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Abstract

Polymers have been widely used in biomedical applications for drug delivery
purposes in the last decades. However, ordinary long-term drug delivery systems
are sometimes associated with undesired side effects if the concentration of the
released drug is higher than needed. Therefore, scientists look for new techniques
to enhance the efficiency and safety of the release by controlling the release time,
rate and accuracy in targeting specific tissues or cells to spare the rest of the body
from side effects. In this thesis, several polymeric platforms (microfibers,
hydrogels, nanoparticles, nanomembranes) and their combinations have been

used to modulate and control the release of different kinds of drugs.

Five different platforms have been obtained. They are described in the results

section of the thesis (chapter 3):

1) In section 3.1, an electrically triggered release system is presented.
Specifically, the release of the antibiotic chloramphenicol (CAM) from
conducting polymer nanoparticles made of poly(3,4-ethylenedioxythiophene
(PEDOT) has been studied and characterized. In addition, the designed platform
allows for in situ monitoring of bacterial growth inhibition through the

electrochemical detection of B-nicotinamide adenine dinucleotide (NADH).

2) A pharmacological chaperone (pyrimethamine, PYR) has been also
encapsulated in PEDOT nanoparticles (section 3.2). Release experiments carried
out with and without electrical stimuli demonstrate that release can be increased

up to ~50% when sustained CV stimulation is applied for 30 min.

3) Section 3.3 describes a controlled release device consisting of a polypeptide
hydrogel (Poly(y-glutamic acid, PGGA) loaded with a small hydrophobic drug
(curcumin, CUR) which was previously encapsulated in PEDOT nanoparticles.

This platform allows to tune CUR release when applying an electrical stimulus.



4) In the next section (3.4), the pharmacological chaperone ambroxol
hydrochloride (AH) is loaded in polymeric electrospun microfibers of poly(e-
caprolactone (PCL). In order to regulate the release, electrospun microfibers have
been coated with additional PCL layers using dip-coating or spin-coating. AH
functionality was verified with a thermal denaturation assay utilizing GCase,
demonstrating that the electrospinning procedure did not affect the functionality
of the drug.

5) Finally, section 3.5 reports drug release from a complex platform consisting
of two spin-coated layers of PGGA hydrogel, loaded with PEDOT microparticles
and separated by an electrospun layer of PCL microfibers. Poly(hydroxymethyl-
3,4-ethylenedioxythiophene) (PHMeDOT) was polymerized through the whole
three-layered system while forming a dense network of electrical conduction
paths. The platform has been loaded with levofloxacin (LVX) before performing
the release experiment. Although the release of LV X is fast, this device allows for
real-time electrochemical monitoring of the remaining antibiotic inside the

platform.

Taken together, the studies presented in this thesis provide an overview of new
hybrid polymeric platforms that allow to optimize and control drug release while,

in some cases, achieving additional functionalities.
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Chapterl: Introduction

Introduction

1.1 Polymers in biomedical applications

Biomaterials are essentially materials mainly utilized and adapted to interact
with biological systems.! They can stay in the biological environment (living
system) for prolonged periods? and for that, they should have non-toxicity,
biocompatibility, good performance, minor side effects, and in some cases,
acceptable mechanical properties.® They have numerous biomedical applications
such as cardiac valves, artificial hearts, vascular grafts, breast prosthesis, dental
materials,* contact and intraocular lenses,® fixtures of extracorporeal oxygenators,
dialysis and plasmapheresis systems, coating materials for medical products,
implants, surgical materials, tissue adhesives, etc.® A vast range of biomaterials,
from the most rigid metal, like titanium, and ceramics to soft polymeric ones, like
hydrogels, have been investigated to satisfy the demands of the biomedical

society.’

Biopolymers have advantages compared to other types of biomaterials such as
(a) simple producing, (b) ease of secondary processability, (c) affordable cost, and

(d) being designable in preferred mechanical and physical characteristics.®

Biopolymers are polymers that have a biological nature® and based on their
origin can be categorized in two classes® (Figure 1.1.1): natural polymers, which
already have been used in medical applications for thousands of years, and
chemically synthesized polymers, which are synthesized from natural resources,
such as proteins, amino acids, sugars, fats, etc.!® Some synthetic polymers, such
as acrylics, polyamides, polyesters, polyethylene, polysiloxanes, and
polyurethane, as well as natural polymers like chitosan, carrageenan, and alginate
are utilized in biomedical applications such as tissue regeneration, drug delivery

systems, orthopaedic devices, gene delivery, etc.®!* In general, synthetic
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polymers offer more significant advantages than natural ones because they can be
tailored to give a broader range of properties.!2

Biopolymers

Poly Esters,
Poly Anhydrides,
Poly Urethanes,
Poly Phosphazens

e m
Keratin, Starch,
silk Collage Cellulose,
Chitosan,

Alginate,

Hyaluronic acid

Figure 1.1.1. Classification of biopolymers. Adapted with permission from ref. Copyright 2021

Elsevier Inc.

1.1.1 Conducting polymers (CPs)

Before CPs were developed, polymers were assumed to be electrical
insulators.*3 About 30 years after CPs invention, researchers still pay considerable
attention to them due to the numerous applications of these polymers in the
scientific field.’* They have been studied extensively because of their more
straightforward synthesis process, high mechanical and electrical resilience, low
working temperature, and low cost.'® The most well-known CPs, which have been
investigated extensively about their synthesis, characterization and applications,
are  polyaniline  (PAni), poly(3,4-ethylenedioxythiophene) (PEDOT),
polythiophene (PTh), polypyrrole (PPy) and their derivatives.’®*® Table 1.1.1
shows a list of representative CPs and their structures.
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Table 1.1.1. Typical CP Structures. Adapted with permission from ref. 19 Copyright 2009 Taylor &

Francis Group, LLC.

Name structure Name structure
Polyacetylene (PAc) —l—C=C Poly(thienylene- [ ) N
H HIn vinylene) (PTV) o)
n
I\ K . ) H
Polypyrrole (PPy) N . Polyaniline (PAni) N
H . n
Polythiophene (PTh) N / s\ - Poly(diphenylamine) H%
n

Poly(ethylenedioxythiophene)
(PEDOT)

Poly(thienylene-vinylene) [\
(PTV)
Poly(phenylenesulfide) (PPS)
Polycarbazole
Poly(thieno[3,2-b]pyrrole) / \ /

Poly(fluorene)

Poly(phenylene-
vinylene) (PPV)

Poly(para-
phenylene) (PPP) n
< > \

Poly(phenylene
ethynylene) (PPE)

Poly(indole)
H n
S
Poly(thieno[3,2-
b]thiophene) / \ /
S n
Polypyridine /
Al

In the 1990s, the opportunity to use CPs in biomedical applications, like tissue

engineering, was envisaged. This was due to their role in adjust cellular activities,

such as cell adhesion, proliferation, migration and differentiation.?>% The

sensitivity of cells or tissues to electrical stimuli in muscles, cardiac cells, nerves,

etc. originated more studies on CPs.?4?7




Chapterl: Introduction

CPs, because of their electrical characteristics, high theoretical capacitance,
proper wave sorption,?® excellent redox activity, and outstanding electrochemical
demeanor, have expansive applications in diverse areas, such as supercapacitors,
nanocoatings, catalysis, corrosion inhibitors, biomedical application and sensors
(Figure 1.1.2) 13233

They can be found in different shapes, like particles, hydrogels and films,3!

providing different electrical, optical, and mechanical characteristics.*

Supercapacitor
Q. —
Se?

L% 497

& 0.'5;5;3: Nanocoatings
—
'. O @ Catalysis

Biomedical

Conducting Polymers

[ AN ]

"' @]
@ Sensors

Figure 1.1.2. CPs applications. Reprinted with permission from ref.!3 Copyright 2021 American

Chemical Society.

Poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 1.1.3), due to its high
conductivity, stability, optimal opacity and easy fabrication, has been chosen as a
conducting polymer in this project. It has various applications in antistatic
coating, organic display devices, energy storage and transformation, and

sensors,33:34
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Figure 1.1.3. PEDOT chemical structure.

1.1.1.1 Biomedical applications

In recent years, the most significant research advances in CPs applications
have been in medical applications. The individual functions of controlled surface
energy, controlled release and stimulation are used for numerous internal
(implant) or external applications to the human body.'® CPs have countless
applications in medical science, such as biomedical implants, tissue engineering,

biosensors, drug delivery, etc.!*

a) CPsintissue engineering

Biodegradable scaffolds are crucial in tissue engineering.®® Since electrical
stimulation positively impacts the behavior and function of electroactive tissues,
more promising tissue regeneration demands electrical conductivity within
biodegradable scaffolds. Furthermore, scaffolds need chemical, electrical and
mechanical properties for cell growth and adhesion. All these objectives can be

achieved by using conducting materials.36-3

b) CPsinbiosensors

Nowadays there's a need for the sensors and electronics that can create
adaptable interfaces with some biological environment while not losing
biocompatibility and stability. Incorporating biocompatible material with CPs

offers a comprehensive platform with exceptional properties and beneficial



Chapterl: Introduction

functionality for bioelectronics and biosensors. These temporary implant sensors
have been broadly operated to gather vital physiological changes such as oxygen

content, potential, temperature, strain, blood pressure, pH and fluorescence.3*#!

c) Actuators

An actuator is a device that can convert an external stimulus, like electrical and
thermal stimuli, to a physical motion. Therefore, this device can be used as an

artificial muscle.*2

CPs are the most exciting material to use as actuators due to their low operating
voltage and extensive stress range. Among all CPs, polypyrrole (PPy) has
received a lot of attention due to its electrochemical activity in a wide range of

pH and simple preparation.*344

d) CPsindrugdelivery

Many drug delivery system devices have been generated during the last few
decades to improve the drug-targeting specificity and reduce systemic drug
toxicity. One of the delivery systems’ main flaws is preserving accurate control
on switching the release “on” or “off”. CPs have been utilized due to their
reversible electrochemical response to overcome this drawback.*® The strength of
the interactions between the drug and CP carrier can be regulated by controlling
the oxidation and reduction state. This capacity results in a benefit to the
controlled release of many drugs, which can be delivered by reducing the strength
of such interactions by applying oxidation or reduction voltages (depending on
the chemical structure of the drug). Furthermore, CPs can control drug movement
with electric charge flow for targeting a tissue. In other words, by applying more

stimuli, more drug is released while without external impulses, fewer drug is
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released.*®4” Simple loading and low effect on drug activity are additional CPs’s
advantages.*®

1.1.2 Controlled drug delivery systems

A drug delivery system (DDS) is a kind of device that transports the drug to
the body and enhances its efficacy and safety by controlling the rate, time, and

location of the drug release in the body.*°

The customary drug therapy demands periodic drug doses at a short interval.>
Designing a sustained or controlled release drug delivery system aims to decrease
the dosing frequency, reduce the dose, control blood plasma drug levels, better
patient compliance, and provide consistent drug delivery.>*>* A controlled release
system, by preserving the drug concentration in the body in the optimum remedial
range and under the toxicity point, increases the drug's general efficacy. On the
other hand, aimless delivery can cause major and sometimes lethal side effects.>®
Blood plasma drug concentrations also should be in the medicinal range to stay
effectual and endured. This range is between the minimum effective concentration
(MEC) and the maximum safe concentration (MSC) (Figure 1.1.4).5
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Figure 1.1.4. A schematic diagram for conventional and controlled drug delivery. Reproduced with

permission from ref.57 Copyright 2015 Royal Society of Chemistry.

1.1.2.1 Triggered drug delivery

Increasing demands for accurate and customized treatment led to emergence
of stimuli-responsive drug delivery systems.>®° An external impulse, such as
ultrasound,®%2 magnetic field,%*54 pH,®> [ight,®”¢8 temperature®®° or electrical
field,”>"> makes the stimuli-responsive system to release its biological cargo to
reach the intended concentration for medical treatment. This releasing method can
be used in hormone therapy,” pain control, accurate chemotherapy drug
delivery,” and anti-inflammatory or antibiotic drugs delivery from implants.”

Electrical stimuli are especially attractive as: (i) they allow to generate accurate
and precise signals easily, remotely and repeatedly without large and complex
instruments being required, and (ii) it is possible to miniaturise the electrical
devices and develop them into a wireless implant.’® The materials that are capable
of being investigated for electrically responsive drug delivery are graphene,

carbon nanotubes, nanoparticles and CPs.”""



Chapterl: Introduction

1.1.2.2 Drug release mechanisms

Generally, in polymeric systems, drug delivery is the process through which a
drug molecule moves from a polymeric matrix to its surface and then is released

into the environment.”
The main mechanisms of controlled release (Figure 1.1.5) are: &

a) drug release through water-filled pores.

b) release through the polymer matrix.
) osmotic pumping.

d) erosion.

Figure 1.1.5. Drug release mechanisms from polymeric NPs: (A) diffusion through water-filled pores,
(B) diffusion through the polymer matrix, (C) osmotic pumping, and (D) erosion. Reprinted with

permission from ref.5¢ Copyright 2016 American Chemical Society.

a) Drug Diffusion through Water-Filled Pores

Diffusion in the degradable polymeric matrix through pores network causes a
controlled drug release rate. Water molecules, which are instantaneously absorbed
by polymeric NPs, fill all the pores, enlarging them. This size-changing process
facilitates, in some cases, the drug release.®!
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b) Drug Diffusion through the Polymer Matrix

In this case, drugs just diffuse out of the matrix. In nondegradable drug delivery
reservoirs, diffusion is the major force causing the drug release. This uniform
release rate is related to the permeability and thickness of the polymeric matrix
(e.g. fibres and films).82

c) Osmotic Pumping

Convection force is the other way to transport the drug through the pores.
Osmotic pressure leads the water to penetrate a non-swelling system and force the
drugs out of the pores. This force is known as osmotic pumping.®

d) Erosion

In biodegradable scaffolds, surface erosion occurs when degradation starts at
the matrix surface and continues to the inner matrix network, while the matrix
size shrinks gradually.® In surface erosion, degradation is always much higher
than water influx into the polymeric scaffold.®> On the other hand, when water
infiltrates the bulk of the polymer scaffold and a consistent degradation starts in
all the matrix homogeneously, bulk erosion occurs.®® In bulk erosion, degradation

is lower than water penetration into the polymeric scaffold.®’
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Apart from the mechanisms, there are several routes to deliver the drug to the

body, such as:

1.
2.

10.

Oral Drug Delivery (tablets or capsules).

Parenteral Drug Delivery (subcutaneous, intramuscular, intravenous,
and intra-arterial injections).*®

Transdermal Drug Delivery (gels, patches, nanoparticles, electro
transports, needle-free injections).888°

Transmucosal Drug Delivery (buccal, nasal, rectal, etc.)

Nasal Drug Delivery (nasal drops and sprays).0

Gastric Drug Delivery (ingestible self-orienting millimeter-scale
applicator (SOMA)).%1:92

Colorectal Drug Delivery.

Pulmonary Drug Delivery (inhalers and dry powders).

Cardiovascular Drug Delivery (implant by surgery or catherization).%
Drug Delivery to the Central Nervous System (nanoparticles, gels,

injections, etc.,).8°

Table 1.1.2 shows major drug delivery routes advantages and disadvantages.
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Table 1.1.2. Comparison of major routes of drug delivery for systemic absorption. Adapted with

permission from ref. 49 Copyright 2020 Springer Nature.

Intramuscular/
Issue Oral Intravenous Tr 1 Tr dermal Pulmonary
subcutaneous
Delivery to Indirect
Indirect through
blood Direct absorption from Indirect Indirect Indirect
GI tract
circulation tissues
Moderate to Moderate to
Onset of action Slow Rapid Rapid Rapid
rapid rapid
Bioavailability Low to high High High Moderate Low Moderate to
high
Moderate to
Dose control Moderate Good Moderate Poor Moderate to
good good
Self or health
Administration Self Health . Self Self Self
professional professional
Patient
High Low Low High Moderate High
convenience
Gastrointestinal Acute
Adverse effects Acute reactions Insignificant ~ Skin irritation  Insignificant
upset reactions
Use for proteins
No Yes Yes Yes No Yes

and peptides

1.2 Different forms of drug carriers and techniques to obtain
them
Biopolymer scaffolds® can be developed in various shapes such as

nanoparticles, films,% nanofibers, and hydrogels® to use as biomedical devices.
The following is a brief description of the scaffolds used in this project.
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1.2.1 Polymeric electrospun nanofibers

Nowadays, nanotechnology has become remarkably entrenched in human life.
The benefits, such as high surface area, flexibility in surface functionality, and
highly porous membranes, lead to development in diverse branches such as
biomedical, cosmetics, supercapacitors and nanosensors, protective clothing,

environmental protection and filtration.

Nanofibers, nanoparticles, nanotubes, and nanowires are most favourite
scaffolds in nanotechnology. However, nanofibers have received lots of attention
from academics and industries due to their high surface area, aspect ratio and

flexibility, among other characteristics.7.98

There are numerous manufacturing systems available (Table 1.2.1) to obtain
biomaterials with optimal physicochemical properties for tissue engineering, such
as self-assembly,®® template synthesis,'® phase-separation,'®* melt-blowing,%

and electrospinning.1®

Among them, electrospinning has extensively been used for manufacturing
scaffolds for tissue engineering,’%41% drug delivery systems,°"1%  wound
dressings, %110 artificial organs,'*' and vascular grafts.!'? It is a multipurpose,
beneficial and simple process for producing micro or nanoscale fibers by applying
a high voltage to a polymer solution or melt.!*3

Different synthetic polymers such as poly(e-caprolactone) (PCL), poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-coglycolic acid) (PLGA),
polystyrene (PS), polyurethane (PU), poly(ethylene terephthalate) (PET), and
poly(L lactic acid)-co-poly(e-caprolactone) (PLACL), or natural polymers like
collagen, gelatin, and chitosan have been widely studied as electrospun

nanofibers.1*
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Table 1.2.1. Comparison of various methods applied in scaffold fabrication in terms of benefits and

difficulties associated with their usage.115-117 Adapted with permission from ref.118 Copyright 2021

Elsevier.

Scaffold Fabrication
Method

Advantages

disadvantages

Electrospinning

Self-assembly

Phase Separation

Gas Foaming

Solvent Casting

Uniform, aligned fiber, strong interconnectivity of
porosity, 80-95% porosity, 100-1100 nm fiber diameter,
<80% cell viability, ECM like structure, superior
mechanical properties, large surface area, and facile and
simple fabrication.

80-90% porosity, 70-90% cell viability, 5-300 nm.

Simple fabrication, 60-95% porosity.

Solvent-free, no loss of bioactive molecules in the scaffold
matrix.

Simple fabrication, high mechanical stability.

30-80% porosity, 50-450 nm, cell viability <90%, it needs

Needs high voltage apparatus, solvents
used may be toxic, and difficulties in
packaging, shipping, and handling.

Using peptides, complex process, not
scalable, poor control over fiber
dimension.

Use of potentially toxic solvents, poor
control over architecture, and restricted
range of pore sizes.

Needs high pressure, poor
interconnectivity of porosity, the
existence of skimming film layers on the
scaffold surface.

Lacks reproducibility, uncontrolled

structure.

Need freeze-dryer, limited to small pore

size, irregular porosity, the long
processing time.

Freeze Drying neither high temperature nor a separate leaching step.

Needs 3D printer, uses toxic organic

3D Printing solvents, lacks the mechanical strength.

Fabrication desired structure (flexibility in production).

There are three categories of parameters that affect the diameter and the
morphology of electrospun nanofibers: intrinsic properties of the solution,

processing, and ambient factors.!9120

The intrinsic properties of the solution, such as concentration, viscosity,
molecular weight, electrical conductivity, surface tension of the solvent, elasticity
and polarity, have a notable influence on the morphology and the final diameter

of the electrospun nanofibers.!®

Processing factors such as voltage, the distance between the needle tip and the
collector, and the polymer solution's feeding rate are essential items in the

electrospinning process. 119420
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The environmental parameters such as humidity and temperature while
producing an electrospun sheet are also important, especially for obtaining

uniform fibrous mats.'?

The electrospinning setup (Figure 1.2.1) includes a high voltage power supply,
syringe pump, a solution loaded syringe with a blunt-tip needle, and a

collector.??

DC high voltage ==p- @
ﬁ— Collector

Figure 1.2.1. A schematic representation of the electrospinning setup.

In this Thesis, we used polycaprolactone (PCL) (Figure 1.2.2) to construct
electrospun fibers. PCL is a semicrystalline biodegradable polymer that belongs
to the family of polyesters.'? It is one of the most essential biodegradable
polymers in medicine.*? Compared with other polyester family members such as
poly(glycolic acid) (PGA), poly(lactide) (PLA), and poly(lactide-co-glycolide)
(PLGA), PCL has been less frequently used as a material for fabricating
biomaterial scaffolds.*?® Due to the slow degradation, high permeability to many

drugs and non-toxicity, PCL was initially investigated as a long-term
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drug/vaccine delivery vehicle.!* Some PCL applications are sutures, scaffolds in
tissue engineering and biocompatible medical devices. 2

Figure 1.2.2. PCL chemical structure.

1.2.2 Polymeric nanomembranes

A nanomembrane is an autonomous structure with a thickness of 10 to a few
hundreds of nm.12>126 Some researchers have seen nanomembranes as molecular
filters'?’ or sensors for humidity in optical microcavity,'?® but many have noticed

their immense ability in biomedical applications.*?°

Scientists have paid a lot of attention to nanomembranes due to their unique
properties such as low weight, high flexibility, robustness, adhesion strength, and,
in some cases, transparency.**°132 Therefore, they are able to be utilized in diverse
bioengineering fields**1%® such as designing sensors,3"13 antimicrobial
surfaces,*%14% nanobiological reactors,** biomotors,'*? biointerfaces for cellular

matrices,**® and specially drug release devices'*4!4 and tissue engineering. 46147

They are sufficiently strong and can remain without extra backing structure.
Membrane mechanical properties depend on porosity, manufacturing process and
material. Permeability and bioactivity grow as porosity grow, while mechanical

properties reduce exponentially. 4

Generally, nanomembranes can be generated on solid support, fluid-fluid, or
air-fluid interfaces. Also, there are different techniques to produce

nanomembranes, like layer-by-layer (LbL) assembly,***5! Jangmuir—blodgett
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(LB) transfer,’>2 electrophoretic deposition'®® cross-linking of self-assembled

monolayer (SAM) techniques, and spin-coating.'>* 1>

Spin-coating was used in this Thesis to prepare PCL membranes. Spin-coating
(Figure 1.2.3) is a valuable process that can be used to prepare single- or multi-
layered uniform thin membranes with thicknesses below 10 nm. The steps needed
to obtain these nanomembranes are: solution deposition, steady substrate rotation,
and drying and detachment. Therefore, by an optimum spinning speed, time, and

solution concentration customized ultra-thin films can be obtained.%6157

Removing the nanomembranes from the substrate is usually done by
destroying the sacrificial layer, which is generated on the initial substrate. By

destroying this layer, the produced membrane detaches from the surface.!°"158

|y
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[ ] 1
Liquid solution on the Rotation
substrate l
! !
7 Ar flow
INNZASIZSINNVAY T o [SSX77SN 7 NS AN |
Nanomembrane Solvent evaporation

Figure 1.2.3. Schematic illustration of the spin-coating processes. Reproduced with permission from

ref.126 Copyright 2015 Royal Society of Chemistry.

1.2.3 Nanoparticles (NPs)

The current development in biomolecular therapeutics has elevated the demand
to design new intelligent approaches for drug delivery, ensuring the optimum
bioavailability of the encapsulated therapeutical substance, hence, the remedial

potency.>°
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NPs, due to their nanometre size, can penetrate via cell membranes, extend
circulation time and improve the stability and solubility of encapsulated cargos
helping to increase safety and efficient delivery and overcome drug

resistance.160-166

1.2.3.1 NPs types
a) Polymeric NPs

Either natural or synthetic materials, monomers or preformed polymers can be
utilized to synthesize polymeric NPs, which lead to a broad diversity of probable
configurations and properties (Figure 1.2.4). They can be designed to have
accurate control of many NP characteristics and, due to their biocompatibility and

straightforward formulation, they are reliable delivery carriers.®’

They can transport the drug via different techniques such as encapsulation in
the NP core, through entangling in the polymeric matrices, chemically connecting
to the polymer, or by attachment to the NP surface. Therefore, NPs are able to
deliver different cargos with different hydrophobicity or even molecular weights

such as small molecules, vaccines and proteins, aimed at specific cells or tissues.

Nanocapsules (nanoscale shell made from polymer) and nanospheres (solid
spherical polymeric matrices) are the most common forms of polymeric NPs.
Besides, NPs are classified further into forms such as polymersomes, dendrimers,

and micelles.1%®

b) Inorganic NPs

For different drug delivery systems and especially in the imaging industry,

inorganic materials like iron, gold, and silica are utilized to synthesize
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nanostructured materials. (Figure 1.2.4) These NPs can be designed accurately to

have different sizes, structures, and geometries.

c) Lipid-based NPs

Lipid-based NPs, as a delivery system, grants many benefits, such as
biocompatibility, simple formulation, high bioavailability, self-assembly,
oversized cargo-carrying capability, and a series of physicochemical properties

that can control their biological characteristics (Figure 1.2.4). 170171

Polymeric Inorganic Lipid-based
SR '\\
\
|
BN Q <_/ . ¥ o2 YL
Polymersome Dendrimer Silica NP Quantum dot Liposome Lipid NP
X o
G “ Py
Polymer micelle Nanosphere Iron oxide NP Gold NP Emulsion

* Precise control of particle
characteristics

* Payload flexibility for hydrophilic
and hydrophobic cargo

¢ Easy surface modification

* Possibility for aggregation
and toxicity

* Unique electrical, magnetic and
optical properties

* Variability in size, structure
and geometry

* Well suited for theranostic
applications

* Toxicity and solubility limitations

* Formulation simplicity with
a range of physicochemical
properties

* High bioavailability

* Payload flexibility

* Low encapsulation
efficiency

Figure 1.2.4. Classes of NPs and their advantages. Reprinted by permission from ref. 167 Copyright

2020 Springer Nature.

1.2.4 Hydrogels

Hydrogels are hydrophilic polymers with a three-dimensional network that can

absorb and store water and aqueous solutions. These materials can initially be dry

and dehydrated but absorb several times their weight in an aqueous solution.
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These polymers absorb water without dissolving in it, swell, and then resist water
flow. They are cross-linked polymers, with highly porous structure that causes
them to absorb a large amount of water and aqueous solutions.'’? The ability of
hydrogels to swell depends on the pH, temperature, ionic strength of the
environment, the type of solvent, and the polymer structure. This property
distinguishes hydrogels from other polymers. Physical cross-links can be formed
by an entanglement of chains, crystal formation in the polymer structure, or weak
interactions such as hydrogen bonding or van der Waals, which can absorb water

and swell .13

Hydrogels can be classified from different points of view. They may be neutral
or charged, depending on the polymer structure. Also, the structural morphology
of the hydrogels may be amorphous or semicrystalline. In addition, their lattice
structure may consist of non-covalent interactions (physical hydrogels), such as
hydrogen bonds, electrostatics or =-m interactions, or in the form of
supermolecules (chemical hydrogels) when polymer chains are covalently
crosslinked. In terms of size, porosity with micrometre or nanometre dimensions

can be created in the structure of hydrogels.
In a broad sense, hydrogels can be divided into two categories:

1) Traditional hydrogels obtained from hydrophilic polymers with relatively low
cross-linking and considerable volume change when in the aqueous medium.
These hydrogels are mainly non-electrically charged and do not show much

swelling response to changes in the properties of the environment.

2) Stimulus-sensitive hydrogels, which can be even hydrophobic, show volume
changes due to environmental changes, such as temperature, electric charge, etc.,

and are often charged.
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During the last four decades, hydrogels have been extensively studied as
controlled release carriers of drugs due to their excellent tissue compatibility, easy

production, and solvent permeability.™

1.2.4.1 Smart hydrogels and their application

Today, intelligent polymer hydrogels have many applications in various fields.
One of their most critical applications is in the development of intelligent drug
delivery systems. Using the technology of intelligent polymer hydrogels in the
preparation of drug release systems makes it possible to achieve the fundamental
goals of drug release systems, which are the release of drugs at a specific rate and
predetermined intervals. Based on the type of stimuli applied to smart polymer
hydrogels, they are divided into different categories such as hydrogels that
respond to temperature, pH, pressure, electric field, light, the presence of ions and

unique molecules, etc. 1>177

In this thesis, poly(y-glutamic acid) (PGGA), in the presence of conducting
PEDOT NPs, was used to obtain smart hydrogels (Figure 1.2.5). PGGA is a
biocompatible, biodegradable, and anionic polypeptide and has an identical
biomimetic secondary structure to natural proteins. Besides, it has been proved

that PGGA can enhance cell adhesion and boost cell growth.178-180

n

Figure 1.2.5. PGGA chemical structure.
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Chapter 2: Objectives

Objectives

The objectives of this thesis have been raised in the form of five projects
related to the development of biomedical platforms for the release of drugs
using polymeric materials. These projects reflect an evolution in complexity
at the level of the materials employed, going from individual materials with a
unique format to the assembly of various materials and formats. In addition,

different degrees of complexity at the level of functionality have been attained.
Thus, some of the platforms incorporate new functions (apart from the release
of drugs) to obtain multifunctional biomedical platforms. More specifically,
the five objectives of this Thesis are:

1. Develop, characterize and evaluate a nanotheranostic platform based on
conductive polymer nanoparticles (CP NPs) to load and slowly release
chloramphenicol (CAM) antibiotic, while simultaneously detecting the
bacterial growth and inhibition in real time.

2. Evaluate the encapsulation of pyrimethamine (PYR), a representative
pharmacological chaperone (PC), in electro-responsive CP NPs for its
controlled release by applying electrical stimuli.

3. Prepare a polymeric platform for the on-demand electrostimulated release
of curcumin (CUR) using a polypeptide-based hydrogel containing CUR-
loaded CP NPs, showing the advantages of such system in terms of
voltage-induced release with respect to CUR-loaded polypeptide
hydrogel and CUR-loaded CP NPs.

4. Design thermoplastic-based layered systems for sustained release of small
drugs. Specifically, design sandwiched systems consisting of electrospun

microfibers (MFs) coated with films to encapsulate and release another



PC: ambroxol. MFs will be used toencapsulate the drug, whereas films

will act as protectors, regulating the drug release.

Engineer, prepare, characterize and prove a dual functional polymeric
platform for levofloxacin (LVX)-release under simultaneous real time
monitoring by electrochemical detection. LV X is one of the outstanding
representatives of the third generation of quinolone antibiotics.
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Chapter 3: Results and discussion

Results and Discussion

3.1 Nanotheranostic Interface Based on Antibiotic-Loaded
Conducting Polymer Nanoparticles for Real Time
Monitoring of Bacterial Growth Inhibition

Conducting polymers have been increasingly used as biologically interfacing
electrodes for biomedical applications due to their excellent and fast
electrochemical response, reversible doping-dedoping characteristics, high
stability, easy process ability and biocompatibility. These advantageous
properties can be used for the rapid detection and eradication of infections
associated to bacterial growth since these are a tremendous burden for individual
patients as well as the global healthcare system. Herein, we present a smart
nanotheranostic electroresponsive platform, which consists of chloramphenicol

(CAM)-loaded in poly(3,4-ethylendioxythiophene) nanoparticles (PEDOT/CAM

NPs) for concurrent release of the antibiotic and real-time monitoring of bacterial

growth. PEDOT/CAM NPs, with an antibiotic loading content of 11.9+1.3% wi/w,

have been proved to inhibit the growth of Escherichia coli (E. coli) and

Streptococcus sanguinis (S. sanguinis) due to the antibiotic release by cyclic

voltammetry. Furthermore, in situ monitoring of bacterial activity has been

achieved through the electrochemical detection of P-nicotinamide adenine
dinucleotide (NADH), a redox active species produced by the microbial
metabolism that diffuse to the extracellular medium. According to these results,
the proposed nanotheranostic platform has great potential for real-time
monitoring of the response of bacteria to the released antibiotic, contributing to

the evolution of the personalized medicine.

Publication derived from this work

Hamidreza Enshaei, Anna Puiggali-Jou, Luis J. del Valle, Pau Turon, Ndria Saperas and Carlos Aleman,
Adv. Healthcare Mater. 2021, 10, 2001636.
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3.1.1 Introduction

Even though microbial pathogens have always accompanied humanity, they
still cause a significant morbidity and mortality, affecting over 250 million people
worldwide per year.!® The main sources of infection include water and food
contamination, as well as body fluids. In addition, contamination can be easily
spread in clinical facilities developing nosocomial infections, where immune-
compromised patients are in contact with microbial pathogens residing on
hospital. Most alarmingly, common drugs are becoming less effective against
well-known infections and new pathogens are continually being found.*> While
much effort and funds have been devoted to the design and development of new
antibacterial vaccines and drugs, more attention is needed to limit and control
infectious outbreaks. It is necessary to promote the implementation of early
detection systems that can warn in qualitative and quantitative manners. Hence,
there is an urgent need for an early and rapid diagnostic tool that can detect
pathogenic microorganisms and, at the same time, assess their responsiveness to
antimicrobial drugs. Electrochemical biosensors for early pathogen detection® are
a promising alternative to conventional methodologies, which are mainly based
on cell culturing, molecular methods and mass spectrometry.” Electrochemical
methods offer many advantages, the main ones being rapid detection, high
sensitivity, low-cost, simplicity, and lack of time-consuming pre-treatments.
Other interesting advantages include that most electrochemical-based sensors are
label-free devices and can be developed as miniaturized, flexible, disposable,
wearable and/or implantable formats.®° Therefore, electrochemical strategies
have been recognized as effective tools for the successful detection of whole
bacteria, cellular derived signalling molecules, bacterial metabolites and by-

products, and enzymes.

Pathogen identification via direct detection of cellular biogenic metabolites is

a straightforward electrochemical sensing approach that does not require the use
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of highly specialized materials and/or instruments. Within this context,
voltammetric techniques have been previously used to sense bacterial metabolites
and by-products, such as pyoverdine, pyocyanin and 2-heptyl-3-hydroxy-4-
quinolone and 2-heptyl-4-hydroxyquinoline. Nevertheless, these products are just
produced by some type of bacteria. For example, Buzid et al.'! detected
pyocyanin, 2-heptyl-3-hydroxy-4-quinolone and 2-heptyl-4-hydroxyquinoline
from Pseudonomas aeruginosa (P. aeruginosa) cultures using differential pulse
voltammetry and employing a thin electrode of boron-doped diamond improved
with cationic surfactant hexadecyltrimethylammonium bromide. Sismaet et al.'?
used square-wave voltammetry to measure the concentration of pyocyanin of P.
aeruginosa isolates from different clinical patients. Results indicated that all
isolates were measurable and pyocyanin concentration was correlated with patient
symptoms and comorbidity. Sedki et al.® utilized reduced graphene oxide-
hyperbranched chitosan nanocomposites to monitor E. coli and P. aeruginosa
growth by following the oxidation of bacteria metabolites (i.e. undefined
electrochemically active secreted biomolecules). However, other authors have
been focused on the electrochemical detection of well-defined redox active
species released by bacteria to the extracellular environment, such as low
molecular weight thiols,** B-nicotinamide adenine dinucleotide (NADH),®
B-nicotinamide adenine dinucleotide phosphate (NADPH) and flavins.'®17 On the
other hand, antibiotic-loaded biomaterials are under continuous development for
infection control. Indeed, antibiotics are routinely delivered in orthopaedic
applications such as prosthetic hips.'®?° Nevertheless, many times there is no
control over the quantity of released drug and, frequently, the amount of antibiotic
loaded on the implant is at excessive concentration (i.e. much higher than the
minimum inhibitory concentration). Despite this limitation, some antibiotics, such
as ciprofloxacin hydrochloride,?* gentamicin,? ampicillin,?? and vancomycin,?®

have been loaded on polymeric platforms for subsequent controlled release in
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response to external stimulation (e.g. electrical®* and changes in pH?22%) rather
than diffusion or biodegradation of the polymeric matrix. Moreover, the
integration of the two functionalities, controlled antibiotic release to kill bacteria
using minimal antibiotic concentrations and real-time pathogen monitoring, in a

single polymeric device have not been tried yet.

In this work, we present a system capable of slowly release a previously loaded
antibiotic and, at the same time, recording the bacterial growth and inhibition.
This approach allows us to envisage a future where the infection treatment and
testing efficacy of the antibiotic treatment can be performed simultaneously. For
this purpose, poly(3,4-ethylenedioxythiophene) (PEDOT) nanoparticles (NPs)
loaded with chloramphenicol (CAM) have been synthesized and, subsequently,
fixed to a screen-printed carbon electrode (SPCE) using a chitosan layer. CAM is
a wide-spectrum antibiotic that inhibits protein synthesis blocking the ribosome
functions,?*? while PEDOT is a conducting polymer with superior capacitive
performance, high conductivity, stability in aqueous media and
biocompatibility.?5° Moreover, PEDOT NPs were successfully used to detect
extracellular NADH coming from the respiration reactions of bacteria that
diffuses across cell membrane without the interference from the eukaryotic
NADH pool, allowing to distinguish prokaryotic from eukaryotic cells.t® Overall,
this work presents an efficient approach for a rapid, real-time and accurate
monitoring of the susceptibility of bacteria to the effect of CAM antibiotic. The
proposed system is expected to lead to a more personalized medicine using simple
materials and equipment that identify more efficient and specific treatments in a

short period of time.
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3.1.2 Methods
3.1.2.1 Synthesis of poly(3,4-ethylenedioxythiophene) nanoparticles (PEDOT
NPs)

A 30 mL Corex tube was filled with 15.8 mL of milli-Q water. After this, 96
ML of dodecyl benzenesulfonic acid (DBSA) were added and the solution was
stirred at 40 °C for 1 h with a magnetic stirrer set at 750 rpm and protected from
light with aluminium foil. 72 pL of 3,4-ethylenedioxythiophene (EDOT)
monomer and 2 mL of ethanol were then added slowly, and the mixture was
allowed to stir for 1 h at 750 rpm and 40 °C. Finally, 0.73 mg of ammonium
persulfate (APS) dissolved in 2 mL of milli-Q water were added to the mixture
drop by drop while stirring. The reaction was maintained in agitation at 40 °C
overnight. In this process, the color of the reaction mixture changed from light
grey to dark blue. No sedimentation was observed after the reaction occurred,
indicating a good colloidal stability. The side products and unreacted chemicals
were removed by a sequence of 3 centrifugations at 11000 rpm for 40 min at 4
°C. After each centrifugation, the resulting supernatants were decanted and the
pellet was dispersed in 15 mL of deionized water by using a vortex and a
sonication bath (15 min at room temperature). The last pellet was left under
vacuum in the same tube for two days, then weighted and dispersed in the

corresponding media at the desired concentration.

3.1.2.2 Synthesis of chloramphenicol-loaded PEDOT NPs (PEDOT/CAM
NPs)

96 pL of DBSA were added to a 30 mL tube filled with 15.8 ml of milli-Q
water and the solution was stirred for 1 h at 750 rpm and 40 °C. After this, 72 pL
of EDOT and 2 ml of drug solution (8 mg/ml CAM in ethanol) were added drop
by drop while stirring and the resulting solution was stirred at 750 rpm and 40 °C
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during 1 h. Finally, 0.73 mg of APS were dissolved in 2 mL of milli-Q water and
were added to the mixture. The reaction was protected from light (aluminum foil)
and maintained in agitation at 40 °C overnight. The color of the reaction mixture
changed from light grey to dark blue. No sedimentation was observed after the
reaction occurred, indicating good colloidal stability. The side products, extra
drug and unreacted chemicals were removed by a sequence of 3 centrifugations
at 11000 rpm for 40 min at 4 °C. The resulting supernatants were decanted and
the pellet was re-dispersed in deionized water by using a vortex and an ultrasonic
bath (15 min at room temperature). The last pellet was left under vacuum for two
days, then weighted and re-dispersed in the corresponding media at the desired

concentration.

3.1.2.3 Determination of the drug loading ratio

The drug content was determined by taking 10 uL of PEDOT/CAM NPs
suspension (10 mg/ml NPs in milli-Q water) into 990 uL of drug solvent (ethanol).
The suspension was sonicated and vortexed for 10 min, leading to a complete
drug release in the alcoholic medium. Then, the NPs dispersion was centrifuged
with a micro-centrifuge for 15 min at 2500 rpm. Finally, the supernatant was
evaluated using a UV-Vis spectrometer. The calibration curve was prepared with
the drug dissolved in ethanol and read at 280 nm (Figure 3.1.1). The same
procedure was applied to determine the drug released during the dialysis or after

the electrical stimuli assays.
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Figure 3.1.1. Calibration curve for CAM in ethanol.

3.1.2.4 Dynamic light scattering (DLS)

DLS studies were performed using NanoBrook Omni Zeta Potential Analyzer
from Brookheaven Instruments. Measurement consisted of 3 runs of 120 s each,
which were averaged to obtain the effective diameter (Deff). Samples were
analyzed at 25 °C using a scattering angle of 90° In order to know the
(€)-potential, particles were re-suspended in 1 mM KCI solution and 30

consecutive measurements were taken of each sample.

3.1.2.5 Fourier transform infrared (FTIR) spectroscopy

FTIR transmittance spectra were recorded on a FTIR Jasco 4100
spectrophotometer. Samples were deposited on an attenuated total reflection
accessory (Top-plate) with a diamond crystal (Specac model MKII 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™.
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3.1.2.6 RAMAN spectroscopy

Samples were characterized by micro-Raman spectroscopy using a
commercial Renishaw inVia Qontor confocal Raman microscope. The Raman
setup consisted of a laser (at 785 nm with a nominal 300 mW output power)
directed through a microscope (specially adapted Leica DM2700 M microscope)
to the sample, after which the scattered light is collected and directed to a
spectrometer with a 1200 lines-mm™ grating. The exposure time was 10 s, the
laser power was adjusted to 0.001-0.05% of its nominal output power depending

on the sample, and each spectrum was collected with 30 accumulations.

3.1.2.7 X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed in a SPECS system equipped with a
high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV)
operating at 150 W, placed perpendicular to the analyzer axis, and using a Phoibos
150 MCD-9 XP detector. The X-ray spot size was 650 um. The pass energy was
set to 25 and 0.1 eV for the survey and the narrow scans, respectively. Charge
compensation was achieved with a combination of electron and argon ion flood
guns. The energy and emission current of the electrons were 4 eV and 0.35 mA,
respectively. For the argon gun, the energy and the emission current were 0 eV
and 0.1 mA, respectively. The spectra were recorded with pass energy of 25 eV
in 0.1 eV steps at a pressure below 6x10° mbar. These standard conditions of
charge compensation resulted in a negative but perfectly uniform static charge.
The C 1s peak was used as an internal reference with a binding energy of 284.8
eV. The surface composition was determined using the manufacturer's sensitivity

factors.
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3.1.2.8 Scanning electron microscopy (SEM)

SEM micrographs were obtained using a Focused lon Beam Zeiss Neon 40
scanning electron microscope operating at 5 kV. Samples were mounted on a
double-side adhesive carbon disc and sputter-coated with a thin layer of carbon to

prevent sample charging problems.

3.1.2.9 Atomic force microscopy (AFM)

AFM was conducted to obtain topographic images of the NPs surface using
silicon TAP 150-G probe (Budget Sensors, Bulgaria) with a frequency of 150 kHz
and a force constant of 5 N/m. Images were obtained with a Molecular Imaging
PicoSPM microscope using a NanoScope IV controller under ambient conditions
in tapping mode. AFM measurements were performed on various parts of the
samples, which produced reproducible images similar to those displayed in this

work.

3.1.2.10 Cytotoxicity evaluation

The cytotoxicity of free CAM, PEDOT, and PEDOT/CAM NPs was evaluated
by the MTT assay using the MG-63 cell line. Free CAM was dissolved in ethanol
(the final concentration of ethanol in the cell media was smaller than 10 %). All
the other substances were prepared in milli-Q water. Cells were seeded at a
density of 20x10* cells per well (100 pL each) in 96-well plates and incubated
overnight. Subsequently, the cells were exposed to a series of increasing free
CAM, PEDOT, and PEDOT/CAM NPs concentrations. CAM concentrations
were 0.1, 1, 10, 50, 100, 500 and 1000 pg/mL PEDOT and PEDOT/CAM NPs
concentrations were 0.0655, 0.125, 0.25, 0.5 and 1 mg/mL Cells were incubated
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with the treatment for 24 h. Next day, the percentage of viable cells relative to
untreated control was determined on the basis of the mitochondrial conversion of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to formazan. The
results were expressed as the mean value + standard deviation (SD). All the
experiments were performed in triplicate. Statistical comparison of values was
based on a 2-way ANOVA using Tukey’s test for pair-wise comparison with
p <0.05.

3.1.2.11 Drug release

25 pL of PEDOT/CAM NPs (10 mg/mL) were deposited into dialysis buttons,
covered with a 3.5 kDa MWCO (Molecular Weight Cut-Off) dialysis membrane,
immersed in 1.5 mL of PBS solution (pH 7.4), and kept in a shaker at 37 °C at 80
rpm. Each day all the immersion solution was taken out to quantify the released
drug and the solution was replaced with 1.5 mL of new medium. The release
process in PBS was evaluated for more than 80 days. After this, a second
experiment in which the release medium was changed every week from
hydrophilic to hydrophobic, was conducted for three weeks. More specifically,
the release medium for the first, second and third week was PBS, PBS:EtOH
90:10, and PBS:EtOH 30:70, respectively, the latter allowing the complete drug
release. All the results were normalized by the total amount of drug encapsulated
within the NPs or used as a free molecule in order compare their kinetics. The
amount of released drug was evaluated by UV spectroscopy using a Cary100
UV-Vis spectrophotometer controlled by the UVProbe 2.31 software. Calibration
curves were obtained by plotting the absorbance measured at 280 nm against
CAM concentration (Figure 3.1.2). Release experiments were repeated three

times and the averages were plotted.
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Figure 3.1.2. Calibration curves for CAM in (a) PBS, (b) PBS with 10 % ethanol (PBS:EtOH 90:10), and
(c) PBS with 70 % ethanol (PBS:EtOH 30:70).

3.1.2.12 Effects of voltage and time on drug release

Washed PEDOT/CAM NPs were re-suspended in milli-Q water to a final
concentration of 10 mg/mL. Then, a total of 15 uL of the resulting solution were
placed on SPCEs in three rounds (5 pL each time) and dried under hood after each
round. Dried NPs were covered with 5 pL of chitosan solution (20 mg/mL
chitosan in 0.1 M HCI) and dried again. The chitosan layer formed after drying

was used to fix the NPs, avoiding detachment. A three-electrode configuration
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was used: the SPCE, SPCE-PEDOT/CAM or SPCE/PEDOT worked as a working
electrode; a platinum wire as counter electrode; and Ag | AgClI as reference

electrode. 1.5 mL of PBS 1x was used as electrolytic medium.

The appropriate voltage was applied for a fixed time. After electrical
stimulation, the medium was kept to determine the drug concentration and
replaced with new PBS. The absorbance was read at 280 nm. The influence of the
time was evaluated by CA using a voltage of +1.0 V and by CV using a potential
window from —-0.50 V to +0.50 V during 5, 15 and 30 min. A control experiment
was performed in the absence of the stimulus. All the measures were repeated at
least three times and the average with the standard deviation plotted on the graphs.

3.1.2.13 Cyclic voltammetry (CV)

CV studies were conducted with an Autolab PGSTAT302N Galvanostat
equipped with the ECD module (Ecochimie, The Netherlands). Measurements
were performed on 15 pL of 10 mg/mL NPs solution, which were fixed on a SPCE
with chitosan, as described previously. All electrochemical assays were
performed using a three-electrode one compartment cell at room temperature. The
cell was filled with 1.5 mL of PBS 1x as a supporting electrolyte. A SPCE coated
with NPs (i.e. SPCE-PEDOT or SPCE-PEDOT/CAM) was used as the working
electrode, platinum wire as the counter electrode, while an Ag|AgCI electrode
containing KCI saturated aqueous solution was the reference electrode (offset
potential versus the standard hydrogen electrode, E° = 0.222 V at 25 °C).
Oxidation-reduction cycles were registered within the potential range of —1.5 to

+1.0 V at different scan rates.
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3.1.2.14 Bacterial growth detection

Bacterial growth was monitored in real time on the electrochemical cell by CV.
Voltammograms of coated SPCEs in the culture medium, which was NaHCOs
supplemented DMEM, were recorded at different incubation times (0, 2, 4, 6, 8
and 24 h) for PEDOT and PEDOT/CAM NPs in the presence and absence of E.
coli and S. sanguinis. The initial and final potentials were —0.20 V, while the
reversal potential and the scan rate were 0.80 V and 100 mV/s, respectively. For
comparison with the results obtained by CV, the relative bacterial growth was
evaluated through the variation of the absorbance at 600 nm after 24 h of culture.
According to the McFarland standard, one unity of absorbance at 600 nm was
associated to 10 CFU mL.

3.1.2.15 NADH detection

NADH was detected by CV using SPCE-PEDOT. Measures were performed
using different NADH concentrations at pH 8.5 and 6 in NaHCO3™ supplemented
DMEM (i.e. culture medium). The initial and final potentials were —0.20 V, while

the reversal potential and the scan rate were 0.80 V and 100 mV/s, respectively.

3.1.2.16 CAM antibacterial activity test

The bactericidal activity of the loaded drug was tested with E. coli and S.
sanguinis. 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 four paper discs impregnated with the different samples deposited on top.
Three of such discs contained 25 pL of 10 mg/mL PEDOT/CAM NPs, 10 mg/mL
PEDOT NPs or 2 mg/mL CAM dissolved in ethanol, respectively, while the
fourth disc was impregnated with NAX, as a control. The effect of the drugs on
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bacterial growth was evaluated after incubation at 37 °C for 24 h. The test was
carried out in triplicate.

3.1.2.17 Bacterial growth curves

The bactericidal activity of loaded CAM was tested during E. coli and
S. sanguinis growth. For this purpose, six 15 mL polystyrene tubes were filled
with 5 mL of LB medium and, subsequently, 10 uL of concentrated bacteria (108
CFU/mL) were added, reaching 1x103 CFU per tube (estimated by the absorbance
at 600 nm). 0 (blank), 5, 25 and 50 pL of 10 mg/mL PEDOT/CAM NPs, 50 uL
of PEDOT NPs or 25 pL of 2 mg/mL CAM solution in ethanol together with 100
pL of fresh LB medium were placed in 3.5 kDa MWCO dialysis bags. Each
dialysis bag was immersed in the previously described polystyrene tubes. All
tubes were kept in an incubator at 37 °C and 80 rpm. 40 pL of medium were taken
from each tube after 0, 2, 4, 6, 24 and 48 h and the absorbance checked by UV at
600 nm to estimate bacterial growth. Bacterial growth in the tube with only culture
medium (i.e. in the absence of NPs or drug) was considered as the maximum
growth (control) and it was used to calculate the relative growth of the bacteria in
the presence of the different samples. All assays were conducted in triplicate and
the values averaged.

The data of the experiments were presented as mean * standard deviation (SD).
Multiple comparisons among groups (cell viability) were determined using one-
way ANOVA analysis; *, p < 0.05; ** , p < 0.01; *** | p <0.001 represented a
significant difference.
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3.1.3 Results and discussion
3.1.3.1 Chloramphenicol encapsulation

The conducting polymer used in this work is PEDOT, which is frequently
employed for the fabrication of biomedical devices because of its outstanding
electrochemical properties, biocompatibility and stability in continuous
operation.?6=3® Furthermore, this conducting polymer was found to be very
effective for the electro-stimulated release of encapsulated drugs.®*? A
representative and common antibiotic, CAM, was loaded into the PEDOT NPs.
In this work, unloaded PEDOT NPs (control) and CAM-loaded PEDOT NPs
(hereafter PEDOT/CAM NPs) were prepared by in situ emulsion polymerization
as shown in Figure 3.1.3. The encapsulation of the antibiotic in the NPs is
promoted by the attractive interactions between the negatively charged (oxygen)
and the electronegative (chlorine) atoms of CAM and the oxidized PEDOT
chains. Moreover, the nitro group in CAM, a strong electron-withdrawing group,

reduced the electron density of PEDOT chains, acting as electron acceptor.

Monomer: EDOT
Drug: Chloramphenicol

Oxidizing agent:

ok hpgo%qq Ammonium
ol ) o¢s ‘-1 persulfate (APS) ® o e
C)) ok +207\<J)
LN B8 EE— % e ®
Q- Q% e Medium: o®
e Water o e
Cd60C

BULT, PEDOT/CAM NPs
: Dopant & surfactant:

Figure 3.1.3. Synthesis of PEDOT and PEDOT/CAM NPs.



Chapter 3: Results and discussion

The average diameter of the resulting PEDOT and PEDOT/CAM NPs, as
measured by dynamic light scattering (DLS), was 208 nm and 215 nm,
respectively (Figure 3.1.5a). In both cases, the polydispersity (PDI) values were
smaller than 0.3. As the numerical value of PDI ranges from 0.0 (for an ideal
uniform sample with respect to the particle size) to 1.0 (for a highly polydisperse
sample with multiple particle size distribution), the obtained values indicate a
relatively narrow size distribution. The ({)-potential of PEDOT NPs, which was
negative (Figure 3.1.5a), became ~7 mV less negative when CAM was loaded.
This is consistent with the (-potential obtained for CAM solutions
(Figure 3.1.4), which are significantly lower than for PEDOT NPs (i.e. -7.1 £ 3.2
mV and -4.7 £ 2.6 mV mV for 0.1 for 0.1 and 0.5 mg/mL CAM solutions,
respectively, against, -26.0 + 7.3 mV for PEDOT NPs). These results indicate
that the presence of the drug partially neutralized the overall negative charge
coming from the DBSA.
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Figure 3.1.4. C-potential of CAM solutions.
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Figure 3.1.5. (a) Diameter and C-potential of PEDOT and PEDOT/CAM NPs (n = 30). (b) UV-Vis Spectra
of CAM released from PEDOT/CAM in ethanol (solid line) compared to the blank (dashed line). (c) FTIR
spectra of free CAM, PEDOT and PEDOT/CAM NPs.

The LC (Equation 3.1.1) was determined by dissolving the loaded drug in
ethanol and using UV-Vis absorbance for quantification (Figure 3.1.5b).
Figure 3.1.1 and Figure 3.1.2 display the calibration curve obtained in the
different media used in this work. It has been previously described that PEDOT
NPs can act as excellent therapeutic molecule carriers and attain successful
electronic triggered release.®>*> However, the encapsulation efficiency for small
molecules is challenging, usually leading to low values. In this case, the LC was
11.9 + 1.3 %, which was expressed as mass of loaded CAM with respect to the

total mass. This value is larger than those achieved for other small drugs, such as
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curcumin (CUR) and piperine (PIP) (i.e. LC=5.9 + 1.6 wt % and 8.0 = 0.4 w; %
for PEDOT/CUR and PEDOT/PIP NPs, respectively)®! but lower than obtained
for negatively charged pentapeptides, hereafter denoted generically PPEP (LC=
33.8 + 4.3 w; % and 43.2 + 2.9 w; %, depending on the PPEP sequence),*? which

acted as dopant anions.
The loading capacity (LC, in %) was calculated using the following equation:

_ (W; —Wp)

NPs

LC x 100

Equation 3.1.1. The loading capacity percentage, where Wi indicates CAM initial mass, Wi CAM final mass,

and Whps total NPs mass.

The presence of the drug in PEDOT/CAM NPs was characterized by FTIR and
Raman spectroscopy. Figure 3.1.5c compares the FTIR spectrum of the free
CAM, PEDOT NPs and PEDOT/CAM NPs. As expected, the absorption bands
found in the PEDOT NPs spectrum mainly correspond to the characteristic peaks
of PEDOT chains, which appear at 1644 and 1477 cm™ (C=C stretching), 1350
cm? (C—C stretching), 1215 and 1058 cm™ (C—O—C vibrations) and 840 cm™
(stretch of the C—S bond in the thiophene ring). Also, weak but clearly defined
bands attributed to residual DBSA molecules were detected at 2922 and
2853 cm™ (aliphatic ~CHz and —CHj stretching), and 1644 cm™ (C=C stretching
from the phenyl ring). Free CAM exhibits the characteristic absorption peaks at
3333, 3264 and 3073 cm™, which have been assigned to the stretch of O—H, N-H
and C—H bonds, respectively.® Also, absorption bands at 1680/1563 cm™ due to
amide I/amide 11 of the 2,2-dichlor-acetamide moiety, and at 1513/1340 cm™ due
to nitro/nitro-phenyl group are present. Finally, PEDOT/CAM NPs present
mostly the bands associated with PEDOT NPs but also a very weak band
associated with CAM presence at 3073 cm™, which corresponds to the C-H

stretching. Unfortunately, Raman spectroscopy did not show any band from CAM
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in PEDOT/CAM NPs due to the strong absorbance of PEDOT chains. The
recorded spectra is shown in (Figure 3.1.6). On the other hand, Figure 3.1.5d,
which compares the UV spectra of CAM, PEDOT NPs and PEDOT/CAM NPs,
confirms the lack of covalent bonding between drug and the polymers chains.
Furthermore, the spectra do not reveal the formation of CAM---PEDOT n-n
stacking interactions, supporting the fact that the interactions between the two

species are mainly electrostatic.

CAM

PEDOT/CAM NPs

Intensity (a.u.)

PEDOTNPs

600 750 900 1050 1200 1350 1500 1650
Raman shift (cm-1)

Figure 3.1.6. Raman spectra of free CAM, PEDOT and PEDOT/CAM NPs.

CAM main bands at 1107, 13351 and 1598 cm™ are attributed to the C-O
bending vibration, C—H bond stretching vibration and —NO> bending vibration,
respectively. PEDOT NPs principal bands, which appear at 1436, 1231, 1376 and
1508 cm, correspond to the symmetric stretching mode of the aromatic C—C
bond and the antisymmetric stretching vibration of C,—Cp. Finally, the
spectrum recorded for PEDOT/CAM NPs displays only the fingerprints of
PEDOT NPs.
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Quantitative data on the composition of PEDOT/CAM NPs were obtained by
X-ray photoelectron spectroscopy (XPS). The EDOT:CAM ratio was determined
using the atomic percentage composition, which is shown in Table 3.1.1.
Considering that there is one sulphur atom per EDOT repeat unit and two nitrogen
atoms per CAM molecule (Figure 3.1.7), the S 2p / N 1s ratio indicates ~4 EDOT
units per CAM molecule. This value is consistent with the one derived from the
S 2p / ClI 2p ratio (two chlorine atoms per CAM molecule), which is ~3 EDOT

unit per CAM molecule.

OH OH
Cl

O\\I}+I HNTH\CI
o O

Figure 3.1.7. CAM chemical structure.

Table 3.1.1.Percentage atomic composition (C 1s, N 1s, O 1s, S 2p and Cl 2p; in %), S 2p / N 1s ratio and S
2p/Cl 2p ratio obtained by XPS for PEDOT and PEDOT/CAM NPs.

Atomic composition (%)

Cls Ni1s O1s S2p Cl2p S2p/Nis S2p/Cl2p
PEDOT 4900 - 4729 371 - - -

PEDOT/CAM 5720 055 4028 1.14 0.83 414 2.75

More detailed information regarding the chemical bonds present on the sample
was extracted from the peak’s deconvolution, as shown in Figure 3.1.8 and

Figure 3.1.9. The nitrogen peak, which is completely absent for PEDOT NPs
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(Figure 3.1.8a), is centered at 399.8 eV for PEDOT/CAM NPs (Figure 3.1.8b)
and has been attributed to N—H and C—N from CAM. Similarly, the Cl 2p peak
only appears for PEDOT/CAM NPs (Figure 3.1.8c and d), showing a spin-split
couple, Cl 2p3/2 and CI 2p1/2, at 198.4 eV and 200 eV, respectively. This peak
corresponds to the C—Cl present also in CAM.
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Figure 3.1.8. High-resolution XPS spectra of N 1s (a, b) and Cl 2p (c, d) regions for PEDOT (a, c) and
PEDOT/CAM NPs (b, d).

Figure 3.1.9 displays the high-resolution XPS spectrum in the C 1s, S 2p and
O 1sregions for PEDOT and PEDOT/CAM NPs. Deconvolution of the C 1s peak
(Figure 3.1.9a and b) led to five Gaussian curves. Of these, four peaks have been
attributed to bonds from PEDOT chains: C—C and C—H bonds of PEDOT chains
and the surfactant molecules (284.8 eV); C—S bonds of thiophene ring (286.4 eV);
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the C—O bonds of the fused dioxane ring (288.0 eV); and the n---n* shake up due
to the thiophene ring (289.15 eV).** The deconvoluted small peak centered at
283 eV has been associated to the Al-C (carbide) bond from the XPS pin
substrate. On the other hand, the high resolution XPS of the S 2p region of
PEDOT and PEDOT NPs (Figure 3.1.9c and d) show the spin-split sulfur
coupling S2p3/2 and S2p1/2, with a separation of 1.2 eV, for the C—S—C bond of
the thiophene ring (162.7 and 163.9 eV, respectively) in PEDOT chains,**% and
the SO3~ of DBSA (167.6 eV and 168.8 eV, respectively).®*3” The O 1s signal
consists of three components (Figure 3.1.9e and f). The first is related to water
remaining on the sample (534.0 eV),® while the peaks at 532.1 and 530.8 eV
correspond to the C—O—C of the fused dioxane ring and the SOs™ of DBSA dopant

molecules.®®
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Figure 3.1.9. High-resolution XPS spectra of (a, b) C 1s, (c, d) S 2p and (e, f) O 1s regions for (a, c, €)
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3.1.3.2 Morphology of PEDOT and PEDOT/CAM NPs

Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
were employed to visualize and characterize the morphology of the prepared NPs.
SEM micrographs of PEDOT and PEDOT/CAM NPs are displayed in
Figure 3.1.10a (top and bottom, respectively). Both types of NPs present a well
defined spherical shape. The average diameter, as determined by DLS, is not
altered by the encapsulated drug (i.e. 118 £ 16 and 121 +13 nm for PEDOT and
PEDOT/CAM, respectively). The resulting histograms, which are included in
Figure 3.1.10a, evidence that the size distribution is very narrow, in perfect
correlation with the low polydispersity values obtained by DLS.

These results were confirmed by AFM, both 3D topographic and 2D phase
images being displayed in Figure 3.1.10b. The diameter of PEDOT and
PEDOT/CAM NPs, as determined from AFM images, is 139 = 19 and 134 + 23
nm, respectively. This noticeable similarity is in sharp contrast with the results
reported for PEDOT/CUR and PEDOT/PIP NPs, which exhibited a diameter
much higher than PEDOT NPs (i.e. ~150% and ~260% increment, respectively).3!
Considering that molecular sizes of CAM, CUR and PIP are similar, these
observations suggest that the interactions between CAM and PEDOT chains are
radically different from those formed by CUR and PIP and, therefore, the release
mechanism is also expected to be different. On the other hand, after the loading
of PPEPs, which are larger than CAM, PEDOT NPs resulted in an increase in
diameter of only about 23%-37%.%?
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Figure 3.1.10. For PEDOT and PEDOT/CAM NPs: (a) SEM micrographs (left, 50kx magnification; right,
100kx magnification) and diameter distribution histogram (n = 250); and (b) 3D topographic (left) and 2D

phase (right) AFM images.

3.1.3.3 CAM release

The release of CAM from the dialysis buttons containing PEDOT/CAM NPs
was studied by UV-Vis in media with different hydrophilicities: phosphate
buffered saline (PBS) solution alone, PBS with 10 % ethanol (PBS:EtOH 90:10),
and PBS with 70 % ethanol (PBS:EtOH 30:70). In a preliminary release assay,
which was performed only in PBS (not shown), we observed that cumulative
release of CAM in such hydrophilic medium is very slow, reaching a value of

only 19% after 82 days (not shown). Then, a second release experiment was
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designed as described in the Methods section (i.e. decreasing the hydrophilicity
of the medium every week by replacing PBS alone by ethanol-containing PBS
solutions). The release profile, which is displayed in Figure 3.1.11, indicates that
the release during the first two weeks was very slow. This is due to the poor
affinity of the hydrophobic drug by PBS and PBS:EtOH 90:10, which does not
compensate the strength of the interactions between CAM molecules and oxidized
PEDOT chains. However, when the latter solution was replaced with PBS:EtOH
30:70, the release of CAM increased significantly, reaching 100 % in only six
days (Figure 3.1.12). In summary, CAM has a great affinity towards EtOH
molecules and, indeed, is very soluble in this solvent (up to 50 mg/mL), whereas
the affinity towards water molecules is poor (this drug in water is only slightly
soluble in water, up to 2.5 mg/mL) Accordingly, CAM---water interactions
cannot compete with CAM---CAM and CAM---PEDOT interactions to favour the
release of the encapsulated drug. On the other hand, it should be emphasized that,
although the release of CAM in PBS is low, it is enough to inhibit the bacterial
growth and, in addition, can be increased by electrical stimulation and by the
alteration of the composition through the addition of nutrients (as proved in next
sections).
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Figure 3.1.11. Drug release from PEDOT/CAM NPs in PBS (first week), PBS:EtOH 90:10 (second week)
and PBS:EtOH 30:70 (third week) at 37 °C (n = 3).
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Figure 3.1.12. Drug release profiles from PEDOT/CAM NPs in PBS, PBS:EtOH 90:10 and PBS:EtOH 30:70
at 37 °C. The profiles shown in this graphic have been extracted from those displayed in Figure 3.1.11 by
imposing a common starting point: release of 0% at the starting period (t= 0 h) in each environment.

In  recent studies, antimicrobial CAM was encapsulated in non-
electroresponsive polymeric carriers for release.***? For example, CAM-loaded
polycaprolactone (PCL) nanofibers and, especially, PCL-polyethylene oxide
(PEO) microfibers exhibited a very fast release in PBS, reaching in 1 h more than
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30% and 90%, respectively.®® The difference between such two systems was
attributed to the hydrophobic and hydrophilic nature of PCL and PCL-PEOQ fibers,
respectively. In any case, the strength of the interaction between CAM and such
polymers was significantly weaker than with PEDOT. Similarly, the release of
CAM loaded in poly(vinyl alcohol)/sodium alginate hydrogels was very high,
independently of the ratio between such two polymers, reaching more than 50%
in less than 3 h.*! Likewise, CAM was easily released from both loaded
amorphous calcium phosphate (ACP) and hydroxyapatite nanoparticles in the
simple physiological PBS medium.*? Overall, these observations support the
strength of CAM---PEDOT interactions.

3.1.3.4 Electrochemical properties

The main objective of this work is to design an implantable therapeutic device
to control the progression of bacterial infections by inhibiting and, at the same
time, monitoring bacterial growth. Therefore, it is necessary to evaluate the
response of PEDOT and PEDOT/CAM NPs to electrical stimuli. It is worth noting
that the engineered application requires stable NPs without excessive drug release
when monitoring by CV (cyclic voltammetry).

A broad potential window (from —0.50 to 1.40 V) was used to record the cyclic
voltammogram of SPCE-PEDOT in a solution of PBS 1x with CAM as
supporting electrolyte (Figure 3.1.13a). CAM exhibits a well-defined cathodic
peak at around —0.4 V that corresponds to the reduction of the nitro group to an
amino group, following a four electron and four proton transfer mechanism.*® The
increase of the anodic current at voltages higher than 1 V has been attributed to

the production of oxygen and protons due to the oxidation of water molecules.

Cyclic voltammograms recorded for the bare electrode (SPCE), SPCE coated
with PEDOT/CAM NPs (SPCE-PEDOT/CAM) and SPCE coated with PEDOT
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NPs (SPCE-PEDOQOT) in PBS are compared in Figure 3.1.13b. The area of the
voltammogram increases considerably when the carbon SPCE is coated with
PEDOT or PEDOT/CAM NPs, evidencing an enhancement of the capacitive
behaviour. However, no difference was observed between PEDOT NPs and
PEDOT/CAM NPs, suggesting that the amount of CAM is very low (i.e. the drug
is released during the potential scan) or that the signal of the drug overlaps with
the one of PEDOT NPs. In order to get a deeper understanding on this feature, the
effect of the electrical voltage on the drug retention was analysed. More
specifically, the release of CAM was investigated applying continuous
stimulation by chronoamperometry (CA), keeping constant voltage at 1.00 V, and
by CV, ramping the voltage from —0.50 to 0.50 V. In both cases, CA and CV,
stimuli were applied for 5, 15 and 30 min. Control experiments (CRTL) were also
performed using the same periods of time but without electrical stimulation.
Results displayed in Figure 3.1.13c indicate that the amount of CAM released
from PEDOT/CAM is only ~30% and ~20% higher for CA and CV, respectively,
than for the CTRL, meaning that PEDOT/CAM NPs are very stable. Furthermore,
comparison of the cyclic voltammograms recorded between —0.50 and 0.50 V
after 5, 15 min and 30 min of CV stimulation (Figure 3.1.13d) reveals a slight
decrease of the current density at the voltage where CAM is reduced. This

phenomenon has been attributed to the small amount of drug released.
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Figure 3.1.13. Cyclic voltammograms recorded from —0.50 to 1.40 V (scan rate: 100 mV/s) for (a) free CAM
and (b) comparison of the bare electrode (SPCE) and the coated electrodes (SPCE-PEDOT and SPCE-
PEDOT/CAM). (c) CAM release during 5, 15 and 30 min (n = 3) without electrical stimulation (CTRL) and
with two different types of electrical stimulation CA (1.00 V) and CV (from —0.50 to 0.50 V). (d) Cyclic
voltammograms recorded from —0.50 to 0.50 V (scan rate: 100 mV/s) for SPCE-PEDOT/CAM after 5, 15

and 30 min of CV stimulation.

3.1.3.5 Evaluation of cytotoxicity

As the proposed application for the PEDOT/CAM NPs is their therapeutic
utilization as antibiotic carriers and bacterial growth monitoring, evaluation of the
biocompatibility is essential. The influence of the system on in vitro cell
viability was investigated using the MTT [3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide] assay. Different CAM concentrations were
exposed for 24 h to cultures of commercial human bone osteosarcoma MG-63 cell
line. Figure 3.1.14a shows that the half-inhibitory concentration (IC50) of free
CAM for MG-63 is around 350 pg/mL, evidencing that the tolerance of the cells
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to this drug is much higher than that found for other drugs, such as CUR (with a
IC50 ranging from 10 to 20 upg/mL, depending on the cell line!). The
biocompatibility of PEDOT and PEDOT/CAM NPs was also evaluated using the
MG-63 cell line. Figure 3.1.14b shows that cells have a very high tolerance to
PEDOT NPs without exhibiting any reduction in cell viability. Instead, the cell
viability clearly decreases when high concentrations of PEDOT/CAM NPs are
used. In any case, the 1IC50 of free CAM and PEDOT/CAM NPs for eukaryotic
cells is much higher than the dose of antibiotic required to inhibit bacterial growth,
as demonstrated below. Thus, antibiotics are much more active against bacteria
than against eukaryotic cells, allowing their utilization for the treatment of

bacterial infections without damaging the eukaryotic human cells.
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Figure 3.1.14. Dose-dependent viability of MG-63 cells treated with (a) free CAM and (b) PEDOT vs
PEDOT/CAM NPs (n = 3). Statistical comparison of values was based on a 2-way ANOVA using Tukey’s

test for pair-wise comparison with p < 0.05.

3.1.3.6 Bactericidal activity

In order to confirm that the active conformation of CAM was not altered during
the synthesis of PEDOT/CAM NPs, the activity of the loaded antibiotic was tested
against a representative Gram-negative bacterium (E. coli) and a Gram-positive

bacterium (S. sanguinis). The observed activity was compared with that of the
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controls, which were free CAM, free nalidixic acid (NAX; a well-known synthetic
quinolone antibiotic) and medium alone. For this purpose, we used the disk
diffusion test, which provides qualitative evaluation of the susceptibility of

bacteria to the molecules diffusing from the disk.

Results showed in Figure 3.1.15a and b indicate that free CAM and free NAX
are the most effective for inhibiting bacterial growth, followed by PEDOT/CAM
NPs. Moreover, the bactericidal activity was slightly higher for E. coli than for
S. sanguinis. Instead, PEDOT NPs do not show any antibacterial behavior. On the
other hand, Figure 3.1.15c and d plots the relative growth rate of S. sanguinis and
E. coli when different amounts of PEDOT/CAM (i.e. volumes of 5, 25 and 50 pL
from a 10 mg/mL suspension), free CAM, PEDOT NPs (50 pL of a 10 mg/mL
suspension) are added to bacteria cultures. The growth rate in the LB medium
without any kind of NPs or antibiotic was taken as the control (CTRL). Addition
of free CAM to the medium causes a quick and effective inhibition of bacterial
growth, whereas the relative growth obtained upon the addition of PEDOT NPs
is similar to that of the CTRL. Consistently with images displayed in Figure
3.1.15a and b, the difference between the absorbance of samples incubated with
PEDOT/CAM NPs and the control after 48 h is higher for the
E. coli than for the S. sanguinis. Besides, the inhibition of the bacterial growth
caused by the addition of PEDOT/CAM increases with the concentration of
antibiotic-loaded NPs in the medium, the most effective inhibition being observed

for the volume of 50 pL.
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Figure 3.1.15. Bactericidal activity of free CAM, free NAX, PEDOT NPs and PEDOT/CAM NPs against
(a, ¢) S. sanguinis and (b, d) E. coli bacteria (n = 3): (a, b) Inhibition halos observed using the disk diffusion
method; and (c, d) growth curves obtained by treating the bacteria cultures with LB medium (CTRL), free
CAM, PEDOT NPs and different volumes of PEDOT/CAM NPs (5uL, 25 pL and 50 pL). The error bar is
not visible when the standard deviation is smaller than the size of the solid circle used to represent the values.

3.1.3.7 Monitoring of bacterial growth

The performance of PEDOT and PEDOT/CAM NPs for real-time
electrochemical monitoring of bacterial growth or inhibition is discussed in this
section. With the aim of orienting this sensing and release device toward clinical
applications, PEDOT and PEDOT/CAM NPs were fixed on SPCEs and
Dulbecco’s Modified Eagle’s Medium (DMEM) with the corresponding bacteria
was used as electrolytic media. The electrolytic chambers were kept on an

incubator at 37 °C under mild-agitation and the growth of bacteria was followed
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by examining the electrochemical response at different times, which ranged from
0 h (just when the bacteria are introduced into the cell chamber) to 24 h.
Figure 3.1.16a displays the voltammetric response of the sensor to the culture
medium without bacteria at different incubation times. As shown, the variation in
the area and the position of the peaks in the voltammograms recorded at different
times is negligible (< 1%). Furthermore, the surface of the electrode was not
damaged by the cell culture medium. This is proved in Figure 3.1.16b and c,
which display a representative SEM micrograph of PEDOT NPs coated electrodes
as prepared and after 24 h in NaHCO3™ supplemented DMEM without bacteria.
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Figure 3.1.16. (a) Cyclic voltammograms of PEDOT NPs, which are coating SPCEs, in the culture medium
(NaHCOs™ supplemented DMEM) recorded at different time intervals (0, 2, 4, 6, 8 and 24 h). (b)
Representative SEM micrograph of the SPCE coated with PEDOT NPs after 0 h and 24 h in culture medium.
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Cyclic voltammograms recorded during the S. sanguinis growth on PEDOT
NPs-containing electrodes are displayed in Figure 3.1.17a. The small anodic peak
at around 0.6 V detected at t= 0 h has been associated to the phenol red present in
the cell culture media. Phenol red, which is one of the most common pH indicators
and a weak acid, exhibits redox properties through the ionizable part of the
quinone methide.* The current density of such oxidation peak increases with the
incubation time while the potential shifts to higher values, which has been
attributed to a reduction of the pH. Thus, bacterial respiration pumps out protons,
causing the acidification of the medium with increasing time. Qiao et al.®
reported that the anodic peak related with the oxidation of bacterial metabolites
shifts to higher peak potential values with decreasing pH. On the other hand, the
increment of current density at the potential peak with the incubation time
evidences the presence of other molecules that are oxidizing. This has been related
to the increasing concentration of NADH in the electrolytic media due to the
bacteria respiration, which oxidizes at around 0.6 \V.*> Another remarkable feature
is that the area of the voltammograms increases with the incubation time, which
IS consistent with previous studies based on the utilization of the metabolism of

living microorganisms to generate renewable electrical energy flux.*®

Comparison with the voltammetric response of PEDOT/CAM NPs against
S. sanguinis, which is shown in Figure 3.1.17b, reveals important differences
with respect to PEDOT NPs. More specifically, the peak at around 0.6 V does not
shift and the area of the voltammograms does not increase with the incubation
time. This has been attributed to the inhibition of bacterial growth by released
CAM, as was corroborated by visualizing the electrode surface after the 24 h of
culture. The release of CAM after such period of time (24 h) was determined to
be of 14.8 + 0.8 pg/mL, which corresponds to 2.2% + 0.1 of the loaded drug.

Comparison with the release profile obtained in PBS (Figure 3.1.11) indicates
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that the culture medium (NaHCOs  supplemented DMEM), which contains
different nutrients (e.g. salts, amino acids and vitamins) that affects the chemical
and physical properties of the fluid, significantly enhances the CAM release (from
0.9% in PBS to 2.2% in the culture medium). The original DMEM formula
composition contains 1000 mg/L of glucose and was first reported for culturing
embryonic mouse cells. SEM micrographs of PEDOT and PEDOT/CAM NPs
electrode surfaces are shown in Figure 3.1.17c and d, respectively. The number
of bacteria, which are artificially highlighted in orange for easy viewing, is much
higher for PEDOT than for PEDOT/CAM.

In order to quantify differences in the bacteria content after 24 h, 50 uL were
taken from electrolytic cells containing only culture medium, culture medium
with bacteria, and bacteria cultured in the presence of PEDOT and PEDOT/CAM
NPs. The observed bacterial growth, which was determined by measuring the
absorbance at 600 nm, is represented in Figure 3.1.17e. It is worth noting that,
after 24 h, the bacterial growth on PEDOT NPs coated electrodes equalled that of
the control group, while it was lower than 15 % for PEDOT/CAM NPs.

Figure 3.1.17f plots the change in current density of the main peak at around
0.6 V for the different time intervals relative to the one at 0 h (Aj). It is worth
remarking that Aj correlates with bacterial growth. Thus, Aj is smaller than 6
HA/cm? when there are no bacteria or when CAM is present in the electrode
coating, whereas Aj reaches a value of up to ~16 pA/cm? for SPCEs coated with

PEDOT NPs (which supports normal bacterial growth as CAM is not present).
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Figure 3.1.17. Cyclic voltammograms for SPCEs coated with (a) PEDOT and (b) PEDOT/CAM NPs
recorded at different incubation times (0, 2, 4, 6, 8 and 24 h) in the culture medium (NaHCO3s" supplemented
DMEM) with S. sanguinis. Initial and final potentials: —0.20 V; reversal potential: 0.80 V; and scan rate: 100
mV/s. SEM micrograph of the surface of electrodes coated with (c) PEDOT and (d) PEDOT/CAM NPs after
24 h in the presence of S. sanguinis (artificially colored in orange). (e) Relative bacterial growth calculated
through the variation of the absorbance at 600 nm after 24 h of culture (n = 3). (f) Variation in peak current
density with the incubation time relative to 0 h for the voltammograms displayed in (a) and (b) (n = 3). The
statistical comparison of values in (e) and (f) was based on one-way ANOVA with multi-comparison test,
with p < 0.0001 (****), p < 0.001 (***), and p < 0.01 (**).
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In order to prove that the detection is independent of the type of bacteria, the
same set of experiments were conducted for E. coli (Figure 3.1.18). Interestingly,
we observed the same behaviour by CV. The area of the voltammograms recorded
for PEDOT NPs increased with the incubation time, while this did not happen for
PEDOT/CAM NPs (Figure 3.1.18a and b). These observations are consistent
with SEM micrographs, which display groups of E. coli only on the surface of
PEDOT NPs-containing electrodes (Figure 3.1.18c and d). Measurement of the
absorbance at 600 nm after 24 h reflected that the relative growth of bacteria was
practically zero for PEDOT/CAM NPs (Figure 3.1.18e), indicating that the CAM
treatment is very effective for E. coli. Also, Aj is lower than 2 pA/cm? in the
absence of bacteria and for bacteria cultured on PEDOT/CAM NPs, whereas a
value close to 26 pA/cm? was reached for PEDOT NPs (Figure 3.1.18f).
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Figure 3.1.18. Cyclic voltammograms for SPCEs coated with (a) PEDOT and (b) PEDOT/CAM NPs
recorded at different incubation times (0, 2, 4, 6, 8 and 24 h) in the culture medium (NaHCOs" supplemented
DMEM) with E. coli. Initial and final potentials: —0.20 V; reversal potential: 0.80 V; and scan rate: 100
mV/s. SEM micrograph of the surface of electrodes coated with (c) PEDOT and (d) PEDOT/CAM NPs after
24 h in the presence of E. coli (artificially coloured in orange). (e) Relative bacterial growth calculated
through the variation of the absorbance at 600 nm after 24 h of culture. (f) Variation in peak current density
with the incubation time relative to 0 h for the voltammograms displayed in (a) and (b). The statistical
comparison of values in (e) and (f) was based on one-way ANOVA with multi-comparison test, with p <
0.0001 (****), p < 0.001 (***), and p < 0.01 (**).
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Results related with bacteria growth and inhibition in the presence of PEDOT
and PEDOT/CAM NPs, respectively, are supported by the color of the phenol
red-containing medium after 24 h (Figure 3.1.19). Thus, the medium in contact
with PEDOT NPs exhibited a yellowish color, which was attributed to the
acidification induced by the bacterial growth, while the medium in contact with
PEDOT/CAM was pink, reflecting a basic pH. Overall, results discussed in this
section clearly demonstrate that SPCEs coated with PEDOT and PEDOT/CAM
NPs can monitor the bacterial growth and the inhibition of the bacterial growth,

respectively, in real time.

PEDOT NPs PEDOT/CAM NPs

Figure 3.1.19. Color of the cell culture medium, which contains phenol red, after 24 h of bacterial incubation
in the presence of PEDOT (left) or PEDOT/CAM NPs (right). The yellowish and pink colors indicate acid

and basic pHs, respectively, which are consistent with bacteria growth and inhibition, respectively.

3.1.3.8 NADH detection

The increase in current density in the ~0.6 V potential region, as displayed in
Figure 3.1.17a and Figure 3.1.18a, was related in previous work with the
increment of NADH in the bacteria culture medium.*® Our approach was based
on the fact that aerobic respiration reactions in eukaryotic cells occur in the
mitochondria, whose double membrane is impermeable to NADH and NAD".
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Therefore, the NADH level in eukaryotic cells is restricted to the cytosolic pool.
Instead, the respiration of bacteria occurs in the cytosol or on the inner surfaces
of the cell membrane, which is permeable to NADH and NAD™ and allows their
migration to the extracellular space. This inspired us to use the oxidation of
extracellular NADH to NAD" as target for the detection of bacterial growth

without interference coming from the proliferation of eukaryotic cells.

In this section, we prove such relationship by measuring the influence of
increasing NADH concentrations on cyclic voltammograms recorded for PEDOT
NPs coated SPCEs using DMEM (pH 8.5) as electrolytic medium. Figure 3.1.20a
compares the cyclic voltammograms obtained using a NADH concentration
comprised within 0 and 2 mM. In the absence of NADH (0 mM), a small peak is
detected at 0.6 V that has been attributed to the redox properties of the phenol red
present in the medium, as discussed above. The addition of NADH with
concentrations ranging from 250 puM to 2 mM resulted in a significant
enhancement of the current density during anodic screening. The NADH
oxidation peak is very broad and clearly overlaps with the small peak initially
encountered at 0.6 V (i.e. the phenol red oxidation peak observed in the absence
of NADH). Moreover, Figure 3.1.20b demonstrates a linear relationship between

the relative increment of the current density and the concentration of NADH.

Another aspect to consider is that, during bacterial growth, the medium
undergoes an acidification process. Accordingly, cyclic voltammograms were
also recorded using DMEM at pH 6 as electrolytic medium. Figure 3.1.20c shows
that the well-defined peak coming from the medium, which is centred at 0.62 V,
increases with the NADH concentration. Although the potential anodic peak shifts
a little bit towards higher values with increasing NADH concentration, the relative
increment of the current density exhibits a linear variation (Figure 3.1.20d).

Overall, this section supports the important role that NADH, one of the main
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redox compounds produced by microbial metabolism and released to the medium,
plays for in situ monitoring the bacterial growth using CV.
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Figure 3.1.20. (a, ¢) Cyclic voltammograms and (b, d) calibration curves for SPCE coated with PEDOT NPs
using cell culture medium at (a) pH 8.5 and (b) pH 6.0 with different NADH concentrations (n = 3).
Voltammograms were recorded using the following operational conditions: Initial and final potentials: —0.20
V; reversal potential: +0.80 V; and scan rate: 100 mV/s. Calibration curves are expressed as the relative
variation of the current density against the NADH concentrations (data taken from voltammograms displayed
in (a) and (c)).

3.1.4 Conclusion

In this work, a simple and highly sensitive electrode consisting of CAM-loaded
PEDOT NPs has been developed to monitor the inhibition of bacterial growth.
More specifically, we have engineered a nanotheranostic system able to sense the
infection progression while releasing the antibiotic, inhibiting the E. coli and
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S. sanguinis growth. After characterization, the drug release was evaluated in
hydrophilic media. Although a slow drug release was observed, independently of
the presence or not of electrical stimuli (i.e. 14.8 + 0.1 pg/mL of CAM after 24 h
in the cell culture medium), the bacterial growth inhibition efficacy of the drug
was clearly maintained after its incorporation to the polymeric NPs. Furthermore,
we proved that PEDOT and PEDOT/CAM NPs can monitor the increase and
inhibition of the bacterial growth, respectively, using CV by detecting the
oxidation of NADH at 0.6 V, which diffuses to the extracellular medium after
being produced by the bacterial metabolism. This versatility suggests that the
developed nanoparticles are a promising theranostic system for the treatment and
control of bacterial infections. Thus, we envisage a future with prostheses,
implants and other medical devices coated with drug-loaded theranostic

nanoparticles informing and reporting pathogenic growth in real time.
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3.2 Conducting polymer nanoparticles for voltage-controlled
release of pharmacological chaperones

Pharmacological chaperones (PCs) are low molecular weight chemical
molecules used for patients with some rare diseases caused primarily by
protein instability. Controlled and on-demand release of PCs through
nanoparticles is an alternative for cases in which long treatments are needed
and prolonged oral administration could have adverse effects. In this work,
pyrimethamine (PYR), which is a potent PC consisting on a pyrimidine-2,4-
diamine substituted at position 5 by a p-chlorophenyl group and at position 6
by an ethyl group, has been successfully loaded in electroresponsive poly(3,4-
ethylenedioxythiophene) nanoparticles (PEDOT NPs). The PYR-loading
capacity was of 11.4 £ 1.5 %, both loaded and unloaded PEDOT NPs
exhibiting similar size (215 + 3 and 203 £ 1 nm, respectively) and net surface
charge (-26 £ 7 and -29 £ 6 mV, respectively). In the absence of electrical
stimulus, the release of the PC from loaded NPs is very low (1.6% in 24 h and
18% in 80 days) in aqueous environments. Instead, electrical stimuli sustained
for 30 min enhanced the release of PYR, which was of ~50% when the voltage
was scanned from —0.5 V to 0.5 V (cyclic voltammetry) and of ~35% when a

constant voltage of 1.0 VV was applied (chronoamperometry).

Publication derived from this work

Hamidreza Enshaei, Anna Puiggali-Jou, Ndria Saperas and Carlos Aleman. Soft Matter, 2021,17,
3314-3321
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3.2.1 Introduction

Pharmacological chaperones (PCs) are small molecular weight drugs that
are used when the primary cause of a disease is the instability of a particular
protein. The hallmark of PCs is their ability to bind and stabilize their target
proteins.t® Although the use of PCs is considered a potential therapeutic
strategy for the treatment of conformational diseases (i.e. those caused by
structurally abnormal proteins that cannot fold properly and achieve their
native conformation), the administration of too high doses by oral or
intravenous routes can be sometimes counterproductive due to the inhibition
of the target protein.”® In those cases, special dosing regimens must be
envisaged to maximize their stabilizing activity and minimize their inhibitory
activity. Within this context, encapsulation of PCs in scaffolds for local
delivery may be needed to control the effective drug distribution, the

therapeutic dosing and the adverse effects of systemic drug administration.

Controlled delivery of PCs can be proposed using two very different release
models. The sustained release model (i.e. without on/off control), which was
firstly introduced in the sixties,° is based on the delivery at a programmed rate
for a prolonged period of time. This model, which is controlled by the
encapsulating scaffold, presents some limitations since sustained release
systems are not responsive enough to the dynamic behaviour of biological
systems, changes in the surrounding environment (i.e. pH, temperature, ionic
strength) causing undesired effects in their performance.!'? The second
model is based on the utilization of novel materials and modern fabrication
technologies for the preparation of robust drug-loaded systems for on-demand
delivery by changing the environment through external stimuli.*®* The on
demand release model allows to regulate the delivery rate according to the

patient needs, enabling non-uniform drug administration when it is
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beneficial.}* Accordingly, the on-demand delivery model seems very
appropriated for controlling the effective PC distribution, the therapeutic

dosing and the adverse effects of systemic administration.

Despite the potential clinical interest of PCs, the encapsulation and release
of these small ligands in smart carriers have been scarcely investigated, >’
while their on-demand release using external stimuli (e.g. UV- and visible
light, pH and electric voltage) remains completely unexplored. Pyrimethamine
(PYR; Figure 3.2.1) is a synthetic derivative of ethyl-pyrimidine with potent
PC properties for GM2 gangliosidosis, which is a neurodegenerative disorder
caused by a deficiency of lysosomal B-hexosaminidase (B-hex).!#2° Thus,
some mutants of this enzyme show decreased folding stability and cause adult
onset form of lysosomal storage diseases, while PYR stabilizes such mutants
sufficiently to allow more B-hex to reach the lysosome. In addition, PYR,
which is commercialized under the trade name Daraprim®, is an antiparasitic
drug against infections caused by protozoan parasites (e.g. malaria and
toxoplasmosis)?:?* and is a potent pro-apoptotic inducer in cancer cells (e.g.

in metastatic melanoma cells). %%’
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Figure 3.2.1. Chemical structure of PYR.

Despite their pharmacological interest, studies on the release of PYR from
drug carriers are very scarce.'®1?8 |n an early study, Vandamme and Heller'6
prepared PYR-containing implants using bioerodible poly(ortho esters),
releasing the drug by regulating the concentration of suberic acid. More
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recently, Lin and coworkers?® prepared PYR solid dispersions with different
carriers to achieve release at gastric pH (~1-2). Finally, in a very recent work,
Mollania and coworkers!’ prepared PYR-loaded carbon nanotubes
(CNT/PYR), even though no controlled release was achieved in such study.

Conducting polymers are a special class of polymeric materials with
conjugated structure, which exhibits both electronic and ionic conductivity
through the mobility of electronic charge carriers (i.e. polarons and
bipolarons) and ionic dopant agents, respectively.?® Besides, the redox
properties of conducting polymers are responsible for their intense
electrochemical response. Due to their conducting and electrochemical
properties, these materials have been used as carriers for on-demand drug
release, which is controlled through externally applied voltage bias.>> Among
conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) has drawn
the most attention due to its superior capacitive performance, high
conductivity, stability in aqueous media and ambient conditions, and
biocompatibility.3-3* In recent years, PEDOT nanoparticles (NPs) have been
successfully used to encapsulate different types of anticarcinogenic and

antimicrobial drugs (e.g. peptides and highly hydrophobic compounds).®>7

Herein, we describe for the first time the encapsulation and controlled
release of a representative PC of therapeutic interest, PYR, in electro-
responsive polymeric nanoparticles (NPs). It should be remarked that, in
general, the encapsulation of drugs of small molecular size and bearing
hydrophilic groups, such as the amino groups of PYR (Figure 3.2.1), is
challenging and problematic due to the rapid loss of drug to the external
medium. For this study, PEDOT NPs have been used as carriers for the in situ
encapsulation of PYR due to the capacity of this conducting polymer to

interact with hydrophylic groups, hindering a fast release. After



Conducting polymer nanoparticles for voltage-controlled release of pharmacological chaperones

characterization of the loaded PEDOT NPs, hereafter named PEDOT/PYR
NPs, the release of the drug by simple diffusion (i.e. in the absence of external
stimuli) and by imposing sustained electrostimulation was examined. Results
showed that low release observed in the absence of stimuli can be significantly
increased when the strength of PEDOT:--PYR interactions is modulated by
applying electrical stimuli through a potentiodynamic technique.

3.2.2 Methods

3.2.2.1 Synthesis of unloaded poly(3,4-ethylenedioxythiophene)
nanoparticles (PEDOT NPs)

A 30 mL Corex tube was filled with 15.8 mL of milli-Q water. After this,
96 uL of dodecyl benzenesulfonic acid (DBSA) was added and the solution
was stirred for 1 h using a magnetic stirrer set at 750 rpm at 40 °C and
protected from light with aluminum foil. Next, 72 pL of 3/4-
ethylenedioxythiophene (EDOT) monomer and 2 mL of methanol were slowly
added. The mixture was allowed to stir for 1 h at 750 rpm at 40 °C. Finally,
0.73 mg of ammonium persulfate (APS) dissolved in 2 mL of milli-Q water
were added drop by drop while stirring. The reaction was maintained in
agitation at 40 °C overnight. In this process, the color of the reaction mixture
changed from light grey to dark blue. No sedimentation was observed after the
reaction occurred, reflecting a 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. After each centrifugation, the resulting
supernatants were decanted and the pellet was dispersed in 15 mL of deionized
water by using a vortex and a sonication bath (15 min at room temperature).

The last pellet was left under vacuum in the same tube for two days, then
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weighted and dispersed in the corresponding medium at the desired

concentration.

3.2.2.2 Synthesis of pyrimethamine (PYR)-loaded PEDOT NPs
(PEDOT/PYR NPs)

96 pL of DBSA were added to a 30 mL tube filled with 15.8 mL of milli-
Q water and the solution was stirred for 1 h at 750 rpm at 40 °C. After this, 72
pL of EDOT and 2 mL of drug solution (8 mg/mL PYR in methanol) were
added drop by drop while stirring and the resulting solution was stirred at 750
rpm at 40 °C during 1 h. Finally, 0.73 mg of APS dissolved in 2 mL of
milli-Q water was added to the mixture. The reaction was protected from light
(@luminum foil) and maintained in agitation at 40 °C overnight. The color of
the reaction mixture changed from light grey to dark blue. No sedimentation
was observed after the reaction occurred, indicating good colloidal stability.
The side products, extra drug and unreacted chemicals were removed by a
sequence of 3 centrifugations at 11000 rpm for 40 min at 4 °C. The resulting
supernatants were decanted and the pellet was re-dispersed in deionized water
by using a vortex and a sonic bath (15 min at room temperature). The last
pellet was left under vacuum for two days, then weighted and re-dispersed in

the corresponding medium at the desired concentration.

3.2.2.3 Determination of the PYR loading ratio

The drug content was determined by taking 10 pL of PEDOT/PYR NPs
suspension (10 mg/mL NPs in milli-Q water) into 990 uL of methanol (PYR
solvent). The suspension was sonicated and vortexed for 10 min, leading to a
complete drug release in the alcoholic medium. Then, the NPs dispersion was

centrifuged with a micro-centrifuge for 15 min at 2500 rpm. Finally, the
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supernatant was evaluated using UV-Vis spectroscopy. The calibration curve
was prepared with the drug dissolved in methanol and read at 280 nm
(Figure 3.2.2). The same procedure was applied to determine the drug

released during the dialysis or after the electrical stimuli assays.
The loading capacity (LC, in %) was calculated using the following
equation:

(W; — Wy)

NPs

LC = x 100

Equation 3.2.1. The loading capacity percentage, where Wi indicates PYR initial mass, Wi PYR final

mass, and Wnps total NPs mass.

Thus, the weight of PYR entrapped was determined by subtracting the
weight of the total PYR fed (the drug introduced in the solution for the
synthesis of PEDOT/PYR NPs) from the weight of the non-encapsulated drug
or free drug (drug remaining in the supernatant after the synthesis of
PEDOT/PYR NPs). The amount of the free PYR in the supernatant was

determined by measuring the absorbance at 280 nm.




Chapter 3: Results and discussion

@
o

w
o
L

y =39.384-x
Rz =0.9985 e/O

N
n

i 1
A Y

N
o
1
o
\

Absorbance (a.u)
— —
o o
\\
(]
\\
(0]

Q

-f T T T T T T T
0 0.02 0.04 0.06 0.08
Concentration (mg/mL)

o
o
1

Figure 3.2.2. Calibration curve for PYR in methanol.

3.2.2.4 UV-Vis spectroscopy

UV analyses were performed using a Cary100 UV-Vis spectrophotometer
controlled by the UVProbe 2.31 software.

3.2.2.5 Dynamic light scattering (DLS)

DLS studies were performed using NanoBrook Omni Zeta Potential
Analyzer from Brookheaven Instruments. Measurement consisted of 3 runs of
120 s duration each one, which were averaged to obtain the effective diameter.
Samples were analyzed at 25 °C using a scattering angle of 90°. In order to
know the zeta ()-potential, particles were re-suspended in 1 mM KCI solution

and 30 consecutive measurements were taken of each sample.
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3.2.2.6 Fourier transform infrared (FTIR) spectroscopy

FTIR transmittance spectra were recorded on a FTIR Jasco 4100
spectrophotometer. Samples were deposited on an attenuated total reflection
accessory (Top-plate) with a diamond crystal (Specac model MKII 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™.

3.2.2.7 RAMAN spectroscopy

Micro-Raman spectroscopy assays were performed using a commercial
Renishaw inVia Qontor confocal Raman microscope. The Raman setup
consisted of a laser (785 nm with a nominal 300 mW output power) directed
through a microscope (specially adapted Leica DM2700 M microscope) to the
sample, after which the scattered light is collected and directed to a
spectrometer with a 1200 lines-mm-! grating. The exposure time was 10 s, the
laser power was adjusted to 0.001-0.05% of its nominal output power,
depending on the sample, and each spectrum was collected with 30

accumulations.

3.2.2.8 X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed in a SPECS system equipped with a high
intensity twin-anode X-ray source XR50 of Mg / Al (1253 eV / 1487 eV)
operating at 150 W, placed perpendicular to the analyzer axis, and using a
Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650 um. The pass
energy was set to 25 and 0.1 eV for the survey and the narrow scans,
respectively. Charge compensation was achieved with a combination of
electron and argon ion flood guns. The energy and emission current of the
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electrons were 4 eV and 0.35 mA, respectively. For the argon gun, the energy
and the emission current were 0 eV and 0.1 mA, respectively. The spectra
were recorded with pass energy of 25 eV in 0.1 eV steps at a pressure below
6x10"° mbar. These standard conditions of charge compensation resulted in a
negative but perfectly uniform static charge. The C 1s peak was used as an
internal reference with a binding energy of 284.8 eV. The surface composition

was determined using the manufacturer's sensitivity factors.

3.2.2.9 Scanning electron microscopy (SEM)

The morphology of the PEDOT/PYR and PEDOT NPs was studied by
SEM. Micrographs were obtained using a Focused lon Beam Zeiss Neon 40
scanning electron microscope operating at 5 kV. Samples were mounted on a
double-side adhesive carbon disc and sputter-coated with a thin layer of

carbon to prevent sample charging problems.

3.2.2.10 Atomic force microscopy (AFM)

AFM studies were conducted to obtain topographic images of the NPs
surface using silicon TAP 150-G probe (Budget Sensors, Bulgaria) with a
frequency of 150 kHz and a force constant of 5 N/m. Images were obtained
with a Molecular Imaging PicoSPM microscope using a NanoScope IV
controller under ambient conditions in tapping mode. AFM measurements
were performed on various parts of the samples, which produced reproducible

images similar to those displayed in this work.
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3.2.2.11 Electrochemical characterization

Electrochemical characterization was performed by cyclic voltammetry
(CV) using an Autolab PGSTAT302N Galvano stat equipped with the ECD
module (Ecochimie, The Netherlands). Measurements were performed on 15
uL of 10 mg/mL NPs solution dried on a screen printed carbon electrode
(SPCE; 4 mm diameter) coated with chitosan. For this purpose, three rounds
of 5 ul of the 10 mg/ml NPs solution were placed on the SPCE and dried under
the hood after each round. Then, dried NPs were covered with 5 uL of chitosan
solution (20 mg/mL chitosan in 0.1 M HCI) and dried again. All
electrochemical assays were performed using a three-electrode one
compartment cell at room temperature. The cell was filled with 1.5 mL of
phosphate buffered saline (PBS) solution 1x as a supporting electrolyte. A
covered or bare SPCE was used as the working electrode, platinum as the
counter electrode, while an Ag|AgCI electrode containing a KCI saturated
aqueous solution was the reference electrode (offset potential versus the
standard hydrogen electrode, E° = 0.222 V at 25 °C). Oxidation-reduction
cycles were registered within the potential range of —0.5 to +1.4 V at a scan

rate of 100 mV/s.

3.2.2.12 Drug release

25 pL of PEDOT/PYR NPs (10 mg/mL) were deposited into a 30 pL
dialysis button, covered by a 3.5 kDa MWCO (Molecular Weight Cut-Off)
dialysis membrane, immersed in 1.5 mL of PBS (pH 7.4) and kept in a shaker
at 37 °C at 80 rpm. Each day all the immersion solution was taken out to
quantify the released drug and the solution was replaced by 1.5 mL of new
media. For the first experiment, the release process was evaluated for 80 days

in PBS solution. For the second experiment, instead, the releasing media was




Chapter 3: Results and discussion

weekly changed from hydrophilic to hydrophobic during three weeks by
adding ethanol (EtOH) to PBS. More specifically, for the first, second and
third week the release was evaluated in PBS alone, 90:10 PBS:EtOH and
30:70 PBS:EtOH, respectively. In order to compare the kinetics of the release
process, results were normalized by the total amount of PYR encapsulated
within the NPs or used as a free drug. The amount of released drug was
evaluated by UV spectroscopy. Calibration curves were obtained by plotting
the absorbance measured at 280 nm against the PYR concentration. All drug
release tests were carried out using at least three replicas and the average was

plotted.

3.2.2.13 Electrical stimulation for PYR release

Washed PEDOT/PYT NPs were re-suspended in milli-Q water to have a
final concentration of 10 mg/mL. Then, NPs were placed on SPCEs and
covered with chitosan, as described above. A three electrode configuration
was used: the SPCE coated with the corresponding NPs as a working
electrode, platinum as counter electrode, and Ag | AgCl as reference electrode.
1.5 mL of PBS 1x was used as electrolytic medium. The appropriate voltage
was applied for a particular period of time. After the electrical stimulation, the
medium was removed to determine the concentration of released PYR and
substituted by fresh medium. The absorbance was measured at 280 nm. The
influence of the time was evaluated by applying a constant voltage of 1.00 V
and CV from -0.5 V to 0.5 V during 5, 15 and 30 min. A control experiment
was performed in the absence of the stimulus to compare the results. All the
measures were repeated at least three times and the average with the

corresponding standard deviation were represented in the graphs.
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3.2.2.14 Cytotoxicity evaluation

In vitro cytotoxicity evaluation of free PYR, PEDOT NPs, and
PEDOT/PYR NPs for MG-63 cell line was determined by the MTT assay.
Free PYR was dissolved in methanol and then diluted in ethanol (the final
concentration of ethanol in cell media was smaller than 10 %). All the other
substances were prepared in milli-Q water. Cells were seeded at a density of
20 x 10* cells per well (100 pL each) in 96-well plates and incubated
overnight. Subsequently, cells were exposed to a series of increasing free
PYR, PEDOT NPs, and PEDOT/PYR NPs concentrations. Free PYR
concentrations were 0.1, 1, 10, 50, 100, 500 and 1000 pg/mL, whereas PEDOT
and PEDOT/PYR NPs concentrations were 0.0655, 0.125, 0.25, 0.5 and
1 mg/mL. Cells were incubated with the treatment for 24 h. Next day, the
percentage of viable cells relative to untreated control was determined on the
basis of the mitochondrial conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide to formazan. The results were expressed as mean
value + standard deviation (SD). All the experiments were performed in
triplicate. Statistical comparison of values was based on a 2-way ANOVA

using Tukey’s test for pair-wise comparison with p < 0.05.

3.2.3 Results and discussion

3.2.3.1 Pyrimethamine encapsulation

PEDOT/PYR NPs and unloaded PEDOT NPs (control) were prepared
through emulsion polymerization in a 12.5% methanol-containing aqueous
medium. Methanol was used to solubilize PYR (8 mg/mL), which is poorly
soluble in water. Ammonium persulfate (APS) was employed as oxidizing

agent and dodecyl benzenesulfonic acid (DBSA) as both anionic surfactant
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(i.e. forming micelles) and dopant (i.e. stabilizing the formed PEDOT chains
in their oxidized form). Due to the latter role, DBSA becomes a stable part of
the NPs structure. The procedure used to prepare control PEDOT NPs was
identical with the only exception that PYR was not incorporated into the

methanol added to the aqueous monomer solution.

The FTIR spectra of free PYR, PEDOT/PYR NPs and PEDOT NPs are
compared in Figure 3.2.3a. Free PYR exhibits broad and weak bands at 3443
and 3261 cm™ (symmetrical and asymmetrical stretching of the —\NH_ group),
a sharp and weak peak at 3073 cm™ (C—H stretching from the aromatic ring),
sharp and intense peaks between 1681 and 1409 (stretching vibrations of C=N
and C=C from the aromatic rings), as well as at 1339 and 1243 cm™ (C-H
from CHs and C—N, respectively). On the other hand, PEDOT NPs show the
characteristic FTIR peaks of PEDOT chains, which appear at 1648 and 1473
cm! (C=C stretching), 1351 cm™* (C—C stretching), 1220 and 1061 cm?!
(C—O—C vibrations) and 842 cm™ (stretch of the C—S bond in the thiophene
ring). Also, weak but clearly defined bands attributed to DBSA dopant
molecules were detected at 2923 and 2856 cm™? (aliphatic -CH2 and —CH3
stretching), and 1693 cm™ (C=C stretching from the phenyl ring). Finally,
PEDOT/PYR NPs present mostly the bands associated with both PEDOT NPs
and free PYR, as the—-NH2 group and the C=N stretching vibration.

Table 3.2.1. Atomic composition calculated from the XPS spectra for PEDOT and PEDOT/PYR NPs.

C1ls N 1s O 1s S2p

PEDOT NPs 45.17 - 53.58 1.25

PEDOT/PYR NPs 67.89 0.56 30.34 1.21
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Despite the successful identification of the loaded PC by FTIR,
PEDOT/PYR NPs were complementarily studied by Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). Unfortunately, the former technique
was not conclusive since the spectrum of PEDOT/PYR NPs was dominated
by the fingerprints of PEDOT NP (Figure 3.2.4), which was attributed to the
strong absorbance of PEDOT chains. Although the interpretation of the
obtained values is not simple due to the presence of DBSA as dopant agent, it
is worth noting that N 1s is only detected for PEDOT/PYR NPs (Table 3.2.1
and Figure 3.2.5), supporting the successful loading of the PC. On the other
hand, Figure 3.2.3b and c display the high-resolution XPS spectrum in the N
1s region for PEDOT and PEDOT/PYR NPs. The nitrogen peak appears at
399.9 eV for PEDOT/PYR, which has been attributed to N—H and C—N from
PYR.
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Figure 3.2.3. (a) FTIR spectra of free PYR, PEDOT/PYR NPs and PEDOT NPs. (b, ¢) High-resolution
XPS spectra of the N 1s region for (b) PEDOT NPs and (c) PEDOT/PYR NPs.
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Figure 3.2.5. XPS spectra of PEDOT NPs and PEDOT/PYR NPs.

Figure 3.2.6a displays the UV spectra of independent PEDOT/PYR
samples in methanol, showing a specific absorption band at 280 nm. The PYR-
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loading capacity (LC, in %), which was expressed as the mass of loaded drug
with respect to the total mass, was evaluated by using the absorbance at 280
nm and the calibration curve prepared by dissolving the drug in methanol
(Figure 3.2.2). The PYR-LC was found to be 11.4 £ 1.5 %, this value being
twice that reported for curcumin (CUR) encapsulated in PEDOT/CUR NPs by
a similar procedure (CUR-LC = 5.9 + 1.6 wt %).%” Considering that CUR and
PYR are both hydrophobic drugs of similar size (i.e. molecular mass: 368.38
and 248.71 g/mol, respectively), this difference has been attributed to the
hydrogen bonding capacity of PYR, which exhibits two —NH; groups able to
interact as donor groups with the oxygen atoms of the ethylenedioxy moiety
of PEDOT chains. Figure 3.2.6b compares the UV spectra of free PYR,
PEDOT NPs and PEDOT/PYR NPs, evidencing that the PC is not covalently
attached to the polymers chains. Furthermore, the spectra do not reveal the
formation of PYR---PEDOT r-= stacking interactions, supporting the fact that

the two species mainly interact through hydrogen bonding.

The average diameter of PEDOT and PEDOT/PYR NPs, as obtained from
dynamic light scattering (DLS) measurements was 215 + 3 and 203 + 1 nm,
respectively (Figure 3.2.6¢). The similarity in the size of the two types of NPs
suggests that the PC is homogeneously dispersed in the polymeric matrix. On
the other hand, the zeta ({)-potential of drug-loaded nanocarriers is very
important, giving information on the charge at the surface of the particles and
the tendency of the NPs to aggregate or to remain discrete. According to the
DLVO electrostatic theory, the stability of a dispersion involving NPs with
charged surfaces depends on the balance between the attractive van der Waals
forces (steric stabilization) and the electrical repulsion because of the net
surface charge. In general, a {-potential above 25 mV (positive or negative)
indicates that the electrostatic repulsive forces exceed the attractive steric

forces and the system is kept in a relatively stable dispersed state. The
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C-potential measured for PEDOT and PEDOT/PYR NPs was -26 + 7 and -29
+ 6 mV, respectively (Figure 3.2.3c), indicating that PYR does not reduce the
stability of the polymeric NPs dispersion. Indeed, such C-potential values

reflect that loaded PYR molecules do not shield the surface charge of PEDOT
NPs.
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Figure 3.2.6. (a) UV-Vis spectra of PYR released from PEDOT/PYR in methanol (3 independent
samples) compared to the blank. (b) UV-Vis spectra of free PYR, PEDOT/PYR NPs and PEDOT NPs.
(c) Size (as determined by DLS) and (-potential of PEDOT/PYR and PEDOT NPs.
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3.2.3.2 Morphology of PEDOT and PEDOT/PYR NPs

Representative high magnification (100kx) scanning electron microscopy
(SEM) micrographs of PEDOT/PYR and PEDOT NPs are compared in
Figure 3.2.7, while additional low magnification (50kx) micrographs are
provided in Figure 3.2.8. In both cases NPs are relatively homogeneous in
shape and size. PEDOT/PYR forms well defined spherical NPs with average
diameter of 94 + 12 nm, whereas unloaded PEDOT NPs exhibit an irregular

shape with an average size of 109 + 11 nm.

The sizes of the NPs visualized by SEM are approximately half of those
registered by DLS. This has been attributed to two different features: 1) SEM
measurements were performed in the dry state whereas DLS was measured in
the solution state. Thus, the latter method provides the hydrodynamic
diameter, which includes solvent molecules attached or adsorbed on the
surface, while the former measures naked NPs; and 2) SEM is a number based
NP size measurement that exhibits stronger emphasis on the smallest
components in the size distribution whereas DLS is an intensity based
measurement and emphasize on the larger NP size (i.e. intensity is

proportional to r®).

On the other hand, it was reported that shape and size of PEDOT NPs
prepared by emulsion polymerization are affected by the surfactant type and
concentration, respectively, which define the characteristics of the formed
micelles.® Although DBSA leads to well-defined spherical micelles in
water,%”8 the addition of 12.5% methanol seems to promote micelle fusion
resulting in irregular particles formed by the aggregation of smaller spherical
particles. The micelle fusion with the apparent aggregation of small PEDOT
NPs is probably inhibited by PYR. Despite such fusion phenomenon, the size
of PEDOT NPs is only slightly larger than the diameter of spherical
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PEDOT/PYR NPs, as is shown in Figure 3.2.7 by their size distributions. 3D
topographic AFM images of PEDOT/PYR and PEDOT NPs, which are
included in Figure 3.2.7, are fully consistent with SEM micrographs,
confirming that PEDOT/PYR samples are mainly made up of individual
spherical NPs while the PEDOT samples exhibit irregular shapes due to fusion

of nanostructures.
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Figure 3.2.7. For (a) PEDOT/PYR NPs and (b) PEDOT NPs: SEM micrograph at 100kx magnification
(top), diameter distribution histogram as determined from SEM images (middle), and 3D topographic

AFM image (bottom) of 5 x 5 um2,



Chapter 3: Results and discussion

Figure 3.2.8. SEM micrographs at 50kx magnification for (a) PEDOT/PYR NPs and (b) PEDOT NPs.

3.2.3.3 PYR release

PEDOT/PYR NPs were incubated at 37 °C in PBS (pH 7.4) and the in vitro
release behaviour was studied over 80 days. The amount of released drug was
evaluated by UV spectroscopy using the calibration curve obtained by plotting
the absorbance measured at 280 nm against the PYR concentration. The
cumulative release variation, which is represented in Figure 3.2.9a, exhibits a
very slow evolution. The profile displays a biphasic regime consisting of an
initial burst release for about 24 h, followed by a progressive but very slow
release of PYR from PEDOT NPs. Thus, although about 1.6% of the PC was
released from PEDOT/PYR NPs within the first 24 h, a very slow release was
evidenced thereon, reaching only 4.1% in 5 days (i.e. half of that expected
from a sustained mechanism: 1.6% x 5 = 8.0%). Furthermore, the release
achieved after 80 days was only around 18%. The initial burst release might
be related to the free PYR adhered to the surface of PEDOT/NPs. The slow
release observed after that have been attributed to the fact that the poor affinity
of the encapsulated hydrophobic PC towards PBS does not compensate for the
strength of the interactions between PYR molecules and oxidized PEDOT

chains. Indeed, the solubility of PYR in water is very low (0.01 mg/mL),



Conducting polymer nanoparticles for voltage-controlled release of pharmacological chaperones

evidencing that PYR---water interaction cannot compete with PYR:--PYR
and PYR---PEDOT interactions.

The solubility of PYR in ethanol (EtOH), almost 10 mg/mL, is three orders
of magnitude higher than in water.®® This property was used to obtain a
complete and stable release profile as a function of the polarity of the release
medium, which was achieved by replacing PBS by PBS:EtOH mixtures with
increasing amount of co-solvent. More specifically, in such release assay,
which took three weeks, the medium used for the first, second and third week
was PBS, 90:10 PBS:EtOH, and 30:70 PBS:EtOH, respectively. The release
profile is displayed in Figure 3.2.9b, while the profile obtained for each
environment when a common starting point is imposed (i.e. release of 0% at
the starting period of each environment) is depicted in the inset. The
calibration curves obtained for such three media are plotted in Figure 3.2.10.
Results show that, after one week, the release in PBS and 90:10 PBS:EtOH is
4.8% + 0.5% and 3.4% + 0.6%, respectively, indicating that the addition of a
small amount of EtOH is not enough to facilitate drug diffusion from PEDOT
NPs. Instead, the release is complete (100%) after 7 days of exposure when
the 90:10 PBS:EtOH medium is replaced by 30:70 PBS:EtOH. These
observations, which are consistent with the fact that PYR has much higher
affinity towards EtOH molecules than towards water molecules, allow us to
conclude that PEDOT NPs can act as effective nanocarriers, minimizing the
PC’s loss by simple diffusion and, therefore, reducing undesired adverse

effects and increasing PC bioavailability.
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Figure 3.2.9. PC release from PEDOT/PYR NPs in: (a) PBS for 80 days at 37 °C. Inset: magnification
of the release profile for the first 24 h; and (b) PBS (first week), PBS:EtOH 90:10 (second week) and
PBS:EtOH 30:70 (third week) at 37 °C. Inset: Drug release profiles from PEDOT/PYR NPs in PBS,
PBS:EtOH 90:10 and PBS:EtOH 30:70 at 37 °C, which have been obtained by imposing a common

starting point: release of 0% at the starting period (t= 0 h) in each environment.
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Figure 3.2.10. Calibration curve for PYR in (a) PBS, (b) 90:10 PBS:EtOH and 30:70 PBS:EtOH.

3.2.3.4 Electrochemical properties

In order to maximize the therapeutic efficacy of the PCs, an accurately
controlled release should be achieved for prolonged and programmable
treatments (i.e. extended treatments based on time-controlled administration
of drugs). Before examining the electrochemical response of PEDOT/PYR
NPs, the redox behavior of PYR on a screen-printed carbon electrode (SPCE)
was investigated by cyclic voltammetry (CV) using a phosphate buffered
saline (PBS) solution at pH 7.4 as supporting electrolyte. The recorded
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voltammogram (Figure 3.2.11a) shows a well-defined anodic peak at 1.17 V
in the anodic scan, even though no reduction peak appeared when the potential
is reversed after oxidation. Although the characteristics of this voltammogram
have been mainly associated to the irreversible electrochemical oxidation of
the amino groups of PYR,* water electrolysis is also expected to contribute to

the intensity and irreversibility of the peak.

Figure 3.2.11b compares the cyclic voltammograms obtained for bare and
coated SPCEs, which were recorded in PBS at pH 7.4 and using a potential
window comprised between —-0.5 V (initial and final potential) and 1.4 V
(reversal potential). The electrochemical activity of the bare SPCE increases
noticeably upon coating with PEDOT or PEDOT/PYR NPs, as is reflected by
the increment of area in the recorded voltammograms. Moreover, the
enhanced electrochemical response of the coated SPCEs depends on the type
of NPs, being much higher for PEDOT/PYR than for PEDOT. Considering
that the amount of loaded PYR is not very high (PYR-LC =11.4 + 1.5 %), the
large electrochemical response of PEDOT/PYR NPs in comparison to PEDOT
NPs has been attributed to the synergistic effect of the two electroactive
species, the PEDOT chains and the PC. Thus, the electroactivity of the
PEDOT/PYR is significantly high in comparison to that of the two individual
species (i.e. PEDOT NPs and free PYR), as shown in Figure 3.2.12. On the
other hand, the electrochemical oxidation of PYR is still detected (as a
shoulder) in the voltammogram recorded for the SPCE coated with
PEDOT/PYR NPs.
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Figure 3.2.12. Cyclic voltammograms recorded from -0.5 to 1.4 V (scan rate: 100 mV/s) SPCEs coated
with free PYR, PEDOT NPs or PEDOT/PYR NPs.

The effect of the electrical voltage on the PYR release was examined using

two approaches: 1) CV; and 2) chronoamperometry (CA). Electrostimulation

by CV was performed by scanning the voltage in a window in which the
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chemical structure of the PYR could not be altered. Considering that PYR
oxidizes at around 1.2 V, CV stimulation was applied by ramping the voltage
linearly between —0.50 V (initial and final potential) to 0.50 V (reversal
potential) at a scan rate of 100 mV/s (i.e. 10 s per CV cycle). CV stimulus was
applied in a sustained way for 5, 15 and 30 min (i.e. 30, 90 and 180 consecutive
CV cycles, respectively), the drug retention being evaluated after such periods
of times. Figure 3.2.13a compares the shape of the voltammograms after 5,
10 and 15 min of sustained CV stimulation. It is worth noting that the shape
and area of the voltammograms are similar, suggesting that the kinetics of the
drug release is very slow. However, the reduction of the cathodic current
density and the consequent enhancement of the tail close to the final potential
indicate that the cathodic charge increases with time due to the release of the
drug during the anodic scan. Thus, the release of PYR enhances the porosity
of the NPs, favouring the exchange of ions at the interface with the electrolyte
and increasing the cathodic charge, as is reflected by the enhancement of the
area in the cathodic scan. Figure 3.2.13b represents the amount of PYR
released from PEDOT/PYR NPs after 5, 15 and 30 min of stimulation by CV,
which is compared with that observed from control experiments conducting
using the same intervals of time but without applying external stimuli. It is
worth noting that, although the PYR release is very low in both cases, the
amount of released drug determined by UV is ~50% higher for CV stimulated

samples than for non-stimulated ones.
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Figure 3.2.13. (a) Cyclic voltammograms recorded from —0.50 to 0.50 V (scan rate: 100 mV/s) for
PEDOT/PYR NPs after 5, 15 and 30 min of CV stimulation. (b) PYR release during 5, 15 and 30 min
without electrical stimulation (control) and with two different types of electrical stimulation CV (from
—0.50 to 0.50 V at a scan rate of 100 mV/s) and CA (constant voltage of 1.00 V).

Electrostimulation was also examined by CA applying a constant voltage
of 1.0 V during 5, 15 and 30 min. The amount of PYR released from loaded
NPs at such time intervals is also plotted in Figure 3.2.13b. As can be seen,
the drug released by CA stimulation is higher than that released in the absence
of stimulus by ~35%. However, the comparison between CV and CA stimuli
indicates that the former is more effective than the latter by ~15%. In both
cases, the release mechanism is hypothesized to be based on the effect of the
voltage in the strength of PYR---PEDOT interactions. More specifically, after
the injection of electrons, the amount of positive charge distributed along the
oxidized PEDOT chains decreases and, therefore, DBSA™ dopant anions are
expelled from the polymeric NPs. This change in the oxidation level of the
conducting polymer and the consequent reduction of DBSA™ anions affects
the strength of the interactions with the PC, which is partially released to the

medium. This treatment is more effective when the variation of the voltage is
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performed using dynamic scans, which allows a continuous re-structuration of
PYR in the polymeric NPs, than when a constant voltage is applied. On the
other hand, the variation in the release was found to be larger for CA than for
CV (Figure 3.2.13b). Thus, the application of a constant voltage of 1.0 V is
expected to have more effect on the structure of PEDOT NPs (i.e. altering the
structure of the NPs and reducing the control on the release) than the
—0.50-t0-0.50 V potential scan applied by CV.

3.2.3.5 Evaluation of cytotoxicity

Finally, the cytotoxicity of PYR was assessed on the commercial human
osteosarcoma MG-63 cell line. Figure 3.2.14a shows cell survival for the
different concentrations of such PC. The half-maximal inhibitory
concentration (IC50) value of PYR was slightly lower than 100 pug/mL and,
therefore, is classified as not cytotoxic. On the other hand, the cytotoxicity of
PEDOT and PEDOT/PYR NPs was also examined using the MG-63 cell line.
Figure 3.2.14b reflects that, cells are tolerant to PEDOT NPs, exhibiting
moderate reductions in cell viability. Instead, the cell viability decreases
significantly when the concentration of PEDOT/PYR NPs is higher than 0.5
mg/mL are used. In any case, such 1C50 value is still high, reflecting that the
utilization of PEDOT/PYR NPs for sustained electrical stimulation is a safe
strategy for the on-demand release of PC. The cytotoxic effect of DBSA,
which was used as dopant and stabilizer in the polymerization process, was
studied in recent work.®® Results showed that its cytotoxicity starts at low
concentration, elimination by successive washing steps after the synthesis of

the NPs being recommended.
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Figure 3.2.14. Dose-dependent viability of MG-63 cells treated with (a) free PYR and (b) PEDOT vs
PEDOT/PYR NPs.

3.2.4 Conclusions

One of the major advantages provided by PEDOT NPs is that the release of
PYR is very low in absence of stimulus, increasing considerably (~50%) when
sustained CV stimulation is applied for 30 min by scanning the voltage in a
small window. Consequently, this approach holds great promise for regulating
PYR to the desired optimal dosage. Other advantages that make PEDOT NPs
beneficial for the controlled release of PCs are: 1) the simplicity of the
synthesis, which allows the in situ PC-loading; 2) the high stability and fast
response against electrical signals of the PC-loaded NPs, which are even
higher than for unloaded NPs; and 3) the very low toxicity of PEDOT NPs.
Recent studies have demonstrated that drug-loaded conducting polymer NPs
can be injected in vivo and the drug-release be stimulated using
microelectrodes.*? However, PEDOT NPs have the potential to be considered
as promising electro-responsive nanocarriers for the on-demand wireless

activated®® delivery of other PCs.
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3.3 Polypeptide hydrogel loaded with conducting polymer
nanoparticles as electroresponsive delivery system of small
hydrophobic drugs

A hydrogel/nanoparticle-loaded system for the controlled delivery of small

hydrophobic drugs has been prepared using poly(y-glutamic acid) (PGGA), a

naturally occurring biopolymer made of glutamic acid units connected by amide

linkages between o-amino and vy-carboxylic acid groups, and poly(3,4-
ethylenedioxythiophene) (PEDOT), a very stable conducting polymer with
excellent electrochemical response. Specifically, curcumin (CUR)-loaded

PEDOT nanoparticles (PEDOT/CUR) were incorporated to the PGGA hydrogel

during the crosslinking reaction. After chemical, morphological and

electrochemical characterization, the release profiles of PEDOT/CUR and

PGGA/PEDOT/CUR systems have been compared in the absence and presence

of electrical stimuli, which consisted on the application of a voltage of —0.5 V for

15 min every 24 h. Results show that the release is higher for electrically

stimulated systems by more than twice, even though due to its hydrophobicity and

poor solubility in water the release was relatively slow in both cases. This feature
could be advantageous when the therapeutic treatment requires slow, controlled

and sustained CUR release.

Publication derived from this work

Hamidreza Enshaei, Brenda G. Molina, Anna Puiggali-Jou, Nuria Saperas, and Carlos Aleméan. 2022,
Submitted.
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3.3.1 Introduction

Recent development in drug release using polymeric systems has shown the
capability in delivering accurate amount of drugs using hydrogel, nanoparticles
(NPs), nano- and microfibers, and membrane-based reservoir devices.!™®
Furthermore, external stimulation signals such as temperature variation, 4
magnetic fields,*®'" radiation,*®® pH variation,?®?? and electric voltages, >’
have been used for triggering drug release rates and for controlling drug
administration at specific locations. Among these polymeric devices for on-
demand drug release, the ones that can be stimulated and controlled by electrical
signals have shown advantages in rapid responses with remote controls for local

treatments.28-30

Electrostatic forces between the drug and the charged polymeric matrix,
usually a conducting polymer (CP), play a prominent role in the release of drugs.
This is achieved by taking advantage of the oxidation-reduction properties of CPs,
which are controlled through external voltages to promote the formation-
disruption of drug---polymer interactions.3 Moreover, the intrinsic expansion
and contraction movements of CPs, which are due to their electromechanical
response, can be also used to induce the mechanical release of the drug. Although
such two mechanisms are frequently employed simultaneously,® the
electromechanical properties of CPs can be used as unique mechanism for drug

release.?

Curcumin (CUR) is a natural plant-based alkaloid derived from Curcuma
longa with proved antimicrobial,® anti-inflammatory,3* anti-diabetic,® and
anticancer,?*% properties. The wide spectrum of clinical applications together
with the low molecular weight, hydrophobicity, low toxicity, natural dyeing
property and rapid metabolism inside the body upon systemic administration of

CUR make it an ideal model compound to study the formulation design of small
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hydrophobic molecules.®” In fact, its extreme hydrophobicity limits the release of
CUR in aqueous biological environments, unless specifically designed
mechanisms based on their chemical properties are used. In recent years, different
polymeric devices have been designed to regulate the release of CUR using
external voltages by applying different mechanisms. The release of CUR from CP
NPs attached onto a glassy carbon surface has been demonstrated using negative
voltages, which induce the electrochemical de-doping (reduction) of the CP,
altering CUR---polymer interactions.®® Also, Puiggali-Jou et al.? loaded CP NPs
and CUR separately in electrospun poly(y-caprolactone) (PCL) microfibers. The
electromechanical response of the CP NPs to regularly applied potential pulses
altered the porosity of the microfibers, promoting the release of CUR from them.
In a very recent study, the release of CUR from electroresponsive hydrogels made
of CP-Alginate, which were prepared by forming separated CP- and alginate-rich
phases after gelling a mixture of CP and alginate, was achieved using a

mechanism similar to that of the CP NPs by applying a negative voltage.?®

Although a variety of polymeric platforms have been used for the on-demand
electrostimulated release of CUR release, more investigation is still necessary,
especially in the field of hydrogels. Thus, the main disadvantage of conductive
CP-alginate hydrogels is their low mechanical stability in absence of Ca?* ions,
which are necessary to crosslink alginate chains in alginate-rich phases.?® In this
work we present a different approach for the voltage-induced release of CUR from
poly-y-glutamic acid (PGGA) hydrogels, which contain CUR-loaded CP NPs.
After chemical, morphological and electrochemical characterization of such
system using the technique described in the Methods section, the contribution of
each element to the release of CUR has been analyzed by comparing the release
profiles obtained for CUR-loaded PGGA/CP NPs with those of CUR-loaded
PGGA and CUR-loaded CP NPs.
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3.3.2 Methods
3.3.2.1 Materials

Dodecyl benzenesulfonic acid (DBSA), ammonium persulfate (APS),
3,4-ethylenedioxythiophene  (EDOT), cystamine dihydrochloride, and
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC) (>98.0%)
and polyoxyethylenesorbitan monolaurate solution (Tween-20) were purchased
from Sigma-Aldrich Chemical Company. Free-acid poly(y-glutamic acid)
(PGGA) from Bacillus subtilis, with average molecular weight My= 350000, was

purchased from Wako Chemicals GmbH (Neuss, Germany).

3.3.2.2 Synthesis of loaded and unloaded poly(3,4-ethylenedioxythiophene)
nanoparticles (UPEDOT NPs)

15.8 mL of milli-Q water were placed in a 30 mL tube. After this, 96 uL of
DBSA were added and the solution was stirred at 40 °C for 1 h with a magnetic
stirrer set at 750 rpm. This was followed by the addition of 72 puL of EDOT
monomer and 2 mL of ethanol and, again, the mixture was stirred for 1 h at 750
rpm at 40 °C. Finally, 0.73 g of APS dissolved in 2 mL of milli-Q water were
added to the mixture. The reaction was maintained in agitation at 40 °C overnight
protected from light with aluminium foil. In this process, the color of the reaction
mixture changed from light grey to dark blue. No sedimentation was observed
after the reaction occurred, indicating a good colloidal stability. The side products
and unreacted chemicals were removed by a sequence of 3 centrifugations at
11000 rpm for 40 min at 4 °C. The resulting supernatants were decanted and the
pellet was dispersed in deionized water using a vortex and a sonication bath (15
min at room temperature). The last pellet was left under vacuum for two days,
then weighted and re-dispersed in the corresponding media at the desired

concentration.
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The synthesis of curcumin-loaded PEDOT NPs (PEDOT/CUR NPs) process
was identical to that described for UAPEDOT NPs with the exception that 2 mL of
a curcumin (CUR) solution (10 mg/mL in ethanol, EtOH) were at the same time
that the EDOT monomer.

3.3.2.3 Synthesis of unloaded poly(y-glutamic acid) (UPGGA) hydrogels

PGGA (0.071565 g) and EDC (0.14859 g) were dissolved in 1 mL of 0.5 M
NaHCOs at 4 °C under magnetic stirring (500 rpm). Then, cystamine
dihydrochloride (0.0563 g), was added to the solution and mixed during 2-3
minutes. The PGGA / EDC / cystamine molar ratio was 5/ 5/ 2.5. The final
solution was poured into circular molds (diameter of 10 mm and 5 mm in depth)
or square 3D printed molds (7x7 mm and 3 mm in depth). The solution was let to

gel at room temperature for 10 min.

3.3.2.4 Synthesis of poly(y-glutamic acid) hydrogels loaded with uPEDOT
NPs (PGGA/UPEDOT), PEDOT/CUR NPs (PGGA/PEDOT/CUR) and
PGGA/CUR

The procedure described for uPGGA hydrogel was also used to prepare loaded
PGGA/UPEDOT, PGGA/PEDOT/CUR and PGGA/CUR hydrogels. More
specifically, the only difference with respect to the preparation of uUPGGA
hydrogel is that the 0.5 M NaHCO3 solution used to dissolve the biopolymer
already contained the uPEDOT NPs, PEDOT/CUR NPs (20% w/w of NPs with
respect to the weight of PGGA) or free CUR (i.e. the exact amount of CUR that
applied in the sample PGGA/PEDOT/CUR). For this purpose, PEDOT NPs,
PEDOT/CUR NPs or free CUR were dispersed in 1 mL of 0.5 M NaHCO:s at
4°C and 1000 rpm during three days before adding the biopolymer for dissolution.
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3.3.2.5 UV-Vis spectroscopy

UV-Vis spectra were obtained using a Synergy HTX multi-mode reader. All

spectra were collected in reflectance mode and converted to absorbance.

3.3.2.6  Dynamic light scattering (DLS)

DLS studies were performed using NanoBrook Omni Zeta Potential Analyzer
from Brookheaven Instruments. Measurement consisted of 3 runs of 120 s each,
which were averaged to obtain the effective diameter. Samples were analyzed at

25 °C using a scattering angle of 90°.

3.3.2.7 Fourier transform infrared (FTIR) spectroscopy

FTIR transmittance spectra were recorded on a FTIR Jasco 4100
spectrophotometer equipped with an attenuated total reflection accessory (Top-
plate) with a diamond crystal (Specac model MKII 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™.

3.3.2.8 RAMAN spectroscopy

Micro-Raman spectroscopy assays were performed using a commercial
Renishaw inVia Samples were characterized by micro-Raman spectroscopy using
a commercial Renishaw inVia Qontor confocal Raman microscope. The Raman
setup consisted of a laser (at 785 nm with a nominal 300 mW output power)
directed through a microscope (specially adapted Leica DM2700 M microscope)
to the sample after which the scattered light is collected and directed to a

spectrometer with a 1200 lines-mm-1 grating. The exposure time was 10 s, the
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laser power was adjusted to 1% of its nominal output power and each spectrum

was collected with 3 accumulations.

3.3.2.9 Scanning electron microscopy (SEM)

Detailed inspection of the nanoparticles and hydrogel morphologies was
conducted by scanning electron microscopy (SEM). A Focus lon Beam Zeiss
Neon 40 instrument (Carl Zeiss, Germany) equipped with an energy dispersive
X-ray (EDX) spectroscopy system and operating at 5 kV was used. Samples were
mounted on a double-sided adhesive carbon disc and sputter-coated with an ultra-
thin carbon layer (6-10 nm) to prevent sample charging problems. The diameters
of the nanoparticles and the hydrogel pores were measured with the SmartTiff
software from Carl Zeiss SMT Ltd.

3.3.2.10 Electrochemical characterization

Electrochemical characterization was performed by cyclic voltammetry (CV)
using an Autolab PGSTAT302N Galvanostat equipped with the ECD module
(Ecochimie, The Netherlands). Measurements were performed on hydrogels
(7x7 mm?) fixed between two indium tin oxide coated poly(ethylene
terephthalate) (ITO-PET) sheets (1x2 cm), one as the working electrode and one
as the counter electrode- using a gripper. Oxidation-reduction cycles were
registered within the potential range of —0.2 to +1.0 V at a scan rate of 100 mV/s.
The electroactivity and electrostability were determined through direct measure
of the anodic and cathodic areas in the control voltammograms, using the GPES
software. The loss of electroactivity (LEA) was determined as:
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LEA= ﬁloo

Equation 3.3.1. LEA equation, where AQ is the difference of voltammetric charge between the second

cycle and the last cycle and Qi is the voltammetric charge corresponding to the second cycle.

Electrochemical impedance spectroscopy (EIS) diagrams were taken at open
circuit (OCP) over the frequency range of 100000 kHz to 0.1 Hz with potential
amplitude of 0.05 V using an AUTOLAB-302N potentiostat/galvanostat. All
experiments were performed at room temperature using a PBS 0.1 M solution as

electrolyte.

3.3.2.11 Release from PEDOT/CUR NPs

For the release without external stimulation, 50 pL of a 10 mg/mL
PEDOT/CUR NPs dispersion in milli-Q water were introduced in an Eppendorf.
After water evaporation, 1 mL of phosphate buffer saline (PBS) solution with a
very small amount (0.05%) polyoxyethylenesorbitan monolaurate solution, a non-
ionic emulsifying agent widely employed in biomedical and pharmaceutic
applications against aggregation, was added to the Eppendorf. The system was
kept in an incubator at 37 °C with 120 rpm agitation during the release process.

The medium was taken at specific time points and replaced with fresh medium.

3.3.2.12 Electrical stimulation for CUR release

For the stimulated release, 50 pL of a 10 mg/mL PEDOT NPs dispersion in
milli-Q water were placed on a drop sense electrode. After drying, the electrode
was put inside a three-electrode electrochemical cell with 1 mL of PBS solution
with a very small amount (0.05%) polyoxyethylenesorbitan monolaurate solution.
Platinum was used as the counter electrode, while an Ag|AgCl electrode
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containing a KCI saturated aqueous solution was the reference electrode (offset
potential versus the standard hydrogen electrode, E° = 0.222 V at 25 °C). The
electrical stimulus consisted of applying a voltage of —0.50 V for 15 min every 24
h. The system was kept in an incubator at 37 °C with 120 rpm of agitation during

the whole release process.

Quantification of the released CUR in the extracted medium was performed by

UV-Vis spectroscopy by measuring the absorbance at A = 427 nm.

3.3.3 Results and discussion

In this work, PEDOT was selected as CP due to its excellent electrical and
electrochemical properties and great environmental stability.>**! Furthermore,
PEDOT is a biocompatible material currently used for biomedical applications.*>
4 Indeed, PEDOT devices (e.g. films and NPs) exhibit very low intrinsic
cytotoxicity and display no inflammatory response upon implantation, making
them ideal for bioengineering applications that require electro-responsive

materials.*4 %

Unloaded (control) and CUR-loaded PEDOT NPs, hereafter denoted UPEDOT
and PEDOT/CUR, respectively, were prepared by emulsion polymerization
adapting a previously described procedure.”® Dodecylbenzenesulfonic acid
(DBSA) was used as surfactant to lower the interfacial tension, allowing the
emulsification of 3,4-ethylenedioxythiophene (EDOT) monomers, and as dopant
agent to stabilize the formed CP chains, whereas the oxidation agent was
ammonium persulfate (APS). CUR was loaded by adding an ethanol drug solution
to the reaction medium. The behavior of the NPs obtained using this procedure as
appropriated material for biomedical applications (i.e. in terms of cytotoxicity,

biocompatibility and inflammatory response) was previously reported.?4’
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FTIR spectra of EDOT monomer, uPEDOT NPs, free CUR and PEDOT/CUR
NPs are shown (Figure 3.3.1a). The FTIR spectrum of EDOT monomer shows
remarkable bands centered at 1181 and 750 cm™ with relative intensities of 1:1,
which correspond to the C-O-C bending mode of the ethylenedioxy moiety and
the C*—H out-of-plane bending mode, respectively. In uPEDOT NPs, the C-O-C
bending and the C*—H out-of-plane bending modes appear at 1180 and 739 cm™,
respectively, with relative intensities of 5:1. The significant reduction in the
intensity of the C“—H out-of-plane bending band proves the success of the
polymerization process and the formation of linear molecules through o,o-
linkages. On the other hand, the characteristic CUR bands, which are identified at
3506 (OH), 1594 (C=0) and 1269 cm (enol C-0), are detected in the spectra of
the free drug and PEDOT/CUR NPs, reflecting the success of the loading process.
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Figure 3.3.1. FTIR spectra of: (a) EDOT monomer, uPEDOT NPs, free CUR and CUR-loaded PEDOT NPs
(PEDOT/CUR NPs); and (b) uPGGA, PGGA loaded with PEDOT NPs (PGGA/uPEDOT) or PEDOT/CUR
NPs (PGGA/PEDOT/CUR).

After this, CP NPs were dispersed inside a biodegradable and biocompatible
hydrogel. Poly(y-glutamic acid) (PGGA), which is a naturally occurring

biopolymer made of glutamic acid units connected by amide linkages between
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a-amino and vy-carboxylic acid groups, was selected since it fulfils the
requirements for controlled drug delivery, as recently reviewed.*84°
PEDOT/CUR and uPEDOT NPs were dispersed in situ during the PGGA
crosslinking, which was performed using a previously reported procedure.>
More specifically, PGGA was dissolved in a 0.5 M NaHCO3 solution containing
the corresponding NPs, while 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
methiodide (EDC) and cystamine dihydrochloride were used to activate and
crosslink the biopolymer chains, respectively. Hereafter, the hydrogels loaded
with PEDOT/CUR and uPEDOT NPs are denoted PGGA/PEDOT/CUR and
PGGA/UPEDOQOT (control), respectively. In addition, unloaded PGGA (UPGGA)
and PGGA loaded in situ with free CUR (PGGA/CUR) were prepared for
comparison. The complete synthetic procedures used for all hydrogels, which
gelled in circular molds (diameter of 10 mm and 5 mm in depth) or square 3D
printed molds (7x7 mm and 3 mm in depth), are described in the Methods section.

Figure 3.3.2a compares the consistency and color of UuPGGA,
PGGA/PEDOT/CUR and PGGA/UPEDOT hydrogels. Although all samples were
robust, the color exhibited by loaded hydrogels reflected the success of the
encapsulation process. Thus, PGGA/UPEDOT and PGGA/PEDOT/CUR showed
a dark blue coloration, which was attributed to the CP NPs, whereas PGGA/CUR
was orange, confirming the encapsulation of CUR. Figure 3.3.1b compares the
FTIR spectra of uPGGA, PGGA/UPEDOT and PGGA/PEDOT/CUR. uPGGA
exhibits the typical amide I (C=0 stretching) and amide Il (C—N stretching, N-H
bending, and C—C stretching) bands at 1628 and 1537 cm™, respectively. The
absence of the C=0 stretch of the free carboxylic acid and the asymmetric COO~
stretch, which are detected at 1728 and 1589 cm* before the crosslinking reaction
PGGA (Figure 3.3.3), respectively, together with the significant enhancement of
the amide I and Il bands, evidence the formation of cystamine-mediated -CONH-

crosslinks between the biopolymer chains.
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Figure 3.3.2. (a) Photographs of the prepared hydrogels: uPGGA, PGGA/uPEDOT, PGGA/CUR and
PGGA/PEDOT/CUR; (b) Left: Raman spectra of uPGGA, uPEDOT NPs, free CUR, PGGA/uPEDOT and
PGGA/PEDOT/CUR. Excitation wavelength: 785 nm. Right: images obtained using a confocal Raman
microscope for uPGGA, PGGA/uPEDOT and PGGA/PEDOT/CUR hydrogels. (c) UV-Vis spectra of
uPGGA, uPEDOT NPs, free CUR, PGGA/uPEDOT and PGGA/PEDOT/CUR.

Other important bands for UPGGA appear at 3270, 2930, 1392 and 1260 cm,
which correspond to the O—H stretching, CH> asymmetrical stretching, amide 111
(vC—N + 6NH) and the free OH in plane bending. Although the shoulder at 1060
cm* has been attributed to the C—-O—C stretching vibration of PEDOT chains, the
loading of uPEDOT and PEDOT/CUR NPs in PGGA/UPEDOT and
PGGA/PEDOT/CUR hydrogels cannot be clearly disclosed from the
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corresponding FTIR spectra, as they are clearly dominated by the PGGA
fingerprints.

In order to confirm the loading of PEDOT/CUR and uPEDOT NPs in the
hydrogels, micro-Raman spectroscopic analyses were performed. Raman
fingerprints of uUPGGA hydrogel, uPEDOT NPs and free CUR are shown in
Figure 3.3.2b. The PGGA hydrogel shows the characteristic peak at 1291, 1451
and 1668 and 2935 cm™, which correspond to the amide 111, CHz deformation (i.e.
the amide Il band is generally very weak or not observed in Raman spectra),
amide | and CH. stretching, respectively. The Raman fingerprints of uPEDOT
NPs appear at 992, 1259, 1368, 1424 and 1495 cm™, which have been related to
the oxyethylene ring, C.—C, inter-ring stretching, Cp=Cp stretching, symmetric
C.=Cjp stretching and asymmetric C,=Cg stretching vibrations, respectively.®* For
free CUR powder, the most intense bands appearing at 1603 and 1631 cm™ were
assigned to the benzene ring, while the bands at 966 and 1185 cm™ were
associated to the C-O-H and C-O-C vibrations. The C-O stretching vibrations
of enol and phenol were identified with the peaks detected at 1250 and

1431 cm™, respectively.
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Figure 3.3.3. FTIR spectra for non-crosslinked PGGA powder (dark green) and the lyophilized uPGGA
hydrogel (light green).

In the Raman spectrum of the loaded PGGA/CUR hydrogel (Figure 3.3.4),
characteristic peaks of the free drug (1185, 1252, 1433, 1602 and 1630 cm™) and
the unloaded hydrogel (1452, 1666 and 2935 cm™) are clearly distinguished,
evidencing that the drug can be directly loaded in the hydrogel. Inspection of the
optical microscopy images taken from the regions analyzed by micro-Raman
spectroscopy does not reveal significant morphological differences between the
unloaded and CUR-loaded hydrogels (Figure 3.3.4). Conversely, Figure 3.3.2b
shows that the Raman spectra of PGGA/UPEDOT and PGGA/PEDOT/CUR are
clearly dominated by the CP fingerprints. This observation is clearly illustrated in
Figure 3.3.5a and b, which display the spectra of PGGA/PEDOT and
PGGA/PEDOT/CUR, respectively, superposed to those of their individual
components. This fact occurs due to the resonance Raman effect, which increases

the intensity of the bands of the material when the incident radiation coincides
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with the frequency of an electronic transition of the sample.®>%® In
PGGA/UPEDOT and PGGA/PEDOT/CUR, the excitation wavelength (785 nm)
corresponds to an electronic transition occurring in CP NPs, the intensity of their
bands being enhanced compared to those of uPGGA and CUR. On the other hand,
optical microscopy images reveal significant morphological differences between
UPGGA and both PGGA/UPEDOT and PGGA/PEDOT/CUR (Figure 3.3.2b),
which have been attributed to the unloaded or loaded CP NPs.
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Figure 3.3.4. Left: Raman spectra of uPGGA hydrogel, free CUR and PGGA/CUR hydrogel. Right: Images
obtained using a confocal Raman microscope for uPGGA and PGGA/CUR hydrogels. The shift is labelled
for the most characteristic peaks of uPGGA and free CUR spectra. Arrows in the PGGA/CUR spectrum
indicate the peaks coming from uPGGA (green) and free CUR (pink).
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Figure 3.3.5. (a) Superposition of the Raman spectra recorded for uPGGA hydrogel, uPEDOT NPs and
PGGA/uPEDOT hydrogel. (b) Superposition of the Raman spectra recorded for uPGGA hydrogel,
uPEDOT NPs, free CUR and PGGA/PEDOT/CUR hydrogel.

Despite the presence of drug in PGGA/PEDOT/CUR was not detected by
micro-Raman spectroscopy, the fact that the drug remains charged once the
hydrogel has formed was unambiguously demonstrated by UV-Vis spectroscopy.
Figure 3.3.2c compares the absorption spectra recorded for uPGGA, uPEDOT
NPs, free CUR, PGGA/UPEDOT and PGGA/PEDOT/CUR. uPEDOT NPs show
an absorption band centered at 791 nm that is related with bipolaronic states of
the CP.>* CUR exhibits an absorption band with a maximum at 380 nm, which
has been attributed to its neutral form,> that does not overlap the CP NPs
absorption peak at 791 nm. The UV-Vis spectrum of PGGA/PEDOT/CUR
maintains the peak of CUR, even though the maximum shifts to 420 nm due to
the effect of CP NPs. As shown in the figure, this peak is completely absent for
PGGA/UPEDOT.

The average diameter of UPEDOT and PEDOT/CUR NPs, as determined by

dynamic light scattering (DLS) is shown in Figure 3.3.6a. The encapsulation of
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the drug increased the size by around 25%. Conversely, micrographs recorded by
scanning electron microscopy (SEM) reflected that the average diameter is similar
for the drug-loaded and unloaded NPs (Figure 3.3.6b). The expected difference
between DLS- and SEM-measured diameters should be attributed to the following
two reasons: 1) DLS measures the intensity of the scattered light, which is
proportional to the sixth power of the particle diameter and, therefore, overrates
the larger particles due to their much stronger scattered light intensity. Instead,
SEM averages depend on the number of measures, gives the same weight to all
them; and 2) SEM sizes represent the core of the particles because the solvated
polymeric shell collapses during drying and in the high vacuum chamber of the
microscopy, whereas DLS represents the hydrodynamic size of the nanoparticles
dispersed in liquids, including the surrounding solvent layer and leading to a
larger nanoparticle size, in general. On the other hand, Figure 3.3.6¢c and d present
representative SEM micrographs of PEDOT/CUR and uPEDOT NPs, which

illustrate their coral-like morphology.

The average size and the unimodal size distribution histogram (Figure 3.3.7)
are optimal for the utilization of PEDOT/CUR in biomedical applications, as for
example the delivery of CUR as anticancer drug, since it would enable
intravenous administration and passive tumor targeting via the enhanced
permeability and retention effect.® The encapsulation efficiency (EE, in %),
which was expressed as percentage of CUR successfully encapsulated with
respect to the CUR introduced in the reaction medium for preparing PEDOT/CUR
NPs, and the loading capacity (LC, in %), which corresponds to the percentage of
CUR encapsulated with respect to the total weight of the NPs, were determined
by dissolving the loaded drug in ethanol and using UV-Vis absorbance for
quantification. The EE and LC values obtained using the calibration curve in
ethanol (Figure 3.3.8a) were 3.8+0.4% and 19.0+£7.2%, respectively. These

values decrease when the PGGA hydrogel is used to encapsulate both the
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PEDOT/CUR NPs and free CUR, which was attributed to the hydrophobicity of
the drug. Thus, for PGGA/PEDOT/NPs the EE and LC values were 0.53+£0.04%
and 0.93+0.03%, respectively, and for PGGA/CUR were 0.49+0.04% and
1.92+0.18%, respectively.
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Figure 3.3.6. (a,b) Comparison of PEDOT/CUR and uPEDOT NPs size as determined by (a) DLS and
(b) SEM measurements. Average values and the corresponding standard deviations are indicated in
nm. (¢, d) SEM micrographs with 20 k magnification (top) and 10 k magnification (bottom) of (c)
PEDOT/CUR and (d) uPEDOT NPs.
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Figure 3.3.7. Size distribution histograms for (a) PEDOT/CUR and (b) uPEDOT NPs as obtained from
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Figure 3.3.8. (a) Calibration profile for CUR in ethanol (absorbance measured at A = 427 nm). (b)
Calibration profile for CUR in PBS with a very small amount (0.05%) polyoxyethylenesorbitan

monolaurate solution (absorbance measured at A = 427 nm).

The porous structure of the prepared hydrogels was also characterized by SEM.
Figure 3.3.9 compares cross-sectional low- and high-magnification SEM
micrographs of UPGGA, PGGA/CUR, PGGA/UPEDOT and
PGGA/PEDOT/CUR hydrogels. The uPGGA hydrogel exhibits a highly porous
honeycomb-like appearance (Figure 3.3.9a). The long axis of the pores, which

showed irregular shape, was found to be 12.8 + 4.4 um, whereas the thickness of
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the pore wall was less than 1 pum. The structure of the hydrogel changes in
PGGA/CUR (Figure 3.3.9b). Thus, the drug, which organizes forming NPs of
diameter less than 0.1 pum, is adsorbed on the surface of the pore walls. Indeed,
the thickness of the pore wall and the average pore size increase heterogeneously
upon several tens of micrometers and 18.3 +5.9 um, respectively. Similarly, the
pore size distribution becomes wider in comparison to uUPGGA. The distinctive
structure of PGGA/CUR has been attributed to a phase separation process
between the in situ loaded hydrophobic CUR and hydrophilic biopolymer chains
during the crosslink process. On the other hand, the pore size decreases upon
loading of UPEDOT NPs (Figure 3.3.9c). Thus, although PGGA/UPEDOT
hydrogel exhibits a honeycomb-like structure with thin pore walls, the size of the
pore is around 40% smaller than for uPGGA. Moreover, UPEDOT NP aggregates
attached to the pore walls are clearly distinguished.

PGGA/PEDOT/CUR hydrogels present a structure that is intermediate
between those of PGGA/CUR and PGGA/UPEDOT. Thus, PGGA/PEDOT/CUR
presents thick pore walls, similar to those found for PGGA/CUR. Instead, the
average pore size (9.0+1.4 um) is close to that of PGGA/uPEDOT, even though
exhibiting a wider distribution. Furthermore, adhered PEDOT/CUR NPs are not
forming aggregates, as UPEDOT NPs, but are dispersed on the pore walls, as drug
NPs in PGGA/CUR.
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Figure 3.3.9. Low- and high-magnification cross-sectional SEM images (left and center, respectively)
and distribution of the pore size (right) of (a) uPGGA, (b) PGGA/CUR, PGGA/uPEDOT and
PGGA/PEDOT/CUR hydrogels. Representative NPs are marked by red circles. The average pore size
(long axis) is provided for each hydrogel.

The electrochemical properties of UPGGA, PGGA/CUR, PGGA/UPEDOT
PGGA/PEDOT/CUR, which were evaluated using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), are displayed in Figure 3.3.10.
Comparison between uPGGA and PGGA/CUR cyclic voltammograms recorded
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in PBS 0.1 M (pH 7.3) reveals that the latter exhibits an oxidation peak with an
oxidation potential higher than the reversal potential (1.0 V), which has been
attributed to the irreversible electro-oxidation of CUR (Figure 3.3.10a).%” The
loading of UPEDOT or PEDOT/CUR NPs resulted in a significant increment of
the electrochemical activity, as reveals the increment in the voltammetric area of
PGGA/UPEDOT and PGGA/PEDOT/CUR with respect to uPGGA.

Detailed inspection of the cyclic voltammogram recorded for PGGA/UPEDOT
reveals two oxidation peaks (O1 and Oz in Figure 3.3.10a): the first at around 0.2
V and the second at a potential higher than the reversal potential. In addition, two
reduction peaks at around 0.15 and 0.75 V (R: and Rz in Figure 3.3.10a) were
detected in the cathodic scanning, indicating the presence of redox pairs in the
recorded potential windows (from —-0.2 V to 1.0 V). This has been interpreted as
the formation of polarons in the CP chains. Although similar features are observed
for PGGA/PEDOT/CUR, these are less pronounced, which has been attributed to
the interfering effects of the electroactive drug. These features are quantitatively
reflected in Figure 3.3.10b, which represents the voltametric charge (Q) of the
four studied hydrogels. As shown, the highest Q was reached for
PGGA/UPEDOT, whereas the loading of PEDOT/CUR NPs resulted in a

reduction of 12% due to interfering effects.
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Figure 3.3.10. (a, c) Cyclic voltammograms and (b, d) voltammetric charges determined for uPGGA,
PGGA/CUR, PGGA/uPEDOT and PGGA/PEDOT/CUR hydrogels in PBS 0.1 M (pH 7.4). Graphics
correspond to the (a, b) first and the (c, d) 50th consecutive redox cycle. Initial and final potentials: -
0.2 V; reversal potential: 1.0 V; scan rate: 100 mV/s. Oxidation and reduction peaks found for

PGGA/uPEDOT are labelled in (a) as 01, 02, R1 and R2.

Cyclic voltammograms obtained after 50 consecutive redox cycles in a
potential between —0.2 V (initial and final potential) and 1.0 V (reversal potential),
are shown in Figure 3.3.10c. Comparison with the control voltammograms
(Figure 3.3.10a) reveals that, in all cases, the area of the voltammograms
decreased with the increasing number of cycles, as is also reflected by the values
of Q displayed in Figure 3.3.10d. As it was expected, the loss of electrochemical
activity (LEA; Equation 3.3.1) was found to depend on the composition of the
hydrogel. More specifically, the LEA of uPGGA and PGGA/CUR was very
similar (22% + 3% and 25% + 5%, respectively), which is consistent with the fact

that electrooxidation of CUR is an irreversible process. Conversely, the LEA of



Polypeptide hydrogel loaded with conducting polymer nanoparticles as electroresponsive delivery system
of small hydrophobic drugs.

PGGA/UPEDOT is very small (13% * 4%), indicating that uAPEDOT NPs impart
electrochemical activity to the PGGA hydrogel. Thus, the electrostability of
PEDOT has been proved to be outstanding among CPs.%%8%° However, a higher
LEA was reached by PGGA/PEDOT/CUR (20% + 4%), indicating that the
interference between CUR and PEDOT also affects negatively to the
electrochemical stability of the loaded hydrogel.

The conductivity of uPGGA, PGGA/UPEDOT and PGGA/PEDOT/CUR
hydrogels was determined by electrochemical impedance spectroscopy (EIS).
Before recording the spectra, hydrogels were anchored on indium tin oxide coated
poly(ethylene terephthalate) (ITO-PET) and incubated in PBS 0.1 M (pH 7.3) for
24 h to ensure swelling to equilibrium. Results, which were plotted in the form of
Nyquist and Bode plots, are shown in Figure 3.3.11. Inspection of the Nyquist
plots (Figure 3.3.11a), in which the real part of the impedance (Z’) is plotted
versus the negative part of the impedance (—Z’’), reveals a similar profile for all
hydrogels, which contains only spike. The bulk resistance (Rp) value of the
hydrogels was obtained from the intersection between the spike and the real axis.
The fact that the Ry of hydrogels is very similar to that of bare ITO-PET electrodes
indicates that the studied hydrogels present good interfacial contacts with the
ITO-PET electrode. Ry is largely influenced by the resistance of the electrolytic
solution inside the pore, which depends on the ionic concentration, type of ions,
temperature and the geometry of the area in which the current is carried (i.e.
hydrogel pore area). Considering that in this work all hydrogels were soaked in a
PBS 0.1 M electrolytic solution and that the temperature was very similar in all
experiments, the small variation expected among the different analyzed systems
should be attributed to the different concentration of ions inside the hydrogels (i.e.
the doping capacity of the hydrogels) and the morphology of the hydrogel (i.e.
pore area). Thus, the lower the concentration and the mobility of ions (i.e. more
restricted by the morphology) in the hydrogel, the higher the Ry value will be.
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The Bode diagram, which represents the frequency response of impedance
(Figure 3.3.11b), reflect that all hydrogels exhibited high impedance values at
high frequencies (> 1 kHz) due to capacitive currents, even though at
physiologically-relevant low frequencies the impedance is lower for hydrogels
than for ITO. Despite this expected result, it should be remarked that
PGGA/PEDOT/CUR is the hydrogel with highest impedance at low frequencies.
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Figure 3.3.11. (a) Nyquist and (b) Bode plots of uPGGA, PGGA/PEDOT and PGGA/PEDOT/CUR
hydrogels.

The CUR release profiles without and with electrical stimulation (ST) obtained
for PEDOT/CUR NPs in phosphate buffer saline (PBS) solution with a very small
amount (0.05%) polyoxyethylenesorbitan monolaurate solution, a non-ionic
emulsifying agent widely employed in biomedical and pharmaceutic applications
against aggregation, are compared in Figure 3.3.12a. The stimulation consisted
in the application of an electric voltage of —0.50 V for 15 min every 24 h.
Although a sustained release was observed in both cases, it should be remarked
that it was two and a half higher with ST than without stimulus, which is
consistent with previous observations in which the capacity of PEDOT NPs as

electro-responsive drug carriers was proved.?
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Figure 3.3.12. Release profiles without (blue circles) and with (orange triangles) electrical
stimulation (ST)obtained for (a) PEDOT/CUR NPs, (b) PGGA/PEDOT/CUR and (c) PGGA/CUR

hydrogels in PBS with a very small amount (0.05%) of polyoxyethylenesorbitan monolaurate solution.

Figure 3.3.12b displays the release profiles of PGGA/PEDOT/CUR hydrogels
without and with ST, which present significant differences with respect to those
obtained for PEDOT/CUR. Thus, the release of CUR is much slower from
hydrogels than from CP NPs, independently of the ST. This feature suggests that,
as this drug is hydrophobic and exhibits very poor solubility in water, it remains
encapsulated inside the hydrogel, interacting with PGGA chains, once it is
released from the NP. In spite of this, the amount of CUR released with ST is
more than twice that without ST (i.e. ~12% vs. ~5% after 96 h). This hypothesis
is fully consistent with the release profiles obtained for PGGA/CUR

(Figure 3.3.12c), which reflect very slow release of drug. Moreover, as it was
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expected from the absence of electrochemically responsive CP NPs, the profiles
with and without ST are very similar.

3.3.4 Conclusions

We have introduced a new system, which combines the advantages of
biohydrogels and the electrochemical activity of CP NPs to regulate the release
of CUR. The release of this drug, which is a potent anti-inflammatory molecule
that halts cancer initiation and progression, represents a challenge due to its poor
solubility in water and rapid metabolism. PEDOT NPs, which are much smaller
than hydrogel micropores (i.e. nanometric versus micrometric length scales),
were chosen as suitable nanocarriers of CUR due to their excellent
electrochemical response, high stability and previously proved biocompatibility.
On the other hand, hydrogels prepared using PGGA, which is a water-soluble,
anionic, biodegradable, and edible biopolymer, are biocompatible and
environmentally friendly materials that can be used for biomedical applications.
The innovative combination of PEDOT NPs and PGGA hydrogel, two entirely
different types of biomaterials, has generated a novel hybrid material with
increased structural diversity and enhanced drug delivery properties for the
controlled release of CUR. This hybrid biomaterial has shown that the slow but
sustained CUR release observed in the absence of external stimulus can be
enhanced by applying an electrical voltage, allowing to modulate the release

kinetics.

In summary, progress in materials development by combining hydrogels and
conducting NPs has led to design a smart stimuli-responsive system,
PGGA/PEDOT/CUR, which is able to deliver the small hydrophobic drug in

temporal and dosage-controlled fashions. The assembly of biocompatible
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materials susceptible to specific exogenous stimulus allows great flexibility in the

design of specific drug-carriers with potential biomedical applications.
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3.4 Scaffolds for sustained release of ambroxol hydrochloride, a
pharmacological chaperone that increases the activity of
misfolded B-Glucocerebrosidase

Ambroxol is a pharmacological chaperone (PC) for Gaucher disease that
increases lysosomal activity of misfolded B-glucocerebrosidase (GCase) while
displaying a safe toxicological profile. In this work, we have developed different
poly(e-caprolactone) (PCL)-based systems to regulate the sustained release of
small polar drugs in physiological environments. For this purpose, ambroxol has
been selected as test case since the encapsulation and release of PCs using
polymeric scaffolds have not been explored yet. More specifically, ambroxol has
been successfully loaded in electrospun PCL microfibers, which have been
subsequently coated with additional PCL layers using dip-coating or spin-coating.

The time needed to achieve 80% release of loaded ambroxol increases from ~15

min for uncoated fibrous scaffolds to 3 days and 1 week for dip-coated and spin-

coated systems, respectively. Furthermore, we have proved that the released drug
maintains its bioactivity, protecting GCase against induced thermal denaturation.

Publication derived from this work

Hamidreza Enshaei, Brenda G. Molina, Luis J. del Valle, Francesc Estrany, Carme Arnan, Jordi Puiggali,

Ndria Saperas and Carlos Aleman, Macromolecular Bioscience,2019,19, 1900130.
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3.4.1 Introduction

Existing polymer-based drug delivery systems can be divided into two groups
based on their mode of administration. The first relies on systemic delivery and
consists of nano-materials such as polymer nanoparticles, liposomes, and
dendrimers. These delivery vehicles, which are predominantly intended for oral
or intravenous administration, find their target by passive diffusion or by
triggering the release of payload from an environment-responsive nano-carrier
using a local stimulus (i.e. pH, temperature, etc). However, systemic delivery may
result in suboptimal drug therapeutic concentration, leading to erroneous
conclusions regarding agent efficacy. The second group of polymer delivery
vehicles (and focus of this research) includes controlled release drug delivery
depot systems for implantation inside or adjacent to the target tissue. The majority
of these local polymer device systems are biodegradable so as to circumvent a
second surgery for device removal and to avoid a chronic foreign-body immune
response. The polymers used in these systems are often hydrophobic in nature,
and are ideally suited for long-term delivery and internal stabilization of sensitive
water-insoluble hydrophobic drugs. Nevertheless, long-term delivery of polar
drugs remains a challenge since they are rapidly extracted from the vehicle by the
aqueous environment of the target, making difficult the achievement of sustained

concentrations in detriment of the localized therapy.

On the other hand, pharmacological chaperone (PC) therapy is an emerging
therapeutic approach for the treatment of protein misfolding diseases, which
consists of a diverse group of disorders associated with the incorrect folding of
specific proteins.)™* Some misfolding diseases are due to missense protein
mutations that cause abnormal conformations and the consequent loss of the
function. PC therapy is based on the use of small molecule ligands (i.e. the PCs)
that selectively bind and stabilize mutated proteins, thus, favoring their correct

conformation.>*! Therefore, the activity of the mutated proteins is partially
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rescued, which has a favorable impact on the patient status and the rate of disease

progression.

This work aims to design a long-term delivery polymer vehicle for polar
hydrophilic drugs, which does not affect the bioactivity. For this purpose, we have
chosen ambroxol hydrochloride (AH; Figure 3.4.1), a mucolytic agent that
potentiates the activity of sodium channels, which has been shown to act also as
a PC for the lysosomal enzyme B-glucocerebrosidase (GCase). Mutations in the
GCase gene cause Gaucher's disease, which is the most prevalent lysosomal
storage disease. AH has been shown to promote and stabilize the proper folding
of GCase in the endoplasmic reticulum.*® The PC role played by AH in the
enhancement of the activity of misfolded GCase has been demonstrated using in
vitro'?™® and in vivo models.*®" Furthermore, recent clinical trials in patients

with Gaucher disease showed that AH led to substantial clinical improvement.'®

OH
Br \O/
N

H
NH2 H—CI
Br

Figure 3.4.1. Chemical structure of AH

Although AH can be administered orally or through intravenous injection, the
tissue distribution is unfortunately rather heterogeneous (e.g. AH is much easily
distributed in lung tissue than in brain tissue)!? and, therefore, its encapsulation
into carriers to regulate its release might be highly desirable from a therapeutic
point of view. In general, on demand local delivery of drug molecules provides a
means for effective drug distribution and dosing, fulfilling requirements for a
variety of therapeutic applications while reducing the adverse effects of systemic

drug administration.’®2! Indeed, recent advances have facilitated the use of
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various cues, such as UV- and visible-wavelength light, NIR radiation, magnetic
field, ultrasound or electrical stimulation to trigger the release of different types
of drugs from smart materials.?*2® Besides, as the utilization of PCs is a
therapeutic paradigm recently launched, the encapsulation and release of these
small ligands using polymeric scaffolds have not been explored yet. Studies

oriented towards this aim might be useful in a near future.

In this work we have engineered poly(e-caprolactone) (PCL) layered systems
consisting of electrospun microfibers (MFs), which successfully encapsulate the
PC, protected with a coating that regulates the release. This protection has been
achieved by sandwiching the loaded MFs between two outer spin-coated
nanomembranes (NMs) or by dip-coating the loaded MFs into a polymer solution.
Electrospinning is a well-known electrostatic technique that uses a high voltage
field to charge the surface of a polymer solution droplet at the end of a capillary
tube and induce the ejection of a liquid jet towards a grounded target
(collector).2’~%0 Morphology of fibers obtained in the collector depends on the
solution properties (e.g. viscosity, dielectric constant, volatility and
concentration) and operational parameters (e.g. strength of the applied electric
field, deposition distance and flow rate), which should be conveniently
addressed.®1:32 In recent years, electrospinning experienced a fast developing to
simultaneous treatment of multiple fluids for creating complex nanostructures,
such as core-shell, tri-layer from the coaxial and tri-axial electrospinning
processes.®3%* Although these core-shell nanostructures can provide tunable drug
sustained release profiles,®* the after-treatment of nanofibers from a single-fluid
blending process represents another way for achieving an improved sustained
release. We have focused on this second approach which, due to its macro-scale

nature, has the advantage of being more easily scaled-up.

On the other hand, PCL has attracted an increasing interest in recent decades
due to its biodegradability, easy processability and suitability for tissue



Scaffolds for Sustained Release of Ambroxol Hydrochloride, a Pharmacological Chaperone that Increases
the Activity of Misfolded B-Glucocerebrosidase.

engineering applications.3"*° The use of this aliphatic polyester for biomedical
applications was approved by the USA Food and Drug Administration (FDA) in
the seventies and PCL can be found in many common sutures and suture
components. Although small hydrophobic drugs were successfully loaded and
smartly released from PCL electrospun fibers,?4° the polarity of the studied PC
has motivated the design of the PCL-based layered systems to obtain slow and
sustained release of active AH in physiological media. Thus, the polar hydrogen
bonding acceptor and donor groups identified in the chemical structure of AH
(Figure 3.4.1) are expected to favor a very fast release rate in hydrophilic
physiological environments, making difficult its dosage when continued
administration is required. In order to avoid such limitation, which is can be
extrapolated to other polar and hydrophilic drugs, in this work we propose

different coating strategies to regulate the release depending on the necessities.

3.4.2 Methods
3.4.2.1 Materials

PCL (Aldrich, UK, Mn: 80,000), AH (Sigma, Italy), chloroform (Scharlau,
Spain; stabilized with amylene, 99.8% pure), acetone (Sigma, South Korea,
99.9% pure) formic acid (FA; Panreac, E.U.,, 98% pure), and
2,2,2-trifluoroethanol (TFE; Sigma, USA, 99% pure) were used as received.

3.4.2.2 Electrospinning

PCL is frequently electrospun from chloroform or chloroform:acetone
solutions®#4% but AH is insoluble in such organic solvents. However, AH can be
solubilized in chloroform:acetone if either TFE or FA is present. Accordingly,

electrospun MFs were prepared by dissolving PCL in a 21 viv
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chloroform:acetone mixture while AH was dissolved in either TFE or FA.
Electrospun AH-loaded PCL MFs coming from TFE and FA solutions have been
denoted PCL/AH(TFE) and PCL/AH(FA), respectively, while unloaded PCL
MFs (controls) are labelled as PCL(TFE) and PCL(FA). Although PCL and AH
concentrations, as well as the electrospinning operational conditions, were
optimized to avoid the formation of undesirable beads and droplets in
PCL/AH(TFE) and PCL/AH(FA) MFs, only the optimized parameters are

described below.

Specifically, PCL/AH(TFE) MFs were prepared by dissolving 1.3 g of PCL in
7.5 mL of a 2:1 v/v chloroform:acetone mixture using an incubator (37 °C and 120
rpm) for 12 h, while 0.0375 g of AH were added to 2.88 mL of TFE and vortexed
extensively until completely dissolved. Then both solutions were thoroughly
mixed together by additional strong vortexing. On the other hand, electrospun
PCL/AH(FA) MFs were obtained by dissolving 1.3 g of PCL in 9.85 mL of the
same 2:1 v/v chloroform:acetone solution. In this case, the PC was prepared by
adding 0.0375 g of AH to 50 uL of 2:1 v/v chloroform:acetone. Then, 0.1 mL of
FA was immediately added and the mixture was intensively vortexed until the
drug was completely dissolved. Again, both solutions were mixed together with
vigorous and extensive shaking. PCL(TFE) and PCL(FA) controls were prepared
using identical procedures and solvents but without including the AH. The
concentration of drug in PCL/AH(TFE) and PCL/AH(FA) MFs was below the

cytotoxic threshold.*?

Electrospinning was carried out in a non-conductor chamber. Solutions were
loaded in a 10 mL BD Discardit (Becton Dickson Co., Franklin Lakes, NJ, USA)
plastic syringe for delivery through a blunt-tipped (i.e. without bevel) 18 G needle
(inner diameter 0.84 mm). The flow rate and the needle tip-collector distance were
5mL/h and 15 cm, respectively, for PCL/AH(TFE) and PCL(TFE), whereas these
parameters changed to 4 mL/h and 25 cm, respectively, for PCL/AH(FA) and
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PCL(FA). The voltage, which was applied through a high-voltage Gamma High
Voltage Research (ES30-5W) power supply, was 20 kV in all cases. All

electrospinning experiments were carried out at room temperature.

3.4.2.3 Spin-coating and dip-coating

Poly(e-caprolactone) nanomembranes (PCL NMs) were spin-coated for the
preparation of multilayered AH-loaded systems. Spin-coating was performed
with a spin-coater (WS-400BZ-6NPP/A1/AR1 Laurell Technologies
Corporation). In all cases, the first PCL NM was spin-coated using a Teflon®
square plate as substrate (area: 2x2 cm?), which was previously cleaned by
sonication in three different solvents (5 min each): milli-Q water, acetone and
ethanol. For the fabrication of the PCL NMs, 1 mL of a 60 mg/mL polymer
solution in acetone was first spin-coated onto the Teflon® substrate at 750 rpm
for 1 min (first layer). After placing a 1x1 cm? piece of an AH-loaded fibrous mat
on top of this layer, a second PCL NM was created by spin-coating under the same
conditions (top layer). Alternatively, coating was also performed by dipping the
fibrous mat for 3 seconds in a 60 mg/mL PCL solution in acetone (dip-coating).
In all cases, multilayered systems with non-drug-containing fibrous mats were

also prepared as controls.

3.4.2.4 Scanning electron microscopy (SEM)

The morphology and texture of electrospun MFs was examined by SEM using
a Focus lon Beam Zeiss Neon 40 instrument (Carl Zeiss, Germany). Fibrous mats,
which were cut in 1x1 cm? samples, were mounted on a double-sided adhesive
carbon disc and sputter-coated with a thin layer of carbon to prevent sample

charging problems. All samples were observed at an accelerating voltage of 5 kV.
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Diameters of electrospun MFs were measured with the SmartTiff software from
Carl Zeiss SMT Ltd.

3.4.2.5 Atomic force microscopy (AFM)

AFM studies were conducted to obtain topographic and phase images of the
surface of MFs using TAP 150-G silicon tapping probes. Images were obtained
with an AFM Dimension microscope using the NanoScope IV controller under
ambient conditions in tapping mode. The root mean square roughness (Rq), which
Is the average height deviation taken from the mean data plane, was determined
using the statistical application of the NanoScope Analysis software (1.20,

Veeco).

3.4.2.6 Fourier transform infrared (FTIR) Spectroscopy

FTIR spectra were recorded with a Fourier Transform FTIR 4100 Jasco
spectrometer (Jasco Analytical Instruments, Easton, USA) in the 4000-600 cm™*
range. An attenuated total reflection (ATR) system with a heated Diamond ATR
Top-Plate (model MKII Golden Gate™, Specac Ltd., Orpington, UK) was used.

3.4.2.7 RAMAN spectroscopy

Raman spectra were obtained using a Renishaw inVia Qontor confocal Raman
microscope. The Raman setup consisted of a laser (at 532 nm with a nominal 250
mW output power) directed through a microscope (specially adapted Leica
DM2700 M microscope) to the sample, after which scattered light is collected and
directed to a spectrometer with a 2400 lines-mm™* grating. The exposure time was
10 s, the laser power was adjusted to 0.1% of its nominal output power depending

on the sample, and each spectrum was collected with five accumulations.
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3.4.2.8 UV-Vis spectroscopy

UV-Vis absorption spectra were recorded to confirm the presence of AH in
electrospun MFs. For this purpose, fibrous mats were cut into 1x1 cm? samples,
weighted and dissolved in 200 uL of chloroform. Then, 1 mL of milli-Q water
was added and vortexed for 5 min to extract the PC. The two phases were
separated by centrifuging at 12900 rpm for 3 min. Spectra of the aqueous phase
were obtained using a UV-Vis-NIR Shimadzu 3600 spectrophotometer equipped
with a tungsten halogen visible source, a deuterium arc UV source, a
photomultiplier tube UV-Vis detector, and a InGaAs photodiode and cooled PbS
photocell NIR detectors. Spectra were recorded in the absorbance mode at room
temperature, the wavelength range and bandwidth being 190-400 nm and 2 nm,

respectively.

3.4.2.9 X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed in a SPECS system equipped with a high-
intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV / 1487 eV) operating
at 150 W, placed perpendicular to the analyzer axis, and using a Phoibos 150
MCD-9 XP detector. The X-ray spot size was 650 um. The pass energy was set
to 25 and 0.1 eV for the survey and the narrow scans, respectively. Charge
compensation was achieved with a combination of electron and argon ion flood
guns. The energy and emission current of the electrons were 4 eV and 0.35 mA,
respectively. For the argon gun, the energy and the emission current were 0 eV
and 0.1 mA, respectively. The spectra were recorded with a pass energy of 25 eV
in 0.1 eV steps at a pressure below 6x10° mbar. These standard conditions of
charge compensation resulted in a negative but perfectly uniform static charge.

The C 1s peak was used as an internal reference with a binding energy of
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284.8 eV. The surface composition was determined using the manufacturer’s

sensitivity factors.

3.4.2.10 Contact angle (CA)

CA measurements were conducted using the sessile drop method. 0.5 pL of
milliQ water drops were deposited onto the surface of the electrospun mats, which
were cut into rectangular pieces and fixed on a holder, and recorded after
stabilization with the equipment OCA 15EC (DataPhysics Instruments GmbH,
Filderstadt). The SCA20 software was used to measure the CA, which is shown

here as the average of at least 40 measures for each condition.

3.4.2.11 AH-release experiments

AH-loaded and unloaded (controls) fibrous mats were cut into small squares
(1x1 cm?), which were weighed and placed into Eppendorf tubes. Phosphate
buffered saline (PBS) solution of pH 7.4 was considered as the release medium.
Assays, which were performed in triplicate, were carried out by immersing
sample mats in 1 mL of the release medium and using a rotating agitator. The
medium was removed at predetermined time intervals and replaced by fresh one.
The removed medium was used to quantify the released AH by measuring its
absorbance in a UV-Vis-NIR Shimadzu 3600 spectrophotometer as described
above. Finally, the mats were dissolved in chloroform and the residual PC was
extracted for quantification. The calibration curve (y= 6.838-x, R?= 0.999) was
obtained by plotting the absorbance against AH concentration from triplicate
samples (Figure 3.4.2). On the other hand, PCL controls evidenced that the
polymer degradation products do not interfere with the AH concentration

measurements in long term assays.
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Figure 3.4.2. AH calibration curve in PBS using the absorbance at 307 nm.

3.4.2.12 Evaluation of the activity of released AH

Cell lysates, containing the lysosomal enzyme GCase, were obtained from
IMR9O0 fibroblasts (human lung fibroblasts, ATCC-CCL-186). For this purpose,
fibroblasts were grown to confluence in 100 mm dishes using DMEM high
glucose medium (Invitrogen) supplemented with antibiotics (100 U/mL
penicillin/streptomycin, Gibco) and 10% fetal bovine serum (FBS, Gibco) at 37
°C in a 5% CO2 humidified atmosphere. Cells from each plate were detached with
1 mL of trypsin (0.05% trypsin/EDTA, Invitrogen) for 10 min at 37 °C and 4 mL
of fresh medium were added to re-suspend the cells. The concentration of cells
was determined by counting in a Neubauer camera using trypan blue as a vital
stain. For the biological assays, cells from three plates were transferred to a 50
mL conical tube and centrifuged (10 min, 300xg), washed with PBS and
centrifuged again. Cells were then re-suspended with 1 mL of PBS, counted,
aliquoted and transferred to an Eppendorf tube and centrifuged (5 min, 600xQ).

The final cell pellet was frozen in liquid nitrogen and stored at —80 °C until use.
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Cell lysates were obtained from the harvested IMR9O0 fibroblasts. Aliquots of
10.7x10° cell pellets (each coming from three 100-mm dishes) were homogenized
with 450 pL of lysis buffer (100 mM NaCl, 1 mM MgClz, 0.2% Triton X-100
(v/v), 10 mM HEPES, pH 7.4) containing 1 pg/mL aprotinin, 1 pg/mL leupeptin
and 0.1 mM PMSF as protease inhibitors. Cells were broken by 20 strokes using
an Eppendorf pestle and left on ice for 15 min. Cell debris was removed by
centrifugation (600xg, 5 min, 4 °C) and the supernatant was aliquoted, frozen in

liquid nitrogen and stored at —80 °C.

To check the activity of the AH released from the electrospun MFs and
multilayered devices, a modification of the thermal denaturation and enzyme
activity assays described by Diettrich et al.*! and Maegawa et al.'?> was used.
Briefly, cell lysates (23 pL) were incubated for 60 min at 50 °C with one volume
of PBS either with or without AH (fresh or released from PCL-based systems).
Samples were then kept on ice for 5 min and left to equilibrate at room
temperature for 5 more minutes. The same procedure using samples not submitted
to thermal denaturation (kept on ice) was also carried out as a control. All the

samples were prepared by duplicate.

GCase activity of the samples was tested using the fluorogenic substrate 4-
methylumbelliferyl-3-D-glucopyranoside, MUbGIc (Sigma). To do this, one
volume (46 pL) of substrate solution (12 mM MUbGIc, 50 mM sodium
taurocholate, 0.2% Triton X-100 v/v, 0.2% human serum albumin w/v, 40 mM
CaClz in Mcllvaine’s citrate-phosphate buffer, pH 5.40) was added to each
sample. After incubation for 1 h at 37 °C, the reaction was stopped by adding 2.5
volumes of stop solution (0.25 M Glycine/NaOH buffer, pH 10.5). Samples were
placed in a 96-well black plate (300 pL/well) and the fluorescence from the 4-
methylumbelliferone (MU) reporter group released after hydrolysis of the

substrate was measured in a microplate spectrofluorometer (Synergy HTX
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multimode reader, BioTek) with the excitation wavelength set at 360 nm and the
emission wavelength at 460 nm. The relative remaining activity of GCase after
thermal denaturation was calculated by comparison with the activity measured for
the corresponding control samples kept on ice (i.e. not submitted to thermal

denaturation).

3.4.3 Results and discussion
3.4.3.1 Preparation and characterization of AH-loaded fibers

Mixtures of PCL dissolved in chloroform:acetone and AH dissolved in TFE or
FA were electrospun to obtain PCL/AH(TFE) or PCL/AH(FA) MFs, respectively.
The wt % of AH used in the feeding solution, which was identical in both cases,
was completely incorporated into the PCL matrix during the electrospinning
process. Figure 3.4.3 compares SEM micrographs and diameter distributions of
PCL/AH(TFE) and PCL/AH(FA) MFs obtained after optimization of the
electrospinning conditions with those of unloaded PCL(TFE) and PCL(FA)

control samples.

The utilization of TFE and FA resulted in the formation of well-defined MFs,
in which droplets and beads were not detected. However, the morphology was
seriously affected by both the incorporation of the drug into the polyester matrix
and the effect of the solvent used to dissolve the PC in the viscosity of the feeding
solution. More specifically, PCL/AH(FA) MFs present a cylindrical morphology
with an average diameter (D) of 717+32 nm, while PCL/AH(TFE) MFs are much
flatter, exhibiting a ribbon-like morphology and similar diameter (D= 694+13
nm). Both unloaded PCL(TFE) and PCL(FA) fibers exhibited cylindrical
morphology, evidencing that, in spite of its low concentration, the influence of
the PC in the viscosity of the feeding solution is much higher when it is dissolved
in TFE than in FA. Clearly, this is due to the amount of TFE in the feeding
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solutions used to prepare PCL/AH(TFE) and PCL(TFE), which is almost 30 times
greater than the amount FA in the solutions employed to electrospun
PCL/AH(FA) and PCL(FA). The remarkable influence of the TFE solvent on the
viscosity of the feed solution is confirmed by the diameter of PCL(TFE)
MFs (D= 1488+88 nm), which is more than twice that of PCL(FA)
MFs (D= 63333 nm).

Interestingly, PCL/AH(TFE) and PCL/AH(FA) show well-adhered particles
homogeneously distributed along surface of the MFs (Figure 3.4.3). These round-
like particles, which exhibit a diameter of several hundred of nanometers and
~100 nm for PCL/AH(TFE) and PCL/AH(FA), respectively, have been assigned
to crystallized AH. These results have been attributed to the influence of
AH---solvent interactions during the electrospinning process. Thus, the drug,
which bears polar groups, forms crystalline domains that remain at the surface of
hydrophobic PCL MFs when the electrospinning process causes the elimination
of favorable AH---solvent interactions.*? Moreover, the flat ribbon-like geometry
of PCL/AH(TFE) fibers is probably due to the influence of unfavorable
PCL---AH interactions in the chain entanglement of the solution mixture.*? Thus,
both the incorporation of a low molecular weight drug and the formation of such
PCL:--AH interactions decrease the degree of chain entanglement in the feeding

solution, which is a parameter that significantly influence the fiber morphology.



Scaffolds for Sustained Release of Ambroxol Hydrochloride, a Pharmacological Chaperone that Increases

the Activity of Misfolded pB-Glucocerebrosidase.

Rel. frequency (%) Rel. frequency (%) Rel. frequency (%)

Rel. frequency (%)

40

30

20

35
30

25

20
15
10

i | |
0 200 400 600 800 1000 1200

D=694%+13 nm

0 500 1000 1500 2000 2500
Diameter (nm)

1 D=1488180

0 500 1000 1500 2000 2500
Diameter (nm)

D=T717%32

0 200 400 600 800 1000 1200

Diameter (nm)

= 633+£33 nm

Diameter (nm)

Figure 3.4.3. SEM micrographs taken at low (left) and high (center) magnification for electrospun fibers of
PCL/AH(TFE), PCL(TFE), PCL/AH(FA) and PCL(FA). The diameter distribution of the electrospun

microfibers and the corresponding average value + standard deviation are displayed at the right. Particles

adhered to the surface of the PCL matrix, which have been associated to the crystallized drug, are marked by

red boxes for PCL/AH(TFE) and PCL/AH(FA).

AFM height and phase-contrast images are displayed in Figure 3.4.4 for all

electrospun MFs, 3D topographic images being additionally included for
PCL/AH(TFE) and PCL/AH(FA). AFM images are fully consistent with

previously discussed SEM observations. Both AH-loaded and unloaded MFs

present a very smooth surface, the roughness ranging from Rq= 6+2 nm for

191
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PCL/AH(TFE) to 16+3 nm for PCL(FA). Furthermore, AFM phase-contrast
images obtained for PCL/AH(TFE) and PCL/AH(FA) allow to distinguish two
materials with different elastic properties, which have been associated to the AH
aggregates and the PCL matrix. This observation, which is much clearer for
PCL/AH(TFE) than for PCL/AH(FA) due to the different sizes of AH aggregates,
supports that the polar drug organizes in microphases separated from the

non-polar polyester matrix.
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Figure 3.4.4. AFM images of PCL/AH(TFE), PCL(TFE), PCL/AH(FA) and PCL(FA): 2D height (left), 3D
topographic (center; only for AH-loaded MFs) and phase-contrast (right) images. The root mean square

roughness (Rg) is displayed for each system.

In order to corroborate that AH was successfully loaded in the PCL MFs, FTIR,
Raman and UV-Vis spectroscopic studies were conducted. Unfortunately, the
FTIR spectra recorded for AH-loaded MFs were practically identical to the

spectrum of unprocessed PCL powder and, therefore, the characteristic bands
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associated to the drug were undistinguishable (Figure 3.4.5). On the other hand,
Figure 3.4.6a and b display the Raman spectra of electrospun MFs obtained using
TFE and FA solvents, respectively. The spectrum of AH is included in both
graphics for comparison. In addition to the bands observed for unloaded PCL, the
spectra of AH-loaded MFs present some bands that have been associated to the
PC. The weak bands at 1590 and 1555 cm™, which are detected in the spectra of
both PCL/AH(TFE) and PCL/AH(FA), have been attributed to the primary and
secondary amines of AH (Figure 3.4.1), respectively.*® Besides, the weak signals
observed at around 800 cm™ in the PCL/AH(TFE) spectrum have been related
with the Ar-Br Raman active modes,*® even though these are practically
undetectable for PCL/AH(FA).
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Figure 3.4.5. FTIR spectra recorded for PCL/AH(TFE) and PCL/AH(FA) MFs, PCL powder and AH.
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Figure 3.4.6. Comparison between the Raman spectra recorded for: (a) PCL/AH(TFE), PCL(TFE) and AH;
and (b) PCL/AH(FA), PCL(FA) and AH. The weak peaks associated to AH in the spectra of PCL/AH(TFE)
and PCL/AH(FA) are marked by the colored bars. (c) UV-Vis spectra of the AH-containing water solutions
extracted from four samples of PCL/AH(TFE) MFs dissolved in chloroform (left) and quantification of the
AH contained in the extraction medium (right). The spectra corresponding to the PCL/AH(FA) mats are
displayed in Figure 3.4.7. (d) Contact angle for water of PCL/AH(TFE), PCL(TFE), PCL/AH(FA) and
PCL(FA) fibrous mats.
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The presence of AH in loaded MFs was also investigated by UV-Vis
spectroscopy. For this purpose, 1x1 cm? samples were cut from AH-loaded
fibrous mats and dissolved in chloroform. Then, the PC was extracted using water,
as described in the Methods section. UV-Vis spectra of four different
AH-containing aqueous solutions derived from PCL/AH(TFE) fibrous mats are
displayed in Figure 3.4.6¢ together with the quantification of the PC. All spectra
showed an absorption band at 307 nm, even though its intensity differs from
sample to sample. Although the presence of the band confirms the successful
loading of AH, the dispersion in the quantified value, with an average value of
1.54+40.64 w/w%, reflects that the drug is heterogeneously distributed in the PCL
matrix. Similar results were observed in the spectra recorded from PCL/AH(FA)
mats (Figure 3.4.7), the average content being in this case 1.55+0.81 w/w%. AH
loading is further supported by the XPS atomic compositions obtained for the
different studied MFs, which are compared in Table 3.4.1. Both N and Br are
detected in PCL/AH(TFE) and PCL/AH(FA), while these atoms are absent in
PCL(TFE) and PCL(FA).
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Figure 3.4.7. UV-Vis spectra of the AH-containing water solutions extracted from four samples of
PCL/AH(FA) MFs dissolved in chloroform (left) and quantification of the AH contained in the extraction

medium.

Table 3.4.1. Atomic percent composition obtained by XPS for AH-loaded and unloaded PCL fibers.

C N O Br

PCL/AH(TFE) 8181 019 1795 005
PCL(TFE) 80.04 - 19.96 -
PCL/AH(FA) 81.77 012  18.08  0.03

PCL(FA) 82.32 - 17.68 -
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The water contact angle () of fibrous mats was determined for AH-loaded and
unloaded PCL matrixes (Figure 3.4.6d). The contact angles indicate that all
materials are hydrophobic (i.e. > 90°) and, interestingly, the wettability does not
change upon the incorporation of the polar PC. This behavior can be explained by
the combination of three factors: i) the PCL matrix is hydrophobic; ii) the
concentration of AH in the loaded fibers is very small; and iii) the micro-
nanopatterned structure on the surface of the mat. Regarding to the latter, the
micrometric diameter of the electrospun fibers (i.e. 0.6-1.5 um in Figure 3.4.3)
combined with the nanometric roughness (i.e. 8-16 nm in Figure 3.4.4) and holes
among neighboring fibers favor the entrapment of air, which may give place to a

Cassie Baxter stable state.***

3.4.3.2 Release from loaded fibers

AH release from loaded electrospun MFs is expected to depend on the relative
strength of the interactions between the drug and the PCL matrix or the molecules
from the release medium (i.e. water and ions). AH-loaded and unloaded (negative
control) fibrous mats were immersed in PBS using Eppendorf tubes, as described
in the Methods section. At regular time intervals (i.e. 5, 15, 30, 45, 60, 90, 120,
360, 1440 min), release medium (1 mL) was withdrawn from the tube, replaced
by 1 mL of fresh medium, and analyzed by UV-Vis spectroscopy. The amount of
AH released to the medium was quantified using the band centered at 307 nm,

which corresponds to the PC.

Figure 3.4.8a compares the UV-Vis spectra of the released media extracted
after 5, 15, 30 and 60 min from samples consisting of PCL/AH(TFE) mats
immersed in PBS. The content of AH in the release medium was high at the
beginning and decreased very rapidly with time (i.e. from 1.59 w/w % after 5 min

to 0.06 w/w % after 60 min), evidencing a very fast release. Accordingly, the
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release curve (Figure 3.4.8b) indicates that 80% of the PC was released to the
PBS medium during the first 15 min, whereas the amount of AH that remained in
the MFs after 6 h was lower than < 1%. The behavior of samples from
PCL/AH(FA) mats immersed in PBS was practically identical, as reflected in the
UV-Vis spectra and the release curve displayed in Figure 3.4.9a and b. The very
fast release in PBS has been associated to the weakness of AH---PCL interactions,
which are expected to be rapidly compensated by the strong interactions between
the polar groups of AH and the components of PBS medium. In order to enhance
the efficiency of therapies based on the controlled release of polar drugs, the fast
mechanism observed for loaded PCL MFs requires modification into an extended
release mechanism. For this purpose, in the following sub-sections we first
demonstrate the activity of the released AH and, then, we show how different

coating strategies allow to delay and regulate the drug release dosage.
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Figure 3.4.8. (a) UV-Vis spectra of the PBS release media withdrawn at selected time intervals from
Eppendorf tubes containing samples of PCL/AH(TFE). (b) AH release profile in PBS from PCL/AH(TFE)
MFs. Complete description of the procedure employed for the release assays is provided in the Methods
section. Results obtained for PCL/AH(FA) MFs are displayed in Figure 3.4.9. (c) Remaining GCase activity
(%) (i.e. ratio between the enzymatic activity after thermal denaturation compared with the activity of the
enzyme kept at 0 °C) in the presence of AH released from PCL/AH(TFE) and PCL/AH(FA) fibrous mats
after 5 min immersed in PBS, fresh AH in PBS and without AH (PBS alone).
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Figure 3.4.9. (a) UV-Vis spectra of the PBS release media withdrawn at selected time intervals from
Eppendorf tubes containing samples of PCL/AH(FA). (b) AH release profile in PBS from PCL/AH(FA)
MFs. Complete description of the procedure employed for the release assays is provided in the Methods
section. Results obtained for PCL/AH(TFE) MFs are displayed in Figure 3.4.8.

3.4.3.3 Activity of released AH

Many lysosomal storage disorders (LSDs) originate from mutations that affect
the proper folding of the enzyme in the endoplasmic reticulum (ER). PCs allow
mutant enzymes to be correctly folded, thus avoiding ER retention and granting
their transportation to the lysosomes, where the enzyme—PC complex dissociates
due to the low pH and high substrate concentration.*® Specifically, AH has been
reported to be an excellent PC candidate for Gaucher disease, which is the most
common autosomal recessive LSD.*®#’ Gaucher disease is caused by mutations
in the gene encoding lysosomal GCase and ultimately resulting in the
accumulation of glucosylceramide in macrophages and the development of
hepatosplenomegaly, anaemia, skeletal lesions and central nervous system

dysfunctions.*®

Previous studies pointed to the efficacy of AH in increasing GCase activity?18

and thermal stability.!>*’ In this section, we examine if AH maintains this
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stabilizing activity once released from loaded electrospun PCL MFs. For this
purpose, a thermal denaturation assay utilizing GCase from lysed fibroblasts was
conducted in the absence or in the presence of both fresh and released AH (see
Methods section). Residual GCase activity after thermal denaturation was
standardized by comparison with the GCase activity obtained from the sample
that was kept at 0 °C (non-denaturation control). Enzyme activity was evaluated
by measuring the fluorescence resulting from the release of the fluorescent
reporter 4-MU group from the substrate. Thus, the remaining activity in the
presence of either fresh or released AH was obtained dividing the fluorescence
measured for the thermally denatured samples by the fluorescence of the

corresponding sample kept at 0 °C.

Figure 3.4.8c compares the remaining activity of GCase after thermal
denaturation in the presence of the AH released from PCL/AH(TFE) and
PCL/AH(FA) MFs after 5 min in PBS, fresh AH in PBS, and PBS alone (without
AH). Results show the protecting effect on GCase activity of AH, which is in
agreement with the reported literature.*? Thus, all the samples of GCase that have
been submitted to heating in the presence of AH (either fresh or released from the
fibers) show more activity than the enzyme sample heated without AH being
present. Moreover, the GCase activity is slightly higher in the presence of AH
released from MFs than with fresh AH, showing that the functionality of the PC
is not damaged by the aggressive conditions of the electrospinning process. These
results indicate that PCL is a suitable vehicle to encapsulate biactive polar drugs
such as AH and, thus, improvement of the release mechanism to obtain a gradual

dosage deserves consideration.
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3.4.3.4 Regulating the AH release by applying coating strategies

In order to delay the delivery of the PC, two different coating approaches were
examined. In the first one, PCL/AH(TFE) and PCL/AH(FA) fibrous mats were
sandwiched between two spin-coated PCL NMs. The process used to prepare
these 3-layered NM/MFs/NM systems, hereafter denoted
PCL//IPCL/AH(TFE)//PCL and PCL//PCL/AH(FA)/IPCL, respectively, is
summarized in Scheme 3.4.1a. Free-standing sandwiched systems were prepared
by spin-coating a PCL NM onto a Teflon® substrate using an acetone polymer
solution (see Methods). Then, a 1 cm? PCL/AH(TFE) or PCL/AH(FA) square
piece, which was cut from the corresponding fibrous mat, was put onto the first
PCL NM and the second PCL NM was spin-coated onto it. Finally, the
sandwiched system was easily detached from the Teflon® substrate. It is worth
noting that the solubility of PCL in acetone is very slow, especially with respect
to chloroform or chloroform:acetone mixtures, which allowed to minimize the
attack of the solvent to the PCL MFs during the spin-coating process. Sandwiched
systems using unloaded PCL(TFE) and PCL(FA) fibrous mats were also prepared
as controls for release assays. Sandwiched systems supported onto the Teflon®
substrate were employed for SEM characterization.

In the second coating strategy, AH-loaded fibrous mats were modified through
a dip-coating method, as schematically described in Scheme 3.4.1b. More
specifically, 1x1 cm? PCL/AH(TFE) and PCL/AH(FA) square pieces were
immersed in a solution of PCL in acetone for 3 s. The resulting samples, hereafter
denoted PCL[PCL/AH(TFE)] and PCL[PCL/AH(FA)], were dried and used for

release assays. Control samples were prepared using unloaded fibrous mats.
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(a)
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Scheme 3.4.1. Procedure used to prepare: (a) free-standing PCL//PCL/AH(TFE)//PCL and
PCL//PCL/AH(FA)//[PCL by sandwiching the fibrous mat between two spin-coated PCL NMs; (b)
Preparation of PCL[PCL/AH(TFE)] and PCL[PCL/AH(FA)] by dip-coating fibrous mats.

SEM micrographs of the bottom PCL NM and the two sandwiched systems are
displayed in Figure 3.4.10a. The bottom PCL NM presents a very flat,
homogeneous and smooth surface, the thickness being of only 747485 nm. In
contrast, the shape of the top PCL layer adapts to the ribbon-like and the
cylindrical morphology of PCL/AH(TFE) and PCL/AH(FA) MFs, respectively,
acting as a coating. It is worth noting that, in the latter case, the top PCL NM
wraps perfectly the MFs and the only fingerprint of its presence corresponds to
the pseudo-periodic folds that systematically appears in the direction
perpendicular to the fiber axis. These folds can be associated to the effect of the
acetone used to dissolve PCL. In contrast, the PCL NM spin-coated onto
PCL/AH(TFE) MFs exhibits a heterogeneous aspect. In these samples, regions
involving wrapped MFs with the previously described folds coexist with small
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areas in which the structure of the MFs is no longer distinguishable, which is
probably due to the flat morphology of the ribbon-like PCL/AH(TFE) MFs.

SEM micrographs of PCL[PCL/AH(TFE)] and PCL[PCL/AH(FA)] are
displayed in Figure 3.4.10b. Although the morphologies of the latter systems are
apparently similar to those obtained for PCL//PCL/AH(TFE)//PCL and
PCL//PCL/AH(FA)/IPCL, detailed inspection evidences important differences.
For example, PCL[PCL/AH(FA)] shows a heterogeneous structure in which
neighboring MFs are partially joined by irregular portions of films formed after
solvent evaporation, while these elements are imperceptible in
PCL[PCL/AH(TFE)]. In contrast, the density of folds is much lower at the surface
of PCL[PCL/AH(TFE)] than at the surface of all the other coated systems.
Overall, these differences indicate that the dip-coating technique is much more

influenced by the morphology of the MFs than the spin-coating.
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Figure 3.4.10. SEM micrographs of: (a) the PCL NM and the PCL//PCL/AH(TFE)//PCL and
PCL//PCL/AH(FA)//[PCL sandwiched systems obtained by spin-coating (Scheme 3.4.1a). Representative
regions in which the morphology of PCL/AH(TFE) MFs is lost are indicated by blue ellipsoids; (b)
PCL[PCL/AH(TFE)] and PCL[PCL/AH(FA)] obtained by dip-coating (Scheme 3.4.1b). Irregular portions

of films joining neighboring MFs are indicated by yellow squares.

The water contact angle of fibrous mats coated with PCL by spin-coating and
dip-coating are displayed in Figure 3.4.11a and b. The measured contact angles
ranged from 85° to 99°, evidencing a significant reduction with respect to
uncoated fibrous mats (Figure 3.4.6d). This reduction has been attributed to the
fact that the external coating eliminates the micro-nanopatterned structure found
on the surface of the fibrous mats. Thus, the PCL coating dominates the
wettability of the new scaffolds, which exhibit in all cases contact angles close to

the lowest threshold of hydrophocity (i.e. 8> 90°).
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Figure 3.4.11. (a) Contact angle for water of PCL//PCL/AH(TFE)//PCL, PCL//PCL(TFE)//PCL,
PCL//PCL/AH(FA)//[PCL and PCL//PCL(FA)//PCL sandwiched systems obtained by spin-coating. (b)
Contact angle for water of PCL[PCL/AH(TFE)], PCL[PCL(TFE)], PCL[PCL/AH(FA)] and PCL[PCL(FA)]

sandwiched systems obtained by dip-coating.

Figure 3.4.12 compares the release profiles of AH-loaded systems prepared
by spin-coating and dip-coating. The release was very slow in all cases, even
though with some differences. For example, a release percentage of 95% was
reached after ~2 and ~1 months of exposure to the medium for sandwiched and
dip-coated systems, respectively, while the time required by uncoated MFs was
only ~1 h. Accordingly, the coating has a very significant impact in the kinetics
of the release. Moreover, the extent of the delay in the release of the PC largely
depends on the technique used to protect the MFs. The delay is much longer when
fibrous mats are sandwiched between two spin-coated NMs than when coated
through simple immersion in a PCL solution. Indeed, the effect of the coating
technique is observed even in the first steps of the release, as evidenced in the
insets displayed in Figure 3.4.12. Thus, the release profiles obtained for
PCL//PCL/AH(TFE)//PCL and PCL//PCL/AH(FA)//PCL are very similar for
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both short and large times of exposure, which indicate that the protection imparted
by homogeneous spin-coated NMs does not depend on the morphology of the
fibrous mats. In contrast, the profiles obtained for PCL[PCL/AH(TFE)] and
PCL[PCL/AH(FA)] present important differences, especially for short times (e.g.
after 6 h of exposure the release percentage was 64% and 42% for the former and
the latter, respectively). These differences are attributed to the heterogeneous
structure of the systems prepared by dip-coating (Figure 3.4.10b), which is
apparently affected by the morphology of the MFs.
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Figure 3.4.12. AH release profile in PBS from (a) sandwiched and (b) dip-coated systems.
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Figure 3.4.13 compares the time required to release 50% and 80% of loaded
AH from all the studied systems. A it was expected, the delivery of coated systems
was clearly delayed with respect to that observed from the MFs alone since AH
had to diffuse through the PCL coats. However, the most remarkable result
displayed in Figure 3.4.13 is that it demonstrates that the AH release can be
regulated through the morphology of the scaffold without changing the

composition of the PCL matrix. Thus, the time required for release can extend

from a few minutes for uncoated MFs to few days or almost a week for dip-coated

. : 209
or sandwiched systems, respectively.

180 1 50%

80%

150 -

120 -

90

Time (h)

Figure 3.4.13. Comparison of the time required to release 50% and 80% of the loaded AH from all the
studied systems.



Chapter 3: Results and discussion

3.4.4 Conclusions

The present study reveals that AH, a small and polar PC that increases the
activity of misfolded GCase, can be loaded in fibrous PCL scaffolds by
electrospinning. The fast release rate of this drug from such fibrous scaffolds,
which occurs in less than an hour, has been controlled by applying external
coatings to the MFs. These coatings, which have been achieved by dip-coating
and by spin-coating, have been obtained using PCL dissolved in acetone to avoid
the rapid dissolution of the AH-loaded MFs. The AH release extends to weeks
and months when coated fibrous scaffolds are prepared by dip-coating and spin-
coating, respectively. The released AH retains the protecting effect on the activity
of GCase, demonstrating that the electrospinning process does not affect the
functionality of the drug. Moreover, PCL coated-fibrous scaffolds can be used to
regulate strategically the dosage of polar drugs depending on the therapeutic

needs.
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3.5 Semi-interpenetrated hydrogels-microfibers electroactive
assemblies for release and real-time monitoring of drugs
Simultaneous drug release and monitoring using a single polymeric platform
represents a significant advance in the utilization of biomaterials for therapeutic
use. Tracking drug release by real-time electrochemical detection using the same
platform is a simple way to guide the dosage of the drug, improve the desired
therapeutic effect, and reduce the adverse side effects. The platform developed in
this work takes advantage of the flexibility and loading capacity of hydrogels, the
mechanical strength of microfibers, and the capacity of conducting polymers to
detect the redox properties of drugs. The engineered platform is prepared by
assembling two spin-coated layers of poly-y-glutamic acid hydrogel, loaded with
poly(3,4-ethylenedioxythiophene) (PEDOT) microparticles, and separated by a
electrospun layer of poly-g-caprolactone microfibers. Loaded PEDOT
microparticles are used as reaction nuclei for the polymerization of
poly(hydroxymethyl-3,4-ethylenedioxythiophene) (PHMeDOT), that semi-
interpenetrate the whole three layered system while forming a dense network of
electrical conduction paths. After demonstrating its properties, the platform has
been loaded with levofloxacin and its release monitored externally by UV-Vis
spectroscopy and in situ by using the PHMeDOT network. In situ real-time
electrochemical monitoring of the drug release from the engineered platform
holds great promise for the development of multi-functional devices for advanced
biomedical applications.

Publication derived from this work

Ali Moghimiardekani, Brenda G. Molina, Hamidreza Enshaei, Luis J. del Valle, Maria M. Pérez-Madrigal,

Francesc Estrany and Carlos Aleman, Macromolecular Bioscience, 2020, 20, 2000074.
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3.5.1 Introduction

Drug delivery systems, as engineered technologies for the targeted delivery
and/or the controlled release of therapeutic agents, have long been used to
improve health. Biomedical engineers have contributed substantially to our
understanding of the physiological barriers to efficient drug delivery, while
biomaterial engineers have developed platforms able to act as vehicles and/or
cargos for therapeutic drug delivery, helping cope with drawbacks of classical
pharmaceuticals (e.g. increasing the solubility of the drugs, reducing side effects,
and improving biodistribution). Although many materials have been employed as
therapeutic platforms for drug delivery, polymers have received special attention

because of their properties and versatility.*’

Over the last years, drug delivery using polymeric platforms based on
(nano)particles,®** (nano)fibers,'*2° (nano)films,?>?* and hydrogels® have
been extensively investigated. Among polyesters, poly-y-caprolactone (PCL) has
attracted great interest for drug release due to its biodegradable and biocompatible
nature,3! as well as by the approval of PCL-based devices by the U.S. Food and
Drug Administration (FDA) for many medical applications, including drug
delivery devices, in the human body. The release mechanism from PCL
formulations depends on the degradation of the polymer and on the polarity of the
drug. Lipophilic drugs are usually encapsulated inside the PCL formulations (e.g.
microsphere, nanoparticles, scaffolds, films and fibers, micelles) and the release
occurs slowly upon surface erosion by enzymatic degradation.®3? Instead,
hydrophilic drugs tend to accumulate at the surface of polymeric platform and a
fast burst release occurs by desorption at the initial period or dosage intake.3!33
Besides, the utilization of polypeptides in drug release applications is receiving
increasing attention not only because of their versatility in macromolecular design
and synthesis, but also due to the incorporation of functionalities present in natural

proteins, which facilitates their interaction with tissues and cells.®**” Compared
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to conventional synthetic polymers, polypeptides exhibit some advantages, as for
example, non-immunogenicity, enhanced biodegradability, remarkable
biocompatibility properties, and multiple functional groups to enhance the

loading efficiency.® 43

On the other hand, dual-functional platforms for real-time drug release
monitoring have become of major significance in the last few years. Two main
approaches have been developed for this purpose. The simplest one is based on
the construction of assembled devices in which drug release systems are
chemically or physically coupled to modified electrodes for detecting the drug
remaining in the platform.*#” The second approach, which is more recent, is
based on connecting elements that release the desired drug with elements that
visualize such drug via imaging, like specific fluorescent or luminescent
reporters.*>° Although the latter approach represents an improvement with
respect to the former in terms of integration, aspects related with the chemical

design and experimentation are much more tedious and complex.

Because of the simplicity and fast response of the electrochemical sensors used
in the assembled systems, as well as the associative advantages offered by the
connected elements in the integrative systems, the design of hybrid platforms by
combining the benefits of each approach is very attractive. In this work, we report
a new strategy for the fabrication of dual-functional platforms by merging the best
of each of the two approaches. More specifically, we propose the preparation of
assemblies involving two spin-coated layers of polypeptide hydrogel separated by
a mat of electrospun PCL microfibers (MFs). Then, the elements of such three-
layered assembly are connected through a semi-interpenetrated (SINP) three-
dimensional network. Polypeptide hydrogels, which exhibit poor mechanical
properties, act as drug loading systems, while PCL MFs provide strength to the

assembly,®” which is robust and manageable. The semi-interpenetration of the
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assembly is performed using an intrinsically conducting polymer (ICP), poly(3,4-
ethylenedioxythiophene) (PEDOT), which is incorporated by in situ anodic
polymerization. This ICP is recognized as the most stable and electroactive
heterocyclic ICP and, in addition, is biocompatible.%®5! After complete
characterization, the engineered platform, hereafter named sINP/PCL/SINP, was
loaded with levofloxacin (LVX), which is one of the outstanding representatives
of the third generation of quinolone antibiotics that have been a useful class of
broad-spectrum antimicrobials.®? The release of LV X has been monitored in real
time by detecting the oxidation of the antibiotic that remains inside the matrix.
Finally, the electrochemical detection through the dual-functional platform has
been correlated with spectroscopic measurements to evaluate the sensitivity of the

former.

3.5.2 Methods
3.5.2.1 Materials

Free-acid poly-y-glutamic acid (yPGA, from Bacillus subtilis), with average
molecular weight My = 350000, was purchased from Wako Chemicals GmbH
(Neuss, Germany). Cystamine dihydrochloride (Cys;>98.0%),
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (CDD),
3,4-ethylenedioxythiophene (EDOT;95%) and hydroxymethyl-3,4-
ethylenedioxythiophene (HMeDOT; 95%) were purchased from Sigma-Aldrich.
Acetonitrile (Reagent European Pharmacopoeia for analysis, ACS) and NaHCO3
were obtained from Panreac. Anhydrous lithium perchlorate (LiClOs), analytical
reagent grade from Aldrich, was stored in an oven at 70 °C before use in
electrochemical experiments. Milli-Q water grade (0.055 S/cm) was used in all
synthetic processes. Poly-g-caprolactone (PCL; Aldrich, UK; Mn:80,000),

chloroform (Scharlau, Spain; stabilized with amylene, 99.8% pure) and acetone
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(Sigma, South Korea; 99.9% pure) were used as received. Levofloxacin (LVX,
>08%) and nalidixic acid (NAX, >98%) were purchased from Sigma-Aldrich.

3.5.2.2 Synthesis of yPGA hydrogel

The polypeptide hydrogel was prepared by dissolving YPGA and CDI in 0.75
mL of 0.5 M NaHCOs at 4 °C under magnetic stirring. Then, Cys, previously
dissolved in 0.25 mL of 0.5 M NaHCOs3, was added to the solution and mixed
during 2—3 min. The yYPGA:CDI:Cys molar ratio was 5:5:4. The solution was let
to gel at room temperature for 1 h. To remove any compound in excess, the

resulting hydrogel was washed with distilled water three times.

3.5.2.3 Synthesis and sonication of poly(3,4-ethylenedioxythiophene)
(PEDOT) films

PEDOT films were prepared by applying a constant potential of 1.40 V during
600 s to the reaction medium, which consisted on an acetonitrile solution with 10
mM EDOT and 0.1 M LiClOs (supporting electrolyte). This process was
performed in a potentiostat-galvanostat Autolab PGSTAT101 equipped with the
ECD module (Ecochimie, The Netherlands) using a three electrode compartment
cell under nitrogen atmosphere (99.995% pure) at room temperature. Steel AlSI
316 sheets of 6 cm? in area were used as working and counter electrodes. The
reference electrode was an Ag|AgCl electrode containing a KCI saturated aqueous
solution (offset potential versus the standard hydrogen electrode, E® = 0.222 V at
25 °C).

PEDOT films were processed into microparticles (MPs) by sonication
(Ultrasons H-D sonicator) in different solvents during 15 min and, subsequent,
centrifugation (Sorvall RC5B Plus centrifuge) during 45 min at 11000 rpm. This
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process was repeated successively in acetonitrile, acetone and milli-Q water. The
diameter of the resulting PEDOT particles was determined at room temperature
by dynamic light scattering (DLS) in milli-Q water dispersions (0.3% v/v) using
a NanoBrook Omni zeta potential analyser from Brookheaven Instruments

Corporation.

3.5.2.4 Synthesis of PEDOT-yPGA hydrogel

PEDOT-yPGA hydrogel samples supported on steel tweezers, which were kept
in to the reaction medium overnight, were used as working electrodes for the
anodic polymerization of poly(hydroxymethyl-3,4-ethylenedioxythiophene)
(PHMeDOT) by chronoamperometry. The reaction medium was a 10 mM
HMeDOT aqueous solution with 0.1 M LiClO4 as supporting electrolyte. The
anodic polymerization was conducted under a constant potential of 1.10 V using
a polymerization time of 7 hours. The experimental setup used for the in situ
modification of the PEDOT-yPGA hydrogel was identical to that described above
for the synthesis of PEDOT films.

3.5.2.5 Spin coating

YPGA:CDI:Cys and PEDOT-yPGA:CDI:Cys solutions, prepared as described
for the synthesis of yPGA and PEDOT/yPGA hydrogels (i.e. 5:5:4 molar ratio and
20% w/w of PEDOT MPs), were spin-coated using a WS-400BZ6NPP/A1/AR1
spin-coater (Laurell Technologies Corporation). In all cases, glass square plates
(area: 2 x 2 cm?), previously cleaned by sonication in milliQ water, acetone and
ethanol (5 min each), were used as substrates. This process was conducted at 500

rpm for 1 min.
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3.5.2.6 Electrospinning of PCL

Electrospun mats of PCL microfibers (MFs) were obtained at room
temperature. The feeding solution was obtained by dissolving 1.3 g of PCL in 3
mL of a 2:1 v/v chloroform:acetone mixture using an stirrer for 12 h.
Electrospinning was carried out in a non-conductor chamber. The feeding solution
was loaded in a 5 mL BD Discardit (Becton Dickson Co., Franklin Lakes, NJ,
USA) plastic syringe for delivery through a blunt-tipped (i.e. without bevel) 18 G
needle (inner diameter 0.84 mm). The flow rate and the needle tip-collector
distance were 5 mL/h and 20 cm, respectively. A voltage of 20 kV h was applied

through a highvoltage Gamma High Voltage Research (ES30-5W) power supply.

3.5.2.7 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) studies were performed using a Focus
lon Beam Zeiss Neon 40 instrument (Carl Zeiss, Germany). Samples of area
1 x 1 cm? were mounted on a double-sided adhesive carbon disc and sputter
coated with a thin layer of carbon to prevent sample charging problems. All
micrographs were recorded at an accelerating voltage of 5 kV. The size of the
pores in the hydrogel and diameter of the PEDOT MPs and PCL MFs were

measured with ImageJ software.

3.5.2.8 Fourier Transform Infrared Spectroscopy

FTIR spectra were recorded with a Fourier Transform FTIR 4100 Jasco
spectrometer (Jasco Analytical Instruments, Easton, USA) in the 4000-500 cm™*
range. An attenuated total reflection (ATR) system with a heated Diamond ATR
Top-Plate (model MKII Golden Gate, Specac, Ltd., Orpington, UK) was used.
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3.5.2.9 RAMAN spectroscopy

Hydrogel samples were characterized by micro-Raman spectroscopy using a
commercial Renishaw inVia Qontor confocal Raman microscope. The Raman
setup consisted of a laser (at 785 nm with a nominal 300 mW output power)
directed through a microscope (specially adapted Leica DM2700 M microscope)
to the sample after which the scattered light is collected and directed to a
spectrometer with a 1200 lines-mm™ grating. The exposure time was 10 s, the
laser power was adjusted to 1% of its nominal output power and each spectrum

was collected with 3 accumulations.

3.5.2.10 Electrochemical experiments

All electrochemical experiments were run in triplicate using water with 0.1 M
LiClO4 as supporting electrolyte. Cyclic voltammetry (CV) was carried out to
evaluate the electroactivity, the areal specific capacitance (SC), and the
electrochemical stability of the different systems. The initial and final potentials
were —0.50 V in all cases, while the reversal potential was 1.10 V and 1.50 V for
unloaded and LVX-loaded samples, respectively. A scan rate of 100 mV/s was
used in all cases. For electrochemical measurements using unloaded and
LVX-loaded samples, the counter electrode was steel tweezers of 1 cm? and
platinum (Pt) sheets of 0.5 cm?, respectively. AgJAgCl 3 M KCI was used as

reference electrode in all cases.
The SC (in mF/cm?) was determined using the following expression:

Q
SC = ———
AV - A
Equation 3.5.1. The areal specific capacitance (SC) equation, where Q is voltammetric charge determined

by integrating the oxidative or the reductive regions of the cyclic voltammograms, AV is the potential

window (in V), and A is the area of the electrode (in cm?).
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The electrochemical stability was examined by evaluating the loss of

electroactivity (LEA, in %) against the number of oxidation—reduction cycles:

a0 _Q-0Q
Q. Q2
Equation 3.5.2. The loss of electroactivity (LEA) equation, where AQ is the difference between the oxidation

charge (in C) in the second (Q2) and the evaluated oxidation—reduction cycle (Qi).

3.5.2.11 Thermal gravimetric analysis (TGA)

The thermal stability of the prepared system was studied by TGA at a heating
rate of 20 °C/min (sample weight ca. 5 mg) with a Q50 thermogravimetric
analyser of TA Instruments and under a flow of dry nitrogen. Test temperatures
ranged from 30 to 590 °C.

3.5.2.12 Swelling Evaluation

The swelling ratio (SR, in %) of the studied systems was determined according

to:

%% w
SR(%) = % x 100

D

Equation 3.5.3. The swelling ratio (SR), where ww is the weight after 30 min plunged in distilled water and
wp is the weight of the system after freeze-drying (dried system). All swelling experiments were conducted

at room temperature.

3.5.2.13 Mechanical properties

Mechanical properties and peel tests were evaluated with a Zwick Z2.5/TN1S
testing machine with integrated testing software (testXpert, Zwick). The
deformation rate for stress-strain assays was 1 mm/min. Samples with a surface

area of 1x 3 cm? and a thickness of 1.1 + 0.2 mm were cut for experiments. Peel
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tests were conducted on a bi-layered yYPGA/PCL system to examine the adhesion
between the hydrogel and the fibrous mat. After preparation, platforms were
allowed to dry at room temperature for 24 h before conducting the assays, which

were performed in triplicate.

3.5.2.14 Release and electrochemical detection of levofloxacin (LVX)

Unloaded and LVX-loaded platforms supported on steel tweezers were put
inside an electrochemical cell filled with a 0.1 M LiClO4 aqueous solution, which
was used as the release medium. For the electrochemical detection of the LVX
remaining at the platform, CV assays were done at well-defined time intervals
(i.e. 5 min, 15 min, 30 min, 60 min and 24 h) using the methodology described
above. After doing each CV, the release medium was replaced by a fresh one, the
removed medium being used to quantify the released LVX by UV-Vis
spectroscopy. UV—-Vis spectra were recorded using a UV-Vis Cary 100 Bio
spectrophotometer (Agilent, Santa Clara, CA, USA). Additional release assays
were performed in 0.1 M PBS solution.

3.5.2.15 Antimicrobial test: Inhibition of bacterial growth

Escherichia coli (E. coli) and Staphylococcus sanguinis (S. sanguinis) were
selected to evaluate the activity of loaded LV X against bacteria. The bacteria were
previously grown aerobically by exponential phase in Luria-Bertani (LB) broth
(at 37 °C and agitated at 80 rpm). In addition to the LV X-loaded platform, the
unloaded platform (negative control), NAX discs (positive control) and free LVX

(positive control) were also considered for antimicrobial assays.

The agar diffusion test was performed in Petri dishes of 90 mm. A standardized

0.5 McFarland of the test strain culture was inoculated homogeneously on the
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surface of LB agar using a sterile nylon swab. Then, samples were pasted onto
the agar plate. Bacteria were incubated at 37 °C for 24 h and the inhibition zone

for each sample on the plate was observed.

3.5.3 Results and discussion
3.5.3.1 Preparation of sSINP hydrogel and the SINP/PCL/sINP platform

The hydrogel used in this work for the dual-functional device was based on
poly-y-glutamic acid (yPGA), which is a water soluble, anionic, biodegradable
and edible biopolymer.®® In this polypeptide, which is produced by Bacillus
subtilis,% the peptide bonds are formed between the amino group of glutamic acid
(Glu) and the carboxyl group at the end of the Glu side chain. yPGA hydrogels,
which are produced by the chemical crosslink of the polypeptide in its free form,
have been tested in multifarious potential applications in healthcare,®® water
treatment®® and energy storage.®”®8 In this work, the yPGA hydrogel was prepared
using a condensation reaction with  1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide methiodide (CDI) and cystamine (Cys) as condensation agent

and cross-linker, respectively.®” The YPGA:CDI:Cys molar ratio was 5:5:4.

sINP yPGA hydrogels have been prepared using a recently reported strategy.
For this purpose, poly(3,4-ethylenedioxythiophene) (PEDOT) microparticles
(MPs) were obtained by sonicating films previously synthesized by anodic
polymerization. The resulting MPs were loaded in situ during the formation of
YPGA hydrogels. Thus, PEDOT-yPGA hydrogels were prepared using the
condensation reaction of YPGA with CDI and Cys but incorporating 20% w/w of
PEDOT MPs to the initial YPGA solution. This solution was stirred for 12 hours

at 1000 rpm prior to the condensation reaction.
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PEDOT MPs embedded inside the YPGA were used as reaction nuclei for the
in situ  polymerization of  hydroxymethyl-3,4-ethylenedioxythiophene
(HMeDOQOT) and, thus, produce the sSINP [PEDOT-yPGA]PHMeDOT hydrogel,
where PHMeDOT refers to poly(hydroxymethyl-3,4-ethylenedioxythiophene).
For this purpose, PEDOT-yPGA hydrogel samples supported onto steel tweezers
were kept immersed in an aqueous solution containing 10 mM HMeEDOT and
0.1 M LiCIO4 for 12 hours under stirring. This step previous to the polymerization
guaranteed the penetration into the PEDOT-yPGA matrix of the HMeDOT
monomers, which are more soluble in water than EDOT due to the exocyclic
hydroxymethyl group. After that, the anodic polymerization was performed
applying a constant potential of 1.10 V for 7 h. This process, allowed the
formation of conductive PHMeDOT networks extending inside the hydrogel

matrix (Figure 3.5.1a).%8

The procedure used to prepare the three-layered dual-functional platform,
SINP/PCL/sINP, is depicted in Figure 3.5.1b. Firstly, 600 pL of a 20% w/w
PEDOT MPs-containing YPGA solution with CDI and Cys, formulated as
described for the preparation of the PEDOT-yPGA hydrogels (5:5:4 molar ratio),
was spin-coated onto a square glass substrate (area: 2 x 2 cm?) at 500 rpm for 1
min. Then, a mat of PCL MFs was electrospun on the top of the PEDOT-
yPGA:CDI:Cys layers. After this, the top layer of PEDOT-yPGA:CDI:Cys was
spin coated onto the PCL mat using the same experimental conditions that for the
first layer. The final three-layered system was let to gel at room temperature for
1 h. To remove any compound in excess the resulting system was washed with

distilled water three times.

After gelation, the whole three-layered system, which was separated from the
glass substrate using steel tweezers of 0.5 cm width, was used as working
electrode for the anodic polymerization of HMeDOT using the experimental
conditions described above for the preparation of SINP [PEDOT-
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YPGA]JPHMeDOT hydrogels. After the anodic polymerization step, the
assembled elements of the resulting three-layered system, sSINP/PCL/SINP, were
expected to be completely crossed and, therefore, interconnected by PHMeDOT
conductive networks. sINP/PCL/SINP behaved as free-standing platforms once
detached from the steel tweezers. Figure 3.5.1b includes photographs of

SINP/PCL/sINP before and after being detached from the steel tweezers.

On the other hand, bi-layered yYPGA/YPGA, PEDOT-yPGA/PEDOT-yPGA
and sINP/sINP platforms, which were prepared using the same process but
omitting the incorporation of PEDOT MPs, the anodic polymerization step or the
intermediate PCL layer, respectively, were used as control systems for a better

understanding of the role played by the different elements in the platform.
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Figure 3.5.1. (a) Sketch of the SINP [PEDOT-yPGA]PHMeDOT hydrogel. (b) Scheme of the procedure used
to prepare three-layered sINP/PCL/SINP platforms. Photographs of platforms supported onto steel tweezers

and free-standing are included.

3.5.3.2 Morphology

As described in the previous section, the resulting platforms are composed of

several elements. Hence, special attention was placed to characterize their
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morphological features in an effort to understand the effect of each one of the
constitutive elements on the overall performance of the device. The surface
structure of lyophilized yPGA hydrogels consists in a cellular architecture with
macropores, which are relatively uniform in both size and shape
(Figure 3.5.2 2a). Thus, although the pores are irregularly shaped, differences
among them are small enough to allow their organization in to a pseudo-

honeycomb pattern. Besides, the effective pore size was measured to be 7 + 2 um.

The process employed to transform PEDOT films into PEDOT MPs is of vital
importance to control the final size of the MPs (Figure 3.5.2b). More specifically,
sonication of PEDOT films in acetonitrile and subsequent centrifugation resulted
in dense agglomerates of PEDOT MPs, which exhibited an effective diameter of
1.7 £ 0.3 um (Figure 3.5.2b, left). In order to reduce the size and increase the
dispersibility of the MPs, the sonication and centrifugation processes were
successively repeated in acetonitrile, acetone and milli-Q water. After this
treatment, well-dispersed PEDOT NPs with an effective diameter of 0.9 + 0.5 um
were obtained (Figure 3.5.2b, right).

The morphological characterization of the PEDOT-yPGA hydrogel was
carried out before and after the semi-interpenetration with PHMeDOT
(Figure 3.5.2c and d, respectively). The incorporation of PEDOT MPs to the
yYPGA hydrogel does not affect the morphology of the latter (Figure 3.5.2c).
Furthermore, the dispersion of these MPs, which are not in contact, indicates that
their electrochemical response could be improved creating conduction paths to
connect them. Instead, the sSINP [PEDOT-yPGAJPHMeDOT hydrogel exhibits a
drastic morphological change (Figure 3.5.2d). More specifically, PHMeDOT
completely coats the surface of the hydrogel, the largest pores being the only ones

that remain uncovered by the ICP after the anodic polymerization process.
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Figure 3.5.2. Representative SEM micrographs of (a) YPGA hydrogel, (b) PEDOT MPs, (c) PEDOT-yPGA
hydrogel and (d) SINP [PEDOT-yPGA]PHMeDOT hydrogel. The diameter distribution of the hydrogel pores
and the corresponding average value + standard deviation are displayed in (a). The influence of the sonication
and centrifugation process in the dispersibility and size of the MPs is displayed in (b): left side micrograph
corresponds to MPs sonicated in acetonitrile and, subsequently, centrifuged, while the right side one refers
to MPs sonicated and centrifuged repeatedly in acetonitrile, acetone and milli-Q water.

The shape and the diameter distribution of electrospun PCL MFs were also
determined (Figure 3.5.3a). MFs present a cylindrical morphology with an
average diameter (D) of 742 + 44 nm. An important observation is that
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electrospun MFs are collected forming a very porous mat, which is consequence
of their random alignment. Because of this porosity, the mat of PCL MFs is
expected to be penetrated by the PHMeDOT chains in three-layered
SINP/PCL/sINP platforms, facilitating the formation of conduction paths
connecting the two external hydrogel layers. Finally, the two hydrogel layers and
the intermediate PCL fibrous mat are well-assembled in the SINP/PCL/SINP
platform (Figure 3.5.3b), which is also demonstrated below by the peel test.
Furthermore, micrographs reveal that the electropolymerized PHMeDOT
network is not restricted to the two hydrogel layers but successfully extends over
the PCL fibrous mat, thus favoring the electrochemical response of the platform

as a whole (see below).

D=742+44nm

Relative frequency (%)

T — ~T = — T l'l T
02 04 06 08 10 12 14 16 18

Pore size (um)

Figure 3.5.3. Representative SEM micrographs of: (a) the PCL fibrous mat; and (b) the sSINP/PCL/SINP
platform (two different magnifications). The diameter distribution of PCL MFs and the corresponding

average value + standard deviation is displayed in (a).
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3.5.3.3 Chemical and electrochemical characterization of SINP/PCL/sINP
platforms

The FTIR spectra recorded for yPGA hydrogel, PEDOT film, SINP hydrogel
and PCL electrospun mat are shown in Figure 3.5.4a. Detailed discussion of each

is provided below:

yPGA hydrogel. The spectrum of yYPGA shows sharp and intense absorption
peaks at 1636, 1542 and 1257 cm, which correspond to stretching vibration of
the amide carbonyl group (amide I), the -CONH- bond vibration (amide 11) and
the C—N vibration, respectively, and a broad peak at 3291 cm attributable to the
N—H stretching. Such four peaks confirm the presence of amide groups in YPGA,
including cross-link bonds, whereas the absence of peaks at approximately
1728 (free carboxylic acid), 1580 (asymmetric COO") and 1400 cm™ (symmetric
COO") reflects the success of the condensation reaction used to form the

hydrogel.’

PEDOT film. The spectrum displays characteristic absorption bands at 1513
(asymmetric C=C stretching) and 1291 cm™ (inter-ring C—C stretching). Besides,
the bands appearing at 1166, 1120, 1064 and 1031 cm™ are attributed to the
C—O-C vibrations in the ethylenedioxy group, while the C—S—C vibrations in the
thiophene ring occur at 954, 902 and 869 cm™.

sINP hydrogel. The spectrum of the [PEDOT-yPGA]JPHMeDOT hydrogel
includes: the amide I, amide 11 and the C—N vibrations of yPGA hydrogel (1628,
1536 and 1255 cm™, respectively); the C=C and C-C stretching modes, which
overlaps the amide | and amide 11, as well as the C—-O—-C (1169, 1120, 1065 and
1033 cm™) and the C-S (954 cm?) vibrations of PEDOT; and a very intense and
broad peak centered at 3248 cm™ associated to the vibrations of the hydroxyl
groups of PHMeDOT. The small peak at 1729 cm™ was associated with enhanced

oxidation processes due to the large polymerization time (7 h).%8



Semi-interpenetrated hydrogels-microfibers electroactive assemblies for release and real-time monitoring of
drugs.

PCL electrospun mat. The spectrum of PCL is well-known®® It shows a strong
band associated to the carbonyl stretching mode at 1721 cm™. Other important
bands that can be easily identified in fibrous PCL mats are the asymmetric and
symmetric CH stretching (2939 and 2866 cm™, respectively), the C-O and C-C
stretching in the crystalline phase (1293 cm™), asymmetric and symmetric COC
stretching (1239 and 1176 cm™, respectively), and the C—O and C—C stretching in

the amorphous phase (1160 cm™).5°

In summary, the yPGA hydrogel spectrum shows the typical bands ascribed to
the amide bond (i.e. amide I, amide 11, C—N stretch and N—H stretch), whereas the
absence of the free carboxylic acid, asymmetric COO™ and symmetric COO~
reflects the success of the condensation reaction used to form the hydrogel.?! On
the other hand, PEDOT film displays the characteristic absorption bands of the
thiophene and ethylenedioxy groups. The spectrum of the SINP [PEDOT-
yPGA]JPHMeDOT hydrogel includes the amide peaks of yPGA hydrogel, the
characteristic vibrations of the thiophene and ethylenedioxy groups, and a very
intense and broad band associated to the vibrations of the hydroxyl groups of
PHMeDOT.® The FTIR spectrum of PCL is fully consistent with those reported

in the literature.5°

Regarding the sINP/PCL/SINP spectrum, although clear identification of the
absorption bands is not possible for all individual components, the most
characteristic trends of sSINP hydrogels and PLC mats are observed (marked by

semi-transparent boxes in Figure 3.5.4a).

The success of the in situ PHMeDOT electropolymerization was also
demonstrated by Raman spectrometry comparing the spectra obtained for
PEDOT-yPGA and sINP [PEDOT-yPGA]PHMeDOT hydrogels (Figure 3.5.5).
Indeed, after the incorporation of PHMeDOT, the peaks at 1430 and 1485 cm ™2,

which correspond to the C=C symmetrical and asymmetrical stretching,
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respectively, shift to 1433 and 1496 cm ™2, respectively, and become more intense.
Moreover, the peaks at 2878 and 2960 cm ™2, which have been associated with the

exocyclic hydroxyl group, are only detected for the SINP hydrogel.

Cyclic voltammograms recorded for yPGA/YPGA, PEDOT-yPGA/PEDOT-
YPGA and sINP/sINP bi-layered systems in water with 0.1 M LiClO4 are
compared in Figure 3.5.4b. As it is reflected by the very small cathodic and
anodic areas, the electrochemical activity of yPGA/yPGA is practically inexistent.
However, these areas increase considerably when conducting PEDOT MPs are
incorporated into the biopolymer matrix. Thus, PEDOT-yPGA/ PEDOT-yPGA
shows an oxidation peak at 0.82 V and a reduction shoulder between -0.1 and 0.1
V, which have been associated with the reversible formation of polarons and
bipolarons in PEDOT chains, supporting the successful loading of PEDOT MPs
and showing their essential contribution to the redox charge storage capacity. As
expected, the electrochemical response is more pronounced for sSINP/SINP than
for PEDOT-yPGA/PEDOT-yPGA on account of the formation of PHMeDOT
networks semi-interpenetrating the hydrogel matrix. The effect of PHMeDOT
conduction paths is also evidenced by the enhancement of the current density at
both the initial/final and reversal potentials.

Figure 3.5.4b, which includes the voltammogram recorded for the
SINP/PCL/sINP platform in the same electrolytic medium, shows that the
electrochemical activity increases when the two sINP hydrogels are separated by
the fibrous PCL layer. This feature has been attributed to the fact that PHMeDOT
conduction networks grow not only inside the sINP hydrogel layers but especially
inside the fibrous PCL layer. Thus, the diffusion of HMeDOT monomers across
the porous PCL mat is favored, facilitating the anodic polymerization of
PHMeDOT and, therefore, promoting the connection between the two sINP
hydrogel layers.
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The areal specific capacitance (SC, in mF/cm?) values, which were determined
by applying Equation 3.5.1, are fully consistent with the discussion of the
electrochemical activity. SC increases as follows: yPGA/YPGA < PEDOT-
YPGA/PEDOT-yPGA < sINP/sINP < sINP/PCL/SINP (Figure 3.5.4c). On the
other hand, the loss of electrochemical activity (LEA, in %), which refers to the
stability of the platform against consecutive oxidation-reduction cycles, was
calculated through the variation of voltammetric charge (Equation 3.5.2). Thus,
the electrochemical stability decreases with increasing LEA values. The LEA
parameter, which indicates the electrochemical stability of the system, increases
as follows: PEDOT-yPGA/PEDOT-yPGA < SINP/SINP < SINP/PCL/SINP
(Figure 3.5.4d). Hence, not only do the conduction paths provide higher ability
to store charge (as it is reflected by the SC value) by semi-interpenetrating the
hydrogel layers and connecting them across the PCL layer, but also enhanced
longevity against redox processes.
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Figure 3.5.4. (a) FTIR spectra, (b) cyclic voltammograms (scan rate: 100 mV/s), (c) areal specific
capacitances (SC) and (d) loss of electrochemical activity (LEA) of different bi- and three-layered platforms

prepared in this work.
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Figure 3.5.5. Raman spectra of PEDOT-yPGA and sINP [PEDOT-yPGA]PHMeDOT hydrogels.

3.5.3.4 Thermal stability, swellability and mechanical characterization of
SINP/PCL/sINP platforms

Thermal gravimetric analysis (TGA) was conducted for yPGA/YPGA,
PEDOT-yPGA/PEDOT-yPGA, SINP/sINP, YPGA/PCL/IYPGA and
SINP/PCL/sINP to examine their degradation profiles. In all cases, a small weight
loss (i.e. ~10 %) is detected at around 100 °C, which has been attributed to the
evaporation of absorbed water (Figure 3.5.6a). The thermal degradation of
YPGA/YPGA, PEDOT-yPGA/PEDOT-yPGA and sINP/SINP starts at a similar
temperature, the predominant decomposition step occurring at ~275 °C for such
three bi-layered systems. Moreover, the chemical heterogeneity of yPGA
hydrogels, which is related to the influence of the long and short molecular tracts
(i.e. the polypeptide backbone and the crosslinks, respectively) in the diffusion of
the degraded molecules, explains the different degradation steps observed for
YPGA/YPGA in the DGTA profile. The incorporation of PEDOT MPs enhances

the problems associated with the diffusion of the degradation products, adding
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complexity to the degradation process. In contrast, the anodic polymerization of
PHMeDOT provides homogeneity to the polymeric matrix, facilitating the
diffusion of the degraded molecules (i.e. a single predominant peak is observed
in the DGTA profile).

It is well-known that the thermal degradation of PCL fibrous mats starts at
350 °C."®™ This value, which is higher than that found for yPGA hydrogel,
explains the enhanced thermal stability of yPGA/PCL/yPGA and sINP/PCL/SINP
with respect to yYPGA/YPGA and sINP/SINP, respectively. The most prominent
peak in the DGTA curve of yYPGA/PCL/yPGA and sINP/PCL/SINP appears at 305
and 280 °C, respectively. The difference between such two systems is again
caused by the chemical heterogeneity of yPGA in yPGA/PCL/YPGA (i.e. the
predominant peak is surrounded by local peaks at 281 and 342 °C, evidencing
restrictions related to degraded products diffusion, as in YPGA/yPGA) and the
homogeneity caused by the anodic polymerization in the sSINP/PCL/SINP
platform (i.e. the predominant peak is much clearly defined, as for SINP/SINP).

The incorporation of PCL MFs between the two hydrogel layers affects not
only the thermal stability, but also the swellability of the platform (Figure 3.5.6b).
The swelling ratio (SR, Equation 3.5.3) of yPGA/yPGA and sINP/SINP decreases
upon the incorporation of the intermediate PCL layer by 65% and 49%,
respectively. This observation is attributed to the poor wettability of PCL fibrous
mats, which behave as hydrophobic systems with water contact angles of ~120°.7
On the other hand, the incorporation of PEDOT MPs into yPGA/yPGA enhanced
the SR by 65%, this effect being slightly more pronounced (i.e. 8%) after the
anodic polymerization of PHMeDOT. The increment of the SR for PEDOT-
YPGA/PEDOT-yPGA and sINP/sINP with respect to yPGA/YPGA has been
attributed to the incorporation of doped PEDOT and PHMeDOT chains, which
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enhance the hydrophilicity of the yPGA matrix due to the charges (i.e. each ICP

chain stores n positive charges balanced with n perchlorate anions).

As the mechanical integrity of anodically polymerized ICPs is null,”'® the
influence of the PCL intermediate layer on the strength of the platform was
evaluated by conducting stress-strain assays in yPGA/yPGA and
YPGA/PCL/YPGA samples. An important factor in mechanical tests is good
sample grip, which is particularly difficult when the specimens are formed by
sticky and soft hydrogels. The strategy used to overcome this challenge includes
the utilization of elastic materials to help grip the samples (i.e. to reduce the
pressure of grip), as shown in Figure 3.5.7a. The measured stress-strain curves
which are compared in Figure 3.5.6c, reflect the notable influence of the PCL
layer. Thus, YPGA/yPGA displays an elastic behavior with a very low Young
modulus of 0.2 £ 0.1 kPa. Unfortunately, tensile strength measurements at strain
values higher than ~50% were not possible because of the loss of grip.
Interestingly, the incorporation of the fibrous layer not only improved the
gripping, allowing measures at higher strains, but also reinforced the mechanical
resistance of the platform. Thus, the Young modulus estimated for
YPGA/PCL/YPGA was 1.1 £ 0.5 kPa, which represents an increase of more than
five times with respect to YPGA/YPGA.

A peel test was conducted using a tensile testing equipment to determine the
strength of the adhesive bond between the yPGA hydrogel and the PCL fibrous
mat (Figure 3.5.7b). For this purpose, a bi-layered yPGA/PCL system was
prepared by applying spin coating and electrospinning successively. After drying
at room temperature for 24 h, the resulting stress-strain curve, which is shown in
Figure 3.5.6d, indicate that the peel strength required to detach the two layers is
of around 1.5 MPa. This adhesive strength is very high considering that the
interface between hydrophilic yYPGA hydrogel and the hydrophobic PCL MFs
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does not involve covalent bonds. Thus, the adhesive strength of hydrogels is
usually around 1 MPa or even lower.”""® For example, hydrophilic adhesive
formulations made by blending poly(N-vinylpyrrolidone) and hydroxyl
terminated poly(ethylene glycol) exhibited debonding stresses comprised
between 0.6 and 1.1 MPa.”®
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Figure 3.5.6. (a) Thermogravimetric (solid lines) and derivative thermogravimetric curves (dashed lines),
(b) swelling ratio (SR), (c) strain-stress curves and (d) peel test of different bi- and three-layered bioplatforms
prepared in this work.
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(b),

Figure 3.5.7. (a) YPGA/YPGA sample preparation for strain-stress tests. The position of the sample is
indicated by the red arrow. (b) Peel test for the bi-layered yYPGA/PCL sample.

3.5.3.5 Loading of levofloxacin

SINP/PCL/sINP platforms loaded with levofloxacin (LVX), hereafter named
[SINP/PCL/SINP]LVX, were prepared by adapting the last step of the procedure
sketched in Figure 3.5.1b. More specifically, the antibiotic (2 mM) was added to
the aqueous solution with HMeEDOT (10 mM) and LiClO4 (0.1 M) used in the
anodic polymerization step. As mentioned above, the PEDOT-yPGA/PCL/
PEDOT-yPGA was kept immersed in this reaction medium for 12 h under stirring
before to initiate the polymerization of PHMeDOT, which favoured not only the
penetration of the HMeDOT monomer but also of the antibiotic LV X inside the

platform.

The successful incorporation of LVX into the bioplatform was evidenced by
UV-Vis spectrometry (Figure 3.5.8a). Indeed, the absorption peak centered at
286 nm and the shoulder at ~320 nm indicate the presence of LVX in the
[SINP/PCL/sINP]LVX platform. According to the calibration curve obtained with
the peak at 286 nm in a 0.1 M LiClO4 aqueous solution (Figure 3.5.8b), the
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amount of antibiotic loaded in the [SINP/PCL/SINP]JLVX platform was of
219.5 + 40.1 puM.
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Figure 3.5.8. (a) Comparison between the UV-Vis spectra of sSINP/PCL/SINP and [sSINP/PCL/SINP]LVX

bioplatforms. (b) LVX calibration curve in 0.1 M LiCIO4 aqueous solution using the absorbance at 286 nm.

3.5.3.6 Release and detection of levofloxacin

The release of the antibiotic from [SINP/PCL/SINP]LVX was expected to
depend on the relative strength of the interactions between the drug and the
different polymeric components of the platform or the molecules from the 0.1 M
LiClIO4 aqueous solution used as release medium (i.e. water and ions).
[SINP/PCL/SINP]LVX square pieces of 0.5x0.5 cm? were immersed in the release

medium using Eppendorf tubes. At regular time intervals (i.e. 5 min, 15 min, 30
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min, 1 h and 24 h), the release medium (1 mL) was withdrawn from the tube and
analyzed by UV-Vis spectroscopy. The amount of released LV X was quantified
by UV-Vis spectroscopy, using the band centered at 286 nm and the calibration
curve displayed in Figure 3.5.8Db.

The antibiotic was rapidly released to the medium (Figure 3.5.9a). More
specifically, ~80% of LV X was released to the medium during the first 30 min,
whereas only 7% of the antibiotic content remained inside the platform after 1 h.
This fast release has been attributed to the weakness of the interactions between
LVX and the polymeric components of the platform, which are rapidly
compensated by the strong interactions between the carboxylate of LV X and the
ions of the medium. Despite this inconvenience, it should be noted that this work
focuses on the conceptualization of a dual platform for real-time detection of the
released drug. Hence, investigations on the dependence between the chemical
structure of potential drugs and the kinetics of their release are beyond the scope
of this study.

On the other hand, Figure 3.5.10 shows the LVX release profile from
[SINP/PCL/SINP]JLVX in 0.1 M phosphate buffer saline (PBS) solution. As
expected, the behavior is very similar to that observed in 0.1 M LiClO4 aqueous
solution. Small differences have been attributed to side effects occurring in PBS,
as for example the competition of the different anions (perchlorate — used in the
synthesis of the ICP -, phosphate and chloride) to act as dopant agent or the
competition from the different cations (Li*, Na* and K*) to interact with LVX,
which may affect the release response.

Figure 3.5.9b shows the cyclic voltammograms for [SINP/PCL/SINP]LVX
samples as prepared and after being immersed in the release medium for 5 min,
15 min, 30 min and 1 h. For comparison, the voltammogram recorded for

unloaded sINP/PCL/sSINP (control) is included in the graphic. The curve for as




Chapter 3: Results and discussion

prepared [SINP/PCL/SINP]LVX shows shoulders at ~0.3 V (cathodic scan) and
1.10 V (anodic scan), which are associated with the oxidation and reduction of
the loaded LVX, respectively, and are not observed for as prepared
SINP/PCL/sINP. The peak intensity of the loaded LV X oxidation decreases with
increasing immersion time, which evidences that the release of antibiotic to the
medium is successfully detected by the integrated bioplatform. Consistently, the
voltammograms of sSINP/PCL/SINP (control) did not show such oxidation and
reduction shoulders after 60 min of immersion in the release medium
(Figure 3.5.11).

The detection of loaded LVX is clearly observed in Figure 3.5.9¢c, which
represents the current density at a potential of 1.10 V. The current density
decreases linearly with the immersion time of the [SINP/PCL/SINP]LVX platform
into the release medium, evidencing that the integrated platform is sensible
enough to detect very low concentrations of LV X. Apparently, this sensitivity is
independent of area of the voltammogram, which decreases with the number of
redox cycles.

The sensitivity of the detection process is demonstrated by the graphics
displayed in Figure 3.5.9d and e. The former graphic represents the current
density at a potential of 1.10 V measured by cyclic voltammetry for
[SINP/PCL/SINP]LVX samples as prepared and after being immersed in the
release medium for 5 min, 15 min, 30 min and 1 h (Figure 3.5.9b) vs the LVX
concentration remaining at the platform at such time intervals, as determined by
UV-Vis spectroscopy (Figure 3.5.9a). The linear relation, R?>= 0.9802, reflects
that the ICP internally distributed across the hydrogels and MFs layer can be
successfully applied to detect the antibiotic loaded into the semi-interpenetrated

platform.
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The calibration curve for the detection of LVX (Figure 3.5.9¢) was obtained
using flat PHMeDOT films prepared by anodic polymerization on steel tweezers
by applying a constant potential of 1.10 V for 600 s. As expected, a linear
correlation with R?= 0.9371 was achieved, confirming that this ICP-based method
is able to detect LVX. Most importantly, application of the linear equation
obtained in Figure 3.5.9d to the LV X concentrations used for the latter calibration
curve provides very similar current densities (empty symbols in Figure 3.5.9¢).
The small differences between the experimental and theoretical calibration curves
should be attributed to the fact that (i) the accessibility of ICP is much easier in
the film than in the semi-interpenetrated platform; and (ii) the amount of ICP,

which is different in the compared systems.
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Figure 3.5.9. (a) LVX release profile in 0.1 M LiClO4 aqueous solution from [SINP/PCL/SINPILVX
bioplatform. (b) Cyclic voltammogrands (scan rate: 100 mV/s) obtained using unloaded sINP/PCL/sINP and
[SINP/PCL/SINP]LVX. Voltammograms for the latter were recorded for samples as prepared and after 5, 15,
30 and 60 min of immersion into the release medium. (c) Variation of the current density at a potential of
1.10 V for LVX at the integrated [SINP/PCL/SINP]LVX bioplatform against the time immersed into the
release medium. (d) Graphic representing the current density at a potential of 1.10 VV measured by cyclic
voltammetry for [SINP/PCL/SINP]LV X as prepared and after 5 min, 15 min, 30 min and 1 h immersed in the
release medium vs the LV X concentration remaining at the platform at such time intervals, as determined by
UV-Vis spectroscopy. (e) Calibration curve for the detection of LVX using flat PHMeDOT films (filled
symbols) and representation of the current density obtained by applying the linear equation obtained in (d)

to the same LV X concentrations (empty symbols).
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Figure 3.5.10. LV X release profile in 0.1 M PBS solution from [SINP/PCL/sINP]LV X bioplatform.
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Figure 3.5.11. Cyclic voltammogrands (scan rate: 100 mV/s) obtained using unloaded sINP/PCL/SINP

Voltammograms were recorded for samples as prepared and after 5, 15, 30 and 60 min of immersion into the

release medium.

3.5.3.7 Activity of released levofloxacin

Investigation of the antibacterial mechanism of released LVX is out of the

scope of this work, even though the possible mechanisms of action of antibacterial
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agents released from hydrogels have been exhaustively reviewed.’ In this section
we demonstrate that the antibiotic, which was loaded by diffusion before the
anodic polymerization of HMeDOT monomers, was not damaged by the applied
potential, preserving its activity. For this purpose, the antibacterial activity of the
platform loaded with LVX was tested against E. coli and S. sanguinis as
representative of Gram-negative and Gram-positive bacteria, respectively, using
the agar diffusion test. Thus, [SINP/PCL/SINP]JLVX and control samples were
emplaced in an agar plate where bacteria were grown to test the extent to which
bacteria are affected by released LV X. Both free LV X and discs of nalidixic acid
(NAX), which is a well-known Gram-negative antibacterial agent, were used as
positive controls, while unloaded sINP/PCL/sINP was considered as the negative

control.

After incubating for 24 h, inhibition zones around [SINP/PCL/SINP JLVX, free
LVX and NAX samples were clearly identified for the two tested bacteria
indicating that compounds with bactericidal activity diffuse outward from the
samples (Figure 3.5.12). Thus, such clear zones are halos of inhibited bacterial
growth, which indicate the inability of the tested organisms to survive in presence
of free LV X and antibiotic released from the platform. Moreover, the size of the
halos obtained for [SINP/PCL/SINP JLVX and free LVX are very similar,
indicating that the susceptibility of the tested bacteria towards the released
antibiotic is similar to that towards the free one. This observation is fully
consistent with the fast release of the antibiotic from the [SINP/PCL/SINP]LVX
platform. Besides, the antimicrobial action is more pronounced for E. coli than
for S. sanguinis, as it is revealed by the size of the halos, since both LVX and
NAX are more effective against Gram-negative bacteria. On the other hand, no
inhibition zone S. sanguinis or a small halo E. coli was detected for
SINP/PLC/sINP samples, thus confirming that the polymeric matrix is harmless

to bacteria. The small halo found for SINP/PLC/sINP controls in E. coli cultures
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has been attributed to the bacteriostatic effect of residual solvent or reagent, which
resulted innocuous in S. sanguinis cultures. However, as both
[SINP/PCL/SINPJLVX and sINP/PLC/SINP were prepared using identical
procedures and materials, such small bacteriostatic effect does not affect the

qualitative conclusions extracted from the experiments.

[sINP/PCL/sINPJLVX

sINP/PCL/sINP (control)

(b) NAX

[sINP/PCL/sINP]JLVX

sINP/PCL/sINP (control)

Figure 3.5.12. (a) S. sanguinis and (b) E. coli bacterial cultures showing the inhibition zones around
[SINP/PCL/SINPILVX, free LVX (positive control) and NAX discs (positive control). Unloaded
SINP/PCL/sINP was also tested as negative control.
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3.5.4 Conclusion

Four different biocompatible polymers (i.e. yPGA, PEDOT, PCL and
PHMeDOT) have been used to manufacture the sINP/PCL/SINP and
SINP/PCL/sSINP]LVX platforms. These systems consist on electrospun PCL MFs
in the middle of two PEDOT-yPGA hydrogel layers, the whole three-layered
system being semi-interpenetrated by PHMeDOT conducting networks. In
addition of good mechanical and electrochemical properties, sSINP/PCL/SINP
exhibits drug-loading capacity, which has been wused to prepare
SINP/PCL/SINP]LVX. Although LVX, which has been loaded during the semi-
interpenetration step, was released very rapidly, the antibiotic was
electrochemically monitored in real-time while remaining inside the platform.
Moreover, the antibiotic has been demonstrated to preserve its antimicrobial
activity. The design of dual-functional polymeric devices with drug-loading
capacity and electrochemical response is a very promising approach for the
development of advanced biomedical applications. However, much work is still
required to use this multi-functionality as a practical loading-monitoring tool.
Future studies will focus on the effect of the multi-component nature of the
SINP/PCL/sINP platform in the drug loading capacity, establishing relationships
with the chemical structure of the loaded drug, as well as in its (bio)degradability
rate.
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Conclusions

1.

A simple and highly sensitive electrode consisting of CAM-loaded
PEDOT NPs has been developed to monitor the inhibition of bacterial
growth in real-time using CV.

Both CAM and PYR have been successfully loaded in PEDOT NPs. The
loading capacity was similar for CAM and PYR (i.e. 11.9 = 1.3 % w/w
and 11.4 £ 1.5 %), which has been attributed to their chemical and

physical similarity.

PEDOT/CAM and PEDOT/PYR NPs are promising electro-responsive
platforms for regulating CAM and PYR, respectively, to the desired
optimal dosage. Important advantages are: a) the simplicity of the
synthesis, which allows the in situ drug-loading; b) the high stability and
fast response against electrical signals of the drug-loaded NPs, which are
even higher than for unloaded NPs; and c) the very low toxicity of PEDOT
NPs.

Although the release of CAM from PEDOT/CAM NPs was very slow,
even applying external electrical stimuli, the bacterial growth inhibition
has been demonstrated.

The release of PYR from loaded PEDOT NPs is very low in absence of
stimulus, while it increases considerably (~50%) when sustained CV

stimulation is applied for 30 min.

The dual functions of PEDOT/CAM NPs, which allow to follow the
infection progression while releasing the antibiotic, reflect not only their
versatility but also their potential utility for the treatment and control of

bacterial infections.
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15.

Chapter 4: Conclusions

A new system, which combines the advantages of PGGA biohydrogel and
the electrochemical activity of PEDOT NPs, have been prepared to
regulate the release of CUR, a hydrophobic drug with poor solubility in

water.

The innovative combination of PEDOT NPs and PGGA hydrogel allows

to tune the CUR release kinetics by applying an electrical voltage.

PGGA/PEDOT should be considered a smart stimuli-responsive drug-
carrier able to deliver the small hydrophobic drug in a temporal and

dosage-controlled fashion.

AH, a small and polar PC that increases the activity of misfolded GCase,

can be loaded in fibrous PCL scaffolds by electrospinning.

The fast release rate of AH from PCL MFs, which occurs in less than one
hour, has been regulated by coating the fibrous scaffold with films, which

were prepared by dip-coating and by spin-coating.

The AH release extends to weeks and months when coatings were
achieved by dip-coating and spin-coating, respectively. Accordingly,
PCL coated-fibrous scaffolds can be used to regulate strategically the

dosage of polar drugs depending on the therapeutic needs.

The released AH retains the protecting effect on the activity of GCase,
demonstrating that the electrospinning process used to produce PCL MFs

does not affect the functionality of the drug.

A multifunctional biomedical platform, SINP/PCL/SINP, has been
manufactured by combining four different biocompatible polymers (i.e.
YPGA, PEDOT, PCL and PHMeDOT).

The sINP/PCL/sSINP platform has been developed using not only different
polymeric materials but also different formats: electrospun PCL MFs,



16.

17.

18.

19.

yYPGA hydrogel loaded with PEDOT MPs, and PHMeDOT coating for the

semi-interpenetrations of the previous elements.

LV X has been successfully loaded in the sSINP/PCL/SINP platform during
the semi-interpenetration step.

Although the release of LVX from [SINP/PCL/SINP]LVX occurred very
rapidly, the antibiotic was electrochemically monitored in real-time while

remaining inside the platform.

The antibiotic released from [SINP/PCL/SINPJLVX has been
demonstrated to preserve its antimicrobial activity.

The design of dual-functional polymeric devices with drug-loading
capacity and electrochemical response is a very promising approach for

the development of advanced biomedical applications.
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