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Abstract

Chronic wounds are portrayed as an anomaly in the healing process. Economically
speaking this type of wounds lead to a burden in the healthcare system due to the need
of specialised clinicians and the overall cost of the treatment. Furthermore, the patient
undergoes notable physical and emotional discomfort.

The employment of Drug Delivery Systems (DDSs) in patch form can be advantageous
in this condition as it can provide a boundary between the environment and the body,
maintaining the correct moisture, and supplying the necessary drugs with a lower period-
icity. The use of light as the stimuli to release the therapeutic agent brings an added value
to the DDSs as it has a noninvasive nature, it’s efficiently applied and has a high spacial
and temporal control.

With the above information in mind, the present work consisted in the development,
through the electrospinning and electrospray techniques, and characterization of Cellulose
Acetate (CA)+Ibuprofen (Ibu)+Poly(3-hexylthiophene) (P3HT) membranes for controlled
drug release.

Regarding the drug release tests, with the use of Ultraviolet (UV) light a increase
in the Ibu concentration was observed in all the membranes when compared with the
respective passive release values. In the infrared light test, CA+Ibu+P3HT(spray) and
CA+Ibu+P3HT(blend) membranes don’t reach their passive values, while the CA+Ibu
and CA membrane reach and surpasse the passive value, respectively.

This work presents good prospects for application in dermal treatment, but it is
necessary to carry out additional studies, such as cytotoxicity analysis and optimization
of the morphological and electrical properties of the membranes produced.

Keywords: Controlled drug release, electrospinning, cellulose acetate, ibuprofen, P3HT,
light stimuli
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Resumo

As feridas crônicas são retratadas como uma anomalia no processo de cicatrização. Econo-
micamente, este tipo de ferida leva a um fardo no sistema de saúde devido à necessidade
de profissionais especializados e ao custo geral do tratamento. Além disso, o paciente
enfrenta um significativo desconforto físico e emocional.

A utilização de sistemas de entrega de fármaco em forma de adesivo pode ser vantajosa
neste caso, pois pode fornecer uma barreira entre o ambiente e o corpo, mantendo a
humidade adequada e fornecendo o fármaco necessário com menor periodicidade. O
uso da luz como estímulo para liberar o agente terapêutico traz um valor adicional aos
sistemas de entrega de fármaco, pois possui uma natureza não invasiva, é aplicado de
forma eficiente e possui alto controlo espacial e temporal.

Com as informações acima em mente, o presente trabalho consistiu no desenvol-
vimento, por meio das técnicas de electrospinning e eletrospray, e na caracterização de
membranas de AC+Ibu+P3HT para libertação controlada de fármaco.

Em relação aos testes de libertação de fármaco, com o uso da luz UV, foi observado
um aumento na concentração de Ibu em todas as membranas quando comparado aos
respectivos valores de libertação passiva. No teste de luz infravermelha, as membranas
de AC+Ibu+P3HT (spray) e AC+Ibu+P3HT (mistura) não atingem os seus valores pas-
sivos, enquanto as membranas de AC+Ibu e AC alcançam e superam o valor passivo,
respectivamente.

Este trabalho apresenta boas perspectivas para aplicação no tratamento dermatológico,
mas é necessário realizar estudos adicionais, como análise de citotoxicidade e otimização
das propriedades morfológicas e elétricas das membranas produzidas.

Palavras-chave: Libertação controlada de fármaco, electrofiação, acetato de celulose, ibu-
profeno, P3HT, estímulo luminoso
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Introduction

1.1 Motivation

The skin is the largest organ in the human body and executes numerous functions by
virtue of its highly developed characteristics. It mainly acts as barrier between the external
environment and the body, maintaining the internal conditions despite the external
changes [2]. A skin wound leads to a breakage of this barrier and, as a result, to infections.

Chronic wounds are portrayed as an anomaly in the healing process, which can be
divided in 3 stages, inflammation, tissue formation, and tissue remodeling. This anomaly
arises from the delay of the previously mentioned stages [3]. Based on aetiology, chronic
wounds can be classified as pressure, diabetic, venous and arterial insufficiency ulcers.
Economically speaking this type of wounds lead to a burden in the healthcare system due
to the need of specialised clinicians and the overall cost of the treatment. Furthermore,
the patient undergoes notable physical and emotional discomfort [4].

Regarding the treatment of this ailment, it consists of tissue assessment and debride-
ment, control of infection/inflammation, establishing moisture balance and managing
wound exudate and observation of the wound edge. The employment of DDSs in patch
form can be advantageous in this condition as it can provide a boundary between the
environment and the body, maintaining the correct moisture, and supplying the necessary
drugs with a lower periodicity [5].

The use of controlled drug release is advantageous in numerous situations, for example,
to maintain drug concentration in the body within the therapeutic range during a larger
time interval, reducing the probability of adverse side effects and the frequency of drug
administration whilst improving the effectiveness of the treatment. Therewithal, the use
of light as the stimuli to release the therapeutic agent brings an added value to the DDSs
as it has a noninvasive nature, it’s efficiently applied and has a high spacial and temporal
control [6].

For the reasons stated above, the goal of this thesis is to study the benefits of light-
responsive on-demand DDSs that use biocompatible and photosensitive materials, as it
provides a barrier to protect the wounds and an efficient method to deliver the necessary

1



CHAPTER 1. INTRODUCTION

drug.

The research work described in this dissertation was carried out in accordance with the
norms established in the ethics code of Universidade Nova de Lisboa. The work described
and the material presented in this dissertation, with the exceptions clearly indicated,
constitute original work carried out by the author.

1.2 Context

1.2.1 Stimuli Responsive Drug Delivery Systems

DDSs are described by J Rojo et al. [7] as "a formulation or a device that enables a
therapeutic substance to selectively reach its site of action without reaching the nontarget
cells, organs, or tissues". This systems can be managed through a variety of stimuli,
internal and external.

Concerning the endo-stimuli-responsive DDSs, some of the variables that can activate
the delivery of the drugs are the pH level, Reactive Oxygen Species (ROS) and enzymes
[8].

Regarding the exo-stimuli-responsive DDSs, temperature, radiation, light, magnetic
field and ultrasound are the main triggers of drug release [8]. The use of this class of stimuli
proves to be beneficial as it provides a control over the duration and spacial extension in
which the drug is released [9]. In 1.2.2 the light-responsive DDSs are discussed in detail.

1.2.2 Light-responsive DDSs

Light is an electromagnetic radiation that can be divided by its wavelength in to several
categories, the ones relevant to this study are UV, visible and Near-Infrared (NIR). It can
be used as a one time stimulus to release the drug it carries or as a switch, displaying
the ability to activate or terminate the release in a dynamic system [9]. Taking into
consideration the respective wavelength and tissue penetration of each light the Table 1.1
was organized.

Ultraviolet A (UVA) is the main component of the UV radiation that reaches the earth
and causes many skin and eyes damages, it has the lower tissue penetration and range of
wavelength and high phototoxicity resulting in low drug release [9].

The visible range of the light spectrum, between 400 and 650 nm, offers a variety of
colors, easily seen by the human eye, and a tissue penetration between 0.5 and 2.5 mm.

NIR has a wavelength between 650 and 950 nm, displays low phototoxicity therefore
being suitable for a variety of medical applications.

2



1.2. CONTEXT

Table 1.1: Tissue Penetration of the different lights on the spectrum.

Light Wavelength Tissue Penetration Reference

UVA 320–400 nm 100–150 𝜇m [9]
Visible 400–650 nm 0.5-2.5 mm [10]

NIR 650–950 nm 1–3.5 mm [10]

NIR Photoresponsive DDSs can be divided into 3 categories [10], as depicted in figure
1.1:

1. Photothermal responsive DDSs: nanomaterial-mediated Phototermal Therapy (PTT)
under NIR laser irradiation to generate heat to destroy thermal-responsive materials,
generally constructed via integrating thermal-responsive components into nanoma-
terials containing drugs and photothermal agents (organic dyes, such as indocyanine
green, and organic nanoparticles;

2. Photodynamic responsive DDSs: rely on photosensitizer mediated Photodynamic
Therapy (PDT) to allow NIR triggered drug release, PDT utilizes photosensitizers
and light irradiation to generate ROS;

3. Photoconversion responsive DDSs: are fabricated through integrating UV/Visible
(Vis) light-sensitive components into upconverting nanosystems with loadings of
drugs. Under NIR laser irradiation, upconversion materials convert NIR light into
UV/Vis light that can destroy these sensitive moieties, allowing for on-demand drug
release.

Figure 1.1: Illustrative representation of NIR photoresponsive DDSs [10].

3



CHAPTER 1. INTRODUCTION

1.3 State of the Art

Light-responsive DDSs have gained significant attention in recent years as they offer the
potential for targeted and controlled drug release in response to light stimuli. In the
field of dermal drug delivery, light-responsive systems have shown promise in improving
treatment efficacy, reducing side effects and achieving localized drug delivery [6].

One approach to achieving light-responsive drug delivery is through the use of
photoresponsive hydrogels. These hydrogels can undergo reversible changes in their
physical and chemical properties in response to light, allowing for the controlled release of
drugs in response to specific wavelengths of light. Examples of photoresponsive hydrogels
include azobenzene (photosensitizer) and poly(ethylene glycol) (PEG) hydrogel developed
by [11], this system showed reversible photoisomerization and volume changes when
exposed to specific wavelengths of UV radiation and silicone, spiropyran and merocyanine
hydrogels where, after UV irradiation the hydrophobic spiropyran transforms into the
hydrophilic merocyanine releasing the doxorubicin content [12].

Recently, nanomaterials such as gold nanoparticles have also been explored as potential
light-responsive drug delivery platforms due to their unique optical properties and high
antimicrobial activity. Gold nanoshell-coated chitosan liposomes are used to deliver
therapeutic agents after a pH or NIR stimuli [13].

Fibers made of polymeric and photosensitive compounds are also commonly used
in this systems since a dermal patch can be made out of this filaments. [14] developed
Polycaprolactone (PCL) and P3HT fybers that, when stimulated by light, encouraged the
regeneration of tissue.

Using the polymer CA, [15] developed electrospun membranes that released a model
drug, in this case Ibu, when a certain potential was applied. With this study it was
verified that CA is a good base polymer to incorporate the model drug into. In [16] this
polymer mixed with polyethylene oxide and methylene blue were able to, when exposed
to radiation, produce reactive oxygen species, which lead to the creation of hypoxia
conditions, preventing the development of bacteria.

Despite the promising results demonstrated by light-responsive DDSs, there are still
challenges that need to be addressed, such as the optimization of drug release kinetics,
ensuring biocompatibility, and achieving effective penetration of light through the skin.

The systems mentioned above have been compiled into the table I.1 in Appendix I.
Taking into account the DDSs already produced, this thesis will provide an innovative

contribution to the development of light responsive DDSs for dermal applications by
introducing a DDSs with materials never assembled together, CA, P3HT and Ibu, taking
advantage of their unique properties, such as the photosensitivity of the P3HT.

With that intention, a set of goals must be accomplished, particularly, this work is
divided in 3 main objectives:

1. Production of CA fibers using conventional electrospinning to incorporate a model

4



1.3. STATE OF THE ART

drug;

2. Incorporation of P3HT using two distinct approaches: (i) direct introduction of
the photosensitive polymer into the CA/Ibu solution (configuration referred to as
’blend’); and (ii) coating the CA/Ibu membrane with P3HT using the electrospray
technique (configuration referred to as ’spray’).;

3. Evaluation of the drug release under different radiations.

Taking into mind the aforementioned thesis aims, an introduction to the procedures
and materials to be employed will be presented next.

The fiber producing technique used is electrospinning, it produces fibers with diame-
ters in the range of submicron to nanometer. Electrospun fibers have several advantages
such as high surface area to volume ratio, pliability, mechanical performance, processing
simplicity, and relatively low cost making them attractive to several applications including
in the biomedical field [17, 18].

On the list of materials utilized, the first one is CA which is obtained by the acetylation
of cellulose [19]. It offers a variety of advantages as it overcomes the poor solubility of its
precursor compound and grants numerous beneficial features such as biocompatibility,
environmentally well-disposed attributes, inexpensive and non-toxic, therefore being used
for DDSs, particularly transdermal and wound dressing patches [18, 19]. To be used in
electrospinning CA was dissolved in acetone and dimethylacetamide [17].

P3HT, is a semiconducting polymer recognized by its optoelectronic properties, in
particular, its photosensitivity [20], such characteristics stem from its ability to crystallize
[21].

Figure 1.2: Chemical structure of P3HT [22].

In figure 1.2 the chemical structure of the polymer is represented. Regrettably P3HT
is unable to form nanofibers through electrospinning on account of deprivation of chain
entanglement, thus the necessity of blending this substance with another polymer [14], or
using the electrospray process to deposit it.

5



CHAPTER 1. INTRODUCTION

On the other hand, P3HT-PCL fibers have been explored and [20] came to the con-
clusion that this blend is biocompatible and cells can attach to the surface of this fibers.
Additionally, owing to its photosensitive features it’s an ideal material to be used for pho-
tocurrent therapy, which is a combination of electrotherapy and phototherapy, regarding
the first, the production of electrons from the photosensitive polymer being irradiated
creates a electromagnetic field which stimulates the cells to proliferate and encourages
nucleotide synthesis and in the second therapy mentioned, direct light stimulation also
has the same cellular proliferation effect. Due to the enhancement of cell multiplication
and consequent decrease in healing time the use of P3HT in photocurrent therapy is
beneficial for tissue regeneration.

Ibu is an anti inflammatory and antipyretic commonly prescribed as it bears all the
benefits of other therapeutics, like Aspirin, without such aggravated side effects, for
example, nausea, vomiting and gastric irritation [23]. Figure 1.3 represents the chemical
structure of the medication in question.

Figure 1.3: Chemical structure of Ibuprofen [24].

The previously described therapeutic was chosen as the model drug for this study
as it possesses a specific absorbance value of 222 nanometers [25] which will be used to
determine if the Ibu was released resorting to UV/Vis spectroscopy.
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2

Materials and Methods

In order to produce light-responsive DDSs for dermal applications a photosensitive
compound (P3HT), biocompatible polymer (CA) and model drug (Ibu) nanofibers must
be produced.

In this chapter a brief description of the fabrication methods and characterization
techniques is provided. The chosen method of production is conventional electrospinning
and electrospray. The characterization techniques are Scanning Electron Microscopy
(SEM), Fluorescence Microscopy and Spectroscopy, UV/Vis Spectroscopy and Current-
Voltage Characteristic Curve (I-V Curve).

2.1 Fiber Production using the electrospinning technique

In this section, the fiber setups, solutions and production techniques chosen will be
discussed.

2.1.1 Preparation of polymeric solutions

2.1.1.1 CA solution

The prepared solution contains 12% (w/v) of CA (Mn ∼ 50.000 with 40% of acetyl groups,
Sigma Aldrich) dissolved in a 2:1 proportion of acetone (Honeywell Riedel-de Haën, 99.5%)
and Dimethylacetamide (DMAc) (Carlo Erba Reagents S.A.S.). The solution dissolved with
constant magnetic agitation of 100 Revolutions per minute (rpm) at room temperature
for approximately 24 hours, after which it was homogeneous as it didn’t present any
suspended particles.

2.1.1.2 CA and Ibuprofen solution

The CA and Ibu solution was prepared as the CA solution above mentioned, the difference
relies on the use of 10% (w/v) of CA, that was reduced to ensure minimal variation in the
viscosity of the solution, and the addition of 0.2% (w/v) of Ibu (Farma-Quimica Sur S.L.,
99.3%).
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2.1.1.3 P3HT solution

The solution contains 0.5% (w/v) of P3HT (Ossila, 95.2% RR) dissolved in chlorobenzene
(Sigma-Aldrich, 99.8%) and 8% (w/w) acetonitrile (Honeywell Riedel-de Haën, 99.9%).
The solution was dissolved with constant magnetic agitation of 100 rpm at room tempera-
ture and humidity for approximately 16 hours.

2.1.1.4 CA, Ibuprofen and P3HT solution

In this solution, the same concentrations of CA and Ibu were used, 10% (w/v) of CA and
0.2% (w/v) of Ibu, the amount of P3HT used was 0.5% (w/v). This solution was dissolved
in a blend of Dichloromethane (DCM) (Carlo Erba Reagents S.A.S) and acetone in a 1:1
(v/v) proportion in order to produce fibers of similar diameter as the ones produced from
the solution in section 2.1.1.2 [26] and because a solvent for P3HT was necessary as neither
DMAc nor acetone perform well in the dissolvement of the mentioned polymer, in this
case DCM settles this issue [27]. The solution dissolved with constant magnetic agitation
of 100 rpm at room temperature and humidity for approximately 36 hours.

2.1.2 Selected fiber setups

In order to study the release of Ibu when irradiated with UV/Vis light two setups were
selected. The first, represented in the left segment of figure 2.1, has a spray setup in which
the inside has a blend of CA and Ibu, and the outer shell is a thin layer of P3HT, made
with the electrospray technique. The second setup, on the right of figure 2.1, is a blend of
the three materials above mentioned.

Figure 2.1: Selected fiber setups to evaluate the release of Ibuprofen. The blue circles
represent the Ibuprofen that was incorporated. The left diagram has a different colour
and the colour of the blue circles is faded in order to represent that a layer of P3HT was
deposited on top of the CA+Ibu membrane.
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2.1. FIBER PRODUCTION USING THE ELECTROSPINNING TECHNIQUE

2.1.3 Electrospinning

In order to produce fibers from the solutions previously described the experimental details
represented in figure 2.2 was employed.

Figure 2.2: Experimental setup of the electrospinning process.

A 1 mL syringe (Injekt, B.Braun) with a metal needle (Iberiana Technical), with an
inner diameter of 0.51 mm, was placed in a syringe pump (model 100 series, Kd. Scientific)
in order to eject the polymeric solution at a constant rate while a high voltage (using a
Keithley 237 High Voltage Source Measure Unit) is being applied between the needle and
a collector connected to the ground. A copper metal ring was also placed to homogenize
the electric field and, consequently, allow greater directional control of the fibers towards
the collector. The specific parameters used for each solution are available in table 2.1.

2.1.4 Electrospray

Electrospray is a technique similar to electrospinning, it is guided by the same principle
and uses the same setup. The feature that distinguishes the two techniques is the use
of a low viscosity solution in electrospray, which results in the production of particulate
products (nanoparticles or microparticles) as opposed to fibrous ones [28], this proves to
be advantageous when in need to deposit a layer of a polymer with the inability of chain
entanglement, like P3HT.

To produce the layer of P3HT the experimental setup was the same as in figure 2.2
with some modifications such as a needle with inner diameter of 0.20 mm and the copper
ring was not used.

Table 2.1 contains a synopsis of the process parameters necessary to produce electro-
spun fibers and the layer of P3HT with electrospray.
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Table 2.1: Parameters for the production of membranes of CA, CA and Ibuprofen, CA,
Ibuprofen and P3HT, by electrospinning, and layer of P3HT by electrospray.

Parameters CA CA+Ibu CA+Ibu+P3HT(blend) P3HT

Syringe diameter (mm) 4.5 4.5 4.5 4.5
Flow Rate (mL/h) 0.2 0.2 1 0.1

Needle Caliber 21G 21G 21G 27G
Distance needle to target (cm) 15 15 13 13

Copper ring Yes Yes Yes No
Voltage (kV) 20 20 15 15

Deposition interval (h) 8 8 2 8
Temperature (ºC) 20-25 20-25 20-25 20-25

Humidity (%) 30-50 30-50 30-50 30-50

2.2 Characterization techniques

2.2.1 Scanning Electron Microscopy

SEM is a characterization technique used to evaluate the morphology and defects in
substances using a high energy electron beam to scan the uppermost layer of the materials.

For the conducted study, samples with dimensions of approximately 0.5 cm by 0.5 cm
were cut from different types of membranes and fixed using a conductive carbon tape on the
sample holderdisk, finally, all samples were coatedwitha thin layerofGold (Au)-Palladium
(Pd). Membranes of CA, CA+Ibu, CA+Ibu+P3HT(spray) and CA+ibu+P3HT(blend) were
evaluated, for the last two types, analysis was performed before and after drug release.

The S2400 Hitachi model was employed for conducting the technique, and the resulting
images were analyzed using image processing software (ImageJ®, NIST) to analyse the
average fiber diameters.

2.2.2 Optical Microscopy

Optical Microscopy is a widely used imaging technique that utilizes visible light to magnify
and visualize microscopic structures of various materials [29].

The samples were placed on a glass microscope slide (Deltalab S.L.), which was
inserted into the corresponding holder of the inverted optical microscope of the Leica
brand, model DMi8. The images were acquired in reflection mode and captured at
magnifications of 50x, 100x, or 200x. Membranes of CA, CA+Ibu, CA+Ibu+P3HT(spray)
and CA+ibu+P3HT(blend) were analyzed.

2.2.3 Fluorescence Microscopy

The fluorescence microscope’s objective is to separate excitation and emitted light. This is
typically accomplished with optical filters, and the choice of these filters in relation to the
used indicators is the key to successful imaging [30].
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This technique was used to verify the photoluminescence of P3HT. The microscope
used is the same as in section 2.2.2 and has three different filters available, their character-
istics are presented in table 2.2.

Table 2.2: Fluorescence filters characteristics. The filter names are linked to the fluo-
rochrome utilized within the filter. The DAPI, or 4’,6-diamidino-2-phenylindole, filter,
the green fluorescent protein (GFP) filter and the rhodamine (RHOD) filter are used to
evaluate the photoluminescence of the P3HT.

Filter Excitation (nm) Dichroic (nm) Emission (nm) Emission Colour

DAPI PB 350/50 (UV) 400 PB 460/50 Blue
GFP PB 470/40 (Blue) 495 PB 525/50 Green

RHOD PB 546/10 (Green) 560 PB 585/40 Orange (rhodamine)

2.2.4 Fluorescence Spectroscopy

Fluorescence spectroscopy is a non-destructive analysis that allows recording emission
and excitation spectra of samples. This method was used to verify the presence of P3HT.
The excitation spectrum corresponds to the fluorescence intensity as a function of the
excitation wavelength, while keeping the emission wavelength constant. On the other
hand, the emission spectrum, acquired in this study, represents the fluorescence intensity
as a function of the emission wavelength, while keeping the excitation wavelength constant
[31].

To obtain the emission spectra of the CA, CA+Ibu, CA+Ibu+P3HT(spray), CA+Ibu+P3HT
(blend) membranes and of a P3HT covered aluminium foil, the Pack Fluorescence FLEX
CUV equipment (Sarspec) was used, which allows fluorescence measurements from UV
to NIR. The UV excitation laser has a wavelength of 365 nm, and the higher intensity
setting was used. The equipment also has a bandpass filter (cutoff at 410 nm) to reduce
the contribution of the incident beam radiation.

This analysis was performed in order to investigate the fluorescence characteristics of
the membranes, to determine the radiation emitted by the samples when excited by UV
radiation.

2.2.5 Current-Voltage Characteristic Curve

I-V Curve is a graphical representation that shows the relationship between the current
flowing through a device and the voltage applied across it.

The curves will be used to obtain the conductivity of the membranes when exposed to
different radiations, UV, infrared, white light, ambient light and in the dark, to evaluate if
the material is photoconductive/photosensitive.

The process of conductivity measurement is carried out using a pico-ammeter/voltage
source (model 6400, Keithley Instruments), two probe tips (Alessi REL450), and the
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values of current-voltage (I-V) were recorded with the assistance of a computer. Planar
conductivity is measured on the membrane’s surface, and for this purpose, a carbon
conductive ink (Bare Conductive®) was used to create rectangular-shaped electrodes
measuring 5 mm by 3 mm, with a 2 mm separation between them.

In section I.2 of Appendix I can be found a more complete explanation of this technique.

2.3 Drug Release Study

2.3.1 Simulated Body Fluid

SBF is an isotonic solution that maintains the pH of solutions, is non-toxic, and simulates
the inorganic part of blood plasma.

In order to prepare this solution the procedure described by Kokubo 𝑒𝑡𝑎𝑙 [32] was
used.

Table 2.3: Reagents used to prepare the SBF solution.

Reagent Ions Quantity (g/mL) Brand

NaCl Na+; Cl– 6,547 Sigma-Aldrich
NaHCO3 Na+; HCO –

3 2,268 PanReacAppliChem
KCl K+; Cl– 0,373 Scharlau

Na2HPO4 ·H2O Na+; HPO 2+
4 0,178 FLuka Analytical

MgCl2 · 6H2O Mg2+; Cl– 0,305 PanReacAppliChem
1M HCl H+; Cl– 15 ——

CaCl2 · 2H2O Ca2+; Cl– 0,368 Sigma-Aldrich
Na2SO4 Na2+; SO 2+

4 0,071 Sigma-Aldrich
(CH2OH)3CNH2 —— 6,057 Sigma-Aldrich

1M HCl H+; Cl– until it reaches a pH of 7,4 ——

The reagents listed in table 2.3 were added to 700 𝑚𝐿 of ultrapure water in that
respective order and with constant agitation. Afterwards the solution was heated until it
reached 37ºC and finally the necessary volume of water was added to reach 1000 𝑚𝐿. This
solution must be stored in a refrigerator at 5ºC.

2.3.2 Ultraviolet/Visible Spectroscopy

This technique was used in order to obtain the absorbance spectra of several solutions being
tested using a UV/Vis spectrophotometer (T90+ UV/VIS Spectrometer PG Instruments
Ltd).

With the use of a graphic relating the absorbance with concentration (calibration curve),
a linear relation is obtained due to the Lambert-Beer’s Law, which can be used to estimate
the amount of substance, ibuprofen, released from the fibers previously produced [33].
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2.3.3 Ibuprofen calibration curve

To conduct the drug release study, the absorption-concentration calibration curves were
first created using the following methodology: SBF+Ibu and H2O+Ibu solutions with
a concentration of 20 mg/L were prepared, dilutions were made to obtain different
concentrations, from 0.5 mg/L to 20 mg/L, following that, the absorbance spectrum of
each concentration was acquired.

2.3.4 Study of the release medium

In order to study the appropriate medium for the drug releases the same amount (10 mL)
of four solutions (SBF+Ibu, H2O+Ibu, SBF and H2O) were submitted to UV light (IP66
model, 100 W, 365 nm wavelength light-emitting diode) while their absorbance level was
evaluated in regular time intervals, clarified in table 2.3a. The experimental setup pictured
in figure 2.3b was used.

(a)

Total release time (min)

0 2 4 6 8 10 12 22 32 52 72 92

(b)

Figure 2.3: (a) Total release time for the medium study; (b) Experimental setup for the
medium study

2.3.5 Drug release from the membranes

The membranes were submitted to active and passive drug release tests.
In the passive drug release test, the membranes were submerged in 5 mL of H2O for a

total of 9 days and their absorbance level was measured in regular time intervals.
In the active tests, the membranes are also submerged in 5 mL of H2O and subjected

to UV light, setup in figure 2.3b and infrared light (230 V, 60W), figure 2.4, for a total
duration of 112 minutes.
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Figure 2.4: Experimental setup for infrared active drug release test.
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3

Results and Discussion

The obtained results will be presented and discussed in this chapter. First, the membranes
produced by electrospinning and electrospray will be presented and a morphological and
electrical analysis of each membrane will be conducted, afterwards, the drug release tests
results will be showcased.

3.1 Membrane Production

3.1.1 Morphological Analysis

In this subsection, a morphological analysis of all the membranes produced will be deliv-
ered, making use of different techniques such as SEM, optical microscopy, fluorescence
microscopy and spectroscopy.

3.1.1.1 Macroscopic Aspect

In this study two membranes with P3HT incorporated were studied. The first one,
called CA+Ibu+P3HT(spray) is made by electrospray of a P3HT solution over a CA+Ibu
membrane, while the second, CA+Ibu+P3HT(blend) is made by electrospinning of a
solution with three components, CA, Ibu and P3HT. The second one is a more common
method utilized to create fibers but, in an effort to use less amount of the photosensitive
polymer, due to its cost, and to evaluate the difference in drug release of this optic
membrane if the polymer is only present in the surface of the membrane, the firstmembrane
was developed.

By observation of figure 3.1 we can see that the images 3.1a, 3.1b and 3.1d are all very
similar, the last one, that has P3HT incorporated, should reflect more of the characteristic
colour of this polymer yet, it doesn’t, mainly do to the low concentration of said compound.
Regarding figure 3.1c, the electrospray of P3HT seems to be irregular and the solution
would spread and deposit more on the target then on the membrane. To understand
why it didn’t disperse in a homogeneous way various test were performed, the one that
lead to a conclusion was the electrospray of a CA+Ibu film where the solution deposited
uniformly in the film, with this test we concluded that the membrane was absorbing the
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(a) (b)

(c) (d)

Figure 3.1: Visual aspect of the four different membranes produced: 3.1a - CA membrane,
3.1b - CA+Ibu membrane, 3.1c - CA+Ibu+P3HT(spray) membrane and finally 3.1d -
CA+Ibu+P3HT(blend) membrane.

solution and because of that only some areas are strongly pigmented but all the membrane
has P3HT.

3.1.1.2 SEM

In order to obtain the value of Mean Fiber Diameter (MFD) for each type of membrane
produced the image processing software ImageJ® was used, performing 30 random
measurements per membrane in the highest magnification image.

The figure 3.2a represents a SEM image of the CA membranes. This image highlights
the randomness of fiber directions as well as a relatively high distribution of fiber diameters,
505±196 nm, 3.2b. This membrane was produced following the same electrospinning
parameters of previous studies and obtained a similar MFD [15].

The same process was conducted in the CA+Ibu membranes, represented in figures 3.3a
and 3.3b. These membranes present a lower MFD, 336±169 nm, than the CA membranes,
the latter membranes were made with a solution containing 12% (m/v) of CA, while the
first were made with 10% (m/v), given this difference in the polymer concentration in the
solutions, and knowing that the rise of this concentration increases the diameter of the
fibers [28], the reduction of the MFD is justified. Figure 3.3a reveals some non-uniform
and beaded fibers which cause can be the uneven incorporation of Ibu, due to the small
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(a) (b)

Figure 3.2: SEM image of CA fibres (a) and respective histogram with MFD (N=30) (b).
Scale bars represent 5 µm.

amount present in the solution.

(a) (b)

Figure 3.3: SEM image of CA+ibu fibres (a) and respective histogram with MFD (N=30)
(b). Scale bars represent 5 µm.

Regarding the CA+Ibu+P3HT(spray) membranes, the technique of electrospray, used
to deposite the P3HT, isn’t commonly used in the development of this type of fibers thus,
literature evaluating the properties of similar membranes was not found.

The MFD of this fibers is 816±664 nm, which is much higher than the values of the
previously described membranes due to the incorporation of the P3HT particles in the
already present CA+Ibu fibers. Figure 3.4a reveals some fused fibers, which can be justified
by changes in the ideal humidity and temperature parameters during the electrospinning
process, these changes can affect the viscosity of the solution but, more importantly, alter
the solvent evaporation rate, thus leading to the formation of non-uniform and defective
fibers [28]. Another reason for the existence of this fused fibers is the accumulation of
P3HT in between them, creating a fiber with irregular diameter.
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(a) (b)

Figure 3.4: SEM image of CA+ibu+P3HT(spray) fibres (a) and respective histogram with
MFD (N=30) (b). Scale bars represent 5 µm.

In figure 3.5a the SEM image of the CA+Ibu+P3HT(spray) membrane after drug release
is depicted. The membranes were evaluated after drug release in order to understand if
this procedure affected the MFD and the overall appearance of the fibers. In figure 3.5b
the diameter of 30 randomly selected fibers is represented in a manner that illustrates the
variation in the diameter of the fibers, the MFD is 539±174 nm, when comparing this value
to the value of the CA+Ibu+P3HT(spray) membrane that did not undergo drug release,
it can be inferred that the MFD has decreased a significant amount. This phenomenon is
attributed to the release of ibuprofen into the surrounding medium.

(a) (b)

Figure 3.5: SEM image of CA+ibu+P3HT(spray) fibres after drug release (a) and respective
histogram with MFD (N=30) (b). Scale bars represent 5 µm.

Looking at figure 3.6, which is related to the CA+Ibu+P3HT(blend) membrane we can
see that this fibers present a much higher MFD than the previously analysed fibers, with
a value of 1788±850 nm. Knowing that the article [26] this membrane was based only
used CA and didn’t incorporate the drug and photosensitive compound, and that both
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increased the viscosity of the solution, it was expected to observe some difference in the
MFD of this membrane, regarding the shape of the fibers, it is as expected a ribbon-like
structure due to the use of a high volatile solvent, DCM [26]. The inability to control
the environmental conditions, namely the temperature and humidity also influence the
results obtained. However it is a successful experiment as it was possible to produce fibers
with this composition.

(a) (b)

Figure 3.6: SEM image of CA+ibu+P3HT(blend) fibres (a) and respective histogram with
MFD (N=30) (b). Scale bars represent 20 µm.

Finally, by observation of figure 3.7, which corresponds to the CA+Ibu+P3HT(blend)
membrane after drug release, we can verify the same ribbon-like shape as previously
described and the MFD value is 1689±368 nm, from this we can concluded that there is a de-
crease of the MFD after release but a not so drastic one has seen in the CA+Ibu+P3HT(spray)
membrane.

(a) (b)

Figure 3.7: SEM image of CA+ibu+P3HT(blend) fibres after drug release (a) and respective
histogram with MFD (N=30) (b). Scale bars represent 20 µm.
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3.1.1.3 Fluorescence Microscopy

The photoluminescence of the various membranes was evaluated by Fluorescence Mi-
croscopy. The microscope used allows the observation of samples through fluorescence
cubes, with the DAPI filter corresponding to UV excitation, GFP to blue light excitation,
and RHOD to green light excitation. These filters are used because they allow for the
specific detection and visualization of different structures, molecules, or proteins within
a sample. The images in this section were acquired using a 100x magnification.

Observing figure 3.8, it is possible to verify that the CA+Ibu+P3HT membranes
possess more fluorescence intensity than the other membranes evaluated, which was
expected since P3HT is the only compound in the membranes that is capable of light
emission. Between the two membranes with P3HT integrated, the membrane with this
compound blended in to the solution and then put through electrospinning possesses
more fluorescence intensity than the electrosprayed one, mainly in the GFP filter, a reason
for this is that the P3HT distribution in this membrane is more homogeneous than in the
electrosprayed membrane.

3.1.1.4 Fluorescence Spectroscopy

To investigate the fluorescence characteristics of the membranes, Fluorescence Spec-
troscopy analysis was performed to determine the radiation emitted by the samples
when excited by UV radiation with a wavelength of 365 nm. The maximum intensity
of the beam was used to perform this test in the CA, CA+Ibu, CA+Ibu+P3HT(spray),
CA+Ibu+P3HT(blend) membranes and in a P3HT covered aluminium foil, the last sample
mentioned was used to verify that the peaks observed relate to the photoluminescent
compound present in the membranes.

There is a band pass filter with a cutoff frequency of approximately 410 nm to reduce
the amount of measured signal from the excitation source. As a consequence, artifacts
appear in the measured spectra: a peak at 420 nm, still originating from the excitation
radiation and accentuated by the abrupt cutoff caused by the filter, and another less
pronounced peak at 840 nm, corresponding to a harmonic of the previous artifact.

Analysing the curves in figure 3.9, we can see that P3HT, the dark blue curve, has
peaks at 560 and 690 nm, according to the literature, the relevant peak is at 690 nm [34],
so that wavelength is the one to consider.

Analysing the membranes without P3HT, specifically the light blue and orange curves
corresponding to CA and CA+Ibu membranes, respectively, they exhibit relatively low
emission intensity. This observation aligns with the fact that these membranes lack
components with inherent fluorescence capabilities.

In contrast, regarding the membranes containing P3HT, namely the gray curve rep-
resenting the CA+Ibu+P3HT (spray) membrane and the yellow curve representing the
CA+Ibu+P3HT (blend) membrane, both present around the same level of intensity, lower
than the P3HT sample and higher than the CA and CA+Ibu membranes.
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(a) CA membrane.

(b) CA+Ibu membrane.

(c) CA+Ibu+P3HT(spray) membrane.

(d) CA+Ibu+P3HT(blend) membrane.

Figure 3.8: Fluorescence microscopy images of CA, CA+Ibu and CA+Ibu+P3HT mem-
branes using the three different cubic filters, DAPI - 350 nm; GFP - 470 nm; RHOD - 546
nm. Scale bar represent 200 µm.
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Figure 3.9: Emission spectra of different membranes when excited with a wavelength of
365 nm.

3.1.2 Electrical Analysis

An electrical analysis of the different membranes was performed in order to evaluate the
effect of the P3HT in the conductivity of the membranes. The membranes were subjected
to five different conditions, dark, ambient light, white light, UV and infrared.

To have a level of comparison, a film made of P3HT, without any additives, has an
electrical conductivity value of 10−4 S/cm [35] so, it is expected to see an increase of
conductivity in the membranes that have this element in their composition.

The blue marks, representing the CA membrane, consistently exhibit notably low con-
ductivity across all conditions. This outcome aligns with expectations, as the components
constituting this membrane lack conductivity capabilities.

By analysis of the graph represented in figure 3.10, the membrane with 8 hours of
electrospray, pictured in the graph by the yellow symbols, has the highest conductivity in
all the conditions, specifically standing out in the dark and ambient light.

After observing the values obtained for the CA+Ibu+P3HT(spray) membrane that has
undergone drug release, purple marks, one can concluded that the process the membrane
has undertaken stripped it of its conductive capabilities, especially in conditions where
it previously dominated, however it still surpasses the majority of the other membranes,
being very close in value with the membrane with 2 hours and 30 minutes of electrospray
in every condition except the dark, where the 2 hours and 30 minutes membrane has a
higher value.
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Figure 3.10: Values of conductivity of the membranes in five different conditions.

3.2 Drug Release Study

In this section, the calibration curves of Ibu will be presented as well as the results of the
various drug release tests made passively and actively.

3.2.1 Ibuprofen calibration curve

Given that in the present work two release mediums were used, it was necessary to
determine the drug’s calibration curve for each of them. The calibration curves were
obtained to study the dependence of absorbance on drug concentration, in order to estimate
the drug concentration present in the medium during the release assays. Solutions with
different concentrations of Ibu were analyzed using UV/visible spectroscopy.

To obtain the calibration curves of Ibu in SBF and in H2O, SBF+Ibu and H2O+Ibu
solutions with a concentration of 20 mg/L were prepared, dilutions were made to obtain
different concentrations, from 0.5 mg/L to 20 mg/L. The absorbance spectra for both
solutions is shown in the figures I.3 and I.4 of annex I.

Absorbance values of each SBF+Ibu concentration were acquired. Following that, for
each concentration, the values corresponding to 210 and 222 nm were organized in a
absorbance-concentration graph, figure 3.11a, with the linear equations resulting of the
mentioned points it is possible to correlate absorbance and concentration. Both equations
possess a high correlation coefficient (𝑅2>0.99), however, the 222 nm is more frequently
mentioned in literature as a characteristic peak of Ibu [25], for that reason, is the chosen
wavelength.

From the chosen SBF+Ibu calibration curve was obtained the following empirical
correlation between absorption and Ibu concentration in SBF, equation 3.1.

23



CHAPTER 3. RESULTS AND DISCUSSION

(a) (b)

Figure 3.11: (a) Calibration curves of Ibuprofen in SBF; (b) Calibration curve of Ibuprofen
in H2O.

[𝐼𝑏𝑢] = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 0.0207
0.041 (3.1)

The same process as previously explainedwas repeated for the H2O+Ibu concentrations.
In this case, the analysed wavelengths were 190 and 222 nm because this were the
predominant peaks observed in the absorption spectra. In figure 3.11b are represented
the equations and correlation coefficient of each curve, since the correlation coefficient is
higher in the 222 nm curve and the 190 nm peak is associated with the absorbance levels
of water, the first was the chosen calibration curve, which empirical correlation between
absorption and Ibu concentration is represented in equation 3.2.

[𝐼𝑏𝑢] = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 0.0061
0.0118 (3.2)

3.2.2 Influence of Ultraviolet light on the absorbance of SBF, water and
ibuprofen

As a way to verify that the use of SBF wouldn’t influence the absorbance results and,
consequently, the conclusions on Ibuprofen release from the membranes, this study was
conducted.

Table 3.1: Variation of absorbance of H2O, SBF and ibuprofen solutions when exposed to
UV light.

Solution First Point Last Point Variation (%)

H2O 0.04 0.12 8
H2O+Ibu 2.01 2.05 4

SBF 0 0.42 43
SBF+Ibu 0.74 1.08 34
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3.2. DRUG RELEASE STUDY

Figure 3.12: Influence of UV light on the absorbance of SBF, water and ibuprofen solutions.

From figure 3.12 and table 3.1 the following conclusions can be drawn, the solutions
that contain water have a minor variation when exposed to the UV light, on the contrary,
the solutions made with SBF have a significant variation. Comparing the values, the
variation of SBF is 35% bigger than the variation of H2O and the variation of SBF+Ibu is
30% bigger than the variation of H2O+Ibu. Therefore the medium chosen for the drug
releases is water as a way of ensuring that the results obtained mainly reflect the influence
of Ibuprofen in the medium.

3.2.3 Drug release from the membranes

All release assays were conducted following the same procedure to minimize experimental
error. In this section, we present the results obtained in the drug release assays passively,
through the diffusion process, as well as with the application of stimulus, namely, with
the incidence of specific radiation.

3.2.3.1 Passive drug release

In figure 3.13 the passive release, carried out for 9 days, of each of the membranes fabricated
is displayed.

Observing the curves, we can conclude that the gray curve, which represents the
CA+ibu+P3HT membrane produced by electrospray, exhibits significantly higher values
than the other curves. This is due to its thickness, (0.27 ± 0.01) mm, which is twice that
of the other membranes, (0.11 ± 0.01) mm, despite being manufactured using the same
electrospinning parameters and the same volume of solution. To address this error, the
absorbance values of this membrane were divided by two in order to achieve the values of
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CHAPTER 3. RESULTS AND DISCUSSION

Figure 3.13: Passive release from all the produced membranes.

a membrane with a similar thickness to the other membranes, the yellow curve in figure
3.14 represents that alteration.

Figure 3.14: Passive release from all the produced membranes with estimated similar
thicknesses.

By paying attention to the evolution of the curves in figure 3.14, we can observe that
from the 2-hour mark of the study, there is a stabilization of absorbance values in the
membranes.

As for the light blue curve, which corresponds to a CA membrane, it should not exhibit
such a variation in the absorbance values. However, this is not the case because the

26



3.2. DRUG RELEASE STUDY

polymer itself can degrade when in contact with water [36].
The CA+Ibu+P3HT(spray) membrane presents much higher values than the other

membranes due to it’s thickness, however, in the CA+Ibu+P3HT(blend) membrane a
lower absorbance value is verified when compared with the CA+Ibu membrane, although
a significant variation is not clear, it may be indicative that P3HT may be retaining drug
diffusion.

3.2.3.2 Active drug release

In the two active drug releases, which use a UV and an infrared light, we observe the
same problem as previously explained, the degradation of the CA membrane. Due to
this problem, when exposed to UV light, the membrane reaches much higher absorbance
values than in the passive release and, when exposed to infrared light, it reaches higher
values than the passive release but lower values than the UV light, this can be observed
in figure 3.15.

Figure 3.15: CA membrane concentration evolution in passive, UV light and infrared
conditions.

Inspecting figure 3.16, where the different membranes subjected to UV light and
passive release are compiled, it is visible that the dotted curves, correspondent with
the UV light release reach higher levels of Ibu concentration than the full curves, which
represent the passive release of the different membranes.

The CA+Ibu and the CA+Ibu+P3HT(blend) membranes start increasing their concen-
tration value, in comparison with the correspondent passive release value, in the early
stages of the study whereas the CA+Ibu+P3HT(spray) membrane only overcomes its
passive value around the 1 hour mark of the study.

In the case of the membranes exposed to infrared light, present in figure 3.17, this
membranes release less Ibu or take more time to reach the same concentration than the
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Figure 3.16: Membranes concentration evolution when subjected to UV and passive
release.

passive membranes.

Figure 3.17: Membranes concentration evolution when subjected to infrared and passive
release.

The CA+Ibu and the CA+Ibu+P3HT(blend) membranes are very close to reaching the
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3.2. DRUG RELEASE STUDY

same value as the passive release at around the 92 minute mark in the study, while the
CA+Ibu+P3HT(spray) membrane never reaches its passive concentration value.

In order to objectively analyse the difference between the Ibu concentration values
these were compiled into table 3.2.

Table 3.2: Ibuprofen concentration values at the 72 minute mark of the passive, UV and
infrared drug releases of the three membranes developed.

Membranes Ibu Concentration (mg/L)

Passive UV Infrared

CA+ibu 11.25 27.89 10.24
CA+ibu+P3HT(spray) 22.47 23.60 12.45
CA+ibu+P3HT(blend) 9.83 14.33 7.14

By observation of the different membranes concentration evolution in distinct condi-
tions, we observe that the CA+Ibu membrane has a passive release value of 11.25 g/mol, a
higher UV release value at 27.89 g/mol and a lower infrared release value at 10.24 g/mol
when compared with the passive. This trend is also verified in the other membranes, the
CA+Ibu+P3HT(spray) has a passive value of 22.47 g/mol, an UV value of 23.60 g/mol and
an infrared value of 12.45 g/mol, regarding the CA+Ibu+P3HT(blend), the passive value
is 9.83 g/mol, the UV is 14.33 g/mol and the infrared 7.14 g/mol. It can be concluded
that UV light reaches higher concentration levels than passive release, and infrared light
reaches lower concentrations than the previously mentioned conditions.

With this information, the setups with P3HT can be used to, with UV light, increase
the drug delivery, and with infrared light, slow down the delivery, working like a switch
to ensure the necessary action when needed.
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4

Conclusions and future prospects

In this work, different systems for controlled drug release were tested. The drug tested
was Ibuprofen, one of the most common anti-inflammatory drugs.

The first constructed system consisted of incorporating the drug into a CA membrane
produced by electrospinning and covering said membrane with P3HT by electrospray. The
second system was composed by the electrospinning of a solution with the CA, Ibuprofen
and P3HT. The drug release of these membranes is controlled by exposure to different
lights (UV and infrared) since a photosensitive polymer, P3HT, is incorporated.

The SEM images confirmed the presence of fibers in all the developed membranes with
a range of diameters (336 to 1788 nm) where the CA+Ibu+P3HT(blend) membrane had
the bigger fibers followed by the CA+Ibu+P3HT(spray) membrane, after being submitted
to drug release test all the membranes maintained their integrity and decreased their
respective MFD.

The fluorescence spectroscopy and microscopy tests confirmed the presence of P3HT in
the CA+Ibu+P3HT(spray) and CA+Ibu+P3HT(blend) membranes having similar values.

In the electrical conductivity test, the CA+Ibu+P3HT(spray) membrane stands out
from the others, exhibiting significantly higher values under both dark and ambient light
conditions when compared to the other membranes.

The obtained membranes and correspondent drug release results lead to the conclusion
that both setups developed are able to control the release of the drug when exposed to
different radiations.

In future studies, in order to obtain better statistics, it will be necessary to take into
account result verification by conducting a greater number of trials. To improve the
performance of the produced membranes, it will be necessary to optimize the amount of
incorporated drug and the electrospinning conditions to produce fibers with more uniform
thicknesses. Given the available time for this study, it was not possible to optimize the
radiation exposure times or the concentration of P3HT contained in the membranes for
better control of drug release.
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Annex 1

I.1 State of the Art

Table I.1: Stimuli controlled DDSs.

System Stimulus Materials Applications Ref.

Hydrogel UV/photoisomerization Azobenzene, PEG Drug release [11]
UV/photoisomerization,
induced volumetric
change

Silicone, Spiropy-
ran and merocya-
nine

In vitro doxoru-
bicin release [12]

Nanomaterials pH and NIR
Gold nanoshell-
coated chitosan
liposomes

Resveratrol drug
delivery [13]

Fibers
Visible light PCL and P3HT Tissue regenera-

tion [14]

Electric potencial
CA, Poly(3,4-
ethylenedioxy
thiophene) and Ibu

Controlled drug
release [15]

Red light
CA, polyethylene
oxide and methy-
lene blue

Preventing the de-
velopment of bac-
teria

[16]

I.2 Current-Voltage Characteristic Curve

In figure I.1 is a typical Current-Voltage Curve. According to Ohm’s Law,

𝑉 = 𝑅 × 𝐼 (I.1)

where the current passing through the device is a function of the applied potential, as I is
proportional to the potential difference, V, multiplied by the proportionality constant, 1

𝑅 .
Therefore, in an ideal resistance, this relationship is linear, making 1

𝑅 the slope of the
line representing the current against the potential difference. Hence, by obtaining the I-V
curves and calculating the resistance (R), the conductivity of the membrane is determined
by the following expression,
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Figure I.1: I-V Curve of CA membrane when exposed to the dark.

𝜎 =
𝑙

𝐴 × 𝑅
(I.2)

Where 𝜎 represents the electrical conductivity (S/cm), R is the resistance (Ω) obtained
from the slope of the I-V line, A is the cross-sectional area of the membrane through which
the current passes (𝑐𝑚2), and l is the distance between the electrodes (cm).

In figure I.2 is represented a diagram of a membrane with the two electrodes, made
with carbon conducting ink, which measure 5 mm in length, which multiplied by the
thickness of the membrane makes up the cross-sectional area, A, and a distance between
electrodes, l, of 2 mm.

Figure I.2: Diagram of the membrane setup utilized for the I-V Curve.
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I .3 . IBUPROFEN CALIBRATION CURVE

I.3 Ibuprofen calibration curve

Figure I.3: Absorbance spectra used for the SBF+Ibu calibration curve.
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Figure I.4: Absorbance spectra used for the H2O+Ibu calibration curve.
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