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Abstract

Cancer remains the leading cause of death in many developed countries. Despite significant
progress in cancer treatment many challenges persist, such as severe side effects, damage to healthy
tissues due to non-specific drug distribution and high systemic toxicity.

Multiresponsive biomaterials systems have emerged as powerful tools for biomedical
applications, especially in cancer treatment. This research aims to advance materials approaches to
cancer therapy through the development of new electro-responsive materials platforms,
incorporating smart nanoparticles (NPs) and transdermal or implantable devices. For example, NPs
were used for controlled drug delivery triggered by electrical stimulation, while the devices also
responded to secondary stimuli such as acidic pH or to the presence of tumor biomarkers. This
combination of external and endogenous stimuli provides enhanced spatiotemporal control over drug
delivery.

Several therapeutic agents were tested, including an anticancer pentapeptide (CR(NMe)EKA), or
drugs like curcumin, and chloramphenicol. The therapeutic agents were loaded into poly(3,4-
ethylenedioxythiophene) NPs (PEDOT NPs), which provided the electrical stimuli response. These
drug-loaded PEDOT NPs were then incorporated into various biomaterials scaffolds, such as pH-
responsive hydrogels and bio-responsive fibers, creating multiresponsive devices. For instance, to
achieve a multiresponsive injectable carrier for controlled delivery of the anticancer peptide
CR(NMe)EKA, a biocompatible and pH-responsive hydrogel, formed by phenylboronic acid grafted
with chitosan, was synthesized and loaded with PEDOT NPs. An electro-chemo responsive hydrogel
for chloramphenicol release was prepared by grafting polyacrylic acid onto sodium alginate and
encapsulating PEDOT NPs in situ. Additionally, a wireless biomaterials-based electrostimulation
system was developed to enable controlled and on-demand release of anticancer drugs, promoting in
vitro human prostate cancer cell death. This system utilized curcumin-loaded PEDOT NPs encapsulated
in coaxial poly(glycerol sebacate)/poly(caprolactone) electrospun fibers.

Overall, this work lays the foundation for designing and developing smarter, more effective

biomaterial-based delivery systems for anticancer therapy.

Keywords: cancer therapy; controlled drug delivery; electroresponsive nanoparticles; multiresponsive

biomaterials; targeting cancer cells.






Resumo

O cancro continua a ser a principal causa de morte em muitos paises desenvolvidos. Apesar do
progresso significativo no tratamento do cancro muitos desafios persistem, incluindo efeitos
secundarios graves, danos aos tecidos saudaveis e alta toxicidade sistémica.

Os sistemas de biomateriais multi-responsivos emergiram como ferramentas poderosas para
aplicacGes biomédicas, especialmente no tratamento do cancro. Esta investiga¢do visa avancar nas
abordagens de novos materiais para a terapia do cancro através do desenvolvimento de novas
plataformas de materiais electro-responsivos, incorporando nanoparticulas (NPs) inteligentes e
dispositivos transdérmicos ou implantaveis. Por exemplo, NPs foram usadas para a libertacdo
controlada de medicamentos desencadeada por estimulacdo elétrica, enquanto os dispositivos
também respondiam a estimulos secundarios, como pH acido ou a presenca de biomarcadores
tumorais. Esta combinacdo de estimulos externos e enddgenos proporciona maior controlo espdcio-
temporal sobre a libertagdo de medicamentos.

Varios agentes terapéuticos foram carregados em nanoparticulas de poli(3,4-etilenedioxitiofeno)
(PEDOT NPs), que forneceram a resposta ao estimulo elétrico. Estas PEDOT NPs foram entdo
incorporadas em varios biomateriais, como hidrogéis sensiveis ao pH e fibras bio-responsivas, criando
dispositivos multi-responsivos. Por exemplo, para alcancar um sistema injetdvel multi-responsivo para
a libertagdo controlada do peptideo CR(NMe)EKA, foi sintetizado um hidrogel sensivel ao pH, formado
por acido fenilborénico enxertado com quitosano, e carregado com PEDOT NPs. Um hidrogel electro-
guimo-responsivo para libertacdo de cloranfenicol foi preparado pela enxertia de acido poli(acrilico)
em alginato de sddio e encapsulagdo de PEDOT NPs. Além disso, foi desenvolvido um sistema de
electroestimulacdo sem fios baseado em PEDOT NPs carregadas com curcumina encapsuladas em
fibras coaxiais de poli(glicerol sebacato)/poli(caprolactona) para permitir a libertacdo controlada de
curcumina, promovendo a morte de células cancerigenas humanas de préstata in vitro.

No geral, este trabalho langa as bases para o design e desenvolvimento de sistemas de libertagdo

mais inteligentes e eficazes baseados em biomateriais para a terapia anticancerigena.

Palavras-chave: terapia anticancerigena; entrega controlada de medicamentos; nanoparticulas

electro-responsivas; biomateriais multi-responsivos; terapia direcionada a cancro.






Resumen

El cancer sigue siendo la principal causa de muerte en muchos paises desarrollados. A pesar del
significativo progreso en el tratamiento del cancer persisten muchos desafios, incluyendo efectos
secundarios graves, dafo a los tejidos sanos y alta toxicidad sistémica.

Los sistemas de biomateriales multi-responsivos han surgido como herramientas poderosas para
aplicaciones biomédicas, especialmente en el tratamiento del cdncer. Esta investigacion tiene como
objetivo avanzar en la terapia del cdncer mediante el desarrollo de nuevas plataformas de materiales
electro-responsivos, incorporando nanoparticulas (NPs) inteligentes y dispositivos transdérmicos o
implantables. Por ejemplo, se usaron NPs para la liberacién controlada de farmacos desencadenada
por estimulacidn eléctrica, mientras que los dispositivos respondieron a estimulos como el pH acido o
biomarcadores tumorales. Esta combinacién de estimulos externos y enddgenos proporciona un
mayor control espaciotemporal sobre la liberacién de farmacos.

Se probaron varios agentes terapéuticos, que se cargaron en NPs de poli(3,4-etilendioxitiofeno)
(PEDOT NPs), que proporcionaron la respuesta al estimulo eléctrico. Estas PEDOT NPs se incorporaron
en varios biomateriales, como hidrogeles sensibles al pH y fibras bio-responsivas, creando dispositivos
multi-responsivos. Para lograr un sistema inyectable multi-responsivo para la liberacién controlada
del péptido CR(NMe)EKA, se sintetizd un hidrogel sensible al pH, formado por acido fenilbordnico

injertado con quitosano, y se cargd con PEDOT NPs. Se prepard un hidrogel electro-quimio sensible

para la liberacién de cloranfenicol mediante la injertacidon de acido poliacrilico en alginato de sodio y

la encapsulacién de PEDOT NPs. Ademas, se desarrolld un sistema de electroestimulacion inaldmbrico
basado en PEDOT NPs cargadas con curcumina encapsuladas en fibras coaxiales de poli(sebacato de
glicerol)/poli(caprolactona) para la liberacidn controlada de curcumina, promoviendo la muerte de
células cancerosas humanas in vitro.

En general, este trabajo sienta las bases para el disefio y desarrollo de sistemas de liberacion mas

inteligentes y efectivos basados en biomateriales para la terapia anticancerigena.

Palabras clave: terapia anticancerigena; entrega controlada de medicamentos; nanoparticulas

electro-responsivas; biomateriales multi-responsivos; terapia direccionada al cancer.
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1-1. Motivation

Cancer is the leading cause of death in many developed countries, with an estimated 19.3 million
new cancer cases and 10.0 million cancer deaths worldwide in 2020 with a growing tendency.! Breast
cancer was the most diagnosed cancer in the world in 2020, with prostate cancer reaching fourth
position.! In the United States, in 2023, breast cancer accounted for 31% of cancer diagnostics for
women of all ages, while prostate cancer was the most diagnosed in men accounting for 29% of new
cases.’ It is interesting to note that although cervical cancer is one of the most preventable types of
cancer it is the top leading cause of cancer death among females between 20 and 39 years of age in
the United States.? Furthermore, although sometimes effective, conventional chemotherapy has
many challenges, namely the harsh side effects, such as damage to healthy tissue, due to drugs’
nonspecific distribution in the body and high systemic toxicity.

This project aims to contribute to materials approaches to treat cancer, namely through the
development of new electro-responsive materials platforms comprising (i) smart nanoparticles (NPs)
and (ii) transdermal or implantable devices.

The suggested platforms explore a dual mode of action on cancer treatment in which multi-
responsive systems are proposed. For instance, NPs will be used for controlled drug delivery upon
electrical stimulation, and the device will add on a second stimuli response like changes in pH or the
presence of tumor markers (e.g. overexpression of proteins or enzymes). The use of both external (or
exogenous) and endogenous stimuli confers a higher degree of spatiotemporal control over drug
delivery. Therefore, this thesis will include the following steps:

1) Develop smart NPs, responsive to an external stimulus, such as an electrical field or
potential range, to trigger the following responses:

a. Drug delivery of anticancer peptides and anti-cancer drugs (inhibition of cell
growth or inductor of cell apoptosis) or anti-angiogenic drugs that will suppress further tumor
blood vessels formation;

b. Drug delivery of antibiotics to prevent bacterial infections upon tumor
resection surgery.

2) Develop a set of materials for application in a transdermal device, that will function
as a reservoir of NPs, assemble polymer constructs (hydrogels and fibers), and characterize them. The
full construct should have elastic properties for optimum skin compatibility. Additionally, the device
should have specific properties necessary to achieve the release function of the construct while being
biocompatible, namely:

a. pH-response to acidic tumor microenvironment (TME);



b. Response to tumor markers, such as peptides or overexpressed proteins or
enzymes.
3) Set up an appropriate testing platform using various human cancer and normal cell
lines to validate the systems, which allows a quick translation of results from bench to bedside.
Furthermore, this thesis will also contemplate tissue engineering platforms to promote tissue
regeneration after tumor resection surgery using electroconductive hydrogels to promote faster skin

regeneration while avoiding scarring.
1-2. Research questions and research strategy
For the accomplishment of the objectives of this thesis, a research framework was elaborated to

answer relevant research questions.

Self-assembly of anticancer peptides

A strategy that has shown great promise in treating heterogeneous cancer types is the targeting
of tumor vasculature by clogging the existing blood vessels to promote tumor necrosis.® This approach
has garnered positive results by exploring a tumor-homing peptide derivative with the sequence Cys-
Arg-Glu-Lys-Ala (CREKA).* This pentapeptide recognizes fibrin and fibronectin complexes, therefore
binding to clotted plasma proteins in tumor vasculature.* Using engineered CREKA analogs, by
exchanging Arg, Glu, or Lys by the respective N-methyl derivatives, biological activity and proteolytic
resistance of the CREKA tumor-homing pentapeptide improved significantly.®

Considering the anticancer peptide CREKA, we identified an interesting gap in the literature
concerning the possible self-assembly of this peptide into supramolecular structures. We further
hypothesized that the methylation of the Glu residue in CREKA would lead to changes in the peptide’s
secondary structure, possibly interfering with peptide self-assembly processes and anticancer activity.
Therefore, we posed the relevant questions:

1) Can CREKA and its methylated derivative (CR(NMe)EKA) peptide form self-assembled
structures of interest? If formed, how will these self-assembly processes be affected by
experimental conditions, namely, by peptide concentration and by the pH of the medium?

The answers to these questions are proposed in Chapter IIl.

Electroconductive polymers to design NPs

In this work we used poly(3,4-ethylenedioxythiophene) (PEDOT), which is an electroconductive
biocompatible polymer previously used to promote neural stem cell differentiation under electrical

stimulation,® and to make NPs.” We proposed the synthesis of the PEDOT NPs to be performed by



emulsion polymerization in water at 40 °C using 3,4-ethylenedioxythiophene (EDOT) monomer,
sodium dodecylbenzene sulfonate (SDBS) as a stabilizer and doping agent simultaneously, and
ammonium persulfate (APS) as the oxidizing agent. Considering this straightforward reaction and the
NP stability in agueous medium, we question the following:

1) Can PEDOT NPs be successfully loaded with different types of anticancer drugs during
polymerization? Can these NPs also be loaded with larger molecules, like anticancer
peptides, in the same way?

2) Can the release of such molecules be promoted with the same type of electrical stimuli
or different stimuli are necessary depending on molecule type?

The answers to these questions are proposed in Chapters IV to VI.

Controlled delivery of anticancer peptides and anticancer drugs from NPs

The use of NPs or nanoworms, coated with CREKA, has been shown to induce further blood clotting
in tumor vasculature, consequently creating additional binding sites for the CREKA sequence. This
results in a self-amplifying homing system that induces tumor necrosis by suppressing blood flow.*
CREKA or its derivatives are charged peptides, which means that it could be used as a dopant agent in
electroactive conducting polymers (ECPs), such as PEDOT, to manufacture electroresponsive NPs.%°
Another strategy is to include in the core of the NPs a drug presenting the capacity to be oxidized or
reduced (e.g. curcumin, chloramphenicol). In this way, it will be possible to induce its release by an
electrochemical stimulus and induce a signal to be measured in vitro. Following this later feature,
successful drug release systems have been previously demonstrated with vitamin K3 and
dopamine.101!

We hypothesize that anticancer peptides and anticancer drugs can be delivered in a controlled
way by electrostimulation of PEDOT NPs, therefore, we question:

1) Can we promote the delivery of CR(NMe)EKA peptide to cancer cells in a controlled
manner using PEDOT NPs? Will the anticancer activity of the CR(NMe)EKA peptide be
maintained after electrostimulation and its release?

2) Further, can we deliver anticancer drugs, such as curcumin (CUR) and chloramphenicol
(CAM), using electroresponsive NPs? Will anticancer activity be maintained after
electrostimulation and release of each drug?

3) Can PEDOT NPs be loaded into different kinds of polymers and biopolymers? Is the
presence of PEDOT NPs enough to make a hydrogel electroresponsive? Can these NPs be

used to build multiresponsive systems? For example, can we further fine-tune these



delivery systems by increasing complexity, adding a hydrogel or fiber layer, to make it
responsive to the TME (e.g. pH changes or biomarkers)?

We propose answers to these questions in Chapters IV to VI.

Molecularly imprinted polymers (MIPs) for cancer cell targeting

Overexpressed tumor-specific receptors provide a specific cancer cell targeting that can be
explored with the use of biomarkers. Such biomarkers can be recognized by affinity elements, such as

14-16 Molecularly imprinted polymers

proteins,’? antibodies, oligonucleotide aptamers,*® and peptides.
(MIPs) have been developed to recognize small molecules,’” but lately also to recognize larger
molecules, such as DNA fragments and peptides.'® Furthermore, MIPs for different tumor biomarkers
have also been successfully developed, namely for prostate cancer diagnosis.!?° Therefore, we
question:
1) Canwe formulate a MIP capable of discriminating human breast cancer cells from healthy
cells?
2) Can we formulate a dual imprinting MIP, that can target breast cancer cells and deliver an
anticancer drug, in a controlled way, upon external electrical stimulation?

An innovative strategy that is proposed here is the replacement of the usual affinity elements for
tumor targeting (e.g. antibody) with a MIP. The rationale behind this is that they are tailor-made for
specific recognition of a molecular target that can be applied to biomolecules, including tumor
markers.?!

MIPs will be prepared to have complementary pockets to specific peptide sequences recognized
by tumor cells. The templates used will be the oligonucleotide sequences or the native or derived
peptide sequences that will be targeted. The functional monomers and cross-linkers will be chosen
according to the chemical functionalities present in the target molecules. Also, an initiator will be
appropriately chosen.

We propose some answers to these questions in Chapter VII.

Tissue regeneration platforms

Although this thesis is centered on developing new electroresponsive materials platforms for
cancer treatment, we also identified a gap in research concerning tissue regeneration post-cancer
treatment. After cancer treatment, wound healing in excision sites is impaired due to the harsh impact
of such treatment on the patient’s body. Soft materials, such as hydrogels, have been studied for

wound healing applications.?>?®> Moreover, electrostimulation has also been shown to induce



fibroblast and keratinocyte growth and migration in wound healing processes.?*?> Therefore, we
question:

1) Can an electroresponsive hydrogel based on a conducting polymer and a biopolymer be
produced to support wound healing?

2) Can the mechanical properties of such material be improved by crosslinking under UV
light avoiding the addition of chemical additives? Can we make it resistant to wear and
tear?

3) Cansuch a hydrogel withstand electrostimulation and promote cell growth and migration
at the same time?

We propose answers to these questions in Chapter VIII.

Cellular testing platforms

Drug delivery models must be validated, before being translated to clinical applications. The most
straightforward research strategy is the use of in vitro two-dimensional (2D) cell cultures as an initial
approach to validate the effects of small drugs and peptides, but also to evaluate cell response to
electrostimulation. Assays can include biocompatibility, cytotoxicity, and cell morphology evaluation.
Cell assays are used in Chapters IV to VIII to validate the results regarding biomedical and potential

clinical application.

1-3. Objectives

The results of this Thesis have been organized in six different Chapters (lll, IV, V, VI, VIl and VIII).
Chapter lll and VI are connected by CR(NMe)EKA [Cys-Arg-(NMe)Glu-Lys-Ala, where (NMe)Glu refers
to N-methyl-Glu], a peptide that was reported to induce prostate tumor necrosis and significant
reduction in tumor growth, albeit both the general and specific objectives of each Chapter are very
different. More specifically, while Chapter Il is focused on the tendency of the peptide to aggregate,
which may affect its physical stability, toxicity and immunogenicity, Chapter IV is devoted to engineer
a carrier to load the peptide and facilitate its controlled delivery.

In Chapter Ill we aimed to investigate, for the first time, the self-assembly of CR(NMe)EKA
anticancer peptide and, by extension, of its parent peptide, CREKA (Cys-Arg-Glu-Lys-Ala), as a function
of the pH and concentration. The specific objectives of Chapter Ill are:

1) Study the secondary structures preferred by CR(NMe)EKA and CREKA in solution and in the

solid state using circular dichroism (CD) and Fourier-transform infrared spectroscopy (FTIR).



2)

3)

Compare the experimental results derived from the studies proposed in 1) with those
achieved using atomistic molecular dynamics (MD) computer simulations to provide
understandable molecular models.

Study the morphology of the aggregates formed by CR(NMe)EKA and CREKA using SEM and

hypothesize a self-assembly mechanism.

In Chapter IV, we have designed a polymeric platform as a carrier for the controlled delivery of

short and highly hydrophilic anticancer peptides, which are challenging because of both their small

size and high affinity towards water. The specific objectives of Chapter IV are:

4)

Engineer and characterize a multi-component, multi-responsive, injectable and biocompatible
carrier for the controlled delivery of CR(NMe)EKA considering both the acidic pH of tumoral
tissues (endogenous stimulus) and the experience of the research group in electrical
stimulation for controlled release (exogenous stimulus). This carrier has been designed
combining two components: a soft hydrogel able to respond as a chemoactuator to pH
changes and electro-responsive NPs.

Evaluate and optimize the response of each component of the carrier according to the
required functions. Thus, the type and strength of the electrical stimuli used to release the
peptide form the electro-responsive NPs, as well as the chemo-response of the hydrogel to
improve the targeted diffusion of peptide delivered from NPs, have been iteratively analyzed

and modified to achieve the most effective platform for controlled and targeted delivery.

The common link between Chapter V and the previous one (Chapter IV) is the design, preparation

and characterization of a multi-responsive carrier for the loading and controlled release of an

anticancer drug. However, in this case CAM, which is an antibiotic with anticancer properties, has been

used instead of a peptide. The main difference between CAM and the peptide used in Chapter IV is

that the former is hydrophobic while CR(NMe)EKA is hydrophilic. The two specific objectives of

Chapter V are:

6)

Design and characterize a multi-component, multi-responsive and biocompatible carrier for
the controlled delivery of CAM considering both endogenous chemical stimuli and exogenous
electrical stimuli. The carrier has been engineered combining the electrical response of
conducting polymer NPs and a soft hydrogel that responds to changes in pH, even though the
latter is completely different from that used in Chapter IV.

Evaluate and optimize the release of CAM from dual-responsive carrier using electrical stimuli

at different pHs, as well as demonstrate that the released drug is biologically active and,



therefore, the great potential of this smart material to fight against bacterial infections and to

provide local cancer treatment.

Chapter VI is focused on the development of a wireless electrostimulated system for the

treatment of breast and prostate cancer. For this purpose, a multi-component carrier made of (a)

conducting polymer NPs similar to those used in Chapters IV and V, which have been loaded with CUR,

a drug with promising anticarcinogenic properties, and (b) biodegradable fibers, have been

engineered. In detail, the specific objectives of Chapter VI are:

8)

Engineer, prepare and characterize an electroresponsive carrier based on conducting polymer
NPs loaded with anticancer drug, which are in turn encapsulated into biodegradable polyester
fibers. The main criterion used for the choice of the materials employed for the fibrous matrix
was the control of the systemic release of conducting polymer NPs, which was achieved by
considering a response to endogenous enzymatic activity at tumor sites.

Evaluate the delivery of CUR-loaded conducting polymer NPs from the polyester fibers by
enzymatic degradation and the release of CUR from the delivered conducting polymer NPs by
applying external electrical stimuli. More specifically, in this work, wireless electrostimulation

has been employed as a new alternative to electro-regulate the release of CUR.

10) Demonstrate the biocompatibility of the carrier and its components, as well as the biological

activity of released drug, proving the potential of the developed system as transdermal device

for long-term release of nanocarriers for therapeutic action.

Chapters VIl and VIIl aim to explore the possibilities of new avenues of research for the near

future. On the one hand, we have explored the potential of MIPs as materials for preventive detection

and effective treatment of cancer, while on the other hand, we have developed a self-healing,

stretchable and electroresponsive hydrogel for skin tissue engineering applications with electrical

stimulation. The specific objective of Chapter VIl has been set as follows:

11) Prospect the synergistic potential of MIPs to target CD44, a transmembrane glycoprotein that

is overexpressed in many cancer types (in particular breast cancer). For this purpose, the
peptide that constitutes the epitope of such cancer cell marker has been identified as a
molecular footprint and has been imprinted onto polymer matrices to engineer MIPs. Then,
the specificity and affinity of the developed MIPs towards breast cancer cells has been

evaluated.

The two specific objectives of Chapter VIII are:



12) Propose the utilization of electrical stimuli for skin regeneration using electroresponsive
hydrogels. For this purpose, a new conducting polymer-based hydrogel has been engineered
according to the skin characteristics, prepared and, subsequently, characterized. More
specifically, the hydrogel consisted on a mixture of PEDOT:PSS and gelatin, which has been
crosslinked by UV light using riboflavin.

13) Test the biocompatibility of the hydrogel using fibroblast cells and examine their response to

electrical stimulation in terms of cell migration and cell proliferation.
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I1-1. Cancer

Cancer is the leading cause of death in many developed countries, with an estimated 19.3 million
new cancer cases and 10.0 million cancer deaths worldwide in 2020 with a growing tendency.! Breast
cancer was the most diagnosed with 11.7% of cases in the world in 2020, with prostate cancer reaching
fourth position with 7.3%.! In the United States, in 2023, breast cancer accounted for 31% of cancer
diagnostics for women of all ages, while prostate cancer was the most diagnosed in men accounting
for 29% of new cases.? It is interesting to note that although cervical cancer is one of the most
preventable types of cancer (e.g. by vaccination against human papillomavirus (HPV)), it is the top
leading cause of cancer death among females between 20 and 39 years of age in the United States.?

The overall success rate for oncology drugs in clinical trials, from 835 drug developers, from 2003
to 2011, was only 6.7%.2 If the time interval is extended to the period of 2000-2015, this value drops
to 3.4% for 5764 companies. Nevertheless, considering only the last 10 years of this same period, the
probability of a well-succeeded trial of a potential drug for oncological treatment was as low as 2.1%.
On the other hand, if only trials that use cancer biomarkers in patient stratification are considered,
then the probability of success rises to 10.7%,* thus showing the importance of improving the initial
testing platforms to include cancer biomarkers.

Before initiating clinical trials, drugs usually undergo high-throughput screening using two-
dimensional (2D) culture systems, and those showing therapeutic potential are approved for pre-
clinical animal testing.>® The low success rates, long duration, and high costs associated with drug
development and subsequent clinical trials, evidence the need for more effective testing tools and
platforms for predicting the clinical efficacy of anticancer drugs.

Overall, the rising numbers of cancer incidence and the increasing burden of cancer in healthcare,
accompanied by the low success rates of clinical trials for anticancer drugs show the need for new
biomaterials platforms to be developed. These platforms would aim to aid in drug development and
testing by building appropriate platforms that are important in advancing cancer treatment, but also
to develop new drug delivery platforms that circumvent anticancer drugs' undesirable characteristics,

therefore boosting the success rate of clinical trials for cancer treatment.

n-1.1. Tumor physiology and microenvironment

The physiology of tumors and their microenvironment has been extensively studied, leaving us
with a set of distinctive features of those abnormal tissues that are now the basis for non-surgical
anticancer therapy. Two of the most recognizable differences between normal and cancer tissues are
the rate of cell proliferation and vascularization since they are inherently related, with the innermost

cells being less proliferative than those in the periphery of the tumor (the latter are closer to blood
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vessels and, therefore, have more nutrients available).”2 Additionally, tumor vasculature has also been
shown to be abnormal, with the establishment of new microvessels in the niche (leaky and tortuous
vessels with irregular blood flow, Fig. Il - 1) and excessive amount of angiogenic activity by the
overexpression of proangiogenic factors, like vascular endothelial growth factor (VEGF).”>%° Those
characteristics affect the oxygenation of the cells, as the ones in the inner part of the tumor site will
receive less oxygen, thus being in a state of hypoxia.'! Another consequence of the distance to blood
vessels is low extracellular pH, which is related to deficient elimination of metabolic wastes due to
difficult transportation to the vasculature,® and to the acidity of metabolic products (carbonic and
lactic acid) as hypoxia pushes the cell metabolism towards glycolysis.!! Unfortunately, the inherent
properties of cancer physiology and TME have direct consequences on therapeutic approaches, as
hypoxia is known to impede the effectiveness of radiotherapy,” and low pH interferes with cellular

uptake of weak bases, such as doxorubicin, a drug often used in chemotherapy.?

Normal tissue Tumour formation

r~s~J<s ECM molecule =) Normal cell «=> CAF
y -
e——— Blood vessel ¢ ') Cancer cell ° Immune cell

Fig. Il - 1. Schematic representation of tumor formation compared to normal tissue, including cancer
cells, abnormal vascularization, stiffer ECM, recruitment of immune cells, and cancer-associated

fibroblasts (CAFs).

A key component of the TME is the ECM (Fig. Il - 1). In normal tissue, the ECM is a network
composed of macromolecules, including collagen, fibronectin, fibrin, laminin, various proteoglycans,
and hyaluronan, playing a role as biomechanical support (e.g. blocking or facilitating cell migration,
regulating stiffness or porosity of the niche and conferring structural tissue integrity).'>!* The

extracellular macromolecules of the ECM are also responsible for certain biochemical properties that
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influence cell proliferation and differentiation, also concerning signaling for interaction with the
environment and other cells, the binding of growth factors, and the initiation of signaling cascades.>*3

On one hand, ECM deregulation is influenced by the aberrant behavior of cancer-corrupted
stromal cells (e.g. fibroblasts, endothelial cells, adipocytes, infiltrating immune cells), and on the other
hand, deregulation of the ECM affects the local cells, perpetuating abnormal cell behavior in cancer.
Abnormal ECM biochemical properties include excessive ECM component production and higher
tissue rigidity, as is often seen in breast cancer. Cancer-associated fibroblasts (CAFs) are usually
induced to transdifferentiate into myofibroblasts due to tumor site inflammation, which consequently
leads to the production of large amounts of collagen. In turn, the excessive collagen is overly cross-
linked by enzymes, which contributes to cancer progression by providing the mechanical support that

cancer cells need (Fig. Il - 1).91%14

In-1.1.1. Tumor surfaceome biomarkers

As any kind of tissue, cancer cells express distinct biomarkers, either intracellular or proteins
expressed on the cell surface. The latter have been considered as potential targets for diagnosis or
therapy by directly blocking pathways related to their expression, and even for targeted delivery of
anticancer drugs. The cell surface proteome, or surfaceome, has recently been assessed to establish
a link between the proteins expressed on the cell surface of certain types and subtypes of cancer and
diagnosis. Surfaceome analysis could be a powerful tool, as an in silico study of the human surfaceome
has revealed that, of the 2331 cell surface proteins present in the 610 cancer cell lines assessed, 231
are expressed in all of them, while 529 are only expressed in one or very few specific cancer cell lines.™
These findings agree with the existence of biomarkers that are common to many tumor types as is the
case of CD44, a family of transmembrane glycoproteins whose different isoforms are expressed in
different cancers (e.g. pancreatic, gastric, breast, and prostate).'®*¥ The folate receptor alpha is
another example of a protein widely overexpressed in various cancer types, such as endometrial
adenocarcinoma, ovary, breast, and non-small cell lung cancer.!8*°

Studies targeting only tumor surfaceomes have revealed new potential tumor markers. For
instance, three surfaceome-encoding genes (WNT5A, CNGA2, and IGSF9B) were identified in breast
cancer and these were correlated with poorer survival outcomes in patients with this type of cancer.?°
In a study, systemically profiling prostate cancer surfaceome, the authors were able to identify surface
proteins to distinguish between subtypes of prostate cancer: adenocarcinoma specifically expressed

STEAP1, FXYD3, and prostate specific membrane antigen (PSMA), while neuroendocrine prostate

cancer specifically expressed NCAM1, SNAP25, and CEACAMS5. Interestingly, the expression of PSMA,
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which is generally used as a prostate cancer biomarker, was validated in adenocarcinoma but not in

neuroendocrine prostate cancer.?

1-1.2. Examples of cancer types
In this work, three main cancer types have been selected for the in vitro cell assays to validate the
developed materials’ platforms. As such, brief descriptions of healthy vs tumor tissue will be discussed

for breast, prostate, and cervical tissues.

1-1.2.1. Breast cancer

Healthy breast tissue is a highly organized structure composed of a central lumen of epithelial cells
tightly attached to an outer layer of myoepithelial cells by cadherins. Those cells are in turn separated
from stromal cells (mostly adipocytes and fibroblasts) and ECM by the basement membrane. Cancer
cells show rapid proliferation and differentiation, reduced cell adhesion in addition to secreting
growth factors, like VEGF, that induce vascularization, and cytokines that alter ECM and stromal cells.
For example, adipocytes secrete hormones and growth factors that stimulate the growth of the tumor,
and macrophages are recruited. Then, the highly organized mammary gland ruptures, and the
basement membrane is lost due to the secretion of soluble factors that degrade it. Thus, rapidly
proliferating epithelial cells come in direct contact with ECM and stromal cells, which in turn are
affected. Consequently, cell density in the tumor site is higher and more collagen is produced, leading

to a stiffer and denser ECM. %3

I-1.2.2. Prostate cancer

Normal prostate tissue is composed of a duct-forming epithelial compartment and stromal cells
that include a high number of smooth muscle cells and a smaller number of fibroblasts, endothelial,
and nerve cells. Normal tissue homeostasis is maintained by stromal-epithelial interaction, where
smooth muscle cells regulate the migration of epithelial cells and these in turn regulate the
differentiation of smooth muscle cells. During cancer progression, there is a deregulation of organ
homeostasis with stromal fibroblasts playing a central role. By differentiating into myofibroblasts,
those cells participate in promoting changes in the ECM and aid in tumorigenic immune tolerance. In
addition, they enhance tumor cell proliferation and modify the response to androgens by altering the
expression of androgens receptors. Additionally, VEGF is expressed in tumor cells and integrin

expression is altered, thus modulating cell survival during angiogenesis.?**
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I1-1.2.3. Cervical cancer

The cervix is constituted mostly by fiboromuscular tissue connecting the body of the uterus to the
vagina. It is lined with columnar and squamous epithelium in the endocervix and ectocervix,
respectively. The stroma of the cervix is dense, while the columnar epithelium is composed of a single
layer of tall glandular cells and the squamous epithelium is composed of uniform, stratified, and non-
keratinized squamous cells.?® Infection with HPV leads to the integration of viral DNA into the genome
of epithelial cells of the cervix, thus leading to the persistence of the E6 and E7 oncogenes. These viral
genes lead to changes in the proteins encoded by the p53 and pRb genes, which generates a
deregulation and increase in cell proliferation, and an impairment in cell apoptosis. Additionally, the
E5 oncogene affects the synthesis of host cell DNA, also altering the differentiation of
keratinocytes.?”?® Further alterations include deregulation of immune microenvironment and
overexpression of metalloproteinase (MMP) proteins, particularly MMP-2 and MMP-9, which are
responsible for the degradation of ECM. Overexpression of such proteins allows cancer cells to

penetrate the ECM, allowing the spreading of cancer cells.?-3!
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I1-2. Smart materials for cancer treatment

Smart materials have emerged in the field of biomedical research, in particular in cancer
treatment research, as these are materials with adjustable functional or structural properties in
response to a stimulus or changes in the surrounding environment.32 Such characteristics make smart
materials very interesting to be applied in drug delivery systems for cancer treatment since the many
physiological and chemical cues in the TME could be used to trigger the delivery of an anticancer drug
due to the change in the material’s properties.

In general, smart materials could be designed to respond to several different stimuli, such as
chemical, biological, or mechanical.3? Considering cancer treatment, materials’ responses to cancer-
endogenous stimuli, such as changes in the pH of the TME,3 higher glutathione levels,3* or hypoxia
have been explored.3?® Alternatively, the application of external stimuli, like ultrasounds, has also
been studied to trigger a response in materials leading to anticancer drug delivery.?’

Stimuli-responsive materials systems can be designed in different scales and morphologies, such
as NPs, fibers, or hydrogels, depending on the potential treatment approach. NPs and other
nanocarriers are the most suitable for intracellular drug delivery as they are materials in the nanoscale
range and can be designed to cross the cell membrane, for example for targeting the mitochondria.3®3°
On the other hand, microscale materials, like fibers and certain hydrogels, are often designed as
transdermal patches or implantable/injectable scaffolds that will then release the therapeutic agent.
Logically, multiple-component systems can also be designed by incorporating nanocarriers within fiber
meshes or hydrogels. Furthermore, one can also include multiple stimuli responses within the same
system by attributing different stimuli responses to each of the components of the system, or by
including sequential drug discharge in response to the same type of stimuli.

Here, we discuss the recent advances in smart materials platforms designed for cancer treatment,
covering the types of stimuli used in such systems, focusing on pH and electrically responsive systems,
but also on the design and synthesis of the materials themselves from NPs, fibers, and hydrogels to

combinations of these, and the applicability of the delivery methods.

I-2.1. Exploring stimuli-responsive materials in cancer treatment

Smart materials can be designed to respond to various kinds of stimuli. These can be based on
TME characteristics (Fig. Il - 2), like acidic pH or hypoxia, so that the response, that is the release of
the therapeutic agent, can be triggered upon reaching the right location in the body of the patient.
This type of stimuli can be defined as endogenous stimuli, as the material will respond to the

conditions it encounters in the TME. Other types of stimuli that are not intrinsically associated with
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the conditions found in the TME, such as response to temperature or electrostimulation, can be

designated as exogenous stimuli.
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Fig. Il - 2. Schematic representation of different types of stimuli that can be used to inspire the design
of stimuli-responsive materials for cancer treatment: endogenous (pH, redox, GSH, ROS and enzyme)
and exogenous (electricity, magnetism, infrared, light, and temperature) stimuli. GSH — glutathione,

ROS — reactive oxygen species.

I-2.1.1. Endogenous stimuli

The selection of which endogenous stimulus a smart material should respond to in cancer
treatment applications is often based on TME characteristics. The most recognizable differences
between normal tissues and tumors are the increased cell proliferation and vascularization.”®
Additionally, tumor vasculature has also been shown to be abnormal, with the establishment of new
leaky and tortuous vessels with irregular blood flow in the TME.”® Those characteristics affect the
oxygen levels being delivered to cells, thus being in a state of hypoxia.l**%*! Another consequence is
low extracellular pH, which is related to deficient elimination of metabolic wastes,® and to the acidity
of metabolic products (carbonic and lactic acid).}*° Closely related to hypoxia and low pH is the
increased production of reactive oxygen species (ROS) and an increased expression of glutathione
(GSH), which is an intracellular antioxidant and regulator of cellular redox state, thus protecting cells
from damage caused by ROS.**#® |t is also worth mentioning that there is also overexpression of some

47-49

enzymes in cancer progression, such as esterase, and lipase.>®>2 Considering that alterations in pH

and redox-related alterations are the most relevant in the TME, some of the most reported
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endogenous stimuli used for designing smart materials for cancer treatment are pH, GSH, and changes

in redox state.

n-2.1.1.1. pH-responsive materials

pH-responsive materials have become a promising tool for precision medicine in the field of
oncology. These materials can react to the acidic pH environment commonly present within tumors.
This lower pH setting offers the potential for selectively targeting cancer cells, enabling precise drug
delivery to cancer cells while reducing systemic side effects. Materials designed to respond to pH
changes have been carefully constructed with various mechanisms, structures, and characteristics.

Drug delivery systems that respond to pH levels are engineered to release the therapeutic agent
they carry by alterations in the material's solubility or the cleavage of chemical bonds at a lower pH,
leading to targeted drug release near cancer cells. Many pH-responsive polymer-based drug delivery
systems rely on the stability of these polymers at the neutral pH of the blood but are disrupted in
acidic environments, which can trigger the release of the drug, due to the presence of acid-sensitive
bonds that are cleaved in acidic conditions.

Typical pH-sensitive systems utilize NPs and hydrogels as drug carriers for cancer treatment.>>8
NPs can be made from materials that degrade or change their properties at certain pH levels, thus

affecting the NPs' interaction with cancer cells, and enhancing drug delivery and uptake by the cells.>*"

65
Smart hydrogels, that swell or contract in response to pH changes, are being explored as injectable
drug carriers that can release drugs upon encountering the acidic TME. The benefits of using hydrogels
include high water content, biocompatibility, minimal invasiveness, and the capacity to effectively
transport various therapeutic agents such as small molecule drugs, proteins, and nucleic acids.
pH-responsive hydrogels usually contain functional groups that undergo ionization in reaction
to pH variations. This ionization may lead to the swelling or shrinking of the hydrogel, depending on
its crosslinking degree and polymer composition, consequently influencing the release rate of the
encapsulated drug. The ability of the hydrogel to swell or shrink in response to changes in pH enables
precise and on-demand drug delivery. In a neutral pH environment such as healthy tissue, the hydrogel
maintains its structure, limiting significant drug release. Conversely, within an acidic TME, the hydrogel
could expand and release the encapsulated drug.®®®” Furthermore, hydrogels can be loaded with
anticancer agents through various methods, including physical entrapment or chemical bonding. As
such, drugs can be released by diffusion as the polymer matrix swells, or by the degradation of the gel

matrix in response to the acidic pH.%%%
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The choice of hydrogel matrix is crucial in determining the properties and performance of pH-
responsive drug delivery systems (Table Il - 1). Several studies employ a variety of biopolymers and
crosslinkers, tailored to achieve desired properties such as biocompatibility, mechanical strength, and
pH responsiveness. For example, chitosan (CS)-based hydrogels offer excellent biocompatibility and
mucoadhesive properties, while carboxymethyl cellulose (CMC) provides high water retention and

swelling capacity.
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Table Il - 1. Examples of pH-responsive hydrogels for cancer treatment applications. Summary of
studies published between 2015 and 2024 using the keywords “cancer”, “drug delivery”, “pH-

responsive”, and “hydrogel”.

Hydrogel matrix Other hydrogel components Drug DeliverypH Ref
Poly(acrylamide-maleic acid) DOX 4.5 70
HNT, graphitic-carbon nitride Qc 5.4 7
cs Poly(NIPAM-co-itaconic acid) DOX 5.5 72
PNIPAM, Au NPs CUR 5.5 73
PNIPAM, folic acid-conjugated GO DOX 5.5 74
CMCS Reduced GO/aldehyde functionalized PEG DOX 6.5 7>
CECS 4armPEG-benzaldehyde DOX 5.6 76
Aldehyde-functionalized PEG, laponite DOX 5.0 ”
oEt Citric acid-based graphene quantum dots (GQDs) DOX 4.5 78
CoFe204/GO CUR 5.6 I
PEG, HNT 5-FU 5.5 80

Hydroxyethyl cellulose-acrylonitrile-linseed o0il polyol
cMmC CIS 4.0 81
(CHAP), Na-montmorillonite

Poly(acrylic acid), HNT CUR 5.4 82

PVP, graphitic carbon nitride Qc 5.4 8

Peptide (KKFKFEFEF) MTX 6.5 84
Peptide

Peptide (FER-8) PTX 5.5 85
Starch Tyramine, tannic acid, phenolated Fe3Os NPs DOX 4.0 86
Agarose PVP, hydroxyapatite Qc 5.4 87

PEG diacrylate MTX 5.0 88
P(HEMA)

Methacrylic acid DOX 6.5 8
PEG Poly(propylene fumarate), citric acid, glycine DOX 5.5 %0

Fes0s, poly(acrylic acid), PEG methacrylate HER 5.4 o
PNIPAM

Acrylamide CUR 55 92

Abbreviations: 5-FU: 5-Fluorouracil; CIS: cisplatin; CMC: carboxymethyl cellulose; CS: chitosan; CUR: curcumin;
DOX: doxorubicin; GEL: gelatin; GO: graphene oxide; GQDs: graphene quantum dots; HER: herceptin; HNT:
halloysite nanotubes; MTX: methotrexate; NIPAM: N-isopropylacrylamide; P(HEMA): poly(2-hydroxyethyl
methacrylate); PEG: poly(ethyleneglycol); PNIPAM: poly(N-isopropylacrylamide); PTX: paclitaxel; PVP:

polyvinylpyrrolidone; QC: quercetin.

CS has been explored for its ability to fight microorganisms and prevent the formation of bacterial
biofilms, and its potential to generate hydrogels for the delivery of drugs, due to its compatibility with

living tissues and the ability to respond to changes in pH, making it doubly advantageous in cancer
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therapy.” The use of CS as a pH-responsive hydrogel for anticancer drug delivery has been recurrently
reported, being used together with other polymers such as N-isopropylacrylamide (NIPAM),”>74 and
acrylamide,’ to deliver doxorubicin (DOX), CUR, and quercetin (QC), while being responsive in a pH
range from 4.5 to 5.5.7%74 Carboxymethyl CS (CMCS) and N-carboxyethyl CS (CECS) have also been
shown to respond to changes in pH and promote the delivery of DOX for cancer treatment
applications.”7®

Other biopolymers often employed to design pH-responsive systems are gelatin (GEL),””’® and
CMC, being used to deliver CUR, QC, cisplatin (CIS), and 5-fluorouracil (5-FU) in the acidic pH range of
4.0-5.6.°8 The delivery of the anticancer drugs methotrexate (MTX) and paclitaxel (PTX) has also
been accomplished through the use of peptide-based hydrogels at pH of 5.5 and 6.5, respectively.®*8>
Other examples of bio-based hydrogels, like agarose and starch, have also been reported as viable
options for the same type of systems and application.2®®” Alternatively, hydrogels based only on
synthetic polymers, such as poly(2-hydroxyethyl methacrylate) (P(HEMA)),%8% PEG,*® or poly(N-
isopropylacrylamide) (PNIPAM),%%%2 have also been used in the pH range of 5.4-6.5 to successfully
deliver CUR, DOX, and herceptin (HER) for cancer treatment applications, showing to be
biocompatible.

Overall, these studies demonstrate the versatility of pH-responsive hydrogels in drug delivery
applications, encompassing a wide range of biopolymer matrices, crosslinking strategies, drug
payloads, and pH-responsive behaviors tailored for cancer treatment. The selection of drugs and pH
delivery conditions are carefully considered to optimize the therapeutic efficacy and minimize off-
target effects. By incorporating pH-responsive moieties or adjusting the formulation, these hydrogels
can selectively release drugs in response to the acidic TME, enhancing drug accumulation at the target

site while reducing systemic toxicity. This approach holds great promise for improving the efficacy of

chemotherapy and overcoming drug resistance in cancer treatment.

-2.1.1.2. Redox and GSH-responsive materials

Redox-responsive materials undergo structural or functional alterations in reaction to changes in
the redox state of the surrounding environment. Redox reactions involve electron transfer between
chemical species, and such reactions can be used for various purposes, including drug delivery,
sensing, and stimuli-responsive materials.

An important characteristic of redox-responsive materials is their capacity to undergo reversible
modifications as a result of shifts in the redox environment. These modifications can be activated by
94,95

factors like pH, temperature, ROS, or the presence of specific molecules active in redox processes.

GSH, a tripeptide thiol (y-glutamyl-cysteinyl-glycine), plays a vital role in cellular redox balance and
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serves as an important indicator of cellular oxidative stress.®® Many designed redox-responsive
materials react to changes in GSH levels enabling their use for targeted drug delivery and biosensing
within cellular environments.”” Materials sensitive to GSH concentration can release drugs or other
substances based on variations in GSH level, with this responsiveness allowing controlled drug delivery
triggered by elevated levels seen with certain medical conditions, such as cancer.”®1°! Moreover, by
incorporating GSH-responsive elements into sensor platforms, it is possible to develop highly sensitive
biosensors as selective detection methods for GSH and related biomolecules.'%71%

Overall, redox-sensitive materials, particularly those that respond to GSH, show great potential
for various biomedical and biotechnological uses because of their capacity to react to specific cellular
redox signals. This makes them valuable for drug delivery, biosensing, and other biomedical

applications.

1-2.1.2. Exogenous stimuli

Although there are many endogenous stimuli to take advantage of when designing smart
materials for cancer treatment applications, one can also investigate other types of stimuli that are
not associated with cancer intrinsic characteristics. Exogenous stimuli (Fig. Il - 2) are often useful to
increase the range of stimuli-responsive materials available, thus increasing the chances of designing
useful platforms for controlled anticancer drug delivery. Examples of actuation modes to exogenous
stimuli are responses to ultrasounds, magnetic stimulation, electrostimulation, infrared irradiation, or
temperature changes. Furthermore, one can potentially improve the responsiveness of the materials
or introduce different types of stimulus-response in the same material platform, for example by
associating pH and electrical response in the same material system.

The exploration of external electrical stimuli, resorting to electroresponsive materials, presents a
promising avenue for non-invasive therapeutic interventions. By leveraging on these external stimuli,
such materials can be engineered to modulate biological processes, facilitate drug delivery, and
interact with physiological systems in a controlled manner. This non-invasive approach holds potential
for targeted interventions with reduced side effects, enhanced patient comfort, and improved
therapeutic outcomes. Through interdisciplinary research, efforts integrating material science,
biotechnology, biomedical engineering, development and optimization of stimuli-responsive
materials for therapeutic purposes, continues to advance, paving the way for innovative strategies in

healthcare.
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I-2.1.2.1. NIR-responsive materials

Near-infrared (NIR) responsive materials represent a category of novel materials engineered to be
sensitive to NIR light, which can penetrate biological tissues without causing harm up to a specific
depth. The capacity of these materials to react to NIR light renders them particularly valuable in the
context of cancer treatment, with recent advancements including applications in photothermal
therapy, controlled drug release, and diagnostics.®”1% Certain materials can transform NIR light into
thermal energy upon exposure, leading to the targeted destruction of cancer cells through localized
heating (photothermal therapy).'%1% An example is the use of carbon nanotubes (NTs) in conjunction
with therapeutic agents such as siRNAs, enabling a combination of photothermal and gene
therapy.109110

Multifunctional NPs can carry drugs and deliver them specifically to cancer cells, using NIR light to
regulate or activate the drug release from the NPs, enabling targeted therapy directly at the cancer
site, thereby enhancing treatment efficacy while minimizing adverse effects on healthy tissues.!!!
Examples include temperature-sensitive liposomes and other polymeric nanomaterials that release
their drug payloads, such as immunostimulatory agents, in response to localized heating triggered by

NIR irradiation.1912

I-2.1.2.2, Magnetism-responsive materials

Materials that are sensitive to magnetism are currently under development for a range of cancer
treatment purposes, leveraging their distinctive characteristics to enhance focused drug
administration, imaging, and therapy. Superparamagnetic iron oxide NPs are widely employed
because they can be directed to the tumor location through external magnetic fields. This capability
allows accurate targeting of drug delivery, potentially improving efficiency while reducing medication
dosage and minimizing side effects.!'° The superparamagnetic properties of magnetic NPs can also be
used for hyperthermia treatment, where the application of an alternating magnetic field leads to heat
generation.!?

Magnetism-responsive nanomaterials can also be used for cancer immunotherapy by guiding
functionalized magnetic NPs for the clustering of T-cells around the tumor.'*® In diagnostic and
therapeutic combination approaches, magnetic NPs can be used combined with magnetic resonance
imaging (MRI) or luminescent materials, allowing for MRI or luminescence-guided chemotherapy

through real-time monitoring. 1141
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11-2.1.2.3. Electroresponsive materials

Materials that respond to electricity can alter their characteristics, such as shape or conductivity,
when exposed to an electric stimulus. This ability can be utilized for various medical approaches in
treating cancer, including precision drug delivery and interference with cancer cell
communication.!6117

One method entails using electric fields as a therapeutic intervention referred to as
electrochemotherapy. Brief, yet intense, electric pulses are administered at the tumor location to
enhance the permeability of cancer cell membranes, facilitating more efficient absorption of
chemotherapy medications. Additionally, electrostimulation may also impact cancer cells directly by
disrupting their growth and division without causing harm to normal cells through certain low-
frequency electric fields—a technique known as "tumor-treating fields".11%118119 These electric fields
interfere with cancer cell division, impairing their ability to proliferate and survive. Moreover, the use
of electrically responsive materials in combination with other treatment modalities, such as
phototherapy or immunotherapy, holds promise for synergistic therapeutic outcomes in cancer
treatment.

Another approach involves employing polymers that are sensitive to electricity in drug release
systems. These polymers can encapsulate drugs and dispense them upon the application of an electric
stimulus. When placed near a tumor through implantation or injection, an external electrical signal
prompts the polymer to discharge the therapeutic agent directly at the tumor site, enhancing
effectiveness while minimizing side effects compared to systemic chemotherapy. This precise and
regulated drug release mechanism has the potential to reduce harm to healthy tissues and maximize
treatment efficacy.?°

In fact, most electroresponsive materials developed for cancer treatment are designed to be used
as drug delivery systems, with examples presented in Table Il - 2. Many of these systems are based
simply on conducting polymers (CP), particularly synthesized in the form of nanocarriers, envisioning
the transport of such nanocarriers to the tumor site and subsequent localized delivery of the drug

through electrostimulation.
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Table Il - 2. Electroresponsive materials systems to promote drug delivery for anticancer treatment
applications. Summary of studies published between 2015 and 2024 using the keywords “cancer”,

“drug delivery”, and “electroresponsive”.

Potential
System Materials Stimulation regime Drug Ref
application
Oral and breast
Nanowires PPy -1V (vs Ag|AgCl) DOX 121
cancer
PEDOT:PSS and
Hydrogel DC electric fieldat 1.5V 5-FU Skin cancer 122
GelMA
Colon and
HAp 0-2 V (vs Ag|AgCl) DOX 123
ovarian cancer
Breast and
NPs PEDOT -1.25V (vs Ag| AgCl) CUR 124
prostate cancer
-04 V to 0.8 V (vs
PEDOT CREKA peptide  Prostate cancer %
Ag|AgCl) at 100 mV/s
DOTAP, Lipoid- 0.5 mA/cm? constant
Liposomes CIS and DTX Oral cancer 126
S75 and DPPG current
Pulses applying fixed
Films co-PMMA potential -1.5 V or CUR Cancer (general) 7
current 300 pA
Microfibers/NPs PCLand PEDOT 1V (vs Ag|AgCl) CUR Breast cancer 128
Alg-g-PAA  and Alternating -0.6 V, 0.0 V
Hydrogel/NPs CAM Cancer (general)
PEDOT and 0.6 V (vs Ag|AgCl)
PGS/PCL and AC square wave between Breast and
Nanofibers/NPs CUR 129
PEDOT -l10VandOV prostate cancer
PBA-CS and Alternating -0.5V and 0.0 CR(NMe)EKA
Hydrogel/NPs Prostate cancer  13°
PEDOT V (vs Ag|AgCl) peptide

Abbreviations: 5-FU: 5-fluorouracil; Alg-g-PAA: alginate-grafted-poly(acrylic acid); CAM: chloramphenicol; CIS:
cisplatin; CUR: curcumin; DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane chloride; DOX: doxorubicin;
DPPG: 1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-glycerol sodium; DTX: docetaxel; GelMA: gelatin methacryloyl;
HAp: hydroxyapatite; Lipoid-S75: soybean phosphatidylcholine; PBA-CS: chitosan-phenyl boronic acid; PCL:
PEDOT: PGS: polyglycerol sebacate; co-PMMA:

polycaprolactone; poly(3,4-ethylenedioxythiophene);

poly(methyl methacrylate-co-methacrylic acid); PPy: polypyrrole; PSS: poly(styrenesulfonate).

PEDOT is a conducting polymer that is frequently used in such applications, due to its high

conductivity, high biocompatibility, and good colloidal stability when synthesized as NPs. From 2015

to the present year, many works have reported the use of PEDOT NPs as a drug delivery system for
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potential anticancer drugs, including CUR for the treatment of breast and prostate cancer,*7132 CAM
for targeting the mitochondria in cervical cancer,’® and anticancer peptides like CREKA and
CR(NMe)EKA directed at prostate cancer therapy.'®** Examples like PEDOT NPs demonstrate the
potential of CPs in facilitating controlled drug delivery for various cancers, showcasing the versatility
and effectiveness of electroresponsive materials in oncology. Polypyrrole (PPy) is another CP used to
synthesize nanocarriers in the form of nanowires, loaded with the anticancer drug DOX, which was
later released upon electrostimulation of the nanowires, to target oral squamous carcinoma and
breast cancer while applying photothermal therapy simultaneously.??! Other types of materials, such
as polymers (e.g., poly(caprolactone), methacrylate-based), ceramics, and liposomes, have also been
reported for controlled drug delivery using electrical stimuli to release anticancer drugs such as CUR,
DOX, CIS, and docetaxel (DTX).12126127 One can conclude that electrostimulation is a strong candidate
for exogenous stimulation, as a common characteristic in the studies presented in Table Il - 2 is the
use of safe low voltages to the body to achieve drug release.

Overall, the integration of electrically responsive materials into cancer treatment strategies
represents a promising avenue for improving therapeutic outcomes. Moreover, polymers sensitive to
electricity enable precise control over drug release, allowing for localized delivery directly to tumor

sites while minimizing systemic side effects.

I1-2.1.3. Multiresponsive materials systems

In the context of stimuli-responsive materials systems, the creation of composite materials
composed of different elements that are sensitive to different stimuli has been a significant
development. Particularly in the context of cancer treatment, the most significant combination of
stimuli response includes endogenous sensitivity to changes in pH, with the response to an exogenous
stimulus combining an intrinsic characteristic of the disease (acidic pH), and an external stimulation
that can add layers of control to drug delivery for instance. Electrostimulation is a strong candidate
for exogenous stimulation, as it provides a highly controlled delivery method for anticancer

therapeutic agents using safe low voltages to the body.

1-2.1.3.1. pH and electroresponsive materials systems

Combining both pH and electric stimulus responsiveness in materials for drug delivery systems
offers an advanced approach to regulating the release of anticancer drugs in the body, ensuring
precise timing and location. This combined reactivity has the potential to improve the targeting and

effectiveness of cancer treatments while reducing adverse effects.
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In terms of mechanism, the acidic conditions found in the TME could trigger the initial release of
the drug from the material, while an external electric field could then be used to further regulate this
release. This would provide a two-part control system that can be adjusted for optimal therapeutic
results. For example, a NP could be engineered to release its anticancer agent upon encountering the
acidic environment of a tumor (pH-sensitive) and then be additionally controlled or activated by an
external electric field (electroresponsive). A common strategy involves using polymer or NP-based
systems with functional groups that respond to changes in pH and electric fields. These materials may
include CPs like polyaniline (PANI) or PPy, as well as polymethacrylates or polycaprolactones with pH-
responsive properties.

However, designing materials that are responsive to both pH and electrical stimuli involves
challenges such as stability of the system in the bloodstream, specificity for cancer cells, and ensuring
that the electrical stimulus is not harmful to healthy tissues.

Using NPs that respond to electrical stimuli in combination with hydrogels sensitive to changes in
pH for the delivery of anticancer drugs, represents an innovative approach that capitalizes on multiple
environmental signals to achieve targeted and regulated drug release. The system would involve
incorporating drug-loaded electroresponsive NPs within a pH-responsive hydrogel matrix, potentially
utilizing materials such as PPy or PEDOT for the NPs, and CS, CMC or alginate for the hydrogel, for
example. Upon administration, the hydrogel would first react to the acidic pH of the TME, leading to
swelling or degradation and enabling the release of the embedded NPs near cancer cells.
Subsequently, applying an external electric stimulus could further modulate drug release from the NPs
by triggering changes in their structure or charge distribution.®® Alternatively, simultaneous
stimulation by applying a potential, as the hydrogel/NP system reaches the tumor site, could lead to
a drug release highly controlled by two factors.®® This dual sensitivity not only takes advantage of
tumor acidity for precise localization but also allows secondary control over drug release via electric
fields, facilitating enhanced specificity in drug delivery while minimizing systemic exposure. However,
integrating these two responsive elements presents challenges related to maintaining individual
component functionality within a combined structure, requiring careful design considerations such as
biodegradability of the hydrogel and stability of NPs until the desired time point, alongside overall
biocompatibility of the system within complex biological environments.

While this strategy holds great promise conceptually and offers numerous potential benefits, it is
important to acknowledge that much research is still at the experimental and preclinical stages.
Successful advancement will necessitate addressing technical hurdles like optimizing the safe
application of electrical stimulation without causing harm to surrounding tissues; ensuring consistent

and predictable drug release rates; and establishing device safety overall. Nevertheless, potentially
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achieving such a high degree of spatial and temporal control in cancer therapy makes this a very

promising and innovative area of research.
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I1-3. Biomolecular targeting

The concept of biomolecular targeting using bioimprinted MIPs represents a promising strategy
for conferring selectivity towards tumor cells while minimizing adverse effects on healthy tissues
during drug delivery. This feature delves into the utilization of bioimprinted MIPs as a means to
achieve a highly targeted drug delivery, that can be complemented by a controlling mechanism to
preserve healthy tissues. Moreover, this introduction sets the stage for future research directions,
envisioning the integration of imprinting technology for selective recognition with electroresponsive
controlled drug release achieved through PEDOT-based systems, for example. Through this
exploration, the potential synergies between selective recognition and stimuli-responsive materials
for controlled release mechanisms pave the way for innovative approaches in precision medicine and

targeted therapeutics.

I-3.1. Bioimprinted MIPs

The interest in molecular imprinting technology, studied since the 1970s, has grown exponentially
between the 1970s and mid-2010s,*** with applications ranging from separation and purification, as
selective adsorbers or membranes, to sensors.3>136

MIPs are synthetic polymers that are tailor-made for specific recognition. As antibodies and
enzymes, their three-dimensional structure and functional groups, with a specific orientation, are
orchestrated to allow a selective molecular binding. Functional monomers interact with the template,
or printed molecule, forming a template-monomer complex. Polymerization takes then place, in the
presence of the template, by reaction of a cross-linker and an initiator. After the polymer is formed,
the template molecule is removed, leaving the MIP with empty cavities, that act as specific binding
sites, 137138 35 represented in a simplified scheme in Fig. Il - 3. This cavity will preferentially bind the
template, as it matches the template’s geometry, and has affinity for its complementary functional
groups. MIPs can be synthesized using virtually any molecule as a template, ranging from drugs, small
molecules, amino acids, chiral enantiomers, DNA, peptides, proteins and even whole cells, 3% thus

translating into a target molecule size range from a few Da (e.g. 126 Da melamine¥’) to several kDa

(e.g 66.5 kDa bovine serum albumin (BSA)* and 180 kDa spike glycoprotein of SARS-CoV-2149150),
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Fig. Il - 3. Schematic representation of protein MIP synthesis.

Biomolecules such as antibodies, some receptors, and enzymes are the gold standard for affinity
tools, since their target recognition capacity is highly selective and sensitive. However, the use of
natural biomolecules presents disadvantages, including: limited working conditions, such as mild
temperature, narrow pH range and low stability in organic solvents. Antibody production in
mammalian cells has been optimized over last decades, still the associate production costs are high.
Recombinant expression in bacterial or yeast systems still presents limitations like endotoxin

151-156 Therefore, given that MIPs are usually cheap, easy to synthesize in a reproducible

production.
way, and have shown robust performances in a variety of solvents,'*®>7 bioimprinted MIPs, using
biomolecules as templates, have been considered as suitable alternatives for medical diagnosis and
theragnostics in the biomedicine field and as replacement of enzymes in catalytic processes or even
used as bioelectrodes for energy harvesting based on microbial fuel cells in more advanced MIP
applications.'®®

Due to their functional similarity to their natural counterparts, MIPs designed for biomolecules
have been referred to as “plastic antibodies” or “artificial receptors”. Research developed on MIPs
selective for biomacromolecules, like proteins or peptides, is particularly important, since these have
the potential to contribute towards biomedical applications aiming at biosensors, toxic analyte
sequestration, or drug delivery systems, among others, 138144159160

Molecularly imprinted technology has significantly contributed on the development of novel
biosensors for disease detection. Namely, several cancer diagnostics sensors based on MIPs have been
developed, using prostate, breast, ovarian and hepatic cancer biomarkers as target molecules.?®!
Polypyrrole-based electrochemical MIP sensors were developed targeting the CA-125 marker for

epithelial ovarian cancer,®? the CA15-3 marker for breast cancer,®® and the PSA protein marker for

prostate cancer.'® In the latter study, the sensor presented a limit of detection (LOD) as low as 2.0
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pg/mL, which is below the threshold “risk” values of 4.0-10.0 ng/mL of PSA concentration in blood,
thus showing the potential competitiveness of this assay. Biomarkers for neurodegenerative diseases
is another relevant focus area of MIP-based biosensors with recent advances in the development of
MIP-based electrochemical sensors for Alzheimer’s and Parkinson’s diseases.'®® For instance, a very
competitive Alzheimer’s disease MIP biosensor was designed for an amyloid-B peptide using a
combination of polypyrrole and carbon nanotubes, reaching a LOD as low as 0.3 fg/mL.%¢ A MIP-based
biosensor was similarly developed for a-synuclein peptides with a LOD of 10 fg/mL, for Parkinson’s
disease.'®” Overall, such studies suggest a growing tendency to develop MIP-based biosensors to
enable high detection sensitivities. 68170

The following sections are focused on clarifying the concept of bioimprinted MIPs, elucidating their
synthesis process and elucidating their significance in contemporary biomedical research, and also
providing typical reagents, imprinting techniques, and polymerization approaches available for
bioimprinted MIP fabrication, underscoring their diversity and potential applications. Importantly, a
comprehensive analysis of the specific imprinting technique (epitope-based solid phase synthesis)
employed in this thesis will be provided, including the rationale behind template selection, and outline

the anticipated outcomes to further elucidate its potential contributions to biomedical research in the

context of cancer therapy.

-3.2. Protein-imprinted polymers
Proteins are biomacromolecules of significant interest in research, with special focus on their

detection and quantification, since they are often biomarkers of important human diseases, including

176,177 159,178-180

viral infections,’*"”> hormonal and DNA regulation processes, and many cancer types.
However, the detection and quantification of proteins require labour and cost-intensive separation
methods, often based on immunoassays.

Table Il - 3 shows a short overview of the common functional monomers, initiators, cross-linkers,
and solvents used for the preparation of protein-imprinted MIPs. Apart from the polymerization
method chosen, the reagents employed appear to be quite similar among reported studies, in terms

of functional monomers, initiators, and cross-linkers.81.182
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Table Il - 3. Overview of polymerization reagents (monomers, cross-linkers, initiators) and solvents

used inprotein imprinting technology.

Template Monomers Cross-linker Initiator Solvent Ref
Cytochrome ¢ AAmM MBA APS Water 183
EBA TEMED Tris-buffered saline
PDA
PEGDMA
AAm MBA APS PBS 184
Haemoglobin Dopamine N/A APS PBS 185
AAm MBA APS PBS 184
BSA DMAEM MBA Irgacure® Potassium 186
PEGDMA 2959 phosphate buffer
and ethanol
Albumin AAm MBA APS PBS 184
DNAzyme complex AAmM MBA APS Aqueous buffer 77
NIPAmM TEMED solution
DMAPMA
Prostate-specific AAmM EGDMA AIBN Methanol/water 178
membrane DMAEM mixture

antigen (PSMA)

Epidermal growth NIPAm MBA APS PBS 159
factor receptor TBAmM TEMED
(EGFR) Acrylic acid

APMA
Ribonuclease A AAmM MBA APS PBS 184
Human serum 3-(methacryloxy) - - PBS 187
albumin (HSA) propyltrimethoxysilane Tween 20 solution

Abbreviations: AAm: acrylamide; AIBN: azo-bis isobutyronitrile; APMA: N-(3-aminopropyl) methacrylamide;
APS:  ammonium persulfate;, DMAEM: 2-(dimethylamino)ethyl methacrylate;, DMAPMA: N-(3-
(dimethylamino)propyl)methacrylamide; EBA: N,N’-ethylenebis(acrylamide); EGDMA: ethylene glycol
dimethylacrylate; MBA: N,N’-methylenebisacrylamide; N/A: not available; NIPAm: N-isopropylacrylamide; PBS:
phosphate buffered saline; PDA: 1,4-bis(acryloyl)piperazine; PEGDMA: poly(ethylene glycol)dimethacrylate;
SDS: sodium dodecyl sulphate; TBAm: N-tert-butylacrylamide; TEMED: N,N,N’,N’-Tetramethylethylenediamine.

To obtain MIPs for biomacromolecules, two main protein imprinting strategies have been

developed: protein imprinting, including i) non-oriented surface imprinting and ii) oriented surface

imprinting, where the entire protein works as a template; and epitope imprinting, where the template
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will be a part of the structure of the target protein. Examples can be found of protein and epitope

imprinting strategies discussed in this section are represented in Fig. Il - 4.

Examples of synthesis methods
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Fig. Il - 4. Molecular bioimprinting synthesis methods: non-oriented surface imprinting —
electropolymerization (reprinted from %, Copyright 2023, with permission from Elsevier) and
precipitation (reprinted with permission from &, Copyright 2023 American Chemical Society);
oriented surface imprinting — sol-gel (reprinted from 7, Copyright 2023, with permission from
Elsevier); epitope imprinting: solid-phase synthesis (reprinted with permission from !, Copyright

2023 American Chemical Society).

I-3.2.1. Protein imprinting

In the protein imprinting approach, the whole protein is used as the template. Such strategy,
following the traditional MIP concept, could be argued as the most appropriate biomimetic approach
in terms of binding affinity, since it would retain the tertiary structure of the target protein, as well as,

affinity groups for weak protein interactions, such as hydrogen bonds, electrostatic and van der Waals
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interactions.®® However, epitope imprinting, may provide a recognition mechanism more similar to
natural receptors. Depending on the application, it may be useful to have a binding site corresponding
to a specific peptide motif of the entire biomolecule. This is particularly relevant for cell membrane
proteins, when considering specific biological variants detection, or to promote cost-effective MIP
development and manufacture strategies. The literature reports MIPs targeting common proteins,
such as BSA, albumin, ribonuclease A, horseradish peroxidase (HRP), or cytochrome c, using molecular
imprinting methods based on different strategies for the immobilization of the target, and varied
functional monomers (Table Il - 4).184180191 After MIP preparatiom, template removal techniques
include protein denaturation steps, so that the template changes its conformation and will be released
from the imprinted cavity, followed by washing steps to promote the elution of the denatured
template. A drawback of these methods is that they do not allow the recovery of the template
molecule for reuse. Another methodology is based solely in washing with mild solvents, like aqueous
solutions, thus relying on disruption of weak interactions, such as electrostatic and hydrogen bonds,
and the slow diffusion of the protein through the polymer network. Additionally, the use of thermo-
responsive monomers (e.g. N-isopropylacrylamide) in the structure of the MIP allows the release of
the protein simply by increasing the temperature of the washing solution above the lower critical
solution temperature (LCST), which leads to increase space between polymer chains, allowing the

protein to be released from the MIP’s cavity.
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Table Il - 4. Examples of templates used in the protein imprinting approach with template removal

procedures.

Template Template removal Ref

Cytochrome ¢ Digestion with trypsin and washing with SDS solution 183
Washing with ethanol, NaOH, and acetic acid with SDS solutions 184

Haemoglobin Washing with SDS solution 185
Washing with ethanol, NaOH, acetic acid with SDS solutions 184

BSA Washing with potassium phosphate buffer 186

Albumin Washing with ethanol, NaOH, and acetic acid with SDS solutions 184

DNAzyme complex Washing with water 177

Prostate-specific membrane Soaking in 2dueous NHy/methanol = f5||owed by washing with water and 178

antigen (PSMA) methanol

Epidermal growth factor Washing with water in solid phase extraction and centrifugal dialysis 159
receptor (EGFR)

Ribonuclease A Washing with ethanol, NaOH, acetic acid with SDS 184
Listeria monocytogenes Acetic acid and trypsin 146

Some studies report the development of MIPs for the whole tertiary protein structure in solution,

by addition of the target biomolecule to the reaction mixture, %193

or even the use of whole cells, like
bacteria, to develop MIP-based sensors reaching relevant LOD values. A MIP-based electrochemical
sensor developed for Listeria monocytogenes presented a LOD of 70 CFU/mL.1*¢ However, the most
common approach resorts to solid phase synthesis (which will be explored in this thesis) in which the
template protein is first immobilized in a solid support such as silica beads,®1%* glass surfaces,8*18¢
and other silica molds,®*1°> and an affinity chromatography step is used for the synthesis and
purification of the molecularly imprinted NPs (MIP-NPs) (Fig. Il - 4 and Fig. Il - 5). Immobilization of the
protein on the solid support can be achieved using an affinity ligand of the protein,*® or by chemical
functionalization of the surface of the solid support.’®® The use of an affinity ligand enables the

orientation of the immobilized protein, meaning that all binding sites are constructed with similar

orientation, thus improving binding site homogeneity.
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Fig. Il - 5. Schematic representation of protein imprinting with the target protein immobilized on the

surface of a silica bead.

Ambrosini and co-workers reported the use of solid-phase synthesis of MIP-NPs for protein
recognition using the model protein trypsin (23 kDa),'%® adapting the solid-phase synthesis method
previously developed for synthesis of a MIP for melamine, a small molecule (<1 kDa).'*” Trypsin was
immobilized on the surface of glass beads, and the beads were then packed into a column, where the
functional monomers (NIPAM and EBA) were added, and the reaction took place. Finally, several
washing steps were performed for purification of the MIPs. Despite the difference in size of the target
molecules, the immobilization on the solid support appears to depend mostly on the functional groups
present in the target molecule, thus rendering solid-phase synthesis a versatile method for MIP
synthesis. Still, one has to consider that large biomolecules are more complex and they often have
similar reactive groups (e.g. amines or carboxylic acids) on different locations, which makes more
challenging to obtain specificity on immobilization of the template biomolecule with uniform
orientations. One advantage of the solid-phase synthesis strategy is the decrease of the cost of the
process due to the solid phase being reused for MIP synthesis, thereby saving template molecules.
One study reported the maintenance of the size and dissociation constant (Kp) of MIPs for over 30
batches of template reuse,'¥ with that value being inferior to the standard protein A chromatography
performance for antibody production, which can be reused for 100 cycles. However, stability of
proteins under reaction conditions for several cycles should be assessed, as literature is scarce
concerning this information and there is a severe lack of studies presenting a process design and
model along with realistic economic analyses.

To selectively separate lysozyme from a mixture of proteins in aqueous solution, acrylamide and
acryloyl-B-cyclodextrin were used as functional monomers.’® Here, the target protein was
immobilized on the surface of silica beads and the polymerization reaction took place around the

immobilized lysozyme. After removal of the template and consequent detachment from the beads,
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the MIPs were packed in a column. A successful high performance liquid chromatography (HPLC)
separation was achieved, with lysozyme selectively separated from cytochrome c, BSA and avidin, with
a maximum adsorption capacity for lysozyme of 44.6 mg/g, being 4 times higher than for the remaining
proteins.’® Overall, these studies highlight the high values of maximum adsorption capacities
achieved through solid-phase synthesis of MIPs for proteins, thus suggesting that immobilization and
consequent orientation of the template molecule might contribute to higher selectivity of the MIPs.

A different approach that also does not require the immobilization of the template is MIP
electrosynthesis, where cyclic voltammetry (CV) is used for electropolymerisation of the MIP. Here, a
pre-polymerization mixture of template protein and monomer is prepared, which is then deposited
onto an electrode surface by applying cyclic potential sweeps. A study on the electrochemical
guantification of troponin T (37 kDa), a biomarker of myocardial injury, used o-phenylenediamine as
a monomer and a gold electrode for deposition of the MIP to build a biosensor based on a redox
probe.’ A similar study for recognition and electrochemical detection of myoglobin (18 kDa) used
screen-printed electrodes where the pre-polymerisation mixture of myoglobin and o-
phenylenediamine was electrodeposited.'® Even so, it is necessary to consider the difficulty to scale-
up electrosynthesis processes due to potential difficulties to increase the electrode active area and
electronic transport in the bulk of the reaction mixture. Furthermore, recyclability of the template is
not considered, thus limiting the applicability of this method to less expensive targets, or resulting in
processes with prohibitive costs.

Only one molecular imprinting methodology was reported with the objective to synthesizing a
replica of the protein, which is based on a two-step imprinting process. The strategy follows the
approach to: i) firstly, obtain a molecular cast of the target antibody, synthesized as a MIP particle,
and then ii) perform the second imprinting stage, analogous to a stamping method, in which
polymerization occurs by compression of the pre-synthetized MIP particles onto a pre-polymerized
layer placed on the surface of a quartz crystal microbalance (QCM) electrode. Therefore, the polymer
layer will be covered with molecularly imprinted antibody replicas after removing the stamp.9%-201
This methodology limits the range of applications to those that are usually based on immobilized
antibodies on surfaces, such as biosensors or immunoassays that are often performed on chips.
However, it is difficult to gather if the production of such immunoassay platforms could be improved
with this strategy instead of using actual antibodies. Again, literature is found lacking in an actual
economic analysis of the cost of production.

Although direct imprinting for detection and separation of proteins seems to be fairly well
explored in the literature, there is still a call for designing MIPs for other challenging proteins with

biomedical interest, particularly disease biomarkers, like surface membrane proteins expressed in
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cancer, for example, the biomarker expressed on breast cancer cells CD44 that will be explored as the
template for the bioimprinted MIP in this thesis.

One point of concern is the fact that cross-selectivity between similar proteins may impair MIP
performance, resulting on false positives, as several studies look at the selectivity of the MIPs against
proteins that are not the target, but share similar structural characteristics. Indeed, in a competitive
assay, using the previously mentioned lysozyme MIPs, no statistical difference was found in the
adsorption capacity for lysozyme, trypsin, and cytochrome c, three proteins of high isoelectric point.
While such MIP bound preferentially to lysozyme, the maximum adsorption capacity was close to 800
mg/g for the three proteins.?°? This result raises concern over the fact that imprinting alone may not

account for the selectivity of certain classes of proteins.

I-3.2.2. Epitope imprinting
When entire proteins are used as templates for MIP preparation, their efficient removal after
polymerization is impaired, due to difficult diffusion through the MIP network. Additionally, proteins’

tertiary conformations, which depend on conditions, such as pH, solvent, and temperature,?°

are
unstable, contributing to the lack of MIPs selectivity. To overcome such drawbacks, using only a part
of the protein as the template has been proposed as an imprinting strategy. Indeed, in the epitope
imprinting approach, short linear peptides are used as the target molecules for the MIP, as will be the
case for the CD44 template explored in this thesis. Therefore, in this case, the selective recognition
neglects the protein 3D conformational specificity and relies on amino acid recognition, since
imprinting is based only on the amino acid sequence, the primary structure of the peptide, instead of
secondary and tertiary structures of proteins. Epitope design and selection strategies have been
extensively discussed,?®* covering computational tools for selection of appropriate amino acids
sequences and peptide length to maximize affinity of the MIP developed.

A possible strategy for proteins that have their C- or N-terminus exposed is to use such extremity
as the site around which the MIP will be formed and the protein selectively captured. Nonapeptides
as target molecules, peptides with a nine amino acid sequence length, have been selected to be large
enough to allow the unique identification of a particular protein.?®> Such strategy was used for the
development of MIPs for cytochrome c, BSA and alcohol dehydrogenase (ADH), in which nine amino
acid sequence peptides of the C-terminus of these proteins were successfully used as templates in the
synthesis of molecular imprinted films.2% In these examples, the authors also used solid phase
synthesis to facilitate the polymerization reaction around the template peptides.

MIP-NPs were also synthesized for an exposed C-terminus peptide of green fluorescent protein

(GFP) by inverse microemulsion polymerization, using AAm and N,N’-methylenebisacrylamide (MBA)
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as monomers, and APS and N,N,N’,N’-Tetramethylethylenediamine (TEMED) as initiators.2%
Surfactants were also added so that polymerization occurred in inverse microemulsion, where the
peptide was correctly oriented at the interface of water and oil domains, without the need for
previous template surface immobilization. In another study, an exposed antigenic domain of Lpp20,
an outer membrane lipoprotein antigen specifically expressed by all the H. pylori strains, was used as
a template in inverse mini-emulsion polymerization, using AAm as functional monomer. The obtained
MIP was successfully assessed to capture the bacteria H. pylori.?® While examples of epitope
imprinting by inverse emulsion polymerization are still scarcely reported, possibly due to poor stability
of epitopes on the water/oil interface, this is an innovative and apparent simple method for MIP
preparation, as it skips the steps of template immobilization required on solid phase synthesis, i.e.
avoids the steps of activation and functionalization of the solid support, immobilization of template
and several washing steps.

It is worth noting that most studies overviewed use acrylate-based functional monomers, without
discussing further progress in the literature in the selection and use of alternative types of monomers.
Similarly, MBA and APS are the recurrent choices for cross-linker and initiator, respectively. Such
selection has several advantages in terms of polymerization techniques' efficiency and obtained MIP
performance. However, considering concerns on promoting the development of sustainable and

greener processes in MIP design,?°®

alternative reagents could be procured, such as, for example,
itaconic acid obtained from fermentation of Aspergillus species.

Overall, epitope imprinting has the advantage of relying only on the use of short peptides as
templates instead of the whole protein, which are potentially easy to synthesize, and thus more
available than their protein counterparts. As such, concerning the bioimprinted MIPs to be developed
for the CD44 epitope for breast cancer targeting, the solid phase synthesis will be explored, and the

functional monomers will include acrylate-based monomers, such as acrylic acid, but also itaconic acid

will be explored as an alternative in Chapter VIl of this thesis.

11-3.2.2.1. Conformational epitope imprinting

Epitope imprinting based on the primary structure of an exposed peptide sequence, although
efficient, is limited, as not all proteins meet the required criteria, such as the target protein to include
an exposed C-terminus or an amino acid sequence both specific and short enough. A possible solution
for these limitations is the use of conformational epitope imprinting. This approach uses as template
the primary, secondary and tertiary structure of the selected epitope, thus, incorporating the

recognition of the specific 3D conformation of the epitope into the MIP.
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This strategy was applied in the design of a MIP for the p32 protein, by inverse microemulsion
polymerization.?”® p32, a membrane protein that is overexpressed on the surface of varied tumor cell
types, has the potential to target and mediate drug delivery and thus the developed MIP has the
potential to actively target tumors. This protein has an N-terminal a-helix in the extracellular domain,
which was set as the target site for the MIP. The peptide apamin mimics the extracellular domain of
p32, as it has a sequence of seven aa residues identical to the one present on this domain, and it was

successfully used as the imprinting template.'”

Il-3.2.2.2, Peptide imprinting
Peptide imprinting has not only been used for protein recognition, but also for recognition of the
peptides themselves. In this strategy, a short peptide sequence is again used as template. Synthesis
of peptide-selective MIPs has been reported for varied peptides. A MIP for the recognition of the
hormone oxytocin was synthetized by bulk polymerization, using as template a tetrapeptide with the
same three amino-acid C-terminal section of the structure of oxytocin, and using methacrylic acid
(MAA) as functional monomer and ethylene glycol dimethacrylate (EGDMA) as crosslinker.’®
A MIP for the recognition of the hormone angiotensin I, with a detection limit of 8 pM, was
achieved by free radical polymerization using as functional monomer sodium acrylate, and as cross-
linker poly(ethylene glycol) diacrylate. In this case, the whole peptide was used as template since the
it has a short eight aa sequence.?®®
The synthesis of MIP-NPs for the specific binding of melittin, which is a bee venom biotoxin,
was achieved by precipitation polymerization.'® Melittin has 26 amino acids, of which 6 are positively
charged, 6 residues at the C-terminus are hydrophilic, and the remainder is mostly composed of non-
polar amino acid residues. In this study, the authors established a rationale for monomer selection
considering the overall polarity of the peptide and the individual charge of each amino acid residue of
the peptide sequence. Hence, the optimum monomer combination should comprise a mix of
hydrophobic and negatively charged monomers to bind to the opposing charges of the residues of the
target peptide. The two most successful monomer combinations contain 40% of hydrophobic
monomers (N-tert-butylacrylamide, TBAm) and 5% of negatively charged functional monomers
(acrylic acid, AAc), or 5% hydrogen bonding monomer (AAm), 5% negatively charged monomers (AAc)
and 40% of hydrophobic monomers (TBAm). Kp obtained by nonlinear fitting of Langmuir isotherms
for these MIPs were in the range of 7.3-25 pM, which are comparable to the Kp of a natural antibody
(10 pM to 5 nM),%1%212 thus suggesting that the same affinities can be achieved for the MIP as the
natural counterpart, showing the importance of functional monomer selection for successful

biomacromolecule MIP synthesis. These strategies illustrate a more holistic approach where the global
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charge and hydrophobic/hydrophilic balance of molecules are considered on MIP design, to potentiate

more probable success in tailoring host site formation to template-specific structural properties.

11-3.3. Applications
MIPs for biomacromolecules have the potential for numerous applications, from
bioseparation and purification processes in biotechnology and pharmaceutical industries to
biomedical applications. Many of the studies described in this section target selective recognition of
proteins aiming at the potential application of MIPs in the separation and purification of proteins
within pharma or food industry processes. In this context, the use of MIPs has been explored in affinity
chromatography as it has been demonstrated for lysozyme, BSA, haemoglobin, and cytochrome
C.184'185'191’192'194
The biomedical field covers a broad spectrum of potential applications for biomacromolecule
MIPs, spanning from biosensors and targeted drug delivery. MIP-based biosensors have been
extensively explored in the literature, with protein quantification method being the prime target for
MIP application, as the current technology relies on expensive immunoassays. An especially
motivating application of MIP biosensors is their use as diagnostic tools. Fig. Il - 6 and Table Il - 5
resume some examples of recent studies using MIPs for proteins, coupled to varied sensing units, as
biosensor diagnostic tests with clinical relevance. As previously mentioned, MIP-based biosensors for
detection of biomarkers of cancer and neurodegenerative diseases, often using electrochemical
detection, have been a focus of recent research. Nevertheless, MIP-based electrochemical biosensors
have also been developed for other clinically relevant biomarkers such as troponin T,*” or myoglobin

in cardiac disease.'® Several studies have also explored MIPs for detection of viral detection systems,

214 171

for example for poliovirus,?®® bovine leukaemia virus,?'* and dengue virus.

Of particular relevance in recent years are MIP-based sensors for detection of SARS-CoV-2, for

175 or a surface plasmon

instance using a disposable electrochemical chip with high sensitivity,
resonance optical sensor,’? capable of detecting SARS-CoV-2 in nasopharyngeal swab samples of
COVID-19 positive patients (Fig. Il - 6). Further works using MIP-based electrochemical sensors for
SARS-CoV-2 have been developed using electroconductive polymers, namely polypyrrole, with
significant sensitivity of detection with calibration curves with protein concentrations ranging 0-25
pg/mL.14%150 A study worth noting is the design of an electrochemical sensor using two alkane thiols
(11-mercaptoundecanoic acid and 6-mercapto-1-hexanol) to form a self-assembled monolayer MIP
for the spike protein of SARS-CoV-2 with a reported LOD as low as 0.34 nM and a limit of quantification

around 1 nM.?*> Overall, electrochemical detection coupled to MIP for proteins appears to be a

promising method to reach low LODs for relevant clinical targets.

47



Imprinting on Au and photoresist layer using
optical fiber for SPR detection

Sample (SWAB, Saliva, etc)

Imprinting on piezoelectric crystal surface for QCM
detection

QCM system

—_———
Fluidic cell
,MIP Receptor #
(3 /| Gold layer ‘g |
@ o computer for
L) __Photoresist H 208 cnllction
Covid-19 patient o ~ G
7 ~
/ = MIPDA-functionalised
‘ > | QCMerystal\ |
‘ —aR9F Rebinding of target protein
SARS-COV-2 Virus —> SPR-MIP sensor—T % ﬂ Y
SURFACE-MEDIATED MIPs eI ‘
DETECTION METHODS —
Recognition Functional group
) it cavity interaction
9(0‘6‘“
Reference \
signal
2 (i pre—— % / Fel(CN)

iy Without protein (1)

CTTET R %
protein (I) o
=i
=
S
Sensing | i A
signal | =7 "
+ Raman reporter (DTTC) - — —
/ 4 Site occupying reagent |
(CBBG) > >
+ o) Dilution x20 - & 1
by lysis buffer Potential
27 pharyng: i of of
/-’eeuls swab specimen  ncovNP tothe  sensor chip in
oLia T

inUTM solution the solution

Imprinting on capillary tubes surface coated

Electropolymerization on electrode surface for electrochemical
with Au nanostars for SERS detection

detection

Fig. Il - 6. Representative surface mediated MIPs detection methods, including surface plasmon

resonance (SPR) using a plastic optical fiber (POF) (reprinted with permission from 72 under Creative

Commons License - Attribution 4.0 International - CcC BY 4.0 -

https://creativecommons.org/licenses/by/4.0/legalcode), QCM (reprinted from 21¢, Copyright 2023,
with permission from Elsevier), surface-enhanced Raman scattering (SERS) (reprinted from 1,

Copyright 2023, with permission from Elsevier), and an electrochemical method (reprinted from 7>,

Copyright 2023, with permission from Elsevier).
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Table Il - 5. MIPs for proteins with clinical relevance and detection units as biosensor diagnostic tools.

Target protein

Clinical relevance

Detection

Ref

Troponin T Cardiac biomarker for early cardiac Electrochemical 197
disease diagnosis

Myoglobin Very early cardiac biomarker of acute Square  wave and 188
myocardial infarction differential pulse

voltammetry

Albumin Indicator of kidney or liver disfunction QCM 2w

Butyrylcholinesterase = Acute and chronic liver damage Electrochemical 218
indicator; prognostic indicator in
cancer

Human chorionic Marker of ectopic pregnancy or Chemosensing by %

gonadotropin trophoblastic tumors; screen for fetal extended-gate  field-

congenital abnormalities

effect transistors and

capacitive impedimetry

PSMA

Prostate cancer biomarker

Love wave sensor

178

Carcinoembryonic

antigen (CEA) and

poliovirus

CEA: Colon cancer biomarker;

Poliovirus:  causative agent of

poliomyelitis

Potentiometry

213

Bovine leukaemia virus

glycoprotein

Bovine leukaemia diagnostic

Electrochemical

214

Dengue virus NS1

protein

Indicator of dengue virus infection

QcMm

171

Human interleukin-1

Indicator of varied inflammatory

diseases

Luminescence

219

SARS-CoV-2

nucleoprotein

COVID-19 diagnostic

Electrochemical

175

Subunit 1 of the SARS-

CoV-2 Spike protein

COVID-19 diagnostic

Surface plasmon

resonance

172

SARS-CoV-2 Spike

protein

COVID-19 diagnostic

Electrochemical

149,150,215

MIPs may also be explored as targeting agents, for example, of a tumor, by binding to the
membrane surface protein of the tumor cells, namely of a protein that is overexpressed on the surface
of cancer cells. In this line of work, MIP-NPs have been developed to target the extracellular a-helix
domain of the p32 protein in in vitro and in vivo models.'’° Such type of MIPs, loaded with a fluorescent

probe (IR-783 dye), were assessed for tumor imaging in mice, and when encapsulating a
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photosensitizer compound, such as methylene blue, that was used for photodynamic treatment of
tumors. The encapsulation process took place during polymerization by simply adding the desired
compounds (IR-783 and methylene blue) to the aqueous phase before initiating the inverse
microemulsion polymerization, where AAm and MBA were used, respectively, as functional monomer
and cross-linker.'”® This study demonstrated that MIP-NPs can simultaneously function as targeting
tools and nanocarriers for drugs.

In another study, the C-terminal linear peptide of EGFR (amino acids 418-435:
SLNITSLGLRSLKEISDG), an overexpressed receptor on the cell surface of many tumors, was used as the
template for production of MIP-NPs by solid phase synthesis. This MIP was assessed for targeted drug
delivery to MDA-MB-468 breast cancer cells.’ In this case, a dual imprinting strategy was followed,
in which the chosen drug (doxorubicin) was used as a secondary template present in solution with the
monomers (NIPAm, TBAm and N-(3-aminopropyl) methacrylamide (APMA)) and the cross-linker
(MBA),** as represented in Fig. Il - 7. After binding of the MIP to the EGFR receptor, the anticancer
drug was released by diffusion and accumulate around cancer cells, promoting cancer cell death. This
study illustrates a strategy where the MIP presents binding sites for the drug and for the membrane
receptor, demonstrating that MIP-NPs can selectively deliver a drug, by response to the TME, to

specific cell targets.
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Fig. Il - 7. Schematic representation of dual imprinting strategy using solid-phase synthesis.
The potential of using MIPs for therapies in humans is an extremely important feature that need

to be addressed. Some studies have demonstrated efficacy in cell culture and some have used in vivo

models, such as mice. For instance, a MIP targeting the folate receptor in cancer cells have been tested
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in mice bearing cervical cancer (Hela) tumors, showing both the safety of using the MIPs in an
organism, while showing the effectiveness of the targeting of the tumor and drug delivery.??

An important feature in clinical applications is the successful detection of a therapeutic targeting
agent by imaging techniques. A synergistic chemo- and photo-dynamic cancer therapy with a dual
imaging agent relying on dual-template MIP-NPs was recently demonstrated in in vitro and in vivo
models. In this study, the MIPs were synthetized for the CD59 epitope, as this protein is overexpressed
in solid tumors, and the secondary template was doxorubicin as the chemotherapy agent. For the dual
fluorescent/magnetic resonance imaging, gadolinium-doped silicon quantum dots were first prepared
and used as the core of the MIP-NPs, and photosensitizer chlorin e6, the photo-dynamic cancer
therapeutic, was embedded in the silica core. The polymerization took place on the surface using
NIPAm, Aam and TBAm as functional monomers and MBA as cross-linker.?2! The synthesis process
complexity increases the number of variables to be considered over the synthesis, i.e. functional
monomers that will match functional groups in both peptide and drug templates, cross-linkers,
initiators and solvents compatible for both molecules. This work successfully showed that the already
evidenced targeting ability of MIPs for biomarkers can be further explored to comprise several
therapeutic options. Furthermore, it also evidences the potential of protein MIP-NPs to be coupled to

imaging tools, allowing a more precise guided cancer treatment.
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I1-4. Summary

In the field of cancer treatment, the development and utilization of smart responsive materials,
particularly those responsive to pH and electrostimulation, mark a significant step towards
personalized and effective therapies. The multifaceted challenges posed by cancer demand innovative
solutions that can adapt to the dynamic microenvironments within the body. pH-responsive materials
offer a tailored approach, capitalizing on the acidic nature of the TME to selectively deliver therapeutic
payloads to cancer tissues while sparing healthy cells. This targeted delivery minimizes off-target
effects and enhances the efficacy of cancer therapies, reducing systemic toxicity and improving patient
outcomes.

Moreover, the integration of electroresponsive materials introduces a new dimension of control
and precision in cancer treatment, offering unique advantages such as controlled and on-demand drug
delivery. By harnessing external stimuli such as electrical signals, these materials enable real-time
modulation of drug release kinetics and cellular interactions. This dynamic responsiveness empowers
clinicians to fine-tune therapeutic interventions according to individual patient needs, optimizing
treatment efficacy and minimizing the adverse effects of traditional chemotherapy. Additionally,
electroresponsive materials hold promise for synergistic approaches, facilitating combination
therapies and overcoming multidrug resistance mechanisms prevalent in many cancers.

The versatility and adaptability of smart responsive materials underscore their potential as a
cornerstone of future cancer therapeutics. As research advances, further refinement of these
materials will likely enhance their biocompatibility, specificity, and functionality, unlocking new
avenues for precision medicine. Collaborative efforts across disciplines, from materials science to
oncology, will be essential in driving forward this transformative field. By harnessing the power of
smart responsive materials, we can envision a future where cancer treatment is not only more
effective but also more personalized, offering hope to patients and caregivers alike in the fight against
this devastating disease.

The field of molecular imprinting of biomacromolecules has seen significant growth over the past
decade despite the inherent challenges, such as the need for their synthesis to be compatible with the
use of aqueous media and allow for the immobilization of the target molecule, to ensure that proteins
and peptides maintain their native conformations during polymerization.

In light of the advantages of MIPs, such as being cheap, easy to synthesize in a reproducible way,
and showing robust performances in a variety of solvents, it is not surprising that MIPs for
biomolecules have been considered suitable for medical diagnosis and therapeutics, but also as

replacements of enzymes in catalytic processes or even used as bioelectrodes for energy harvesting.
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Concerning the template molecule, most proof-of-concept studies used as template readily
available and “low-cost” proteins, such as BSA or cytochrome c. This could be somewhat expected as
more interesting protein targets are expensive, as is the case of human disease biomarkers, such as
receptors that are overexpressed on the surface of tumor cells. However, the impact of using MIPs,
instead of antibodies, is based on the cost-effectiveness of the process to obtain MIPs, therefore it is
important to maintain low costs when expensive templates are used. A possible strategy could be the
reuse of the template in several polymerization reactions, when it is immobilized on a solid surface,
similar to what is seen for catalytic enzymes in bioprocesses, that are reused throughout batches until
they lose enzymatic activity. Unfortunately, the literature is severely lacking on studies reporting for
how many batches, can the templates be reused in MIPs synthesis, with only one available study
reporting the maintenance of the MIPs properties (size and Kp) for over 30 batches.#’

Epitope imprinting appears to be a promising approach for the near future as it not only minimizes
the complications of dealing with very large and condition-sensitive templates during polymerization,
but also decreases the difficulty in template removal after syntheses, due to diffusion constraints in
the polymer network. This strategy could contribute to decrease the cost associated with the template
as well. However, this also comes with limitations as these epitopes need to comply with certain
characteristics, namely an appropriate length to ensure a specific recognition mechanism, and loss of
the tertiary structure contributions to recognition specificity.

In terms of applications, the potential of using MIPs as biosensors seems to be a consensus in the
literature, with most studies focusing on diagnostics, ranging from cardiovascular and
neurodegenerative diseases to cancer. There is a continuous call for new MIP development as new
pathogens are identified, and more reliable disease biomarkers are being assessed in biology and
medicine. The targeting potential for directed drug delivery has also been reported showing that MIPs
for biomarkers can target tumors and function as drug carriers, for example. However, it was not until
recently that MIPs with dual affinity sites (biomarker and drug) were synthetized and tested in in vitro
and in vivo models. Indeed, this adds complexity to the synthesis process and possible cross
interference in binding site formation for the protein should be further assessed. So far, studies have
relied on MIP-NP endocytosis by the cells for drug delivery or laser incidence for photodynamic
therapy. Thus, it would be interesting to assess the incorporation of stimuli responsive characteristics
on MIPs, such as pH-responsive or electro-responsive, for enhanced controlled targeted drug delivery.

Furthermore, it is extremely important to ensure the safety of use of MIPs in human patients.
However, very few studies have been performed using animal models in pre-clinical settings, to show

the safety and efficacy of MIPs for therapeutic applications.
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Overall, moving forward to clinical approval and commercialization of MIPs for proteins and
peptides for biomedical applications, it would be interesting to see further studies reporting
biocompatibility, safety, and immunogenic responses using in vivo models to ease the bench-to-
bedside transition. Additionally, for studies claiming the reusability of the template and the
downsizing of production costs, it will be important to have experimental data and economic analysis

supporting claims that would ease the path to commercial success of MIPs.
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lli-1. Introduction

Cancer is the leading cause of death worldwide, being responsible for nearly 10 million deaths in
2020 (nearly one in six deaths).! Although over the last few years, significant progress has been made
in cancer treatment, which involves chemotherapy, biological and hormonal therapy, surgery and/or
radiation, the two main problems still persist: current cancer treatment has a high cost and, what is
worst, it still causes adverse side effects. The latter are of particular concern when chemotherapeutic
agents are used. For example, doxorubicin, which is a conventional and still widely used
chemotherapeutic agent, causes oxidative stress-mediated injury to the brain, kidney, and heart.?*
Furthermore, cancer cells can develop resistance to chemotherapeutic drugs, which results in higher
mortality rates.>®

In recent years, therapeutic peptides have become a novel and promising approach for the
development of anti-cancer agents with less potential side effects.”'? Anti-cancer peptides (ACPs)
exhibit several advantages over chemistry-based chemotherapeutic agents, such as high specificity
and low toxicity to normal cells. They also display some disadvantages, such as cell membrane
impermeability and poor in vivo stability.’* However, such drawbacks can be partially or, even, totally
overcome by designing suitable peptide modifications.

Among ACPs, CR(NMe)EKA [Cys-Arg-(NMe)Glu-Lys-Ala, where (NMe)Glu refers to N-methyl-Glu],
was found to be particularly attractive for prostate cancer on account of its small size (i.e. five residues
only).} This ACP, which induces prostate tumor necrosis and significant reduction in tumor growth,
was inspired by CREKA (Cys-Arg-Glu-Lys-Ala) (Scheme Il - 1), a pentapeptide discovered by in vivo
phage display technique®® that has been extensively utilized for the image diagnosis of tumors'*° and
to inhibit tumor cell migration and invasion.'*?® Furthermore, CREKA and CR(NMe)EKA have been
loaded into intrinsically conducting polymers films and NPs to promote their specificity towards fibrin-

21,22

fibronectin complexes??2 and to regulate their delivery by electro-stimulation,? respectively. Besides,

2429 including cancer treatment.2%28:29

CREKA has been extensively used for therapeutic applications,
Not only did the substitution of Glu in CREKA by (NMe)Glu in CR(NMe)EKA over-stabilize the peptide

bioactive conformation, but also significantly increased its resistance to endogenous proteases.
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Scheme Il - 1. Chemical structure of CR(NMe)EKA (left) and CREKA (right). The (NMe)Glu and Glu

residues are highlighted.

Recently, both CR(NMe)EKA and CREKA were reported to tend to rapidly form aggregates, which
increased in size, from the nanometric to the submicrometric scale, with peptide concentration,?! with
this behavior being more pronounced for CR(NMe)EKA than for CREKA. Indeed, the diameter of
CR(NMe)EKA aggregates, as measured by dynamic light scattering (DLS), increased from 59 + 21 nm
to 470 + 172 nm when the peptide concentration varied from 0.5 to 5 mg/mL, while the aggregates of
CREKA increased from 255 + 55 nm to 589 + 93 nm. However, many aspects of CREKA and CR(NMe)EKA
aggregates, including their morphologies, remain unstudied.

Peptide aggregates are usually formed by the self-assembly of individual molecules, which under
controlled conditions form supramolecular structures through well-defined non-covalent
interactions.?? For a given peptide, not only does the peptide concentration define the self-assembly
process, but also the properties of the environment (i.e. polarity and volatility), and, in some cases,
the substrate, as well.33 In order to understand the driving forces that dominate peptide self-assembly

and assembly mechanisms, this process has been carefully studied lately for model peptides, including

34-36 37-39

polar, amphiphilic, and highly hydrophobic compounds.*®4* Regarding therapeutic peptides,
their self-assembly in amorphous or highly ordered aggregates may reduce the physical stability of the
peptides in question, not only leading to a loss in activity, but also other critical problems, such as
toxicity and immunogenicity.** Therefore, within this context, it is worth noting that complete
knowledge and understanding of the aggregation tendency of ACPs is of fundamental importance for
their clinical usage.

In this chapter, we aim to investigate, for the first time, the self-assembly of CR(NMe)EKA ACP and,
by extension, of its parent peptide, CREKA. Initially, we provide experimental evidence of the
secondary structures preferred by both peptides as a function of peptide concentration and pH, which

have been identified in solution, as well as in the aggregate (solid) state using circular dichroism (CD)
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and FTIR spectroscopy, respectively. Spectroscopic results have been supported by Molecular
Dynamics (MD) computer simulations based on atomistic models. Finally, the experimental conditions
that give rise to well-defined self-assembled aggregates have been examined, and the shape of such
aggregates has been characterized by SEM. A self-assembly mechanism is proposed to explain the

formation of CR(NMe)EKA dendritic microstructures with fractal geometry.

Il -2. Materials and methods

Hn-2.1. Materials
CREKA and CR(NMe)EKA peptides with > 98% of HPLC purity were purchased from Biomatik

(Toronto, ON). Ultrapure milli-Q water was used to prepare all the aqueous solutions.

- 2.2. Samples preparation

Initial stock solutions of CREKA and CR(NMe)EKA peptides were prepared at 5 mg/mL
concentration in milli-Q water. The desired peptide concentration solutions were prepared by dilution
of the stock solutions with milli-Q water. Phosphate buffered saline (PBS) solutions at three pH values
(4, 7 and 10) were considered, with acid and basic pHs being adjusted using concentrated HCl and

NaOH solutions, respectively.

1 -2.3. Spectroscopic studies

Circular dichroism (CD) spectra) were recorded between 200 and 250 nm at room temperature
using a Chirascan plus qCD equipment, a 10 mm cell path and 700 pL of aqueous peptide solutions at
different concentrations and pHs. Spectra, which were acquired at a scan speed of 60 nm-minwith a
1 nm step using a 1 nm band-with and a time-per-point of 1 s, were averaged after three
accumulations and corrected by subtraction of the background spectrum.

FTIR spectra of solid peptides were recorded on a FTIR Jasco 4100 spectrophotometer equipped
with an attenuated total reflection (ATR) accessory (Top-plate) and a diamond crystal (Specac model
MKII Golden Gate Heated Single Reflection Diamond ATR). Samples, which were evaluated using the
spectra manager software, were prepared by dropping 20 pL of aqueous peptide solution on
aluminum foil and left at 4 °C until complete solvent evaporation. For each sample, 32 scans were

recorded between 4000 and 600 cm™ with a resolution of 4 cm™.
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1-2.4. Computer simulations

All bonding and non-bonding parameters for standard amino acids were obtained from Amber03
force field.* The parameters of the non-coded (NMe)Glu residue had previously been computed and
fitted into Amber03.%.

Two different systems, one for each studied peptide, were built by randomly placing 15 identical
molecules in a simulation box with an intermolecular average distance of about 1.8 nm (i.e. molecules
were mostly non-interacting among each other, according to the “minimum-bias” approach). At the
simulated conditions (neutral pH), each studied peptide molecule presented a positive net charge,
which was neutralized by adding a chloride ion per strand, for a total of 15 anions per studied model.
Finally, each simulation box (9.5 x 8.5 x 9.0 nm3) was filled with approximately 23000 TIP3P water
molecules,* with overlapping water molecules being removed.

Molecular dynamics (MD) series were performed with NAMD 2.10 software package.*® The time
step was set at 2 fs, and the distances of all bonds involving hydrogen atoms were kept at their
equilibrium values with the RATLLE algorithm.*” Atom pair distance cut-offs were applied at 1.4 nm to
compute all van der Waals interactions. To avoid discontinuities in this energy component, the van
der Waals energy term was forced to slowly converge to zero by applying a smoothing factor from 1.0
nm. Electrostatic interactions were extensively computed by means of Ewald summations. The real
space term was defined by the van der Waals cut-off (1.4 nm), while the reciprocal space was
computed by interpolation of the effective charge into a charge mesh with a grid thickness of 1 point
per A3 (particle mesh Ewald).*® In all MD simulations, both temperature and pressure were controlled
by the weak coupling method, the Berendsen thermo-barostat,*® and a time constant of 1 ps was
applied for heat bath coupling and pressure relaxation.

Equilibration was achieved by applying the following steps: 1) the energy of each system was
relaxed by 10* steps of energy minimization using Newton Raphson method; 2) then, the solvent was
equilibrated using a 1 ns long trajectory with NVT conditions at 500 K while the peptides were kept
frozen; 3) the temperature was set at 298 K and another 1 ns NVT trajectory was run, unfreezing the
peptide chains for thermal equilibration; and 4) 1 ns in NPT conditions, pressure set at 1.034 bar, and
keeping the former temperature in order to relax the density of the solution. This later step is the
beginning of the production runs of each trajectory series, keeping identical simulation conditions to

those of the NPT equilibration cycle.
1l - 2.5. Morphological studies

20 pl aliquots of the peptide solutions at different concentrations and pH values were placed on

glass coverslips and kept inside a cold chamber (4 °C) until dryness (~15 days). Scanning electron
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microscopy (SEM) studies were performed in a Focussed lon Beam Zeiss Neon 40 scanning electron
microscope operating at 5 kV and equipped with an EDX spectroscopy system. Samples were mounted
on a double-side adhesive carbon disc and sputter-coated with a thin layer of carbon to prevent

sample charging problems.

Il - 3. Results and discussion

1 -3.1. Secondary structure in solution and solid state

Firstly, the conformation of CREKA and CR(NMe)EKA was examined in solution by circular
dichroism (CD) considering not only different peptide concentrations (from 0.01 to 1 mg/mL), but also
diverse pH values (4, 7 and 10). Indeed, their secondary structure, as well as the tendency to self-
assemble into ordered structures, was expected to be drastically affected by the ionization state of
the charged residues: Arg, Glu / (NMe)Glu and Lys residues (Scheme 1). The pKa of Glu, Arg and Lys
side groups is 4.2, 12.5 and 10.5, respectively; while the pKa of the ionizable amino and carboxylate
groups of the N- and C-terminus is ~8 and ~3, respectively.>® Accordingly, the Glu / (NMe)Glu side
group will be predominantly neutral at pH 4, while the Arg and Lys side groups and the two backbone
terminal groups will remain ionized (total molecular charge: +2). Instead, all such residues and
backbone terminal groups will be predominantly ionized at pH 7 (total molecular charge: +1), while at
pH 10 the amino terminal group will be de-ionized (total charge: +0). Hence, the pH will govern
ionization and, thus, the intra and intermolecular electrostatic interactions that control the secondary
structure of CREKA and CR(NMe)EKA.

The CD spectra recorded for different peptide solutions at neutral pH are displayed in Fig. lll - 1.
For concentrations < 0.1 mg/mL, CREKA exhibits a negative band at around 200 nm, which shifts to a
higher wavelength with increasing peptide concentration (208 nm at 0.1 mg/mL), and a positive band
at 222 nm (Fig. lll - 1a). This profile, which is maintained at pH 4 and 10 (Fig. lll - 2a), is fully consistent
with a random structure. The shape of the spectrum changes when CREKA concentration is > 0.25
mg/mL. In such cases, a single positive band (i.e. the negative band disappears) is detected, and the
position of the maximum increasing with peptide concentration (from 225 nm for 0.25 mg/mL to 232

nm for 1.0 mg/mL). These spectra, which are typically associated with a B-turn,>3

are in good
agreement with the bioactive conformation proposed for CREKA, which consisted of a turn
conformation with the charged side chains pointing outwards to facilitate the formation of
intermolecular interactions.>* The slight shift in wavelength of the peaks could be correlated with the
increasing contribution of arginine with increasing concentration of peptide, as high arginine content

has been shown to make more difficult the detection of protein signal in CD spectra.>®

85



z

12
g
v -
£ 6
E -
2 3
e ]
S0 -
T 4
S -3 A 1.0 mg/mL  —0.50 mg/mL
3 7 0.25 mg/mL —0.10 mg/mL
S 61 —0.050 mg/mL —0.025 mg/mL
9 ] —0.010 mg/mL
200 210 220 230 240 250
Wavelength (nm)
(b)
10
0

I S——

1.0 mg/mL 0.50 mg/mL
0.25 mg/mL 0.10 mg/mL
—0.050 mg/mL —0.025 mg/mL

—0.010 mg/mL

200 210 220 230 240 250
Wavelength (nm)

&
o

Circular dichroism (mdeg)
& &
o o

.
o

Fig. Il - 1. CD spectra for (a) CREKA and (b) CR(NMe)EKA in aqueous solution and pH 7 at different

peptide concentrations.

The spectra obtained for CR(NMe)EKA were completely different from those recorded for CREKA.
CR(NMe)EKA exhibits a single negative band that shifts from 231 nm at low concentrations to 243 nm
at 1.0 mg/mL (Fig. lll - 1b). This profile has been related to a B-sheet structure and the shift observed
at increasing peptide concentrations, which is practically independent of the pH (Fig. lll - 2b), suggests
the enhancement of the B-sheet structure.®®*” Thus, the change from positive peak to negative peak
in the same region translates into a change in conformation from B-turn to B-sheet with the
methylation of the peptide. Accordingly, it is hypothesized that intermolecular

CR(NMe)EKA:--CR(NMe)EKA interactions favor a more extended structure, which should promote self-

86



assembly aggregation processes. Our hypothesis is supported by the conformational restrictions

imposed by the (NMe)Glu residue, which stabilize elongated conformations.*®
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Fig. lll - 2. CD spectra for (a) CREKA and (b) CR(NMe)EKA in aqueous solution and pH 4 (left) and pH 10

(right) at different peptide concentrations.

The secondary structure of CREKA and CR(NMe)EKA in the aggregate state was studied as a
function of the ionization state and peptide concentration of the feeding solution using FTIR
spectroscopy. For this purpose, 20 pL of peptide aqueous solutions at 0.01, 0.1, 1.0, 2.0 and 5.0 mg/mL
concentrations and at pH 4, 7 and 10 were dropped on aluminum substrate and left at 4 °C until
complete solvent evaporation. Fig. lll - 3 displays the recorded spectra in the region of the amide |
(16001800 cm™) and amide 11 (1470-1570 cm™), which are the most prominent and sensitive bands

of the peptide backbone and are related to peptide secondary structural components.
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Fig. Il - 3. FTIR spectra in the amide | and Il regions for (a) CREKA and (b) CR(NMe)EKA peptides.
Spectra were recorded after evaporation of the solvent at 4 °C. For this purpose, peptide aqueous
solutions at 0.01, 0.1, 1.0, 2.0 and 5.0 mg/mL concentrations and at pH 4, 7 and 10 were dropped on

aluminum substrate.

For both peptides, the spectra recorded at neutral and basic pH are better defined than those at
acid pH, which suggests that electrostatic interactions play a crucial role in the aggregation process.
CREKA shows a predominant broad absorption band centered at 1650 cm™, which increases with
peptide concentration (Fig. lll - 3a). Although this has been assigned to a random coil conformation,
the small peaks in the range of 1600-1700 cm™ suggest that other secondary structural motifs have a
minor contribution (e.g. B-sheet, 310-helix and B-turn at 1620, 1669 and 1683 cm™). This feature is fully
consistent with the fact that small peptides present more than one conformation since subtle
conformational rearrangements allow the interconversion between different secondary structures.
Conversely, small peaks are not detected in the CR(NMe)EKA spectra, which only show a pronounced
broad band centered at 1620-1660 cm™ interval (Fig. Il - 3b). At the higher concentrations and pH 7
and 10, this band splits into two peaks centered at 1628 and 1658 cm™, which are consistent with

pseudo-extended and turn or random coil structures, respectively. In CR(NMe)EKA, the
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conformational variability of CREKA is expected to be restricted by the constrictions imposed by the
substitution of Glu by (NMe)Glu. Besides, the amide Il peak, which corresponds to the N-H bending
vibration and the C—N stretching vibration (amide 1l), experiences a redshift from 1550 to 1534 cm™
with increasing peptide concentration, which is consistent with the formation of intermolecular
hydrogen bonds in the aggregates.

Computer MD simulations on CREKA and CR(NMe)EKA atomistic models were performed
considering 15 independent peptide molecules, which were initially non-interacting, in a simulation
box filled with water molecules (see Methods section). After 70 ns of production trajectories, the
preferred hydrogen bond patterns were analyzed as a function of how the peptide chains are
organized (i.e. isolated or part of an aggregate). The geometric criteria used to account for hydrogen
bonds were: (1) distances H::-O shorter than 0.3 nm; and (2) angles £N-H---O higher than 120.0°. Fig.
Il - 4 shows the distribution of preferred hydrogen bonding patterns as function of the number of
chains present in an aggregate for the production trajectory (being the number of chains 1 when a
peptide is not part of an aggregate). As can be seen, the results confirmed the previously presented

observations.
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Fig. lll - 4. Percentage of types of hydrogen bond patterns as a function of the aggregate size after 70
ns of simulation. Aggregates of 1 chain refer to chains that are not part of any assembly. The legend
refers to: B-turn and y-turn: hydrogen bond pattern proper to those conformations; Other pat.: other
intramolecular hydrogen bonds pattern between amide groups; Intra Side: intramolecular hydrogen
bonds in which side chain groups are involved; B-sheet: intermolecular hydrogen bonds between main
chain amide groups in chains adopting B-strand conformations; M-M: intermolecular hydrogen bonds
between main chain amide groups in strands with not defined conformation; Inter side:

intermolecular hydrogen bonds in which side chain groups are involved.

When CREKA chains are not part of an aggregate, they majorly adopt undefined conformations,
with a predominance of structures that are stabilized by hydrogen bonds involving polar and charged
groups from the side chains, whereas CR(NMe)EKA peptides predominantly present hydrogen bond
patterns compatible with defined turn conformations. The behavior of both peptides when
aggregating is also differential. Hydrogen bonds in CREKA aggregates are predominantly between
main chain amide groups with a clear tendency to form 3-sheet patterns, especially when the size of
the aggregate (in the number of interacting chains) increases. On the other hand, CR(NMe)EKA
aggregates present a strong tendency to not interact via main chain amide groups and, thus, strongly
retain the intramolecular hydrogen patterns that were predominant when not being part of an
aggregate. While CREKA clusters of chain tend to form hydrogen bond organizations compatible with
B-sheet structures, CR(NMe)EKA clusters tend to organize via other interactions (generally by salt
bridges) while preserving the conformational features that they presented before aggregating.
Overall, results derived from atomistic modeling using MD simulations are in good agreement with CD

and FTIR observations in terms of interactions.
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On the other hand, several interesting structural differences can be observed between both
studied peptides. CREKA chains, as statistical analysis had already shown, have an acute tendency to
laterally assemble via its amide groups, forming chain pairs. This pattern, which is present in all
detected aggregates, corresponds to arrangements compatible with B-sheet motif, in several degrees
of formation. Fig. lll - 5 depicts the final snapshot of the simulation, demonstrating that there are 10
chains out of 15 participating in aggregated structures. Eight of these chains form either full-fletched
sheets or structures reminiscent of such organization. Among the five detected clusters, two of them
are almost canonic B-sheets (cluster 01 and cluster 05 in Fig. lll - 5b) whereas the remaining present

assemblies can be understood as distorted sheets or not fully formed structures.
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Fig. Il - 5. Molecular representation of the last snapshot of the simulated CREKA system: (a) The

complete simulation box, including non-associated chains and (b) the enlarged detail images of each
detected molecular assembly. Atom colours follow the CPK convention. Hydrophobic hydrogen atoms

have been removed for clarity. Main chain a-carbons and backbone have been remarked in yellow.

Two other remarkable features can be observed. Firstly, only one aggregate (cluster 01, Fig. Il -
5b) presents one chain whose assembly is not directly driven by the interaction between main chain
amide groups. The four chains assembly shows a two stranded sheet interacting with two extra chains
via both salt bridges and dipole-charge interactions. This feature becomes relevant when compared
with the aggregation features of CR(NMe)EKA system (see below). The second noteworthy aspect is
the strands orientation within sheets. Of five two-stranded assembilies, 3 of them are antiparallel and
2 are parallel. This structural diversity has been observed in many amyloid-like structures fibers

derived from small peptides,>® when the final outcome of the fully formed fiber does not only depend
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on the inner stability of the sheets themselves but on the ability to favor both intra-sheet long distance
interactions and the possibility of enhancing inter-sheet lateral interactions.

In contrast, CR(NMe)EKA shows significant differences in the assembly outcome compared to the
unmodified peptide (Fig. lll - 6). Despite presenting similar ratio of assembled chains versus free
strands, the aggregation pattern is quite dissimilar. In CR(NMe)EKA the presence of sheet-like
structures is reduced to a single cluster (cluster 02 in Fig. lll - 6b) even though this structure is not an
ideal B-sheet, because the presence of a methylated amide group per strands hampers the formation
of more than a single inter-chain hydrogen bond. Moreover, even in this case, a recurrent new
structural pattern can be observed, which will be repeated in the other observed assemblies. The most
favored interaction pattern consists of polar and charged driven interactions between the peptides
side chains, which favours the formation of 2D assemblies as a core organization rather than a single
rotation axis observed in fibers based on stacking of B-strands. Within this context, cluster 03 becomes
exemplary, in which 4 strands mainly associate via side chain driven interactions and the core of the
aggregate is made up of two strands preserving a turn conformation, which is the predominant
arrangement when chains are not part of an aggregate. This crossed-like organization hints a possible
growth path compatible with the formation of the fractal flat spikes observed by electronic
microscopy. When this new structural trait is combined with previous analysis, in which most
CR(NMe)EKA free chains in the simulation consistently adopted turn conformations, it is possible to
infer a potential mechanism of assembly based on lateral association of pre-conformed chains via

polar/charge interactions of their respective sidechains.
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Fig. Il - 6. Molecular representation of the last snapshot of the simulated CR(NMe)EKA system: (a)
The complete simulation box, including non-associated chains and (b) the enlarged detail images of
each detected molecular assemblies. Atom colors follow the CPK convention. Hydrophobic hydrogen
atoms have been removed for clarity. Main chain a-carbons and backbone have been remarked in

yellow.

1 -3.2. Morphology of self-assemblies

The morphology of the self-assemblies formed by CREKA and CR(NMe)EKA was investigated using
SEM and considering different peptides solutions, which were prepared varying both the
concentration (from 0.01 to 5.0 mg/mL) and the pH (4, 7 and 10). For this purpose, a drop of 20 uL of
peptides solution was placed on a clean glass cover slip and dried at 4 °C until complete desiccation.
SEM micrographs displayed in the figures correspond to reproducible and abundant morphologies.

The tendency of CREKA to form self-assemblies with well-defined and reproducible morphologies
was extremely poor. In fact, pseudo-regular aggregates were only systematically formed using low
and moderate peptide concentrations at acid pH, or using low peptide concentrations at neutral pH.
In addition, as is illustrated by representative SEM micrographs (Fig. lll - 7), the morphologies obtained
under such conditions, which predominantly consist of fibers of micrometric thickness, were poorly
defined. The absence of reproducible self-assembled nano- and microstructures with well-defined
morphology is fully consistent with the large conformational variability observed for CREKA by CD (Fig.
Il - 1 and Fig. lll - 2), FTIR spectroscopy (Fig. Ill - 3) and MD simulations (Fig. lll - 4). This conformational

variability, together with the fact that intermolecular interactions among CREKA molecules are
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dominated by strong repulsive and attractive electrostatic interactions, result in a self-assembly
process controlled by kinetics instead of thermodynamics: the rapid formation of aggregates stabilized
by unspecific interactions prevent the formation of well-defined morphologies. Such behavior
opposes that observed for highly aromatic small peptides, which tend to form micro- and
nanostructures with ultra-well-defined morphologies stabilized by specific intermolecular interactions
(e.g. m-m stacking).3*%%4! Hence, those interactions, which are much weaker than electrostatic ones,

favor the thermodynamics control over the kinetics control in the self-assembly process.

Fig. lll - 7. SEM micrographs of poorly defined microstructures formed from CREKA solutions at 4 °C
using the following conditions: (a) 0.01, (b) 0.1 and (c) 1 mg/mL peptide concentration at pH 4, and

(d) 0.1 mg/mL peptide concentration at pH 7.

In contrast, CR(NMe)EKA showed a significant tendency to form ordered microstructures when

the peptide concentration was low or, even, moderate (< 2 mg/mL). At low peptide concentrations,
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CR(NMe)EKA spontaneously formed stable branched dendritic structures with micrometric branches
growing from elongated primary frameworks of millimeter length (Fig. Ill - 8). Such kind of structures,
which exhibit fractal characteristics, were found to be very abundant and repetitive at 0.01 mg/mL at
pH 4 (Fig. Il - 8a) and 0.1 mg/mL at pH 7 (Fig. lll - 8b). Similar self-assemblies were also reported for
human amylin,>® a small (37 residues) and intrinsically disordered protein, short amphiphilic peptides
(e.g. Fmoc-phenylalanine-tyrosine-phosphate),®® and highly aromatic peptides (e.g. phenylalanine-
oligomers capped with fluorenylmethoxycarbonyl and fluorenylmethyl esters at the N-terminus and

C-terminus, respectively),** among others.

Fig. Ill - 8. SEM micrographs of dendritic microstructures formed from CR(NMe)EKA solutions at 4 °C

using the following conditions: (a) 0.01 mg/mL at pH 4, and (b) 0.1 mg/mL at pH 7.

In the case of CR(NMe)EKA, it should be emphasized that the formation of fractal-like structures is
pH- and concentration-dependent and only occurred when the net charge of the peptide molecule is
the highest or very high and, simultaneously, the peptide concentration is low. As discussed above,

the neutral state of the side carboxylate group of the (NMe)Glu at pH 4 contributes to a net peptide
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charge of +2, while the net charge decreases to +1 at pH 7. At such conditions, repulsive intermolecular
interactions result in a fractal self-assembly through a diffusion-limited aggregation process when the
peptide concentration is low enough. The diffusion-limited kinetics is supported by the conformational
restrictions induced by (NMe)Glu residues, which drastically reduce the degree of freedom of
CR(NMe)EKA in comparison to CREKA.?® Instead, no dendritic-like or any other ordered assembly was
detected when the peptide charge is null at pH 10. Besides, low peptide concentrations allow
attractive peptide::-peptide interactions to dominate the aggregation process, facilitating the orderly
self-assembly of molecules. On the contrary, when the peptide concentration is excessively high (> 1
mg/mL), the intermolecular separation between functional groups with charges of the same sign is
too short and the influence of repulsive peptide:--peptide interactions predominates, governing the
self-assembly process and leading the molecules to aggregate disorderly.

Additional experiments were performed by interrupting the growth of the branched dendritic
structures and observing their morphology before the slow evaporation of the solvent ended.

Representative SEM micrographs are reported in Fig. lll - 9a.

N

Peptide molecules Pre-nucleated particles Coalesced particles

Fig. lll - 9. (a) SEM micrographs of dendritic microstructures pre-formed from 0.1 mg/mL CR(NMe)EKA
solutions at pH 7 and 4 °C. Micrographs were recorded when only half of the solvent had slowly
evaporated in the cold room. (b) Sketch of the mechanism proposed for the formation of the dendritic

structures.

As it can be seen, the structures displayed in Fig. Ill - 8 and Fig. Il - 9a are consistent with a two-

step self-assembly mechanism, which is sketched in Fig. Ill - 9b. Firstly, pseudo-spherical particles are
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pre-nucleated through a diffusion-limited self-assembly process. This step gives place to an
interrupted structure with dendritic geometry. After that, the interactions between the solvent
accessible surface of such pre-nucleated structures and the charged/polar groups moieties of peptide
molecules in the solution cause more aggregation and the coalescence of pre-nucleated particles (Fig.
[l - 9b). Therefore, the interrupted dendritic structure transforms into a continuous structure.
Details of how the coalescence of neighboring particles occurs are shown in Fig. Il - 10, which
displays SEM micrographs of structures formed before the solvent was completely evaporated. The
space between the particles was filled through the self-assembly of more peptide molecules, which
caused the pre-formed particles to grow until they came into contact and merged. The directional
growing of the coalescent inter-particle assemblies and, consequently, the formation of a continuous
fractal geometry, have been attributed to the loss of conformational freedom induced by the

(NMe)Glu residue.

Fig. Il - 10. SEM micrographs of structures derived from 0.1 mg/mL CR(NMe)EKA solutions at pH 7
and 4 °C, recorded when the solvent had not been completely evaporated, showing the contact and

merging of preformed particles.
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Unfortunately, no additional morphological information could be obtained from the MD
simulations. This is due to the limitations of the MD simulations, which, on the one hand, only contain
15 peptide molecules (hundreds, if not thousands, would be needed to establish a correlation with
the experimentally observed morphology), and on the other hand, the time scale of the simulations
being too short. Although nowadays it is possible to carry out simulations of a few micro-seconds, the
observed self-assembly process is not controlled kinetically but thermodynamically, and therefore
occurs at much higher time scales. Finally, it should be mentioned that, as the self-assembly occurs at
the same time as the evaporation of the solvent, the incorporation of this last process to the
simulation would increase its complexity.

Because of their unusualness, no practical application has been developed yet for peptide-based
self-assembled dendritic microstructures with fractal patterns. However, the exploitation of such
hierarchical architectures in applications requiring multiple-length scale is expected to be valuable in
the near future. The unique properties of fractal dendritic structures, as for example the large surface
area and the self-similarity, combined with the advantages of peptides as biomaterials, are beneficial
for potential applications in advanced biosensors, microprinting, biocatalysis and, in general, in the
biomedical field. In the case of the studied ACP, CR(NMe)EKA, it is not yet known whether the dendritic
assembled structures that we have observed in vitro are stable in vivo, in which the surrounding
conditions are much less controlled. However, the exploitation of the fractal geometry to increase the
efficacy of the ACP by adjusting a sustained dosage deserves consideration, as it would reduce the
adverse side effects. Therefore, future studies will focus on examining the stability of CR(NMe)EKA
assemblies in physiological conditions and in controlling their disassembly process.

Another interesting feature consisted in the formation of micrometric (~15x20 um?)
rhombohedrum crystals (6 faces) that were sporadically detected in the dendritic microstructures pre-
formed from 0.1 mg/mL CR(NMe)EKA solutions at neutral pH (Fig. Ill - 11). However, although these
structures were clearly identified when the self-assembly process was interrupted, they were never
detected when the inter-particle space was filled by the peptide at the end of the self-assembly
process. These results evidence that the conformational restrictions imposed in CR(NMe)EKA
contribute to a crystallization process, even though crystals were not abundant enough and were too

small for crystal structure determination using X-ray diffraction.
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Fig. Il - 11. SEM micrographs of rhombohedrum crystals pre-formed from 0.1 mg/mL CR(NMe)EKA

solutions at pH 7 and 4 °C, recorded when only half of the solvent had evaporated.

Finally, at higher peptide concentrations, CR(NMe)EKA self-assembled into irregular microparticles
that consisted of densely packed nanoplates or nanofibers (i.e. plates of micrometric length and
nanometric thickness). These structures, which are illustrated in Fig. Ill - 12 for the 1.0 mg/mL peptide
solution at pH 7, suggest a change in the self-assembly mechanism, which is hypothesized as the
growth of abundant nanostructures around a nucleation site. However, the thickness of such
nanostructure is apparently limited by peptide-peptide electrostatic interactions, which are expected

to have a marked role than in solutions with lower peptide concentrations.

99



Fig. Il - 12. SEM micrographs of irregular particles made of (a) nanoplates and (b) nanofibers obtained

for 1.0 mg/mL CR(NMe)EKA solutions at pH 7.

Similar assemblies, especially those of clustered nanofibers, were also observed for 2.0 mg/mL
peptide solutions (Fig. Ill - 13). However, although the size and density of nanofibers were similar to
those observed for 1.0 mg/mL peptide solutions, the global size of the irregular particles was slightly
higher. Instead, no regular self-assembly was detected for 5 mg/mL CR(NMe)EKA solutions, regardless
of pH value. At such high peptide concentration, repulsive interactions clearly govern the dynamics of
the CR(NMe)EKA molecules in solution and, therefore, the evaporation of the solvent resulted in the

deposition of irregular peptide layers on the glass substrate.
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Fig. Il - 13. SEM micrographs of irregular particles made of nanofibers obtained for 2.0 mg/mL

CR(NMe)EKA solutions at pH 7.

In summary, results suggest that the aggregation of the two studied peptides is due to
intermolecular electrostatic interactions among their ionized groups. Such aggregation phenomena
are observed for both CREKA and CR(NMe)EKA, which is consistent with the fact that both bear the
same ionizable side chains. On the other hand, the conformational restriction introduced in
CR(NMe)EKA seems to play a major role in the organization of the peptide molecules during the
aggregation process. While CREKA have a poor tendency to form aggregates with well-defined
morphologies, the conformational restriction imposed in CR(NMe)EKA is consistent with the
formation of microstructures with well-defined shapes. In particular, the formation of dendritic
microstructures with fractal geometry, which are observed for diluted CR(NMe)EKA solutions at acid
and neutral pH, is consistent with the regular nucleation process (i.e. the lateral association of pre-

conformed chains) identified by MD simulations.

lll-4. Conclusions

Harnessing the self-assembly of ACPs for a more efficient release is a significant challenge to
improve the efficacy of cancer treatments and eliminate toxicity in healthy tissues. In this chapter, we
have reported the self-assembly tendencies of CR(NMe)EKA, an ACP with proved efficacy, and its
parent compound, CREKA. Conformational studies in solution and in the aggregated states have been
conducted using CD, FTIR spectroscopy and MD simulations, which revealed that the restrictions
imposed by the (NMe)Glu residue drastically reduce the flexibility of CR(NMe)EKA in comparison to
CREKA. Apparently, this feature is crucial to explain the significant differences found between the self-

assembly behavior of the two peptides. Also, the net molecular charge, which is controlled through
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the pH, is key for the formation of aggregates with well-defined, regular, and reproducible
morphologies.

CREKA, which rarely self-assembles into aggregates with well-defined morphologies, tends to form
non-shaped structures with no regular organization. Instead, CR(NMe)EKA forms abundant and
reproducible dendritic microstructures with fractal geometry when the following conditions are
fulfilled: 1) the net charge of the peptide is +2 or +1 (acid and neutral pH), which in conjunction with
the conformational restrictions, favor ordered self-assembly; and 2) the peptide concentration in the
solution is low enough to avoid that peptide-peptide repulsive interactions dominate the dynamics of
the solution. Furthermore, we have observed that dendritic microstructures grow in a two-step
process: 1) formation of pre-nucleated pseudo-spherical particles and, even, rhombohedral crystals;
and 2) filling of the inter-particle space following a directional self-assembly process. We hope that
this groundwork facilitates further research regarding the therapeutic utilization of ACPs, for example,
the encapsulation of CR(NMe)EKA in nanocarriers for controlled targeted delivery, which is presented

in the next chapter of this thesis.
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Chapter IV - Dual electro-/pH-responsive
nanoparticle/hydrogel system for controlled delivery

of anticancer peptide

PBA-CS PBA-CS + Injection in tumor site
1 pH CR(NMe)riIl(;:{lI::DOT NPs J pH+E (V)
Anticancer peptide release

Hydrogel formation
A, NaOH Hydrogel
‘ _ sol PBA-CS/CR(NMe)EKA/PEDOT

o i
s MNH ,\ /\ w L P .‘
Hah e ” T N -©

N ° Anticancer

o '\’ )
S N peptide 7 l
o CR{NMe)EKA

109



110



IV-1. Introduction

Therapeutic peptides are bioactive agents with a well-defined primary structure and usually small
size (i.e. < 50 amino acids with molecular weights comprised between 500 and 5000 Da).'® The
therapeutic effect of such compounds is mainly ascribed to their high activity, specificity, and affinity.
Another advantage of therapeutic peptides is that they do not accumulate in specific organs, which
minimizes the risk of toxic side effects. As a result of such distinct characteristics and therapeutic
potential, approximately 60 peptides have reached the market and around 250 are being tested in
humans, while more than 400 are in non-clinical investigations.®

Although the field of therapeutic peptides started with natural human hormones,’ it is currently
recognized that naturally occurring peptides are often not directly transferable to therapeutics
because of their limitations (e.g. low chemical and physical stability, which refer to degradation and
aggregation, respectively, and short circulating plasma half-life due to the presence of numerous
peptidases).®!® Additional restrictions for therapeutic peptides are both the proteolytic activity of
digestive enzymes and the complex biological barriers in the gastrointestinal tract, affecting their oral
bioavailability.*1* Two strategies can be combined to overcome such drawbacks. First, the chemical
and physical stability of therapeutic natural peptides can be improved through rational design,
replacing specific amino acids by synthetic amino acids.’>*® Through efficient substitutions, this
approach produces peptide analogs with resistance against enzymatic degradation, enhanced stability
of the bioactive conformation, and a reduced tendency towards aggregation. Second, specific carriers
for therapeutic peptides can be developed to improve their bioavailability and medicinal
effectiveness.’*?

In this chapter, a polymeric platform is presented, that was specifically designed as a carrier, for
the controlled delivery of short and highly hydrophilic therapeutic peptides, which are the most
challenging not only because of their small size, but also due to their high affinity towards water. For
this purpose, we used a highly hydrophilic pentapeptide, CR(NMe)EKA (Cys-Arg-N-methyl-Glu-Lys-Ala;
Scheme IV - 1a) as a benchmark case. CR(NMe)EKA is a peptide analog that was engineered to improve
the stability of CREKA (Cyst-Arg-Glu-Lys-Ala; Scheme IV - 1b),?3 a peptide that interacts with fibrin clots
and possesses favorable targeting ability to fibrin-fibronectin complexes in animal models with
different pathologies (e.g. neoplasia, atherosclerosis and myocardial ischemia-reperfusion).?*% Of
particular interest is the capacity of CREKA nanoworms to accumulate in tumor periphery, as
evidenced by the presence of fibrin(ogen)-containing deposits in the vessel lumens.? This capacity
was used to mediate glioblastoma-homing and prolong the retention of therapeutic NPs at the tumor

site.”” However, CREKA, which was conjugated with synthetic and natural materials (e.g. polymer

30,31 32,33

NPs,?-2 polymer-metal hybrid NPs,3%3! polymer films,3232 and liposomes®*) for imaging of tumor cells
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and cancer therapies, showed very poor resistance to proteolysis. Such disadvantage was overcome
by engineering the CR(NMe)EKA analog, featuring resistance against endogenous proteases,?** over-
stabilized bioactive conformation,?® and lower tendency to aggregation.’®%” Indeed, CR(NMe)EKA
displayed important anti-cancer properties, inducing prostate tumor necrosis and significant
reduction in tumor growth.? This was attributed to the blocking effect of tumor blood flow due to

coverage of prostate cancer vessels, which was much higher for CR(NMe)EKA than for CREKA.

o o
a b
(a) . (b) o
SH SH
0 0 CHg 0 o CHs
. NH\')}\ NH\)k ! o v NH\)J\ NH\)k ! o
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Scheme IV - 1. Chemical structure of (a) CR(NMe)EKA and (b) CREKA peptides.

To obtain a multi-responsive injectable carrier for the controlled delivery of CR(NMe)EKA, a
biocompatible and pH-responsive hydrogel (hamed PBA-CS),33 which is formed by phenylboronic
acid (PBA) grafted with chitosan (CS), has been made conductive by incorporating biocompatible and
electro-responsive peptide-loaded PEDOT NPs.***! In this way, the release of the peptide from
CR(NMe)EKA/PEDOT NPs is promoted by applying electrical stimuli, while the hydrogel vehicle
responds as a chemoactuator to the chemical environment (pH), enhancing the release rate. After
characterization of the PBA-CS hydrogel, PEDOT and CR(NMe)EKA/PEDOT NPs, and the conductive
hydrogels obtained thereof (PBA-CS/PEDOT and PBA-CS/CR(NMe)EKA/PEDOT), the peptide release
from CR(NMe)EKA/PEDOT NPs and PBA-CS/CR(NMe)EKA/PEDOT have been assessed upon different

types of electrical stimuli.

IV -2. Materials and methods

IvV-2.1. Materials

Chitosan (CS) medium molecular weight (DS: 63.2%), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC-HCI), N-hydroxysuccinimide (NHS), EDOT monomer, sodium
dodecylbenzene sulfonate (SDBS), APS and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] were purchased from Sigma-Aldrich, whereas 3-carboxyphenyl boronic acid (PBA) was

purchased from TCI. Glacial acetic acid (USP, BP, Ph. Eur.; pure, pharma grade) was purchased from
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Pharma Eur. The CR(NMe)EKA peptide with > 98% HPLC purity was purchased from Biomatik (Toronto,
ON). Ultrapure Milli-Q water was used to prepare all the aqueous solutions. Methanol (99.8%),
acetonitrile (99.9%) and trifluoroacetic acid (99%) of HPLC grade were purchased from Fisher
Scientific. High glucose Dulbecco’s modified Eagle medium (DMEM), Ham's F-12K (Kaighn's) medium,
Roswell Park Memorial Institute (RPMI) medium, fetal bovine serum (FBS), penicillin (100 units/mL),
streptomycin (100 pg/mL), and amphotericin (25 pg/mL), 0.25% trypsin/EDTA solution, and
LIVE/DEAD kit, Alexa Fluor 488 and Hoechst dye were purchased from Gibco™ by Thermo Fisher

Scientific. All reagents were used as received without further purification.

IvV-2.2. Synthesis of PBA-CS hydrogel

PBA was grafted to CS (190-310 kDa) using a previously reported procedure (Scheme IV - 2).383°
Briefly, CS (1 g) was dissolved in 0.3 wt% acetic acid solution (120 mL) in a 250 mL flask. PBA (0.795 g,
4.32 mmol) and NHS (493 mg, 4.28 mmol) were dissolved in methanol (40 mL) and stirred at room
temperature for 30 min. EDC-HCI (665 mg, 3.47 mmol) was added and stirred to form a uniform
solution. Then, the mixed solution of PBA/NHS/EDC-HCI was added to the CS in acetic acid solution.
After stirring for 24 h, the mixture was transferred to a dialysis tube with a molecular weight cut-off
of 3.5 kDa and dialyzed against distilled water with one change every 4 h for three days. The dialysate
was freeze-dried to yield a white powder product. The grafting ratio of PBA was determined to be 63%
by 1H-NMR comparing the carbon/nitrogen (C/N) molar ratio. Then, PBA-CS (50 mg) was dissolved in
a 2% (v/v) acetic acid aqueous solution (5 mL). After introducing 200 pL of the resulting solution in a
mold, the hydrogel was formed by adjusting the pH to 8 by adding 20 uL of 1 M NaOH solution. The

gelation took approximately 30 min and was confirmed by the vial-tilt test.

cs PBA PBA-CS
OH OH OH OH OH OH OH
\ o o o) + o NHS, EDC % 0 o 0 o 0 o
o o o o CH,CCOH sol. : CH,0H \
HO NH, HO  NH, HO  NH, Ho2oH HO  NH HO  NH; HO  NH,
o
Ho"%>oH

Scheme IV - 2. Synthesis of PBA-CS.
IvV-23. Synthesis of PEDOT NPs

PEDOT NPs were prepared by emulsion polymerization (Scheme IV - 3a). For this purpose, a SDBS
surfactant solution (0.0163 g to 4.5 mL Milli-Q water, 9.3 mM) was prepared and kept at 40 °C and
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750 rpm for 1 h. This was followed by the addition of 17.8 puL of EDOT monomer (32.2 mM) and, again,
was stirred for 1 h at 750 rpm at 40 °C. Finally, an APS aqueous solution (0.0192 g to 0.5 mL Milli-Q
water, 0.8 M) was added, and the reaction was kept for 16 h at 40 °C and 750 rpm, protected from
light with aluminum foil. No sedimentation was observed after the reaction, which indicates good
colloidal stability. The side products and unreacted chemicals were removed by a sequence of three
centrifugations at 11000 rpm for 40 min at 4 °C alternating with 20 min of sonication, using milli-Q
water for washing steps. The final product was then kept at 40 °C in an oven for 3 days until complete
dryness (i.e. a constant weight value was observed). Then, the PEDOT NPs were re-dispersed in Milli-
Q water by using a vortex and sonication bath, to obtain a dispersion of 5 mg/mL.

The synthetic procedure used to obtain CR(NMe)EKA/PEDOT NPs was identical to that described
for PEDOT NPs with the exception of the step involving the addition of the EDOT monomer. In that
case, 0.5 mL of a peptide solution (10 mg/mL in ultra-pure H,0) was added in addition to the EDOT

monomer.

(@) |soes _

. iy

PBA-CS PEDOT NPs WATER
in 2% CH,COOH solution

PBA-CS/PEDOT PBA-CS/PEDOT

., hydrogel

Mixing Pour in mold

Add NaOH

Scheme IV - 3. (a) Schematic representation of the chemical synthesis of PEDOT NPs and (b) process

used to load PEDOT NPs in the PBA-CS hydrogel.

IvV-24. Preparation of PBA-CS hydrogel containing PEDOT NPs

PEDOT and CR(NMe)EKA/PEDOT NPs were loaded in situ during the gelling of the PBA-CS hydrogel.
For this purpose, 1 mg of the corresponding NPs was added to the acetic acid aqueous solution used
to dissolve the PBA-CS. Then, the resulting mixture (200 pL) was incorporated into a mold, and the pH

was adjusted to 8 using a 1 M NaOH solution (20 pL), as for the PBA-CS hydrogel. The gelled systems,
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which were formed in around 30 min, were denoted PBA-CS/PEDOT and PBA-CS/CR(NMe)EKA/PEDOT.
The process is sketched for the PBA-CS/PEDOT hydrogel in Scheme IV - 3b.

IV-2.5. Quantification of CR(NMe)EKA loading and release

CR(NMe)EKA was quantified using a Hitachi LaChrom HPLC system at room temperature with UV
detection at 220 nm, using a reverse-phase Nucleosil C18 120 A column (5 pm, 250 mm x 4 mm,
Macherey-Nagel). The HPLC method was isocratic for 25 min at 0.5 mL/min with the mobile phase
consisting of 10% acetonitrile, 10% methanol and 80% water, modified with 0.1% trifluoroacetic acid,
and a 20 pL injection volume. CR(NMe)EKA samples obtained from the supernatants of NPs
centrifugation steps after synthesis, and from the release medium during passive and
electrostimulation release assays were centrifuged once more for 20 min at 12500 rpm in a Z233M-2
(Hermle) centrifuge. Afterwards, the supernatant was filtered with nylon syringe filters (13 mm

diameter and 0.22 um pore size, Tecnocroma), and analyzed by HPLC.

IV-2.6. Fourier-transform infrared (FTIR) spectroscopy

FTIR transmittance spectra were recorded on an FTIR Jasco 4100 spectrophotometer. Samples
were deposited on an attenuated total reflection accessory (Top-plate) with a diamond crystal (Specac
model MKIl Golden Gate Heated Single Reflection Diamond ATR). For each sample, 64 scans were

performed between 4000 and 600 cm™ with a resolution of 4 cm™.

Iv-27. Scanning electronic microscopy (SEM)

SEM micrographs were obtained using a Focussed lon Beam Zeiss Neon 40 scanning electron
microscope operating at 5 kV. Samples were mounted on a double-sided adhesive carbon disc and
sputter-coated with a thin layer of carbon to prevent sample charging problems. For the estimation
of NPs size distributions, n = 100 was considered. To record SEM micrographs of the hydrogels,
lyophilized samples were considered. For lyophilization, samples were first hydrated for 3 h, after
which they were frozen for 10 min using liquid nitrogen. Then, the hydrogels were broken into two

pieces (for the pores to be observed at the rupture zone) and lyophilized for 3 days.

IvV-2.38. Dynamic light scattering (DLS) and zeta-potential
DLS studies were performed using a NanoBrook Omni Zeta Potential Analyzer from Brookheaven
Instruments. Measurement consisted of 3 runs of 120 s duration each, which were averaged to obtain

the effective size. Samples were analyzed at 25 °C using a scattering angle of 90°. To determine the Z-

115



potential, particles were re-suspended in a 0.01 M phosphate buffer saline (PBS) solution, and 30

consecutive measurements were taken of each sample.

IV-2.09. Rheological characterization of the hydrogels

Rheological measurements of the as-prepared PBA-CS and PBA-CS/PEDOT hydrogels were
performed using a modular compact rheometer, MCR302 (Anton Paar, Austria), equipped with
electrically heated plates using a 25 mm parallel sandblasted plate test geometry and a solvent trap
to prevent dehydration during testing. All samples were subjected to testing at 25 °C with n = 4.
Frequency sweep measurements were performed at 1% strain in the range between 0.1 and 1000
rad/s. Oscillatory strain amplitude sweep measurements were carried out at a constant frequency (1
rad/s) and in a range of increasing strains (from 0.01 to 1000%). Besides, with the aim of exploring
their self-healing properties, hydrogels were subjected to cyclic strain time sweep measurements with
an alternating strain (5% and 1000%). The upper shear strain value corresponds to a value out of the
linear viscoelastic region according to the strain sweep test results. Additionally, continuous flow of
the hydrogels was examined by monitoring the change in hydrogel viscosity as a function of the

increasing shear rate (0.01 — 100 s™2).

IV -2.10. Macroscopic characterization of the hydrogels

The gel fraction (GF), equilibrium water content (EWC), and hydration ratio (HR) of the PBA-CS
hydrogel system, with or without PEDOT NPs, were evaluated in triplicate at pH 5, 7 and 9. First, to
determine the GF, the as-prepared hydrogels were lyophilized, and their weights (m1.) were recorded.
The hydrogels were washed in 0.01 M PBS at different pH values for 24 h, with frequent changes in

water to remove the remaining soluble fraction, and lyophilized again (ma.). The GF was expressed as

maL

GF (%) = Z2L x 100 (IV-1)

miL
The temporal evolution of the mass of the gel fraction (MGF) with respect to the mass of the as-
synthesized hydrogel (m,;) was also evaluated at pH 5 considering five lyophilization/re-hydration

cycles distributed over two weeks. Thus, the MGF of cycle i (MGF') was defined as

MGF! (%) = —= x 100 (IV-2)

miL
where m; is the mass of the hydrogel after i lyophilization/re-hydration cycles.

To determine the equilibrium water content (EWC), the prepared hydrogels were allowed to swell
in 0.01 M phosphate buffer saline (PBS) solution at pH 5, 7 or 9 for 2 days, so that swelling could reach
equilibrium. The surface water was then removed with soft tissue paper, and the weights were
recorded (mz4). The hydrogels were then lyophilized, and the weights were recorded (m)). Hence, the

EWC was determined using the following expression:

116



Mag—My

EWC (%) = X 100 (IV-3)

Mmad
Additionally, the temporal evolution of the hydration ratio (HR) was examined as a function of the
pH. The HR at time t was evaluated considering the mass of the hydrogel hydrated in 0.01 PBS for t

hours (m;) with respect to the mass of the as-synthesized samples (m,):
HR (%) = =£ x 100 (IV - 4)
mo

Electrochemical characterization was carried out by CV using an Autolab PGSTAT302N.
Experiments were conducted in a 0.1 M PBS solution (pH 5, 7 or 9 adjusted with HCl and NaOH) at
room temperature. The initial and final potentials were —-0.8 V, the reversal potential was +0.8 V and
the scan rate, 100 mV/s. In order to stabilize the samples before the CV measurements, they were
incubated in the corresponding pH solution for 5 min. All experiments were performed at least 3 times

using independent samples.

IvV-2.11. Peptide release from CR(NMe)EKA/PEDOT NPs

For passive release studies, 20 pL of CR(NMe)EKA/PEDOT NPs (5 mg/mL) were deposited on the
surface of stainless steel (0.5 cm x 0.5 cm) and left to dry overnight. Then, the electrodes were
immersed in 7 mL of 0.01 M PBS solution (pH 5) and kept in a shaker at 37 °C at 80 rpm for 2 h. The
released peptide was quantified by HPLC, as described above. Passive release experiments were
repeated three times and the averages were plotted.

For electrostimulated release studies, 20 uL of CR(NMe)EKA/PEDOT NPs (5 mg/mL) were deposited
on the surface of stainless steel (0.5 cm x 0.5 cm) and left to dry overnight. A three-electrode
configuration was used: the stainless steel-CR(NMe)EKA/PEDOT was the working electrode, a
platinum wire was the counter electrode, and Ag|AgCl was the reference electrode. 7 mL of 0.1 M PBS
(pH 5) was used as the electrolytic medium. For hydrogel stimulation, the hydrogel was placed
between stainless steel and a Transwell insert membrane (Falcon ®, Corning Inc., USA), and the same
conditions were used (Scheme IV - 4). The voltage was applied by: 1) CV using a potential window from
—0.50 V to +0.80 V during 60, 100 and 150 consecutive cycles at a scan rate of 100 mV/s; and 2)
chronoamperometry (CA) using a voltage of +0.50 V or —0.50 V. A total of 1, 3, 6, 12 and 24 CA cycles
were applied, and each cycle consisted of: a) the application of the potential (+0.50 V or —0.50 V) for
240 s (4 min); and b) interruption of the voltage for 300 s (5 min). All measurements were repeated at

least three times, and the average with the standard deviation was plotted on the graphs.
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Scheme IV - 4. Setup used for electrostimulation of the hydrogels. WE — working electrode, RE —

reference electrode, CE — counter electrode.

IvV-2.12. Cellular assays

Cellular assays were performed using MG-63 (osteoblast cell line with fibroblast morphology), and
COS-1 (fibroblast-like isolated from the kidney of African green monkey), which were cultured in high
glucose DMEM, and also in PC-3 (human prostate cancer) and PNT-2 (normal human prostate
epithelium immortalized with SV40) cells, which were cultured in Kaighn's medium and RPMI medium,
respectively, both supplemented with 10% FBS, and 1% of penicillin (100 units/mL), streptomycin (100
pug/mL), and amphotericin (25 pg/mL). Cultures were maintained in a humidified incubator with an
atmosphere of 5% CO, and 95% O, at 37 °C. Culture media were changed every two days. When the
cells reached 80-90% confluence, they were detached using 2 mL of trypsin (0.25% trypsin/EDTA) for
5 min at 37 °C. Finally, cells were re-suspended in 5 mL of fresh medium and their concentration was
determined by counting with a Neubauer camera using 0.4% trypan blue.

The tested hydrogel systems (PBA-CS and PBA-CS/PEDOT) were placed in 24-well plates and
sterilized using UV irradiation for 15 min in a laminar flux cabinet. Controls were simultaneously
performed by culturing MG-63 cells directly on the surface of tissue culture polystyrene (TCPS) wells.
For adhesion and proliferation assays, 2x10% and 5x10* cells, respectively, were deposited on the
surface of each well, and contact with the sample was promoted through Transwell inserts. The latter,
which consists in a holder that is placed inside a well with a membrane on the bottom, allows the
transfer of molecules between the hydrogel sample and the cells that are on the bottom of the well.
Then, attachment of cells to the surface was promoted by incubating under culture conditions for 30
min. Finally, 2 mL of the culture medium were added to each well. After periods of 24 h and 7 days,
all cells on the surface of the samples were detached and quantified as previously described to

evaluate cell viability at different stages of the culture.
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PC-3, PNT-2 and COS-1 cells were seeded at a density of 2x10* cells/well in 96-well plates for
viability assays, and after 24 h, they were further cultured in medium supplemented with 1.25 mg/mL
of CR(NMe)EKA, and the supernatant from PBA-CS/CR(NMe)EKA/PEDOT after CA electrostimulation
using —0.5 V and 24 cycles (dilution from 1:1 to 1:8) for 24 h. Cell viability was evaluated by the

colorimetric MTT assay, while cells were imaged by confocal microscopy.

IvV-2.12.1. MTT assay

Cell viability was evaluated by the colorimetric MTT assay. Specifically, 1 mL or 100 pL of MTT
solution (5 mg/mL in PBS) were added to each well in 24-well containing MG-63 cells or 96-well plates
containing PC-3, PNT-2 and COS-1 cells, respectively. After 3 h of incubation, the samples were washed
twice with PBS. To dissolve formazan crystals, 1 mL or 100 pL of DMSO was added to each well in 24-
well or 96-well plates, respectively. Finally, the absorbance was measured in a plate reader at 570
mm. The viability results correspond to the average of three independent replicas (n = 3) for each
system. The results were normalized with respect to the control for relative percentages. Statistical

analyses were performed with a confidence level of 95% (p < 0.05) using Student’s T-test.

IvV-2.12.2. Confocal microscopy

For the LIVE/DEAD viability assay, after 24 h or 7 days of incubation, cells were washed 3 times, 5
min each with 0.01 M PBS, stained with 0.5 pL/mL calcein stock solution (green for live cells) and 2
puL/mL ethidium bromide stock solution (red for dead cells) for 30 min, and washed again 3 times for
5 min each with 0.01 M PBS. Samples were protected from light and kept at 4 °C before imaging, which
was performed using a10X objective of an Axio Observer 7 (Confocal laser microscope Carl ZEISS LSM
800). Imaging processing was completed with ZEN and Image)J software. Confocal microscopy images
of PC-3 and COS-1 cells after release of the CR(NMe)EKA peptide were acquired to visualize the actin

cytoskeleton with green-fluorescent Alexa Fluor 488 phalloidin and nuclei with blue Hoechst dyes.

IV - 3. Results and discussion

IvV-3.1. Chemical and morphological characterization
The successful grafting of PBA to CS was confirmed by FTIR spectroscopy (Fig. IV - 1a). The higher
intensity of the peaks at 1544 and 1376 cm™ for PBA-CS than for CS was attributed to the contributions
of the benzene ring vibration and the B—O deformation and stretching from PBA, respectively.*?
Comparison of the FTIR spectra recorded for PEDOT NPs and for the CR(NMe)EKA peptide with that
recorded for CR(NMe)EKA/PEDOT NPs (Fig. IV - 1b) confirmed the successful loading of the peptide.
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In addition to the typical bands of PEDOT, CR(NMe)EKA/PEDOT NPs showed the characteristic amide
| (1645 cm™) and amide Il (1530 cm™) bands of the peptide, as well as peaks at 1179 and 1128 cm™?,
which were associated with the side groups of Arg (-N*Hs) and (NMe)Glu (C—0).** On the other hand,
the FTIR spectrum of the PBA-CS/PEDOT hydrogel (Fig. IV - 1a) showed the characteristic fingerprints
of PEDOT NPs (Fig. IV - 1b) and the PBA-CS hydrogel (Fig. IV - 1a).
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Fig. IV - 1. FTIR spectra of (a) CS, PBA-CS, PBA-CS/PEDOT and PBA, and (b) PEDOT NPs, CR(NMe)EKA
peptide and CR(NMe)EKA/PEDOT NPs. Green arrows: C—C of the thiophene ring around 1300 cm™,
C=C stretching band and C=C stretching vibration around 1500-1600 cm™, C=0 stretching bands

around 1600 cm™.

SEM images of PEDOT and CR(NMe)EKA/PEDOT NPs (Fig. IV - 2a-b) revealed a well-defined
spherical shape of PEDOT NPs, whereas the loading of the charged peptide altered this shape to
slightly irregular ovaloid aggregates. Additionally, the size of the PEDOT NPs (118 + 14 nm) increased
by a factor of approximately 1.8, to 210 + 75 nm, when the peptide was loaded (Fig. IV - 2c-d). The
average size of PEDOT and CR(NMe)EKA/PEDOT NPs was also determined by DLS, and the results
obtained were consistent with those obtained by SEM. Indeed, the average size of
CR(NMe)EKA/PEDOT NPs was higher than that of PEDOT NPs by a factor of 1.8 (i.e. 235 = 78 nm vs 146
+ 23 nm) and showed higher polydispersity. Quantitative differences between SEM and DLS size
estimations were associated mainly to the methods attributes as: 1) size values derived from SEM
micrographs correspond to the polymeric core of the NPs, which result from both the drying process
and the high vacuum inside the SEM chamber, while DLS provides a hydrodynamic diameter in
suspension; and 2) in DLS, the presence of bigger particles contributes to an increase in light scattering,

thus shifting the measured particle size towards higher values.*
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Fig. IV - 2. SEM images of (a) PEDOT and (b) CR(NMe)EKA/PEDOT NPs. Size histograms (n = 100) for (c)
PEDOT and (d) CR(NMe)EKA/PEDOT NPs.

The Z-potential defines the electrostatic repulsion or attraction between NPs in a dispersion, and
thus their colloidal stability. For our system, the Z-potential values determined for
CR(NMe)EKA/PEDOT and PEDOT NPs, which were -34 + 2 and -29 * 2 mV, respectively, imply that the
NPs’ charge prevents them from aggregating due to electric repulsion.**® On the other hand, the
negative values of the Z-potential have been attributed to the negatively charged SBDS dopant agent,
which surrounds the NPs and interact electrostatically with the oxidized PEDOT chains and the
positively charged peptide molecules. Indeed, the same feature has been observed for PEDOT NPs
prepared by emulsion polymerization using other dopant agents.*

In order to evaluate the loading efficiency (LE) for CR(NMe)EKA/PEDOT NPs, HPLC-UV was used to
quantify the peptide remaining in the supernatant after NP synthesis (calibration curve shown in Fig.
IV - 3), which was subtracted from the initial peptide amount. The LE was found to be as high as 80
4 %. The high amount of peptide loaded in the NPs is consistent with the larger size and higher Z-
potential (in absolute value) of the CR(NMe)EKA/PEDOT NPs with respect to the PEDOT NPs. It is worth
noting that positively charged CR(NMe)EKA peptide molecules were bound to the NPs through

121



attractive electrostatic interactions with the dopant SDBS™ counter-anions rather than with oxidized

PEDOT chains that were also positively charged.
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Fig. IV - 3. Calibration curve used to quantify the peptide loading efficiency and the peptide release by
HPLC.

SEM micrographs of PBA-CS showed a continuous and interconnected porous 3D structure in which
thin hydrogel layers were arranged without any clear preferential orientation (Fig. IV - 4a). Although
the incorporation of PEDOT NPs did not alter the 3D structure, the PBA-CS/PEDOT samples exhibited
ultra-thin fibers, not only crossing the pores, but also coating the surface of PBA-CS layers (Fig. IV -
4b). Such fibers were attributed to the PEDOT NPs, which aggregated and coalesced, thus giving rise

to a percolated 3D network of conducting fibers.
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Fig. IV - 4. Cross-section SEM images of (a) PBA-CS and (b) PBA-CS/PEDOT at different magnifications.

IvV-3.2. Stability and swelling capacity of the hydrogels

To examine the stability of the PBA-CS hydrogel with and without loaded NPs, the GF was
determined at acidic, neutral and basic pH values (i.e. pH 5, 7 and 9, respectively). The results (Table
IV - 1.) indicated that the GF of PBA-CS was approximately 30%, regardless of the pH. For PBA-
CS/PEDQT, this value decreased to 10-15%, especially at neutral and basic pH, which indicated that
the cross-linking efficiency decreased in the presence of NPs. Since the boronate bonds between
polymer chains are known to dissociate at acidic pH,**® the temporal stability of the hydrogels was
studied considering MGF' for five cycles (i = 5) distributed over two weeks. After a rapid reduction in
the first cycle, the mass of the gel fraction stabilized for both PBA-CS and PBA-CS/PEDOT and lasted
for at least two weeks, thus validating their stability for biomedical applications at acidic pHs, such as

the one found in the TME (Fig. IV - 5).
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Table IV - 1. GF and EWC of PBA-CS and PBA-CS/PEDOT hydrogels at acidic, neutral and basic pH.

Hydrogel pH GF (%) EWC (%)
5 257 815
PBA-CS 7 368 86+2
9 25+4 766
5 24 +2 803
PBA-CS/PEDOT 7 15+3 86t1
9 9+3 863
125
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Fig. IV - 5. Temporal evolution of the MGF' at pH 5 considering five cycles (i = 5) distributed over two
weeks for PBA-CS and PBA-CS/PEDOT hydrogels.

Although boronate bonds are hydrolyzed very rapidly at pH < 5.0, considering the biological
application presented in this study, we did not consider pH values lower than 5. However, results
displayed in Fig. IV -5 and Table IV - 1. indicate that the behavior of boronate bonds is altered by other
factors, making difficult the prediction of the GF and MGF'. Some of these factors could be: 1) the
microenvironments created by the complex 3D structure of hydrogels, which could play a role similar
to that played by the microenvironments in large structured proteins (i.e. the pKa of acid / basic
residues buried inside such macromolecules is drastically altered?®*°); and 2) the presence of
unreacted charged / polar groups in chitosan and, especially, the oxidized PEDOT NPs alter the
conditions at which boronate ester bonds are stable, as suggest the results for PBA-CS/PEDOT (Table
IV-1.).

On the other hand, the EWC, which measures the percentage of water that the hydrogels retain at
equilibrium, was close to 80-85% for both PBA-CS and PBA-CS/PEDOT, independently of the pH (Table

IV - 1.). To obtain more precise information on the swelling capacity of hydrogels and its dependence
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on pH, the HR of PBA-CS and PBA-CS/PEDOT was assessed as a function of time and pH, introducing
the samples into PBS solutions at pH 5, 7 and 9. Increasing the incubation time, the HR of PBA-CS (Fig.
IV - 6a) rapidly decreased at acidic pH, was almost preserved at neutral pH, and rapidly increased at
basic pH. Such behavior can be explained by the dynamic nature of the boronate ester bond and the
pH responsiveness of PBA-CS.***® The hydrogel, obtained under basic conditions, collapsed at acidic
pH owing to the dissociation of the boronate bonds between the polymer chains. Instead, the HR was
stable at neutral pH, while the structure was reinforced at basic pH by forming additional bonds. For
PBA-CS/PEDOT, the temporal evolution of the HR followed the same behavior (Fig. IV - 6b), even
though changes at basic pH were moderate in comparison to PBA-CS. This was attributed to the steric

effect of PEDOT NPs, which was found to decrease the boronate bonds stability (Table IV - 1.).
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Fig. IV - 6. Temporal evolution of HR for (a) PBA-CS and (b) PBA-CS/PEDOT hydrogels at pH 5, 7 and 9.

All hydrogels displayed good injectability and shape-recovery properties, illustrated for PBA-
CS/PEDOT in Fig. IV - 7a. When the hydrogel was introduced into a syringe and re-injected, the
resulting cylindrical shape quickly adopted the initial bulk geometry. In addition to the shape
restoration capacity of the post-injected hydrogels, both the PBA-CS and PBA-CS/PEDOT hydrogels
displayed a self-healing response. After cutting the hydrogels into halves, pieces of different types of
hydrogels were put in contact and switched from room (25 °C) to physiological temperatures (37 °C).

The samples perfectly healed after 30 min (Fig. IV - 7b).
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Fig. IV - 7. (a) Digital photographs showing the shape of PBA-CS/PEDOT as-prepared, the re-injection
of the hydrogels and their shape restoration. (b) Digital photographs showing the self-healing property
of the PBA-CS and PBA-CS/PEDOT hydrogels (colorless and dark, respectively).

The viscoelastic properties of the PBA-CS and PBA-CS/PEDOT hydrogels were explored (Fig. IV - 8,
Fig. IV - 9 and Fig. IV - 10). First, frequency sweep testing was carried out to quantify the overall
viscoelastic response, with the storage modulus (G') accounting for the ability of the material to store
energy elastically under shear and the loss modulus (G") representing the viscous component (Fig. IV
- 8). For both systems, gel-like behavior was observed, as the elastic component G’ was higher than
the viscous value G”, and the values were constant for almost all the tested shear frequency ranges.
Specifically, the G’ modulus (determined at 1 rad/s and 1% strain in frequency sweeps) was found to
be 3.5+ 0.5 kPa and 3.8 + 0.5 kPa for PBA-CSA and PBA-CSA/PEDOT, respectively, which indicates that

both systems display similar stiffness regardless of the presence of PEDOT NPs.
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Fig. IV - 8. Representative curves of storage (G’ - solid line) and loss (G" - dashed line) modulus as a

function of frequency for (a) PBA-CS and (b) PBA-CS/PEDOT hydrogels (n = 3) at 25 °C.

The mechanical properties of both hydrogel formulations were also explored by monitoring the
change of G'and G" in a range of increasing strains (Fig. IV - 9a). Strain sweep test confirmed the gel-
like state of the materials and revealed a broad linear viscoelastic (LVE) region. The LVE region for each
hydrogel corresponds to the region where the G’ values are independent of the applied deformation.

Structural changes of the hydrogels were considered when deviation from the linear behavior was

observed.
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Fig. IV - 9. (a) Rheological strain sweep testing: curves of storage (G’ - solid line) and loss (G" - dashed
line) moduli as a function of strain for PBA-CS (blue) and PBA-CS/PEDOT (red) hydrogels at 25 °C (n =
3); (b) Cyclic strain time sweep measurements with an alternating strain at 5% (yellow background

where G’ (solid circles) > G” (empty circles)) and 1000% (white background - G’<G”) for both PBA-CS
(blue) and PBA-CS/PEDOT (red) hydrogels.

When submitted to amplitude sweep tests (Fig. IV - 9a), the hydrogels’ viscoelastic performance

remained stable for almost the entire amplitude range, only yielding at strain values higher than 35%.
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As before, comparison of the strain sweep curves recorded for the control hydrogel (PBA-CS hydrogel)
with those obtained for the system containing PEDOT NPs evidenced no significant differences in their
viscoelasticity. After adding PEDOT NPs, the mechanical strength of the samples, evaluated by
comparing their G’ values in the LVE region, did not vary significantly with respect to the control
system. Accordingly, the PBA-CS/PEDOT hydrogel strength was not affected by the dispersion of
PEDOT NPs, indicating that the gelation was mainly governed by boronate ester bonding. However, at
very high strain values, minor differences at the gel-sol transition (i.e. flow point indicated by the
crossover between G’ and G” curves) were observed between systems, which indicated a potential
interaction between PEDOT NPs and PBA-CS polymer chains. Despite this, the hydrogels maintain their
shape after gelation and resist deformation under mild stress, which makes them suitable for the
intended biomedical applications and shows that PEDOT NPs have no negative impact on their
mechanical integrity and stiffness.

Second, cyclic strain time sweep measurements were recorded to determine G” and G” values of
PBA-CSA and PBA-CSA/PEDOT hydrogels (Fig. IV - 9b). Two cycles were performed alternating different
strain values, 5% or 1000%, and the results were indicative of a thixotropic response. The hydrogels
were reversibly deformed under the applied stress (G” > G’), but recovered their original state almost
immediately (G’ > G”) when the stress was removed, independently of the presence of PEDOT NPs.
Hence, the hydrogels possess high recoverability of their initial viscoelastic properties when subjected
to repetitive strain beyond the yield point. Similarly, by means of flow curves recorded at 25 °C (Fig.
IV - 10), their shear-thinning response was quantified as viscosity decreased under increased shear,

thus allowing the material to flow more easily.
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Fig. IV - 10. Flow curve for PBA-CS (blue) and PBA-CS/PEDOT hydrogels (red) at 25 °C.
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Overall, such shear-thinning response and, in turn, injectability of PBA-CS/PEDOT hydrogels, is
advantageous in that they can be easily and precisely administered to a specific location in the body
by minimally invasive delivery systems. Furthermore, PBA-CS/PEDOT hydrogels can conform to
irregular shapes or cavities within the body, properly covering the targeted area and, consequently,
maximizing their therapeutic effect when loaded with functional cargo. This property, which is
particularly crucial for hydrogels intended for targeted drug delivery, ensures optimal interfacial

contact with the targeted tissue.

IvV-3.3. Electrically controlled peptide release from CR(NMe)EKA/PEDOT NPs and PBA-
CS/CR(NMe)EKA/PEDOT hydrogel

The utilization of electric voltage to stimulate and control the release of drugs is an important field

in biomedical engineering.'>® However, as a prior step to the electro-regulated release assays, it has

been confirmed that the hydrogel loaded with NPs maintains the electrochemical activity previously

observed for PEDOT NPs alone.?®%%5% The response of the prepared systems is illustrated in Fig. IV -

11, which compares the cyclic voltammograms of PBA-CS and PBA-CS/PEDOT hydrogels at pH 5, 7 and
9.
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Fig. IV - 11. Cyclic voltammograms recorded for PBA-CS and PBA-CS/PEDOT hydrogels in PBS at (a) pH
5, (b) pH 7 and (c) pH 9.
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As it was expected, the PBA-CS hydrogel behaved as an electro-responsive system due to the
charged groups and the corresponding counterions (i.e. ionic contribution to the electrochemical
response). After the incorporation of PEDOT NPs, the electrochemical activity increased slightly, which
is reflected by the fact that the area of the voltammogram was higher for PBS-CS/PEDOT than for PBA-
CS hydrogel at the three studied pH values. This small enhancement in the electrochemical response
was due to the activation of PEDOT NPs through the ionic transport. However, PEDOT NPs did not
produce a significant increment of electroactivity since electronic conducting paths were not created
(i.e. the amount of PEDOT NPs was not enough to produce percolation). Although the difference
between the two systems showed a relatively small pH dependence, the area of the voltammograms
obtained for PBA-CS/PEDOT hydrogel at pH 5 was larger than those at pH 9 and pH 7 (Fig. IV - 12b).
This was attributed to the role of H3O" ions that interact with the dopant anions of PEDOT NPs, altering
the oxidation degree of PEDOT chains. Overall, PBA-CS/PEDOT system is electroactive mainly due the
ionic contribution from PBA-CS, which is expected to facilitate the release of the peptide through the
activation of the loaded NPs. As the differences induced by the pH are relatively small, this chemical

factor is not expected to significantly affect the activation of peptide-loaded NPs.
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Fig. IV - 12. Representative cyclic voltammograms recorded in PBS at pH 5, 7 and 9 for (a) PBA-CS and
(b) PBA-CS/PEDOT hydrogels.

In this work, the electrically controlled release of CR(NMe)EKA molecules was investigated using
an acidic medium instead of a neutral medium (i.e. healthy prostate cell’s exhibit a pH of 7.3°>°%) due

5759 and 2) the reported dissociation

to: 1) the acidic microenvironment (pH 5 to 6.8) found in tumors;
of boronate bonds in Alg—B(OH), at acidic pH,**® leading to hydrogel collapse (Fig. IV - 6), promoting
the peptide release. From the mechanistic point of view, the release of CR(NMe)EKA from

CR(NMe)EKA/PEDOT NPs was studied using the redox properties of PEDOT to alter peptide:--polymer
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interactions. Thereafter, the peptide release from PBA-CS/CR(NMe)EKA/PEDOT system was assessed
to study the pH responsive behavior of the boronate bonds.

In the prepared CR(NMe)EKA/PEDOT NPs, the polymer chains are in the oxidized state with positive
charges along the backbone. The previously discussed Z-potential values showed that PEDOT is
strongly associated with anionic SDBS molecules, which in turn are strongly associated with cationic
CR(NMe)EKA through electrostatic interactions, thus retaining the peptide in the NPs. Passive release
studies by diffusion during 2 h of incubation of CR(NMe)EKA/PEDOT NPs, showed only 1.68% + 0.09%
release. When such NPs are electrochemically reduced, the polymer chains gain electrons and become
neutral or negatively charged, which defines weak or repulsive interactions, respectively, with SDBS
and CR(NMe)EKA. The effect of the electrochemical reduction on the peptide release was investigated
by CV and CA.

In CV, the applied potential increases or decreases linearly as a function of time. The potential was
scanned at a constant rate of 100 mV/s starting at —0.50 V (initial potential) and reversing the sweep
direction when it reaches +0.80 V (reversal potential) to come back to the value of —0.50 V (final
potential). Thus, the time used for each CV cycle was 26 s. Fig. IV - 13a shows the cumulative peptide
release profile for CR(NMe)EKA/PEDOT NPs after 60, 100 and 150 consecutive CV scans (i.e. 26 min,
~43 min and 65 min of electrical stimulation). It is worth noting that the release remained constant
(around 1.7%) through the whole process, which is practically identical to the value obtained

considering 2 h of passive diffusion.
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Fig. IV - 13. Peptide release profiles for CR(NMe)EKA/PEDOT NPs as a function of the number of (a) CV

and (b) CA cycles. The results from passive diffusive release (2 h, red) are displayed in both graphics.

In contrast, each CA cycle consisted in the application of a constant voltage of +0.50 V or —0.50 V
for 4 min followed by a period of 5 min without any potential. The resulting release profile (Fig. IV -
13b) shows that, after only one CA cycle (9 min), the percentage of peptide delivered practically
doubled the passive release observed after 2 h, independently of the potential sign (i.e. 3.79% + 0.06%
and 3.39% + 0.01% for +0.50 V and —0.50 V, respectively, vs. 1.68% + 0.09%). Furthermore, the amount
of released peptide increased rapidly with the number of cycles until reaching a threshold value of 6
cycles, after which the increment was delayed. The CR(NMe)EKA released after 6 CA cycles (around
10.8%) augmented by only 10% (i.e. to around 12.0%) when applying 24 cycles. This observation
suggests that only peptide molecules located on or close to the surface of the NPs were delivered
when exposed to CA electro-stimulation.

The release mechanism was based on altering the electrostatic interactions between the positively
charged peptide and the negatively charged dopant SDBS molecules, which also interact with the

oxidized PEDOT chains, as was evidenced by Z-potential measures on PEDOT and CR(NMe)EKA/PEDOT
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NPs. By applying a voltage of —0.50 V, the PEDOT chains were reduced and, consequently, the dopant
SDBS anions were partially expelled from the NPs, dragging CR(NMe)EKA molecules to the solution
(Scheme IV - 5a). However, it is worth mentioning that a significant part of the SBDS:--CR(NMe)EKA
complexes remained in the NPs due to their neutrality, which explains why the release progressed
very slowly after applying 6 CA cycles. Instead, when a voltage of +0.50 V is applied, the oxidation level
of the PEDOT chains increases. Therefore, the fraction of SDBS counter-anions that have to interact
with such re-oxidized polymer chains to achieve charge neutralization also increases, resulting in the
cleavage of part of the SBDS-:-CR(NMe)EKA complexes and, consequently, the spontaneous release of

CR(NMe)EKA molecules from the matrix (Scheme IV - 5a).

(a) *P SDBS™

SDBS~
-0.50 V +p
*p
*p
SDBS™
*p
*p
*p
+0.50 V
*p
*p
*p

Scheme IV - 5. Proposed peptide (*P) release mechanisms for (a) CR(NMe)EKA/PEDOT NPs, as a
function of the sign applied potential, and (b, c) PBA-CS/CR(NMe)EKA/PEDOT hydrogel, considering
(b) the local microenvironments inside the hydrogel and (c) the hydrogel collapse under acidic
conditions. The size of the letters inside the NPs increases or decreases with the amount of SDBS™

counter-anion neutralizing oxidized PEDOT chains and the amount of SDBS™--*P complexes.

It should be mentioned that the release of CR(NMe)EKA was preliminary evaluated using very small
PEDOT NPs (47 £ 9 nm) prepared using a different synthetic protocol with a surfactant as dopant agent,
compared to this work (210 + 75 nm).?” Because of the different nature of the NPs, the electro-
regulated release profiles were completely different from those displayed in Fig. IV - 13. More
specifically, the release after 100 CV cycles using the same potential window and scan rate was of
37.8% +6.3% (vs 1.65 % + 0.02% in this work), suggesting that the sweep from a negative potential to
a positive potential (+0.80 V) largely affected the oxidation state of the PEDOT chains inducing the

swelling of such small NPs.? There are reports on the combination of PEDOT, doped with polystyrene

133



sulfonate (PEDOT:PSS), with alginate (Alg) to create semi-interpenetrated conductive hydrogels
(PEDOT/AIlg), which were loaded with neutral drugs.®® Those hydrogels were obtained through the
replacement of PSS by Alg, while Alg chains were physically crosslinked by adding CaCl,. Although a
controlled release was achieved, in a 5 % wt. CaCl, aqueous solution, by applying electrical stimuli,
PEDOT/AIg was found to present some serious drawbacks. Although PEDOT/Alg semi-interpenetrated
hydrogels were very stable in Ca?*-containing media, they were completely unstable in, for example,
PBS due to the substitution of Ca®* ions by monovalent cations, leading to an immediate and complete
release of the drug.

Taking into account the release profiles in Fig. IV - 13, the peptide release from the PBA-
CS/CR(NMe)EKA/PEDOT system was assessed considering electrostimulation by CA alone. Fig. IV - 14
compares the release profiles obtained after 12 and 24 CA cycles with that obtained by passive
diffusion after 108 and 216 min (i.e. the times equivalent to 12 and 24 CA cycles, respectively). The
passive release was almost constant with time (~8.7%) and much lower than the ones obtained by
electrostimulation, with the latter being around 2 and 3.5-fold higher for 12 and 24 cycles,
respectively. The highest CR(NMe)EKA release was obtained for a voltage of —0.50 V, which indicates
that the mechanism controlled through the reduction of PEDOT favors the delivery process with

respect to that obtained by increasing the oxidation level (+0.50 V).
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Fig. IV - 14. Peptide release profiles for PBA-CS/CR(NMe)EKA/PEDOT hydrogel as a function of the
number of CA cycles. The results from passive release (108 and 216 min for 12 and 24 CA cycles,

respectively) are displayed for comparison.

Another interesting feature is that, in all cases, the amounts of peptide released from PBA-
CS/CR(NMe)EKA/PEDOT system were much higher than those delivered from CR(NMe)EKA/PEDOT
NPs (i.e. without the PBA-CS hydrogel). This observation was attributed to the combination of two

coexisting factors: 1) the microenvironment created inside the hydrogel; and 2) the dynamic nature
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of the boronate ester bond. The local microenvironment, which favored the peptide release by the
concentration gradient (Scheme IV - 5b), also explained why the passive release was much higher for
PBA-CS/CR(NMe)EKA/PEDOT hydrogel than for CR(NMe)EKA/PEDOT NPs. Moreover, this
phenomenon was enhanced by the collapse of the hydrogel at pH 5 due to dissociation of the boronate
bonds between the polymer chains (see Fig. IV - 6). The disruption of such bonds resulted in smaller

microenvironments, which promoted a concentration gradient peptide release (Scheme IV - 5c).

IvV-3.4. Cell assays

The toxicity of PBA was reported to be very low (i.e. 900 mg/kg of body weight®?) and, therefore,
has not been re-investigated in this work. The biocompatibility of peptide-free systems was examined
using MG-63 cells, which is often used in viability assays to show biocompatibility. The anticancer
activity of peptide-loaded systems was examined using COS-1 and PNT-2 as normal cell lines used as
control, and PC-3 cells. The latter is a classical prostate cancer cell line that exhibits high metastatic
potential compared to other prostate cancer cell line models,%* making it especially appropriate to
assess if the bioactivity and, therefore, anticancer effect of CR(NMe)EKA for prostate cancer is
maintained after electrostimulation.

The biocompatibility of the PBA-CS matrix, the peptide-unloaded PBA-CS/PEDOT hydrogel, and the
electrostimulated PBA-CS/PEDOT hydrogel was investigated assessing MG-63 cells viability at 24 h and
7 days of cell culture. Results are presented in Fig. IV - 153, including those obtained for the TCPS
control. The number of adhered cells in contact with PBA-CS, non-electrostimulated PBA-CS/PEDOT
and electrostimulated PBA-CS/PEDOT is very similar to that of TCPS control, which is a well-known
biocompatible material. This behavior, which is maintained after 7 days (or improved in the case of
the electrostimulated hydrogel), indicates that those synthetic materials do not have any impact in
cell metabolism or on their surface attachment.

After 24 h, the number and morphology of MG-63 cells cultured on the control was similar to that
of cells cultured in the presence of PBA-CS, PBA-CS/PEDOT and electrostimulated PBA-CS/PEDOT
platforms (Fig. IV - 15b). After 7 days, the number of MG-63 cells increased rapidly in all cases.
However, in the case of non-electrostimulated PBA-CS/PEDOT, large cohesive rafts of cells were
formed, which were not present in the control of TCPS, PBA-CS and electrostimulated PBA-CS/PEDOT
hydrogel. This feature revealed that PBA-CS/PEDOT hydrogel promoted cell proliferation. Overall, the

results supported the biocompatibility of the assembled platforms.

135



(a)

100 AN
Control
80
2PBA-CS

PBA-CS/PEDOT

Cell viability (%)
8 3

B Electrostimulated

20 PBA-CS/PEDOT

/7% %%

%

Electrosgirrﬁ{la,téd
PBA-CS@EDO,T

PBA-CS/PEDO T

Electroffimaldfed
PBA-C§7PEﬁOT

¢

Fig. IV - 15. (a) Cell viability values for the MG-63 cell line after exposure for 24 h and 7 days to PBA-
CS, PBA-CS/PEDOT and electrostimulated PBA-CS/PEDOT hydrogels. Error bars indicate the standard
deviation (n = 3). (b, c) Confocal microscopy images of MG-63 cells after being exposed for (b) 24 h
and (c) 7 days to PBA-CS, PBA-CS/PEDOT and electrostimulated PBA-CS/PEDOT hydrogels. Cells were
stained with calcein (green - live cells) and ethidium bromide (red - dead cells). In all cases, the control

was TCPS.

In vitro studies were also conducted to prove that the delivered anticancer peptide preserves its
bioactivity against prostate cancer cells. For this purpose, the anticancer activity of the peptide
molecules released by electrostimulation from the PBA-CS/CR(NMe)EKA/PEDOT system was
evaluated by studying the viability of PC-3, PNT-2 and COS-1 (control) cells cultured for 24 h in culture
medium containing the released peptide. Four cases were considered for each cell type: 1) cells
cultured in a culture medium without CR(NMe)EKA (blank assays); 2) cells cultured in a medium with
an initial CR(NMe)EKA concentration of 1.25 mg/mL (control peptide assays); 3) cells cultured in the
cultured medium containing the released peptide after chronoamperometric stimulation of PBA-

CS/CR(NMe)EKA/PEDOT hydrogel using —0.5 V and 24 cycles (with a peptide concentration of 0.083 +
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0.005 mg/mL); and 4) cells cultured in a medium with a CR(NMe)EKA concentration identical to that
released in the assays described in 3) (peptide equivalent to that released in the supernatant). In order
to consider the effect of the peptide concentration, different dilutions (from 1:1 to 1:8) of the initial
peptide solution and the release peptide supernatant solution were considered for 2) and 3),
respectively.

As expected, the cell viability of PC-3 cells decreased with both the control peptide and the CA
supernatant, even though such reduction depended on the CR(NMe)EKA concentration (Fig. IV - 16a).
In fact, the peptide was found to be cytotoxic also for COS-1 and PC-3 cells when its concentration was
very high (1.25 mg/mL), but less than for PNT-2 cells. For both cell lines, the viability increased when
the peptide solution was diluted (i.e. with decreasing peptide concentration). After the 1:2 dilution
(0.625 mg/mL), the cell viability was maintained at around 85%, 80% and 60% for COS-1, PNT-2 and
PC-3 cells, respectively, until the concentration of CR(NMe)EKA was so low (0.001 mg/mL) that no

significant detrimental effect was observed.
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Fig. IV - 16. (a) Cell viability values for COS-1, PC-3 and PNT-2 cell lines after being exposed for 24 h to
culture medium (blank), a CR(NMe)EKA solution (peptide control), the peptide-containing supernatant
after chronoamperometric stimulation of PBA-CS/CR(NMe)EKA/PEDOT hydrogel applying —0.5 V and
24 cycles, and a peptide solution with a concentration equivalent to that obtained by electrical
stimulation of PBA-CS/CR(NMe)EKA/PEDOT hydrogel. The effect of the concentration was examined
by diluting the initial peptide solution (1.25 mg/mL) and peptide-containing supernatant (0.083 +
0.005 mg/mL) from 1:1 to 1:8. Error bars indicate the standard deviation (n = 3). (b-d) Confocal
microscopy images of (b) COS-1, (c) PC-3 and (d) PNT-2 cells after being exposed for 24 h to the culture
medium (blank), the peptide solution, the supernatant after CA and a peptide solution with a
concentration equivalent to that obtained in the supernatant after CA. Cells were stained with Alexa

Fluor 488 dye (green - cell cytoplasm) and Hoechst dye (blue - cell nuclei).
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Apparently, the impact of the supernatant from chronoamperometric electrostimulation on the
cell viability was lower than that of the control solution, which was attributed to the fact that the
peptide concentration was significantly lower in the former than in the latter. However, this behavior
was qualitatively similar to that described above, although the survival of COS-1 and PNT-2 cells was
approximately 15% and 19%, respectively, higher than that of PC-3 cells (Fig. IV - 16a). These results
agreed with those obtained using peptide solutions with a peptide concentration equivalent to that
released in the supernatant by electrostimulation. The confocal microscopy images were consistent
with the obtained viability profiles, as is reflected in the representative micrographs displayed for COS-
1 (Fig. IV - 16b), PC-3 (Fig. IV - 16¢), and PNT-2 (Fig. IV - 16d) cells. Overall, these results demonstrated

that the peptide in the supernatant preserved its anticancer activity.

IV-4. Conclusions

In this chapter, a previously engineered anticancer pentapeptide, CR(NMe)EKA, was loaded into
PEDOT NPs, which in turn were incorporated into a PBA-CS hydrogel to evaluate the controlled
release. The assembled PBA-CS/PEDOT carrier combines multiple functions, such as: i) on-demand
controlled release of the anticancer peptide using external electric fields; ii) self-regulated pH-
controlled delivery in the acidic microenvironment of tumoral tissues; iii) peptide protection to
maintain its antitumoral activity; and iv) mechanical stability and injectability. Although the release
kinetics and dosage were controlled through electro-responsive NPs, the dynamic behavior of
boronate ester bonds in the hydrogel additionally enhanced the peptide release, thereby reducing the
number of electro-stimulation cycles. The viscoelastic behavior of the PBA-CS hydrogel was
determined by rheological studies, while the bioactivity of released CR(NMe)EKA was validated in
vitro. Overall, the encapsulation of CR(NMe)EKA/PEDOT NPs, capable of on-demand peptide release,
in a pH-responsive CS-PBA hydrogel with injectable properties, will allow the controlled delivery of the
anticancer peptide near tumor cells in the human body. The carrier developed in this study has the
ability to provide controlled release patterns for small hydrophilic anticancer peptides and shows

potential for uses in customized peptide therapeutics.
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V-1. Introduction

Recent advances in the field of drug delivery systems have shown the capability of releasing
accurate amounts of therapeutic agents, or other bioactive substances at a specific location.' This is
particularly important for antibiotics since such drugs suffer several limitations that cannot be ignored,
as for example low accumulation and penetration in diseased cells/tissues, limited bioavailability of
the drugs, and off-target toxicity.* Furthermore, antibiotic overexposure predisposes to antibiotic
resistance, which is a global public health problem.>® To avoid many of such problems, efforts have
been focused on the development of smart systems for the release of antibiotics to the site of
infection. These mainly consist of stimuli-responsive antibiotic delivery bioplatforms, which can
release antibiotics in a controlled and timely fashion. These stimuli can either be exogenous (light,”?

910 yltrasound,**? and electrical®®*!*) or endogenous (pH,>!® redox reactions,'” and

magnetism,
enzymatic®®9),

Various types of antimicrobial release devices, such as hydrogels,?®* NPs,?2?3 micro/nano-
fibers,2*% and film-based reservoir devices,*®?” have been proposed. Among them, pulsatile antibiotic
delivery systems using external electrical stimulation signals have drawn attention, as they allow
repeatable and reliable drug release flux for therapeutic needs, thereby allowing remote control of
local drug administration. Within this context, conducting polymers (CPs), which are organic materials
with characteristics similar to those encountered in metals (i.e. good electrical, and optical properties)
and with the outstanding properties of conventional polymers (i.e. flexibility in processing, lightness
of weight, and easiness in synthesis), play a major role.’* Among CPs, PEDOT exhibits superior
capacitive performance, high electrical conductivity, stability in aqueous media and
biocompatibility.?3!

PEDOT has been extensively used to load different types of drugs for subsequent controlled
release through the application of different kinds of electrical stimuli.}*323¢ For example, anti-
inflammatory dexamethasone was successfully released from loaded PEDOT films by applying CV
scans between —0.3 V and 0.45 V,*? while anticancer botulin was delivered applying a constant
potential of -0.5 V for 10 min.3®* CUR, which displays a wide spectrum of medicinal properties,
including anti-bacterial,3” was released from loaded PEDOT NPs using a constant potential at 0.50,
-0.50, -1.00 or -1.25 V for 3 min.3* Instead, the release of CAM from loaded PEDOT NPs was very slow,
independently of the kind of electrical stimuli.}* Despite of such slowness, released CAM, which is a
broad spectrum antibiotic that is effective against a variety of susceptible and serious bacterial

8 inhibited bacterial growth.!* A constant electrical potential was also successfully

infections,?
employed to release the antibiotic ciprofloxacin from loaded PEDOT fibers®> and CUR from loaded

PEDOT hydrogels.®
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Noteworthy, and most interestingly, CAM, which has been reported to inhibit mitochondrial

functions of eukaryotic cells,3*!

is also being considered as a potential option for cancer
treatment.***3 The metabolism of cancer cells, especially of cancer stem cells, is fundamentally
regulated by an abundance of mitochondria compared to normal cells, including normal stem cells.*
Thus, in cancer cells, the low energy efficiency of the anaerobic metabolism is compensated by the
presence of more mitochondria than in normal cells, which exhibit an aerobic metabolism.
Accordingly, as part of anticancer therapy, the utilization of CAM and other antibiotics that target
cancer metabolisms reached great repercussions for its implications in clinical oncology.***” Indeed,
in a recent study, Lamb et al.** proved that CAM inhibits the formation of tumor stem cells, which are
responsible for metastasis by giving growth to new tumors.*

In this Chapter, we go one step further, generating an electro-chemo responsive system for the
controlled release of CAM bearing in mind its dual biofunctionality. To engineer this multiresponsive
system, we have harnessed the ability of PEDOT NPs to respond to electrical stimuli and assembled
them into a hydrogel that responds to changes in pH. Although the extracellular pH at the end of the
stationary phase of bacterial cell growth was found to be specific for each type of bacteria,***° most
bacterial organisms grow around pH values of 6.0—7.5, with some thriving in more acidic or alkaline
conditions.’! Indeed, a pH range exists for which bacteria grow best, which comprises minimum and
maximum pH values to ensure growth, as well as an optimum pH. For instance, Lactobacillus
acidophilus,>® Escherichia coli*® or Staphylococcus aureus®* can survive in environments with pH as low
as 4. On the other hand, tumors present a locally acidic environment that is now recognized as a tumor
phenotype that drives cancer progression, causing tumor cells to become more invasive and lead to
metastasis.>

Bearing the importance of the pH in mind, polyacrylic acid (PAA) hydrogels are known to exhibit
reversible coil-to-globule conformational transitions at around pH 5, which are driven by the state of
ionization of the carboxylic group. At low pH, PAA adopts a compact (but not fully collapsed) globular
conformation (contracted hydrogel). Conversely, as the pH increases, ionization occurs and the
polymer expands into a fully solvated open coil conformation (expanded hydrogel).>®>” Herein, the
abrupt contracted-to-expanded transition of PAA has been tuned by grafting PAA to sodium alginate
(Alg) using MBA as cross-linker, with the resulting hydrogel being denoted Alg-g-PAA. Though, the
ionization of the carboxylic groups with increasing pH has been employed to regulate the electrically-
induced release of CAM from loaded PEDOT NPs, the release decreased drastically with increasing pH.
It is worth noting that, although Alg hydrogels bear carboxylic acid groups, their direct use as a drug
carrier and release system was avoided due to the fact that they do not experience volume changes

associated with conformational transitions.>®
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V-2. Materials and methods

V-2.1. Materials

EDOT monomer (97%), SDBS (technical grade), APS (98 %), CAM (98%), ethanol (99%, HPLC grade),
PBS, sodium alginate (Alg, low viscosity alginic acid sodium salt from brown algae), AAc (> 99%),
potassium persulfate (KPS, 99%), MBA (99%), and MTT were purchased from Sigma-Aldrich (USA).
High glucose Dulbecco’s modified Eagle medium (DMEM), Roswell Park Memorial Institute (RPMI)
medium, fetal bovine serum (FBS), penicillin (100 units/mL), streptomycin (100 pg/mL), and
amphotericin (25 pg/mL), 0.25% trypsin/EDTA solution, and LIVE/DEAD kit, Alexa Fluor 488 and
Hoechst dye were purchased from Gibco™ by Thermo Fisher Scientific (USA). All reagents were used

as received without further purification.

V-2.2. Synthesis of PEDOT and PEDOT/CAM NPs

PEDOT NPs were prepared by emulsion polymerization. Firstly, an SDBS surfactant solution (0.0815
g to 20 mL milli-Q water, 9.3 mM) was prepared and kept at 40 °C and 750 rpm for 1 h. Then, EDOT
monomer (88.8 pL, 32.2 mM) was added to the micellar solution. At the same time, 2.5 mL of water
or 10 mg/mL of CAM solution in ethanol (0.025 g to 2.5 mL ethanol) were added to the solution for
the synthesis of PEDOT or PEDOT/CAM NPs, respectively. The mixtures were kept at 40 °C and 750
rom for 1 h and, subsequently, an aqueous solution of the initiator APS (0.456 g to 2.5 mL milli-Q
water, 0.8 M) was added. The reaction was kept at 40 °C and 750 rpm, protected from light, for 18 h.
Purification of NPs and removal of unreacted reagents was achieved by three cycles of 40 min
centrifugation at 4 °C and 11000 rpm, alternating with 20 min of sonication. The final product was
then kept at 40 °Cin an oven for 3 days until complete dryness. Afterwards, the NPs were re-dispersed
in milli-Q water by using a vortex and a sonication bath, to obtain 5 mg/mL solutions of each NP

category.

V-23. Synthesis of Alg-g-PAA, Alg-g-PAA/PEDOT, and Alg-g-PAA/PEDOT/CAM hydrogels
Alg-g-PAA hydrogel was prepared by adapting the procedure reported by Thakur and Arotiba.>®
For this purpose, Alg (0.5 g) was homogeneously dissolved at 50 °C in milli-Q water (19 mL). Then,
1.657 g of AAc co-monomer (1.21 M) and 0.025 g of MBA cross-linker (8.5 mM) were added to the Alg
solution.
The same protocol was followed for preparing Alg-g-PAA hydrogel loaded with PEDOT NPs (Alg-g-
PAA/PEDQOT) or PEDOT/CAM NPs (Alg-g-PAA/PEDOT/CAM). The only difference was the addition of a
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mass of the corresponding NPs equal to 20% of the mass of Alg to the mixture containing Alg, AA and
MBA. This was followed by the incorporation of 0.026 g of KPS (5 mM) under stirring. The reaction
mixtures were maintained at 70 °C for 1.5 h to complete the polymerization reaction. Afterward, the

hydrogel was washed with acetone to remove unreacted reagents and stored at 4 °C until further use.

V-24. Spectroscopic studies

FTIR spectra were recorded on a FTIR Jasco 4100 spectrophotometer equipped with an attenuated
total reflection accessory (Top-plate) and a diamond crystal (Specac model MKII Golden Gate Heated
Single Reflection Diamond ATR) connected to a computer with spectra manager software. For each
sample, 32 scans were recorded between 4000 and 600 cm™* with a resolution of 4 cm™. To record the
spectra of the NPs, 20 uL of PEDOT or PEDOT/CAM NPs aqueous dispersions (10 mg/mL) were dropped
on aluminum foil and left overnight for solvent drying. FTIR spectra of Alg and AA co-monomer were
recorded using directly the reagent powder, while the Alg-g-PAA hydrogel was lyophilized for 3 days
before analysis. UV spectra were recorded using a Cary100 UV-vis spectrophotometer controlled by

the UVProbe 2.31 software.

V-2.5. Microscopic studies

SEM studies were performed in a Focused lon Beam Zeiss Neon 40 scanning electron microscope
operating at 5 kV. For visualization of NPs, samples were prepared by dropping 10 uL of PEDOT NPs
(0.01 mg/mL) or PEDOT/CAM NPs (0.01 mg/mL) in suspension on aluminum foil. After left overnight
for solvent evaporation, the piece of foil was mounted on a double-sided adhesive carbon disc and
coated with a thin carbon layer. For the estimation of NPs size distributions, n = 100 was considered.
In order to record SEM micrographs of Alg-g-PAA and Alg-g-PAA/PEDOT hydrogels, samples were
firstly hydrated during 3 h, after which they were frozen for 10 min using liquid nitrogen. Then, the
hydrogels were broken in two pieces (for the pores to be observed at the rupture zone) and lyophilized
for 3 days. The resulting samples were then placed on a double-sided adhesive carbon disc and coated
with a thin carbon layer. The size distribution of the pores was estimated considering n = 100.

High resolution Transmission Electron Microscopy (TEM) was performed in a JEOL 2010F
microscope equipped with a field emission electron source and operated at an accelerating voltage of
200 kV. The point-to-point resolution was 0.19 nm, and the resolution between lines was 0.14 nm.
Samples were dispersed in an aqueous suspension using an ultrasonic bath, and a drop of the
suspension was placed over a grid with holey-carbon film. Images were not filtered or treated by

means of digital processing and they correspond to raw data.
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V-2.6. Dynamic light scattering (DLS) and zeta-potential

DLS and z-potential studies were performed using NanoBrook 90 Plus Zeta Potential Analyzer
(Brookheaven Instruments Co., Blue Point Road Holtsville, NY, USA). Samples were re-suspended in
milli-Q water at a concentration of 0.01 mg/mL and placed into a cuvette of polystyrene with light
pass of 1 cm to be analyzed at 25 °C using a scattering angle of 90°. The z-potential of PEDOT and
PEDOT/CAM NPs was determined at pH 7.

V-27. Hydrogels’ characterization

The swelling response of the prepared hydrogels was studied as a function of the pH. For this
purpose, Alg-g-PAA, Alg-g-PAA/PEDOT and Alg-g-PAA/PEDOT/CAM lyophilized samples were cut in
small pieces and immersed in 5 mL of 0.01 M PBS at pH 4 (adjusted using a hydrochloric acid solution),
7 and 10 (adjusted using a sodium hydroxide solution), under agitation at 80 rpm and 37 °C. The weight
of the wet (i.e. swollen) hydrogels was measured at different times (0, 0.5, 1, 2, 4, 6, 24, 48, and 72 h)
to calculate the swelling ratio (SR) after the surface moisture of the hydrogel was removed:
me—

0 % 100 (V-1)

mo

SR (%) =

where m; is the mass of the swollen sample at time t (hydrated in 0.01 M PBS at pH 4, 7 or 10 for t h)
and m, is the mass of the samples at time 0 h (i.e. as synthesized). All experiments were conducted
considering three repetitions (n = 3).

The equilibrium water content (EWC) was calculated using Eq. V - 2:

Mygh—Mo

EWC (%) = x 100 (V-2)

Maygh

where mygy, refers to the mass of the wet hydrogel (hydrated in 0.01 M PBS at pH 4, 7 or 10 for 48 h)

after the surface moisture was removed. Finally, the gel fraction (GF) was defined as:

GF(%)=%><100 (V-3)

LIO-1

where my jo_1 is the mass after lyophilizing the hydrogel one time (i.e. myjg_1 = mg) and myjg_, is
the mass of the hydrogel after lyophilizing, re-hydrating for 24 h in 0.01 M PBS to remove the

remaining soluble fraction, and lyophilizing again (n = 3).

V-238. Rheological properties

All rheology studies were performed on an Anton Parr MCR 302 rheometer fitted with a parallel
plate configuration (diameter of 20 mm) at 25 °C and using a solvent trap. Hydrogels were prepared
and submitted to the condition tested (either 24 hin PBS at pH 4, 7 or 10; or 2 h under the CA electrical
stimuli at pH 4 followed by 24 h in PBS at pH 4), after which samples were cut with dimensions of 2
cm in diameter and 0.5 cm in thickness. Before testing, the upper plate was carefully lowered to a

plate separation of 1 mm, the hydrogel was trimmed, and the measurement was started. Frequency
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sweeps were carried out applying a constant strain of 1%, while the frequency was ramped
logarithmically from 0.1 to 100 rad/s. Meanwhile, amplitude sweeps were conducted applying a
constant frequency of 1 Hz (6.28 rad/s), while the strain was ramped logarithmically from 0.1% to

5000%. All measurements were repeated in triplicate, and representative/averaged charts are shown.

V-2.9. Loading capacity (LC)

Firstly, the absorbance vs CAM solution concentration in ethanol at 278 nm was plotted (Fig. V -
2). For the quantification of the loading capacity (LC, in %), Eq. V — 4 was used where Mysaded
corresponds to the mass of CAM initially incorporated to the solution used for the synthesis of
PEDOT/CAM (0.025 g) minus the mass of CAM remaining free in the solution after the synthesis of
PEDOT/CAM. To determine this last fraction, 10, 20 and 50 pL of PEDOT/CAM NPs solutions at a
concentration of 5 mg/mL were incubated in absolute ethanol to a total of 1 mL and left at 4 °C for 2
weeks to promote the full unstimulated release of CAM from the NPs. The solutions were centrifuged

at 11000 rpm and the supernatants were analyzed by UV-visible spectroscopy.

LC = Tleaded 5 10 (V-4)
Myps
V-2.10. CAM release from PEDOT/CAM NPs

To trigger the release of CAM from PEDOT/CAM NPs, two different electric stimuli, CV and CA, were
evaluated. CV and CA cycles were applied using an Autolab PGSTAT302N and NOVA software. For CV
cycles, the initial and final potential were -0.50 V, and the reversal potential was +0.80 V, while the
scan rate was 0.1 V/s. Each CA cycle consisted of the application of a potential of 0.60 V for 100 s,
followed by an interruption (i.e. 0.00 V) for 5 min, and, subsequently, the application of a potential of
-0.6 V for 100 s, followed by another interruption for 5 min. The CA cycles were repeatedly applied
for 2 h.

A drop of 20 uL of PEDOT (control) or PEDOT/CAM NPs, at 5 mg/mL in suspension, was deposited
on the surface of a screen-printed carbon electrode (SPCE) and left to dry. Then, the coated SPCE was
immersed in a cell containing 3 mL solution of 0.01 M PBS, as an electrolyte, to record the CVs and
CAs. The PBS solution was collected afterward. The concentration of CAM in the release medium (n =
3) was determined using the absorbance of the release medium at 278 nm and the corresponding plot
of absorbance vs CAM concentration in 0.01 M PBS. The percentage of released CAM was defined
using EqV-5:

Released CAM (%) = Txeleased 5 100 (V-5)

Mioaded

where Myejeases indicates the mass of CAM in the release medium after 2 or 4 h and Mjoadeq is the mass

of CAM loaded in PEDOT/CAM NPs after synthesis.
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V-2.11. CAM release from ALg-g-PAA/PEDOT/CAM

The controlled release of the antibiotic from the Alg-g-PAA/PEDOT/CAM hydrogel was performed
by applying CA cycles as an electrical stimulus. Assays were conducted using Autolab PGSTAT302N and
NOVA software in a three-electrode cell. The electrochemical set-up consisted of a Pt counter
electrode, an Ag|AgCl reference electrode, and the Alg-g-PAA/PEDOT/CAM hydrogel as the working
electrode. The release medium was 5 mL of 0.01 M PBS solution at pH 4, 7 and 10. CA cycles identical
to those described for PEDOT/CAM NPs were applied for 2 h to stimulate the release from the
hydrogel. The medium was collected right after such time, and 4 h and 24 h after, and analyzed by UV-

Vis spectroscopy.

V-2.12. Bactericidal activity

The bactericidal activity of the loaded CAM was tested with Escherichia coli (E. coli), Streptococcus
sanguinis (S. sanguinis) and Streptococcus mutans (S. mutans) using the inhibition zone method. First,
1 mL of an overnight culture (grown for 16 h) was added to 5 mL of the Lysogeny broth (LB) medium.
Bacteria were seeded on LB agar plates and the samples, which included hydrogel pieces of Alg-g-
PAA/PEDOT/CAM with two CAM loadings (33 and 66 pug/mL), as well as paper discs impregnated with
20 uL of release solutions, were deposited on top. Negative controls consisted of 20 pL release media
from passive diffusion of Alg-g-PAA/PEDOT and Alg-g-PAA hydrogels. The positive control was a disc
impregnated with 20 uL of a CAM solution in water at 66 pg/mL. The effect of CAM on bacterial growth

(i.e. antibacterial performance) was evaluated after incubation at 37 °C for 24 h.

V-2.13. Cell viability assays

Cell viability assays were performed with Vero and Hela cell lines using the MTT assay. Briefly, cells
were seeded at a concentration of 1x10* cells/well in 96-well plates and incubated overnight at 37 °C
and 5% CO.. Cells were then exposed to a dilution series of CAM-containing released media from Alg-
g-PAA/PEDOT/CAM hydrogels by electrical stimulation (CA), as well as to free CAM (positive control
with an initial concentration 33 pg/mL), for 24 h at 37 °C and 5% CO,. The negative control was cell
culture medium without CAM. After the incubation period, the MTT labeling reagent was added to
each well and incubated for 3 h at 37 °C and 5% CO, followed by the addition of 100 pL of solubilizing
agent (dimethyl sulfoxide). Finally, absorbance was measured at 570 nm, and the percentage of viable
cells relative to untreated control was determined. The results were expressed as average value *

standard deviation (n = 3).
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V -3. Results and discussion

V-3.1. Preparation and characterization of NPs
PEDOT and PEDOT/CAM NPs were prepared by emulsion polymerization, with the drug being

loaded in situ during the synthesis (Scheme V - 1).
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Scheme V - 1. Sketch illustrating the emulsion polymerization of PEDOT and PEDOT/CAM NPs.

The FTIR spectra of PEDOT and PEDOT/CAM NPs, which are shown in Fig. V - 1, display the
characteristic peaks of PEDOT that correspond to the C—O—C vibrations (1215 and 1066 cm™), CH,
stretching (2924 cm™®), C=C in the thiophene ring (1715 cm™), C—C inter-ring stretching and C-S—C
vibrations (835 and 687 cm™). The FTIR spectrum of free CAM, which is included in Fig. V - 1, shows
many peaks overlapping the characteristic peaks found for unloaded PEDOT, precluding the
identification of the antibiotic in PEDOT/CAM NPs. However, the successful loading of CAM was
confirmed by UV-Vis spectroscopy. The absorbance vs CAM concentration plot displayed in Fig. V - 2

was used as calibration curve to quantify the LC (%) of PEDOT NPs.
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Fig. V - 1. FTIR spectra of free CAM, PEDOT NPs, and PEDOT/CAM NPs.
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Fig. V - 2. Calibration curve and absorbance vs CAM concentration plot for CAM in ethanol. Error bars

are lower than the size of the symbols.

Suspensions of PEDOT/CAM and PEDOT (blank) NPs were incubated in ethanol for 2 weeks to
completely extract the antibiotic and then, UV-Vis spectra were recorded for the resulting solutions
once the solid residues were eliminated by centrifugation. Fig. V - 3a shows that the solution
originated from PEDOT/CAM NPs exhibits the characteristic CAM absorption peak at 278 nm, while
this was not observed for the blank solution derived from PEDOT NPs. The LC estimated for the
PEDOT/CAM NPs prepared in this work was 14.3 + 2.5 %, which is slightly higher than the one reported
for PEDOT/CAM NPs prepared using dodecylbenzene sulfonic acid (DBSA), rather than SDBS, as
stabilizer and dopant agent (LC: 11.9 + 1.3 %).'* Furthermore, the LC achieved in this work with SDBS
micelles was higher than those obtained for PEDOT/CUR and PEDOT/piperine (PIP) NPs, which were

also prepared using DBSA micellar solutions, by 8.4% and 6.0%, respectively.* This may be due to

155



weaker interactions being established between the drugs and PEDOT chains due to a higher charge
stabilization of PEDOT by DBSA, thus decreasing charge stabilization effect of PEDOT by the drugs

themselves.
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Fig. V - 3. (a) UV-Vis spectra of the supernatants obtained from PEDOT/CAM NPs using ethanol (red
line) compared to the blank PEDOT NPs (black dashed line). (b, c) SEM micrographs (top, 16kx
magnification; bottom, 80kx magnification) of (b) PEDOT and (c) PEDOT/CAM NPs. (d) Size distribution
histograms (n = 100) of PEDOT (top) and PEDOT/CAM NPs (bottom).
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The morphology of PEDOT and PEDOT/CAM NPs was studied by SEM (Fig. V - 3b-c), with both
showing the typical spherical morphology. However, PEDOT NPs presented an effective diameter of
111 + 9 nm (Fig. V - 3d), which was similar to that obtained for PEDOT NPs synthesized using DBSA (96
+ 16 nm).3* After CAM loading, the size of the NPs increased to 149 + 23 nm (Fig. V - 3d), similarly to
the increase in diameter also observed for PEDOT NPs loaded with anticancer pentapeptides.®°

Morphological phenomena were less clear in high resolution TEM micrographs due to aggregation
artifacts produced during the preparation of the samples. Nevertheless, TEM results evidenced that

the CP chains adopted an amorphous structure in both PEDOT and PEDOT/CAM NPs (Fig. V - 4).

Fig. V - 4. High resolution TEM micrographs of (a) PEDOT and (b) PEDOT/CAM NPs.

DLS measurements confirmed the effect of the antibiotic on the average size of the NPs, with
values of 157 + 27 nm and 268 + 10 nm for PEDOT and PEDOT/CAM NPs, respectively. The diameters
determined by DLS were higher than the ones estimated by SEM, which was attributed to the fact that
the former technique provides the hydrodynamic size of the NPs in solution (i.e. water and SDBS

molecules in the hydrodynamic shell are included), while the latter gives the size of dry NPs. However,
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the ratio between the diameters of loaded NPs to unloaded NPs, was very similar for both DLS and
SEM measurements (1.7 and 1.6, respectively).

The z-potential, which is a measure of the effective electric charge on the NPs surface, was
determined to examine the tendency towards aggregation of PEDOT and PEDOT/CAM NPs. Both
unloaded and loaded NPs exhibited negative z-potential values (-30 + 2 and -29 + 3 mV, respectively,
at 0.01 mg/mL), which are consistent with a high degree of suspension stability and, therefore, a low
tendency to agglomerate. As expected, the z-potential increased in suspensions with increasing
PEDOT/CAM concentrations (e.g. -7 £ 3 mV and -5 = 3 mV for 0.1 and 0.5 mg/mL suspensions,

respectively).

V-3.2. Electrostimulated release of CAM from PEDOT/CAM NPs
Antibiotic release studies from PEDOT/CAM NPs were conducted in PBS considering two different
kinds of electrical stimuli. The released CAM was quantified by measuring the absorbance at 278 nm

and using the calibration plot obtained for CAM in PBS (Fig. V - 5).
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Fig. V - 5. Calibration curve and absorbance vs CAM concentration plot for CAM in PBS.

Fig. V - 6 compares the passive release of CAM from PEDOT/CAM NPs with that induced by
electrostimulation using CV or CA for 2 h (i.e. 2 h in Fig. V - 6 refers to 280 CV or 9 CA cycles) and 4 h
after each electrostimulation regime was finished (i.e. 2 h + 4 h in Fig. V - 6 refers to 280 CV or 9 CA
cycles + 4 h of passive diffusion). As it can be seen, the passive release, which occurred by the diffusion
of CAM molecules across the NPs matrix due to a concentration gradient, was relatively fast, increasing
around 14% per hour. Electrostimulation resulted in a faster release rate, with this response being
more evident for CA than for CV, especially at the shortest time (i.e. 33 +9 % and 65 + 6 % for CV and
CA after 2h, respectively). Moreover, it should be emphasized that the release achieved after 9 CA
cycles plus 4 h of passive diffusion reached 89 + 5 %, which is much higher than the one observed by

simple passive diffusion (55 + 6 %).
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Fig. V - 6. Accumulative release of CAM at different times at pH 7 by passive diffusion and by applying

CV and CA electrical stimuli.

The success of the CA stimulus was attributed to the fact that the alternate application of positive
and negative potentials favored the swelling and shrinking of the NP matrix through the entrance
(positive electrical potential) and escape (negative electrical potential) of solvated counter-anions,

thus enhancing CAM release with respect to non-stimulated passive diffusion.

V-3.3. Preparation and characterization of hydrogels

Alg-g-PAA hydrogel was prepared by aqueous polymerization, grafting AA monomer onto Alg, and
using MBA and KPS as cross-linker and oxidizing agent, respectively (Scheme V - 2).>° The incorporation
of PEDOT and PEDOT/CAM NPs into Alg-g-PAA to produce Alg-g-PAA/PEDOT and Alg-g-
PAA/PEDOT/CAM, respectively, was performed in situ, adding the corresponding NPs to the reaction

mixture before the introduction of the oxidizing agent.
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Scheme V - 2. Sketch illustrating the graft polymerization method used to prepare Alg-g-PAA.

The FTIR spectrum of Alg-g-PAA hydrogel is compared in Fig. V - 7a with those of Alg and AA co-
monomer. The spectrum of Alg-g-PAA confirms the success of the grafting process, as it contains the
characteristic bands of both Alg and AA. More specifically, Alg-g-PAA and Alg spectra exhibit the broad
band at ~3430 cm™ (O—H stretching), the intense bands at 1595 and 1408 cm™ assigned to carbonyl
(C=0 asymmetric and symmetric stretching, respectively), and the peak at 1026 cm™? (C-O-C
stretching).®! The Alg-g-PAA spectrum also shows an intense peak at 1701 cm™ assigned to the C=0

stretching of the AA co-monomer.
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Fig. V - 7. (a) FTIR spectra of Alg, AA and Alg-g-PAA hydrogel after lyophilization. (b, c) Photographs of
Alg-g-PAA (b) as synthesized and (c) after 48 h of hydration in 0.01 M PBS under stirring (80 rpm) at
37 °C and pH 4, 7 or 10. (d) SEM micrographs of Alg-g-PAA (left, 200x magnification; right, 1.5kx

maghnification).

Although as prepared Alg-g-PAA hydrogel displays a semitransparent yellowish color arising from

Alg (Fig. V - 7b), its hydration not only induces the expected expansion of volume, but also a change
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towards a transparent appearance, independently of the pH (Fig. V - 7c). SEM micrographs of the
lyophilized hydrogel present an interconnected porous structure with the typical honeycomb
morphology (Fig. V - 7d). The pores exhibit thin walls and distorted round shape, with an average size
of 44 £ 9 um (n = 100).

The successful loading of PEDOT NPs on the Alg-g-PAA hydrogel was evidenced by the change from
the yellowish color to the characteristic dark blue color of PEDOT, as can be seen in Fig. V - 8a. The
volume expansion of Alg-g-PAA/PEDOT observed upon hydration is very high at the three studied pH
values (Fig. V - 8b), as occurred for the hydrogel without PEDOT NPs. SEM micrographs of Alg-g-
PAA/PEDOT hydrogel (Fig. V - 8c) reflect an inter-connected structure similar to that described for Alg-
g-PAA, with a similar average pore size (42 +9 um and 44 = 9 um for Alg-g-PAA/PEDOT and Alg-g-PAA,
respectively). However, magnified micrographs (Fig. V - 8c, right) show submicrometric clusters of
PEDOT NPs spread on the pores of the Alg-g-PAA/PEDOT hydrogels and also inside the walls of the

pores.

Fig. V - 8. (a, b) Photographs of Alg-g-PAA/PEDOT hydrogel (a) as synthesized and (b) after 48 h of
hydration in PBS under stirring (80 rpm) at 37 °C and pH 4, 7 or 10. (d) SEM micrographs of Alg-g-
PAA/PEDOT hydrogel (left, 200x magnification; right, 1.5kx magnification).
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In order to examine the pH response of the prepared hydrogels, both Alg-g-PAA and Alg-g-
PAA/PEDOT dry samples were cut in small pieces and immersed in 5 mL of 0.01 M PBS at pH 4, 7 and
10 under 80 rpm and 37 °C. Visual inspection (naked eye) of the hydrogel photographs as immersed
and after 48 h of hydration (Fig. V - 9) evidenced their high swelling capacity. In order to quantify such
observation, the temporal evolution of the swelling ratio (SR) was determined by weighting the
swollen hydrogels at different times considering different pH conditions. For Alg-g-PAA hydrogel,
hydrogen bonding interactions between the protonated carboxylic acid groups (from both Alg and
PAA) were expected to be very abundant at the acid pH, thus reducing the swelling capacity of the
hydrogel; while at neutral and basic pH values, ionized carboxylate groups were expected to generate
repulsive electrostatic interactions within the hydrogel network, allowing very high SRs.®? Conversely,
the Alg-g-PAA hydrogel (Fig. V - 9a) revealed a behavior completely different from that expected. More
specifically, similar SRs were observed at pH 4 and 7, while the swelling obtained at pH 10 was slightly
lower. This has been attributed to the shielding effect of the hydrated Na*ions from the media on the
carboxylate groups of the hydrogel, which results in a significant reduction of the repulsive
interactions at pH 7 and 10, noticeably affecting the swelling capacity. Thus, due to their higher
strength,®® the interactions of charged ions with water are more stabilizing than hydrogen bonds
between the protonated carboxylic acid groups.

For the Alg-g-PAA/PEDOT hydrogel, the SR at acid pH was clearly higher than at neutral and basic
pH, while the latter two exhibited very similar curves (Fig. V - 9b). Furthermore, the SR of Alg-g-
PAA/PEDOT at acid pH is significantly higher than that of Alg-g-PAA, independently of the time.
Similarly, the same trend was detected for Alg-g-PAA/PEDOT/CAM hydrogel (Fig. V - 9c). Such
enhanced swelling behavior has been attributed to two main aspects: i) the presence of PEDOT NPs
disrupt hydrogen bonding interactions, thus allowing the expansion of the hydrogel network at low
pH; and ii) the SDBS surfactant molecules contained in the PEDOT NPs increase the negative charge of
the network and, hence, the repulsive forces, which further expanded the hydrogel network. The most
relevant advantage of this behavior (i.e. enhanced expansion of the hydrogel with PEDOT NPs at acid
pH) favors the utilization of such system for the controlled delivery of CAM in the acid environment of

tumors’ sites, while also displaying antibacterial effect to fight infections.
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Fig. V - 9. Temporal evolution of the SR (n = 3) (left) and photographs of the hydrogels as immersed

and after 48 h of immersion in PBS solution (right) for (a) Alg-g-PAA; (b) Alg-g-PAA/PEDOT and (c) Alg-
g-PAA/PEDOT/CAM hydrogels.

On the other hand, the EWC of Alg-g-PAA hydrogel is practically independent of the pH with 86.3

+0.3%,85.9+0.3%and 83.9+1.4% atpH 4,7 and 10, respectively. Conversely, not only are the EWC
values obtained for Alg-g-PAA/PEDOT higher than those for Alg-g-PAA, but they also exhibit some pH
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dependence with values 0f 91.3 + 0.4 %, 88.1 £ 0.3 % and 85.7 £ 0.3b% at pH 4, 7 and 10, respectively.
These values, which are consistent with the expansion of the PEDOT-containing hydrogel at acid pH,
are similar to those obtained for Alg-g-PAA/PEDOT/CAM of 93.5+ 1.1 %, 87.2 £ 0.7 % and 86.8 + 2.3
% at pH 4, 7 and 10, respectively. The GF of Alg-g-PAA, Alg-g-PAA/PEDOT and Alg-g-PAA/PEDOT/CAM
is97+1%,96+2%and94 +1 %, respectively, indicating that the cross-linking efficiency in such
hydrogels is very high.

To compare the electrochemical responses of Alg-g-PAA and Alg-g-PAA/PEDOT/CAM, both
hydrogels were studied by CV using the set-up displayed in Fig. V - 10a. As can be seen, the hydrogels
were directly used as working electrodes, while the counter and reference electrodes consisting of a
Pt wire and an Ag|AgCl electrode. The cyclic voltammograms recorded in 0.01 M PBS at different pHs
are compared in Fig. V - 10b-d.
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Fig. V - 10. (a) Set-up used for electrochemical measurements. (b-d) Cyclic voltammograms recorded

for Alg-g-PAA and Alg-g-PAA/PEDOT/CAM hydrogels at (b) pH 4, (c) pH 7 and (d) pH 10.
As expected, the electrochemical activity of Alg-g-PAA hydrogel, which is proportional to the area

of the cyclic voltammogram, is enhanced by loaded electroactive PEDOT NPs. This feature was found

to depend on the pH (Fig. V - 10b-d), with the increment of electrochemical activity being higher at
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acid pH. Quantitative comparison between Alg-g-PAA and Alg-g-PAA/PEDOT/CAM reveals that the
electrochemical activity of the CP increases by 1482%, 172% and 277% at pH 4, 7 and 10, respectively.
Such behavior correlated well with the swelling response observed earlier: a more open structure (i.e.
expanded hydrogel network) was obtained at pH 4, which promoted the entrance and escape of ions
during the redox process of PEDOT NPs during electrical stimulation.

The viscoelastic properties of as prepared Alg-g-PAA/PEDOT/CAM hydrogels were determined by
rheological characterization. The storage modulus (G’), which accounts for the material's ability to

store energy elastically under shear, was monitored by running both amplitude and frequency sweeps

(Fig. V - 11).
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Fig. V - 11. Rheological characterization of as prepared Alg-g-PAA/PEDOT/CAM hydrogels.
Representative data recorded under (a) amplitude sweep (at 1 Hz) and (b) frequency sweep (strain at

1%).

Specifically, from the amplitude sweep, G’ was determined to be 317 + 75 Pa (at 10% strain). The
viscoelastic performance of the hydrogels remained stable up to 100% strain, when G’ values started
to decline and, ultimately, yielded at strain values higher than 100% and reaching G” > G’ at 1300%.
After immersion in PBS for 24 h, the G’ values of the hydrogels determined at 12% strain (amplitude
sweep) decreased down to 222 + 134 Pa, 158 + 36 Pa, and 120 + 46 Pa for pH 4, 7, and 10, respectively,

on account of the swelling process, which produced a softer material (Fig. V - 12a).
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Fig. V - 12. Rheological data for Alg-g-PAA/PEDOT/CAM hydrogels recorded under amplitude sweep
(at 1 Hz) from 0.1 to 5000% after (a) being immersed in PBS at different pH values for 24 h and (b)
after applying the CA electrical stimulus for 2 h (pH 4), followed by 24 h in PBS at pH 4. Error bars: SD

with n=3.

In terms of yielding, G’ values for samples kept at pH 4 and 10 started to yield at lower strain values,
and the crossover between G’ and G” occurred between 300 and 400% strain. In contrast, the
response of the samples kept at pH 7 was more similar to that of the as prepared system. Hence,
swelling did modify to some extent the viscoelastic performance of Alg-g-PAA/PEDOT/CAM hydrogels,
being more noticeable for pH 4 and 10. On the other hand, the hydrogel submitted to the electrical
stimuli (at pH 4) displayed a G’ value of 200 + 10 Pa (at 12% strain), as seen earlier, which indicated

that the electrochemical process had little effect on the hydrogel viscoelastic response (Fig. V - 12b).
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V-34. CAM release from Alg-g-PAA/PEDOT/CAM

The passive and electrostimulated release of CAM from Alg-g-PAA/PEDOT/CAM was studied at
different pH values. Electrostimulation was performed by applying CA cycles identical to those used
for PEDOT NPs for 2 h (i.e. a total of 9 CA cycles). Analysis of the drug delivered in absence of stimuli
indicated that, after 24 h, most of the drug remains in the carrier, independently of the pH (Fig. V -
13a). Indeed, the amount of CAM passively released, which does not increase with the time of
immersion in the medium, is around 1%. This result represents a drastic reduction with respect to
PEDOT/CAM NPs (Fig. V - 6), for which the passive release reached a value of around 55% after only 6
h, evidencing that CAM does not only interact with PEDOT chains, but also with water molecules.
Conversely, the very slow passive release observed when PEDOT/CAM NPs are loaded into the Alg-g-
PAA has been attributed to the strength of the interactions formed by the drug and the polar groups
of the hydrogel. Thus, such interactions are apparently much stronger than those it could form with
water molecules, preventing the diffusion of the CAM molecules through the hydrogel matrix to the
medium.

On the other hand, the CAM release from Alg-g-PAA/PEDOT/CAM increased significantly upon
electrostimulation (Fig. V - 13b). This feature is fully consistent with results obtained for PEDOT/CAM
NPs (Fig. V - 6), which confirms that PEDOT/CAM NPs preserve their response to CA cycles when
embedded in the hydrogel. Furthermore, the release increased upon decreasing pH, reaching values
of 30%, 12% and 2% at pH 4, 7 and 10, respectively, after 6 h (i.e. 2 h of electrostimulation + 4 h).
Moreover, for pH 4, the release increases to 33% after 26 h (i.e. 2 h of electrostimulation + 24 h).
Comparison of these results with those obtained by passive diffusion for Alg-g-PAA/PEDOT/CAM and
by electrostimulation for PEDOT/CAM NPs suggests that the CA-induced CAM release from Alg-g-
PAA/PEDOT/CAM was driven by the content of water inside the hydrogel (i.e. water entropy-driven
mechanism). Thus, CA cycles induced the release from the loaded NPs entrapped in the hydrogel,
while the competing interactions between the released CAM molecules and either the water
molecules and polar groups of the Alg-g-PAA matrix were affected by pH. It is worth noting that the
hydrogel SR was found to be much higher at acid pH (4) than at neutral pH (7), which in turn was
higher than at basic pH (10) (Fig. V - 10b). Accordingly, the abundance of CAM molecules interacting
with water increased with decreasing pH, explaining the variation of the released antibiotic with the
pH that occurred by diffusion of the CAM molecules that were not interacting with the hydrogel

matrix.
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Fig. V - 13. Release of CAM from Alg-g-PAA/PEDOT/CAM hydrogel at different pH values (n = 3) as
observed by (a) passive diffusion after 6 h and 26 h and (b) just after applying the CA electrical stimuli,
which took 2 h, and both 4 h and 24 h later.

Comparison of the release profiles displayed in Fig. V - 13 with those reported in the literature for
other Alg hydrogels reveals that Alg-g-PAA/PEDOT/CAM presents significant advantages in terms of
controlled release. For example, the release from CAM-loaded Alg-based hydrogels, which are chemo-
responsive to the calcium ion concentration, was recently studied by different authors.®*%> In
deionized water, an initial fast release followed by a sustained rate of release was observed without
applying an external stimulus (i.e. passive release).®* Indeed, complete (cumulative release of 100%)
release was achieved in around only 3 h. However, this effect was slightly delayed (i.e. cumulative
release of 40-60% release in 3 h) by enhancing the interactions with the drug through the loading of
cellulose nanocrystals into the hydrogel,® or by increasing the concentration of calcium ions to
increase the cross-linking.®® Thus, the incorporation of PAA and PEDOT NPs allows to drastically reduce
the passive release and, at the same time, to provide pH-selective response to electrical stimuli.

The need for materials with both broad utility and greater application specificity is ever-present. In
the case of drug delivery applications, hydrogels with specific, tunable and reversible responses to
environmental stimuli are known for decades to be excellent candidates as drug vehicles.®® Current
drug delivery research is evolving from biomimetic materials that are responsive to the host
environment to smart materials that respond to multiple stimuli, allowing to better dose and targeting
controlled release.®’ This feature is particularly relevant when the released drug an anticancer
medication, which usually exhibit a high toxicity profile. Considering the local acidic pH at the
microenvironment of tumors, Alg-g-PAA/PEDOT/CAM is a sophisticated smart material that fulfils all

such requirements. The chemo- and electro-response of Alg-g-PAA/PEDOT/CAM, which favors the
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release of CAM under electrostimulation in an acid environment, enables a more controlled and
efficient release with a hierarchical targeting strategy that was not achieved using single-responsive
carriers.}*2%22 Moreover, the proposed system is expected to work in the same way when drugs similar

in size and polarity are used instead of CAM.

V-3.5. Antibacterial tests
Results from the antibacterial activity of released CAM, which was tested against Gram-negative

(E. coli) and Gram-positive bacteria (S. sanguinis and S. mutans), are shown in Fig. V - 14.

E. coli
1 1) Free CAM (positive control)
2) Alg-g-PAA/PEDOT/CAM hydrogel
5 < (33 pg/mL)
- 3) Alg-g-PAA/PEDOT/CAM hydrogel
(66 pg/mL)
4 3 4) Alg-g-PAA/PEDOT (negative
- control)
5) Alg-g-PAA (negative control)
S. mutans ket S. sanguinis
1 3 1 1
5
. : .
4
4
’ .
2 2

Fig. V - 14. Bactericidal activity against E. coli, S. sanguinis and S. mutans of free CAM (positive control
- 1), Alg-g-PAA/PEDOT/CAM hydrogels with two drug loading concentrations (33 and 66 pg/mL — 2
and 3), 20 pL of the release medium after passive diffusion from Alg-g-PAA/PEDOT hydrogel (without
CAM - 4), and 20 pL of the release medium after passive diffusion from Alg-g-PAA hydrogels (without
CAM nor PEDOT NPs - 5). Inhibition halos observed using the disk diffusion method.

The activity of CAM was not altered after being introduced in the Alg-g-PAA/PEDOT/CAM hydrogel.
Thus, the release of the drug from Alg-g-PAA/PEDOT/CAM by passive diffusion was effective in
inhibiting bacterial growth, which is a concentration dependent mechanism. Free CAM (positive

control) also hindered bacteria growth, even though, in this case, the inhibition zone was smaller,
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probably as a consequence of the lower dose deposited onto the disk (i.e. 20 uL at 66 pg/mL). As it
was expected, no antibacterial activity was detected for release media samples (20 uL) derived from

the passive diffusion of Alg-g-PAA/PEDOT and blank Alg-g-PAA hydrogels (both without CAM).

V-3.6. Anticancer activity

The anticancer activity of released CAM was examined using Hela cancer cells, as well as Vero
normal cells. Cell viability was determined for cells after being exposed to CAM released by
electrostimulation from Alg-g-PAA/PEDOT/CAM hydrogels (Fig. V - 15a), as well as to free CAM (Fig. V
- 15b). The dilution series was achieved by successive 1:2 dilutions of the initial concentrations (i.e. 33
pug/mL for free CAM). The concentration in Fig. V - 15a is expressed in arbitrary units (a.u.), where a
concentration of 1 a.u. refers to the initial CAM concentration in the release media after
electrostimulation.

In general, cell viability decreases with increasing drug concentration, independently of the source
of CAM (i.e. free or released). However, Hela cells are more sensitive to the presence of CAM (Fig. V
- 15b), with Vero cells presenting a higher viability (59%) than the Hela (31%) cells at 33 pug/mL. For
lower drug concentrations, cell viability is higher than 80% regardless of the cell line. This response is
also observed for CAM released from Alg-g-PAA/PEDOT/CAM hydrogels by electrostimulation (Fig. V
- 15a). Interestingly, the initial drug concentration in the release medium might be higher than 33
pg/mL, as initially calculated, thus reducing cell viability for both cell lines. Overall, these features
confirm that the potential anticancer activity of CAM was not altered during the encapsulation process
or the release by electrostimulation. Next steps in device design should include a careful optimization

to further adjust CAM dosage.
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Fig. V - 15. Cell viability for HeLa and Vero cell lines, after being exposed for 24 h to CAM released
from Alg-g-PAA/PEDOT/CAM hydrogels by applying the CA electrical stimulus, or (b) exposed to free

CAM. Error bars indicate the standard deviation (n = 3).

V-4. Conclusions

Alg-g-PAA/PEDOT/CAM hydrogels were prepared by incorporating, during the synthesis, spherical
electroresponsive PEDOT/CAM NPs with an average diameter of 149 + 23 nm. The properties of Alg-
g-PAA/PEDOT/CAM hydrogel, which were fully characterized using different techniques, evidenced
that the SR depends on the pH and that the hydrogel is conductive. CAM-release tests from
PEDOT/CAM NPs, which showed an LC of 14.3 + 2.5 %, revealed a relatively fast passive release rate
(i.e. around 14% per hour) that increased by applying CV or, especially, CA stimuli. Conversely, CAM-
release assays from Alg-g-PAA/PEDOT/CAM hydrogel showed that the passive release was negligible,
regardless of the pH value. This response has been attributed to the formation of specific interactions

between CAM molecules released from the embedded PEDOT/CAM NPs and the polar groups of the
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Alg-g-PAA matrix. When CA electrostimuli were applied to Alg-g-PAA/PEDOT/CAM hydrogel, the
amount of CAM molecules released from the NPs to the hydrogel increased and, concomitantly, the
diffusion out of the hydrogel increased with the SR (i.e. with decreasing pH). Antibacterial tests and
cell viability assays proved that the biological activity of CAM was not affected by the loading and
release processes.

Considering the bioactivity of CAM, the proposed conducting hydrogel is of particular interest for
the treatment of cancer, as well as regulated inhibition of bacterial infections, avoiding the increased
antibiotic resistance as patients undergo systemic treatments. Results show that Alg-g-
PAA/PEDOT/CAM hydrogel allows electro-chemo controlled release of CAM, a broad spectrum
antibiotic, which occurs when the pH of the environment is acid and PEDOT/CAM NPs are
electrostimulated. Further studies on this bioplatform could lead to an optimization of different
variables, including the control of stimulation parameters (e.g. duration of the electric stimuli,
magnitude of the potential, etc.), as well as a more precise understanding of the pH effect by
considering different environments with different acidities (e.g. pH 4.5, 5.0, 5.5, 6.0 and 6.5).
Additionally, this system presents the potential to be explored for the release of other antibiotics or
drugs, or a combination thereof, to environments of specific requirements where the electro-chemo

response can be custom exploited.
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VI-1. Introduction

Cancer is the leading cause of death in many developed countries. The Global Cancer Observatory
(GLOBOCAN database) predicts a steady growth in total diagnostics and deaths related to cancer from
the 2018 estimations of 18.1 million new cancer cases and 9.6 million cancer deaths worldwide.! In
Europe, it was estimated in 2020 that 4 million new cases were diagnosed, and 1.9 million deaths were
caused by cancer.? In 2019, breast cancer accounted for 30% of cancers diagnosed in women of all
ages in the United States of America (USA), while prostate cancer was the most diagnosed in men
(20% of new cases).? These two types of cancer represented more than 10% of all cancer deaths in the
USA.!

Although effective, conventional chemotherapy strategies are typically based on systemic
treatment, relying on anticancer drug dispersion through the whole body. However, these drugs need
high concentrations to be effective, leading to severe secondary effects and toxicity when
administered systemically. The use of micro/nanosystems capable of controlled drug delivery, coupled
with local administration, avoids the amount of off-target effects, as lower amounts of drug would be
required to treat cancer. Some examples include nanofibers,* microparticles (MPs),> and NPs.® Some
advantages of these include large surface area/volume ratios, allowing an increase in available
reactive surface, potential functionalization for specific tissue-targeting, and the possibility of drug
delivery induced by external stimuli.>™°

CPs are promising materials for designing smart drug delivery systems. Through the application of
electrical current, changes in the redox state of CPS (e.g. PANL' PPy, or poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)) can induce conformational changes
that can be harnessed for on-demand immobilization/release of drugs. PEDOT has been extensively
studied for biomedical applications due to its physico-chemical stability, high biocompatibility, and
high conductivity under physiological conditions.**!* The electrochemical properties of PEDOT also
render this polymer a good candidate for controlled drug release when assembled as nanotubes
(NTs),>1® NPs,” or hydrogels.®® Furthermore, polymeric NPs have gained particular interest as
nanotechnology-based delivery systems to treat triple-negative breast cancer.’® Through entrapment
of drugs in the polymer chains during synthesis and charge stabilization, drug loading in NPs could be
achieved when using PEDOT NPs.

CUR is a bioactive compound extracted from the Curcuma longa plant, that has been recently
explored as a promising drug due to its disputed antioxidant, anti-inflammatory, anti-diabetic, and
antimicrobial properties.  Some studies also demonstrate its promising anticarcinogenic

properties.?>?! Therefore, this molecule is a promising drug for cancer treatment. CUR, encapsulated
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in NPs, has also been used as a co-adjuvant to improve the effectiveness of radiotherapy and also
provide radioprotection of healthy cells.?

Wireless electrostimulation has been suggested as a novel strategy for triggering drug release. This
approach is based on the principle that electronic transfer takes place without the need for an Ohmic
contact. This occurs because of bipolar electrochemistry, when electroconductive materials are placed
between two electrodes without direct contact and a sufficiently high potential (critical potential) is
applied. When this critical potential is reached, the electric field generated across the solution is
enough to obtain an electrical potential difference between the solution and the conducting object
able to drive electrochemical reactions to occur at the surface (poles) of such conducting material,
termed bipolar electrode (BPE). Considering the length of the BPE (lcec), the distance between the
driving electrode (lchannet), and the driving potential (Etwt), the electrical potential at the BPE (AEelec)

surface is estimated by equation VI - 1:2324

AE¢iec = Etor ( felec ) (VI-1)

lchannel

Although BPEs are generally on the milli-scale, recent work has shown that BPEs also work on the
micro- and nano-scales.?>?® One limitation to the application of this technique is the requirement of
high voltages to reach micro- or nano-scales, as tens of V of applied potential translate into an order
of magnitude lower potentials at the surface of the BPE.?® Studies using in vitro wireless neuronal cell
stimulation have shown to be safe when applied at potential values of 5.5 V, which have been reported
to enhance cell proliferation and differentiation,?” and at values of 3 V for manipulation of electron
transfer on the cell membrane of neurons.?® Additionally, Hicks et al. have demonstrated that carbon
NTs, when in clusters can be considered BPE (applied potential of 3 V), but not when presented as
single NTs (applied potential of 1.2 kV).?®

PEDOT NPs are strong candidates for immobilization and controlled release of CUR on cancer cells.
However, their storage inside the body targeting a specific organ can be further improved with the
use of an appropriate carrier system. Multifunctional bioactive core-shell materials able to promote
the controlled release of bioactive agents for biomedical applications (e.g., wound healing) have
recently been described in the literature in the form of nanofibrous membranes.? Coaxial electrospun
fibers are an example of such systems. Several studies show that coaxial fibers can act as reservoirs
for the continuous release of active drugs into the bloodstream.3%3! Ideally, such fibers can also serve
as reservoirs for PEDOT NPs and allow their controlled release.

Some examples of suitable coaxial fibers include those developed by Hou et al.,*? Silva et al.,** and
Garrudo et al..3* These fibers are composed of biodegradable polymers such as poly(caprolactone)
(PCL) and poly(glycerol sebacate) (PGS). PCL is a Food and Drugs Administration (FDA) approved

synthetic aliphatic polyester, easily processable, with good mechanical properties, and extensively
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used in tissue engineering applications.3>3 PGS is also an aliphatic polyester with applications in tissue
engineering, wound healing, and drug delivery systems.?” It can be synthesized from polycondensation
of glycerol and sebacic acid, both of which are regarded as safe by the FDA.3® As proposed in this
Chapter, the use of biodegradable and biocompatible polymers to create fiber meshes that can act as
reservoirs for NPs is a promising hypothesis. Such a system considers the reported elevated lipase
expression in breast®*4° and prostate*! cancer and takes advantage of such lipase-rich milieu to
catalyze the degradation of polyester meshes and promoting drug-loaded NPs local release.

In this Chapter, we present, for the first time, the development of a wireless electrostimulation
system for the treatment of breast and prostate cancer composed of two components: PEDOT NPs
loaded with CUR, which are in turn encapsulated in biodegradable coaxial PCL/PGS fibers. The electro-
responsive PEDOT NPs allow the controlled delivery of CUR using specific applied potentials on PEDOT
NPs, with a negligible release by diffusion. The coaxial fibers, composed of PCL and PGS, were
employed to control the systemic release of PEDOT NPs, depending on endogenous enzymatic activity,
to be explored as a reservoir for the electro-responsive PEDOT NPs. Thus, having the potential to act
as a transdermal implant for postoperative cancer treatment.

The NP/coaxial fiber system proposed has dual-responsiveness stimuli, which have never been
described in the literature before. On one hand, the system is responsive to endogenous enzymatic
activity at tumor sites, being appropriate for implantation, or as a transdermal device, for long-term
release of nanocarriers for therapeutic action in prolonging remission time. On the other hand, the
NPs released from the coaxial fibers are responsive to external electric stimulus, allowing for the on-

demand delivery of anti-cancer drugs.

VI -2. Materials and methods

Vi-2.1. Materials

EDOT (97%), CUR, SDBS, APS, Tween® 20, PBS powder pH 7.4, PCL MW 80000, glycerol (>99.5%),
sebacic acid (99%), 2,2,2-trifluoroethanol (TFE), 1,1,1,3,3,3-hexafluoropropanol (HFP), ethanol p.a.
(99.8%), Pur-A-Lyzer™ Maxi Dialysis Kit MWCO 3.5 kDa, platinum wire (0.25 mm diameter), Lipase (EC
3.1.1.3) from Aspergillus oryzae (~50 U/mg), (-)-riboflavin, Cell Proliferation Kit | (MTT), and Hoechst
33258 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium pyruvate, insulin (human
recombinant), Minimum Essential Medium (MEM), fetal bovine serum (FBS), Ham’s F-12K (Kaighn’s)
Medium, Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin- 2,2'2",2"'-(ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA) 0.25% phenol red, antibiotic-antimycotic solution and penicillin-

streptomycin 10000 U/mL (P/S) were purchased from ThermoFisher Scientific (Waltham, MA, USA).
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PC-3 cell line and MCF7 cell line were purchased from the American Type Culture Collection (ATCC,

Manassas, VA, USA). A frozen stock of L-929 cell line was used.

VI-2.2. Synthesis of NPs

The synthesis of PEDOT and CUR/PEDOT NPs was adapted from protocols described elsewhere.*?"
4 Firstly, a 9.3 mM SDBS aqueous solution was prepared and kept at 40 °C and 750 rpm for 1h. Then,
EDOT was added to the micellar solution to a final concentration of 32.2 mM. In the case of
CUR/PEDOT NPs, a 10 mg/mL CUR solution in ethanol was prepared and it was added at the same
time as EDOT at 0.1 mL of CUR solution per mL of total final reaction mixture. The mixture was kept
at40°Cand 750 rpm for 1 h, after which, a 0.8 M APS aqueous solution was added at 0.1 mL of solution
per mL of total final reaction mixture. The reaction was then kept at 40 °C and 750 rpm, protected
from light, for 18 h. Purification of synthesized NPs was achieved by 3 cycles of 40 min centrifugation
at 4 °C and 11000 rpm, alternating with 20 min of ultrasounds. The final pellet was then kept at 40 °C

in an oven for 3 days to dry.

VI-2.3. Synthesis of PGS

PGS was prepared following a published protocol.?* Briefly, sebacic acid and glycerol were mixed
in a 1:1 molar ratio, and then heated at 130 °C under a nitrogen atmosphere for 3 h, to ensure
complete mixing of the reactants. The reaction mixture was then kept at 120 °C under vacuum for 25
h. PGS was then left to cool down in a desiccator to reduce moisture absorption and used without

further processing.

VI-2.4. Electrospinning

Appropriate core and shell solutions were prepared before electrospinning. The core solutions
were: 80% (w/v) PGS in HFP (24 h of agitation); and PGS with PEDOT or CUR/PEDOT NPs (5.4 mg/mL
NP pre-dispersed in HFP using ultrasounds for 20 min before PGS addition). The shell solution prepared
was a 13% (w/v) PCL solution in TFE (24 h of agitation). Electrospinning was performed using a coaxial
spinneret (MECC, Ogori, Fukuoka, Japan) with an outer needle of 2.5 mm of internal diameter and an
inner needle of 23G (0.641 mm of outer diameter and 0.337 mm of inner diameter). Electrospinning
was conducted at temperature between 18 °C and 21 °C, and relative humidity of (50 — 60) %, a voltage
of 20 kV, a distance to the collector of 15 cm, a core solution flow rate of 30 puL/min, and a shell solution

flow rate of 180 uL/min.
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VI -2.5. NPs characterization

VI-2.5.1. NP morphology

PEDOT and CUR/PEDOT NPs were visualized by transmission electron microscopy (TEM, HITACHI
H-8100, LaB6 Filament, and an acceleration tension of 200 kV, Tokyo, Japan). NP diameters were
measured from 5 images (15 counts each) using NIH Image) software (National Institute of Health,
MD, USA). The NPs z-potential and hydrodynamic diameter were assessed by DLS, using Malvern
Zetasizer Nano ZS, UK.

VI-2.5.2. Fourier-transform infrared (FTIR)

FTIR spectroscopy was performed using a Spectrum Two FT-IR Spectrometer (PerkinElmer,
Waltham, MA, USA), equipped with a Pike Technologies MIRacle Attenuated Total Reflectance (ATR)
accessory. Transmittance spectra were obtained over the region (400-4000) cm™ (resolution of 4 cm™,
8 scans) at room temperature and an automatic baseline correction treatment was applied using the

acquisition software PerkinElmer Spectrum IR.

VI-2.5.3. Cyclic voltammetry (CV)

CV scans were run using carbon screen printed electrodes (SPEs) (Working electrode: C; Counter:
Ag; Reference electrode: Ag/AgCl; Metrohm DropSens), connected to a potentiostat (400B
Electrochemical Analyzer, CH Instruments). 20 uL of a 10 mg/mL NP solution was drop-cast onto the
working electrode area of the carbon SPE and left to air dry overnight. The SPEs were dipped in 2.5
mL of degassed PBS 0.01 M, pH 7.4, with 0.5% (v/v) Tween® 20 as the electrolytic medium. For CUR
solution scans, a 0.1 mg/mL CUR solution was prepared in PBS 0.01 M, pH 7.4, with 0.5% (v/v) Tween®
20, where clean SPEs were dipped. Cycles were run in a potential window of -1.5V to +1.0 V, with scan

rates ranging from 0.01 V/s to 0.4 V/s.

VI-2.5.4. Loading capacity (LC)

A drop of 50 pL of CUR/PEDOT NPs (10 mg/mL) in agqueous suspension was dispersed in 1950 pL
of a 70% ethanol solution in PBS (0.01 M, pH 7.4) and incubated for 4 weeks at 4 °C. Afterwards, the
NP dispersion was centrifuged at 11000 rpm and 4 °C for 40 min. The concentration of CUR in the
medium (n = 3) was determined using the absorbance at 425 nm and the corresponding absorbance
vs CUR concentration calibration plot in 70% ethanol solution in PBS (0.01 M, pH 7.4) using a UV-Vis
spectrophotometer (Varian Cary 100 Bio). LC was determined using Eq. VI — 2, where Misaded

corresponds to the mass of CUR initially incorporated to the solution used for the synthesis of
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PEDOT/CUR (0.025 g) minus the mass of CAM remaining free in the solution after the synthesis of
PEDOT/CUR.

LC (%) = Tleaded 5 100 (VI-2)
mpps
VI -2.6. Fiber characterization
VI-2.6.1. Fiber morphology

The morphology of coaxial fibers with PGS core and PCL shell (PGS/PCL) was evaluated by SEM,
using Hitachi S-2400 SEM (Tokyo, Japan) at 20 kV, after coating with a thin layer of gold/palladium.
The morphology of PGS/PCL fibers loaded with PEDOT NPs (PEDOT+PGS/PCL) and loaded with
CUR/PEDOT NPs (CUR/PEDOT+PGS/PCL) was evaluated using FEG-SEM JEOL JSM7001F (Jeol, Tokyo,
Japan) at 15 kV, after coating with a thin layer of gold/palladium. Fibers’ diameters were measured
from 5 images (at least 40 counts each) using the software Imagel (National Institute of Health, MD,

USA). FTIR was also performed to characterize the fibers (section VI - 2.5.2.).

VI-2.6.2. Contact angle

Contact angle measurements of the fiber mats were performed using glycerol in the sessile drop
technique by a Kriiss DSA25B goniometer (Kriiss GmbH, Hamburg, Germany). Drop Shape Analysis 4
Software was instructed to take measurements of the left and right angles every 5 s for 2 min. At least
10 measurements with a deviation of less than 1% per sample were considered for measuring the

contact angle of the droplet with the surface of the sample (n>5).

VI -2.6.3. Mechanical characterization

Fiber mats’ mechanical properties were assessed by a uniaxial tensile test using a texture analyzer
TAXT ExpressC (Stable Micro Systems, Godalming, UK), equipped with 50 N tensile grips, and a
constant crosshead speed of 10 mm/min. Samples were cut into rectangular strips (30 mm x 10 mm,
n>5). Young’s modulus was calculated from the (0 - 15)% strain linear region in the stress-strain curve
and the ultimate tensile strength and maximum extension were measured from the highest peak of

the stress-strain curve.
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VI-2.7. CUR and NPs release assays

VI-2.7.1. CUR unspecific release from CUR/PEDOT NPs using dialysis

A Pur-A-Lyzer™ Maxi 3500 dialysis kit was used to perform dialysis of CUR/PEDOT NPs to assess
unstimulated release of CUR from CUR/PEDOT NPs. The membrane was soaked by incubating in MilliQ
water at room temperature. Then, 3 mL of 1 mg/mL CUR/PEDOT NPs solution was added to the dialysis
tube and immersed in 115 mL of PBS 0.01 M, pH 7.4, with 0.5% (v/v) Tween 20, at 35 °C. Dialysis
medium samples were collected every 24 h, when whole medium was exchanged for fresh medium.
At day 6, the dialysis medium was replaced by a PBS solution with 10% (v/v) ethanol and, at day 9 the

medium was replaced by PBS with 70% (v/v) ethanol.

VI-2.7.2. CUR release from CUR/PEDOT NPs using electrostimulation

20 pL of a 10 mg/mL CUR/PEDOT NPs solution was drop-cast unto the working electrode area of
the carbon SPE and left to air dry overnight. The SPEs were dipped in 2.5 mL of degassed PBS 0.01 M,
pH 7.4, with 0.5% (v/v) Tween® 20 as the electrolytic medium. Electrostimulation was performed in
the same setup as CV. Stimulation cycles were run at a fixed time for 180 s at potentials of +0.5V, -0.5
V,-0.75V,-1.0V,-1.25V, -1.5V, and -2.0 V, or for fixed potentials (+0.5V, -1.25V, -1.5V, and -2.0 V)
for times up to 540 s. The concentration of CUR released to the medium was determined by UV-visible
spectroscopy (A = 425 nm) using a microplate spectrophotometer (Multiskan™ GO, ThermoFisher

Scientific).

VI-2.7.3. Lipolytic activity

The enzymatic activity assays were based on the conversion of p-nitrophenyl butyrate (pNPB) to
p-nitrophenol (pNP) as the result of enzymatic hydrolysis by the lipase. For this, the enzymatic activity
assays were performed in 96-well plates over ice, adding to each well 10 pL of supernatants and 90 pL
of a 2.63 mM pNPB solution prepared in 50 mM acetate buffer, pH 5.2, and 4% of Triton X-100. The
plate was incubated at 37 °C for 15 min, after which the reaction was stopped by adding 200 puL of
acetone to each well. Finally, the absorbance was measured at 405 nm in a microplate
spectrophotometer (Multiskan™ GO, ThermoFisher Scientific), and lipolytic activity was calculated

defining one unit (U) of enzyme activity as the amount of enzyme releasing 1 umol of pNP per minute.
VI-2.7.4. Fiber degradation assay and NP release

Fiber mats were cut in (10 x 10) mm samples and incubated at 37 °C with a 0.5 mg/mL solution of

human lipase expressed in Aspergillus oryzae in 0.01 M PBS, pH 7.4, up to 316 h (average 23 £ 6 U/mL).
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The concentration of NPs released to the medium was determined by UV-Vis spectroscopy (A=380 nm)

using a microplate spectrophotometer (Multiskan™ GO, ThermoFisher Scientific).

VI-2.8. Cell culture assays

VI -2.8.1. Cell culture maintenance

Human prostate cancer cells (PC-3) were cultured in T-flasks (75 cm?) in Ham’s F-12K medium
supplemented with 10% FBS and 1% P/S, at 37 °C and 5% CO,, with medium changed every 2 days.
Human breast cancer cells (MCF7) were cultured in T-flasks (75 cm?) in MEM medium supplemented
with 0.01 mg/mL human insulin (recombinant), 10 mM sodium pyruvate, 10% FBS and 1% P/S, at 37
°C and 5% CO,, with medium changed every 2 days. Cells were passaged at (80-90)% confluency by
incubation with trypsin-EDTA 0.25% phenol red solution for 5 min at 37 °C and sub-cultured at a 1:3
split ratio.

Mouse fibroblasts (L-929) were cultured in T-flasks (75 cm?) in DMEM supplemented with 10% FBS
and 1% antibiotic-antimycotic solution, at 37 °C and 5% CO,, with medium changed every 2 days. Cells
were passaged at (80-90)% confluency by incubation with trypsin-EDTA 0.1% solution for 5 min at 37

°C and sub-cultured at a 1:3 split ratio.

VI-2.8.2. Cell viability assays

Cell viability after exposure to CUR, PEDOT NPs, and CUR/PEDOT NPs was performed using the
MTT assay kit following the protocol recommended by the manufacturer for 96 well plates. Briefly,
100 pL of cells were seeded at a concentration of 1x10° cells/mL of medium and incubated overnight
at 37 °C and 5% CO,. The medium was then replaced by fresh medium supplemented with the
appropriate concentration of drug or NPs to be tested, and cells were incubated for 24 h at 37 °C and
5% CO,. After the incubation period, the MTT labeling reagent was added to each well to a final
concentration of 0.5 mg/mL and incubated for 4 h at 37 °C and 5% CO,. The solubilization buffer
(labeling reagent:solubilization buffer, ratio of 1:10) was then added to each well, and the plate was
incubated overnight at 37 °C and 5% CO,. Finally, absorbance was measured at 570 nm using a

microplate reader (Infinite200 PRO, Tecan, Mannedorf, Switzerland).

VI-2.8.3. Cell uptake of CUR/PEDOT NPs in suspension and immobilized on coaxial fibers
Cells were seeded (1 x 10° cells/mL) in a 24-well plate before the addition of CUR, PEDOT NPs, or
CUR/PEDOT NPs solutions to the culture medium to a final concentration of 10 or 50 pg/mL and were

incubated for 24 h at 37 °C and 5% CO,. Alternatively, cells were incubated with supernatants,
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obtained from fiber previously degraded in the presence of the lipase, in a 1:1 supernatant:fresh
medium ratio, for 24 h at 37 °C and 5% CO,. Additionally, PC-3 cells were incubated with (1x1) cm fiber
mat samples and 0.5 mg/mL (average 23 + 6 U/mL) lipase for 2 weeks at 37 °C and 5% CO,. After
CUR/PEDOT NPs uptake, cells were fixed with 70% ethanol solution and stained with Hoechst 33258
at a working concentration of 0.5 pg/mL. A fluorescence microscope (LEICA DMI 30008, Leica camera
system, Wetzlar, Germany; Hoechst: Aex/em = 340-380/425 nm; CUR/PEDOT NPs: Aex/em = 460-
500/512-542 nm) was used to assess cellular morphology and the capacity of cells to internalize NPs

prepared in a solution and NPs present in supernatants obtained from fiber degradation assays.

VI-2.28.4. In vitro wireless electrostimulation of CUR/PEDOT NPs

The wireless electrostimulation setup used in this study is sketched in Scheme VI - 1. Two platinum
wires (0.25 mm diameter) were placed 1 cm apart and attached to each well of a 24-well plate. The
plate and wires were sterilized by UV light exposure for 15 min inside a laminar flow hood. Cells were
then seeded (1x10° cells/mL) in the 24-well plate and incubated at 37 °C and 5% CO, for 4 h. After this,
CUR/PEDOT NPs solution was added to the culture medium (supplemented with 1 mM (-)-riboflavin)
to a final concentration of 50 pg/mL and incubated for 24 h at 37 °C and 5% CO. Then, the platinum
wires, inserted in the culture medium 1 cm apart to work as electrodes, were connected to a power
source and electrostimulation was performed for 24 h using a square wave alternating current (AC, -
10 V to 0 V, frequency of 100 Hz). Cell viability was then estimated 24 h after the end of the

electrostimulation as described in section VI - 2.8.2.

Scheme VI - 1. Schematic representation of the setup used for wireless electrostimulation of
CUR/PEDOT NPs with PC-3 cells in culture: Pt wires as driving electrodes (gray lines), CUR/PEDOT NPs

as BPEs (blue circles).
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VI-2.9. Statistical analysis

Statistical analysis of the data was performed using Microsoft Excel, with all results being
presented as mean values + standard deviations. Analysis of variance (ANOVA) was performed for the
datasets. A post hoc Welch's unequal variances t-test was used to determine significant differences

between independent populations (p-value). (*) means p < 0.05 and (**) means p < 0.01.

VI -3. Results and discussion

VI-3.1. Materials characterization

Vi-3.1.1. PEDOT NPs

PEDOT NPs loaded with CUR (CUR/PEDOT NPs) were obtained to be explored as a component of a
controlled drug delivery system, responsive to electrostimulation and further incorporated in a fiber
mesh. It was observed that PEDOT NP diameter, estimated by TEM, increases 3.9 times with drug
loading (Fig. VI - 1, Table VI - 1). An increase was expected as CUR incorporation in polymer chains
would lead to an increase in volume due to stereochemistry (i.e. volume occupied by CUR molecules).
While the PEDOT NPs synthesized in this work have smaller diameters (25 + 3 nm) when compared
with previously reported (35-100 nm),***3% the size of the CUR/PEDOT NPs reported here (96 + 7 nm)
and in the literature (96 + 16) are identical.*

For PEDOT NPs, the differences in diameters are possibly due to the differences in synthesis
method, such as introducing heating earlier in the synthesis process, scaling up, and longer reaction
times (overnight vs 18 h). For SDBS, changes in temperature between 25 °C and 40 °C can lead to
changes in critical micelle concentration (CMC) and critical micelle transition (CMT),* influencing the
structure of the micelles, ranging from spherical to rod-like or more complex micellar aggregates. As
polymerization occurs inside the micelles, it is important to keep the temperature constant at 40 °C,
allowing the surfactant to have a constant action until the end of the synthesis by maintaining the
number of micelles constant, as well as their homogeneity in size and shape. Therefore, the conditions
used possibly led to the formation of smaller and/or rounder micelles, and consequentially smaller

NPs and more homogeneous NP populations were obtained.
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Fig. VI - 1. Size distribution and TEM micrograph of PEDOT NPs (A and B) and CUR/PEDOT NPs (C and
D). (E) UV-visible spectra of CUR solutions. (F) UV-Vis spectra of CUR in LC release medium. (G) FTIR
spectra of PEDOT NPs, CUR, and CUR/PEDOT NPs.

193



The LC and, therefore, the successful loading of CUR in PEDOT NPs was assessed by UV-Vis
spectroscopy. For this purpose, CUR was extracted from suspensions of CUR/PEDOT NPs by incubating
them in 70% ethanol solutions for 4 weeks. Then, UV-Vis spectra were recorded for the medium after
centrifugation. The absorbance vs CUR concentration plot, prepared from the characteristic
absorption peak of CUR at 425 nm shown in Fig. VI - 1E, was used as a calibration curve to quantify
the LC of PEDOT NPs.

The LC calculated for CUR/PEDOT NPs from the CUR absorption peak (Fig. VI - 1F) was 15.3 + 0.1
%. This is similar to what was reported in our group for PEDOT NPs loaded with the antibiotic CAM,**
and it is 2.6 times higher than previously reported for CUR-loaded PEDOT NPs (5.9 + 1.6 %),* thus

showing the consistency of the results.

Table VI - 1. Average NP diameters (2, nm) derived from TEM and DLS, and z-potential values ({, mV)
for PEDOT and CUR/PEDOT NPs (n>4).

NPs orem (nm)  @pis (hm) T (mV)
PEDOT 25+3 106 £+ 17 -55+3
CUR/PEDOT 9% +7 245 + 31 -36+2

Diameters from DLS analysis (Table VI - 1) are 4.3 and 2.5 times larger than those derived from
TEM for PEDOT and CUR/PEDOT NPs, respectively. This was expected as polymeric NPs in solution
present a higher hydrodynamic diameter that accounts for the relaxation of polymer chains when in
solution.*® The diameter values obtained for both types of NPs by either technique are a good indicator
in concerns to accumulation in the tumor and cellular uptake, as the optimum size range is between
20 and 200 nm to prevent clearance by the kidneys and escape macrophages, thus allowing a longer
circulation time in the body.* A z-potential value of -55 + 3 mV and -36 + 2 mV indicates good colloidal
stability of PEDOT NPs and CUR/PEDOT NPs, respectively,*® thus demonstrating the successful role of
SDBS in stabilizing the PEDOT NPs in the aqueous solution. However, the presence of CUR reduces the
effective surface charge, which is possibly due to the high hydrophobicity of CUR that affects the
charge stabilization.

FTIR spectra of CUR, PEDOT NPs, and CUR/PEDOT NPs are shown in Fig. VI - 1G. Characteristic
PEDOT peaks were observed for both NP types: C=S bond stretching in the thiophene ring at 691 cm”
! C—C of the thiophene ring at 1360 cm™, C—O—C vibrations at 1066 cm, C=C stretching band at 1475
cm™ and —CH, stretching vibration at 2921 cm™.45°%5! |mportantly, CUR peaks were easily detected in

the CUR/PEDOT NPs spectrum: phenolic —OH stretching vibrations at 3508 cm™, phenolic C-0 bending
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vibration at 1272 cm™, C=C stretching vibration at 1508 cm™, C=0 stretching bands at 1624 cm™ and
1599 cm™, and —CH, vibrations at 960, 808 and 855 cm™.%>>2 Thus, these results further confirm the
successful loading of CUR into PEDOT NPs by entrapment of the drug in the core of the particles or
throughout the polymer chains.

Peak-to-peak separation shifts in the CVs recorded for CUR, PEDOT NPs, and CUR/PEDOT NPs are
evident with the increase of the scan rate (Fig. VI - 2), which indicates an electrochemical quasi-
reversible process ruled by diffusion of CUR within the PEDOT network.>® Panels B, D, and F of Fig. VI
- 2 show a linear behavior of current density vs square root of the scan rate for CUR/PEDOT NPs,
PEDOT NPs, and CUR, respectively. Thus, corroborating the suggestion that a quasi-reversible electron
transfer process is taking place. In the voltammograms recorded for CUR/PEDOT NPs, it is noticeable
that the increase in the diffusion coefficient of electroactive species leads to an increase in peak
current, which is in agreement with the Randles-Sevcik's equation (Eq. VI - 3), where i, is the current
peak in A, n is the number of electrons transferred, A is the electrode area in cm?, F is the Faraday
constant in C/mol, D is the diffusion coefficient in cm?/s, C is the concentration in mol/cm3, v is the

scan rate in V/s, R is the molar gas constant in J/K/mol and T is the temperature in K.

anD)l/2

ip = 04463 nFAC (=

(VI - 3)

Cyclic voltammograms presented in Fig. VI - 2 show that the oxidation and reduction peaks of
PEDOT NPs (Fig. VI - 2C) and CUR (Fig. VI - 2E) appear at similar potentials (0.1 V and -0.3 V), with the
peaks at -0.3 V being more noticeable in CUR/PEDOT NPs (Fig. VI - 2A), suggesting that CUR is present

in the NPs.
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Fig. VI - 2. Cyclic voltammograms of CUR/PEDOT NPs (A), PEDOT NPs (C), and CUR (E) recorded at scan
rates varying from 0.01 V/s to 0.4 V/s in 0.01 M PBS, pH 7.4. Variation of the current density (j,) at the
anodic (red) and cathodic (blue) peaks of CUR/PEDOT NPs (B), PEDOT NPs (D), and CUR (F) against the

square root of the scan rate.

Vi-3.1.2. Coaxial fibers

PGS/PCL coaxial fibers were electrospun to act as a biocompatible and biodegradable reservoir for
NPs. So, CUR/PEDOT NPs were loaded into the core of the fibers and slow release to the medium over
time through enzymatic degradation was assessed. Fig. VI - 3 (A and B) shows that PGS/PCL coaxial
fibers present a diameter distribution centered around 400 nm, but also a fiber population with a
more heterogeneous diameter distribution. In fact, an average diameter of 379 + 127 nm was found

for the population with smaller diameters (< 1 um), and an average diameter of 2.0 + 0.8 um was
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found for the population with larger diameters (= 1 um). These values are within the range reported
in the literature for these types of fibers, varying from 738 nm to 5.5 um.3*3 The presence of two fiber
populations with different sizes can be explained by the splitting of the fibers during electrospinning,
resulting in the branching of the fibers.>

The disparity in fiber diameter is further increased when PEDOT NPs are introduced in the core
layer of PGS/PCL fibers, with average diameters of 127+132 nm and 3.8 + 1.5 pm (Fig. VI - 3 Cand D),
respectively, for average the smaller and larger diameter populations. On the other hand, the
presence of CUR in the PEDOT NPs loaded in the core layer of the fibers appears to decrease the
heterogeneity in fiber diameter (Fig. VI - 3 E and F), decreasing the frequency of larger fibers (average

diameter of 2.9 + 1.2 um) and increasing the frequency of the 200 nm range (average diameter of 136
1103 nm).

Frequency (%) >
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Fig. VI - 3. Diameter distribution and SEM micrograph of PGS/PCL fibers (A and B), PEDOT+PGS/PCL
fibers (C and D), and CUR/PEDOT+PGS/PCL fibers (E and F).
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The contact angle of the produced fibers was 58° * 3° for PGS/PCL, 17° + 3° for PEDOT+PGS/PCL,
and 37° + 3° for CUR/PEDOT+PGS/PCL (Table VI - 2), with a high statistically significant difference
between the three fiber types (p-value < 0.01). Contact angle values previously reported for PCL fibers
loaded with PEDOT NPs are typically high (120°),°° and similar to those of plain PCL fibers (110° to
130°).3%°° A hypothesis is that the influence of PEDOT NPs on fiber diameter distribution might
influence the porosity and topology of the fiber mat and promote droplet penetration. On the other
hand, the contact angle of CUR/PEDOT NPs loaded fibers present a value between the unloaded
PEDOT+PGS/PCL and the pristine PGS/PCL fibers. Again, the fibers morphology and topology of the
fiber mat can contribute to this observation. The loading of CUR can increase the affinity of PEDOT
NPs towards PGS, as the phenolic hydroxyl groups in the CUR structure could interact with carboxyl
groups in PGS, and as such, the interference of CUR/PEDOT NPs with fiber formation is minimized,

improving the homogeneity of the fibers in the meshes.

Table VI - 2. Contact angle values and representative pictures of respective measurements of coaxial

PGS/PCL fibers, and PGS/PCL fibers loaded with PEDOT or CUR/PEDOT NPs (n>5).

Sample Contact angle (°)  Picture

PGS/PCL 58+3

PEDOT+PGS/PCL 17+3

CUR/PEDOT+PGS/PCL 37+3

—A
—

The Young’s modulus obtained for PGS/PCL fibers was around 45 MPa (Fig. VI - 4). These fibers had

a Young’s modulus higher than the ones previously reported in the literature at values of 6 MPa and
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16 MPa, respectively for fibers made of 10% and 13% PCL solution.3233 Similarly, the value of ultimate
tensile strength (5 MPa) is slightly higher than those previously reported (2-3 MPa).3233 The elongation
of these fibers was 400%, almost half of what was observed by Hou et al. for PCL fibers.3? The
differences in fiber production conditions (e.g., higher humidity levels) might have led to a more
compact PCL shell layer, which in turn influences the mechanical properties of the fibers. Another
hypothesis is that the branching of the fibers during electrospinning might promote a greater
entwinement of the fibers, with the thinner fibers providing additional mechanical support.>*

Encapsulation of both PEDOT NPs and CUR/PEDOT NPs in the fibers changes the mechanical
properties of the coaxial fibers (Fig. VI - 4A), leading to a significant decrease in Young’s modulus (Fig.
VI - 4B), from 45.3 MPa to 38 MPa for PEDOT+PGS/PCL fibers and 39 MPa for CUR/PEDOT+PGS/PCL,
suggesting that the presence of NPs increases the capacity of the composite to withstand elastic
deformation. These results might be explained by an increase in the conductivity or the viscosity of
the electrospinning solutions when the NPs are added, leading to changes in polymer crystallinity,
which in turn might lead to changes in the mechanical properties.>®

We must consider human skin's elastic properties when designing a device suitable for potential
subdermal implantation. The reported values for human skin Young’s modulus vary from 18 + 2 MPa
to 57 + 7 MPa, depending on the age and the sex of live subjects.>” Therefore, we can conclude that
Young’s moduli of the fibers obtained in this study are within the range of values found for human
skin. Additionally, the presence of PEDOT NPs made the fiber mats adaptable to mimic the
biomechanical properties of skin at possible implantation sites. Also, these fibers with NPs
encapsulated present a shorter plastic regime as corroborated by the significant lowering of the
ultimate tensile strength from 5.5 MPa for the plain fibers to around 4.5 MPa in the presence of NPs
(Fig. VI - 4C), meaning that the material could break at lower stress-strain values than in the PGS/PCL
plain fibers. However, no statistically significant differences were observedin the values of the

elongation of the material at the breakpoint (Fig. VI - 4D).
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Fig. VI - 4. Representative stress—strain curves obtained via tensile testing of PGS/PCL,

PEDOT+PGS/PCL, and CUR/PEDOT+PGS/PCL fibers (A). Change in mechanical properties: (B) Young’s
modulus, (C) tensile strength, and (D) elongation at break, with the loading of PEDOT NPs or
CUR/PEDOT NPs onto PGS/PCL fibers (n>5). **p-value<0.01.

VI-3.2. NPs release from PGS/PCL fibers by enzymatic degradation

The biodegradation of the fibers upon the activity of the human lipase expressed in Aspergillus
oryzae (Fig. VI - 5) was evaluated by mass loss over time (Fig. VI - 6A). The most pronounced mass loss
takes place in the first 24 h of incubation with lipase, with around 80% of fiber mass lost for all mesh
types at that time point. Biodegradation of PGS and PCL electrospun fibers by the enzymatic activity
of lipases has already been shown,*3> with a lipase activity of 0.5 U/mL reported to lead to 71.6%

mass losses of PGS/PCL and polyaniline (PGS/PCL-PANI) coaxial fibers (diameter of 951 + 465 nm) over
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168 h.3* This biodegradation is further evidenced by our results for PGS/PCL coaxial fibers, where an
average lipase activity of 23 £ 6 U/mL resulted in approximately 80% mass loss for the three types of
fibers in only just 24 h. Thus, human endogenous lipase expression at cancer sites could eventually be

explored for the biodegradation of an implantable drug delivery system.394°
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Fig. VI - 5. Lipase activity over fiber degradation time at 37 °Cin 0.01 M PBS, pH 7.4, n=3.

The presence of encapsulated NPs, namely CUR/PEDOT NPs, appears to slow down fiber
degradation in the initial mass losses, at 5 h, with values of 55% and 33%, respectively, for unloaded
fiber meshes and meshes loaded with CUR/PEDOT NPs. This suggests that the presence of the particles
and CUR might impair lipase activity in the medium, which is corroborated by the lipolytic activity
results (Fig. VI - 5), where we observed that lipase activity decreased when the NPs were loaded with
CUR. One hypothesis to explain this result could be enzyme adsorption to the surface of the
electroconductive NPs. This agrees with previous results from our group, where PCL degradation
decreased in the presence of a conductive PANI and camphorsulfonic acid (PANI:CSA) layer in PCL-
PANI fibers due to direct adsorption of the lipase to the conductive material,®* as lipase can be
adsorbed to PANI fibers to be stabilized.>® Another hypothesis is an inhibitory effect of CUR in lipolytic
activity, as it has been previously reported that this molecule interferes with binding sites in pancreatic

lipase.295°
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Fig. VI - 6. (A) Mass loss profile of PEDOT+PGS/PCL and CUR/PEDOT+PGS/PCL coaxial fibers, by the
enzymatic activity of lipase from Aspergillus oryzae at 37 °C in 0.01 M PBS, pH 7.4, over time. (B)
PEDOT NPs (triangles) and CUR/PEDOT NPs (circles) release profile over time from PGS/PCL coaxial
fibers degraded in the presence of lipase at 37 °Cin 0.01 M PBS, pH 7.4. Insert: magnification of release

profile for incubation times up to 120 min (n=3).

Regarding NPs release from the coaxial fibers due to lipase activity, the kinetic release profile
follows a normal pattern of initial burst release of NPs to the medium for 1 h, followed by a plateau
(Fig. VI - 6B). Although similar NP concentrations (approximately 0.25 mg/mL) are achieved in the
medium in the final timepoint for both conditions, a higher NPs concentration was achieved after 2 h
of incubation for fibers loaded with PEDOT NPs than for CUR/PEDOT NPs. For CUR/PEDOT NPs a first

plateau of 0.15 mg/mL NPs in the medium is achieved after 96 h (4 days) which is maintained at least
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until timepoint 170 h (around 7 days). Incubation of the fibers for another 6 days (timepoint 316 h) is
accompanied by the release of more CUR/PEDOT NPs reaching a total of 0.25 mg/mL. These results
evidence the capacity of this material to deliver CUR-loaded NPs steadily and progressively over time
in a biologically active environment.

This system evidences the potential for a long-term continuous release of NPs loaded with an
anticancer drug at the tumor site in potential in vivo applications, when compared to other systems
that rely on only one stimulus for the delivery of the drug, like hydrogels and other nanocarriers. The
advantage of this NP/coaxial fiber system is the possibility of post-surgery therapy to prolong
remission time, as the NPs are slowly released in response to enzymatic activity, and posterior low-
voltage electrostimulation can be performed for punctual and controlled release of the anticancer

drug.

VI -3.3. CUR release from CUR/PEDOT NPs

In the initial set of studies, CUR/PEDOT NPs were immobilized on the surface of the working
electrode, favoring direct electron transfer from the electrode to the NPs surface, and subjected to
varying potentials for a fixed time (180 s) to assess the potential that triggered the release of CUR. The
CUR release over time was studied to the potentials that resulted in the most promising release values,
to establish kinetic release profiles.

CUR/PEDOT NPs are electroresponsive, as seen by CV, and the redox reactions involved can trigger
CUR release, depending on the time and voltage intensity used, being much higher than passive
release in PBS (Fig. VI - 7). The amount of CUR released from CUR/PEDOT NPs to the medium under
electrotimulation for 180 s depends on the voltages assessed (Fig. VI - 8A). For applied potentials in
the range of -1.0 V to +0.5 V, and also for -2.0 V, the release of CUR is similar to the non-stimulated
condition (0.0 V), with values below 10% of released drug. The electrical potential that maximizes CUR
released (about 65% of loaded drug) was -1.5 V, a value slightly higher than those reported in other
studies (-1.25 V).* However, the released drug at -1.25 V reported in such studies and in the present
study are similar, at values of 39% and 40%, respectively. From these results, we selected 4 voltage
values (-2.0V, -1.5V, -1.25V, +0.5 V) to study the drug release profile over time at fixed voltages (Fig.
VI - 8B). For +0.5 V and -2.0 V, independently of the electrostimulation time, only around 10% of the
drug was released. Release of CUR from PEDOT NPs, in the absence of electrostimulation, was also
assessed in a dedicated dialysis experiment, where it took 5 days to reach the same 10% of drug
release (Fig. VI - 7) and full release of CUR was only observed at day 10 after addition of 70% ethanol

at day 9 to the dialysis medium.
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Fig. VI - 7. CUR release profile from PEDOT NPs in aqueous solution by diffusion. Dialysis against 0.01
M PBS + 0.5% Tween 20 (blue), 10% EtOH : 90% 0.01 M PBS + 0.5% Tween 20 (red),and with 70% EtOH
:30% 0.01 M PBS + 0.5% Tween 20 (grey).

When -1.5 V was applied to the CUR/PEDOT NPs, an initial burst of CUR release was observed in
the first 60 s, followed by sustained release until the end of the assay, with the best-fit profile being a
logarithmic curve (r*= 0.992) (Fig. VI - 8B). The final percentages of CUR released at the end of the
experiments, after 550 s of electrostimulation, were similar for assays using -1.5 V or -1.25 V,
respectively, with values of 79% and 86% CUR released. However, when -1.25 V was applied, the initial
burst was significantly smaller and we observed a steady increase in released CUR up to the end of
the assay, with a linear correlation appearing to be the best fit (r>=0.968) (Fig. VI - 8B). The observed
differences in the release profile can be explained by a slower electron transfer to PEDOT NPs at -1.25
V, making PEDOT NPs reduction slower and consequently impairing CUR release.

In the work by Puiggali-Jou et al.,*®* only around 60% of CUR was released from PEDOT NPs to the
medium after applying -1.25 V for 550 s, suggesting that we designed a more efficient system for the
release of CUR from PEDOT NPs by electrical stimulation. Some explanations for this include
adaptations made to the NP manufacturing, where we introduced heating earlier in the synthesis
process, scaled up and prolonged synthesis time, and to the electrical stimulation setup, which was
based on carbon screen printed electrodes, instead of a conventional three-electrode system. As
discussed in section 3.1.1., keeping a constant reaction temperature, from surfactant solution
preparation until the end of the synthesis, helps maintain a constant size and homogeneous shape of
micelles, which can lead to the formation of smaller and more homogeneous NPs. A decrease in NP

diameter translates into a higher number of NPs available for the same NP suspension concentration,
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leading to a higher surface-to-volume ratio. Therefore, the surface area of NPs in contact with the

electrode surface will be enhanced and the electron transfer process will be facilitated, triggering CUR

release to be more efficient.

Overall, our results show that a controlled release of CUR through electrical stimulation of PEDOT

NPs is possible and indicates that voltages applied can be adjusted to match the amount of CUR

released, envisaging a possible staged chemotherapy protocol.
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Fig. VI - 8. (A) Effect of voltage (total of 180 s per sample) on CUR release from PEDOT NPs by

electrostimulation. The percentage of released drug is expressed by the total amount of loaded drug.

(B) Effect of stimulation time under constant voltage values (+0.5 V, -1.25 V, -1.50 V, and -2.0 V) on

CUR release from PEDOT NPs by electrostimulation. The percentage of released drug is expressed by

the total amount of loaded drug (n=3).
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VI-3.4. Effect of CUR and electrical stimulation of CUR/PEDOT NPs in cancer cells

After determining the release behavior of CUR from PEDOT NPs, with and without electrical
stimulation, and the release of CUR/PEDOT NPs from the fibers after enzymatic digestion, the effect
of each of these components on cultured cells was assessed. MCF7 and PC-3 cells were used as models
for breast and prostate cancers respectively, whereas L-929 cells were used as a somatic cell control.

Firstly, we started by studying the effect of CUR, PEDOT NPs, and CUR/PEDOT NPs on cell viability
for the different cell models. CUR greatly reduced the viability of breast cancer cells (MCF7) at
concentrations above 10 pg/mL (viability < 20 %), and of prostate cancer cells (PC-3) at concentrations
above 25 pg/mL (viability < 35 %) (Fig. VI - 9A). For mouse fibroblasts (L-929), CUR had the same effect
only for concentrations above 50 pg/mL (viability < 50 %, Fig. VI - 9A). This suggests that CUR negatively
affects cancer cells preferably. PEDOT NPs and CUR/PEDOT NPs proved to be highly biocompatible for
MCF7 and L-929 cell lines, with viabilities >80% for all the concentrations studied (Fig. VI - 9B and C),
suggesting that NPs loaded with the drug do not have a negative on these cells in the absence of
stimulation. For PC-3 cells both PEDOT and CUR/PEDOT NPs presented the lowest cell viability, but
still above 60% (Fig. VI - 9B and C) for a concentration of 10 pug/mL, suggesting that these cells are
particularly susceptible to both NPs. This slightly cytotoxic effect observed at higher NP concentrations
could be related to the synthesis method and trace amounts of surfactant and other reagents. This
effect could potentially be overcome by using green nanomaterials (e.g. synthesized using reagents
produced by biosynthesis or from plant extracts) such as Ag NPs synthesized using olive leaves
extract.’® Overall, these results further demonstrate that CUR is firmly bound to PEDOT NPs and will
not affect MCF7 cultured cells without an electrical trigger, as cell viability is not affected by the
presence of CUR/PEDOT NPs. In the case of PC-3 cells, their death can be further increased in the
presence of electrical stimulation. This suggests a potential application of the present controlled
release system in vivo.

Secondly, the effect of CUR, delivered through the NPs on the cancer cell models was studied,
using the supernatants enriched with CUR upon electrostimulation of CUR/PEDOT NPs. For this,
CUR/PEDOT NPs were immobilized on the surface of SPEs and subjected to electrostimulation for 30
min and -1.5V in the presence of 0.05% Tween® 20 in the cell culture medium. Cancer cells were then
incubated for 24 h with the respective mediums containing CUR released from the NPs (approximately
27 ug/mL of CUR). We observed that exposing cancer cells to these supernatants leads to a decrease
in cell viability (Fig. VI - 9D), reaching values as low as 32% and 26% for PC-3 and MCF7 cells,
respectively, after 24 h, which agrees with what we observed for CUR concentrations above 25 pg/mL

in Fig. VI - 9A. A control experiment showed that the presence of 0.05% Tween® 20 alone in cell culture
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does not affect cell viability (> 90%), and thus one can attribute the decrease in cell viability solely to

CUR released by electrostimulation.
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Fig. VI - 9. Cell viability of L-929, MCF7, and PC-3 cells with different concentrations of CUR (A), PEDOT
NPs (B), and CUR/PEDOT NPs (C) for 24 h, n=3. (D) Cell viability of PC-3 and MCF7 cells after 24 h
exposure to culture mediums containing CUR released from CUR/PEDOT NPs immobilized in SPE
surface and subjected to 30 min of electrical stimulation at -1.5V in the presence of 0.05% Tween® 20

(approximately 27 ug/mL of CUR), n = 3. **p-value<0.01.

The third step was to investigate the effect of CUR/PEDOT NPs, released from the coaxial fibers
following enzymatic degradation or directly added into the culture media, on the cellular morphology
of MCF7 and PC-3 cells. First, we analyzed NP internalization after direct incubation of cells with a NP
dispersion. The green fluorescence of CUR/PEDOT NPs staining the intracellular compartment allowed
the observation of cellular morphology. Both PC-3 and MCF7 cells (Fig. VI - 10A) can endocyte free
CUR/PEDOT NPs (50 pg/mL) throughout 24 h, with considerable green fluorescence being observed
(CUR/PEDOT NPs have Aex/em = 460-500/512-542 nm). The PC-3 cells presented characteristic
elongated morphology and the MCF7 cells presented the characteristic square-like shapes (Fig. VI -
10A). These results suggest that the characteristic morphologies of these cells are not affected by

endocytosis of CUR/PEDOT NPs in the absence of electrical stimulation.
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Fig. VI - 10. Fluorescence microscopy images of cultured MCF7 cells (left column) and PC-3 cells (right
column) incubated for 24 h in regular culture media (Control, 1** row), with a 50 pg/mL CUR/PEDOT
NPs in medium solution (2" row), with supernatants of previously enzymatically degraded
CUR/PEDOT+PGS/PCL fibers (3™ row), and incubated for 2 weeks with CUR/PEDOT+PGS/PCL fibers

(=25 mg/well) and 0.5 mg/mL lipase from Aspergillus oryzae (4™ row).

Similar results were observed for CUR/PEDOT NPs released from coaxial fibers. In such assays, the
cells were also able to internalize the NPs without noticeable morphological changes. The higher green
fluorescence intensity observed ((Fig. VI - 10A, 3" row) is due to the incubation of cells in the presence
of a higher concentration of CUR/PEDOT NPs, which after release from the coaxial fibers are present
at concentrations of ~0.1 mg/mL (Fig. VI - 6), which corresponds to the double of the concentration
used for CUR/PEDOT NPs controls (50 pg/mL, (Fig. VI - 10A, 2™ row). Again, no apparent cytotoxic
effect could be detected for both PC-3 and MCF7 cells, which agrees with the high cell viability

obtained in assays where cells were incubated with fibers (Fig. VI - 11).
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Fig. VI - 11. Viability of PC-3 cells after 24 h incubation with PGS/PCL control fibers and PGS/PCL coaxial
fibers containing PEDOT and CUR/PEDOT NPs, n=3.

NPs with a size smaller than 500 nm can be endocytosed by cells, with sizes in the range 200-500
nm requiring clathrin or caveolae mediation.®*%* The diameters assessed for CUR/PEDOT NPs by TEM
(96 £ 7 nm) and DLS (245 + 31 nm) are a good indicator for accumulation in the tumor and cellular
uptake. The optimum size range reported in various kinds of nanocarriers is typically 20-200 nm, to
prevent clearance by the kidneys and escape macrophages, thus allowing a longer circulation time in
the body.* Therefore, CUR/PEDOT NPs, which present a hydrodynamic diameter of 245 nm, still have
the potential to be used in in vivo applications. The significant green fluorescence (CUR/PEDOT NPs)
observed in both cancer cell lines suggests a high efficiency in NP internalization, similar to what has
been reported for PEDOT NPs for breast and prostate cancer therapy,*” and carbon NTs in the
monitoring and treatment of liver and pancreatic cancer.®® Contrary to reported in other works, the
CUR/PEDOT NPs in this study have not been modified to improve transport through the cell
membrane. Considering in vivo applications, it would still be advantageous to functionalize these NPs
with specific protein epitopes for each cancer type for specific targeting. This would be highly
advantageous, since CUR remains entrapped in CUR/PEDOT NPs during the electrospinning process as
CUR in the supernatants obtained from the fibers’ enzymatic degradation studies only increases

significantly after electrical stimulation (Table VI - 3).
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Table VI - 3. CUR concentration in supernatants from fibers degradation by lipase at 37 °Cin 0.01 M
PBS, pH 7.4, and after electrical stimulation of CUR/PEDOT+PGS/PCL supernatant after 24 h of

electrical stimulation using square wave with potential from -10 Vto 0V, 100 Hz.

Sample [CUR] (ug/mL)
PGS/PCL 0.13+0.09
PEDOT+PGS/PCL 0.07+0.12
CUR/PEDOT+PGS/PCL 0.70+0.19
CUR/PEDOT+PGS/PCL electrostimulated 4.54 +2.03

The fourth study was designed to assess the effect of the fiber meshes and the lipases on the cells.
PC-3 cells were directly incubated for 2 weeks with fiber meshes and human lipase expressed in
Aspergillus oryzae. A strong green fluorescence was also detected inside the cells, indicating
CUR/PEDOT NPs endocytosis (Fig. VI - 10A, 4™ row). Although some cell detachment was observed, no
cytotoxic effect was evidenced by the use of the lipase (Fig. VI - 12). This suggests that enzymatic
degradation of the fibers can be achieved in cell culture, with the successful release of CUR/PEDOT
NPs and internalization of such NPs by the cells. Although PC-3 cells appear to express enzymes with
lipolytic activity (Fig. VI - 13), agreeing with the observed by Nomura et al.,** effects on fiber
degradation in culture could not be observed in a 2-week cell culture experiments, most likely due to
frequent medium change that led to decreased lipase activity. Actually, the experimental lipolytic
activity, after 4 days of ex-vivo culture without medium change, was estimated for breast (MCF7) and

prostate (PC-3) cancer cells to be 4.2 + 1.1 U/mL and 3.8 £ 0.5 U/mL (Fig. VI - 13), respectively.
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Fig. VI - 12. Viability of PC-3 cells after 24h incubation with 0.05 mg/mL lipase from Aspergillus oryzae.
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It is worth noting that no cytotoxic effects were observed resulting from incubation of the cancer
cells with fiber meshes or from incubation with biodegraded fibers. One aspect contributing to this
result might be because the PGS used to electrospun the coaxial fibers was synthesized using a green
method, simply polycondensation of glycerol and sebacic acid without the use of hazardous solvents.®®
The use of green synthesis methods is not only important for the biosafety of future in vivo tests but
also to guarantee a sustainable production of materials in the biomedical industry. An alternative
green route for PGS synthesis could be the use of an enzyme (Candida antarctica lipase B, CALB) to
catalyze the reaction of glycerol and sebacic acid.®’” Additionally, here we have used commercially
available PCL, but this polymer can also be obtained using greener synthetic methods, such as using
reactants from sustainable sources, for example using polyol derived from soybean oil to perform ring-
opening polymerization,®® or using L-lactic acid and glycolic acid as organic initiators of the
polymerization.®

Finally, we decided to assess the performance of CUR/PEDOT NPs, as a drug delivery platform, on
PC-3 cell culture to test the anti-tumoral properties in the presence of wireless electrical stimulation.
From our results, we expected that CUR/PEDOT NPs will be endocyted by the cells, and CUR release
would only take place in the presence of wireless electrical stimulation. For this study, we selected to
assess PC-3 cells viability since these cells were more sensitive to CUR. When cells were incubated
with PEDOT NPs alone and subjected to electrical stimulation, cell viability decreased to 78% (Fig. VI -
14). However, when CUR/PEDOT NPs were used with electrical stimulation, cell viability significantly
decreased to 33%. These results indicate that upon application of an electrical potential, CUR might
be released to the culture medium from non-endocyted CUR/PEDOT NPs, or to the cytosol from

endocytosed NPs, as a bipolar electrostimulation process is enabled with the use of these NPs as BPEs.
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These results suggest that CUR/PEDOT NPs can be used to deliver CUR to cancer cells after the

application of wireless electrostimulation.
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Fig. VI - 14. Viability of PC-3 cells after 24 h incubation in culture medium supplemented with 50 pg/mL
of either PEDOT NPs or CUR/PEDOT NPs under wireless electrical stimulation for 24 h using square
wave with potential from -10 V to 0 V, 100 Hz, and respective controls: absence of stimulation and
wireless electrostimulation under the same conditions without NPs (n = 3, * means p-value < 0.05; **

means p-value < 0.01).

For our last assay, we believe the anti-cancer effect observed in the cells is due to CUR and not to
the presence of PEDOT NPs and/or PCL/PGS FIBER debris. The anti-cancer properties of CUR have

already been described in the literature,’®”*

and our results are in line with what was expected. First,
we demonstrate for three different cell lines (PC-3, prostate cancer model; MCF7, mammary cancer
model; and L-929 fibroblasts — Fig. VI - 9A-C) that cell viability is impaired by the presence of soluble
curcumin in the culture medium. Lower cell viability is observed for both cancer cell models for higher
CUR concentrations when compared to health cells. Next, we demonstrate that CUR released from
PEDOT NPs with electrical stimulation (Fig. VI - 8B) can still lead to a substantial reduction in cell
viability of both the cancer models used (Fig. VI - 9D). When not electrically stimulated, CUR remains
adsorbed to PEDOT NPs. Both pristine and released (ex-culture and in-culture) CUR/PEDOT NPs can
be endocytosed by cells without affecting their morphology and only leading to a slight reduction in
viability (Fig. VI - 10). Only when electrical stimulation is applied to the cell lines with endocytosed
CUR/PEDOT NPs does the cell viability greatly decrease (Fig. VI - 14). Moreover, we demonstrate that
the materials used for the design of this wirelessly controlled release system are biocompatible for

both healthy and cancer cells. This is important to reduce potential side effects that might arise from

its implantation in the body, either locally or as a transdermal patch.
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The voltage (-10 V) applied was not harmful to the cells (Fig. VI - 14), most probably because the
induced potential at the surface of the BPE, in this case PEDOT NPs (loaded or not with CUR), was
lower than the potential applied at the driving electrodes (Pt wires), according with the distance
between NPs and the electrodes. Villani and Inagi have reported that the application of a potential of
35 V corresponds to a maximum potential of 3 V at the surface of a single BPE, made of indium tin
oxide, in a linear configuration.”? This occurs when the BPE is placed between the driving electrodes,
similar to the setup used in this work (Scheme VI - 1). Abad et al. established that the correlation
between induced voltage in the BPE and applied electrical potential is mostly linear, for BPEs based
on graphite, and for materials with different levels of doping, including PEDOT:PSS.”® The same study
also shows that it is possible to use bipolar electrostimulation to stimulate neural cells using a linear
setup configuration. Extrapolating to the wireless setup configuration of the present study, an applied
potential of -10 V would roughly translate into -1 V at the surface of the NPs.% A voltage value close
to the ones previously established as optimal (-1.25 V and -1.5 V) for triggering CUR release from
CUR/PEDOT NPs immobilized at the surface of an electrode (Fig. VI - 8A), where electron transfer took
place by direct contact. These results suggest that increasing the applied potential to -15 V would
perhaps lead to a more pronounced decrease in PC-3 cell viability.

A few studies have recently reported biomedical applications of wireless electrostimulation using
different kinds of BPEs, including using gold NPs with applied potentials from around 1V and up to 10
V for applications in electrical intracellular signaling,’*”* signaling of cancer cell apoptosis,’® and for
cancer treatment.”” Other studies include applications for cell proliferation and differentiation, such
as using soft polymeric materials (e.g. polypyrrole) with an applied potential of 5.5V leads to increased
neural cell differentiation,”® but also applying 2 V while using carbon nanotube porins for
transmembrane electron transport had no adverse effects in undifferentiated neurons.” Altogether,
these studies suggest that the parameters used for wireless electrostimulation in the present work
agree with what was found to be compatible with in vitro cell culture. Thus, we can conclude that the
reduction in cancer cell viability is probably due to the toxic effect of CUR being released from the
PEDOT NPs. Nevertheless, a subsequent pharmacodynamic study ought to be conducted to assess the
effect of CUR released from this system, which should make use of more suitable analytical techniques
for CUR and cell health, and adequate in vivo models for a complete pharmacodynamic study of CUR
on healthy and cancer cells.

Overall, our results show that wireless electrostimulation using CUR/PEDOT NPs, released from a
biodegradable fiber mesh, is a promising controlled drug delivery system to be used in cancer
treatment. Although few NP/coaxial fiber systems for drug delivery have previously been reported in

the literature, these studies rely on the passive release of the drug from the whole system during in
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vitro assays® or after implantation,® similar to other drug-loaded coaxial nanofiber systems,824 but
with an added layer for the drug to cross. On the other hand, the NP/coaxial fiber system developed
in this work not only has the potential to be implantable at a tumor site,®! or as a transdermal device®
due to its biocompatible and FDA-approved materials, but it is biologically responsive to the
microenvironment. Unlike other works reported, it also adds another degree of control over the
delivery of the drug as the NPs used are wirelessly electroresponsive, thus the release can potentially
be triggered on demand.

This NP/coaxial fiber system evidences the potential for long-term anticancer treatment, like post-
surgery maintenance therapy, as the NPs could be slowly released at the tumor site in response to
enzymatic activity, and posterior low-voltage electrostimulation can be performed for highly
controlled release of the anticancer drug. Furthermore, the developed NP/fiber system shows the
potential of delivering an anticancer drug in a highly controlled way, thus reducing the side effects of
anticancer drugs in long-term treatments and potentially increasing the pool of available drugs for

anticancer therapy.

VI-4. Conclusions

In this Chapter, we have successfully produced PGS/PCL coaxial fibers, with electroresponsive
PEDOT NPs embedded in the core of the fibers, which were loaded with the anticancer drug CUR. A
biocompatible biodegradation assay using lipases was carried out and the sustained release of NPs
from the fibers was achieved. An electric stimulation regime was successfully applied to control the
release of CUR from the CUR/PEDOT NPs, achieving 79% of CUR released at an electrical potential of
-1.5 V.

CUR, PEDOT NPs, and CUR/PEDOT NPs were shown to be safe for somatic cells, at given
concentrations, as shown by high cell viabilities obtained. However, the CUR was shown to be
cytotoxicity for PC-3 and MCF7 cancer cell lines, with the viabilities of those cells dropping to <20%
and <35%, respectively. Both cancer cell lines were capable of internalizing CUR/PEDOT NPs in 24 h,
with no perceived cell death or alterations in cell morphology in the absence of electrical stimulation.
Most importantly, wireless electrostimulation of cancer cells using CUR/PEDOT NPs was successfully
performed. Indeed, the wireless stimulation assays resulted in a very significant decrease in cancer
cell viability (33%), caused by the controlled release of CUR from the electroresponsive CUR/PEDOT
NPs.

Overall, our results show the potential of using wireless electrostimulation of drug-loaded NPs for
cancer treatment, using safe voltages for the human body, and ensuring the delivery of the anticancer

drug in a highly controlled way. Additionally, our results highlight the potential of using FDA-approved
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materials to create a transdermal implant that would act as a reservoir for the NPs to be delivered in

a sustained manner to the patient.
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VIl - 1. Introduction

Cancer remains one of the most formidable challenges in modern medicine, demanding innovative
approaches for both early detection and effective treatment. In this pursuit, MIPs have emerged as a
promising avenue, offering unparalleled precision and versatility in cancer management.

Compared to traditional antibody-based approaches, MIPs offer several distinct advantages.
Firstly, MIPs can be designed with tailor-made binding sites for specific biomarkers, ensuring
selectivity and stability like antibodies.>? This tailored molecular recognition translates to enhanced
accuracy in cancer detection and targeted therapy. Additionally, MIPs are highly robust and cost-
effective, facilitating large-scale production and deployment in diverse clinical settings. Unlike
antibodies, MIPs are not prone to denaturation or degradation, ensuring prolonged shelf life and
consistent performance. Furthermore, MIP-based systems exhibit remarkable versatility,
accommodating a wide range of biomarkers and therapeutic agents.3” This versatility extends beyond
conventional small molecules to complex macromolecules, including proteins and nucleic acids,
widening the scope of applications in cancer management.>®® Whether employed in biosensors for
early diagnosis or as drug delivery vehicles for precision therapy, MIPs offer a multifaceted approach
for combating cancer with unparalleled efficacy and efficiency.® Incorporating cancer biomarkers into
MIP-based systems enables sensitive and specific detection of cancer, even at its earlier stages.!™3
Moreover, MIPs engineered to recognize these biomarkers with high affinity provide a platform for
targeted treatment, delivering therapeutic agents directly to malignant cells while sparing healthy
tissues. 10

CD44, a transmembrane glycoprotein, has become a pivotal molecule in cancer biology due to its
multifaceted roles in cell adhesion, migration, and signalling. Its overexpression and dysregulation
have been implicated in various aspects of cancer progression, including tumor growth, metastasis,
and resistance to therapy.® Exploiting the unique properties of CD44, particularly its overexpression

)16,17

in many cancer types (in particular breast cancer compared to normal tissues, presents an

attractive opportunity for targeted cancer therapy.*® This Chapter delves into the significance of CD44

161719 3iming at breast cancer cell targeting to highlight the

as a molecular target for breast cancer,
potential of CD44-targeted approaches in achieving precise and efficient breast cancer treatment
strategies.

By imprinting the unique molecular footprint of CD44 onto polymeric matrices, it would be
possible to engineer MIPs with exquisite specificity and affinity, enabling precise detection and
targeting of cancer cells. Through rational design and molecular imprinting techniques, MIPs could

selectively recognize and capture CD44-expressing cancer cells with unparalleled precision. This

targeted recognition not only facilitates early detection of cancer but also opens new avenues for
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personalized therapy, delivering therapeutic payloads directly to malignant cells while minimizing off-
target effects.

In comparison to traditional antibody-based approaches, MIPs offer distinct advantages in CD44
targeting. The customizable nature of MIP synthesis allows for the fine-tuning of binding sites to mimic
the molecular architecture of CD44, ensuring superior selectivity and stability.> Moreover, MIPs
exhibit remarkable robustness and cost-effectiveness, making them suitable for widespread adoption
in clinical settings.? Through the development of a CD44 MIP, an innovative targeting strategy, lies the
promise of enhanced selectivity and efficacy in cancer therapy.

In this chapter, we aim to elucidate the potential of MIP-based systems in revolutionizing cancer
diagnostics and therapeutics by presenting preliminary results of breast cancer cell targeting using
two MIPs synthesized to target the CD44 cancer cell marker. By exploring the synergistic potential of
CD44 targeting in MIP-based systems, we aim to contribute to the ongoing efforts to realize the

promise of precision medicine for cancer patients worldwide.

VIl - 2. Materials and methods

Vil -2.1. Materials

Glass beads (diameter 75 um) were purchased from Supelco (USA). Toluene (CHROMASOLV, HPLC,
99.9%) was bought from Honeywell (Germany). The epitope for CD44 (sequence:
FAGVFHVEKNGRYW(C) was purchased from GenScript Biotech (USA).Acetone (99%), (3-aminopropyl)
trimethoxysilane (97%), maleic anhydride (299%), sodium acetate anhydrous (299%), acetic anhydride
(298%), PBS, polypropylene solid-phase extraction (SPE) tubes (60 ml) and polyethylene (PE) frits (20-
pum porosity, for use with 60-ml SPE tubes), NIPAM (>97.0%), TBAm (97%), AAc (99%, 180—-200 p.p.m.
MEHQ as inhibitor), APMA (>98%), itaconic acid (ItAc, 98%), MBA (99%), and TEMED (99%), APS (98%),
Fluorescein O-methacrylate (95%) were purchased from Sigma-Aldrich (USA). All reagents were used

as received without further purification.

VIl - 2.2. MIP synthesis

Solid-phase synthesis of CD44 epitope imprinted MIPs consists of three significant steps: 1)
functionalization of the solid phase with the immobilized peptide (epitope); 2) preparation of the
polymerization mixture and addition to the solid phase with the template; and 3) selective removal of
the synthesized MIP. For the synthesis of the corresponding non-imprinted polymers (NIPs), step 1 is

not performed, as non-functionalized beads are used in step 2 (polymerization).
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VIl -2.2.1. Template immobilization

To immobilize the template, 60 g of glass beads were boiled for 15 min in 50 mL of NaOH 1 M
inside a closed Schott flask of 100 mL. The beads were then washed and decanted with 500 mL of
Milli-Q water, 300 mL of PBS, and 500 mL of Milli-Q water. After the last washing step, the pH of the
Milli-Q water was measured to check if it was between 6-7. If the pH exceeded 7, the washing steps
were repeated. If the beads had a neutral pH, the reaction proceeded further. In the next step the
glass beads were washed with 200 mL of acetone, separate them by decantation and to dry them at
80 °C for 3 h. After drying, the beads were incubated overnight in a solution of 1.26 g of maleic
anhydride in 25 mL of acetone. The solution was decanted by gravity, and the beads were washed
with eight volumes of 50 mL of acetone using a Buchner funnel and filtration paper. After, the beads
were dried in a vacuum oven at 30 °C for 1 h in a Petri dish for increased surface exposure. The beads
were transferred to a Schott flask and 300 mg of anhydrous sodium acetate and 25 mL of acetic
anhydride were added sequentially. The beads were boiled for 3 h at 95 °C. After cooling, Milli-Q water
was added, and the beads were stirred manually. After removing most of the solvent, the beads were
transferred to a Buchner funnel and extensively washed with Milli-Q water. After this the beads were
again transferred to a Schott flask and a 0.5 mg/mL solution of CD44 peptide was prepared in Milli-Q
water, and incubated overnight at room temperature. The beads were transferred from the Schott
flask to a Buchner funnel and washed with 200 mL of Milli-Q water until no peptide was presentin the
washing supernatant. The peptide in each washing volume was measured by UV-Vis spectroscopy
absorbance at 280 nm, which allowed the calculation of the amount of peptide covalently bound to
the glass beads. After this, the beads were dried at room temperature, and were used immediately or

stored at -20 °C until use.

VIl - 2.2.2. Polymerization

The preparation of the polymerization mixture started with the dilution of 39 mg of NIPAM (0.34
mmol) and 2 mg of MBA (0.013 mmol) in 98 mL of water inside a Kitasato, with manual agitation. 33
mg of TBAm (0.26 mmol) were dissolved in absolute ethanol and added to the previous mixture. For
the MIP synthesized with AAc (MIP AAc), 22 uL of AAc (0.32 mmol) were diluted in 978 uL of Milli-Q
water, and 100 pl of this solution (0.032 mmol) were transferred to the Kitasato. For the MIP prepared
with ItAc instead (MIP ItAc), 4.16 mg (0.032 mmol) of ItAc were directly added to the Kitasato and
manually agitated until dissolved. Next, 5.8 mg of APMA (0.33 mmol) were directly added to the
Kitasato, and the volume was completed with Milli-Q water until the total volume was 100 mL. The
Kitasato was then sealed with a cap, connected to a vacuum pump, and submerged in an ultrasound

bath to be sonicated under vacuum for 10 min, and then the solution was bubbled with a stream of
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N, for 10 min using a Pasteur pipette and then left aside while degassing. 60 g of beads previously
functionalized were transferred to a 250 mL Schott Flask, and the beads were subjected to a cycle of
alternate vacuum and N; purging for 5 min at room temperature. This alternate cycle was repeated
twice. In the case of non-imprinted polymers (NIPs), 60 g of beads were weighed straight from the
commercially available package into the 250 mL Schott flask. 30 mg of APS (0.13 mmol) were dissolved
in 500 pL of Milli-Q water in an Eppendorf to which 30 uL of TEMED (0.33 mmol) were added. After
degassing, the solution of monomers prepared inside the Kitasato was poured into the 250mL flask
containing the glass beads while the headspace of the flask was purged with N,. Sequentially, the
solution of APS and TEMED, prepared in the Eppendorf, was added to the glass beads, and the vessel
was capped and left to polymerize for 1 h at room temperature. From time to time, gentle manual

agitation was performed.

VIl - 2.2.3. Template removal

For the selective removal of the template removal from the synthesized MIP, a 20 um porosity frit
was placed inside an SPE cartridge attached to a Kitasato connected to a vacuum pump. The content
of the Schott flask was transferred to the cartridge, and the vacuum was turned on. Volumes of 30 mL
of room temperature Milli-Q water were poured to wash the beads carefully to avoid the beads getting
dry. This step was repeated eight times to wash out unreacted monomers. After, 30 ml of Milli-Q water
at 60 °C was added to the SPE cartridge containing the beads. The cartridge was capped and placed in
a 60 °C water bath for 15 min. After this time, the MIP solution was collected under vacuum to the
Kitasato and transferred to a Schott flask. These steps were repeated until 120 mL of solution were

accumulated, and the solution was left to cool down before being stored at 4 °C until use.

Vil - 2.3. MIPs and NIPs characterization

DLS studies were performed using Zetasizer Nano (NanoS) Particle Size Analyzer from Malvern
Instruments Ltd. (UK). MIP or NIP samples were re-suspended in milli-Q water at a concentration of
0.01 mg/mL and placed into a polystyrene cuvette with a light pass of 1 cm to be analyzed at 25 °C

using a scattering angle of 90°.

Vil - 2.4. Cell culture

Cell assays were performed using MCF-7 and MDA-MB-231 breast cancer cell lines, which were
cultured in RPMI medium, supplemented with 10% FBS, and 1% antibiotic solution (penicillin 100
units/mL, streptomycin 100 pg/mL). Cultures were maintained in a humidified incubator with an

atmosphere of 5% CO, at 37 °C. Culture media were changed every two days. Cell passaging was
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performed in a 1:3 split ratio. When the cells reached 80-90% confluence, they were detached using
1 mL of trypsin (0.25% trypsin/EDTA) for 3 min at 37 °C. Finally, cells were re-suspended in 5 mL of
fresh medium and their concentration was determined by counting with a Neubauer camera using

0.4% trypan blue.

VIl - 2.5. Immunofluorescence staining and CD44 MIP and NIP fluorescence detection

MCF-7 and MDA-MB-231 cells were seeded at 1 x 10* cells/well into a 96-well plate. After 24 h,
fixation of cells was performed using 4% paraformaldehyde (PFA) in PBS for 20-30 min prior to 3
washing steps with PBS and subsequent permeabilization, by the addition of 0.1% Triton x100 in PBS
for 8 min at room temperature. After washing with PBS, 4% FBS in PBS was added for 1 h at room
temperature for the blocking of non-specific binding. Then, after washing again with PBS, Alexa Fluor®
488 anti-mouse/human CD44 Antibody 1:500 in PBS (BioLegend) was added, the plate was stored at
4 °C overnight, and then washed with 0.05% Tween 20 in PBS. The nucleus was stained with Hoescht
5 uL/mL in PBS, for 10 min at 37 °C, followed by washing with PBS. Finally, for actin staining, 1:150
phalloidin in PBS was added for 30 min at room temperature and washed with PBS.

The same procedure was followed, replacing the antibody by the MIPs/NIPs prepared at a

concentration of 100 pg/mL in PBS.

VII - 3. Results and discussion

Vil - 3.1. MIP characterization

MIPs designed to target the epitope of the cell surface marker CD44 were synthesized using solid-
phase synthesis, using NIPAM as a thermoresponsive backbone, MBA and TEMED as initiators, and
using TBAm, APMA, and AAc (MIP AAc) or ItAc (MIP ItAc) as monomers.

First, both MIPs and the corresponding NIPs were characterized in terms of size when
suspended in solution through DLS (Fig. VII - 1). Both MIP AAc and MIP ItAc presented a diameter of
around 50 nm, being in the nano-scale, which is within the ideal size range for cell surface targeting.?°
For the corresponding NIPs, we could observe a slight decrease in diameter, which was to be expected
as the non-imprinted counterparts do not present a cavity for the target molecule, therefore reducing

the size of the particle.
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Fig. VIl - 1. Average diameters determined by DLS for MIPs and NIPs synthesized for CD44 epitope.

VIl - 3.2. Breast cancer cell targeting

CD44 is a cell surface glycoprotein that has been repeatedly reported as being an overexpressed
biomarker in breast cancer stem cells,’>*1"2% and it has been especially correlated with breast cancer
invasiveness and metastasis.!9?%2426 Therefore, two breast cancer cell lines expressing CD44, MCF-7
and MDA-MB-231 cell lines,?¥?%?” were selected to test the selective targeting of the CD44 surface cell
marker and compared with the selectivity of the CD44 antibody in vitro.

First, the MCF-7 breast cancer cell line was stained with the CD44 antibody to establish the control
immunostaining profile of the cancer biomarker (Fig. VII - 2 15 row).’®?” Then, the MCF-7 cell line was
incubated with MIP AAc or MIP ItAc, and the corresponding NIPs (Fig. VIl - 2 rows 2 to 5). As expected,
none of the NIPs presented a significant fluorescence signal, meaning that the NIPs were not specific
towards the CD44 biomarker. However, MCF-7 cells incubated with CD44 MIPs presented
fluorescence in both cases, suggesting that MIPs synthesized with AAc and ItAc present affinity
towards CD44 expressed by these cells. Such results are in accordance with findings previously
reported for fluorescence imaging of other breast cancer cell lines using MIPs targeting CD44, although

comparison with CD44 biological antibody is lacking in the literature.?®
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Fig. VII - 2. Fluorescence microscopy images of MCF-7 cells stained with anti-CD44 antibody (green);
treated with AAc based MIPs and NIPs (green); and ItAc based MIPs and NIPs (green). Cell nuclei were

stained with Hoechst dye (blue) and the actin cytoskeleton with Phalloidin (red). Scale bars = 50 um.

To allow the analysis of MIPs specificity towards CD44 in vitro, the rate of CD44 positive MCF-7
cells was quantified from immunofluorescence with CD44 antibody and detection by AAc and ItAc
based MIPs (Fig. VII - 3). Through fluorescence quantification, we could see that a higher rate of MCF-
7 cells can be detected with the MIP AAc, as around 18% of MCF-7 cells are CD44 positive (stained by
the commercial antibody) and around 15% of MCF-7 cells can be detected with the MIP AAc, while
cells detected with MIP ItAc are below 10%; both cases being significantly higher than for the
corresponding NIP. These findings suggest that the AAc-based MIP has higher affinity and specificity

towards the CD44 biomarker expressed by MCF-7 breast cancer cells.
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Fig. VII - 3. Rate of CD44 positive MCF-7 and MDA-MB-231 cells quantified from immunofluorescence
with CD44 antibody and detection by AAc and ItAc based MIPs and NIPs. Values are expressed as mean
1 SD (n=3). *** represent p < 0.001 between the MIPs and respective NIPs (negative control) (one-

way ANOVA with Tukey's multiple comparisons test).

Similarly to the MCF-7 cell line, the MDA-MB-231 breast cancer cell line underwent staining with
the CD44 antibody to establish the baseline immunostaining profile of the cancer biomarker (Fig. VII -
4 1% row).>% Subsequently, these cells were exposed to either MIP AAc or MIP ItAc, and to their
corresponding NIPs (Fig. VIl - 4 rows 2 to 5). As anticipated, neither type of NIP exhibited a significant
fluorescence signal, indicating their lack of specificity towards the CD44 biomarker as observed for
MCF-7 cells. Conversely, MDA-MB-231 cells treated with the MIPs displayed fluorescence in both
cases, showing that the MIPs demonstrate affinity towards CD44 expressed by these breast cancer
cells. Such results agree with findings previously reported for fluorescence imaging of breast cancer
cell lines, including MDA-MB-231 cells, using MIPs targeting CD44, although comparison with CD44

biological antibody is lacking in the literature.?®
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Fig. VIl - 4. Fluorescence microscopy images of MDA-MB-231 cells stained with anti-CD44 antibody

(green); treated with AAc based MIPs and NIPs (green); and ItAc based MIPs and NIPs (green). Cell
nuclei were stained with Hoechst dye (blue) and the actin cytoskeleton with Phalloidin (red). Scale

bars =50 um.

To enable the assessment of MIP in vitro specificity towards CD44, the percentage of CD44-positive
MDA-MB-231 cells was measured using immunofluorescence with a CD44 antibody and detection by
AAc and ItAc based MIPs and NIPs (Fig. VII - 3). The analysis showed that around 25% of MDA-MB-231
cells were identifiedwith MIP-AAccompared to only around 15% for MIP-ItAc, being these values
higher than the ones found for the corresponding NIPs. However, the CD44 commercial antibody
detected around 40% of positive cells. Again, these findings suggest that the AAc-based MIP has higher
affinity and specificity towards the CD44 biomarker expressed by these cells.

Furthermore, we can observe that in the specific case of MCF-7 cells, there is only a difference of

3% in staining of CD44 positive cells between the MIP-AAc (15%) and the commercial loss of
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fluorescence signal of 3% for the MIP AAc (15%) when compared to the CD44 antibody (18%). This
leads us to conclude that the affinity and specificity of the AAc-based MIP are very similar to the
“natural” antibody, in these assay conditions, suggesting a good performance of this “synthetic
antibody”. Thus, these MIPs can be designed to have high affinity and selectivity towards CD44,
enabling their use in various applications such as imaging, diagnostics, and targeted drug delivery for

breast cancer treatment.?*

Vil - 4. Conclusions

CD44 is a cell surface glycoprotein that has been identified as a marker for breast cancer cells. It is
crucial to develop MIPs that can specifically bind to CD44, allowing for effective detection and
targeting of breast cancer cells. These MIPs can be designed to have high affinity and selectivity
towards CD44, enabling their use in various applications such as imaging, diagnostics, and targeted
drug delivery for breast cancer treatment. Additionally, MIPs for CD44 can also be utilized in the
development of biosensors or microarrays for early detection and monitoring of breast cancer
progression.

The MCF-7 and MDA-MB-231 breast cancer cell lines under study showed the expected expression
patterns when analyzed using immunofluorescence staining with a monoclonal antibody targeting the
CD44 cancer biomarker. As expected, NIPs did not show significant recognition of CD44 biomarker,
with detection levels close to baseline under all experimental conditions. Consistent with the
differential expression seen in immunostaining, MIPs identified higher levels of CD44 in MDA-MB-231
cells compared to MCF-7 cells. However, when we compared the performance of the two MIP
formulations, it was observed that MIPs AAc demonstrated better detection sensitivity for CD44 than
MIPs ItAc in both cell lines. This was especially evident in the case of MCF-7 cells, where there was
only a 3% difference compared to commercial antibody detection.

Nonetheless, despite their superior performance, quantitative CD44 detection with the best-
performing MIPs AAc was still lower than that achieved using the monoclonal CD44 antibody for MDA-
MB-231 cells, indicating performance variation based on cell type. This emphasizes the potential
challenges in imprinting this CD44 protein with accuracy comparable to biological antibodies.

Overall, incorporation of MIPs for CD44 into diagnostic and therapeutic strategies could potentially
improve the accuracy and effectiveness of breast cancer detection, monitoring, and treatment,
providing a potential lower cost replacement to antibodies for detection and targeting of breast

cancer cells.
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and UV-induced gelatin crosslinking for skin
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VIl - 1. Introduction

Hydrogels are crosslinked three-dimensional networks of polymer chains that have the ability to
absorb water and swell while being water-insoluble. The crosslinking degree of hydrogels dictates
their mechanical properties, elasticity, and physical integrity.? Although the swelling capacity of a
hydrogel is related to its crosslinking degree, it can also be related to the functional groups present in
the polymer chains, usually highly hydrophilic groups, like hydroxyl and carboxylic acid groups,
promoting this property.>* The various applications of hydrogels are determined by their synthetic
methodologies and their response to different physicochemical stimuli,>® including applied strain,’
pH,%° temperature,’®!* and ionic concentration.?13

Hydrogels are highly biocompatible, presenting properties similar to human tissues that make
them suitable to be used in various biomedical applications, including drug delivery,®>* tissue
engineering,!! bioelectronics,'®> and wound healing.}**® The latter can be considered one of the most
important biomedical applications of hydrogels nowadays, as innovative solutions for effective wound
treatment are needed in the market. This is due to the increasing burden of chronic wounds among
patients, with more incidence in a growing geriatric population and the increased prevalence of
chronic diseases that cause chronic wounds, such as diabetes, obesity, and cancer.t’-%

Hydrogels are very promising to be used as wound dressings as they are compatible with
exudating and dry wounds.’® Their mechanical properties, such as low Young’s modulus,
corresponding to softer materials, and stretchability make hydrogels malleable enough to be applied
on top of injured skin.'®2%23 Other interesting properties may also be imparted in the hydrogels. When
compared with conventional dressings, hydrogels can also promote an accelerated healing of the skin,
allowing skin regeneration in a humid environment and preventing the formation of large scar tissue,
and support antibacterial compounds/polymers to prevent wound infection, 62023

Several clinical trials have shown that electrical stimulation (ES) using alternating current (AC) can
aid in accelerating wound healing and diminishing the formation of scar tissue.?*2® The use of ES
through electroactive wound dressings appears to be very promising, as skin is responsive to electric
signals and has an endogenous conductivity varying from 102 to 260 mS/m depending on testing
conditions.?’3% Applying an external electric field leads to the migration of skin cells, like
fibroblasts,3132 keratinocytes,*3> and endothelial cells,**3” to the wound site, therefore, speeding up
skin tissue regeneration. Several technologies have been developed using ES to promote skin
regeneration, including electrodes coupled to wound dressings or gauzes that were soaked with
conducting saline solutions to promote skin tissue recovery.>’ Similar effects could be achieved by

introducing CPs in the hydrogel structure.
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An interesting class of hydrogels can be achieved through the gelation of a polymer with fixed
charges through their chains, leading to intrinsically ion-conducting hydrogels.3® Electroconductive
hydrogels can also be synthesized by incorporating an electronically CP within the hydrogel network,
using for example PANI? or PEDOT:PSS.3%%°, While in the swollen state, hydrogels will show ionic
conduction of electricity, due to the presence of water and ions, while the presence of a CP may also
provide the hydrogels with an electronic conduction contribution.

Gelatin has been explored for the synthesis of hydrogels for skin tissue engineering and wound
healing applications, since it is a natural polymer obtained from hydrolysis of collagen, which is the
main component of the extracellular matrix of the skin.*** However, gelatin has poor mechanical
strength and suffers denaturation at relatively low temperature (around 40 °C), with triple helices
transitioning to individual coiled chains.* As such, gelatin must be modified to improve its properties
to make it suitable for skin tissue engineering. Some strategies include crosslinking using
glutaraldehyde, or modifying it with methacrylate to increase the crosslinking degree of the obtained
hydrogel.*>%34> Another strategy includes blending gelatin with other components to tune the
properties of the hydrogel, for example using a mixture of glycerol and citric acid.** Gelatin can be
processed into an electroconductive hydrogel when blended with an electroconductive polymer,
which makes it suitable for ES applications.

In clinical settings, riboflavin (RF) has been used as a catalyst under UV light exposure to promote
crosslinking of collagen present in corneal tissue to treat keratoconus, a disease characterized by
thinning of the cornea that reduces mechanical strength of the tissue.*®*’ Studies in the literature
report that topic application of RF confers collagen fibrils a higher resistance to enzymatic
degradation.*”*® The medical protocol in current use starts with the application of 20 uL of a 2.657
mM RF solution every 2 min for 30 min, followed by 30 min of UV light (360-370 nm) exposure, while
continuing the application of the solution. This method has also been recently applied to improve
biomechanical properties of decellularized heart valves and to diminish their degradation rate.*® The
RF-induced crosslinking of collagen fibrils consists of a photooxidative crosslinking mechanism
mediated by RF, with this molecule acting as a photosensitizer. UV light excites RF to a singlet state
that rapidly undergoes an intersystem crossing to the triplet state, which serves as a reactive
intermediate for electron transfer to collagen, with the formed radical leading to covalent bond
formation. It has also been proposed that singlet oxygen generated by the triplet state of UV-excited
RF might react with carbonyl groups in certain amino acids to generate an imidazolone. This
intermediate will then react with hydroxyl groups in other amino acids promoting crosslinks between
collagen fibrils.** The most commonly reported amino acids involved in this type of crosslinking

6

mechanism are tyrosine, histidine, threonine, hydroxyproline, and hydroxylysine,*® which are all
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present in the composition of bovine, porcine, and human skin gelatin derived from collagen
hydrolysis.>°

In this chapter, we describe, for the first time, the development of an electroconductive hydrogel
composed of PEDOT:PSS, gelatin (Gel), and RF for UV-induced crosslinking (PEDOT/Gel/RFUV) for skin
tissue engineering applications with ES. The use of RF as a UV light-mediated crosslinking allows us to
produce our hydrogel with superior mechanical properties, while maintaining typical high
biocompatibility. The incorporation of PEDOT:PSS also conferred self-regeneration properties to the
PEDOT/Gel/RFUV hydrogel, while maintaining favorable mechanical properties. Finally, the obtained
hydrogel was biocompatible and allowed successful fibroblast migration and colonization under ES.
Overall, our PEDOT/Gel/RFUV hydrogel has potential clinical applications, including wound healing,

skin tissue engineering, and bioelectronics.

VIl - 2. Materials and methods

Vil - 2.1. Materials

Gelatin from porcine skin type A (gel strength 300), (-)-riboflavin (RF, > 98%), and PBS solution,
sodium hydroxide pellets (analytical reagent grade), and platinum (Pt) wire (0.25 mm diameter) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). PEDOT:PSS, formulation Clevios™ PH1000
(PEDOT:PSS weight ratio of 1:2.5 and dispersion with 1.0-1.3% weight solid content) was purchased
from Heraeus (Hanau, Germany). LIVE/DEAD™ Viability/Cytotoxicity Kit, CellTrace™ calcein red-
orange AM, DMEM, FBS, trypsin-EDTA, antibiotic-antimycotic solution, and penicillin-streptomycin
10000 U/mL (P/S) were purchased from ThermoFisher Scientific (Waltham, MA, USA). Human
umbilical vein endothelial cells (HUVECs) and endothelial growth medium-2 (EGM-2) were purchased
from Lonza (Basel, Switzerland). Mouse fibroblasts (L-929) were obtained from frozen stocks of the
cell bank available at Stem Cell Engineering Research Group (SCERG), Institute for Bioengineering and

Biosciences (iBB) at the Instituto Superior Técnico (IST).

VIII - 2.2. Synthesis of hydrogels

Gelatin and RF (Gel/RF) hydrogels were prepared in MilliQ water at a concentration of 15% (m/v)
porcine gelatin type A and varying concentrations of RF at pH 7 or pH 12. Solutions were prepared at
50 °C and stirred for at least 30 min until full dissolution of gelatin. Gel/RF hydrogels were submitted
to different UV light exposure times (0, 2, 5, 15, 30, 45 min) to assess the degree of success of UV-

catalyzed crosslinking of gelatin (Gel/RFUV).
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PEDOT:PSS, gelatin and RF hydrogels were prepared using a 211 mM RF solution, replacing water
with PEDOT:PSS dispersion as received (100% PEDOT/Gel/RF hydrogels) or 1:1 water: PEDOT:PSS
mixture (50% PEDOT/Gel/RF hydrogels). In both cases the dispersions were basified to pH 12, heated
at 60 °C and stirred for at least 30 min until full dissolution of gelatin. PEDOT/Gel/RF hydrogels were
submitted to none (PEDOT/Gel/RF) or 45 min UV light (Amax= 367 nm, total power = 2.77 mW/cm?)

exposure time to promote UV-catalyzed crosslinking of gelatin (PEDOT/Gel/RFUV).
VIII - 2.3. Characterization of hydrogels

Vil - 2.3.1. Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy was performed using a Spectrum Two FT-IR Spectrometer (PerkinElmer,
Waltham, MA, USA), equipped with a Pike Technologies MIRacle ATR accessory. Transmittance
spectra of as prepared hydrogel samples were obtained in the 400 to 4000 cm™ spectral region
(resolution of 4 cm™, 8 scans of data accumulation) at room temperature and an automatic baseline

correction treatment was applied using the acquisition software PerkinElmer Spectrum IR.

VIII - 2.3.2. Differential scanning calorimetry (DSC)

DSC analyses were performed for the Gel/RF, Gel/RFUV, 100% PEDOT/Gel/RF and 100%
PEDOT/Gel/RFUV hydrogels using a Netzsch DSC-200-F3 Maia® (Netzsch Holding, Selb, Germany), all
in the dry form. In all cases, DSC was performed at 5 °C min’* from -30 °C to 150 °C for 1 cycle. For
gelatin raw material control sample, 3 cycles were conducted. Data obtained were analyzed with the

Software NETZSCH Proteus®.

VIl - 2.3.3. Swelling ratio

Hydrogels were cut into 10 mm x 10 mm samples. Freshly made samples were dried at RT over a
week until no mass changes were detectable, weighed, and incubated in 2 mL of MilliQ water at RT.
Samples were reweighed after 48 h. Swelling ratios (SR) were calculated through Eq. VIII - 1, where
mash represents the weight of the sample after being hydrated for 48h and moh represents the weight

of sample freshly prepared.

SR (%) = w X 100 (VI - 1)

Oh

246



VIl - 2.3.4. Self-healing process

Hydrogels were cut into 30 mm x 10 mm samples, and then each sample was cut in two halves
with a blade or torn using uniaxial tension. Cut or torn halves were wetted or not with MilliQ water,
placed in contact in a plastic Petri dish and incubated at 4, 20, 37, 45 and 70 °Cin a (50-60)% humidified

atmosphere.

VIII - 2.3.5. Contact angle

Contact angle measurements of the hydrogels were performed using glycerol in the sessile drop
technique by a Kriiss DSA25B goniometer (Kriiss GmbH, Hamburg, Germany). Drop Shape Analysis 4
Software was instructed to take measurements of the left and right angles every 5 s for 2 min. At least
10 measurements with deviation less than 1% per sample were considered for measuring the contact

angle of the droplet with the surface of the sample (n25).

VIII - 2.3.6. Cyclic voltammetry (CV)

CV scans were run using working and auxiliary carbon screen printed electrodes (SPEs) and
Ag|AgCl reference electrode (Metrohm DropSens), connected to a potentiostat (400B Electrochemical
Analyzer, CH Instruments). Hydrogels were cut in 10 mm x 10 mm samples. Samples were dipped in
PBS 0.01 M, pH 7.4 and placed on top of the SPE. For RF solution scans, a 5 mM RF solution was
prepared and basified at pH 12, and SPEs were dipped in the solution during runs. Cycles were run in
a potential window ranging from -1.5 V to +1.0 V, considering different scan rates (from 0.01 V/s to

0.4 V/s).

VIl - 2.3.7. Four-contact electroconductivity measurement

Hydrogels were previously dried and their electroconductivity was evaluated using the 4-contact
electroconductivity measurement technique. Four 50 nm thick gold stripes were deposited using a
thermal evaporation system Edwards Coating System E 306A (Edwards, Irvine, CA, USA) to improve
the electrical contact between the samples (dry hydrogels) and the probes of the measurement
equipment. The electroconductivity of three different films was measured by the four-point probe
method, using a current source Keithley DC 2400 power source (Keithley Instruments, Cleveland, OH,
USA) and an Agilent 34401A multimeter (Agilent Technologies, Santa Clara, CA, USA). Finally, the

thickness of the samples was measured using a caliper.
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VIII - 2.3.8. Electrochemical impedance spectroscopy (EIS)

Hydrogels were cut into 30 mm x 10 mm samples (n=5) and kept in MilliQ water until EIS was
performed. Two stainless steel plates were put in contact with the hydrogels forming a sandwich, and
the crocodile clips were connected to the plates. The impedance spectra were recorded with the
PalmSens4 potentiostat/galvanostat (PalmSens BV, The Netherlands) from 1 MHz to 0.02 Hz with a
fixed applied AC potential of 0.01 V with respect to the open circuit potential. EIS data analyses were
performed using the software PSTrace 5 (version 5.8.1704, build 29098 f, PalmSens BV, The
Netherlands). Equivalent circuit analyses were done by fitting the data using the Levenberg—

Marquardt algorithm.

Vil - 2.3.9. Mechanical tests

Mechanical properties of the hydrogels were assessed by a uniaxial tensile test using a texture
analyzer TA.XT ExpressC (Stable Micro Systems, Godalming, UK) equipped with 50 N tensile grips, and
a constant crosshead speed of 0.25 mm/min. Samples were cut into dog-bone specimens (working
length of 20 mm, width of 3.85 mm, and thickness of 3.5 mm, n=5). Young’s modulus was esteemed
from the (0-15)% strain linear region in the nominal stress-strain curve and the ultimate tensile

strength and maximum extension were taken from the highest peak of the nominal stress-strain curve.

VIII - 2.3.10.  Load bearing capacity

The maximum load sustained by 100% PEDOT/Gel/RFUV hydrogel samples (30 mm x 10 mm) was
evaluated. Binder clips were placed at the edges of the sample. One of the binder clips was secured
to a spring scale held in a support stand, and a weight was secured to the other binder clip. The weight

the sample could withstand without breaking was assessed and pictures were taken.

VIII - 2.4. In vitro assays

Vil - 2.4.1. L-929 and HUVEC cell culture

L-929 cells were cultured in T-flasks (75 cm?) in DMEM supplemented with 10% FBS and 1%
antibiotic-antimycotic solution, at 37 °C and 5% CO,, with medium changed every 2 days. Cells were
passaged at 80 to 90% confluency by incubation with trypsin-EDTA 0.1% solution for 5 min at 37 °C
and subcultured at a 1:3 split ratio. HUVECs were expanded in EGM-2 medium and kept at 37 °C, with

5% CO; in a humidified atmosphere. The medium was renewed every 3 days.
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VIl - 2.4.2. Biocompatibility

To assess the biocompatibility of 100% PEDOT/Gel/RFUV hydrogels, these were sterilized by
immersion in antimycotic and antibiotic solution for 3 days. The sterilized materials (discs with top
face area of 2 cm?) were incubated with 2 mL of EGM-2 at 37 °C for 1 h. Medium was removed and
HUVECs were seeded on the hydrogels at a density of 2.5 x 10* cells/cm?and incubated at 37 °C for 1
h. Cells were washed twice with PBS and stained for 20 min using the LIVE/DEAD™
Viability/Cytotoxicity Kit, according to the manufacturer protocol for mammalian cells. After washing
with PBS, cells were incubated with EGM-2 at 37 °C for 3 h. Imaging of the external membrane of living
cells with calcein was obtained using a fluorescence microscope (LEICA DMI 3000B, Leica camera

system, Wetzlar, Germany).

VIl - 2.4.3. Electrostimulation for skin regeneration

100% PEDOT/Gel/RFUV hydrogels with disc shape (top face area of 2 cm?) were sterilized, cut in
2 halves and incubated with DMEM/FBS at 37 °C overnight. A Pt wire was attached to one half of the
material and another Pt wire was glued to the wall of the well plate and submerged in medium. L-929
cells were seeded in one half of the disc that was in contact with the Pt wire, at a cell density of 1 x
108 cells/cm? and incubated at 37 °C for 1 h. Cells were washed twice with PBS and stained for 20 min
with 2 uM calcein red-orange AM in DMEM/FBS. After washing with PBS, cells were incubated with
DMEM/FBS at 37 °C for 1 h, and an empty half disc was placed in contact with the seeded half disc.
The Pt wires (1 cm apart) serving as electrodes were connected to a power source and
electrostimulation was performed for 1 h using a square wave alternating current (AC, -200 mV to 200
mV, frequency of 100 Hz). After 1.5 h resting, imaging of the external membrane of living cells with
calcein red-orange AM was obtained using a fluorescence microscope (LEICA DMI 30008, Leica camera

system, Wetzlar, Germany).

VIII - 2.5. Statistical analysis

Statistical analysis of the data was performed using Microsoft Excel, with all results being
presented as mean values + standard deviations. Analysis of variance (ANOVA) was performed for the
datasets. A post hoc Welch's unequal variances t-test was used to determine significant differences
between independent populations. *p-value<0.05 indicates a significant result and **p-value<0.01

indicates a very significant result.
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VIIl - 3. Results and discussion

VIII - 3.1. Synthesis and characterization of hydrogels

Vil - 3.1.1. Optimization of pH, RF and PEDOT:PSS concentration and crosslinking

Gelatin and PEDOT:PSS based hydrogels crosslinked using RF and UV light were fabricated to be
used as a smart, wear-and-tear resistant wound dressing for skin tissue regeneration. Firstly,
optimization of the fabrication process was performed by varying both the final RF concentration (15
to 316.5 mM) and the pH of the corresponding RF solution in water. Full solubilization of RF could only
be achieved at 12 < pH < 12.5 for all the concentrations, otherwise obtaining a suspension. Hydrogel
formation took place independently of RF concentration in the investigated concentration range,
indicating that gelation properties of gelatin were not affected by the presence of basified RF.

Gel/RF hydrogels, prepared using different concentrations of RF, were exposed to UV light for
various times (2 to 45 min) to promote crosslinking of gelatin, with the degree of crosslinking being
analyzed by FTIR (Fig. VIII - 1). In Gel/RF hydrogels prepared with 15 and 105.5 mM RF concentrations
(Fig. VIII - 1 A-D), no noticeable difference was found in spectra recorded with increasing crosslinking
reaction time (up to 45 min). This seems to indicate that no significant crosslinking occurs. However,
for the 211 mM RF concentration (Fig. VIII - 1 E- F), some differences in the FTIR spectra are noticeable
when the UV exposure time increases from 30 to 45 min in the peaks around the 500-800 cm™ region,
suggesting the cleavage of C=C bonds. While the precise molecular mechanism of RF crosslinking is
complex and needs to be further studied, the literature agrees that the RF crosslinking reaction can
induce the molecular rearrangement of chemical bonds.*®*” Some of the most known bond
rearrangements occur with the imidazole groups of histidine.”® However, such rearrangement can
potentially occur with other amino acids, including hydroxytyrosine and proline.> It is possible that
the changes observed in the FTIR spectrum of the sample Gel/RFUV 45 min can be a consequence of
such rearrangement, indicating successful crosslinking of gelatin. All other peaks remain constant,
namely peaks at 1241 cm™ and 1357 cm™ (C—N stretching), 1413 cm™ (S=0 stretching), 1476 cm™ (C-
H bending), and 1536 cm™ (N-H bending). Therefore, 45 min appears to be the minimum UV exposure
time to promote significant chemical changes that we associate to crosslinking. In our next
optimization step, we maintained 45 min as the cross-linking time and changed RF concentration to
316.5 mM (Fig. VIIl - 1 G —i, j). No differences were noticed between this concentration and the 211
mM concentration. Therefore, these results suggest that the optimum crosslinking reaction conditions

appear to be 211 mM RF concentration and 45 min of UV light exposure.
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Fig. VIII - 1. FTIR spectra (A — 15 mM; C — 105.5 mM; E — 211 mM) and superposition of dry Gel
hydrogels with varying concentrations (B — 15 mM; D — 105.5 mM; F— 211 mM) of RF crosslinked using
different exposure times to UV light, and respective controls. FTIR spectra (G) and superposition (H)
of Gel/RF hydrogels with varying concentrations of basified RF crosslinked using 45 min exposure time
to UV light, Gel/RF/PEDOT hydrogels with 211 mM basified RF crosslinked using 45 min exposure time
to UV light varying percentages of PEDOT, and respective controls: a) Gel; b) RF; c) PEDOT,; d) Gel 60
°C; e) Gel/RF 105.5 mM; f) Gel/RFUV 105.5 mM; g) Gel/RF 211 mM; h) Gel/RFUV 211 mM; i) Gel/RF
316.5 mM,; j) Gel/RFUV 316.5 mM; k) 50% PEDOT/Gel/RF 211 mM; |) 50% PEDOT/Gel/RFUV 211 mM;
m) 100% PEDOT/Gel/RF 211 mM; n) 100% PEDOT/Gel/RFUV 211 mM.
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The optimal RF concentration for our study is around 80 times higher than previously reported
for corneal treatment, and the UV radiation exposure time is longer than the conventional values
reported in clinics.*” The main reason for this is the corneal treatment is based on the crosslinking of
collagen and not gelatin, as it is the case of this work. Therefore, differences in the optimum
crosslinking parameters are indeed expected. Second, in corneal tissue treatment, RF is applied every
2 min for 30 min, and then every 5 min during the 30 min UV exposure, most likely leading to a
cumulative effect of crosslinking.*¢®

Changes in crosslinking efficiency were also evaluated through changes in the mechanical
properties confirmed by the mechanical characterization of the hydrogels prepared using RF
concentrations of 105.5 mM, 211 mM, and 316.5 mM RF solutions (Fig. VIII - 2 A-D). UV application
led to significant changes in the mechanical properties of Gel/RF 211 mM hydrogels, where UV
application increased the Youngs modulus from 77 + 8 kPa (Gel/RF) to 114 * 6 kPa (Gel/RFUV). This
indicates the formation of a stiffer material, similar to previously reported studies for crosslinked
gelatin hydrogels.** This observation supports that the crosslinking was successful for these
conditions, as the increase in crosslinking degree should lead to tighter polymeric networks, and also

due to a possible increase in triple helix conformation of gelatin chains.*
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Fig. VIl - 2. Mechanical properties of Gel hydrogels with varying concentrations of RF, as prepared
(Control) or crosslinked by UV light exposure (UV): (A) Characteristic stress-strain curves; (B) Young’s
modulus; (C) tensile strength; (D) elongation at break, n=5. (E) Thermograms of the hydrogels: (a)
Gel/RF 211 mM (b) Gel/RFUV 211 mM, (c) 100% PEDOT/Gel/RF 211 mM, (d) 100% PEDOT/Gel/RFUV

211 mM.

A very significant increase was also observed in the respective tensile strength, where the
application of UV led to an increase from 113 + 18 kPa (Gel/RF) to 167 + 19 kPa (Gel/RFUV), indicating
that the hydrogel can withstand a greater tension before breaking. This could mean that the

mechanical resistance of the hydrogel is larger, again demonstrating that crosslinking was successful.

Temperature (°C)
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Nevertheless, a significant increase in tensile strength from 43 + 7 kPa to 145 * 47 kPa was also
observed for the 105.5 mM RF condition, even though Young's modulus remains unchanged, showing
that this mechanical parameter is less sensible to the crosslinking density. It is also relevant to mention
that the further increase of RF concentration to 316.5 mM leads to a decrease of the Young’s modulus,
tensile strength and elongation at break, of both as-prepared and UV-treated samples, suggesting that
RF softens the hydrogel and reduces mechanical resistance and that this effect becomes visible at this
concentration.

Although no differences were noticeable for the elongation at break between the crosslinked and
not crosslinked gels of the 211 mM and 316.5 mM conditions, the 105.5 mM condition increased from
115+ 10 % to 221 + 13 %, thus reaching similar values to the 211 mM conditions (180 + 20 % and 179
+ 17 % for control and crosslinked hydrogels, respectively).

Further confirmation of crosslinking success of the Gel/RF hydrogels at 211 mM RF and 45 min of
UV light exposure was obtained by DSC (Fig. VIII - 2 E). The addition of RF alone leads to an increase
of 30 °C in the typical melting point of gelatin gels®® to 74.4 °C, which agrees with an early study in
which the melting temperature increased from 30 °C to 42 °C when carrageenan was added to
gelatin.>® The thermogram of the Gel/RF 211 mM sample has a glass transition at about 5 °C and a
melting that peaks at 74.4 °C. The UV exposure increases the glass transition temperature and two
melting points appear, the first at 102.7 °C and the second at 113.6 °C. This variation indicates that
the amorphous phase becomes more rigid and that the interactions within the crystalline domains (in
fact of two types of domains) become stronger, both evidencing the crosslinking modification.

With the optimum crosslinking conditions established (211 mM RF and 45 min of UV exposure),
the pristine RF solution was instead prepared in 50% water and 50% PEDOT:PSS (50% PEDOT/Gel/RF),
or in 100% PEDOT:PSS (100% PEDOT/Gel/RF). FTIR was again used to assess crosslinking success when
incorporating PEDOT in the hydrogels (Fig. VIII - 1 G-H). Apparently, the presence of PEDOT:PSS does
not interfere with crosslinking, as the spectra of 50% and 100% PEDOT hydrogels show the peaks
associated to the crosslinking of Gel/RFUV 211 mM, (e.g. the peak at 1543 cm™). Likewise, the
crosslinking does not affect PEDOT since the characteristic PEDOT peaks can still be observed for both
types of PEDOT hydrogels: C—C of the thiophene ring (C»-Cb) at 1367 cm™*, C—O—C vibrations at 976 cm"
1 C=C stretching band at 1411 cm™ and —CH; stretching vibration at 2973 c¢m™.40:55-60

The effect of UV exposure of the 100% PEDOT/Gel/RFUV hydrogel was also evaluated using DSC
(Fig. VIl - 2 E). We chose this sample as the 100% PEDOT/Gel/RFUV hydrogel contains the highest
amount of PEDOT:PSS in our selection, and thus any misbehaviour would be promptly detected. The
control 100% PEDOT/Gel/RF hydrogel has a glass transition temperature of ca. 0 °C and a melting peak
with a maximum at 75.5 °C, which is similar to the melting point of Gel/RF 211 mM (74.4 °C), indicating

254



that the presence of PEDOT barely affects the structure of the hydrogel, as both the glass transition
and melting point of the hydrogel are mostly unaffected. Nevertheless, when exposed to UV light for
45 min the PEDOT hydrogel’s melting point increases to 98.6 °C, which is close yet slightly lower than
the first melting point of the Gel/RFUV 211 mM hydrogel (102.7 °C), and there is a slight increase of
the glass transition temperature. These observations, similar to those that occur with Gel/RF samples,
are consistent with increased crosslinking of the hydrogel. A closer analysis to the enthalpy involved
in the melting stages reveal that the double peaks found in hydrogels Gel/RFUV (364.9 J g and 953.4
J g!) and 1000% PEDOT/Gel/RFUV (1,471.0 J g%) require roughly the same amount of heat to occur.
As such, the slight decrease in the melting point observed in the 100% PEDOT/Gel/RF hydrogel is likely
due to the presence of PEDOT:PSS rather than changes in crosslinking efficiency. From our DSC results,
we can conclude that PEDOT:PSS does not significantly interfere with gelatin cross-linking using RF.
Furthermore, we observed that the 100% PEDOT/Gel/RFUV hydrogel could hold different weights
as observed in Fig. VIII - 3, of up to 250 g (Fig. VIII - 4), corresponding to 2.45 N, without breaking,

indicating an acceptable mechanical resistance of this material.

Fig. VIII - 3. Pictures of 100% PEDOT/Gel/RFUV hydrogel samples holding a weight with a mass of 130
g (A) or 250 g (B).
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Fig. VIII - 4. Mass of weights used for load bearing experiments, approximately: A) 130 g; B) 250 g (due

to scale maximum limit, the pieces used in the experiment were weighed separately).

VIII - 3.1.2. Surface energy and capacity to absorb water

The fabricated hydrogels with varying concentrations of RF and different percentages of PEDOT
were characterized in terms of surface energy through contact angle using glycerol (Fig. VIl - 5 A). For
the samples without PEDOT, there was no significant difference in contact angle values independently

of RF concentration or crosslinking reaction, meaning that all samples are highly hydrophilic. This is
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confirmed by the swelling ratios observed, including when PEDOT:PSS is added, with values ranging
from 450% to 550% (Fig. VIII - 5 B), which are slightly lower than swelling ratios described in previous

work with gelatin methacryloyl-PEDOT:PSS (GelMA-PEDOT:PSS) hydrogels presenting swelling ratios
around 600%.%

20 = Control mUV 1800 r ® Control m UV
1600
1400

< 1200
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Fig. VIII - 5. (A) Contact angle (°) of glycerol with hydrogels with varying concentrations of RF and
PEDOT, with or without exposure to UV light. (B) Swelling ratio of Gel/RFUV hydrogels with varying

concentrations of RF and respective controls, and PEDOT/Gel/RFUV with varied composition of

PEDOT.

However, when PEDOT is added and the hydrogels are crosslinked with RFUV, the contact angle
increases significantly, while, prior to UV exposure, PEDOT/Gel/RF hydrogels have contact angle
values that are similar to those of the Gel/RF hydrogels. However, even for the Gel/RF hydrogels a
slight increase of the contact angle occurs upon exposure to UV. What is striking is the large increase
for the PEDOT hydrogels, with contact angle values that approach that of gelatin. This suggests that
with crosslinking reaction, there are significant changes in the polymer network when PEDOT is
present. A simpler explanation could rely on the surface segregation of hydrophobic PEDOT at the
surface. Should this occur, it is somewhat unexpected, as the UV exposure is carried out at room
temperature, and we do not anticipate significant warming of the samples upon exposure to UV. We
do not have at present an explanation for this contact angle variation.

Overall, the values of the contact angle for the produced PEDOT:PSS hydrogels (< 13°) are much
lower than sessile drop advancing angles reported in literature, with angles varying from 75° for PAA-

PEDOT hydrogels,” 87° for pristine PEDOT:PSS hydrogels and 86° for PEDOT:PSS hydrogels crosslinked
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using 3-glycidoxypropyltrimethoxysilane (GOPS),®* and 50° for PEDOT:PSS coated polyester.®?
Variations in these values might be related to differences in the samples’ morphology (considering
that PEDOT is an hydrophobic material and will tend to phase separate from the more hydrophilic
components), contact angle measurement conditions, like relative humidity and the speed at which
the material swells with droplet absorption, leading to drastic changes in contact angle values.5

As shown in Fig. VIl - 5 B, the swelling of the various Gel/RF and PEDOT/Gel/RF hydrogels is very
similar and lower than that of gelatin. Both RF and PEDOT:PSS have negative effect on the hydrogels

swelling, which is not significantly affected by UV exposure.

VIII - 3.2. Mechanical properties of PEDOT hydrogels
The PEDOT hydrogels were characterized in terms of mechanical properties through tensile

stress-strain test (Fig. VIII - 6).
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Fig. VIl - 6. Mechanical properties of gelatine-based hydrogels with different amounts of PEDOT:PSS:

(A) Young’s modulus, (B) ultimate tensile strength and (C) elongation at break, n>5.
The values of Young’s modulus for the 50% PEDOT/Gel/RF and the 100% PEDOT/Gel/RF hydrogels
are very similar (Fig. VIIl - 6 A). The Young’s modulus of the crosslinked hydrogels (66 + 5 kPa and 60 +

9 kPa for the 50% and 100%, respectively) is slightly higher than that of the as-prepared, non-
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crosslinked, hydrogels (50 + 4 kPa kPa and 55 + 8 kPa for the 50% and 100%, respectively. The
crosslinking reaction makes the hydrogels stiffer and able to withstand higher elastic deformation.
Accordingly, the tensile strength of both 50% and 100% PEDOT crosslinked conditions (Fig. VIII - 6 B)
are higher (152 + 12 kPa and 110 + 24 kPa, respectively) than those of the non-crosslinked PEDOT
hydrogels (104 + 8 kPa and 90 + 5 kPa, respectively).

The Young’s modulus of our PEDOT:PSS hydrogels are within the range of values reported in the
literature. When compared to other types of PEDOT hydrogels, Young’s modulus of the 100%
PEDOT/Gel/RFUV hydrogel (60 + 9 kPa) is approximately 20 times lower than the Young’s modulus of
pristine PEDOT:PSS hydrogels.®* However, when compared to PEDOT hydrogels functionalized with a
carboxylic acid® or GelMA-PEDOT:PSS crosslinked hydrogels,” the Young’s modulus of the 100%
PEDOT/Gel/RFUV hydrogel is 2 to 10 times higher. All the conditions are within the 0.5-500 kPa
Young’s modulus values reported for conducting interpenetrating networks (C-IPN) PEDOT:PSS
hydrogels, that mimic elastic modulus of biological tissue.®® Similarly, the hydrogel presents Young’s
modulus in the same order of magnitude as crosslinked gelatin hydrogels reported before.®

The tensile strength of the 100% PEDOT/Gel/RFUV hydrogel (110 + 24 kPa) is approximately 10
times lower than PEDOT-alginate hydrogels crosslinked with CaCl, agueous solution, as inferred from
the stress-strain curves of the hydrogel,® and about 30 times lower than pure PEDOT:PSS hydrogels,*°
though it presents slightly higher values than crosslinked gelatin hydrogels.®® On the other hand, the
elongation at break for the 100% PEDOT/Gel/RFUV hydrogel (237 + 46 %) is approximately 20 times
greater than PEDOT-alginate crosslinked hydrogels, including after self-healing,®* and around 5 times
higher than pure PEDOT:PSS hydrogels,*® but half of the value (approximately 400%) reported for
crosslinked gelatin hydrogels.®” As such, we could conclude that all the PEDOT:PSS hydrogels
developed in the present work present mechanical characteristics comparable to those previously
reported for PEDOT-based and gelatin-based hydrogels.

Importantly, the values of Young’s modulus for these PEDOT:PSS hydrogels, independently of
crosslinking or PEDOT:PSS concentration, are within the values of those reported for the first Young’s
modulus (E1) of human skin in bi-linear elastic skin models (41 kPa to 1.95 MPa), which models the
skin as having two linear mechanical behaviors (following Hooke’s law), and having two Young’s
moduli: one below a strain threshold and another above that threshold.®®72 Thus, we can conclude
that the PEDOT hydrogels synthetized in this work are fully compatible with the biomechanical

properties of human skin, showcasing their promising application in wound healing.
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VIII - 3.3. Self-healing capacity of PEDOT hydrogels

The application of hydrogels in skin tissue engineering will likely expose them to mechanical strain
and tension, which may result in their tearing. Therefore, an important property to evaluate is the
self-healing capacity of the hydrogels under physiological conditions. This property was evaluated in
all cases by cutting hydrogels in half with a blade and then putting the two halves in contact in a
humidified atmosphere (50-60% humidity) at 37 °C. From preliminary results (Table VIII - 1.), the most
promising features were achieved for the 100% PEDOT/Gel/RFUV hydrogels, and to a lesser extent for
the 50% PEDOT/Gel/RFUV, in self-healing under physiological conditions. We also explored self-
healing temperatures from 4 °C to 70 °C, with the same 50% PEDOT/Gel/RFUV and the 100%
PEDOT/Gel/RFUV conditions presenting self-healing capacity, with the latter composition always
being the most successful at self-healing. On the other hand, PEDOT-containing hydrogels that were
not crosslinked are not capable of self-healing. It appears that the combination of two factors,
crosslinking and presence of PEDOT, is necessary for the hydrogels to undergo this self-healing

process.

Table VIII - 1. Preliminary assessment of self-healing properties of hydrogels at 37 °C, (50-60) % RH,

with colors meaning unsuccessful (red), semi-successful (yellow) or successful (green).

Conditions 0% PEDOT | 50% PEDOT | 100% PEDOT

0 mM RF

211 mM RF

0 mM RFUV

211 mM RFUV

The self-healing mechanism is likely to combine two processes: a first intimate contact between
the two halves and an intermixing process that tends to reestablish the initial structure. The intimate
contact might be promoted by the establishment of interactions between PEDOT and PSS moieties
with charges of opposing sign, thus promoting the initial bonding of the hydrogel halves for charge
stabilization, similarly to ionic coordination reported for other self-healing hydrogels,”® or even
hydrogen bonds.”>”* Both of these inter-halves interactions are, however, expected to be affected by
the existence of an aqueous electrolyte: water will interfere with hydrogen bonding formation
between molecules in the neighboring halves and ions will screen the electrostatic interaction
between cationic PEDOT and anionic PSS. Another possibility may rely on the exposure of PEDOT
hydrophobic domains when the hydrogel is cut into two halves and such domains may promote closer

inter-halves contact when these are immersed in a hydrophilic medium. The intermixing process
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would rely on the entanglements involving chains or chain segments of the two parts. These stronger
interactions may involve the gelatin chains, possibly reestablishing the conformation of gelatin chains
in the polymer network structure. This phenomenon could be correlated with optimum healing
temperature, as gelatin helixes might be restored due to partial sol-gel transitions at 37 °C, and
possibly more efficient transitions due to the presence of PEDOT:PSS.%57

As such, we proceeded to evaluate the self-healing capacity of 100% PEDOT/Gel/RFUV hydrogel,
the best sample of our preliminary assessment. The robustness of the hydrogel after healing was also
studied using different assays. Tensile strain was applied to 100% PEDOT/Gel/RFUV hydrogel samples
healed at 37 °C, after being torn by tensile strain (Fig. VIIl - 7 A), and it was verified that the material
breaks at random points, and no apparent tendency to break at the scar point was observed (Fig. VIl

-7B).

<+— Breakpoint

=
Fig. VIIl - 7. (A) Picture of 100% PEDOT/Gel/RFUV hydrogel self-healed at 37°C, and (B) showing scar

and breakpoint by application of tensile strength using 50 N load cell.

Self-healing of the 100% PEDOT/Gel/RFUV hydrogel was systematically evaluated at 37 °C
(human body temperature) and 45 °C (maximum temperature tolerated for local heating). The
obtained samples were characterized through a tensile stress-strain assay to study the capacity of the
material to recover its original mechanical properties after 1 or 2 cycles of cutting (clean-cut) or

rupturing (mechanical cut) of the hydrogel, and healing at a certain temperature (Fig. VIII - 8).
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Fig. VIl - 8. Mechanical properties of 100% PEDOT/Gel/RFUV hydrogels with 211 mM RFUV, before
and after self-healing under 37 °C or 45 °C: (A) Young’s modulus, (B) ultimate tensile strength (UTS)

and (C) elongation at break, n=5.

The Young’s modulus of the hydrogels at 37 °C is maintained after 2 cycles of cutting (clean-cut)
and healing, with the healed hydrogels presenting approximately the same Young’s modulus as the
one before cutting (60 + 9 kPa). Similar observations were made to the corresponding hydrogel after
mechanical-cut, at 37 °C and afterl cycle of self-healing. After cycle 2 of self-regeneration at 37 °C,
the Young’s modulus of the mechanical-cut sample drops to approximately 80% of the initial value.

When the self-healing temperature was changed to 45 °C, dramatic changes in Young’s modulus
occur. For both the samples healed after clean-cut and mechanical-cut for 1 cycle, the value of the
Young’s modulus drops to 38 + 11 kPa and 58 + 23 kPa, respectively. After 2 cycles of after clean-cut
and mechanical-cut, the hydrogels lose consistency and reliable measurements of Young’s modulus
are not possible. This indicates that the optimal healing temperature for 100% PEDOT/Gel/RFUV
hydrogels is 37 °C, as higher temperatures lead to loss of mechanical strength of the hydrogels.

In terms of ultimate tensile strength and elongation at break, all conditions go through a loss of
their properties after cycle 1 or self-regeneration. However, in the samples regenerated after clean-

cut and at 37 °C, the hydrogel maintains their properties after 2 cycles of regeneration.
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Overall, considering that Young’s modulus values for the 100% PEDOT/Gel/RFUV hydrogels
healed at 37 °C and (50-60) % RH are maintained after 2 cycles of breaking and healing and considering
that the remaining mechanical properties are consistent after the first cycle, we conclude that these

are the optimum self-healing conditions for these PEDOT hydrogels.

VIII - 3.4. Electrochemical performance and electrical conductivity

The crosslinked hydrogels were characterized in terms of electrochemical performance using CV,
electrical conductivity by the 4-contact method and EIS. CV was performed at varying scan rates with
the hydrogels hydrated with 0.01 M PBS, pH 7.4, deposited on top of auxiliary and working carbon
SPEs. The Ag/AgCl reference electrode was also placed in contact with the hydrogel. Fig. VIl - 9 A-B
shows the voltammograms for 50% and 100% PEDOT/Gel/RFUV hydrogels, respectively. Both
voltammograms show four peaks corresponding to RF (Fig. VIII - 10 B), and for lower scan rates two
PEDOT peaks around -0.7 V and +0.4 V could be observed (Fig. VIII - 10 C). These observations suggest
that indeed the crosslinked hydrogels are acting both as electroactive species-containing medium and
as solid-like electrolytes, allowing the movement of species between electrodes, without hindering
the diffusion phenomena. Furthermore, it was also observed that the addition of PEDOT:PSS to the
hydrogels led to a slightly enlarged area (24% and 9% increase for 50% and 100% PEDOT/Gel/RFUV,
respectively) when compared to the Gel/RFUV 211 mM sample (Fig. VIII - 10 A), as expected by the
addition of an electroconductive polymer.®*”> Additionally, CV was repeated for 30 consecutive cycles
for the PEDOT hydrogels to evaluate the electrochemical performance of the hydrogels (Fig. VIII - 9 C-
D). No significant differences were observed between cycles, particularly for the 100%
PEDOT/Gel/RFUV hydrogel (Fig. VIl - 9 D), showing the good electrochemical response of the material,

as expected 39407
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Fig. VIl - 9. CVs recorded for (A) 50% PEDOT/Gel/RFUV and (B) 100% PEDOT/Gel/RFUV hydrogels, at
scan rates varying from 0.01 V/s to 0.4 V/s. CVs recorded at a scan rate of 0.4 V/s for 30 repetitive
runs for (C) 50% PEDOT/Gel/RFUV and (D) 100% PEDOT/Gel/RFUV hydrogels. (E) Electronic
cconductivity values measured by 4-contact method for 100% PEDOT/Gel/RFUV hydrogels.
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Fig. VIl - 10. Cyclic voltammograms recorded for (A) Gel/RFUV 211 mM hydrogel, (B) 5 mM RF solution
and (C) 100% PEDOT/Gel hydrogel, at scan rates varying from 0.01 V/s to 0.4 V/s. Hydrogels dipped in
0.01 M PBS, pH 7.4, solution prepared with the same electrolyte.

Electrical conductivity of PEDOT:PSS hydrogels, before and after self-healing at optimum
conditions, was measured for dry samples using the 4-point contact method (Fig. VIIl - 9 E). The
conductivity of the dry 100% PEDOT/Gel/RFUV hydrogel is of electronic origin and was 423 mS/m,
dropping to approximately half of the original value after 2 cycles of breaking and healing the hydrogel
at 37 °C. When regeneration was conducted at 45 °C, the electroconductivity dropped to 0.1 mS/m.
These results evidence the capacity of these hydrogels to partially recover their electrical properties
after being cut and self-healed, and further justifies the optimal self-healing temperature at 37 °C.

The conductivity of the 100% PEDOT/Gel/RFUV hydrogel (423 mS/m) is higher than previously
reported for conductive PEDOT hydrogels (7.9 mS/m)® This suggests that, in addition to the intrinsic
electroconductivity of PEDOT, the exposure to UV light might have some effect in the conductivity of
the hydrogel, possibly due to a conformation change in the polymer chains, leading to enhancement
of carrier transport, thus increasing conductivity.”®””

Electrical resistance of the as prepared hydrogels was determined using EIS, with an example of

data fitting in a Nyquist plot being given in Fig. VIII - 11, showing a partial semicircle behavior and a
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straight line with approximately 45° to the x-axis. The fitted equivalent electrical circuit, has two
resistances, R1 and R2, a capacitor and a Warburg element (W). R2 represents the charge transfer
resistance, which is a polarization resistance at the hydrogel and electrodes interface. The capacitor
refers to the charge accumulation at the hydrogel and electrodes contact caused by the
electrochemical double layer. The Warburg element (W) corresponds to an impedance increase due
to lack of available species near the electrodes, thus decreasing current flow. The Warburg impedance
justifies the presence of the straight line in the Nyquist plot in Fig. VIIl - 11. R1 represents the
electrolyte resistance, meaning the resistance to the passage of charge (which includes both electrons
and ions) through the hydrogel. Within the hydrogel we anticipate that the resistance is mostly
associated to the ion migration as electrons are unlikey to find a continuous path between the two
electrodes and contribute to the hydrogel electrical transport. The ionic resistance R1 is dependent
on ion type, concentration of the ions, temperature and hydrogel pore size and mesh structure.”® From

R1, which can be considered the intrinsic resistance of the hydrogel, it was possible to derive (ionic)

conductivity values (o) for the hydrogels (Table VIII - 2), using the equation g = L/RlA’ where L

corresponds to the thickness of each hydrogel and A corresponds to the area of the electrodes in

contact with the hydrogel.
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Fig. VIII - 11. Nyquist plot of a measurement and fit for 100% PEDOT/Gel/RFUV hydrogel, and

corresponding Randles equivalent circuit.
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Table VIII - 2. Conductivity values determined by EIS, fitting using a Randles equivalent circuit, for
gelatin and 100% Gel/PEDOT/RFUV hydrogels before and after self-healing at 37 °C and 45 °C after

cycle 1 and cycle 2.

Sample o (mS/m)
Gel 315
100% PEDOT/Gel/RFUV 268
100% PEDOT/Gel/RFUV cycle 1 healing 37 °C 141
100% PEDOT/Gel/RFUV cycle 2 healing 37 °C 190
100% PEDOT/Gel/RFUV cycle 1 healing 45 °C 188
100% PEDOT/Gel/RFUV cycle 2 healing 45 °C 299

Impedance vs frequency plots in Fig. VIl - 12 present a behavior similar to previously reported
results for PEDOT:PSS hydrogels.*>%>75 It is possible to conclude that for lower frequency values the
100% PEDOT/Gel/RFUV hydrogel is less conductive than the pure gelatin hydrogel, in agreement with
the conductivity values derived from R1 (Table VIII - 2). Accordingly, as shown in Table VIII - 2, the
conductivity of the 100% Gel/PEDOT/RFUV hydrogel (268 mS/m) is slightly lower than that of gelatine
(315 mS/m). This is somewhat unexpected in view of the introduction of the electronically conductive
PEDOT:PSS. It is also worth to recall the electric conductivity of the dry 100% PEDOT/Gel/RFUV
hydrogel, 423 mS/m, mentioned above and which is higher than the value of 268 mS/m for the swollen
hydrogel. We conclude that the electrical conductivity of the dry hydrogel is mostly due to electronic
transport, while in the swollen state the electrical conductivity is mostly due to ion migration.
Considering the impedance of the 100% PEDOT/Gel/RFUV hydrogel shown in Fig. VIII - 12 B, it is hard
to predict that its extrapolated impedance at a zero hertz frequency stimulation (that is, DC) would be
much lower than that of gelatin. As, under DC bias it will be mostly the electronic transport that is
stimulated, the EIS data does not seem to evidence that the presence of PEDOT has a marked positive
impact on the electrical conductivity of the swollen 100% PEDOT/Gel/RFUV hydrogel. We may
therefore conclude that the electronic conductivity of PEDOT:PSS has no dominant role on the
impedance of the PEDOT-based hydrogels. We may even conclude that the addition of PEDOT:PSS to
the Gel/RF hydrogel promotes an increase of the impedance. It seems that its presence has a
detrimental effect on ion migration (judging from the conductivity data in Table VIII - 2). Considering
the self-healed hydrogels, it is possible to observe that the hydrogels did not fully recover their
electrical transport properties as impedance vs frequency curves are below that of the 100%

Gel/PEDOT/RFUV hydrogel (Fig. VIII - 12), which translates into slightly lower conductivity values.
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Nevertheless, for the hydrogel after 1 cycle of healing at 37 °C we can see a partial recovery of the
hydrogel’s electrical properties, as the curve approaches that of the 100% Gel/PEDOT/RFUV hydrogel.
Altogether, these results evidence the good electrochemical performance and electrical

conduction properties of the PEDOT:PSS hydrogels obtained in the present work.
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Fig. VIIl - 12. (A) Impedance vs frequency plots for gelatin and 100% Gel/PEDOT/RFUV hydrogels
before and after self-healing at 37 °C and 45 °C after cycle 1 and cycle 2. (B) Close up of the impedance

vs frequency plots at lower frequency values.

VIII - 3.5. Biocompatibility and skin regeneration assay

The tissue engineering and wound healing applications envisioned for the PEDOT:PSS hydrogels
described in this work are supported by the described electroconductive and mechanical properties
and self-healing capacity of the 100% PEDOT/Gel/RFUV hydrogel. Given these promising properties of
the synthesized PEDOT hydrogels, the first step was to assess the biocompatibility of the 100%
PEDOT/Gel/RFUV hydrogel by direct observation of calcein staining of HUVECs.

We found that the 100% PEDOT/Gel/RFUV hydrogel was biocompatible as HUVECs presented

characteristic green fluorescence of calcein staining after 5 h of incubation on the hydrogel (Fig. VIII -
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13). These results are in accordance with previous HUVECs proliferation in gelatin-based hydrogels,”
and the LIVE/DEAD images of biocompatibility assays reported for C2C12 myoblast cells encapsulated
in GelMA-PEDOT:PSS hydrogels.*> Additionally, it was observed that cell adhesion to the hydrogel was
successful without the need of coating the hydrogel surface with cell adhesion proteins, such as
laminin. In all, this shows that cells are not negatively affected by the presence of PEDOT in the

hydrogel, further demonstrating the potential use of this hydrogel in biomedical applications.

Fig. VIII - 13. Fluorescence imaging of HUVECs incubated on 100% PEDOT/RFUV crosslinked hydrogel
after 5 h. Green fluorescence from cells stained with Calcein and background intrinsic PEDOT

fluorescence.

After confirming the biocompatibility of the hydrogel, a skin tissue regeneration assay was
performed using the L-929 fibroblasts cell line, as an initial model for skin tissue. First, the 100%
PEDOT/Gel/RFUV hydrogel was cut in discs to fit in well plates, and then each disc was cut in half using
a blade. Fibroblasts were seeded in only one half of the hydrogel to assess the migration of these cells
to the other half of the hydrogel in the presence and in the absence of ES (Fig. VIII - 14 A).

In the skin regeneration assay, it was observed that the incubation of L-929 cells in the 100%
PEDOT/Gel/RFUV hydrogel in the absence of ES appears to lead to increased cell proliferation after
2.5 hin the area of the hydrogel where cells were initially seeded, as shown by the calcein red-orange
staining in Fig. VIII - 14 A, top row. However, some cell migration was also observed after 2.5 h, with
17.6 % of the cells being found in the hydrogel area that was attached after initial cell seeding (Fig. VIII
- 14 A - top row, and B). These results suggest that in the absence of ES, the hydrogel is capable of
promoting cell proliferation and migration. The increased cell proliferation is in accordance with
previous reports of increased expression of Ki-67 protein (a typical marker of cells in a proliferative
state) in C2C12 cells seeded on a carboxylic acid functionalized-PEDOT hydrogel,* suggesting that the
properties of the 100% PEDOT/Gel/RFUV hydrogel help promote cell expansion.
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Fig. VIII - 14. (A) Fluorescence imaging of L-929 cells incubated on half of the cut 100%
PEDOT/Gel/RFUV hydrogel. After implanting the other half of the hydrogel in the well cells were
submitted to 1 h electric stimulation, followed by 1.5 h resting. Red fluorescence from cells stained
with calcein red-orange. White dashed lines indicate the cut in the hydrogel. White arrows indicate

migration direction of the cells. (B) Cell count (cells/mm?) in seeding area and migration area at 2.5 h

for control and ES condition.

Interestingly, when fibroblasts were electrically stimulated, we observed a significant increase in
cell density in the hydrogel area opposed to where the cells were initially seeded (Fig. VIII - 14 A,
bottom row). This was further evidenced with cell counting, as 29.8% of the cells were in the seeding

area and 70.2% of the cells were in the migration area after 2.5 h (Fig. VIII - 14 B). A hypothesis is that
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the electroconductive properties of the hydrogels help to re-establish the endogenous electric field of
skin and other epithelial cell layers, like fibroblasts. When wounded, a laterally oriented electric field
is formed due to ion imbalance from Na*, CI, K* and Ca?* leakage.® As such, the application of low
voltage leads to an electric field passing through the hydrogel that lowers the charge imbalance, thus
leading to cell migration along the direction of the electric field. Previous reports showed that
fibroblasts are responsive to small electric fields and that epithelial skin cells and fibroblasts migrate
along directionally applied electric fields, thus validating the present results.8%82

Overall, these results show that our PEDOT:PSS hydrogel is highly biocompatible and together
with its mechanical and electrical properties makes it a very promising material for biomedical

applications for electroresponsive cells and tissues, such as epithelial and skin tissue engineering.

Vill - 4. Conclusions

In this work, we first propose the production of PEDOT/Gel/RFUV hydrogels through a unique
strategy. We started by studying the production of gelatin hydrogels using clinically relevant agents,
RF and UV light. Optimization of the synthesis parameters was performed, reaching the optimum
concentration of 211 mM RF and a UV exposure of 45 min. Additionally, conducting gelatin hydrogels
were produced through blending with PEDOT:PSS. Crosslinking of PEDOT/Gel/RF hydrogels was
achieved by using the same reaction parameters: 211 mM RF and 45 min of exposure to UV light.

All hydrogels were characterized in terms of their mechanical properties, with the optimal
crosslinking conditions leading to very significant increases in Young’s modulus, both with and without
PEDOT:PSS addition. Crosslinking was successfully achieved by obtaining stiffer materials with
superior capacity to withstand elastic deformation. The electrical conductivity of the PEDOT:PSS
hydrogels was determined and it was concluded that the dry hydrogels are highly electronically
conductive, reaching values up to 423 mS/m, with a better performance than what has been reported
for PEDOT:PSS hydrogels. The (ionic) conductivity of the same hydrogel in the swollen state was
calculated, from EIS measurements, as 268 mS/m. Combining this result with the impedance of the
100% PEDOT/Gel/RFUV hydrogel at low frequency, which is higher than that of gelatin, we conclude
that the presence of PEDOT has a positive impact on the hydrogel electrical conductivity.

It was also shown that 100% PEDOT/Gel/RFUV hydrogels have the capacity to self-heal, with
complete healing being observed at (50-60)% RH and 37 °C. This material was characterized before
and after healing, with Young’s modulus being fully recovered after healing, with the remaining
mechanical and electroconductive properties being partially recovered.

Finally, the 100% PEDOT/Gel/RFUV hydrogel was found to be fully biocompatible as shown by

calcein staining of live cells. Most importantly, a skin tissue regeneration assay was successfully
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established, showing increased cell migration and proliferation when fibroblasts were incubated in
the hydrogel and subjected to electrostimulation using squared AC low voltage.

In this work we produced, for the first time, self-healing, stretchable and electroconductive
PEDOT:PSS/Gelatin hydrogels crosslinked using RF and UV light. These hydrogels hold great promise

in clinical applications, including wound healing, skin tissue engineering and bioelectronics.
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IX-1.

1)

2)

Conclusions
The restrictions imposed by the (NMe)Glu residue drastically reduce the flexibility of
CR(NMe)EKA in comparison to CREKA, which significantly affects the formation of aggregates
with well-defined morphologies. This feature, together with the net molecular charge, which is
controlled through the pH, are crucial to explain the significant differences found between the
self-assembly behavior of the two peptides.
CREKA rarely self-assembles into aggregates with well-defined morphologies, tending to
organize in non-shaped structures with no regular organization. Instead, CR(NMe)EKA forms
abundant and reproducible dendritic microstructures with fractal geometry when the feeding
solution presents acid or neutral pH and low peptide concentration.
No regular assembly is obtained from solutions with high CR(NMe)EKA concentrations, as their
dynamics is dominated by strong repulsive peptide-peptide electrostatic interactions, and from
solutions at pH 10, in which the total peptide charge is zero. Thus, dendritic structures are only
obtained when the molecular charge of CR(NMe)EKA, which is controlled through the pH, favors
kinetics over thermodynamics during the self-assembly process.
CR(NMe)EKA dendritic microstructures grow in a two-step process: a) formation of pre-
nucleated pseudo-spherical particles and, even, rhombohedral crystals; and b) filling of the
inter-particle space following a directional self-assembly process.
The assembled PBA-CS/PEDOT carrier successfully combines multiple functions, which can be
summarized as follows: a) on-demand controlled release of the anticancer peptide using
external electric fields; b) self-regulated pH-controlled delivery in the acidic microenvironment
of tumoral tissues; c) peptide protection to maintain its antitumoral activity; and c¢) mechanical
stability and injectability.
The release kinetics and dosage from PBA-CS/CR(NMe)EKA/PEDOT carrier is controlled through
electro-responsive PEDOT NPs, while the dynamic behavior of boronate ester bonds in the PBA-
CS hydrogel enhances the peptide release by a factor of 2.6.
The bioactivity of the peptide released from PBA-CS/CR(NMe)EKA/PEDOT is not affected by the
electrostimulation of PEDOT NPs nor by dissociation of the boronate bonds from PBA-CS
hydrogel, as has been demonstrated using human prostate cancer cells death assays.
Accordingly, the PBA-CS/PEDOT carrier protects the peptide to maintain its antitumoral activity.
According to the in lab and in vitro studies, the injection of PBA-CS/CR(NMe)EKA/PEDOT carrier
in acidic tumor environments should allow the controlled delivery of the anticancer peptide by

combining the effect of the oxidation and reduction of PEDOT chains on the interactions
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10)

11)

12)

13)

14)

15)

16)

17)

18)

between the peptide and the carrier with the effect of the peptide concentration gradient at
the interface between the collapsed hydrogel and the release medium.
Alg-g-PAA/PEDOT/CAM hydrogels have been prepared by incorporating electroresponsive
spherical PEDOT/CAM NPs into the pH responsive Alg-g-PAA hydrogel during its synthesis. The
properties of Alg-g-PAA/PEDOT/CAM have been fully characterized, confirming that the
swelling ratio depends on the pH and that the hydrogel is conductive.

CAM-release tests from PEDOT/CAM NPs, which showed a loading capacity of 14.3% + 2.5%,
have revealed a relatively fast passive delivery rate (i.e. around 14% per hour), which can be
increased by applying CV and, especially, CA stimuli.

CAM-release assays from Alg-g-PAA/PEDOT/CAM have shown that the passive delivery is
negligible, regardless of the pH. This response has been attributed to the formation of specific
interactions between CAM molecules delivered from PEDOT/CAM NPs and the polar groups of
the Alg-g-PAA matrix.

Alg-g-PAA/PEDOT/CAM hydrogel allows electro-chemo-controlled release of CAM, which
occurs when the pH of the environment is acid and PEDOT/CAM NPs are electrostimulated.
Antibacterial tests and cell viability assays have demonstrated that the biological activity of CAM
is not altered by Alg-g-PAA and PEDOT either during the loading nor the release process.
PGS/PCL coaxial fibers with electroresponsive CUR/PEDOT NPs have been successfully
prepared. This system allows the sustained release of NPs from the fibers through
biodegradation with lipases.

The release of CUR from CUR/PEDOT NPs has been controlled through electrical stimulation.
Such exogenous stimulus produces a CUR release of around 79% when an electric potential of -
1.5 Vis applied.

CUR, PEDOT NPs, and CUR/PEDOT NPs are safe for somatic cells at given concentrations.
However, CUR is cytotoxic for PC-3 and MCF7 cancer cell lines, with the viabilities of those cells
dropping to < 20% and < 35%, respectively.

Cancer cell lines are capable of internalizing CUR/PEDOT NPs in 24 h, with no perceived cell
death or alterations in cell morphology in the absence of electrical stimulation. However,
wireless electrostimulation of cancer cells with internalized CUR/PEDOT NPs results in a very
significant decrease in cancer cell viability (33%), which is caused by the controlled release of
CUR.

Two MIP formulations, which are based in AAc and ItAc, have been engineered and prepared

for the effective detection and targeting of breast cancer cells. For this purpose, the epitope of
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20)

21)

22)
23)

24)

25)

IX-2.

CD44, a cell surface glycoprotein that is overexpressed by cancer cells, has been used as
molecular template.

Recognition studies with the MIPs prepared in 18) have been performed using MCF-7 and MDA-
MB-231 breast cancer cell lines. MIPs identified higher levels of CD44 in MDA-MB-231 cells
compared to MCF-7 cells. Furthermore, MIP AAc showed better detection sensitivity for CD44
than MIP ItAc for both cell lines. This is especially prominent in the case of MCF-7 cells.
Although there is still room for improvement to achieve results similar to antibodies, results
show that the incorporation of MIPs for CD44 into diagnostic and therapeutic strategies could
potentially improve the accuracy and effectiveness of breast cancer detection, monitoring, and
treatment at a lower cost.

The production of conducting PEDOT/Gel/RFUV hydrogels has been optimized using a unique
strategy that considers the synthesis parameters of gelatin hydrogels and the blending with
PEDOT:PSS.

PEDOT/Gel/RFUV hydrogels are stretchable, conducting and self-healing materials.
Self-healing has effect on some properties of PEDOT/Gel/RFUV. While the Young’s modulus is
fully recovered after healing, the remaining mechanical and electroconductive properties are
partially recovered.

100% PEDOT/Gel/RFUV hydrogel is fully biocompatible as shown by calcein staining of live
HUVEC cells.

A successful skin tissue regeneration assay has shown that 100% PEDOT/Gel/RFUV increases
cell migration and proliferation when fibroblasts are incubated in the hydrogel and subjected

to electrostimulation using squared AC low voltage.

Future work

With this Thesis we have provided significant evidence on the potential of using multiresponsive

biomaterials platforms to achieve a highly controlled drug delivey for cancer treatment. Nonetheless,

some limitations in the studies could be pinpointed, thus opening up new avenues for research to be

performed. As such, in the next paragraphs we synthetize new research oportunities arising from this

Thesis:

1)

Regarding the bioactivity of the therapeutic agents used throughout this Thesis, all the
anticancer activity studies following electrostimulation in Chapters IV, V and VI were performed
using in vitro 2D cell culture. In the last 10 years, there has been extensive research supporting
the favorable characteristics of 3D cell culture systems when compared to 2D for in vitro cancer

models. A recurrent problem of 2D systems is the false sensitivity of cancer cells to anti-tumor
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drugs when 3D models reveal resistance to the same drugs. Explanations for this phenomenon
are based on the fact that in 2D systems cells will grow in a monolayer, thus lacking the inherent
intricate tumor physiology and the complex architecture of the tumor and its
microenvironment. Furthermore, 2D culture systems lose out on cell-to-cell and cell-ECM
interactions, whereas hypoxia, pH, ECM, and diffusional struggles are closely reproduced to
reality in 3D systems. This is particularly noticeable in sophisticated 3D systems, like those using
organoids or co-cultures, although including tumor vascularization could still prove challenging.
Keeping this in mind, it would be very beneficial to perform the same bioactivity studies using
3D cell systems that could reproduce the tumor microenvironment more closely.

Of course, still regarding drug safety, bioactivity and effectiveness, the logic next step would be
to also perform such studies in animal models to show both overall safety of the biomaterials
systems to the body, but also the same therapeutic effectiveness that has already been shown
in vitro.

Concerning Chapter VII, positive results showing the potential of using MIPs for breast cancer
targeting have been presented. However, the full characterization of the synthesized MIPs
needs to be performed. Although size of the MIP NPs has been studied in suspension,
microscopy techniques such as SEM should be performed to study morphology of the MIPs.
Additionally, functional groups and bonds present in the MIPs should be assessed, thus
structural characterization resorting to spectroscopic techniques (e.g. FTIR, Raman) should also
be performed. Since MIPs are competing with antibodies relating to biding specificity and
capacity, binding assays to the target peptide should be performed to establish binding
isotherms. Moreover, concerning safety, although in vitro cell assays were performed, a full
cytotoxicity assessment should be done using normal cells.

Still regarding the MIP work, many more avenues could be explored. We have focused on the
cancer targeting part. However, a dual-imprinting strategy could be explored. For example,
molecular imprinting of an anticancer drug could also be performed. This way, the MIP would
provide simultaneous cancer cell targeting and act as a carrier to transport the drug to the
cancer site. Furthermore, an electroresponsive MIP could be synthesized by including a
monomer of an electroductive polymer to the reaction mixture during synthesis. The EDOT
monomer is a strong candidate, as we have already shown that chemical polymerization of
PEDOT is possible, under the same reaction conditions used to obtain the MIPs. Assembling the
electroconductive MIP component into a bioresponsive (e.g. fibers) or pH-responsive (e.g.
hydrogel) layer would further provide a complete multiresponsive biomaterials platform that

could provide targeting, drug transport and highly controlled drug delivery to the cancer site.
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