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1. PREFACE

The bachelor's degree thesis presented below is entitled "3D printed hydrogels for
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Donostia/San Sebastian. This paper has been written as part of the graduation
requirements for the Chemistry degree of the UPV/EHU. The period of research and writing

of this end-of-degree work has lasted from October to June 2021.

The project was carried out at the request of Polymat, where | did my thesis. The
main focus of the work was decided with my tutor, Robert Aguirresarobe, as well as with a
PhD student who was guided me through the thesis, Oliver Etzold. Fortunately, both have
always been available and willing to help me with all my questions. The research process
has been tedious, but conducting a thorough study has allowed me to learn more about

both rheology and oral drug delivery.

| would therefore like to thank my supervisors for their excellent guidance and
support throughout the process of carrying out my work. | would also like to thank my
parents for giving me the opportunity to study and for being there whenever | needed them.
Finally, | would also like to thank my boyfriend and friends who have cheered me in the

process of writing this thesis.

2. ABBREVIATIONS

2D~ two dimensional

3D - three dimensional

ALM-> additive layer
manufacturing

AM-> additive manufacturing
API=> active pharmaceutical
ingredient

CAD-> computer-aided design
CMC- carboxymethyl cellulose
DLP- inkjet printing and digital
light processing

FDC- fixed dose combination
FDM- fused deposition modelling

G'-> storage modulus

G"- loss modulus

Gl gastrointestinal

GIT-> gastrointestinal tract
HCTZ - hydrochloric thiazide
LVE~ linear-viscoelastic regime
PAM- pressure-assisted
microsyringe

PEG~- polyethylene glycol
PEO-> polyethylene oxide
SEM- scanning electron
microscope

SLA- stereolithography
SLS- selective laser sintering

STL- standard triangle language



3.1 ABSTRACT

3D printing has become a promising and revolutionary pill-making technique for
the pharmaceutical industry, enabling a relatively low-cost personalized medicine. Fused
deposition modelling, also known by its initials FDM, is the most affordable technology for
this goal, printing the material by a layer-by-layer deposition. However, the pressure
assisted microsyringe technique is more adequate for working with drug containing inks as
it does not need high temperatures, preventing the drug degradation. However, to make
this goal possible, high accuracy and reproducibility is required, avoiding trial and error
procedures. Thus, a correlation between rheology, printing parameters and the printed
object was investigated. This way predicting the printing process just by looking at the
materials rheology can be achieved. In fact, even though there are a lot of oral drug delivery
and 3D printing related articles, there are only a few that focus on the relation between the
rheology and the printing conditions of the sample. Thus, this thesis will try to expand this

research area.

As the basis of this thesis hydrogels containing different drugs were selected.
Hydrogel formulations with two different bases have been prepared, one based in
polyethylene glycol and the other one based in glycerol. In addition, carboxymethyl
cellulose and water were present in all the mixtures prepared by mixing the components
with different concentrations. The drugs contained within are atenolol and hydrochloric
thiazide (HCTZ), both being antihypertensive drugs. The preparation of the formulations
was simple and it could easily be translated to other drugs and scaled-up. It has been shown
that glycerol-based compositions have better rheological properties for the pill making
purpose. The effects of atenolol and HCTZ on the prepared hydrogels were studied as well
as the relation between the drugs and the polymeric matrix with the final objective of

printing a multicomponent formulation, also called polypill.

Finally, the morphology of the 3D printed objects has been examined after the
consolidating process and after a pH test and lyophilization. This way the effect of the
stomach’s acidic environment on the drug delivery systems has been studied. The
contained carboxymethyl cellulose (CMC) was supposed to have a pH responsive behaviour
collapsing under acidic environments. But it has been shown by morphological
characterization that it is not suitable for this purpose. Even though they showed that they
do not fit their purpose of protecting the drug at acidic conditions, rheological studies and
the 3D printing process for glycerol-based formulations showed that they have good shape
fidelity to the CAD design.



Improving such formulations could lead to good resolution pills that fit the purpose
of protecting the incorporated drug from degrading at the acidic pH of the stomach. A

personalized medicine could be achieved by such formulations.

3.2 RESUMEN

Laimpresion 3D se ha convertido en una técnica prometedora y revolucionaria para
la fabricacion de pastillas en la industria farmacéutica, lo que permite una medicina
personalizada de costo relativamente bajo. El modelado de deposicion fundida, también
conocido por sus iniciales FDM, es la tecnologia mas asequible para este objetivo,
imprimiendo el material mediante una deposicidon capa por capa. Sin embargo, la técnica
de microjeringa asistida por presion es mas adecuada para trabajar con tintas que
contienen farmacos, ya que no necesita altas temperaturas y previene la degradacion de

los mismos.

Se han preparado formulaciones de hidrogel con dos bases diferentes, una a base
de polietilenglicol y otra a base de glicerol. Los farmacos implementados en ellos son
atenolol e hidroclorotiazida (HCTZ), ambos farmacos antihipertensivos. La
carboximetilcelulosa y el agua estaban presentes en las nueve mezclas preparadas y se
mezclan los componentes con diferentes concentraciones en cada mezcla. De hecho, su
preparacion es muy sencilla, requiriendo Unicamente mezclar los componentes en las
cantidades necesarias. Por lo tanto, podria traducirse facilmente a otros medicamentos y

ampliarse su uso.

Se estudia el efecto de atenolol y HCTZ sobre los hidrogeles preparados, asi como la
relacion entre los farmacos y la matriz polimérica con el objetivo de imprimir un farmaco

multicomponente, también llamado polipildora.

Seinvestiga también una correlacion entre la reologia, los parametros de impresion
y el objeto impreso. De esta manera se podria lograr predecir el proceso de impresion con
conocer la reologia de los materiales. De hecho, a pesar de que hay una gran cantidad de
articulos sobre farmacos orales y articulos relacionados con la impresién 3D, s6lo hay unos
pocos que se centran en la relacion entre la reologia y las condiciones de impresion de la

muestra. Asi, esta tesis tratara de ampliar esta area de investigacion.

Finalmente, se ha analizado la morfologia del objeto impreso tras el proceso de
consolidacion y tras un test de pH y liofilizacion. De esta manera se ha estudiado el efecto
del ambiente acido estomacal sobre los sistemas de administracion de farmacos. La

carboximetil celulosa (CMC) contenida deberia mostrar un comportamiento responsivo al



pH, colapsando en ambientes acidos. En cambio, se ha observado por caracterizacion

morfologica que no es adecuada para este proposito.

Se ha demostrado que las composiciones a base de glicerol tienen mejores
propiedades reologicas para el proposito de fabricacion de pildoras, a pesar de no ajustarse
a su proposito de proteger el medicamento en condiciones acidas, ya que los estudios
reologicosy el proceso de impresion 3D mostraron que tienen una buena fidelidad al disefo
CAD.

La mejora de tales formulaciones podria conducir a pildoras de buena resolucion
que se ajustan al proposito de proteger el farmaco incorporado de la degradacion en el pH
acido del estdbmago. Finalmente, una medicina personalizada se puede lograr mediante

estas formulaciones si se desarrollan lo suficiente para ser asequibles.
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5.INTRODUCTION

With the advent of modern medicine, people all over the world have been looking
for effective ways to treat medical conditions in a minimally invasive and even non-invasive
way to improve patient compliance, thus contradicting the Latin proverb Aegrescit
medendo - remedies are often worse than the disease. Efficient oral delivery could be the
answer sought, as it is very complaint, especially with chronic patients, due to being non-

invasive.

Oral drug delivery also opens a new door for personalized medicine as formulations
for individual patients have potential to improve adherence to medication and reduce side
effects by setting a dose suitable for each individual. Even though 3D printing was not an
option until the past two decades for personalized medicine, nowadays it offers the

possibility to fabricate pills on an individual scale at acceptable costs.

Thus, tailoring formulations to a patient is no longer a fiction; lot of research has
been done in the past decades to progress. Finally, this thesis will try to contribute its little

grain of sand in the mentioned topic.

5.1 3D PRINTING

3D printing is an advanced manufacturing technology that typically works by layer-
by-layer deposition of the material to prototype computer designed models. [1] Additive
manufacturing (AM) or additive layer manufacturing (ALM) is the industrial production
name for the 3D printing method. [2] Conveniently, it does not need any kind of moulds or
unit operations and minimum human interaction is needed. In addition, 3D printing creates
less material waste as it works the opposite way to subtractive manufacturing processes,
where the material is cut from a larger material block. [3] Trained personal is not needed

either when the used ink is completely characterized. [4]

Those are the reasons why this method is low-cost compared with other forms of
personalized medicine. It allows to design and develop complex dosage forms, suitable for
tuning drug release.[5] Recently, 3D printing has gained interest for pharmaceutical

manufacturing.

Most 3D printing processes follow the same procedure for the manufacturing, even
though each method has its own operating principles. [4] The design of the material in the

software is the same for all the methods; it can be rendered either in 3D as a final product



or in 2D as the layers needed for the printing process. In all the layer-by-layer printing
methods the final design should be in 2D in order to obtain the layer-by-layer instructions
for the printer. In addition, the printed material should consolidate once it is printed to

obtain the desired product. [6]

With this method, innovative medical devices and customized drug delivery
systems can be achieved. 3D printing technology offers the option of loading multiple drugs
into a single matrix that could act like a multifunctional polypill having different release
profiles for each drug. [7] It also allows to make a variety of quality products in minutes,
which is a huge advance compared with traditional manufacturing. [4] Furthermore, the
same 3D printing equipment can print a limitless variety of products. This technique is
unique in terms of product complexity, flexibility and throughput. [8] As a highly automated

process with minimal operating cost, 3D printing has a future for on-demand production.

[2]

Some of the characteristics
where 3D printing distinguishes itself
from  traditional manufacturing
processes are product complexity,
personalization, and on-demand

manufacturing, as mentioned before

(Figure 1). In terms of complexity and
on-demand fabrication, 3D printing Figure 1. Representation of a traditional mass manufacturing
allows using low-stability drugs for system vs the 3D printing method.[111], [112]
immediate consumption. [9] In

general, there are more personalized options with 3D printing than with traditional drug
manufacturing. First, 3D printing works with a digital design that can be more easily
modified than a physical equipment. Second, this method allows to tailor the specific
amount of drug needed by each subject which varies with patients mass and metabolism.
[10] It is especially important to ensure accurate dosing in children and for the dosing of
highly potent drugs. [11] Finally, multi-drug polypills can be made to combine all of a
patient's medications into a single daily dose, which fits both in complexity improvement
and personalization. These preparations could improve patients adherence to medication.

[12] All the potential benefits of 3D printed products are resumed in Table 1.

10



Table 1. Resume of the potential benefits of 3D-printed drug products adapted from [4].

BENEFIT
CATEGORY

INCREASED
PRODUCT
COMPLEXITY

3D PRINTING
CAPABILITIES

Un-mouldable.

EXAMPLE USES FOR DRUG DELIVERY

Highly porous products that orally
disintegrate.

Difficult-to- . .
Products with approximately zero-
make shapes.
order release.
. Excipient gradients that modify drug
Digitally

controlling the
arrangement of

matter.

release.
Control over API form during printing.
Complex drug-device combination

products.

POTENTIAL MEDICAL AND
ECONOMIC BENEFITS

Improved adherence.

Improved drug effectiveness.
Reduced side effects.
New therapies based on

combination products.

PERSONALIZATION

Infinite variety of

Personalized dosing for potent drugs.

Personalized dosing for growing

Reduced side effects.

Appropriate doses for children.

shapes with children. o
. Reduced complications after
same Drug-loaded implants that match the . .
. L . implantation.
equipment. anatomy of individual patients. L
. Improved paediatric adherence.
Custom shapes for children.

. "“Polypills” that combine different Reduced medical burden for the

Varying

composition

within simple

drugs and release mechanisms into
single doses.

Hollow products with variable in-fill to

elderly.
Appropriate drug release based on

a patient’s anatomy and drug

ON-DEMAND
MANUFACTURING

designs. .
control drug release rate. metabolism.
Rapid printing o . _
. Printing in emergency settings. Expanded capabilities for surgery
from digital
. Printing directly onto patients. and emergency medicine.
designs.

No intermediate
machining.

Reducing barriers to experimentation
during drug product development.

Reduced time to market for new
drugs.

Printing at the
point-of-care.

Drugs with limited shelf lives.

New drugs.

As manufacturers and researchers gain experience with this innovative method,
ways to increase speed and resolution and to print new materials are being discovered, as

well as more complex inks for specific purposes. [13]

Despite the promising benefits of the technique, there are some challenges
involving the 3D printing for the fabrication of drug delivery systems. Traditional mass
manufacturing cannot be replaced by 3D printing due to its disability to print large
guantities. [14] The material plays an important role in a successful print; hence, it needs to
have appropriate physical and rheological characteristics. Moreover, low concentrations of

drug are needed in order to prevent clogging of the tip, limiting the 3D printing method for

11



drugs that need high therapeutic doses. However, for drugs with narrow therapeutic

windows, precise, accurate and reproducible doses can be obtained. [15]

Another problem is that obtaining a functional ink is quite difficult where good
features like bioadhesion and suitable release profiles are needed for the ink to be valid for
this technique. Polymers are key materials for this purpose. [16] There are an increasing
number of reports of 3D printing being used to manufacture medicines, but for its use to
become widespread, consideration must be given to the specific requirements and

problems briefly described.

5.1.1 METHODS FOR 3D PRINTING

The most common methods used for drug printing can be categorized in three main
ones: powder based, light assisted printings and material extrusion printing. Powder-based
printing splits in two: powder bed and powder jetting. Light assisted printings include

stereolithography (SLA), selective laser sintering

(SLS), inkjet printing and digital light processing

PAM/FDM (DLP) while material extrusion, can be divided into
42%

fused deposition modelling (FDM) and pressure-
assisted microsyringes (PAM))} [17],[18]

On one hand, powder-based technologies

Figure 2. Number of articles referred to each e fyndamentally using a thin layer of binder to

thod for drug deli blished from 2020 , .

methodtordrug delivery published from "glue” the printed layers to each other. It is used for
on. Data: Scifinder scholar.

materials such as steel. [19] On the other hand,

light assisted methods work by exposing liquid polymers (resins) to ultraviolet (UV) light to

turn liquid into solids by curing the polymer. [20]

However, from all the methods mentioned, material extrusion-based printing (both
FDM and PAM) has shown a growing interest, as can be seen in Figure 2, among researchers
due to its advantages. Even if 2020 is not the most representative year because of the
pandemic, the importance of PAM and FDM techniques can still be seen. Extrusion based
printing is a relatively low-cost method which can fabricate hollow objects and works with
a decent range of polymers (with or without drug). It also has the ability to obtain different
drug release profiles by modifying the geometry and polymer used in the printing process.
PAM, specifically, also has the advantage of printing at room temperature. [16] As PAM has
been the chosen printing method for the experimental work, extrusion-based 3D printing

methods will be explained more deeply.

12



5.1.1.1 MATERIAL EXTRUSION PRINTING

As mentioned before, material extrusion printing can be categorized in FDM and
PAM. Extrusion printing works the same way as other layer by layer printing methods where
a computer designis prepared to obtain a 3D object; each layer of a 3D product is built line-
by-line. [21]

The process starts with choosing the dosage, searching a specific application that
works as a goal, then designing the object by using Computer-Aided Design (CAD),
translating it to machine language (generally (standard triangle language) STL format),
deciding and preparing materials as well as optimizing parameters, and, finally, printing the
formulation. [22] The layer thickness depends on printing speed, temperature, extrusion
flow rate or pressure and nozzle diameter, which conform the printing parameters. [23] It
also depends on the material that is being printed and its rheological properties. [24]
Despite the number of parameters that should be taken into account for the printing

process, this method is useful for many different types of materials.

However, it often requires excess
support material as “rafts” (Figure 3) to build
surfaces or scaffolding to hold up in-process
products. [10] Oral drug delivery specifically

does not generally require such supports as the

geometry used id easier.

In addition, several issues such as Figure 3. Rafts for a 3D printed object with a difficult
product quality changes that the material geometry. [113]
could suffer (shrinkage, warpage and residue, for example), mechanical instability, low
drug loading and long post-processing cycle need improvement in order to obtain
reproducible high-quality products. [25] Anyways, the equipment needed is simpler than

for other methods.
FDM: FUSED DEPOSITION MODELING

Onone hand, there is fused deposition modelling, which is the most widely used 3D
printing technology for rapid prototyping and preparation of special drug dosage forms.

[26] In this method, a thermoplastic filament is directed into a heating block where it is

13



heated to a molten state. The filament is moved by two
rollers that make the cold filament push the molten

material like represented in Figure 4.[27]

The molten material is then printed onto an
adjustable stage to form a layer of the designed object,
usually generating the outline first and then filling it in.
The stage is adjusted (lowered) and another layer is
printed. In this case, the material needs to solidify as

soon as itis deposited by cooling the material. [2]

An advantage of FDM technique is that it can

create objects fabricated from multiple material types

by printing first with one material and then changing it,

the printing. [28]
PAM: PRESSURE-ASSISTED MICROSYRINGE

On the other hand, PAM is a printing method

Rollers B

Plastic filament coil

Temperatura
control unils

D

V% Nozzle
Figure 4. Scheme of a FDM printer where a
plastic filament is extruded by melting it at

high temperatures.. [114]

which enables more possibilities for

for gels or pastes that has recently

gained popularity in pharmaceutical applications. [21] Semi-solid materials are extruded

continuously layer-by-layer through a tool-head that simulates a syringe which is

represented in Figure 5. The extrusion is usually based

on a pneumatic piston or a rotating

screw. [29], [30] The PAM printing technology doesn’'t need high temperatures for printing

but it is neccesary to have a post-print processing time (drying) for the sample. [29]

Pressure /.

applied by
the system I ] Catridge
Paste (drug, Nozzle tip

polymer
matrix...) \
I_
/.,r o~ (Petrldlsh foil...)

Polymeric matrix

Printing base

|

Figure 5. Schematic representation of PAM printing equipment. Adapted from [16].

It is necessary to be careful with defects that can appear after printing due to

relaxation of residual stress or due to the drying process that could cause shrinking or

14



deformation. If the layers aren’t structured enough, it could also lead to the collapse of the

printed object. [31]
A comparison between both printing technologies (FDM and PAM) is done in .

Table 2 in order to understand each methods advantages and disadvantages.

Table 2. Comparison between FDM and PAM. Adapted from [16].

TECHNOLOGY FDM PAM
vy
LLL!; Low cost .. Room temperature
E No post processing - Highdrug loading
< Better drug uniformity . Suitable for polypills
Q
<

High temperature (not suitable . .
N Drying (post-processing) needed
for thermosensitive drugs)
. . Polymer's rheology impact on structure
Pre-processing of filaments e
and printing
No biocompatible/ i
. Resolution dependent on parameters
biodegradable polymers
Solvents needed

DISADVANTAGES

APIs could degrade

5.2 ORAL DRUG DELIVERY

Oral administration of drugs is preferred over other methods of therapeutic
administration because, compared with subcutaneously administered drugs, oral
formulations show greater chemical stability at high temperatures, and biohazardous
needle waste is not created. [32] Furthermore, it is simple and convenient, being a less
invasive method that causes the minimum amount of pain possible, being especially

convenient for chronic patients that require frequent administration. [33], [34]

Thus, an oral dosage form for medications is ideal, however, macromolecular drugs
are not easily absorbed into the bloodstream through the gastrointestinal tract. This is why
polymeric carriers play an important role to achieve therapeutic results as they can improve

drug penetration of macromolecular drugs. [35]

However, there are challenges around this type of administration as well. The
gastrointestinal {Gl) tract {Figure 6) comes with an acidic environment that can degrade the
therapeutics that are takenin, and the pH changes through it. [34] We should also take into

account the digestive enzymes that are presentinit.

15



Peptides and proteins, for
example, cannot be present in this
environment without a protective

barrier because they are easily

degraded. [36] Therefore, in order to ) 1 Esophagus

. . . 7 0 2. Stomach
obtain therapeutic activity, frequent ) 3. Duodenum

- . X’ TCue 4. Jejunum
administration of these drugs ’ 2 E. lleum

] ?\ 6. Cecum

becomes essential, and oral N\ 7. Ascending colon
methods gain interest as mentioned S; Riif.f,’,‘,"'"g -

previously. For this purpose, an outer
layer is needed for the drug and
polymers can adapt properly to the
needs for an oral administration.
[37]

PUBLICATIONS ON ORAL
DRUG DELIVERY
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Figure 6. Schematic representation
of the Gl tract and its parts. [121]

Therefore, inthe last 50 years the

interest in oral drug delivery has
increased as we can see reflected on the
number of scientific articles published.
In Figure 7 the annual number of articles
available in SciFinder-n by searching
“oral drug delivery” as a general search

entry is represented.

Figure 7. Representation of the annual number of articles

published referring to oral drug delivery from 1965 to 2019.

5.2.1 PH VARIATION AT THE BODY

of the

offered by the oral route, drug delivery

Regardless benefits

Table 3. pH variation in the Gl tract adapted from [43].

is complex and has physiological barriers

that influence the delivery. Some of the

mentioned difficulties are poor drug

solubility and stability, low drug

permeability across mucosal barriers

and variability of the Gl tract of each

subject. [38] It is necessary to fully

understand the transport conditions, the

Mouth 6.2-7.04
*5 (bacteria)
Stomach 1-25

*5 when fed
Proximal intestine 6.15-17.35
Distal intestine 5.26-6.72
Descending colon 5.20-17.02
Ascending colon 5.26-6.72

16



drug release and the absorption process of oral formulations in the body as itis known that

the local pH difference and transit time along the human gastrointestinal tract will change

the release of solid oral formulations. [10]

The value of the pH changes along the Gl tract. In fact, it is the tract where the pH

has the greatest variation in the body. [39] It starts slightly acidic in the oral cavity, continues

highly acidic in the stomach and then changes to neutral/alkaline in the duodenum,

jejunum and ileum as we can see in Table 3 and Figure 8. The exposure of the drug to these

changes could lead to hydrolysis, oxidation or deamination of the drug that can be

deactivated by such changes. [40]

PH variation
in the body

=

pH-responsive
drug delivery systems

\ 4

colan
pH5.2-7.02

nitestine
oH: 5.26-7.35

! oral protein
1 delivery systems

ioml and colon-specific
' drug delivery
—.' systems

physiclogical |
pH: 7.4 | pH-sensitive vaginal
- drug delivery
| systems
vaginal cawity | o
pH: 4.5
tumor extraceluler pH< 6.5
injectable
tumor-targeted
drug delivery
systems

anti-inflammatory
drug delivery systems

endosomal escape
and

cytoplasmic
drug delvery systems

Figure 8. pH variation in the body at different levels. [43]

At the tissue level the pH of healthy tissues is not the same one as the cancerous or

inflamed tissues. As they have elevated metabolisms compared to the normal tissues, the
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pH decreases a bit. This is due to three mechanisms to keep the fast growth of this kind of
tumorous tissues, the first one is absorbing all the oxygen that they can find around them
therefore lactic acid is produced which lowers the pH level. [41] The second one is the
hydrolysis of ATP as an energy source which also contributes to the lower pH level and the

last one is that leukocytes are capable of pumping lactic acid into the exudate. [42]

At a cellular level each of the subcomponents of a cell have their own characteristic

pH value. The range varies from pH 8 in mitochondria to 5.5 in the secretory granule. [43]

5.2.2 BARRIERS FOR ADSORPTION

The absorption of drugs by oral drug delivery is limited by the Gl tract (Figure 9) and

its anatomy, physiology and biochemistry due to its physical and chemical restrictions.

The gastrointestinal tract (GIT) is divided in

upper and lower GIT and consists of the following:

starting with the upper GIT it includes the mouth, M"”‘h\i Essplisti

pharynx, oesophagus, stomach, and the first part of
the small intestine: the duodenum. The lower GIT

involves the rest of the parts of the small intestine,

Small Stomach

which are jejunum and ileum, and the large intestine: intestine

cecum, colon, and rectum. [44]

Large

The first place in oral drug delivery is the  ijestine Colon

mouth. The main function of the oral cavity is

Cecum Rectum

protecting the intestines by wetting the food to form Appendix

Anus

a mass. Saliva is a viscous water-containing liquid, ) )
Figure 9. Schematic representation of the

which is less permeable than plasma. One or tWo ) ract with the most important parts

litres are discharged into the mouth every day and labelled. [115]

its composition and pH value vary with secretion

rate. The pH value varies between 7.4 and 6.2, but sometimes it drops to 5 due to the

influence of bacteria. [45]

Then, food and orally dosed drugs are transported due to peristaltic contractions
through the oesophagus to the stomach, which acts like a temporary storage before it is
delivered to the duodenum. Most of the digestion takes place under the action of gastric
acid and enzymes, especially peptidases. Due to the small surface area of the stomach
compared with the small intestine and mostly due to its environment, drug absorption

rarely occurs in it.[36]
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Finally, food and drugs reach the small intestine where
the majority of digestion is completed with enzymes from the
liver and the pancreas, and most of the absorption of nutrients
then takes place due to its large surface area (Figure 10). [46]
The large intestine is the final major part of the Gl tract which
function is processing the waste products generated and
absorbing any remaining nutrients and water back into the
system. Its surface isn't as large as the small intestine’s but it

forms crypt structures in order to amplify it. [47]

When a drug formulation is swallowed it enters the Gl
Figure 10. Scheme of the small  tract; the drug has to be delivered through the mucus layer and

intestine. Example of the starts to diffuse in the mucus layer of the small intestine. The
increase of surface area.

Adapted from. [116]

GIT has a low permeability to the bloodstream, which affectsin
case of orally formulated drugs. [T] When studying different
drug release mechanisms, it is mandatory to take into account the different properties and

characteristics that are shown in Table 4, referred to different parts of the Gl tract.

Table 4. Physiological properties of different segments of the human Gl tract. Adapted from [48].

pH Length(cm) Diameter(cm) Mucus thickness (um)

Stomach 0.8-5 20 = 245 £ 200
Duodenum ~T 17-56 4 15.5
Jejunum + lleum | >7 280-1000 2-3 15.5

Colon 7-8 80-313 4-4.8 135125

There are three main barriers that impede oral drug delivery which are biochemical
barriers (pH and enzymes), the mucosal diffusion barrier and the intestinal epithelium. First,
degradation of the drug could happen through pH and specific enzymes that cleave amino
and glycosidic bonds. [7], [49] Thus, it is necessary to protect the drug from the acidic
environment. For that, oral drug delivery systems have been designed in order to achieve a
successful delivery in the correct place of the GIT. Second, an inhibition of diffusion occurs
due to viscous mucus. [34], [50] Finally, tight junctions found in the intestinal epithelium
inhibit the uptake into the bloodstream. [49], [51]

5.2.3 PH RESPONSIVE FORMULATIONS FOR ORAL DRUG DELIVERY

In order to overcome the challenges of oral drug delivery, pH-responsive carriers

have been investigated. They are a good alternative to achieve the absorption of the drug
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through the GIT. Their function is to stabilize the drug delivery in the stomach protecting

the drug and achieve a controlled release in the intestines. [52]

pH sensitive materials can be divided in anionic and cationic and their behaviour
depends on this classification. Anionic materials, one of which are carboxymethyl cellulose
(CMCQ) containing hydrogels used in the experimental part of the thesis, are charged when
the pH is above the pK, of the network. The polymer is swollen when the pH is high enough.
[43] This kind of hydrogels protect the drug when the pH is low and they release it in specific
locations taking advantage of the pH responsive behaviour. If the pH is not high enough,
the hydrogel stays in a collapsed state that does not release the drug. Anionic hydrogels are
suited for target delivery to the small intestine and colon. [37] In case of cationic materials,
their behaviour is the inverse one. They release the drugin acidic environments and protect

it by collapsing at basic environments.

5.3 HYDROGELS

The concept of a hydrogel refers to polymeric 3D networks that are based on
hydrophilic macromonomers and that can retain a large amount of water. [53] Hydrogels
are materials that can be used for the controlled release of therapeutics. They can contain
therapeutics inside their network, allowing the release of the therapeutics in a controlled
way. [35] Inthe last decades they have been used as a strategy to lower the amount of drugs

administered to the patients. [52]

Their structure prevents irritations by an oral intake. When hydrogels are being
used for oral drug delivery, itis important that they preserve the therapeutic efficacy of the
drug. [37] Additionally, their structure can change depending on the environment they are
in, if they contain specific functional groups. There are different parameters that can be

controlled to achieve this behaviour, like pH or temperature changes. [54]

Initially only simple hydrogels were investigated, but as they are being more and
more studied, new technologies are developed, such as multicomponent hydrogels,
stimuli-responsive hydrogels (pH responsive hydrogels are among this group), nanogels,
etc. This means that a dose given to a patient can be sustained for a long period of time,
having a more efficient way to medicate patients.[55] The more complicated hydrogels are

the ones that allow the stimuli-responsive behaviours of the hydrogels.
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5.3.1 HYDROGEL CHARACTERISTICS

Hydrogels are 3D crosslinked networks of polymers that can be classified depending
on the source they are obtained as natural, synthetic or hybrid. They can be physically or
chemically crosslinked, as well as by a combination of both effects (Figure 11). If the
hydrogel is physically crosslinked non-
covalent bonds take part, whereas if it is
chemically crosslinked, actual covalent bonds
are formed within the hydrogel. Yet, the
chemical bond is usually stronger than the
physical bond.[52]

In addition, the density of the

crosslinking and the chemical structure — 7 @ Chericalcrossnking (covatent bo)
L) O Physical crosslinking (junction)
determine the mesh size, which is a key £% Physicalcroslinking (entanglement]
Hydrogel — YW Mesh size (§)

parameter to control the behaviour of the
hydrogel. [56] If the formulation is above the

- _— . . Figure 11. Schematic representation of different
solubility limit, depending on the mesh size, & P

crosslinks in hydrogel networks. [117]
the water-soluble groups contained within
the hydrogel can be more or less easily liberated. The mesh size is a parameter that can be
optimized depending on the desired behaviour. Greater mesh sizes allow a more rapid
liberation whereas smaller mesh sizes lead to drug retention. [57] The reason for that are
the hydrodynamic radii of the drug particles and if they can pass through the mesh, which
size is normally around 5 to 100 nm. [58] It affects the physical properties such as

degradation, diffusion and mechanical strength as well. [59]

5.3.2 HYDROGEL BASED DRUG DELIVERY

Hydrogels can be used for a more efficient medication treatment for the patients.
Using a hydrogel to deliver the drug could protectit from degradation by enzymes and acids
present in the Gl tract. [52] Furthermore, crosslinked hydrogel networks can be used as a
protection layer for the hostile environment thatis the Gl tract for many drugs, proteins and

microorganisms. [37]

On one hand, comparing with the same hydrogel with lower crosslink density,
higher crosslink density obstructs the mobility of the polymeric chains. Hence, it reduces

the swelling rate and protects drugs from harmful environments. [53]

On the other hand, hydrogels containing hydrophobic groups collapse in the

presence of water. Introduction of hydrophilic groups in the crosslinking agent can resultin
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a higher degree of swelling. [60] In order to achieve this type of protection, modifications

can be made in the hydrogels structure.

Hydrogel modification to achieve pH responsive materials is an interesting topic of
research, as it allows to protect drugs from the pH changes occurring along the
gastrointestinal tract. By adding carboxymethylcellulose (CMC) for example, a hydrogel
could collapse under acidic pH. Sustained release and drug protection can be achieved by
such an addition. [61]

Other methods will not be explained because they are not of especial interest for
this overview, but to have a reference there are methods like raft forming systems,
magnetic systems, high and low density or sinking system (non-floating or floating

systems), expandable, unfoldable, and swellable systems... [33]

5.3.4 POSSIBILITIES OF 3D PRINTING FOR ORAL DOSAGE FORMS:
POLLYPILLS

Polypillis a term that refers to a single dosage form that could be conventional pills
or hydrogels for example, that contains two or more APIs in the same system. [62] Several
fixed-dose combination (FCD) are already

sold in the market for different therapies

such as bacterial infections, severe pains,

Drug2

etc. [63] They are especially interesting for Orug3

ly-medicated patients t h th
poly-medicated patients to enhance the Monolithic Multiple-layer
probability of the patient adhesion to system system
medication due to the easier intake. [64]
. . . .. Figure 12. Representation of the main types of
Polypills (Figure 12) can modify the in vivo

polypills. Adapted from [64].

behaviour of the APIs, so several tests need
to be carried out in order to understand how the matrix or the mixture of APIs affects each
APIs intrinsic behaviour. They could alter kinetic and dynamic profiles affecting the APIs

release profile, for example. [65]

Additionally, the mixture of APIs and the matrix could show a synergistic activity
(higher activity than the summative effect of each APl by themselves) which could allow the
possibility to administer lower doses of drugs, reducing the risk of adverse effects. [66] The
contrary could also happen if the interaction is antagonistic. Furthermore, stability,
absorption, distribution, metabolism, and excretion of the mixture of drugs could lead to

incompatibilities. [64]
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However, one problem concerning hydrogels is that they contain water. This is not
a disadvantage when the drug to be incorporate is hydrophilic, but it is when the drug is
hydrophobic. The solubility of the drug decreases, generating a potential problem. [67] For
these situations, hybrid hydrogels could present some advantages. Drug particles can be
loaded into the hydrogel matrix without being linked. [68] This method can increase the
release time of the drug, as it should be released from the hydrogel to be absorbed into the
body. This behaviour depends on parameters as hydrogel mesh size, solubility,

hydrophilicity, concentration of drug and particle size. [52]

Other disadvantages could be the challenge to identify negative effects when they
occur due to having more than one drug together as well as the difficulty to select the
needed dose of each of the drug for every patient. [64] Actually, this argument seems
especially important for all personalized drug formulations. Searching for the appropriate
amount of drug for each patient could require a considerable amount of time. Finally,
segregation is another possible problem in this kind of systems that could have the need of

additional manufacturing steps, making this method more expensive. [69]

Even though there are disadvantages, the potential of synergistic interactions is
huge, and further investigation into this field is required in order to fully understand the

systems and obtain the maximum of their advantages. [70]
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5.4 RELATIONSHIP OF RHEOLOGY AND 3D PRINTING

Rheology plays an important role in the

process of polypill fabrication as represented in
SINTHESIS AND

Figure 13. The processing of the material could POLYMERIZATION

lead to transformations of properties due to

thermomechanical  processes, such as, STRUCTURE AND

MOLECULAR
PARAMETERS

orientation of polymer chains, phase
separations, gelation, crystallization and
degradation. Rheology is the science that

studies polymer flow and matter deformation. RHEOLOGY

Polymers show peculiar behaviours in

PROCESSING
AND SHAPING

solution and flow due to their macromolecular
nature. [71] In general, to have a polymer
flowing it needs to have a predominantly liquid

B X 3 PROPERTIES AND
behaviour, meaning that higher values of the APPLICATION
viscous modulus, G”, rather than the elastic

modulus, G', are needed. [72]

owever, e theolgiel e of [0S
hydrogels differs from molten polymers. The 3D

network structure prevents hydrogels from flowing and, therefore, they present a
predominantly elastic behaviour (G»G"). This characteristic is the key feature of a gel, in
contrast to a highly viscous liquid {G">G’). Even though, this characteristic is different in
chemically and physically crosslinked hydrogels: while in chemically crosslinked gels the 3D
structure isindependent on the stress applied, physical gels show a yield stress point, where
the structure is destroyed and the material can flow (G">G’). Although there is a controversy
in academia about the definition of the yield stress, in this work we will take the crossover

point G'=G" as representative of the yield stress.

Even though there are plenty of articles about 3D printing there are not much that
explain polymers rheology impact on the printing process, and the required
characterization for the 3D printed pharmaceuticals. In addition, the behaviour of polymer-
active pharmaceutical ingredient combination also impacts the printing process. [16] The
objective is being able to correlate the rheological parameters and behaviours studied in
the experimental part in order to simulate the 3D printing process with rheology, asitis a
faster and more convenient tool. If correlations are successfully achieved, rheology could

be a solution for problems related to 3D printing as well as a previous step to the process.
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Looking at the PAM manufacturing process, the hydrogel needs to change from a
solid-like behaviour (G'>G") to a fluid-like one when pressure is applied in order to extrude

the material from the cartridge in the 3D printing method. [16]

Then, once the ink is printed, it needs to restore the network, becoming again more
solid-like for the shape to be maintained. The inks properties could also be affected in this

process even though high temperatures are not involved.

Such manufacturing conditions can be simulated by selecting the appropriate

conditions in rheological tests. In the linear-viscoelastic regime (LVE), the frequency-

dependence of the dynamic moduli, the ®
storage modulus (G) and loss modulus Printed pill:
Hydrogel
(G") may be used to investigate some Frequency
aspects of the gel structure and ] sweep=>
i
mechanical behaviour. [72] For example, properties
. Fluid-like due to - Time profile>

with frequency sweeps we can detect ) ) .

the strain: strain restoration

the hydrogel character and some details

sweep
of the groups that form the chains. [73] .
In contrast, changing the strain (or /v i /

stress) applied over the LVE conditions | )

s

we can detect the vyield stress and

analyse the flow characteristics of the Figure 14. Selection of rheological characterization

gel. By sweeping from linear to non- methods. Picture adapted from [16].

linear viscoelastic conditions over time, we can reflect the gel formation kinetics once the
3D structure is destroyed, and therefore, it is possible to investigate the reversibility of the

gels (Figure 14).

Having said that, it is possible to hypothesize the ideal characteristics of a 3D
printable hydrogel. First, G’ values need to be higher than G" values, having a predominantly
solid-like material to facilitate the fabrication of 3D pills. It also needs to present a yield
stress value, where applying higher strain (or stress) the material flows in order to be able to
extrude it. It is easier to have this type of behaviours in hydrogels with a physical network

rather than a chemically crosslinked hydrogels, as the interactions are stronger in a
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chemical network that needs to be broken in the printing process. Finally, the hydrogel

formation needs to be reversible.

FREQUENCY
SWEEP

Rheology helps to
determine if the prepared -

mixtures are printable or not by

different tests (Figure 15). It is RHEOLOGY ANALISIS FOR -

. .. PRINTABILITY: SUCESSFUL PAM 3D
convenient  specifically  for PRINTING SWEEP
measuring hydrogels

mechanical properties since it is
quick, sensitive and requires
small sample sizes. [52] For T
extended information about the
measuring specifics, refer to
appendix 13.1 RHEOLOGICAL

MEASUREMENTS.

Figure 15. Rheological tests are required for drug containing hydrogels
to ensure their suitability and processability for extrusion-based 3D
printing.

5.4.1 FABRICATION CAPACITY OF HYDROGELS

As these systems are personalized to each patient, the fabrication capacity will
never be as high as in traditional pill manufacturing. Anyways, for being so personalized
they just need a couple of minutes to be printed if the ink and the digital design are already
prepared. [4] For each patient, pills need to be highly reproducible in order to adjust the
therapeutic dose to their needs. [69] Thus, process optimization studies are crucial for this

objective.

On one hand monolithic systems are the easiest to manufacture as all the drugs are
contained within the ink. However, they have the highest risk of drug segregation and
interactions between the added APIs. [74] On the other hand, multiple-layer systems can be
more challenging to design, thus it is only carried out when the APIs loaded into the ink are

chemically incompatible or dissolution profiles are very different. [66]

To conclude, finding materials with the needed rheological requirements itis not so
simple. In addition, the process and optimization of each drug could be a difficult and time-
consuming process, so extrapolation to other drugs could be interesting. Maybe in the
future and with enough investigation, theoretical models or simulation programs could be
achieved in order to predict some APIs mixing interactions as well as API-matrix
interactions. This way, time could be saved and the manufacturing process could be easier

and more predictable.

26



6. OBJECTIVES

The objective of this bachelor's degree is establishing the key aspects that ensure
successful printing of drug-containing hydrogels by the PAM technique. With this purpose,
some inks have been developed. These inks contain polyethylene glycol (PEG), glycerol,
CMC, water, atenolol and hydrochloric thiazide as their main components. Thus, the effect
of the two drugs mentioned will be studied as well as the relation between the APl and the
polymeric matrix. Another objective is finding hydrogel mixtures, which incorporate more

than one drug that can be 3D printed.

A correlation betweenrheology, printing parameters and the printed object will also
be investigated with the objective of predicting the printing process just by looking at the
material rheology. Good resolution pills are searched after the printing, meaning shape

fidelity close to the CAD design created.

Finally, the morphology of the printed object will be analysed. First, after the
consolidation process and later on after a pH test and lyophilization. This way the effect of

the stomach acidic environment on the drug delivery systems will be studied.

7. HYPOTHESIS

In the process of obtaining functional inks, the materials chosen for preparing the
hydrogel matrix in the experimental part are PEG, CMC and glycerol as they are suitable for
oral drug delivery. It is expected, that a combination of these materials without chemical
modifications by facile means can provide gel-like materials which can be employed in PAM
3D printing. Even though there is a lot of research done in this topic, none of the papers

found speak specifically of the mixtures prepared in the project.

As representative APIs, atenolol and hydrochloric thiazide (HCTZ) will be the two
drugs added to the hydrogels, both being antihypertensives. As the drugs are going to be
added above their solubility limit in some of the hydrogels it is also expected to have solid
drug particles, which should be visible by scanning electron microscopy (SEM) if the
particles are large enough. atenolol is more water soluble than HCTZ. Hence, as the
hydrogels contain water, those containing atenolol are expected to be more homogeneous
than the hydrogels containing HCTZ. This could be due to the different size of the not
solubilized drug particles as HCTZ particles are expected to be bigger than the atenolol
ones. atenolol can crystalize if it is refrigerated and as the hydrogels are going to be stored
in the fridge, so maybe some crystals could appear if there is not solubilized atenolol. The

last hypothesis could also be confirmed by SEM.
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Actually, hydrogel's rheology and printability are thought to be dependent on the
hydrogels structure as well as the APIs concentration, but not on the APIs chemical
structure. This theory is based on the poor solubility that both of the drugs show in water. It
could be interesting in order to extrapolate the results obtained with this thesis to other not
soluble APIs for the same hydrogels. However, the theory needs to be tested. With this
objective, mixtures above and below the solubility limit of the API will be prepared, varying

their concentration on each hydrogel.

The most probable affecting parameters are gels nature, the concentration in which
the APl is added and the pH response of the material. Thus, the variables mentioned will
change the rheological properties, so, thinking about behaviour is expected, higher elastic
modulus (G) of the mixtures should be related to pills that maintain the form better
because of a more solid like behaviour. Is also expected that the printing parameters
(pressure, temperature, speed, etc) needed could be more drastic for more elastic
hydrogels than the conditions for more liquid-like materials. For the characterization of the
mixtures rheological test will be carried out, and then ideal printing conditions will be
determined by trial and error. If possible, a correlation between rheology and printing

conditions will be made.

Controlling the printability of the materials requires understanding of physics and
chemistry of the printing process. [4] In the 3D printing of pharmaceuticals, one of the most
important parametersis the fidelity of the printed structure to the prepared CAD model.[16]
Reproducibility is key to achieve an adequate quality level for the intended applications.

Hence, attempts will be made to find connections between rheology and printability.

Particle size can be critical for the reproducibility, since this property affects layer
thickness and the risk of segregation during layering. Water content may also be critical,
since water is a potent plasticizer for many polymers. Consolidation of the printed pills will
probably be needed as the method used for the printing will be PAM. It is expected that with

just leaving the pills dry for at least 24 hours will be enough.

Later on, their pH behaviour test will be done as they have a pH dependent
behaviour (Figure 16), due to the functional groups that conform their structure. Even
though PEG and glycerol can accept protons below their pKa, the net-charge is still zero and
thus they don't contribute to swelling by charge repulsion, they are just a medium for
charge transfer. On the contrary, carboxymethyl cellulose (CMC) is an anionic cellulose
derivative which’'s carboxymethyl groups are deprotonated when the pH is above their pKa
(pKa = 4.30[75]). CMC is supposed to collapse under acidic pH, preventing the drug release
from the hydrogels. In acidic conditions, the hydrogel should be collapsed, holding the drug
tightly. [76]
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Figure 16. Scheme of hydrogels expected behaviours in different environments.

PEG is strongly dependent on pH and due to its nature; it contains a hydrophobic
chain, composed of methylene groups interspersed with ether groups. The basicity of the
R-0-R oxygen (pKa at 25°C->14.22 [77]) is what makes the hydrogels swell, leading to the
release of a drug at high pH value and collapse at low pH values. [78], [79] Glycerol contains

free -OH groups and the expected behaviour is similar to the PEG one (pKa = 14.4 [80]).
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8. EXPERIMENTAL PROCEDURE

8.1 REAGENTS

The hydrogels contain 6 main reagents: water or glycerol as the base and main

component of the hydrogel, CMC that is contained in all the hydrogels and PEG in those

were the percentage of water is higher. The last two components are drugs: atenolol and

HCTZ.
8.1.1 CMC

Carboxymethyl cellulose (Figure 17) is a cellulose-
derivative polyanionic polysaccharide that contains abundant
carboxyl groups in the polymer chain. It is known by its non-
toxicity, biocompatibility and biodegradability. [76] The
carboxymethyl groups that modify the cellulose make the
polymer soluble in aqueous solutions. The substitution degree
can range from 0.6 to 0.95. It has attracted attention in

pharmaceutical applications lately. [61] CMC is water-soluble

R=H or CH CO _Na
2 2

Figure 17. CMC's molecular

structure.

at neutral pH. Thanks to the carboxylic acid functionality, CMC is pH-sensitive. Hence, as an

anionic polymer, it is usually used in order to prevent gastric degradation of drug. [81]

8.1.2 PEG

Polyethylene glycol (PEG) is a biocompatible and

hydrophilic polyether compound that has many applications ’{O\/\}\O/H
H
(Figure 18). PEG is referred to polymers with molecular weights n

lower than 100.000, whereas polymers with higher molecular

Figure 18. PEG’'s molecular

weights are named polyethylene oxides (PEOs). [78] It is widely structure.

utilized in drug delivery due to its properties for evading the

immune system and biocompatibility, although PEG is not biodegradable. [82]

8.1.3 GLYCEROL

Glycerol (Figure 19) is a trihydroxy alcohol with a
structure of propane substituted at its three carbons with
hydroxy groups. It has a role as a solvent in the prepared
hydrogels. Glycerol has localized osmotic diuretic and laxative
effects. [80]

HO/Y\OH

OH

Figure 19. Glycerol's

molecular structure.
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8.1.4 ATENOLOL

Atenolol (Figure 20) is an ethanolamine compound that plays a beta-adrenergic
antagonist role. Hence, this beta blocker medication is mainly used to treat high blood

pressure and heart-associated chest pain. [83]

Betareceptors are present on heart cells. When

OH
adrenaline activates beta receptors, blood pressure o o\)\/ﬂ CH,
and heart rate rise. Beta blockers, such as atenolol, /\/Q/ \C[;s
prevent adrenaline from affecting the betareceptorsin el
the blood vessels and heart. This causes the blood  Figure 20. Atenolol molecular structure.
vessels to relax. By relaxing blood vessels, beta

blockers help lower blood pressure and relieve chest pain, as well as reduce the heart's need

for oxygen. [84]
8.1.5 HCTZ

Hydrochlorothiazide (Figure 21) is a benzothiadiazide H
N

substituted in two positions by chloride and a sulphonamide. C w

It acts like a diuretic and treats hypertension; it inhibits the HzN\SI;ES/NH
sodium chloride co-transporter system on the distal o//\\o o//\\o
convoluted tubules, which leads to a diuretic action and

Figure 21. HCTZ molecular

lowers blood pressure at the same time. [85] structure

8.2 MIXTURES AND NOMENCLATURE

The nomenclature adopted for naming the samples prepared was intuitive (Figure
22). The hydrogel's base can be PEG or glycerol, so the first 3 letters were referred to the
base. In case of having glycerol, for example,
the name starts with GLY. Then the next

*PEG base *Glycerol base ¢ Glycerol base
letter was referred to the drug it contained.  *2wt%Atenolol  *12.5wWt% HCTZ ~ «12.5wt%
Atenolol + 6.25

There were two possible drugs, being wi% HCTZ
atenolol and HCTZ, so atenolol was Figure 22. Examples of the nomenclature used for the
represented by an A and HCTZ by an H. The mixtures.
numbers that follow this letter were referred
to the percentage of the drug present on the hydrogel. In case of having both drugs in the
same hydrogel both A and H appear on the name, each one followed by the percentage of

drug.

The mixtures prepared for this bachelor’s degree are summarised in Table 5.
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Table 5. Compilation of the mixtures prepared and their composition.

MIXTURE (WT% COMPONENT)
COMPONENTS PEGAO PEGA2 PEGA8 GLYAO GLYA2 GLYA12.5 GLYH6.25 GLYH12.5 GLYA12.5H6.25
cMC 5 5 5 12,5 12,5 12,5 12,5 12,5 12,5

PEG 6000 20 20 20
H,0 75 73 67 5 5 5 5 5 5
GLYCEROL = = = 82,5 80,5 70 76,25 70 63,75
ATENOLOL = 2 8 = 2 12,5 = = 1235
HCTZ = = = = = = 6,25 12,5 6,25

8.3 GEL PREPARATION

Thefirst step of the project was the preparation of the different mixtures (Figure 23).
There were two well differentiated hydrogel bases: PEG and glycerol-based hydrogels. The
preparation of the hydrogels was different depending on the base they had.

Starting with the PEG based ones, first
PEG was added to a beaker. To melt the PEG,
it was heated to 85°C approximately, and
when it turned transparent CMC and the
necessary drug(s) were added. Each one of
the mixtures will be explained in the following

section. For stirring the mixtures, a rotor or a

magnetic stirrer were used. Related to this,

Figure 23. Preparation process of a glycerol-based

the rotor incorporated more air to the mix o
hydrogel. Close-up of the rotor mixing the hydrogel

than the magnetic stirrer. Once all the and its components. Glycerol based mixture.
reagents were well mixed, the beaker was
taken off of the heating plate and the needed amount of water was added at once. It was

mixed until the mixture was completely homogeneous and stored in a sealed glass vial.

With the glycerol-based hydrogels heat was not needed otherwise the process was

similar.
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8.4 RHEOLOGICAL MEASUREMENTS

8.4.1 MEASUREMENTS o

As explained in the introduction, 3 different rheological
tests were carried out in order to elucidate the different
hydrogel's structure and characteristics. In the next sections
each of the measurements will be explained. For all these
measurements an Anton Paar MC101 rheometer has been used
(Figure 24). The measurements have been carried out with the

parallel plate geometry of 25 mm of diameter.

The procedure for loading the sample to the rheometer

Figure 24. Anton Paar rneometer

was simple. First, the rheometer was set to 25 °C where the zero
. . used for all the rheological tests.

gap was calibrated. Then, the upper geometry was elevated in

order to place the mixture with a spatula between the plates. Then a gap value of Tmm was

set for all the measurements and the sample was carefully trimmed to the geometry.

Finally, the ring placed around the sample was filled with water for having reproducible

humidity in the measurements and the lid was placed.

8.4.1.1 STRAIN SWEEP

A strain sweep is the first step in rheology because it gives information about the
linear viscoelastic region where the structure of the hydrogel is not destroyed. The
temperature was maintained at 25°C and the frequency set to THz in all the measurements.
The strain values applied range from 0.001 % to 100 %, even though until around 0.1 % the
values given by the rheometer are out of the sensibility range. However, this way the

hydrogel had time to stabilise at the fixed temperature.

8.4.1.2 FREQUENCY SWEEP

Continuing with frequency sweeps, the parameter that is maintained constantis the
strain whereas the frequency varies. The viscoelastic spectrum of the sample is obtained by

these sweeps, which is used for further structural characterization.

In this case the strain value was selected where both G" and G” were parallel and
linear in the strain sweep, which depended on the previous measurement but it is a value

under 10% strain (LVE conditions). The frequency was set from 100 Hz to 0.01 Hz.
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8.4.1.3 TIME PROFILE

In time profiles different intervals can be differentiated. In the first interval, a low
strain (1%) is applied to the sample in order to have a reference value of storage and loss
modulus. Then, in the next interval, the value of the strain is drastically increased in order to
break the gel's structure. The value is dependent on each of the mixtures because it
depends on its structure’s strength but it varied from 100 % to 1000 %. Ideally, in the last
interval, storage and loss modulus should recover immediately to the values shown in the
firstinterval once the high strain is not applied. Finally, the same low strain value is applied
again and the structure’s restoration kinetics are studied. If needed, more intervals can be

programmed in the rheometer. All the experiments were performed at 25 °C.

8.5 3D PRINTING

8.5.1 3D PRINTER: BIOPLOTTER

The Envisiontec 3D-Bioplotter®
(Developer series) System is a suitable 3D
printing device that serves for rapid
prototyping. It can process a large number _4
of materials, from soft hydrogels over i
polymer melts up to hard ceramics and

metals, using 3D CAD models (Figure 25).

The Bioplotter uses air pressure to

Figure 25. 3D Bioplotter printer from Envisiontec.

deposit multiple materials in three

dimensions. The materials range from viscous pastes to liquids and are deposited using a
syringe that moves in three dimensions. Applying air or mechanical pressure to the syringe,
the material comes out of the cartridge until the pressure is not applied anymore. In
addition, The device does not require a pre-processed filament, which is a big advantage

over other 3D printing techniques.[86]

A material is dispensed from a cartridge through a needle tip from a 3-axis system
to create a 3D object. The only requirement this technique has is that the material needs so

somehow solidify. It could happen by chemical or physical reaction, for example.

It comes with a needle tip cleaning station that can be programmed to
automatically clean the tip before and during the printing process. The tips compatible with
the printer are Luer Lock needle tips, which inner diameters range from 0.1 mm to 1.2 mm.

In the present work, the point used for printing all the mixtures had a diameter of 0.4 mm.
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As the materials are printed from a cartridge, the printeris easier to clean than the ones that

contain the filament in touch with it. The printer can be calibrated each time the tip, full

¥
ol 4 it

|

Figure 26. Low temperature dispensing head and cartridge. [87]

cartridge or printing head is changed.

The hardware also has
its advantages; there is full
temperature control of the
printing head, both in the
parking positions, as well as

during printing. For hydrogels

the low temperature
dispensing head is used (Figure
26), which temperature range is
from 0 to 70°C and its cartridge size is 30ml. [87]

Finally, some of the limitations are that it does not use a screw to extrude the
material like many other PAM printers, thus a pressure gradient can be expected.
Furthermore, the temperature measured is the temperature of the mantle and not

necessarily the temperature of the material at the tip.

8.5.1.1 PRINTING PROCEDURE

First, a virtual 3D design of an object using a design
software (SolidWorks) was created. The model was then converted
into an STL-format, which was needed for the printer. The format
was then opened with another software (Perfactory) in order to
slice the model in 2D horizontal layers that were then sent to the

Bioplotter printer. Once a new project was created, the printing

parameters were selected by trial and error until the printed
sample resembles its design as close as possible. These parameters Figure 27. Layer by layer 3D
are summarized under “Printing parameters” section (8.5.2 printing process for a
PRINTING DESIGN AND PARAMETERS). When the project was hydrogel.

finished, the actual print process began (Figure 27).

The material was loaded into the cartridge, the selected tip

was attached and it was mounted into the printer. Each time the

cartridge was changed a calibration was needed (Figure 28). Once it I i
was calibrated and all the parameters were as specified, the printing Figure 28. Laser for

of the material begins. needle calibration.
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The print head was moved in the x-y axis to create the base and when it finished the
layer the print head moved in the z axis to deposit the second layer of the material. This

process continued until all the 3D object was completed.

Almost every 3D printed object required some sort of post-processing after it was
printed. As mentioned in the introduction, the PAM printing process does not need high
temperatures but requires an additional drying step in order to obtain stable pills. Drying
and consolidation can be made in several conditions with variations in process types,
temperature, and duration. [4] Shell formation could occur in the outer layer of the pills by

this type of processes, leading to insufficient drying and poor mechanical properties. [88]

The post-processing in this case included drying and solidification at room
temperature, which allowed the printed pill to gain sufficient physical strength. Post-
processing can also improve aesthetics, which is relatively important for orally dosed

printed pills.

8.5.2 PRINTING DESIGN AND PARAMETERS

The mixtures were printed following a cylindrical form (Figure 29)
in order to obtain a pill and two different programs were required.
SolidWorks was used for modelling the 3D design of the pill and Perfactory

RP was used to slice the design into different layers (Figure 30). The slicing

process was necessary for programming the Bioplotter.

Figure 29. Design for the
The pills needed to be filled inside as well, so two different

3D printed pills.

patterns were created (Figure 31) in order to be able to change it if the

resolution of the material was good enough. The
difference between the designs was the distance
between strands. In the smaller one the distance
was 1 mm whereas in the wider one it was the

double. In each layer the orientation of the pattern

Figure 30. Sliced design in Perfactory.

was alternated making two different orientations

possible, vertical and horizontal. Parallel strands

were plotted in the first layer and in the following

one, the direction of the strands was turned. This

pattern created a fine mesh with good mechanical

properties and geometrically well-defined porosity.

This way the printed material acquired more
Figure 31. Designed patterns for the inner
orientations and adhesion between layers was structure of the pills.

enhanced.
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Now the printing parameters for each sample had to be searched. In this case they
were experimentally obtained, meaning that parameters were changed until a successful

print was obtained. The parameters are summarized in Table 6.

However, there were some logical changes that could be applied in the parameters.
If the hydrogel was liquid like it needed less pressure to flow out of the cartridge compared
with a more elastic hydrogel. Furthermore, increasing the speed results in less material

deposited.

Increasing the temperature could help the material flow, but no important
differences have been observed within the 5°C change. Waiting time is related to the
materials capacity to keep the shape. To finish with printing parameters discussion,
hydrogels with lower restoration kinetics benefit from some seconds of waiting time

between the layers.

Table 6. Printing parameters for each mixture prepared.

PRINTING GLYA12.5
PEGAO PEGA2 PEGA8 GLYAO GLYA2 GLYA12.5 GLYH6.25 GLYH12.5
PARAMETERS H6.25
TEMPERATURE
25 25 25 20 20 25 20 25 30
(°C)
PRESSURE
0.6 4.7 1.5 2.8 3.5 4 3 1.2 4.5
(bar)
SPEED (mm/s) 40 18 11 20 14 7 14 20 10
PRE-FLOW (s) 0 0.05 0.05 0 0.01 0 0.05 0 0.1
POST-FLOW (s) 0 0.1 0.1 0 0.01 0 0.1 0 0.1
WAIT TIME
BETWEEN 1 5 5 0 0 0 5 5 5
LAVERS (s)
NEEDLE
0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
OFFSET (mm)
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8.6 PH BEHAVIOUR

The prepared formulations were intended to be used for oral drug delivery. Hence,
a pH test that simulates gastric acid was performed in order to confirm whether the

formulations were valid for the application or not.

For that a HCI buffer was prepared following the composition of a standard HCI
buffer solution for a pH=1.2. For a realistic simulated digestion medium salts and digestive
enzymes would be needed as well, but this test was only intended to investigate the pH-

dependant behaviour of the formulations. [89]

After placing the samples into a
polyethylene petri dish, 12 ml of the buffer were
added to each sample and they were agitated in
the incubator (Figure 32) for 30 minutes with
constant movement and humidity. The
temperature was kept at body temperature (37
°C) throughout the whole period. [90]

Figure 32. Incubator for pH tests and sample
Once the 30 minutes were over, the lyophilizing process.

samples were washed several times with water,
lyophilized and stored in an evacuated desiccator until SEM characterization was carried

out.

8.7 SEM

Scanning electron microscopy (SEM) is a technique that is based on the principle of
optical microscopy in which the beam of light is replaced by an electron beam. It gives the
possibility to obtain high resolution images with a magnification
of 5x ~ 30,000x and up to 120,000x with digital zoom and

examine different types of materials.

The instrument used is a Hitachi TM3030 Plus (Figure 33),
which power of acceleration can vary between 1-30 kV. The
acceleration of the electrons used was 10 kV. Accelerated

electrons collide with gas molecules which dissociate into

electrons, cations, and photons. The procedure is repeated

Figure 33. Hitachi
TM3030Plus SEM device.

several times. [91]
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Scanning electron microscopy can be employed in various applications. Some
examples are analysis of product design failures, surface defects, study of contaminants,
characterization of the texture of the surface of a material and therefore morphological

and structural study. [92]

8.7.1 SPUTTERING

The hydrogels to be analysed are not very conductive, thus a previous treatment of
sputtering must be performed to increase the contrast during microscopy. For that, the
printed pills were cut in half with a scalpel and mounted with paraffin wax on the sample
holder before they were sputtered with gold to increase contrast. Samples of a non-
conductive nature need to be used on conductive materials such as carbon tape,

aluminium, copper, carbon or silver paint or aluminium sample holders. [93]

In the sputtering process, a material is coated with a
conductive heavy metal by electrical ablation from the bulk
material. The treatment consists of the radiation of energetic
particles that erode the surface of the material exposed to

the treatment. The energetic particles with which the surface

of the sample is bombarded are gold, obtaining

consequently a very thin layer of this material scattered on

Figure 34. Gold sputtering
the surface of the hydrogel (Figure 34). process. [118]

A sputter coater Bio-Rad SC500 was used and the sputtering of the sample was

done for 2 minutes with a voltage of 20 mA and 2 cm of distance.

9. RESULTS

9.1 GEL FORMATION

All the compounds added to the ink have groups that are either hydrogen bond
donors or acceptors. Due to these groups, once the components are mixed and the mixture

is let to rest, a network is formed.

As the bases for the mixtures are glycerol or water these will probably be the linkers
for the rest of the components. In addition, the drugs are not completely solubilized in some
of the mixtures so having big drug particles is probable. In those cases, the drug will interact
with itself and only the molecules forming the surface will interact with the polymeric
matrix. Atenolol is more soluble in water than HCTZ, meaning that the particles formed by
atenolol will probably be smaller than the particles formed by HCTZ.
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Taking all into account, a 2D scheme is proposed for the final formed network in
Figure 35. Even though hydrogen bond donors and acceptors are marked in HCTZ and
atenolol, it is probable that only the superficial molecules interact with the hydrogel's

matrix, as they should form drug particles when they are added above their solubility limit.

;
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Figure 35. Representation of the hydrogen bond donors and acceptors present in the hydrogel’s components and
2D scheme of the final structure. Small dots represent atenolol whereas blue big dots represent HCTZ particles.

Purple lines represent the network formed by the polymeric matrix.

9.2 DESCRIPTION OF THE MIXTURES

A general description (Figure 36) of the samples prepared is compiledin Table 7. Itis
necessary to mention that the consistency of the mixtures changed over time, especially
for the glycerol-based hydrogels. This tendency is explained by the rheology of the samples

that will be explained in following sections.

Figure 36. All the samples prepared.
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Table 7. Description of the samples right after their preparation.

0 O PO
PEGAO PEGA2 PEGA8 GLYAO GLYA2 GLYA12. GLYH6.25 GLYH12.5 GLYA12.5
5 H6.25
. . White . .
. White, White, White, . White,
Clear Transparent White, opaque opaque opaque paste, opaque White, opaque opaque
opaque
Less viscous
More viscous. Péza:z Gum;ltlke Liquid
Blank Viscous Effort to mix it Blank same' sticky HCTZ not Liquid Viscous
homogeneously compositio Elastic soluble
n less drug.
Atenolol Atenolol Atenolol and
Less completely dispersed, no Less ;?:egsslglj HCTZ
ViSCoUS solved dissolved ViSCous P Not dispersed
Heterogeneo Prepared solubilized Higher Compared
than the A than the Atenolol N icl . .
formulation us air . formulati dissolved without particles concentration with the
. bubbles. Not alot of air . heat (all are clearly of HCTZ other
swith the . : ons with L . o
Mixed with bubbles glycerol- visible mixtures it is
drug the drug
rotor more based not a gel,
bubbles mixtures) more liquid

Frequency sweeps of all mixtures are pretty similar following the behaviour shown
in Figure 37. The information this measurement gives us is that after the printing process

hydrogels remain as hydrogels and the internal structure is not altered.

Frequency sweep - PEGA2 (2)

1000000
100000
E Storage
= 10000 Modulus
o 1000
2 L
< 100 0ss
0] Modulus
10
1
0,01 0,1 1 10 100

Frequency [Hz]

Figure 37. Example of these hydrogels’ frequency sweep. All the samples follow the
same behaviour varying G' and G" values. Higher values in more elastic materials.

In addition, more elastic materials have higher G' modulus. When G’ values are
above G", the hydrogel has a gel like behaviour, which is what is expected. In Figure 39 a
comparison between G’ values of the PEG based hydrogels is made where this behaviour
can beseen. Itis due to the solid content of the hydrogels. In PEGA?2 atenolol is added below
its solubility limit which makes the hydrogel more elastic compared with PEGAQ. The effect
is more drastic for PEGA8 where the drug is above its solubility limit. This effect can be
related to the formulation containing atenolol particles, which are not fully solubilized, such

that an increase in the G’ value additionally to the effect shown in PEGA2 is observed.
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Frequency sweep - PEGAO + PEGA2 + PEGAS

1000000
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10000 / — PEGAO
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0,01 0,1 Frequehcy [Hz] 10 100

Figure 39. Frequency sweeps of the three PEG based hydrogels. The loss modulus is not

represented as it follows Figure 54 scheme.

Similarly, in glycerol-based hydrogels frequency sweeps do not change much,
except in the case of GLYA12.5 and GLYA12.5H6.25. In order to see the effect of the drug
content, only the G’ values will be compared with each other in Figure 38. They follow the
same behaviour that has been discussed. More solid content equals more elastic material
and higher modulus. Last, frequency sweeps confirm that the samples are still hydrogels

after the printing process.

Frequency sweep - All glycerol based mixtures
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b .
100 e GLYH12.5
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10
1
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1 10
Frequency [Hz]

Figure 38. Storage modulus for all the glycerol-based samples in frequency sweeps.

In Figure 38 we can see that even though the expected behaviour is followed
regarding elasticity, the hydrogel containing the higher concentration of atenolol has a
huge increase in its G’ value. Such an increase was not expected. It could be due to a bad
dispersion of the drug in the hydrogel. However, what its clear is that the interaction
between HCTZ or atenolol with the polymeric matrix is not the same. With the same
concentration of HCTZ (GLYA12.5 and GLYH12.5) thereis not such anincrease in the storage

modulus.
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Notably, comparing frequency sweeps between PEG based and glycerol-based
hydrogels for similar drug concentrations we can see that the behaviour is not the same
(Figure 40).

Frequency sweep - PEGA2 + Frequency sweep - PEGAS8 +
GLYA2 GLYA12.5
1000000 1000000
100000 100000
— 10000 —clyn, | 10000 _———/ CLYALLS
£ 1000 £ 1000
U] 100 — PEGA2 o 100 e PEGAS
10 10
1 1
0,1 1 10 100 001 01 1 10 100
Frequency [Hz] Frequency [Hz]

Figure 40. Comparation between PEG and glycerol-based hydrogels for similar drug concentrations.

In Figure 40 it was confirmed that the interaction between atenolol and the
polymeric matrix is quite different. When it is below its solubility limit (GLYA2 and PEGA2)
their behaviour and storage moduli are similar whereas at higher atenolol concentrations
(GLYA12.5 and PEGAS), where the drug is above its solubility limit, the glycerol-based
hydrogel experiences a bigger increase in the value. These behaviours are directly
connected with the hydrogels network formation and it will be discussed later in the

following section.

9.3 GELS UNDER STRESS

The behaviour of the hydrogels under stress has been tested for ensuring the
printing process. Hydrogels show a predominantly solid-like behaviour as their G value is
above their G" value. However, in PAM extrusion-based 3D printing, when a certain pressure

is applied to the sample, it needs to flow.

Starting by comparing the blanks with each other, when high values of strain (or
stress) are applied to the samples, we can see a flow point in both mixtures, meaning that
from this strain value onwards the hydrogel has a predominantly liquid-like behaviour.

However, until that point the behaviour is predominantly solid-like.
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We can already see some differences in PEG and glycerol-based hydrogels. PEG
based ones have a larger linear viscoelastic region (LVE) than the glycerol-based ones,
which lose their linear behaviour at low strain values as we can see in Figure 41. However,

without any drug both mixtures have G' and G" values in the same order of magnitude.

Strain sweep - GLYAO (2)
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©
&, 1000
a) g 100 o Storage Modulus
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©
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°
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0,1 1 10 100

Strain [%]

Figure 41. Comparison between the strain sweeps of the blanks a) GLYAO and

b) PEGAO. Faster linearity loss in GLYAO and yield stress at lower strain values.

The behaviour shown in Figure 41 is needed for the ink to be printable by PAM as the
crossover pointis related to the yield stress that the sample needs for flowing in the printing

process. This behaviour will be further investigated in the following sections.
9.4 STABILITY OF MIXTURES OVER TIME

Stability is key for pharmaceutical applications, so in this section the objective was
to see if the mixtures prepared were stable or not over time. Comparing the same
rheological tests measured with a defined period of time difference in between was the

method used for this purpose.

Most of the samples showed a great stability over a couple days. For example, both
PEGA2 strain sweeps point out that the behaviour is exactly the same as they overlap
(Figure 42). The time the mixture has been stored in the refrigerator has not changed its
properties. The same kind of stability was demonstrated for atenolol-based formulations

PEGAO, PEGAS, GLYA2, GLYA12.5 and GLYA12.5H6.
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- 01/10/2020
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Figure 42. Strain sweep of the same sample with a week of difference between

the measurements.

Conversely, HCTZ containing mixtures did not show such stable behaviours. To start

with, GLYAO has a behaviour that changes with time (Figure 43). The strain sweeps vary from

one day to another and the behaviour also changes. Time profiles also show this change in

the starting values.
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Figure 43. GLYAO blank's strain sweeps. Liquid-like behaviour until
stabilized. A) Measured the 03/02/21 and b) 05/02/21.
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Second, GLYH6.25 (Figure 44) was very liquid at first, meaning that trimming the
sample for the measurements was a bit difficult because as soon as it was trimmed it
expanded again. The differences are obvious and the strain sweeps show different

behaviours, changing from a predominantly liquid behaviour to a predominantly solid one.

It's probable that the dispersion of the HCTZ affects the measurements, varying the
strain sweeps depending on the amount of HCTZ particles present in the sample for the
measurement, even though it was mixed before the measurement to try to minimize the
effect. The hydrogel needs a week or so to reach a stable rheological behaviour as we can

seein the graphs above.
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Figure 44. Strain sweeps of GLYH6.25 with a week of difference a) measured the
19/10/20 and b) 26/10/20. In a) the loss modulus is above the storage modulus whereas
in b) the storage modulus is above. The behaviour of the same sample before and after

being settled is completely different.
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In GLYH12.5 the problem was similar as with GLYH6.25; the sample was to liquid to
trim it properly at first. Likewise, the sample was homogenized before the measurements
by stirring with a spatula. The concentration of HCTZ is doubled to the previous one, thus
there should be more non-solubilized particles in the mixture, meaning a more solid
content. Consequently, the sample became more elastic with time. There is a change in the
order of magnitude of G’ values from the first measurement to the last one, meaning that

this mixture also needs a week or so to stabilize (Figure 45).
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Figure 45. GLYH12.5's strain sweeps a) measured the 21/10/20 and b) 27/10/20.

Notable difference with 6 days of difference between the measurements.
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9.5 EFFECT OF THE DRUG INCORPORATION IN THE
RHEOLOGICAL BEHAVIOUR OF HYDROGELS

Now that the stability of the mixtures has been discussed, comparing different
compositions is the next step. By comparing the mixtures with each other we can see some

patterns. All these comparisons were made under stable conditions.

The hydrogels are easily divided into two groups: first, PEG and water based and

glycerol based. Thus, the comparation will be divided this way.

9.5.1 PEG BASED HYDROGELS

The difference between the PEG based hydrogels is that in PEGA2 the drug is below
its solubility limit and in PEGAS it is above it. The solubility of atenolol in water is 10 - 33,3
g/l.[94]

Starting by comparing PEGAO and PEGA2 (Figure 46) adding the drug to the blank
triggers a slight increase in both G' and G” values. Continuing with the comparation of
PEGA2 and PEGAS the change in the behaviour is similar. As the concentration of the drug
increases the material becomes more elastic. In PEGAS8 atenolol is above its solubility limit,
thus solid particles are expected to appear in the hydrogel increasing both G' and G”
modulus. From the blank (PEGAO) to PEGAS there is an order of magnitude of difference.

Finally, the yield stress value (G'=G") shifts to higher strains as the concentration of
the drug increases. In addition, the linear behaviour is lost at lower strain values as the
concentration increases. When we have longer linear behaviours the homogeneity of the

dispersions is better than with shorter linear regions.
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Figure 46. PEGAO, PEGA2 and PEGAS strain sweeps. Slight variation in G' and G” values. Yield stress shifts to

higher strains and the linear behaviour is lost at lower strain values as the concentration of the drug increases.
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9.5.2 GLYCEROL BASED HYDROGELS

Now focusing on glycerol-based hydrogels, their composition varies the following
way: the first 3 mixtures are similar to PEG based hydrogels where the percentage of
atenolol increases progressively. GLYAO is the blank that doesn't contain any drug, GLYA2
contains atenolol below its solubility limit and GLYA12.5 contains it above the solubility
limit. Now starting to compare different compositions with each other, GLYAQ, GLYA2 and
GLYA12.5 follow the same behaviour as before. Adding the drug to the blank causes a slight
increase in both G' and G” values and the hydrogels behaviour is still similar in GLYAO and
GLYA2 (Figure 4T7).
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Figure 47. GLYAO, GLYA2, and GLYA12.5 strains sweeps. Slight G’ and G” increase in GLYA2 compared
with GLYAO. Huge increase in GLYA12.5.

However, with GLYA12.5 the behaviour is much different. The increase on G’ and G”
values is more drastic and it has a particular form that was not expected. As the
concentration of atenolol is high, solid drug particles are dispersed into the hydrogel. When
the sample is submitted to high strain values first the aggregation of drug particles is
destroyed, and subsequently the crosslinked polymer network experiences the increasing
amount of strain. Thus, the disproportionate increase is due to a bad dispersion of the drug

particles in the hydrogel and the formation of a particle scaffold.

Focusing on HCTZ containing hydrogels, as the concentration of HCTZ increases the
mixture becomes more elastic as we can see in the strain values of the GLYH6.25 and
GLYH12.5 (Figure 48), explainable by the same reasons as the previous mixtures. In this case,
both mixtures are above the solubility limit because HCTZ is less soluble than atenolol.
HCTZs solubility is lower than 0.1g/L. [85] More solid content in the hydrogel helps having

more elastic hydrogels with higher G’ and G” values. However, even though HCTZ mixture
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are well above the solubility limit, they show a pronounced LVE region, reflecting a good

dispersion of HCTZ particles within the hydrogel.

Strain sweep - All glycerol based mixtures
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Figure 48. Strain sweep for GLYH6.25, GLYH12.5 and GLYA12.5H6.25.

At last, the mixture containing both drugs followed the expected behaviour. It
combines the behaviour explained for GLYA12.5 which contained a high amount of atenolol

particles dispersed and the behaviour of GLYH6.25 (

Strain sweep - GLYH6.25 + GLYH12.5 + GLYA12.5H6.25
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Figure 49). The bad dispersion that atenolol has in glycerol-based hydrogels is still
presentin GLYA12.5H6.25 but G’ value seem to be countered by the incorporation of HCTZ.

Figure 49. Comparation between storage modulus of all the glycerol-based hydrogels.
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9.6 REVERSIBILITY OF GELATION

By these measurements, the gel’s restoration kinetics can be clearly seen. Thereis a
difference between PEG and glycerol-based hydrogels as well as between mixtures with
and without an API, so the comparison will be done this way. The mixtures made for the 3D
printing application need to be reversible in order to be valid for the printing process. The
hydrogels flow in the extrusion process and once the stress is not being applied, they need

to recover their structure.

Ideally, in the last interval where low strain values are being applied again, storage
and loss modulus should recoverimmediately the values shown in the first interval once the
high strain is not being applied. This behaviour would be related to a good printability. If a
hydrogel is extruded and deposited again by a layer-by-layer method, it would be ideal to

recover the properties the hydrogel had before breaking its structure immediately.

9.6.1 WITHOUT DRUG

As we can see in Figure 50, the mixtures have quite a different recovery. Both of the
blanks have G’ values higher then G”, being predominantly solid-like and when a critical
strain is applied, the network is broken and G” gets higher values than G'. Then, when the

strain is lowered again, both hydrogels recover higher G’ values than G".

Both hydrogels recover the starting properties. However, glycerol-based hydrogels
need longer period of times to restore their structure whereas in the case of PEG based

hydrogels the structure is recovered immediately.

Time profile - GLYAO
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Time profile - PEGAO (3)

1000 7 3

— 0“ (4 H

© .

o + ‘..; { a ; « Storage Modulus
b) © n eppan e=asmmen

- [ ] ™ a (]

5 ,= |, S— : = Loss Modulus

© ‘ .

100
0 150 300 450 600 750

Time [s]

Figure 50. Comparation of time profiles of the blanks. A) represents GLYAO and b) PEGAOQ.

9.6.2 WITH DRUG

The time profile for all PEG based hydrogels is favourable due to the hydrogels fast
recovery whenitis broken by high strain values. Best kinetics are observed for PEGA2, which
has solubilized drug incorporated in the
hydrogel. Atenolol particles could form Time profile - PEGA2 (2)
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Figure 51. Time profile for PEGA2.

Two characteristics can be observedin Figure 51. First, the hydrogel recovers almost
instantaneously to its initial values for G' and G", giving the information of fast structure
recovery. Second, the values reached are almost the same as the starting ones, meaning

that the hydrogel doesn't lose its properties when high strain values are applied to it.

To conclude with this section, time profiles of glycerol-based hydrogels differed

from the PEG based ones. They have slower restoration kinetics as shown in Figure 52.
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Figure 52. Time profile for GLYA2 and GLYA12.5 as an example for glycerol-based
hydrogels a) referring to GLYA2 and b) to GLYA12.5. Slower restoration than with PEG
based hydrogels. Better kinetics with higher drug concentration.

All the glycerol-based mixtures followed a similar behaviour as the example, but
there are slight differences to the hydrogels containing a lower amount of drug. The
behaviour of GLYA12.5 showed a faster restoration whereas GLYA2 has a behaviour more
similar to the blank {(GLYAQ). The more immediate restoration in GLYA12.5 is probably due
to the bad dispersion of the drug within the hydrogel.
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9.7 PEG BASED VS GLYCEROL BASED HYDROGELS

Concluding with the rheological results, some general trends can be stated about
each type of hydrogels (Figure 53). Each one has its advantages and disadvantages and their

used is totally up to the user.

PEG

-Faster stable behaviour when

prepared
GLYCEROL

-Needs time for stable behaviour

-Faster restoring kinetics

-G’ and G” reach lower values
-Slower restoring kinetics

-G’ and G” reach higher values

Figure 53. Comparison between PEG and glycerol-based hydrogels. Advantages and disadvantages.

In addition, the behaviour of each hydrogel varies with the APl added as we have
seen in this section, thus the interaction between the APl and the hydrogel matrix does not
seem to be the same in both cases. This has to be taken into account when the hydrogel is

chosen depending on the rheological behaviour desired.

9.8 3D PRINTING

9.8.1 PRINTING MODEL FOR THE TIP

During the printing process, one of the most time-consuming parts has been the
search of good printing parameters. They have been optimized by trial and error, which
needed a large amount of tries. Thus, relating the rheological behaviours with printing

conditions could be really interesting.

For this purpose, the following mathematical model has been applied to the
experimental data. The intention is adapting the model to the data obtained by the
rheological measurements and see if it fits correctly. If the model fits, parameters such as

the pressure needed when printing could be easily predicted.
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For the simulation of the model, the viscosity of a Newtonian material will be used
where n = n,(1). The strain sweeps made with the rheometer are related to the shear stress
applied to the material in order to make it flow. Even if a Newtonian viscosity has not been
measured, the complex viscosity has been. Thus, an assumption where 1, and n*can be

used indiscriminately will be made.

First, we need to put the stress (o) as function of pressure (AP) in order to build a
graph with the yield stress necessary to make the mixture flow and the values used for
printing them. With this objective, we start from the stress equation where S, is the lateral
surface of a truncated cone, R, is the radius of the tip on the upper part (Figure 54 and Figure
56) and F is the force exerted at the entrance of the tip. Therefore, the equation s as follows:

F AP xsurface area AP mR§

S = 2
=5, 3 5, Y

As the lateral surface of a truncated cone is defined as shown in Figure 54, it can be

RL
! < RQ-RL.
Ro

Figure 54. Parameters related to the lateral surface of a truncated cone.

substituted in the previous equation.

_ 27TRL + 27TR0

SL_fg (3) g=+vL2+ Ry —R.)* (4)

S, =m(Ry + R )VL*+ (Ry —R,)?* (5)
Therefore, the stress as a function of pressure is as follows:

AP 1 Rg AP R(Z,
o= = (6)
m(Ry + Ry ){JL*+ (Ry —R,)* (Ry +R, )\/ >+ (Ry —R.)?

With the relations made, the fit needs to be proven..

Table 8 shows the parameters given by the printer, the calculated shear from the
model explained and the shear stress values.
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Table 8. Pressure values used to print the material in the Bioplotter, calculated shear stress values with the

mathematical model and shear stress values from the strain sweeps of the mixtures.

PEG GLYA GLY GLY GLYA12.5
ap  EE ISR ERRE ARl s H625  HI125 H6.25
Pressure
Bioplotter 60000 470000 150000 280000 350000 400000 300000 120000 450000
GEY
Calculated
shear 1087 8516 2717 5073 6341 1247 5435 2174 8153
stress (Pa)
Vield stress
point (Pa) 170 = = 68,5 44,4 1630 215 783 987

In Figure 55 a critical value of shear stress has been defined (represented by the
shear stress line). The stress values achieved in the printing process need to be below this
line in order to make the hydrogels flow. Thus, the area shown below the line represents the

printing area whereas the area above the line represents the clogging area.

Clogging occurs when the material blocks the small hole at the end of the nozzle,
preventing the flow of the material. The clogging can be partial or total, either blocking the
materials flow completely or just restricting it enough to cause problems. In both cases, the

pressure is triggered.

Printability
10000 @ Shear stress
2 8000 Clogging O PEGAO
2 6000 region Printing ©GLYAO
@ 4000 ;
2 rreton ®GLYA125
¥ 2000 >
[ [ J ® GLYH6.25
0 O (el
OE+0 1E+5 2E+5 3E+5 4E+5 5E+5 ® GLYH12.5
AP ® GLYA12.5H6.25

Figure 55. The line in this graph represents the limit shear stress value that need to be applied to the tip in the 3D
printing process. The area below the line represents the printing zone whereas the area above represents the

stress values where clogging occurs.
Once the printability of the samples has been tested, the calculation of the printing
velocity has been made. This time the last values of the complex viscosity were taken in

order to fill Equation 10's parameters, assuming it can be used as the Newtonian viscosity
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value. Another assumption made here was that the speed of the tip set on the Bioplotter

could be compared with the flow of material that what coming out of the tip.

The first thing we need to do is express the viscosity as a function of speed and the
stress as function of pressure. First, starting by putting the viscosity as a function of speed,
the equation obtained from the book "dynamics of polymeric liquids” [103] that describes
the viscosity of a material in a truncated cone will be used, which represents the form of the
point used for the PAM 3D printing (Figure 56). [96]

_ mAP R Ry _ 1+§_2+(§_2)2_3(£_2)3
= (7) Ry=|1- Ry (R ®)
1+R—L+(R—L)

In addition, the flow rate Q can be also defined as Q = nr,V (9), where Vis the caudal

of material per time unit (mm3/s) that comes out of the tip. Replacing

this in the previous equation by replacing the Q term we obtain: AP
» RD
7 AP R Ry
mrV = L (10)
Now, taking into account that we are interested in the flow at -

the exit of the tip the rq parameter is equal to R, which can also be

substituted (Figure 56). As m is present in both sides it is cancelled,

simplifying the equation. Then, the viscosity is set as a functionof the ¥ -

speed so that it can be replaced.

Q

AP RE Ry _ AP R} Ry

RV = 11 -
L gL (D7 =gy

(12)

Figure 56. Parameters

lated to the tip.
Once the viscosity is obtained as a function of velocity it is relatedothetp

substituted into the equation of a Newtonian material’s viscosity. Finally, the speed (V) is

cleared from the equation and calculated (Table 9).

AP RY Ry AP RE Ry

— — = 14 V=— (15
L e (1)~ as)

= 13
n=1n,(13) 8LR?n,

Table 9. Prediction of printing speed by the mathematical model.

GLYA12.5

PEGAO PEGA2 PEGA8 GLYAO GLYA2 GLYA12.5 GLYH6.25 GLYH12.5 H6.25

Complex

viscosity
Pa-s

V Bioplotter
(mm/s)
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V'?::]'fst)ed 28729 105545 12463 109557 133255 15188 33900 7182 17804

This time the model did not work properly as it was expected. Itis clearly visible that
the model cannot be used with the parameters measured in the experiments done in this
work. Furthermore, the assumptions made in order to predict the parameters are not

correct as the values obtained for the speed are not realistic at all.

9.8.2 POST-PROCESSING

The post processing of the sample is required in order to achieve a final stable
product. The method for drying the sample was simple, storing them at room temperature
for atleast a week in a petridish covered by a lid. The difference from the freshly printed pill

to the dried one can be seenin Figure 57.

e
e —

Figure 57. GLYH12.5 freshly printed on the left and dried on the right.

9.8.3 RESOLUTION CRITERIA

At first, we though that fast restoration kinetics were needed in order to have good
resolutions. It seems logical that if the polymeric matrix restores itself fast, the appearance
of the printed object would be more accurate to the designed model. However, materials

time profiles and the pills printed did not show this behaviour. First, in the case of PEG based
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samples, their time profiles show instantaneous restoration kinetics as can be seen in

Figure 58.
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Figure 58. Time profiles of the three PEG based hydrogels. a) PEGAO, b) PEGA2 and c) PEGAS.

With these immediate recovering networks good resolutions were expected but

only PEGA8 showed it as we can see in Figure 59.

Analysing the same with the glycerol-based mixtures, they show slower restoration

kinetics as we can see in Figure 60.

Figure 59. PEGAO (left), PEGA2 (middle) and PEGAS (right).

59



Time profile - GLYH6.25 (2)
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Figure 60. Time profile examples for glycerol-based mixtures. a) GLYH6.25, b)

GLYA12.5 and c) GLYA12.5H6.25.

In this case, only GLYA12.5 and GLYA12.5H6.25 shoed good restorations kinetics as
we can see in Figure 61, but both formulations show slower restoration kinetics then PEG

based hydrogels.

By interpretating these results, it seems that all the samples with good resolution
present a G’ values over 1000 Pa, regardless the recovery kinetics. Thus, the recovery profile

does not seem to be critical for the resolution.
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Figure 61. Printed pills for GLYA12.5H6.25, GLYA12.5, GLYH6.25 and GLYH12.5 from left to right.

9.9 MORPHOLOGICAL CHARACTERIZATION

The last step for the thesis was the evaluation of the morphology of the printed pills
and the influence of acidic pH on it by scanning electron microscope (SEM), to estimate the
behaviour of the pills in the stomach. As explained in the experimental procedure, each pill
was submerged in an HCl buffer (pH=1.2) for 30 minutes and slightly agitated. By SEM a
comparison can be made between the samples before and after their exposure to acidic
pH. Characteristics such as porosity and surface morphology can be studied by SEM

technique.

9.9.1 SEM OF UNTREATED GLYA12.5

The first SEM characterization was done with GLYA12.5 after it was printed and

dried. The samples were cut with a scalpel and the cross section was observed.

Figure 62. SEM micrograph of Atenolol crystals present on the surface of the hydrogel.

As we can see in Figure 62, the surface of the hydrogel seems heterogeneous and
not smooth. With the SEM technique, crystals are visible in the cross section of GLYA12.5,

which were present in all the sample but seem to be more localized near the pores.
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Under higher magnification, smaller pores can also be seen. Their size seems to be
from 20 to around 100 um, thus being heterogeneous. The formation of these pores could
be due to the evaporation of solvent, which should be water in this case, when vacuum is
applied to the sample. Last, the pores seem to be interconnected with each other as can be

seenin Figure 63.

Figure 63. SEM micrograph of interconnecting pores on GLYA12.5 mixture.

When comparing with GLYAO (Figure 65) it can be assumed that the crystals are

probably formed by atenolol, as the blank does not contain any.

9.9.2 SEM OF GLYA12.5 AFTER PHTEST AND LYOPHILIZATION

Moving on to comparing the sample before and after the pH test. The sample is
clearly affected by the acidic environment or lyophilization as it is eroded on the surface.
Seems that it started to erode from the outer layer as it shows roughness and fibrous
appearance but the centre of the cross section is still pretty similar to the SEM images of
GLYA12.5 before the pH test. The surface texture could be due to both pH and lyophilization

processes. Notably, atenolol crystals are not visible this time (Figure 64).
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The hydrogel should have collapsed under low pH values due to the CMC contained
init, protecting the drug, but it seems that all the atenolol has been dissolved on the surface.
Nonetheless, the fibrous appearance could be due to collapsed CMC chains. Methods such
as vacuum can also affect the structure and properties of the finished pills as well as

shrinkage.

TM3030PIus 2021/05/11  16:28 NMM

TM3030Plus 2021/05/11  16:33 NMM

Figure 64. SEM micrograph of the cross section of GLYA12.5 after the pH test and vacuum. Atenolol crystals are

not visible. Different size pores visible.

9.9.3 SEM OF GLYAO AFTER PH TEST AND LYOPHILIZATION

Then, SEM characterization of a blank was made in order to compare the effect of
the drugin the hydrogel. In this case the material seems much different to the previous ones

as we can see in Figure 65.

The surface of the blank is much smoother compared with the previous glycerol-
based hydrogel. There are no pores in it, cracks appeared instead, probably due to the
evaporation of solvent under vacuum and the lyophilization process. It seems like without

drug the gel seems to be collapsed as it was expected when subjecting CMC to acidic pH.

63



Thus, dispersion of atenolol could promote pore formation under acidic pH, due to
dissolution taking into account that the hydrogel containing 12.5% of atenolol did not show

any crystals after the pH test.

TM3030Plus 2021/05/11  17:04 NMM x800 100 pym :F.M3030P|us 2021/05/11  17:01 NMM x50 2 mm

Figure 65. SEM micrograph of GLYAO blanks cross section.

9.9.4 SEM OF PEGAO AFTER PH TEST AND LYOPHILIZATION

Last, SEM characterization of the other blank was made. It looked more fibrous than
the previous samples. Furthermore, this sample seems to be highly eroded with very large
pores that could almost be described as channels. Different sized pores are clearly visible,
up to 1 mm in diameter, which differentiates this composition from the glycerol-based

blank that contained almost none.

TM3030PIus 2021/05/11  17:28 NMM X300 300 um TM3030PIus 20210511 17:27 NMM

-

R 4
X600 100 um

Figure 66. SEM micrograph of PEGAO cross section SEM. Porous material.
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It needs to be taken into account that PEG based hydrogels contain a higher
percentage of water in their structure, thus, when the lyophilization is done or vacuum is

applied, it can be vaporized leaving the hydrogel fibrous as in Figure 66.

To conclude with the morphological characterization section, it seems like the
adhesion between layers is quite good for the samples characterized, as there are not any
visible fault lines. However, it could be due to the cutting process as well, which alters the
surface of the material. Atenolol is clearly visible as a solid in the materials before exposing

it to acidic pH.

In glycerol-based materials interconnected pores seem to appear only in drug
containing hydrogels, whereas in PEG-based hydrogel pores appeared without any drug
contained. Thus, there is a morphological difference between the two materials even

though with rheology tests they seem similar.

Keeping in mind that the CMC containing hydrogel should retain its cargo at acidic
pH, in GLYA12.5 it seems that it is not a suitable formulation for that purpose. The PEG-
samples contain much more water which can be removed by lyophilization resulting in a

much more porous material, which might be unsuitable for retaining the drug as well.

Further SEM characterization of the remaining samples is needed in order to

confirm the results obtained and the theories hypothesised until now.
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10.1 CONCLUSION

After doing rheological and morphological characterizations some conclusions can
be obtained. First, thanks to the formulation modification and rheological characterization,
it was possible to print drug containing hydrogels with different drugs and concentrations.
In addition, rheology allowed us to discuss the interactions between polymeric matrixes. It
has been shown that atenolol above its solubility limit forms homogeneous hydrogels
except in the case of glycerol base. In GLYA12.5 the dispersions seem not to be
homogeneous, thus increasing the G" and G" values of the mixture unexpectedly probably

due to the atenolol particle scaffold formed.

It is probable that the rheological behaviour of the samples is dependent on the
hydrogels structure and on the concentration of the API loaded; as well as on the actual
API's chemical structure. Comparing GLYA12.5 and GLYH12.5 for example, they are above
atenolol’s solubility limit and their rheological behaviour is different. Same happens by
comparing PEGA8 and GLYA12.5 where the behaviour is different again, being API-matrix

interaction dependent.

Although the drug formulations were suitable for 3D printing, further research is
needed to determine the most optimal printing parameters for each formulation easier,
and not by trial and error. The objective is to achieve accurate dimensions and resolution,
and thus dosing. In fact, even though all the formulations were printable, only glycerol-
based formulations that contained high drug concentrations showed good resolution
(GLYA12.5 and GLYA12.5H6.25).

It has also been shown that the restoration of the hydrogels network does not play
such an important role as it was expected at the begging. Even though PEG-based
hydrogels had better restoration kinetics, more CAD design accurate pills were obtained
with the glycerol-based ones. Hence, a printability criterion has been obtained, where

hydrogels with G’ values above 1000 Pa have better resolutions.

The mathematical model does not adjust to the parameters used in this thesis,
probably due to the assumptions made. However, it has been shown that the pressure
parameters used in the Bioplotter for the extrusion of the material are directly correlated

to the material's rheology, specifically to the yield stress value.

By the morphological characterization of the printed pills before and after the pH
test and lyophilization processes showed that the CMC's pH responsiveness is good as it was
expected, but not enough for the purpose of protecting the drug from dissolving in the

stomach. By comparing GLYA12.5 before and after the pH test, it has been shown that the
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atenolol contained dissolved in the acidic environment, even though CMC collapsed in such

pH (pH=1.2) and thus, it should have stopped the drug liberation.

Last, by SEM it has also been shown that even though the rheological properties of
the two blanks (PEG- and glycerol-based) were similar, their behaviour in acidic pH is really
different. PEG-based hydrogels seem to be more affected than the glycerol based blank,

which seemed to be collapsed.

10.2 CONCLUSIONES

Tras realizar caracterizaciones reolbgicas y morfoldgicas se pueden obtener
algunas conclusiones. En primer lugar, gracias a la modificacion de la formulacion y
caracterizacion reologica, fue posible imprimir farmacos que contenian hidrogeles con
diferentes farmacos y concentraciones. Ademas, la reologia nos permitio discutir las
interacciones entre matrices poliméricas. Se ha demostrado que el atenolol por encima de
su limite de solubilidad forma hidrogeles homogéneos excepto en el caso de la base de
glicerol. En GLYA12.5 las dispersiones parecen no ser homogéneas, aumentando asi los
valores G' y G" de la mezcla inesperadamente probablemente debido al andamiaje de

particulas de atenolol formado en estas mezclas.

Es probable que el comportamiento reolbgico de las muestras dependa de la
estructura de los hidrogeles y de la concentracion del APl cargado; ademas de la estructura
quimica del APL. Comparando GLYA12.5 y GLYH12.5 por ejemplo, estan por encima del
limite de solubilidad de atenolol y su comportamiento reolégico es diferente. Lo mismo
sucede al comparar PEGA8 y GLYA12.5 donde el comportamiento es diferente de nuevo,

siendo dependiente de la interaccion APl-matriz.

Aunque las formulaciones de farmacos eran adecuadas para la impresion 3D, se
necesita mas investigacion para determinar los parametros de la impresora 6ptimos para
cada formulacion sin el método de prueba y error, con el objetivo de lograr dimensiones y
resolucién precisas, y por lo tanto una dosificacion precisa. De hecho, a pesar de que todas
las formulaciones eran imprimibles, s6lo las formulaciones a base de glicerol que contenian
altas concentraciones de farmacos mostraron buena resoluciéon (GLYA12.5 y
GLYA12.5H6.25).

También se ha demostrado que la restauracion de la red de hidrogeles no juega un
papel tan importante como se esperaba en un principio. A pesar de que los hidrogeles
basados en PEG tenian una mejor cinética de restauracion, se obtuvieron pildoras mas

precisas al diserio CAD con las basadas en glicerol. Por lo tanto, se ha obtenido un criterio
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de imprimibilidad, donde se requiere que los hidrogeles presenten valores de G' por encima

de 1000 Pa para tener buenas resoluciones.

El modelo matematico no se ajusta a los parametros utilizados en esta tesis,
probablemente debido a las suposiciones realizadas. Sin embargo, se ha demostrado que
los parametros de presion utilizados en la Bioplotter para la extrusion del material estan
directamente correlacionados con la reologia del material, especificamente con el valor de

esfuerzo de fluencia.

Por la caracterizacion morfologica de las pastillas impresas antes y después de la
prueba de pH y los procesos de liofilizacion se pudo observar que la capacidad de respuesta
del pH del CMC es tan buena como se esperaba, pero no sirve para el propoésito de proteger
el medicamento de disolverse en el estbmago. Al comparar GLYA12.5 antes y después de la
prueba de pH, se hademostrado que el atenolol contenido se disuelve en el ambiente acido,
a pesar de que el CMC colapsara en dicho pH (pH = 1.2) y, por lo tanto, deberia haber

protegido el medicamento.

Por ualtimo, por SEM también se ha observado que aunque las propiedades
reologicas de los dos blancos (basados en PEG y glicerol) eran similares, su comportamiento
en pH acido es diferente. El hidrogel basado en PEG parece mas afectado que el basado en

glicerol, que parece colapsado.
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11. OUTLOOK AND FUTURE WORK

The basic characterization of the mixtures prepared has been completed in this
thesis, although there is still a lot of work to do. The following steps in the project can be

divided in further physical characterization, morphology studies and 3D printing (Figure 67).

Regarding physical characterization, a try will be made quantifying hydrogen
bonding interactions of each mixture by rheology. For this purpose, strain and frequency
sweeps will be made at different temperatures and frequencies. In addition, DMTA
measurements will also be made (See 11.1 HYDROGEN BONDING and 11.2 DMTA).

Morphology-wise, further SEM characterization needs to be done in order to finish
with the mixtures prepared in this work. In the future there is also the intention of printing
more complex polypills. Hence, chitosan-based hydrogels are being prepared with the
purpose of achieving a floating polypill. This objective is further explained in the next
section (See 11.3 CHITOSAN AND BICARBONATE MIXTURES).
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Figure 67. Scheme of the remaining work.

11.1 HYDROGEN BONDING

The objective of multifrequency tests was quantifying the strength of hydrogen
bonding present in each mixture as the composition changed from one to another. Slight
changes on G’ values on both strain and frequency sweeps are expected due to hydrogen
bonding, which is both frequency and temperature dependent. Due to the time had for the
thesis, only a samples characterization was completed. Thus, there is not enough

information about this method.
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First, strain sweeps were measured at 3 different frequencies: 0.1, 1 and 10 Hz. Each
frequency was also measured at 2 different temperatures, -10 and 50°C. The behaviour
expected is the hydrogel being more elastic at -10 °C as it should be frozen. Furthermore,
comparing the sweeps at one of the temperatures, 50°C for example, it is expected to have
higher values following: 0,1Hz<1Hz<10Hz as the frequency is inversely proportional to the

experimental time (Figure 68).
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Figure 68. Strain sweeps for GLYA2 at 3 frequencies: 0.1, 1 and 10 Hz. Each frequency measured at -10 and 50°C.

On the contrary of what was expected, the G’ values followed 10Hz>0,1Hz) 1Hz. This
behaviour is not explainable by hydrogen bonding. Hence, DMTA should be used in order to

confirm the results obtained by rheology. Anyways, there is still no more data available.

Last, the expected temperature related behaviour has been confirmed as we can

see in Figure 69.
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Figure 69. GLYA2 strain sweeps at 1(left) and 10 Hz (right). Each frequency has been measured at -10 and 50°C.
G’ values are higher for the frozen sample.
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At-10°C the sample was frost and more elastic behaviour was observed in the three
frequencies measured. At 50°C the sample has enough energy to contain movement.

Hence, hydrogen bond formation and break are easier than in the frozen state where its

more rigid.
11.2 DMTA

Dynamic mechanical thermal analysis (DMTA) of GLYH12.5 has made with the
purpose of confirming rheology tests made for the quantification of hydrogen bonding
(Figure 70). In addition, DMTA can be used to test the mechanical properties of a hydrogel.
When the temperature is continuously changing, the material is exposed to oscillatory
shear. [97] The obtained data is used to find out characteristic phase changes such as the
occurring of melting and crystallization or the glass transition. Unfortunately, no

reproducible results were obtained yet.
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Figure 70. DMTA of GLYH12.5.

On the measured DMTA two main transitions can be seen: from -70 to -60°C the
melting of glycerol vrystals appears. Later on a shoulder can be seen from -20 to 0°C that is
related to the melting of whater. Howerver, the region where we are interested in is the

region above 0°C, where the application of the technnique takes place.
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11.3 CHITOSAN AND BICARBONATE MIXTURES

The last step in the thesis was the preparation of chitosan-based hydrogels. Theidea

is achieving printing a pill with two differentiated parts. One of them would be the mixtures

prepared in this thesis and the other one a chitosan- 4 —— Polymenic film
based gas liberating system in order to fabricate  / i‘ g

&=—— Orifice

floatable oral drug delivery systems. /

In effervescent or gas generating systems J

%800
buoyancy. These floating systems use matrices /«0 O}

[ / ) Gas bubble
, \#5 <
developed using swellable polymers such as \{;\O =

(Figure 72), the generation of air bubbles causes

polysaccharides like chitosan and effervescent l—

agents such as sodium bicarbonate. [33] In these ﬁf T?T sl
o direction )

systems, the dosage form floats on the gastric liquid ( OTOT o '

Drug Release
in the stomach due to the release of carbon dioxide. \ ‘/—

Two-layer or multi-layer systems have been

. . Figure 72. Mechanism of floatation of
designed where gas generating agents are added
effervescent systems via CO2 liberation.

into some of the layers, which allows to prepare [119]

drug and excipients independently. [98], [99] They
are usually prepared by a low-density polymer, and effervescent compound; sodium

bicarbonate, for example.

These systems utilize the effervescent reaction when the hydrogel comes into
contact with the low pH gastric juice. Then, when the liquid penetrates into the tablet, the
system produces carbon dioxide gas and makes the tablet starts to float. Acids,
bicarbonates and carbonates (the effervescent compounds) react in gastric acid forming
CO,. [100]

NaHCO; + HCl - NaCl + H,0 + CO,

First, chitosan flakes were dissolved in aqueous acetic acid. They were agitated for
more than 24h to ensure that all the chitosan was dissolved. Then, they were syringe
crosslinked by dropwise addition into ethanolic NaOH. Sodium carbonate was added in
order to make a CO, gas liberating system, which makes the chitosan hydrogel float (Figure
71).
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This way chitosan hydrogel spheres were obtained. Chitosan (Figure 73) is a cationic
polysaccharide with a variable number of N-glucosamine and N-acetyl-glucosamine
groups. The presence of primary amine of glucosamine residue makes chitosan as a pH-
responsive polycation. Thus, it can be found swollen in basic environment and collapsed in
acidic ones. Its searched characteristics for oral drug delivery are biodegradability and

biocompatibility. [101]

The intention is seeing if this material is printable or not but it has not been tried yet.

OH
NH,
o O  Ho
HO 2
NH,

OH

Figure 73. Chitosan based hydrogels obtained and its molecular structure.
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13. APPENDIX

13.1 RHEOLOGICAL MEASUREMENTS

Viscoelasticity behaviours of polymers affect to the processing of the material as
well as the behaviour of the material during its application. The tests made are strain and
frequency sweeps as well as time profiles of the materials. Parallel plates are often used for
gels and pastes, but could also be used for melted polymers, being a useful rheometer

assembly. [102]

All the tests were carried out placing the material
between two parallel plates (Figure 74), trimming the

sample to obtain a cylinder shape of Tmm height between

the plates. This flow unidirectional and it is based on a

simple shear flow. In this kind of flows the material’s layers

slide one on top of each other and the deformation is

minimized to one of the axes. [103] Thisis the base of most  "'8ure 74 Schematic representation

of parallel plates system fora

of the viscosity measurement devices.
y rheometer. [108]

Regarding the flow of the material between two plates the direction of the flow is
the angle, due to the movement of one of the plates over the static one. The gradient is
formed in the z direction, creating a vector from one of the plates to the other one
perpendicularly. Finally, the neutral direction is r, referring to the circle radius. The

parameters measured in these measurements are torque and angular speed. [104]

It is also important to have in mind the
Weissenberg effect (Figure 75) in these measurements.
This effect shows if the material is being subjected to
deformations at high speeds and the level of
entanglement of the polymer is high, giving the material
some elasticity. [105] This viscoelastic effect happens due
to the memory of the chains at high speeds and the
normal force that is formed. The material does not have
enough time to reach a new equilibrium state so it tries to

go back to the state it was before the external

deformation. [106] Because of its viscoelastic nature,

Figure 75. Weissenberg effect

normal forces appear to the direction of the flow that
example in a high molecular weight

cause these viscoelastic behaviours (Weissenberg and )
PIB and low molecular weight

Barus effects, for example). [107] The normal forces that polyisobutylene solution. [120]
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cause these effects are higher as the material is more elastic (G'>G"). The sample could also

be expulsed outside the parallel plates at high speeds.[106]

The parallel plates method has two advantages over other measurement types:
first, it allows to manipulate the distance between the plates (height) depending on the
material’s thickness. Second, the flow of the material between parallel plates allows to do
oscillatory measurements, key to obtain the material’s viscoelasticity spectrum, which
gives a lot of information about the material's behaviour. [107] Viscoelasticity is dependent
on the time, so in all the measurements one of the parameters taken into account is the

time.

13.2 SPECIFIC TESTS

13.2.1 STRAIN SWEEP

Measuring the strain amplitude dependence of the storage and loss moduli (G', G")
is a good first step taken in characterizing viscoelastic behaviour because it will establish
the material's linearity. The linear viscoelastic region (LVE) indicates the range in which the
test can be carried out without destroying the structure of the sample. It is the region
depicted on the left side of the diagram, the range with the lowest strain values (Figure 76).
[72]

The measurement is

Strain sweep - GLYA2

carried out by incrementing the

10000

strain (or stress) value gradually =

o 1000
at a determined frequenc z Storage

a ¥ 0 100 —

= Modulus
value that stays constant. [108] <

© 10 Loss
Other parameters such as © n Modulus
temperature are also 0,01 0,1 1 10 100

. o Strain [%]

determined and maintained
constant as well. Figure 76. Example of a strain sweep. The linear behaviour extents until

a strain value of 10% approximately. The flow point is also visible.

The sweeps can also be
used for determining the flow point, independently to if test was performed as a strain
sweep (with controlled shear deformation) or a stress sweep (with controlled shear stress).
The material becomes progressively more fluid-like, the moduli decline, and G” exceeds G’

eventually. [104]

The flow point or yield stress is the value of the shear stress at the crossover point
where both G' and G" have the same value. At higher shear, the viscous portion will
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dominate and the sample flows. Both values (LVE limit and flow point) are dependent on
the measuring conditions. [73] The flow point is especially important for the 3D printing
application as the material needs to be exposed to higher stress (or strain) values than the
flow pointin order to be able to extrude the material. Below those values, the material could

clog the point.

Inthe region between yield point and flow point G'is higher than G". Within this yield
zone, the initial structural strength of the LVE region has already decreased but the sample
still predominantly solid. If a sample shows G" values higher than G' in the linear region (the
character of a fluid) it may have a yield point but not a flow point because it is always liquid.
[72]

The linear region of the experiment is related to the mechanical properties of the
material. Comparing the value of G’ with the elastic modulus of a mechanical stress-strain

measurement the value is the same, even though the terms don't mean the same. [108]

13.2.2 FREQUENCY SWEEP

After the fluid's linear viscoelastic region has been defined by a strain sweep, its
structure can be further characterized using a frequency sweep at a strain below the critical
strain so that the measurements are comparable with each other. This provides more
information about the effect of colloidal forces, referred to the interactions among
particles or droplets and it allows to predict how the viscoelastic properties of the sample
vary over time. [72] The viscoelastic spectrum {Figure 77) of the sample is obtained with this
measurement. Changes in the material's structure have strong influence over the

viscoelastic spectrum. [73]

In frequency sweeps, measurements are made over a range of oscillation
frequencies at a constant oscillation amplitude and temperature. [108] For this
measurement the strain or stress applied to the sample is constant and the value of the
frequency varies in the specified range. [109] Below the critical strain, the elastic modulus
G’ is often nearly independent of frequency, as would be expected from a structured or
solid-like material. The more frequency dependent the elastic modulus is, the more fluid-
like is the material. [110]
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Figure 77. Scheme of a complete frequency sweep where the different parts are pointed out. [108]

The final values of the graphs usually tend to increase due to the lack of mobility
liberty. This increase means that in the strain point chosen the G and G" values were not

totally parallel or the strain value is very low. These values are not reliable.

13.2.3 TIME PROFILE

The time profile has been used for breaking the gel by applying a high strain for
some time and then releasing that high strain to control if the gel reforms itself. [73] Once

the strain goes back to lower values the gel can restore its properties totally or partially

Time profile - PEGAS (2) (Figure 78).
10000

£ 1000 _1: By this kind of measurements,
© 100 *Storage e can clearly see the gel's restoration
R Modulu
_% 10 s Kinetics. It is important that before the
(U]

1 high strain is applied lower values of

0 100 200 300 400 500 600 700 800

Time [s] strain are applied to stabilize the gel.

This way the gel starts forming a

Figure 78. Example of a time profile. Three intervals plateau value that serves as the

can be easily differentiated. A X
reference value to justify the recovery

once itis broken.
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