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Abstract

The objective of this work was to apply Quality by Design approach to obtain the best
conditions to produce 3D polymeric structures for two distinct applications: oral and vaginal route
of administration. The first should release 50 mg drug/g scaffold, in 5 hours and the second one

800 mg drug/g scaffold, during 8 h.

Initially, the data from previous studies was collected and inserted in MODDE software, and
then the Design Space was built and according to those plots, the conditions to start the
experimental validation were chosen. The model chosen to perform these studies was Partial
Least Square Regression. Both green (probability of failure lower than 5 %) and yellow (probability

of failure lower than 10%) zones from Design Space were taken into account and explored.

For experimental validation, through the data obtained from QbD studies, scaffolds of chitosan
(CHT), xanthan gum (XG) and mixture of CHT and XG were prepared, with N-N’-methylene-bis-
acrylamide (MBA) as a crosslinker and tetramethylenediamine (TEMED) and ammonium
persulfate (APS) as catalyst and initiator. For the characterization of the produced structures,
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy — attenuated total
reflectance (FTIR-ATR), mechanical analysis and swelling tests were performed and the ones
that achieved the objective regarding morphological and swelling characteristics were chosen for
drug impregnation and drug release studies. Additionally, mathematical models were adjusted to

the experimental release profiles in order to describe the drug release mechanisms.

The studies showed that the porous scaffold that showed better performance for oral route of
administration, considering the defined goals, was CHT_6, with 3% chitosan, 2% crosslinker and
freezing temperature of -20°C, that presented drug release of 63,6 mg IBU/g scaffold, in 5 hours.
CHT_7, with 3% chitosan, 2% crosslinker and freezing temperature of -80°C achieved the
objective in the second hour, releasing approximately 70 mg IBU/g scaffold. Regarding vaginal
route of administration, the scaffold that showed better performance was CHTXG_1 which
released 1200 mg IBU/g scaffold, in 8 hours, however, CHT_7 was also very close to the

objective, releasing 720,1 mg IBU/g scaffold.

Quality by Design approach was an essential and important tool during the development of
these structures, once it allowed achieving the objectives set for this thesis, and also reducing the
experimental shots (in more and less 60%) needed to achieve the desired goals, what reinforces

the power of this tool in processes optimization.

Keywords: Quality by Design, design space, drug delivery, chitosan, xanthan gum

viii






Resumo

Os objetivos desta dissertacao consistem na aplicacdo do método “Quality by Design” para
obtencdo das melhores condi¢cdes na producdo de estruturas poliméricas 3D, para serem
utilizadas em duas aplicagBes distintas: tratamentos via oral e via vaginal. A primeira estrutura,
referente a via oral, deve libertar 50 mg farmaco/g estrutura, em 5 horas e a segunda, referente
a via vaginal, 800 mg farmaco/g estrutura, durante 8 horas.

O primeiro passo consistiu em obter conhecimento de estudos ja realizados e introduzir os
dados no software MODDE. O modelo utilizado para realizar estes estudos foi a regressao dos
minimos quadrados parciais. Posteriormente, foram desenhados os graficos de Design Space, e
de acordo com a informac¢do dada pelos graficos, as condi¢des de processamento foram
escolhidas e assim foi iniciada a validacdo experimental. Tanto a zona verde (probabilidade de
insucesso inferior a 5%) como a zona amarela (probabilidade de insucesso inferior a 10%) foram
consideradas.

Durante a validacdo experimental foram preparadas estruturas de quitosano (CHT), goma
xantana (XG) e mistura de CHT e XG. O reticulante utilizado foi N-N’-metileno-bis-acrilamida
(MBA) e o catalisador e iniciador utilizados foram tetrametilenodiamina (TEMED) e persulfato de
amonia (APS), respetivamente. Para a caracterizacdo das estruturas produzidas, as técnicas
utilizadas foram microscopia de varrimento eletrénico (SEM), espectroscopia de infravermelho
por transformada de Fourier — refletdncia total atenuada por diamante (FTIR-ATR), analises
mecanicas e testes de inchamento. As estruturas que atingiram os objetivos referentes as
caracteristicas morfolégicas e de inchamento foram escolhidas para posterior impregnagéo e
estudos de libertagdo. Foram também utilizados modelos matematicos para o ajuste
experimental dos perfis de libertacdo, para que fosse possivel descrever os mecanismos de

libertacéo.

Estes estudos demonstraram que a estrutura porosa que se mostrou mais adequada para ser
utilizada na via oral, tendo em conta os objetivos definidos, foi CHT_6, com 3% quitosano, 2%
reticulante e temperatura de congelamento de -20°C, que apresentou uma libertagcéo de 63,6 mg
IBU/g suporte, em 5 horas. A estrutura CHT_7, com 3% quitosano, 2% reticulante e temperatura
de congelamento de -80°C, atingiu o objetivo durante a segunda hora dos testes, libertando 70
mg IBU/g suporte. No caso da aplicagdo vaginal, a estrutura que se mostrou mais adequada para
ser utilizada na via vaginal foi CHTXG_1 que libertou 1200 mg IBU/g suporte em 8 horas.
Contudo, a estrutura CHT_7 apresentou uma libertacdo de 720,1 mg IBU/g suporte, o que se

encontra muito proximo do objetivo definido.

A utilizacdo do Quality by Design, durante o desenvolvimento destas estruturas, foi
indispensavel e muito importante, uma vez que permitiu chegar aos objetivos definidos para esta
X



dissertacao e, ainda, permitiu reduzir o nimero de ensaios experimentais (em aproximadamente
60%) necessarios para atingir o objetivo, o que reforca o poder desta ferramenta em otimizagao

de processos.

Palavras-chave: Quality by Design, design space, libertacéo de farmacos, quitosano, goma

Xantana
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1. Introduction

Nowadays, the number of mucosal and cutaneous fungal infection cases is growing worldwide
[1]. Approximately 2.5 million cases of oral thrush appear every year [2]. Also, fungal infection of
the vulva and the vagina is estimated to be the second most common cause of vulvovaginal

inflammations [3], and it is estimated that approximately 1.4 million cases are reported every year

[2].

The best way to administer the appropriate drugs to treat these kind of infections is exactly
where these problems appear (mouth or vagina). These routes present a dense network of blood
vessel [4], and in the case of the oral mucosa, it is considered permeable [5], which represents
an important and significant advantage considering drug absorption. However, the drugs may
lose efficiency, due to the active physiological removal mechanisms (physiological secretions as
saliva and vaginal fluids) [6]. To circumvent this negative aspect, many efforts are being done to

increase the drug efficiency when treating these infections.

However, one unsolved problem in pharmaceutical research is the development of
methodologies to evaluate the drug product or device efficacy, biocompatibility and side effects.
The necessary studies are performed in several stages. Firstly, the drugs or medical devices are
tested using in vitro cell models, followed by in vivo animal models and finally in humans, upon
approval of competent authorities. The overall studies are very expensive and take a lot of time.
Quality by Design method, which represents a modern systematic approach that ensures the
quality by developing a full understanding of the compatibility between the finished product and
all of the components and processes involved in manufacturing, besides saving time, enables to
save resources and money, since it is possible to achieve objectives with less experiments and

with a high probability of success [7] [8].



1.1 Quality by Design

In pharmaceutical industry, it is well recognized that quality of a drug cannot be tested directly
into the finished product, but in the manufacturing process, so that quality, safety and
effectiveness of the pharmaceuticals are not compromised. So, International Conference on
Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Used
(ICH) proposed the Quality by Design concept (QbD) in order to promote new initiatives and with

the aim of guiding the developers with the pharmaceutical processes [9] [10].

The concept, firstly proposed by Dr. Joseph M. Juran, with the launch of the book: “Juran on
Quality by Design: The New Steps for Planning Quality into Goods and Services”, in 1992, that
translates quality in pharmaceutical industry [11]. However the first thought of operation windows
were taken in 1950s [12]. The application of this approach is rising. In 2005, the first QbD
approved product appeared, and since then this number is increasing, leading to a total of

approximately 70 products approved in 2012 [13].

In 2009, Food and Drug Administration (FDA) released ICH-Q8, defining “a systematic
approach to development that begins with predefined objectives and emphasizes product and
process understanding and process control, based on sound science and quality risk
management” [14]. This approach uses a statistical tool, Design of Experiments (DoE), to develop
a robust method “design space”. This “design space” defines a region where changing process
parameters will not affect, significantly, the results [15] [16]. This means that, working inside this

space is not considered a change in the process [14].

This method allows the achievement of product quality specifications, which are based on
clinical performance. Also, using this approach, the process capability is raised while product
variability and defects decrease, by enhancing product and process design, understanding and
control. Another purpose of this method is to increase product development and manufacturing

efficiencies and to enhance root cause analysis and post-approval change management [11] [14].

QbD is no more than a set of steps systematically applied, during the process development.
The strategy includes five steps, as shown in Figure 1.1. First, it is important to define and specify
the method goals, which consist in defining the quality target product profile (QTPP) and the
critical quality attributes (CQA) of the drug product. After, it is necessary to scout and evaluate
the method, and this consists in truly understand the process and product performance so that it
is possible to identify the critical material attributes (CMA) and the critical process parameters
(CPP), and the relationship between CMA/CPP and CQA. Then, when all the specifications are
known, the method selection and the risk assessment can be performed. This is possible using
statistical tools, as DoE. Using the results obtained from the risk assessment, it is possible to

determine the strategy to control the method performance and this consists in performing
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suitability tests and elaborating a mitigation plan for controlling critical method variables. Lastly,
there is a need to verify the built-in method performance, and this will determine if the method is
valid or not (method validation) [11][17].

/ N
Method Goals Prior Knowledge
\ AL J
4 N
Method Scouting and Li
Evaluation iterature
\ A J
4 N
Method Selection and Risk
Assessment Software
\ -
P
Method Performance Control Suitability Tests
Strategy
\ AL J
/ N
Method Validation Protocols and Experiments
\ N J

Figure 1.1 Method: strategy and tools, adapted from [17].

The quality target product profile (QTPP) is the combination of product characteristics that
ensure the efficacy, and the safety promised in the label. In order to achieve this profile, there are
some aspects that must be known such as, the intended use in clinical setting, the route of
administration, the dosage form, the delivery systems, the dosage strength, the container closure
system, among others. The CQA consist in the physical, chemical, biological and microbiological
properties of the final drug product (output) that must be within an appropriate limit, to assure the
required quality [18]. It is necessary to consider all the product qualities and characteristics,
including the physical properties, such as appearance (color and shape), odor, size, score
configuration or friability, content uniformity, dissolution profile and drug release, degradation
products, residual solvents, moisture and microbial limits. The CMA consist in the physical,
chemical, biological and microbiological properties of the input material that also must be within
an appropriate limit, so that the product will have the desired quality. The CPP are selected
process parameters that affect the CQA, so they must be monitored and properly controlled to

assure that the drug product respects the quality standards [19].



The adoption of this kind of method has many advantages such as, higher development
efficiency, in terms of time and cost, but, more important, it allows compliance with the guidelines
and expectations from the competent authorities and the approval time is reduced. This approach
also creates a quick response to any kind of deviation or change in the production process [7]
[14] [20]. Therefore, QbD method guarantee the achievement of sufficient information with less
number of experiments, and varying only the parameters that actually make some difference,
which leads to a significant reduction of time needed to test and optimize the process parameters.
[21].

It is possible to enumerate a few cases where QbD improved and was useful during the
development and optimization in case studies. One of these examples is the use of QbD in the
optimization of high-performance liquid chromatography (HPLC), what has been made by B.
Debrus et al. [22], in 2011. HPLC method is used to separate the compound of a mixture, and
this separation can be hampered by the similar chromatographic behavior, which can take a lot
of time to the analyst to make sure that all the components are correctly separated in a reasonable
time [23]. To improve this method, the authors used QbD method and the statistical tools were
successfully applied and all the nine components were separated from an unknown sample
mixture in less than 40 minutes, and for the latter analysis, time was shortened to less than 14
minutes. In 2012, A. Baldinger et al. [24], utilized QbD in the optimization of the spray-drying
process. The purpose of using spray-drying was to build a structure with specific pore size, in the
range 1-5 um, for inhalation aerosols. This required specific conditions that might take a lot of
time to optimize. With this study, they concluded that despite a full factorial design is not sufficient
to describe the effects of the process parameters on the outcomes, DoE is useful in the rational
choice of spray-drying conditions and it can also be used to predict the spray-dried product
attributes, based on the process conditions. More recently, in 2015, E. Pallagi et al. [25], adapted
QbD in the early pharmaceutical development of an intranasal nanosized formulation. The
development of nanodrugs takes a lot of time and money, once Nano drugs are very complex and
specific characteristics are required. The authors concluded that the QbD predictions could result
in a shorter development time, lower costs and also fewer needs for human resources, once there
is more effective target orientation. Therefore, this study demonstrates the applicability and

relevance of QbD in the early stages of pharmaceutical development.

There are different statistical software to help performing DoE or other necessary statistical
analysis. In 2008 CMC-IM Working Group developed, in association with Conformia™, the project

named “Pharmaceutical Development Case Study:”"ACE Tablets™, using the QbD approach, and
to help during statistical studies the selected software was Design-Expert®[26]. Another case of
QbD utilization appeared during the development of the design space for robust optimization in
liquid chromatography, performed by B. Debrus et al. [22], they used another statistical tool, the
ICA algorithm — fastiCA R package -, giving DoE results that could be filtered, to obtain the best

ones. In 2012, A. Baldinger et al. [24] used MODDE® and Simca-P+ softwares to setup and



evaluate DoE, in the optimization of a spray-drying process. In 2015, Pallagi E. et al. [25] choose
software Lean QbD Software®, during the early development of an intranasal nanosized
formulation. Also in 2015, BOSCH organized a seminar named “Statistical Design Space
Development for Pharma”, and in the agenda, the software mentioned was MODDE®-software
[27].

In 2012, Theodora Kourti and Bruce Davis [8], published an article where they demonstrate
the answers of two unknown companies that adopted QbD methodology in their research. In total,
12 companies answered to their questioner, and only one of them claims that “they don’t apply
QbD”. The name of this company was not revealed. However, it is possible to know the name of
the other eleven: Abbott (USA), AstraZeneca (UK), Bristol Myers Squibb (UK and USA) [28],
GlaxoSmithKline (USA) [29], Jazz Pharmaceuticals Inc. (USA), Eli Lilly and Company (USA) [30],
Merck (USA and lIreland) [31]; Pfizer (USA), Centocor Biologics (J&J) (Ireland), Vertex
Pharmaceutical (USA) [32] and United Therapeutics Inc. (USA).

1.1.1 Models in Quality by Design

During QbD risk assessment, it is necessary to predict values for the responses (dependent
variables), in order to achieve the specifications of the product and consequently to optimize the
production method [33]. Thus, in order to predict these values, it is necessary to explain the
influence of independent variables (these variables represent the data collected from previous
studies) in the dependent ones. Quality by Design software are able to do this through
relationships explained by two different models: multiple linear regression (MLR) and patrtial least
square (PLS) [34].

1.1.1.1 Multiple Linear Regression

In multiple linear regression (MLR), there is a linear relationship between a dependent variable
Y and k independent variables, x; (j=1,2,...,k) [35]. These independent variables can also be called
explanatory or regressors once they are able to explain the variations in Y or they can be called
predictable variables, once they can be used to predict values in Y [36]. An easy way to organize

the data to apply this type of regression is a table similar to Table 1.1.

Table 1.1 Table representing the data organization to apply MLR, adapted from [36].

Y X1 X2 Xk
Y1 X11 X12 Xk
Y, Xa1 X22 Xok
Yn Xn1 Xn2 eee Xnk




As every model, MLR has a specific equation to create the relationship between the k
independent variables, x;j, and the dependent variable, Y[37]. For this model, equation (1.1)

represents this relationship.
Y = Bo+ Bixs + Boxog+ 4 Prxp + € (1.1)

Where Y represents the dependent variables, x the independent variables and ¢ the random
error. The partial regression coefficients, 8, also present in equation (1.1), represent the expected
variance in Y response, for each unit of variation in x;j, when all the other regressors, xi (i # j) are

considered constant in experimental terms [36].

To adjust this model, and due to the calculation difficulties and in handling with the large
number of parameters, it is better to express the mathematical operations using matrix notation.

An example of the matrix that can be built is the matrix above [36], [38].

Y=Bx+ ¢ (1.2)
Yy 1 Xy X1 X1k Bs &
Y 1 X X X B E
Y= 2 = 21 22 2k ’ _ 2 e &= 2
1
L Yn) \1 an an Xry L Bn) L En

Matrix Y, is a column vector (n x 1) constituted by the observations of the dependent variable.
In matrix X, (n x p), the lines are constituted by the values of the independent variables, which
means that contains the information about the levels of the independent variables at which the
observations are obtained. In vector 8, are present the values of the regression coefficients to
each combination of the regressors. Finally, in vector g, are represented the random errors [36],
[38].

MLR can be used in different occasions: (i) when there is the need of adjusting data and to
study the effect of an x variable, taking into account other independent variables; (ii) when the
goal is to obtain an equation to predict Y values from the values of several independent variables
X1, X2, ..., Xk; (iii) when the objective is to explore the relationship between multiple variables (xu,

X2...Xk) to determine which are the independent variables that actually influence Y [37].




As every statistical model, MLR also has its own assumptions. First of all, the observations in
Y and the values in X are statistically independent from each other, which means they must not
be correlated. Also, the errors must be identically distributed, normal distributed with null averaged
and variance o2. The dependent and independent variables must have a linear relationship, which
means that the mean of Y for each specific combination of X1, Xz, ..., Xk is a linear function of X1,
X2,..., Xk. The non-linearity may result in the sub-estimation of the real relation. At last,
homoscedasticity must be present. This means that the error variance is the same in all levels of
independent variables. When this does not happen, it is called heteroscedasticity and it can lead

to a serious distortion of the conclusions and, consequently, weaken the analysis [39], [37].

Although MLR can handle with many independent variables at the same time, it has some
limitations in defining which ones are the most significant. This limitation may lead to
inconsistencies and to incorrect predicted results. The utilization of alternative models might be

useful to overcome this problem.

1.1.1.2 Partial Least Squares Regression

One example of an alternative to MLR is partial least squares regression (PLS). In many cases
of a large number of independent variables, the models always try to explain the results through

all of them, however, only a few are really significant and have impact in the results [40].

So, PLS purpose is exactly to reduce the independent variables (also called predictors) to a

smaller group and then modeling the predicted responses in a correct way [41].

T — U
f 1 ‘ Factors —p | Responses
Factors Responses
Sample Population

Figure 1.2 Schematic outline of PLS modeling, adapted from [42].

In Figure 1.2, it is a schematic outline of PLS modeling, representing precisely, the idea
of the selection of latent variables [42]. Latent variables are those whom have impact or
are significant in the responses variation [43]. So, the overall goal of a statistical model is

to analyze the factor of the population to predict the responses, however, PLS analyzes



the factors, extracts the latent variables, T, and then uses T to predict U and then U is used

to build the predicted responses [42].

The statistical-mathematical basis of PLS is an algorithm that in each iteration tries to
maximize the variance of dependent variables explained by the independent one, reducing
the independent variables to a minimum of optimized vectors, redistributing the weights to

the original variables. The following equations represent this algorithm [41].

Step 1 W « ETu (estimates X weights)
Step 2 t < E W (estimates X scores)
Step 3 C x FTt (estimates Y weights)

Step 4 u = Fc (estimates Y scores)

Initially, it is important to create two matrices, E = X and F = Y. The iteration process begins
by arbitrating values for u vector. To simplify the calculations, this u vector might begin as a unit
vector (u= (1,1,...,1) ) or, in the case of more than one Y variable, it might begin with the values
of one column of Y matrix. Then, step 1 begins, with the aim of estimating X weights. In this step,
the transpose matrix of E is calculated in order to normalize the data. When X values have
different order of magnitude, PLS might be induced in error and estimate the weight based on
order of magnitude, and by normalizing the data, they will always be in the interval from -3 to 3.
After estimating X weights, PLS scores each variable depending on the weight. Thus, a t matrix
is created and then used in step 3 to estimate the Y weights. In this step, just like in step 1, the
matrix used is the transpose with the aim of normalizing the data. Finally, in step 4, the Y scores

are calculated and vector u gains new values to restart the iteration process [41], [44], [45].

The assumptions of PLS model are the same of MLR described in 1.1.1.1. However, this model
has another assumption related with the existence of latent variables. It is assumed that the
system under investigations is influenced by only a few variables, the latent. The number of these

variables is unknown, and one of the objectives might be estimate this number [43], [44].

The models MRL and PLS are useful while using QbD, which is an approach that is becoming
an obliged procedure in pharmaceutical industry for the optimization of processes for production
of pharmaceutical products and for the improvement of the quality and characteristics of products.
In this work, QbD will be implemented for the development of 3D porous structures for drug

delivery in the treatment of oral and in situ vaginal infections.



1.2 Buccal and vaginal diseases

1.2.1 Buccal diseases

It is known that oral health is more than a healthy dental care [46]. There are several types of
superficial oral lesions that may include candidiasis, herpes labialis, recurrent aphthous
stomatitis, erythema migrans, hairy tongue and lichen planus [46], or they can turn up as masses

(that can be associated to carcinomas) [47].

Until 1940s the treatment of oral mucosa diseases was almost nonexistent, since they were
mostly caused by fungus [48]. Between 1960 and 1986, it was estimated that about 62% of
healthy people presented signs of Candida Albicans existence. This microorganism is responsible
for oral thrush (oral candidiasis), which is a disease known for almost 2000 years [49]. This type
of infection is very usual in infants, but also adults may be affected, especially when suffering
from (i) any immune deficiency caused by viruses like human immunodeficiency virus (HIV) or
some therapies that might lower the immune system, or (ii) other illnesses (as leukemia,

malnutrition) [46].

Herpes simplex virus (HSV) can cause a primary oral infection at young age, and it is
asymptomatic in 80% of the cases [50]. When there is any kind of symptom, it is with an acute
outbreak of oral vesicles that collapse to form erythema and ulceration. In some cases, the virus
might not disappear, being present in a latent way, and leading to recurrent infections. Some
probable causes for these recurrent infections might be ultra violet light exposure, trauma, fatigue,

stress and menstruation [46].

Another case of oral disease is recurrent aphthous stomatitis, or mostly common, “canker
sores”. The effective cause or predisposing factors for this type of lesions is unknown, however,
some variety of host and environmental conditions are associated with this illness [46]. Curiously,
these ulcers affect mostly nonsmokers, women, people under 40, Caucasian patients and people

of high socioeconomic status [51].

Erythema migrans is often confused with lyme disease because it is the first symptom of this
disease [52]. The symptoms, in most cases, are tongue lesions that appear as erythema caused
by atrophy of the filiform papillae. It affects children and adults, but women are most likely to suffer
from this kind of condition. In general, patients are asymptomatic, but when the symptoms come

up they can be painful and burning [46].

Hairy tongue is another example of oral disease which is caused by improperly desquamation
or increased keratinization of the papillae, and the papillae’s length may rise from 1 mm to 12-15

mm. It affects mainly men, smokers, coffee and tea “addicts”, or drug addicts [46][53].



Oral lichen planus is a chronic inflammatory disease that may affect any lining mucosa, and it
can emerge in several different patterns. Generally, it affects the buccal mucosa, tongue, and the
gingiva and it appears as reticular, popular, plaque-like, erosive, atrophic or bullous type. Itis very
difficult to understand the causes of this disease, however, and once more, it is related with
immune deficiency [46] [54] [55].

Another type of manifestation of oral diseases is the appearance of masses, that may lead to
a concern about oral cancer [47]. Palatal and mandibular tori consist in the existence of a mass

that is due to an extra bone covered by a layer of cortical bone [56].

The treatments for the different diseases described above are synthetized in Table 1.2. For
oral candidiasis, there are mainly three drugs that might be used. The most common is
miconazole and in alternative to that it could be used Nystatin. However, for more severe cases,
Fluconazole is the best option [57]. To treat herpes simplex virus infections [58], the most used
drug is Acyclovir [59], but Famciclovir [60] and Valacyclovir [61] are also options to be considered.
The treatment for recurrent aphthous stomatitis has a lot of options that might be useful such as
antiseptics, anti-inflammatory, analgesics, antibiotics, corticosteroids and anesthetics [62]. In the
case of erythema migrans, hairy tongue and oral linchen planus, there are no specific treatments.
The only thing that can be done to help people suffering from these conditions is to encourage

them to have a healthy and proper dental care [63] [64] [65].

Drug delivery through oral mucosa cavity has many advantages. One example of that is the
fact that this route of administration allows to contour the hepatic “first-pass” elimination that
follows gastrointestinal absorption [66] . In addition, the gastric acid or digestive enzyme-mediated
degradation occurring in the gastrointestinal tract is avoided. When the drug is metabolized in the
organism, between its site of administration and the site of sampling for measurement of the drug
concentration, it stands before “first-pass” elimination. The liver is usually assumed to be the
major site, however gastrointestinal tract can also be considered a potential site of first-pass
metabolism [67]. Another advantage of using oral route of administration is the fact that after oral
mucosal administration, the potential variation in the gastric-emptying rate or the presence of food

do not influence the absorption of the drugs [66].

10



Table 1.2 Medication used to treat the different oral diseases, adapted from various sources

[59-67]
Disease Drug Form
Miconazole Gel
Oral Candidiasis Nystatin Drops
Fluconazole Tablets
Liquid suspension
Acyclovir Capsules
Herpes Simplex
Tablets
Virus
Famciclovir Tablets
Valacyclovir Tablets
Chlorhexidine Gel
Triclosan Gel
Diclofenac Topical
Recurrent
Amlexanox Ointment
Aphthous
Doxycycline Gel
Stomatitis
Corticosteroids Topical
Hyaluronic acid Topical
Anesthetics Topical
No specific
Erythema Migrans -
treatment
No specific
Hairy Tongue -
treatment
No specific
Oral lichen planus -
treatment

The first steps to develop alternative devices for oral drug administration have already been
taken. Although gums are not a very common device for oral route of administration, they were
developed for the first time in 1928. Despite this kind of device didn’t receive many acceptance,
Aspergum, the gum, is still available in the market [68]. However, this non-acceptance for gums,
as devices for oral route of administration changes when the nicotine chewing-gum, Nicorette,
was distributed, in Britain, in 1980 [69]. In 1991, Pedersen M. and Rassing M., developed a

chewing gum as a drug delivery system to release Miconazole. Each gum had 55 mg of the
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antifungal drug, miconazole (6,25%), and the amount released range was between 2.6 mg to 5.0
mg, corresponding to 30 minutes of mastication [70]. Later, in 2005, Maggi, L. et al prepared the
3TabGum, another gum-type device. The results showed that after 10 minutes chewing, the drug
was almost all released and the amount of drug still present in the residual gum was 5-10% of the
initial quantity. It was also possible to conclude that, increasing the chewing time, no significant
differences would be evidenced among the quantity released [71]. More recently, in 2012, A.
Aslani et al., developed a caffeine gum prepared by softening of gum bases and then mixed with
other formulation ingredients. Two different types of gums were developed, one with 20 mg of
caffeine and another one with 50 mg. After the tests, it was observed that with 30 minutes

chewing, the gums released about 90% of their own drug content [72].

Other alternative device are candy matrices. In 1985, T. Stanley and B. Haque claimed a
patent about the development of a candy matrix device to incorporate sedatives, analgesics and
anesthetics, to be absorbed through mucosal tissues. In the examples given, the drug release
was evaluated for 8 hours, and the maximum quantity for drug release was 10 ng per mL plasma.
[73]. In 1992, R. Acharya et al. claimed a patent to the method and composition of calcium
polycarbophil controlled release. The matrices of this invention can be applied for candy
structures, so, one of the examples given is precisely about that. Unfortunately, there is no

available data or results regarding the time and amount of drug release [74].

Recently, GEO company has been developing alternative devices. A. Batuca started the
development of 3D porous scaffolds for controlled drug release through oral route of
administration, as gum and candy devices. There were several polymers used during this work
and the best candidates for candy structure were native PolyGeo and the combination between
Xanthan Gum with PolyGeo resulting on a medium pore size of 50 ym, a swelling rate higher than
30%, high degradation rate (till 9 days), and the drug release after 5 hours was 80 mg per gram
of scaffold. Regarding the gum format, the best options were Chitosan mixed with TEMED and
Chitosan mixed with Xanthan Gum and TEMED, which presented a medium pore size of 100 um,
a swelling rate lower than 30%, low degradation rate (more than 120 days) and the drug release

in 2.5 hours was 60 mg per gram of scaffold [75].

1.2.2 Vulvovaginal Infections

During reproductive age, women may suffer from vaginal infections [76]. It is estimated that
fungal infection is the second most common cause of vulva and vagina inflammation, being
bacterial vaginosis the first [77] [78]. This infection is caused by overgrowth of the yeast Candida

[79]. Between 85% to 90% of the cases, the most common pathogen is Candida albicans [77].
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In 1849, Wilkinson first described vaginal candidiasis [80], but it was only in 1875 that
Haussmann demonstrated that the microorganism causing both vulvovaginal and oral candidiasis

is the same [81].

The most common symptoms of this kind of infections are external dysuria, vulval pruritus,
swelling or redness [82]. Other signs may be vulva oedema, fissures, excoriation or thick curdy
discharge [83].

Episodic vulvovaginal candidiasis can be divided in two types: uncomplicated or complicated
[83]. The first, uncomplicated cases are the cases caused by C. albicans. The complicated cases
are caused by other species rather than C. albicans. These cases may occur by severe infections,
during pregnancy or being associated with another medical condition such as
immunosuppression or diabetes. Another form of uncomplicated cases is recurrent vulvovaginal

candidiasis, and this is considered when a woman suffers for four or more episodes per year [3].

The treatment for vaginal candidiasis depends in the type of infection: complicated or
uncomplicated cases. In 90% of the uncomplicated cases, a short-term local therapy or a single-
dose oral treatment is effective. In this case, the local agent easily available are azoles. An
alternative of local therapy may be the oral treatment with, for example, fluconazole. For

complicated cases, the treatment must be prolonged. Fluconazole is also used for this therapy

[3].

It is important to increase the residence time of drugs in the vaginal cavity, to improve the
treatment efficiency. Amongst drug delivery systems, the vaginal offers a very good route to
release different antifungal, antibacterial and contraceptive drugs. The conventional vaginal
dosage formulation, vaginal tablets, vaginal foam, vaginal gel, vaginal cream and vaginal
suppositories have some advantages, such as (i) the avoidance of the “first-pass” metabolism,
(ii) they are easy to formulate, (iii) it is possible to self-administrate them and (iv) they have low
cost. However, they have some disadvantages associated to their use. They may produce itching,
irritation of vagina, discomfort and low residence time. Novel systems of drug release may

enhance the delivery of many drugs offering better therapeutic outcomes [84] [85].

GEO company in collaboration with LAQV-REQUIMTE at FCT-NOVA has already started the
development of a device with tampon structure for controlled drug delivery, through vaginal route.
In 2016, D. Lopes [86], started the development of this device to treat vulvovaginal candidiasis.
Among the polymers selected for this study and the possible combinations between them, the
results suggested that native chitosan (3% w/v) and chitosan mixed with xanthan gum (2% w/v)
were the most suitable options. Native chitosan based structure swelling capacity was 30%, the
compression modulus was 6.7 kPa, the pore size was 700 um and in 8 hours, the amount of drug

released was 99.1 mg per gram of scaffold. For the second option, the swelling capacity was
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25%, a compression modulus of 6.2 kPa, a pore size of 150 ym and the amount of drug release
in 8 hours was 104.8 mg per gram of scaffold. The most common devices for vaginal drug delivery
are gelatin capsules [87] or gels [88], and it was not found any other study using tampons as the

device for vaginal drug delivery.

1.3 3D Porous Structures as Treatment Vehicles

One of the most complicated issues on buccal and vaginal drug delivery is the active
physiological removal mechanisms (physiological secretions as saliva and vaginal fluids) [6].
Therefore, there is a need to improve the routes for controlled release of the drug product and to
assure that the drug product maintains the characteristics and efficiency needed. Due to this, the

interest on drug delivery in a three-dimensional (3D) form is growing rapidly [89] [90].

Scaffolds, 3D porous structures, are commonly used for several applications in biomedical
area, such as drug delivery or tissue engineering [28] [29]. Typically, scaffolds are porous
networks, composed by biocompatible and biodegradable materials, Figure 1.3, and they appear
as (i) typical 3D porous matrix, (ii) nanofibrous network, (iii) thermosensitive sol-gel transition
hydrogel and (iv) porous and permeable microspheres impregnated in a polymeric matrix [92] [93]
[94]. Scaffold matrices are used as controlled drug release systems, and are composed by natural
or synthetic polymers [92] [95]. The aim of this structures is to yield adequate microenvironments,
which means, mechanical support, physical and biochemical stimuli for optimal cell or tissues
function [91] [93].
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Figure 1.3 Examples of scaffold structures [92]
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The chemical and structural properties of scaffold are (i) a 3D structure with appropriated
volume, shape and mechanical strength, (ii) a highly porous structure, (iii) and chemical properties
that don’t compromised biocompatibility of the drug product in human organism [95] [96]. Thus,
3D porous scaffolds allow effective release profiles by controlling the morphology, porosity and
composition of the polymeric structure. If these properties are not properly controlled, according
to the requirements of their applicability, the structural stability and efficiency of the drug product
may be compromised [91] [97].

1.3.1 Polymers

One of the first polymers used in drug delivery systems was lactic acid, and it was introduced
in 1970s [98]. Since then, many efforts are being performed to introduce and optimize polymers
in drug delivery systems.

The active pharmaceutical ingredients (API) are rarely administered alone, so excipients are
used, and they are the substances where the API are incorporated. One of the reasons that
excipients are used is to help rising not only the bioavailability but also the acceptance of the drug
in the organism [99]. When excipients were firstly used, they were recognized as inert since they
do not exert any therapeutic action or any influence in biological action of the drug [100]. However,
with the advances in science, it is known that these substances may influence the velocity and
extent of drug absorption and that the pharmaceutical form of these substances affect drug
bioavailability [96].

The use of polymers as support for structures in drug delivery systems has many advantages,
since the availability of the drug product can be higher and the bio distribution can be altered,
favorably. Also, these compounds allow hydrophobic drug administration which allows the
transport of the drug product to sites of action that may be inaccessible. Another great advantage
is the fact that polymers (smart polymers) can turn the drugs available to certain stimulus [101]
[102]. So, it is possible to group polymer devices in several categories, such as (i) diffusion-
controlled devices [103], (ii) solvent-activated [104], (iii) chemically controlled (biodegradable)
[105] and (iv) externally-triggered systems [106]. In diffusion-controlled systems the therapeutic
substance is dissolved in a non swellable or fully swollen matrix, that prevents the degradation of
the therapeutic life [107]. The solvent-activated systems are characterized as result of packing
the drugs in dehydrated hydrophilic polymers and they can be swelling- or osmotically-controlled
[108]. To promote dissolution in chemical or biodegradable systems, both the absorbance of the
surrounding aqueous solvent by the polymer and an interaction with the water through charge
interactions or hydrogen bonding mechanisms are necessary [107]. Finally, in externally-triggered
systems it is possible to have as an example the polymers responsive to pH, temperature and

photo or redox responsive systems [106].
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One of the critical characteristics of polymeric excipients is their removal mechanism, in other
words, how they are expelled from human organism. There are two options. The first is through
renal clearance, where they are expelled directly via the kidneys after degradation in the liver,
and the second is through metabolic clearance, and this happens when the polymer biodegrades

into small molecules and then is expelled from the body. [96]

Both synthetic and natural polymers can be used in drug delivery systems [92][95] but all
present advantages and disadvantages. It is easier to control the polymeric structures of synthetic
polymers, since it is possible to tailor-made the material suitable to the envisaged biological
application. Another advantage is the control of 3D structures, so it is possible to adapt the
properties and orientation of specific functional groups that may interact with the drug product. All
these characteristics turn the synthetic polymers a good bet, however, it is very important to
consider a uniform molecular weight distribution of these kind of polymers, because they don’t

biodegrade easily, which indicates that they must be expelled through renal excretions [109] [101].

Biodegradable polymers also attract a lot of attention once they allow the release of the drug
in a controlled manner and because after their functionality they can be degraded into non-toxic
monomers [101]. Despite that, the degradation products can be considered desirable or not. They
must be tested since there are innumerous variables that might affect the biodegradation of the
original polymer [110]. For example considering the chemical structure of the polymer it allows to

control the speed and degradation conditions [96].

1.3.1.1Chitosan

Chitosan (CHT), Figure 1.6, is the result of chitin N-deacetylation, and it was firstly identified
in 1884. It is a linear polysaccharide composed by glucosamine and N-acetyl glucosamine that
can be placed in blocks or randomly, which result from the preparation method [111] [112]. When
in solid state, chitosan is a semicrystalline polymer. Considering chitosan applications, their most
important features are the variation of molecular weight and the degree of deacetylation from

chitin, and consequently the dependence of its solution properties [111].

Being the only pseudo natural cationic polymer and due to its unique characteristics, such as
non-toxicity, biocompatibility and biodegradability, chitosan can have innumerous applications, as
well as, drug delivery and tissue engineering [111] [113] [114]. In systemic absorption of
hydrophilic polymers, which is the case of chitosan, it is advisable that their molecular weight is
suitable for renal clearance. The degradation can be through chemical or enzymatic way, and the
chemical one refers to acidic catalyzed degradation, in stomach. If the degradation is enzymatic,
it must be done by enzymes that hydrolyze glucosamine—glucosamine, glucosamine—N-acetyl-

glucosamine and N-acetyl-glucosamine—N—acetyl-glucosamine linkages. [113].
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There are some unique and suitable characteristics provided by chitosan-based scaffolds.
They can become hydrated which is useful for cell adhesion, and can generate porous structures
with open interconnected channels created by the fiber network, which makes them an interesting
host system [115].

In 2004, J. Lee et al. [116] developed a three-dimensional chitosan based scaffold, with
collagen and glycosaminoglycan to the controlled release of TGF-B1. The physical-chemical
characteristics were revealed, and the pore size of the structure was approximately 195.7 um and
a compressive modulus of 145.5 kPa. Three years later, in 2007, M. Prabaharan et al. prepared
and characterized a hybrid scaffold mixing chitosan with poly(L-lactic acid). The pore size
obtained was identical to the pore size of native poly(L-lactic acid) scaffolds, which may vary
between 300 to 800 um. The highest drug loading was 141.2 mg/g scaffold [117]. More recently,
in 2016, U. Adhikari et al. studied the characteristics of a chitosan based scaffold mixed with
carboxymethyl chitosan (CMC) and magnesium gluconate, also to be used in biomedical
applications. Depending on the concentration of chitosan and carboxymethyl chitosan, the pore
size range were different. For 4-5% CHT/CMC scaffolds the pore size range was 50-150 um and
for 2% CHT/CMC scaffolds was 150-250 um. The compressive strength of the scaffolds increased
from 0.04 MPa to 0.25 MPa as the concentration of CHT/CMC was increased from 2 wt% to 5
wt% [118].
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Figure 1.4 Chitosan molecule [214]

1.3.1.2 Xanthan Gum

Xanthan Gum (XG), Figure 1.5, is a natural polysaccharide produced by the gram-negative
bacteria Xanthomonas campestris. Its primary structure consists on repeated pentasaccharide
units. The main chain is composed by (3-D-glucose units and the chemical structure counts on

two glucose units, two mannose units, and one glucuronic acid unit [119] [120].
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There are only a few microbial exopolysaccharides available in the market, however xanthan
gum is one of them, and it represents a well-established product. The success of xanthan gum is
due to its characteristics and properties. Over time, there was a lot of research on the properties
and characteristics of xanthan gum and it was found that it is non-toxic and it does not inhibit
growth. It was already proved that xanthan gum does not cause skin or eye irritation. For all these
reasons, xanthan gum has, nowadays, various applications not only in the food industry but also

in pharmaceutics, as emulsion stabilizer or uniformity in dosage formulation [119] [121].

In 1995, M. Talukdar and R. Kinget studied the swelling and drug release behavior of Xanthan
Gum matrix tablets. The swelling of the gum was fast and within 45 minutes the maximum was
reached, and it was about 90% above of the initial value [122]. In 2003, O. D’Cruz et al., evaluated
in vivo a gel formulation, to be administrated through vaginal route. The gel was composed by
microcrystalline cellulose and xanthan gum. They proved that favorable toxicity profile of
administered intravaginal gel may provide the foundation for its clinical development as a safe
and effective broad-spectrum anti-HIV microbicide [123]. In 2007, T. Phaechamud and G.
Ritthidej performed a study to evaluate the sustained-release of propranolol HCI from a matrix
composed by chitosan and xanthan gum, and the results showed that almost 100% of the drug
product was released in approximately 13 hours. All the matrix had the same amount of
propranolol HCI, 80 mg/tablet. They concluded that the releasing from the tablets containing
chitosan and xanthan gum was slower than the ones containing native chitosan [124]. This clearly
demonstrates that the polymer nature it is an important factor to design different porous structures

with different practical behaviors.
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Figure 1.5 Xanthan gum structure [125]
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1.3.1.3 PolyGeo

PolyGeo (PG) is a synthetic polymer, of GEO company, water-soluble, and it is based on an

anionic polyacrylamide.

Although acrylamide monomer, Figure 1.6, has been shown to be toxic, it is generally accepted
that polyacrylamide is not, and there are a lot of efforts being done to produce super porous
hydrogels based on polyacrylamide [126] [127]. Actually, PolyGeo was already submitted to
biocompatibility tests and none toxicity for cells was registered.

One of the most important applications of polyacrylamide based polymers is as hydrogel
scaffolds for cartilage in tissue engineering [128]. Also, polyacrylamide can be used in plastic

operations [129], drug treatment [130], contact lenses [131] and wound dressing [132].

The scaffolds formation is dependent on the crosslinking degree and it happens through
covalent, ionic or hydrogen bonds. The synthesis and characterization of pH- and temperature-
sensitive hydrogels by copolymerization and crosslinking are not well stablished, but a lot of
studies are being done in this area [133] [134] [135] [136].

In 2016, two studies were performed in order to develop 3D porous structures for controlled
drug delivery through different routes of administration, buccal and vaginal. In these works,
several polymers were used and PolyGeo was one of them. To the oral route of administration,
two devices were developed: a gum and a candy. The best scaffolds for the candy structure were
native PG and PG mixed with Xanthan Gum scaffolds, having a medium pore size of 50 um, a
swelling rate higher than 30%, a high degradation rate (till 9 days) and the drug release after 2.5
h was 60 mg per g of scaffold [75]. For gum structure, it was supposed to develop a structure with
low and slow swelling rate compared with the candy matrices, and once PG did not fit those
conditions, it was not the best option [75]. So, for this structure, the best polymer combinations
were chitosan with TEMED and chitosan mixed with xanthan gum and TEMED, which presented
a medium pore size of 100 um, a swelling rate lower than 30%, a low degradation rate (more than
120 days) and the drug released after 5 h was 80 mg per g of scaffold. In the second work, related
to vaginal route of administration, native PG was not a success, since it was impossible to perform
swelling tests due to the instable behavior of the structures. However, when mixed with other
polymers or crosslinked, its integrity improved, but unfortunately, the swelling rate did not surpass

20% and due to that, no more studies were performed [86].
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1.3.1.4 Sodium Alginate

Sodium alginate (ALG), Figure 1.7, is a natural polymer presented in brown algae [137].
Alginates are a family of natural polysaccharides which contain different amounts of 1,4’-linked -
D-mannuronic acid and a-L-guluronic acid residues. The preparation of alginate beads is made
by extruding a solution of sodium alginate into a divalent crosslinking solution [138]. The
biosynthesis of alginate consists of four steps: (i) synthesis of precursor substrate, (ii)
polymerization and cytoplasmic membrane transfer, (iii) periplasmic transfer and modification,

and (iv) export through the outer membrane [139].

Alginate biocompatibility has been extensively studied in vitro and in vivo, despite this the
impact of alginate composition is not yet well stablished. Alginate hydrogels are prepared by
different cross-linking methods. Structurally alginates have similarities to extracellular matrices of
living tissue and because of that it is possible to use this compound in several biomedical
applications, such as wound healing [140], delivery of bioactive agents [141] and cell
transplantation [142] [143]. Some properties also enable alginate to be used as a matrix for drug
delivery. One example is relatively inert aqueous environment within the matrix that they have
and a mild room temperature encapsulation process free of organic solvents associated with their
production. A high gel porosity which allows for high diffusion rates of macromolecules and the
ability to control this porosity with simple coating procedures are other two positive properties of
alginate, as well as dissolution and biodegradation of the system under normal physiological
conditions [138].

In 2006, G. Sharma et al developed a bioadhesive dosage form of clotrimazole, mixing
Carbopol 934P with sodium carboxymethyl cellulose and sodium alginate. In vitro release studies
showed that the structure with 2:1 ratio of Carbopol 934P / sodium alginate containing 986.1 mg
of clotrimazole, which represent 99% of tablet weight (approximately 995 mg), release 976.2 mg
of clotrimazole over 24 h [144]. In 2007, Y. Xu et al., prepared a dual crosslinked matrix made of
sodium alginate and chitosan, for controlled and site-specific drug delivery. They concluded that

the total protein released from the sodium alginate and chitosan structures, for a mass ratio of 9:1
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was 81,24%, a higher value than for those with a mass ratio of 7:3 and 5:5 that showed to be less
than 60%. However in terms of retarding drug release, there was no significant advantage in using
the mixture of the two polymers [145]. In 2011, G. Lee et al., produced a scaffold for biomedical
applications made of calcium phosphate cement with sodium alginate. The pore size obtained
were in the range from 200 to 600 um, and, within 12 h, up to 20-30% of the drug was released

for all loading conditions [146].
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Figure 1.7 Sodium alginate structure [147]

1.3.1.5Gelatin

Gelatin (GL), Figure 1.8, is a protein fragment obtained by partial degradation of water
insoluble collagen fiber. Structurally, gelatin is constituted by large and complex polypeptide
molecules of the same amino acid composition as the parent collagen, covering a broad molecular
weight distribution range. Despite the similarities to collagen, gelatin exhibits essentially the same
common properties of typical polymeric substances, which is not the case of native collagen. It is
non-toxic and it is compatible in living body, and due to that gelatin has been widely used in

biomaterials, food and cosmetic fields [148] [149].

Gelatin is a good candidate to imitate the chemical composition of natural collagen, once it
derives from collagen through acidic or basic hydrolysis. Another good characteristic of gelatin is
the fact that potential pathogens are eliminated once gelatin is a denatured protein, and the
denaturing process prevents pathogens. As biopolymer, gelatin is often used in tissue

engineering and as a carrier in drug delivery [150][151].

In 2010, X. Wu et al., developed a 3D structure using unidirectional freeze-drying method. The
mean pore size of the scaffolds was between 50 to 100 um. It was also performed degradation
tests and it was concluded that the scaffolds degradation depends on the gelatin concentration.

The scaffolds produced from 1% gelatin solution, presented a weight loss percentage of
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approximately 95% after 18 days, meaning that it was almost completely degraded. In the case

of scaffolds produced from 5% gelatin solution, the percentage of weight loss was 59% [152].
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Figure 1.8 Gelatin structure [153]

1.3.2 Polymers Processing

There are different methods for polymer processing to produce scaffolds for pharmaceutical
applications. Some examples are freeze-drying, scCo2, electrospinning [154], 3D printing [155],
particulate leaching methods [156], gas foaming methods [157], sol-gel technique [158], thermally
induced phase separation [159], fiber mesh [160], rapid prototyping [161], emulsion templating
[162] and textile technologies [163].

1.3.2.1 Freeze-drying

Freeze-drying process, also known as lyophilization, is widely used in the production of porous
materials namely for tissue engineering among other biological applications [164] [165], but also,

in pharmaceutical industry to provide stability to drug products [166].

The freeze-drying method, despite its complexity, is considered a unit operation, and is well
accepted and it is widely used in pharmaceutical industry [167]. This is due to the process
temperature, because it is known that working with negative temperatures (in this case between
-70°C to -10°C, or , when working with liquid nitrogen, around -196°C) does not affect significantly

unstable bioproducts, comparing to drying at ambient temperature or higher temperatures [168].

This method consists in three steps: (i) freezing, (i) primary drying and (iii) secondary drying.

It is during the first step, that the material is hardened by freezing process and all fluids present

22



become solid bodies. As freezing progresses, the solute phase becomes highly concentrated and
might finally crystallize. This leads to a volumetric expansion of the system [169] [170]. The
second step, primary drying, also known as ice sublimation, starts as the pressure in chamber is
reduced, and placed under vacuum. The porous structures are formed from the voids left by the
removed solvent [166] [169] [170]. Lastly, the third step of freeze-drying method is secondary
drying. The beginning of this step happens once the ice is distilled away, and a higher vacuum

allows the progressive extraction of bound water at above-zero temperatures [169] [170].

There are some substances such as peptides, proteins and complex synthetic organic
molecules that must be monitored, because they are susceptible from suffering chemical
reactions in aqueous solutions [171]. Many of the reactions may jeopardize the safety and
efficiency of the drugs. Some of these are hydrolysis [172], cross-linking, oxidations [173],
aggregation [174] and disulfide rearrangements [168]. Over time, it was possible to understand

that this kind of reactions may be retarded, when in dry state.

The “freeze concentrate” is when the solute phase becomes highly concentrated, and this
happens as freezing progresses. This kind of process may induce some stress in the system,
mainly when proteins or drug products are impregnated. This stress has some consequences in
their characteristics. An example is the change in products concentration that is raised or the
interaction between them that is also raised which may lead to aggregation. The appearance of
crystals or buffer salts may reduce hydrophobic interactions, may change the pH of the system
and, also, can improve the formation of large ice-aqueous interfaces and a huge increase in ionic
strength [166] [169].

Controlling some freeze-drying variables such as freeze temperature, solution concentration,
nature of the solvent and solute and the freeze direction, it is possible to obtain specifics pore
sizes, pore volumes and morphologies [175]. If the freezing process occurs at low temperatures
(-80°C) and this means that the sample freezing time is very short, the formation of ice crystals is
rapid and it is possible to obtain a very small pore size (approximately 85 um). If the temperature
of the process is higher ( -20°C) it is possible to obtain a larger pore size (approximately 250 ym).
Another choice is liquid nitrogen, and in this case the temperature is even lower (-196°C) and this

results in a pore size of approximately 45 ym [167] [176].

In 2008, N. Sultana, and M. Wang, fabricated scaffolds based on hydroxyapatite and
poly(hydroxybutyrate-co-valerate) using freeze-drying as polymer processing method. The
temperature of freeze-drying vessel was set at -35°C, the samples were freeze dried for 72 hours
and at vacuum. The resulting pore size reached 300 ym [177]. In 2012, T. Garg, et al. developed
a chitosan based scaffold using this technology. The freezing occurred for 5 days at -70°C and
then the lyophilization lasted another 3 days. The preparation before the lyophilization

contemplated three steps. In the first step, freezing phase, the temperature was -40°C at vacuum
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(6.4mbar), and the duration was 10 minutes. During the second step, the sample was exposed to
-15°C and vacuum (1.4mbar) for 20 minutes. The last step took 5 days, and the drying was
performed at 30°C and 0.98 mbar. The mean diameter of the pores obtained was between 10-20
pum [178]. In 2016, A. Abdal-hay, et al. developed 3D porous structures to be used in biomedical
applications. The chitosan based scaffolds were produced by lyophilization at -20°C during 20
hours. The pore size was about 33 um and the swelling rate very high, varying between 150% to
720% in 15 minutes [179].

1.3.2.2 Supercritical COz2

Supercritical fluid technology is considered to have a huge potential in biomedical and
pharmaceutical applications namely, considering the development of materials and formulations,
especially when morphology control and high purity are required [180]. Supercritical fluids can be
defined as a substance for which both temperature and pressure are above the critical value
[181], as shown in Figure 1.9, that represents a schematic pressure-temperature phase diagram

for a pure component, showing also the supercritical fluid region.

In biomedical applications, the absence of any kind of undesirable residual solvent is required,
once they may contaminate the device and cause toxicity problems. To avoid this kind of
contamination, new approaches are being developed and the most commonly used is carbon
dioxide (COg) in supercritical state [182].

Carbon dioxide (CO2) is a clean, non-toxic, non-flammable and versatile solvent used in
synthesis and processing of different materials. The use of supercritical CO2 (scCOz2) can have
several chemical, environmental and financial benefits. Among the environmental advantages
and the possibility to control parameters that may control the morphology, such as pressure,
temperature and depressurization rate, scCO:2 has liquid-like densities and gas-like viscosities
and diffusivities, which helps penetrating porous structures. In addition, CO2 can be easily
removed from the materials without leaving any residues, because CO: reverts to the gaseous
state upon depressurization. Also, due to the high pressure of this technology, it allows the
production of sterile, ready-to-use devices. However, this kind of process requires high pressures
and relatively specialized equipment, and it might be a negative aspect that need to be considered

according to the given application [182] [183].

ScCO:2 can be used to form foamed scaffolds and with this method the escape of CO- from a
plasticized polymer melt generates gas bubbles that shape the developing pores [184]. In the
preparation of devices for controlled-release drugs, scCO2 can be an alternative to the liquid
solvent that is used to swell the polymer matrix and that serve as a carrier for the drug component
[185].
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Figure 1.9 Schematic pressure-temperature phase diagram for a pure component showing
the supercritical fluid (SCF) region [183]

In 2007, H. Tai et al. produced porous scaffolds to be used in biomedical application, using
scCOz technology. This study was performed with poly(lactic acid-co-glycolic acid) with different
ratios of lactic acid and glycolic acid, and depending on this proportion the pore sizes varied
between 38.8 um to 580.1 um [186]. In 2015, B. Chen et al. also used scCO2 to produce a porous
structure for biomedical applications, using polylactic acid and polyethylene glycol. The average
size of polylactic acid pores was about 77 um, in the presence of 10% of polyethylene glycol
[187]. In 2016, A. Batuca when developing the scaffolds for the gum devices, used this technique

to obtain large pores, as intended. The average pore size obtained was around 160 um [75].
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1.4 Strategy: QbD implementation in two case studies

This Master thesis purposes the implementation of Quality by Design method as an
optimization tool to guide in a conception of a medical route solution for two case studies, one
applied to buccal route of administration and the other applied to vaginal route of administration.
Therefore, this work will be divided in two phases: QbD studies and practical validation in

laboratory.

During the application of Quality by Design approach, it is necessary to go through several

steps.

The first step consists in defining the objectives or method goals and, also defining the quality
target product profile (QTPP) and the critical quality attributes (CQA) of the drug product. This

step will be accomplished using data already acquired by GEO Company in previous projects.

Secondly, it is necessary the scouting and evaluation of the method. Once this work is applied
to two cases that have already been studied, the best results of those works are the inputs of this
thesis. So, in this step the CMA and the CPP are defined. This step will be accomplished using

previous data already acquired by GEO Company in previous projects.

The third step incorporates the method selection and the risk assessment, being possible to
also identify the “design space”. Is in this stage of the project that Design of Experiments is used,
and consequently the software SIMCA. The reason why this software was chosen is due to the
fact that FCT-NOVA host research group has already used it in previous studies and this makes
it easier to learn how to use the software. Once the results from risk assessment are known, it is
possible to perform suitability tests to identify the critical method variables. Herein, it might be
possible to understand what are the suitable conditions to achieve the purposed objectives, not
only in terms of polymers processing method, but also, in terms of polymer choice and every

single process conditions.
The last step of QbD approach consists in method validation. This means performing, testing

and characterizing the 3D porous structures with and without drug, as well as, to perform releasing

studies to understand if the goals are reached.
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1.5 Thesis Organizational Outline

The objective of this thesis is the optimization of 3D porous structures for controlled drug

delivery, through two types of routes of administration, oral and vaginal.

For the first route of administration, oral, the candy characteristics are (i) 150 ym of pore size,
(i) 5 kPa of compression modulus, (iii) a swelling capacity at pH values between 5 and 7 and (iv)

the capacity to release 50 milligrams of drug per gram of support in 5 hours.

For the second one, vaginal route, the specifications are (i) a porous size between 2 and 15
pm, (ii) a compression modulus higher than 4.7 kPa, (iii) a swelling capacity at pH value 3,8 and

(iv) the capacity to release 800 milligrams of drug per gram of support in 8 hours.

The Introduction chapter is divided in four main subchapters. The first one, Quality by Design,
describes this method, including the elements and the steps, and identify the main advantages of
QbD implementation. The second subchapter, Buccal and Vaginal diseases, focus on oral and
vaginal diseases and infections and includes examples of three drugs associated with these
routes of administration. The third subchapter, Porous Structures as Treatment Vehicles, was
related to the utilization of 3D porous structures e controlled drug release, including the polymers
used and the processing methods. Finally, the last subchapter, Strategy: QbD implementation in
two case studies, shows the drive line of the implementation of the QbD approach to the cases in

study.

The Materials and Methods chapter focus not only in the material and protocols used in the

laboratory work, but also to the tools and protocols necessary during statistical analysis.

The Results and Discussion chapter is divided in three main section. In the first one, the results
of QbD statistical analysis are presented and discussed. The second section is related with
scaffolds characterization results, obtained through swelling tests, mechanical analysis, SEM and
porosity and density measurements, FTIR-ATR analysis, degradation studies and biocompatibility

tests. The last section focuses on the results obtained from swelling tests.

A Conclusion chapter is also included with the purpose of critically evaluate the work

described, the strategy followed and the results obtained, and finally suggest possible future work.

An Appendix section incorporating any important additional information of this study that was

not included in the main text, is provided at the end of the thesis.
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2. Materials and Methods

2.1 Reagents

For the casting solutions: acetic acid (AA, CAS No 64-19-7, purity = 99%, from ROTH),
ammonium persulfate (APS, CAS No 7727-54-0, purity = 98%, from Xilong Chemical Co., Ltd.),
medium molecular weight chitosan (CHT, CAS No 9012-76-4, from Sigma Aldrich), N,N-
methylenebis(acrylamide) (MBA, CAS No 110-26-9, purity = 98%, from Xilong Chemical Co.,
Ltd.), tetramethylenediamine (TEMED, CAS No 110-18-9, purity = 99%, from Merk) and xanthan
gum (XG, CAS No 11138-66-2,purity = 98%, from Solbetec). The active principle used were
ibuprofen (IBU, CAS No 15687-27-1, purity = 99%, from Alfa Aesar). For the swelling, degradation
and release studies, citric acid (CA, CAS No 77-92-9, purity = 99%, from Merk), sodium hydroxide
(SH, CAS No 1310-73-2, purity = 98%, from Xilong Chemical Co., Ltd.), sodium phosphate
monobasic (SPM, CAS No 7558-80-7, purity = 99%, from VWR Chemicals) and sodium

phosphate dibasic (SPD, CAS No 7782-85-6, purity = 99,9%, from VWR Chemicals) were used.

2.2 Equipment

For the casting solution, the materials used were: gobbles, heating and magnetic stirrer plates,
pipettes, magnetic stirrer, tubes (1.3 cm diameter and 4 cm height), scales, steel containers (1.3
cm diameter and 4 cm height). For freeze-drying method, the materials used were: freezer,
lyophilizer (from Biobase). For scanning electron microscopy Hitachi S-2400 equipment was
used. For FTIR-ATR analysis an ATR accessory (from Bruker) containing a platinum crystal was
used. For the mechanical tests, it was used a tensile equipment (MINIMAT firmware 3.1. For the
drug impregnation, the materials needed are tubes with 1.5 cm diameter and 5 cm height, and for
the drug release studies falcons and a Helius Alpha Double-Beam UV/VIS spectrophotometer

were used.
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2.3 QbD Protocols

2.3.1 Construction of QbD design space

The possible variables of the process for 3D porous scaffolds production were identified (as

exemplified in Table 2.1).

Table 2.1 Example of possible variables of the process. In this example, the variables are
concentration of casting solution ([casting]), concentration of the polymer in the casting
solution (% polymer), the concentration of the crosslinker ([crosslinking]), the freezing
temperature (Freezing Temp.), the freezing time (Freezing time), the concentration of
solids, which includes polymer and crosslinkers (% solids), the ratio of polymers, when a
mixture is considered (% mix) and finally the nature of the polymer (Polymer).

Possible Variables

[casting] % polymer [crosslinking]
Freezing Temp. Freezing time % solids
% mix Polymer -

All the combinations between the variables were studied and Table 2.2 was constructed to

define the X, Y and Z variables.

Table 2.2 Example of the columns to construct the table of all possible combinations between
variables.

Possible Cubes
Cube number X variable Y variable Z variable Pore Size  Swelling

One of the combinations was selected to build another table with five columns: X variable, Y
variable, Z variable, and Values obtained in previous studies for the characteristic in study. It is
very important that all the variables are independent from each other. All the columns were filled
with the respective data and then the information was copied to the cube. The cube was drawn

and in each vertex the respective values of the variables were filled, according to Figure 2.1.
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Figure 2.1 Example of a cube. In this example, the X variable is the concentration of the casting
solution ([casting]), the Y variable is the concentration of the crosslinker in the casting
solution ([crosslinking]), and the Z variable is the freezing temperature (Freezing Temp.).
The maximum and minimum values that the variables can have are: 1 and 2%
respectively, for X and Y variable, and -20°C and -80°C respectively, for Z variable.

2.3.2 Inserting the data in MODDE software

An Excel file was created, with a table with the same number of lines as the number of inputs.
Define, in the first column, it was defined which are the variables of the process to be studied and,
in the other column, the values that will be varied. The input column was filled with the different

possible combinations and the output column with the values of the results obtained with previous

studies.
Table 2.3 Example of the Excel table needed to introduce the data in the software.
Gelation Gelation time Polymer Pore Size Swelling
0,
Temperature (°C) (h) Concentration (%) (um) (%)
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In the software, the commands were File -> New -> Import external design, and then the Excel
file previously created was selected. It was necessary to define the last two columns as

responses, selecting them and clicking the button “response”.

2.3.3 Model fitting

After inserting the data (according to 2.3.2), it was selected the option “Fit Model” and the
desired model was selected. Then “Summary if Fit” opened automatically, and the plot was
analyzed. Also, the software suggests that if R? is higher than 0.7 and Q?2 higher than 0.5, this
means that the results fit in the model. If those constants are out of the required value, try the

other model and analyze again the “Summary of Fit”.

2.3.4 Wizard Analysis

After inserting the data (according to 2.3.2) and fit them into the suitable model (according to
2.3.3), it was selected the “Wizard Analysis” tool. All the graphics of this tool were analyzed.
2.3.5 Design Space

After inserting the data and fit the suitable model (according to 2.3.2 and 2.3.3), the target of
the respective response was defined and written in the proper place. In “Home” tab, the tool
“Design Space” was selected. In “Plot Options”, the acceptance limit was defined as 10%. It is

important to check if all the factor were considered.

2.4 Experimental Validation

2.4.1 Casting Solution Preparation

Chitosan was dissolved in 50 mL of the acidic water solution (1%v/v), at 80°C, to reach the
desired concentration. For xanthan gum, it was dissolved 50 mL of distilled water, at room
temperature. Both dissolutions lasted about 24h. 5 mL of the solubilized polymer were placed in
tubes, with 1.5 cm diameter and 5.5 cm height or in steel containers (with the same dimensions

as the tubes).
Addition of crosslinker
After dissolution, MBA was added.
Addition of catalyst and initiator
After the dissolution of the crosslinker (around 3 h), TEMED and APS were added.
Drug impregnation

The solutions were pipetted into 5 mL tubes and then 90 mg of ibuprofen were added to each

tube for further freezing and lyophilization.
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2.4.2 Processing Casting Solutions

2.4.2.1 Scaffolds Preparation by Freeze-Drying

The casting solutions were frozen during 48 hours (freezing temperature is defined in Table

2.4). After that, the frozen casting solutions were freeze-dried during 48 h, at -50 °C and 0.7 mPa.

Table 2.4 Freeze-Drying conditions.

Freezing Temperature

Run
(°C)

CHT_1/XG_1 -20
CHT_2/XG_2 -20
CHT_3/XG_3 -80
CHT_4/XG_4 -80
CHT_5/XG_5 -80
CHT_6 -20
CHT 7 -80
CHT_8 -80
CHT_9 -80
CHTXG_1 -80
CHTXG_2 -80

Figure 2.2 Lyophilizer
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2.4.3 3D Porous Scaffolds Characterization

2.4.3.1Scanning electron microscopy (SEM) analysis

The scaffold samples were frozen in liquid nitrogen (-196 °C). This step allowed the fracture
of the samples, for further cross-section analysis. All samples were gold coated before analysis

and the accelerating voltage was set at 15 kV.

2.4.3.2Fourier Transform Infrared Spectroscopy — Attenuated Total Reflection
(FTIR-ATR) analysis

The ATR accessory contained a platinum crystal at a nominal incident angle of 45°, yielding
about 12 internal reflections at the sample surface. All spectra (100 scans at 4.0 cm-! resolution
and rationed to the appropriate background spectra) were recorded at approximately 25 °C. The

average weight of samples was 0.02 g.

N

Figure 2.3 FTIR-ATR equipment and computer

2.4.3.3Swelling Tests

The samples of the scaffolds (0.06 g) were immersed in the two different swelling solutions:
citrate buffer solution (0.1 M) at pH 5.0 or 3.8 and phosphate buffer solution (0.1 M) at pH 7. The
samples were placed in the swelling solution (about 100 mL for normal swelling tests and 2,5-5
mL for confined swelling tests) and the weight of the swollen samples was measured against time.
Periodically, the samples were removed from the swelling medium, whipped to remove excessive
water of the surface and weighted. The tests were performed on a shaker with a rotation of 100
rpm, during 24 hours. The equilibrium hydration or swelling degree (W (%)) of the samples was

determined as defined in Equation (1):
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W (%) = (u

d
i ) x 100 2.1)

where Wy is the weight of the sample with water and Wq is the weight of dry sample.

2.4.3.4 Porosity and Density Measurement

The porosity and density were determined via liquid displacement method with ethanol as the
displacement liquid because it can easily penetrate the pores of the scaffolds and does not induce

shrinkage or swelling as a non-solvent of the polymers.

A sample of weight W was immersed in a graduated cylinder containing a known volume (V1)
of ethanol. The sample was kept in the ethanol for 15 minutes until the volume stays similar for a
long time. The total volume of the ethanol and the structure was recorded as V2. The volume
difference (V2-V1) is the volume of the scaffold. The scaffolds were removed from the tube, and

the residual volume was recorded as Vs. Thus, the total volume of the composite scaffolds was:
V=>V,—VD)+W+V3)=V,—Vs (2.2)

The density of the scaffold, p, was expressed as:

W (2.3)
=y,

The porosity of the open pores in the scaffold, €p, was obtained through:

~ (h=V) (2.4)
P (V= Va)

2.4.3.5 Mechanical Analysis

The samples were prepared cutting them into cylindrical shape. The tests were performed in
a tensile equipment with uniaxial compression, at room temperature. The compression strength
was measured using a mechanical tester, at a crosshead speed of 1 mm/min, a full-scale load of
20 N and a maximum extension of 40 mm. During compression test, the compression modulus

was calculated from the slope of the linear portion of the stress-strain curve.
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Stress = g = (2.5)

(2.6)

h|E |

Strain = ¢ =

where F is the applied force, A is the cross-sectional area, AL is the change in length and L is

the length between clamps.

2.4.3.6 Drug release studies

A sample from each scaffold (100-150 mg) was placed in a flask containing 45 mL of a buffer
solution (pH 5-7 for gum device and 3.8 for tampon device), at 37°C. A sample of 1 mL from each
medium was taken passed 15 min, 30 min and 1 h, until 5 hours for candy structures and until 8
h for tampon device. Every time that a sample was taken from a flask, 1 mL of fresh buffer solution

was replaced. The buffer solutions used were the same as the ones used for swelling tests.

For drug quantification, the samples taken from each medium (1 mL) was pipetted to a quartz

cell and then the absorbance was read in a UV/VIS spectrophotometer.
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3. Results and Discussion

The aim of this thesis was the optimization of the production method of two 3D porous
structures, for different applications, such as oral (candy device) and vaginal (tampon) drug
delivery, using an innovative method known as Quality by Design. Due to that, the characteristics
of both structures are different. The pore size of the scaffold for the treatment of oral diseases
must be bigger than the pore size of the scaffold for vaginal application, so the first should be
around 150 um and the second one 2-15 um. Both structures should present around 30 %
swelling capacity in acidic pH (for the vaginal application at pH 3,8 and for the oral at pH 4-7),
once the normal vaginal pH is acidic and the existence of an oral infection leads to a decrease in
the pH value. The mechanical properties of each scaffold are very similar once the ideal
compression modulus is 5kPa for oral device and must be bigger than 4,7 kPa for the vaginal
device. At last, the scaffold for the oral application must be able to release about 50 mg drug/ g
scaffold in 5 h, and the scaffold for the vaginal application must release about 800 mg drug/ g
scaffold. These set-points were defined according to two previous studies carried out in GEO

company [75], [86].

3.1 Quality by Design studies (QbD)

The first step during the development of this project was the application of Quality by Design
method to optimize the processing method of the two different structures described before. Once
the objectives were defined (first step of QbD method) and all the previous information/data was
collected (second step of Qbd), there were conditions to begin the third step Risk Assessment,
that were defined. For this stage, MODDE software was chosen to perform the statistical analysis

and to predict the best conditions to achieve the required characteristics of both structures.

MODDE software is equipped with two different statistical models and it was important to
decide which one was suitable for this study. Although multiple linear regression (MLR) can deal
with a lot of different independent variables (IV), it is not able to measure the significance of each
IV, which might lead to false and non-trustable predicted results. However, partial least squares
regression (PLS), is an example of a model that considers the weight and significant of each IV.

Therefore, the chosen model was PLS.

As in any kind of investigation, it is important to define criteria to make decisions, since without
this, it is impossible to make a conscious choice about the obtained results. When it comes to a
statistical investigation, there are three parameters that are really important such as R?, p-Value
and Q2. The first, R?, shows the model fit, which means that it tells how much of the data is
explained by the model. To be easier to understand, if R? is 0.5 this means that 50% of the data
is well explained by the model. For this parameter, the acceptable range was above 0.7. P-value,

the second parameter, is important to understand if the model is significant. This is something to
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take into account because even if R? is lower than 0.7 it is possible and correct to accept the
model, if p-value is smaller than 5%. At last, Q2 shows an estimate of the future prediction
precision. This is very important in QbD since the aim of this study is to predict the best conditions
to produce the desired 3D porous structures. The difference between R? and Q2 should be smaller
than 0.3.

Therefore, it is possible to define the criteria to accept or reject a statistical study in risk

assessment of QbD approach. So, the chosen criteria are:

R?>0,7AP —value <5% Q%> R>-10,3
0,5<R?><0,7AP—value <5% Q%> R>-10,3

During this subsection, two responses were analyzed by MODDE Software, the pore size and
the swelling capacity. After searching and reading studies about processing methods of 3D
porous structures, the values of these two responses and also the values of the process
parameters were collected and inserted in the software. In parallel to the theory, the process
parameters correspond to independent variables and the values for pore size and swelling
capacity correspond to dependent variables.

3.1.1 Cube 1: % polymer vs % crosslinker vs freezing temperature

In Cube 1, the three characteristics under study were the percentage of polymer, the
percentage of crosslinker and the freezing temperature. The data were inserted in MODDE
Software and the tool Summary of Fit was analyzed. In this plot, it is possible to obtain the values
of R2 and Q?, from the three criteria parameters. Once the idea is to analyze two responses, pore
size and swelling capacity, two plots were given by the software. The sample size for this cube is
12.
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Figure 3.1 Summary of Fit for data of Cube 1: a) for pore size response, b) for swelling
capacity response. Green column refers to R?, dark blue column refers to Q?, yellow
column refers to model validity and light blue columns refers to reproductibility of the

model.

In Figure 3.1, it is represented the Summary of Fit for the data corresponding to three different

variables: % of polymer, % of crosslinker and freezing temperature.

In Figure 3.1 (a), corresponding to pore size response, it is possible to observe that two of the
three criteria defined before are graphically represented, R? and Q2. The first, R? is around 0,45
(which is lower than 0,5) which is considered not acceptable, and Q2 is approximately 0,074.
Another parameter that is important to consider is p-value. For this case, p-value is 5,3%, which
is higher than 5%. Due to this, the model does not explain correctly the data and consequently it
will not be considered. In Figure 3.1 (b), for swelling response, R? is also out of the gap defined

in the criteria, once it is approximately 0,3. In contrast, the difference between R2 and Q2 is lower
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than 0,3. Regarding to p-value for this experiment, it is 14,5%, which is far above 5%. Similar to

the previous one, therefore this experiment was considered not acceptable.

These results suggest that in both cases, the model does not explain the data, and this is
because the relationship between the independent variables (% polymer, % crosslinker and
freezing temperature) and the dependent variables (pore size and swelling capacity) is not linear.
There is a way to bring this relationship closer to a linear one, and it is through logarithmic and

inverse transformation of the data [43].

3.1.2 Cube 2: Logarithmic and inverse transformation of the data

collected for Cube 1.

In order to approximate the relationship of dependent and independent variables to a linear
one, the data used in Cube 1 suffered two different transformations: logarithmic and inverse. After
these transformations, the data were inserted again in MODDE Software and the Summary of Fit

was, once again, analyzed. The sample size for this cube is 12.

a) Summary of Fit [l Rzad)
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Figure 3.2 Summary of Fit for transformed data of Cube 1: a) for pore size response and
inverse transformation, b) for swelling response and inverse transformation, c) for pore
size response and logarithmic transformation, d) for swelling response and logarithmic

transformation. Green column refers to R?, dark blue column refers to Q?, yellow column
refers to model validity and light blue columns refers to reproducibility of the model.

Table 3.1 P-value for the tranformed data.

Transformation Response p-v‘?lue

(%)
Pore size 2,8

Logarithmic swelling
. 1,4

capacity
Pore size 2,8

Inverse .

Swelling 43

capacity




It is represented, in Figure 3.2, the Summary of Fit for the transformed data of Cube 1. It is

notorious the improvement of R? and Q? from the previous experiment.

Regarding logarithmic transformation, R? assumed values of 0,5 for pore size response and
0,6 for swelling capacity. Both of these values fit in the criteria defined. The huge improvement
observed was for Q2 that achieved 0,3 for pore size response and 0,5 for swelling capacity
response, turning the difference between R2 and Q2 lower than 0,3. The p-value also fitted in the
criteria. For pore size response, it was 3% and for swelling capacity response it was around 1%.
Regarding inverse transformation, R? increased to 0,5 for both responses. Q? also increased to
0,2 for pore size response and to 0,3 for swelling capacity response. Thus, the difference between
R? and Q2 is lower than 0,3 for both responses. Also, p-value fitted the criteria, once it is 3% and

4,8% for pore size and swelling capacity responses, respectively.

Thus, it is possible to conclude that these transformations were useful in the approximation of
the relationship between independent and dependent variables to a linear relation. This lead to
results that fit perfectly in the criteria, and due to that, it is possible to proceed to Design Space

Plot Analysis, which correspond to the last part of Risk Assessment step.

3.1.3 Design Space Plot Analysis

Design Space plot is an example of a graph that shows the probability of failure to achieve the
target defined. For example, for the case of this study, the targets for pore size were set as 150
and 8,5 um for oral and vaginal devices, respectively, and in the case of swelling capacity as 30
% for both structures.
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Figure 3.3 Design Space for pore size response of oral device: a) inverse transformation, b)
logarithmic transformation. The green zone refers to a probability of failure lower than 5
%, the yellow zone lower than 10% and the red zone higher than 10%. The horizontal
axis represents the polymer concentration and the vertical axis the crosslinker
concentration.

Figure 3.3 represents the design space plot regarding pore size response, which the target
was set as 150 pum, that is according to the objective of pore size for oral device. The green zone
represents, in all cases, a probability of failure lower than 5%, the yellow zones a probability of

failure lower than 10 % and the red one a probability of failure between 20 and 100%. Thus, based
on this, it is recommended operate in green and yellow zones.
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Both plots showed a green zone approximately according to the same conditions. If the
freezing temperature chosen is -20°C, in both plots, 3.3 a) and b), it is possible to observe that
the suitable concentration of polymer and of the crosslinker are 2-3% and 1-1,75%, respectively.
In the case of the freezing temperature chosen is -50°C, the suitable concentration of polymer
and of the crosslinker is 2-3% and 0,5-1,5%, respectively. At last, for -80°C the suitable

concentrations are 2-3% for polymer and 0,25-1% for crosslinker.
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Figure 3.4 Design Space for pore size response of vaginal device: a) inverse transformation,
b) logarithmic transformation. The green zone refers to a probability of failure lower than
5 %, the yellow zone lower than 10% and the red zone higher than 10%. The horizontal
axis represents the polymer concentration and the vertical axis the crosslinker
concentration.

44



Figure 3.4 also represents the design space plot for pore size response, but in this case the
target was set as 8,5 pm because it is in the middle of the gap required to the vaginal device (2-
15 um). It is possible to observe that -20°C is not an adequate temperature to obtain pores with
this size. This information is in agreement with previous studies, once, for this temperature the
range of pore size is 50-100 um [75]. In this case, the discrepancy between the two
transformations is more pronounced. However, it is possible to define conditions that fit the green
zones of both plots. Considering both plots, -80°C is the best option regarding freezing
temperature combined with 2-3% polymer concentration and 1,7-2 % of crosslinker are the

suitable conditions to achieve the target.
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Figure 3.5 Design space for swelling capacity response of both devices (oral and vaginal): a)
inverse transformation, b) logarithmic transformation. The green zone refers to a
probability of failure lower than 5 %, the yellow zone lower than 10% and the red zone
higher than 10%. The horizontal axis represents the polymer concentration and the
vertical axis the crosslinker concentration.
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Figure 3.5 represents the design space plot for swelling response. Herein, the plots are

adequate for both structures once the target was set as 30% of swelling capacity.

Once again, the plots are very similar for both transformations. Thus, for all freezing
temperature, the polymer concentration in the green zone is between 2 and 3% and the main
difference is the crosslinker concentration that at -20°C is in the range 0,75-1,75%, at -50°C is in

the range 0,3-1,6 and at -80°C varies between 0,25-1%.

It is important to notice that independently of the response and the target defined, the plots
studied before suggest that the suitable concentration of polymer always varied between 2 and

3%.
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Figure 3.6 Coefficients plot (scaled and centered) for: (a) pore size responser and inverse
transformation, b) pore size response and logarithmic transformation, c) for swelling
response and inverse transformation, d) for swelling response and logarithmic
transformation. %Po refers to polymer concentration, %Cr refers to crosslinker
concentration and Fre referes to freezing temperature.

In Figure 3.6, it is represented a coefficients plot (scaled and centered) for both responses
(pore size and swelling capacity) and for both transformations (inverse and logarithmic). In the
horizontal axis, there are represented the three independent variables (polymer concentration,
crosslinker concentration and freezing temperature) and in the vertical axis it is represented the
coefficients of the model. The aim of this graphical representation is to understand which

independent variables are significant and have impact in the model explanation. By analyzing the
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plots, it is possible to conclude that the polymer concentration is the only variable that, in all cases
(different responses and transformations) does not have impact or is significant in the model. This
is possible to observe once the green bar is between the limits of the black line and not out of its
limits. This is due to the fact that the data do not take into account the polymer nature, once that
is a qualitative variable, and the model only works with quantitative variables. This fact explains
why the polymer concentration range is always the same, independently of the transformation or

the target set.

In the next chapter, experimental validation of the Qbd method will be described and also the

results of the characterization methods.

3.2 Experimental Validation

3.2.1 Casting solution Preparation

The scaffolds in study were produced by freeze-drying method. The freeze-drying conditions
were chosen according to the results of the design space plots from QbD studies, and in an
attempt to obtain two different pore sizes depending on the application. For the structures to be
used in oral drug delivery the pore size should be around 150 um and for vaginal drug delivery
should be within 2-15 um. Therefore, different freezing conditions (-20 °C and -80 °C) and

concentrations of casting solutions (2,35-3% of polymer) were studied.

In detail, the polymers used were chitosan and xanthan gum in different concentrations and
with different freezing conditions. These two polymers were considered once they have been
widely investigated to be used in biomedical application. Chitosan is pH sensitive with microbial
properties and there are a lot of studies on vaginal and oral drug delivery systems using it [85],
[188], [189]. Xanthan gum is a temperature responsive polymer that has been studied as food
addictive and in several biomedical applications [120]. Moreover, both polymers are
biocompatible and biodegradable [6], [190], [191], [192]. In the previous studies carried on GEO
Company, both of these polymers presented the suitable results for the objective set for this thesis
[75], [86].

Initially, the casting solutions were prepared only with chitosan or xanthan gum with
concentrations of 2,35 and 2,5% of each polymer in the casting solution. For these concentrations,
also the percentage of crosslinker was different varying between 1 and 1,7%, according to the
QbD data. However, during these studies, there was a need to consider other concentrations
such as 3% of polymer and 2% of crosslinker and also the blend between chitosan and xanthan
gum. It is important to notice that all of these conditions respect the design space plots obtained

in QbD studies. Finally, it has been considered two freezing temperatures: -20° C and -80° C.
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Table 3.2 Composition of casting solutions and freezing conditions.

Application Designation Polymer Polymer Crosslinker Freezing
PP g y concentration concentration Temperature
CHT 1 Chitosan 2,5 1,3 -20
XG_1 Xanthan 2,5 1,3 20
- Gum
CHT 2 Chitosan 2,35 1 -20
Candy
XG_2 Xanthan 2,35 1 20
- Gum
CHT_3 Chitosan 2,5 1,3 -80
XG_3 Xanthan 2,5 1,3 -80
Gum
CHT 4 Chitosan 2,5 1,7 -80
Tampon
P XG_4 Xanthan 2,5 1,7 -80
- Gum
CHT 5 Chitosan 2,35 1 -80
Candy and XG_5 Xanthan 235 1 .80
Tampon Gum
CHT 7 Chitosan 3 2 -80
Candy CHT 6 Chitosan 3 2 -20
CHT_ 8 Chitosan 2 2,5 -80
CHT_ 9 Chitosan 1,5 3 -80
Chitosan 2
Tampon CHTXG_]. Xanthan 1 2 -80
Gum
Chitosan 1,5
CHTXG_2 Xanthan 2 -80
1,5
Gum

It is important to refer that the combination between variables was decided considering the
application of each structure. All of these conditions may influence the morphology of the resulting
structures. Freeze-drying method is known for generate a high degree of interconnected pores
which is highly important once it facilitates the drug diffusivity. The freezing temperature is one of
the most important factors to consider when using this kind of method, once lower freezing
temperatures (-80°C) lead to smaller pores (20-100 pum) [193].

The conditions of production process of the first tenth structures (CHT_1, XG_1, CHT_2,
XG_2,CHT_3, XG_3, CHT_4, XG_4, CHT_5, XG_5), were selected from the medium point in the
green zone of Design Space plots. However, the results obtained regarding swelling capacity and
mechanical analysis (results presented with more detail in further sections of this thesis) were not

the expected, which means they did not fit in the objective of this thesis. Thus, the design space
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plot was, once again, analyzed and the boundaries of the green zone were also considered. With

this data revision, new analysis also new conditions were considered and the new scaffolds

(CHT_6, CHT_7, CHT_8, CHT_9,

In the next subchapters, the ch

several characterization methods.

CHTXG_1, CHTXG_2) were produced.

aracteristics of all structures will be carefully analyzed through

3.2.2 Fourier Transform Infrared Spectroscopy — Attenuated Total
Reflectance Analysis (FTIR-ATR)

FTIR-ATR was the first analysis taken into account, once it is useful to identify the most

predominant chemical interaction
to evaluate the crosslinking effect

the drug with the polymer.

in each structure. Due to that, this method becomes essential

, the interaction between polymers and also the interaction of
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In Figure 3.7, Figure 3.8 and Figure 3.9, it is possible to see the FTIR-ATR spectrums comparing
the spectrum of native chitosan with the crosslinked scaffolds. In all cases, it is notorious the
deviation in the amino group (-N-H) of chitosan. It is also possible to notice some alterations in
the vibrations of -H, -CH in the ring (1407.15 cm-1) and -C-O-C- in glycoside linkage (1068.19 cm-

1),

All of these observations suggest the loss of the charge in the amino group. Thus, it is possible
to conclude that the crosslinking effect between chitosan and MBA is established by convalent

bonding to the -NH group of chitosan molecules [194], [195].
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In Figure 3.10 and Figure 3.11, it is possible to observe the FTIR-ATR spectrums comparing

native xanthan gum and the other xanthan gum based scaffolds crosslinked with MBA.

For xanthan gum structures, the deviations are regarding -OH and -C=0 bands. These
deviations are more intense in the case of XG_1, XG_2, XG_3 and XG_4. This might be due to
the fact that the concentration of MBA in XG_5 is only 1%.

The deviation on -C=0 of pyruvate pick (1607.80 cm) is affected by the charge change in the

carboxyl group. This, allied to the deviation in -OH band suggest that the crosslinking effect

between xanthan gum and MBA was successful and occurs in the carboxyl group [196].
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In Figure 3.12, it is possible to analyze the FTIR-ATR spectrums of native chitosan and native

xanthan gum with the scaffolds produced by the mixture of these two polymers.

It is possible to see that due to the interaction between chitosan and xanthan gum, in the
spectrums of CHTXG_1 and CHTXG_2, -N-H band and -C-N stretch present deviations from the
native chitosan spectrum (1632.04 cm™ and 1019.29 cm, respectively) and regarding native
xanthan gum spectrum, the most affected peak was -OH (3201.40 cm-1). Both spectrums show a
clearly interaction between the amino group from chitosan and the carboxylic group from xanthan
gum. This kind of deviation might be explained by the effect of the crosslinker in the polymeric
mixture, once it was seen before that chitosan and the crosslinker interaction occurs in -NH group

and the interaction between crosslinker and xanthan gum occurs in the carboxylic group.
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Once these results suggest that the crosslinking effect occurred in all structures, the next step

was to measure the swelling capacity of each one.

3.2.3 Swelling Tests

After FTIR-ATR analysis, the structures were submitted to swelling tests, in order to evaluate
the water uptake capacity, at acidic and neutral medium. The pH solutions for these tests were
set as 3.8 and 7 for the structures for vaginal application and 5 and 7 for the structures for oral
application. This choice of pH is important once vaginal medium pH is acidic and also, when there
is an infection of oral mucosa the pH decreases, turning the mouth an acidic medium.
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Figure 3.13 Swelling degree of: a) CHT_1 and XG_1 at pH 5 and 7; b) CHT_2 and XG_2 at
pH5and 7.
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pH5and 7; ¢) CHT_5 and XG_5 at pH 3.8, 5 and 7;

In Figure 3.13 and Figure 3.14, it is possible to observe the swelling degree for the first ten runs
studied. It is useful to notice that each graphic represents the swelling degree for two types of
medium: acidic and neutral. Another point to consider in these plots is the fact that the processing

conditions are the same, namely, polymer concentration, crosslinker concentration and freezing
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temperature (CHT_1 and XG_1: 2,5% polymer, 1,3% crosslinker, -20°C; CHT_2 and XG_2:
2,35% polymer, 1% crosslinker, -20°C; CHT_3 and XG_3: 2,5% polymer, 1,3% crosslinker, -80°C;
CHT_4 and XG_4: 2,5% polymer, 1,7% crosslinker, -80 °C; CHT_5 and XG_5: 2,35% polymer,
1% crosslinker, -80°C).

In Figure 3.13 a) it is possible to analyze the swelling capacity of CHT_1 and XG_1, and in
Figure 3.13 b), the swelling capacity of CHT_2 and XG_2. In both cases, the xanthan gum based
structures disintegrated during the first hours of the tests while chitosan based structures
remained stable. In Figure 3.14 a), it is possible to analyze the swelling capacity of CHT_3 and
XG_3, and both structures withstand for the first 8 hours, which represents a huge improvement
from the first two scaffolds. In Figure 3.14 b) it is represented the swelling capacity of CHT_4 and
XG_4, and in this case, the xanthan gum structure only withstands for more than 3 hours at neutral
pH. At last, in Figure 3.14 c) it is possible to analyze the swelling capacity of CHT_5 and XG_5,

and in this case, the xanthan gum based structure only withstands for more than 2 hours at pH 5.

Thus, it is worth noting that the structures composed by xanthan gum tend to disintegrate in
the first hour, even when they are crosslinked, except for XG_5 that withstands for 5 hours at pH
5, XG_3 that also withstands for approximately 5 hours in both mediums and XG_4 that
withstands for 24 hours in neutral medium. Regarding chitosan based scaffolds, all of them
withstand for 24 hours. A possible explanation for these high values of swelling degree, as well
as, for xanthan gum structures disintegrating faster, might be the low concentration of crosslinker
in the casting solutions. Lower concentration of crosslinker (1% w/w) causes the mesh formed by
the pores to be wider. Consequently, this allows the swelling capacity to be greater, reaching
values above 90%. Another explanation might be the solubility of xanthan gum. It is known that
xanthan gum, as a gum, has a very high solubility in all kind of medium, acidic, neutral or basic
[119]. Thus, xanthan gum based scaffolds were expected to disintegrate more easily than
chitosan based scaffolds.
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Figure 3.15 Swelling degree of: a) CHT_6 CHT_6 and CHT_7 at pH 5, CHT_7 at pH 3.8 and
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In Figure 3.15, it is possible to analyze the swelling capacity of the second set of scaffolds

produced. The processing conditions of this set was chosen according to QbD Design Space, but
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in this case, some of the conditions were chosen from the yellow zone of the plot (the yellow zone

indicates a probability of failure between 5% and 10%).

Figure 3.15 a), shows the swelling capacities of CHT_6 and CHT_7 in acidic and neutral
medium. None of these structures disintegrated during the tests and the maximum swelling
degree achieved was about 90 %. In Figure 3.15 b), it is represented the swelling capacities of
CHT_8 and CHT_9 in acidic and neutral medium. In this case, also none of the structures
disintegrated during the tests and the maximum swelling degree achieved was by CHT_8 at
neutral pH with approximately 90%. In figure, Figure 3.15 c), there are represented the swelling
capacities of CHTXG_1 and CHTXG_2 in acidic and neutral pH. Herein, the structures remained
entire until the end of the tests and the higher swelling degree achieved (for CHTXG_1 and
CHTXG_2) was around 93%.

In general, the swelling capacity of these structures are higher than the expected, once they
achieved more than 90%, and according to QbD studies it should be around 30%, even for the
last six structures that suffer a slight decrease in the values of swelling degree. However, once
there is no specific value for this capacity for the structures to be used in oral route of
administration, these values can be within the objectives. Although the QbD studies set this
conditions as suitable for achieving 30% of swelling degree, the obtained results are in
accordance with the literature, once higher polymer and crosslinker concentrations lead to a lower

swelling capacity [197].

During this thesis, there were a set of structures that were selected to slightly different swelling
tests. These structures were CHT_2, CHT_4, CHT_5, XG_5, CHT_6, CHT_7, CHT_8, CHT_9,
CHTXG_1 and CHTXG_2. These structures were selected once they presented mechanical
properties and swelling degrees within the objectives. The difference between this test and the
previous one is the volume of the buffer solution that decrease from 100 mL to 2 or 5 mL

(depending on the application — 2 mL for tampon and 5 mL for candy).
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Figure 3.17 Swelling degree of CHTXG_1 at pH 3.8 and 7 and CHTXG_2 at pH 3.8 and 7.

In Figure 3.16 and Figure 3.17, there are represented the swelling capacities of the chosen
structures, in a confined volume. For the structures tested at pH 3.8, the buffer solution volume
was 2 mL and for the structures tested at pH 5, the volume was 5 mL. This volumes were chosen
according to the amout of salive and vaginal fluid produced in 24 hours [198], [199]. The lack of
points in this plots do not represent the desintegration of the structure but it means that all the

volume of buffer solution was absorved by the scaffold.

In Figure 3.16 a), it is possible to observe that CHT_4, CHT_5 at neutral pH and XG_5 at both
pH absorved all the volume of swelling medium in the first two hours. Regarding the structures
represented in Figure 3.16 b), CHT_6 and CHT_7, none of them absorved all the medium before
eight hours. In Figure 3.16 c), where are represented the swelling capacities of CHT_8 and CHT_9
it is possible to observe that only CHT_8 at neutral pH absorved all the volume of swelling
medium. At last, in Figure 3.17, the structures represented, CHTXG_1 and CHTXG_2, did not
absorved all of the buffer solution. The total medium absorption by some of the structures might
be related to the concentration of polymer and crosslinker in casting solutions. For example,
CHT_4 (2,5% polymer and 1,7% crosslinker), CHT_5 (2,35% polymer and 1% crosslinker) and
XG_5 (2,35% polymer and 1% crosslinker), are structures that absorved all medium and have
lower concentration of polymer and crosslinker compared with CHT_6 (3% polymer and 2%
crosslinker) or CHT_9 (3% polymer and 1,5% crosslinker), which are structures that did not
absorved all medium. Once again, density might be related with the total medium absorption. For
example, CHT_8 have density of 0,127 g/cm?, which is one of the highest densities obtained, and
this structure did not absorved all the medium, while CHT_4 has 0,061 g/cm?® and it absorved all

medium.

In these tests, the swelling capacities were expected to be lower than in the tests taken in 100

mL. However, this was not verified for all structures. The structure that presented the higher
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difference in swelling degree was CHT_9 that presented 88% in the first tests (using 100 mL) and

this value was reduced to 77% when using confined volume.

It is also important to notice that some points in the plots (for example in Figure 3.16 c)),
regarding CHT_9 at neutral pH and after 4 hours of the beginning of the test) have lower value
than the one before, which might suggest weight loss of the structures. This indicates that small
portions of the scaffold desintegrated from the initial structures, which is not supposed to happen,
once the structures should remain entire during the full test. Besides that, the result suggest a
swelling capacity above 77% which is expected to be high enough to release the drug. However,

the drug release profile will be further discussed.

In order to make a wise and informed choice of which structures should proceed for further
investigation, it is important to take into account other studies, like porosity and density

measurements and also mechanical analysis.

3.2.4 Porosity and Density Measurements

The aim of this section was to estimate the porosity and the density of the scaffolds. Porosity
is a characteristic that is directly related with the presence of open pores and which might
influence the permeability and surface area of the porous structures that consequently will have
impact in drug release profile of the structures. Therefore, this kind of characteristic is essential
in providing controlled drug delivery, once it is through the pores that the impregnated drugs in

the scaffolds will pass and be released [200].
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Table 3.3 Density and Porosity of the scaffolds.

Structure Density Porosity
Application (g/cmd) (%)
CHT_1 0,032 50
XG_1 0,058 50
CHT_2 0,062 70
Candy
XG_2 0,065 40
CHT_3 0,059 80
XG_3 0,034 40
CHT_4 0,061 60
Tampon
XG_4 0,039 50
CHT_5 0,066 65
Candyand . ¢ 0,056 50
Tampon
CHT_7 0,035 25
CHT_6 0,102 42
CHT_8 0,174 50
Tampon CHT_9 0,127 58
CHTXG_1 0,056 42
CHTXG_2 0,072 50

In Table 3.3, it is possible to observed the values of density and porosity for each scaffold.

The porosity values are always higher in the case of chitosan based scaffolds, comparing with
the xanthan gum based structures, except for CHT_6 and CHT_7. Thus, the higher porosity
belongs to CHT_3 with 80% and the lower belongs to CHT_7 with 25%. In the case of density,
the structures with higher density are CHT_6, CHT_8 and CHT_9 and the lower is CHT_1.

Usually, the structures with higher swelling capacity present higher porosity. Despite the
proximity of swelling capacity values for these structures, CHT_3, the structure with higher
porosity, do not present the greater swelling capacity. Thus, this information is not in agreement
with the literature [201]. This might be due do the poor interconnectivity between pores. The
structures that present high porosity but the pores are not connected to each other tend to have
a lower swelling capacity compared with the structures with high interconnectivity [202]. Also, this
might be related with the nature of the polymers. The polymers used in this thesis are natural
polymers and due to that, it is not possible to control and change the physical characteristics of
this polymers. In the other hand, density is related to mechanical strength, and usually structures
with higher density present higher mechanical strength. So, it is expected that CHT_6, CHT_8

and CHT_9 present higher compressive moduli and CHT_1 the lowest.
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To make it possible to compare the density with the mechanical strength, and to conclude if
the results are in accordance with the tendencies, next subchapter will show the results for

mechanical analysis.

3.2.5 Mechanical Analysis

The mechanical analysis was performed to determine the compressive modulus. For each
compressive test, the stress-strain curve was plotted and the slope was calculated giving the

compressive modulus for the specific scaffold.

Table 3.4 Compressive modulus of the scaffolds.

Compressive

Structure Modulus (kPa)
CHT 1 0,54
XG_1 0,41
CHT_2 2,64
XG_2 0,91
CHT_3 0,94
XG_3 1,73
CHT 4 0,37
XG_4 0,79
CHT_5 1,09
XG_5 1,42
CHT_6 5,14
CHT_7 6,80
CHT_8 3,31
CHT_9 0,76

CHTXG_1 4,11

CHTXG_2 3,14

The results do not show a tendency of which polymer origins structures with greater stiffness.
The structures that present higher compression modulus are CHT_6 (5,14 kPa), CHT_7 (6,80
kPa) and CHTXG_1 (4,11 kPa). In contrast, the structures with lower compression modulus are
CHT_4 and XG_1.

The values of compressive modulus of the first ten structures studied (the ones obtained from the
conditions presented by the green zone of the QbD) are far from the objective set for any of the
structures (5 kPa to candy and higher than 4.7 kPa for the tampon), and this difference might be
explained by the low concentrations of crosslinker present in these structures, which varied from

1% to 1.7%, and by the low concentration of polymer in casting solutions (that varied from 2.35%
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to 2.5%). Thus, the results are not in accordance with the literature [203]. Both chitosan and
xanthan gum are natural polymers with high molecular weight, for chitosan it can vary between
10 and 100 000 kDa [204] and for xanthan gum between 1 000 and 20 000 kDa [120], and due
to that, they lead to a very viscous solutions, even with low concentrations of polymer (2,5%, for
example). Therefore, it was expected that the density of the structures was high enough so they

presented higher compressive modulus, as, for example, CHT_6 and CHT_8.

For the last structures, CHT_6 (5,14 kPa), CHT_7 (6,80 kPa), CHT_8 (3,31 kPa), CHTXG_1
(4,11 kPa) and CHTXG_2 (3,14 kPa), the ones processed by the selected conditions of the yellow
zone of QbD Design Space plots, the results were closer to the objective, however, only CHT_6,
CHT_7 fitin the objective for mechanical analysis (> 4,7 kPa), and CHTXG_1 was very close from
the objective. So, it is reasonable to conclude that working on the yellow zone improved a lot the
mechanical characteristics of the structures.

As said in the previous subchapter, density is related with mechanical strength, and usually
structures with higher density present higher mechanical strength. It was expected that CHT_6,
CHT_8and CHT_9 presented higher compression modulus, once they have the greater densities,
however this only happened for CHT_6. Regarding the structure with lower density, CHT 1, itis
not the structure with lower compression modulus, however, it represents the third structure with

lower compression modulus.

3.2.6 Scanning electron microscopy (SEM)

In SEM analysis, the main objective was to evaluate the pore size of each structure. However,
this kind of analysis, gives an idea about the morphology of the scaffolds and consequently the
connection between the pores (interconnectivity). The interconnectivity between pores can be
seen in the cross section images when it is possible to see a pore through another.
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c)

e)

Figure 3.18 SEM images of surface and cross section of the structures : a)surface of CHT_1;
b) cross section of CHT_1; c) surface of XG_1; d) corss section of XG_1; e) cross
section of CHT_2; f) Cross section of XG_2; g) cross section of CHT_5; h) cross section
of XG_5; i) cross section of CHT_3; j) cross section of CHT_4. All the micrographs have
a magnification of 65 and the scale bar in white indicates 100 pum.
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In Figure 3.18 is represented the SEM images for some of the studied structures. Analyzingthe
SEM image for the surface of CHT_1 and cross section of the same scaffold (Figure 3.18 a) and
b), it is possible to notice a difference between the pores of the two regions, being the pores in
the surface smaller than the ones in the cross section. This happens in all structures,
independently of the polymer nature. The 5mL tubes where the scaffolds are lyophilized are not
porous, so the water ice crystals sublimated during this process is released through the nucleus
of the sample and through the top of the flask and not through the side. So, the porous formed in

the outer surface of the scaffolds are smaller comparing to the interior of the matrix.

Figure 3.18 b) and d) are an example of the cross section of two structures with the same
concentration of polymer and crosslinker and the same freezing temperature, being the only
difference the nature of the polymer, chitosan for the first one and xanthan gum for the second
one. It is possible to see that chitosan based scaffolds have rounder and homogeneous pores
than xanthan gum based scaffolds, which present porous more heterogeneous and with irregular

shape. This is recurrent in all studied structures and it is in accordance with the literature [205].

The difference between the structure represented in Figure 3.18 b) and e) is the concentration
of the polymer (chitosan) in the casting solution. For CHT_1 (figure b)) and for XG_1 (figure d))
the polymer concentration is 2,5% and in figure e), CHT_2) and figure f) XG_2 the polymer
concentration is 2,35%. It was expected that the pore size was smaller in CHT_1 and XG_1, once
the polymer concentration is higher [206]. However, this is not verified, because the medium pore
size for CHT_1is 101 pum and for CHT_2 is 61 um, and for XG_1 and XG_2 is 78 um and 49 um,
respectively. Comparing Figure 3.18 e) and g), the only difference is in the freezing temperature.
For the first, image e), representing CHT_2, the freezing temperature was -20°C, while in figure
g), CHT_5, the freezing temperature was -80°C. According to the literature, the structures with
lower freezing temperature should present smaller pores [206], [207], however, for CHT_2 the
pore size was 61 um and for CHT_5 it was 64 um, which is not in accordance with the literature.
For XG_2 (figure f)) and XG_5 (figure h)), the results also are not according to the literature, once
the medium pore size is the same for both structures, 49 um. At last, comparing Figure 3.18 i)
and j), the difference between these structures is the concentration of the crosslinker in the casting
solution. For CHT_3 (figure i)) the crosslinker solution is 1,3% and for CHT_4 (figure j)) the
concentration is 1,7%. According to the literature, structures with higher crosslinker concentration
tend to have smaller pores [207]. In this case, CHT_3 present a medium pore size of 93 um and
CHT_4 a medium pore size of 79 um, which was expected. XG_3 and XG_4 (data not shown)
are in the same situation. For the first, XG_3 the crosslinker concentration is 1,3% and for the
second, XG_4 is 1,7%. The medium pore size for XG_3 is 85 pm and for XG_4 is 75 pm, which

are also in accordance with the literature.
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c)

e)

Figure 3.19 SEM images of the cross section of: a) CHT_6; b) CHT_7; ¢) CHT_8; d) CHT_9;
e) CHTXG_1; f) CHTXG_2. All the micrographs have a magnification of 65 and the scale
bar in white indicates 100 pm.

In Figure 3.19 there are represented the SEM images of the cross section of the second set of
the produced structures. Figure 3.19 a) represents the cross section of CHT_6. For this set of
structures, this was the only one that was frozen at -20°C, and due to that, it will be compared
with CHT_1 (2,5% polymer, 1,3% crosslinker), Figure 3.18 b), and CHT_2 (2,35% polymer, 1%
crosslinker), Figure 3.18 e). Thus, comparing CHT_6 to those two structures, both polymer and
crosslinker concentrations were higher for CHT_6 (3% polymer, 2% crosslinker). Due to that, it is
expected that the pore size is lower than the pore size of CHT_1(101 pm) and CHT_2 (61 um),
which only happens for the first comparison, since the medium pore size of CHT_6 is 71 um.
Regarding CHT_8 (figure c)), the polymer concentration is 2%, the crosslinker concentration is
2,5% and the freezing temperature is -80°C. This structure was the only that suffer a decrease in
polymer concentration comparing with the first set of structures. Comparing this structure, CHT_8,
with CHT_3 (2,5% polymer, 1,3% crosslinker, -80°C), Figure 3.18 i), CHT_4 (2,5% polymer, 1,7%
crosslinker, -80°C), Figure 3.18 j) and CHT_5 (2,35% polymer, 1% crosslinker, -80°C), Figure 3.18
0), the difference is that the polymer concentration is lower, the crosslinker concentration is higher

and the freezing temperature is the same. The medium pore size for CHT_3is 93 um, for CHT_4
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is 79 um, for CHT_5is 64 pm and for CHT_8 is 122 um, which lead to conclude that the decrease
of polymer concentration had a higher impact than the increase of crosslinker concentration, once
the value of medium pore size showed to be higher for CHT_6.

Comparing CHT_7 (figure b)) and CHT_9 (figure d)), the polymer concentration is 3% for both
structures, the freezing temperature is also the same for both structures (-80°C) but the
crosslinker concentration is slightly lower in CHT_9 (1,5% crosslinker) than in CHT_7 (2%
crosslinker). As it was referred before, it was expected that the structure with lower crosslinker
concentration presented higher value of pore size [207]. In this case, this is not observed, once
the medium pore size of both structures is the same, 119 um. Regarding the structures composed
by CHT and XG, CHTXG_1 and CHTXG_2, the crosslinker concentration for both structures is
2% and the freezing temperature is -80°C. However, for CHTXG_1 the concentration of CHT is
2% and XG is 1%, and for CHTXG_2 is 1,5% for both polymers. The medium pore size of
CHTXG_1 is 110 um and for CHTXG_2 is 100 um, which are a little bit higher that the ones
reported in the literature (68-72 um) [207].

It should be noticed that the pore size measurement estimated were only performed in a small
portion of the samples. Thus, the fact that the crosslinker added to the casting solutions might not
be homogeneously dissolved, there may be sample zones with more quantity of crosslinker than
others, and those zones might present smaller pores, comparing to the other. Also, the variation
on polymer and crosslinker concentrations between structures might not be sufficient or

significant to observe alteration with higher impact in the pore size of each structure.

Another characteristic which is possible to observe in SEM images is the interconnectivity
between pores. This is important, because in impregnated scaffolds the connectivity between
pores facilitates the drug release. The structures which SEM clearly revealed some
interconnectivity were XG_1, Figure 3.18 d), CHT_2, Figure 3.18 e), XG_2, Figure 3.18 f), CHT_5,
Figure 3.18 g) and XG_5, Figure 3.18 h).

In general, it is possible to affirm that working on the yellow zone of QbD Design Space
improved the morphological characteristics of the structures, especially for candy structures, once
the value of pore size increased round 40%.

Taking into account the results of swelling tests, mechanical analysis and morphology of the
structures, CHT_6, CHT_7 and CHTXG_1 were the structures selected for drug impregnation.
These structures presented high swelling capacities, 75-91% in acidic medium and 89-93% in
neutral medium, high compressive modulus, 5.14 kPa, 6.8 kPa and 4.11 kPa and pore sizes of

72 um, 118 um and 110 pm, respectively, which are within the objectives of this work.
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3.2.7 Drug Release

After drug impregnation, the structures (CHT_6, CHT_7 and CHTXG_1) were submitted to
drug release studies, with the aim of determine the amount of drug released by each structure.

3.2.71 Release Studies

The pharmokinetics release profile was investigated under different physiological conditions,
for candy structures two different pH were tested, 5,0 and 7,0, and for tampon structures, pH 3,8.

as well as their responsiveness to pH stimuli, to evaluate the performance of the scaffolds as drug
delivery systems.
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Figure 3.20 Release profiles for: a) CHT_6 atpH 7 (o), CHT_6 atpH 5 (o), CHT_7 atpH 7
(A)and CHT_7 at pH 5 (A), obtained in 8 h; b) CHT_7 at pH 3.8 (o) and CHTXG_1 at
pH 3.8 (e), obtained in 8 hours.
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In Figure 3.20, it is represented the release profiles of ibuprofen for the impregnated structures,
CHT_6, CHT_7 and CHTXG_1. CHT_6 and CHT_7 were impregnated as candy structure for pH
5.0 and 7.0 and as tampon structure for pH 3.8 and CHTXG_1 was impregnated only as tampon
structure.

In detail, Figure 3.20 a) represents the release profiles for the structures impregnated as candy
structures. Due to that, the release profile studied was at two different pH’s (5,0 and 7,0). At
neutral pH, CHT_6 released 198,4 mg IBU/g scaffolds, while CHT_7 released 16,5 mg IBU/g
scaffold. At acidic pH, CHT_6 released 63,6 mg IBU/g scaffold while CHT_7 released 211,9 mg
IBU/g scaffold.

In CHT_6, is clear that the drug release is slower at acidic pH, as it was expected [208]. This
is due to the fact that at this pH value, CHT is protonated and Ibu is deprotonated which result in
an interaction between the polymer and the drug and, consequently, the drug release is delayed.
At neutral pH, CHT is uncharged, which means that it does not contribute with repulsive or
attractive forces, while Ibu remains deprotonated, which make the attractive forces weaker. This
leads to a faster drug release. However, this tendency is not observed in CHT_7. This fact might
be due to the low homogeneity of the drug in the structure. All the results were obtained through
two different samples, and each sample was about half of a structure, however, the samples
selected from this structure might be the half of the structure with lower quantity of drug
impregnated, and it did not release enough drug. Another reason for this discrepancy might be
the fact that CHT_7 has higher medium pore size (118 pm) than CHT_6 (71 um), and this can

reduce the effect of the pH in drug release and the structural effect prevails.

Figure 3.20 b) represents the release profiles for the structures impregnated as tampon
structures. The release studies were performed at pH 3.8, during 8 hours. CHT_7 released 720,1
mg IBU/g scaffold and CHTXG_1 released 1200 mg IBU/g scaffold. The difference between the
values for drug release in this two structures are expected, however, it was also expected that
CHTXG_1 release less quantity and slower than CHT_7 [124], which did not happen. It is
important to notice that, at this pH, 3,8, both CHT (as mentioned before) and XG are protonated
[209], and IBU is deprotonated (also mentioned before), which creates an interaction between the
polymers and the drug and consequently, delays the drug release. However, this discrepancy
might be justified by the presence of XG in this structure. The swelling tests revealed a strong
tendency for XG structures to disintegrate in acidic or neutral pH’s. Also, the release of IBU might

create an additional stress in the structure which promote the disintegration of the structure.

Regarding the drug release studies, the objectives set in the beginning of this thesis were
different for the two structures in study. In the case of candy structures, they should release 50
mg IBU/g scaffold, in 5 hours and in a pH range from 5 to 7. However, it is known that when there

is an infection in oral mucosa, the pH decreases and the mouth turns into an acidic medium. Thus,
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it is essential and more important that the drug release occurs in acidic pH (5). Analyzing the
results for these structures, both structures achieved the objective, however for CHT_7, the
objective was achieved after 2 hours, releasing 70 mg IBU/g scaffold., CHT_6 released 63,6 mg
IBU/g scaffold in 5 hours. Regarding tampon structures, the objective is a drug release of 800 mg
IBU/g scaffold, in 8 hours, at pH 3,8. For these structures only CHTXG_1 achieved the objective,
once it released 100% of the drug impregnated, however, the suspect of the possible
disintegration of the structure is not a positive aspect for this structure. Regarding CHT_7, it did

not achieve the objective, however, it was very close to it, releasing 720,1 mg IBU/g scaffold.

In the previous studies, performed in GEO company, the structures that achieved the quantity
of drug release nearest to the target value were the mixture of xanthan gum and polygeo, with
2% of polymer concentration, 2% crosslinker and a freezing temperature of -20°C, which released
80 mg drug/g scaffold, in the case of candy structure. Regarding tampon, it was the mixture of
chitosan with xanthan gum, with 2% of polymer concentration, without any crosslinker (native
structure) and a freezing temperature of -80 °C, which released 104,8 mg drug/g scaffold. Thus,
it is possible to conclude that QbD provided the conditions to improve the results, comparing with
the ones obtained before, especially in the case of the tampon structures. Moreover, in the
previous studies, there was a need to perform 30-70 shots, whereas in this work, only sixteen
structures were produced and characterized. Once again, it is demonstrated the importance of

QbD in reducing the numer of experiments needed to achieve the objectives.

3.2.7.2 Modeling of Drug Release

After drug release tests, it was important to find a model/equation that could describe the
profile of drug release for each structure. This mathematical modulation is important once it helps
to have a better knowledge of the treatment efficiency and may lead to a better design of the
release structures. Moreover it is also important due to the fact that the physical medium where

the release occurs is very complex and heterogeneous [210].

The mathematical models applied were Higuchi model and Korsmeyer-Peppas model (Power
Law). For the first, Higuchi model, the assumptions are [211]: (i) the drug concentration in time
zero is much higher than drug solubility, (ii) the diffusion only occurs in one-dimension (surface
effect is negligible), (iii) the drug particles are much smaller than the thickness of the system, (iv)
the swelling and the dissolution of the matrices are negligible, (v) drug diffusion is constant and
(iv) the sink conditions are perfect and always attained in the release environment. The
assumptions of Power law are [211]: (i) General equation is applicable in small values of time or
short times (till 8h), (ii) the portion of release curve used to calculate exponent n is only where

Mi/M«<0,6, (iii) the release occurs at one dimension and (iv) the relation length/thickness =10.
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Table 3.5 Modelation values for Higuchi model and Power law.

o Higuchi Power Law
Structure  Application pH
k r k n r2
50 0,36 0,89 0,13 1,31 0,99
CHT_6 Candy
7,0 0,47 0,96 0,15 0,70 0,98
5,0 0,53 0,95 0,24 1,37 0,94
Candy
CHT_7 7,0 0,05 0,34 N.A N.A N.A
Tampon 3,8 0,33 0,99 0,15 1,07 0,89
CHTXG_1  Tampon 3,8 0,48 0,96 0,15 0,66 0,97

N.A: The power law was not applicable to the release curve.

Table 3.5 represents the modeling values for both models used, Higuchi and Power law. The
plots of these modulations are showed in Appendix I. and II. Higuchi model is a good model to
describe and study the dissolution through a planar heterogeneous matrix, where the drug
concentration is lower than its solubility and the release of the drug occurs through the pores of
the structure. In Higuchi model, k represents the Higuchi dissolution constant and it is calculated
through a linear relationship between the cumulative percentage of drug release and the square

root of the time (in hours).

Regarding Power law, it is used to study the release through different systems. Equation (7)
represents the relationship between the fraction of drug release at time t (in hours) and the release

rate constant (k), taking into account the value of the release exponent, n.

B e 7
= =k.

o)

The release exponent, n, is used to characterize different release profiles in cylindrical
matrices. Taking this into account, when n<0,45, it indicates a diffusion-controlled drug release,
when 0,45<n<0,89, it indicates both diffusion and swelling-controlled release and, when n>0,89,
it indicates swelling-controlled release [212]. Thus, none of the structures presented a diffusion-
controlled drug release, however, CHT_6 at neutral pH and CHTXG_1 presented both diffusion
and swelling controlled release and CHT_6 at acidic pH and CHT _7 (at both acidic pH) presented
swelling-controlled release. Regarding CHT _7 at neutral pH, it was impossible to apply Power
law once it only starts to release between the fourth and the fifth hours (which means, in the last

hour of the test).

The mathematical modeling provided a good idea of how the drug release mechanism occurs.
The results of this modulation are the expected [213]. First, for swelling-controlled release, it
happens in acidic pH. Thus, once IBU solubility in acidic medium is very low, it was expected that
in this case the release was caused by the structure swelling. On the other hand, for CHT_6 at

neutral pH release was diffusion and swelling-controlled, which also make sense, once Ibu is
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soluble in neutral medium and CHT_6 presented 90% swelling. For CHTXG_1, which test
occurred in acidic medium, both diffusion and swelling-controlled release were observed;
however, it is important to take into account that, it is suspected that this structure disintegrated

during the drug release test.
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4. Conclusion

The main objective of this project was the application of Quality by Design approach in the
optimization of the processing method of two pH sensitive, with controlled morphological and

mechanical properties scaffolds for oral and vaginal routes of administration.

The application of QbD approach provided great conditions to design 3D porous structures for
oral and vaginal routes of administration improving the characteristics of the structures until now
obtained, and also reducing the number of experimental shots performed to achieve the
objectives. In total, only sixteen structures were produced and characterized while for previous
studies for each application were performed 30-70 shots tests. During QbD application, the
polymer and crosslinker concentrations and the freezing temperature were the conditions studied
and optimized, and the conditions chosen to produce those sixteen structures were given by QbD
Design Space, as the suitable to achieve the objectives. Thus, it is possible to conclude and
reinforce that QbD is an important and essential tool to optimize work conditions and complex

processes.

Regarding candy structures, the ones that reached the target values for swelling tests,
mechanical analysis and SEM were CHT_6 (75% swelling (at pH 5,0), 5,14 kPa, 71 um) and
CHT_7 (83% swelling, 6,80 kPa, 118 um). Considering tampon structures, the ones that achieved
the target values for swelling tests, mechanical analysis and SEM were CHT_7 (81% swelling (at
pH 3,8), 6,80 kPa, 118 um) and CHTXG_1 (91%, 4,11 kPa, 110 um).

The release profiles showed to be dependent of the diffusional and swelling effects of the
structure, considering the IBU as the model drug. The best matches in drug release were CHT_6
and CHT_7 for candy structures, that release 63,6 mg IBU/g scaffold and 211,9 mg IBU/g scaffold,
respectively. Regarding tampon structures the best match for drug release was CHTXG_1 that
released 1200 mg IBU/g scaffold, however, CHT_7 was also very close to the objective, releasing
720,1 mg IBU/g scaffold.

As future work, other aspects should be considered, especially regarding QbD studies, such
as (i) incorporating more process conditions than only concentration of polymer and crosslinker
and freezing temperature (ii) find a QbD model that can incorporate qualitative variables and still
give trustable results and (iii) the method used for polymers processing, that may better tune the
porous network of the scaffolds. Thus, during this thesis, three of the four objectives purposed
were achieved in both structures, namely, the swelling capacity, the mechanical strength and the

drug release.
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Appendix
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Drug Release Profiles modulated through Higuchi Model
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Figure 1.1 Drug release profiles of CHT_6 at pH 7.0 and CHT_6 at pH 5.0,
modulated through Higuchi Model.
1,2
1 o)
y =0,5331x - 0,321
2 _ K
08 R?=0,9528 P
< 8 L L 2 ® CHT 7;pH3.8
° 06 Phad O CHT_7;pH5.0
AP
O CHT_7;pH7.0
: . . @y =0,3325x-0,1591 =P
gﬂ 0,4 » ,.’ R?=0,9881 = = =Linear (CHT_7; pH 3.8)
a . & Linear (CHT_7; pH 5.0)
Bl 4
0,2 .,.p/ O — . =Linear (CHT_7; pH 7.0)
&.’ y = 0,0501x - 0,0471
z se—-=—""  R?=0,3349
0 e —a—"T O O
0 0j5 1 1,5 2 2,5 3
0,2

Figure 1.2 Drug release profiles of CHT_7 at pH 3.8, CHT_7 at pH 5.0 and CHT_7
at pH 3.8, modulated through Higuchi Model.
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Figure 1.3 Drug release profiles of CHTXG_1 at pH 3.8, modulated through Higuchi
Model.

Il. Drug Release Profiles modulated through Power Law
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Figure 1.4 Drug release profiles of CHT_6 at pH 5.0 and CHT_6 at pH 7.0,
modulated through Power Law.
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Figure 1.5 Drug release profiles of CHT_7 at pH 3.8, CHT_7 at pH 5.0 and CHT_7
at pH 3.8, modulated through Power Law.
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Figure 11.6 Drug release profiles of CHTXG_1 at pH 3.8, modulated through Power
Law.
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