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ABSTRACT

Controlled release drug delivery systems enable the maintenance of drug levels
within the therapeutic window for extended periods, thereby enhancing the treatment
efficacy and patient compliance. However, there is a growing desire for further
customization of drug products to meet the individual needs of patients. Various 3D
printing techniques have emerged as potential manufacturing options that enable the
personalization of the product size, shape, dosage, and drug release kinetics. In
particular, the semi-solid extrusion (SSE) method has shown promise due to its
versatility and compatibility with a wide range of materials and drugs. However, the
process applies specific rheological requirements on the materials used, and
optimization of the printing process is necessary for new formulations.

This thesis investigates the potential of SSE in the preparation of polymer-based
drug delivery systems for the long-term macromolecule release. Extrudable inks
containing biodegradable polymeric microspheres within a Carbopol hydrogel
matrix were formulated, and their rheological properties and printability were
assessed. Additionally, a solvent-based post-processing method was developed for
tailoring the microstructure of the printed objects. Finally, microspheres
encapsulating the model hydrophilic macromolecule drug fluorescein
isothiocyanate-dextran (FITC-dextran) were formulated and incorporated into the
inks, and drug release from the printed systems was studied in vitro. The results
indicated that the microsphere concentration within the ink influenced its rheological
properties and printability. Notably, the extrudate swell phenomenon was identified
as a critical factor in the printing process, affecting both the final object resolution
and suitable process parameters. Post-processing by exposure to solvent vapor
caused progressive fusing of the particles, increasing the object density and
mechanical strength. The release of FITC-dextran from the printed systems was
affected by both the ink composition and the post-processing step, enabling different
drug release profiles over durations of up to three months.

KEYWORDS: 3D printing, FITC-dextran, microsphere, PLGA, rheology, semi-
solid extrusion, controlled release
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TIVISTELMA

Kontrolloidusti ladkeainetta vapauttavat jarjestelmit mahdollistavat pidempiaikai-
sen ladkeainepitoisuuksien ylldpitdmisen terapeuttisella alueella, parantaen ndin
hoidon tehokkuutta ja noudattamista potilailla. Halu tuotteiden kustomointiin poti-
laiden yksilollisten tarpeiden tdyttdmiseksi on kuitenkin kasvussa. Erilaiset 3D-
tulostustekniikat ovat nousseet potentiaalisiksi valmistusmenetelmiksi mahdollis-
taen tuotteen koon, muodon, lddkeannoksen ja vapautumisnopeuden raataloinnin.
Erityisesti puolikiinted ekstruusio (SSE) on osoittautunut lupaavaksi, silld se on
monipuolinen ja yhteensopiva laajan materiaali- ja ld&keainevalikoiman kanssa.
Prosessi kuitenkin asettaa erityisid reologisia vaatimuksia kéytetyille materiaaleille,
ja tulostusprosessin optimointi uusille formulaatioille on tarpeen.

Téasséd vaitoskirjassa tutkitaan SSE-menetelmin potentiaalia polymeeripohjais-
ten lddkeannosteludrjestelmien valmistamisessa makromolekyylien pitkaaikaista
vapautusta varten. Ekstrudoitavia musteita valmistettiin lisddmélld biohajoavia
polymeerisia mikropartikkeleita Carbopol-hydrogeelimatriisiin, ja musteiden
reologisia ominaisuuksia sekd tulostettavuutta tutkittiin. Liséksi kehitettiin liuotin-
perusteinen jélkikdsittelymenetelmé tulostettujen kappaleiden mikrorakenteen
radtéloimiseksi. Lopuksi, fluoreskeiini-isotiosyanaatti-dekstraani (FITC-dekstraani)
-malliainetta kapseloitiin musteissa kéytettidviin mikropartikkeleihin, ja lddkeaineen
vapautusta tulostetuista kappaleista tutkittiin in vitro. Tulokset osoittivat, ettid
musteen mikropartikkelipitoisuus vaikutti sen reologisiin ominaisuuksiin ja tulos-
tettavuuteen. Erityisesti suulakepaisuma tulostusprosessissa vaikutti kriittisesti seké
lopullisen kappaleen tarkkuuteen ettd sopiviin prosessiparametreihin. Liuotinhoy-
rylle altistaminen jélkikésittelyssé johti partikkelien progressiiviseen sulautumiseen
ja siten kappaleen tiheyden ja mekaanisen lujuuden kasvuun. FITC-dekstraanin
vapautuminen tulostetuista kappaleista riippui sekd musteen koostumuksesta ettd
jélkikasittelyvaiheesta, mahdollistaen erilaisten lddkeaineen vapautumisprofiilien
aikaansaamisen jopa kolmen kuukauden ajalle.

ASIASANAT: 3D-tulostus, FITC-dekstraani, mikropartikkeli, PLGA, reologia,
puolikiinted ekstruusio, kontrolloitu vapautuminen
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2PP two-photon polymerization

3D three-dimensional

3ITT three-interval thixotropy test

ABS acrylonitrile butadiene styrene

API active pharmaceutical ingredient

ASTM American Society for Testing and Materials
CA cellulose acetate

CAD computer-aided design

CLIP continuous liquid interface production
CLSM confocal laser scanning microscope

DCM dichloromethane

DIW direct ink writing

DLP digital light processing

DMSO dimethyl sulfoxide

DPE direct powder extrusion

EE encapsulation efficiency

EVA poly(ethylene vinyl acetate)

FD FITC-dextran

FDA U.S. Food and Drug Administration

FDM fused deposition modelling

FE-SEM field emission scanning electron microscope
FFF fused filament fabrication

FITC fluorescein isothiocyanate

GMP Good Manufacturing Practice

HME hot-melt extrusion

HPMC hydroxypropyl methylcellulose

ISO International Organization for Standardization
IUPAC International Union of Pure and Applied Chemistry
IVIVC in vitro-in vivo correlation

LD loading degree

LVR linear viscoelastic region
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PMMA
POE
PU
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SLS
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STL
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oil-in-water emulsion
pressure-assisted microsyringe
Process Analytical Technology
powder bed fusion
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phosphate buffered saline
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poly(ethylene glycol)
polyethylene terephthalate glycol
poly(glycolide)

poly(lactide)
poly(lactide-co-glycolide)
poly(L-lactide)
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poly(vinyl pyrrolidone)

relative centrifugal force
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size exclusion chromatography
stereolithography

selective laser sintering
semi-solid extrusion
stereolithography (file format)
tetrahydrofuran

United States Pharmacopeia
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filament diameter
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physical nozzle diameter
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storage modulus

loss modulus

layer height
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perimeter
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initial weight average molecular weight
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1 Introduction

Many drugs suffer from limited efficacy due to factors such as poor solubility,
instability, limited absorption, and a narrow therapeutic window.!'"] Additionally,
conventional therapeutic approaches frequently result in fluctuating blood plasma
drug levels, which can reduce the treatment efficacy and increase the risk of adverse
side effects.[!)

To maintain drug plasma levels within the therapeutic window for longer times,
controlled release drug delivery systems have been developed.: [ These systems
often utilize biodegradable polymers, typically formulated as microparticle depots
or implants, to protect the drug molecules from degradation and to regulate the drug
release kinetics.”! However, the development of such systems requires careful
consideration of various aspects. For example, biological macromolecules often
suffer from instability, as well as low diffusion in the polymer matrices, limiting the
suitable processing and formulation method options.®1% To address the limitations
associated with the current pharmaceutical treatments, the development of novel
approaches is required.

3D printing has the potential to transform the pharmaceutical sector by providing
enhanced flexibility and customization in drug formulation. These technologies
enable the production of personalized dosage forms with tailored drug release
profiles according to individual patient needs, thus addressing the shortcomings of
traditional “one size fits all” approaches.!'" 131 Among the various 3D printing
techniques, semi-solid extrusion (SSE) stands out for its ability to create complex
drug delivery systems with tailored release profiles while accommodating the use of
traditional pharmaceutical grade excipients and thermolabile drugs. However, the
inks used in the SSE process must meet specific rheological requirements, and
printability remains a critical factor for the successful implementation of the
technology.!!2- [14]

The purpose of this thesis was to evaluate the potential of SSE 3D printing in the
preparation of polymer-based drug delivery systems for long-term controlled release
of macromolecule drugs. Inks composed of biodegradable polymeric microspheres
within a hydrogel matrix were formulated to enable extrusion at ambient conditions,
and their rheological properties were characterized. Ink behavior in the 3D printing

11
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process was assessed with various methods, and printing process optimization was
conducted. A solvent-based post-processing method was investigated to control the
microstructure of the printed objects at low temperatures. Additionally, printed
systems containing fluorescein isothiocyanate-dextran (FITC-dextran) -loaded
microspheres were analyzed in vitro to gain insights on their degradation and drug
release behavior for up to three months.

12



2 Review of the Literature

2.1 Controlled drug delivery

Drugs form an essential part of the modern medicine, playing a pivotal role in
diagnosing, treating, alleviating, curing, or preventing diseases. While the terms
“drug” and “drug product” refer to final products that consist of active
pharmaceutical ingredients (APIs) and other materials, in this context, the term
“drug” is also used to denote the API component to ensure consistency with the other
terms. 15} 1]

Despite the advances in pharmaceutical science and the development of new
drug products, traditional therapeutic approaches often encounter significant
limitations. These limitations are due to the inherent characteristics of drugs and the
complexities of human physiology. Challenges such as in vivo drug solubility,
stability, and physical barriers to absorption can prevent drugs from reaching their
target organs and causing their desired effects, leading to suboptimal treatment
outcomes.?* Moreover, conventional drug delivery systems typically result in
fluctuating drug levels in the bloodstream, with concentrations peaking above the
minimum effective concentration and then falling below it. This variability can
reduce therapeutic efficacy, induce side effects, and necessitate frequent dosing,
which may compromise patient compliance, especially in chronic conditions.!} 1%
It has been reported that the patient adherence to long-term medication reaches only
25-50% with diseases such as glaucoma and cardiovascular complications.['”)

Controlled release drug delivery systems offer an alternative approach that may
overcome the limitations of traditional therapies. By ensuring the maintenance of
constant drug plasma levels within the therapeutic window (Figure 1), these systems
enhance the efficacy of the treatment, reduce dosing frequency, and improve patient
compliance.l! This approach also minimizes the risk of toxicity and the occurrence
of adverse effects. Controlled release systems are designed to release the drug at a
predetermined rate, thereby minimizing drug exposure to the biological
environment. Such property becomes important, for example, with drugs that are
rapidly metabolized and eliminated from the body. Additionally, these systems may
also target drug release to specific sites within the body, minimizing exposure
elsewhere and preventing unwanted effects on other organs.5: [¢]

13
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Figure 1. Fluctuating drug plasma concentrations (dashed blue line) are typically observed with
traditional drug delivery systems, while controlled drug release systems (red line)
maintain the drug plasma levels within a therapeutic window.

The evolution of controlled release drug delivery systems has been marked by
significant technological advancements. The first sustained release formulation was
introduced in 1952 by Smith, Kline & French (nowadays GlaxoSmithKline) for the
12-hour delivery of dextroamphetamine.!'8! Since then, the field has seen remarkable
progress with the development of various other systems, ranging from microspheres
and drug-eluting implants designed for long-term drug delivery to “smart” polymers
that respond to environmental changes.!” [*]

Despite the advantages of controlled release systems, they are not without
challenges. Issues such as patient variability, limited options for dose modification,
dose dumping and a weak correlation between the in vitro and in vivo behaviors
present significant obstacles.['! Furthermore, not all drugs are suitable for controlled
release formulations. These include drugs with a long half-life, as well as those that
can induce resistance if their levels are maintained at constant levels. Additionally,
drugs that require immediate effects may also not benefit from controlled release.?”
These considerations highlight the need for careful selection and design of controlled
release formulations to ensure that they meet the specific therapeutic needs of
patients.

211 Routes of administration

The route of drug administration refers to the way a drug enters the body, and
selecting the appropriate route is crucial in pharmaceutical science.l*! This choice
depends on factors such as the drug’s physicochemical properties, convenience,

14
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desired site of action, and whether local or systemic delivery is intended.!'-?2] Each
route has its advantages and challenges that influence its suitability.l*! [22) Some of
the most common routes are presented in this section.

Oral administration, which utilizes the gastrointestinal tract for drug absorption,
is often preferred for its convenience and patient compliance.'”’ However, it faces
challenges such as first-pass metabolism, which can reduce the drug’s
bioavailability, as well as the harsh stomach environment that may degrade some
drugs. Additionally, the selective permeability of the intestinal epithelium limits the
absorption of larger macromolecules.[* 21} [22]

Nasal and pulmonary routes provide alternatives for systemic delivery while also
allowing for local effects. Common dosage forms for nasal administration include
dry powders, suspensions, and emulsions, while pulmonary delivery typically uses
gases and aerosols. Administration by either route often requires specific devices,
such as pumps or inhalers.[?*! Both routes avoid first-pass metabolism and enable
rapid absorption, with nasal delivery being more suitable for hydrophobic drugs and
peptides, while pulmonary delivery is generally limited to small molecules.!??- 4]
An additional benefit of nasal administration is the possibility of delivering drugs to
the central nervous system through the olfactory region.”” However, active nasal
clearance applies limitations to the drug absorption and bioavailability.”*?) While
both routes have high absorption rates, they also suffer from inconsistent
administration methods among patients.*} (23]

Topical administration means drug application to the skin, whereas transdermal
delivery specifically targets absorption through the skin.['- 1?2l Common transdermal
dosage forms include gels, lotions, and creams, as well as topically administered
solutions, suspensions, powders, and pastes.[**! Transdermal delivery offers good
patient compliance and avoids the first-pass metabolism, but is typically limited to
small hydrophobic drugs. To enhance the delivery of macromolecule drugs,
techniques like microneedles and electroporation have been developed.l??: 23]
However, the challenges of this route include low systemic delivery rates and
variability, which can, however, be mitigated by specialized delivery patches.**!

Parenteral administration encompasses routes outside the gastrointestinal tract,
including intravenous, intramuscular, and subcutaneous injections.!”*! Parenteral
administration bypasses the first-pass metabolism, providing high bioavailability
and rapid effects, making it ideal for drugs having poor oral bioavailability or
instability in the gastrointestinal tract. However, it requires sterile conditions and
suffers from decreased patient compliance. 2!} 22} [25]

Although many implantable drug delivery systems are often parenterally
administered, those administered via a surgical procedure make it reasonable to
consider the implantation process separately.?®} 271 Implantation involves placing a
drug delivery device directly into the body, often allowing for controlled release over

15
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extended periods.’®! These combination devices are often made either from
degradable or non-degradable polymers, and may also have additional device-related
functionalities, for example in the case of orthopedics or cardiovascular treatments.
Drug administration by implantation is particularly beneficial for localized treatment
in cases where systemic drug delivery is ineffective or when the drug has a narrow
therapeutic window.® The potential advantages of localized therapy over systemic
therapy also include lower required doses, reduced systemic exposure, greater
control over bioavailability, and the ability to directly target the site of action.*]
Such properties are particularly beneficial in the treatment of solid tumors and
infections.!! However, the surgical administration procedure and a commonly
necessary implant removal are significant drawbacks.*”!

21.2 Release mechanisms

Drug release refers to the process by which drug molecules transition from the drug
delivery system into the surrounding environment.!'} 3% This process is governed
by various mechanisms, each with unique characteristics that influence the rate and
pattern of drug release. Understanding these mechanisms is crucial for the design
and development of effective drug delivery systems that can provide the desired
release profiles. It is important to realize that while multiple mechanisms may be
present, the rate-controlling process is typically considered the actual release
mechanism.?% Some of the typical mechanisms are presented below and illustrated
in Figure 2.

Dissolution is the process whereby drug molecules dissolve in a solvent,
typically water or bodily fluids, transitioning from a solid phase finally to the
surrounding medium.?®} B In dissolution-controlled systems, as shown in Figure
2a, the drugs are either incorporated within polymeric materials having the desired
solubility (monolithic or matrix systems) or coated by them (reservoir systems). !
The dissolution of the polymer or drug acts as the rate-limiting step, enabling
immediate!!), sustained, delayed, or pulsatile release. Factors influencing the
dissolution rate include the matrix and the coating materials, system geometry,
surface area, drug solubility, and the particle size of the drug.[® ! Many oral dosage
forms such as tablets are dissolution-controlled drug delivery systems.[ 2%
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a) Reservoir-type dissolution-controlled release b) Reservoir-type diffusion-controlled release
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Figure 2. lllustration of typical drug release mechanisms. Dark orange dots represent the drug
molecules, whereas the blue areas represent the (typically polymeric) drug delivery
system. Of the chemically controlled release mechanisms in d), surface and bulk erosion
types are illustrated, and they are discussed more in detail in the section 2.2.1.2.

In diffusion-controlled systems (shown in Figure 2b), drug release is driven by a
concentration gradient within a non-dissolving matrix (monolithic systems) or
through a membrane (reservoir systems).!!! The rate-controlling material is typically
polymeric, and Fick’s laws of diffusion govern the mass transport process of the
dissolved drug molecules.*?" 331 Monolithic systems often exhibit an initial high
release “burst” phase, followed by a decrease in release rate due to increased
diffusion distance.['?" 2! In contrast, reservoir systems can achieve linear, zero-order
release profiles by maintaining excess drug concentration.*?!

Water penetration-controlled systems, as illustrated in Figure 2¢, can be further
categorized into swelling-controlled and osmotically-controlled systems.!
Swelling-controlled systems use hydrophilic polymers that swell upon contact with
fluids, enhancing permeability and facilitating drug diffusion.*¥ The release rate is
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influenced by polymer chain relaxation and swelling.'% ¥ Osmotic systems
leverage osmotic pressure to maintain constant drug release rates over extended
periods by generating steady pressure upon exposure to an aqueous environment.'
[10], [35]

Chemically controlled delivery systems utilize chemical reactions, such as
polymer degradation or ion exchange!'”, to regulate the drug release. These systems
can be polymer-drug dispersion systems, where the drug is dispersed within a
biodegradable polymer, or polymer-drug conjugate systems, where the drug is
chemically linked to the polymer.[' 3¢ In the case of dispersion systems (shown in
Figure 2d), the release is governed by polymer degradation, and is influenced by
factors such as pH, enzymes, and system design.l'% B7) This mechanism is
particularly relevant for macromolecules, which suffer from poor diffusivity when
compared to small-molecule drugs. In practice, both degradation and diffusion-
controlled release may be present.’”) Moreover, the mass-loss of the polymer,
erosion, may also promote diffusion by inducing porosity to the structure, in
distinction to drug release without diffusion.l*”

21.3 Release kinetics

Understanding and predicting drug release kinetics under physiological conditions
is essential for developing new drug delivery systems, optimizing their therapeutic
efficacy, and ensuring patient safety. To achieve this, various mathematical models
have been developed.”® The models may be mechanistic, empirical, or semi-
empirical, depending on whether they have real theoretical background or not.!5) 33
Empirical models are often simpler to implement, but they are not able to provide
substantial information about the underlying release mechanisms.!*$% 7] The vast
variety in the different drug delivery systems makes it impossible to establish a
universal model applicable to every case, necessitating the use of different models
for the different types of systems. > [40]

Some of the most widely used models include the first-order, zero-order,
Hopfenberg, Hixson—Crowell, Baker—Lonsdale, Korsmeyer—Peppas, Peppas—
Sahlin, and Weibull models.*) Some of these require specific properties from the
delivery systems, such as a certain shape, microstructure, or degradation behavior!*®}
(491 while others are more general and do not have as strict requirements.26- 39 [41]
The models typically also have additional assumptions or limitations, such as a
constant shapel?® of the delivery system or perfect sink conditions*”, making it
necessary to consider their applicability carefully. However, an applicable model
may give valuable information about the drug release kinetics and mass transport
mechanisms, offering a tool for product development and quality control [} 261 [38]
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214 In vitro drug release testing

In vitro drug release testing is essential in the development and evaluation of drug
delivery systems. Conducted under laboratory conditions, these tests mimic the drug
release process in the human body without the complexities of actual biological
systems. In vitro testing is vital in the early stages of drug development, helping to
select and optimize formulation candidates before progressing to more costly in vivo
studies.*”) Additionally, it plays an important role in product quality control by
monitoring batch-to-batch consistency and ensuring compliance with
specifications.[S #31 Mathematical models can be applied to the experimental
release data as a way to quantify the release properties and to identify the release
mechanisms. Multiple types of test methods have been developed for evaluating the
drug dissolution or release from different drug delivery systems. These tests can be
divided into compendial (official) and non-compendial (unofficial) methods.!"
Some of these are illustrated in Figure 3 and presented below.

Compendial methods, as outlined in pharmacopeias, are standardized testing
procedures widely recognized and accepted by regulatory authorities.[**! The United
States Pharmacopeia (USP) categorizes dissolution apparatus into official types;
USP 1 (basket), USP II (paddle) (shown in Figure 3a as an example), USP III
(reciprocating cylinder), USP IV (flow-through cell) (Figure 3b), USP V (paddle
over disk), USP VI (rotating cylinder), and USP VII (reciprocating disk), each
designed for specific dosage forms and release mechanisms, although they have
originally been developed for testing oral and transdermal dosage forms.!'> For
instance, USP 1II is commonly used for testing solid oral dosage forms like tablets
and capsules, while USP 1V is often preferred for more complex dosage forms,
including implants and drugs with low solubility.*>: 4} However, the initial
intended use cases for the compendial methods leads into issues when testing novel
dosage forms which do not fall into the typical categories.l*’! These issues include
high dissolution volumes, evaporation of the dissolution media, sample loss, and
particle aggregation. Thus, compendial methods may be suboptimal for testing novel
dosage forms.[*3) [481

Non-compendial methods, on the other hand, are developed to address the
specific testing needs that compendial methods may not fulfill, especially for novel
or specialized dosage forms such as nanoformulations*?.**] The non-compendial
methods include the common sample-and-separate, dialysis or membrane diffusion,
and continuous flow methods. Each method has its unique setup and application
based on the drug formulation.® A common aspect of the non-compendial methods
is that despite their flexibility and simplicity, the non-standardized methodology
dangers the reproducibility of the results.[*3} 4]
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Figure 3. lllustration of some common in vitro test methods: a) USP |l paddle method, b) USP IV
flow-through cell, c) sample-and-separate, and d) dialysis. In c), a particulate sample is
shown as an example (i.). After centrifugation (ii.) and supernatant extraction (iii.), equal
volume of fresh media is added, followed by redispersing the sample (iv.).

The continuous flow method (Figure 3b) utilizes USP IV apparatus or its
modification for mimicking the body’s fluid flow by circulating the release media
over the drug formulation, making it suitable for testing how drugs release under
more dynamic conditions.* 5% This method, including the sampling procedure and
change of the dissolution media, can be automated, but it can also be complex and
costly due to the need for specialized equipment.*?)

Sample-and-separate methods, as illustrated in Figure 3¢, involve simple setups
where the drug formulation is placed in the release medium in a suitable container,
and drug release is monitored over time. Drug concentration in the media is
quantified after physically separating the sample from the media. Separation can be
performed either manually or, in the case of particulate samples, by e.g.
centrifugation.[*8: B Typically, the separated sample is also returned, and fresh
media is added to compensate the drawn sample volume. These methods are flexible
and can be adjusted based on the formulation being tested, but may face challenges
in the physical separation, as well as aggregation of particulate samples.[4*} 5%
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Dialysis and membrane diffusion methods (Figure 3d) utilize semi-permeable
membranes to separate the drug formulation from the receptor media, i.e. that part
of the release media which will be used for quantifying the drug concentration. These
methods are useful for testing particulate dosage forms due to their convenient
sampling procedures.*”) However, they may exhibit misleading release kinetics if
the membrane influences drug diffusion. Additional challenges associated with the
dialysis method include poor agitation inside the dialysis devices, which might
promote particle aggregation. There is also a risk of violating the sink conditions.
However, conducting the release study using a reverse dialysis method may help in
avoiding these issues.[**} [3%

One of the fundamental aspects of in vitro testing is simulation of the drug release
in biological conditions.*” However, translating the in vitro results to the real in vivo
environment may not be straightforward. The in vitro-in vivo correlation (IVIVC)
aims to set a relationship between an in vitro property of the drug and the in vivo
response through a mathematical model. For example, the in vivo drug plasma
concentration can be compared to the amount of drug released in vitro.5!
Establishing a robust IVIVC is crucial for enhancing the utility of the in vitro studies,
guiding formulation and process changes, and establishing clinically relevant
specifications for the in vitro release.*?) Once validated, IVIVC can minimize the
need for extensive human or animal studies, serving as a surrogate for
bioequivalence studies.** 5% The U.S. Food and Drug Administration (FDA)
defines four main IVIVC levels, ranging from Level A point-to-point correlations to
Level D rank order comparisons between in vitro and in vivo release profiles.[*!
Setting the IVIVC for novel non-oral drug delivery systems poses significant
challenges due to their complex nature, as well as the lack of standardized in vitro
release testing methods.*?* 521 Accurate simulation of physiological variables, such
as body temperature, pH, metabolism, and the specific conditions at the
administration site, is necessary to achieve in vivo relevance and to ensure the
predictive accuracy of the in vitro tests.*”] Moreover, tissue responses, such as
fibrous encapsulation may affect drug release in vivo, necessitating careful
consideration in IVIVC establishment.!**] These challenges have been recognized,
but current guidance from the regulatory authorities remains limited.! ) 47!

2.2 Polymer-based controlled drug delivery
systems

The therapeutic benefit of a drug is closely linked to how it is formulated and
delivered within the body.! Polymers are employed in drug delivery systems due to
their ability to modulate the pharmacokinetics of drugs, for example, to achieve
controlled drug release. In addition, polymers may serve as carriers that protect drugs

21



Juuso Pohjola

from premature degradation and improve drug solubility and bioavailability.!"!. This
section presents important polymer-based controlled drug delivery systems as well
as the common materials used in the field.

2.21 Materials in polymer-based controlled drug delivery

Although the incorporation of bioactive molecules into polymeric materials was first
described in the 1950s, the initial application was for agricultural purposes. The
medical applications were realized later in the 1960s, starting the history of polymer-
based drug delivery systems. Since then, their use has evolved greatly, and they have
become an essential part of modern pharmaceutical development.’®! Polymers used
in controlled drug delivery systems can be broadly classified based on their origin
(natural or synthetic) and their stability (biodegradable or non-degradable).’>)
Natural polymers, such as proteins and polysaccharides, have a long history in
medical applications but may suffer from batch-to-batch variability and potential
immunogenicity. Synthetic polymers, on the other hand, offer consistency and can
be tailored to possess the desired properties.?’” P4 This section presents typical
polymers used in controlled release applications, with an emphasis on materials
intended for long-term drug delivery. The polymers are categorized based on their
stability.

2211 Non-degradable polymers

Despite the current interest towards degradable polymers, the non-degradable
options have remained a viable choice for several applications, especially for those
where durability, good mechanical properties, or controlled drug release over months
or years is desired.’” > Due to their inert nature, non-degradable polymers often
lead to diffusion-controlled drug release where the drug release kinetics are affected
by the design of the drug delivery system, the permeability of the polymer, and the
solubility of the drug.®® However, there are also great differences. Some polymers
are extremely hydrophobic whereas the others are hydrophilic and prone to swelling.
The physical and mechanical properties range from soft and flexible to rigid and
brittle, with certain materials also exhibiting tailorable properties. Some materials
are thermoplastic and heat-processable, while others can undergo chemical
crosslinking. This variation in properties has led to the development of drug delivery
systems that range from non-implantable to implantable systems and from short-term
to long-term release applications.’”} 57 Typical non-degradable polymers used in
controlled drug delivery systems are presented in Table 1.
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2212 Biodegradable polymers

Since the 1960s, biodegradable polymers have revolutionized the field of drug
delivery by offering new approaches to controlled drug release.’! They are
particularly valued for their ability to break down into non-toxic, natural byproducts
within the body, thereby eliminating the need for surgical removal of the drug
delivery system after releasing the drug. This enhances the convenience from the
patient’s perspective, but also reduces the healthcare costs.[** In addition, these
polymers offer the flexibility to achieve different release profiles and they can also
be fabricated into various delivery systems such as implants, in situ forming
implants, microspheres, and nanoparticles.”!

According to the International Union of Pure and Applied Chemistry (IUPAC),
the term “biodegradable” refers to the chemical breakdown of the material due to
cellular or in vivo biological actions, leading to its eventual elimination from the
body. However, many polymers used in drug delivery systems are in fact
“degradable”, meaning that although they are cleaved by hydrolysis or enzymatic
activity, the processes do not necessarily occur due to biological actions.[! For
simplicity, here all degradable polymers are called as “biodegradable”, regardless of
the actual process of degradation. Examples of the labile bonds present in common
biodegradable polymers are ester, amide, or anhydride bonds.”} 651 “Erosion™ is
another frequently encountered term, and it means the physical mass loss of the
material, often occurring after degradation, thus distinguishing from the chemical
degradation process.[?’} 53]

Biodegradable polymers can be categorized into bulk-degrading and surface-
degrading types (Figure 2)."! Surface degradation occurs when water penetration
into the polymer is slower than the erosion rate, confining degradation to the outer
surface. Such a behavior is typical for highly hydrophobic polymers. Surface
degradation is often desirable for its reproducibility and the potential for zero-order
drug release, but also because it can protect water-labile drugs until their release.
Bulk degradation, on the other hand, occurs when water penetrates the matrix at a
higher rate than the erosion takes place, leading to a more homogeneous degradation
throughout the material.[®*! This mechanism is typical for many biodegradable
polymers used in controlled drug delivery.*

Despite their advantages, biodegradable polymers may have limitations, such as
suboptimal drug release rates and uncontrollable kinetics, which can hinder the
performance of drug delivery systems.*: 51 This is often the case with the
commonly used polymers, which will be presented below. The biodegradation can
be influenced by various factors such as the polymer composition, crystallinity,
molecular weight, size and shape of the drug delivery system, and the
physicochemical environment, which brings versatility to the designing of these
systems but also increases the complexity of the development work.[2": 34
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Additionally, the degradation process might produce acidic byproducts that could
cause local irritation, bringing another factor to consider.5*! However, due to the
aforementioned benefits, the use of biodegradable polymers and the development of
novel drug delivery systems is well justified. Typical biodegradable polymers used
in controlled drug release applications are presented in the following text.

Poly(esters) are the cornerstone of biodegradable polymers for drug delivery
applications, offering biocompatibility and controlled degradation. They are
hydrophobic and bulk-degrading polymers, and their degradation is based on
hydrolytic cleavage of the ester bonds.!** The synthesis of poly(esters) through ring-
opening polymerization or condensation polymerization, along with their low
toxicity, has facilitated their commercial availability and broad application in the
biomedical field and drug delivery systems. These applications range from
particulate systems to implants, and from small molecules to macromolecules.7} 65}
91 Among these polymers, poly(lactide) (PLA), poly(glycolide) (PGA),
poly(lactide-co-glycolide) (PLGA), and poly(e-caprolactone) (PCL) represent the
most extensively studied and utilized materials in the field. These polymers are
presented in Table 2.

Despite their widespread use, poly(esters) present challenges, including the
release of acidic degradation products that can lead to local irritation and potentially
affect the stability of encapsulated therapeutics.>** [ This is the case especially with
the faster degrading polymers. The release of acidic degradation products also leads
to an autocatalytic effect, where the interior part of larger objects degrades faster due
to the more acidic microclimate.l*”? However, there are strategies to control the local
pH levels, for example by adding buffering agents to the formulation.’*
Alternatively, these drawbacks can possibly be avoided by selecting other
biodegradable polymers, some of which are presented in Table 3. These materials
may offer the much-desired surface degradation property, resulting in a zero-order
release profile, as well as wide options for tailoring the properties through chemical
conjugation or by adjusting the monomer composition.[**} [68]
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222 Long-term controlled release systems

The efficacy and safety of many drugs have been enhanced by using systems that
precisely control their release rate, timing, and target site within the body.?? For
example, micro- and nanoparticle systems, hydrogel-based matrices, and implants
are available for long-term controlled release applications, particularly for those
requiring sustained therapeutic levels or localized site-specific activity.'” However,
the development of a delivery system for a certain therapeutic agent requires careful
consideration. The parameters to consider are related either to the formulation or the
drug molecule. Formulation-related parameters include, for example, the route of
administration, carrier and matrix material properties, and desired drug release
kinetics, whereas drug-related parameters include the drug properties and regulatory
aspects.[! For example, large molecules, such as proteins and peptides, often suffer
from poor biostability, limited diffusivity, and instability!®: ! at harsh conditions,
applying restrictions to their processability and release performance.!'” This section
presents two common, often polymeric, drug delivery systems capable of achieving
long-term controlled drug release: microparticle depots and implant systems. These
systems have shown great promise for the delivery and release of macromolecules,
as well as other molecules that suffer from insufficient delivery to the target site.[*”]

2.2.21 Microparticle depots

Microparticles are particles with diameters in a micrometer range, although in
pharmaceutical applications the size range typically falls below 100 um.!”¥ They are
often spherical, allowing for the use of the terms microsphere or microcapsule,
depending on the particle structure.’” However, non-spherical particles are not
uncommon either.[®) Microparticles generally consist of a polymeric matrix in which
the drug is either dispersed or dissolved, or alternatively the drugs are encapsulated
within a polymeric shell.l?” "] The polymer component controls the drug release,
typically from weeks to months, by gradual degradation, by acting as a diffusional
barrier, or a combination of both.”’> 31 With their micrometer range particle size,
microparticles enable administration through various routes such as oral or
pulmonary.””) However, to achieve long-term controlled release, the injectable
parenteral (subcutaneous or intramuscular) depot formulations have been a common
approach, especially in the case of macromolecules??).54 751 Administration by
injection enables easy dosage adjustment, avoids surgical procedures and can be
conducted without anesthesia, increasing the convenience and patient acceptance.!**:
(7 Due to their non-retrievable nature, microparticle formulations have greatly
benefitted from the application of biodegradable polymers.**!

Microparticles can be produced through various methods, each with distinct
advantages and challenges. Common techniques include emulsification-solvent
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evaporation, spray drying, and coacervation. Some of these are presented below and
illustrated in Figure 4.

Emulsification-solvent evaporation method is valued for its simplicity and
versatility in creating single or multiple emulsions by using solid and/or liquid
phases, depending on the drug solubility.l”®» "I In a typical single emulsion process
(Figure 4a), the drug and the polymer are dissolved in an organic phase, which is
dispersed in a larger volume of a continuous aqueous phase that typically contains a
surfactant for stabilization, forming an oil-in-water (O/W) emulsion. After
emulsification, the solvent evaporates, hardening the microparticles, which are then
separated by, e.g., centrifugation, washed, and often finally freeze-dried. Double
emulsion process (Figure 4b), on the other hand, is typically used for encapsulating
hydrophilic drugs. In this method, the drug is first dissolved in an aqueous solvent,
which is then dispersed in the organic phase to form a primary water-in-oil (W/O)
emulsion. Next, the second emulsion is created similarly to the single emulsion
process, yielding a water-in-oil-in-water (W/O/W) emulsion.!”*} U7} 78] Typical
process parameters include the drug, polymer and surfactant components, volumes
and concentrations!” of the different phases, and the time and intensity of the
emulsification process.l’®! Despite the versatility of the emulsification methods, they
suffer from limited scalability, non-uniform particle size, and challenges in removing
the toxic solvents.[76178]

In spray drying, the drug and polymer are dissolved in a volatile organic solvent,
which is then atomized (Figure 4¢). The atomized fluid is subjected to a drying gas,
usually at elevated temperature, leading to solvent evaporation and hardening of the
particles.” 27 The particles are finally separated from the gas. This method is
particularly useful for the encapsulation of hydrophobic drugs, although hydrophilic
drugs can also be encapsulated by atomizing an emulsion.?”} [l Spray dying can be
carried out as a continuous process in an industrial scale.® Easy control over the
process parameters, such as the flow rate and inlet temperature, enables convenient
control over the product properties. However, the method may suffer from a low
yield, high operating temperatures, and complications in the product separation.l”®!

Coacervation, also known as phase separation, is based on controlling the
solubility of the polymer to initiate the formation of the microparticles (Figure
4d).} ) This can be achieved by various means such as changing the temperature,
pH and ionic strength of the system, adding other polymers, or by using an organic
nonsolvent.”} 27 In the process, the drug is dissolved, suspended, or emulsified in a
polymer solution, which is then exposed to coacervating agents to form a polymer
coating around the core.?”: [ For example, the drug can be emulsified in the
polymer phase, which is then mixed with an organic non-solvent in which the
polymer has negligible solubility. The solvent is extracted from the polymer
(coacervate) phase, leading to hardening of the polymer.”®! Coacervation is
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especially useful for encapsulating hydrophilic drugs, as their partitioning into an
external aqueous phase can be avoided. However, the method is sensitive to process
parameter changes, and residual coacervating agents can be a significant
drawback.[64- [80]

To overcome the limitations of conventional preparation methods, novel
approaches such as membrane emulsification and droplet microfluidics have been
developed. In membrane emulsification (Figure 4e), the droplets are generated by
forcing the polymer solution though a microporous membrane. Droplet
microfluidics, as illustrated in Figure 4f, employs precise control over the flow of
solutions within microchannels and microchips with specific designs, allowing for
the controlled generation of droplets with a desired structure, one at a time.[°} (8%} [81]
These advanced methods provide better control over the particle size, morphology,
and drug encapsulation, enhancing the efficiency of microparticle preparation.”’

Several factors influence the drug release from microparticles, including the
particle porosity, molecular weight of the polymer, and size of the particles.
Typically, the drug release rate increases when the porosity of the particles increases,
the molecular weight of the polymer decreases, and when the size of the particles
decreases.l””! The release is primarily governed by drug diffusion from the polymer
matrix and the matrix erosion. Common microparticle formulations, especially those
containing macromolecules, typically exhibit a triphasic release profile characterized
by an initial burst release, a lag phase, and a final release phase. This behavior can
limit the treatment efficacy and is a notable drawback of microparticle systems.”"
[64], [67]

Despite these challenges, several microparticle products have received clinical
approval. Examples of marketed polymeric microparticle products are listed in
Table 4, illustrating the diverse range of therapeutics that can be delivered and
released over varying durations. Microparticle formulations are prominent in
parenterally administered controlled release systems, with 14 clinically approved
products as of 2021.° [ Most formulations are based on PLGA, although other
polymers are also under investigation.?% [63]
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Figure 4. Principles of common methods for manufacturing drug-loaded microparticles: a) single
emulsion, b) double emulsion, c¢) spray drying, d) coacervation, e€) membrane
emulsification, and f) droplet microfluidics.
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Table 4. Examples of marketed polymer microparticle drug delivery systems.

Product Polymer |Drug Indication Duration | Reference
Lupron Depot® PLGA/PLA | Leuprolide Prostate cancer, 1,3,and |[°5 54 [65]
acetate breast cancer, ovarian |4 months |67

cancer, endometrial
cancer, endometriosis,
infertility, benign

prostatic hypertrophy
Lupron Depot- PLGA/PLA | Leuprolide Central precocious 1and3 |0
PED® acetate puberty months
Trelstar® Depot PLGA Triptorelin Prostate cancer 1and 3 |[LB42
pamoate months
Sandostatin® LAR | PLGA- Octreotide Acromegaly, tumor- 1 month | 1 154 [63]
Depot glucose acetate associated diarrhea
and flushing episodes
Risperdal® PLGA Risperidone Schizophrenia 2 weeks | 154591
Consta®
Vivitrol® PLGA Naltrexone Alcohol dependency, |1 month |54 [82]
opioid dependency
Bydureon® PLGA Exenatide Type 2 diabetes 1week |[L671[84]
Zilretta® PLGA Triamcinolone | Osteoarthritis pain of |3 months |©!
acetoamide the knee
Arestin® PLGA Minocycline Periodontitis (adjunct |3 weeks |54
HCI therapy)

2.2.2.2 Implant systems

Implant systems offer a unique approach to controlled drug release. They are either
matrix or reservoir type of systems, and encountered in various forms such as gels,
pellets, rods, films, plugs, or discs.??+ 561 Implant systems can be administered
parenterally using specialized devices or through surgical implantation, often under
anesthesia.*} 271 Non-degradable implants may necessitate a second surgical
procedure for removal, reducing the patient comfort, although their retrievable
nature may also be an advantage over microparticle depots.'*”! In addition, there are
injectable in sifu forming implants which transform from liquid to solid or semisolid
depots by different mechanisms such as thermal gelation or ionic crosslinking. Such
systems can form their shape based on the site of administration while avoiding a
surgical implantation procedure.¢4]

Implants are typically designed for sustained drug release over extended periods,
often ranging from months to years.[? b7} Their localized long-term drug delivery
makes them a feasible choice for applications such as contraception, ophthalmology,
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and cancer treatment.®*! Additionally, drug-eluting implants may also possess other
functionalities, such as in cardiovascular treatments and orthopedic applications. In
these cases, they are referred to as combination devices.” Figure 5 presents two
well-known implantable polymeric drug delivery systems, Jadelle®®% and Gliadel®

wafer®]

approved polymer-based drug-releasing implants.

, as examples. They are also included in Table 5, along with other clinically

Figure 5. Photographs of a) Jadelle® and b) Gliadel® wafer implants. Figure b) is adapted from
5 with permission from Elsevier.
Table 5. Examples of marketed implantable polymeric drug delivery systems.
Product |Type Polymer Drug Indication Duration |Reference
Jadelle® |Rod PDMS/ Levonorgestrel | Prevention of 5 years 31, (8], [86]
methylvinyl- pregnancy
siloxane
Gliadel® | Disc/ Poly- Carmustine Newly diagnosed | 2-3 1. [54], [87]
wafer wafer anhydride™ or recurrent weeks
malignant glioma
(adjunct to
surgery and
radiation)
Zoladex® |Rod PLGA Goserelin Breast and 3 months | 129 54
acetate prostate cancer
Vitrasert® |Intra- PVA/EVA Ganciclovir Cytomegalovirus |8 months |l [33]
ocular retinitis
insert
Implanon® | Rod EVA Etonogestrel | Prevention of 3years |[B 8
pregnancy
Eligard® |Insitu |PLGA Leuprolide Advanced 1,3, 4, 271, [54]. 167]
forming acetate prostate cancer |and 6
implant months

*Poly(1,3-bis(p-carboxyphenoxy)propane-co-sebacate)
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The choice of an implant manufacturing method depends on the characteristics of
the drug and the desired properties of the final implant. Typical manufacturing
methods include extrusion, injection molding, compression molding, and solvent
casting, each with its unique advantages and challenges.[®} (64

Extrusion involves forcing molten or plasticized polymer with molecularly
dispersed or suspended drug through a nozzle, followed by cooling and cutting. This
scalable method allows for controllable process parameters and is solvent-free but
may not be suitable for thermally sensitive drugs due to high operating temperatures
and potential thermo-oxidative or thermomechanical degradation.[**!

Injection molding utilizes high pressure and temperature to transfer the
plasticized material into a mold, enabling the manufacturing of complex shapes as
the material cools. Like extrusion, injection molding is a solvent-free method but
shares the same limitations regarding thermally sensitive materials. Additionally, the
temperature in injection molding is often higher than that in the extrusion process.[%]

Compression molding is performed by mixing the polymer and drug in a mold
and then applying pressure while maintaining the temperature slightly above the
glass transition temperature (7%) of the polymer to create an implant with the mold’s
shape. The relatively low fabrication temperature is beneficial for maintaining the
activity of sensitive drugs. However, due to potential inhomogeneous drug
distribution, there can be significant variability in drug release.® 64

Solvent casting involves dissolving the polymer in a volatile solvent, with
dissolved or dispersed drug. The viscous solution or dispersion is then placed into a
mold having the desired geometry and maintained at a controlled temperature to
allow slow evaporation of the solvent. Finally, the implants are, for example,
punched from the dried part. This method is suitable for heat-sensitive drugs due to
the low processing temperatures. However, it can result in the formation of a porous
structure, poor mechanical properties, and inhomogeneous drug distribution. [ [64]

Drug release from implants is not only affected by the material and geometry of
the system, but also by several other factors. The level of drug loading and the
localization of the drug greatly influence the resulting drug release behavior.[} [64]
For example, high drug concentrations can disrupt the continuity of the polymer
matrix, allowing for increased diffusion. Factors such as porosity, pore
interconnectivity, and tortuosity also affect the release rates, with a higher number
of short diffusional pathways facilitating drug release. With biodegradable systems,
the microstructure often changes during the degradation, leading to change in the
diffusivity and drug release, as opposed to the stable non-degradable systems.!®! The
microstructure may also be tailored with different types of additives, increasing the
possibilities of controlling the drug release behavior.l In addition to the system’s
microstructure, the characteristics of the drug, such as the solubility and
hydrophilicity, also influence the release. The affinity between the drug and the
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polymer also plays an important role, since higher affinity slows down the
diffusional movement of the drug.’® Thus, optimization of the product performance
and treatment efficacy is a complex task requiring careful consideration.

2.3 Additive manufacturing in the preparation of
polymer-based drug delivery systems

Additive manufacturing, also known as three-dimensional (3D) printing, rapid
prototyping, or solid freeform fabrication, is an innovative technology that fabricates
objects based on digital models by selectively adding material, usually in a layer-by-
layer fashion.['!} ¥ [n this context, the more commonly used term “3D printing” is
used due to its wide recognition.”” 3D printing encompasses various processing
technologies, some of which are presented in section 2.3.2. Despite this diversity,
the typical process workflow is similar.[!?!

The process often begins with designing a three-dimensional object using a
computer-aided design (CAD) software. The output file, typically in STL format,
describes the external surface of the 3D model. The STL file is then subjected to a
slicing procedure, where the model is expressed as a stack of cross-sectional slices
with specified thicknesses. These slices are read by the 3D printer, and the product
is manufactured by selective addition of material one layer at a time.['?} Pl
According to the International Organization for Standardization/American Society
for Testing and Materials standard (ISO/ASTM 52900), material addition can be
achieved using various methods.*"!

The history of 3D printing began in 1981 with Dr. Kodama’s attempt to create
3D objects by selectively curing photosensitive resins using ultraviolet (UV) light.!'!
This eventually led to the development of stereolithography (SLA), a technique
involving layer-by-layer curing of polymeric liquid precursors.”? Other
manufacturing methods were subsequently developed in the late 1980s and early
1990s, including selective laser sintering (SLS), fused deposition modeling (FDM),
and binder jet printing. Since then, 3D printing has found applications across various
disciplines, from arts to engineering and pharmaceutics. The potential of additive
manufacturing in the pharmaceutical field was first demonstrated in the early 1990s,
and in 2015, Spritam® (Aprecia Pharmaceuticals), a levetiracetam-containing
rapidly disintegrating tablet for the treatment of epileptic seizures, became the first
3D printed drug to receive FDA approval !+ P2 193]
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2.3.1 Advantages of 3D printing in drug formulation and
delivery

3D printing has emerged as a highly promising technology in the pharmaceutical
sector, offering flexibility and customization in the preparation of drug formulations
and various delivery systems. One of the most significant advantages is the ability
to produce personalized dosages for individual patients. This is particularly
important for drugs with a narrow therapeutic window, such as the orally
administered anticoagulant warfarin, which is used for the prevention of venous
thromboembolism and prevention and treatment of the thromboembolic
complications associated with atrial fibrillation. In the case of warfarin, tailored
dosing is crucial to achieve the patient-specific therapeutic efficacy while avoiding
adverse effects, such as major bleeding.!!! P46

Additionally, the flexibility in dosing is beneficial for pediatric and geriatric
patients, who differ significantly from the general population.”?! Beyond dosage
control, pediatric pharmacotherapy presents unique challenges, such as the need for
oral formulations that are palatable and easy to administer. Through 3D printing, it
is possible to prepare innovative dosage forms with appealing shapes and flavors for
children.['!}- P2

The flexibility in design also provides control over drug release behavior through
the adjustment of factors such as size, shape and internal geometry of the product,
enabling the creation of dosage forms that release the drug at an optimal rate for each
patient’s specific needs.!'': 2 Controlling the shape of the manufactured object
becomes essential also in the preparation of medical devices and drug delivery
systems according to the patient’s anatomy."*”! An additional benefit of 3D printing
is the ability to incorporate multiple drugs to the same product. This approach to
polypharmacy can overcome the poor compliance often observed in patients who
need to take multiple individual drugs.!'!)}- 2]

The possibility for a high level of customization marks a significant difference
to the traditional drug delivery systems, which are often made in a “one size fits all”
fashion. These systems fail to control the dose regimen based on individual
differences such as age, weight, sex, genetics and lifestyle, potentially leading to
underdosing, overdosing, and negative side effects.['? (31 Overall, 3D printing has
been seen as an enabling technology for the customization of medication according
to the needs of individual patients, also known as personalized medicine.!'!}- 2]

The flexibility of 3D printing contrasts sharply with conventional pharmaceutical
manufacturing, which often involves multiple production steps and numerous
operators for these processes.””’ 3D printing supports point-of-care production,
enabling rapid, decentralized manufacturing of unstable drugs with short half-lives
to meet immediate patient needs. This capability reduces reliance on suppliers and
allows for a quick response to both patient and market demands.'!)
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Despite these advantages, 3D printing faces limitations, including lower
throughput compared to traditional methods and higher costs for certain raw
materials.”°) While 3D printing excels in small-scale, customized manufacturing,
the limited regulatory framework and lack of standardized analytical practices for
3D printed products hinder the broader adoption of these technologies. As with other
pharmaceutical products, the safety and functionality of 3D printed systems must be
ensured, necessitating the development of robust quality control measures.'% 101
These technical and regulatory limitations are further discussed in section 2.3.5.
Overall, a deeper understanding of various 3D printing methods is essential for
critically assessing their potential applications in personalized medicine and beyond.

2.3.2 3D printing techniques with clinical relevance

3D printing encompasses a variety of techniques, each distinguished by unique
material usage, deposition technology, and layer formation mechanisms. As
described in the ISO/ASTM 52900 standard, 3D printing technologies are
categorized into seven main groups: binder jetting, material extrusion, material
jetting, powder bed fusion (PBF), vat photopolymerization, sheet lamination and
directed energy deposition.® % However, within the pharmaceutical field, only
some of these technologies have received substantial attention. The relevant
techniques are binder jetting, material extrusion, material jetting, powder bed fusion,
and vat photopolymerization.!'¥ These different technologies and their subcategories
are presented below, illustrated in Figure 6, and summarized in Table 6. However,
the focus will be on the semi-solid extrusion process, which is presented in section
2.3.3.
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2.3.2.1 Binder jetting

Binder jetting technology (Figure 6a), also known as drop-on-solid or drop-on-
powder, is based on ink-jet printing technology. It involves spreading a thin layer of
powder material onto a build platform, followed by the selective deposition of a
liquid binder onto the powder bed through a nozzle moving across the x—y axis. The
liquid binds or solubilizes the particles, depending on its composition, solidifying
the layer. The build platform is then lowered, a new layer of powder is applied on
top of the previous one, and the cycle is repeated until the desired 3D object is
formed. Post-printing steps may include the removal of unbound powder, as well as
drying to improve the mechanical strength and to eliminate the residual solvents.”":
[102], [109]

The resolution of the product is influenced by various factors such as the liquid’s
viscosity and droplet size, as well as the powder characteristics like particle size,
flowability, and wettability. Printing speed and the distance from the powder bed
also play critical roles.["! Typically, droplet sizes range from 80 to 90 pum, with
printed features achieving a thickness of 100—150 um, depending on the materials
and parameters used.['%

Binder jetting offers several advantages, including high compatibility with
various pharmaceutical excipients and drugs, as well as the ability to modify product
composition by using different excipients in different layers. However, it also has
drawbacks, such as the frequent use of toxic solvents, the need for precise control
over raw materials, the requirement for post-processing, and the relatively poor
mechanical strength of porous objects.!?- 1921 Binder jetting has been successfully
applied in the fabrication of oral dosage forms like Spritam® and various controlled
release formulations. 102} 103]

23.2.2 Material jetting

Material jetting typically employs ink-jet printing technology to deposit small
droplets of solutions, suspensions, or molten materials (Figure 6b).°°! The droplets
are deposited onto a substrate, where material solidification occurs through processes
such as cooling, curing, or solvent evaporation. Deposition can be performed on top
of the previous layers to create a 3D shape. Additionally, a secondary support
material may be required for overhang structures. Droplet generation can be
continuous, where a stream of ink is ejected and broken into droplets, or on-demand,
where droplets are generated only as needed. The positioning of droplets is precisely
controlled, enabling the creation of detailed structures with high resolution.7s 1)
[103]

In the pharmaceutical field, the “ink™ is often a solution or suspension containing
the drugs and the excipients.!'?! The physical properties of the ink, such as viscosity
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and surface tension, are crucial for ensuring successful droplet formation and
deposition onto the substrate. A typical droplet volume is in the picolitre range,
enabling a spatial resolution in the range of tens of micrometers.7: 1103]

Material jetting, and specifically the subcategory ink-jet printing, has found
applications in the fabrication of drug delivery systems with personalized dosages
and complex drug release profiles, including transdermal microneedles, drug-
releasing implants, and tablets. In addition to the versatility of the process, its
scalability is an advantage for the industrial-scale production of pharmaceuticals.”)
The limitations of the method are often related to the need for precise tailoring of the
ink formulation to ensure product quality and to prevent nozzle clogging during the
process.[1%]

2.3.23 Vat photopolymerization

Vat photopolymerization processes create solid objects from a bath (vat) of liquid
photopolymer resin through the selective application of high-energy light.
Photoinitiators are used in the process to generate reactive species that cause polymer
chain growth under light irradiation, solidifying the resin layer-by-layer.!: %1 In
many current systems, the light is projected from below the object through a laser-
transparent resin bath, and after the layer is completed, the support platform rises
one step to create space for the next layer.''”) The resins typically contain
methacrylates or acrylic esters, although the exact chemical compositions of
commercial resins are often secret.”®!

Vat photopolymerization has several subcategories, including SLA, digital light
processing (DLP), continuous liquid interface production (CLIP), and two-photon
polymerization (2PP). While SLA (illustrated in Figure 6c¢) involves a UV laser to
selectively cure the photopolymer resin, DLP uses a digital mirror device to project
light and solidify the entire layer simultaneously, enabling a higher production rate.
CLIP is an advanced form of vat photopolymerization that utilizes an oxygen-
permeable membrane to create an inhibition zone for the curing, enabling a
continuous process and the formation of products without distinguishable layers.
These methods have an impressive resolution in the range of tens of micrometers.
However, in terms of achievable resolution, the 2PP process outperforms all other
methods. 2PP utilizes a femtosecond laser beam and a two-photon absorption
process to initiate polymerization in a highly confined region, enabling
approximately 100 nm resolution. Unfortunately, 2PP is currently only suitable for
manufacturing small objects.[°%) [105) [110]

In addition to its high resolution, vat photopolymerization operates at low
temperatures, making it advantageous for incorporating heat-sensitive drugs.!'!]
However, the requirement for post-processing steps, such as washing and post-
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curing, to remove the residual solvents and improve the mechanical integrity, is a
characteristic disadvantage of the vat photopolymerization processes. Additionally,
these methods bear risks regarding chemical reactions between the polymer and the
drug, degradation of the drug due to light exposure, and potential cytotoxicity of the
commercial resins and photoinitiators. These drawbacks limit the use of vat
photopolymerization in the medical field.!'? 7} [103). 1105 S]] it has been employed
in a wide range of biomedical and pharmaceutical applications, including the
fabrication of tablets, microneedles, and implants.[37) [105]

2324 Powder bed fusion and selective laser sintering

PBF is a family of 3D printing techniques that create 3D objects by selectively fusing
regions of a powder bed.”!! Among these techniques, SLS (Figure 6d) stands out
for its versatility and capability to process a wide range of materials, including
various thermoplastic polymers. It operates by directing a laser at specific areas on
a pre-heated powder bed in an inert atmosphere, causing selective sintering of the
material. After each layer is sintered, the build platform lowers, and a new powder
layer is spread. Unfused powder acts as support for the structure being built, enabling
the production of complex geometries without additional support structures. Post-
processing involves cooling the material, cleaning the product, and potentially
reusing the unsintered powder.”?: (1% The particle size of the powders is typically
20-60 pm, and both particle size and size distribution significantly affect the
process.7)

The advantages of SLS include a moderate resolution of around 100 um, as well
as good reproducibility. The method is also solvent-free, eliminating the need for a
drying step. However, the high processing temperature may lead to degradation of
drugs, limiting the use of the technique in pharmaceutical applications.” P In
addition, removal of the unsintered powder is necessary.['?]

SLS has been explored for various pharmaceutical applications, including the
production of tablets!!''! and drug delivery systems with customizable release
profiles!!!?!, The technique’s ability to fabricate complex structures with high drug
loading and good mechanical strength makes it a potential option for pharmaceutical
applications and personalized medicine.!'?- 7]

2.3.2.5 Material extrusion

Material extrusion has been the most widely studied 3D printing category, with a
growing interest also in the pharmaceutical field.®!} [197) 18] These methods are
characterized by the direct deposition of materials through a nozzle or orifice to
construct three-dimensional objects layer-by-layer. Material extrusion methods can
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be primarily categorized based on the state of the material being extruded, i.e.,
whether the material requires melting prior to extrusion or whether it can be extruded
in a semi-solid state. The most notable subcategories are fused filament fabrication
(FFF) and semi-solid extrusion (SSE).!': % The FFF process is presented below,
and section 2.3.3 is dedicated to the SSE process.

FFF, also known as FDM, is a 3D printing technology that involves melting,
extrusion, and layer-by-layer deposition of thermoplastic polymers to produce solid
objects. The process, as illustrated in Figure 6e, begins with feeding a thermoplastic
filament into the extrusion head of the 3D printer, where it is melted and then
deposited onto a build platform following a predetermined nozzle pathway. After
deposition, the material cools and solidifies. Once the layer is completed, the next
one is extruded on top of the previous layer.’?} '3 Key parameters that must be
controlled during the FFF process include the infill density, print speed, layer height,
and temperatures of the nozzle and the build plate. These parameters collectively
determine the resolution, porosity, and the mechanical properties of the final
product.[m’ [57], [103]

A variety of filaments made from thermoplastic polymers, such as PVA, PLA,
PCL, PU, polyethylene terephthalate glycol (PETG), acrylonitrile butadiene styrene
(ABS), and nylon, are commercially available for FFF. However, pharmaceutical
grade options are not widely available, and currently, no commercial filaments with
incorporated drugs exist.'?) Thus, hot-melt extrusion (HME) is commonly used to
prepare filaments of biocompatible and/or pharmaceutical grade thermoplastic
polymers, either with or without drugs.’” Pl 8] However, many pharmaceutical
grade polymers that could be processed by HME lack other properties required for a
successful FFF process, thus limiting their use.[”®! For instance, the filaments must
withstand certain mechanical loads during printing, as well as possess suitable
rheological properties to enable extrusion through small nozzles. In some cases,
brittleness and poor surface quality have been observed in filaments prepared by
HME, especially with high drug loadings. However, the properties may be tailored
with the addition of certain excipients such as plasticizers.!!!4 [115]

FFF offers several advantages, including the ability to customize the shape, size,
and density of the product, as well as the potential to fabricate various solid dosage
forms with high drug loading efficiencies.’”} 7} 81 Additionally, FFF systems are
generally inexpensive, and the process is relatively simple. However, the use of this
technique is limited by the risk of thermal degradation of sensitive drugs, the high
anisotropy in the mechanical properties, and the potential need for post-processing,
such as polishing.”?+ 3] Another significant drawback of FFF is the relatively poor
resolution, which can reach 50—-100 um but is highly dependent on the nozzle
diameter and layer height.l'?} 81 The requirement for the filament preparation
beforehand is another possible limitation, which has led to the development of the
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direct powder extrusion (DPE) method, allowing pellets or powders to be directly
printed using a screw-based extrusion system.!

FFF has been applied in the manufacturing of a wide range of dosage forms,
including single-component and multi-layered tablets for immediate and controlled
drug release, orodispersible films, intrauterine devices, scaffolds, and implants.'”"
(1131 The technology allows for the modification of drug release profiles by altering
the product geometry and combining different drugs or polymers in a single dosage
form using a dual extrusion system.7}[113]

2.3.3 Semi-solid extrusion 3D printing

SSE 3D printing, also known by various other names such as pressure-assisted
microsyringe (PAM), robocasting, and direct ink writing (DIW), differs from the
FFF method by employing semi-solid feedstock materials. These inks are extruded,
often without substantial heating, through a nozzle and deposited in sequential
layers. Upon extrusion, they harden through different mechanisms, enabling the
construction of three-dimensional objects. The process is illustrated in Figure 6f.
SSE has become an increasingly studied method in the pharmaceutical field, offering
several benefits over other 3D printing methods.['? [14]

2.3.3.1 Process characteristics

In SSE, the feedstock material is often in the form of a gel or paste and is contained
in a syringe. Inks can be extruded through various systems, including pneumatic,
mechanical, or solenoid-based mechanisms. Pneumatic systems utilize pressurized
air to extrude the material. While this method is suitable for extruding high-viscosity
materials, the characteristic delay before flow initiation can limit the accuracy of the
process. Mechanical systems often employ pistons or screws to generate the
necessary mechanical force for flow. Piston-based systems provide high control over
the material flow, whereas screw-based systems offer better spatial control and
extrusion of materials with higher viscosities. Solenoid systems, on the other hand,
apply electrical pulses to a valve below the syringe, enabling controlled extrusion of
sub-microliter volumes of low-viscosity materials.[!4}- [116]

Selecting the appropriate nozzle size is critical for achieving successful extrusion
and the desired resolution; smaller nozzles allow for higher precision but may lead
to inconsistent flow or clogging with high-viscosity inks or inks containing solid
components.!'*! Consequently, the resolution of the SSE process is typically limited
to hundreds of micrometers.!''”! The positioning of the nozzle is another critical
factor, as improper distances can hinder material adhesion or cause flow
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inconsistencies.!'* [11®] Additionally, the nozzle travel speed must be synchronized
with the extrusion rate to prevent under-extrusion or over-extrusion.'¥

In SSE, the solidification of the extruded material can occur through various
mechanisms, such as solvent evaporation, crosslinking, or crystallization, depending
on the printed materials and process characteristics.[''”) A post-printing drying step
is typically necessary to ensure proper solidification and structural integrity of the
object. However, this step may introduce challenges, such as shrinking or
deformation of the structure.!') Furthermore, the use of solvents in the formulations
requires careful consideration due to potential toxicity, which could impact the safety
of the final product.[!*]

SSE offers flexibility in designing drug delivery systems, enabling the creation
of complex designs with varied infill patterns and compartmentalization to achieve
tailored drug release profiles.!'” The low extrusion temperatures make it suitable for
thermolabile materials and drugs, positioning it as a promising approach in the fields
of pharmaceuticals and tissue engineering.[4- [11¢]

2.3.3.2 Material requirements

A variety of pharmaceutical grade materials, including drugs and excipients, can be
used in the SSE process by incorporating them into the extrudable inks. This
approach allows for high drug loading and the combination of multiple drugs in a
single dosage form. However, the inks must meet specific requirements, particularly
regarding their rheological properties.!!*! 11! These are commonly analyzed with a
rheometer in rotational mode or by small-amplitude oscillatory measurements.!%

(1191 Some common rheological tests are illustrated in Figure 7 and discussed below.

Viscosity determines the stress required for ink extrusion. Low viscosity allows
for easy extrusion but may result in poor shape retention after exiting the nozzle.
Conversely, high viscosity improves shape retention but restricts the material flow.
Therefore, non-Newtonian shear-thinning behavior is desirable, as illustrated in
Figure 7a. This property ensures that the ink remains stationary in the container until
sufficient force is applied, enabling consistent flow even through small nozzles.
Equally important is the recovery of viscosity after a reduction in the shear stress,
i.e., when the ink has been extruded through the nozzle.'* 1% This phenomenon is
often time-dependent, as illustrated in Figure 7d, and in that case known as
thixotropy. A rapid recovery of viscosity to the initial level facilitates the shape
retention of the printed object.[2%

The viscoelastic properties of the ink significantly impact its behavior in the SSE
process. Viscoelasticity encompasses both viscous and elastic behavior,
characterized by the storage modulus (G") and loss modulus (G"). The storage
modulus reflects the elastic energy stored during deformation, while the loss
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modulus measures the dissipated energy.!!'8: '] The combined effect of these
factors determines how the ink behaves in different situations, with examples shown
in Figure 7b and Figure 7c. If the storage modulus dominates, the ink exhibits gel-
like elastic behavior, which is beneficial for post-extrusion stability. In contrast, a

dominating loss modulus indicates that the ink behaves as a viscoelastic liquid.!'**
[120]

a)

Z

Viscosity (1)
Modulus (G', G")

G —
G" ama

Shear rate (y) Angular frequency (w)

Q
e

Viscosity (n)

Modulus (G', G")

Modulus (G', G")

Oscillatory stress (o) Time (t)

Figure 7. lllustration of common rheological tests used in ink characterization. In a), the shear rate
sweep shows a non-Newtonian shear-thinning behavior, resulting in decreasing
viscosity with increasing shear rate. In b), the oscillatory frequency sweep illustrates the
change in viscoelastic moduli and the transition from a viscoelastic solid to a viscoelastic
liquid as the frequency decreases. The yield stress determination is shown in c),
illustrating both the yield and flow points. The viscosity recovery determination, shown
in d), can be conducted using rotational or oscillatory methods, or a combination of both,

by altering between high and low shear rates or oscillatory strains at specific
intervals.[1181. [119], [121], [122]

Yield stress (Figure 7c¢) describes the material’s ability to resist deformation. Below
the yield stress, the material behaves as an elastic solid, recovering its original shape
upon removal of the stress. When the applied stress exceeds the yield stress, the
storage modulus shows a decreasing trend. If the loss modulus exceeds the storage
modulus at a “flow point,” significant deformation occurs. A high yield stress is
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crucial for ensuring ink homogeneity!'?"), shape retention after extrusion, and the
ability to support overlying layers.!''8} 1] However, excessively high yield stress
may hinder the initiation of material flow.[1%”)

Similarly to viscosity recovery, a rapid recovery of the viscoelastic moduli
(Figure 7d) after deformation is essential for ensuring adequate shape retention.
From the viscoelasticity perspective, this means that after deforming the material,
the storage modulus should quickly rise above the loss modulus, causing a transition
in the material’s behavior from fluid-like to viscoelastic solid.[!!8} [119]

2.3.3.3 Printability assessment methodologies

Printability is a general term used to describe the ink’s ability to be printed into
constructs with adequate quality. It is related to the rheological properties of the ink,
which, together with the used process parameters, determines the outcome of the
process. However, there is currently no standardized methodology for assessing
printability. Various methods, either qualitative or quantitative, have been proposed
in the literature, highlighting the complexity of the topic. The methods typically
evaluate the extrudability and filament formation of the ink, as well as the shape
fidelity of the printed construct.''®} 1231 Some common methods are presented in
Figure 8 and discussed below.

Extrudability is determined by the ink’s viscosity and shear-thinning behavior,
allowing it to be extruded through the nozzle without damaging the ink components
or the extrusion system.!'*} 1201 Extrudability can be assessed through rheological
analysis, as well as by simply mapping the achievable flow rates at different
pressures using a pneumatic 3D printer.!'?)] Such analysis can also reveal important
information about the inks’ homogeneity, as fluctuating material flow rates may
indicate the presence of aggregates.!!'®]

In addition to being extrudable, the ink should form a uniform and smooth
filament without breaking into droplets or becoming granular (Figure 8a). This
behavior is related to the ink’s shear-thinning and viscosity recovery properties. It
can be evaluated by extruding a filament and then categorizing its shape, often
qualitatively, either before or after deposition onto a substrate.!!?’]

The evaluation of extruded and deposited lines is a common approach to
studying the printability and shape fidelity of the ink (Figure 8b). Typically, the
width of the line is measured and compared to the nozzle size to determine the degree
of spreading.[''8} 1201 Alternatively, parallel lines are printed with decreasing
spacing, and their merging is studied. This analysis can be used to evaluate factors
such as ink composition, concentration, and degree of crosslinking, all of which
affect the ability to produce fine details and sharp angles. Ideally, the viscosity of the
ink would recover quickly after deposition, and the yield stress or storage modulus
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would be sufficiently high to prevent deformation by gravity or surface tension. In
addition to the ink’s rheological properties, process parameters such as printing
speed, pressure, temperature, and nozzle offset from the substrate influence the line
formation.!!18)- [123]

Another approach, as illustrated in Figure 8¢, involves printing grid-like
structures with alternating line directions that are perpendicular to each other to
assess ink stabilization and shape fidelity. The resulting pore shapes can be evaluated
semi-quantitatively by calculating a printability index (P,). Perfectly square pores
have a P, value of 1, while values below 1 indicate spreading of the material and the
formation of round pores. Over-gelation and the formation of irregular pores result
in P, values above 1,118} [120]

Spreading and deformation of the material are also crucial when printing
structures with multiple layers. As more layers are added, the stress applied to the
lower layers increases, applying higher demands on the ink to ensure proper shape
fidelity compared to depositing single lines. The ink’s suitability for manufacturing
of multi-layered structures has been evaluated, for example, by printing three-
dimensional objects and comparing their heights to the original design values. This
test avoids the effects of the substrate, which are known to affect the spreading of
the material.l'18} [123]

The ability to produce structures with defined porosity or overhangs is crucial
for several applications. In these cases, preventing the filament’s collapse due to
gravity is essential. The ability to resist deformation by gravity can be quantitatively
evaluated by depositing a filament over an array of pillars with increasing distances
(illustrated in Figure 8d) and measuring the deflection of the filament or the area
below it. Alternatively, the breaking of the filament upon deposition over gaps of
different lengths can be assessed. The yield stress and storage modulus of the ink are
critical in counteracting the effects of gravity, thereby influencing the outcome of
the tests.[!18)- [123]
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a) b)

P,<1

Figure 8. lllustration of common printability assessment methods. The filament formation test is
presented in a), while filament spreading can be evaluated by measuring b) the diameter
of the filament or the fusing of parallel lines, or alternatively by c) printing a grid structure
and analyzing the pore shape. The filament deflection test is illustrated in d), showing
the process of printing filament over gaps of different lengths.

2.3.34 Drug delivery applications

Due to its low processing temperature and compatibility with a wide range of
materials, SSE has become the most widely utilized 3D printing method in tissue
engineering, where ensuring the viability of the cells within the ink is essential.[2"]
In contrast, SSE still lacks widespread adoption in the pharmaceutical field, although
several studies have demonstrated its significant potential for the cost-efficient
preparation of small batches of customized dosage forms, such as pediatric
formulations.!''}: 112 1141 Taple 7 lists examples of polymer-based drug delivery
systems manufactured by SSE 3D printing. The majority of systems reported in the
literature are various types of tablets, although drug delivery devices ranging from
patches to scaffolds have also been developed.!'?: 14
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Table 7. Examples of polymer-based drug delivery systems prepared by semi-solid extrusion 3D
printing. Solvents are excluded from the material list.

Type Materials Drug Reference

Immediate Poly(vinyl alcohol)-poly(ethylene glycol) Levetiracetam [124]
release tablet graft copolymer (PVA-PEG) and
polyvinylpyrrolidone-vinyl acetate copolymer
(PVP-PVAC)

Immediate Hydroxypropyl-B-cyclodextrin, Carbamazepine (1291
release tablet hydroxypropyl methylcellulose (HPMC),
PVP, sodium carboxymethylcellulose, and
croscarmellose sodium

Extended- HPMC Theophylline [126]
release tablet
Extended- HPMC, lactose, microcrystalline cellulose Glipizide (127
release tablet | (MCC), and PVP
Chewable tablet | Sucrose, pectin, maltodextrin, flavorings, Isoleucine [128]

and colorants
Chewable tablet | Gelatin, HPMC, and reduced starch syrup | Lamotrigine [129]
Polypill PVP, lactose, D-mannitol, sodium starch Aspirin, [130]

glycolate, HPMC, cellulose acetate (CA), hydrochlorothiazide,

and PEG pravastatin,

atenolol, and
ramipril

Polypill PVP, PEG, HPMC, CA, D-mannitol, Nifedipine, (131

croscarmellose sodium, MCC, sodium captopril, and

starch glycolate, sodium chloride, and glipizide

tromethamine
Self- Capryol 90, octanoic acid, PEG, and Dapagliflozin [132]
nanoemulsifying | Poloxamer 188 propanediol
tablet monohydrate
Orodispersible | Hydroxypropyl cellulose Warfarin (133]. [134)
film
Orodispersible | Maltodextrin, sorbitol, and hydroxyethyl Benzydamine [135]
film cellulose hydrochloride
Patch PCL and PLGA 5-fluorouracil [136]
Microneedle Sodium alginate, hydroxyapatite, and Glucose-responsive | [137]
patch anhydrous calcium chloride releasing insulin
Controlled Silopren UV LSR 2030 Prednisolone (s8]

release device

Scaffold PDMS (vinyl terminated), methyl modified Metronidazole [139]
silica, methylhydrosiloxane-dimethylsiloxane
copolymer (trimethylsiloxane terminated)
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234 Design considerations for 3D printed drug delivery
systems

To ensure the successful adoption of 3D printing in the manufacturing of polymer-
based drug delivery systems, several design considerations must be addressed to
optimize the efficacy, safety, and manufacturability of these systems. A crucial
factor to consider is the drug molecule itself, as it may impose fundamental
limitations on the formulation, design, and manufacturing process to ensure the
stability and proper drug release behavior.[!!}-[14]

Another vital aspect is the intended administration route. Each route presents
unique challenges and requirements, influencing the choice of materials, geometry,
and manufacturing method. For example, transdermal microneedle patches designed
for localized delivery necessitate specific shapes for effective skin penetration.l?
[140]

The geometry of the drug delivery system significantly impacts the drug release
profile. Complex three-dimensional structures can control the release kinetics
through factors such as surface area, pore architecture, and wall thickness, enabling
programmed release profiles such as pulsatile or sustained release.””- 1*0) However,
the geometric design and strand orientation can also affect the mechanical properties
of the printed object. Support structures may be necessary for complex constructs,
leading to a trade-off between functionality and simplicity.[*!)

Accurate delivery of the target dose is critical, especially in personalized
medicine, where dosing varies among patients.!!!% [142] Process parameters such as
print speed, nozzle size, and layer thickness can be adjusted to achieve the desired
dosage precision. However, enhanced precision often comes at the cost of decreased
process throughput. For example, smaller nozzles and lower layer heights improve
resolution but can significantly extend the production time.[!2} [141- [141]

Material selection is another essential component of product design, as the
polymers used in drug delivery must possess specific rtheological and mechanical
properties for effective processing and post-administration performance. When
considering tissue contact of these systems, biocompatibility and toxicity are also
important factors. Furthermore, material characteristics, such as degradation
behavior and crystallinity, influence the drug release rates.[!

When considering the scalability of the process, the choice of 3D printing
technology is important. A fundamental question is whether the technology can
provide reasonable throughput to meet market demands. The selected process must
consistently produce high-quality products while maintaining flexibility, being
operator-friendly, and complying with regulatory requirements.[!4"]
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2.3.5 Regulatory aspect and future perspectives

Currently, 3D printing in the pharmaceutical field is predominantly in the research
phase.[''%) Although the technology has demonstrated significant potential to
transform drug delivery through preclinical and clinical studies, widespread clinical
application has yet to be achieved.!'!} [143} 144 Fyrthermore, the existing focus
appears to be primarily on oral administration, with other delivery systems receiving
less attention. The primary objective of utilizing 3D printing in the manufacturing of
drug delivery systems is to overcome the limitations of traditional methods, such as
limited tailorability.!'** Thus, much of the technology’s potential remains untapped.

Despite its promise, several technical limitations hinder the implementation of
3D printing for the manufacturing of drug delivery systems. Achieving high
resolution in printed products is a critical challenge, as is the need for thorough post-
processing to ensure quality and consistency. Variability in the appearance and
performance of finished products necessitates further process development and
research into suitable raw materials.!'!} 197) This is also linked to concerns about
quality control, as the safety and efficacy of 3D printed products must be ensured.!'”
It has been envisioned that integration of Process Analytical Technology (PAT),
such as non-destructive in-line measurements, into the 3D printing process could
significantly improve the quality control capabilities.!'*} [10%]

Another factor contributing to the slow adoption of 3D printing in the
pharmaceutical field is the lack of Good Manufacturing Practice (GMP) compliant
equipment. Most commercial 3D printers do not meet the stringent requirements set
by regulatory bodies, complicating the integration of this technology into
pharmaceutical manufacturing.[14}- (1001 [101]

Furthermore, the regulatory framework surrounding 3D printed drug delivery
systems is still under development. The diversity of printing methods and materials
presents challenges in establishing clear guidelines.!'?: ] Additional complexity
arises from the various scenarios in which 3D printing could be used, ranging from
the development stage in the industry to point-of-care applications.!!2} 100} [103]. [145]
In 2017, the FDA issued guidance on technical considerations for additive
manufactured medical devices. However, this guidance did not specifically address
drug delivery systems.!'¥ Nevertheless, it underscored the necessity for tailored
regulatory pathways that reflect the unique characteristics of each technology and
product. Regulatory considerations must encompass various aspects, including
material selection, manufacturing processes, and sterilization protocols, to ensure the
safety and efficacy of 3D printed pharmaceuticals.['?}- [119]

As the technology matures and regulatory frameworks are established, the
potential for personalized medicine and novel drug delivery solutions will continue
to expand, potentially transforming the pharmaceutical field.>”- 92} (%8
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Aims of the Study

The overarching aim of this thesis is to enhance the versatility of 3D printing within
the pharmaceutical sector, specifically regarding systems for macromolecule
delivery and release, by facilitating the 3D printing of widely used medical materials
under ambient conditions. The research presented in this thesis focuses on extrusion-
based 3D printing, including the evaluation of suitable materials and processing
parameters for the preparation of drug delivery systems.

The main objectives of the study were:

I

I

I1I

v

To develop an extrusion-based 3D printing method and ink
formulation that enable room-temperature processing of
thermoplastic polymers.

To evaluate the relevant material and process-related factors affecting
the success of the 3D printing process.

To enhance the resolution of the semi-solid extrusion 3D printing
process by modifying the ink composition.

To tailor the microstructure, mechanical properties and drug release
rate of the printed systems by developing a low-temperature post-
processing method.
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4 Materials and Methods

The materials and methods used in this thesis are briefly summarized here. More
detailed information is available in the original publications (I-III). Electron
microscopy (publications I-III) was conducted at the Materials Research
Infrastructure (MARI) in the Department of Physics and Astronomy at the University
of Turku, Finland. Confocal microscopy (publication III) was performed at the Cell
Imaging and Cytometry Core, Turku Bioscience Centre, Turku. 3D printing
(publications I-I1I) was conducted at Brinter AM Technologies Ltd., Turku.

41 Materials

PLGA polymers (Resomer® RG 502 H, Resomer® RG 504, and Resomer® RG 756
S), and PVA (My 13,000-23,000, 87-89% hydrolyzed) were purchased from Sigma-
Aldrich (Espoo, Finland). Carbopol® Ultrez 10 NF was received as a sample from
IMCD Nordic (Malmo, Sweden).

Poly(L-lactide-co-glycolide) (PLLGA, lactide:glycolide ratio = 75:25)
microspheres were purchased from Rimless Industry Co., Ltd (Changchun, China)
and PMMA microspheres were purchased from Cospheric LLC (California, USA).

Fluorescein isothiocyanate-dextran (FD, FITC-dextran 40 kDa), sodium azide
(NaNs, >99.5%), and phosphate buffered saline-Tween® (PBS-Tween, pH 7.4,
0.05% Tween® 20) tablets were purchased from Sigma-Aldrich (Espoo, Finland)

Acetone (>99.5%), dichloromethane (DCM, >99.5%), dimethyl sulfoxide
(DMSO, >99.8%), tetrahydrofuran (THF, >99.9%), and sodium hydroxide (NaOH,
1 M) were purchased from Sigma-Aldrich (Espoo, Finland). Ultrapure water (>18.2
MQ cm') was generated with a Milli-Q® 1Q 7000 water purification system
(Millipore SAS, Molsheim, France).

4.2 Microsphere preparation

Single emulsion solvent evaporation method!!*! was used in the preparation of FD-
loaded PLGA microspheres at room temperature (publication III). The oil phase was
prepared by dissolving PLGA (Resomer® RG 502 H, Resomer® RG 504, or
Resomer® RG 756 S) in DCM and FD in DMSO, followed by mixing the solutions.
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The oil phase was emulsified for 1 min in 1% (w/v) PVA aqueous solution using an
Ultra-Turrax® T25 digital homogenizer (IKA®-Werke GmbH & Co. KG, Staufen,
Germany) equipped with an 18-mm dispersing tool, followed by solvent evaporation
overnight. Different stirring rates were selected based on preliminary screening (data
not shown) with the aim of obtaining similar particle size distributions for the
different formulations. Microspheres were separated and washed with MilliQ water
by centrifugation at 4,000 RCF for 5 min using an Eppendorf 5804 R centrifuge
(Eppendorf AG, Hamburg, Germany). Microspheres were vacuum dried overnight
in a SalvisLab Vacucenter VC50 (Renggli AG, Rotkreuz, Switzerland) vacuum
drying oven at room temperature. Placebo microspheres were prepared from RG 504
by following the same protocol, but without FD. The microspheres are hereinafter
abbreviated according to the polymer used and the presence of the drug [(FD or
placebo (pbo)], e.g., RG504rp. The abbreviations are collected in Table 8. The FD-
loaded microspheres were protected from light during every manufacturing step,
while being stored, and during further processing.

Table 8. Emulsification parameters used in the preparation of different microsphere formulations.
Reprinted from publication Il with permission from Elsevier.

Abbreviation | Polymer | Model drug | Stirring rate (rpm)
RG502Hrp RG 502 H| FD 3,000
RG504rp RG 504 |FD 4,000
RG504 10 RG 504 |- 4,000
RG756Skp RG 756 S |FD 5,000
4.3 Microsphere characterization

4.3.1 Process yield

The yield of the microsphere manufacturing process was quantified by weighing the
microspheres after drying (publication IIT).

4.3.2 Size and morphology

Microsphere particle size and size distribution were analyzed in liquid mode using a
PSA 1190 L/D particle size analyzer (Anton Paar, Graz, Austria) equipped with a
Small Volume Unit (SVU) (publications I and III). Microspheres were dispersed in
water for the analysis, and Mie theory!'*”! was used for particle size calculation,
utilizing the characteristic refractive index and absorbance coefficient values of the
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microsphere matrices. Volume mean diameter D/4,3/, volume percentiles, and
span!'*8 values were collected. The analysis was performed in triplicate.

Microsphere morphology was analyzed using an Apreo S field emission
scanning electron microscope (FE-SEM) (Thermo Fisher Scientific, Brno, Czech
Republic) (publications I and III). Samples were attached on aluminum stubs and
coated with either gold (publication I) or platinum (publication III). Imaging was
conducted using a 2 kV acceleration voltage and detection of secondary and
backscattered electrons.

4.3.3 Drug content

The amount of encapsulated FD within the microspheres was quantified by
dissolving a known amount of microspheres in DMSO and extracting the drug by
adding PBS-Tween (publication IIT). The resulting polymer precipitate was
separated by centrifugation at 20,000 RCF for 15 min using an Eppendorf 5424
centrifuge (Eppendorf AG, Hamburg, Germany), and the FD concentration in the
supernatant was determined by absorbance measurement at 487 nm with a Victor
Nivo plate reader (Perkin Elmer, Pontyclun, UK). Drug loading degrees (LD) and
encapsulation efficiencies (EE) were calculated (n = 3) with the following equations:

LD = Mencapsulated drug . 100% (1)

Mencapsulated drug + Mpolymer

EE = Mencapsulated drug . 100% (2)

Mtotal drug added

The distribution of FD within the microspheres was analyzed using confocal laser
scanning microscopy (CLSM) imaging with an LSM 880 (Zeiss, Oberkochen,
Germany) (publication III). Imaging was conducted using 488 nm argon light
excitation and 493-564 nm bandpass filters for emission. Transmitted light images
were also captured by the system. The captured images were processed with
ImageJ® software (version 1.53q, National Institutes of Health, Bethesda, Maryland,
USA).

4.4 Ink formulation

Carbopol gel was prepared (publications I, II, and III) by suspending Carbopol®
Ultrez 10 NF in Milli-Q® water at a 0.5% (w/v) concentration. The gel was formed
by adjusting the pH of the suspension to 7.0 & 0.2 by gradual addition of NaOH. The
gel was mixed for 2 x 1 min with SpeedMixer™ DAC 400.1 FVZ (Hauschild GmbH
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& Co. KG, Hamm, Germany) at 1,200 rpm while measuring the pH between the
mixing periods.

Inks were prepared by mixing the microspheres with the gel at concentrations
ranging from 0% to 60% (vol). Material densities (1.34 g/cm? for PLGA 50:50, 1.30
g/cm? for PLGA 75:25 and PLLGA!I#-11501 1 19 g/cm?® for PMMA, and 1.00 g/cm®
for Carbopol gel) were used for volumetric conversions. In publication I, the
PLLGAG60 ink was discarded from further processing due to its high viscosity,
whereas in publication I1I, a couple of drops of water was added to some of the inks
to reduce their viscosity. The inks were mixed using a SpeedMixer™ at 1,600 rpm
for 2 min and loaded into plastic syringes, followed by degassing through
centrifugation at 2,880 RCF for 5 min in an Eppendorf 5804 R. The degassed inks
were then mixed by manual pumping between two connected syringes.

The inks are later abbreviated by the name of the polymer and the volume
percentage of microspheres within the ink (Table 9). For example, the PLLGA45-
RG504¢p5 ink contains 45% (vol) PLLGA microspheres and 5% (vol) FD-loaded
RG 504 microspheres.

Table 9. Composition and abbreviations of the prepared inks.

Microsphere Microsphere

component 1 component 2
Ink Formulation |% (vol) |Formulation |% (vol) |Publication
PLLGAO PLLGA 0 - - LI
PLLGA10 PLLGA 10 - - LI
PLLGA20 PLLGA 20 - - I,
PLLGA30 PLLGA 30 - - I,
PLLGA40 PLLGA 40 - - I,
PLLGA50 PLLGA 50 - - I,
PLLGAG0 PLLGA 60 - - |
RG504¢550 RG504¢p 50 - - m
RG504,0045-RG502Hrp5 | RG504 00 45 RG502Hgp 5 [}
RG504,0045-RG504r05 | RG504 10 45 RG504¢p 5 m
RG504,0045-RG756Srp5 | RG504 0 45 RG756Srp 5 [}
PLLGA45-RG504¢p5 PLLGA 45 RG504rp 5 1]
PMMA45-RG504¢p5 PMMA 45 RG504rp 5 1]

57



Juuso Pohjola

4.5 Ink characterization

The rheological behavior of the inks containing PLLGA microspheres was
characterized in publication I using an MCR 702e MultiDrive™ rheometer (Anton
Paar, Graz, Austria) equipped with a serrated 20 mm parallel plate setup (gap = 1
mm). Measurements were conducted in triplicate at 25 °C after preshearing in
steady-state rotational mode (0.1 1/s for 60 s), followed by a 1 min stabilization time.
A solvent trap and silicone oil cover were used to prevent sample drying.

An oscillatory strain amplitude sweep (0.001-1,000%) was conducted at a
frequency of 1 Hz to determine the linear viscoelastic region (LVR), with the yield
strain (y,) taken from the point where the storage modulus (G') value decreased by
5% from its linear range value. The yield stress (g,) was determined from an
oscillatory stress amplitude sweep (0.1-1,000 Pa) at 1 Hz frequency. A crossover
point of G' and G" was determined as the yield point.

Apparent viscosities were measured using shear rate ramps (0.01-100 1/s) in
rotational mode, with 60 s timeout for each point. The true viscosities were
calculated after applying the Weissenberg-Rabinowitsch correction!!>!} 1321 to the
experimental data, after which the Herschel-Bulkley model''® was used to
determine the yield stress (o), flow index (n) and consistency index (K):

o= o, + Ky" (3)

Model fitting was conducted in Origin (version 2022, OriginLab Corporation,
Northampton, Massachusetts, USA), which was also used for graphing.

An oscillation-rotation-oscillation (O-R-O) three-interval thixotropy test (31TT)
(1201.1122] wag chosen to characterize the viscosity recovery behavior. The first interval
was conducted in oscillatory mode (60 s time sweep with 0.01% amplitude at 1 Hz
frequency), while the second interval was conducted in rotational mode (steady-state
rotation with a shear rate of 10 1/s for 10 s). The third interval was again conducted
in oscillation mode (¢ = 180 s), during which the change in G’ and G" values was
monitored. Additional samples (n = 1) were tested in rotation-rotation-rotation (R-
R-R) mode using shear rates of 0.1, 10, and 0.1 1/s for the first, second, and third
intervals, respectively.
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4.6 3D printing & post-processing

4.6.1

Object design and STL file generation were performed using SolidWorks CAD-
software (v. 2021, Dassault Systémes, SolidWorks Corporation, Waltham,
Massachusetts, USA) (publications I, II, and III).

Semi-solid extrusion 3D printing was conducted with the Brinter® One (Brinter
AM Technologies Ltd., Turku, Finland) using a progressive cavity technology-based
Rotary Tool (Brinter AM Technologies Ltd., Turku, Finland) and the compatible
accessories (publications I, II, and III). System operation and object slicing were
performed using the embedded software.

Tool pressure was set to 300 mbar in all studies, and Nordson EFD Optimum®
SmoothFlow™ Tapered Tips (Elgood Oy, Vantaa, Finland) with various internal
diameters were used. Printing was conducted at room temperature on glass slides,
unless otherwise stated, with the print speed (v) set to 5 mm/s. The different sample
types are presented in Figure 9 along with their characteristic parameters. Other
parameters, such as physical nozzle size (D)), nozzle size parameter (slicer value,
D,), layer height (%), and extrusion factor (E), were varied.

The printed samples intended for further post-processing and/or characterization
were vacuum dried overnight at room temperature (publications I, II, and I1I).

Printing process

Solid cylinder Grid

Diameter (d). 5 mm
Height (h): 5 mm
Shell count: 1

Width (w): 10 mm
Depth (dpt): 10 mm
Height (h): 2 layers

Fill type: solid i ‘ Fill type: solid
Infill density: 1 | Infill density: 0.35
Skirt: 1 EEEEEE Shell count: 1
S Skirt: 1
Hollow cylinder Line

Diameter (d): 5 mm
Height (h): 5 mm
Shell count: 1

Fill type: vase

Infill density: 1
Skirt: 1

Height (h): 1 layer
Shell count: 1

Fill type: vase
Infill density: 1
Skirt: no

Figure 9. Different sample types and their characteristic slicing settings. The line shape was
generated by manually modifying the G-code within the slicing software. Reprinted from
publication Il with permission from Elsevier.
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4.6.2 Printability assessment & material flow optimization

Publication I focused on simple printability demonstration of the PLLGA inks with
the solid cylinder models. In the tests, D, = 410 um and /# = 328 pm were used. In
publication I, a more comprehensive printability assessment was conducted using
the PLLGA inks for all sample types presented in Figure 9. These methods are
described below.

Filament formation tests and filament diameter analysis were conducted by
extruding the inks through nozzles of different sizes from heights of 20 mm and 10
mm, respectively, while capturing images with the printer’s embedded camera.
Image acquisition was followed by qualitative assessment of filament quality or
measurement of filament diameter through image analysis using Imagel]® software
(version 1.53q). The extrudate swell ratio S'%% was determined from 10 parallel
measurements as the ratio of the measured filament diameter D to the nozzle
diameter D,

s== 4)

)
<

In the other printability assessment tests, D, was 410 um.

The printability index (P,)['%* 5% values were obtained by photographing the
grid structures prepared with different layer heights. The circularity (C) of the pore
geometry was derived from the pore perimeter (L) and area (4) using the following
equation:

L

5
.LAZ 16A ( )

P =

Lk

alr
L

41T

The areas and perimeters were obtained from 10 parallel measurements using image
analysis with ImageJ®.

A modified filament collapse test!'*®! was performed by depositing a single
filament over a custom-made block containing 10 mm wide pillars separated by gaps
of 5-30 mm in 5 mm increments. Different D, and 4 values were used in the analysis.
In the test, £ = 0.79 was applied to correct the flow rate for a filament with a round
cross-section instead of a rectangular one. The maximum span lengths over the
different gaps were recorded for three parallel samples.

Material flow optimization focused on the visual assessment of the effects of
different printing parameters and extrudate swell on the resulting object quality.
Solid and hollow cylinders were printed with varying D,, &, and E values.

In publication III, the inks were formulated using PLGA, PLLGA and PMMA
microspheres. In this case, printability was evaluated by manual extrusion through
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nozzles of different sizes. For the actual 3D printing, D, = 580 pm and 4 = 290 ym
were used.

4.6.3 Post-processing

In publications I and III, the dried samples were sintered using solvent vapor!'>l, In
this step, the samples were enclosed in a polymeric jar while being elevated from the
bottom. A solvent or solvent mixture was poured into the bottom of the jar and the
system was sealed for varying durations (1-24h). For sintering structures composed
mainly of PLLGA and PMMA microspheres, acetone was used (publications I and
III), whereas a 1:3 acetone:water mixture was used for sintering samples containing
45-50% (vol) of PLGA microspheres (publication III). The different sintering
conditions were chosen with the aim of achieving similar sintering behavior for the
different materials. After sintering, the samples were vacuum dried overnight at
room temperature. The efficiency of solvent removal during vacuum drying has been
studied in publication III supplementary material.

4.7 Characterization of the printed samples

The printed samples were photographed immediately after preparation (publications
I and II), as well as after drying (publications I, II, and III).

4.71 Shrinkage

In publications I and 11, the solid cylinders (printed using D, =410 um and 4 = 328
um) were used for shrinkage determination (n = 3) after calculating their volumes
based on dimensional measurements taken with a caliper. In publication I, the
analysis was conducted for the sintered samples made from the PLLGAS0 ink by
comparing the volumes of the sintered samples (V}i) to their initial volumes before
sintering (Vinisa). Volumetric shrinkage was calculated using the following equation:

Shrinkage = (1— 2£2) . 100% (6)

initial

In publication II, the analysis was conducted for the dried samples made from
PLLGA inks with different microsphere concentrations. Sample volumes (Vin/)
were compared to the theoretical print volumes (Vieor), and the volumetric
shrinkages were calculated using the following equation:

Shrinkage = (1— Z2%) - 100% 7)

theor
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4.7.2 Porosity

The porosities of the samples were analyzed before and after sintering (publications
I and IIT) using the following equation:

Mprint
Vprint

Pprint

Porosity = (1 - ) -100 % (8)

where m,i, is the weight of the sample and pp.n is the theoretical density of
nonporous dry ink. For the density calculations, a density value of 1.41 g/cm3!5®
was used for the Carbopol polymer. The densities of the microspheres have been
presented earlier.

The internal structure of the solid cylinder samples made from PLLGAS5O0 ink (n
= 1) was analyzed in publication I using micro-computed tomography (uCT). The
imaging was conducted with a Phoenix Nanotom S (GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany) using the following parameters: 60 kV
voltage, 240 pA current, 1,440 projections, an exposure of 4 x 500 ms/projection,
and a voxel size of 3 um. The data were processed with Image]® software (version
1.54f) using automatic brightness/contrast adjustment and threshold functions before
calculating the area percentages of the porous and solid phases.

4.7.3 Morphology

The printed samples (n = 1) were imaged with the FE-SEM following the same
protocol as in the microsphere characterization, with the exception of adding Pelco®™
colloidal graphite (Ted Pella Inc., Redding, California, USA) during sample
mounting. In publications I and III, the analysis was conducted on solid cylinder
samples before and after the sintering by imaging their surface or cross-section. Prior
to cross-sectional analysis, samples were manually cut with a scalpel. In publication
II, the analysis was conducted on the dried solid and hollow cylinders without
sintering.

4.7.4 Drug distribution

CLSM was used in publication III to analyze the drug distribution within the post-
processed solid cylinder samples.
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4.7.5 Mechanical strength

The mechanical strength of the printed PLLGAS5O structures was investigated before
and after sintering through compression testing (publication I). The samples (n = 3)
were analyzed at a compression speed of 1 mm/min using an Instron 5943 universal
testing system equipped with a 500 N load cell. Ultimate compressive strength values
were determined from the first observed clear peaks in the stress-strain plots.

4.8 In vitro testing

In vitro studies were conducted in publication III for the microspheres and printed
samples. Briefly, approximately 50 mg of the microspheres or a printed sample was
immersed in 20 mL of PBS-Tween (pH 7.4) containing 0.02% (w/v) NaN3 and
placed in a shaking water bath (Model 1092, GFL Gesellschaft fiir Labortechnik
GmbH, Burgwedel, Germany) at 37 °C and 100 rpm. Prior to placement in the
shaker, the printed samples were briefly subjected to vacuum to ensure the
penetration of the dissolution medium into the structures. The efficiency of the
process has been studied in publication III supplementary material through dye
staining testing.

4.8.1 Drug release

The amount of released FD was quantified at predetermined intervals by
withdrawing 1.3 mL of the dissolution medium (n = 3), followed by centrifugation
at 20,000 RCF for 5 min using an Eppendorf 5424. Then, 1.0 mL of the supernatant
was collected for analysis, and an equal volume of fresh buffer was added to the
tube. The mixture was vortexed before returning the contents to the original sample.
The FD concentration was quantified from the extracted supernatant with a plate
reader against a calibration curve using fluorescence analysis (excitation filter:
480/30 nm, emission filter: 530/30 nm). The percentage of FD released during the
first day was determined as the burst fraction. Sink conditions were maintained
throughout the study.

4.8.2 Mass loss

Mass loss was monitored for the samples printed from RG504rp50 ink (n = 3). At
predetermined intervals, the samples were taken, rinsed briefly with water, and
vacuum dried at room temperature. The weights of the dry samples were compared
to the initial weights measured before the start of the in vitro test.
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4.8.3 Polymer degradation

The degradation study was conducted for different microspheres (PMMA excluded)
and 3D printed samples made from RG504gp50 ink through sampling at
predetermined intervals (n = 1). The microspheres were separated from the
dissolution medium by centrifugation at 4,000 RCF for 5 min in an Eppendorf 5804,
followed by resuspension in water and repetition of the separation process. The 3D
printed samples were rinsed with water after removing the dissolution medium.
Samples were vacuum dried overnight at room temperature and dissolved in THF at
a concentration of 0.5 mg/mL. For comparison, pure PLGA polymers and PLLGA
microspheres were also analyzed.

Size exclusion chromatography (SEC) was used to analyze the molecular weight
and molecular weight distribution of the samples. The system consisted of a model
515 HPLC Pump, 2707 Autosampler, 2414 Refractive Index Detector, PLgel column
set (Agilent) (5 pm Guard 50 mm x 7.5 mm x 5 pm and 5 um MIXED-C 300 mm x
7.5 mm x 5 pm) and a separate Mistral™ model 886 column thermostat (Spark
Holland BV, Emmen, Netherlands). Polystyrene standards were used for calibration.
Column and detector temperatures were set to 40 °C and 30 °C, respectively. A flow
rate of 1 mL/min and an injection volume of 100 uL were used. Instrument operation
and data collection were conducted via Empower software (Waters Corporation).
The weight average molecular weights (M,,) after degradation were compared to the
initial values (My) of the pure PLGA polymers or the PLLGA microspheres. The
values were not corrected using the Mark—Houwink equation parameters, as only
relative changes were monitored.

4.8.4 Morphological changes

Morphological changes occurring during the in vitro study were analyzed using the
3D printed samples made from RG504rp50 ink (n = 1). At predetermined intervals,
the samples were collected, rinsed with water, and vacuum dried. The surface and
cross-section of the samples were imaged with FE-SEM, as previously described.

4.9 Statistical analysis

The results are presented as mean + standard deviation. Statistical analysis was
conducted using Minitab® software (versions 20-22, Minitab Inc., State College,
Pennsylvania, USA). One-way analysis of variance (ANOVA) was performed,
followed by Tukey’s post-hoc test when statistically significant differences were
observed. Statistical significance was determined as p < 0.05.
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There is a growing interest in the use of biological macromolecules, such as proteins
and peptides, in the pharmaceutical field.!'> To achieve long-term controlled release
of these molecules, a common approach has been to use PLGA microspheres. 6}
[169] However, for the preparation of personalized medicine, 3D printing has shown
great promisel'?! 1] making it reasonable to combine these different technologies.

In this thesis, PLGA microspheres containing the model hydrophilic
macromolecule drug fluorescein isothiocyanate-dextran (40 kDa) were formulated
and used in semi-solid extrusion 3D printing for the fabrication of controlled release
drug delivery systems. The influence of post-processing on drug release and object
degradation was assessed in vitro. The rheological behavior of different extrudable
inks was first evaluated using commercial PLLGA microspheres. The PLLGA
microsphere-based inks were also employed to optimize the SSE printing process
and to evaluate the effects of ink formulation and post-processing conditions on the
resulting structures.

5.1 Microsphere characterization

When considering the administration(®”), drug release ratel’”), or the rheological
behavior!'¢!- 11621 of microspheres, their size and size distribution are critical factors.
The PLLGA microspheres were used in publications I, I1, and I1I, while the PMMA
microspheres and the FD-loaded or placebo PLGA microspheres were used in
publication III. In the preparation of the PLGA microspheres, different processing
conditions were applied during the emulsification process to achieve similar particle
sizes across all microspheres. As the molecular weight of the polymers increased
(RG 502 H < RG 504 < RG 756 S), higher stirring rates were required to obtain
similar particle sizes. This can be attributed to the increased viscosity along increase
in the molecular weight of the polymer.['®*]

The volume-weighted particle size distributions are presented in Figure 10,
while Table 10 lists the characteristic values of the different microspheres. All
microspheres exhibited nearly identical size distributions, confirming the suitability
of the chosen processing parameters. However, FE-SEM (Figure 11) analysis
revealed differences among the microspheres. The PMMA microspheres had <5 um
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flakes attached to their surfaces, causing the small secondary peak in Figure 10.
Additionally, open pores were observed on the surfaces of the FD-loaded
microspheres. Given that FD has poor solubility within the PLGA matrix, these pores
likely resulted from the heterogeneously distributed FD (Figure 12), which partially
dissolved in the external aqueous media during manufacturing. A more uniform FD
distribution in PLGA microspheres was achieved by Mao et al.l*% at lower drug
concentrations, indicating that the drug loading should be considered when
optimizing formulations. Furthermore, the higher polymer concentration and smaller
batch size in the study of Mao ef al. may have led to faster microsphere hardening,
limiting the FD separation.

10 — —
P | =——RG502Hp
| | ——RG504,

5 ——RG756S,,
—— RG504,,,
§ ——PLLGA

- ~ PMMA
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Figure 10. Volume-weighted particle size distributions of the different microspheres used in the
thesis. Reprinted from publication lll with permission from Elsevier.

Table 10 shows that the polymer influenced the drug loading degree and
encapsulation efficiency. Both RG504rp and RG756Skp had an EE of approximately
75% and an LD of approximately 2.2% (wt), while RG502Hrp showed EE less than
60% and an LD around 1.7% (wt). The lower viscosity of RG 502 H may have
facilitated faster FD diffusion before microsphere hardening, resulting in reduced
encapsulation efficiency. Overall, the data indicates good manufacturing
repeatability and a high yield over 90%.
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Table 10. Characteristic values* of the microspheres used in the thesis. Results are shown as

mean + standard deviation, when applicable**. Reprinted from publication Il with
permission from Elsevier.

Microsphere | D1o Dso Dgo Mean Span LD (%) |EE (%) |Yield

(m) | (pm) | (pm) | D[4,3] (%)
(um)

RG502Hrp [11.4+ |20.8+ ([369% |239+ (12% 1.7+ 585+ |92
0.0 0.0 0.0 0.0 0.0 0.1 21

RG504¢p 10.3+ (206 |39.0+ (241 |14z 22+ 769+ |93+1
0.3 0.5 1.3 0.7 0.0 0.1 22

RG756Skpp | 8.8 194+ (389 (231 |16+% 22+ 756+ |92
0.0 0.0 0.1 0.0 0.0 0.2 7.4

RG504 b0 85+ 176+ |(342+ |20.7+ |15% N/A N/A 91 +1
0.4 0.8 1.6 0.9 0.0

PLLGA 121+ (219+ |38.8+ (251+ |12+ N/A N/A N/A
0.1 0.2 0.4 0.2 0.0

PMMA 120+ |[25.0+x |450+ |28.0x |13z N/A N/A N/A
0.0 0.1 0.1 0.1 0.0

*k

Volume-weighted particle size distribution values are shown. D, represents the diameter below
which % of the particle population falls.

Results were obtained by triplicate analysis from three parallel batches with RG504f, and
RG504,, and from a single batch with the rest of the microspheres. This is because only
single batches of RG502Hrp and RG756Skp were prepared.
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Figure 11. Representative FE-SEM images of the studied microspheres: a) RG502Hgp, b)
RG504rp, c) RG756Skp, d) PLLGA, e) RG5041,, and f) PMMA. Scale bars are 50 pm.
Reprinted from publication lll with permission from Elsevier.

Figure 12. CLSM images of a) RG502Hp, b) RG504¢p, and c) RG756Skp microspheres, showing
the distribution of FD (green) in the (black) polymer matrix. The contrast between the
dark grey background and the polymer matrix was created by applying an overlay of the
transmitted light images with 10-15% opacity on the CLSM images. The black particles
were not within the focal plane, thus lacking the fluorescence signal. Scale bars are 50
pum. Reprinted from publication Il with permission from Elsevier.
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52 Ink characterization

Carbopol microgels are highly effective rheology modifiers widely used in various
pharmaceutical applications!!*® 14 Additionally, they have been demonstrated to
be 3D printable.['®] For these reasons, Carbopol gel was selected as the ink matrix
to achieve the desired rheological properties at a minimal concentration of 0.5%
(w/v). This formulation allowed for the printing of constructs composed primarily of
polymeric microspheres. In publication I, PLLGA microspheres were incorporated
into the gel to achieve final microsphere concentrations ranging from 0% to 60%
(vol), and the rheological properties of the inks were evaluated. Typically, the
viscosity of the ink increases with the solid volume fraction. In this study, the highest
particle concentration was close to the 64% theoretical random packing density of
monodisperse spheres. Although the particles used were polydisperse, allowing for
higher packing densities!!%¢" [1*7], the ink with 60% (vol) microsphere content became
too viscous for the experimental setup. Consequently, the maximum microsphere
concentration was limited to 50% (vol).

Previous studies have shown that inks containing over 60% (vol) solids can still
be extrudable.!'%8! However, the ink formulation method used in this thesis was based
on an assumption that the microspheres were solid, potentially leading to an
underestimation of their volume fraction due to the porosity within the particles. This
observation aligns with the findings in publication I, where porosity was detected
in the particles (Figure 11), necessitating the addition of water during the ink
preparation. Furthermore, it is known that the maximum flowable particle volume
fraction is influenced not only by the size distribution but also by the frictional
interactions between particles.'?) These results suggest that the number of contact
points among the solid components should not be excessively high for the ink to
maintain smooth flowability.

The rheological analysis focused on assessing the relevant properties for an
extrusion-based printing process, including viscosity, viscoelasticity, shear-thinning
behavior, yield stress, and viscosity recovery. The results of this analysis are
presented in Figure 13 and Table 11.

The linear viscoelastic behavior is presented in Figure 13a, showing that all inks
possess a linear region where G' > G'". This means that within a certain strain
amplitude range, the inks behave as viscoelastic solids, characterized by a loss factor
(tan 8) < 1, which is essential for extrusion-based printing.!'*} [!'8) This behavior is
attributed to the elastic properties of Carbopol microgel.['4 (1] Upon increase in
the strain amplitude over a critical value (yield strain, y,), a decrease in G'is observed
due to the slippage of the microgel particles past one another. Eventually, G’ falls
below G" at a crossover point where the viscous behavior becomes dominant. When
the microsphere concentration within the ink increases, both G'and G" also increase.
The inks containing 30-50% (vol) particles exhibit G’ values within the range of 10°
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to 10° Pa, which is considered suitable for the SSE process.!'¥ However, higher
microsphere concentrations lead to a decrease in the y,, resulting in a narrower linear
viscoelastic region (LVR). At the same time, an increase in the tan J values is
observed, which can be attributed to the stiffening effect and the increased number
of contact points between the solid particles, causing particle slippage at lower
strains.[61)- 1701 The decreased elasticity is further reflected in the reduced type 111
overshoot peaks in the G" curves near the crossover points, a phenomenon resulting
from energy dissipation of the elastic component during deformation and
rearrangement.[16%)- [171]

The oscillatory stress amplitude curves obtained from the yield stress analysis
(Figure 13b) show similar linear regions and crossover points as those observed in
the LVR analysis. However, when the viscoelastic moduli are plotted as a function
of the shear stress (o) amplitude, the linear ranges between the different inks are
comparable. Similarly, the yield stress g, values derived from the crossover points
ranged from approximately 220 to 360 Pa, with only PLLGAS0 exhibiting a o,
greater than 300 Pa. A high yield stress is generally considered beneficial for
maintaining post-printing shape fidelity!!'®} [129); however, no clear numerical
requirements have been established. The results suggest that the yield stress is less
responsive to changes in the microsphere concentration compared to the yield strain.

The flow curves in Figure 13c show typical shear-thinning behavior for all inks.
At lower shear rates, the curves are overlapping, but at higher shear rates (above 1
1/s), they begin to diverge. To quantify this behavior, the Herschel-Bulkley model
(Equation 3), which is known to effectively characterize Carbopol gels!!>®[16%] was
applied. The obtained parameter values are summarized in Table 11. In general, the
model fit the experimental data well, with R? values exceeding 0.996 for all samples.
Consistent with the oscillatory yield stress analysis, the fitted values from the
Herschel-Bulkley model indicated minimal effects of microsphere concentration on
the yield stress, with all values falling within the range of 100—-160 Pa. Notably, the
yield stress values derived from the Herschel-Bulkley model were approximately
half of those obtained from the oscillatory tests. This is due to the fact that the
crossover point in oscillatory tests represents the material’s flow stress, which is
above the real yield point.['7?!

The consistency index (K) is related to the viscosity of the ink.[?! The K values
show only small differences when the microsphere concentration remains below
40% (vol). In contrast, the consistency index of PLLGAS5O is significantly higher (p
< 0.05), which is also seen in the slightly higher viscosity values, although this type
of comparison is limited to inks with otherwise comparable Herschel-Bulkley model
parameters. Higher viscosity is typically expected for inks with higher solid
fractions.l'! However, the differences in the viscosities are small, and more
pronounced differences have previously been reported in glass powder-containing
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hydrogel inks by Nan ez al.l'” According to their findings, viscosity increases due

to the formation of a percolating particle network within the ink. They observed
significant viscosity changes when the particle concentration increased from 25% to
35% (wt), whereas for the PLLGA inks, this effect appears to occur only above a
40% (vol) particle concentration. These differences may be attributed to the varying
particle shapes, since the glass powder used in Nan et al’s study was likely
nonspherical due to mechanical grinding. In contrast, spherical PLLGA particles
have limited capacity for structural organization within the ink, thereby reducing
their impact on viscosity or shear-thinning at low shear rates.[!73}- (1741 Additionally,
the Carbopol microgel matrix may restrict the contact formation between the
microspheres, leading to a decreased effect of particle concentration on viscosity.
Such an effect has been reported by Sato et al.l'”®! in different aqueous inks. They
observed only minor effects of silica particles on the ink viscosity and attributed it
to the low particle interaction, the high viscosity of the ink matrix, and the alignment
of matrix molecules during flow. Moreover, the presence of solid particles may lead
to shear localization in smaller volumes, resulting in more pronounced shear-
thinl’lil’lg.[lél]’ [175], [176]

The flow index (n) describes the shear-thinning behavior of the ink: the lower
the n, the higher the degree of shear-thinning.["?!! Characteristically to Carbopol gels,
the flow index values of all inks are in the range of 0.35 to 0.50.[58) [164]. [169]
However, the n appears to increase with rising microsphere concentration, indicating
that inks with higher microsphere fractions are less shear-thinning. This variation in
the n values is responsible for the divergence of the curves in Figure 13c at high
shear rates. A similar effect has been observed in non-Brownian limestone
suspensions by Wilms et all'®. They attributed the phenomenon to increased
interparticle friction at higher solid fractions, resulting in a higher flow index for
strongly shear-thinning phases. The behavior of the PLLGA microsphere-based inks
aligns with the hypothesis of Wilms et al., as the effect becomes more pronounced
at higher particle concentrations. However, Sato et al.!'” studied aqueous xanthan
solutions containing silica particles and noted that the increase in the flow index with
the addition of solid particles could be attributed to reduced structural complexity.
Their findings indicated that the effects of silica particles were evident even at
concentrations below 10% (vol), differing from the observations with PLLGA
microsphere inks. Therefore, the contact formation and interparticle friction among
the particles is the more probable explanation for the reduced shear-thinning
behavior. Overall, the differences in the rheological behavior of the inks under
continuous flow are less pronounced than when the inks are at rest (as shown in
Figure 13a and Figure 13b). This suggests that the incorporation of polymeric
microspheres into the Carbopol gel enhances the stiffness of the ink without
significantly affecting its flow properties.
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The three-interval thixotropy test (3ITT) graphs are presented in Figure 13d and
Figure 13e. Initially, the O-R-O method (Figure 13e) was selected as it simulates
the extrusion process, where the ink is at rest in the barrel (interval I), then subjected
to continuous flow (interval II), and finally returns to a resting state after extrusion
(interval III). Typically, the viscosity (or G’ and G") levels at the beginning of the
third interval are lower than those during the first interval, and recovery towards the
initial values is observed.['#: [120}. 1351 However, while the viscoelastic moduli in the
first interval are comparable to those observed in the LVR analysis (Figure 13a), the
values at the beginning of the third interval are higher than the initial ones and exhibit
a time-dependent decrease until stabilization. After 60 seconds of recovery, the G'
values exceeded 120% of the initial values for all inks. This behavior was
unexpected, although similar atypical recovery has been reported for other
systems.!!"%- 177 Since all inks exhibited this behavior, it is likely a characteristic of
the Carbopol matrix. A probable explanation is the elastic deformation of the
microgel particles during the second interval, resulting in a stiffer gel structure. This
is supported by the observation that the torsional force of the plate geometry was not
released after the second interval, leading to residual stress and stored elastic energy.
Carbopol gels are known to retain residual stresses after deformation, complicating
the rheological analysis. Additionally, the long stabilization times associated with
the characteristic long relaxation times of Carbopol gels!"*® 7l make it challenging
to avoid this phenomenon. Faster stabilization was observed in the inks with higher
microsphere concentrations, likely due to decreased elasticity and the release of
residual stress as the microgel particles slip into lower-energy positions.

Due to the limitations of the O-R-O method, the 3ITT was also conducted in a
rotational mode (R-R-R) with shear rates of 0.1, 10, and 0.1 1/s for the first, second
and third intervals, respectively. When transitioning to the high shear rate phase
(interval II in Figure 13d), the viscosities decreased by approximately two decades,
but also recovered over 80% within the first 4 seconds of the third interval. After 30
seconds, all inks had recovered more than 88% of their initial viscosities. The inks
containing up to 30% (vol) microspheres achieved almost complete recovery of 98%,
while the inks with higher microsphere concentrations exhibited recoveries between
89% and 95%. The reduced recovery in the inks with higher solid fractions may be
attributed to stronger structural organization during the second interval.
Alternatively, slight loss of sample or edge fracture during the second interval could
also affect the recovery. Overall, the inks demonstrated good viscosity recovery over
80%, which has previously been considered a requirement for the successful
manufacturing of multi-layer structures.!'?! The immediate dominance of G’ over G”
in Figure 13e further supports the inks’ potential for 3D printing. However, shape
distortion after printing is also influenced by the overall viscosity of the ink!!",
indicating that multiple factors must be considered.
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Figure 13. Representative graphs from the rheological analysis of inks with different PLLGA
microsphere volume percentages: a) linear viscoelastic region (LVR) determination, b)
oscillatory yield stress determination, c) flow curve analysis, and 3ITT viscosity recovery
testing in d) R-R-R mode and e) O-R-O mode. In c), the final data points for PLLGA50
were discarded due to edge fracture and loss of the sample between the rheometer
plates at high shear rates. Adapted from publication | with permission from Elsevier.
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5.3 Printability assessment and process
optimization

The printability assessment and 3D printing process optimization were conducted in
publication II using the PLLGA microsphere-based inks. Additionally, 3D printing
demonstrations can be found in publications I and III.

5.3.1 Filament formation and extrudate swell

The formation of a consistent and continuous filament is an essential requirement for
sufficient printability.[''®} 121] To evaluate the filament-forming capability of the
inks, they were extruded through nozzles of varying sizes (D,). Representative
photographs of the extruded filaments are available in the supplementary material of
publication II. All inks were extrudable through nozzles with D, ranging from 200
to 580 pum. However, extruding the PLLGASO0 ink through the 200 um nozzle
resulted in a granular and wavy filament. Previous studies have shown that
concentrated microgel inks can be extruded through nozzles having diameters 2—4
times larger than the average microgel particle size.[': 81 [n contrast, when the ink
contains solid particles, it is generally recommended to use nozzles with diameters
over 10 times the average particle diameter.['* '8 Since the sizes of the PLLGA
microspheres (Table 10) and swollen Carbopol gel particles!'8 '8 are comparable
(mean size = 25 um), the solid PLLGA microspheres were the limiting factor. This
is further supported by the observations with the PLLGAS50 ink, where high
microsphere concentrations led to increased particle-particle interactions, causing
jamming in small nozzles.!'® Consequently, a 410 um nozzle was selected for the
tests presented in the following sections.

Measuring the width of deposited lines is a common method for evaluating
processing parameters and printability.[2!}- 182 However, this approach is limited by
ink spreading due to gravity, and even slight changes in layer height can affect the
results.l'41}- 11821 Because of these limitations, filaments were extruded in air, and their
diameters (D) were measured using image analysis (Figure 14). The determined
extrudate swell ratios (S) are provided in the supplementary material of publication
1L

All D values were found to be larger than D,, resulting in S> 1 for all ink-nozzle
combinations. While D typically decreased with smaller nozzle sizes, the differences
were minimal and statistically insignificant within the range of 250 to 410 pm for
most inks. This phenomenon was unexpected and may originate from the elastic
structure of the Carbopol gel: only when the nozzle becomes sufficiently small does
the stress on the gel cause the microgel particles to slip past each, leading to
unrecoverable deformation.
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D, (um)

Figure 14. Filaments were extruded in air through nozzles of varying sizes (Dp) at a 1.5 pL/s
extrusion rate, and their diameters (D) were measured using image analysis. The bars
and error bars represent the mean values and standard deviations, respectively.
Statistically significant differences (p < 0.05) are indicated by different letters. Adapted
from publication Il with permission from Elsevier.

Typically, extrudate swell increases with the elasticity of the ink but decreases with
higher filler content.[!4}- 1611 1185111861 * Although Figure 13a showed an increase in G’
with the rising microsphere concentration, the extrudate swell did not follow a
similar trend (Figure 14). Firstly, PLLGAO exhibited lower extrudate swell than the
inks containing 10-40% (vol) microspheres. The lower values of PLLGA( may have
been influenced by the transparency of the gel, leading to a lower contrast in the
image analysis. Additionally, gravitational pull may have elongated the freely
hanging filament, particularly affecting PLLGAO, which had the lowest G
Furthermore, the extrudate swell remained relatively stable at 10-30% (vol)
microsphere concentration, with a decrease observed only when the concentration
increased from 30% to 40% (vol) (p < 0.05). A more pronounced decrease occurred
at a 50% (vol) microsphere concentration. For example, when using the 250 um and
410 um nozzles to extrude inks with 10—40% (vol) microsphere concentrations, the
formed filaments had D > 1,000 um, while for PLLGAS50, D < 600 um. The decrease
in extrudate swell was indicated by the rheological analysis, which showed that the
elasticity of the ink decreased with increasing microsphere concentration (Figure
13a and Table 11), leading to greater plastic deformation inside the nozzle and a
subsequent reduction in the extrudate swell [} 11861 187 However, since this effect
was only observed at high microsphere concentrations, the inks do not behave as
simple systems. Their behavior is likely influenced by the competing effects of the
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increased storage modulus and the reduced volume fraction of the elastically
deformable gel component as the solid phase fraction increases.

The extrusion rate did not affect the extrudate swell (as shown in supplementary
material of publication II), which contrasts with the typically observed increase in
the extrudate swell at higher shear rates.'® ['8] Sych behavior may again be
attributed to the long relaxation time of the Carbopol gel, resulting in minimal
relaxation within the nozzle during the extrusion process. Due to this lack of
variation in the extrudate swell, it was feasible to use the average S and D values in
the subsequent material flow optimization.

5.3.2 Printability index and filament collapse

Grid structures were printed to evaluate the differences between the PLLGA
microsphere inks and their suitability for 3D printing of layered structures. In these
tests, D, and the nozzle size parameter (D,) were set to 410 pm, while the layer
height (#) was adjusted to 100%, 80%, or 50% of D,. The printability index (P;)
values were calculated using Equation 5, following the image analysis of the pores.
Perfectly shaped square pores yield P. values of 1, while filament spreading and
merging result in rounded pores with values below 1. Values above 1 are typically
caused by irregular pores resulting from inconsistent filaments.' #1134 Generally, P,
values in the range of 0.9—1.1 are considered adequate.['>*!

Photographs from the printability index analysis are presented in Figure 15. The
pores formed from inks containing 0—40% (vol) microspheres were rounded, as
indicated by P, values below 1.1 In contrast, the PLLGAS50 formulation yielded
more rectangular pore structures, resulting in P, values closer to 1. However, it was
noted that the index values could be misleading, as some samples exhibited P, values
both above 1.1 and below 0.9, leading to average values close to 1. Therefore,
qualitative analysis of the formed pores was necessary.

It was observed that the pores generally became more rectangular with increasing
microsphere concentration or decreasing /4. The effect of the microspheres can be
attributed to the increased G' as the microsphere concentration within the ink
increased (Figure 13a and Table 11), while lower /4 resulted in reduced extruded
volumes, thereby decreasing the influence of gravity. Additionally, the spreading of
the ink seems to be affected by extrudate swell, since the inks with the highest
extrudate swell ratios also had the most deformed filaments and lower pore qualities.
Consequently, the elastic recovery of the ink and the formation of thicker filaments
impact the resulting pore quality.
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Figure 15. Representative thresholded photographs from the printability index analysis of inks with
varying microsphere concentrations. Three different layer heights (h) were used, with
Dp and D, set to 410 um. The resulting pore structures and printability indexes (mean +
standard deviation) are presented above the corresponding photographs. Statistically
significant differences (p < 0.05) are indicated by different letters. The distance between
the central points of the adjacent pores is approximately 1 mm. Reprinted from
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Results and Discussion

The filament collapse tests were conducted to evaluate the inks’ ability to span gaps
without collapsing. In contrast to the typically performed quantitative analysis of
filaments spanning gaps of 1—16 mm!!3¢- 18811891 i pyblication IT gaps up to 30 mm
were tested, but only qualitative analysis was conducted.

In Figure 16a, a typical behavior in the test is illustrated using PLLGA30 ink as
an example. As demonstrated in previous studies, filament deflection increases with
the gap length due to more material being subjected to a gravitational pull.l!3) [188]
The ability of an ink to resist this deformation is influenced by its storage modulus
and yield stress. In addition, controlling the extrusion rate is essential to prevent
excessive sagging from over-extrusion or severe extension due to under-extrusion.
For this reason, the effects of different D, and & were assessed, with results shown
in Figure 16a and Figure 16b.

When D, and & were set equal to D,, the inks containing 10—40% (vol) of
microspheres failed to form stable filaments, and the maximum span distance of
PLLGAO also remained below 10 mm. In contrast, filaments extruded from the
PLLGASO0 ink successfully spanned gaps of >25 mm. This was due to the lower
extrudate swell of PLLGASO0, leading to a lower degree of extension with the set
parameters. However, this slight extension was beneficial in reducing the filament
deflection, as seen with PLLGAS0 in publication II supplementary material.

When extrudate swell was taken into account in setting D, = D, filament
extension decreased, allowing all filaments to span longer gaps (10-30 mm).
However, significant filament deflection occurred when also setting # = D, causing
the filaments to contact the platform between the pillars. Extrusion rate calibration
tests in publication II supplementary material confirmed that the extrusion rate is
proportional to D, and 4, indicating that while the chosen parameters should have
led to filament extrusion without extension or over-extrusion, further optimization is
necessary for each ink. This can be achieved by quantifying the extrudate swell and
also considering the spanning requirements when adjusting D,. Overall, the results
demonstrate that extrudate swell and extrusion rate significantly impact the outcome
of the filament collapse test.
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Figure 16. Photographs of the PLLGA30 ink in a) illustrate a typical behavior when a filament is
deposited over different gaps (from left to right: 10, 15, and 20 mm), as well as the
effects of different printing parameters on the maximum span length and filament
deflection. In the grouped scatter plot b), the maximum filament span distances without
breaking are presented with solid symbols, while the hollow symbols indicate the points
after which the filaments touched the platform between the pillars due to sagging. In b),
the results are shown for three parallel samples. For clarity, the D value is ink-specific.
Adapted from publication Il with permission from Elsevier.
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5.3.3 Material flow optimization

Various printability assessment methods and the associated rheological requirements
have been reported in the literature.[18) [121)- U411 11881 While these serve as valuable
guidelines in the ink development, it is essential to evaluate the practical effects of
ink properties on the printing process and the quality of the resulting structures. For
this reason, simple solid and hollow cylinders (diameter = 5 mm, height = 5 mm)
were prepared in publication I1.

The extrusion rate (Q) in the process depends on D, h, and v according to the
formula:

Qx D, -h-v (9)

In addition, the extrusion factor (E) is used as a multiplying parameter to control the
extrusion rate.'””! The following formula was used to calculate the E value that
would allow for the deposition of a filament without extension:

E= dwel 2R _ 2 (10)

Qtheoretical Dy h-v Dy

In Equation 10, Osverr and Qieoreiicar are the volumetric flow rates corresponding to
the unextended and extended filaments, respectively. Qswer is related to the extrusion
of a filament affected by extrudate swell, whereas Qieoreiica represents the theoretical
situation without it. The equation reduces to the ratio of the measured filament
diameter D, and the physical nozzle diameter D,, i.¢., the swell ratio S.

Figure 17 presents objects printed from the PLLGAO and the PLLGAS5O0 inks,
while photographs of samples printed with other inks are shown in publication II
supplementary material. In Figure 17a, the solid cylinders printed with varying D
and /& demonstrate that, as expected, the surfaces of the objects became smoother
with lower 4 values. When /& was set to 410 pm, changes in D did not significantly
affect the resulting structures. Thus, while a larger nozzle typically leads to a
decreased resolution!'#], this effect can be mitigated by maintaining a low A2,
However, a larger nozzle may result in suboptimal filling of small objects, as shown
in publication II supplementary material. In contrast, the 410 um nozzle (D,)
effectively filled the structures; however, the drag force of the deposited filament
caused slight bending of the objects during printing, leading to ink accumulation in
the center and the formation of rounded top layers (publication Il supplementary
material). Overall, the solid structure was able to withstand filament extension
without catastrophic failure, indicating that extrudate swell had only minor effects
on the quality of the solid cylinders. The PLLGAS50 samples printed with D, = D and
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h = D suffered from poor contact formation between the layers and potential
heterogeneity within the ink, decreasing the quality. Typically, printing is conducted
with 4 < D,['?], thereby reducing the risk of such failures.

In contrast to the solid cylinders, the hollow cylinders in Figure 17b demonstrate
that neglecting extrudate swell significantly impacts object quality. When D, was set
to 410 pum, the cylinders became narrower, and the hollow structure disappeared as
more layers were printed, primarily due to the drag force of the extended filament.
Decreasing the 4 had only a negative effect on the quality, as lower 4 results in lower
extrusion rate, leading to a more substantial extension of the filament. The results
are in line with the observations of Wang and Shaw!!°!) who printed hollow cylinders
using dental porcelain slurries. They calculated a critical nozzle height based on the
extrusion rate, nozzle moving speed, and nozzle diameter, demonstrating that
narrowing of the structure occurs when the nozzle height exceeds this critical value,
i.e., when the extrusion rate does not correspond to the layer height.

However, as shown in Figure 17b, when D, = D was applied, the extrusion rate
corresponded to the extrudate swell-affected filament, leading to the deposition of a
filament without extension. This approach preserved the hollow structures and
significantly improved object quality. In this case, decreasing 4 had positive effects,
as the layer lines became less pronounced. For PLLGASO, 4 less than 80% of D, was
required to ensure proper contact formation between the different layers. These
findings highlight the necessity of considering extrudate swell when printing hollow
and thin-walled structures. Furthermore, this means that the final resolution of the
object is not only limited by the physical nozzle size, but also by the extrudate
(1221 When the data in Figure 14 is considered, it might in fact be that, within a
certain nozzle size range, the resolution remains relatively constant.

As indicated in Equation 10, the £ corresponding to an unextended filament can
be determined from S. To evaluate this approach, hollow cylinders were printed with
varying E values, and the results are presented in Figure 17¢. When £ was set equal
to S, the objects were practically identical to the ones shown in Figure 17b (when
D, = D). However, when E < § was applied, the cylinders narrowed due to under-
extrusion, whereas £ > S led to over-extrusion. While over-extrusion of PLLGAO
only led to the formation of thicker walls, buckling was observed with the PLLGAS0
ink. This was likely due to the higher n, G, and o, of PLLGAS50, which limited the
filament’s ability to be squeezed. Additionally, the lower S of PLLGAS50 compared
to the other inks caused a proportionally greater deviation from the ideal £ = §
situation when the £ was increased in specific increments. Overall, the results
demonstrate the feasibility of optimizing £ based on S. However, adjusting D,
instead of £ was also feasible with the solid cylinders, making it a viable approach
for producing more complex structures with both solid and thin-walled sections. This
is because high F values can lead to significant over-extrusion and shape distortion

swell.
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in the manufacturing of solid objects, as shown in publication II supplementary
material.

a) D, =410 ym D,=410ym | D,=410pm D,=D = = D,
h=D, h=0.8D, h=0.5D, h=D h=0.8-D h=05D h=410 ym

PLLGAO

PLLGAS50

b) D, =410 pm D, =410 pm D, =410 ym D,
h=D, h=0.8-D, h=0.5-D, h

PLLGAO

PLLGAS0

c) D, =410 pm D, =410 ym D, =410 pm D,

=D D, =410 pm D, =410 ym
E=S5-0.6 E=S8-0.3 E=S E=1

E=S+0.3 E=S5+0.6

PLLGAO

PLLGAS50

Figure 17. Representative photographs from the material flow optimization study. Objects printed
from the PLLGAO and PLLGAS50 inks are shown as examples. Different D, and h were
used in the printing of a) solid and b) hollow cylinders. Hollow cylinders printed with h =
410 pm and different E are shown in c). For clarity, the D value is ink-specific. All objects
have theoretical diameters and heights of 5 mm. In the tests, D, = 410 ym. Reprinted
from publication Il with permission from Elsevier.
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5.4 Effects of ink composition and post-processing
parameters on the structure and properties of
the printed objects

5.4.1 Ink composition effect on object shrinkage

Drying is a commonly required post-processing step for the objects manufactured by
SSE 3D printing.['!! Since the aim in this thesis was to minimize exposure to high
temperatures, a vacuum drying method was used in publications I, II, and IIIL.
Printed objects typically shrink during the drying process, which may cause
unwanted deformations and dimensional inaccuracies.!'* 1! Thus, the phenomenon
was evaluated in publication II.

The effect of ink composition on the volumetric shrinkage of the solid cylinders
is presented in Figure 18a and Figure 18b. It was observed that the shrinkage was
linearly dependent on the microsphere concentration in the ink, with higher
microsphere concentration resulting in lower shrinkage (Figure 18a). The PLLGAO
cylinders, which contained only 0.5% (w/v) Carbopol gel, exhibited an extremely
high shrinkage of 99.6%. In contrast, cylinders made from the PLLGAS0 ink had
shrinkages below 10%, which can be attributed to the microsphere concentration
being only slightly below the close packing limit. All observed differences were
statistically significant (p <0.05). To achieve dimensions close to the original design,
a high solid volume fraction is necessary. Alternatively, shrinkage must be taken into
account during the design process.

The FE-SEM images of the hollow cylinders in Figure 18c show the effect of
shrinkage on the wall thickness. The decrease in wall thickness (i.e. shrinkage in one
dimension) was relative to the volumetric shrinkage, as shown in publication II
supplementary material. Although the D, was set significantly higher than D, during
printing (values listed in publication II supplementary material), the shrinkage upon
drying had a counteracting effect on the final resolution and wall thickness. For
instance, samples made from the PLLGAO ink had a wall thickness of approximately
200 pm, which is less than 50% of D,. These results demonstrate that controlled
shrinkage by tailoring the ink composition is beneficial for enhancing precision in
the printing process.

Previous studies have demonstrated that enhanced printing resolution can be
achieved by using smaller nozzles!'®?! and slight under-extrusion'*3l. However, the
choice of nozzle size is limited by the size and concentration of the solid components
within the ink. Furthermore, under-extrusion was shown to cause filament extension
and deformation of the printed structures. Thus, post-printing shrinkage offers an
advantage by overcoming these process-related limitations. Various methods for

achieving shrinkage have been reported, including high-temperature pyrolysis!!®,
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195 [196]

gel scaffold collapse and dehydration!!®), and solvent removal from cast objects
Although these methods have been effective in certain applications for achieving
high spatial resolution, they also possess limitations related to high temperatures!!*¥,
chemical reactions!'), and the use of molds!'®®!, which may restrict their feasibility
in the preparation of tailored drug delivery systems. In contrast, shrinkage resulting
from the drying of semi-solid inks provides a straightforward method suitable for
thermally sensitive materials.

100

80

60

40 1

Volumetric shrinkage (%)

20 A

0 T T T T T T
0 10 20 30 40 50

Microsphere volume percentage (%)

PLLGAO PLLGA30

Figure 18. Volumetric shrinkage of the solid cylinders prepared with varying ink compositions is
shown in a). In b) photographs of the printed and dried solid cylinders are shown. The
FE-SEM images in c) show the PLLGAO, PLLGA10 and PLLGA30 hollow cylinders
imaged from above. Scale bars in c) are 500 um. D, was 410 ym for all samples, while
h depended on the sample type: 80% of D, for solid cylinders and 50% of D (Dn = D)
for hollow cylinders. Reprinted from publication Il with permission from Elsevier.
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54.2 Effect of post-processing on the microstructure and
mechanical properties of the objects

Solvent vapor sintering was conducted as a post-processing step for the 3D printed
structures in publications I and III. In the process, the objects were exposed to a
solvent vapor-rich atmosphere at room temperature. The diffusion of solvent vapor
into the objects resulted in a decrease in the 7, of the polymer, leading to increased
polymer chain mobility and time-dependent fusing of the microspheres.!'37 11971 To
assess the potential of this method for tailoring the microstructure and mechanical
strength of the printed objects, the solid cylinders were treated with either acetone
(publications I and IIT) or a 1:3 mixture of acetone and water (publication III).
Acetone was utilized for sintering structures consisting mainly of PLLGA and
PMMA microspheres, while the acetone-water mixture was used for sintering
structures containing PLGA microspheres, which dissolve more rapidly in acetone.

The effects of sintering time on the morphology and FD distribution within solid
cylinders made from the RG504rp50 ink were studied in publication III, and the
results are shown in Figure 19. The samples without sintering (sintering time = 0 h)
contained separate microspheres bound only by thin strands of dry gel, whereas the
sintered samples show progressive fusing of the microspheres throughout the entire
sample geometry as the sintering time increased. While individual microspheres
remained detectable in the objects treated for up to 4 h, sintering times of >6 h
resulted in nearly complete fusing of the particles. However, residual porosity was
still observed within the samples even after 24 h of sintering (publication III
supplementary material), which was attributed to entrapped air. The CLSM images
also indicated that, although the microspheres fused during the process, the drug
remained heterogeneously distributed. Similar sintering behavior was observed in
publication I with solid cylinders made from the PLLGAS50 ink (without the drug).

Particle fusing during sintering resulted in shrinking of the samples. This
phenomenon was quantified in publication I, along with the changes in porosity and
compressive strength of the solid cylinders made from the PLLGAS50 ink. Figure 20
shows that the porosity of the cylinders decreased from approximately 50% to 30%
after sintering for 24 h, which also corresponded to a shrinkage of over 25%. As the
contact area between the microspheres increased, the ultimate compressive strength
increased from below 1 MPa in the untreated cylinders to approximately 9 MPa in
the objects treated for 24 h. Overall, the compressive strengths of the cylinders fell
within the range reported for trabecular bone!'*®), indicating their potential for load-
bearing applications.
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Sintering
time (h)

Surface (SEM) Cross section (SEM) Surface (CLSM)

24

Figure 19. Effect of solvent vapor (acetone and water 1:3 mixture) sintering on the morphology and
drug distribution within solid cylinders printed from the RG504£p50 ink. Samples were
treated for different times and imaged with FE-SEM (surface and cross-section) and
CLSM (surface). All scale bars are 50 um. Reprinted from publication Il with permission
from Elsevier.
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Figure 20. Porosity (black), shrinkage (red), and ultimate compressive strength (blue) evolution of
solid cylinders printed from the PLLGAS50 ink sintered for different times with acetone
vapor. Statistically significant differences (p < 0.05) are indicated with different letters.
Reprinted from publication I with permission from Elsevier.

5.5

In vitro tests were conducted in publication I1I to study the effects of microsphere
and ink formulations, as well as the sintering process, on drug release properties and
polymer degradation. Solid cylinder samples (diameter = 5 mm, height = 5 mm) were
printed and subjected to solvent vapor for varying durations, while the microspheres
were used without further processing. The samples were immersed in PBS-Tween
pH 7.4 buffer containing 0.02% (w/v) NaNj as a preservative and incubated for up
to three months under constant stirring.

In vitro drug release and polymer degradation

5.5.1

The release of FD from the different microspheres is presented in Figure 21a,
showing significant differences between the formulations. Since the particle size
distributions were identical for all microspheres (Figure 10), these differences can
be attributed to the used polymers. Multi-phase release profiles were observed in the
RG502Hrp and RGS504rp microspheres, whereas the RG756Spp microspheres
displayed only an initial burst release followed by a long slow-release phase without
complete release. The burst release is typically caused by the release of drug
molecules located near the surface, while the later high release rate phase is
attributed to polymer erosion.?” The extent of the burst varied depending on the
polymer, with the RG502Hrp microspheres exhibiting a burst over 50%, whereas the

Microspheres
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burst from the other microspheres was less than 10%. The high burst release
observed in RG502Hrp can be attributed to the acid end-capping of the polymer,

which enhances water penetration and initial drug release.

[199

1 Overall, the drug

release rates were influenced by the degradation times of the polymers (RG 502 H <
RG 504 <RG 756 S, as presented in Figure 21b), with the later high-release phases
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5.5.2 3D printed systems

FD release from the printed RG504rp50 cylinders after different sintering times is
shown in Figure 22a. Sintering time significantly influenced the extent of burst
release, which can be attributed to the decreased open porosity and surface area
resulting from particle fusing. The burst decreased from over 20% in the unsintered
samples to less than 5% after the cylinders were sintered for 24 h (p < 0.05). These
results align with the observations of Elsner et al.**), who studied drug-releasing
wound dressings and concluded that the extent of burst release correlated with the
porosity of the matrix. Notably, the unsintered samples exhibited a higher burst
compared to the RG504rp microspheres (shown in Figure 21a), likely due to the
aqueous ink formulation, which allowed partial drug release before the printed
samples were dried. Unsintered samples also disintegrated within the first day due
to the wetting of the hydrogel. Interestingly, while the sintering process affected the
burst release, the release rates remained similar between days 1 and 21, regardless
of the sintering time. Previous studies!””" 2!l have demonstrated that higher
porosities typically lead to increased drug release rates due to the greater number of
diffusional channels?%2 23], However, in the case of the RG504rp50 cylinders, the
drug was encapsulated within microspheres, which likely decreased the effect of
porosity on the diffusional release during the initial weeks.

After 21 days, higher release rates were observed in the samples sintered for
longer durations. Additionally, the onset of the high release rate phase between days
49 and 63 was slightly shifted to earlier time points for these samples. This can be
attributed to the autocatalytic degradation of PLGA, where the accumulation of
acidic degradation products in larger and denser structures accelerates the polymer
degradation.[?°4-2%6] This phenomenon is also reflected in Figure 22b, showing a
greater mass loss on day 63 in the cylinders sintered for >6 h (p < 0.05). However,
such differences were less pronounced when considering the molecular weights
(Figure 22c), likely due to the release of low molecular weight species during
degradation, resulting in a lower effect of degradation on M, during the active
erosion phase.!?"”]
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The effects of in vitro degradation on the internal and external morphology of the
sintered RG504rp50 cylinders are illustrated in Figure 23. No substantial changes
were detected after 21 days, and the cylinders either contained intact individual
microspheres or remained dense, depending on the sintering time. After 42 days,
significant degradation had occurred. The microspheres in the cylinders sintered for
2 h became deformed and porous, while the samples sintered for >6 h developed a
spongy texture. This change was also accompanied by significant swelling
(publication III supplementary material). Swelling and pore formation during
degradation have previously been observed in PLGA implants?®: 2% and
microspheres?!%2131 Bassand et al.*®® showed that ibuprofen release rate from
PLGA implants correlated with implant swelling, while Gasmi et al.*'!] found that
the swelling of PLGA microsphere and the rapid release of prilocaine free base were
influenced by high water penetration into the degraded matrix. Similar observations
were made by Gu et all'¥, who embedded dexamethasone-loaded PLGA
microspheres in PVA hydrogel. In addition to microsphere swelling, they noted that
the autocatalytic effect caused internal pore formation within the microspheres. The
results of this thesis agree with these observations, as the high release rate phases
were observed in swollen cylinders, although this occurred only after the onset of
the active erosion phase. Finally, after 63 days, the 3D structures collapsed and
became glassy (Figure 23 and publication III supplementary material).
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Cylinders having a drug-free microsphere matrix were printed using inks containing
RGS504,,, microspheres and various FD-loaded microspheres (RG502Hgp, RG504¢p,
or RG756Skp) at a 9:1 (vol) ratio. The cylinders were sintered for 4 h with a 1:3
mixture of acetone and water. The sintering time was selected based on the results
presented in Figure 19, which indicated the presence of open porosity in RG504¢p
cylinders after such treatment. Comparable sintering behavior was later confirmed
(publication III supplementary material). The effect of different polymer
degradation times on the drug release was assessed, and the results are shown in
Figure 24. All samples exhibited an initial burst release followed by a lag phase.
However, the drug-free microsphere matrix influenced the drug release behavior,
resulting in different release profiles compared to the pure microspheres (shown in
Figure 21a).

While the RG502Hrp microspheres exhibited a lag phase of approximately two
weeks, the RG504,5,45-RG502Hrp5 cylinders showed the second high release rate
phase after 42 days, likely due to matrix degradation. Since substantial
macromolecule release in nonporous systems primarily occurs as a results of
polymer degradation!?'¥ 2151 the results suggest that a fraction of the RG502Hgp
microspheres was enclosed by the fused matrix microspheres, restricting the drug
diffusion.

RG504,,:45-RG504505 cylinders exhibited a release profile similar to that of the
RG504rp50 cylinders sintered for 4 h, with the exception of having a higher burst.
This difference is likely attributed to slight variations in the sintering behavior
between the drug-free and drug-loaded microspheres, as Figure 22a demonstrated
that the sintering process significantly affected the extent of the burst release.

The RG504,5045-RG756Skp5 cylinders also exhibited the secondary high release
rate phase, whereas the RG756Sgp microspheres did not (Figure 21a). This can most
likely be attributed to the degradation of the RG504,, microsphere matrix, which
also accelerated the degradation of RG 756 S. However, the higher molecular weight
and longer degradation time of RG 756 S compared to the RG 504 caused the
secondary burst to occur approximately two weeks later than in the RG504,p,45-
RGS504¢p5 cylinders.
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Additional cylinders were prepared by blending PLLGA or PMMA microspheres
with RG504rp microspheres at a 9:1 (vol:vol) ratio, followed by sintering in acetone
vapor for 2—-6 h. PLLGA microspheres were selected due to their longer degradation
time compared to RG504¢p (Figure 21b), while PMMA microspheres were chosen
due to their biostable nature, allowing for the investigation of possible enclosing of
the FD-loaded microspheres by the matrix. Cylinder morphologies were analyzed by
FE-SEM imaging (publication III supplementary material), and the drug release
profiles are presented in Figure 25.

The PLLGA45-RG504¢p5 cylinders exhibited a significant burst of 30—40%,
followed by a prolonged phase with an almost constant drug release rate (Figure
25a). The high burst was most likely caused by the harsher sintering conditions
(using pure acetone) compared to the acetone:water mixtures used for the
RG504,045-RG504rp5 cylinders. This resulted in greater deformation of the
RG504gp microspheres, facilitating the separation of FD from the microsphere
matrix at the particle surface. When the sintering time was extended from 2 to 6 h,
the burst increased slightly from 37% to 39%. However, further prolonging the
sintering time to 6 h resulted in a decrease in the burst to 30% (p < 0.05). Despite the
lower burst observed in the samples sintered for 6 h, their drug release rate was the
highest in the following days. This indicates that the extended sintering process
primarily reduced the surface porosity, limiting drug diffusion during the first day
while still allowing for continuous drug release for up to three months, due to the
retention of diffusive channels throughout the cylinder structure. This is supported
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by similar bulk porosity values regardless of the sintering time (publication IIT
supplementary material).

In contrast, the PMMA45-RG504¢p5 cylinders exhibited an even higher burst of
over 50%, with no further drug release occurring after the first week (Figure 25b).
This indicates that, although the bulk porosities were slightly higher than those of
the other cylinder types (publication III supplementary material), the PMMA
microspheres enclosed a fraction of the RG504gp microspheres even during the
shortest sintering time, thereby preventing complete drug release. This observation
aligns with the previous speculation regarding the samples having a RG504,

microsphere matrix.
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Figure 25. Cumulative in vitro FD release from the cylinders containing a) PLLGA, or b) PMMA
microsphere matrix and the RG504¢p microspheres. Samples were sintered with acetone
vapor for different times. Reprinted from publication lll with permission from Elsevier.
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5] Conclusions

This thesis evaluated the potential of SSE 3D printing for the preparation of
controlled release drug delivery systems. The research was motivated by limitations
regarding the current therapeutic options: 1) the incompatibility of several
therapeutic macromolecules with conventional heat-based processes, 2) limited
diffusion of macromolecules through common biodegradable polymers, and 3) the
potentially limited efficacy due to the “one size fits all” approach.

In the first study, extrudable inks were formulated by mixing PLLGA
microspheres with a Carbopol gel at varying concentrations, and their rheological
properties were analyzed. Additionally, 3D printing of the inks at ambient conditions
was demonstrated and a solvent vapor-based sintering method was studied to control
the microstructure of the printed objects. The rheological analysis revealed that
increasing the microsphere concentration within the ink enhanced the viscoelastic
moduli while narrowing the linear viscoelastic region. A different effect was
observed during constant shear, where viscous properties of the gel matrix
dominated, and the effect of microspheres was minimal. Overall, the inks exhibited
adequate rheological properties for 3D printing, and manufacturing of constructs
consisting almost entirely of the microspheres was feasible. Solvent vapor sintering
resulted in gradual fusing of the particles, decreasing porosity and increasing
mechanical strength, indicating potential for creating load-bearing systems and for
controlling the drug release kinetics.

In the second study, the 3D printing process was optimized for the PLLGA
microsphere-based inks, focusing on the extrudate swell phenomenon. It was found
that the extrudate swell was significantly influenced by the microsphere
concentration only close to the maximum packing density, likely due to the
formation of a percolating particle network within the ink. The importance of taking
extrudate swell into account during the printing process was demonstrated with
different printability assessment techniques. Neglecting extrudate swell led to
filament extension, which could result in catastrophic failures. However, quantifying
extrudate swell allowed for flow rate corrections that improved print quality. While
extrudate swell negatively impacted the object resolution, controlled shrinkage
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through adjustments in the solid volume fraction within the ink had the opposite
effect.

In the third study, PLGA microspheres encapsulating FITC-dextran were
formulated for the SSE process. In addition, inks containing drug-free PLGA,
PLLGA or PMMA microspheres blended with the drug-loaded ones were studied.
The influence of ink composition and post-processing parameters on the degradation
behavior and the drug release properties were evaluated, revealing that the release
rate was affected by the ink formulation and the degree of particle fusing during the
sintering process. The results demonstrated the feasibility of achieving tailored
release profiles for FITC-dextran for up to three months. However, optimizing the
post-processing conditions for different materials is essential to ensure proper drug
release behavior.

Overall, this thesis demonstrates the manufacturing feasibility of polymer-based
drug delivery systems for the long-term release of macromolecules via SSE 3D
printing. It provides a comprehensive overview of the critical aspects to consider in
the development of 3D printed drug delivery systems, including formulation
selection and characterization, printing process optimization, and post-processing
method development. By using extrudable inks composed of biodegradable polymer
microspheres within a hydrogel matrix, 3D printing was possible at room
temperature while maintaining the rheology-modifying excipient content in the final
dry objects below 1% (wt). Furthermore, the inks were printable over a wide range
of microsphere concentrations, which allowed for the use of controlled shrinkage in
the printed parts. The solvent vapor-based post-processing method enabled tailoring
of the porosity and mechanical strength of the printed objects at low temperatures,
and controlled release of macromolecules for months was achieved.

Future implementation of the developed method would benefit from assessing
the effects of different 3D structures to tailor the drug release properties, as well as
from evaluating different materials to overcome the inherent limitations of PLGA.
Finally, studying the release behavior of therapeutically relevant drugs would be
necessary to ensure the feasibility of the technology.
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