such key concept has driven the tissue engineering field
to pursuit different ways of modifying or functionalizing materials, achieving a better control

over molecular adsorption and triggering of favorable cellular response.

Molecular imprinting is a technology inspired by highly selective interactions, such as
antibody/antigen bonding, which aims to induce molecular recognition into polymeric materials.
In order to do so, polymerization occurs in the presence of a template molecule, i.e., the
molecule of interest. Once polymerization is accomplished and the template molecule is
removed, specific cavities either in shape or position of binding sites are formed and available
to selectively recognize any molecule such as the template used. This feature can be an
interesting approach for scaffolds used for tissue engineering applications by enabling specific

molecular adsorption.

Even though this technology is widely described for low molecular weight molecules, the
same does not occur for molecular imprinting of high molecular weight molecules
(macromolecules), such as proteins, which are the ones that bear greater interest for Tissue
Engineering. The high molecular weight and size of these molecules, together with their complex
structure, lead to obstacles in the molecular imprinting process which are not addressed for
small molecules. Besides, most of the existent literature is intended for applications which do

not require mild or biocompatible conditions (e.g. biosensing).

The main aim of the project presented herein was to develop and study a biocompatible
molecular imprinting system based on a photosensitive polymer, methacrylated alginate. The

premature profile of the system required the study of basic features inherent either to the
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material or the molecular imprinting process itself. In order to optimize the system and compare
the obtained results with the literature, the chosen template molecule was bovine serum

albumin, a model protein.

On the first stage of development, methacrylation of alginate was optimized and achieved,
with polymeric solutions forming gel discs under UV light exposure. In this stage, two different

methacrylated alginate materials were produced which differed in their pH value (5 or 7).

An evaluation of swelling behavior of these materials was then performed under different
pH and salt conditions in order to further optimized production steps related to the molecular
imprinting process. Results showed that both pH and presence of salts affected the swelling
behavior. While increasing the pH to 7.4 allowed the swelling of the discs, lower pH values lead
to deswelling events. The effect of salts on swelling behavior and template removal was also
evaluated by comparing the effects of Tris solutions, with or without the presence of divalent

cations salts, with the effects provoked by deionized water.

Once an optimized molecular imprinting protocol was set, template removal and rebinding
capacity were studied and characterized for molecularly imprinted polymer discs using different
protein quantification approaches. Results revealed for template removal were promising as
they ranged from 70-98%, depending on the type of material used. Results concerning the
capacity of the molecularly imprinted material to recognize the template molecule showed no
significant differences when comparing to a non-imprinted material. These lack of recognition
was most likely caused by the high swelling and deswelling rates observed during the whole

processing.

Overall, this study enabled the understanding of the effect of different external stimuli in
the developed material and how these potentially affected the molecular imprinting process.
The preliminary studies developed herein are crucial to further define the right directions to
follow in order to successfully achieve molecular recognition and ultimately transpose this

system to biomolecules with more specific interest for tissue engineering applications.
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Outline

This work is divided into four main chapters. A general overview of the currently available
literature on molecular imprinting and its potential applications in tissue engineering is explored
in Chapter 1 — Introduction. In Chapter 2 — Aim of the Project, both general particular aims of
this thesis are enounced and specified. In Chapter 3 — Materials and Methods, all methodologies
performed during this project are described. Chapter 4 — Results and Discussion presents and
explores all relevant results obtained throughout this project. In Chapter 5 — Conclusions and
Perspectives, the main results of this project are highlighted and future lines of work are

proposed.
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Chapter 1
Introduction

Molecular imprinting is a widely investigated technology with applications in the fields of
chemical sensing, chromatography, immunoassays, antibody mimicking, artificial enzymes and
catalysis processes [1, 2]. Molecular imprinting is a technology based on natural molecular
events (e.g., antibody/antigen interactions and enzyme catalysis) which aims to incorporate

molecular memory into a material using intelligent polymers [3, 4].

Intelligent polymers are macromolecular systems that exhibit strong thermodynamic
interaction with the surrounding environment and with associated components. Therefore, an
intelligent polymer material has strong interactions with the environment based on pH-, or
temperature sensitivity, but most importantly based on thermodynamic interactions with a
recognitive compound. This “intelligence” is rendered to the polymer either by external
decoration with required functional groups, or (better) by internal molecular imprinting of

micro- and nanocavities that provide recognitive characteristics.

Therefore, the fundamental idea for these new technology platforms is to combine a
template molecule with a functional monomer giving rise to a polymer network (after
crosslinking and removal of the template) with template-specific cavities in size, shape and
chemical functionality [5] (Fig. 1). The ability of these molecular imprinted polymers to then
recognize template molecules through thermodynamic interacts present the intelligent

capabilities of these polymers.

Molecular imprinting is well characterized for low-molecular weight molecules although,

despite the promising results, products based on this technology are currently not available on

Mariana Isabel Fonseca Neves 5



the market [2]. In contrast, molecular imprinting of high-molecular weight molecules exhibit
several obstacles, such as, size, structure, functionality and solubility which are not relevant
when imprinting small molecules [6]. The large size of these molecules restricts their transfer
within highly crosslinked polymer networks during both template removal and rebinding
studies. The complex structure of biomacromolecules (e.g., proteins) plays an important role in
their functionality, leading to high sensitivity to pH, ionic strength, temperature and organic
solvents [6, 7]. Despite these challenges, studies have reported results of the molecular
imprinting of proteins supporting its application, namely in the fields of biosensing and

chromatography [8-15].

Functional
group
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Functional Monomers

Template Molecule

Polymerization Template Removal
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Pre-polymerization complex Molecularly Imprinted Polymer

Y

Crosslinker

Figure 1. Molecular imprinting process. Once the appropriate template molecule, functional monomer(s)
and crosslinker(s) are selected, all components are mixed together in a proper solvent (e.g. deionized
water, phosphate buffer) forming the pre-polymerization complex (template-functional monomer).
Polymerization is then allowed to take place and specific cavities and binding sites are stabilized. Finally,
removal of the template and other washing steps eliminate unreacted monomer and crosslinker
molecules, resulting in a molecularly imprinted polymer (MIP). The use of heteropolymeric systems (or a
functional monomer with more than one functional groups) may improve imprinting features as the
different polymer functional groups can interact with various protein domains. In addition, these
functional groups can modify the chemical and/or mechanical properties of the final MIP.

Due to the specificity and recognition capabilities of molecular imprinting, this has the
potential to become a tool utilized for the production of scaffolds with high bioactivity and
recognition capacity towards specific molecules or cells for tissue engineering (TE) applications.

TE is an alternative clinical approach to conventional therapies which resort to the use of organ
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grafts and transplantation (xeno, allo or auto). Organs and tissues are difficult to obtain and have
short storage time. The methods used for organ and tissue transplantation are highly invasive,
usually comprising tremendous burden to the patient, and are associated with high risk of
rejection and permanent need for immunosuppressive therapy [16]. TE aims to restore, replace
and/or regenerate tissues or organs to their normal function by combining acquired knowledge

on the wound healing process with cell- and/or scaffold-based approaches.

The design of biomimetic structures can be accomplished by either top-down or bottom-
up strategies. In top-down TE strategies, scaffolds are seeded with cells so that they can populate
the structure to eventually form a tissue. Bottom-up approaches create small modular parts
which are then assembled to form the final tissue structure [17]. The latter approach in
particular has been of recent interest due to its potential to better mimic the microarchitectural
features of native tissues, therefore, providing additional guidance at the cellular- and

molecular- levels [17].

Despite the potential of using molecular imprinting as a tool for tissue regeneration
applications, this topic is currently far from being fully explored. Biomacromolecules (i.e., high
molecular weight molecules present in living organisms) are ones that bear great importance
for TE applications due to their involvement in the wound healing processes. However,
biomacromolecules present major challenges when used for molecular imprinting. Nonetheless,
molecular imprinting could specifically be used in bottom-up techniques to create complex cues
at a microstructural level to improve cell- and scaffold-based approaches. This review aims to
provide an overview of utilizing molecular imprinting as a tool for various TE applications by
exploring the fundamentals and challenges, specifically, regarding the use of imprinting
macromolecules. Additionally, potential strategies of molecular imprinting in TE based on recent

approaches in the field of protein molecular recognition will be surveyed.

1.1. Natural body response to injury

The design of effective TE approaches requires the understanding of the body’s natural
recovery from an injury. Upon tissue injury, the wound healing process is divided in three stages:
inflammation, tissue formation and tissue remodeling [18]. This is a highly regulated and

complex process of paracrine, autocrine and juxtacrine signaling events [19]. In summary,

Mariana Isabel Fonseca Neves 7



immediately after injury, platelets and polymorphonuclear leukocytes (neutrophils) aggregate
and become entrapped within a fibrin mesh forming a thrombus [18]. Initial release of growth
factors [e.g. platelet-derived growth factor (PDGF) or vascular endothelial growth factor (VEGF)]
by these cells give rise to the inflammatory process, where monocytes-macrophages,
lymphocytes, fibroblasts and endothelial cells are chemo-attracted to the site, and activated to
scavenge the damaged tissue [18, 19]. These cells then produce various growth factors and
cytokines which promote the formation of granulation tissue. Angiogenesis (i.e., the formation

of new blood vessels) then promotes and accelerates the wound healing process [20].

Two major outcomes can result from this body response to injury: scarring or regeneration
of tissue. In mammals, the most frequent body response is to quickly produce a fibrous tissue,
usually referred to as scar, to immediately stop the bleeding and avoid microbial infection at the
injury site. In this typical response, the overall function of the tissue or organ is maintained, even
though not fully recovered since composition, aesthetic and structure is not preserved. Harty et
al. [21] proposed this lack of regenerative capacity as a possible result of the evolution of the
mammalian immune system, which rather promoted wound microenvironments to improve
tissue defense and facilitate tissue repair. The second, and less frequent response to injury, is
regeneration. Upon injury, the tissue or organ is able to fully recover structure, composition and
function at a functional-unity level. In mammals, this process occurs namely at embryonic stages
[22], and below a critical size injury. Duration and intensity of each wound healing stage, namely
inflammation, dictate the final outcome of tissue repair. In fact, inflammation has been
proposed to play an important role in the success of the wound healing process. Unbalanced
inflammatory reactions and/or cytokine profiles frequently result in differences in scarring [19].
Such an example is observed in spinal cord injuries, where the occurrence of inflammatory
events with subsequent formation of a glial scar are the primary barriers to achieving
neuroregeneration [23]. Successful tissue repair after injury requires resolution of the
inflammatory response, with inflammation being a prerequisite to scarring [19]. The topics of
wound healing and repair processes have been extensively reviewed and revised over the past

few decades [18, 19, 24].

The wound healing process is characterized by the existence of direct cell-cell and cell-
matrix interactions, along with indirect crosstalk between different cell populations through
soluble mediators [18]. These interactions are highly complex and tissue-specific, comprising of

a series of biochemical and mechanical signals. These signals then modulate subsequent cell
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behavior, such as, migration, proliferation and differentiation. The extracellular matrix (ECM)
plays a pivotal role in this process. The natural ECM not only provides mechanical support to
cells, but is also a reservoir of growth factors (matrix-embedded). In addition, the ECM serves as
platform for cell-cell interaction by allowing dispersion of secreted factors and mechano-
transduction signals [25]. Therefore, the ECM is largely capable of modulating cell migration,
cytoskeletal organization, proliferation and differentiation [26]. Tissue vascularization is also
affected by the ECM structure, namely by its microporosity, which will promote or incapacitate
angiogenesis [19]. Thus, effective design of biomimetic structures for TE applications should
involve a complex combination of topographical, architectural and biochemical features

mimicking the natural ECM.

1.2. Tissue engineering and the relevance of cell-instructing scaffolds

An important goal of TE is to replace tissues or organs by mimicking and/or modulating the
natural events of wound healing to produce a fully regenerated and functional tissue. Significant
understanding of the wound healing process has led to the development of several TE strategies
which can be divided into either cell- or scaffold-based approaches. Cell-based approaches use
both adult and embryonic stem or progenitor cells to induce the formation new tissue. These
approaches are centered on stimulating tissue progenitor cells in situ, or promoting their
expansion and differentiation in vitro, for further implantation to the site where regeneration is
desired [27]. Limitations using cell-based approaches include difficulties regarding cell

obtainment from scarce sources, and in vitro cell expansion and differentiation.

Scaffold-based approaches rely on the understanding of the ECM function, maintaining
homeostasis (a dynamic process achieved through a balance between degradation of the old
and formation of the new ECM) and providing signals (viz., chemical, physical and mechanical)
to cells. TE uses this understanding to create 2D or 3D matrices, which can provide mechanical
support and physical-chemical cues to promote cell seeding. This can be accomplished by either
using man-made scaffolds, or natural-based scaffolds, such as decellularized ECM from allogenic

or xenogenic tissues [25].

Developing scaffolds with degradable biomaterials is pivotal in TE research. It has been

established that mimicking the natural cell environment produces favorable outcomes with
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successful cases reported in a wide variety of tissues (e.g., heart valves or skin) when
decellularized extracellular matrices were used [25]. However, these matrices do present
drawbacks including the methods in which they are processed, and possibilities of
contamination and immunogenicity. A significant portion of these efforts is followed in order to
create a bridge between man-made and natural structures. This requires development of new,
intelligent biomaterials and production technologies which better resemble the native
structural, mechanical and biological cues. TE scaffolds can be made from many types of
biomaterials, although polymeric scaffolds are widely investigated due to their chemical and
mechanical versatility associated with biodegradability. Natural polymer biomaterials present
high biocompatibility and biodegradability, but low mechanical properties, limiting their
applications. Commonly studied natural polymer biomaterials used for TE applications include
collagen [28], alginate [29, 30], chitosan [31] and silk [32]. Extensively explored scaffolds based
on synthetic polymeric biomaterials produced with poly-L-lactic acid (PLLA), polyglycolic acid
(PGA) or poly(lactic-co-glycolic) acid (PLGA) are easily tailored in their architecture, mechanical
properties and degradation characteristics. However, these materials have been associated with
risks of rejection due to reduced bioactivity, and may cause cell and tissue necrosis upon
degradation [33]. Bioceramic-based TE scaffolds, primarily made of calcium phosphates, such as
hydroxyapatite [34] and tricalcium-phosphate, [35] are biocompatible and characterized by high
mechanical stiffness and low elasticity, limiting their use to hard tissues (e.g., for orthopedic

applications).

Several characteristics should be considered when developing a biomaterial/scaffold for TE
applications. Ideally, a scaffold for such applications should be designed considering the
following: i) biocompatibility, (i.e., promote cell adhesion, support native cell activity, such as
proliferation or migration, without causing an immune reaction which could lead to severe
inflammation or rejection); ii) biodegradability (i.e., scaffolds should be replaced by cells and
their ECM, in addition to having degradation byproducts be non-toxic and be excreted by the
body without harming other tissues or organs); iii) bioactivity, which can be provided by
including biochemical, biophysical and mechanical cues into the scaffold (e.g. biological relevant
molecular features, such as proteins, or functionalizing with chemical functional groups able to
interact with these molecules); iv) architecture, by designing scaffolds with adequate porosity
and preferentially interconnected pore allowing cell migration and diffusion of oxygen, nutrients

and waste products, while promoting vascularization; v) mechanical profile, by designing

10 Mariana Isabel Fonseca Neves



scaffolds as a temporary mechanical stabilizers with mechanical properties similar that of the
tissue/organ of interest; vi) manufacturing technology, as cost-effective and scalable as possible

[33].

1.3. Molecularly imprinted polymers

1.3.1. Molecular imprinting characteristics

Molecular imprinting is a technology based on naturally occurring molecular events which
aim to insert molecular memory into a material, usually polymeric [3], increasing specificity,
loading capacity and release control of biomaterials [5]. A molecularly imprinted polymer (MIP)
is produced by combining a functional monomer (or mix of monomers) with a template
molecule. These monomers interact with the template molecule either by reversible covalent
interactions, or non-covalent interactions, forming a pre-polymerization complex [36].
Macromolecular MIPs usually rely on non-covalent interactions (e.g. H-bonding, electrostatic
and hydrophobic interactions) for recognition [3]. Polymerization is allowed to take place, and
the addition of a cross-linker promotes the fixation of polymer positions to help memorize the
geometry of the cavities once the template is removed. Template removal is achieved by
performing a series of washing steps using organic or inorganic solvents, or by enzymatic
digestion [37]. Once the imprinting process is completed, imprinting success can be evaluated
by two main parameters: adsorption capacity (Q, pg mg™) (1), which determines the amount of
adsorbed molecules per weight of polymer; and imprinting efficiency, or imprinting factor (IF)
(2), which corresponds to the ratio between both MIP and correspondent non-imprinted

polymer (NIP) adsorption capacities.

@ =z (1)

w

Ci and Cf —initial and final concentration of template solution, respectively (ig mL?)
V —volume of template solution (mL)
W — weight of MIP or non-imprinted polymer (mg)

IF = Qumip/Qnip (2)

Mariana Isabel Fonseca Neves 11



1.3.2. Molecular imprinting considerations

In order to create a material for TE applications, one should carefully mind several aspects
of MIP production. After choosing an appropriate template molecule, the choice of the
functional monomer(s) (and their ratios) bears great importance. The selected monomer(s)
should be biocompatible, nontoxic and have high affinity to the template so that template-
monomer complexes are thermodynamically favorable and stable under reaction conditions [3].
Since proteins contain many different binding sites and heterogeneous regions, the choice of
the polymer matrix will influence MIP selectivity by enabling or preventing cross-reactivity with
proteins similar to the template molecule [38]. For instance, it is not desirable for the polymer
to reactively polymerize with the template, a phenomenon frequently observed while
imprinting biomolecules into polyurethanes, where one of the monomeric units is an
isothiocyanate, capable of reacting with alcohol or amine groups present in most biomolecules
[2]. On the other hand, heteropolymer systems seem to favor macromolecular memory [5, 12,
39]. This can be explained by the conjugation of their different functional groups, thereby
increasing the number of available interaction sites with the different regions of the template
and improving their physico-chemical properties [12, 13]. Another possibility is the use of
natural ligand derivatives as functional monomers for the polymer matrix. Chou et al. [40]
produced a C-reactive protein imprinted polymer using a phosphorylcholine derivative (4NPPC)
as the functional monomer and the micro-contact approach. This approach uses a monolayer of
a minimal protein mass to which the recognition substrate will form an imprint [40]. The
resulting MIP showed rebinding capacity and selectivity towards the C-reactive protein, leading
the authors to conclude that the proposed micro-contact approach is a suitable method to
produce protein MIPs [40]. The MIP should be biodegradable to promote its replacement by the
natural ECM, but stable to withstand the harsh environmental body conditions. Biodegradability
is also important to allow exposure of new binding sites, especially in bulk imprinted materials.
MIP biodegradability, as well as flexibility, can be controlled by the degree and type of
crosslinking used. Higher degrees of crosslinking can promote higher selectivity by reducing
movement (e.g. swelling) and fixating binding sites [1]. However, an excessive degree of
crosslinking interactions can result in difficulties during template removal, and reduce rebinding
capacity due to impaired diffusion [41]. Despite existing covalent and non-covalent crosslinking
techniques used for MIP production, biological applications of MIPs prefer non-covalent

techniques due to more mild template removal methods [1].
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Molecular imprinting conditions should be mild in order to avoid protein denaturation or
polymer distortion. Biomacromolecules have complex structures that are highly sensitive to pH,
ionic strength, temperature and solvents [6]. If imprinting conditions are non-physiological,
changes in the natural conformation of the protein may result in imprinting cavities specific for
this altered form [3]. Kryscio et al. [42] performed an elaborate study on how different functional
monomers (acrylamide, methacrylic acid, acrylic acid, 3-aminophenylboronic acid and N-
isopropyl acrylamide) and crosslinkers (N,N’-methylenebisacrylamide and ethylene glycol
dimethacrylate) widely used in Ml influence protein template conformational stability. The
authors used circular dichroism studies to analyze conformational changes in bovine serum
albumin (BSA), and concluded that these reactants induced significant changes in the secondary
structure of the template protein. This is a severe matter of concern as it can explain the low

rate of success of macromolecular imprinting [42].

The choice of the polymerization solvent brings challenges when it comes to protein
solubility [2]. While proteins are usually more soluble and stable in aqueous solutions, these
types of solvents are far from ideal as they affect the pre-polymerization complex by interfering
with hydrogen bonding (an extremely important type of interaction for many template-
monomer complexes) [3]. The solvent is responsible for mixing all of the components (i.e.,
template, functional monomer(s), crosslinkers and polymerization initiators) into one phase, in
addition to, creating pores in macroporous polymers [43]. Some studies on protein molecular
imprinting use organic solvents, such as chloroform [44], as they better stabilize the
polymerization process. However, for biomedical applications involving cell contact (i.e., drug
delivery and TE applications), these solvents must be avoided or replaced during MIP production

processes due to their high toxicity [45, 46].

During the imprinting of macromolecules, template removal is one of the critical phases
and consists on several washing steps using solvents, acids, bases, or detergents [2]. Other
possibilities include template removal by enzymatic digestion [37, 47]. Template removal is a
particularly delicate step during the imprinting process due to the large sizes of macromolecules.
Efficient template removal is often hard to obtain and still presents a major challenge when
imprinting large molecules. For each developed system, it is important to work on the
optimization of the template removal phase since it influences the final rebinding capacity and
success of the MIP. Hawkins et al. [47] optimized a template removal strategy for a bovine

hemoglobin (Hb) molecularly imprinted polyacrylamide gel using sodium dodecylsulphate (SDS)
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and acetic acid (AcOH). Even though a SDS:AcOH ratio of 10%(w/v):10%(v/v) did not present the
highest template removal percentage (only 47.6%), the highest imprinting efficiency (>90%) was
obtained. Higher template removal percentages can result in lower imprinting efficiencies if the
agents begin to promote conformational changes on the imprinting matrix [47]. The authors also
tested an enzymatic digestion-based template removal system with trypsin. This showed an
even higher template removal capacity (87.4%), compared to the SDS:AcOH maximum (71.5%),
but a significantly lower imprinting efficiency (20.4%). This can be a result of remaining protein
fragments inside the polymer matrix which may block potential binding sites [47]. On the other
hand, SDS can damage the cell membrane and lead to cell death. In BSA-imprinted hydrogel
films, even after several washing steps with deionized water, Zhao et al. [9] reported that SDS
remains a possible cause for total cell death of L929 cells after 5 days of culture. Optimization of
molecular imprinting systems should also focus on improving the wash steps needed for

template removal as the reagents can be toxic to cells.

Finally, depending on the final application of a MIP system, various polymerization
methods can also be applied. These methods include bulk suspension, two-step swelling,
precipitation, emulsion core-shell polymerization, film synthesis, aerosol polymerization and
polymerization on silica-beads [48]. Bulk polymerization is the most widely used method by
molecular imprinting groups, however it is used exclusively with organic solvents, and has the
disadvantage of wasting a significant percentage of polymer produced in the process of grinding
to obtain smaller irregular particles [48]. On the other hand, two-step polymerization requires
an aqueous polymerization medium and produces monodispersed particles with control of the
final size and number of particles [48]. Ideal molecular imprinting production methods should
be controllable and reproducible. For instance, Ying et al. [49] developed a gas jetting-dropping
method to produce beads of a controllable diameter in aqueous medium at a constant rate of
production (600 mL/h). This possibility is very important when it comes to industrial applications

for MIP materials.

1.3.3. Molecularly imprinted intelligent scaffolds

Molecular Imprinting can be a powerful tool used to create scaffolds with high bioactivity
and recognition capacity to specific molecules. Recognition, neutralization and clearance of

target peptides, such as toxin melittin, in the bloodstream has been achieved in vivo using
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molecularly imprinted polymeric nanoparticles with binding affinity and selectivity comparable
to that of natural antibodies [50]. Similarly, molecular imprinting can be applied during the
construction of TE scaffolds with the ability to recognize and adsorb a biomolecule transported
through the bloodstream, or present in situ, for ultimately promoting cell recruitment to the site

of injury or to trigger specific cell behaviors.

For TE applications, biomacromolecules bear great relevance due to their involvement in
the healing process. Increasing interest on the imprinting of macromolecules to exploit its
potential for clinical and pharmaceutical applications has driven many research groups to
develop protein MIP systems. The majority of protein MIP studies are usually developed for
model macromolecules like lysozyme (Lyz), BSA and Hb. However, few studies use biomolecules
of interest for TE technologies such as fibronectin (Fn). Fn, a high molecular weight protein
(composed of two polypeptides of molecular ~220 kDa each) with adhesive activity, is present
in the ECM and involved in several biological events, including wound healing and tissue repair
[51]. Recent advancements in the protein molecular imprinting field can strongly impact
regenerative medicine technologies through the use of molecular imprinted intelligent scaffolds

[52].

Bulk imprinting
Embedded
Based on Substrate Particle imprinting
Surface

Surface imprinting

Protein imprinting

Based on Template

Molecular Imprinting Approaches

Epitope imprinting

Figure 2. Molecular imprinting strategies for macromolecules. Molecular imprinting approaches can be
divided according to the imprinted substrate they produce: bulk imprinting involves creating imprinting
cavities in a material, namely in its inner layers (bulk); particle imprinting is based on the direct production
of embedded- or surface-imprinted nano/microparticles; surface imprinting creates scaffolds which are
only imprinted at the surface, or at the layers near it. Additionally, molecular imprinting approaches can
be divided according to the type of template used, namely, in protein imprinting when the whole protein
is used as a template, or in epitope imprinting when only relevant portions or domains of the molecule of
interest are used.
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Many imprinting strategies exist, although majority are successful when imprinting small
molecules, but present several challenges for use with larger molecules such as proteins. Fig. 2
represents the main molecular imprinting strategies for macromolecules divided into two

categories: namely, according to either the substrate, or template type used.

1.3.3.4. Molecular imprinting mechanisms

Molecular Imprinting approaches can be classified according to the substrate imprinted
and further sub-divided into bulk, particle or surface imprinting. Bulk imprinting is a rather
successful strategy used for small molecules which involves imprinting cavities in the inner layers
of a polymeric material. However, this strategy presents some challenges when addressing mass
transfer, associated with the size of macromolecules. Usually, macromolecularly imprinted
materials produced by this approach strongly retain their templates and require extensive
grinding and sieving. This process to produces irregularly shaped polydisperse particles and
shorter lengths of diffusional pathways [6, 53]. For protein MIP strategies, particle-based
imprinting and surface imprinting are more commonly used. These are some of the most
successful because they reduce the diffusion pathway length, promoting protein movement
inside-out and outside-in. Not only does this lead to successful removal of the template and
increasing the number of available binding sites, but also promotes protein rebinding by
facilitating diffusion of proteins through the imprinted material. Particle-based strategies use
polymerization methods, such as emulsion or suspension, to directly synthetize micro-
/nanoparticles with the advantage of using lower quantities of monomers and template
molecules [3]. However, this presents the drawback of using stabilizers and surfactants (which
may cause the disruption of monomer-template complexes), since residual levels of stabilizers
remain even after an extensive washing process [3]. Surface imprinting is the most common
approach for protein MIPs, and consists of imprinting binding sites only at the surface or on the
superficial layers. This approach is similar to bulk imprinting, with the difference being that
surface imprinting is applied on thin films, or by attaching the protein on the surface of a
substrate [3]. In addition to alleviating macromolecule transfer, surface imprinting enables the
imprinting performance to be improved through the introduction of surface functional ligands.
These ligands allow for interaction with the template protein by reversible covalent binding or

affinity interactions, and by physical adsorption on the surface [54].
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An alternative way to address the classification of molecular Imprinting of macromolecules
is based on whether the whole protein is used during the imprinting process, or if only relevant
domains (epitopes) are used (Tab. 1). Epitopes are small domains or sequences exposed in
macromolecules that can be recognized by their receptors. Epitope imprinting uses small
protein domains or sequences, as opposed to the whole protein, to create materials with
molecular recognition towards proteins. This approach aims to overcome obstacles inherent to
protein imprinting caused by size complexity, and conformational characteristics of proteins [3].
In the same way, a MIP can recognize a whole protein if previously imprinted with its epitope.
Since these sequences can be synthetically produced, this approach also overcomes difficulties
associated with obtaining pure template proteins [53]. Additionally, epitope imprinting can
create highly selective scaffolds as reported by Zhao et al. [55] who developed Fes04 silica coated
nanoparticles with high adsorption rates and high selectivity towards BSA by using a BSA-specific
nonapeptide C-terminal amino-acid sequence as a template. The authors reported these MIPs
to have low tolerance for single amino acid mismatch since a significant reduction of imprinting
factor values were observed in MIPs imprinted with mismatched sequences of BSA, compared
to MIPs imprinted with the original sequence [55]. The authors also reported better recognition
features on epitope imprinted particles when compared to BSA imprinted particles [55]. This
supports the idea that molecular imprinting can be used to create highly specific and selective

systems at a sequence level.

Papaioannou et al. [56] reported promising results regarding epitope imprinting by
producing a MIP for RGD (Arg-Gly-Asp tripeptide) recognition, based on non-covalent
interactions. The RGD domain is known to be responsible for Fn adhesive activity [51]. RGD and
Fn are frequently used to functionalize different types of substrates (e.g. alginate) to promote
desirable cellular responses, either alone, or in combination with other bioactive molecules or
sequences [57, 58]. This approach could be applied to several other biologically relevant
domains or sequences. For instance, different domains of neural cell adhesion molecules (e.g.
fibronectin type Il motifs FGL and BCL) have been proven to interact with fibroblast growth
factor (FGF) receptors, inducing neurite outgrowth in primary cerebellar granule neurons,
promoting synaptogenesis and enhancing presynaptic function [63]. Wang et al. [64] produced
a self-assembling RADA;s peptide nanofiber hydrogel functionalized with FGL enabling it to
promote spinal cord-derived neural stem cell proliferation and migration into the three-

dimensional scaffold. These and other biologically relevant motifs, could be imprinted in a
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Table 1. Recently developed systems on epitope imprinting of biomolecules.

Functional Selis
Template Crosslinker Template Competitors Observations Ref.
Monomer(s)
removal agents
Production of polymers with
TRIM Methanol / KGD, CCK-3 | different  combinations  of
RGD MAA MBAM Methanol and CCK5 functional  monomer  and (56]
AAM ’ peptides, crosslinker. Higher IF and % net
EGDMA AcOH gramicidin rebinding with MAA and TRIM.
Selectivity achieved.
MIPs presented higher
adsorption capacity than NIPs
MAA BSA, nanoparticles. Selectivity
ANP MBAmM SDS / AcOH scrambled achieved. MIP  recognition | [59]
NIPAm ANP capacity tested and verified in
cell cultured media spiked with
ANP.
Production of  monolithic
cryogels with direct and Cu(ll)
assisted MAH. Effect of pH,
18G Fus BSA, Fc template concentration,
MAH MBAmM DW fragment, temperature and flow rate on [60]
fragment IgG adsorption capacity was
analyzed. MAH[Cu(ll)]-assisted
MIP with higher adsorption
capacity. Selectivity achieved.
Ti*-immobilized EGMPA. Higher
PPA EGMPA PEGDA, DWNQL\)A:CN’ BA DPP adsorption capacity of MIPs (61]
MBAM ! ’ than NIPs. Selectivity and
methanol regeneration achieved.
Methanol- FesOq-silica coated
BSA C- MeCN-highly nanfoparticles. . I.3tetter
. - performance o epitope-
terminal APTES TEOS purified BHD, CYL, | 4 orinted than BSA-imprinted. | (55]
nonapepti water, PBS / HRP, Lyz Selectivity achieved at an amino
de Methanol, acid sequence level. Good
AcOH reusability performance.
Production of  poly(HEMA-
MASp) monodisperse imprinted
nanoparticles. Recognition of
MAsp DW, SDS, IgG through F. fragment
L-Lysine PVA NaHCO3 / HSA, Hb obtained. IgG  orientation | [62]
HEMA DW, EtOH preserved upon recognition.

Selectivity achieved. Effect of pH
on IgG adsorption analyzed.
Good reusability performance.

AAm — acrylamide; AcOH — acetic acid; ANP — atrial natriuretic peptide; APTES — 3-aminopropyl triethoxysilicane; BA
— benzoic acid; BHb — bovine hemoglobin; BSA — bovine serum albumin; Cyt — cytochrome c; DPP — diphenyl
phosphate; DW — deionized water; EGDMA —ethylene glycol dimethacrylate; EGMPA — ethylene glycol methacrylate
phosphate; HEMA — hydroxyethyl methacrylate; HRP — horseradish peroxidase; HSA — human serum albumin; IF —
imprinting factor; Lyz — lysozyme; MAA — methacrylic acid; MAsp —N-methacryolyl-(L)-aspartic acid; MBAm — N,N’-
methylenebisacrylamide; MAH — N-methacryoyl-L-histidine; MeCN — acetonitrile; NIPAm — N-isopropylacrylamide;
PBS — phosphate buffered saline; PPA — phenylphosphonic acid; PEGDA — poly(ethylene glycol) diacrylate; PVA —
poly(vinyl alcohol); RGD — Arg-Gly-Asp tripeptide; SDS — sodium dodecyl sulfate; TEOS — tetraethoxysilicane; TRIM —
trimethylpropane trimethacrylate.
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biocompatible polymer scaffold to promote molecular recognition and desired cell functions.
High protein adsorption rates can occur in a biomaterial without any significant outcomes if
proteins undergo conformational changes, or hide relevant functional groups upon adsorption,
preventing cell adhesion to the scaffold. Using anti-BMP-2, a monoclonal antibody against bone
morphogenetic protein 2 (a protein known to promote the osteodifferentiation of progenitor
cells), Ansari et al. [65] reported the influence of orientation during proteinimmobilization
(without imprinting) in scaffolds for bone repair. While using Protein G as a linker to immobilize
the antibody through its Fc fragment on a collagen scaffold, the authors were able to achieve
higher antibody binding to cells concomitant with increased bone formation in vivo, compared
to passively adsorbing anti-BMP-2 antibodies to the same scaffolds [65]. This enhanced
performance can be explained by the increase in the number of available binding sites for the
anti-BMP-2 antibody to interact with its ligand. Protein orientation control has been achieved
by epitope imprinting of L-lysine residues, typical of C-terminus of immunoglobulin G F.
fragment in poly(hydroxyethyl methacrylate-N-methacryolyl-(L)-aspartic acid) nanoparticles
[62]. Corman et al. [62] reported higher human serum albumin (HSA) adsorption in particles
previously imprinted with L-lysine residues and exposed to anti-HSA antibodies, when compared
to non-imprinted nanoparticles, to which the antibodies randomly adsorbed. Molecular
imprinting can therefore be a suitable strategy for the production of scaffolds with enhanced
bioactivity consequent of an effective protein orientation upon adsorption, which will ultimately
promote cell adhesion and behavior at the site of injury due to the existence of increased binding

domains available.

One methodology which could further amplify potential applications of molecular
imprinting are post-imprinting modifications (PIMs), by allowing the modulation of on/off
switching of the molecular recognition, or the introduction of other desirable functions (such as
transduction of binding events into fluorescence events) [66, 67]. PIMs can be used to improve
imprinting features by the transformation of binding sites as reported by Taguchi et al. [37], who
produced thin films with the ability to molecularly recognize cytochrome-c (Cyt) by generating
peptide-fragment binding sites inside imprinted cavities. This was possible by using enzymatic
digestion as the template removal strategy, where pepsin would digest Cyt at specific sites,
leaving behind lysine residues grafted to the polymer backbone [37]. The authors reported high

selectivity of these scaffolds towards Cyt as only enzyme-accessible regions of MIPs can be
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transformed into protein-binding cavities, reducing the possibility of non-specific binding sites

commonly left behind by other conventional removal processes [37].

1.4. Hydrogels for macromolecular imprinting

The use of hydrogels constitutes another promising approach to overcome molecular
imprinting problems related to mass transfer of high molecular weight templates, and provide
the additional possibility of creating sensitive systems which respond to external stimuli [5, 6].
Hydrogels have been widely explored for biomedical applications, including TE, due to their
natural similarity to the ECM. Hydrogels are commonly used as drug carriers in pharmaceutical

applications, and are useful tools to create controlled release systems.

Hydrogels are polymeric networks with high hydrophilicity, ie., they can absorb
considerably high amounts of water, expanding their volume and promoting diffusion within
their bulk [68]. They can be produced from natural or synthetic polymers, are chemically stable,
have biodegradable capabilities, and perform interactions which are reversible, depending on
the external stimuli applied (e.g. pH or temperature) [68]. Additionally, they can be processed
to acquire different forms (e.g. coatings, capsules, microspheres, tubes or sheets) and

functionalizations [58, 68], in order to improve their bioactivity.

HoOC HQ GOOH OH OH OH
ol ne K
Iy OH Ho | i Ho o |o o |o 0
HO NH, | HO NH, nHO NH,

a-L-Guluronic Acid B-D-Mannuronic Acid

Alginate (building blocks) Chitosan

Figure 3. Molecular structure of alginate and chitosan building blocks.

Molecular imprinting within hydrogels may be more challenging than in rigid structures,

owing to their inherent movement capacity [5]. Hydrogels can either expand or collapse easily,
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deeply affecting the imprinting efficiency by distortion of binding sites. So far, most studies using
molecular imprinting in hydrogels are intended to develop drug delivery systems with high
loading capacity and to improve controlled release [1, 5]. Nevertheless, several considerations
are taken into account for these systems and can be applied for TE applications. This section will
be focused on molecular imprinting using natural functional monomers, namely alginate and

chitosan (Fig. 3), due to their common use and great potential in TE applications.

1.4.1. Alginates and alginate composite polymeric hydrogels

Molecular imprinting studies in alginate hydrogels have been performed using Fn and the
model protein BSA (Tab. 2). Alginates are water soluble linear polysaccharides derived from
brown seaweed, composed of alternating blocks of 1-4 linked a-L-guluronic and B-D-mannuronic
acid residues [69]. Along with their great biocompatibility and biodegradability, alginates have
the ability to form gels with good mechanical properties by reacting with divalent cations [69].
Alginates enable the production of various platforms for biomedical applications [70], including
the development of alginate microspheres for growth factor delivery, such as bioactive VEGF to

promote osteogenic differentiation [71].

Significant work using sodium alginate as a functional monomer to create BSA-MIP has
been performed by Zhao and co-workers [9, 44, 72-75]. This group uses an inverse suspension-
method and ionic gelation to develop MIPs under mild conditions to avoid protein denaturation.
Furthermore, Zhao and co-workers frequently conjugate alginate with phosphate groups by
adding diammonium phosphate [(NH4);HPO4, DAP], creating composite hydrogels with
improved imprinting features [44, 72, 74, 75]. The addition of phosphates into alginate matrices

combines the functionality of organic compounds with the stability of inorganic compounds [72].

In addition to developing heteropolymeric systems based on both natural and synthetic
polymers (where alginate is combined with acrylamide (AAm) and sodium polyacrylate [9, 73-
75]) to improve mechanical and imprinting properties of the final MIP, the group has developed
MIPs fully based on synthetic polymers [76]. Throughout some of these studies [44, 72, 74, 75],

the authors compared imprinting parameters (adsorption capacity and imprinting effect) of
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Table 2. Molecularly imprinted polymers (MIPs) developed with natural polymers, namely alginate, chitosan, and other synthetic polymers.

Template

Functional

Monomer(s)

Crosslinker

Solvents / Template Removal

Agents

Competitor

(s)

Observations

Ref.

Hb

CS, AAm

MBAmM

Sodium phosphate buffer /
SDS, AcOH

BSA

Macroporous CS beads used as a matrix to improve mechanical and chemical properties of
polyacrylamide as this latter polymer would fill the macroporous of the beads, forming a two-
phase structure. Adsorption dynamic curve shows an initial rapid adsorption of Hb to MIPs,
followed by a plateau where adsorption is slowed down, indicating rapid protein adsorption onto
the surface at the beginning that difficults further Hb penetration into the bead. Selectivity tests
performed with BSA showed high selectivity of the MIPs towards Hb. Good stability and
reproducibility of the MIP were achieved.

[12]

Hb

CS, Am

MBAmM

Sodium phosphate buffer /
SDS, AcOH

BSA

Phase-inversion method. Chitosan beads primarily produced as in [12]. A graft-MIPs was produced
by graft copolymerization of CS beads and AAm. Adsorption patterns of Hb similar to the ones
obtained in [12]. Selectivity tests performed with BSA showed high selectivity of the MIPs towards
Hb. Good stability and reproducibility of the MIPs achieved.

[13]

Hb

CS, Am

MBAmM

Sodium phosphate buffer /
SDS, AcOH

BSA

Comparison between MIPs produced similarly to [12] and [13]. graft-MIPs showed better
adsorption capacity but lower selectivity than MIPs alone towards the template Hb. The authors
justified this by the fact that in graft-MIPs, PAAm chains grow vertically out of the surface of the
CS beads (faster adsorption due to easier access to binding sites) but do not to stabilize their
spatial shape, losing molecular memory.

[14]

Hb

CS, Am

MBAmM

Sodium phosphate buffer /
SDS, AcOH

BSA

Hydrogels based on semi-interpenetrating polymer networks (MIH-s-IPNs) were produced with CS
and PAAm to improve mechanical properties. MIH-s-IPNs contained high water content (~94%).
MIH-s-IPNs adsorption capacity was significantly higher than MIPs composed of PAAm alone.
Selectivity analysis showed that MIH-s-IPNs had high selectivity towards the template. Analysis of
the effects of temperature on water retaining of the hydrogel carried.

[39]

Hb

CS, AAm

MBAmM

Phosphate buffer / SDS, AcOH

BSA, My, a-C, Lyz

CS-coated silica particles were used to covalently immobilize the template molecule while PAAM
was used to perform the imprinting. Adsorption capacity of MIPs was lower than NIP but MIP
presented higher selectivity both with single-compound and mixed solutions.

[77]

Ova

SA, CS

GTA

Phosphate buffer / NaCl

BSA, Hb, Lyz

SA coated Fe304 magnetic nanoparticles were produced with a CS imprinted shell.

SA to CS mass ratio influenced the imprinting effect, with 1:2 exhibiting higher adsorption capacity
and imprinting efficiency. MIPs presented high selectivity towards Ova and good reusability
profile. Different MIPs were also produced using BSA, Hb and Lyz as template molecules and
selectivity achieved.

[15]

BSA

SA

CaCl2

Chloroform, hexane, Span85
and Tween80 / DW

Production of SMIPMs and EMIPMs. DAP was introduced to add phosphate groups to the polymer
matrix (composite microspheres). Qe and IE tested for different concentrations of DAP, CaCl2 and
SA and optimum Qe results were obtained at 0.15% DAP, 5% CaCl2 and 2.5% SA for SMIPMs.
Qe(SMIPMs)> Qe(EMIPMs) and IESMIPMs> IEEMIPMs.

[44]
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BSA

SA, SPA

CaCl2

Castor oil, butyl acetate /
CaCl2, Tris-HCl buffer

Production of SMIPMs and EMIPMs. DAP was introduced to add phosphate groups to the polymer
matrix (composite microspheres). Qe(SMIPMs)> Qe(EMIPMs) and IE(SMIPMs)> IE(EMIPMs) until
180 mins of rebinding time.

[74]

BSA

SA

CaCl2

Chloroform, hexane, Span85
and Tween80 / CaCl2,Tris-HCI
buffer

Hb, Lyz, Glo, EAB

Production of SMIPMs and EMIPMs. DAP was introduced to add phosphate groups to the polymer
matrix (composite microspheres). Qe(SMIPMs)> Qe(EMIPMs) and IESMIPMs> IEEMIPMs. Effect of
CaCl2 and BSA concentrations and pH values on Qe and El tested. MIP presented high selectivity
towards BSA even though Lyz was also highly adsorbed due to smaller size which facilitated
diffusion through the MIPs.

[72]

BSA

SA, SPA

CaCl2

Castor oil, butyl acetate
ethylic cellulose / CaCl2,Tris-
HCI buffer

Lyz, Hb, Glo, EAB

Production of multi-hybrid polymer microspheres. Qe and IE tested for different concentrations
of CaCl2. MIPs presented higher adsorption capacity than NIP and selectivity towards BSA. Lyz was
also highly adsorbed due to smaller size which facilitated diffusion through the MIPs.

[73]

BSA

SA, SPA

CaCl2

Castor oil, butyl acetate /
CaCl2,Tris-HCl buffer

Hb, Lyz, EAB

Production of SMIPMs and EMIPMs. DAP was introduced to add phosphate groups to the polymer
matrix (composite microspheres). Qe(EMIPMs)> Qe(SMIPMs) and IEEMIPMs> |ESMIPMs
IEEMIPMs. Qe and IE tested for different concentrations of CaCl2 and BSA and pH values.

[75]

BSA

SA, AAm

MBAmM
CaCl2

DW / HAc containing SDS

Hb, Ova, Glo

Hydrogel film. lonic crosslinking and covalent crosslinking. Different AAm/SA ratios (6:1, 8:1, 10:1
and 12:1) tested. Better Qe and IE at 6:1 ratio. Different MBAm and CaCl2 concentrations tested.
Effect of thickness on imprinting performance tested. High adsorption capacity of MIPs was
reduced with increasing thickness. Adhesion tests with mouse fibroblast cells (L929). MIPs
promoted cell adhesion but residual SDS was believed to be the reason for cell death after 5 days
of culture. Selectivity was achieved.

[9]

BSA

SA

CaCl2

DW / CaCl2, Tris-HCI buffer

Ova

Description of gas jetting-dropping (GJD) method for production, with controlled dropping speed
and droplet dimension as diameter and volume of alginate microspheres is indirectly proportional
do nitrogen pressure. Smaller diameters can be achieved with GJID method that gravitational
method but morphology can be affected at higher pressure levels. MIPs presented higher
adsorption capacity than NIPs. Differences in diameters lead to differences in rebinding
properties: smaller microspheres show better Qe and IE and selectivity increased with diameter
of MIPs.

[49]

BSA

SA, PU

CaCl2

DW / CaCl2, Tris-HCl buffer

Ova

2-step process where PU-grafted calcium alginate (PU-g-CA) hydrogel microspheres were initially
produced, followed by an imprinting process which occurred under ionic gelation with CaCl2 to
avoid protein denaturation. Grafting process improved mechanical strength of matrix and leads
to rougher surface (comparing to calcium alginate beads). MIP presented higher adsorption
capacity than NIPs. Rebinding capacity was seriously affected by pH of polymer assembly solutions
and by external pH of template solution. Both BSA-MIPs Ova-MIPs were produced and selectivity
was achieved.

[78]

BSA

SA

CaCl2

DW / CaCl2, Tris-HCI buffer

Ova, HSA, Hb

Production of hydrogel film by biocompatible gelation method in aqueous media, intended for
biomedical applications. Higher adsorption capacity of MIPs achieved but no selectivity.

[79]

BSA

SA

CaCl2

DW / CaCl2, Tris-HCI buffer

Production of hydrogel microcapsules by biocompatible gelation method in aqueous media,
intended for biomedical applications. Analysis of different template removal protocols on the
percentage of recovered template and recognition capacity of the MIPs.

[80]

BSA

SA

CaCl2
GTA

DW / Tris-HCl buffer

Production of semi-interpenetrating polymer networks containing SA and HEC to improve
mechanical stability. Dual crosslinked microspheres presented lower water uptake over time.
Adsorption capacity higher in SA/HEC microspheres than SA alone.

[81]
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Non-woven PP fiber used as support for MIP. Lamellar macroporous structure at the surface which
facilitated diffusion of template. Fn adsorption 2.6 times higher on MIP than NIP. Cell adhesion
tests were performed with L929 cells. Higher cell adhesion rates and higher number of living cells
on MIP than NIP. Cell morphology analysis showed cell spreading on MIP surface.

Fn SA, AAm MBAm DW / Tris-HCI buffer [82]

Thermosensitive hydrogel system capable of reversible volume transition between shrinking and
swelling according external stimuli. Effects of two different drying methods in morphology and
BSA NIPA, [VAFMIMI]CI MBAmM Tris-HCI buffer / NaCl solution Ova, Lyz, Hb mechanical properties analysed. Analysis of the effect of functional monomer on BSA stability. [83]
Analysis of the influence of BSA, [VAFMIM]CI and MBA in recognition capacity. Higher adsorption
capacity of MIPs than NIPs. Selectivity achieved.

Production of hydrogel membrane using non-woven PP fiber. UV radiation-reduced graft
polymerization. Effect of monomer concentration, cross-linker concentration, amount of template

BSA AAmM MBAmM DW / SDS, AcOH Hb, Ova, Glo, Lyz molecule and pH in BSA solution on Qe and IE tested. Higher adsorption capacity of PP-grafted- [76]
PAAmM-MIPs than NIPs and improved regeneration properties than PAAmM-MIP beads. Selectivity
achieved.
Lyz, EAB, Pep, Pap Silica coated magnetic (Fe304) nanospheres functionalized with MAPS to add vinyl groups served
Hb AAm MBAmM Phosphate buffer / SDS, AcOH ! ! ! ’ as substrate for the imprinting process. Higher adsorption capacity of MIPs than NIPs. Selectivity [84]

Tr . A -
¥ achieved. Good regeneration and reproducibility features.

Higher adsorption capacity of MIPs than NIPs. Analysis of the influence of crosslinking density,
BSA AAmM MBAmM Phosphate buffer / SDS, AcOH | Lyz, Lac, Glo polymerizing temperature, protein type and BSA amount on imprinting efficiency. Selectivity [85]
analyzed and achieved for BSA-MIPs. Regeneration was not achieved.

Higher adsorption capacity of MIPs than NIPs. Different template removal strategies analyzed,

RO water / SDS, AcOH or including varying ratios of SDS:AcOH and enzymatic digestion with trypsin. Optimum ratio

Hb AAmM MBAmM Tryosin solution Cyt, Myo SDS:AcOH at 10%(w/v):10%(v/v) with 48% template removal and more than 90% imprinting [47]
P efficiency. Trypsin treatment achieved high template removal (up to 84%) but low imprinting
efficiency (20%). Selectivity achieved.
Lyz AAmM MBAM Tris buffer /.DW, NaCl Cyt, BSA Different ratios of crosslinker, PAAmM and MAA analyzed. Effect of NaCl on binding activity towards (41]
MAA solution the template.

AA — acrylic acid; AAm — acrylamide; AcOH — acetic acid; AMPS — 2-acrylamido-2-methyl-propanosulfonic acid; APTES — 3-aminopropyl triethoxysilane; BSA — bovine serum albumin; CaCl2 — calcium chloride; CS —
chitosan; Cyt — cytochrome c; DAP — Diammonium phosphate (NH4)2HPO4; DW — deionized water; EAB — egg albumin; ECH — ephichlorohydrin; EMIPMs —embedded molecularly imprinted polymer microspheres; Fn
—fibronectin; Glo — y-globulin; HAc — anhydrous acetic acid; Hb —hemoglobin; HSA —human serum albumin; g-MIP — grafted-molecularly imprinted polymer; HEC — hydroxyethyl cellulose; HSA —human serum albumin;
Lac — a-lactalbumin; Lyz — lysozyme; MAA — methacrylic acid; MAH — maleic anhydride; MAPS — 3-methacryloxypropyl trimethoxysilane; MBAm — N,N’-methylenebisacrylamide; MIP — molecularly imprinted polymer;
Myo — myoglobulin; NIP — non-molecularly imprinted polymer; NIPA — N-isopropylacrylamide; Ova - ovalbumin; PAAm — poly(acrylamide); Pap — papain; Pep — pepsin; PP — polypropylene; PU — polyurethane; SA —
sodium algiante; SDS — sodium dodecyl sulfate; SMIPMs — surface molecularly imprinted polymer microspheres; SPA — sodium polyacrylate; TEOS — tetraethoxysilicane; Try — trypsin; [VAF- MIM]CI — 1-vinyl-3-
aminoformylmethyl imidazolium chloride.
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alginate embedded MIP microspheres (EMIPMs) and surface MIP microspheres (SMIPMs) using
BSA as the template molecule. Preparation methods for these approaches differ on the timing
and the amount of template added. Despite SMIPMs requiring lower template concentrations
during the molecular imprinting process, the microspheres usually present increased imprinting
performance compared to EMIPMs [44, 72, 74, 75]. This is easily explained since EMIPMs face
mass transfer problems inherent to bulk imprinted approaches. A practical application of these
natural polymer-based microspheres is as building blocks for TE scaffolds, specifically in bottom-
up approaches, to improve protein loading within the scaffold [86]. As the majority of template
molecules of interest for TE applications are expensive and difficult to obtain in high rates of
purification, it is important to mind cost/efficiency ratio, which will dictate production viability

and market diffusion of any biomedical product.

A problem encountered by many of the previously cited works is the use of cytotoxic
compounds as solvents or template removal agents (e.g. SDS) which may impair the application
of these systems for TE. However, the development of more biocompatible systems for
biomedical and food industry applications is the subject of continuing research. Peppas and co-
workers [79, 80] have developed molecular imprinting methodologies for biomedical purposes
using alginate and calcium chloride. Herrero et al. [80] developed a biocompatible system with
the ability to achieve 3.0 mg of BSA per gram of capsules, compared to 0.7 mg achieved via
inverse suspension by Zhao et al. [72], without using any chemicals besides sodium alginate and
calcium chloride. These results are promising and are the first steps towards optimization of

protein molecular imprinting systems for delivery and implantation in the human body.

The potential of alginate imprinted systems for generating platforms for cell culture studies
has been previously investigated. Zhu et al. [82] recently created a Fn-imprinted
alginate/polyacrylamide (PAAm) hydrogel, supported by a polypropylene non-woven scaffold,
which promoted Fn adsorption in addition to adhesion and spreading of mouse fibroblast cells
(L929). The combination of more than one functional monomer is a widely used methodology
to improve imprinting efficiency. This increases the number of potential binding sites available
for the template, and improves physical and chemical characteristics (e.g. swelling behavior or
mechanical stability) of molecularly imprinted hydrogels. In this particular case of
alginate/PAAm, an improvement in mechanical and elastic properties of the combined polymer
systems was reported [87]. Alginate/PAAm scaffolds have also proven to be suitable platforms

to support human stem cell proliferation and chondrogenesis [87]. An additional study, also
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based on the imprinting of Fn, was developed by Fukazawa et al. [88] who created a Fn-MIP
system based on a water soluble biocompatible phospholipid polymer constituted by 2-
methacryloyloxyethyl phosphorylcholine (MPC). MPC is a biocompatible polymer unfavorable
for protein adsorption, thus frequently used as a coating to achieve antithrombogenicity for
medical devices [88]. Using silica beads with adsorbed Fn to create protein stamps, cavities with
high selectivity to Fn were imprinted on the polymer, creating a cell capturing system with low
rates of nonspecific adsorption [88]. Cell adhesion tests performed with L929 cells, the authors
proved that cells only adhered in the bead cavities where Fn had been imprinted, and not on
the surface of the non-imprinted polymer (NIP). This approach has the potential to be applied
as a cell patterning technique by designing scaffolds with precise control of local cell adhesion

[89].

1.4.2. Chitosan and chitosan composite hydrogels

Another widely used polymer is chitosan, a natural polysaccharide obtained from the
deacetylation of chitin from the exoskeleton of crustaceans. It has been widely explored for
biomedical applications due to its abundant source, biocompatibility and biodegradability [90].
Chitosan amino and hydroxyl groups make it possible to interact with different protein regions
through van der Waals interactions, hydrogen bonding and hydrophobic interactions [90].
Chitosan has already been used as a functional monomer for molecular imprinting of low
molecular weight molecules such as dye adsorption, enantioselective separation of amino acids,
metal ions removal in decontamination activities, and some chemical/pharmaceutical
applications [91-96]. A MIP sensitive system was reported by Singh et al. [92] who created a
hydrogel system sensitive to pH, temperature and ionic strength with molecular recognition to
carnosine, a dipeptide highly concentrated in muscle and brain tissues with reported antioxidant
properties [92]. However, for macromolecular imprinting, most studies performed with chitosan
combine this polymer with synthetic monomers (e.g. PAAm or 2-hydroxyethyl methacrylate) or

use modified chitosan (Tab. 2).

Chitosan is commonly used to improve mechanical properties of other polymeric materials
during the molecular imprinting processes. Guo and co-workers [12-14, 39, 77] developed
several studies focusing on chitosan-based matrices for Hb recognition for biosensing

applications. In most of these studies, chitosan is combined with epichlorhydrin, a water soluble
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crosslinker that preserves the cationic amine function of chitosan and improves its wet strength,
to produce beads which are used as a matrix for acrylamide monomers during the molecular
imprinting process [12-14]. Guo et al. [13] reported a chemical modification of porous chitosan
beads by adding maleic anhydride groups to improve chitosan bonding to AAm. This
modification increased vertical growth of PAAm chains from the surface of the beads, leading to
higher protein adsorption rates, but lower selectivity towards the template molecule since the
geometry of cavities could not be successfully preserved [13]. Later, Xia et al. [39] developed a
Hb-imprinted semi-interpenetrating polymer network in an aqueous medium by combining
chitosan and AAm. The MIP produced revealed high capacity to retain water, and higher
adsorption and selectivity when compared to molecular imprinting hydrogels made only of
PAAmM [39]. Nevertheless, there is evidence of significant non-specific binding of imprinted
chitosan/PAAmM polymers [97]. Fu et al. [97] analyzed different conditions where BSA and Hb-
imprinted polymers showed increased recognition when compared to non-imprinted polymers,
but in much higher quantities than those used as a template during MIP synthesis. This behavior
was hardly explained, since the yield in binding sites relative to the amount of imprinting
molecule should be low [97]. When washing non-imprinted polymers the same way as MIPs (i.e.,
including template removal solutions), the authors found that NIPs presented an increase in
protein binding which was comparable to MIPs [97]. Therefore, all procedures, with the
exception of template addition, should be equally performed on the controls as they are for
imprinted polymers in order to assure chemical changes promoted by solvents are taken into
account when both materials are compared. Very few studies are performed solely on AAm as
a functional monomer [47, 85] despite its great biocompatibility. Combining AAm with other
functional monomers has been shown to improve mechanical properties and imprinting

features of the matrix when comparing separate functional monomers [9, 12-14, 39].

Dan et al. [90] studied different copolymerization systems for chitosan and other synthetic
polymers at different pH values and temperatures for the recognition of ovalbumin. Copolymers
composed of chitosan and methacrylic acid showed increased imprinting features and selectivity
at different pH and temperature levels [90]. Gao et al. [15] recently reported a MIP system
conjugated with alginate and chitosan to improve imprinting features of a magnetite (Fes0,)
nanoparticles-based system for molecular recognition of ovalbumin. With a two-step method,
the authors modified FesO, nanoparticles with sodium alginate to attract chitosan onto the

surface (since these polysaccharides are oppositely charged) and promoted polymerization to
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create a molecularly imprinted shell around the particles. The imprinting effect was reported to
be dependent on the alginate to chitosan mass ratio, with 1:2 exhibiting the best adsorption
capacity and imprinting efficiency values towards ovalbumin [15]. The authors also showed that
this system was highly selective towards different template molecules, including ovalbumin,
BSA, Hb and Lyz [15]. The existence of oppositely charged functional groups, carboxyl and
hydroxyl groups from alginates, and amine groups from chitosan, may have promoted the
imprinting effect as they support interactions between the polymer matrix and the differently

charged domains of these proteins.

1.5. Cell imprinting

Molecular imprinting principles for macromolecules can be applied for the imprinting of
larger templates such as cells. Cell imprinting has been vaguely explored, but is based on the
imprinting of morphological and topographic features of cells to improve cell adhesion in/on a
substrate. To program mammalian cell adhesion and growth, DePorter et al. [98] proposed a
cell-imprinting approach to produce a culture system as an alternative to the conventional high
cost, multi-step fabrication processes. The authors successfully imprinted substrates by casting
a PAAm gel on pre-fixed (4% formaldehyde/PBS) monolayers of HelLa, HEK-293T (epithelial-like
cells) and MRC-9 (fibroblast-like cells) cells. Although cell viability was maintained, there is room
for improvement. Adhesion experiments revealed that HEK-293T and MRC-9 cells adhered
preferentially to epithelial-like imprinted surfaces, with MRC-9 cells losing their fibroblast-like
morphology features, and Hela cells adhering to all imprinted-substrates [98]. Jeon et al. [99]
developed a PDMS imprinted surface using MG63 osteoblast-like cells (as a template) fixed with
glutaraldehyde at the proliferation stage. The group used an electric field assisted casting
method during different culturing times and showed that rough surfaces promoted cell viability

and increased alkaline phosphatase activity and mineralization [99].

Currently, cell imprinting is at its early stages, and more studies need to be performed to
further explore its applications and influences on various cell functions. Further investigation of
this topic would lead to an understanding if this technology is feasible and reproducible

compared to existing technologies for cell patterning and culturing.
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1.6. Future prospects for molecular imprinting

Molecular imprinting is a technology with the potential to be applied for biomedical
applications, such as tissue engineering. Even though little work has been developed on
biologically relevant macromolecules for TE applications, studies performed on model proteins
are a helpful platform to optimize molecular imprinting systems. One can expect molecular
imprinting technologies to evolve for more biocompatible production approaches, which will
enable cell growth and survival. Mild conditions to avoid protein denaturation are required
during molecular imprinting, and all cytotoxic components should be avoided without
compromising imprinting features, something already achieved. Additionally, more systematic
and reproducible technologies with greater control of imprinting parameters and molecularly
imprinted polymer (MIP) structure (e.g., beads diameter or porosity) will present greater
industrial viability. Once solved, these key aspects will undoubtedly catapult the use of
molecular imprinting with living organisms and biomedical applications. Some additional aspects

of biopolymer polymeric design have been recently discussed by Peppas and Clegg [100].

Molecular imprinting will especially be relevant for scaffold-based strategies (Fig. 4) as they
depend on scaffold bioactivity to modulate cell activity in situ. As previously mentioned,
scaffold-based approaches rely on the knowledge of the extracellular matrix as an important
source of signals to cells and the maintenance of ECM homeostasis. Developing a scaffold with
molecular recognition capabilities, enables MIP technologies to not only promote loading
capacity of MIPs, but to promote recognition of a specific molecule in a complex mixture of
biological compounds (a real scenario all implants face when introduced in the organism)
(Fig.4A). The latter option brings a new set of possibilities for scaffold-based strategies, since
the majority of conventional methods rely on the delivery of previously immobilized factors.
Besides poor loading capacity, these methods have therapeutic efficacy impaired as protein
conformation changes due to immobilization methods. Molecular imprinting systems can be
optimized to overcome these problems as research performed in the protein template area
proceeds. As adsorption capacity and selectivity are essential to dictate the success of a MIP-
based based technology, if any major conformational changes were to occur during the

production process, basicimprinting features would be compromised, and the MIP would

29



Molecular imprinting for tissue engineering applications
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Figure 4. Applications of molecular imprinting in tissue engineering (TE). Molecular imprinting of
proteins can support TE approaches, especially scaffold-based bottom-up strategies on the development
of cell instructive scaffolds for implantation, or for cell culture systems. Regarding scaffolds for
implantation, scaffolds produced by molecular imprinting are capable of selectively recognizing and
adsorbing a macromolecule within a complex mixture of biological compounds present at the injury site.
As a result of the molecular memory imprinting process (A), cell recruitment can be promoted as a final
outcome. Molecular imprinting technologies enable the production of scaffolds with high loading capacity
of the template molecule and/or control of protein orientation upon adsorption. In addition, the number
of active binding sites for protein-ligand interactions can be increased and may favor cell recruitment
upon implantation (B). Scaffolds produced by molecular imprinting can also be used for cell culture
systems. Post-imprinting modifications give rise to a wide variety of functions which may be used to study
cell behavior. Such modifications can be explored for cell sheet technologies where the performance of
post-modifications may promote an increase (on) or decrease (off) of the recognition capacity (C). Another
possibility is to use molecular imprinting as a cell patterning technique (D), where cell adhesion only
occurs on molecularly imprinted regions of a scaffold. Nevertheless, these scaffolds can also be of great
value for some cell-based TE approaches as they may require cell or tissue expansion in vitro.
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present no major differences from a non-imprinted polymer. Epitope imprinting approaches can
also be an alternative to minimize these effects, as they are less prone to conformational
changes by their significantly lower complexity and size, with the additional advantage of
promoting correct protein orientation, thereby increasing scaffold bioactivity as more protein
binding sites are available for interaction with cell receptors (Fig. 4B).Several biomolecules can
be used as a template for developing scaffolds for regenerative medicine applications. Growth
inducing cytokines, peptides and proteins, including bone morphogenetic proteins (BMPs),
transforming growth factor beta (TGF-B), vascular growth factor (VEGF), fibroblast growth factor
(FGF), platelet derived growth factor (PDGF), insulin-like growth factor (IGF) and stromal derived
growth factor (SDF1) have generated interest by their roles in the wound healing processes.
Additionally, ECM molecules such as Fn can be successfully imprinted to promote cell adhesion
on/in scaffolds. Once molecularly imprinted with these molecules, scaffolds can be implanted at
the site of injury and adsorb the template molecule at higher rates than other compounds,
promoting cell binding to the adsorbed proteins, which will consequently lead to a specific
cellular response. MIPs have been shown to selectively adsorb template molecules when in a
complex solution and promote cell adhesion, prospecting the potential application for scaffolds
capable to attract the template molecule in situ and trigger a specific cell behavior. An
application of molecular imprinting for the near future will definitely go through cell culture
systems in vitro. Post-imprinting modifications allow further versatility of MIP scaffolds enabling
an on/off switch of the binding recognition, a feature which can be suitable for cell sheet
technologies (Fig. 4C). MIPs can also be considered for cell patterning techniques, as cell

adhesion can be controlled by the imprinted and non-imprinted regions (Fig. 4D).

Hydrogels present themselves as suitable solutions to overcome current drawbacks in
molecular imprinting of bio-macromolecules due to the inherent characteristics and tunable
mechanical and chemical properties of these biomaterials. Similarly to other functionalization
techniques, several natural and synthetic biomaterials, or their combinations, have been
characterized in the literature for the production of MIPs with promising results. The possibility
of utilizing different polymerization and production methods in mild and biocompatible
conditions (without compromising imprinting features) gives rise to the potential of developing
molecularly imprinted hydrogels on the design of highly precise bottom-up strategies for the

production of scaffolds with improved bioactivity.
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Another imprinting strategy is cell imprinting, a technology currently at its early stages, but
presents itself as a dauntless new perspective. Nevertheless, the imprinting of cells is an

untapped molecular imprinting approach which is the topic of continuing research.
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Chapter 2
Aim of the Project

The overall aim of the project presented herein was to develop and characterize an

alginate-based molecularly imprinted system for potential biomedical applications.

More precisely, this project intended to create a system based on photocrosslinkable
alginate discs for the recognition of the model protein bovine serum albumin. The choice of this
protein as the template is justified by the primary need to characterize and understand the
effect of particular parameters in this new system. For that purpose, the first specific objective
of this project was to develop and optimize a protocol to create a photocrosslinkable polymer
based on the modification of alginate, replacing its functional groups by photosensitive
methacrylate groups. Secondly, this project aimed at evaluating how this new material was
affected by different production parameters (UV exposure time and disc thickness) and external
stimuli (pH and presence or absence of salts) which could influence the molecular imprinting
process. To do so, molecularly imprinted polymers were produced and a template removal
protocol was optimized by adapting the effect of different variables of the system. Also, different

protein quantification methodologies were tested to evaluate the system.

Finally, the capacity of these discs to specifically recognize the template molecule was

evaluated by rebinding assays as a proof of concept.
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Chapter 3

Materials and Methods

The principal objective of this project was the development of a molecular imprinting

protocol in a photosensitive alginate-based system. To accomplish this, different stages of the

production process had to be optimized according to different parameters (Fig. 5).

Production of
alginate discs

Alginate
Modification

* Methacrylation * Polymer solution
reaction: composition and pH
reaction duration * UV exposure time
alginate pH and light intensity
* Disc dimensions
(thickness)
- AN J

Template removal

.

® Solution composition
and pH

* Temperature and
agitation conditions

¢ Duration and number

Rebinding Assay

* Solution composition
andpH

* Temperature and
agitation conditions
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of cycles of cycles
* Protein ¢ Protein
quantification method quantification method
SN S

Figure 5. The four main stages of development of this project.

3.1. Alginate Methacrylation

Methacrylation of alginate was performed by replacement of hydroxyl groups by

methacrylate groups. A 1% w/v alginate (AL, PRONOVA UP MVG, 248.13 kDA, Novamatrix)

solution was produced by dissolving alginate in a Tris Buffered Saline (TBS, pH 8) solution.
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Alginate methacrylation was performed for 5, 10 or 24h by adding methacrylic anhydride (MA,
154.16 g/mol, Sigma-Aldrich, Fig. 6) to the alginate solution in a total proportion of 1 g AL/15 mL
MA (0.07 g/mL). MA additions were performed at three different timepoints (0, 1 and 3h or O, 3
and 6h). The solution was maintained in ice and 5M NaOH (VWR) was added dropwise during
methacrylation to keep pH=8. The reaction between MA and the alginate solution is exothermic
and MA hydrolyzes at pH levels lower than 8 and high temperature. To stop the reaction 100%
EtOH (4°C) was added in excess to promote polymer precipitation and the pellet was left to dry
overnight. Rehydration of the pellet was performed by adding deionized (DI) water under
magnetic agitation. Dialysis was performed against DI water for 3 days using dialysis membranes
(Spectra/Por 3 Dialysis, MWCO 3.5 kDa). After dialysis, the pH of methacrylated alginate (ALMA)
solutions was adjusted to 5 (ALMA 5) or 7 (ALMA 7) using HCl or NaOH solutions, respectively.
The final solutions were frozen at -20°C and lyophilized (Virtris BenchTop Pro 9 L -85°C, SP-

Scientific). All the procedure was performed protecting samples from light using aluminum foil.

CH> CH>»
HSC)H(O%CHS
(@) (@)

Figure 6. Molecular structure of methacrylic anhydride [101].

3.2. 'H NMR analysis

Unmodified and methacrylated alginates ALMA 5 and ALMA 7 were dissolved in deuterium
oxide (D20, Sigma-Aldrich) to produce a 1% w/v solution at 4°C overnight. 5 pl of 3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP-d4, Euriso-top) were added to the
solution as internal standard. The *H NMR spectra were recorded on a BRUKER AVANCE Il (400
MHz, 9.4 Tesla) NMR spectrometer (CEMUP, University of Porto, Portugal). The degree of
methacrylation (DM) was calculated from *H NMR spectra based on the ratio of the integrals

from the protons of alginate backbone to the protons of methacrylate compound. The final DM
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was determined as an average of ALMA 5 DM and ALMA 7 DM values determined by the

following equation (3)

Average (% + #

HAA ®)
5

DM (%) =

3.3. Production of methacrylated alginate non-imprinted and molecularly

imprinted discs

Alginate discs were produced from methacrylated alginate ALMA 5 and ALMA 7 using
photo-polymerization with UV light. A 0.05% w/v photoinitiator solution was prepared by
dissolving  2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Ilrgacure 2959,
Sigma-Aldrich) in 0.9% NaCl at pH 4.2. Irgacure 2959 (Fig. 7) is a moderately water-soluble
photoinitiator and was selected for this protocol since it has been reported to cause minimal
cellular toxicity in a wide range of mammalian cell types and species [102], therefore being

suitable for biomedical applications.

O
CHj

HO\/\O HO CHs

Figure 7. Molecular structure of Irgacure 2959 [103].

To produce molecularly imprinted polymers (MIP), the template molecule, bovine serum
albumin (BSA, ~66 kDa, Sigma-Aldrich), was dissolved in 0.05% Irgacure solution to make a 1%
w/v BSA solution. To that solution enough alginate was added to make a 1.5% w/v polymer
solution and left mixing at room temperature for approximately 30mins. To produce discs

without the template, i.e., non-imprinted polymer (NIP) alginate discs, the same protocol was
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performed but no BSA was added to the initial Irgacure solution. 20uL of MIP or NIP solutions
were dispensed with a gel pipette to a TEFLON platform, covered with glass and exposed to UV
light adjusted to a light intensity of 7 mW/cm? (320-395nm, BlueWave 200 Light-Curing Spot
Lamp, Dymax, adjusted using ACCU-CAL-30 Smart UV intensity Meter, Dymax) for 60 or 70s and
using 250, 500 or 750um spacers (Fig. 8). This spacer-based methodology enables an easy
control of disc dimensions such as thickness and diameter, by varying the size of spacer used or

the volume of solution used.

N

Figure 8. Spacer-based approach used to produce methacrylated alginate discs.

3.4. Swelling behavior of alginate discs

In this project, the swelling capacity of methacrlyated alginate discs was evaluated at two

different stages using two different approaches.

3.4.1. Variation of disc diameter: in this approach, the swelling behavior was evaluated by

the diameter variation of discs incubated in solutions of varying composition and throughout
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certain timepoints. Briefly, ALMA 5 and ALMA 7 discs produced with 750Um spacers and
exposed to 60 or 70s of UV light were incubated in a 24-well plate for 3 cycles of 1h (RT) in 1mL
of a particular incubation solution: DI water (pH 5.6), 0.05M Tris HCI (pH 7.4), 0.05M Tris HCI
with 1% CaCl, (pH 7.4) or 0.05M Tris HCl with 1% MgCl, (pH 7.4). At the end 3h, the solution was
removed and changed to DI water and kept at 4°C throughout the rest of the experiment (15
days). At each timepoint (3, 24 and 48h and 7d and 15d), the incubation solution was removed
from the wells and discs were observed under a Stereomicroscope (SZX10, Olympus) coupled to
a digital camera (DP21, Olympus) and measured using ImagelJ (Imagel, version 1.50b; Rasband,
W.S.,, Image), U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2016). In this case, the swelling ratio (SR) was calculated

according to equation (4):

SRy = — 4)

Where @;(cm) corresponds to the diameter of the alginate disc at a specific timepoint ¢,

and @, (cm) corresponds to the diameter of the alginate disc immediately after production.

3.4.2. Variation of disc weight: in this approach, the swelling behavior was evaluated by
measuring the weight of alginate discs at different timepoints in an analytical balance (Mettler

AG285 Analytical Balance). The swelling ratio (SR) was calculated according to equation (5):

sp="%
= ©

Where m; (mg) corresponds to the wet weight of the alginate disc at a specific timepoint

t, and my (mg) corresponds to the weight of the alginate disc immediately after production.
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3.5. Photoinitiator influence in absorbance reading at 280nm

In this work, spectrophotometry was used to obtain an absorbance spectrum from
wavelengths between 200-400nm. Samples tested corresponded to incubation solutions

described in section 3.4.1. (Lambda 35 UV/Vis Spectrometer).

3.6. Morphological analysis by Cryo-SEM

To perform a morphological analysis, Cryo-Scanning Electron Microscopy (Cryo-SEM) was
performed. Briefly, ALMA 5 and ALMA 7 NIP and MIP discs were hydrated in DI water for
approximately 6h (swelling equilibrium is reached around 3h). For the Cryo-SEM assay, samples
were cut in small parallelepiped shapes and placed in the support, rapidly cooled (plunging it
into sub-cooled nitrogen — slush nitrogen) and transferred under vacuum to the cold stage of
the preparation chamber. Samples were fractured, sublimated (‘etched’) for 100s at -90°C, and
coated with Au/Pd by sputtering for 60s. Samples were then transferred into the SEM chamber
and studied at a temperature of -150°C. The SEM / EDS exam was performed using a High
resolution Scanning Electron Microscope with X-Ray Microanalysis and CryoSEM experimental
facilities: JEOL JSM 6301F/ Oxford INCA Energy 350/ Gatan Alto 2500 (CEMUP, University of

Porto, Portugal).

3.7. Mechanical characterization

To characterize the mechanical properties of the alginate discs, preliminary rheology
studies were performed (n=1) using a Kinexus Pro rheometer (Malvern Instruments, Malvern)
at RT using parallel plate geometry (d 4mm) and compressing discs by approximately 10% of
their height. Samples from ALMA 5 and ALMA 7 NIP and MIP discs were prepared and tested
right after production by frequency sweep measurements (start frequency 0.01 Hz, ending

frequency 10Hz, constant strain 1%, points per decade 10).
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3.8. Template removal

A template removal protocol was optimized in this project. During this stage of
development, several variables were tested (Tab. 3). Right after production of discs (250, 500 or
750m thickness) they were incubated in different volumes (0.25, 0.40, 0.60, 0.80 or 1mL) in DI
Water (pH 5.6), 0.05M Tris HCl solution (pH 7.4) or both, for a certain number of cycles (1 up to
4) of different durations (1 up to 96h); these protocols were developed in temperatures ranging
from 4°C or RT, with or without agitation (150rpm). Template removal was determined by

protein quantification using different approaches (item 3.10.).

Table 3. Studies performed to optimize the template removal protocol.

T Volume/well o
Protocol Initial solution Cycles no. Agitation thickness
(°C) (mL)
(nm)
3 cycles 1h RT
DI N 1 7
A water lcycle24h 4 ° >0
B DI water or 1 cycle total RT Yes (3h) 0.25, 0.40, 750
Tris HCI (pH 7.4) 96h 4 No (up to 96h)  0.60 and 0.80
c Tris HCI (pH 7.4) 1 cycle 3h RT Yes (3h) 0.25 250 and
and DI Water 1 cycle 24h 4 No (up to 24h) ’ 500
i . 2 les 1.5h
D Tris HCI (pH 7.4) cycles RT Yes 0.25 500

and DI Water 2 cycles 24h

3.9. Rebinding Assay

Rebinding assays were performed in order to analyze the imprinting features of MIPs when
comparing to NIP discs. NIP and MIP discs (n=3) were produced accordingly to item 3.3. using
500um spacers. Both NIP and MIP discs underwent the template removal protocol D (Tab. 3)
described in item 3.8.. Briefly, NIP and MIP discs were incubated in a 0.05M Tris HCI (pH 7.4)
solution for 2 cycles of 1h 30min each and posteriorly in DI water for 2 cycles of 24h each. At the
end of each cycle, the incubation solution was removed and changed. After template removal,
discs were incubated in 0.1% or 1% w/v BSA solution in 0.9% NaCl solution (pH 4.2), similarly to
the initial imprinting solution, with agitation (150rpm) at RT for 72h. Afterwards, samples were

tested for protein quantification (item 3.10.).
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3.10. Protein Quantification

In this project, analysis of protein content was performed using three different methods:
1) protein quantification by analysis of supernatant (i.e., incubation solution), 2) protein
quantification by analysis of digested discs and 3) protein quantification by analysis of

glutaraldehyde (GTA) induced BSA-autofluorescence.

3.10.1. Protein quantification by analysis of supernatant

This is an indirect method where samples from supernatant were tested using DC Protein
Assay (detection range 0.2-1.5mg/mL, Bio-Rad) by reading absorbance at 750nm using a Synergy
Mx HM550 microplate instrument (Biotek Instruments). The amount of protein present in the
supernatant was calculated by correlation of absorbance values with a calibration curve
obtained from standard samples (3 readings per sample, standard curve performed for each
plate reading). The protein present in the supernatant (mgg,4, 1g) was obtained by the following

equation (6)

_ [Abssample_b]

Mpsa = TP X V7 % 1000 (6)

Where Abssgmpie (A.U.) corresponds to the relative absorbance value (ie.,
AbSsampie measurea — AbSpiank) of a sample, a and b correspond to constants obtained for the
calibration curve,y = ax + b, where y is in A.U. and x in mg/mL. V corresponds to the

volume of supernatant (mL) and 1000 is the conversion factor from mg to ug.

The amount of removed protein (%) was obtained by comparison of mgg4 values obtained

for each sample with initial theoretical values of 200ug per MIP disc (n=4).

3.10.2. Protein quantification in digested discs

For this direct quantification method, discs were digested in 200uL of 0.25M NaOH and
tested using DC Protein Assay by reading absorbance at 750nm using a Synergy Mx HM550
microplate instrument (Biotek Instruments). The amount of protein present in the disc was

calculated by correlation of absorbance values with a calibration curve obtained from standard
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samples (3 readings per sample, standard curve performed for each plate reading). The protein

present in the disc (mps4, [1g) was obtained by the following equation (7)

Mpsa = E2samste=] 000 7

Where Absggmpie (A.U.) corresponds to the relative absorbance value of a sample (i.e.,
AbSgampie measured — AbSpiank), @ and b correspond to constants obtained for the calibration
curve,y = ax + b, where y is in A.U. and x in mg/mL. V’ corresponds to the volume of

0.25M NaOH solution (0.2mL) and 1000 is the conversion factor from mg to pg.

NIP MIP

il

Template removal

Rebinding assay

d- 0 0
|

1 2
0.9% NacCl solution 0.1% /1% BSA in 0.9% 0.9% NacCl solution
(pH 4.2) NaCl solution (pH 4.2) (pH 4.2)

Figure 9. Schematic representation of samples used throughout the molecular imprinting process and
for rebinding assay. While disc 1 works as a general control of the molecular imprinting process and an
internal control for rebinding assay for NIP discs, disc 2 works as an internal control for MIP discs during
rebinding assay. Performing quantifications in relation to disc no. 1 gives the amount of protein effectively
present in discs after the rebinding incubation protocol. In the case of NIP discs, this value corresponds
also to Q, while for MIP discs Q can only be determined while performing quantifications in relation to
disc no. 2.
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To determine the amount of protein per weight of disc, mggs/mgyisc (g/mg), the

following calculation was performed as in (8)

m
Mpsa/Maisc = —md::A X SR (8)
wet

Where SR is the swelling ratio (non-dimensional) and was used to normalize quantifications

as a dilution factor.

The amount of removed protein (%) was obtained by comparison of mgg4 values obtained

for each sample with mgs, measured for MIP discs as produced (n=4).

For rebinding analysis (n=3), mgga/Mg;sc always corresponded to the rebinding capacity
(Q) for NIP discs. For MIP discs, mggs/Mgisc corresponded to the amount of protein effectively
present in the discs, while Q was obtained following the same equation but determining

AbSgampie Using a different internal control (Fig. 9).

3.10.3. Protein quantification by GTA method

This method is based on BSA-autfluorescence induced by GTA [104] and was developed
during this project as a way to overcome obstacles faced regarding protein detection. As such,
this method was used as a supportive method, offering both qualitative and quantitative data

even though optimization is still required. This technique was applied for ALMA 5 samples.

In preliminary studies, qualitative analysis of protein amount present in discs was
performed by incubating discs from different processing timepoints (upon production, t=0h, or
during the template removal protocol, t=3, 24 or 48h) in 250uL of 25% GTA solution (Sigma-
Aldrich) for 30mins at RT using a wide-field microscope Zoe Fluorescent Cell Imager (Bio-Rad).
For acquiring images the following settings for gain, exposure time, LED intensity, and contrast
were selected and kept for each channel: green (36, 460, 35, 0), red (40, 460, 35, 0) and blue
(20, 460, 25, 0). Excitation and emission wavelengths (Aex and Aem) are the following for each
channel: green (Aex=480/17nm and Aem=517/23nm), red (Ae=556/20nm and Aem=615/61nm)
and blue (Aex=355/40nm and Aem=433/36nm). Images of brightfield were also acquired.[105]
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In order to obtain a quantitative analysis of protein content another protocol was followed
using Inverted Confocal Microscopy. Briefly, discs and standard samples (discs containing 0O,
0.25, 0.5 and 1% BSA) were incubated overnight in 250L of 25% GTA solution at 4°C. Prior to
observation, samples were immersed in Vectashield mounting medium (VECTOR Laboratories)
to avoid discs to dry and shrink during exposure to the laser beams. Discs were visualized using
a Confocal Laser Scanning Microscope (CLSM, Leica TCS-SP5 AOBS; Leica Microsystems, Wetzlar,
Germany) under the 10x objective and with parameters kept constant. Images were acquired at

Aex=488nm and Aem=500-599nm.

For each sample, four different stacks were obtained and a Z-projection of all stacks was
performed using Imagel software. For quantification purposes, in each projected image, 3
measurements of Mean Gray Value (A.U.) of disc region and 3 of the background region were
obtained (Fig. 10). The amount of protein in disc was calculated by a correlation of the Mean
Gray Value (Mean) using calibration curves produced from standard samples. Standard samples
were prepared each time that samples were observed under the microscope (previously
prepared on the day before and incubated overnight simultaneously to the samples to be

tested). This was performed to avoid any possible differences caused by laser beam fluctuations.

Figure 10. Example of measurements performed in projected images obtained by inverted confocal
microscopy (excitation at 488 nm). Image) ROl Manager tool was used to assure a fixed dimension for all
measurements. For each sample, 3 measurements were performed in the disc region (left) and 3 in the
background region. Scale bar represents 200um.
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3.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software for Windows,
(GraphPad Software, San Diego California USA, www.graphpad.com). Mean and standard
deviation were determined for each sample. Statistical differences between groups was
performed using t test with Welsh correction. Samples were considered significantly different if

P<0.05.
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Chapter 4
Results and Discussion

In this section, the main results obtained regarding the main stages of development of this

project will be presented and discussed.

4.1. Alginate modification

As referred in Chapter 1 (Introduction), alginates are water soluble polysaccharides
frequently used in biomedical applications due to their great biocompatibility and

biodegradability.

Alginates have the ability to form gels by reacting with divalent cations, such as calcium
ions (Ca?*) [69], occurring an ionic crosslinking between the divalent cations and the polymer
chains. This type of crosslinking is believed to occur between the G blocks of alginate (Fig. 3,
Chapter 1) and the divalent ions. Since G and M contents can vary between different sources of
alginates and with the length of each block, this ionic crosslinking is widely dependent on the
type of alginate used [70]. Consequently, this will interfere with the final properties of the
alginate hydrogels formed [70]. Also, when in physiological conditions, ionically crosslinked
hydrogels can lose these divalent cations into the surrounding media leading to lower long-term
physical stability [70]. In fact, this exit of Ca?* from the bulk of the material can affect recognition
features of molecularly imprinted polymers (MIP) as they lead to a slow degradation of the mesh

[79].

Photocrosslinking was the alternative method of crosslinking chosen for this project, where

covalent bonding between modified alginate polymer chains is induced upon light exposure
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[106-110]. In the particular case of alginate, this type of crosslinking can be performed by
previously modifying alginate to contain photosensitive functional groups. Methacrylate
functional groups can replace hydroxyl or carboxyl groups of alginate (methacrylation) and
undergo free radical polymerization if exposed to UV light in the presence of a photoinitiator
[106]. This type of crosslinking enables the control of mechanical properties and swelling of
alginate hydrogels while still allowing ionic crosslinking to occur, a feature which can be

advantageous to create dual-crosslinked systems.

4.1.2. Alginate methacrylation

Following the main objectives of this project, an alginate methacrylation protocol was
optimized. Several factors can affect the methacrylation process (e.g. temperature, pH and
time), namely the extent at which alginate functional groups are replaced and, consequently,
affect the capacity of methacrylated materials to form gels. Therefore, studies evaluating

different parameters were carried out in order to optimize an alginate methacrylation protocol.

Firstly, three different protocols of alginate methacrylation were tested (Tab. 4). In all three
protocols, the methacrylate compound used (methacrylic anhydride) was intended to replace
hydroxyl groups, since no carboxyl activators were added during the reaction in order to allow

for dual crosslinking, as previously mentioned (Fig. 11).

Table 4. Methacrylation protocols tested and gel formation capacity of produced materials.

Duration MA addition AL/MA ratio
A .
Protocol T (°C) (h) el R pH Gel formation
24 Yes
0,3and 6
2 Ice cold 10 ~0.07 5or7 Yes
5 0,1and3 No

Protocols no. 1 and 2 consisted of a preliminary test to set basic parameters of the system
such as temperature, pH and the minimum reaction time required for the methacrylated
alginate to form gels upon UV exposure. To accomplish this, the methacrylation reaction was
either performed during 10h or 24h. Additionally, at the end of methacrylation and dialysis the

pH of polymer solution was adjusted either to pH 5 (ALMA 5) or 7 (ALMA 7) prior to
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lyophilization. This adjustment was performed for two main reasons: firstly, the knowledge that
pH conditions influence the molecular imprinting process and thus the final molecular
recognition features of the material - this is especially true in the case of macromolecules such
as proteins [111]; and secondly to evaluate potential differences in mechanical and physical

behavior or crosslinking yield of these materials [112].

— Methacrylic

gi,f anhydride H -
PHO o CH; CH; §
D'\.. He™ '0"~| ! CH;
H e} o] \.
—_—
pH 8 H
H COOH
—, L4 COOH —,
Alginate Methacrylated alginate

Figure 11. Alginate methacrylation reaction with methacrylic anhydride. During this methacrylation
reaction, methacrylic anhydride molecules will react with hydroxyl groups present in alginate backbone.
The extent at which this replacement occurs, either in G, M or both blocks, is tightly dependent on the
protocol design.

Polymer solutions with modified alginate produced with different protocols presented the
same appearance (Fig. 12). When exposed to UV light for 60s and in the presence of a
photoinitiator (Irgacure 2959) polymer solutions produced in both protocols were able to form
gels (Tab. 4). In fact, methacrylated alginate solutions adjusted to the same pH value but with
different reaction times produced discs with no apparent differences. However, for the same
reaction time, discs derived from methacrylated alginate with different pH values presented
perceptible differences in apparent stiffness. While discs produced from ALMA 5 presented a
stiffer appearance, ALMA 7 alginate discs were softer and presented remains of what seemed
to be non-polymerized solution surrounding the disc. This perception was later confirmed by
preliminary rheological studies performed in ALMA 5 and ALMA 7 discs right after production (S
2).
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Following these results, protocol no. 3 was performed to see if the reaction time could be
further diminished. The reduction of the reaction time to 5h led to polymer solutions unable to

successfully polymerize under the same conditions, being liquid after 60s of UV exposure.

Figure 12. ALMA 5 and ALMA 7 polymer solutions.

Overall, these results were indicative of a significant dependence between the extent of
alginate hydroxyl groups replaced by methacrylate groups (methacrylation degree, DM) and the
time of reaction up to 10h. To confirm this assumption, methacrylated alginate from protocols
2 and 3 was analyzed by *H NMR. The resultant NMR spectra are presented in Fig. 13 and were
consistent with the differences previously observed in gel formation capacity: whereas
methacrylated alginate produced in protocol no. 2 (Fig. 13A) presented large peaks, alginate
produced in protocol no. 3 (Fig. 13B) presented smaller peaks for the same ppm values. This
indicates higher DM values for ALMA when reaction was carried out for 10h comparing to 5h,
since higher peak areas indicate a higher proportion between newly existent protons and the
protons in the non-modified alginate backbone. Therefore, reaction time was not only a limiting
factor in the methacrylation reaction, but was in fact the reason why such differences in

polymerization were observed.
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Figure 13. *H NMR spectra of alginates produced in 10h (A) and 5h methacrylation reactions (B).

Considering these results, protocol no. 2 was selected as the methacrylation procedure to
produce the photosensitive alginate to be used throughout this project, since it reduced

mehtacrylation reaction time to 10h while still being able to produce gels upon UV exposure.

Fig. 14 represents the resultant *H NMR spectra of non-modified alginate (Fig. 14A) and
ALMA 5 (Fig. 14B) and ALMA 7 (Fig. 14C) alginates. It is possible to observe the appearance of
three distinguishable peaks corresponding to protons a, b and c (Fig. 14D) both in ALMA 5 and
ALMA 7 spectra when comparing to non-modified alginate. This indicates a successful
replacement of —OH groups of alginate by new MA groups. For both materials, the chemical shift
of these peaks is approximately 1.9, 5.7 and 6.1 ppm, respectively (S 2). Using these data, it was

possible to determine a degree of methacrylation of approximately 18.25 % [110].
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Figure 14. Comparison between H NMR spectra of non-modified alginate (A) and modified alginates
ALMA 5 (B) and ALMA 7 (C). It is possible to observe the appearance of three distinguishable peaks (a, b
and c) corresponding to the new protons added to non-modified alginate during the methacrylation
reaction (D). AA peak corresponds to protons present in the backbone of non-modified alginate.

Alginate methacrylation protocols are reported in the literature for biomedical applications
using methacrylate compounds such as 2-aminoethyl methacrylate and methacrylic anhydride
[106-110, 113]. The time dependence of methacrylation reactions is evident, with reported
protocols comprising methacrylation reaction times of 24 up to 72h [106-110, 113]. In
comparison, the 10h protocol developed in this project considerably shortens the reaction time

while providing consistent gel formation. Besides, the reported literature performs these
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protocols with low viscosity alginates which usually present higher DM values [106-110, 113,

114] since DM is inversely affected by polymeric molecular weight [115].

In this project a medium viscosity alginate (248.13kDa, apparent viscosity 343mPas) was
used, instead of low viscosity alginates, to improve mechanical properties. For the same polymer
concentration, alginates with higher molecular weights give rise to polymer solutions with
higher viscosity. Consequently, gels formed by alginates with higher molecular weight usually
have their mechanical properties improved, i.e., they originate gels with increased elastic
modaulus [70]. Since molecular imprinting success is affected by the extent of polymer distortion,
as imprinting cavities can lose their specificity due to this event, higher elastic modulus are
preferred up to a certain extent. Using a high viscosity alginate could further increase elastic
modulus of formed gels but these would be concomitant with considerably viscous polymer
solutions which could risk to damage proteins by shear forces during ejection from the narrow
gel tips [70]. Besides, even though it is desirable to minimize distortion, it is important to allow
some relaxation of the mesh during template removal in order to potentiate protein exit from

the less superficial layers of the material [111].

Despite using a medium viscosity alginate in this project, the achieved DM of 18.25 % is an
encouraging result when comparing to values reported in the literature (3.5-25 %), which
correspond to modifications in low viscosity alginates. Most of the literature only refers an
excessive addition of MA in the preparation of methacryalated alginates and does not refer the
way this addition is performed (e.g., at once or successively) [106-110, 113, 114]. In the
protocols developed herein, the total amount of methacrylate required was divided in three
independent additions to be performed at specific timepoints (Tab. 4). This sequential addition
most likely supports an increasing in the yield of the methacrylation reaction since less
methacrylate compound is in excess each time during the process, reducing the amount of

hydrolyzed compound unable to react with the alginate.

4.2. Molecular imprinting protocol optimization
Subsequently to the preparation of ALMA 5 and ALMA 7, production of alginate discs was

studied and optimized regarding the molecular imprinting process. For instance, parameters

such as pre-polymerization solution, time of UV exposure, thickness of the produced discs, pH
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and salt conditions of incubation solutions could potentially affect the success of the molecular

imprinting process.

Regarding the pre-polymerization solution, parameters used, particularly pH (4.2) and BSA
concentration (1 % w/v), were set based on work developed by Bayer et al. [79] and Herrero et
al. [80], some of the few existent literature reports on protein molecular imprinting systems
solely based in alginate. While using BSA as the template, a pre-polymerization solution pH 4.2
promotes ionic interactions between the protein and the alginate [79, 80]. As BSA isoelectric
point (pl) is around 4.7, at a pH value of 4.2 BSA will be positively charged while alginate is
negatively charged, promoting non-covalent ionic interactions between the protein and the
polymer chains. Despite being known that different BSA concentrations in the initial solution

can affect imprinting features of produced MIPs [72], this parameter was kept constant.

The following results comprise a set of studies performed in order to restrict variables of
the system. Studies regarding disc production (without template) were performed to set basic
parameters such as UV exposure time and disc thickness. Differences in swelling behavior were
evaluated for discs exposed to different UV exposure times and solution compositions. To
homogenize the studies, the volume of polymer solution was kept constant (20L). Minding this,
disc thickness variation by the use of different spacers was evaluated. While surface imprinting
usually presents better results than bulk imprinting, minimizing thickness was a goal, but an

appropriate ratio between thickness and diameter was also required to enable good handling.

Concomitantly, these parameters were adjusted in a molecular imprinting perspective and
aiming at optimizing a template removal protocol (type of solution to be used, number and
duration of incubation cycles) and select the most suitable protein quantification

methodologies.

4.2.1. Effect of different solutions in alginate discs

In order to further characterize and compare ALMA 5 or ALMA 7 materials, the effect of UV
exposure time (60 or 70s) and the effect of potential incubation solutions for template removal

[DI water, Tris HCI (pH 7.4), Tris HCl with 1% CaCl, (pH 7.4) or Tris HCI with 1% MgCl, (pH 7.4)] in
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alginate discs with no template (non-imprinted polymer, NIP) were studied and results are

presented in Fig. 15.

After a 3 hour-incubation period in a specific solution, discs were incubated in DI water
until the end of the experiment. This incubation in DI water is used in some template removal
protocols not only to promote swelling of the material to help removing the template by

expanding the mesh, but also to remove any salts or ions left from the initial solutions [80].

As it can be perceived, while UV exposure time had little effect on the swelling ratio
throughout time, the type of solution used in the first 3h of experiment and the type of alginate

used had clear influence on the swelling behavior of discs.

For the same incubation solution and UV exposure time, ALMA 5 discs presented lower
diameter variations than ALMA 7 discs. These data is in agreement with the differences observed
in ALMA 5 and ALMA 7 discs during methacrylation optimization. As pH decreases, carboxylate
groups in the alginate backbone become protonated and form hydrogen bonds, thus promoting
a stiffening of the mesh upon polymerization which can justify this difference between ALMA 5
and ALMA 7 discs [70]. Contrarily to the accentuated differences caused by different pH values,
increasing UV exposure time from 60s to 70s did not lead to major differences in swelling
behavior, even though slightly smaller swelling ratio values occurred for discs produced under

70s UV light exposure.

Different primary incubation solutions led to different swelling profiles of discs produced
under the same conditions. In fact, for the same incubation solution used, all four types of discs
presented a similar swelling tendency. Discs incubated in DI water (pH ~5.6) rapidly increased
diameter and were the first achieving the swelling equilibrium at t=3h. Incubating discs in a Tris
HCl (pH 7.4) solution retarded this effect, with a lower diameter variation in the first 3h
comparing to discs incubated in DI water and reaching a swelling equilibrium around 48h after
the start of the experiment. Such retardation in water uptake can be explained by the existence
of Tris salt in the solution since the presence of salts is known to affect the swelling behavior of
hydrogels, being usually associated with decreased water uptake when compared with DI water

[112, 116, 117].

Discs incubated for 3h in Tris HCI, 1% MgCl, (pH 7.4) caused a small constriction in ALMA 5
but barely no effect in ALMA 7 discs. Nevertheless, this constriction was recovered when

incubating discs in DI water for the rest of the protocol. The same did not occur for discs
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incubated in Tris HCI, 1% CaCl, (pH 7.4), which suffered an irreversible constriction. In fact, Tris
HCl, 1% CaCl, (pH 7.4) is a widely used combination for template removal solution in BSA-

molecular imprinting systems based on alginate [49, 72-75, 78-80].

At pH 7.4, BSA is negatively charged and interactions between BSA and the negatively
charged alginate backbone are broken. In order to promote the exit of BSA from the polymer,
some authors use CaCl,during template removal to attract BSA out by electrostatic interactions,
which may occur between different functional groups of BSA and the divalent cation Ca?* [49,
72-75, 78-80, 118]. A synergistic effect occurs by the existence of diffusion forces coupled with
the interaction between the protein and the divalent cation. Oppositely, BSA can be removed
by its binding sites by competition with Ca? for alginate negatively charged binding sites.
However, all these systems are based in ionic crosslinking with CaCl,, where the divalent cation
Ca?* works as the crosslinking agent, binding polymeric chains by electrostatic interactions [49,
72-75, 78-80]. Even so, when Herrero et al. [80] produced alginate microcapsules by ionic
crosslinking with CaCl,, a thickening of the capsule membrane was reported after a template

removal process with cycles containing CaCl,.

In the particular case of this project, since the crosslinking method used was
photocrosslinking, spaces within the polymer mesh where Ca?* would be able to interact as a
crosslinking agent were still available when the incubation was performed. Therefore, when
discs were incubated in the Tris HCI, 1% CaCl, solution it was expected that a secondary ionic
crosslinking process would occur. Even 15 days after incubation in DI water this effect was not

reversed.

The use of Tris HCI, 1% MgCl, solution was seen as a potential alternative as Mg?* could be
able to replace calcium's role as a template removal agent, while avoiding its associated ionic
crosslinking events. However, this solution did cause a small constriction in ALMA 5 discs during
incubation. Actually, Mg** cations were reported to have indeed a gelling effect in alginate,
which is strongly dependent on M/G ratio and only reached after longer periods of time [119].
As G content increases, interactions between alginate and Mg?* also increases, just like for Ca?*.
However, while Ca% ions are strongly site-bounded, crosslinking derived from Mg?* occurs as
these ions are diffusively bound [120]. This explains why ALMA 5 discs suffered a constriction
when incubated in Tris HCI, 1% MgCl,, even though in a much lower and reversible way than

with Ca?*.
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Figure 15. Effect of different solutions and incubation time in the swelling ratio of ALMA 5 and ALMA 7
discs exposed to 60s and 70s of UV light. Discs were incubated for 3h (3 cycles of 1h) in each specific
solution, after which solutions were changed to DI water until the end of the experiment. Data shown
represents the mean values of four diameter measurements and error bars represent + SD (n=1 disc per
condition).

Besides analyzing the swelling behavior of gels, it was necessary to know if absorbance
reading at 280 nm was a viable method to perform protein quantification throughout the
following steps of this project, namely during the template removal and the rebinding assays.
This method is widely used as a protein quantification method, including in molecular imprinting
literature, based on intrinsic fluorescence (excitation at A=279nm and emission at A=348nm) of
proteins predominantly originated by tryptophan residues [104, 121]. However, driven by the
knowledge that Irgacure 2959 absorbs preferentially at wavelengths of near 279nm [103], this

could lead to quantification problems as small amounts of photoinitiator not able to react during
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the photopolymerization could be released from discs to the supernatant and be accounted as

protein.

Therefore, a spectrum reading from 200 up to 400nm was performed for supernatants
after 1h incubation (Fig. 16). Results show higher peaks at wavelengths around 279nm which
could be indeed caused by release of photoinitiator to the solution. Following these results,
absorbance reading at 280nm as the protein quantification method was not considered a safe
option for the following stages of development. Instead, a colorimetric assay (DC protein assay

kit) was chosen to perform measurements by absorbance readings at 750nm [122].
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Figure 16. Absorbance spectra of incubation solutions after 1h incubation time.
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4.2.2. Disc production and template removal protocol optimization

Throughout this project, different studies regarding protocols of template removal (Tab. 5)
were performed with discs produced containing the template molecule (molecularly imprinted
polymer, MIP). In a first attempt, only DI water was used as the template removal. Maintaining
the same protocol as previously, 3 cycles of 1h incubation were performed at RT without
agitation, after which discs were kept at 4°C for 24h. At the end of each cycle, the supernatant
was collected and stored for testing with a protein quantification kit. Solutions containing Tris
and divalent cations were not chosen for these studies to avoid further interferences with the

material.

Table 5. Studies performed to optimize the template removal protocol and corresponding specifications.

Protocol Initial solution Cycles no T Agitation elupe el thicl:)lifmcess Protein
Y : (°C) (mL) Detection
(1m)
3 cycles 1h RT
DI N 1 7 N
A water 1 cycle 24h 4 o] 50 o
B DI water or 1 cycle total RT Yes (3h) 0.25, 0.40, 750 Yes
Tris HCl (pH 7.4) 96h 4 No (up to 96h)  0.60 and 0.80
c Tris HCI (pH 7.4) 1 cycle 3h RT Yes (3h) 0.25 250 and Yes
and DI Water 1 cycle 24h 4 No (up to 24h) ’ 500
Tris HCl (pH 7.4 2 les 1.5h
D ris HCl (pH 7.4) 2 cycles RT Yes 0.25 500 Yes

and DI Water 2 cycles 24h

On the first study (protocol A, Tab. 5), no conclusion regarding the amount of protein
removed was possible to obtain since nothing was detected on the supernatant. This could be
not only a consequence of the volume necessary to fully cover the discs on a 24-well plate,
leading to protein concentrations in a range not appropriate to the quantification method used,
but also due to the low capacity of DI water to promote protein exchange from the bulk to the

solution.

Therefore, a second study (protocol B, Tab. 5) was developed to test different variables of
the system and achieve protein detection. Firstly, both DI water and Tris HCl were tested as
template removal agents. As referred above, to avoid any undesirable effect of divalent cations
in the template removal process caused by secondary ionic crosslinking, solutions containing

Ca?" and Mg?* were not used. The time of incubation was adjusted to 96 h (3h at RT with agitation
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and the rest with no agitation at 4 °C). This was done to ensure the solution had reached its
equilibrium of protein saturation when analyzed. At the end of 3h incubation, 20uL of
supernatant were sampled and stored for further analysis and comparison with samples from
96h. Also, the volume of incubation solution was changed from 1 mL/well for 0.25, 0.4, 0.6 or
0.8 mL/well by using a 48-well plate which ensured the full covering of discs by the template
removal solution. Applying these adjustments enabled protein quantification and results are

presented on Fig. 17.

The results obtained show that ALMA 7 MIP discs allow higher levels of template removal
than ALMA 5 discs and that this difference is more prominent when incubation is performed
solely in DI water. The difference observed between both materials was expected since the
lower swelling observed for ALMA 5 in the previously performed studies lead to higher protein
entrapment within the bulk of the material. On the other hand, the greater capacity of ALMA 7

discs to swell, thus relaxing and expanding the polymer mesh, enabled higher protein diffusion.

Incubation in DI water Incubation in Tris HCI
1001 100- A ALMAS5, 3h
< 804 - O ALMA 5, 96h
:\(I ] a A ALMA 7, 3h
2] o
g 60- E‘ o a 60- ﬁ R O ALMA 7, 96h
kel A ] o 4
o 40 A 404 4 o ¥
e 20 o & - R 20
0 T T T 0 T T T d
0.25 0.4 0.6 0.8 0.25 0.4 0.6 0.8
Volume (mL) Volume (mL)

Figure 17. Effect of solution, volume and time of incubation in the amount of removed BSA from ALMA
5 and ALMA 7 alginate discs. Results obtained for n=1 disc per condition.

The best results for BSA removal were achieved in Tris HCl solution, being around 50 % and
70 % for ALMA 5 and ALMA 7 at 96 h, respectively, against 30 % and 61 % in DI water for the
same samples. The higher protein removal observed in Tris HCI incubated discs is most likely

caused by pH. While DI water has a pH value of around 5.5-5.6, Tris HCl solution was adjusted
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to pH 7.4. This increase in pH value may stimulate protein removal as more BSA molecules

become negatively charged and thus are repulsed from the negatively charged net of alginate

[70, 79, 80].

Regarding the incubation solution volume, no conclusions can be made regarding its effect
on amount of protein removed because saturation events occurred. In fact, at the end of 3h
some of the solutions had the same or near amount of protein than at 96h, either caused by
saturation of the solution or by incapacity to remove more protein from the disc. Nevertheless,
these results were important for two main aspects: first, to understand the range of volumes
that could be used that would still allow protein detection as fast as 3h after starting incubation;
and secondly to determine how fast saturation could occur in order to further adjust incubation

cycles in terms of number and duration.

Minding these results Tris HCl (pH 7.4) was selected as initial incubation solution to proceed
to further tests, along with a 0.25mL solution which would allow obtaining more concentrated

samples, thus enabling an easier detection of protein amounts and protein variations.

Template removal
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Figure 18. Effect of thickness in the amount of protein removed. Results obtained for n=1 disc per
condition.

To further improve protein diffusion within discs and increase the area of available surface,

a third study (protocol C, Tab. 5) was performed where disc thickness was reduced to either 250
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or 500um, in opposition to the initial 750um. Results are presented on Fig. 18. This template
removal protocol included a 3h cycle in Tris HCl and one cycle of 24 h in DI water. Once again,
higher template removal occurred for ALMA 7 than ALMA 5. ALMA 7 discs had a protein release
at the end of 24h of about 66% and 67%, for discs of 250 and 500um, respectively, whereas

ALMA 5 discs reached 48% and 42%, respectively for the same conditions.

No major differences in template removal were noticed for discs with different thickness,
even when comparing with 750um. Nevertheless, the selected spacer size to proceed to further
experiments was 500 im since these discs were easier to manipulate comparing to 250 pm.
Comparing to discs produced with 750m, 500 pim discs increase the area of exposed surface,
reducing thickness by approximately 33 % while having an approximately 1.5 fold increase in
diameter (3.7 £ 0.58 mm versus 5.6 + 0.27 mm, respectively). This characteristic is important for
protein diffusion within the disc, either in or out, as less material occupies the bulk region and
becomes more superficial [123]. This height reduction may also improve crosslinking efficiency
and homogeneity as less penetration of UV rays is required to achieve the bottom region of the

disc and broader regions of polymer absorb the same UV light intensity.

Figure 19. ALMA 5 (left) and ALMA 7 (right) discs as produced.

Non-imprinted polymer (NIP) and molecularly imprinted polymer (MIP) discs produced
from ALMA 5 and ALMA 7 using 500um spacers (Fig. 19) measured approximately 0.54+0.05 mm
of height, 5.620.27mm of diameter (as mentioned above) and weighted approximately
16.7+1.48mg upon production (S 3). Additional analysis of ALMA 5 and ALMA 7 NIP and MIP

discs was also performed by Cryo-SEM. No major differences were observed between ALMA 5
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and ALMA 7 alginate discs nor between NIP and MIP discs. Fig. 20 shows representative images
obtained by Cryo-SEM. It was possible to observe the existence of macro-pores (Fig.20A) that
were sometimes concomitant with the presence of a dense net of micro-pores (Fig.20B). For
some preparations, a transition zone was also observed (Fig.20C). No major conclusions can be
formulated regarding these data since the required Cryo-SEM processing of samples for the

assay (freezing, fracturing, sublimation and coating).

G0um B0pm opm

Figure 20. Representative Cryo-SEM images of ALMA 5 and ALMA 7 discs.For all four materials (ALMA 5
and 7, NIP and MIP discs), it was possible to observe the existence of either macro-pores (A), macro-pores
with dense nets of micro-pores (B) and also transition zones (C). Scale bars represent 60pum.

Considering all data collected up until this point, a final template removal protocol
(protocol D, Tab. 5) was defined: two cycles of 1h 30min each in Tris HCI (pH 7.4), instead of one
cycle of 3h, to avoid protein saturation in the solution and promote higher protein diffusion at
a stage where swelling events are pronounced; followed by 2 cycles of 24h incubation in DI
water, instead of only 1 cycle of 24h, to further remove any remaining protein and Tris residues.
Additionally, the whole protocol was performed in continuous agitation (150rpm, RT) to

promote the diffusion of protein and solution throughout the discs.

This template removal protocol was further evaluated by different methodologies and

results are presented and discussed in the following section.
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4.3. Template removal analysis and characterization

4.3.1. Template removal quantification by analysis of supernatant

Fig. 21 and Tab. 6 present results from template removal for ALMA 5 and ALMA 7 MIP discs
by protein quantification in the incubation solution (supernatant), being therefore an indirect

method of quantification.

As it can be observed on Fig. 21 and Tab. 6, both ALMA 5 and ALMA 7 discs presented a
significant protein removal in the first 1.5h of incubation, with more than 50% of protein
removed during this period of time for both materials. At 3h of incubation, these values
increased to 61.4% and 83.5%, with significant differences starting to be noticed between ALMA
5 and ALMA 7 discs. The same tendency was observed on the following 24 and 48h as these

values increase to a maximum of 65.8% (24 h) for ALMA 5 and 94.2% (48 h) for ALMA 7.
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Figure 21. Amount of BSA removed in ALMA 5 and ALMA 7 discs (A) and percentage of template removal
(B) by protein quantification in the supernatant (incubation solution). Points and bars represent mean
values of n=4 discs + SD; horizontal and vertical asterisks represent statistical differences (* p < 0.05, ** p
<0.01, *** p <0.001) between different timepoints and different materials, respectively.
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Table 6. Amount of BSA removed in ALMA 5 and ALMA 7 discs and percentage of template removal
determined by protein quantification in supernatant (incubation solution). Data represent mean values
of n=4 discs + SD. Data corresponds to data shown in Fig. 21.

Time (h) 1.5 3 24 48

Cumulative mgsa in
ALMA 5 supernatant (ug)

Removed template (%) 53.61+3.41 61.4£5.69 65.8+7.00 64.0+£7.42

107.2+6.82  122.9+411.39 131.6x14.00 128.1+14.84

Cumulative mgsa in
ALMA 7 supernatant (ug)

Removed template (%) 59.3+4.37 83.5+8.32 93.5+7.17 94.2+7.44

118.7+8.74  166.9+16.63 186.9114.33 188.3+14.88

Between 24h and 48h, the amount of protein removed from discs is barely altered. This
may be indeed because the rest of protein remaining inside discs is deeply entrapped within the
bulk, due to lower diffusional forces which are not enough to promote protein exit from the disc,
or because the amount of protein present in the solution in comparison with its volume starts
reaching the limit of the detection range of the protein assay kit used to perform these

guantifications.

4.3.2. Template removal quantification by analysis of digested discs

Another approach used for quantifying the amount of protein being removed from the disc
was by quantification of protein present in digested discs (direct method). Since this approach
is destructive, only timepoints of 0, 3 and 48h were tested. Results are presented in Fig. 22 and
Tab. 7. Results obtained by this method were in concordance with previously shown data by

supernatant analysis and tend to present lower standard deviations than the previous method.

It was possible to verify a significant amount of protein release occurring in the first 3h of
incubation, at the end of which 56.7% and 89.9% of protein was removed from ALMA 5 and
ALMA 7 MIP discs, respectively. At the end of the template removal protocol this values reached
69.8% and 98.5%, respectively, representing an additional 10% increase, approximately. Again,

significant differences between ALMA 5 and ALMA 7 alginate were observed starting at 3h and
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these differences were even more pronounced once the template removal protocol was

completed.
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Figure 22 Amount of BSA removed in ALMA 5 and ALMA 7 discs (A) and percentage of template removal
(B) by protein quantification in digested discs. Points and bars represent mean values of n=4 discs + SD;
horizontal and vertical asterisks represent statistical differences (** p < 0.01, *** p < 0.001) between
different timepoints and different materials, respectively.

Table 7. Amount of BSA removed in ALMA 5 and ALMA 7 discs and percentage of template removal
determined by protein quantification in digested discs.Points and bars represent mean values of n=4

discs £ SD. Values corresponding to Fig. 22.

Time (h) 0 3 48

Mes in disc (ug) 198.8+14.23 85.9+9.84 59.9+3.09

ALMA 5
Removed template - 56.7+4.81 69.8+1.84

(%)

Mesa in disc (ug) 194.6+7.35 19.8+3.11 2.9+153

ALMA 7
Removed template - 89.9+1.52 98.5+0.84

(%)
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Overall, these data indicated that the first 3h of incubation were crucial for template
removal, with more than half of the protein being removed at this stage. This was concomitant
with the significant increase of swelling ratio occurring at this phase, caused by rapid entrance
of solution into the discs (Fig. 23). This event not only helped protein removal by promoting
polymer expansion, leading to more free space in the polymer mesh, allowing better protein
mobility within the disc, but also by creating diffusional forces to support BSA exit out of the disc

and into the solution.

12' *

-&- ALMAS5 NIP
-®- ALMAS5 MIP
-4+ ALMA 7 NIP
-V-- ALMA 7 MIP

*%*

Swelling (w/wyg)

Figure 23. Swelling profile of ALMA 5 and ALMA 7 NIP and MIP discs during template removal protocol.
Maximum swelling ratio of approximately 7 for ALMA 5 and 9 for ALMA 7 discs at 48h.Data represent
mean values of n=4 discs + SD. Statistical analysis performed in comparison with t=0 h by unpaired t test
with Welch’s correction. Asterisks represent statistical differences between timepoints, * < 0.05, ** p <
0.01.

Nevertheless, it was in the following 48h that major differences occurred between both
materials. For ALMA 5 MIP discs, despite the amount of protein still present in the disc
(approximately 40% at 3h) and the continuous increase in swelling ratio, template removal did
not seem to follow the same tendency. This was namely true when analyzing results from

quantifications in the supernatant, since by quantification of digested discs it was possible to
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still detect more 13% of removed protein between 3 and 48h of protocol. Being an indirect
method of quantification, determination of template removal by analysis of supernatant was
more prone to fail detection of variations in protein content, and this was particularly true on
the final washing steps. The small amount of protein being removed to the solution causes low
protein variations that were most likely out of the detection range of the kit used during this last

phase of template removal.

Differences between ALMA 5 and ALMA 7 discs may be caused by the different protonation
state of these materials, already explained above, which also influences the swelling behavior.
Even though no significant differences were obtained for ALMA 5 and ALMA 7 swelling ratios at
48 h (7 and 9, respectively, Fig. 23), a closer look at these values shows that they represent a
difference of 200 % in swelling ratio. By other words, for the same condition and same timepoint,
ALMA 7 discs suffered an additional doubling on weight (regarding its initial value) while
comparing to the ALMA 5 discs. When working at a Jg quantification range such differences

become quite significant.

Results obtained by both detection methods were highly comparable, pointing to a total of
protein removal of approximate 70% for ALMA 5 and over 94% for ALMA 7 at the end of the
template removal process. The fact that no more protein was removed from ALMA 5 discs may
be caused by a combination of lower diffusional forces and entrapment of the remaining protein
deeply within the mesh of the alginate disc - thus being impossible to remove despite the
number and duration of template removal cycles — and the lower swelling ratio. In the study
reported by Bayer and colleagues [79], who developed a molecularly imprinted ionically-
crosslinked alginate film system, only around 67% of the template was removed during the
washing steps at the end of approximately 160h, indicating that the results obtained with the
present template removal protocol are promising. These differences may be caused by different
swelling ratios since in Bayer et al. [79] this parameter reached a maximum of approximately
only 2.5 at the end of the sixth day. This is, of course, highly dependent on the type of alginate
and the type of crosslinking used. Template removal protocols vary in the literature of alginate
MIP systems and strongly depend on the type of MIP produced. Duration of these protocols also
varies widely, from several hours to several days [44, 49, 72, 80, 81]. Herrerto et al. [80]
optimized a template removal protocol for BSA-MIP alginate microcapsules (ionic crosslinking)
using Tris HCl with 1% CaCl, (pH 7.4) and achieved almost 90 % of template removal at the end
of 5 h [80]. In this project, at the end of 3h almost 60% for ALMA 5 and 90% for ALMA 7 of
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template removal was already achieved. Comparing results obtained by Herrero et al. [80], this
results are quite promising, especially because they refer to a nearly bulk system where

template removal is harder to achieve.

4.3.2. Template removal quantification by GTA method

Throughout this project, in order to overcome obstacles regarding protein detection, an
alternative GTA-based method was developed based on work presented by Ma et al. [104]. In
their work, Ma and coworkers [104] created a green fluorescence protein hydrogel composed
of BSA crosslinked with GTA, which was able to exhibit green and red fluorescence when excited
at A =470nm and 595nm, respectively [124]. Despite having an intrinsic fluorescence derived
from two tryptophan residues (excitation at A=279nm and emission at A=348nm), this BSA
profile is affected by reaction with GTA. In 1968, Habeeb et al. [125] studied the reactivity of
functional groups of amino acid residues present in proteins with GTA. The authors described
the reaction between GTA and proteins like BSA or ovalbumin as occurring predominantly with
the e-amino groups of lysine to form mainly intermolecular crosslinkages [125]. These
interactions can explain the formation of new classes of compounds formed by BSA-GTA

crosslinkage which are able to absorb and emit at different ranges of wavelengths.

As so, in preliminary studies, ALMA 5 NIP and MIP discs were incubated in GTA solution for
30mins at RT and observed in a wide-field microscope at different timepoints of processing: as
produced (t=0h) and throughout template removal protocol (t=3, 24 and 48h) (Fig. 24). It is
possible to see clear differences between t=0h NIP (Fig. 24A) and MIP discs (Fig. 24B). While MIP
discs still containing protein presented high fluorescence for all channels in the disc region, the

same was not observed for NIP discs which do not contain protein in their solution.

Throughout the template removal protocol, MIP discs presented continuously lower

fluorescence, indicating progressively lower protein contents. Once again, a great difference was
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Figure 24. Images obtained by Zoe Fluorescent Cell imager for ALMA 5 NIP (A) and MIP (B) discs at
different timepoints of production. Images of brightfield and green (G), red (R) and blue (B) channels can
be observed, respectively.
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observed between t=0h and t=3h, while from this timepoint on variations became narrower

despite being perceptible.

It should be mentioned that for the three channels (G, R and B), in all discs, borders could
be observed as a green, red or blue lines, respectively. This was not caused by any major
fluorescence event occurring in the sample itself, but most likely due to light reflection occurring
in the thick border of discs or coming from reflections on the walls of each well (samples were
incubated in 24-well plates), due to the wide region of incidence of the LED lights and non-
existent removal of out-of-focus light. Additionally, this border light varied in thickness due to

low focus capacity caused by the thickness of the discs.

Overall, this method presented consistency between samples and returned expected
results regarding the variations of protein content during the whole processing and the observed
variations in fluorescence. Using a qualitative analysis, it could be concluded that the
information obtained by this method was in agreement with data from the previously studied

techniques.

1 % BSA disc 0.5 % BSA disc 0.25 % BSA disc 0 % BSA disc

Figure 25. Representative images of standard samples obtained by inverted confocal microscopy. Images are
the result of a z-projection (4 stacks per image) containing 1% (A), 0.5% (B), 0.25% (C) and 0% BSA (D) after
incubation overnight in 25% glutaraldehyde solution (4°C). Section (E) is the result of contrast adjustment of
section D. 0% and 1% BSA discs correspond to the same composition as NIP and MIP discs, respectively. Scale bar
represents 200um, Aex= 488nm.
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In order to provide quantitative analysis of the template removal protocol using this
method, it was necessary to develop a strategy for protein quantification by correlation with
BSA autofluorescence. To do so, inverted confocal microscopy was used to improve lateral and
axial resolution (comparing to the previously used wide-field fluorescence microscopy), by

eliminating out-of-focus light, an inherent characteristic of inverted confocal microscopy [126].

As a proof of concept, in an attempt to demonstrate that it was possible to correlate
autofluorescence with protein content, a methodology was developed in which standard
samples of ALMA 5 discs containing from O up to 1% BSA in their composition were analyzed
under the microscope after incubation with GTA and at a Aex = 488nm. Images obtained are
shown in Fig. 25. As expected, a decrease in green fluorescence was observed, which was
concomitant with a decrease in protein content with 1% BSA discs (Fig. 25A) presenting higher
green fluorescence. For 0 % BSA discs (Fig. 25D) it was not possible to observe any fluorescence

unless contrast and brightness are adjusted (Fig. 25E).
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Figure 26. Calibration curve obtained by analysis of inverted confocal microscopy images to correlate
the Mean Gray Value (A.U.) with the amount of BSA (mg/mL) present in discs. Results obtained from 3
measurements per disc, n=3 discs.
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In order to check if the observed correlation between green fluorescence and protein
concentration followed a linear correlation, the Mean gray value, or solely Mean (arbitrary units,

A.U.) was used as a measure for quantifying fluorescence.

Following this approach, it was indeed possible to linearly correlate green fluorescence

with the amount of protein present in discs (Fig. 26).

T=0h T=48h

MIP

NIP

Figure 27. Representative images of samples before (A and C) and after (B and D) template removal
protocol obtained by inverted confocal microscopy. Images are the result a z-projection (4 stacks per
image) of t=0h and t=48h samples after incubation overnight in 25% GTA solution (4°C). Scale bar
represents 200um, Aex= 488nm.

Even though using the Mean as measure of fluorescence was the selected approach, also

Integrated Density (IntDen, A.U.) could have been used. However, since IntDen is obtained by
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multiplying the Mean by the area of measurement and, in the case of this project, all
measurements performed had exactly the same dimensions (area = 39921.913, S 4), results
would be proportional. Examples of measurements performed and a calibration curve obtained
by correlation of IntDen and protein concentration are shown in Supplementary Data (S4 and S

5).

Afterwards, ALMA 5 samples which undergone template removal protocol were analyzed

following the same protocol and results are shown in Fig. 27 and Fig. 28.

Differences in fluorescence were visible between ALMA 5 MIP discs as produced (Fig. 27A)
and after template removal (Fig. 27B) and these differences correlated with significant
differences in Mean values and amount of protein detected in discs (Fig. 28A-B). Oppositely, no

major differences in NIP discs could be observed (Fig. 27C-D and Fig. 28A).
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Figure 28. Representation of mean gray value of NIP and MIP discs (A) and amount of protein present
in MIP discs and corresponding template removal (B) before (0h) and after template removal protocol
(48h) determined by GTA method. Mean gray values represent absolute values measured. Bars represent
mean values + SD, n=3 discs (3 measurements per disc). Statistical analysis performed by unpaired t test
with Welch’s correction, * p < 0.05, *** p < 0.001.

Even though qualitative results were as expected, quantitative analysis of data showed a

template removal of around 95%, much higher than the approximately 70% obtained for ALMA
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5 by the two previously described methods. These differences may be a result of several factors.
Besides not being a fully optimized protocol for protein quantification, this method seemed to
be more dependent on sample structural quality than the previous methods. After GTA
incubation, shrinking caused by GTA-crosslinking led to higher shrinking of discs with higher
protein content than discs with residual protein. These differences in shrinking, also observed
for standard samples with different percentages of BSA but were indirectly accounted when the
calibration curve was determined. However, they may influence quantifications in samples
subjected to long processing steps that inevitable lead to polymer loss with time. This loss of
polymer from the discs may lead to differences in quantifications by two hypothetically ways: in
one hand, slightly higher shrinking levels of discs may occur due to lower structural stability,
thus increasing mean values measured; on the other hand this can lead to higher protein release

when discs are incubated in the GTA solution and before crosslinking occurs.

4.4. Rebinding assays

Rebinding assays were performed to characterize the capacity of NIP and MIP discs to
adsorb/absorb the template molecule, thus evaluating two main molecular imprinting
parameters: the rebinding capacity (Q, Hg/mg, Eq.1) and the imprinting factor (IF, Eq.2). Since
the amount of protein present in the rebinding solution influences the recognition features [49],
two experiments were performed where discs were incubated in 0.1% or 1% BSA in 0.9% NaCl
solution (pH 4.2) for 72h at RT. For this particular analysis, the quantification method selected
was by quantification of protein in the digested discs, since it presented lower standard
deviations. A parallel comparison with the GTA method was performed for the experiment with
1% BSA solution solely in ALMA 5 discs. Analysis of the supernatant was also tested (S 6), but

results retrieved had high standard deviations.

In this part of the work, the effective amount of protein contained in discs and the effective
amount of protein sorption (adsorption and absorption) by discs during the rebinding assay were
defined as separate concepts since template removal was not fully achieved (recalling, ALMA 5
MIPs had still a protein retention of around 30% at the end of the template removal protocol).

The amount of protein contained in discs gives a mgsa/maisc (Ug/mg) value which includes not
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only the amount of protein adsorbed/absorbed but also protein remaining after template

removal (only in the case of MIP discs).

Oppositely, the amount of protein adsorbed/absorbed during the rebinding assay was
determined by excluding the influence of any protein remaining inside the discs after template
removal. This second concept corresponds, therefore, to the rebinding capacity. Based on these
values, an IF value was also determined. For NIP discs, both concepts (amount of protein
contained in discs and adsorbed/absorbed by discs) correspond to the same value as these discs

were never in contact with any protein content up until this stage.

Template removal Rebinding assay

. . - ALMA5 NIP

: -&- ALMA5 MIP
—& ALMA 7 NIP
-¥- ALMA 7 MIP

Swelling ratio (w/wyp)

0 ; .
0 48 120

Total time (h)

Figure 29. Swelling profile of ALMA 5 and ALMA 7 NIP and MIP discs during template removal (3h and
48h) and rebinding protocol (72h of rebinding assay, total 120h). Maximum swelling ratio of
approximately 7 for ALMA 5 and 9 for ALMA 7 discs at 48h. Data represent mean values of n=4 discs # SD.
Statistical analysis performed in comparison with t=0h by unpaired t test with Welch’s correction.
Asterisks represent statistical differences between different timepoints, * < 0.05, ** p < 0.01.

Before proceeding to protein quantifications, it was possible to observe a clear alteration
on swelling profile of ALMA discs. Contrarily to the high increase in swelling ratio occurring
during the template removal process, during the rebinding assay both ALMA 5 and ALMA 7 discs

suffered a shrinking process (Fig. 29). This deswelling event was so pronounced that led to
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swelling ratios near or below the ones observed at t=3h of template removal (2.6 and 3.9 for
ALMA 5 and 7 discs, respectively). In fact, this could be an explanation why protein quantification
by analysis of the supernatant was affected during this assay: as water content in discs was
released to the incubation solution, variations in incubation volume led to higher measuring

errors.

This deswelling event was most likely caused by a combination of lower pH values (4.2
against 5.5 from DI water) and salt presence (0.9% NaCl) in the rebinding solution. On one hand,
lowering the pH means a higher presence of H" in the solution, which strongly interact with the
negatively charged alginate, namely the carboxylate (COO") groups. As pH decreases alginate
COO- groups become carboxylic acid groups (COOH) with neutral electric charge, leading to a
reduction on electrostatic repulsions and consequent contraction of the polymeric chains,

lowering water absorbency [116] and decreasing hydrogel swelling.

On the other hand, decrease in swelling capacity of anionic gels is frequently affected by
salts present in solution due to a “charge screening effect” [117]. This effect leads to
electrostatic repulsion between anions and is caused by the presence of additional cations. The
charge screening effect has been described for alginate and other anionic hydrogels [116, 117]
and is strictly dependent on the type of salt and concentration in solution. For instance, in the
case of divalent ions, an additional decrease in swelling due to ionic crosslinking events must be
accounted [116]. Additionally, this effect can even depend on cation radius, as previously
reported by other authors [116], since it affects electrostatic interactions with anionic groups,

including carboxylate [127].

pH and salts can affect both the molecular imprinting process and consequent recognition
features of produced MIPs [75]. As a consequence, for this part of the project rebinding studies
were carried out maintaining the same pH (4.2) and salts (0.9% NaCl) as in the initial BSA
solution. In fact, Zhao et al. [75] reported maximum Q and IF values at pH values of
approximately 4.2 in calcium phosphate/polyacrylate/alginate hybrid polymer BSA-MIP

microspheres [75].
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4.4.1. Rebinding analysis by protein quantification in digested discs

Regarding the amount of protein present in discs at the end of the 72h (Fig. 30, Tab. 8), for
both experiments, ALMA 5 had higher values of protein present in MIP discs than NIPs (3.3 and
2 times higher, respectively). For ALMA 7 discs, when incubated in 0.1% BSA solution, MIP
presented a value for BSA content 1.3 times higher than NIP discs but such difference was not
observed when increasing the amount of protein present in solution to 1%, with ALMA 7 MIP

and NIP discs presenting similar amounts of protein content in this case.

Since ALMA 5 MIPs presented higher protein content at the end of protein removal

protocol than ALMA 7 MIPs, protein remains could be affecting these results.
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Figure 30. Amount of BSA present in ALMA 5 and ALMA 7 NIP and MIP discs after 72h incubation in
0.1% and 1% BSA solution in 0.9% NaCl (pH 4.2). Data obtained by protein quantification in digested
discs, bars represent mean values of n=3 discs + SD. Statistical analysis by unpaired t test with Welch’s
correction, * p <0.05,.
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Table 8. Amount of BSA present in ALMA 5 and ALMA 7 NIP and MIP discs after 72 h incubation in 0.1
% and 1 % BSA solution in 0.9 % NaCl (pH 4.2). Data represent mean values of n=3 discs + SD and values
correspond to data shown in Fig. 30.

0.1% BSA 1% BSA
mBSA/mdisc (ug/mg) | mBSA/mdisc (ug/mg)

NIP 1.4 £0.07 14.6 £0.42
ALMA 5

MIP 4.7 +£0.52 19.4 £ 0.36

NIP 1.5+£0.05 17.3+1.30
ALMA 7

MIP 3.0+£0.40 16.3+0.85

In order to understand if this was the reason, the amount of protein adsorbed/absorbed to
discs during the rebinding assays was determined. This was performed by simply changing the
type of internal control used to do the calculations (item 3.10.2, Fig. 9). Briefly, while for
determining the amount of protein present in discs, a NIP disc that went through all the
processing steps but was incubated in a 0.9% NaCl solution during the rebinding process was
used as control, to determine the amount of protein adsorbed/absorbed during rebinding the
control used for MIP discs was a MIP that went through all the processing steps but was

incubated in a 0.9% NaCl solution containing no protein (Fig. 9).

Regarding the amount of protein adsorbed/absorbed during the rebinding assay, existent
differences between MIP or NIP discs were reduced (Fig. 31, Tab. 9). This reduction was mostly
noticeable in ALMA 5 discs when incubated in 0.1% BSA solution. Values for ALMA 7 were
affected at a lesser extent, which could be explained by the higher rates of protein removal

registered for this material.

In fact, when the amount of protein was quantified in MIP discs incubated solely in 0.9%
NaCl solution during the rebinding assay, approximately 34.2ug and 3.7ug were still detected in
ALMA 5 and ALMA 7 discs, respectively. These values corresponded to 17.2% and 1.9% of the
initial protein amount present in discs (approximately 200ug per disc). These data were in
agreement with results obtained for template removal and further support the hypothesis that
these protein remains were influencing the registered differences in Fig. 30. Despite this, the
best recognition features occurred for ALMA 7 MIP discs when incubated in 0.1% BSA solution,

with an imprinting factor of 1.4, even though these differences are not significant.
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Figure 31. Rebinding capacity (amount of BSA adsorbed/absorbed during rebinding assay) of ALMA 5
and ALMA 7 NIP and MIP discs after 72h incubation in 0.1% and 1% BSA solution in 0.9% NaCl (pH 4.2).
Data represent mean values of n=3 discs + SD. Statistical analysis by unpaired t test with Welch’s
correction (p < 0.05).

Table 9. Rebinding capacity (amount of BSA adsorbed/absorbed during rebinding assay) of ALMA 5 and
ALMA 7 NIP and MIP discs after 72h incubation in 0.1% and 1% BSA solution in 0.9% NaCl (pH 4.2). Data
represent mean values of n=3 discs + SD and values correspond to data shown in Fig. 31.

0.1% BSA 1% BSA
Q (ug/mg) IF Q (ug/mg) IF
NIP 1.4 + 0.07 14.6 + 0.42
ALMA 5 09 + 028 1.1 + 0.03
MIP | 1.3 + 036 16.6 + 0.07
NIP 1.5 + 0.05 17.3 + 1.30
ALMA 7 1.4 + 0.30 09 + 0.10
MIP | 2.1 + 048 15.7 + 0.83

The decrease in IF observed concomitantly to the increase of protein concentration in

incubation solution was expected and most likely caused by increased diffusional forces due to
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higher amount of protein present outside the disc, forcing its entrance and unspecific protein
absorption into both NIP and MIP discs, and also by the possible increase in the amount of

protein adsorbed unto the surface of the discs.

4.4.2. Rebinding analysis by GTA method

In order to further correlate the herein developed GTA method, a rebinding assay was
performed on ALMA 5 NIP and MIP discs by incubation in a 1% BSA solution. Standard samples
were again prepared for visualization under the confocal microscope on the same day ALMA 5

samples were visualized. A new calibration curve was determined and is presented on Fig. 32.

Comparing Fig. 32 with the previous calibration curve (Fig. 26), it was possible to verify
consistency between both equations and high coefficients of determination (R?> ~0.98) even
though these calibration curves were resultant of samples from different preparations. Once
again, a calibration curve was obtained by correlation with the correspondent IntDen values and

is presented in Supplementary Data (S 7).

Fig. 33 shows representative images of ALMA 5 NIP and MIP discs over the whole molecular
imprinting process (Fig.33A-D) and rebinding assay (Fig.33E-H). In a qualitative analysis, it was
possible to observe differences between NIP and MIP samples and between different
timepoints. MIP discs presented slightly higher green fluorescence than NIP discs when
incubated in 1% BSA solution (Fig.33E-F). Once again, this may have been caused by a cumulative
effect of protein still remaining in MIP discs after template removal protocol. This hypothesis is
supported by Fig.33G which represents a MIP disc after 72h in solution without BSA with still
considerable green fluorescence. On the other hand, NIP discs exposed to the same conditions

presented lower green fluorescence.

Green fluorescence was correlated with Mean values (Fig.34A), amount of protein present
in discs and amount of protein sorption during rebinding assay (Fig.34B). No significant
differences were found between NIP and MIP Mean values and the same tendency was verified

for the amount of protein present in and adsorbed/absorbed into discs.
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Figure 32. Calibration curve obtained by analysis of inverted confocal microscopy images to correlate

the Mean Gray Value (A.U.) with the amount of BSA (mg/mL) present in discs. Results obtained from 3
measurements per disc, n=3 discs.

MIP

NIP

Figure 33. Representative images of ALMA 5 MIP and NP samples before (A and B) and after (C and D)
template removal protocol, and after 72h incubation in 1% BSA in a 0.9% NaCl solution (E and F) or
solely in 0.9% in NaCl solution (G and H), obtained by inverted confocal microscopy. Images are the

result a z-projection (4 stacks per image) samples after incubation overnight in 25% GTA solution (4°C).
Scale bar represents 200um.

82



Contrarily to what was expected, MIP discs incubated in 0.9% NaCl solution presented
higher Mean values and corresponding amount of protein (~781A.U. and 31g) after these 72h
of incubation than after template removal (~413A.U. and 8ug). Such differences were not
noticed for NIP discs which presented approximated Mean values for both assays (~150 versus

~161, respectively).

The increase in Mean values for MIP control discs was not expected since no protein was
added after template removal to these internal controls and may have affected protein
guantification results. This event supports the hypothesis that, as it is currently designed, this

method is highly dependent on the structural quality of samples due to the shrinking effect

caused by glutaraldehyde crosslinking.

A B

1%BSA O 0.9% Nadl [ mBSAindisc @ mBSA adsorbed

*%

5000+ * 300-
2 4000 T
. i
< ol T T
q) ~—~ =
5 30001 g L L l
> : i
& 2000 @
> € 100-
S 10004
(]
=

NIP MIP

Figure 34. Representation of Mean gray value of NIP and MIP discs during rebinding assay (A) and
amount of protein present in and adsorbed/absorbed into NIPs and MIPs (B) after incubation in 1% BSA
solution or 0.9% NaCl (internal controls) for 72h determined by GTA method. Mean gray values
represent absolute values measured. Bars represent mean values + SD, n= 3 discs (3 measurements per
disc). Statistical analysis by unpaired t test with Welch’s correction, * p < 0.05, ** p < 0.01).
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On the other hand, considering the initial amount of protein present in MIP discs at t=0h
(~166pg) determined previously by GTA method (Fig. 28B), the amount of protein detected for
this MIP control is in fact equivalent to 18% of this value. This was the approximate same relative
amount of protein content also detected for the same samples when analyzed as digested discs
(17.2%). If this is the case, then the quantification problem by GTA method occurred during

quantifications of template removal, instead of during rebinding quantifications.

In fact, if quantifications obtained by analysis of digested NIP and MIP discs are converted
from mBSA/mdisc (ig/mg) solely to total amount of protein (Ug) per each disc after rebinding,
results obtained were also similar: 267+15.7ug and 271+6.8g for NIP and MIP, respectively, by
analysis of digested discs, against 176+£46.2ug and 218+43.9ug by the GTA method. It is
noticeable that standard deviations generated by GTA method are considerable, but they are

acceptable since this is hardly an optimized quantification method.

Independently of which theory is correct, both support the idea of a tight dependence of
this method with structural features of the sample and its susceptibility to different processing
parameters such as the type of incubation solution used. For instance, the fact that, at the end
of the template removal protocol discs reached their maximum swelling ratio and presented

higher water content than at the end of the rebinding assay, may have affected the results.

The effects of shrinking driven by GTA crosslinking, and how they are affected by the water
content of discs upon incubation, were also not accounted. For example, samples from 48h with
higher water content may lead to variations in the total concentration of GTA incubation
solution enough to cause differences in crosslinking and thus the shrinking profile, affecting the
observed green fluorescence and the resulting quantification. This may be the reason why
internal control discs used for rebinding had results similar to the ones determined by analysis

of digested discs, oppositely to the same discs when they were incubated in DI water.

Up until now, no literature exists exploring this BSA-autofluorescence event induced by
GTA as a method for neither qualitative nor quantitative analysis of protein content. Minding
the embrionary state of this methodology, the few experiments developed presenting
congruent results, and the potential adjustments to be made to inherent characteristics of the
quantification system (e.g. mathematical normalization of shrinking effects), results obtained
herein are promising. These quantification method can be applied to BSA protein and also other

proteins to which GTA may cause similar effects (e.g. ovalbumin). Additionally, even when not
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optimized for quantitative analysis by confocal microscopy, this method was a facile and rapid
way of follow through of the molecular imprinting process by qualitative analysis of fluorescence

levels in an equipment requiring low technical requirements and expenses.

4.5. General overview of the MIP-ALMA system

In this topic, an evaluation of the MIP-ALMA system will be presented regarding the system
as a whole. The success of any MIP system is the result of a combination between template
removal and recognition capabilities which are dependent on the type of material and protocols

followed.

In general, template removal was successfully achieved by following the herein optimized
protocol with a template release of approximately 70% for ALMA 5 MIPs and an average value
of 96% for ALMA 7 discs, for a total protocol duration of 48h. These data were quantitatively
confirmed by two different methods of quantification and are quite positive when comparing to
values achieved in the literature [44, 49, 72, 80, 81] [79]. As referred above (item 4.3.1), in a
similar system based solely in alginate developed by Bayer et al. [79] only approximately 67% of
the template was removed at the end of 160h. The protocol herein developed not only shortens
the duration of washing steps, but also increases the amount of protein released from MIPs.
Results obtained herein can even be further compared to the ones obtained by Herrero et al.
[80] for alginate microcapsules where almost 90% of template removal was obtained at the end
of 5h, against the 60% (ALMA 5) and 90% (AMA 7) obtained at 3h of the protocol described in
this project. Minding that the MIP-ALMA discs are closer to a bulk imprinting approach, where
template removal is usually harder to achieve, results were promising. Even though
quantification by GTA method was not quantitatively comparable with both supernatant and

digested disc analysis, qualitative results were as expected.

Rebinding evaluation is the ultimate test that a MIP system must go through in order to
prove itself as viable. IF is the most direct parameter to evaluate how efficient a MIP system is
comparing to non-modified systems, since rebinding capacity, Q, is usually presented in different
units and dimensions which best fit each system design. Results obtained for rebinding by

analysis of digested discs were in agreement with the GTA method also developed in this work.
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In the case of this project, the best IF values obtained, 1.1. for ALMA 5 and 1.4 for ALMA 7
are far from ideal but already fit the range of reported IF for BSA MIP systems solely based on
alginate (1.1 up to 4.9) [44, 49, 72, 79, 80]. It is noticeable, however, that direct comparisons
can be hardly made because no BSA-MIP system based on photocrosslinking of any modified or
methacrylated alginate is reported and imprinting parameters strongly depend on the type of
molecular imprinting approach used. Thus, these results are a good starting point for further

optimizations.

Altogether, results obtained by analysis of digested discs and GTA method indicate that this
MIP system is still in its embryonary state, since no significant differences in template
recognition are detected between NIP and MIP discs. The small differences observed between

NIPs and MIPs in rebinding capacity may have distinct causes and shall be further scrutinized.

Firstly, the absence of recognition features indicate that most protein sorption occurring
may be non-selective, either because no effective imprinting cavities are being produced upon
ALMA polymerization or that, if existent, they cannot resist to the whole molecular imprinting
process, including the template removal steps. This can be promoted by insufficient polymer
content in comparison to the amount of protein present in the system or by insufficient
crosslinking that, not only, but also, leads to the high swelling variations observed throughout

the whole processing.

The swelling itself may be a reason for the weak recognition features observed: while being
desirable during the template removal stage to improve protein exit as the polymer mesh
expands, it may be undesirable as imprinted binding sites are distorted and lose their specificity.
The swelling behavior is not only defined by the crosslinking degree or yield, but also by the type
of material. As it was discussed earlier, alginate functional groups are highly sensitive to pH
variations and this sensitivity was easily noticed at earlier stages of development of this project,
with ALMA 5 and ALMA 7 presenting different behaviors right after disc production. This feature
can be quite interesting if the possibilities of modulating the recognition capacity of MIPs
accordingly to external pH are considered. However, as it is currently designed, alginate
sensitivity to pH may be playing a prejudicial role in the rebinding capacity of MIPs comparing
to NIPs since most of the protein retained in the discs after the rebinding assay may be caused
by entrapment due to the constriction of the polymer mesh. This constriction can provoke such

significant retention that selective protein binding becomes residual by comparison.
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On the other hand, for ALMA 5 discs, it cannot be assured that the small differences in
rebinding capacity between NIPs and MIPs was only due to the absence of molecular
recognition, since they could also be a result of the presence of a considerable amount of
protein, which led to lower diffusional forces and, consequently, less propensity of protein to be

absorbed to the MIP discs.

Even though the disc system presented herein is closer to a bulk or surface imprinting
approach, which is usually associated with obstacles in protein diffusion (in or out), it was an
ideal approach to easily evaluate and understand how this newly fabricated material responded
to different parameters and stimuli. This enabled an easier adjustment of the protocol in
decisive stages of development without the need for time consuming and expensive

methodologies, always good to avoid when so many variables are involved.
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Chapter 5
Conclusions and Perspectives

In the present work a molecular imprinting system based on photosensitive methacrylated
alginate (ALMA) was developed and evaluated. Molecularly imprinted polymers (MIP) discs were
produced using bovine serum albumin (BSA) as a template molecule, to serve as an optimization
platform of the system for future translation into proteins with greater interest for Tissue

Engineering applications.

Regarding the first objective of this work, an alginate methacrylation protocol was
successfully optimized and enabled the production of methacrylated alginate which then had
their pH adjusted to 5 (ALMA 5) or 7 (ALMA 7). Both materials were able to form gels upon 60s

of UV exposure.

During different optimization stages, it was possible to find that pH affected ALMA 5 and
ALMA 7 swelling behavior, as well as the presence of salts in the incubation solutions. Even
though both materials followed the same tendency when under the same conditions, swelling

effects were more pronounced in ALMA 7 than ALMA 5 discs.

Regarding the molecularly imprinted methacrylated alginate (MIP-ALMA) system, studies
were performed on template removal and rebinding capacity. A promising template removal
protocol was developed and optimized, retrieving approximately 70% and 96% of template
removal for ALMA 5 and ALMA 7 discs, respectively. The obtained results were confirmed by
two different protein quantification methodologies (analysis of supernatant and digested discs)

and qualitatively by GTA method developed herein.

Rebinding capacity of NIP and MIP discs was also evaluated but no significant differences

were observed between both materials. Several factors may have contributed to this, namely
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the swelling profile of both ALMA 5 and ALMA 7 discs during the molecular imprinting protocol

and rebinding assay.

Indeed, the swelling/deswelling profile observed during variations in pH and salts
conditions seems to be a pivotal factor affecting protein diffusion events and, consequently,
protein absorption and entrapment. A simple way to test this hypothesis can be, for instance,
by performing rebinding assays in solutions with variable pH values and salts present with

parallel comparison of their effect in the swelling behavior of the material.

If proven right, i.e., that swelling and deswelling events are indeed interfering with the
efficiency of the system to recognize the template, then efforts to improve mechanical
properties of ALMA discs must be optimized in such a way that negative effects on the template
removal are reduced. One possibility can be testing different ALMA concentrations in the initial
polymer solution to generate stiffer discs. Another possibility relies in exploring the
advantageous features of ALMA of enabling the combination of photo and ionic crosslinking with
potential for mechanical properties improvement [113], which allow a whole wide range of

possible combinations.

The same way, combination of two different polymers to produce heteropolymeric systems
can help on producing better imprinting features by the existence of different functional groups

capable of interacting with different domains of the macromolecules [111].

Finally, future miniaturization of the system from discs into a particle imprinting approach

should also be considered.
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S 1. Preliminary rheological analysis of ALMA 5 and ALMA 7 NIP and MIP discs right after production.
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S 2. 'H NMR spectra integration of modified alginate ALMA 5 (A) and ALMA 7 (B).
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S 3. Weight of ALMA 5 and ALMA 7 NIP and MIP discs during template removal (48h) and rebinding
protocol (72h of rebinding, total 120h). Data represent mean values of n=4 discs * SD.
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Sample Location Area Mean IntDen Sample Location Area Mean IntDen
1% BSA, rep. 1 disc 39921.913 3400.799 5.926E+07 0.5% BSA, rep. 1 disc 39921.913 1480.334 2.579E+07
1% BSA, rep. 1 disc 39921.913 2598.305 4.527E+07 0.5% BSA, rep. 1 disc 39921.913 1661.755 2.895E+07
1% BSA, rep. 1 disc 39921.913 2978.800 5.190E+07 0.5% BSA, rep. 1 disc 39921.913 1935.950 3.373E+07
1% BSA, rep. 1 |background| 39921.913 43.604 7.598E+05 0.5% BSA, rep. 1 [background| 39921.913 41.131 7.167E+05
1% BSA, rep. 1 |background| 39921.913 41.730 7.271E+05 0.5% BSA, rep. 1 |background| 39921.913 40.771 7.104E+05
1% BSA, rep. 1 |background| 39921.913 44.714 7.791E+05 0.5% BSA, rep. 1 [background| 39921.913 41.026 7.148E+05
1% BSA, rep. 2 disc 39921.913 2634.927 4.591E+07 0.5% BSA, rep. 2 disc 39921.913 2498.121 4.353E+07
1% BSA, rep. 2 disc 39921.913 2809.812 4.896E+07 0.5% BSA, rep. 2 disc 39921.913 2582.198 4.499E+07
1% BSA, rep. 2 disc 39921.913 3514.557 6.124E+07 0.5% BSA, rep. 2 disc 39921.913 2424.452 4.224E+07
1% BSA, rep. 2 |background| 39921.913 40.782 7.106E+05 0.5% BSA, rep. 2 |background| 39921.913 41.835 7.289E+05
1% BSA, rep. 2 |background| 39921.913 41.062 7.155E+05 0.5% BSA, rep. 2 |background| 39921.913 48.827 8.508E+05
1% BSA, rep. 2 |background| 39921.913 42.482 7.402E+05 0.5% BSA, rep. 2 |background| 39921.913 61.965 1.080E+06
1% BSA, rep. 3 disc 39921.913 3926.779 6.842E+07 0.5% BSA, rep. 3 disc 39921.913 1907.661 3.324E+07
1% BSA, rep. 3 disc 39921.913 3897.720 6.791E+07 0.5% BSA, rep. 3 disc 39921.913 1993.599 3.474E+07
1% BSA, rep. 3 disc 39921.913 3992.776 6.957E+07 0.5% BSA, rep. 3 disc 39921.913 1858.118 3.238E+07
1% BSA, rep. 3 |background| 39921.913 41.050 7.153E+05 0.5 % BSA, rep. 3 |background| 39921.913 41.253 7.188E+05
1% BSA, rep. 3 |background| 39921.913 42.058 7.328E+05 0.5% BSA, rep. 3 |background| 39921.913 40.650 7.083E+05
1% BSA, rep. 3 |background| 39921.913 46.032 8.021E+05 0.5% BSA, rep. 3 |background| 39921.913 45.685 7.960E+05
1% BSA, rep. 4 disc 39921.913 3675.638 6.404E+07 0.5% BSA, rep. 4 disc 39921.913 1661.725 2.895E+07
1% BSA, rep. 4 disc 39921.913 3820.373 6.657E+07 0.5% BSA, rep. 4 disc 39921.913 1967.314 3.428E+07
1% BSA, rep. 4 disc 39921.913 3075.635 5.359€E+07 0.5% BSA, rep. 4 disc 39921.913 1948.002 3.394E+07
1% BSA, rep. 4 |background| 39921.913 41.036 7.150E+05 0.5% BSA, rep. 4 |background| 39921.913 50.225 8.751E+05
1% BSA, rep. 4 |background| 39921.913 40.740 7.099E+05 0.5% BSA, rep. 4 |background| 39921.913 42.034 7.324E+05
1% BSA, rep. 4 |background| 39921.913 54.821 9.552E+05 0.5% BSA, rep. 4 |background| 39921.913 42.900 7.475E+05
Sample Location Area Mean IntDen Sample Location Area Mean IntDen
0.25% BSA, rep. 1 disc 39921.913 832.782 1.451E+07 0% BSA, rep. 1 disc 39921.913 243.066 4.235E+06
0.25% BSA, rep. 1 disc 39921.913 1094.702 1.907E+07 0% BSA, rep. 1 disc 39921.913 273.711 4.769E+06
0.25% BSA, rep. 1 disc 39921.913 1240.171 2.161E+07 0% BSA, rep. 1 disc 39921.913 245.335 4.275E+06
0.25 % BSA, rep. 1|background| 39921.913 41.907 7.302E+05 0% BSA, rep.1 |background| 39921.913 40.574 7.070E+05
0.25 % BSA, rep. 1|background| 39921.913 41.898 7.300E+05 0% BSA, rep. 1 [background| 39921.913 40.710 7.093E+05
0.25% BSA, rep. 1|background| 39921.913 41.974 7.313E+05 0% BSA, rep. 1 |background| 39921.913 41.932 7.306E+05
0.25 % BSA, rep. 2 disc 39921.913 1360.058 2.370E+07 0% BSA, rep. 2 disc 39921.913 237.935 4.146E+06
0.25 % BSA, rep. 2 disc 39921.913 1530.868 2.667E+07 0% BSA, rep. 2 disc 39921.913 287.448 5.008E+06
0.25 % BSA, rep. 2 disc 39921.913 1413.108 2.462E+07 0% BSA, rep. 2 disc 39921.913 292.597 5.098E+06
0.25% BSA, rep. 2|background| 39921.913 42.380 7.384E+05 0% BSA, rep.2 |background| 39921.913 40.992 7.143E+05
0.25 % BSA, rep. 2|background| 39921.913 45.415 7.913E+05 0% BSA, rep. 2 |background| 39921.913 40.643 7.082E+05
0.25% BSA, rep. 2|background| 39921.913 61.724 1.075E+06 0% BSA, rep.2 |background| 39921.913 40.924 7.131E+05
0.25% BSA, rep. 3 disc 39921.913 1040.884 1.814E+07 0% BSA, rep. 3 disc 39921.913 247.321 4.309E+06
0.25% BSA, rep. 3 disc 39921.913 1371.466 2.390E+07 0% BSA, rep. 3 disc 39921.913 266.296 4.640E+06
0.25% BSA, rep. 3 disc 39921.913 1629.345 2.839E+07 0% BSA, rep. 3 disc 39921.913 319.919 5.574E+06
0.25 % BSA, rep. 3|background| 39921.913 40.593 7.073E+05 0% BSA, rep.3 |background| 39921.913 40.895 7.125E+05
0.25 % BSA, rep. 3|background| 39921.913 40.735 7.098E+05 0% BSA, rep.3 |background| 39921.913 40.896 7.126E+05
0.25 % BSA, rep. 3|background| 39921.913 40.966 7.138E+05 0% BSA, rep. 3 |background| 39921.913 44.770 7.801E+05
0.25% BSA, rep. 4 disc 39921.913 1498.084 2.610E+07 0% BSA, rep. 4 disc 39921.913 325.525 5.672E+06
0.25% BSA, rep. 4 disc 39921.913 1680.033 2.927E+07 0% BSA, rep. 4 disc 39921.913 300.337 5.233E+06
0.25% BSA, rep. 4 disc 39921.913 1672.723 2.915E+07 0% BSA, rep. 4 disc 39921.913 332.780 5.798E+06
0.25 % BSA, rep. 4|background| 39921.913 40.858 7.119E+05 0% BSA, rep. 4 |background| 39921.913 40.547 7.065E+05
0.25% BSA, rep. 4|background| 39921.913 41.908 7.302E+05 0% BSA, rep. 4 |background| 39921.913 40.924 7.131E+05
0.25 % BSA, rep. 4|background| 39921.913 44.011 7.668E+05 0% BSA, rep. 4 |background| 39921.913 42.239 7.360E+05
S 4. Panel showing measurements performed to obtain calibration curves for the GTA method.
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S 5. Calibration curve obtained by analysis of inverted confocal microscopy images to correlate the
Integrated Density (A.U.) with the amount of BSA (mg/mL) present in discs (template removal). Results
obtained from 3 measurements per disc, n=3 discs.
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S 6. Amount of BSA present in ALMAS and ALMA 7 NIP and MIP discs after 72h incubation in 1% BSA

solution in 0.9% NaCl (pH 4.2). Data obtained by protein quantification in supernatant, bars represent
mean values of n=3 discs + SD.
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S 7. Calibration curve obtained by analysis of inverted confocal microscopy images to correlate the
Integrated Density (A.U.) with the amount of BSA (mg/mL) present in discs (rebind assay). Results
obtained from 3 measurements per disc, n=3 discs.
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