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Abstract

3D printing technology is changing how objects are designed and
manufactured by gradually introducing novel production concepts. Indeed, 3D
printing is considered as one of the fundamental pillars of the so-called
Industry 4.0. It enables the fabrication, in a short time, of bespoke parts with
quasi any geometry from a digital model and without requiring tooling or
expensive equipment. Moreover, most digital models can be found online,
simplifying sharing, and publishing designs between users. 3D printing
techniques are based on the layer-by-layer spatial-controlled joining of
materials, a concept that can be applied to metallic powders, ceramic slurries,
polymers, and composites in different conditions, i.e., liquid, gel, powder, or
solid filaments. Moreover, 3D printing allows the fast production of
customized objects and, at the same time, a better way of using raw materials,
generating economic savings.

In the biomedical field, 3D printing has found a particular ground for
producing customized goods such as medical implants, biological models, and
biomedical analytical systems. In this scenario, polymers' 3D printing is largely
exploited for medical applications thanks to the relatively wide availability of
printable polymers, offering a palette of different properties. Furthermore,
they can also be processed by cost-affordable printer machines. All this has
gradually led doctors, experts, and scientists to approach 3D printing for many
particular biomedical purposes where personalized devices or implants are
promptly required.

A clear example was observed during the recent pandemic outbreak
related to COVID-19, where customized pieces were on-demand and rapidly
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produced near hospitals, demonstrating how polymeric 3D printing can play a
fundamental role in crisis moments. Nevertheless, to keep up with the rise of
3D printing in the biomedical field, new materials must be developed to satisfy
basic biomedical properties, e.g.,, biocompatibility. The current market for
printable polymers shows that only a few are considered biocompatible, and
post-printing treatments play a crucial role in reducing the potential toxic
agents.

The investigations presented in this dissertation focus on the
development of custom-made photosensitive polymers or photopolymers for
light-based 3D printing applications, also noted as vat polymerization,
intending to produce bespoke objects with biomedical features. By combining
appropriate materials during the printable polymer preparation and the
freedom of design given by 3D printing, unique structures can be produced
with interesting bioproperties; the following chapters will present different
approaches to achieve such purposes. An overview of the 3D printing
technology, its achievements, and challenges, focusing on the light-induced
techniques, is first reported in Chapter 1 of this thesis. It follows in Chapter 2,
a literature review on polymeric 3D printing applications in the biomedical
field.

The first experimental part is based on preparing and testing commonly-
used photopolymers for vat 3D printing to produce parts for biological studies
(Chapter 3, PartI). Post-printing treatments will also be explored to eliminate
the potentially toxic elements from the printed parts, thus enhancing cell lines'
biocompatibility. =~ Other polymeric systems based on acrylate-
polydimethylsiloxane (PDMS) resins are also presented to print complex-
shaped and three-dimensional structures with good printing resolution
(Chapter 3, Part II). In this case, the specific idea is to fabricate 3D printed
PDMS-based microfluidic chips with characteristics similar to the
conventional PDMS material used for microchip fabrication. The final goal
consists of obtaining parts with great optical features, high chemical stability,
and good mechanical properties.

Chapter 4 reports the second experimental contribution based on the
investigation of specific post-printing protocols to induce surface modification
on the printed parts, intending to expand their bioproperties. The changes in
the printed objects' properties will be assessed by taking advantage of some
reactive functional groups exposed on their surface after 3D printing. These
functional groups can be used to link additional molecules of biological
interest. The surface functionalization can proceed during the necessary post-
curing step via UV-induced grafting polymerization techniques, even in close
microfluidic devices (Chapter 4, Part I: Functionalization of 3D printed
microfluidic chips.), or via microwave radiation (Chapter 4, Part II: Surface
modification by microwave radiation.).

\Y



The last experimental part focuses on exploiting an unique additive
during the photopolymer preparation for increasing the printed parts'
functionality (Chapter 5). A custom-made photopolymer is prepared by
integrating a functional dye to obtain 3D printed structures with inner
properties such as convenient optical characteristics, adequate light-guiding
performances, and high sensitivity to different environments.

The research findings reported in this manuscript describe the efforts to
shorten distances between the potential medical application of 3D printing
and the available polymeric materials to produce more reliable and suitable
biomedical parts. This doctoral dissertation's main idea is to enlarge the
palette of the processable polymers with biological characteristics; each of the
developed materials and methods reported here might be used as novel tools
for biomedical purposes, particularly in point-of-a-care medicine.

Turin, Italy Gustavo A. Gonzalez F.
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Chapter 1

3D Printing Overview:

Basic concepts and principles.

1.1. 3D printing technology.

Additive manufacturing (AM), or more frequently called 3D printing, is
one of the most thriving technologies nowadays, with the potential to
transform the traditional supply chain of parts and items. Indeed, it is
considered one of the fundamental technological pillars of the so-called
Industry 4.0.12 3D printing (3DP) is changing how products are designed and
manufactured. It enables the on-demand production of parts from different
types of materials that can be used in numerous applications: from aerospace
components to wearable and fashion products, from sports accessories to
customized prosthetics, from building architectural structures to nanometric
devices.3* The basic principle behind 3D printing technology is creating
objects from a three-dimensional Computer-Aided Design (3D CAD) in a single
machine and without using complex production chains or process planning.
The models are created by the selective and successive addition of material,
one layer at a time, until the part completion; each layer is a thin cross-section
of the original model. Before the printing process, the 3D CAD is converted into
computer-readable formats (STL, OBJ, 3MF, or AMF files) that give the
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necessary digital codes to the printing machine for creating the part. The main
features of 3DP techniques are the capability to accurately produce
customized objects in a few minutes or hours, without molds and cutting tools,
and from different raw materials such as plastics or polymers, metal, ceramic,
or even composites.>® By the selective addition of materials, 3D printing offers
fascinating advantages over traditional production methods, e.g., subtractive
manufacturing, in which the material is removed from a bulk piece, or forming
and casting manufacturing, in which the material is shaped through a mold or
dies.”- The main benefits of 3D printing are:

e The fabrication of innovative and complex-shaped structures of any
shape in a matter of minutes or hours.

e Thedirect production of complex objects from a 3D digital model (CAD)
without requiring tools, molds, or complicated and expensive
equipment.

e The production on-demand of customized products from small batches
according to consumer needs.

e The digital CAD models can be easily shared, facilitating the CAD
model's distribution and adjustment.

e (Compared to traditional subtractive and mass production methods, the
layer-by-layer concept delivers savings in raw materials consumption,
costs, and energy, which is a crucial contribution to environmental
sustainability.

e The improvement of the interaction among local consumers, clients,
and producers.

3D printing has introduced innovative industrial strategies to design and
fabricate many products for different applications.1011 [n its beginnings, 3DP
technology was first noted as rapid prototyping (RP) since, at the time, it was
used for the fast-physical representation of objects before the final
commercialization, i.e., a prototype. However, as the years passed, this term
was less and less used as it does not effectively represent the essential
characteristic of all the additive manufacturing processes, which is to join
materials until the object completion.l? Additive manufacturing and 3D
printing emerged as the preferred terms to describe this process. Although
“additive manufacturing” and “3D printing” are often used as synonymous, this
indistinct use of both terms is not entirely correct. The former more likely
refers to techniques on an industrial scale that involve multiple and expensive
steps of production and complex equipment.

On the other hand, “3D printing” is more associated with lower-cost
techniques, with equipment and materials that can be used beyond the
industrial fields, e.g., research centers, business stores, and homes. Hand in
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hand with engineers, software developers, and 3D designers, different additive
manufacturing technologies have been developed today. They can be grouped
according to how the layers are created and bonded, the type of material used,
and the process's overall cost. These features determine the viability to
produce a single piece, the accuracy of the objects, and the final properties. In
an entire 3D printing process, up to seven (7) steps are involved for the correct
realization of the object; these steps are summarized in Figure 1-1.13

7 STEPS OF 3D PRINTING PROCESS

A30 model is File Formatting The processed The 3D printer Part Removal Post-processing is

designed using a file is transferred builds the object by required for
dedicated software to the 3D printer the successive cleaning, polishing

o machine addition of material or painting the
program or scanner | > (layer-by-layer) object

mOme dmQme =mQms (0] ()
| ]
The model is shaped The printing The finished part is
& sliced into 'set:w ngs are removed from the
adjusted according build platform and

readable file format the type of file and support materials
CAD Modelling  |for'ne 3D printer  giye pransferring | material used are removed Post-processing

Figure 1-1. Illustration of the seven (7) steps involved in a typical 3D printing
process.

1.1.1. Background and evolution.

Although only today, 3D printing technology is considered a serious
candidate to create new production strategies in terms of sustainability and
process optimization, its invention is not recent.8° One of the earliest records
was presented in 1980 by Hideo Kodama from Nagoya Municipal Industrial
Research Institute.1# He introduced an innovative manufacturing method that
consisted of the selective hardening of polymeric layers upon UV light,
depositing them one after the other. Although his idea was published in
scientific journals, he could not patent his invention due to funding issues.1>
Later, in 1983, an engineer working on protecting furniture with acrylic
coatings had a similar idea for fabricating three-dimensional objects by
overlapping many polymeric layers just by manipulating UV light. This man
was Charles "Chuck" Hull, a physical engineer from the University of Colorado
and currently CEO of 3D Systems. Hull translated his idea into the US patent
issued on March 11, 1986, titled "Apparatus for Production of Three-
Dimensional Objects by Stereolithography," or just as stereolithography.1¢ He
developed a system where a beam of light is focused into a vat containing an
acrylic resin (a photopolymer) and traces the object's shape in the X-Y plane,
creating multiple layers through polymerization. The subsequent layers are
“printed” following the same procedure until the complete formation of the
object. From that moment, Hull started the revolution in the manufacturing



business, merging materials science with electronic and software
development. He sowed the seed for the growth of what is now known as
additive manufacturing. 1988 was the golden year for 3D printing technology
as we know it today, with the invention of two methods that contributed
significantly to the extensive diffusion of additive manufacturing in different
sectors. Carl Deckard and Joe Beaman developed an advanced additive method
through the selective sintering of powders layers (which can be either
polymer, metal, or ceramic) spread in a platform, known as Selective Laser
Sintering (SLS). Their idea was issued from 1990 onwards in multiple US
patents.17-19 [n the same year, it was developed one of the most diffused 3DP
techniques used in companies, commercial businesses, and even in homes.
Scott Crump, trying to create toys for his daughter with candle wax and
plastics, observed that fascinating objects could be created in an entirely
automated process coupling a hot glue gun with a robotic XYZ movable system
originating thus the Fused Deposition Modelling (FDM). His idea was issued in
1989 under US patent n° 5121329.20 Years later, he founded the Stratasys
company. The subsequent rise of FDM technology arrived in 2009 when
Crump’s patent expired, and people started to use and fabricate their FDM
printers without compensating Stratasys, decreasing the costs of equipment
and materials. Stratasys still owns the FDM term; therefore, these methods
have been renamed Fused Filament Fabrication (FFF).

In 2019, the investment in 3D printing was around 14 billion dollars, and
it is expected to be almost $ 64 billion by 2025, with the Asian Pacific region
as the main protagonist.2! The 3D printing market is currently a consolidated
business shared by the top players in the industry, such as Proto-Labs Inc., 3D
Systems Corporation, Arcam AB (GE Aviation), Stratasys Ltd. ExOne Co.,
Hewlett Packard Inc., among others. These companies have gained significant
sizes of consumers, investing continually in research and development (R&D).
For example, within its current technological expansion project, the company
3D systems opened its new advanced additive manufacturing center in
Pinerolo, Italy, in 2019.22 In the last years, 3D systems began a multi-million-
dollar expansion to more than double manufacturing capacity to meet growing
customer demand. According to Sculpteo’s report, future trends of 3DP will be
focused on four (4) categories: affordability, sustainability, technological
evolution, and materials.23 The main challenges of each of them are listed:

e Affordability: Lower costs for 3D printing machines and materials
and the cost reduction of the post-printing processing. The sharing of
designs and instruments.

e Sustainability: the development of biodegradable and bio-sourced
printable materials. 3D printing in applications of renewable energy
and energy efficiency. Local production of parts for reducing shipping
and environmental costs.



e Technological evolution: more user-friendly software and printers.
Improvement in printing speed and 3D scanning looking to mass
production applications. Generative designs.

e Materials: New and affordable materials (metals and polymers) are
required to satisfy the growing demand and the possibility to
produce multi-material prints quickly. The consistency and the
quality of the printed objects and the post-processing technologies
will be improved.

1.1.2. Fields of applications.

As described previously, 3D printing offers valuable options for the
fabrication of structures with quasi any shape and dimension, built with
different types of raw materials, as is represented in Figure 1-2. These
structures can be used in various categories of industrial, scientific
applications, and socio-cultural purposes.3 3D printing offers remarkable
benefits for the on-demand fabrication of customized and highly complex-
shaped components. After optimizing the digital design and setting the proper
3D-fabrication parameters, lightweights and bespoke parts can be obtained,
saving at the same time energy and resources.?4 Moreover, unlike conventional
manufacturing processes, with 3D printing, these parts can be created without
requiring expensive tools such as molds, dies, or longer production chains,
making the whole process more convenient in terms of costs and time.2>

3D Printing

CAD design Printable Customized
material choice 3D printed part

Figure 1-2. Example of how 3D printing can be used to produce customized
and complex-shaped structures difficult or laborious to create with other
conventional manufacturing methods from a simple digital CAD model.

The 3D printing capabilities have been recognized by a demanding
sector, such as aerospace. The aerospace industry uses principally costly and
advanced metallic materials, such as titanium, nickel-based, high-strength
steel superalloys, or ultra-high temperature ceramics. With 3D printing
methods, these materials can be more easily processable to produce advanced



components such as airplane components.2627 Besides, raw material wastes
can be reduced considerably from 95 % to 10 %.28 Indeed, Airbus, one of the
most relevant aerospace companies, has already implemented 3D printing for
manufacturing bracket connectors made of titanium alloy for the Airbus A350
XWB airplane (Figure 1-3.b).29 As in this and other cases, one of the principal
scopes is aiming to produce lightweight parts; in fact, Airbus's brake presented
a 30% weight reduction with similar performances compared to standard
parts. The weight reduction interest has led commercial additive
manufacturing companies, such as Materialize NV, to propose lightweight
services production for metallic components. For instance, using dedicated
software programs, such as Materialise 3-Matic, it is possible to obtain weight
reduction up to 63 % (Figure 1-3.a).30

Similarly, in the automotive world, 3D printing has been widely
employed to develop lighter and more complex objects in shorter times. It has
been of valuable interest in luxury and low volume vehicle production since
customized parts can be on-demand produced from small batches.31 For
example, the German car manufacturer Porsche started to use 3D printing to
produce spare parts for classic and luxury vehicles. In particular, Porsche 3D
printed a release pedal for the clutch of a Porsche 959, a collection car. With
3D printing, Porsche stated that it could be a considerable cost saving as they
will not need to store any physical part, only digitally, and print it when
necessary.3? 3D printing in the automotive industry might enable numerous
improvements in the production stages for effective automotive part design,
reducing at the same time raw material wasting, costs, and time, allowing
testing new designs promptly.33 In the medical field, 3D printing has found a
particular place in manufacturing customized biomedical parts and diagnostic
systems.34 3D printing’s foray into the medical field starts in the early 2000s
with dental implants and prosthetics production.3> Nowadays, it is widely
employed for research departments and industries in various healthcare
settings, taking advantage of one of these technology's main features,
customization. The versatility of the different 3D printing technologies can be
utilized in bioimplants' on-demand production (Figure 1-3.c), organ models,
biological entities, microfluidic devices, and tissue engineering scaffolds.36-38

3D printing has made possible the construction of houses and massive
structures in less time than conventional building processes in a more
economical and environmental approach in moving toward the building
industry. It is foreseen that 3D printing could increase the building industry's
sustainability, which consumes a high percentage of resources with relatively
high environmental impact.#® With 3D printing, these environmental
drawbacks might be overcome, reducing the building times and increasing the
buildings' customization. Although 3D printing is still making its first steps in
the building industry, Apis Cor company recently made feasible the



construction of a 640 square meter building in Dubai, using only local
resources, see Figure 1-3.d.45> The building, used for administrative purposes,
was on-site constructed in two weeks requiring only three workers.
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Figure 1-3. Examples of 3D printing in the biomedical sector. (a)
Representation of the production flow of metallic parts optimized for weight
reduction of up to 63%.3° (b) 3D printed cabin bracket using a titanium alloy for the
Airbus A350 XWB.29 (c) bioimplants and prosthesis obtained through 3D
printing.39-4¢ (d) 640 m? building produced from Apis Cor company. 45 (e) 3D
printed structure made of chocolate.*¢ (f) flow plan for developing specific food
items with the required nutrient features.+?

3D printing technology can also be used for food processing, where the
printable materials are based on edible ingredients such as sugar, chocolate,
and gelatin.4¢ Taking advantage of the freedom in geometry design that 3D
printing delivers, spectacular food designs with personalized structures have
been created by chefs and food designers, as reported in Figure 1-3.e.

7



Moreover, with 3D food printing methods, diet and nutrition experts could
benefit from the production of individualized supplement pills for a particular
person according to its physical and energy requirements (see Figure 1-3.f).47
With 3D food printing, one of the main foreseen advantages is that it may
shorten the supply chain of food and broaden the range of available eatables
products using innovative plant and animal-based materials.4? In this context,
material properties such as viscosity, processing temperature, and tribological
characteristics are of great importance, and indeed, they are widely studied to
obtain food pieces with the desired characteristics and shape.5951 Powder food
material (e.g., sugar) can be processed with sintering 3D printing, but also
techniques such as hot air sintering or liquid bending can be used for such
purpose.>2 Other materials used for extrusion-based methods need to present
a suitable viscosity range for being adequately dispensed through the
machine's nozzles without suffering from deformations during its process
through extrusion-based methods.>3.54

As seen, the significant and multiple versatilities in terms of
customization, sustainability, and production times of 3D printing has been
successfully used in different industrial and scientific disciplines. This
tendency is increasing due to the tremendous technological advances in the
field, which have led to the inclusion of these technologies in other sectors such
as textiles and sports for protective clothing, baby diaper, shoe cleats
applications, and the wearable electrical components industry.>>-60 The
establishment of 3D printing in the different daily social applications can be
focused on two fronts: the technological one regarding new automatized,
faster, and more precise technologies and processes for 3D printing, and the
materialistic one, where new materials are continuously required to produce
functional parts for numerous types of applications.61.62 In this perspective,
the growing world demand for new production and manufacturing
approaches made new materials more urgent. Materials with useful
characteristics and properties can provide more valuable utility to the printed
parts far beyond the classic prototyping and hobbyist use.

1.1.3. Different 3D printing techniques.

From the invention of the initial systems in the '80s to the present day,
many different 3D technologies have been developed. They can be classified in
various ways, for example, by the type of basal technology employed to create
the object (e.g, based on laser, extrusion, liquid bonding, or sheet
lamination).351363 Pham and coworkers proposed one of the first methods to
classify them.®* They grouped 3D printing processes by the type and the
condition of the raw materials: particles, laminated solid films, and



liquid/molten materials. After the publication of Pham's work in 1998,
innovative 3DP techniques were developed; however, most of them fall within
the same classification system since their operational principles are similar or
derived from those created earlier. Another classification is based on the type
of machine used and the transformation of the material during the process, as
depicted in Figure 1-4: material extrusion, binder jetting, material jetting,
powder bed fusion, directed energy deposition, sheet lamination, and vat
polymerization.6>

Each of the technologies offers unique characteristics, as briefly
presented in Figure 1-4. They have been extensively evaluated in multiple
literature reviews, where it is possible to find a summary of the materials used,
application areas, benefits, and drawbacks of the principal 3D printing
methods.3.6:56.64-68 Considering the investigations conducted in this thesis, only
the techniques based on the photopolymerization of liquid resins, specifically
vat polymerization 3D printing techniques, will be described in detail in the
following sections.

1.2. Vat polymerization (VP) 3D printing.

Vat polymerization (VP) 3D printing involves using a vat containing a
liquid photopolymer that is selectively polymerized or cured upon light
irradiation through a chemical reaction called photopolymerization. It enables
objects' production by the sequential overlapping of thin polymerized layers
positioned on a movable platform, which moves (in the z-axis) according to the
following layers' formation. This technique allows the fabrication of precise
parts of complex geometry without specific supporting tools nor complicated
machine configurations.®® During the 3D printing process, the part (placed on
the platform) repeatedly comes into contact with the liquid photopolymer or
resin. Therefore, a crucial point in this process is that the polymerized piece in
production is insoluble in the liquid photopolymer, i.e., the cured structure
remains dimensionally and mechanically invariable when in contact with the
liquid resin; such requirement is accomplished by using cross-linkable
photopolymers and supplying the system with sufficient light energy to reach
the material's gel point. The gel point is when the liquid system undergoes a sudden
change in its fluidity due to the formation of a three-dimensional crosslinked matrix (the
gel ). Beyond this point, the system is no longer a liquid material, showing more
solid-like mechanical properties, and becoming an insoluble polymeric
material progressively, as better described in the following sections
Photopolymers can also be used in other 3D printing techniques such as Inkjet,
MultiJet, or some Binder Jetting methods. However, these methods cannot be
considered among the VP techniques since they build the objects by the
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selective addition and hardening of the liquid polymer and support material
from jetted from tiny nozzles.
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Figure 1-4. The seven Additive Manufacturing classification and its mains
advantages and drawbacks.56.65

From a technological perspective, vat polymerization 3D printing can be
classified into two main subgroups, depending on their optical arrangement,
as will be described in the following sections. The first one to be developed is
the technique known as stereolithography (SL), which is a point-by-point
method that involves a movable laser beam focused on the photopolymer
surface, activating the photopolymerization of the liquid substance selectively
and printing solid films one on top of the other. The second method is known
as digital light processing (DLP) 3D printing, which derives from the laser-
based SL method, but instead of employing a movable laser beam, involves
using a light source projector for irradiating an entire cross-section of the
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object at once.”? Although vat polymerization (VP) was introduced during the
eighties, this technology is still of great scientific and industrial interest, and it
grows year after year.’172 This statement is corroborated by the vast number
of scientific articles (including only papers, proceedings, and preprints files)
and patents issued over the last decades using vat polymerization or similar
keywords, as represented in Figure 1-5.
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Figure 1-5. Publications per year using vat polymerization or similar terms
(as detailed in the legend inset) from 1990 to 2020. (a) N° publications per year
in which the keywords appear at least once during the article's full text. (b) N° of
publications per year in which the keywords appear in the scientific article’s title
or the abstract. Data obtained from the dimensions.ai database.

One of the principal advantages of vat polymerization methods over
other 3D printing techniques is the possibility of modifying the starting liquid
material, the photopolymer, which is a combination of chemical compounds
and reagents (both liquids and powders). The tailoring of the liquid
photopolymers opens many possibilities to produce parts where the
properties can be designed by integrating the right elements.”’0 Commonly, the
photopolymers for 3D printing are composed of three main components:

o Monomers and oligomers: liquid resins having reactive groups
necessary to create the polymeric network. The backbone of these
reagents defines the polymerized part's final physical and
mechanical properties, also considering the appropriate adhesion
between cured layers.

o Photoinitiators: compounds that absorb the incident light,
generating reactive species or radicals through chemical
transformations. These species interact with monomers and
oligomers, enabling the photopolymerization mechanism.

o Additives: some additives can be added to change printable
material features or add specific properties to the printed part.
Few examples are reactive diluents, which are employed to adjust
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the photopolymer's viscosity, or dyes/colorants, which are added
to control the light's penetration during 3D printing (Z-axis) and
to guarantee high resolution (XY plane).

Therefore, by fine-tuning these primary elements, functional 3D printed
objects can be obtained with specific properties (e.g., mechanical, chemical,
and optical, among others) depending on the designated application.38 The
following sections will detail the principle of photopolymerization, the most
used materials for 3D printing, and the main differences between the main VP
configurations.

1.2.1. Principle of photopolymerization.

Photopolymers are a class of polymers whose synthesis process is
induced by light irradiation. In this method, known as photopolymerization,
polymers with different macromolecular structures can be synthesized
depending on the type and the number of reactive groups in the
monomers/oligomers involved, such as linear, branched, or crosslinked
(Figure 1-6.a).” Over other methods such as thermal curing, light-induced
polymerization offers remarkable advantages. It delivers rapid polymerization
rates, room temperature treatments, the use of solvent-free formulations, low
energy requirements, and high dimensional accuracy as the
photopolymerization can be spatially controlled by managing the light settings
during the process. The last one is also the reason why photopolymers are
crucial for shaping complex structures in 3D printing. Besides, the
photopolymer can be custom-prepared according to the envisaged
application.”4

The first synthetic photopolymer development was reported in 1952 by
The Eastman Kodak industry under the US patent n°® 2610120;7> since then,
photopolymers have been employed in various commercial applications: as
decorative and protective coatings for metals, papers, and woods; as ink for
producing integrated and printed circuits by photolithography, and for
creating dental components.”’® The photopolymerization process occurs when
liquid photosensitive resins, composed of monomer and photoinitiator, are
polymerized or cured upon light irradiation. When the liquid system is
subjected to light irradiation, the photoinitiator absorbs part of the incident
light, undergoing chemical transformation and generating reactive species,
either radicals (see Figure 1-6.b.) or ions.”0
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Figure 1-6. Principle of polymer formation. (a) Common macromolecular
polymer structures. (b) Illustration of the free-radical-based photocuring process.
The initial system is a mixture of monomers/oligomers and a photoinitiator, in
which under light exposure, the photoinitiator is decomposed, generating reactive
species. In the beginning, these reactive species promote the interaction between
the prepolymer chains. At last, the interaction between chains continues until the
formation of the final polymer is completed.

These species, interacting with the nearby monomers and oligomers'
reactive groups, trigger a sequence of reactions in the photopolymer. In most
cases, the reaction occurs through a chain-growing mechanism, which involves
the sequential reaction of the unreacted molecules to form propagating
polymeric chains.”” As the reaction proceeds, the number of chains’
interactions increases, resulting in high molecular weight polymeric chains.
Depending on the number of active functional groups, linear chains or
crosslinked networks (thermosets) can be formed using monofunctional and
polyfunctional monomers.”87° In these processes, the light serves only as an
initiating tool, and it does not interfere with the propagation and termination
stages of the chain interaction. Radiation of different wavelengths (and thus
energy) ranging from X-rays to the NIR range can activate the
photopolymerization.80-82 However, most of the photopolymerization
processes are performed with UV or visible light.83-8¢6 Photopolymerization
reactions can be divided into two classes, according to the mechanism of the
initiation:
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1) Free-radical polymerization systems. In these photopolymerization
processes, the photoinitiator decomposes, generating radical species.
Those activate the polymerization process through free-radical
mechanisms by interacting with unsaturated carbon-carbon (C=C)
double bonds; monomers/oligomers possess mainly (meth)acrylate
(H2C=CH-C(=0)-R) or vinyl (H2C=CH-R) functional groups.

2) lonic polymerization systems. In this case, under light irradiation, the
photoinitiator generates cations (or less commonly anions) that
enable the polymerization mechanism with monomers and
oligomers such as epoxy, caprolactones, vinyl ethers, oxetanes, and
thioethers.87.88

Free-radical photopolymers were the first developed, and currently,
most of the commercially available resins used in vat photopolymerization are
based on these systems.8? Although specific photopolymers can be prepared
by combining both systems.?0°1 Free-radical and cationic systems proceed
through chain-growth polymerization and can be schematized as depicted in
Figure 1-7. Considering the radical polymerization, under light irradiation,
reactive species or radicals (R*) is generated from the photoinitiator (PI). The
radical reacts with the reactive functional groups of the monomer (M) to give
the first macroradical (RM*) noted as the initiation step. The propagation of
the reaction occurs through the subsequent addition of multiple monomer
chains to the growing macroradical, forming longer polymer molecules. The
final stage is the mono or bimolecular termination reactions that depend on
the experimental conditions.?293 The bimolecular termination occurs through
either the recombination of two polymer chains by joining two radicals and
through disproportionation or “cancelation” of one radical by another without
joining. Instead, the monomolecular termination, also known as occlusion,
arises when the photopolymerizable resin becomes quite viscous or rigid that
traps the radicals within the forming network, preventing those from reacting
with other monomer molecules or polymers by the limited mobility.
Consequently, the conversion of the system will be lower than 100%.%4
Therefore, the occluded reactive species remained still active and could
eventually react with another reactive species able to reach them (such as
oxygen) by diffusing through the polymeric network. This may be the cause of
aging or other changes in the mechanical properties of the cured material. The
system suffers from dramatic alterations observed by the photopolymer's
physical-mechanic characteristic changes during the photopolymerization
process. The initial system starts from a liquid soluble phase formed mainly by
low molecular weight monomers. As the reaction proceeds, the chain growth
begins, increasing the system's molecular weight, the degree of branching or
crosslinking (in the case of polyfunctional monomers), still having a liquid-like
behavior. The reaction continues, the degree of branching increases in the
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polyfunctional system, and intermolecular connection leads to forming a
polymer molecule of infinite size that percolates the system. This rapid and
irreversible change is the so-called gelation and indicates the first appearance
of the infinite network (the gel). Beyond this point, the system is no more fully
liquid-like. It becomes gradually insoluble as the crosslinking advances until
the final formation of a three-dimensional network. In this final stage, the
insoluble polymer (or thermoset) changes dramatically, increasing the
crosslinking density, glass transition temperature, and the final physical
properties.?>

(hv) .
Pl —> R* Stimulus
R*+M ——> RM~* Initiation
RM*+ nM ——> RM n+1* Propagation
R(M) n*+ R(M) m* =——>» R(M) n- (M) mR Termination (recombination)

R(M) n* + R(M) m* =——> R(M)n—-H + R(M) m-1M-+ Termination (disproportionation )

Figure 1-7. Schematic representation of the different steps of the chain-
growth polymerization reaction.

1.2.2. 3D printable formulations.

As previously mentioned, most of the photopolymers for vat
polymerization are composed of a mixture of monomers and oligomers,
photoinitiators, and few additives such as reactive diluents, dye, or fillers. In
the following paragraphs, those will be introduced.

Monomers and oligomers

Photopolymers for vat 3D printing are mainly based on free-radically
polymerizable resins. These resins are characterized by unsaturated C=C
double bonds, more frequently (meth)acrylate functionalities. Such reactive
groups are employed since they present high reactivity upon light irradiation
and well-established mechanisms of reactions. Furthermore, a wide range of
(meth)acrylate-based substances compatible with vat polymerization
techniques are commercially available.”? Other functionalities can also be
employed, such as unsaturated polyester, vinyl, vinyl ether, or thiol-ene/yne
systems.?¢-98 The selection of acrylate-based reagents for vat polymerization
is based on the specific application and the processing technology to be used.
The first criterion is the resin functionality, which is defined by the number of
available acrylate double bonds leading to polymerization. Most of these
chemicals are mixtures of monomers and oligomers mono-, di- or
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polyfunctional. Few examples of acrylate-based monomers and oligomers are
depicted in Figure 1-8.

Among them, 1,6-hexanediol diacrylate (HDDA), polyethylene glycol
diacrylate (PEGDA), bisphenol A ethoxylate diacrylate (BEDA),
trimethylolpropane triacrylate (TMPTA), polyethylene glycol methyl ether
methacrylate (PEGMEMA), and butyl acrylates (BA) are some of the most used
in light-based 3D printing. Other criteria for selecting suitable monomers or
oligomers are viscosity, reaction kinetic, hydrophobicity/hydrophilicity,
shrinkage, costs, shelf life, volatility, odor, toxicity, and, importantly, the final
mechanical and functional characteristic of the polymerized product.??
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Figure 1-8. Examples of most common free-radical (meth)acrylate-based
monomers and oligomers used for vat polymerization 3D printing.

The (meth)acrylate-based resins tend to be suffering from oxygen
inhibition during the photopolymerization process. Since molecular oxygen is
a di-radical, if oxygen molecules are present in the photopolymerizable
system, the primary radicals (the radical formed from the interaction between
free-radicals and the C=C bond groups) might react with them instead to
continues reacting with nearby C=C double bonds. At this point, carbonyl
groups and peroxide radicals are formed, which are not capable of reacting
with more acrylates C=C double bonds.1%0 The oxygen inhibition can be
problematic in some photopolymerization applications, such as in acrylate-
based coating, leading to an incomplete cure of the polymers. Multiple
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strategies have been proposed to overcome such a drawback, e.g., using an
inert nitrogen atmosphere, increasing the photoinitiator's concentration,
increasing the duration and intensity of the light irradiation, and using
reducing agent hydrogen donors.101.102 However, in vat 3D printing, oxygen
inhibition is an important part of the process. The oxygen molecules inhibit
part of the free-radical on the just polymerized film, decelerating the double-
bond consumption. Those unreacted C=C can react with the next polymerized
film's double bonds leading to a stronger interface between layers.103
Moreover, the oxygen inhibited-printed film can be more easily to be detached
from the bottom of the vat during the printing process. Indeed, as will be better
detailed in the following sections, 3D printing techniques, known as
continuous liquid interface production or CLIP, are based on accurate control
of oxygen inhibition during the photopolymerization.104105 By exploiting this
principle, a thin layer of oxygen-inhibited resin is intentionally produced,
avoiding adhesion between polymerized material and the vat's bottom.

A further drawback of meth(acrylate) resins is that they tend to suffer
from shrinkage during free-radical polymerization.19% Depending on the
functionality of the (meth)acrylate substances involved, the resins can gel at
low percentages of double bond (C=C) conversion, limiting the fluidity of the
still uncured monomers inside the system. Such a phenomenon might lead to
shrinkage stress during photopolymerization since the monomers'
intermolecular distance in this ‘gelled’ phase is reduced than the distance in
the liquid phase. The shrinkage phenomenon depends on the type and
volumetric concentration of reactive groups and the polymeric network's
ability to reach a spatial configuration that minimizes the system's free
energy.107.108 Various strategies can be used to overcome this problem of
shrinkage. One method is to combine free-radical (meth)acrylate-based resins
with radical step-growth polymerizable resins that can react either through
thiol-ene (thiols react with carbon-carbon double bonds) or thiol-yne (thiols
react with carbon-carbon triple bonds).109110 Moreover, thiols can act as a
hydrogen donor during photopolymerization that can drive the formation of
peroxides and thiyl radicals, reducing the oxygen inhibition problem. Another
strategy to reduce the shrinkage inconvenient is by combining both
(meth)acrylate and epoxide resins to form interpenetrating polymer networks
(IPN).111 While the former polymerizes through free-radical polymerization;
epoxy resins can react through cationic polymerization using suitable
photoinitiators such as aryl iodonium salts or sulfonium photoinitiators. These
IPN systems are a class of polymers in which both acrylate and epoxy polymer
networks are formed independently. However, in particular circumstances,
both polymerized systems can be copolymerized, forming a bond between the
two networks.112 These hybrid systems combine the main advantages of both
types of resins: epoxy resins provide low shrinkage (around 1-2%), while
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acrylate resins provide high curing speed, low sensitivity to humidity, and
good mechanical characteristics.

Photoinitiators

Photoinitiators are chemical compounds that, upon light irradiation,
absorb part of the incident light, generating active species capable of initiating
the polymerization process through the reaction with acrylates or vinyl double
bonds (if the species are free-radicals) or with epoxy moieties (if the species
are ions).”892 Different chemical compounds can as photoinitiators and can
operate in different wavelengths of the electromagnetic spectrum, such as UV,
visible, and NIR (Figure 1-9).113-118 These chemical compounds have been
widely explored in the literature, and most of them can be found
commercially;87.119-126  nonetheless, the development of more efficient
photoinitiators are still of great scientific interest nowadays.127-133 Among
them, free-radical photoinitiators are the most common type of
photoinitiators employed in light-based 3D printing. The selection of an
appropriate photoinitiator for these technologies is crucial for the correct
production of printed parts.”’? It determines the reaction efficiency and
photopolymerization rates, which directly influence printing resolution and
accuracy. Therefore, for an efficient photo-crosslinking process, the
absorption spectrum of the photoinitiator selected must match the emission
light from the printer's light source. There are two types of compounds for
free-radical photopolymerization that differ from the mechanism to generate
the reactive species: type I or unimolecular photoinitiators and type II or
bimolecular photoinitiators. Table 1-1 shows the most typical type I and II
photoinitiators.8?

Type I photoinitiators are organic compounds that undergo homolytic
bond cleavage when absorbing suitable photons. This photoinduced cleavage
generates two free radicals from Norrish type [ reactions, which can induce the
polymerization process.8 The cleavage process starts once the molecule
reaches the excited singlet or triplet state. Depending on the photoinitiator's
chemical structures, the light required for inducing an efficient cleavage of the
molecule can vary in wavelength and intensity.134 Most Type I photoinitiators
are composed of aromatic carbonyl groups since they undergo rapid bond
cleavage (at the a-position) for the formation of a pair of radicals; Figure 1-10
shows an example of the homolytic a-bond cleavage of the phenyl bis (2,4,6
trimethyl benzoyl)-phosphine oxide (BAPO) photoinitiator.13>
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Figure 1-9. Examples of some of the compounds used as photoinitiators in
photopolymerization processes. 2,2-dimethoxy-2-phenylacetophenone
(HMMP), phenyl bis (2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO), 7,8-
Dimethyl-10-ribitylisoalloxazine (Riboflavin), 1,4-Bis(pentylamino)anthracene-
9,10-dione (solvent blue 14), and (354S, 21R)-9-ethenyl-14-ethyl-21-
(methoxycarbonyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid
(Pheophorbide-a).

One of the first commercially available type I photoinitiators was based
on the benzoin ethers family, such as benzoin ethyl ether. These compounds
cleave into benzoyl radical and benzyl ether radical by photon absorption.
Benzil ketals such as 2-hydroxy-2-methylpropriophenone (HMMP) or 2,2-
dimethoxy-2-phenyl acetophenone (DMPA) absorbs more in the UV-light
range since their relatively low energy n — m*, being one of the most efficient
and stables photoinitiators for UV curable resins. Acyl phosphine oxides such
as (2,4,6-trimethylbenzoyl) diphenylphosphine oxide or phenyl bis (2,4,6-
trimethylbenzoyl)-phosphine oxide present lower energy level of the m* state,
therefore shifting the peak of the n — m* transition toward higher wavelengths,
which is preferable for the visible-light curable resins. Moreover, they produce
radicals that are much more reactive towards olefinic compounds than
carbon-centered radicals.136
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Figure 1-10. Example of homolytic a-bond cleavage of phenyl bis (2,4,6
trimethyl benzoyl)-phosphine oxide.135
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Table 1-1. Most common type I and type Il free radical photoinitiators for vat
polymerization 3D printing.

Compound name

Type

Structure

Range of
absorption
(nm)

2,2-dimethoxy-2-
phenylacetophenone
(HMMP)

2,2-dimethoxy-2-
phenylacetophenone
(DMPA)

Diphenyl(2,4,6-
trimethylbenzoyl)-
phosphine oxide (TPO)

phenyl bis (2,4,6-
trimethylbenzoyl)-
phosphine oxide
(BAPO)

lithium phenyl-2 4 6-

trimethylbenzoyl
phosphinate (LAP)

Benzophenone

2-
Isopropylthioxanthone
(ITX)

Canphorquinone (CQ)
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[320-360]137

[310-370 nm]13

[350-410
nm]85139

[360-440 nm]®s

[340-400 nm]140

[230-280 nm]141

[320-400 nm]142

[420-490 nm]143

Type II photoinitiators are uncleavable organic molecules that have a

more complex initiating mechanism.144 Type Il compounds form relatively
long-lived excited triplet states after absorbing a photon, capable of producing
the free radicals by abstracting one hydrogen (forming H-donor radicals) or
electron (e’) from a co-initiator molecule that is purposely added to the light-
curable system. Camphorquinone (CQ), benzophenone, or thioxanthone

derivates are among the most used uncleavable bimolecular photoinitiators

that can abstract hydrogen atoms from a hydrogen donor to produce excited-

complexes for initiating the polymerization. One of these bimolecular
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compounds' main advantages is that they can react with oxygen in the air,
reducing the oxygen inhibition during photopolymerization.14>

Additives

During the photopolymer preparation, additives or specific components
might also be used to tailor the resin properties. 146 These components deliver
specific features to both the liquid formulation and the final cured material.
For example, the initiating system can be composed of different
photoinitiators, such as a combination of type I and Il compounds or thermal
and light-absorbing initiators.?2 Likewise, other strategies can combine
photoinitiators with a photosensitizer to shift the absorption toward longer
wavelengths or increase their absorption.14” A common additive added during
the preparation of the photopolymers is a reactive diluent. The reactive diluent
is used mainly to adjust the resin's viscosity within an appropriate range for
vat polymerization 3D printing and enhance the solubility of few printable
resin components such as photoinitiators dyes.148149 Moreover, this substance
can also participate in the polymerization process by using mono-, bi-, or
polyfunctional monomers as a reactive diluent, which remained linked to the
polymer backbone after the curing step.1>0.151 The choice of a suitable reactive
diluent is based on the characteristics searched, i.e. the affinity with the
photopolymer components, the formulation's processability, and the final
physical properties of the cured material, the volatility of the substance’s,
among others.14?

Dyes might also be incorporated into a printable photopolymer to
enhance the printing accuracy and obtain thus well-defined and reliable 3D
printed structures. These compounds are commonly based on organic or
organometallic molecules and, added in low concentrations, can help confine
the light's penetration during the 3D printing step (Z-axis) and guarantee high
resolution (X-Y plane) without affecting the printability of the object.152 The
dye selection is based typically on the light source of the 3D printer, while its
concentration should be balanced considering the rest of the photopolymer's
components. High concentrations of dye may lead to a photoinitiator efficiency
loss; instead, low concentrations may lead to poor printing resolution.!>3
Recently, the interest in these compounds in 3D printing has been boosted due
to functional dyes' introduction.’>* Functional dyes, used correctly, can
improve printing resolution and accuracy and confer specific characteristics
to the printed object.148 For example, by incorporating azo-type organic
compounds, i.e., methyl red (MR) or dispersed red on methacrylate (DR1-MA),
into a 3D printable formulation, the mechanical properties of the cured
polymer matrix can be reversibly changed under the effect of laser radiation
at 532 nm.’>2 These compounds are characterized by R-N=N-R’ chemical
conformation, which can be adjusted by an external stimulus through the cis-
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trans isomerism behavior of the azo-molecule.155156 Hence, the physical and
mechanical features, i.e., Young’s modulus, of the material can be locally
changed by laser irradiation or temperature by benefiting of thus cis-trans
switching within a polymeric network with a higher or lower crosslinking
density. Likewise, recently, 3D printed devices have been reported using azo
molecules with good gas permeability.157 These devices were locally irradiated
with an Nd: YAG laser at 532 nm, and due to the cis-trans switching behavior
of dyes, the permeability of COz and O2 was selectively controlled.

In addition to these functional agents' advantages, an important
characteristic was that one of the dyes (DR1-MA) could be polymerized with
the polymer matrix during 3D printing. This dye bearing a methacrylic
functionality could participate in the photopolymerization process. Another
element frequently added to the resin formulations are (nano)fillers used to
develop high-performance polymer composites. Composites are multiphase
materials consisting of reinforcements dispersed in a continuous matrix. For
the development of nanocomposites, one of the phases must be at a
nanometric scale. These nanofillers, mostly composed of organic, inorganic, or
metallic compounds, are used in polymeric 3D printing to produce structures
with enhanced properties such as mechanical strength, thermal resistance,
and electrical conductivity. The most frequently employed are carbon
nanotubes, graphene, and nano clay.>158-162 Additionally, some precursor
elements can be used to develop unique composites. For example, adding
silver salts or tetraethyl orthosilicate (TEOS) as a functional precursor into a
suitable photopolymer, advanced polymeric nanocomposite objects might be
obtained in a dedicated post-printing process for in-situs generating
nanofillers, such as silver and silica nanoparticles.163-169 With this latter
strategy of using nanofiller precursors, some problems related to the
photopolymer stability may be solved.170

1.2.3. Vat polymerization techniques.
Stereolithography (SL) technique

Stereolithography (SL) techniques rely on the selective polymerization
of photopolymers by using a laser beam, which is focused on the liquid
photopolymer contained in the vat, as represented in Figure 1-11.a. The
polymer is formed by tracing the laser on the resin surface (X-Y plane), usually
using a galvanometric head to control the laser patterning, creating the first
layer of the sliced object. The layer remains on a building platform lowered in
the Z-axis according to the layer slicing step. In this way, the printed object is
consequently submerged in the wuncured liquid resin, ready to be
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photopolymerized. The subsequent layers are ‘printed’ following the same
procedure, progressively overlapping each other until the object's complete
formation. SL machines can be configured either in a top-down (the one in
Figure 1-11.a) or a bottom-up approach or inverted configuration.171 While in
the top-down configuration, the platform is submerged in the liquid resin as
the part is created, in the inverted one, the object remains attached to the
platform, and it rises after each polymerized layer. In this case, the laser beam
hits the resin from below the vat through a transparent bottom. The bottom-
up approach is preferred over the top-down for many reasons. It is
independent of the depth of the vat container, it requires less printable
material (since it is not necessary to fill the entire vat to print), and most
importantly, it avoids the direct contact of the resin with the ambient, which
can reduce the oxygen inhibition. After the 3D printing step, the objects are
frequently subjected to post-printing processes, including the removal of
exceeding resins and post-curing treatment to reach higher conversions.38
With SL-3D printing technology, high printing features can be achieved as low
as 10 pum.172 A derivate SL technology has also been reported as a micro-
stereolithography 3D printing (MSL o pSL).

MLS-3D printing appeared in 1993 with the development of the
Integrated Hardening approach.173 In these methods, the scanning laser (5 um
of spot) is focused underneath the resin through a transparent window to cure
the material. Through these methods, captivating structures have been built,
such as tubes, actuators, microfluidic chips, fluid channels on silicon. MSL-3D
printing has been described to achieve sub-1 um as a minimum feature size.174
DLP-based 3D printers are built by a deformable mirror device (DMD) such as
the Digital Light Processing (DLP®) chips produced by Texas Instruments (see
Figure 1-11.b).104105 [n these configurations, each micromirror on the DMD
represents one pixel in the digital image, which can drive to printing
resolutions of 3 -5 pm in the X-Y plane according to the optical setup.”” The
photopolymerization of an entire cross-section portion of the object with good
precision reduces the printing times significantly compared to SL techniques.

Nevertheless, SL methods present the highest printing resolutions with
the finest results in terms of surface finishing.”017> Through commercial DLP-
based printers, the resolution can be as small as 40x40 pm,110 although
recently, using a customized DLP-based 3D printer, features of 18x20 pm have
been achieved.1>3 An exciting variation of DLP-3D printing is the CLIP method
that stands for continuous liquid interface production. Unlike the layer-by-
layer strategy of DLP and SL approaches, CLIP-3D printing allows the
continuous fabrication of objects by creating a thin interfacial of oxygen
through an oxygen-permeable window. This thin oxygen layer (noted as a
dead zone) inhibits the free-radical polymerization only in the interface
between the polymer film and the transparent window. Therefore, the just-
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built film does not adhere to the vat bottom, and the printing speed increased
considerably up to hundreds of millimeters per hour. Besides, large-scale
structures can be produced with the CLIP approach while the high resolution
is maintained.176177 Qther light-based 3D printing methods have been
developed over the years and might not be diffused as stereolithography or
DLP-3D printing. They can be used for gripping purposes. In the following
paragraphs, some of these innovative techniques are briefly presented.’”

Other light-based 3D printing techniques

Two-photon polymerization (2PP) processes are another light-based 3D
printing technique similar to stereolithography (SL) as lasers scan a
photopolymer. The main peculiarity of the 2PP process is that the
photoinitiator molecule absorbs two photons simultaneously, starting then
the free-radical polymerization.178 In conventional photopolymerization, the
photoinitiator reaches its lowest excited state after absorbing one photon, as
long as the photon's energy is equal to the energy difference between the
excited state and the ground state of the molecule.17? Such an energy transition
can also be reached if the molecule contemporaneously absorbs two identical
photons, each with half of the single-photon energy in the one-
photopolymerization process. However, the two photons can also be of
different energy, in a process called non-degenerate.180

2PP method is a point-by-point approach that uses two femtosecond
pulsed lasers to polymerize the resin in the focus spot (at nanometric scale)
between the two laser beams, see Figure 1-11.c. Since the polymerization
reaction remains confined in a small volume (a point), the printing resolution
is higher than other light-based printing techniques with features of 0.2 pm or
smaller.181 A further advantage is that the focal intersection point can be
moved in the x-y-z-directions to cure the polymer inside the resin’s volume and
creating internal traces. With this 3-dimensional writing approach, it is
possible to use high viscosity resins and create complex geometry without
supporting structures.180

The first 2PP was developed in 1975 by Swanson and coworkers
intended to fabricated quasi arbitrary 3D microstructures.183 However, the
interest in this technology started to grow in the mid-90s for microfabrication
purposes.184185 The ability to penetrate the printable resin is given by the
laser's light source, in the Near-infrared (NIR) range. NIR penetrates deeper
into the photocurable resin, and it has lower scattering and photodamage than
UV or visible light.186187 2PP setup is typically composed of high-power
femtosecond Ti: sapphire laser with a wavelength near 790 nm, pulse width
between 50-150 fs, and laser powers between 10 and 700 mW (Figure
1-11.c¢).182 The laser beam passes through a series of optical arrangements,
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including an acousto-optical modulator (AOM) to disperse the laser beam, a
sequence of scanning mirrors to adjust the laser beam, and a microscope

objective to focus it into the resin vat.
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Digital light processing 3D printing (DLP). (c) Typical two-photon polymerization
setup.182 (d) Computed axial lithography (CAL).

After completing the micro-object, the unreacted resin is removed by
washing/rising protocols in ethanol or isopropanol.188 Although 2PP offers
remarkable advantages, few drawbacks arise, such as the limited dimensions
of the produced objects (no more than 1 mm height) and the low printing
velocity, which is about 0.5-1 mm/s compared to some SL techniques (200-
300 mm/s).18% Moreover, these techniques require expensive equipment to
generate the pulsed NIR laser beam and involve high energy to cure the
material since the limited two-photon absorbing (TPA) cross-section (8tpa) of
typical 2PP photoinitiators and their high fluorescence quantum yields (®r).190

In another alternative to layer-by-layer 3D printing approaches, recently,
a novel volumetric 3D printing system known as CAL (Computed Axial
Lithography) has been developed.1°! Contrary to other light-based techniques,
CAL methods are based on computed tomography (CT) scans techniques to
generate a hologram within a controlled volume of the photopolymer, see
Figure 1-11.d.192 This hologram is created by the simultaneous projection of
multiple 2D images while the vat container is rotating. The 2D images
propagate through the liquid resin from different angles, resulting in a 3-
dimensional hologram with enough energy to photocuring, at once, a volume
of photopolymer in the desired geometry.193 A fundamental parameter of CAL
techniques is the rotation velocity that might directly influence the printing
features when the rotary system is not in sync with the projected images. The
photopolymers' viscosity is another crucial point during the CAL-3D printing
since it has to be high enough to avoid the relative shift between the 3D printed
model and the rest of the liquid resin. With this method, some 3D printing
drawbacks related to the poor surface definition and slow fabrication printing
speeds can be surpassed. In addition to CAL techniques' advantages in terms
of production speed and surface definition, this technique can polymerize high
viscosity resins (up to approximately 90 000 cP) that are difficult to achieve
with other techniques such as DLP or SL.194

1.2.4. 3D printing reliability.

Several factors must be considered during the printing step to obtain
reliable 3D printed structures with the desired properties. One of the
fundamental aspects is the composition of the photopolymer. Components
such as monomers, oligomers, photoinitiators, and additives or fillers must be
well-balanced in the photosensitive resin so that each one of them performs
its function adequately. As previously discussed, these elements' choice is
based on the reagents' functionality, the type and the light source of the 3D
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printer, the looked-for dimensional resolution, and the envisaged final
properties.””

A typical problem that arises when a photocurable formulation is
prepared is the low affinity of the components used, directly impacting the
printable formulation's homogeneity when they are not well integrated.19> For
example, most of the resins are non-polar reagents, while other elements, such
as dyes, might be of different polarity.1°6197 The direct mixing of those
components might result in an inhomogeneous photopolymer due to the dye's
aggregation that, according to the application, could have adverse
consequences.198 For example, the dye clusters might lead to light scattering
or reflection during the 3D printing step, causing inaccurate printed objects.
One alternative to increase the dye solubility into the monomer could be using
reactive diluents as an intermediate reagent. A proper reactive diluent might
disperse the dye and be compatible with the photopolymer. For example,
Wang et al. studied the use of different reactive diluents for increasing the
miscibility of commercial dyes, such as Rhodamine B, Solvent Yellow 98, and
BBOT, into acrylate-based monomers.148 They developed various
photopolymers for 3D printing applications with photoluminescent properties
in which, by adding the proper reactive diluent, the homogeneity of the
formulation increases notably. The reactive diluent helped increase the dye’s
solubility and, having (meth)acrylate functionalities, they participated in the
photopolymerization process. The reactive diluents' selection was based on
the chemical structure similarity with the dye employed.

A similar stability problem could be found when additives such as
(nano)fillers are added to the photopolymers. As previously discussed, these
additives are typically employed to enhance specific characteristics of the
parts obtained by 3D printing, e.g., mechanical strength or thermal and
electrical conductivity.1® However, some photopolymer features can
negatively change when fillers are used, such as the formulation's
transparency or light dispersion (X-Y plane), affecting the parts' final
resolution after 3D printing.200201 The photopolymerizable resins become
significantly opaque already at lower amounts of such as nanofillers, using
carbon nanotubes (CNTs), for example. The added fillers might also absorb
part of the incident light during the photopolymerization process, competing
with photoinitiator conversion.202 These opaque or darker formulations
require higher light doses (e.g., longer exposure times or higher light power)
to balance light absorption from the nanofiller and perform the correct
polymerization process. As with CNTs, the resins' optical features can change
using other nanofillers additives such as graphene oxide (GO), silver or gold
nanoparticles, and nanopowder made of hydroxyapatite, silicate, or glass.203-
2055 Multiple works have been developed using these additives; in all of them,
the photopolymer's optical features changed significantly and their

27



printability. Therefore, there will be a compromise between the nanofillers
amount and the photopolymer printability to obtained 3D printed objects with
the desired shape and properties.206:207

Another drawback when using nanofillers is the rise in the formulation
viscosity, which increases quasi exponentially by increasing nanocomponents'
content due to their large response of surface areas per unit of volume.208
Usually, for vat polymerization printing, it is desired a high or considerable
amount of nanofillers in the photopolymers looking to obtain 3D printed parts
with the most significant improvement in their properties, electrical or
thermal, as possible.1>8 Nevertheless, the photopolymer's low flowability
might cause problems during the printing step, leading to processing defects,
reducing accuracy, and poor mechanical properties.2%° Herein the difficulty of
finding a compromise between the amount of loaded nanofiller in the resin,
the photopolymer's printability, and the properties looked-for. In this context,
different alternatives have been followed to 3D printing highly viscous
nanocomposite photopolymers by functionalizing the fillers in order to
increase the compatibility with the printable formulations. For example, by
modifying graphene oxide (GO) nanosheets with (meth)acrylate
functionalities, such as 2-hydroxyethyl methacrylate or acryloyl chloride, the
interfacial compatibility with acrylate-based resins can be enhanced,
obtaining photopolymers with adequate viscosity range for vat 3D
printing.210211 Following similar strategies, it can be possible to functionalize
other types of nanofillers, such as ZrO2 or SiO2 ceramic nanoparticles with
acrylate functionalities or carbon nanotubes (CNTs) with amines groups, to
obtain 3D printed parts loaded with the highest content of fillers as possible
from photopolymers with good rheological properties.208158 Focusing on the
technological boundaries, highly viscous photopolymers can be processed
through specific vat 3D printing methods such as hot-lithography printing or
lithography-based ceramic (LCM). The former uses heating systems to reach
temperatures up to 140 °C and process the printable viscous resin more easily
by reducing its viscosity.212-214 Moreover, with hot-lithography, printing times
can be reduced while resulting in higher conversion and better mechanical
properties. The LCM techniques instead, developed by Lithoz in 2006, has a
recoating blade used to continuously mix, homogenize the material, and
generate a thin layer of photopolymer, allowing the production of complex-
shaped 3D printed parts with micrometric precision of around 100 um, with
this technology part with 99% of ceramic particles content has been
successfully 3D printed.215.216

Even if the printable photosensitive material presents the desired
characteristics in terms of chemical composition and component stability,
each element, especially photoinitiators and additives, has a crucial role in the
vat 3D printing step. As discussed, both components can absorb part of the

28



incident light, affecting the light penetration across the photopolymer and the
depth of cured material. Understanding the cure depth for an established
photopolymer is of unique importance, intending to produce objects as faithful
as possible to the CAD model.217218 The cure depth (Cs) can be expressed
following a mathematical expression as broadly reported in the
literature:148.219-223

Cqg = —— In[—] (equation 1)

Where «; and c; are the absorption coefficient and concentration of the
photoinitiator, respectively, <, and c, are the absorption coefficient and
concentration of the dye, respectively, t, is the critical time, the time required
to start the photopolymerization, and t is the light exposure time. Unlike other
similar mathematical expressions, equation 1 represents the relationship
between photoinitiator and dye (or light absorber) content. However, through
other mathematical approaches, the cure depth can be directly expressed
against the incident light dosage, and the energy (mJ/cm?) required to start
the polymerization.224 Identifying these variables for a specific photopolymer,
the printing settings such as light intensity, slice printing thickness, and
exposure time can be optimized to achieve the desired axial and lateral
printing resolution.”” For example, the material can polymerize in the z-axis
(axial resolution) and the x-y plane (lateral resolution) far beyond the desired
thickness and shapes upon excessive light irradiation. Herein, the importance
of finding an equilibrium between additives such as dyes or light absorbers
and the photoinitiators to confine the light in the desired region vat 3D
printing. Well-balancing the suitable components can be enhanced the
photopolymer's absorption coefficient, and thus axial resolution (z-axis) is
improved.201
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Chapter 2

Biomedical vat 3D printing:

Printable resins and main strategies.

2.1. Polymeric 3D printing for biomedical applications.

Ever since the arrival of 3D printing, many scientific and industrial areas
have shown great interest in this manufacturing method. Significantly, the
areas related to medicine and biology have witnessed how 3D printing might
introduce brand-new procedures for the on-demand manufacturing of
biomedical parts.37385877 Compared to conventional methods of production of
medical devices, 3D printing allows the development of personalized and
precise structures of any geometry due to its spatial-temporal control methods
of manufacturing.225-227 Indeed, today, 3D printing is being extensively
employed to develop customized biomedical components covering areas in
prosthesis fabrication, biomodelling studies, in vitro, and in vivo analyses.3¢
These customized parts can be used in different applications and can be
fabricated using different printable materials with biomedical properties,
summarized in Table 2-1.

Although the field of application may be broad, the use of 3D printing
beyond specific cases remains still vague due to some technical and economic
factors that have not been overcome yet.225> Despite this, the biomedical
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interest in these technologies is gradually increasing, particularly in the
methods based on polymeric material processing.242 The 3D printing of
polymeric materials is the most versatile and robust method for producing
customized biomedical components. Polymeric 3D printing offers cost-
affordable equipment and supplies, a broad palette of processable polymeric
materials, high printing precision, and fast production speed, enabling
extraordinary advances in the medical and healthcare disciplines.”0.243
Polymeric 3D printing technologies are being employed in numerous
biomedical branches, e.g., prototyping organ models, producing in-vitro
platforms for cell culturing or scaffold structures for tissue engineering, on-
demand fabrication of medical implants and prostheses, and multiple
situations where it is required a fast production of customized parts.242-247
Indeed, during the recent pandemic crisis, polymeric 3D printing took a step
forward and demonstrated that it could be a valuable instrument in hospitals
and ambulatories to help with critical cases of respiratory diseases. It allowed
the fast production of plastic valves and connector devices for mitigating the
shortage of respiratory tools during the coronavirus disease (COVID-19)
caused by the novel coronavirus (Sars-CoV-2).248.249 During these last months,
polymeric 3D printing was revealed as a strategic partner in emergency times,
especially when the procurement of disposable materials and the supply of
small series of ad-hoc devices is complicated.250.251

The medical applications of polymeric 3D printing appear to be vast and
will continue to grow, which may lead to outstanding advances in specific
clinical cases where the production of customized and patient-specific
structures is required.2>2-254 For example, patient-specific incisor teeth with
adequate mechanical properties have been successfully produced through
FFF-3D printing technology using biopolymers such as polylactic acid and
polyamide 11 (Figure 2-1.a).255 These 3D-printed teeth models were created
by first scanning the patient mouth affected zone and then producing the
incisor teeth implants after optimizing the process parameters. FFF-3D
printing method allowed the rapid and cost-affordable creation of bespoke
objects in simple steps. Polymeric 3D printing can also be used in more subtle
applications, such as the production of precise anatomical patient-specific
implants (PSI) for orbital bone reconstruction.2>¢ Through stereolithography
(SL), these parts can be accurately produced from a digital model generated
first scanning the patient's affected area and producing the customized pieces,
as shown in see Figure 2-1.b. Geven et al. produced 3D printed implants using
a photo-crosslinkable photopolymer based on polytrimethylene carbonate
(PTMC) and loaded with nanohydroxyapatite (nHAp).24! Polymeric 3D
printing can also assist doctors and nurses in subtle clinical situations by
producing precise patient-specific models.257-25% These models can be used for
preoperative simulation purposes to provide a tactile and visible appreciation
of the medical situation, enhancing surgical planning (see Figure 2-1.c).
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Table 2-1. Some of the most used materials in 3D printing for biomedical

applications.
Material Technique Biomaterial Application Ref.
Crown, bridges,
Selective laser Ti-6Al-4V screw, abutment,
melting (SLM) Ti-5Al-2.5Fe or other dentures
Metal Electron beam Co-Ni-Cr-Mo components. 228-233
melting (EBM) Stainless steel Knee joint, hip
Selective laser Ni-Ti joint,
sintering (SLS) Silver-based spinal implants,
and bone fixation.
PolyJet Tricalcium
Vzt phosphate (TCP) For dental and
olvmerization Hydroxyapatite porous implants,
Ceramic PV (VP) (HAp) bone 234-239
Selective laser Si02-Ca0-Na20- regeneration,
. . P205 orthopedic parts.
sintering (SLS) Zirconia
Al203
Polymethyl
) methacrylate
F“fsa%?ii‘iirgim (PMMA) Dental implants,
(FFF) Acrylonitrile cartilages,
Multiiet butadiene styrene scaffolds,
Vat’ (ABS) in-vitro
Polymers  polymerization  POVeaprolactone - PIatONIS 171 24zi020
Selec(t\iil?laser Polyether ether studies,
sintering (SLS) ketone (PEEK) microfluidic
Direc%ink Polyethylene glycol  devices, hip joint,
L (PEG)-based knee joint
writing (DIW) hydrogels
Bio inks

Other advanced 3D printing methods have been reported in which cells,
bioactive molecules, or biomaterials are used for developing structures with
inherent bioproperties. These methods are commonly known as bioprinting
and enable the production of precise, complex, and functional structures made
from biological elements that can be used, for instance, in tissue engineering

studies and cell-regenerative medicine.2¢0¢ The bioprintable materials or
bioinks employed in these techniques are generally based on polymer and
elastomer materials, either synthetic or naturals, loaded with living cells
encapsulated adequately. In particular, water-soluble polymers, or hydrogels,
are preferred since their chemical configurations and ability to hold large

amounts of water might create suitable cell growth conditions.
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3D model PTMC-MA 10 wt.%nHAp 40 wt.% nHAp

Figure 2-1. Examples of medical applications of polymeric 3D printing. (a)
Alignment of the patient-specific teeth followed by the incisor teeth' processing in
a mesh mixer software for obtaining the biocompatible PLA 3D printed incisor
teeth.255 (b) Above: the 3D digital model of a patient orbit, showing the procedure
followed: I) analysis and II) elimination/ patterning of the pseudo-hole, III) locating
the fracture zone, IV) the implant position is colored in magenta; below is shown
the 3D printed pieces obtained from the CAD model. The parts were produced from
polytrimethylene carbonate (PTMC) methacrylate with various
nanohydroxyapatite (nHAp) amounts into the resin.z#! (c) Interaction with the 3D
printed models providing an immediate appreciation of the patients' anatomical
situation, informing planning and subsequent surgery.259

Hydrogels can be classified according to the material used to obtain
them, that can be natural: collagen, silk, chitosan, fibrin, hyaluronic acid,
gelatin, alginate; synthetic: polyethylene glycol (PEG)-, polycaprolactone
(PCL)-, or acrylamide-based polymers; or a combination of them.261-264
Different 3D printing techniques can be employed for bioprinting purposes,
such as inkjet, vat polymerization, and extrusion-based techniques.134260 In
the last method, also referred to as direct ink writing (DIW), the material is
deposited by electric-mechanical force (driven by screws or pistons) or
pneumatically (driven by gas or pressurized air). When the extrusion material
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contains cells or other biological entities, these techniques are frequently
known as bioplotting. This bioprinting method is of great interest for advanced
medical applications related to tissue engineering, regenerative medicine, and
biostructures fabrication since it allows the processing of living matter and
biocompatible materials. 265-267 As a part of the direct writing methods, the
operational principle of the bioplotting technique is based on the line-by-line
material deposition approach. While other common extrusion-based methods,
such as FFF-3D printing, mainly uses a heated nozzle to extrude the
thermoplastic material onto a build platform, the bioplotting involves using
bioinks with adequate viscoelastic features to allow the extrusion of the
material by either electromechanical or pneumatic forces.268-270 The whole
bioink deposition is carried out in particular and controlled environment
conditions to preserve the living cells and generate well-defined biomedical
compositions for tissue and organ transplantation. Bioplotting potential
applications are boundless with a particular interest in human-scale entities
development such as skin, cartilage, aortic valves, tracheal splints, kidneys,
among others.170,244,271-273

2.2. Toward the 3D printing of microfluidic medical devices.

One of the medical fields in which 3D printing of polymers has become of
great interest is in the fabrication of milli/microfluidic platforms. Polymeric
3D printing techniques may offer multiples benefits in this framework, such as
fast printing times, cost-affordable materials and equipment, and high printing
resolution.?4¢ QOver the last years, several studies have been reported
associated with these systems' microfabrication using different polymeric
printing methods for various in-vitro studies, such as bioreactors for real-time
biological analysis or analytical systems.153.274-277 Techniques such as Poly]et,
Fused Filament Fabrication (FFF), and vat polymerization 3D printing are
among the most used techniques for fabricating microfluidic medical chips.
The last one is considered the most suitable candidate for the microfluidic chip
fabrication for multiple reasons, i.e., higher printing resolution and faster
printing times, as will be reviewed in detail in the following sections.

2.2.1. Overview of microfluidic devices.

In general, the interest in microfluidic platforms lies mainly in
performing precise chemical and biological analyses on a much smaller scale
than conventional laboratory procedures; this allows savings in sample
consumption and reduces the overall costs and instrumentation sizes
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compared to conventional laboratory procedures to actual research
methods.278-281 These devices are generally produced with a series of micro-
scale channels etched or molded, specifically created to achieve the desired
features, e.g.,, mix, pump, or sort.282 The first microfluidic devices' creation
dates to the 50s and 60s, fueled by the upsurge of miniaturization processes
during the aerospace race between world power countries.283 In the 80s, the
development of novel miniaturization methods such as lithography allowed
the integration of many transistors on semiconductor wafers for the
microelectronic industry.284% The novel micro-systems were called MEMS or
Micro Electromechanical Systems. Later, in the 90s, the world witnessed the
beginning of what is known today as a microfluidic device or lab-on-a-chip
when these MEMS were used for biological, chemical, and biomedical
applications intending to control and monitor the behavior of analytical
solutions in microchannels. Indeed, microfluidic platforms have been used for
different medical and chemical applications such as rapid DNA sequencing,
electrophoretic separation, and disease diagnosis in point-of-care settings
with a high level of precision.285-288 A crucial point in developing a microfluidic
platform is selecting the material for its fabrication.28° The material's final
choice is based on the required microfluidic platform's desired function and
properties, e.g., compatibility with biological units (biocompatibility),
chemical stability toward common reagents, and good optical transparency
that might allow the correct imaging/observing of analytes in biomedical
analysis.2?0 [nitially, most of these microdevices were fabricated with silicon,
metals, and glass through expensive and intricate equipment.2°1 The spreading
of microfluidic systems in laboratories and industries was marked by the
introduction of polymers, such as poly(methyl methacrylate) (PMMA),
polycarbonate, polystyrene, polyethylene terephthalate (PET), and especially
polydimethylsiloxane (PDMS). Today, PDMS elastomer is the most used
material for molding microfluidic chips since it is an inexpensive,
biocompatible, transparent, and deformable material easy to mold.2°2 These
features make PDMS the ideal material to produce biomedical microfluidic
chips compared to other polymeric materials.293-295

PDMS-based microfluidic chips are often fabricated through Soft
Lithography methods. This conventional production process involves multiple
and complex steps and requires high expertise and controlled conditions.2%¢
The process starts from a computer-aided design of the microchannel that is
transferred on a photomask made of either chrome coated glass plates or, most
commonly, plastic film templates. The transfer step is performed in a
cleanroom by etching chromium (if the substrate is glass) or UV opaque inks
(if the substrate is plastic film). This photomask is then used to produce a
replica of the microchannels with polymer (see Figure 2-2.a).
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Figure 2-2. Representation of the (a) soft lithography procedure compared to
(b) vat polymerization 3D printing for producing microfluidic devices.

In this step, a UV curable resin (or photoresist) is spread on a silicon
wafer (1) with the desired thickness that determines the microchannels'
height. The resin is illuminated through the photomask, inducing a hardening
of the exposed areas (2). Then, the obtained system (3) is developed in a
solvent that eliminates the uncured resin, and a master mold is obtained (4,5).
The process continues with the molding step. A mixture of thermal curable
liquid PDMS and crosslinker is poured into the master mold (6) and heated
according to the PDMS's curing temperature, usually over 80 °. Once the PDMS
is cured, the part is taken out from the mold, thus obtaining replicas of the
microdevice in a PDMS bulk (7). The chip is then punched to create the inputs
and output to inject the fluids during the experiments (8). Finally, the system
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is subjected to plasma treatment (9) to guarantee the adhesion between the
PDMS bulk with microchannels and the glass slide (10).

Even though PDMS elastomer is widely used for microfluidic fabrication,
this material presents some drawbacks, such as nonspecific adsorption of
biological and chemical analytes and high hydrophobicity. This latter could be
problematic when the microfluidic chips are applied for biological assays using
aqueous solutions.2?7 In this context, numerous modifications have been
developed to tailor the channels' surfaces in PDMS-based microfluidic chips,
e.g., adsorption of surfactants, chemical vapor deposition, coatings with
proteins and lipid agents using oxidative solutions, microwave radiation,
oxygen plasma, and photo-mediated grafting polymerization.298-306 Oxygen
plasma and surfactant coating strategies have been successfully employed for
hydrophilizing the surface of th3%7e PDMS microchips with great results.
Nevertheless, these methods frequently suffer from a lack of long-term
stability and might be ineffective if surface patterning is required.3%8 Other
surface modification methods based on the surface-attached polymerization
provide more stable surfaces since the covalent attachments of polymer chains
onto the substrate.39° These methods can be applied either to liquid phase
systems or vapor phase systems and can be promoted by different procedures
such as plasma discharge, microwave radiation, and oxidation by ozone and
light irradiation. Since the first three methods typically start the
polymerization on all available points on the surface, they are not the most
suitable for patterning surfaces.310 Instead, the light-mediated strategy, or
photo-grafting polymerization, has been described as one of the easiest and
versatile methods for various reasons: it allows an easy and selective chemical
introduction of polymeric chains of different nature on the substrate with high
surface density and precision, and long stability of the grafted chains.311 The
photo-grafting polymerization of surfaces can be achieved by either the
“grafting-to” or the “grafting-from” approaches. The former techniques are
accomplished by coupling end-functionalized polymer molecules with
complementary functional groups exposed on the substrate's surface,
tethering polymeric chains. While the “grafting-from” techniques proceed by
first covalently attaching functional groups (anchors) and using them to
initiate the polymerization from the substrate’s surface, i.e., the polymeric
chains start to grow from the surface.312-314 Both approaches can be catalyzed
for photoinitiators' presence. In “grafting-to” approaches, photoinitiators
(such as phosphine oxide derivate compounds) can promote the chemical
reaction between the surface-bonds functionalities and the polymer-end
groups by generating free-radicals upon light irradiation. In “grafting-from”
approaches, the photoinitiator might be anchored on the substrate surface,
and after light exposure, it generates radicals that start the
polymerization.315316
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In general, both strategies (grafting-to and grafting-from)can produce
stable modifications due to the chemical interaction between surface and
polymer chains.317 Exploiting the photo-mediated “grafting from”
polymerization, Ebara et al. functionalized PDMS microfluidic chips with
different polymers, including N-poly(N-isopropyl acrylamide) (pNIPAAm),
polyethylene glycol diacrylate (PEGDA), and a pH-responsive copolymer of
pNIPAAM and acrylic acid (AA).318 After optimizing the treatment protocol, the
objects' wettability was adjusted upon external stimuli, e.g., temperature or pH
(Figure 2-3.a). They induced reversible changes in hydrophobic PDMS chips
(from 105 ° to 35 °) by first flushing for 1 minute a solution made of the
benzophenone (BP) photoinitiator diluted in acetone (at different
concentrations from 5 to 20 wt. %), in this stage, the BP penetrates within the
channel surface regions. Secondly, the channels (washed extensively with
water) are loaded with the grafting solution containing the polymer. The
grafting polymerization was achieved upon UV irradiation. This grafting
process's base was the radicals generated within the PDMS channel's surface
regions under the light exposure. As demonstrated in numerous studies, upon
light irradiation, benzophenone molecules can abstract hydrogen from the
substrate remaining linked to the surface and forming benzyhydrols
molecules.319-321 Upon prolonged light irradiation, these surface molecules can
form benzopinacol radicals (BP-OH*) that are not so reactive as benzophenone
but can still participate during the photopolymerization process.322 Similar
approaches have been followed for selectively functionalizing PDMS-based
microchannels using photomasks. In these cases, the “grafting-from” method
allowed to spatially control the grafting of monomers such as acrylic acid (AA),
poly(ethylene glycol) methyl ether acrylate (PEGMEMA), or poly(ethylene
glycol) diacrylate (PEGDA).323324 Even though great surface modifications
were achieved in these works, these methods are mainly based on multi-steps
and time-consuming methodology involving: first the BP pre-adsorption,
extensive washing steps (otherwise, the eventual BP leaking might polymerize
beyond the channel walls leading to clogging), and reloading the channels with
the grafting solution.

Through “grafting-to” instead, the surface modification can be achieved
in fewer steps. This approach was followed by Carlborg and coworkers using
vinyl- or thiol-terminated PDMS oligomers to functionalize PDMS-based
microfluidic chips under UV light.32> Taking advantage of the well-studied
chemistry of thiol-ene systems, they prepared off-stoichiometry (OSTE) UV-
curable formulations for producing a series of microfluidic devices with
functional groups exposed (either thiol or vinyl) on the surface of the channels.
The functional groups were then used to link functional molecules in a UV-
mediated step and selectively manipulate the devices' surface wettability, see
Figure 2-3.b. Carlborg and colleagues achieved microfluidic chips with photo-
patterned surfaces and different surface features.326 PDMS-based microfluidic
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chips can be fabricated with high-precision and remarkable surface
properties. However, the further diffusion of these platforms beyond research
departments is conditioned by the multiple steps required for their
fabrications, such as soft-lithography, which involves a considerable level of
expertise, human labor, and expensive equipment. 28%¢ Therefore, new
manufacturing methods might boost the microfluidic chips' fabrication,
maintaining good precision. With 3D printing, these technological drawbacks
could be overcome, as well as it could simplify the production of microfluidic
chips assembled with inner three-dimensional channels compared to
conventional micro-manufacturing methods. 327-331
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Figure 2-3. Photo-mediated surface modifications of polydimethylsiloxane
chips. (a) Contact angle measurements on PEGDA-grafted and pNIPAAm-grafted
PDMS surface at 20 °C and 40 °C, the photograph below shows the changes in
wettability of the pNIPAAm-grafted PDMS at both temperatures.318. (b) Contact
angle measurements of the different OSTE PDMS material with different surface
wettability after UV-mediated polymerization. (c) UV patterning of the microfluidic
chips exploiting the allyl and thiol groups of the microchannel's surface, which is
appreciated by the difference in the meniscus behavior when a green-colored liquid
is led flow.325
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2.2.2. 3D printed polymeric microfluidic devices.

Recently, polymeric 3D printing has been proposed as an alternative for
the manufacturing of bespoke microdevices for bioengineering applications,
such as nonplanar lab-on-a-chip (LOC), bioreactors for real-time analysis, and
analytical systems with antibacterial properties for studying cell
responses.332-335 Many studies demonstrated how microfluidic devices could
be successfully fabricated through different polymeric 3D printing techniques,
involving mainly Fused Filament Fabrication (FFF), photopolymer inkjet
printing (Poly]Jet), and vat polymerization (VP) 3D printing.33¢ Each of them
offers different characteristics that can be beneficial according to the
microfluidic system and its application.337 Table 2-2 summarizes the main
characteristics of these three technologies for microfluidic chip fabrications.

FFF methods are the cheapest in equipment and materials; besides, there
is a wide range of commercial thermoplastic materials, including polylactic
acid (PLA), polymethylmethacrylate (PMMA), acrylonitrile butadiene styrene
(ABS), poly-g-caprolactone (PCL), and cyclic olefin copolymer (COC), few of
them with biocompatible properties.338-340 With FDM, many fascinating
procedures for microfluidic chip fabrication have been reported. For example,
Kotz and coworkers produced transparent chips using commercially available
polymethylmethacrylate (PMMA) filament, one of the most used materials for
microfluidic chip fabrication on a scientific scale.341 With PMMA filaments
(from Material4print), they created chips with a minimum channel width of ~
300 pm. The chips' bottom transparency (the region of interest for proteins
patterning) was significantly improved by directly printing onto PMMA films.
These chips were used for mixing dyed water; the chip's surface was then
selectively photopatterned with fluorescently labeled biotin (F5B), showing
the easy biofunctionalization of 3D printed closed PMMA chips (Figure 2-4.a).

Likewise, transparent microfluidic chips were also obtained from Nelson
et al. using a commercial thermoplastic polyurethane filament (SainSmart
Clear flexible TPU).342 They developed microfluidic chips with the desired
characteristics, including optical transparency (up to 85 % of transmission),
chemical solvent stability, high-pressure resistance, and flexibility (see Figure
2-4.b). The printed chips' biocompatibility was demonstrated by culturing
mouse inner medullary collecting duct cells (mIMCD3). Moreover, they
demonstrated how low-cost FFF techniques could be a viable technique for
developing microfluidic chips, printing channel features as small as 50 um in
less than 25 minutes. Bressan et al. developed 3D printed microfluidic chips
based on polylactic acid (PLA), with channels as small as 260x260 pm for the
synthesis of silver and gold nanoparticles.346347 By optimizing the printing
parameter, the chips were fabricated to well-control the fluid flow behavior
for obtaining the desired particle features. These particles were then used for
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biological applications such as crystal violet (CV) through SERS analysis or to
improve the electrocatalytic capability of carbon paste electrode (CPE) for the
electrochemical determination of gallic acid (GA) and thiocyanate ions.

Table 2-2. Comparison between the three most used polymeric 3D printing
technologies (FDM, PolyJet, and Vat polymerization) for the manufacture of
microfluidic chips in terms of materials used, energy source required for joining
material, benefits, and drawbacks of each technology, small features reached and
application in the biomedical field.

Fused filament Photopolymer 3D L
I Lo Vat polymerization
fabrication printing (vP)
(FFF) (Poly]Jet)
Thermoplastics, e.g.,
Polylactic acid (PLA),
Acrylonitrile butadiene Photocurable Photocurable
Material styrene (ABS), resins/photopolymers. resins/photopolymers.
Polycaprolactone (PCL), (meth)acrylate-based. = (meth)acrylate-based.
Polymethylmethacrylate
(PMMA)
Polyurethane (PU)
Energy Thermal UV-Visible light/Laser =~ UV-Visible light/Laser.
Source
High printing
Fast printing times resolution, fast
Benefits Cost-affordable material. P ng times, printing times, good
multi-material objects. R
surface finishing.
Post-treatment to
Limited printin remove unreacted
recisionp re ducge Laborious material material from
Drawbacks p ’ : remotion from the channels, post-curing
transparent materials, :
NP microchannels. to remove support
low printing times.
structures.
Smallest
342 343 - 344,345
features 50 um 50 um 0.6-30 pm

Other researchers developed transparent and sealed microfluidic chips

with PLA as an alternative to conventional polydimethylsiloxane material
(PDMS), which might act as an electronic tongue (e-tongue). These flexible and
interdigitated microfluidic chips were capable of distinguishing tastes below
the human threshold. The chips were built within less than one hour, using a
home-made 3D printer.348 In addition to PLA, other types of cost-affordable
materials can also be used. As reported in 2018 by Romanov and coworkers,
3D printed microfluidic chips with a channel dimension of about 400 um were
produced with either polylactic acid (PLA) or polyethylene terephthalate
glycol (PETg) through two different types of commercially available low-cost
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FDM-3D printers: Prusa i3 ($ 600) and LulzBot ($ 2500).349 Such devices
presented high-pressure, heat resistance, and glass-like layer characteristics;
those features were useful for DNA melting analysis and facilitated the optical
visualization of fluids in droplet generation and tracking and identifying DNA.

a

3D printed TPU

Figure 2-4. 3D printed milli- and microfluidic chips fabricated by Fused
Filament Fabrication (FFF)-3D printing methods. (a) 3D printed chips in PMMA.
1) Microchip cascade for mixing of yellow/blue-dyed water. 2) 3D printed chip with
a square channel of 600x600 pm. 3) improved mixer structure of 600x600 um
channel. 4) 3D printed channel produced around a straight channel, using an
aqueous fluorescent dye. For the four images, the scale bar is 10 mm.34! (b)
Transparent 3D printed microfluidic chips made of polyurethane (TPU) images
showing a) the flexibility, 2) the transparency of the chip, and 3) mIMCD3 cells
behavior where a characteristic cobblestone appearance was observed in both
control wells, and 3D printed TPU (scale bars = 100 pum).342. (c) Microscopic
photographs of the laminar fluid flow inside 500x500 pm channel toward a 750
umx500 pm channel, where yellow/blue dyed water is passed at 25 pL/min
through microfluidic chips fabricated with FDM at 0°,30°,60°, and 90° of filament
orientation, Eden (Polyjet), and Miicraft+ (DLP-SLA), respectively. Plots of distance
vs. mixing ratio demonstrated the diffusion through the laminar flow channel at 25,
50, and 100 pL/min.350,

Focusing on the surface finishing, Li et al. demonstrated how the
extruded filament orientation could enhance fluidic behavior control.35° They
developed different microfluidic chips (channels of 500x500 pm) with
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different printing orientation of the filament (0°, 30°, 60°, and 90°) respecting
the fluid flow direction in order to examine the fluid mixing performance
(Figure 2-4.c). The Li and coworkers’ work evidenced that in microfluidic chips
where the extruded filament was oriented at 60° to the flow direction, the
mixing of fluids in laminar flow was achieved without any complex channel
geometry, specific surface patterning, or other passive mixers. The chips'
mixing performance can be adjusted by changing the filament orientation at 0°
and 90°. The importance of controlling fluid flow was proven by performing
analytical analysis such as Isotachophoresis (ITP) electrophoresis separation
of fluorescein, where the mixing behavior is undesired. Furthermore, they
performed simple colorimetric assays for measuring the iron content in
environmental water samples, where instead, the mixing property is desired.
These chips were produced with good optical transparency using a
commercial filament, Crystal Clear acrylonitrile-butadiene-styrene (ABS) from
3D Systems.

Although interesting microfluidic chips have been developed through
FFF techniques, the chips' surface finishing is one of these methods' main
setbacks. Surface finishing might be beneficial in specific cases depending on
the application; however, in the biomedical field, precision and high
homogeneity of the microfluidic chips' channels are frequently requested to
avoid alterations in the flow of fluids in high precision laboratory analyses.
Moreover, the relatively small number of materials available for FFF further
limits microfluidic systems development in advanced bioengineering
applications where the surface features must be excellent or at least to do not
disturb the studied fluidic medium.337 Using another polymeric 3D printing
technique, PolyJet, the printed microchips' surface features and definition
could be significantly enhanced. PolyJet 3D printing is a method that employs
photocurable photopolymers deposited selectively on a substrate drop-by-
drop.3>! Once the photopolymer drops are deposited, they are rapidly
photocured with a UV light source present in the jetting material chamber.
PolyJet also employs support materials, which are similarly deposited and UV-
cured, according to the design, that can be easily removed in post-printing
procedures. When the first layer is created, the stage is lowered, and the next
film is built. With the PolyJet technique, the printing time speed and the
microfluidic chips' accuracy are superior in all axes than the FFF technique by
setting the proper printing parameters.3>2 As reported by Lee et al. work,
microfluidic chips made from PolyJet can be produced with a nominal X-Y
plane and z dimensions of 500 pm and 100 pm, respectively, with an average
deviation (between the printed part and the CAD design) of 25.2 um and with
smoother features (surface roughness of 0.47 um) compared to 67.8 pum of
average deviation and 42.97 um of surface roughness of FFF-3D printed parts
(Figure 2-5.a).353 These precise and accurate microfluidic chips, made from
commercial material (FullCure, Stratasys), also presented high cell viability
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toward C2C12 cells as a function of an appropriate post-printing sterilization
step. Highly transparent chips with intricate microchannels can also be
produced using PolyJet technology with excellent precision and accuracy to
enable efficient fluid mixing and optical analysis. The fluid profile in most of
the microfluidic systems is in a laminar flow; therefore, the ability to mix
different fluids efficiently and rapidly in this regime is a fundamental aspect of
microfluidic chips for biological and chemical applications.261282354 Enders et
al. produced different micro-passive mixers through Poly]Jet methods with
great optical features and sophisticated channel paths to study and compare
the mixing performances between each mixing configuration (Figure 2-5.b).355
The designs of the most diffused mixers ( Caterpillar mixer, enhanced
Caterpillar mixer, Tesla-like mixer, and HC mixer) were used to produce those
chips employing an acrylate-based material (VisiJet M2R-CL, 3D System). After
a series of experimental and simulation comparison tests, they observed that
Tesla-like and especially HC chips were the most suitable for the rapid and
efficient mixing of biological fluids such as CHO-K1 (Chinese hamster ovary)
cells.

Despite the higher resolution of the PolyJet compared to the FFF method,
it is still challenging to obtain sub-100 um channels since this technique
requires using a support material to avoid filling the built microchannel during
printing. The removal of the support material after printing implies complex
post-printing treatments.277,356.357 This setback could become even trickier
when the microfluidic channel configuration increases in complexity, e.g.,
serpentine or spiral-shaped channels. Castiaux and collaborators proposed a
different strategy: instead of using conventional support material, the
researchers stopped at a certain point the printing step to incorporate either
a thin polycarbonate membrane or a liquid (composed of glycerol/isopropanol
65:35 v:v) as a physical barrier that can support the additional covering
layers.343 Both techniques demonstrated to be useful for creating complex-
shaped microfluidic chips with channels dimensions as small as 15x250 pum
that are challenging dimensions to be achieved by conventional Poly]et
methods using support material. However, the results obtained appear not-so-
reliable since the 15x250 pum channel was intended to be 54x124 pm in the
CAD design. Besides, it must be considered that stopping the printing
procedure for placing extra material manually inevitably introduces additional
labor in the process. One of the PolyJet technique's main advantages is that it
is a multi-material technique; i.e., it can print various materials during the
same printing process.>¢:358 Taking advantage of this characteristic, S. Keating
et al. reported the 3D printing of multi-material valves using both rigid
(VeroWhitePlus, RGD835, Stratasys) and flexible (TangoPlus, FLX930,
Stratasys) materials. They compared the multi-material valves with single
material valves observing that the former ones present a more robust
capability to deformation, enabling better and precise control of fluids, leading
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to automated production of microfluidic devices (Figure 2-5.c).3°° The
researchers reported that such types of multipurpose fluidic chips with
channels 800x800 um and with programmable valves might be used for
various advanced biological applications such as DNA assembly and analysis,
continuous sampling sensing and soft robotics.

Figure 2-5. 3D printed milli- and microfluidic chips fabricated by Polyjet-3D
printing methods. a) Scanning electron microscope (SEM) images of the 3D
printed channels through 1-3) PolyJet printing and 4-6) FDM 3D printing where is
depicted the surface roughness features between both techniques.353 b)
Photographs of the 3D printed microfluidic mixers: 1) Caterpillar mixer, 2)
enhanced Caterpillar mixer, 3) Tesla-like mixer, and 4) HC mixer. Next to each
image is shown the calculated mixing performances (from simulation tests) as a
mixer length function.355 c) 3D printed microfluidic multichannel valves made of 1)
a single material and 2) a multi-material.35° d) 3D printed DNA-inspired fluidic
devices that comprise eight fluidic channels (750 pm in diameter) filled with
distinct dye-colored solution.360. e) Working principle of a finger-powered two-
fluid FPA prototype for fluid mixing two distinct dyed-colored solutions.3¢2,

Sochol et al. developed advanced components, as shown in Figure 2-5.d,
used as fluidic capacitors, diodes, and transistors to construct integrated
fluidic circuits (IFC).3¢0 The components were fabricated with a commercial
material, Visijet M3 Crystal (3D Systems), which presents limited
biocompatibility. Indeed, the investigators evidenced that further works are
required using biocompatible material for PolyJet printing, such as MED610,
or performing the appropriate post-processing steps to provide higher
biocompatibility to the chips. Nevertheless, they produced reliable and
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sophisticated chips in which their functionalities can be customized by
modifying the geometric parameters. In Sweet and coworkers’ work, a series
of finger-powered actuator (FPA) prototypes were produced using Visijet
material through PolyJet 3D printing.3¢1 The pulsatile fluid motion capability
of the produced devices was used as modular models for microfluidic
actuation and mixing purposes in an integrated fluidic platform; see Figure
2-5.e. A further advantage of Poly]Jet printing is that it allows the fabrication of
multiple microfluidic chips contemporaneously with precise and small
channels. Walczak et al. presented the fabrication of a series of microfluidic
chips (up to 170 chips) during a single 3D printing process. The chips with
diameter dimensions of 400 pm and with semi-transparent features were used
for capillarity gel electrophoresis. After optimizing the printing parameters in
terms of printing orientation, the fluorescence detection of DNA was
possible.362 Although the remarkable works reported for microfluidic chip
fabrication using PolyJet 3D printing, this technique requires a considerable
level of post-printing process focused mainly on the proper cleaning of the
microchannels). Besides, it presents high initial costs in equipment and
consumables compared to other polymeric 3D printing, and only specific and
limited commercial materials can be used, few of them with truly
biocompatibility properties.363

Vat 3D printing for the production of microfluidic devices

Vat polymerization (VP) 3D printing techniques have been proposed as
a robust alternative for microfluidic device fabrication. VP 3D printing offers
great spatial resolutions and printing accuracy as well as cost-affordable
instruments and supplies.171.337.364365 [ndeed, the easiness and speed of
fabrication of these techniques led scientists to employ VP-3D printing to
create on-demand integrated microfluidic devices by combining the printed
parts with other materials and techniques. For instance, VP-3D printing could
be used to fabricate molds for PDMS molding, aiding the production of precise
microfluidic chips with a higher level of geometrical complexity in fewer steps
than conventional lithography procedures and micro-etching methods.366.367
The 3D printing-mold strategy has been in the biological field to manufacture
PDMS-based microfluidic chips for in-vitro cell culture that can roughly mimic
the vessel architectures. Both healthy and stenotic arteries were reproduced
by combining computed tomography angiography (CTA) with SL-3D
printing.368 Alternatively, PDMS-based microfluidic chips with connected
crossed-channels and a suspended physiological bilayer composed of
physiological lipids were also produced by this strategy.3¢° Nonetheless, the
interest of the microfluidic field on vat 3D printing lies mainly in the possibility
of producing microfluidic devices and components in a single or few steps of
fabrication.370 A further advantage given by vat 3D printing is the possibility
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of preparing or tailoring the printable material (the photopolymer) by
combining the appropriate components into the photocurable resin, which
might allow obtaining printed structures with the desired properties.3’! These
features make vat 3D printing (VP) one of the most promising technologies for
the fa and precise fabrication of customized milli- and microfluidic platforms
(see Figure 2-2.b). The printed parts obtained by VP-3D printing can be
produced with specific surface/bulk features of biomedical interest, including
optical transparency, water and gas permeability, chemical resistance, and
biocompatibility.?® However, the development of reliable polymeric 3D
printed fluidic systems with all these properties is a challenging task that has
led researchers to study several types of printable photopolymers through the
last years, ranging from commercially available photopolymers to custom-
made formulations and even carrying out dedicated post-printing protocols on
the 3D printed parts.336

The interest in producing microfluidic chips by VP-3D printing methods
started at the beginning of the 2000s, with Kang et al. paper.372 though greater
attention (at least at the publishing level) was paid around a decade ago. .373-
375 One of the first attempts in exploring the VP-3D printed fluidic field was
reported by Au et al. in 2014.37% The researchers presented the building of
microfluidic devices by using commercial products: a 3D systems Viper SL 3D
printer (in high-resolution mode, 100 um XY resolution and 50 um Z-steps) and
the Somos® WaterShed XC 11122 resin, which is marketed as a suitable resin
for obtaining biocompatible, transparent, and hard thermosets objects. The
researchers reported the precise microfluidic chip fabrication with the
smallest channel dimension down to 400 pum. Also, in Au’s work, a
technological scan is presented based on how far the society is from adopting
VP-3D printing to produce truly end-user microfluidic devices discussing and
analyzing digital design, file sharing, fabrication procedures, and aspects, and
possible applications. Another try to reproduce microfluidic chips by VP-3D
printing was presented by Shallan and lead by Prof. Breadmore, also in
2014.375 The team explored the possibility of using a commercial VP-3D
printer and commercial colorless acrylate-based resin (from the printer
owner) for the direct fabrication of enclosed fluidic devices ranging from milli
to micro dimensions. In this case, the printer used was the DLP-based Miicraft
(Hsinchu, Taiwan) with averaging $2000 back then, cheaper than the $5000 of
3D systems SL printers at that time. The Miicraft is a bottom-up machine with
a plane resolution of 56 um x 56 um, and a Z-resolution around 50 and 100 um
that allowed researchers to produce visible transparent microchips within few
minutes, with channel dimensions small as 250 pm and averaging $1 per chip.
As described by the authors, VP-3D printing could greatly benefit from
producing analytical microfluidic elements in some research centers with
limited budgets aid by the printer's low cost and the simplicity of producing
complex-shaped chips. Despite the technological limitations in terms of
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printer’s hardware, equipment, and resin chemistry that researchers faced in
2014, they probably provided the real starting signal for the effective
production of microfluidic devices through VP-3D printing, highlighting the
multiple possibilities that this technology could offer in the field.

Indeed, in 2015, the Lee et al. work, Led by Prof. Folch, employed the 3D
systems Viper SL 3D printer and the Somos® WaterShed XC 11122 resin to
produce complex-shaped 3D print microfluidic devices for the detection of
pathogenic bacteria, see Figure 2-6.a.37¢ Their method was based on using
magnetic nanoparticle clusters (MNCs). First, the printed microchips were
manufactured hosting a spiral microchannel with a trapezoidal cross-section
(inner and outer heights of 250 pym and 500 pm, respectively). Then Ferro-
nanoparticles functionalized with antibody were used for capturing E. coli
bacteria in milk. Using a permanent magnet, the pristine magnetic
nanoparticle clusters (MNCs) and those MNCs with E. coli over them were
separated from the milk. Both types of MCNs (with and without linked
bacteria) were first dispersed in a buffer solution, and then the solution was
flushed through the helical microchannel chip with or without a sheath flow.
By controlling the fluidic properties and exploiting the fluid inertial, magnetic
nanoparticles (with and without linked bacteria) were successfully separated.
This was an example of how the three-dimensional structures' design can take
a crucial role according to the applications.

Other investigators were more concerned about taking advantage of the
VP-3D printing versatilities for producing hybrid fluidic systems with
satisfactory biocompatibility features instead of focusing on achieving the
smallest channel dimension. That was the case for the report presented by
Takenaga et al. in 2015.379 The researcher group employed a commercial
printer (PicoPlus 27) from Asiga and one of the commercial resin from the
same company (PlasCLEAR) to print fluidic systems. In such as work, the
researchers presented an innovative microfluidic assembly method in which
the 3D printed fluidic chip is arranged on a light-addressable potentiometric
sensor (LAPS) chip made from the same photopolymer. They used these types
of assembled devices for Chinese hamster ovary (CHO)-cell growth yielding
comparable results to standard cell-culture flasks and giving the possibility to
monitor cells' reaction in the channels in real-time. Also, in 2015, a
mathematical model and experimental optical characterization carried out on
a customized photopolymer were presented for Gong et al.38% The work was
focused on developing microfluidic systems with the smallest possible channel
dimension. In this case, the researchers developed their photopolymer based
on a low-molecular PEGDA (Mn 250 g/mol) monomer with 1 wt.% of phenyl
bis(2,4,6-trimethylbenzoyl) phosphine photoinitiator or BAPO (one of the
most diffused photoinitiators) and varying the concentration of Solvent Yellow
14 dye. Slight amounts of the dye were used to increase the printing resolution
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by limiting transversally light diffusion (X-Y plane) and controlling the light
penetration (Z-axes) during the printing process. By setting the appropriate
printing parameters and experimental conditions (e.g., light dose, build layer
thickness, and resin composition), channel sizes as small as 60 um x 108 um
were successfully achieved by the researchers.
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Figure 2-6. 3D printed milli- and microfluidic chips fabricated by vat
polymerization-3D printing methods. (a) 3D printed microfluidic with helical
microchannel used for separating pathogenic E. coli bacteria (linked to magnetic
nanoparticles clusters) taking advantage of the Dean forces within the channel's
trapezoidal cross-section.376 (b) photograph of the microchannel obtained (height
of about 18 pm) from the three (3) wt. % NPS into PEGDA-based resin.153 (c)
photograph showing the effect of the 3D printed particles trappers positioned at
different zones of the microchannel: traps positioned 1) in the center of the
channels, 2) staggered along the sides of the channel, 3) staggered along the sides,
and in the middle of the channel, 4) traps partially formed after 500 ms of light
exposure with no bead capture, 5) particle captured in well-formed traps after 750
ms of exposure, 6) overexposed traps after 1000 ms.377 (d) nonplanar 3D printed
flow-focusing device: 1) representation of the microfluidic flow cell chip, 2) CAD
image of the flow cell model; 3) photograph of the printed chip using R11 resin, and
4) diameter of the droplet generated depending on the flow rate ratio (FRR) of
dispersed and continuous water-oil phases.378
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Later, in 2017, the same researcher group, led by Nordin G.P. and
Woolley A.T, continued their studies and surpassed themselves, achieving flow
channels as small as 18 um x 20 um aided by previous investigations and
analysis.?’7 In this case, the researchers employed a customized UV-3D printer
(emitting at 385 nm) and used a customized PEGDA-based photopolymer with
2-nitrophenyl phenyl sulfide (NPS) as a dye, as shown in (Figure 2-6.b).153 The
results obtained from these ‘preliminary’ works led the team to produce
microfluidic chips for various applications, for entrapping microparticles (25
um) inside a microfluidic channel built with pillars and ridged of ~ 30 um for
instance, as shown in Figure 2-6.c;377 or in a more advanced application, for
the extraction and separation preterm birth (PTB) biomarkers (ferritin).381 In
this last work, Parker et al. produced porous polymeric monoliths based on
glycidyl methacrylate (GMA) and ethylene glycol dimethacrylate (EGDMA)
inside microfluidic channels (45 pm x 50 um), obtaining an immunoaffinity
stable physical barrier. In the same line, they recently developed microfluidic
devices with cross-section channel dimensions of ~ 50 pm for microchip
electrophoresis (LCE) separation of various fluorescently labeled amino acids
and biomarkers that related to risk preterm birth (PTB).382 By optimizing the
conditions of separations such as devices layout, running buffer, and the
voltages applied to the systems, the yield of separation of the printed devices
was comparable or slightly reduced compared to conventional material for
microchip electrophoresis analysis with a limit of detection in the high
picomolar (pM) to low nanomolar (nM) range. Although more studies are
required for evaluating different classes of biomarkers, it was successfully
demonstrated that light-based 3D printing methods could be used to produce
microfluidic devices for the analysis of significant medical biomarkers.

Other fundamental components of microfluidic chips, such as
microvalves, micropumps, and any other actuator, can also be produced by VP-
3D printing. These components can program the fluid, create mixtures and
liquid gradients during the analysis, and spear the human labor during the
tests. In this context, Gong, Woolley, and Nording demonstrated the
potentiality of VP-3D printing as a great method for producing microfluidic
chips with functional components. In 2015 the researchers reported the
production of 3D printed valves.383 These printed actuators were driven
pneumatically by wilfully making deflect a thin membrane with compressed
air and blocking the fluid flow; see Figure 2-7.a. These actuators were
produced using a commercial 3D printer (the B9 Creator printer v1.1) and a
lab-made resin based on a low-molecular PEGDA (Mn 250 g/mol) monomer
with 1 wt.% of phenyl bis(2,4,6-trimethylbenzoyl) phosphine photoinitiator or
BAPO and 0.2 wt.% of Sudan I dye. The same researcher team improved the
stability over time of the valves and pumps by adding a thermal initiator, the
azobisisobutyronitrile (0.01 wt.%), into the same PEGDA-based resin (using,
however, 0.4 wt.% of Sudan I) and subjecting the printed parts to a 30 min
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thermal-post-curing step, which allowed the pumps to have a performance of
up to 1 million of actuation.384 Additionally, the valve’s volume was reduced
considerably (to a tenth of the original design), allowing the production of
multiplexers with high-density valves integrated into microfluidic devices, see
Figure 2-7.b.
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Figure 2-7. Examples of 3D printed microfluidic valves and pumps fabricated
by vat polymerization-3D printing methods. (a) Schematic view of the 3D
design. 1) Top view and 2) side illustration view of the valve design. The control
chamber (in green color) and fluidic chamber (blue color) are voids in the 3D
printed device. The control chamber has 2 access ports to enable it to be drained
after printing. Pressure can be applied through both ports to actuate the valve, or
one channel can be sealed, and pressure applied through the other to actuate the
valve. Pressurized membrane (black dotted line) shows valve closure.383 (b) 3D
printed multiplexer devices. 1) schematic view of the multiplexer working
principles and CAD design. Next to the design images is displayed the multiplexer's
bottom view fabricated according to the CAD design. From 2) to 3) is shown the
arbitrary 3-to-2 multiplexing.384 c) Design of the printed valve. 1) photograph of
the single-valve device. Schematics of a valve unit when it is open (2) and closed
(3). Micrographs of the valve unit when it is open (4) and closed (5).38¢

An analogous work was reported by Au and coworkers presenting a fully
3D printed valve that could be integrated into microfluidic systems, which
enabled the correct distribution and mixing of fluids, see Figure 2-7.c. The
model was fabricated using the WaterShed XC 11122 photopolymer (a
colorless resin promoted as a suitable resin for obtaining biocompatible,
transparent, and hard thermosets objects) and the 3D systems Viper SL 3D
printer machine set in high-resolution mode. The printed valve consisted of
two chambers separated by a thin film or membrane: a control chamber and a
fluid chamber. By flushing compressed air in the control chamber, the thin
membrane deflects and remains stable, blocking the liquids off with no leaking.
As a proof of concept, the research team coupled four printed valves for
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routing four different liquids into a 3D-printed cell culture chamber, and in this
way, CHO-K1 cells were stimulated with ATP solutions, with the possibility to
track their Ca2+-answer using a fluorescent dye (Fluo-4). The same group
presented an article issued by Lee, Bhattacharjee, and Folch, where
transparent and biocompatible microfluidic chips arranged with a series of
large arrays of valves were produced cost-effectively. The devices were
produced using a customized photopolymer based on low-molecular-weight
(MW=258) poly(ethylene diacrylate) monomers and using a commercial DLP-
SL 3D printer from Asiga (Pico2-HD, X-Y resolution of 27 pm and Z-axis
resolution of 10 um) that had an emitting wavelength at 385 nm.385 These
previous work focused on microfluidic actuators boosted the viability of
adopting VP-3D printing for fluidic chip fabrication by providing them with
connectors, pumps, and valves, increasing the microsystems' functionalities
for more automated analysis.

Over the next years, multiple and interesting works were published
presenting how VP-3D printing can be used in microfluidic device production
for diversified and assorted applications. For instance, Wang et al. presented
in 2017 multilayered 3D microfluidic devices for flow-focusing water/oil
droplet generation employing a liquid crystal display (LCD)-based SLA 3D
printer.387 The chips were obtained from a commercial acrylate-based
photopolymer, the Spot-LV from Spot-A materials; however, intending to
increase the light-absorbing effect, and thus the printing resolution, the
researchers opted for adding up to 2 wt.% of a green dye into the commercial
photopolymer. Various characterization analyses were performed (e.g., curing
times and printing resolution in each direction) to create microfluidic chips
with dimensional microchannel features down to 400 um in the X-Y plane and
800 pum in the Z-axis for vertical and interconnection features, leading to
obtaining 3D printed flow-focusing droplet generators that generated droplets
with sizes between 50 and 185 mm?2. A similar work developed by Mannel and
colleagues in 2019 presented the production of nonplanar microfluidic flow
cell devices for emulsion and polymeric hydrophilic/hydrophobic micro-
particle formation.378 The printed chips were produced through a commercial
micro-stereolithography (puSL) machine (Perfactory P4 mini) and using a
commercial photopolymer (R11), both from Envisiontec. Printing settings such
as object-resin vat separation distance, Z-axis building distance, and X-Y plane-
light compensation at the edge’s stages were adjusted to print precise
microfluidic with closed channel sizes down to 75 um in a single-fabrication
step (Figure 2-6.d). The 3D printed microfluidic chips presented a similar
drop-making yield compared to multi-step PDMS-based flow cell models
fabricated by photo- and soft-lithography.
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Figure 2-8. Examples of 3D printed milli- and microfluidic chips fabricated by
vat polymerization-3D printing methods. (a) 3D printed perfluoropolyether
(PFEP) microfluidic chip: 1) front view of the gradient mixing chip (scale bar: 2
mm) with channel 2) 800 pm x 800 pm filled with black ink (scale bar: 500 um), 3)
isometric view of the gradient mixing chip (scale bar: 2 mm) with channel 4) 600
pum x 600 pum filled with black ink (scale bar: 500 um), 5) lateral view of the 800 um
channel width at the inlet and 6) in the middle (scale bar: 250um), 7) lateral view
of the 600 um channel width at the inlet and 8) in the middle (scale bar: 250pum).388
(b) 3D printed microfluidic-enabled hollow microneedle devices: 1) CAD model and
representation of the SL-3D printing method, 2) the printed device composed with
3) three microfluidic inlets converging into a 3D spiral mixing chamber and a 4)
hollow microneedle array outlet.38% (c) 3D printed microfluidic: (1) the device with
integrated connectors, (2) cross-sectional image of the chips showing the internal
microchannel structure, and (3) micrograph image (scale bar 1 mm) of the device
with details of the asymmetric focusing channels.39° (d) Microfluidic devices
obtained using a methacrylate-polydimethylsiloxane oligomer. 1) photograph of a
PDMS-based microfluidic device with 500 pm wide channels printed with a
commercial 385 nm SL machine. 2) a central stream of yellow dye (9 mL /h) flanked
by two streams of blue dye (9 mL/h each) produces a heterogeneous laminar flow
(9 mL h-1) in the 3D printed PDMS-based microfluidic chip.391

Kotz and coworkers presented a simple method in 2018 to 3D print
microfluidic devices using a commercial stereolithography printer (Asiga Pico
2) from a custom-made photopolymer based on highly fluorinated (PFPE)
methacrylate resin.388 The authors selected the PFPE photocurable resin due
to the high optical transparency and the polymerized parts' high chemical
resistance. They evaluated the addition in the PFPE methacrylate resin of
adequate components necessary to achieve the looked-for features. Two
photoinitiators: Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and
phenyl bis(2,4,6-trimethylbenzoyl) phosphine photoinitiator (BAPO), and
various types of light absorbers: Sudan Orange G (SOG), Tinuvin 326 (T326),
and Tinuvin 384-2 (T384-2) were tested. The researchers observed that the
photopolymer stability was better using a SOG absorber, which also exhibits
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an intense absorption in the printer's light-emitting source (about 385 nm),
leading to the 3D printing of embedded microfluidic chips (Figure 2-8.a). As a
result of the fine selection of materials, the 3D printed chips were produced
with a channel width of 800 pm and a height of 600 um as well as with high
optical transparency. The printed chip presented excellent resistance toward
organic solvents such as dichloromethane (DCM), N, N-dimethylformamide
(DMF), tetrahydrofuran (THF), toluene, acetone, and n-heptane.

In a curious work, Yeung et al. produced complex-shaped microfluidic
chips composed of an array of hollow microneedles positioned at the devices'
outlet end (Figure 2-8.b).389 A commercial SL-3D printer (Form2) and a
biocompatible commercial material (Dental LT clear), both from FormLab,
were used for the precise and reliable fabrication of the microfluidic-enabled
hollow microneedle devices. The devices were designed and printed with
three separate inlet microfluidic channels that converge in one 3D spiral
chamber. The incoming fluids are hydrodynamically mixed in this last
chamber, emerging well-homogenized at the outlet where the microneedles
(width between 800 um and 600 pm, height below 1 mm.) are positioned.
Through the channels (2 mm roughly), three-fluorochrome model-drug
solutions were injected, and it was observed by ex-vivo confocal microscopy
analysis that the developed devices were able to achieve the transdermal drug
delivery to porcine skin. The authors reported that such systems might be
applied in preclinical drug therapy situations, allowing the in-situ mixing and
tuning of multiple drugs. Many works have also been reported utilizing
custom-made photopolymers as alternatives to commercial printable
materials. Chen et al. developed precise microfluidic flow-focusing chips with
high-aspect-ratio using a commercial DLP-SL 3D printer (Perfactory 4,
Envisiontec) machine and a commercial resin (HTM140) from the same
company.3?0 After optimizing the design and process parameters, the chips
were successfully fabricated with a critical channel dimension of 200 pm
(Figure 2-8.c) that allowed the high-throughput synthesis of biocompatibility
liposome nanoparticles (convenient for drug delivery applications), with
tunable dimensions below 100 nm. The researchers asserted that higher-
resolution printers could enable next-generation flow-focusing devices with
smaller channels to synthesize even tinier lipid vesicles. Kuo et al. developed
transparent and biocompatible microfluidic chips from a photocurable resin
based on low-molecular-weight polyethylene glycol diacrylate (PEGDA, Mw
250), with 0.4 wt% of phenyl bis(2,4,6-trimethylbenzoyl) phosphine
photoinitiator (BAPO) photoinitiator and a photosensitizer, the isopropyl
thioxanthone (ITX).147 The ITX compound is a Type Il photoinitiator that could
start the polymerization process in the presence of a co-initiator, as explained
in Chapter 1. However, in Kuo et al.’s work, no co-initiators were added in the
custom-made resin, and the ITX was used as a UV absorber due to the high
molar absorption at 385 nm, the printer’s light-emitting source. The addition
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of this compound neither affected the printed transparency of the microfluidic
chips nor introduced unwanted coloration. The transparent chips were
printed with the smallest microchannel width of 500 pm and having surface
pillars in the order of a single-pixel (27 pm) and sub-pixel (around 10 um). The
printed chips' biocompatibility was tested after a post-printing process to
remove toxic and leachable components, investigating the cell viability and
proliferation of Chinese hamster ovary (CHO-K1) with promising results.

Other interesting works have been reported using polydimethylsiloxane
(PDMS)-based resins to produce 3D printed microfluidic devices through vat
polymerization 3D printing with features similar to the conventional PDMS
elastomers user conventionally for microfluidic chips fabrication: the Sylgard
184®. For instance, Bhattacharjee and coworkers developed an alternative
approach for the conventional PDMS molding fabrication.3°1 They created
optically transparent PDMS-based microfluidic devices from a custom-made
methacrylate-polydimethylsiloxane oligomer using a commercial desktop-SL
3D printer, see Figure 2-8.d. The printed PDMS-based devices presented
similar characteristics to the standard Sylgard 184 PDMS elastomer used for
microfluidic chip fabrication, and with channel dimensions down to 500 pm.
The researchers also performed a series of post-3D printing treatments to
remove the wunreacted products and improve the printed chips'
biocompatibility. Indeed, these devices presented a promising
cytocompatibility toward mammalian cell lines. More recently, Zips et al.
presented silicone-hydrogel hybrid resins' preparation to produce flexible
microfluidic devices with integrated valves, mixers, and chambers through a
commercial stereolithography 3D printer.3°2 The obtained microfluidic
structures with internal channels with a minimum cross-section area of
450x500 pm?, reaching smaller channel dimensions when the printed chip is
bonded (top and down) to a glass slide. As a proof of concept, the researchers
used their 3D printed silicone-based microfluidic device to cultivate cardiac
cells (cardiomyocyte-like HL-1) in a specifically-designed chamber inside the
printed chip, showing that the cardiac cells retained their electrophysiological
activity inside the silicone-based chamber. Although the different work
presented in the last year related to VP-3D printed microfluidic devices, the
range of application of such systems can be enhanced by adding functional
groups into the printable photopolymer to exploit the chips' surface features.
For example, by adding acrylic acid into an acrylate-based photopolymer, 3D
printed fluidic devices can be produced with functional molecules on the
channel surfaces.334 BAPO photoinitiator (1 wt.%) and reactive orange dye as
a light absorber (0.08 wt. %) were added into three different acrylate
monomers: bisphenol A ethoxylate diacrylate (BEDA, Mn 512 g/mol), 1,6
hexanediol diacrylate (HDDA), poly(ethylene glycol) diacrylate (PEGDA, Mn
575 g/mol). By varying the acrylic acid concentration into the printable
formulation, the authors were able to control the number of functional
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carboxyl groups (COOH-) on the surfaces of the microchannels. The exposed
carboxyl groups were then used to immobilize aminated bio-receptors inside
the fluidic device chemically. The devices' usefulness was demonstrated by
performing the enzyme-linked immunosorbent assays (ELISA) to detect
protein biomarkers, angiogenesis-2. This biomarker plays a fundamental role
in the onset of cancer and the progressive metastatic behaviors of tumors;
therefore, such 3D printed devices may be used in the early diagnosis of cancer
pathology in a less invasive therapy for the patient.

2.2.3. Photopolymerizable biomaterials for microfluidic chip fabrication

through vat 3D printing.

Although vat 3D printing is considered a robust candidate for
microfluidic chip fabrication, there are still important aspects to investigate
for correctly implement these printed microdevices in the biomedical field.
Currently, most of these studies are addressed in developing more
biocompatible photopolymers.134393394 Considering the nature of printable
photopolymers (either commercial or lab-made compounds), the obtained
structures frequently contain unreacted chemical products (monomers,
photoinitiators, and additives) after the printing step that are prominently
toxic toward biological entities, hindering the full potential application in the
biomedical field.39539 Looking to solve this, many researchers have reported
the preparation of photosensitive formulations for VP-3D printing to obtain
hydrogel-based structures.170.178224,397,398 Hydrogel's main characteristic is
their great compatibility with biological units owing to their nature. These
materials are prepared with biocompatible components and internally
structured to uptake high water content (> 90 wt.%).3°° These characteristics
make hydrogels one of the most attractive polymeric materials in recent times,
especially in the biomedical field.400401  Although these materials might
present fascinating bio-properties, their implementation for microfluidic
devices' production has not been completely adopted since, due to their
watery nature, these materials could interact undesirably with the fluids
flushing through the microchannels made of hydrogels; in some cases,
hydrogels might absorb part of the fluid, leading to structural changes of the
chips.224 Such a situation is highly noteworthy, soughing on that the printed
microfluidic devices need to operate with delicate aqueous-based analytes in
cell culture or tissue engineering applications,*92 which could be solved by
using hydrogel with partially hydrophobic characteristics. 32

On the other hand, using fluidic platforms made with more dimensionally
stable and water-free polymers could allow a better performance of such
printed devices. From a materialistic perspective, these materials (either
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thermoplastic or thermoset) have been widely studied for microfluidic device
production through 3D printing, as presented in previous sections. However,
more and more attention is being paid to improving the biocompatibility of
such water-free structures.#93492 Moreover, other factors to consider for the
correct implementation of a printed microfluidic chip are mechanical
properties, structural and chemical stability, and practical optical features,
according to the application.’’” In this frame, diverse commercial
photopolymers marketed as a biocompatible have been reported,*%* e.g.,
BioMed Clear and Dental LT Clear resins from Formlabs, AccuraClear Vue and
Accura SL Y-C 9300 resins from 3D Systems, and E-Guard and E-Dent resins
from Envisiontec,378405 however, only a few studies have been carried out
related to the material-biological unit interactions. For instance, a detailed
characterization of four commercially available photopolymers: Clear, High
Temp, Dental SH, and Dental LT clear photopolymer (all from Formlab
company) were carried out by Piironen et al. for studying the compatibility
toward cell lines.#%¢ They concluded that even if a commercial resin is ISO-
certified as biocompatible, it does not imply an adequate cell interaction of the
printed parts. They concluded that more critical is performing a post-printing
procedure on the printed parts to guarantee a normal cell proliferation and
reduced cell death. The researchers sterilized the parts by autoclaving (where
the material must present good thermal stability), enhancing even the cell-
biocompatibility of the polymeric obtained from a resin that is not considered
biocompatible: The High Temp resin. Dental SG was found to be the most
suitable for long-term 3T3 cells and hepatocytes and hiPSCs cultivation.

Macdonald and coworkers tested and compared two of the most diffused
commercial photopolymers for vat 3D printing: the Watershed 11122XC and
Fototec SLA 7150 Clear resins, with two commercial resins marketed as
biocompatible: the VisiJet Crystal EX200 used in PolyJet methods and ABSplus
P430 filament used in FFF printing methods.#%7 In their work, published in
2016, they evaluated each of the polymeric 3D printed parts' cytotoxicity as a
function of post-treatment procedures toward zebrafish embryos. The
researchers determined that all the just 3D printed parts (with any post-
treatment) resulted in cytotoxic. After performing a suitable post-printing
protocol (washing in different high-grade ethanol), only the parts obtained
from Fototec SLA 7150 (not distributed as biocompatible) resulted in higher
compatibility with biological entities. The results obtained in the Macdonald et
al. works were noteworthy since they showed that polymers certified as
biocompatible (USP Class VI) such as VisiJet and Watershed are unsafe for
biological units (zebrafish embryos). The biocompatibility of them might be
someway improved only after a post-printing treatment. Krefd and coworkers
reached a similar conclusion in a more recent paper issued in 2020.408 They
tested the cytotoxicity toward Human mesenchymal stem cells (MSCs) of six
(6) commercial resins distributed for Formlabs: High Temp, Clear, Dental SG,
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Dental LT, Black, and Flexible resins, determining that none of them should be
considered as noncytotoxic, even if materials, such as dental resins is
marketed as a biocompatible. In their work, the researchers opted to cover the
pieces with Parylene to protect the MSCs from toxic components and enhance
the printed parts' biocompatibility. While Rimington et al. demonstrated, in
2018, that the Clear-FL resin from Formlabs could partially support the
proliferation of skeletal muscle (C2C12) cell line but, at the same time, resulted
in being toxic to neuronal (SH-SY5Y) and hepatic (HepG2).499 They suggest
that more attention must be paid to the post-printing procedures for reducing
the leaching of toxic compounds from the printed parts. Thus, the printed parts
need to be subjected to specific procedures for enhancing their
biocompatibility to a satisfactory level, as reported in other studies.410.411
Nevertheless, even if a suitable post-printing procedure is followed, the lack of
detailed information about the chemical composition of the commercial
photopolymers from the supplier further complicates the possibility of
predicting the performance of the printed parts toward biological entities.
Herein, the growing interest in developing custom-made photopolymers for
vat polymerization 3D printing with biocompatibility features.105412, Starting
from a lab-scale study, knowing the photopolymer's real composition could be
more intuitive to anticipate the performance and the interaction of the printed
parts towards specific biological entities. It is possible to formulate
photopolymers to obtain 3D printed parts with adequate biocompatibility and
reduced cytotoxicity, which could be foreseen as biocompatible materials for
advanced applications after standard treatment validations.38403

In this frame, some researchers have studied the biocompatibility of
polymeric 3D printed parts obtained from custom-made photopolymers. For
example, in 2020, Warr et al,, from Nordin’s research group, demonstrated
printed parts from a resin based on low-molecular-weight polyethylene glycol
diacrylate (PEGDA, MW 258) resin containing 1 wt.% of BAPO and 0.38% wt.
% of avobenzone UV absorber was noncytotoxic toward endothelial cells
(EA.hy926). The researchers observed good biocompatible results even from
printed parts without any post-printing treatment. In contrast, a PEGDA258-
based photopolymer containing 2 wt.% of nitrophenyl phenyl sulfide (NPS)
UV absorber can be made noncytotoxic after 12 hours of washing in ethanol
for removing the excess of the toxic NPS.#03 The noncytotoxic effect of the
PEGDA resin with avobenzone was illustrated by forming spheroids (from
different cell lines: A549, EA.hy926, and lung fibroblast) in a non-adherent
printed well, where a spheroid adhesion was observed only on the surfaces
after short plasma treatment. Urrios and coworker performed an analogous
test in 2016, using a PEGDA-based resin for the long-term culture of adherent
mammalian cells.#13 The parts' biocompatibility toward the cell line was
enhanced after performing UV-post curing of the printed parts submerged in
a water bath for removing the unreacted agents. The biocompatibility of other
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(meth)acrylate resins was evaluated by Mannel et al. for producing polymeric
3D printed parts using a pSL-3D printer.402 They tested resins such as
poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, Mn 500 g/mol),
tri(propylene glycol) diacrylate (TPGDA, Mn 300.55 g/mol), 2-phenoxy ethyl
acrylate (POEA, Mw 192.21 g/mol) and PEGDA (Mn 575 g/mol). The TPO
photoinitiator and Sudan 1 dye were used, also 1,3,5-Triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATAO) as a crosslinker in the case of
monofunctional monomers. The cytotoxicity of the printed parts was
evaluated toward human umbilical vein endothelial cells (HUVECs). By
implementing appropriate post-processing steps, unpolymerized products
were removed, but the cell viability was hindered for the release of Sudan 1.
They noticed that a combination of PEGDA and PEGMEMA was the most
suitable composition observing a cell proliferation after five (5) days of
culture.

As explored by different researchers, by performing appropriate post-
printing procedures, the biocompatibility of the polymeric printed parts could
be considerably increased by removing or reducing the unreacted and
potential cytotoxic products. This strategy has been followed in multiple
studies and will still be pursued to sterilize the printed parts, becoming
another aspect to consider for improving the photopolymer's bio-
characteristics (commercial or custom-made).”1414 Though the printed
objects' bio-functionality can also be enhanced by performing particular post-
3D printing protocols to modify their surface properties. Instead of
“passivating” the parts’ surface, carried out to avoid undesirable biological
effects by eliminating the potentially cytotoxic elements from the printed
object, the parts can be “activated” by coupling functional groups on their
surfaces. These functional groups might be active biological molecules such as
antibodies, peptides, nucleic acids, or biocompatible compounds to promote
biological interactions such as carboxylic acid groups or thiols. As proposed by
Maénnel and coworkers in their work, the bioproperties 3D printed parts might
be significantly enhanced if RGD tripeptides (composed of arginine, glycine,
and aspartate) are incorporated in the photosensitive resin rather than
performing post-printing procedures.#%2 By adding Br-containing vinyl-
terminated initiator into a commercial UV curable resin, 3D printed objects
with modifiable surfaces can be obtained.*!> This promotes polymer brushes'
growth via surface-initiated atom transfer radical polymerization (SI-ATRP)
that can be potentially used in the biomedical field. Other researchers
developed 3D printed microcantilevers (MCs) for mass-biosensing by
adjusting active carboxylic groups' content on the 3D cantilevers. The devices
were produced varying concentrations of acrylic acid added in a monomer in
the photopolymer. The obtained structures were successfully employed for an
easy enzymatic functionalization.*16
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Chapter 3

3D printing fluidic devices:

Design, fabrication, and testing protocols.

3.1. Outline and motivation.

In recent times, one of the biomedical branches having a high
development growth is related to microfluidic platforms' development to
perform accurate chemical and biological analyses, e.g., drug screening.33”
These devices are produced with a series of channels (on the milli- or
microscale) designed to transport biological or chemical fluids on a much
smaller range than current laboratory protocols; this allows savings in sample
consumption, instrument size, and general costs.280.281.283 Nevertheless, the
spreading of these microfluidic devices is somehow limited by their current
manufacturing process, including subtle and laborious methods such as
etching of silicon and glass, SU-8 photolithography, and soft lithography of
polydimethylsiloxane (PDMS), injection molding, and hot embossing.#%¢ For
these reasons, their production is now constrained to specialized research
laboratories with dedicated facilities, such as clean rooms.

The 3D printing of polymeric materials has recently emerged as an
alternative for manufacturing precise fluidic devices in a cots-affordable and
easier way.147417 Polymeric 3D printing might change microfluidic devices'
fabrication procedure by decreasing costs and time of production and allowing
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the manufacturing of complex-shaped and three-dimensional microdevices.
Among the 3D printing methods for polymers, vat polymerization (VP)
techniques, such as stereolithographic (SL) and digital light processing (DLP),
offer higher spatial resolutions, faster printing times, and greater accuracy
compared to other polymeric printing techniques such as FFF, SLM, or inkjet
printing.171.364 Furthermore, VP techniques allow the production of functional
structures by combining and tailoring the appropriate components
(monomers/oligomers, photoinitiators, and dyes), which might offer multiple
possibilities in the bioengineering area.’® By customizing the printable
material, 3D printed microfluidic structures can be obtained with specific
surface or bulk features with biomedical interest, comprising other interesting
features such as transparency, water and gas permeability, flexibility, and
biocompatibility. Though, developing fluidic systems through VP-3D printing
having these properties is a challenging task, which has led researchers to
study several types of printable photopolymers, ranging from commercially
available resins to lab-made formulations acting on various post-printing
protocols as well. Therefore, in this chapter, the development of tailor-made
photocurable resins will be presented to obtain structures with specific bio-
properties through vat polymerization 3D printing methods. Such features of
biomedical interest could be further enhanced by performing adequate post-
printing treatments.105245,418

Part I of chapter 3 explores the cytocompatibility of 3D printed parts
made from custom-made photocurable formulations. The main objective is to
study the biocompatibility of transparent structures obtained through a
commercial DLP-3D printer from acrylate-based printable formulations.
These objects' biocompatibility will be investigated toward cell lines by
adjusting the resins' composition and performing a series of post-printing
procedures for removing unreacted and potentially toxic products. The
printable photopolymers are prepared using commercially available acrylate-
based resins, widely employed in vat polymerization 3D printing. Here, it will
be aimed to enhance the cytocompatibility of these 3D printed structures. Part
II of chapter 3 reports the photopolymer's preparation based on acrylate-
polydimethylsiloxane (PDMS) resin to fabricate complex-shaped microfluidic
chips composed with three-dimensional channels through digital light
processing 3D printing. By adequately preparing the acrylate-PDMS-based
photopolymer, microfluidic chips with good optical characteristics, high
chemical strength, and suitable mechanical features might be obtained.
Different photopolymers will be developed and studied through the two parts
of the chapter intending to produce bespoke 3D printed parts that can deliver
different characteristics according to the formulation's composition. Each
photopolymer offers distinct features that could be employed, for example, to
3D print multi-material fluidic systems, as depicted in Figure 3-1, where
specific regions of the devices might display different surface properties. The
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correct integration of these resins could contribute to developing fluidic
platforms for automated study in chemistry or biology.404

3D printed bi-material fluidic platform

Figure 3-1. CAD design representation of a multi-material fluidic chip. The
device consists of two wells connected with a millifluidic channel (1 mm diameter).
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3.2. PartI: Biocompatibility of 3D printable conventional

resins.

Part I of Chapter 3 is based on the original research article titled
"Materials testing for the development of biocompatible devices through vat-
polymerization 3D printing." The paper was published in the scientific journal
Nanomaterials in the special issue "3D Printing and Nanotechnology in Biology
and Medical Applications" from Multidisciplinary Digital Publishing Institute
(MDPI), ISSN: 20794991.41°

This part of the chapter will introduce a procedure to 3D print
biocompatible parts using some of the most diffused materials (monomers and
a photoinitiator). These materials are selected since they have been widely
used for light-based 3D printing with outstanding results;148150-153,275,420-422
though, the work presented here focuses more on improving the
biocompatibility of such 3D printed parts. Different photopolymers will be
prepared using acrylate monomers: bisphenol A ethoxylate diacrylate (BEDA),
polyethylene glycol diacrylate (PEGDA250), and 1,6-hexanediol diacrylate
(HDDA). As a photoinitiator, a phosphine oxide-based (BAPO) compound was
selected, which adequately absorbs within the 3D printer's emission
wavelength at 405 nm (see Figure 3-10.a). BAPO is not considered a
biocompatible substance, such as Lithium phenyl-2,4,6-trimethyl benzoyl
phosphinate (LAP),128423 though, it demonstrated BAPO might show low
toxicity effects on cells when added in adequate concentrations.413424425
Moreover, the components selected for this work have been previously used
to prepare commercial photopolymers for VP-3D printing, such as E-Dent 100
(Envisiontec) or MED620 (Stratasys). These commercial mixtures have been
certified by the European Union (ISO 13485) and authorized by the FDA (Food
and Drugs Association) from the United States of America.217426427 For
carrying out the investigations, polymeric parts with geometry similar to
multiwell plates (96 and 24 well-like dimensions) will be fabricated through
VP 3D printing from each acrylate-based photopolymer. The biocompatibility
of the printed wells will be investigated toward A549 cell lines as a function of
the photopolymer composition and the type of post-3D printing protocols,
including washing steps in common solvents and UV post-curing
treatments.105245418 The selection of suitable materials and the development
of an adequate post-printing protocol might be fundamental for producing
biocompatible devices.

64


https://www.mdpi.com/journal/nanomaterials/special_issues/3D_Printing_nano
https://www.mdpi.com/journal/nanomaterials/special_issues/3D_Printing_nano
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/journal/nanomaterials

3.2.1. Experimental section.
Materials and chemicals

The reactive monomers used are broadly used for VP 3D printing
applications: bisphenol A ethoxylate diacrylate (BEDA, Mn ~ 512 g/mol,
EO/phenol 2), polyethylene glycol diacrylate (PEGDA250, Mn = 250 g/mol),
and 1,6-hexanediol diacrylate (HDDA, Mw = 226.3 g/mol) were used. The
phenyl bis(2,4,6-trimethylbenzoyl)phosphine oxide photoinitiator (BAPO, 97
%) was used since it adequately absorbs the 3D printer emission wavelength
at 405 nm. Acetone (2 99.5%) and ethanol (EtOH, 99.8 %) solvents were also
used for the different washing/sonication steps. All reagents and substances
were purchased from Merck Company (Darmstadt, Germany) and used as
received. The chemical structures of the components used for the
photopolymers' preparation are shown in Figure 3-2.

Preparation of the acrylate-based printable resin

The printable formulations were prepared by adding a certain BAPO
photoinitiator concentration to each acrylic monomer. Then, each mixture was
sonicated for 30 minutes. In total, six formulations were prepared, and the
composition and nomenclature of each of them are shown in Table 3-1.

Digital light processing DLP-3D printing

An Asiga PICO 2 DLP-3D printer was used for processing the
photopolymers. The light source of the printer is based on LEDs that emit at
405 nm. The 3D printer characteristics are minimum nominal XY pixel
resolution of 50 um, Z-axis control of 1 um, light intensity up to 3 mW/cm?2. For
the experiments, the slice thickness was set at 50 um, and the light intensity at
20 mW/cm?. The irradiation times used to 3D print each formulation are
shown in Table 3-1. All CAD designs were produced with the FreeCAD program
and exported in STL format. After the printing step, different post-3D printing
protocols were tested, as detailed below.
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Figure 3-2. Chemical structures of the chemical reagents used. (a) polyethylene
glycol diacrylate (PEGDA250), (b) 1,6-hexanediol diacrylate (HDDA), (c) bisphenol
A ethoxylate  diacrylate (BEDA), and (d) phenyl  bis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO).

Washing and UV post-curing protocols

The 3D printed structures obtained from each acrylate-based
formulation were subjected to washing procedures in either ethanol or
acetone. In this way, the unreacted products can be removed from the parts,
potentially improving their cytocompatibility. Four different washing
protocols were established, identifiable into two main categories, detailed as
follows:

1. Sonication procedures: each sample was sonicated for five (5) minutes
in either ethanol or acetone, followed by five 5 minutes of UV post-
curing on the part's inner side and five (5) more minutes on the outer
side. After the UV post-curing, the samples were kept overnight (o/n)
in the same solvent used for sonication.

2. Incubation procedures: each sample was incubated for 2 hours in either
ethanol or acetone, followed by five 5 minutes of UV post-curing on
both sides of the samples.
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Sterilization protocols

Three different sterilization methods were performed on each of the
printed samples, intending to select the most suitable method for the
investigation purpose. The sterilization procedures were:

1. The samples are exposed to UV light for 30 minutes inside a biosafety
cabinet.

2. The samples are immersed for 10 minutes in ethanol (70% v/v).

3. The samples are autoclaved for 20 minutes at 121 °C, following an
air-drying at room temperature.

Characterization methods

The Viscosity measurements were performed in parallel-plate mode
using an Anton Paar rheometer (Physica MCR 302) at a constant temperature
of 25 °C. The space between the two parallel plates was established at 50 pm,
and the shear rate range was from 1 to 100 s-1. The plates were of aluminum
with a diameter of 20 mm.

Real-time photo-rheological tests were performed to measure the
changes in the viscoelastic material properties during polymerization. The
experiments were carried out using an Anton Paar rheometer (Physica MCR
302) configurated in parallel mode with the lower plate consisting of 20 mm
quartz and the upper parallel plate consisting of 20 mm aluminum. A
Hamamatsu LC8 lamp was used to study the photopolymerization process. It
is equipped with a visible bulb and a cutoff filter below 400 nm, and an 8 mm
light guide. During the tests, the light irradiation was initiated after 60 seconds
to stabilize the system before the photopolymerization process (light intensity
set at 20 mW/cm?2). The gap between the two parallel plates was set at 50 um.
The measurements were performed at a constant temperature (25 °C), at a
constant strain amplitude of 1%, and a constant shear frequency of 1 rad/s.
The viscoelastic moduli variations of the resin upon light irradiation were
measured against exposure time.

UV-vis spectroscopy measurements were conducted using a Synergy™
HTX Multi-Mode Microplate Reader instrument (BioTek, Winooski, Vermont,
USA) set in spectrum mode range between 300-700 nm and at a scan step of
10 nm. The experiments on solid films were performed on 3D printed disks
(thickness 50 um, diameter 20 mm) and introduced in a 6-well plate, and as a
control, empty wells without polymeric material were used. Moreover, the UV-
vis spectrometer was used to analyze the extracting chloroform solutions used
for evaluating the insoluble fraction; in this case, pure chloroform was used as
a blank solvent.

67



The insoluble (or crosslinked) fractions of the samples were obtained
following the standard ASTM D2765-84 test procedure.#28 The samples were
keptin a metal mesh, precisely weighed, and later submitted to extraction with
chloroform (CHCl3s) for 24 hours at room temperature to remove the
unbounded components. Then, the samples were dried overnight at 80 °C, and
the insoluble fraction percentage was determined as the weight difference
before and after solvent extraction (relative error = +1%).

An FT-IR spectrometer (Nicolet iS50, Thermo Scientific, Milano, IT) was
used to calculate the acrylate double bond conversion on both liquid
photopolymers and polymerized objects. The spectra were collected on an
attenuated total reflectance (ATR) system (Smart iTX). The formulations were
irradiated using a visible portable lamp (Hamamatsu LC8 lamp) at a 20
mW/cm? of light intensity. Spectra of 3D printed samples as printed and after
different UV post-curing treatments were also collected. For the FTIR
experiments, the spectra were recorded with a resolution of 4 cm-1, averaging
32 scans for each spectrum, wavenumbers range 650 - 4000 cm-1. The
acrylate double bond (C=C) conversion was monitored by following the peak
at 1409 cm-1, corresponding to the scissoring acrylate vibration. The acrylate
signals were normalized using the constant signal at 1725 cm-1, corresponding
to the carbonyl (C=0) peak.

A microscope (Eclipse Ti2 Nikon) equipped with a Crest X-Light spinning
disk confocal microscope and a Lumencor SPECTRA X light engine was used
for the collection of bright-field and fluorescence images. All images were
displayed using the same scaling and were collected using a Plan Apo 20x0.75
NA (Nikon).

FEI Quanta 3D FEG Dual Beam Microscope was used to collect the
Environmental Scanning Electron Microscopy (ESEM) images. This instrument
allows operating in environmental conditions, which avoids thus the
metallization of the sample. In detail, samples were observed at 5 kV and a
chamber pressure of 60 millibars of H20 vapor. The cells were seeded into the
3D printed wells (inner diameter = 16.5 mm, cell number = 100 000), and after
48 hours, the samples (with cells) were prepared for SEM microscopy. The
samples were washed twice with PBS, and then they were incubated with 2%
glutaraldehyde in PBS for 1 hour at room temperature. After this incubation,
the samples were dehydrated using increasing ethanol content: water (50%,
70%, 85%, and 100%) for 15 minutes each. At last, the samples were air-dried.

Cell culture

Cancer cells (A549 lung epithelial cells) were used for cell culture tests.
A549 cells are human alveolar basal cells that have been selected for this work
since they are usually used for lung tumor studies in the development of drugs
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against carcinomas entities.#29430 The cells were maintained in RPMI 1640
medium, supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin (all from Sigma Aldrich), and two mM glutamine
(from Biowest). The cells were kindly provided by Valentina Monica, from the
Department of Oncology, University of Torino, AOU San Luigi Gonzaga. The cell
culture assays were performed in the biomedical engineering laboratories
(PolitoB'® Med Lab) by Désirée Baruffaldi (Ph.D. candidate) and Cinzia
Martinengo (Postdoctoral research fellow), both from Polytechnic of Turin.
Cell morphologies were evaluated, when necessary, with a phase-contrast
microscope (DMil, Leica Microsystems GmbH).

Cell viability and proliferation

All samples were incubated overnight (o/n) before the cells seeding in
deionized water at room temperature and then sterilized for 30 minutes under
a biological hood's UV light. Live/dead fluorescence assays (Sigma Aldrich)
were performed to evaluate the number of viable cells in culture. For live/dead
staining tests, 1x10> A549 cells were sowed into each of the 3D-printed wells,
and the cell viability was assessed after 72 hours. The cells were washed three
(3) times with PBS, and then they were dyed with 1,5uM Propidium lodide (PI)
and 1pM Calcein-AM for 15 minutes at room temperature. As a control, A549
cells were also seeded and analyzed into a conventional PS. The fluorescence
images were obtained from a spinning disk confocal microscopy system.

Moreover, for the MTT assay, A549 cells (1.5x10%) were seeded into each
wells-type at 37 °C of incubation in a complete medium. The medium was
removed after 24 hours and 48 hours of incubation, and 125 pl of fresh
medium and 125 pl of 1 mg/ml MTT (dissolved in PBS) were both added in
each well and incubated for two more hours at 37 °C. After incubation, 250 ul
of MTT solvent (10% SDS, 0.01 M HCI in H20) was added to solubilize the
formazan crystals, and the plate was incubated for two hours at 37°C.
Synergy™ HTX Multi-Mode Microplate Reader (BioTek, Winooski, Vermont,
USA) was used to read the optical density (OD) at a wavelength of 570 and 650
nm. As a control, blank media without polymeric material were used. The
colorimetric signal in absorbance is proportional to the proliferating number
of cells. Error bars show mean SD.
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3.2.2. Results and discussion.
3D printing and material characterization

The reagents used in this work have been reported for vat
polymerization 3D printing photopolymers with great results, presenting
inherent biocompatible features, some of them.217.426427 Nonetheless, this
study intends to study the 3D printed parts' biocompatibility after performing
different post-printing protocols to remove the possibly toxic unreacted
products. To establish the appropriate 3D printing settings and thus obtain a
properly manufactured 3D printed object, it is essential to perform a series of
preliminary tests. These include viscosity, reactivity, and degree of conversion,
among others. The viscosity of the resin is the first characteristic to evaluate.
As demonstrated in previous work, high viscosity resins could hinder the
objects' fabrication process in the printing step.3879 Accordingly,
photosensitive photopolymers with relatively low viscosity values are
preferred for the accurate and fast production of solid three-dimensional
pieces. PEGDA250, HDDA, and BEDA monomers have been widely used for
light-based 3D printing; however, here, all formulations' viscosity was briefly
evaluated, data reported in Table 3-1. The viscosity for PEGDA250 and HDDA
monomers (at both 0.2 and 1 wt.% of BAPO concentration) were similar and
lower than the BEDA monomer. Those values are suitable for vat
polymerization techniques since they were lower than usually used
commercial SL or DLP printers' viscosity values.148380416 The following step
was to evaluate the photopolymer's reactivity through real-time
photorheology methods, in which the changes in viscoelastic properties, the
storage modulus (G'), are measured against irradiation times. Figure 3-3.a, the
G' curves relative to the PEGDA250, HDDA, and BEDA monomers with either
0.2 wt.% and 1 wt.% of BAPO photoinitiator are reported. Once the visible
lamp was switched on, all formulations presented high reactivity with a
sudden increase of G' in the first 2 seconds. The formulations with lower
photoinitiator amounts presented a slight delay of the reaction onset, as
anticipated, which is better appreciated in Figure 3-3.b. Consequently, P-0.2,
H-0.2, and B-0.2 formulations (those with lower BAPO concentration) will
need prolonged light irradiation times during the printing stage to cure a layer
of the same thickness than formulations with higher BAPO amount, P-1, H-1,
and B-1.

Table 3-1. Composition and nomenclature of the home-made acrylate resins,
average viscosity values at 25 ° C, 3D printing settings used for each formulation
with a slicing thickness of 50 pm, insoluble gel fraction (%), and acrylate conversion
of the 3D printed objects.
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Exposure Initial Acrylate Insoluble

Viscosity time exposure . hversion fraction
Composition Nomenclature time
(Pas)s  (s/layery Y )9
PEGDA250 +
0.2 wt.% P-0.2 0.018 1.5 3 88 98
BAPO
HDDA + 0.2
Wt.% BAPO H-0.2 0.019 1.5 3 85 99
BEDA + 0.2
wt.% BAPO B-0.2 0.071 2 3 72 95
PEGDA250 +
1 wt.% BAPO P-1 0.018 1 2 89 99
HDDA +1
wt.% BAPO H-1 0.020 1 3 89 99
BEDA +1
wt.% BAPO B-1 0.073 1.5 2 78 96

a) average viscosity calculated between 1 and 100 s-1 of shear rate.
b)irradiation times for the first three layers to guarantee an adequate adhesion of the parts.
4 insoluble gel fraction of 3D printed parts calculated after 24 h of extraction in chloroform.

The data obtained from these preliminary experiments was used to
correctly 3D print the desired objects. 96- and 24-wells-like structures were
printed (using the printing parameter reported in Table 3-1) with dimensions
of inner diameters of 16.5 mm and 5.6 mm respectively, and 300 um thickness
bottom both (Figure 3-4.a). Figure 3-4.b shows only the photograph of 24-
well-like 3D printed parts, and in Figure 3-4.c,d, they are compared to a
conventional 24-multiwell plate. Noteworthy the more yellow color of samples
with 1 wt.% of BAPO compared to samples with 0.2 wt.% of BAPO, which is
caused by the higher concentration of photoinitiator. Even though samples at
both BAPO concentrations displayed good optical characteristics (with the
possibility of reading through the bottom of the well in Figure 3-4.b), the slight
yellow coloration that samples with 1 wt. % of BAPO might hinder the correct
cell's reading in the subsequent optical studies. Besides, the excess BAPO in
the sample could have toxic effects on cells, as reported in the literature.*24425
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Figure 3-3. Characterization of the six different acrylate resins. (a) Storage
modulus (G") versus irradiation time, where is observed the similarities between
reaction times of PEGDA250, BEDA, and HDDA resins with 0.2 or 1 wt.% of BAPO.
(b) Zoomed G' curve once the visible lamp is on. (c) UV-vis spectra collected on 100
pum thick printed disks made of PEGDA250, BEDA, and HDDA resin with 0.2 wt.%
(continue lines) and 1 wt.% (dashed line) of BAPO. The curves show a greater
shoulder (related to the BAPO photoinitiator) between 350 and 420 nm for samples
with the higher (1 wt.%) content of the photoinitiator, indicating more leaching out
of the unreacted BAPO. (d) recorded UV-Vis spectrum from the extracting solvent
used to calculate the insoluble gel fraction of the 3D printed parts, showing a higher

released BAPO photoinitiator.

The 3D printed wells' transparency at both BAPO concentrations was
further evaluated by using a microplate reader set up in the UV-vis scanning
mode, results shown in Figure 3-3.c. As expected, the samples with higher
BAPO amount, P-1, H-1, and B-1, revealed a broader absorption band from
nearly 350 to 430 nm, which is associated with the BAPO compound.
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Figure 3-4. CAD model and photographs of the printed wells. (a) [sometric view
of the CAD model showing the dimensions of 24- and 96-well-like designs. (b)
Photograph of the 3D printed 24-well-like objects from each prepared acrylate-
based photopolymer, showing the good transparency of the bottom of the well. (c)
Top-view and (d) frontal-view of a 3D printed 24-well-like object (P-0.2) compared
to a 24-multiwell plate.

The insoluble fraction of 3D printed samples was evaluated by following
the standard test method ASTM D2765-84.428 The test consists of subjecting
the samples to chloroform extraction for 24 hours. The results are reported in
Table 3-1. Despite the disparities in acrylate conversion, the insoluble fraction
of the printed samples resulted in similar and relatively high for all of them,
with only a slightly lower value for samples with 0.2 wt.% of BAPO. It is worth
emphasizing that the extracted weight can be composed of both unbounded
monomer and the photoinitiator. However, both elements may result in
cytotoxic, so it would be preferable to eliminate this component. This point
will be investigated more in detail by examining the post-processing step. The
chloroform used for the insoluble fraction tests was later examined by UV-
visible spectroscopy to evaluate the presence of any unreacted products
released from the 3D printed parts. The results are plotted in Figure 3-3.d. As
observed, an absorption shoulder appeared at around 350-430 nm for samples
with the highest BAPO concentration. The latter might result in a higher
content of unbounded general products (monomers and photoinitiators) after
the printing step, particularly for B-1 samples.
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Cytotoxic effect of 3D printed wells toward A549 cells.

The MTT assay was performed to investigate the cell proliferation on 3D
printed samples. The test was performed based on the prepared
photopolymers composition and the different pots-printing processes. The
A549 cells were also seeded in PS wells and considered as a positive control.
The 3D printed wells were washed and sterilized following the specific
protocols described in the Experimental section, then 1.5x10% A549 were
seeded on each sample and cultured for a maximum of 48 hours (Figure 3-5.a-
c). All samples showed no significant differences in A549 cell proliferation
after 48 hours, independently by the BAPO concentration. It could probably be
associated with the washing steps' effectiveness, which allowed the removal
of the unreacted products. Nevertheless, the samples with 0.2 wt.% of the
BAPO photoinitiator were selected for the next experiments intending to use
less reagent and minimize possible BAPO toxicity, as reported by previous
works.424

For formulations with 0.2 wt.% of BAPO, the cell viability diverges
considerably depending on the starting acrylic resin used. The cell viability
after 24 hours was relatively low for B-0.2 despite the washing protocols used.
Better results were obtained for H-0.2 and P-0.2 samples. In particular,
samples subjected to the washing protocols defined as sonication (i.e., 5
minutes sonication into a solvent, 10 minutes UV post-curing (5 minutes by
part's side), and overnight in the same solvent) showed a more pronounced
cell proliferation after 24 and 48 hours compared to incubation method. This
tendency indicates that cell proliferation was viable, and the 3D-printed
substrates resulted in being in non-cytotoxic. Nonetheless, although the MTT
assay indicated that sonicated H-0.2 samples resulted in being the most
suitable materials, they presented low resistance to the solvents during
washing protocols (see Figure 3-5.d), making an incline selecting the P-0.2 for
the following analysis. Comparing the P-0.2 samples sonicated either in
ethanol or acetone, the samples from ethanol were preferred since excellent
optical transparency was obtained after the washing step, which is a crucial
characteristic for optical monitoring.
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Figure 3-5. MTT assay results showing the seeded A549 cells onto the three
types of printed samples. The graphs show the optical density (OD) of the cells
grown on the printed wells after each of the four different washing protocols:
sonication in ethanol, sonication in acetone, incubation in ethanol, and incubation
in acetone for samples made from (a) PEGDA250, (b) HDDA, and (c) BEDA
photopolymers (containing either 0.2 wt.% and 1 wt.% of the BAPO photoinitiator).
The cell viability is measured after 24 and 48 hours. The results were compared to
conventional cell culture on PS plate. Error bars mean standard deviation (c)
Photograph of the washed samples where optical and mechanical characteristics of
the 3D printed disks made from the six photopolymers and after the four washing
protocols are displayed. The photograph shows that PEGDA samples better resited
the washing treatments.

Additionally, A549 cell morphology on the 3D printed wells (PEGDA250,
HDDA, and BEDA monomers with 0.2 BAPO) was examined by Environmental
Scanning Electron Microscopy (ESEM). Figure 3-6 displays the different
biocompatibility of the three acrylate-based samples. In detail, the B-0.2 wells
showed cells with significant morphology changes regarding the typical
epithelial-like form of A549 cells; most of the cells appeared rounded and
spongy. The cells morphology on the other two types of 3D printed wells (H-
0.2 and P-0.2) were relatively analogous; both 3D printed structure presented
cells with epithelial appearance, which suggest well-attached cells on the
samples and with no apparent signs of cell apoptosis, even if for P-0.2 this
aspect seemed to be more evident.
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Figure 3-6. Environmental Scanning Electron Microscope (ESEM) images
collected from the 3D printed samples with 0.2 wt.% of BAPO. The images show
the difference between the cultured A549 cells on the different samples: on the
BEDA (B-0.2) samples, the cells presented a rounded apotheosis aspect. The cells
presented epithelial appearances on the HDDA (H-0.2) and the PEGDA250 (P-0.2)
samples. Three different images were recorded for each sample type: samples
without cells (as is) and with A549 cells at different degrees of magnification as
reported in the images.

To further check the selected washing procedure's effectiveness on the
best performing sample (P-0.2), the weight losses after both the sonication and
the overnight washing in ethanol steps were evaluated. The results are
compared to the weight variations observed by following the same procedure
but using the chloroform as a solvent (the solvent used for the insoluble gel
fraction tests). The data obtained for ethanol showed similar results to those
obtained for chloroform, suggesting the excellent efficiency of ethanol as a
washing solvent, as observed in the inset table in Figure 3-7, displaying the UV-
Vis spectrum of the ethanol after the overnight washing step. In the
absorbance spectrum in Figure 3-7, the presence of a released photoinitiator
was no observed. Therefore, it can be assumed that the eventually unreacted
and potentially toxic compound was removed entirely during the first
sonication step or consumed during the post-curing treatment, with no further
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release after prolonged washing protocol. Such observation confirms thus the
effectiveness of the selected post-printing procedure to remove the
unbounded products.
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Figure 3-7. UV-Vis spectrum collected from the ethanol used for the overnight
washing step of PEGDA250 with 0.2 wt.% of BAPO. The curve shows no BAPO-
related shoulder (the region between 350 and 420 nm) appeared in the analysis.
The inset table shows the weight losses of P-0.2 samples after different washing
protocols in ethanol and chloroform.

Cell viability and proliferation on the 3D printed wells

Once selected the most suitable sample composition (P-0.2) and the most
suitable washing protocol (sonication in ethanol), the next step was to
investigate the influence of different sterilization methods on the
biocompatibility of the 3D-printed well. For this purpose, three different
sterilization methods were evaluated: UV light for 30 minutes inside a
biosafety cabinet, immersion in 70% ethanol for 10 minutes, and autoclave
oven for 20 minutes at 121 °C. Before the sterilization procedures, half of the
samples were incubated overnight in deionized water at room temperature.413
The cells were seeded on both the 24-well-like parts made from P-0.2
formulation and the PS conventional wells used as a control. After 72 hours,
the live/dead assay was performed to check cell viability, images shown in
Figure 3-8. As observed, the samples previously subjected to an overnight
water treatment presented living cells, compared to those with no previous
water treatment, presenting only dead cells.

Additionally, the autoclave's printed wells lost their shape, see Figure
3-8.a; therefore, the autoclave cannot be considered a suitable solution for or
purpose. The ethanol and the UV light sterilization methods instead did not
damage the 3D printed wells: the live/dead assay showed cells growing in both
types of samples. Some of the samples immersed in ethanol presented small
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defects (especially on the sample's borders) compared to the UV treated ones.
In general terms, both sample types (ethanol- and UV sterilized) presented
good optical features) that can benefit cells' visualization at the phase-contrast
microscope. As shown in Figure 3-8.b-c, those samples previously treated with
water and UV sterilized presented the best results in terms of cell proliferation
with no (or low) damage on the sample structure, resulting in the suitable
strategy for further enhancing the biocompatibility of the printed parts.
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Figure 3-8. Cell viability and proliferation on the 3D printed wells made from
PEGDA 250 with 0.2 wt.% of BAPO. (a) Phase-contrast and live/dead staining
images from the cultured A549 cells on the 3D printed wells after different
sterilization methods: autoclave, ethanol, and UV light either with or without water
pre-treatment. The scale bar denotes 100 um for all images. Covered area (%) by
the living and dead cells onto the 3D printed wells after the different sterilization
types, and either (b) without or with (c) water pre-treatment. The histograms show
a better cell proliferation on samples previously treated with water (overnight) and
UV-sterilized.



3.2.3. Conclusion.

In the present study, acrylate-based photopolymers were prepared to
produce bespoke parts through DLP-3D printing techniques using
commercially available products such as polyethylene glycol diacrylate
(PEGDA250), 1,6-hexanediol diacrylate (HDDA), bisphenol A ethoxylate
diacrylate (BEDA) monomers, and the phenyl bis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) photoinitiator. Although these
components have been widely used for vat 3D printing applications with
excellent results,148150-153,275,420-422 herein, the investigations were conducted
to examine the biocompatibility of the printed objects. 3D printed 96- and 24-
wells and disk were made from PEGDA250, HDDA, and BEDA monomers and
adding different amounts of BAPO photoinitiator (0.2 and 1 wt.%). The 3D
printed wells were tested following conventional cell culture assays for
common PS multiwell; the advantages and drawbacks were evaluated for
every object used for the cell culture experiments. In particular, using suitable
materials and implementing a series of post-processing steps, objects made of
PEGDA250 with 0.2 wt.% of BAPO (P-0.2) resulted in being the most suitable
samples for this work, evidencing the importance of post-3D printing
processing.

The adequate post-processing procedure resulted in a
washing/sonication protocol in ethanol, followed by a sterilization method
upon UV light irradiation. The cytotoxicity and growth viability of A549 cells
on 3D printed wells were investigated. The results showed no harm in cells,
confirming that the BAPO photoinitiator and the eventually unpolymerized
acrylate monomer can be effectively rinsed out. After two (2) days of
cultivation, the cells proliferated significantly, demonstrating a non-
cytotoxicity behavior of the printed part. Compared to the positive control (cell
seed into PS wells), the PEGDA250 samples achieved viability of around 50%
after two (2) days of culture, a result that can be further enhanced, for example,
by adding cell anchoring points. This work evidenced that the obtained
structures fabricated with a commercial vat 3D printer, and using some of the
most used reagents, might be suitable for the biomedical field even if they are
not specially designed for bio-applications. What resulted in the most
important aspect is establishing a suitable post-processing method for
removing the unbounded products from the printed structures
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3.3. PartIl: 3D printing of PDMS-based microfluidic devices.

Part II of Chapter 3 is based on the original research article titled
"Fabrication and Functionalization of 3D Printed Polydimethylsiloxane-Based
Microfluidic Devices Obtained through Digital Light Processing." The paper was
published in the Advanced Materials Technologies scientific journal from
Willey-Blackwell, ISSN: 2365709X.431

This part of the chapter will introduce the 3D printing of complex-shaped
polydimethylsiloxane-based microfluidic chips fabricated through vat
polymerization 3D printing methods. The purposes of this work are mainly
two: 1) To create PDMS-based fluidic systems, hosting three-dimensional
channels through a commercial SLA-DLP 3D printer. 2) To modify the printed
PDMS-based chips' surface channel upon UV light irradiation by exploiting the
unreacted surface functional groups after the printing step (Part I, chapter 4).
Polydimethylsiloxane elastomer (PDMS) is one of the most used materials for
microfluidic systems production since it offers valuable properties, especially
for biological applications, such as biocompatibility, transparency, water and
gas permeability, mechanical resistance, besides being an inexpensive
polymer.294432,433 Most of the PDMS-based microfluidic devices are usually
fabricated through the soft lithography method. A technique that allows
obtaining high-precision microsystems that, however, requires expensive
clean-room facilities and high-skilled personnel, making the diffusion of these
devices beyond research laboratories hard. 284 Hence, new manufacturing
methods such as 3D printing might boost the microfluidic chips' fabrication
while maintaining good fabrication precision. Intending to take a step forward
in the fabrication of microfluidic devices with PDMS-like features, the
preparation and the 3D printing of a custom-made photopolymer based on
acrylate-polydimethylsiloxane (PDMS) resins will be presented in this part of
Chapter 3.

The scientific interest in printing objects with the PDMS bio-likable
characteristics has been evidenced in numerous works for diverse purposes.
For instance, the work reported by Abdollahi et al., in which they utilized a
direct ink writing technique, the freeform reversible embedding (FRE) 3D
printing, for producing precise PDMS structures.#3* Those PDMS structures
were then combined with flexible electronic devices and sensors to develop a
series of patient-specific wearable pulse oximeters that yielded good results.
Similarly. Hinton et al. presented a series of more structured PDMS-based
parts, also fabricated through the freeform reversible embedding (FRE)
method. Using a hydrophilic support bath made of Carbopol, they could obtain
complex-shaped production of PDMS structures.*35 While Ozbolat and
coworkers developed and studied PDMS-based inks for producing 3D printed
organ models (e.g., human hand, noes, blood vessel) through a commercial bio-

80


https://onlinelibrary.wiley.com/journal/2365709x?tabActivePane=

plotter with improved mechanical (due to decreased porosity and bubbles
entrapped in the material) and better cell adhesion properties (due to the
uneven features of the parts) compared to the casted PDMS parts.436

For the fabrication of PDMS-based microfluidic devices, interesting
works have also been reported, as discussed in Chapter 2. For instance,
Bhattacharjee et al. developed an acrylate terminated-PDMS resin employed
to produce optically transparent microfluidic devices using a commercial
desktop-stereolithography 3D printer.3°1 While in a more recent investigation,
Zips et al. prepared and processed through a stereolithography 3D printer a
silicone-hydrogel hybrid resin for producing flexible microfluidic devices with
integrated valve, mixers, and chamber that they used for cell culture.3°2
Beyond these works, the field of PDMS-based microfluidic devices is still
limited, despite the advantages that vat polymerization 3D printing techniques
might offer in printing resolution and material preparation versatility
compared to other polymeric 3D printing methods.*%4 Therefore, Part II,
Chapter 3, aims to use vat 3D printing as an alternative to conventional soft
lithography methods to produce complex-shaped and precise microfluidic
chips with PDMS-like features able to host three-dimensional channels. By
selecting and combining the suitable materials during the resins' preparation
and with the freedom of design of 3D printing methods, microfluidic PDMS-
like chips might be obtained with great optical features, high chemical stability,
and good mechanical properties; such features are fundamental features for
potential biological applications.”’” A series of evaluations were first carried
out to optimize the printable formulation preparation, followed by chemical
and mechanical characterizations of the obtained parts. The 3D printing of
PDMS-like chips could transform the conventional manufacture of PDMS-
based microfluidic devices by decreasing fabrication costs and time, allowing
producing different geometry microdevices.
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3.3.1. Experimental section.
Materials

As a reactive oligomer, a silicone-based resin (TEGO®Rad 2800, TRAD)
was used to prepare the photopolymer. The TRAD is an acrylate
polydimethylsiloxane copolymer kindly supplied by Evonik Industries AG
(Essen, Germany) without further information on the resin's composition
beyond that found on the Evonik company's website. The photoinitiator's
selection was based on two fundamental aspects for the achievement of this
investigation: it has to be soluble in the silicone-based resin, and it has to
absorb in the wavelength of the light emitted by the printer, at 405 nm.
Therefore, the photoinitiator selected was a liquid and silicone-soluble
photoinitiator developed by Cunningham and coworkers.#37 This
photoinitiator, which we will name BAPO-si for simplicity, is a derivate of
phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide photoinitiator (BAPO),
both with similar absorption spectra (see Figure 3-10.a) that match with the
emission wavelength of the 3D printed at 405 nm. As indicated in the
Cunninghan et al. work, the BAPO-Si photoinitiator is a blend of a BAPO-methyl
ester, a BAPO-isooctyl ester, and isooctanol, which synthesized in an
industrially feasible procedure by BASF and ETH Zurich for commercial
purposes (structures are shown in Figure 3-9.c). Disperse red one
methacrylate (DR1-MA, 95 %) dye was also used for the resin preparation. This
dye absorbs the wavelength of the light emitted from the printer (450 nm),
Figure 3-10.b; therefore, it might block part of the incident radiation,
constraining the visible light's penetration during the printing step, increasing
thus the printed part's accuracy. Methyl methacrylate (MMA, 99 %) was used
to solvate the dye. Isopropanol (IPA, = 99.5%), acetone (= 99.5%), ethanol
(EtOH, 99.8 %), distilled water, hydrogen peroxide (H202, 30 %v/v in H20),
acetonitrile (ACN, = 99.8%), N,N-dimethylformamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO, = 99.9 %), cyclohexane (99.5 %), tetrahydrofuran (THF, =
99.9 %), dichloromethane (DCM, = 99.8%), and toluene (99.8 %) chemicals
were purchased from Merck Company (Darmstadt, Germany) and used as
received. The chemical structures of the components used for the
photopolymer preparation are shown in Figure 3-9.

Preparation of the PDMS-based printable resin

The photocurable formulation was prepared first by adding 0.6 wt.% of
the BAPO-Si photoinitiator into the TRAD oligomer. The formulation was
stirred at room temperature for six hours until the formulation became visibly
homogeneous. DR1-MA dye was dissolved in methyl methacrylate (MMA) at a
concentration of 100 mg mL-1, then some drops of this mixture were added to
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the TRAD resins to obtain a concentration of 0.1 wt.% of DR1-MA. Finally, the
formulation was kept under vacuum for 10 minutes at room temperature to
degas.
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Figure 3-9. Chemical structures of the reagents used. (a) TegoRAD 2800® (TRAD),
(b) dispersed red one methacrylate (DR1-MA), and (c) the BAPO derivate
photoinitiator (BAPO-Si).

Digital light processing DLP-3D printer

The 3D printing of the silicone-based photopolymer was performed
using a PICO 2 DLP-3D printer (Asiga, Australia) equipped with a LED light-
emitting source at 405 nm. The 3D printer characteristics are minimum
nominal XY pixel resolution of 50 pm, Z-axis control of 1 um, light intensity up
to 30 mW/cm?. The printing parameters were set to layer thickness 50 um,
light intensity 20 mW/cm?, exposure time of 10 seconds per layer. All CAD
designs were produced with the FreeCAD program and exported in STL
format. After the printing step, the printed objects were cleaned up with
compressed air and soaked in ethanol for 15 min at room temperature to
remove the unreacted resin. Finally, UV post-curing processes were performed
on the printed samples using a mercury arc lamp Dymax ECE device in the air
(5 minutes treatment at 10 mW/cm? of light intensity).
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Characterization methods

Real-time photo-rheological tests were performed to measure the
changes in the viscoelastic material properties during polymerization. The
experiments were carried out using an Anton Paar rheometer (Physica MCR
302) configurated in parallel mode with the lower plate consisting of 20 mm
quartz and the upper parallel plate consisting of 20 mm aluminum. A
Hamamatsu LC8 lamp was used to study the photopolymerization process. It
is equipped with a visible bulb and a cutoff filter below 400 nm, and an 8 mm
light guide. During the tests, the light irradiation was initiated after 60 seconds
to stabilize the system before the photopolymerization process (light intensity
setat 20 mW/cm?). The gap between the two parallel plates was set at 100 pm.
The measurements were performed at a constant temperature of 25 °C, at a
constant strain amplitude of 0.1%, and a constant shear frequency of 10 Hz.
The viscoelastic moduli variations of the resin upon light irradiation were
measured against exposure time.

A Nicolet iS50 FT-IR spectrometer (from Thermo Scientific, Milano, IT)
was used to evaluate the acrylate double bond conversion on both liquid
photopolymers, and the polymerize parts. For the experiments, an attenuated
total reflectance (ATR) accessory (Smart iTX) was used. The spectra were first
collected on the liquid TRAD formulation and then on the polymerized
formulation after direct irradiation on the ATR accessory with both visible and
UV light. The formulation was irradiated using a visible portable lamp
(Hamamatsu LC8 lamp, see description above) with a light intensity of 20
mW /cm?2. The UV post-curing treatment was simulated using a UV portable
lamp (Hamamatsu medium-pressure mercury lamp, a light intensity of 10
mW /cm?2). Spectra of 3D printed samples as printed and after different UV
post-curing treatments were also collected. The FTIR spectra were collected
with a resolution of 2 cm-1, averaging 32 scans for each spectrum, in the range
between 600 - 3800 cm-1. The acrylate double bond (C=C) conversion was
monitored by following the reduction of the area of the peak of the single
carbon-oxygen bond of acrylates moieties at 1196 cm-1, in which its vibration
is modified by the opening of acrylate double bonds after
photopolymerization.84 The acrylate peak area was normalized by a constant
signal in the spectra centered at 1257 cm-1, corresponding to methyl siloxane
stretching vibrations.438

The dissolution extent of the 3D printed TRAD samples (5mm x 5mm x
2mm, Iwh = length x width x height ) was evaluated toward common solvents.
The samples were immersed in a specific solvent (~2 mL) for 24 hours at room
temperature using a metal net. At last, they were extracted from the vial and
left drying overnight at 120 °C. The percentage of extraction (wt.%) was
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determined by the sample's mass difference before and after solvent
extraction. The test was repeated three times for each solvent.

The swelling percentage (wt.%) in different solvents was determined by
measuring the weight difference between the swelled polymer and the initial
one. The samples (5mm x 5mm x 2mm, Iwh) were immersed in the considered
solvent (~2 mL) for different timeslots (5, 10, 15, 30, 60 minutes, and 24
hours) at 25 °C. The experiment was repeated up to three times for each
solvent.

UV-vis measures were carried out using a double-beam Lambda 40
instrument (PerkinElmer Italia, Milano, Italy). The samples were examined in
the range between 200 and 600 nm at a scan rate of 480 nm/min. The UV-vis
spectrometer was also used to investigate the solvents used for the extraction
tests. For these experiments, the sample was immersed in a vial containing the
solvent selected; then, after a certain time, the sample was removed from it,
and UV-Vis spectra were recorded on the solvent used. The UV-Vis method was
replicated using a fresh solvent after each immersion test until no absorbance
peak is observed in the recorded spectra.

Tensile tests were performed using the Instron 3360 dynamometer,
which is equipped with a load cell of 500 N. For each type of sample, five (5)
specimens with a gauge length of 20 mm were produced and tested. The
crossheading speed was established at 5 mm/min.
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3.3.2. Results and discussion.
Initial characterization and 3D printing step

Some preliminary studies were initially performed to adequately
prepare the silicone-based photopolymer targeting to obtain complex-shaped
microfluidic chips that can host three-dimensional channels through VP-3D
printing. With this as an objective, one of the most challenging aspects of
working with silicone oligomers is that they are highly hydrophobic,
complicating the photoinitiator's correct dissolution and the dye inside
them.439-441 This might be problematic since they are indispensable
components for preparing suitable 3D printable formulations. Here, the
silicone oligomer (TRAD) has low compatibility with many chemicals and
becomes hazy almost instantaneously when mixed with other compounds.
Thus, special efforts were made to correctly prepare the TRAD-based
photopolymer to obtain a printable material with good optical properties. The
first criterion was to select a suitable photoinitiator, which has to be soluble in
the TRAD oligomer and absorbs in the wavelength of the DLP-3D printer (405
nm). In these conditions, the most commonly used photoinitiators for vat 3D
printing purposes are phosphine oxide-based compounds (TPO and
BAPOQ).148151,332 These photoinitiators have been reported in the literature for
silicone-based formulations.?0391442 However, these compounds were not
mixable in the TRAD oligomer. Therefore, a phosphine-oxide derivate
photoinitiator, BAPO-Si, synthesized by Cunningham and coworkers, was
selected.#37 This photoinitiator is a yellowish liquid type I compound with an
absorption spectrum (see Figure 3-10.a) and a photoactivity similar to the
commercially available phenyl bis(2 4 6-trimethylbenzoyl)phosphine oxide
(BAPO). Although, when more than 0.6 wt.% of BAPO-si is added into the
TRAD oligomer, the formulation lost its transparency. Moreover, as will be
presented in the following paragraphs, higher amounts of BAPO-si would not
considerably increase the formulation's reactivity. Therefore, downstream
experiments were prepared by fixing 0.6 wt.% of BAPO-Si as maximum
photoinitiator concentration. The next criterion was to select a suitable visible
light absorber for the resin preparation. In vat 3D printing applications, light
absorbers or dyes are frequently added at low concentration into the printable
mixture to control the spatial parameters (resolution) during printing and
obtain thus well-defined 3D printed objects.’>2 This element might limit the
photopolymerization reaction's propagation on the Z-direction and the X-Y
plane. The dye selected here was a disperse red 1-based molecule bearing a
methacrylate group (DR1-MA), see Figure 3-9.c. DR1-MA dye is a commercial
compound that absorbs properly in the printer's wavelength (at 405 nm) used
for this work; see Figure 3-10.b. Furthermore, DR1-MA dye, having a
methacrylate functionality, could copolymerize with the polymeric material

86



during the 3D printing step. By chemically integrating the dye in the polymer
backbone, the uncontrolled and long-term dye releasing might be avoided
during the microfluidic device usages. The latter might solve one of the 3D
printed microfluidic devices' main problems: the contamination of the fluids
passing through the microfluidic channels.335> However, since DR1-MA is not
directly mixable in the acrylate-polydimethylsiloxane, a small amount of
methyl methacrylate (MMA) was used to solvate the dye into the TRAD
oligomer.148

Real-time photo-rheological tests were carried out to evaluate the TRAD
resin reactivity upon light irradiation. In Figure 3-10.c, the curves related to
the storage (G') and loss (G") moduli of the TRAD formulation at different
BAPO-si concentrations (0.1, 0.2, 0.4, 0.6, 0.8, and 1 wt. %) as a function of
visible light irradiation time are plotted. For all the BAPO-si concentrations,
the storage modulus (G') was lower than the loss modulus (G") under direct
illumination, suggesting a viscous liquid-like behavior of the pre-polymer.
After 60 seconds, the lamp was turned on, starting the polymerization. As
observed, during this phase, G' curve crosses the G" curve at different points
for all types of TRAD formulations. When the G' curve became predominant
(crossing the G" curve), the material reflects an elastic response indicating a
solid-like behavior. The point where both curves intersect (G'=G") is the
formulation's gelation point, which varied according to BAPO-si concentration.
Figure 3-10.d shows how by incrementing BAPO-si concentration, the time to
reach the gelation point decreases following a negative exponential curve.
Beyond 0.6 wt.% of BAPO-si concentration, the TRAD formulation did not
considerably increase its reactivity, reaching a sort of "plateau” at around 9
seconds of irradiation (Figure 3-10.d).
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Figure 3-10. Characterization of TRAD formulation components. (a)
Absorbance spectrum similarities between the BAPO-Si photoinitiator and the
BAPO 819 photoinitiator. (b) absorbance spectrum of the DR1-MA showing a great
absorption in the region of 405 nm, the printer's light emission. (c) storage (G') and
loss (G") moduli curves against visible light times of TRAD resin varying the BAPO-
si concentration and (d) moduli crossover (G'=G") of the TRAD resin at different
concentrations of BAPO-si. These curves show that 0.6 wt.% of BAPO-si were
enough to prepare a TRAD formulation with good reactivity as possible without
changing the formulation optical features. (e) normalized ATR-FTIR spectra of the
TRAD formulation at different conditions, with (f) the area of interest zoomed in
the region between 1300-1150 cm! where is shown the acrylate double bond
decrease in the range 1220-1170 cm! after visible and UV light irradiation.
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The silicone-based resin's reactivity was also evaluated with the ATR-
FTIR technique. The spectra were recorded on both liquid formulations and
solid samples at different irradiation stages by following the decrease of the
1196 cm! peak after different irradiation times, associated with the single
carbon-oxygen bond acrylate moieties, which vibrations are altered by the
reaction of acrylate bonds after polymerization. 8¢ The areas underneath the
peaks were normalized using the signal centered at 1257 cm! as a reference,
which corresponds to methyl siloxane stretching vibrations.#38 The results at
different stages of irradiation tests are reported in Figure 3-10.e-f and
summarized in Table 3-2.

Table 3-2. Acrylate conversion (%) for TRAD formulation after visible light
irradiation (10 seconds), 3D printing with similar irradiation conditions followed
by 5 minutes of UV post-curing irradiation, and some mechanical properties of the
3D printed TRAD samples compared to those values for classical PDMS Sylgard 184
taken from literature. TRAD formulation contained 0.6 wt.% of BAPO-Si and 0.1
wt.% of DR1-MA.

Acrylate conversion (%) Young's Ultim.ate Elongation
s tensile
Sample condition Realti modulus stress atbreak
eal-time . MPa 0
irradiation 3D printed ( ) (MPa) (%)
. 0.66 +
Photopolymerized 2 74 78 1.4 +0,1 013 6320
. . 0.70 =
5 min UV post-curing b) 98 94 1.5+0.1 011 6215
PDMS Sylgard 184 (10:1) ] ] 132+ 513 931
at 25 °C29% 0.07 0.55 ’

a) measured through ATR-FTIR after direct irradiation of visible (10 sec).
b) evolution of acrylate conversions versus UV irradiation times are shown in Figure 3-12.a-c.

Following 10 seconds of visible light exposure, the formulation reached
74 % of acrylate conversion. This conversion is acceptable considering that the
test was performed under a standard environmental atmosphere, where
oxygen-induced inhibition prevents complete conversion due to the well-
known phenomenon of radical scavenging.#43 Although 74 % is not
exceptionally high, it is still adequate to build the piece during 3D printing
since the object reaches the gelation point, as shown previously during the
photorheology experiments in similar light intensity conditions. The acrylate
conversion further increases after 1 and 5 minutes of post-curing UV
irradiation, to 97 % and 98 %, respectively. Such acrylate conversions are
analogous to other reactive photopolymers used for VP 3D printing, bisphenol
A ethoxylate (2 EO/phenol) diacrylate (Mw 572), and Poly(ethylene glycol)
diacrylate (PEGDA, Mw 575), with 98 % and 97 % acrylate conversion. 157421
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Once the photopolymer preparation was optimized, the following step
was to print different 3D objects to demonstrate the silicone-based resin's
suitability for producing complex structures and microfluidic chips. Figure
3-11.a shows the photographs of microfluidic chips with an S-shaped channel
of 800 um in diameter, filled with a green-colored water solution.
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Figure 3-11. CAD design illustration and photographs of different 3D printed
fluidic chips and samples. (a) 3D printed microfluidic chip with an s-shaped
channel of 800 pm in diameter, where the channel is filled with green colored
water. (b) Two 3D printed wells connected by a 1x1 mm2 square section channel.
(c) trapezoidal 3D printed microfluidic chip with a 1x1 mm?2 channel square section.
(d) photograph of the two-3D printed 96-wells showing the bottom's transparency
with 500 pum thickness, (e) a 3D printed strip (20x5x1 mm3), showing the material's
excellent stretchability when wrapped around a 3 mm diameter cylinder.
Photograph (10x) of the smallest microchannel achieved in (f) XY-plane and (g) Z-
axe. (h) CAD design (lateral and top views), and a photograph of the 3D printed
trapezoidal microfluidic device with a dye liquid passing through its channel (1x1
mm?2).
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Figure 3-11.b shows a 3D printed chip consisting of two wells (with
dimensions analogous to a single well of 96-multiwell plate used for cell
culture) connected by a 1x1 mm2 microfluidic channel with a transparent
bottom of 500 pm (see Figure 3-11.d). More complex-shaped 3D printed
structures were also obtained, as shown in Figure 3-11.c (see Figure 3-11.h for
more details in its dimensions), which reports a trapezoidal chip in which
inside it hosts a three-dimensional channel with a square section of 1x1 mm?.
A green-colored liquid was flushed through the channel of the trapezoidal
chips, see Figure 3-11.h. The printed elastomer exhibited excellent
stretchability, as shown in Figure 3-11.e for a 3DP strip wrapped in a cylinder
of 3 mm in diameter. The 3D printed structures were scrubbed with
compressed air to remove the exceeding resin from the channels before the
post-curing step; they were then rinsed in ethanol for 15 min and dried at
room temperature overnight. The just-printed parts presented an adequate
acrylate conversion of 78 %, as observed in Table 3-2, and after 5 minutes of
UV post-curing, the maximum acrylate conversion was measured to be 94 %
(Figure 3-12.c-d).

The printed samples were post cured, exposing only their upper side to
UV light to better represent the curing reaction's evolution during the UV post-
curing treatment. The ATR spectra were then collected on the lower side that
was not directly exposed to UV light. As observed, 5 minutes of UV post-curing
was enough to reach the possible maximum acrylic double bond conversion
(all curing experiments were performed in the air). The smallest channel
achieved with the prepared silicone-based resin was 400x400 pm?2 both in the
X-Y plane and in the Z-axis, as shown in Figure 3-11.f-g, respectively. Smaller
features (<400 pm) were not obtained, mainly due to the problematic removal
of uncured resin, which remained trapped in the channel,causing clogging.37>
Also, it could also be attributed to the TRAD oligomer's slow reactivity. Indeed,
the TRAD formulation with 0.6 wt.% of BAPO-si takes around 9 seconds to
reach the gel point (even at the higher concentration of BAPO-si), see in Figure
3-10. Those times are considerably longer compared to other more reactive
resins, e.g., bisphenol A ethoxylate diacrylate (BEDA) or polyethylene glycol
diacrylate (PEGDA250), that react within one (1) second upon visible light
exposure at the same illumination conditions, see Figure 3-3, in Part I, Chapter
3. Hence, intending to balance TRAD formulation's slow reactivity, higher
irradiation times are required, increasing the penetration of light during the
printing process and polymerizing beyond the desired zones (the z-axis) by
the effect also of greater diffusion of radicals.#44 This phenomenon might be
solved, somehow, by enhancing the reactivity of the silicone-based resin.
However, these results are aligned with the results presented in other works
and slightly improving the smallest microchannel dimensions for 3D printed
PDMS-like materials (500x500 pm?2).3°1 Furthermore, a genuinely 3D
microchannel architecture was obtained that can be exploited in different
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applications, such as the manufacturing of complex and passive microfluidic
mixer with various 3D configurations,**> or the fabrication of a three-
dimensional lab-on-a-chip for cell culture and biological analysis.#46
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Figure 3-12. Characterization of the 3D printed TRAD-based samples by the
FTIR technique. (a) Acrylate double-bond conversion (%) of the 3D printed
samples and after different UV post-curing times (in the air), obtained by following
the decrease of the peak at 1196 cm! after the different radiation conditions. (b)
Full normalized ATR-FTIR spectra of 3D printed TRAD samples followed by 5 min
of UV post-curing treatment compared to the liquid formulation, where the
acrylate-related band decreased after the UV post-curing step. (c) Shows the region
between 1800-1100 cm 1.

Solvent stability of the 3D printed materials

After the 3D printing step and the post-curing process, not all the
substances of the photopolymer (oligomer, monomers, photoinitiators, and
light absorber) end up in the photo crosslinked. These residual elements might
be detrimental since, in microfluidic devices, the unreacted materials could
diffuse through the liquid passing into the chip's channels during operations,
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potentially contaminating the fluids. Therefore, it is important to develop a
more thorough cleaning protocol to remove or extract all uncured residual
elements from 3D printed parts. For this purpose, dissolution extension of the
3DP TRAD samples towards different solvents was measured by determining
the swelling weight percent (wt.%) following a 24-hour immersion in various
solvents and the extracted weight percent (wt.%) of uncured resin from dried
samples. Results are summarized in Table 3-3 and plotted in Figure 3-3.c. 3DP
TRAD samples swelled significantly more in non-polar and in some polar-
aprotic solvents, such as DCM (229.7 %), THF (204.4 %), cyclohexane (184.5
%) and toluene (169.2 %), followed by acetone (27,1 %) and isopropanol (17.9
%). Regarding the extraction of uncured resins, the higher the solvent's
capacity to penetrate the matrix, the higher the efficiency of extraction; this
occurred for DCM, THF, cyclohexane, toluene, and acetone. After 24-hours of
immersion, the samples were extracted from the respective solvent, observing
that almost all of them were damaged, except those from acetone. This
observation was attributed to the polymer's inability to sustain the stresses
generated on the surface during the uneven evaporation of these highly
swelling solvents, producing irreversible defects.
Table 3-3. Swelling percentage (wt.%) of 3D printed TRAD samples after

immersion for 24 hours and 1 hour and extracted resin percentage (wt.%) of
samples after 24 hours of immersion in different solvents at 25°C.

Swelling Swelling
Extracted resin
Chemical (wt.%) weight (wt.%)
after 24-h (Wt.%) after 60-min
immersion immersion
Isopropanol 17.9 7.0 14.4
Acetone 27.1 7.5 25.8
Ethanol 5.1 5.0 4.5
Distilled Water 1.4 1.8 1.3
Hydrogen Peroxide 1.7 2.6 1.6
Acetonitrile 6.4 0.7 6.3
Dimethylformamide (DMF) 8.7 2.6 7.7
Dimethyl sulfoxide (DMSO) 9.8 2.6 5.2
Cyclohexane 184.5 9.2 161.8
Tetrahydrofuran (THF) 204.4 10.8 180.2
Dichloromethane (DCM) 229.7 12.5 192.5
Toluene 169.2 8.7 168.4

Another critical point is that most microfluidic devices usually operate
during relatively short times in their usage (i.e., when a fluid is passing through
the microchannel). Therefore, it is essential to know the 3D printed TRAD
object's stability (post-cured, washed, and dried samples) towards different
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solvents for brief periods. The dimensional stability of 3DP samples was
determined by performing swelling tests for short intervals of 5, 10, 15, 30,
and 60 minutes; the results are plotted in Figure 3-3.a-b and summarized in
Table 3-3 (only for 60 minutes of immersion). As discussed, 3DP TRAD
samples present different swelling percentage behaviors according to the
solvent used.*4” After 60 minutes of immersion, the lowest values obtained
were in distilled water (1.3%), while the highest values were reached using
DCM (plateau reached at 30 min) and THF. This information is useful when
envisaging how to employ these devices in different microfluidic applications.
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Figure 3-13. Solvent compatibility of the 3D printed based samples toward
comment organic compounds. (a,b) Swelling percentage (wt.%) versus time
(min) curves for 3D printed TRAD samples after immersion in different solvents.
(c) Scatter plot of the swelling percentage (wt.%) versus extracted resin percentage
(wt.%) for 3D-printed TRAD samples after 24-hours of immersion in different
solvents. (d) UV- VIS spectra of the acetone used to extract unreacted material from
3DP TRAD samples, in which after 5 hours of washing in acetone, the analyzed
solution did not show any trace of unreacted substance (either photoinitiator or

dye).

The next step was to select the appropriate solvent for a washing
protocol that completely removes all unreacted elements within the samples
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without deteriorating or damaging the 3D structures. Based on previous
results, acetone was selected as the washing solvent since it offers the best
compromise between the efficient extraction of residual material and no
significant deterioration of the samples. Therefore, a series of washing
procedures were performed using acetone, and ultraviolet-visible spectra of
the washing solvent were collected (see Figure 3-13.d). With short washing
times, all the other curves showed a shoulder around 300 nm corresponding
to the absorbance of unreacted BAPO-Si photoinitiator (as detailed in Figure
3-10), while after 5 hours of washing treatment, the analyzed solvent did not
present any trace of residual substances. Equally important, there was no
release of the DR1-MA dye at each washing time, thus confirming the dye's
copolymerization into the polymer backbone during the photopolymerization
process.#48

Mechanical tests

The mechanical properties of the 3DP TRAD samples were also
determined and compared to conventional PDMS polymer properties. Tensile
test specimens were 3D printed (dog bone with a gauge length of 20 mm), and
each sample was exposed to a post-curing treatment under UV irradiation for
5 minutes on each side. The specimens were then washed and dried following
the protocol developed here for the TRAD microfluidic devices: immersion in
acetone for 6 hours (using fresh solvent every hour) and overnight drying
treatment at 120 °C. Besides, only 3D printed samples with no UV post-curing
treatment were also tested for comparison reasons. The samples were
mechanically tested to obtain ultimate tensile stress, fracture stress, and
elongation at break (see Figure 3-14.c). Tensile results are summarized in
Table 3-2 and plotted in Figure 3-14.a-b for UV post-cured and just 3D printed
samples, both containing 0.6 wt.% of BAPO-Si photoinitiator and 0.1 wt.% of
DR1-MA dye.

The values of ultimate tensile stress (UTS) and Young's modulus were
somewhat higher for UV post-cured samples than 3D printed samples with no
UV treatment. The values of elongation at break were similar for both types of
samples. Significant differences were observed when the 3DP TRAD samples’
tensile results are compared with those for conventional 10:1 PDMS (Sylgard
184). While Young's Modulus was similar, UTS values were considerably lower
for 3D printed samples. Moreover, even elongation at break was lower in 3D
printed samples. This behavior could be attributed to the fact thatlayer defects
are randomly generated during the 3D printing process. They might act as a
point of nucleation for cracks initiation and decrease the material's strength.
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Figure 3-14. Mechanical characterization of the 3D printed TRAD samples.
Stress (MPa) versus elongation at break (%) curves for (a) only 3D printed TRAD
samples and (b) TRAD samples after 5 min of UV post-curing treatment. (c)
photograph of one of the 3D printed TRAD samples used for the mechanical test
(dog-bone with a gauge length of 20 mm). The UTS and young modulus values were
higher for UV post-cured samples than just 3D printed samples, while elongation
values at break were quite similar.
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3.3.3. Conclusion.

In this part of the chapter, 3D printed acrylate-polydimethylsiloxane
(PDMS) resins were processed through a commercial 3D-DLP printer to obtain
complex-shaped 3D printed microfluidic devices giving thus, robust
alternatives to conventional PDMS technologies. A study on the photocurable
formulation was first performed by adequately selecting a compatible
photoinitiator and a suitable dye with the silicone resin. Then, ATR-FTIR and
photorheology analyses were performed to study the photopolymerization
progress and conversion and obtain preliminary indications for the parameter
optimization for the 3D printing step. Once the 3D printing settings were
optimized, complex-shaped 3D printed structures with undeniably three-
dimensional channels were fabricated. The 3D printed PDMS-based samples
presented high chemical stability towards different solvents and good
mechanical properties, comparable to the conventional PDMS elastomer used
to fabricate microfluidic devices, Sylgard 184.

As a consequence of a correct selection of the components for the
photopolymer's preparation, the printed pieces presented the characteristics
sought, such as high optical transparency, stretchability, and flexibility. These
features are fundamental to produce microfluidic chips, demonstrating thus
the compatibility of this application with DLP-based 3D printing. The 3D
printing of PDMS-based photopolymers could change the conventional routes
of microfluidics fabrication by reducing the manufacturing costs and time,
enabling the manufacturing of truly three-dimensional and complex-shaped
microdevices.

The future activities on the developed silicone-bade photopolymers will
be focused on evaluating the cytotoxicity and biocompatibility of the obtained
PDMS-like 3D printed structures and each of the formulation's components,
following a series of investigations similar to those presented in Part I of this
chapter. In this way, the potential application of such PDMS-based devices in
the biomedical field could be genuinely evaluated, for instance, by using them
for cell culture assays or drug screening experiments.
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3.4. Conclusions of the chapter.

In this chapter, vat DLP 3D printing was used to 3D print objects with
desired properties by fine-tuning the printable materials. Each of the elements
used for the formulations' preparation was added to fulfill biomedical
requirements (e.g, required optical transparency, good mechanical
properties, suitable chemical resistance or stability, tunable surface
characteristics, among others). Moreover, it was demonstrated that the
structures' biocompatibility could be enhanced by performing a correct post-
printing treatment. The different strategies showed in this chapter, in terms of
materials used, post-printing treatments, and 3D printed freedom of design,
could help develop practical microfluidic devices. Indeed, this thesis aims to
combine different strategies and materials to produce biofunctional multi-
material microfluidic platforms through 3D printing. As a proof of concept, a
3D printed bi-material fluidic chip was obtained in a single 3D printing step
from two different photopolymers, as is shown in Figure 3-15.a,b. The printed
object consisted of two-3D printed 96-well-like connected by a 1x1 mm
channel. The transparent bottom of the chip (Figure 3-15.c) was made of the
PEGDA250 formulation presented in Part [ of Chapter 3 (with 0.2 wt.% of
BAPO photoinitiator). The rest of the chip was made of the TRAD formulation
presented in Part II of Chapter 3. Both materials remained well-attached after
the printing process, allowing the creation of a bi-material object during the
same 3D printing step by changing the photopolymer at a certain point in the
process.

a b

bi-material fluidic chip
TegoRad

Figure 3-15. 3D printed bi-material fluidic chip. (a) The devices were fabricated
from a PEGDA250 formulation containing + 1 wt. % BAPO (the bottom of the chips)
and the TRAD formulation with + 0.6 wt. % BAPO-Si + 0.01 wt. % DR1-MA dye (the
rest of the chip). (b) Frontal view of the bi-material chip where is observed the
distinction between both materials used. (c) top view of the chip showing the good
transparency of the bottom of it. The bottom of the chip is 500 um thick. The device
consists of two wells connected by a millifluidic channel of 1x1 mm?2 section.
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Chapter 4

Post-printing treatments:

Enhancing the surface properties.

4.1. Overview and motivation.

As previously mentioned, vat 3D printing might enable the production of
parts with controlled characteristics by operating on the formulation's
elements and performing post-printing procedures. The latter was
demonstrated as the utmost importance strategy to adjust the final features of
the 3D parts, i.e.,, by removing the undesired elements from the components
that can increase the biocompatibility (see Chapter 3, part I). An alternative
approach could consist of surface functionalizing the printed parts by a
dedicated post-3D printing treatment to induce additional features to the
structures and achieve the highest potential for biomedical applications.#14415
Such a procedure might be performed by coupling willfully functional groups
on the 3D printed objects in a surface activation approach (unlike the post-
printing protocol presented in Chapter 3, where the intention was to eliminate
the cytotoxic elements from the printed parts through a surface passivation
strategy). The functional groups can be either active biological molecules such
as antibodies, peptides, nucleic acids, or biocompatible compounds that can
stimulate specific bio-interactions.151.449
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3D printed structure Post-3D printing treatment Functionalized structure

a ",V light

Figure 4-1. Representation of the two functionalization strategies presented
in Chapter 4. Each strategy is based on chemically linking active molecules to the
printed structures through a dedicated post-3D printing treatment following: (a)
UV-induced approach or (b) microwave-induced approach.

Therefore, in this chapter, two post-3D printing protocols will be
explored to activate the 3D printed parts surfaces, as represented in Figure
4-1. Part I will introduce a method to selectively surface functionalize PDMS-
based structures (see Chapter 3, Part II) through UV-based post-3D printing
strategy by exploiting the unreacted acrylate groups after the printing step,
see Figure 4-1.a. These functional groups can be used to attach secondary
molecules through UV-induced "grafting to" polymerization techniques during
the required UV post-curing step.32> The second functionalization strategy
is presented in Part I, where a method based on the microwave-induced
functionalization of polymeric 3D printed objects (containing both acrylate
and epoxy functionalities) is proposed (see Figure 4-1.b). The epoxy moieties
might remain pendent on the samples' surfaces since they do not react during
the 3D printing step. Therefore, the epoxy groups' reactivity can be exploited
in a dedicated post-printing procedure to induced surface modification on the
hybrid 3D printed parts. The reaction involves using aliphatic polyamines of
different molecular weights that could be attached through microwave
irradiation. This process might allow the chemical linking of primary and
secondary amines to the objects' surface due to the nucleophilic attack of the
N atom's electron pair to both acrylate and glycidyl groups. Finally, taking
advantage of amines' antimicrobial activity,*°0 the antibacterial behavior of the
microwave functionalized object will be briefly tested against Staphylococcus
aureus.
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4.2. PartI: Functionalization of 3D printed microfluidic chips.

Part II of Chapter 3 is based on the original research article titled
"Fabrication and Functionalization of 3D Printed Polydimethylsiloxane-Based
Microfluidic Devices Obtained through Digital Light Processing." The paper was
published in Advanced Materials Technologies scientific journal from Willey-
Blackwell, ISSN: 2365709X.431

As demonstrated in Part Il of Chapter 3, precise and complex-shaped
microfluidic chips can be produced through DLP-3D printing techniques from
a tailor-made photopolymer based on acrylate-polydimethylsiloxane (PDMS)
resin. The printed chips presented the desired properties, e.g, such as
chemical stability, flexibility, stretchability, and high optical transparency, due
to the appropriate selection of materials during the printer resin preparation.
Nevertheless, intending to increase these devices' versatility towards both
well-established and new biomedical applications, these PDMS-based
microfluidic chips' surface functionalization might a crucial point. The
literature has reported numerous methods for surface functionalizing PDMS-
based microfluidic channels, including photo-mediated graft polymerization of
monomers such as PEGDMA pNIPAAm acrylic acid onto PDMS.318323451
Furthermore, more elaborate methods have also been reported based on
"click" chemistry for the grafting of alkyne-PEG#52 or thiol groups.39° Although
these methods showed outstanding surface modification capabilities, they
required multiple-step procedures to achieve the samples' functionalization.

Considering the characteristic of the 3D printed PDMS-based chips
presented in Chapter 3, it will introduce a simple and selective surface
functionalization method. After the printing step, all the 3D printed acrylate-
based materials still present unreacted functional groups, including the
acrylate-PDMS chips presented in Chapter 3. For this reason, a post-UV-
curing treatment is usually performed on the samples to reach higher acrylic
conversion, leading to an enhancement of the mechanical properties of the
part, for example.145 The unreacted acrylic double-bonds in the 3D printed
TRAD parts can be exploited to attach other functional molecules through UV-
induced "grafting to" polymerization techniques.325> Thus, the required UV
post-curing treatment could be used to achieve the highest possible acrylate
conversion and, at the same time, functionalize the polymer surface.
Therefore, these investigations aim to explore UV-induced modification
strategies for chemically linking carboxylic functional groups to the sample's
surfaces. The versatility of the 3D printed PDMS-based microfluidic chips
could be increased by exploiting the required post-curing step, in this way, the
surface properties of the printed microfluidic parts might be modified by
following a suitable post-3D printing treatment.
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4.2.1. Experimental section.
Materials

Acrylic acid (AA, 99 %), acetonitrile (ACN, = 99.8%), and phenyl
bis(2,4,6-trimethyl benzoyl)phosphine oxide (BAPO, 97 %) were used for
preparing the grafting solution. All reagents were purchased from Merck
Company (Darmstadt, Germany) and used as received.

Preparation of the grafting solution

The grafting solution used to functionalize the samples' surface was
prepared by adding acrylic acid (AA) into acetonitrile (100 mg/mL); then two
(2) wt.% (respect to the AA amount) of the BAPO photoinitiator was added for
activating the polymerization. The solution was stirred mechanically for 5
minutes.

Characterization methods

Contact angle measurements were determined using an FTA 1000C
goniometer, equipped with a video camera and an image analyzer. The tests
were performed at room temperature using the sessile drop technique. A 3 pL
droplet of deionized water (72.1 mN.m-1) was placed onto the sample surface,
and the static angle was measured. The test was repeated five times for each
tested sample.

A Nicolet iS50 FT-IR spectrometer (Thermo Scientific, Milano, IT)
equipped with attenuated total reflectance (ATR) accessory (Smart iTX) was
used to investigate the presence of acrylate acid after the UV-induced surface
functionalization step. The spectra were collected using an ATR accessory,
collecting first the spectrum of untreated samples and after the different
treatment conditions. For the FTIR experiments, the spectra were collected
with a resolution of 2 cm-1, averaging 32 scans for each spectrum,
wavenumbers range 600-3800 cm~1. The spectra were normalized using the
790 cm peak corresponding to the Si-C asymmetrical bending or rocking
vibration.4>3

4.2.2. Results and discussion.

UV-induced surface modification

For the initial experiments, PDMS-based flat samples (10x15x1.5 mm)
were 3D printed following the parameters presented in Chapter 3 for the
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photopolymer based on the TegoRAD® oligomer. The procedure for the UV-
induced surface modification is outlined in Figure 4-2. A few drops of the
acrylic acid-based grafting solution were spread on the sample's surface and
irradiated with UV light for different times (1, 5, and 10 min) using a high-
pressure mercury arc lamp (Dymax ECE) set at 10 mW.cm2 of light intensity.
Afterward, the samples were rinsed with ethanol for 10 min and washed
extensively with deionized water for 30 minutes to remove unlinked

polyacrylic acid.
Grafting solution UV irradiation
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Figure 4-2. Representation of the surface modification by UV light. A few drops
of the acrylic-based grafting solution are deposited over the sample surface; then,
the system is UV irradiated for a certain time. The sample surface remained
chemically modified after the UV-induced treatment.
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The water contact angle changes were measured five times for treated
and untreated samples (see Figure 4-3.a). The wettability of the samples was
changed according to the UV-induced surface modification treatment:
untreated TRAD samples presented a contact angle of 115.1° + 0.5°, which
drastically decreased to 58.9° + 2.7° after 1 min of irradiation and did not
further decrease for longer irradiation time. ATR-FTIR spectra were recorded
on treated and untreated samples to confirm the presence of poly (acrylic
acid), and the results are shown in Figure 4-3.b. The spectra were normalized
using the 790 cm-! peak corresponding to the Si-C asymmetrical bending or
rocking vibration, see Figure 4-3.c.4>3 The spectra revealed the presence of
carboxylic acid groups with wide-ranging absorption bands of the O-H stretch
around 3500-2500 cm1,324 and a sharp carbonyl peak (C=0) in the 1760-1690
cm! region.#5* These results confirmed the poly (acrylic acid) grafting onto
silicone samples' surface due to UV-induced grafting.

105



120 " 0.08 —— : 7 : :
110 4 . Untreated
100 ) E — 1 min
& 0.064 ——5 min ]
80 g - ——— 10 min
o 80 &
2 1 5
) 1 [=]
5§ &0 28 0.04- .
%}
£ 50 3
<] N
O 40 4 5
30 | g 0.02 |
20 z
10 4
o L 11512 58.91 52.13 52.55 0.00 . . . ]
Untreated 1min UV graft 5 min UV graft 10 min UV graft 3500 3000 1800 1600 1400

Wavenumbers (cm™)

C

1.0 T T T —
- — Untreated 5
3 —— 1 min S
L 084 ——5min 1 8
8 ——— 10 min c
= ©
@ Fe)
€ 06- 1 S
2 2
] ©
gl o
ﬁ 0.4 4 g
£ g
o =

0.24 | 5
=z =z

0.0 r 4‘ T T i T

4000 3500 3000 2500 2000 1500 1000 0.0

T T T T
1400 1200 1000 800 600

Wavenumbers (cm™)

Wavenumbers (cm™)

Figure 4-3. Surface properties changes of the TRAD samples after the UV-
induced grating surface modification. (a) Contact angle measurements from
untreated and UV-treated samples (at different irradiation times) showing a
decrease of the contact angle after the UV-grafting surface modification. (b) ATR-
FTIR spectra of untreated and UV-treated samples (at different irradiation times)
where the presence of linked carboxylic acid groups over the samples can be
observed by analyzing the increase in spectra regions of 3500-2500 cm-!
(associated to O-H stretch) and 1760-1690 cm-! associated to the carbonyl group,
confirming the surface modification. (c) Normalized spectra from the TRAD
samples after the different UV-induced grafting treatments showing the peak used
for normalizing the spectra centered at 790 cm-! peak that corresponds to the Si-C
asymmetrical bending or rocking vibration.

ATR-FTIR spectra were recorded on treated and untreated samples to
confirm the presence of poly (acrylic acid), and the results are shown in Figure
4-3.b. The spectra were normalized using the 790 cm-1 peak corresponding to
the Si-C asymmetrical bending or rocking vibration, see Figure 4-3.c.#53 The
spectra revealed the presence of carboxylic acid groups with wide-ranging
absorption bands of the O-H stretch around 3500-2500 cm-1,324 and a sharp
carbonyl peak (C=0) in the 1760-1690 cm-! region.*>* These results confirmed
the poly (acrylic acid) grafting onto silicone samples' surface due to UV-
induced grafting. The next step investigated was to induce surface
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modification inside the cavity of a 3D printed structure. For this purpose, chips
with an inner chamber were designed and 3D printed as represented in Figure
4-4.a (see Figure 4-4.b for more details).

a Grafting solution UV irradiation
109.36 ° untreated
sample
.......... » T Rer—
sample
b 3D printed
» UV irradiation Hydrophobic
meniscus
g
) LA ... >
Hydrophilic
meniscus | \Agals
d Lateral view Top view 3D printed

Figure 4-4. Representation of the UV-induced surface modification of 3D
printed TRAD samples. (a) Representation of the surface modification carried out
inside the inner chamber of a 3D printed TRAD samples, where on the right side of
the image displays the contact angle decrease after functionalizing step compared
to the untreated sample can be observed. (b) CAD designs and a photograph of a 3D
printed chip with an internal chamber filled with green colored water is shown. (c)
Representation of the UV-induced surface modifications in an S-shaped millifluidic
chip. The test showed the channel's selective functionalization by observing, in the
same channel, the hydrophobic behavior (part of the channel with no treatment)
and the hydrophilic behavior of the treated part of the channel. (d) CAD designs and
a photograph of the S-shaped 3D printed chip filled half with green colored water
and a half with silicon oil.

The internal chamber (16x13x1 mm3) was closed with a 1 mm thick cap-
layer. A few drops of the AA-based grafting solution were introduced in the
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chamber, and then the samples were subjected to UV irradiation for 5 minutes.
After the rising/washing protocol in ethanol and water, respectively, the top
of the samples was cut lengthwise, and changes in the wettability of the
internal surfaces of the samples were determined. As shown in Figure 4-4.a,
the water contact angle decreased from 109.36° to 76.61° for untreated and
treated samples, respectively. This result validates that the UV-induced
surface modification can be performed even in a closed 3D printed object,
which confirms the high light transparency at these wavelengths achieved by
this technology for microfluid device preparation. A similar procedure was
repeated on a 3D printed millifluidic chip fabricated with one S-shaped
channel with a cross-section of 1x1 mm?2 In this case, to selectively
functionalize the channels (see Figure 4-4.d for more details), half of the
microfluidic chip was filled with silicon oil and the other half with the grafting
solution (Figure 4-4.c). After 5 minutes of UV irradiation followed by the
washing protocol, the inner surface wettability was analyzed by loading the
channels with green colored deionized water and observing the stationary
meniscus changes through optical microscopy in Figure 4-4.c. As expected, a
clear difference was observed between the two halves of the channel, passing
from a hydrophobic meniscus in the unfunctionalized part of the channel to a
hydrophilic meniscus in the UV-grafted side.
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4.2.3. Conclusion.

This part of the present chapter demonstrated that 3D printed samples'
surface properties can be modified through the correct post-printing protocol
by exploiting the still reactive functional groups on the sample's surface. These
groups were used to link other functional molecules during the required UV
post-curing step through UV-induced grafting polymerization techniques.
Following this strategy, 3D printed PDMS-based chips' surface properties
were easily and selectively modified even in a closed 3D printed chip.

As proven, it was feasible to perform an easy surface functionalization
taking advantage of the unreacted acrylate double bond remaining after the
3D printing step. This methodology gives an added value in terms of surface
properties to the printed devices by engineering their surface properties
comparing to traditional functionalization methods. For example, by
employing this UV-grafting approach, the functionalities of a multi-material
microfluidic device can be improved. The configuration of channels within this
device could have different characteristics given by the various materials used
and a post-3D printing practice that can introduce additional functional
molecules, such as carboxyl groups (-COOH), in this case. These exposed
groups can be used in biosensing applications as anchoring sites for the
immobilization of amino-functionalized proteins.334455-457
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4.3. Partll: Surface modification by microwave radiation.

The investigations presented in Part Il of Chapter 4 were performed at
both the Institute of Polymer Science and Technology (ICTP) laboratories in
Madrid, a division from the Spanish National Research Council (CSIC); and the
Institute for Biofunctional Studies of the Universidad Complutense de Madrid.

In part I of this chapter, a UV-mediated approach was presented to
functionalize the printed objects' surface by taking advantage of unreacted
functional groups after the 3D printing step. Another strategy might include
functional groups into the printable resin that can be exploited in a dedicated
post-printing step to induce surface modification. In this context, here, it will
be introduced a functionalization strategy based on exploiting pendant epoxy
groups on the sample's surface for coupling other molecules through
microwave radiation. The epoxy moieties were introduced in the 3D printed
acrylate network through the use of glycidyl methacrylate. Since epoxy
moieties do not cure nor react in the radical photopolymerization processes,
those can be used for the subsequent functionalization step. The reaction
proposed here proceeds through the nucleophilic ring-opening reaction of the
epoxide groups, allowing the chemical link of aliphatic amines onto the
reactive objects. The reaction between epoxy and amines functionalities is
usually activated thermally and can even proceed at room temperature in the
appropriate conditions.*>8 Instead, here, this reaction will be induced using
microwave irradiation. In this way, the reaction times could be considerably
shortened by providing the right microwave energy to the system.459-461 The
extent of surface functionalization was evaluated by varying experimental
parameters, such as the acrylate/epoxy ratio and irradiation conditions. The
samples' functionalization will proceed under microwave radiation, a type of
energy associated with electromagnetic radiation with wavelength ranging
from 300 MHz (1 m) to 300 GHz (1 mm). The microwaves can easily penetrate
the material and heat simultaneously the system by the vibration and rotation
effects of the dielectric substance, decreasing the heat transfer problems.462
Therefore, over conventional thermal methods, the microwave technique
might offer novel possibilities in reaction performances by mainly shortening
the reaction times, maintaining (or increasing) the yield of products. Besides,
it is an inexpensive and facile technique that also minimized the by-product
formation.463 Due to MW-radiation methods' benefits, they have been used for
performing various organic and inorganic chemical transformations, e.g.,
cycloaddition and aza-Michael reaction.#64 Indeed, they can be used to induce
surface properties on materials such as polypropylene (PP) or metallocene
polyethylene (mPE) films and thus obtain materials with improved wettability
biocompatibility by partially oxidizing their surfaces.465466 Likewise, MW
radiation can promote specific chemical reactions between functional groups,
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e.g., the covalent functionalization of carbon nanotubes (CNTs) by coupling
amine molecules to carboxyl groups; or the ring-opening polymerization of
epoxy with amine-terminated compounds.#59467 Therefore, by controlling the
microwave radiation conditions (e.g., the energy delivered to the system and
the time of MW exposure), interesting chemical reactions can efficiently be
achieved.

A series of experimental analyses will be performed for optimizing the
microwave-assisted functionalization procedure to find a compromise
between the desired surface properties and the sample’s condition. Once
optimized the functionalization process for each sample obtained, the
antibacterial behavior will be tested against Staphylococcus aureus,
considering the antimicrobial activity of amines.#50 This model was chosen due
to its clinical importance, being responsible for many diseases such as skin
infections, pneumonia, septicemia, ocular infections, abscesses, central
nervous system infections, and, in some cases, food poisoning.#68-470
Therefore, developing new antibiotic methods and materials against this
bacterial model could be of great interest in the medical sector.
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4.3.1. Experimental section.
Materials

As  reactive  monomers, poly(ethylene) glycol diacrylate
(PEGDA250250, Mn = 250 g/mol) and glycidyl methacrylate (GMA, Mn =
142.15 g/mol) were used. As a photoinitiator, phenyl bis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, 97 %) was used. To increase the
printing resolutions, disperse red one methacrylate (DR1-MA, 95 %) was used
as a visible light absorber. As amine-based reagents, diethylenetriamine
(DETA, Mw = 103.17 g/mol), and two types of hyperbranched
polyethyleneimine (PEI600, Mn ~ 600 g/mol) and 10kDa (PEI10k, Mn ~
10000 g/mol) were used. Ethanol (99.8 %) and acetonitrile (= 99.8%) were
also used to prepare microwave solutions. All reagents were purchased from
Merck Company (Darmstadt, Germany) and used as received. The chemical
structures of the reagents used in this works are represented in Figure 4-5.
The ratio of primary/secondary/tertiary amine groups in DETA, PIE600 and
PEI10k are 1:0.5:0, 1:0.82:0.53, and 1:1.2:0.76.145471
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Figure 4-5. Chemical structures of the chemical reagents used. (a) polyethylene
glycol diacrylate (PEGDA250). (b) glycidyl methacrylate (GMA). (c) phenyl
bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO). (d) disperse red one
methacrylate (DR1-MA). (e) diethylenetriamine (DETA). (f) hyperbranched
polyethyleneimine (PEI).
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Preparation of the photopolymers and grafting solutions

Four photocurable formulations were prepared with different weight
ratios between monomers: 5:5, 7:3, 9:1, and 10:0 PEGDA250/GMA. The molar
ratio between PEGDA250250 and GMA is reported in Table 4-1. Each
formulation was prepared by adding 1 wt.% of BAPO and 0.01 wt.% of DR1-
MA dye; then, they were stirred mechanically at room temperature until a
complete homogeneous solution was obtained. For the microwave-assisted
surface functionalization, three amines-based solutions were prepared:

(i) DETA solution, composed of diethylenetriamine in acetonitrile (200
mg/6mL)

(ii) PEI600 solution, composed of poly(ethylenimine) 600Da in
acetonitrile (200 mg/6mL)

(iii) PEI10k solution, composed of polyethyleneimine 10kDa in a 12:1
mixture of acetonitrile and ethanol (87 mg/6.5mL). Higher led to
substance precipitation; ethanol was added to improve the miscibility
of PEI10k.

Digital light processing DLP-3D printer

As 3D printing equipment, a Pico 2 HD DLP-3D printer (Asiga, Australia).
This 3D printer has a LED light source (405 nm), nominal XY pixel resolution
of 50 um, and minimum Z-axis control of 1 um. The structures were produced
by fixing a printing slicing of 50 pm and a light intensity of 20 mW/cm?2. The
light exposure time was set according to the formulation used, as shown in
Table 4-1. All CAD designs were produced with the FreeCAD program and
exported in STL format.

Table 4-1. Weight percent (%), molar acrylate/epoxy ratio for each PEGDA250 and

GMA formulation, and the 3D printing settings used for each formulation with 50
um of slicing thickness.

Exposure Initial
. PEGDA250 GMA Acrylate/epoxy . exposure
Formulation . time .
(wt.%) (wt.%) molar ratio (s/layer) time
(s/layer)?
PEGDA250 100 - - 1.2 3
9:1 PEGDA250/GMA 90 10 10.23:1 1.5 3
7:3 PEGDA250/GMA 70 30 2.65:1 5 9
5:5 PEGAD250/GMA 50 50 1.14:1 10 14

3 Irradiation time for the first three layers to guarantee an adequate adhesion of the parts.
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Surface functionalization procedure with microwave

An Anton Paar Monowave 300 microwave reactor provided with an
infrared sensor (IR pyrometer) was used for the surface modifications. The
reaction was performed under magnetic stirring inside a pressure-resistant 10
mL glass tube (0.9 cm diameter) sealed with silicon septum. For the
microwave-assisted surface modification procedure, in a glass tube (vial of 10
mL), the samples were submerged into 5 mL of the desired amine solution; the
vial was then introduced in the microwave reactor under the following
conditions, as represented in Figure 4-6:

1. First, the sample is heated from room temperature to 150°.

2. According to the treatment process, the system is then subjected to
an isothermal step of MW radiation for a specific time (t).

3. Finally, the sample is cooled down from 150 ° to 55 ° C.

The reactor delivers the energy (W) necessary to reach the input
parameters (i.e.,, temperature and reaction time). After MW treatment, all
samples were rapidly transferred to a vial filled with milli-Q water, in which
they were kept for one hour under slow magnetic stirring to remove the excess
of unreacted amines from the surface. At last, samples were placed under
vacuum (-70 cmHg, 25°C) for 12 hours before surface characterization.

(°C) ——TempIR ——Pressure Power (W) (bar)
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Figure 4-6. Representative chart example of a microwave treatment
performed on one of the samples used in this work. The graph shows the
different parameters during the microwave treatment, such as the power (W) and
pressure (bar) given from the reactor to the system to reach the desired
temperature (°C) during a specific time (t).
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Characterization methods

An FT-IR spectrometer (Nicolet iS50, Thermo Scientific, Milano, IT) was
used to calculate the conversion of epoxy and acrylate double-bonds on the
samples at different experimental conditions. The spectra were collected on
an attenuated total reflectance (ATR) system (Smart iTX). Epoxy conversions
were calculated by analyzing the peak at 905 cm related to the oxirane
group's C-0 deformation, while the acrylate double-bonds conversions were
calculated by monitoring the peak at 810 cm-1, which corresponds to the C=C
bonds' twisting.472473461 The spectra were collected with a resolution of 4 cm~1
averaging 32 scans for each spectrum in the wavenumber range of 650- 4000
cm-1, Furthermore, the surface properties of the microwave treated samples
were evaluated following the region associated with N-H bond stretching of
primary (3600-3400 cm-1) and secondary amines (3400-3200 cm1), and the
region associated with C-H bonds (3000-2800 cm). All IR spectra were
normalized using carbonyl peak at 1720 cm-1.

Static contact angle measurements were performed on 3D printed flat
samples after different microwave treatment conditions and untreated
samples using a KSV instrument LTD with CAM 200 analyzer program
(Helsinki, Finland) equipped with a Basler A602f-2 camera. The tests were
performed at room temperature with the sessile drop technique. A 3 pL
droplet of deionized water (72.1 mN.m-1) was placed onto the sample, and the
static angle was measured immediately after drop deposition. The
measurement was repeated five times for each condition.

Bacterial seeding

The antibacterial activity was studied against the Staphylococcus aureus
colony. To promote bacterial culture transition into the exponential growth
phase, a single S. aureus colony was overnight cultured at 37 °C in a flask
containing nutrient broth (NB) media (13 g/L distilled water) under constant
shaking of 120 rpm. The bacteria concentration was diluted in fresh NB media
to obtain an optical density (OD) value of 0.69. The PEGDA250/GMA samples
(disks of 150 pum thick and 9 mm diameter) with and without MW-induced
surface modification were collocated in a 24-well plate (three replicates). Then
500 pL of the bacterial suspension was incubated in each well for one (1) hour.
After the incubation, the samples were washed three times using PBS
(Phosphate Saline Buffer, 150mM NaCl, 50mM phosphate pH 7.4), and the
bacteria culture was allowed to grow for 48 h.
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Bacteria viability and proliferation

The bacterial viability was measured using live/dead BacLight Bacterial
Viability Kit (Thermo Fischer Scientific, Massachusetts, USA) by following the
manufacturer's instructions. This essay examines the cells' membrane
integrity, staining green (SYTO® 9) when they are intact or red (propidium
iodide) when the membrane is compromised. The fluorescent green bacteria
were photographed using a FITC filter, and red fluorescent-labeled cells were
observed with a TRICT filter (Aex/Aem = 550/600 nm).

The bacteria quantification on each sample was carried out by
calculating the number of bacteria per unit area on the images obtained using
the fluorescence microscope. The images were corrected in terms of
brightness and contrast. Each photograph was divided into four quadrants for
subsequent analysis and quantification of bacteria using the Image] software.
Three (3) steps were carried out for the bacteria quantification: transforming
the images to 8 bits, applying a manual threshold, and obtaining a coverage
value in terms of percentage of the surface of live and dead bacteria for each
sample.
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4.3.2. Results and discussion.
Characterization and functionalization of the 3D printed samples

Photocurable acrylate/epoxy formulations were developed, aiming to
produce polymeric components with surface-available epoxy groups that can
be used to link aliphatic polyamines (DETA, PEI600, and PEI10k) upon
microwave irradiation, as represented in Figure 4-7.a. By providing the system
with the right microwave energy, the time of reactions might be considerably
shortened compared to conventional approaches performed at standard
pressure and temperature conditions.*>8 For this purpose, formulations with
different weight ratios between PEGDA250 and GMA monomers (5:5, 7:3, 9:1,
and pristine PEGDA250) were prepared and processed using a desktop 3D-
DLP printer. Low-molecular-weight polyethylene glycol diacrylate
(PEGDA250) is a highly reactive photocurable monomer commonly used for
light-based 3D printing.150:380.402 Glycidyl methacrylate (GMA) monomer was
selected for incorporating epoxy groups to the polymeric structures by
copolymerization with PEGDA250 during the 3D printing step.112

All types of formulations were prepared with 1 wt.% of BAPO
photoinitiator and 0.01 wt.% of DR1-MA dye. As shown in Figure 4-7.b-c, basic
and complex-shaped structures were easily 3D printed from PEGDA250/GMA
formulations following the printing settings reported in Table 4-1. Once the 3D
printing step was finished, the surface features of the samples were evaluated
through ATR-FTIR techniques, see Figure 4-8. The spectra showed epoxy
groups' presence on the samples containing glycidyl monomer (5:5, 7:3, and
9:1 PEGDA250/GMA) by examining the 905 cm! epoxy band.#61473 These
epoxy groups remained invariable after the 3D printing step, which indicates
that the epoxy rings do not react during the 3D printing step, as expected. The
signal of epoxy rings in the poly(PEGDA250-co-GMA) systems is more evident,
increasing GMA monomer's amount in the formulation.
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Figure 4-7. Images of the microwave-induced surface modification of the 3D
printed structures made from PEGDA250/GMA resins. (a) An image that
outlines the surface functionalization procedure with microwaves of 3D printed
PEGDA250/GMA structures using amine-based solutions. (b) Photo of 3D printed
disks (150 pm thick and 9 mm in diameter) obtained from 5:5, 7:3, 9:1, and 10:0
PEGDA250/GMA formulations. (c) A complex-shaped 3D printed structure
(10x10x10 mm3) obtained from 7:3 PEGDA250/GMA formulation displaying the
good resolution achieved. (d) MW-treated 3D printed samples with the PEI600
solution for 5 minutes where the sample's damage after the treatment is shown. (e)
MW-treated samples in the PEI600 solution for 30 seconds showing the sample
suffered no damage. All the formulations contained 1 wt.% of BAPO and 0.01 wt.%
of DR1-MA dye

The difference in acrylate peak reduction between the systems is
correlated to the GMA's lower functionality (f = 2), which acts as a reactive
diluent and tends to delay the gelation, leading to a more loosely network
when comparing to the matrix formed by the homopolymerization of
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PEGDA250 (f = 4). Therefore, the poly(PEGDA250-co-GMA) structure had a
better capacity to reach higher double bond conversion due to the
component's diffusion effects in a less dense network, promoting a more

significant reaction propagation.474475
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Figure 4-8. Characterization of the 3D printed samples by the FTIR
spectroscopy technique for determining the available functional groups. In
the graph, the acrylate and epoxy functional groups can be observed at 810 cm!
and 905 cmL respectively. The available functionalities might potentially be used
for linking additional molecules (e.g., amines). Normalize FTIR spectra of liquid
formulations, and 3D printed samples made of (a) 5:5 PEGDA250/GMA, (b) 7:3
PEGDA250/GMA, (c) 9:1 PEGDA250/GMA, and (d) pristine PEGDA250 mixtures
with 1 wt.% of BAPO. The spectra were normalized using the carbonyl (C=0) signal
centered at 1720 cm.

As shown in Figure 4-8, after the 3D printing step, both the epoxy and
acrylate functionalities remained present in the objects. These reactive
functionalities might be used to chemically link primary and secondary amines
to the sample's surface (as represented in Figure 4-7.a). These reactions have
been widely reported in the literature, and they proceed through the
nucleophilic attack of the electron pair of the N atom to both acrylate and
glycidyl groups.145476-479 Therefore, to assess the possibility of functionalizing
the 3D printed samples with amines, a series of experiments were carried out
to explore the samples' successful functionalization by either microwave
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radiation or conventional stirring methods. These preliminary experiments
were analyzed through the FTIR spectroscopy technique and measuring the
changes in the treated samples' surface energy compared to the untreated
ones. The correct incorporation of amino functionalities on the samples could
introduce antibacterial properties over the printed structures, given the
amines' known antimicrobial characteristic. 450 Indeed, the antimicrobial
activity of the amine-treated samples will also be tested against Staphylococcus
aureus. This bacteria model is known to be responsible for many infections-
related diseases.*68-470

The first set of experiments were addressed to functionalize the printed
structures by submerging them in different amine-based grafting solutions.
The system was then subjected to mechanical stirring and room temperature
(T = 25° C). The grafting solutions were prepared as reported in the
experimental section using three aliphatic polyamines of different molecular
weights: linear diethylenetriamine (DETA) and two hyperbranched
polyethyleneimine types (PEI600 and PEI10k). These amines were selected
since they have been previously used in reactions with epoxy and acrylates
with good results.480-483 Besides, they present interesting antibacterial
properties, which could be of great interest for our purposes.458484-487 For the
treatment, 3D printed disks (disks of 150 pm thick and 9 mm diameter ) were
made from 5:5 PEGDA250/GMA (samples with higher glycidyl content ) and
immersed into a grafting solution composed of one of the aliphatic polyamines
diluted in acetonitrile. The grafting solution could also be prepared using
ethanol; however, all the samples broke after few minutes submerged in the
solution; hence acetonitrile was preferred. After the modification treatment,
the samples were washed in distilled water for 1 hour and vacuum dried for
12 hours for removing unbounded amines. The changes in the samples' surface
properties of the treated samples were evaluated through the ATR-FTIR
technique, see Figure 4-9. After 24 hours under mechanical stirring, only the
samples treated with the DETA solution showed a considerable reduction of
the epoxy-related band at 905 cm-l, see Figure 4-9.a-c, and longer stirring
times in the DETA solution did not promote a higher epoxy reaction. Instead,
the samples treated with the PEI600 and PEI10k solutions did not react even
after 96 hours of continuous stirring at 25 °C. The differences in epoxy
conversion between the samples and the amine solution might be attributed
to the amine molecules' steric hindrance and reactivity, being the DETA
molecule more reactive than hyperbranched amine molecules with a bulkier
molecule configuration.#88 Nevertheless, if the system is provided with
thermal energy, the reaction could take place. As seen in Figure 4-9.d, there
was a total disappearance of the epoxy-related band after 48 hours of
mechanical stirring of the 5:5 PEGDA250/GMA samples using the PEI10k
solution when the temperature was set at 60 °C. Another observation is that
acrylate-related bands at 810 cm-1 decrease notably, having a greater
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reduction than the epoxy band, for all the samples already after 24 hours. This
behavior is attributed to the reaction between the vinyl double-bonds with
primary/secondary amines.
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Figure 4-9. Characterization of the 3D printed samples (by the FTIR
spectroscopy technique) after functionalization under mechanical stirring
and certain temperature conditions. The FTIR spectra curves show the
decreasing of the acrylate and epoxy-related bands at 905 cm! and 810 cm-,
respectively, for the treated samples. The tests were performed on 5:5
PEGDA250/GMA samples using (a) DETA solution, (b) PEI600 solution, and (c)
PEI10k solution; the tests were run at 24, 48, and 96 hours at room temperature (T
= 25°C) under continuous mechanical stirring. Even though the reaction took place
in this condition, the reaction times can be lengthy. (d) FTIR results from 5:5
PEGDA250/GMA treated with the PEI10k solution at 60 ° C under continuous
mechanical stirring for 24 and 48 hours, where it can be observed that the
conversion of the functional groups might be boosted by increasing the system
temperature.

Microwave-assisted surface modification
The following tests were led to induce the same type of surface
modification of the PEGDA250/GMA samples, this time, using microwave

radiation to promote a more efficient reaction. The cationic reaction between
amines and acrylate/epoxy groups might proceed faster through microwave
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irradiation and might yield higher conversions. Over conventional reaction
methods, microwave irradiation offers unique advantages, e.g., the reaction
times and the generation of by-side products can be significantly reduced, and
using inert atmospheres or toxic solvents during the process can be
avoided.#64489-491 The initial investigations were performed using the PEI600
solution, with an intermediate reactivity character and volume configuration
than DETA and PEI10k molecules. Besides, PEI600 have been reported as
efficlent components to react with GMA.471492 These first trials were
performed upon microwave irradiation for 5 minutes to guarantee sufficient
time to achieve the functionalization. After the MW-treatment, the samples
were washed in distilled water (1 hour) and vacuum dried (12 hours). The
samples' surface properties were observed through the ATR-FTIR technique,
see Figure 4-10. The spectra show a complete disappearance of the band
related to epoxy rings at 905 cm-! for samples with glycidyl monomer after 5
minutes of MW-treatments, indicating that the epoxy ring-opening reaction
with amines took place much faster than the previously reported conventional
method under mechanical stirring. Likewise, in Figure 4-10, the acrylate
double-bond band at 810 cm-! decreases considerably after the MW treatment.
This behavior could be attributed to the reaction between the vinyl double-
bonds with primary/secondary amines and the thermal contribution caused
by the microwave radiation (as it will be evaluated later).

The surface functionalization of amine-treated samples (through
covalent N-C bond) was demonstrated by the appearance of a new strong band
in the 3600-3200 cm! region, corresponding to N-H bond stretching. Besides,
an increase in the band's intensity in the 3000-2800 cm-! region (C-H bonds)
is observed. Hence, primary and secondary amines were ostensibly linked to
the sample's surface, as reported in the literature.4?3 Although the surface
functionalization might be achieved in these conditions, some samples, in
particular, 5:5 PEGDA250/GMA samples, presented evident surface
deterioration after 5 minutes of MW treatment (Figure 4-7.d). Therefore, the
following step was to find the minimum MW irradiation time necessary to
functionalize the samples' surface with amines.
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Figure 4-10. Characterization of the different 3D printed PEGDA250/GMA
samples (by the FTIR spectroscopy technique) after the microwave-induced
functionalization. The tests were performed using the PEI600 solution for 5
minutes on (a) 5:5, (b) 7:3, (c) 9:1, and (d) 10:0 PEGDA250/GMA samples. The FTIR
spectra show the decreasing of the acrylate and epoxy-related bands at 905 cm-!
and 810 cm'!, respectively, after the MW treatment. Besides, the appearance of a
new region (between 3600 and 2800 cm-1) is observed. This new region can be
related to the linking of primary and secondary amines, as reported in the
literature. 493

PEI600 solution was selected again as an initial reference for performing
MW-assisted functionalization on 5:5 PEGDA250/GMA samples (those with
higher glycidyl proportion), decreasing the reaction times starting from 5
minutes down to 10 seconds. The results are plotted in Figure 4-11. The tests
showed that 30 seconds of microwave reaction was enough for functionalizing
the 5:5 samples. This assumption was corroborated by the complete
disappearance of the glycidyl band at 905 cm! and the appearance of the
amine-related bands in the region between 3600 and 2800 cm-1, see Figure
4-11.a.
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Figure 4-11. Characterization of the different 3D printed PEGDA250/GMA
samples (by the FTIR spectroscopy technique) after the microwave-induced
functionalization using the three amine-based solutions. ATR-FTIR spectra of
5:5 PEGDA250/GMA samples after different MW reaction times using (a) the
PEI600 solution, (b) the PEI10k solution, and (c) the DETA solution. On the right of
each FTIR graph, the curves of the evolution of the normalized absorbance intensity
as a function of the MW reaction time is shown for the three amines-based solutions
following the infra-red bands related to the amines (at 3290 cm-! and 2935 cm-1),
to glycidyl groups (at 905 cm) and the acrylate double-bond (at 810 cm-
)'calibrated’ considering the thermal contribution of the MW radiation. The
minimum reaction time can be abstracted from the spectra by analyzing the
required time to induce the highest acrylate/epoxy conversion as possible: 30
seconds using DETA and PEI600, and 5 minutes using PEI10k.

In these conditions, the samples ended up with good surface integrity,
see Figure 4-7.e. The degree of functionalization did not change significantly
at additional reaction times (see the curve to the right of Figure 4-11.a).
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Therefore, in downstream experiments, 30 seconds was established as the MW
treatment time for functionalizing the PEGDA250/GMA samples using the
PEI600 solution. The same MW treatment strategy was repeated for 5:5
PEGDA250/GMA samples using both the PEI10k and the DETA solutions to
find a compromise between surface modification and sample integrity. Using
the PEI10k solution, we predicted that the reaction would take place at a
longer MW reaction time, mainly due to the steric hindrance of the polymer
backbone of PEI10k.488 Therefore, in this case, the MW-assisted surface
modification was evaluated by increasing the MW reaction times, starting from
5 minutes. The minimum MW treatment time using the PEI10k solution was
found to be 15 minutes, Figure 4-11.b. Even so, at 15 minutes of MW
irradiation time, the samples ended up with a significant brittle character.
There was no further variation, at longer irradiation times, in the IR signal
associated with the peaks of interest (see the curve to the right of Figure
4-11.b, which represents the FTIR curves intensities ‘calibrated’ considering
the thermal contribution of MW). Hence, for future experiments in which the
functionalization with PEI10K is required, particular care is necessary for
handling the treated samples. In the case of the highly reactive DETA
molecules, the shorter MW reaction time for modifying the sample's surface
using the DETA solution was found to be 30 seconds, as observed in Figure
4-11.c. The 5:5 PEGDA250/GMA samples ended up with good surface integrity
after MW treatment.

As mentioned before, the acrylate conversion might be influenced by the
system's heating due to the microwave radiation. Therefore, the microwave
radiation's thermal contribution was evaluated by performing MW treatments
on pristine PEGDA250 (higher acrylate content) and 5:5 PEGDA250/GMA
(higher glycidyl content). For this test, only acetonitrile was used for the MW-
treatment (with no amines) for 30 seconds and 15 minutes; see resulting FTIR
spectrain Figure 4-12.a,b. There was a similar band reduction at 810 cm-! after
30 sec of MW radiation (nearly 50 % of acrylic double-bond conversion) for
both samples. The further reduction resulted in negligible for longer MW
radiation times (15 minutes). Most importantly, under these conditions, there
was no conversion of the epoxy groups (band at 905 cm-1) for 5:5 samples,
confirming that the epoxy conversion observed in the functionalization steps
was only due to the amines' reaction. The thermal contribution by the
microwave irradiation results was used to ‘calibrate’ the FTIR spectra's
intensity (see Figure 4-11) and calculate the acrylate double-bond conversion
(due to amines) in downstream experiments.
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Figure 4-12. Characterization of the 3D printed samples after MW-treatment
without amine molecules presence. Normalized ATR-FTIR spectra of (a)
PEGDA250 and (b) 5:5 PEGDA250/GMA samples after MW treatment in
acetonitrile for 30 sec and 15 min compared to untreated samples. After the MW-
treatment, the acrylate groups partially react while the epoxy functionality doe not.
The inset tables show the acrylate double-bond conversion after each MW
treatment.

Once the minimum MW reaction times were established for
functionalizing the 5:5 PEGDA250/GMA samples, the rest of the samples were
treated using the treatment conditions. The results are summarized in Table
4-2 and plotted in Figure 4-13, showing the IR spectra of signals under
investigation.

Table 4-2. Acrylate double-bond and epoxy conversions of 3D printed
PEGDA250/GMA and pristine PEGDA250 samples before and after microwave-
assisted functionalization with DETA solution (30 sec of MW time), PEI600 solution
(30 sec of MW time), and PEI10k solution (15 min of MW time). Infrared spectra of
the signals of interest for the different PEGDA250 and GMA samples are shown in
Figure 4-13.

As 3D After microwave treatments
printed
Samples Acrylate Acrylate conversion (%) Epoxy conversion (%)
conversion b)

(%) 2 DETA PEI600 PEI10k DETA PEI600 PEI10k
PEGDA250 82 97 97 96 - - -
9:1
PEGDA250/GMA 83 98 99 99 96 96 94
7:3
PEGDA250/GMA 85 99 99 99 98 95 93
5:5
PEGDA250/GMA 90 99 99 99 99 99 98

a) The acrylate conversion was evaluated following the C=C signal at 810 cm-1.
b) The epoxy conversion was evaluated following the glycidyl band at 905 cm-1.

126



The acrylate conversion increases significantly (up to near 100 %) after
the MW treatments, and the extent of such conversion depends on the sample's
composition and the type of amines used. The ring-opening reaction took place
with values near 100 %. The slight differences in the epoxy conversion
between the samples are related to the type of amines used. The differences
observed can be related to the topological restriction of the aliphatic amines
used, which hinders access to N-H bonds, and to the different reactivity of
primary and secondary amines as it was demonstrated elsewhere.145
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Figure 4-13. Characterization by the FTIR spectroscopy technique of the
different 3D printed PEGDA250/GMA samples after the microwave-induced
functionalization step (at the minimum treatment times) using the three
amine-based solutions. Normalized ATR-FTIR spectra of (a) 5:5, (b) 7:3, (c) 9:1
PEGDA250/GMA, and (d) PEGDA250 samples after the MW treatment using the
PEI600 solution, the PEI10k solution, and the DETA solution. Samples with more
epoxy content presented the greatest amine-related absorbance intensity; such
amine-related region also depends on the type of the amine used, reaching higher
intensity values for the biggest hyperbranched amines PEI600 and PEI10k.

Figure 4-14.a shows the evolution of the absorbance intensity obtained
from Figure 4-13 associated with N-H bonds (3600-3200 cm-! region) and C-
H bonds (3000-2800 cm-! region) from treated PEGDA250/GMA samples.
Some trends can be observed: (1) the formulation with higher glycidyl content
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reacts with more amine molecules, producing a considerable increase in the
amine-related regions' absorbance intensity due to a higher amount of amine
groups on the sample's surface. (2) The absorbance intensity of these regions
is greater according to the type of amine used, reaching higher values for the
biggest hyperbranched amines PEI600 and PEI10k. Static contact angle
measurements were performed on both untreated and MW-treated samples
to evaluate the changes in the materials' surface properties; results are shown
in Figure 4-14.b and resumed in Table 4-3. In a first vision, there was a
dependence between GMA content and surface wettability for untreated
samples. It was observed that the contact angle value was raised by increasing
the GMA content in the copolymer structures ranging from 81.8° + 1.9 for
PEGDA250 samples to 114.6° + 2.4 for 5:5 PEGDA250/GMA samples.

Contact angle (%)
3

Untreated
Acetonitrile

—&— DETA (3290 cm-1)

0.15 —— DETA (2935 cm-1) | 20 DETA
—@— PEIB00 (3290 cm-1)
0.10 — PEIB0O (2935 cm-1) 0 PEIGO0
—A— PEI10k (3290 cm-1) PEGDA PEI10k
0.05 —~— PEI10k (2935 cm-1) | =l 73
, : . . PEGDA/GMA PEGDA/GMA 5:5
PEGDA  9:1 PEGDA/GMA 7:3 PEGDA/GMA 5:5 PEGDA/GMA PEGDA/GMA

Figure 4-14. Surface properties changes of the untreated and MW-treated 3D
printed PEGDA250/GMA samples. (a) normalized absorbance intensity as a
function of the PEGDA250/GMA weight ratios after the different microwave
treatments. Filled symbols refer to the 3600-3200 cm region's absorbance,
associated with amines' N-H bond stretching. Empty symbols refer to the 3000-
2800 cm'! region's absorbance associated with the C-H bond. The graph displays
that samples with a higher content of epoxy reach the greatest amine-related
absorbance intensity and that such amine-related region also depends on the type
of the amine used, reaching higher intensity values for the biggest hyperbranched
amines PEI600 and PEI10k. (b) Histogram showing the static contact angle of
untreated and MW-treated samples as a function of the PEGDA250/GMA weight
ratios and after the different MW-treatment treatments. The higher the epoxy
content is, the higher is the amount of linked amine, and therefore, a lower contact
angle presents the sample. The MW treatments were performed following the
optimized irradiation times, 30 seconds using PEI600 and DETA solutions, 15
minutes using PEI10k solution, and 15 minutes using acetonitrile uniquely.

After the MW functionalization with amines, there were changes in the
PEGDA250/GMA samples' surface wettability. As showed in Figure 4-14.b, the
contact angles decreased more using the hyperbranched amines with higher
molecular weight (PEI10k and PEI600) than using smaller amines molecules
(DETA). This increase in the sample's hydrophilicity is caused by the
incorporation of hydrophilic amines on the sample's surfaces through the
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reaction with the glycidyl groups, and it is indeed more evident for 5:5
PEGDA250/GMA samples (higher amount of glycidyl groups). It is interesting
to note that the contact angle value for all PEGDA250/GMA samples treated
with only acetonitrile (without amine) at both 30 sec and 15 min is over 100°
(Table 4-3). This trend can probably be attributed to the surface physical-
mechanical changes produced by the microwave irradiation, creating small
irregularities over the sample's surface.#?4 This latest result further highlights
the effect of the linked aliphatic amines on the MW-treated samples by
inducing a more hydrophilic behavior.
Table 4-3. The untreated and MW-treated samples' average contact angle with
different weight ratios between PEGDA250 and GMA monomers and after the MW-
treatments. The MW treatments were performed following the optimized
irradiation times, 30 seconds using PEI600 and DETA solutions, 15 minutes using

PEI10k solution. The results for 15 minutes of MW treatment using acetonitrile
uniquely are shown as well.

Sample 9:1 7:3 5:5

condition PEGDAZ50 PEGDA250/GMA PEGDA250/GMA PEGDA250/GMA
Untreated 8180191 9651191 105.30 + 1.91 114.57  2.42
DETA 10254'02 * 90.47 + 1.31 87.86 + 1.58 87.37 + 1.45
PEI600 107‘;17 * 84.98 + 1.26 80.80 + 1.48 77.67 +1.77
PEI10k 1%33;39 * 85.84 + 1.53 75.95 + 1.69 74.25+1.72
?eccetommle 30 1053+21  1059+27 104.23 +2.3 109.1 +2.93
Acetonitrile 154 ) 65, 230 104.09+2.84 107.41 + 0.56 106.43 + 1.68

min

Antibacterial tests

Aiming to produce suitable structures and devices for medical
applications, one of the most requested characteristics is antibacterial
behavior, especially when the object enters direct contact with human
elements.240.450495 This property plays a fundamental role in mitigating the
risk of disease infection related to the proliferation of bacteria, such as
bioimplants and biomedical systems, increasing their operating life.4%
Avoiding bacteria proliferation is also of great interest in other day-by-day
applications such as water and air purification purposes or antimicrobial
packaging in the food industry.#97-501 Considering the antibacterial activity of
amine molecules,#58484-487 the next step was to evaluate the microbial
behavior of the PEGDA250/GMA samples MW-treated with the linear amine,
DETA, and the two types of branched polyethylene imines, PEI600 and PEI10k
against Staphylococcus aureus. This gram-positive model was chosen as it is
responsible for many skin and soft-tissue infection diseases.#68469 Firstly, as
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verified in the previous section, the MW-treatment compromised some
samples (especially 5:5 PEGDA250/GMA samples), showing significant
deterioration after the functionalization step. This aspect can adversely affect
the antibacterial studies since if the samples break easily under any slight
mechanical action, the results may not be reproducible. Based on this
observation, the 5:5 PEGDA250/GMA samples were discarded for
antibacterial tests. Thereby, preliminary antibacterial tests were performed
on MW-treated 7:3, 9:1 PEGDA250/GMA, and PEGDA250 samples. After S.
aureus incubating over the samples for 1 hour, the bacteria solution was
removed, and the samples were covered with fresh PBS media. Finally, the
bacteria cultures were allowed to proliferate for 48 hours. The bacteria
integrity was evidenced by the live/dead assay. This test examines the bacteria
cells' membrane status, staining green when they are intact or red when the
membrane is compromised. The live and dead bacteria images were obtained
and recorded using a fluorescence microscope.

Figure 4-15.a shows the living and dead bacteria's fluorescence images,
in terms of the sample composition and the amines solution used, incubated
after 48 hours over the MW-treated samples. The bacteria proliferation over
the samples ostensibly depends on the amine used for the experiments. From
a general perspective, the first observation is that the bacteria proliferation
was reduced for all samples treated with the amine-based solutions compared
to those without microwave treatment. As anticipated, the samples treated
with hyperbranched amines resulted in many dead bacteria, though with the
amine lower molecular weight (DETA), the MW-treated samples presented
good antibacterial behavior. Nevertheless, it is interesting to note that the
treated samples' antibacterial action does not significantly depend on the
starting sample's composition.

As observed in Figure 4-15.b-d, the surface covered by dead bacteria is
similar independently of the starting samples' composition, either with
PEGDA250 alone or with GMA content. What resulted more crucial was the
type of amine used, lineal or hyperbranched, which directly impacted the
living of bacteria as reported elsewhere.>02-504 These data suggest that the
samples' antibacterial effect can be efficiently induced through microwave
reaction even without epoxy (GMA) groups on the samples' surface. The
unreacted acrylate groups are enough to link amine molecules and induce
antimicrobial effects against the S. aureus bacteria model. Nevertheless, the
incorporation of epoxy moieties on the samples can be the appropriate method
for better controlling the exposed functional groups on the samples’ surface,
thus not depending on the possibly unreacted acrylate groups after the
polymerization process.
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Figure 4-15. Live and dead Staphylococcus aureus bacteria over the untreated
and MW-treated 3D printed samples. The images represent the number of live
bacteria (green-colored) and dead bacteria (red-colored) onto the sample’s surface.
(a) Images (20x) of live/dead bacteria after incubation for 48 hours, over
PEGDA250, 9:1, and 7:3 PEGDA250/GMA samples before (control samples) and
after the different MW-treatment using the DETA, PEI600, and PEI10k solutions.
Bacteria surface covered area (%) of live and dead bacteria over the (b) PEGDA250,
(c) 9:1, and (d) 7:3 PEGDA250/GMA samples. The images show that the bacteria
proliferation mainly depends on the type of amine used; the samples treated with
hyperbranched amines (PEI) resulted in more dead bacteria (redder colored),
confirming the surface treatment with amines confers antibacterial properties to
the printed samples.
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4.3.3. Conclusion.

In conclusion, a series of photopolymers made from different PEGDA250
and GMA monomers concentrations (5:5, 7:3, 9:1, and 10:0, respectively) were
successfully printed, obtaining complex-shaped hybrid polymeric objects.
These 3D parts presented unreacted epoxy groups used to perform surface
modification in a suitable post-printing protocol. In particular, the samples
were functionalized with aliphatic polyamine solutions upon microwave
irradiation. This chemical functionalization was achieved via the nucleophilic
attack of the N atom's electron pair to glycidyl groups and some unreacted
acrylate groups. The amines used were DETA, PEI600, and PEI10k,
characterized by the differences in architecture and reactivity. The MW-
treated samples presented notable changes in their surface properties due to
the surface linking of amines, which was evaluated via the ATR-FTIR method
and static contact angle analysis. After optimizing the functionalization
conditions, the samples ended up with good structural integrity, except the 5:5
PEGDA250/GMA samples, where the brittleness led to a marked deterioration
after the microwave treatment.

By considering the amines' antimicrobial activity, the antibacterial
behavior of the MW-functionalized parts was tested against Staphylococcus
aureus, a bacteria model responsible for many skin infection diseases. The
MW-treated samples presented a more potent antibacterial effect compared
to untreated samples. The highest antibacterial characteristics were achieved
using hyperbranched molecules for the surface modifications. However, with
low-molecular-weight amine (DETA), a potent antimicrobial effect was also
induced on the PEGDA250/GMA samples. The samples' antibacterial
characteristics depended on the type of amine used but not on the starting
sample composition. The unreacted acrylate double bonds were enough for
inducing antibacterial features through the chemical link with amines.
However, incorporating epoxy moieties could be preferred to control the
functional groups over the sample's surface and thus do not depend
exclusively on the eventual unreacted acrylate double bonds.
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4.4. Conclusions of the chapter.

The methodology presented in both parts of Chapter 4 showed how 3D
printed samples' surface properties could be adjusted either by exploiting the
unreacted acrylate groups or by incorporating functional elements in the
printable formulation that can be exploited after the polymerization process.
Both strategies can be used for linking molecules such as carboxyl and amines
groups on the samples in a dedicated procedure. By performing the suitable
post-3D printing protocol, one can selectively functionalize structures in green
UV-mediated ways (Part I) or inducing strong antibacterial properties on
objects by a fast method upon microwave radiation (Part II). Both
functionalization strategies can be applied on customized 3D printed fluidic
devices to add unique surface features to the channels’ surface and increase
the biomedical field's possible applications. For example, one can imagine
microfluidic systems made of the PEGDA250-based photopolymer introduced
in Part II. Through a suitable microwave treatment, the properties of the
device's channels can be changed by chemically linking amine molecules. This
idea could increase the 3D printed fluidic device's capability since amines are
of particular interest for grafting biomolecules.5% Indeed, as a concept, using
the PEGDA250-based photopolymer in Part II (PEGDA250 + 1 wt.% BAPO +
0.01 wt.% DR1-MA), complex-shaped fluidic devices were 3D printed, see
Figure 4-16. Both 3D printed objects consisted of microfluidic chips that
hosted a helical-shaped channel of 1x1 mm. Besides, suppose a second resin,
such as the PDMS-based presented in Chapter 3, is integrated into this system
type; the possibilities can be further expanded and produce vastly interesting
micro-fluidic systems.

CAD models 3D printed devices

Figure 4-16. 3D printed of complex-shaped fluidic devices. (a) CAD design and
(b) photograph of a complex-shaped microfluidic chip consisting of a helical-
shaped channel of 1x1 mm with two different outputs directed to a small well each.
(c) CAD design and (d) photograph of a complex-shaped microfluidic chip
consisting of a helical-shaped channel of 1x1 mm. The red-colored appearance was
due to the dye used (DR1- MA at 0.01 wt.%), which increased the printing
resolution for achieving the desired geometry.
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Chapter 5

Integrated functionalities:

A functional dye for 3D printable resins.

5.1. Outline and motivation.

The following paragraphs are based on the original research article titled
"Three-Dimensional Printed Photoluminescent Polymeric Waveguides." The
paper was published in ACS Applied Materials & Interfaces scientific journal
from the American Chemical Society, ISSN: 19448244 .421

As reported in the previous chapters, 3D printed structures with specific
characteristics can be obtained through vat polymerization 3D printing
techniques when the suitable elements are adequately selected and mixed
during the resin preparation and by performing the suitable post-3D printing
protocols. Other methods to introduce unique properties into the printed
pieces can be followed by adding functional fillers or additives to the
photopolymer (e.g., carbonous or ceramic particles, pigments, and even
biomolecules such as enzymes and antibodies) for enhancing the properties of
the printed objects.203449 However, one of the factors to consider when using
such additives is the photopolymer's homogeneity, a common problem if the
added components present a low affinity with the rest of the formulation
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constituents. Therefore, to successfully transfer the envisioned characteristics
and features from the additives to the printed parts, the photopolymer must
be as homogeneous and stable as possible, at least, during the entire printing
process. Another aspect is that the resin's viscosity could considerably
increase at certain additives content, which might cause problems during the
printing step (due to the resin's low flowability), leading to 3D printing
processing defects and poor mechanical properties.150.158208 Moreover,
additives can also absorb the incident light, changing the photopolymer's
optical feature significantly (e.g., light penetration during the 3D printing step)
and affecting the final printing resolution.

While additives might improve some parts' properties, it is essential to
employ such components correctly for obtaining precise and reliable 3D
printed structures. When suitable additives (either dyes or fillers) are
adequately used, it could be feasible to transfer their distinctive properties to
the printed parts, e.g., electrical, mechanical, or optical.5% For example, by
incorporating carbon nanotubes (CNTs) or silver nanoparticles into a
printable resin, the polymeric parts' conductivity could increase by several
orders of magnitude.150.167.209 Sjlver nanoparticles can also be used to impart
antibacterial properties to the polymerized parts.160 Similarly, by adding
quaternary ammonium compounds, 3D printed parts with enhanced
antibacterial properties can be obtained.10°

Other types of additives, such as dyes, can also introduce functionalities
to the printed parts when added correctly.#12 Dyes are typically added (at low
concentration) into a 3D printable resin, aiming at increase the accuracy
during the printing step, which is achieved by limiting the penetration of light
(z-axis) and regulating the diffusion of the light laterally (X-Y plane) during the
printing process.152153 Hence, a suitable functional dye can improve the
printing accuracy and introduce unique characteristics to the printed
object.1#8 For example, using azo-type organic dyes (e.g., such as methyl red
(MR), the mechanical properties of 3D printed objects can be reversibly tuned
thermally or upon laser irradiation at 532 nm by taking advantage of the cis-
trans isomerism behavior of these compounds (characterized by a stimulus-
responsive R-N=N-R' bond).152155.156 ] ,jkewise, using a disperse red one dye
but methacrylate, another azo-compound type, the gas permeability toward
carbon dioxide and oxygen of the 3D printed pieces can be locally modified
upon green-emitting laser irradiation by inducing cis-trans switching of the
dye molecules.157 Moreover, the dye used, having a methacrylate functionality,
remained covalently linked to the polymeric backbone during the 3D printing,
allowing the fabrication of long-time stable devices. By following a similar
approach, this chapter will present a methodology to produce printed
structures through DLP-3D printing methods with tailored optical features by
adding a functional dye into the printable photopolymers. The functional dye
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employed in this investigation is an amino derivative of 7-nitrobenzo-2-oxa-
1,3-diazole (NBD) functionalized with a methacrylic double bond (see Figure
5-1.c). NBD compounds have been extensively utilized in different fields since
their introduction, particularly in the pharmaceutical and biomedical fields,
for labeling biological units.>7 The interest in NBD compounds mainly relies
on that their synthetic precursors, the 4-Chloro-7-nitrobenzo-2-oxa-1,3-
diazole (NBD-CI) and 4-fluoro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-F), can
easily react with thiols or amines groups, generating highly fluorescent and
stable NBD products. In general, NBD-Cl is more widely used due to its low cots
despite its slightly lower reactivity towards amine and amino acids compared
to NBD-F.508509 510 Dye to its fluorescent characteristics, NBD compounds have
been employed in widespread analytical biosensing applications as agents to
label proteins, amino acids, nucleotide, and sugar derivates amines, natural
bases as well as antibiotic drugs. The fluorescent labeling of such compounds
serves as a fast method for monitoring various analytical processes by
observing their intrinsic emissive properties compared to the native biological
models.511,512

The NBD dye, used as a fundamental additive in the printable
formulation, might give fluorescence characteristics to 3D printed parts that
can be used as optical waveguides (or optical transmitters) capable of guiding
the luminescence. Optical waveguides are dielectric structures used to confine
and guide wavelengths between their two extremes in the infrared or visible
range of the electromagnetic spectrum.>!3 These devices can be fabricated
with glass, plastic, or semiconductor materials. An example of these devices is
optical fibers used in optical telecommunications, composed of a circular core
or central region surrounded by a transparent cladding part and a protective
coating.>14 Optical waveguides can also be planar-type or strip where the core
part, a layer, is sandwiched between two cladding layers, creating a "two-
dimensional” waveguide. Optical waveguides (planar or circular) are
structures where the light travels along the core part by the total internal
reflection (TIR) effect, which is based on the difference between the core's
refractive index (optically denser medium) and its surface or cladding part
with lower refractive index, allowing to guide the excited light from the light
source to the end of the waveguide.515 According to the mode of light
propagation, they can be divided into two subclasses: multi-mode waveguides,
structures that support the propagation of multiple light modes, and single-
mode waveguides where is only propagated a single mode of light, the
transverse mode (plane perpendicular to the radiations propagation direction
of the electromagnetic field). These optical devices are of particular interest in
communications since they are not as susceptible to strong electromagnetic
fields as some of their existing electrical and electronic counterparts. Optical
waveguides can also be found in the medical and chemical fields for
fluorescence-based biosensing applications. The devices are used as a
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platform for the biochemical receptor, transmitting the light and the generated
signal to a photodetector converting it into an electrical signal.516-519 Although
optical biosensors cannot compete against current laboratory procedures,
they are easier to use, cheaper, require lesser samples, and allow the real-time
monitoring of analytes, being widely used in environmental analysis, food
safety, and medical diagnostics.520 In this context, optical waveguides
produced from polymers are of particular interest since using such material,
more complex and miniaturized optical waveguides with customized features
can be produced compared to the well-established glass materials.>21
Moreover, in contrast to inorganic materials, polymers can be more easily
processed, enabling the possibility to tune the final refractive index of the
structure at lower costs.>22523 Polymeric optical waveguides (POWSs) can be
produced through different processes according to the achievable
performance and resolution: hot embossing, flexographic printing, and laser
ablation, photolithography, methods that involve multiples, and, in some
cases, intricate steps of production. Besides, they are limited to in-plane
configurations or, in the best cases, require repeated developing or etchings
steps for producing multilayered optical waveguides.>24-527

The 3D printing versatilities might be exploited as a valuable alternative
for producing customized and precise polymeric optical waveguides in fewer
steps than conventional fabrication methods. Indeed, the literature reports
few 3D printed optical structures, such as the work presented by Udofia et
al.>28 In this work, the authors developed a series of complex-shaped optical
waveguides using flexible and optically transparent thermoplastic polymer
(ballistic gel) through a custom-made p-extrusion 3D printer. The researchers
obtained 3D printed polymeric waveguides with minimum dimensional
features of about 154 um, display great optical transparency above 98 %, and
low transmission losses of about ~0.22 dBcm-1. Moreover, they presented
nonplanar and complex-shaped devices for different applications, such as
combiner circuits on both planar and 3D conformal surfaces. As Udofia and
coworkers detailed, their innovative extrusion-based 3D printing method
could be used for developing low-cost optical circuits, complex optical devices,
and other innovative optical applications that were not possible before, which
will potentially have a significant impact on the optical industry. Other
examples of 3D printed polymeric waveguides are introduced by Lorang et al.,
which fabricated optical waveguides in arbitrary planar and nonplanar
configurations by co-extruding two photocurable resins in a core-fugitive
shell extrusion-based printing approach.>2° The co-extrusion method allowed
the researchers to pattern hybrid organic-inorganic optical waveguides in
different forms: linear, curved, and out-out-plane. The polymeric waveguides
presented a nearly cylindrical shape and low optical loss in the visible
spectrum. The researchers could also print up to six polymeric optical
waveguides coupled to three different LEDs with good optical performances

138



by following such an approach. Optical systems using vat 3D printing have also
been reported.>30 In the Swargiaryand coworkers' work, they developed
optical waveguides from a commercial clear photopolymer (Hex-polymer PX-
8880) with dimensional features small as 200 pym with promising results in
terms of light confinement compare to bigger waveguides. The changes in the
refractive index of such 3D printed optical waveguides were tested toward
deionized water, isopropanol, and glycerol in liquid and gas states, showing a
good response of the devices in terms of optical transmission, indicating that
the printed waveguides could be implemented as environmental sensors.531
Considering 3D printing methods' capabilities in terms of resin preparation
and freedom of fabrication, this chapter will demonstrate how by using a
photoluminescent NBD-derivate compound as a dye into a photopolymer,
complex-shaped 3D printed structures could be fabricated through vat 3D
printing with the desired optical features owing to the photoluminescent
characteristic of the NBD compound (as represented in Figure 5-1). These
printed devices could be used as optical waveguides and light splitters by
correctly transferring the NBD dye properties to the printed devices.
Moreover, these NBD-containing 3D printed waveguides could maintain the
sensitivity against solvents of different polarity, enabling the use of these
devices as polarity sensors.

CAD model 3D printed object

Light

Fluorescence
emission

3D Printing

Figure 5-1. 3D printing of optical waveguides. Illustration of the 3D printing of
optical waveguides using NBD-dye as a functional component of the photocurable
formulation. The fabrication process starts from the CAD modeling, passing
through the light-based 3D printing step and obtaining the printed structure.
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5.1.1. Experimental section.
Materials

As a reactive monomer, bisphenol A ethoxylate diacrylate (BEDA, Mn ~
512 g/mol, EO/phenol 2) was used. As a photoinitiator, phenyl bis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, 97 %) was used. Other substances
such as acetonitrile (ACN, = 99.8%), ethanol (EtOH, 99.8 %), dichloromethane
(DCM, = 99.8%), N,N-dimethylformamide (DMF, 99.8%), toluene (99.8 %), 4-
Chloro-7-nitrobenzo-2-oxa-1,3-di-azole (98%), triethylamine, methacryloyl
chloride (97 %), ethyl acetate (99.8 %) and 2-(N-methyl) aminoethanol (>
99.8%) were also used. All reagents and substances were purchased from
Merck Company (Darmstadt, Germany) and used as received. The chemical
structures of the components used for the resin preparation are shown in
Figure 5-2.
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Figure 5-2. Chemical structures of the chemical reagents used. (a) bisphenol A
ethoxylate diacrylate (BEDA) monomer, (b) phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO) photoinitiator. (c) 4-(N-Methyl-N 9-ethanol) amino-7-
nitrobenzo-2-oxa-1,3-diazole derivate dye with methacrylate functionality (NBD-
MA).
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Synthesis of NBD-MA dye

The syntheses of the 4-(N-Methyl-N 9-ethanol) amino-7-nitrobenzo-2-
oxa-1,3-diazole (NBD-NEtOH) and the methacrylate derivate of NBD (NBD-
MA) were performed by P. Bosch (ICTP-CSIC, Spain) as a part of research
collaborations. However, a brief description of the synthesis routes is
described. 250 mg (1.2 mmol) of 4-Chloro-7-nitrobenzo-2-oxa-1,3-di-azole
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and 15 mL of ethanol were introduced in a microwave glass tube of 30 mL of
maximum capacity; then 240 pL (1.5 mmol) of 2-(N-methyl) aminoethanol was
slowly added to the solution under mechanical stirring. The glass tube was
hermetically sealed with a silicone septum. The system was subjected to
microwave radiation for 3 minutes at 90 °C. Finally, the glass tube was kept at
room temperature, and crystals of NBD-NEtOH were slowly formed, as
observed by the formation of bright orange powder. The amount of compound
obtained was 285 mg, with a 75 % yield of purity. NBD-NEtOH: 'TH NMR
(CDCl3): d = 8.46 (d, Har, ] =9.02 Hz), 6.18 (d, Har, ] =9.02 Hz), 4.35 (t, CH210,
J = 5.29 Hz), 4.06 (t, CH2- N, ] = 5.29 Hz), 3.65 (s, OH), 3.52 ppm (s, CH3-N).

Standard acylation of NBD-EtOH was performed, as is described in
previous work.>32 First, in a round-bottomed three-necked flask, 0.5 g (1.7
mmol) of the NBD-NEtOH, 0.2 g (2 mmol) of triethylamine, and 20 mL of
dichloromethane with toluene (80:20 vol. %) were mixed. The mixture was
cooled in a water-ice bath, and 0.23 g (2 mmol) of methacryloyl chloride,
solved in 5 mL of dichloromethane, was slowly added to the stirred solution.
After 10 h, the solvent was eliminated under reduced pressure; the solid was
dissolved in dichloromethane and purified through a silica gel column using a
dichloromethane mixture with ethyl acetate (80:20 vol.%) as eluent. An
orange oil product was obtained, which was crystallized in ether and dried
until constant weight. NBD-MA: 1H NMR (CDCl3): d = 8.46 (d, Har, ] = 9.02 Hz),
6.32 (d, CHz2-C, ] = 1.56 Hz), 6.18 (d, Har, ] = 9.02 Hz), 5.95 (d, CH2-C, ] = 1.56
Hz), 4.53 (m, CH2), 3.49 ppm (s, CH3-N).

Preparation of the photoluminescent photopolymers

Three different formulations containing NBD-MA dye were prepared
with 0.01, 0.005, and 0.001 wt.% of dye concentration. The resins were
prepared as follows: First, NBD-MA and BAPO were dissolved in acetonitrile
by 20 minutes of sonication (130 mg.mL-1 dye per ACN). Then, the BEDA
monomer was added and mixed by 10 minutes of sonication. Moreover, a neat
formulation with no NBD-MA amount was also prepared for the
characterization tests. All formulations were prepared with two (2) wt.% of
BAPO.

Digital light processing DLP-3D printer

The printing equipment used is a DLP-3D Printer-HD 2.0 (Robot
Factory). This printer has a projector with a resolution of 50 pm
(1920x480x1080 pixels) and a build area of 100x56.25x150mm3. The Z
resolution range from 10 to 100 um. The power density of the light source is
set up at 10 mW.cm-2. The irradiation time for the first six (6) layers of the
object was 8 seconds to guarantee an appropriate adhesion to the building
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platform. The irradiation times were slightly varied according to the amount
of NBD-MA dye in the formulation, ranging from 1 to 1.3 seconds per layer.
After the printing step, 3 minutes of UV post-curing process in the air was
performed on the sample using a broad-band medium-pressure mercury lamp
(Robot Factory, a UV power density of 5 mW/cm2).

Characterization methods

An Anton Paar Monowave 300 microwave reactor provided with an
infrared sensor (IR pyrometer) was used for synthesizing the
photoluminescent dye. The reaction was performed under magnetic stirring
inside a pressure-resistant 30 mL glass tube sealed with silicone septum.

Real-time photo-rheological tests were performed to measure the
changes in the viscoelastic material properties during polymerization. The
experiments were carried out using an Anton Paar rheometer (Physica MCR
302) configurated in parallel mode with the lower plate consisting of 20 mm
quartz and the upper parallel plate consisting of 20 mm aluminum. A
Hamamatsu LC8 lamp was used to study the photopolymerization process. It
is equipped with a visible bulb and a cutoff filter below 400 nm, and an 8 mm
light guide. During the tests, the light irradiation was initiated after 60 seconds
to stabilize the system before the photopolymerization process (light intensity
set at 10 mW/cm?), and the gap between the two parallel plates was set at 100
um. The measurements were performed at 25 °C, at 1% of strain amplitude,
and at a constant shear frequency of 1 rad/s. The variations in the viscoelastic
moduli of the photopolymer during polymerization were measured against
exposure time. Viscosity measurements were also performed with this
instrument in parallel-plate mode with a gap of 0.1 mm between both plates.
The shear rate range was set up from 0.1 to 100 s~1.

For the differential scanning calorimetry (DSC) measurements, a system
apparatus (DSC1 STARe) of TA Instruments equipped with a low-temperature
probe was used. The experiments were performed at a heating rate of 10
°C/min between 20 and 100 °C.

An FT-IR spectrometer (Nicolet iS50, Thermo Scientific, Milano, IT) was
used to calculate the acrylate double bond conversion on both liquid
photopolymers and polymerized objects. The spectra were collected on an
attenuated total reflectance (ATR) system (Smart iTX). For the FTIR
experiments, the spectra were collected with a resolution of 2 cm~1, averaging
32 scans for each spectrum, wavenumbers range 650 - 4000 cm-1. The
acrylate double bond (C=C) conversion was monitored by following the
decrease of the peak at 1640 cm 1. The acrylate signals were normalized using
the constant signal at 1510 cm-1, corresponding to the stretch of the aromatic
ring of the acrylate resin.
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DMA measurements were performed using a Triton Technology TTDMA.
The tests were performed on 3D printed films with a thickness, 200 um. The
samples' mechanical response was evaluated from -40 to 70 °C with a heating
rate of 3 °C./min, a frequency of 1 Hz, and 20 um of strain. According to the
literature, the polymerized parts' crosslinking density was calculated from E'
rubbery plateau value.474

The insoluble (or crosslinked) fractions of the samples were calculated
following the standard ASTM D2765-84 test procedure.#28 The samples were
keptin a metal mesh, precisely weighed, and later submitted to extraction with
chloroform (CHCl3) for 24 hours at room temperature to remove the
unbounded components. Then, the samples were dried overnight at 80 °C, and
the insoluble fraction percentage was determined as the weight difference
before and after solvent extraction (relative error = +1%).

The optical characterization of the 3D printed structures was performed
using a laser setup arranged explicitly for this work see Figure 5-3. The
configuration comprised a pulsed doubled Ti: Sapphire laser beam (Tsunami
Spectra-Physics), with a pulse width of 10 ps, a repetition rate of 80 MHz set
at 490 nm, which was expanded through a beam expander (BE) to obtain a 2
mm wide Gaussian beam. For the fluorescence analysis, an imaging system was
placed composed of a low numerical aperture objective (OB]J, Olympus MD
plan 5, NA = 0.1), a long pass edge filter (EF) with cutting wavelength 550 nm
(Thorlabs FEL550) to cut off the scattered laser light, and a lens (L1 - focal
length f = 50 mm) that produces an image of the focal plane of the objective on
a monochromatic CMOS camera (Thorlabs DCC1240M). For the fluorescence
analysis of the swelled sample, on the orthogonal optical axis, the light is
spectrally filtered with an edge filter for laser radiation and collected into a
fibered dispersive spectrometer (Ocean Optics USB2000+). The optical
characterizations were performed at the vibrational & nano-optical
spectroscopy laboratory by Angelo Angelini (Post-doctoral researcher) and
Francesca Frascella (Post-doctoral researcher), both from Polytechnic of
Turin.

UV-vis spectroscopy measurements were conducted using a double-
beam Lambda 40 instrument (PerkinElmer Italia, Milano, Italy) in the range
between 200 - 600 nm, at 480 nm/min scan step. The tests were performed on
solid films (thickness 50 pm) coated on a glass slide. The possible dye
photodegradation was evaluated by collecting UV-vis spectra on an NBD-MA
solution in acetonitrile (0.015 mg/mL) before and after 3 minutes of direct UV
irradiating the solution. This technique was also used to analyze the extracting
chloroform solutions from the insoluble fraction test.
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Figure 5-3. Representation of the two laser configurations used to
characterize the 3D printed waveguides. (a) Orthogonal fluorescence setup and
(b) Fluorescence setup for the swelled samples.
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5.1.2. Results and discussion.

The first step for the development of this work was the synthesis of the
NBD-based functional dye. The selection of NBD derivate compound as a
functional dyed was based on two interesting features considering the
objective of this investigation:

1. Itpresents appropriate absorption and emission characteristics: with a
charge transfer (CT) intense absorption band in the red region (max.
Aabs = 440-475 nm) and intense fluorescence emission in the yellow-
green region (Aem = 497-526 nm).533

2. The fluorescence emission of 7-nitrobenzo-2- oxa-1,3-diazole (NBD)
amino derivatives depends on the medium's viscosity and polarity
since the twisted intramolecular charge transfer (TICT) mechanism;
hence, its fluorescence quantum yield increases as rigidity increases.534

The synthesis route for obtaining the NBD-EtOH precursor is a well-
established method, and it was described years ago.>3* However, here, a
different route that improves the synthesis considerably is described. NBD-
EtOH compound was produced via microwave irradiation. Through this
method, the reaction time is shortened from 2 hours to 2 minutes, the use of
inert atmosphere (in argon), toxic solvents and reactants (ethanol, toluene,
and triethylamine), and multiple and laborious steps of purification are
avoided; indeed, the product crystallizes pure in the reaction medium with a
purity yield comparable to the obtained product through conventional
methods. Subsequently, the NBD-EtOH compound was subjected to a
methacrylation process following the method reported by Alonso and
coworkers.>32 In this way, the NBD carrying (meth)acrylate functionalities
(NBD-MA) could remain covalently linked to the polymeric material after the
3D printing step, obtaining printed parts with stable photoluminescent
properties by avoiding the long-term unwanted leaking of this functional dye.
Moreover, the NBD dye's solvatochromism property could be transferred to
the printed part by copolymerization.535> The solvatochromism is the
phenomenon by which a solute (the dye) changes its emission spectrum when
dispersed in various solvents. The way in which the spectrum of emission of
the dye changes is related to the polarity of the solvent used (more specifically,
to the dielectric constant and hydrogen bonding). Dyes with negative
solvatochromism are those with blue or hypsochromic shift (the emission shift
toward inferior wavelengths) when the solvent's polarity increases. The
positive ones are those with a red or bathochromic shift (the emission shift
toward higher wavelengths) when the solvent's polarity increases. Therefore,
if the NBD compound remains chemically linked to the printed parts, they can
give them photoluminescent properties and present solvatochromic

145



characteristics, enabling their utilization as solvents polarity sensors, as
expected.536

The obtained NBD-MA dye was then added into BEDA monomer, with 2
wt.% of BAPO, at different concentrations. BEDA monomer has been selected
since it has been previously used for preparing printable resins with excellent
results,152416 while BAPO photoinitiator choice was based on its strong
absorption around 405 nm,151.422 which is where the printer's projector light
emits. Some preliminary studies were carried out to explore BEDA-based
formulation properties' effect when the NBD-MA dye is added. The resin's
viscosity needs to be suitable not to compromise the piece's production during
3D printing since highly viscous resins might not cover, in time, the vat area to
create the subsequent layers. Even though a novel 3D printing methodology
has been developed for processing high viscous resins,208 here, it is desired to
maintain a low viscosity for operating with any commercial 3D printer.
Therefore, the viscosity of the formulations was initially evaluated.

All the formulations presented a Newtonian behavior: the shear rate
does not influence the viscosity of the formulations, and only small variations
are observed at low shear rate due to the sensibility of the instrument, see
Figure 5-4.a. The average viscosity calculated between 1 and 100 s-! for Neat
BEDA formulation and BEDA-based formulations with NBD-MA
concentrations of 0.001, 0.005, and 0.01 wt.% is reported in Table 5-1.

Table 5-1. Viscosity values at 25 °C (average value), acrylate conversion (%) after
visible light irradiation for 10 seconds and after UV irradiation for 180 seconds,
glass transition temperature Tg (°C), and gel fraction (%) for Neat BEDA
formulation and BEDA-based formulations with NBD-MA concentration of 0.001
wt.%, 0.005 wt.%, and 0.01 wt.%. All formulations contained 2 wt.% of BAPO.
Crosslinking densities were calculated from the DMA experiments.

Viscosi Acrylate Insoluble Crosslinking
Formulation ty conversion fraction density
(Pa*s) (%)?  (%)» (%) (°C)9  (mmol/mol)?
Neat BEDA 0.08 97 98 92 49 12.5
0 -
0.001 wt% NBD- 19 97 98 92 47 12
MA
0 -
&OAOS wt% NBD 0.09 94 98 91 46 11
0.01 wt.% NBD-MA 0.11 85 92 89 40 10

a) after visible light irradiation b) after UV light irradiation, ©) measured after 24h of
extraction in chloroform, 9 T obtained from DSC, ¢ calculated from the rubbery plateau in
DMA tests.

As observed, NBD-MA dye's presence had no relevant influence on the
viscosity of printable formulations, which is considerably lower than usually
acceptable values for commercial DLP 3D-printers.537 Moving to
photorheological tests, in Figure 5-4.b, the curves of storage modulus (G') and
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loss modulus (G") versus irradiation time for neat BEDA formulation and with
NBD-MA dye contents (0.001, 0.005, and 0.01 wt.%) are reported. The plots
showed similar reaction times (G’ = G") for all the formulations, which
indicates that the addition of NBD-MA does not strongly modify the
printability. For all formulations, the transition of G' and G occurred after 10
seconds of illumination.
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Figure 5-4. Characterization of the different BEDA-based photocurable resins
showing the effect on the formulation properties by adding the NBD-MA dye
into the formulation. (a) Viscosity values (at 25°C) of the formulations at different
NBD-MA concentrations (0.001, 0.005, and 0.01 wt.%) were similar in the shear
rate range between 1 and 100 s'1. (b) Storage-G' (full symbols) and Loss-G" (empty
symbols) moduli versus irradiation time where is observed similar reaction times
(the point where G' crosses G") for the BEDA-based formulations at different NBD-
MA dye concentration. (c) Elastic modulus curves versus temperature for the four
BEDA-based formulations obtained from DMA experiments where the differences
of the storage modulus (E") in the rubber state (E';) can be observed. This piece of
information can be correlated to the polymeric matrix's crosslinking density by the
conventional theory of rubber elasticity, which results in a lower crosslinked
density for samples with a lower value of E' in the rubbery state.

By the ATR-FTIR technique, the acrylate double bond conversions were
evaluated on the samples films obtained from the photorheological
experiments; the results are reported in see Table 5-1 and supported by Figure
5-5. As observed, the films made with a higher concentration of NBD-MA dye
reached a slightly lower degree of acrylate conversion after visible irradiation,
which increases to higher values after UV irradiation. The difference in
conversion is related to the fact that the NBD-MA dye absorbs part of the
incident light during the visible irradiation, competing with the BAPO in the
light absorption. This competition produced a decrease in the efficiency of
photoinitiation and hence the final double bond conversion.148 Nevertheless,
the acrylate conversions reached are adequate for 3D printing since it is
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sufficient to reach the gelation point during this step for enabling the object
shaping.171
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Figure 5-5. Conversion of the acrylate double-bond groups of the BEDA-based
formulations by observing the peak reduction at 1635 cm-1. The spectra were
collected through the Fourier transformed infrared (FTIR) technique after
subjecting to diverse irradiation conditions the four BEDA-based formulations: (a)
neat BEDA formulation with not NBDA-MA content and BEDA-based formulations
with (b) 0.001 wt.%, (c) 0.005 wt.%, and (d) 0.01 wt.% of NBD-MA concentration.
The acrylate groups' peak area was normalized using a constant signal in the
spectra corresponding to the aromatic ring stretch centered at 1510 cm-1. All
formulations contained two (2) wt.% of BAPO as the photoinitiator.

The insoluble fraction was also evaluated for all BEDA-based samples
after UV irradiation, results reported in Table 5-1. The extent of the insoluble
fraction was slightly lower for formulations with higher NBD-MA
concentration, which is in line with the infrared evaluations reported above.
The presence of NBD-MA also had a slight influence on the glass transition
temperature of the polymeric parts. A decrease in Tg values was observed by
increasing the amount of NBD-MA dye, which can be explained considering the
decrease of crosslinking density when the dye content is higher, resulting in a
looser and slightly more flexible network (Table 5-1). The lower crosslinked
density might again be related to lower acrylate conversion and the fact that
NBD-MA copolymerizes with BEDA, resulting in more extensive polymeric
networks, as confirmed by a lower value of E' in the rubbery plateau (Figure
5-4.c¢).47% UV-Visible spectra were also collected from uncured liquid resins
and after polymerizing the same formulation (with visible and UV light) to
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check the dye's possible photodegradation under light irradiation. Figure 5-6.a
reports the spectrum taken on the neat BEDA sample.
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Figure 5-6. Characterization of the BEDA-based photocurable resins through
the UV-Vis technique. The BAPO consumption and the non-degradation of the
NBD-MA dye after visible and UV irradiation (for 10 sec and 180 sec, respectively)
are shown. (a) UV-Vis spectra collected on 50 pum films made of BEDA-based
formulation with not NBD-MA content. (b) UV-Vis spectra collected on 50 pm films
made of BEDA-based formulation with 0.01 wt.% NBD-MA. (c) UV-Vis spectra of
NBD-MA dye in acetonitrile before and after UV light irradiation. (d) The
polymerized BEDA-based samples were immersed in chloroform for 24 h (for the
insoluble fraction experiments). The extracting solvents were analyzed through the
UV-VIS test to observe the residuals components and the successful
copolymerization of the NBD-MA dye with the polymeric BEDA matrix.

As it is possible to observe, the liquid formulation showed a broad
absorption band between 350 nm and 420 nm, which belongs to the BAPO
photoinitiator. After visible irradiation, this band slightly decreased (A> 400
nm), which completely disappeared after UV irradiation, indicating the
complete photocleavage of the BAPO photoinitiator. In samples containing
NBD-MA dye, another clear peak appeared at 480 nm (Figure 5-6.b), related to
the dye absorption. For these samples, the band relative to the BAPO
disappeared after the UV irradiation step. The NBD-MA absorption peak was
not affected by visible and UV light irradiation, indicating that the NBD-MA no
photodegrade in these conditions. The latter observation was confirmed
through UVS-vis experiments by irradiating the dye compound directly,
diluted in acetonitrile (0.015 mg/mL), with UV light. No changes in its
absorption spectrum were observed; see Figure 5-6.c. Accordingly, the NBD-
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MA dye is stable during the photocrosslinking process, and it should maintain
its photoluminescence properties after the 3D printing step. Finally, the
effective integration of NBD-MA dye by copolymerizing with the polymeric
network was evaluated through UV-Vis analysis. The tests were performed on
the extracting chloroform solvent used for the insoluble fractions tests; the
results are shown in Figure 5-6.d. The extracted chloroform used for the neat
BEDA samples did not show any absorption band; in contrast, the chloroform
used for the samples with NBD-MA showed a band in the range between 360
nm and 420 nm, which is associated with the unreacted BAPO photoinitiator,
as previously mentioned. The BAPO-related band increases as higher are the
dye content in the printable formulations due to the conflict in light absorption
between both compounds. It is essential to highlight that no absorption band
was observed at a longer wavelength, indicating that NBD-MA (480 nm) was
not extracted by chloroform and remained copolymerized with the polymeric
network, as desired. As observed, the NBD-MA compound might effectively
operate as a suitable dye for 3D printable photopolymers (competing with
BAPO), and it could be copolymerized to the final photo-crosslinked material.
Conversely, a misuse of NBD-MA dye quantity might hinder the acrylate
conversion and the final crosslinking density, producing weaker material.

The next step was to use the prepared photopolymers for producing 3D
printed complex-shaped structures. In particular, the formulations (2 wt.% of
BAPO and different NBD-MA concentrations: 0.001, 0.005, and 0.01 wt.%)
were used to 3D-print optical waveguides with photoluminescent features
owing to the NBD-MA properties. Initially, the intention was to determine the
NBD-MA concentration that ensures the best 3D printing resolution exhibiting
at the same time excellent optical transmission. For this purpose, straight
waveguides with a circular section of 2.8 mm and a length of 30 mm were 3D
printed, and the fluorescence intensity of them was measured in an end-fire
coupling configuration, as described in Figure 5-3.a. The excitation was
provided by a laser beam aligned orthogonally to the waveguide direction to
ensure no propagation of the excitation beam inside the waveguides, allowing
a better localization of the fluorescence source. The waveguide's fluorescence
signal presented a sublinear dependence (when the excitation point is faced
with the objective coupled to the CMOS camera) concerning the dye
concentration, probably due to saturation effects (Figure 5-7.a, direct
collection). While the fluorescence signal propagated through the waveguide
when the excitation point is placed at the opposite side of the collection arm in
a remote collection configuration, see Figure 5-7.b. The transmittivity here is
described as the ratio between the fluorescence intensity I; calculated in the
direct collection of the waveguide and the fluorescence intensity I, calculated
in the remote collection.
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Figure 5-7. Optical characterization and printing resolution of the 3D printed
samples obtained from the different BEDA-based formulations. (a) the 3D
printed structures' fluorescence intensity was measured (in an end-fire
configuration), varying the NBD-MA dye concentration; the graph shows a
sublinear dependence between the dye concentration and the fluorescence signal
intensity of the samples. (b) The transmittance (T) of the 3D printed waveguides
was measured varying the NBD-MA content, showing a lower waveguide's
transmissivity at higher dye content. Green circles represent the experimental data,
and green lines represent the average intensity values (red diamonds). (c-e)
Photographs of the 3D printed waveguides showing the poorest printing resolution
at lower NBD-MA dye concentration. (f) Differences in the printed devices'
fluorescence signals when the spectra are collected at the input (blue curve) and
the output (red curve) of the waveguides.

Moreover, Figure 5-7.b indicates that higher NBD-MA concentration
leads to lower waveguide's transmissivity, suggesting the re-absorption of the
dye compound's fluorescence signal. This hypothesis was confirmed by the
fluorescence spectra collected in the direct and remote configuration, as
presented in Figure 5-7.f. On the other hand, it was evident that lower amounts
of dye led to poor printing resolution by observing the fabricated waveguides
(Figure 5-7.c-e). While at higher amounts of the dye (0.005 and 0.01 wt.% of
NBD-MA), 3D printed waveguides with good printing accuracy (maintaining
the round section shape) were obtained.

The guiding performance of more complex-shaped 3D printed structures
was also evaluated. For this purpose, a series of Y-shaped waveguides were 3D
printed using the BEDA-based photopolymer containing 0.005 wt.% of NBD-
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MA dye. The structures were produced (this time, with different aperture
angles (a), namely 30° 40° 50° and 60°, and with square segments of 2x2
mm?; see Figure 5-8.a. The preference to produce such relatively large samples
was based on the easiness of fabrication and characterization, and due to the
multimodal nature of the considered waveguides, it does not expect significant
variations in the transmittance. As foreseen for the total internal reflection, the
waveguide's higher transmittance would be reached at a lower aperture angle
(a). Precisely, at angles lower than 40.7°, that is the critical angle obtained
from the BEDA's datasheet with a refractive index of 1.534 at a wavelength of
589 nm at room temperature. The transmittance was determined as the
relationship between fluorescence collected in the remote setup and the direct
setup's fluorescence. Figure 5-8.a indicates that the transmittance was almost
steady below 40° and drops to zero beyond the critical angle value, as
anticipated. Waveguide with a = 40° guided light until the end facet, as
observed in Figure 5-8.a, appearing brilliant in the inset image. The
waveguide's end facet with o = 60° looked dark in Figure 5-8.a (inset
photograph), meaning that light is no longer guided and vanished from the
intersection point. The balance between the two outputs has been evaluated,
and the experimental data are reported in Table 5-2.

Table 5-2. Light transmittances of 3D printed Y-splitters made from the BEDA-
based formulation with 0.005 wt.% of NBD-MA. The letters a and b refer to two
different samples used for the measurements.

Y-junction a b a b a b a b
Lateral 1* 1,19 1,17 0,84 1,21 0,80 0,67 0,28 0,29
Lateral 2* 1,05 1,10 1,12 1,15 0,67 0,82 0,29 0,36

* average counts per pixel

For the next experiments, a series of 3D printed 1x7 branching optical
waveguides with circular cross-sections were produced from the
photopolymer with 0.005 wt.% of NBD-MA since it presented the most
suitable = compromise between printability, transmittance, and
photoluminescence features. Figure 5-8.b details the CAD design of these
waveguides, and Figure 5-8.c shows the 3D printed parts. The shape of the 1x7
waveguides relies on a rectilinear input arm of diameter 2.8 mm, a central
rectilinear output arm of diameter 1.6 mm, surrounded by six non-rectilinear
output arms (with a diameter of 1.6 mm). The exterior arms are equidistantly
separated from the central arm, creating a perimeter with different diameters
and angles (Figure 5-8.c). Relatively large devices were made to simplify the
samples' handling during the experiments; however, smaller structures were
also produced, reaching resolutions of 600 pm see (Figure 5-8.e-h). The light
transmission ratio between later arms (TL) and central arm (TC) is presented
in Figure 5-8.d. As more extensive is the splitter, the percentage of light guided
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in lateral arms is lower; though, there was no sudden decrease in transmission
since their smoother shapes. The previous results demonstrated that 3D
printing could be effectively used for fabricating complex-shaped optical
devices.

Finally, the applicability of these devices as a polarity sensor was studied.
Contemplating some dyes' well-known solvatochromism, particularly this
NBD dye,196534 aiming to transfer these dye properties into a 3D printed bulk
device. The experiments on the 3D printed solid devices were performed by
swelling the samples in different solvents using a handmade fluorescence
setup, as described in Figure 5-3.b. The dye's fluorescence signal inside the
solid polymer was evaluated and compared when the dye is exposed to
different solvents as reported in the literature>32-534, see Figure 5-9.a. The dye
emission is red-shifted with a maximum emission wavelength of about 535 nm
(the literature indicates the dye emission is 514 nm in toluene or 519 nm in
chloroform>32-534) and a band appeared around 565 nm. Such results could be
associated with the NBD moieties' aggregation inside the highly crosslinked
solid matrix, producing a new fluorescent species due, for instance, to dipolar
interactions arising from electronic excitation. Either simple dimeric
(excimers) or multimeric (J-aggregates) association might cause a
bathochromic shift in the fluorescence emission spectra. The formation of J-
aggregates of NBD molecules in confined media has been previously
reported,>1? and the new fluorescence emission found for planar aromatic
molecules through the so-called Aggregated Induced Emission phenomenon
(AIE) is well known.538
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Figure 5-8. Optical characterization and the smallest printing resolution of
complex-shaped 3D printed structures with 0.005 wt.% of NBD-MA dye. (a)
Transmittance measured through one branch of the Y-shaped 3D printed
waveguide as a function of the aperture angle @ where is verified that the light is
no longer guided at aperture angles above 40 degrees by observing the drops in its
transmittance signal. The inset shows a schematic view of the experimental setup
and the fluorescence photographs of the waveguides illuminated at one of their end
branches. (b) CAD model images and (c) picture of the complex-shaped 3D printed
optical waveguides with circular cross-section and different radii (aperture
angles). (d) the light transmission ratio of the 3D printed optical waveguides
between later arms (TL) and central arm (TC) as a function of the radius of the
external circumference. (e) angle and (f) X-Y dimension evaluation of the smallest
Y-shaped 3D printed splitters, (g) dimension evaluation of the input arm, and (h)
lateral arm. Both objects were produced with the formulation containing 0.05 wt.%
of NBD-MA.

Since the dye was copolymerized with the polymeric network and cannot
be extracted, the emission spectra on swollen samples in solvents with
different polarity parameters (ET30) were recorded.>3¢ In particular, toluene,
dichloromethane, dimethylformamide, acetonitrile, and ethanol were used.
The devices were immersed in different solvents for 5 minutes, and subtle
changes in the emission band were observed as a function of the
microenvironment's polarity inside the swollen optical waveguide; the results
are reported in Table 5-3 and Figure 5-9.b.
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Table 5-3. Fluorescence spectra data for all the solvents used as a polarity test
bench for the 3D printed waveguides. Solvent uptake in 5 minutes in 3D printed
structures.

ET30 Solvent uptake
Solvent (Kcal.mol1) Wz /W12 I1/12 (mmol.grg)b)
Toluene 33.9 1.87 1.298 0.15
Dichloromethane 40.7 2.11 1.315 0.48
Dimethylformamide 43.2 2.30 1.335 0.43
Acetonitrile 45.6 2.39 1.392 0.60
Ethanol 51.9 2.59 1.412 0.18

3w is the full width at half maximum height, ) mmol of solvent absorbed per gram of
sample after 5 min.

As the solvent's polarity increases, the spectra of swollen samples
showed a bathochromic shift of the individual NBD molecules' emission band,
as shown in Figure 5-9.b. The band corresponds to the aggregates does not
change in its position. Furthermore, a substantial decrease in the relative
intensity of the shoulder concerning the intensity at maximum wavelength is
observed, see Figure 5-9.c, which is consistent with the assumption that the
band corresponds to emission from dye aggregates. As the solvent penetrates
the network, the aggregates are partially destroyed by solvation. Moreover, a
decrease in the aggregate's emission band's width was found, confirming the
behavior above-described (Figure 5-9.c). Although the number of solvents
studied is relatively limited, they cover a considerable interval of polarity. The
linearity found for both parameters is quite satisfying; therefore, these
findings are exciting since they support the possible application of these
printed devices only as waveguides and as polarity sensors.
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Figure 5-9. Optical characterization of the 3D printed BEDA-based structures
when exposed to different solvent vapors. (a) Fluorescence spectra of the NBD-
MA dye in the liquid BEDA resin (at 0.05 wt.% of concentration) compared to the
fluorescence spectra of the NBD-MA dye when the BEDA resin is polymerized,
showing the differences in the two spectra due to the NBD moieties' aggregation
inside the solid polymeric matrix. (b) Fluorescence spectra of swollen samples in
different solvents, showing a bathochromic shift of the emission band of individual
NBD molecules. (c) variation of the fluorescence emission band of swollen 3D
printed structures in the different solvents represented as the ratio of the signal
intensities (I1/12) and the full widths half-maximum height of the signal (W./W).
Subscripts 1 and 2 refer to peaks assigned to individual NBD molecules and
aggregates, respectively.
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5.1.3. Conclusion.

In Chapter 5, 3D printable materials' capabilities were implemented
through the customization of a printable photopolymer. Specifically, during
the photopolymer preparation, a functional dye (NBD-MA) was included as a
fundamental additive to increase the printing resolution (obtaining well-
defined complex geometries) and impart specific functionalities to the printed
structures. When the appropriate amount of the NBD-MA dye was used, 3D
printed photoluminescent waveguides and splitters were obtained (see Figure
5-10). Moreover, the dye compound was copolymerized with the polymeric
network after the printing process and not degraded, transferring its
properties to the printed objects. The fabricated optical devices were
demonstrated to guide the dye's luminescence up to an angle of 40°. Finally,
since the synthesized dye was copolymerized with the polymeric network, the
NBD-MA dye's solvatochromic properties were successfully transferred to the
printed structures, enabling the use of these waveguides as solvent polarity
Sensors.

a

Figure 5-10. 3D printed optical waveguide made from BEDA formulation
containing 0.005 wt.% of NBD-dye. (a) Photograph of the device once is finished
the 3D printing step. (b) the optical device while guiding the light upon direct
illumination.

The 3D printed optical structures introduced in this chapter presented
the desired characteristics and properties by mixing the appropriate
components during the resin preparation phase. Although these optical
objects still require further optical tests to a broader characterization, the ease
of producing them at low cost and in a short time following our methodology
could offer new opportunities for the realization of complex integrated optical
circuits or other advanced applications.>3° Optical devices with unique
features and geometry can be manufactured through 3D printing, which could
greatly impact the optical communication industry.
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Final considerations and

Conclusions

This manuscript presented different approaches for obtaining
customized biocompatible and functional structures by optimizing the
photopolymers preparation for vat 3D printing and performing the
suitable post-printing procedures. The results reported in this thesis
demonstrated how selecting the suitable components for the photocurable
polymer preparation and performing the right post-printing procedures,
structures with the tailored characteristics could be obtained according to
the looked-for application.

In the first experimental part, Chapter 3, different acrylate-based
photopolymers were prepared and used to print objects with enhanced
biomedical characteristics tailoring the printable materials composition and
carrying out suitable post-printing treatments. The printed parts presented
good optical transparency, appropriate mechanical properties, suitable
chemical resistance or stability, and tunable surface qualities, useful for
biological applications. Some of the developed photopolymers were used for
obtaining objects for cell growth with good viability results, while others,
based on acrylate-polydimethylsiloxane (PDMS) material, was used for
producing complex-shaped and truly three-dimensional microfluidic chips
with similar characteristics to the conventional PDMS material used for this
purpose, the Sylgard 189. The different strategies in terms of materials used,
post-printing treatments, and 3D printed freedom of design showed in Chapter
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3 could contribute to the development of practical and precise microfluidic
devices. In the second experimental section, the printed parts' surface
properties were modified by linking other functional groups with biomedical
interest. Two approaches were followed; first, in Part I, Chapter 4, the surface
properties were modified by exploiting the unreacted acrylate groups after the
3D printing step of the PDMS-based photopolymer. In this way, other
functional groups, i.e., carboxylic moieties, were chemically linked to those
exposed groups during the necessary UV post-curing step via photon-grafting
functionalization. The second strategy was based on incorporating functional
elements in the printable photopolymer that, after the printing process, can be
used for linking amines molecules through microwave irradiation (Part II,
Chapter 4), obtaining thus structures with strong antibacterial properties on
behalf of the amine molecules. In the last experimental part, Chapter 5, precise
and complex-shaped optical structures were obtained by adding a
photoluminescent dye into the printable photopolymer. The objects' optical
performances, such as light guiding and photoluminescent properties, can be
tailored by adjusting the dye concentration. The dye was copolymerized with
the polymeric network during the printing step, and therefore, its properties
were effectively transferred to the printed part, enabling the use of these 3D
printed waveguides as solvent polarity sensors. The optical properties
displayed by these unique devices may potentially cover applications in
integrated optical platforms, with customized shapes and tailored optical
properties, and analytical medical and chemical fields for biosensing
applications and multiplexed detection.

As seen, customized 3D printed structures with tailored properties can
be manufactured through vat polymerization 3D printing by properly
selecting the components for the photocurable formulation and exploiting the
freedom of design that 3D printing techniques offer. From this point of view,
possible applications in the (bio)medical field might be wide-ranging,
including biomedical scenarios where the integration of microfluidic systems
with multi-well plates is desired. Vat polymerization 3D printing can be used
for the realization of such specific configurations from a structural point of
view (for example, using different materials with various features in a single
printing process); also by properly adjusting the properties of the parts for
creating these 3D printed platforms with different and engineered surface
properties that can be adapted to various applications, see Illustration 1.
Acting on these two fronts, one can imagine the production of tailor-made
three-dimensional devices for performing chemical screening in static liquid
environments (multiwell plates approach) and analysis with controlling
dynamic fluid (microfluidic devices approach). Several investigations have
been reported in recent times about this subject, describing how the
integration of both systems could enable the automation of specific analysis,
such as fish embryo toxicity tests, enzymatic assays, and drug screening on
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tumor cell lines.274540-548 These high-throughput devices can considerably
reduce laborious and time-consuming manual manipulation of specimens and
solutions and the cost of laboratory protocols. Moreover, due to the continuous
development of materials and technology for the medical field, these 3D
printed systems could be envisaged among the new generation of futuristic
'smart’ devices in point-of-care medicine, which involves cost-effective
personalized and mobile health care, that can be useful, particularly in remote
and resource-deficient areas.287

[llustration 1: Representation of an engineered microfluidic platform where
each channel's section presents different surface characteristics.
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Figure 1-1. Illustration of the seven (7) steps involved in a typical 3D printing
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Figure 1-2. Example of how 3D printing can be used to produce customized and
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Figure 1-3. Examples of 3D printing in the biomedical sector. (a) Representation
of the production flow of metallic parts optimized for weight reduction of up to
63%.% (b) 3D printed cabin bracket using a titanium alloy for the Airbus A350
XWB.? (c) bioimplants and prosthesis obtained through 3D printing.>*#* (d) 640 m?
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Figure 1-5. Publications per year using vat polymerization or similar terms (as
detailed in the legend inset) from 1990 to 2020. (a) N° publications per year in
which the keywords appear at least once during the article's full text. (b) N° of
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publications per year in which the keywords appear in the scientific article’s title

or the abstract. Data obtained from the dimensions.ai database.......cccocceeveeueeen... 11

Figure 1-6. Principle of polymer formation. (a) Common macromolecular
polymer structures. (b) Illustration of the free-radical-based photocuring process.
The initial system is a mixture of monomers/oligomers and a photoinitiator, in
which under light exposure, the photoinitiator is decomposed, generating reactive
species. In the beginning, these reactive species promote the interaction between
the prepolymer chains. At last, the interaction between chains continues until the

formation of the final polymer is completed..........c.c.cocoviriiiiiiiiice, 13

Figure 1-7. Schematic representation of the different steps of the chain-growth

polymerization reaction. ..o 15

Figure 1-8. Examples of most common free-radical (meth)acrylate-based

monomers and oligomers used for vat polymerization 3D printing................... 16

Figure 1-9. Examples of some of the compounds used as photoinitiators in
photopolymerization processes. 2,2-dimethoxy-2-phenylacetophenone (HMMP),
phenyl bis (2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO), 7,8-Dimethyl-10-
ribitylisoalloxazine (Riboflavin), 1,4-Bis(pentylamino)anthracene-9,10-dione
(solvent blue 14), and (354S, 21R)-9-ethenyl-14-ethyl-21-(methoxycarbonyl)-
4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (Pheophorbide-a)......... 19

Figure 1-10. Example of homolytic a-bond cleavage of phenyl bis (2,4,6 trimethyl
benzoyl)-phosphine oxide.!® .............cccoiiiiiiiiiii 19

Figure 1-11. Representation of the most representative Vat 3D printing and 3D
printing techniques by photopolymerization. (a) Stereolithography (SL). (b)
Digital light processing 3D printing (DLP). (c) Typical two-photon polymerization
setup.’®? (d) Computed axial lithography (CAL). ....ccccoeiiniiiiniiiiiiicccine 25

Figure 2-1. Examples of medical applications of polymeric 3D printing. (a)
Alignment of the patient-specific teeth followed by the incisor teeth' processing in
a mesh mixer software for obtaining the biocompatible PLA 3D printed incisor
teeth.?* (b) Above: the 3D digital model of a patient orbit, showing the procedure
followed: I) analysis and II) elimination/ patterning of the pseudo-hole, III)
locating the fracture zone, IV) the implant position is colored in magenta; below is
shown the 3D printed pieces obtained from the CAD model. The parts were
produced from polytrimethylene carbonate (PTMC) methacrylate with various
nanohydroxyapatite (nHAp) amounts into the resin.? (c) Interaction with the 3D
printed models providing an immediate appreciation of the patients' anatomical

situation, informing planning and subsequent surgery.*...............cccocoeeeiieennnns 33

Figure 2-2. Representation of the (a) soft lithography procedure compared to (b)
vat polymerization 3D printing for producing microfluidic devices.................. 36
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Figure 2-3. Photo-mediated surface modifications of polydimethylsiloxane
chips. (a) Contact angle measurements on PEGDA-grafted and pNIPA Am-grafted
PDMS surface at 20 °C and 40 °C, the photograph below shows the changes in
wettability of the pNIPAAm-grafted PDMS at both temperatures.'®. (b) Contact
angle measurements of the different OSTE PDMS material with different surface
wettability after UV-mediated polymerization. (c) UV patterning of the
microfluidic chips exploiting the allyl and thiol groups of the microchannel's
surface, which is appreciated by the difference in the meniscus behavior when a

green-colored liquid is led flow."2.........cccccovviniiiininii 39

Figure 2-4. 3D printed milli- and microfluidic chips fabricated by Fused
Filament Fabrication (FFF)-3D printing methods. (a) 3D printed chips in PMMA.
1) Microchip cascade for mixing of yellow/blue-dyed water. 2) 3D printed chip
with a square channel of 600x600 um. 3) improved mixer structure of 600x600 pm
channel. 4) 3D printed channel produced around a straight channel, using an
aqueous fluorescent dye. For the four images, the scale bar is 10 mm."?® (b)
Transparent 3D printed microfluidic chips made of polyurethane (TPU) images
showing a) the flexibility, 2) the transparency of the chip, and 3) mIMCD3 cells
behavior where a characteristic cobblestone appearance was observed in both
control wells, and 3D printed TPU (scale bars = 100 pum).. (c) Microscopic
photographs of the laminar fluid flow inside 500x500 um channel toward a 750
umx500 um channel, where yellow/blue dyed water is passed at 25 uL/min
through microfluidic chips fabricated with FDM at 0°,30°,60°, and 90° of filament
orientation, Eden (Polyjet), and Miicraft+ (DLP-SLA), respectively. Plots of
distance vs. mixing ratio demonstrated the diffusion through the laminar flow
channel at 25, 50, and 100 PL/MIN1. ... 42

Figure 2-5. 3D printed milli- and microfluidic chips fabricated by Polyjet-3D
printing methods. a) Scanning electron microscope (SEM) images of the 3D
printed channels through 1-3) Poly]Jet printing and 4-6) FDM 3D printing where is
depicted the surface roughness features between both techniques.'® b)
Photographs of the 3D printed microfluidic mixers: 1) Caterpillar mixer, 2)
enhanced Caterpillar mixer, 3) Tesla-like mixer, and 4) HC mixer. Next to each
image is shown the calculated mixing performances (from simulation tests) as a
mixer length function.'® c¢) 3D printed microfluidic multichannel valves made of
1) a single material and 2) a multi-material.'” d) 3D printed DN A-inspired fluidic
devices that comprise eight fluidic channels (750 pum in diameter) filled with
distinct dye-colored solution.'. e) Working principle of a finger-powered two-
fluid FPA prototype for fluid mixing two distinct dyed-colored solutions.'™...... 45

Figure 2-6. 3D printed milli- and microfluidic chips fabricated by vat
polymerization-3D printing methods. (a) 3D printed microfluidic with helical
microchannel used for separating pathogenic E. coli bacteria (linked to magnetic
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nanoparticles clusters) taking advantage of the Dean forces within the channel's
trapezoidal cross-section.'®® (b) photograph of the microchannel obtained (height
of about 18 um) from the three (3) wt. % NPS into PEGDA-based resin.®? (c)
photograph showing the effect of the 3D printed particles trappers positioned at
different zones of the microchannel: traps positioned 1) in the center of the
channels, 2) staggered along the sides of the channel, 3) staggered along the sides,
and in the middle of the channel, 4) traps partially formed after 500 ms of light
exposure with no bead capture, 5) particle captured in well-formed traps after 750
ms of exposure, 6) overexposed traps after 1000 ms.'® (d) nonplanar 3D printed
flow-focusing device: 1) representation of the microfluidic flow cell chip, 2) CAD
image of the flow cell model; 3) photograph of the printed chip using R11 resin,
and 4) diameter of the droplet generated depending on the flow rate ratio (FRR) of

dispersed and continuous water-oil phases.’®.............ccccovviviniiniiiiciccceie, 49

Figure 2-7. Examples of 3D printed microfluidic valves and pumps fabricated by
vat polymerization-3D printing methods. (a) Schematic view of the 3D design. 1)
Top view and 2) side illustration view of the valve design. The control chamber (in
green color) and fluidic chamber (blue color) are voids in the 3D printed device.
The control chamber has 2 access ports to enable it to be drained after printing.
Pressure can be applied through both ports to actuate the valve, or one channel
can be sealed, and pressure applied through the other to actuate the valve.
Pressurized membrane (black dotted line) shows valve closure.'” (b) 3D printed
multiplexer devices. 1) schematic view of the multiplexer working principles and
CAD design. Next to the design images is displayed the multiplexer's bottom view
fabricated according to the CAD design. From 2) to 3) is shown the arbitrary 3-to-
2 multiplexing.'”® c) Design of the printed valve. 1) photograph of the single-valve
device. Schematics of a valve unit when it is open (2) and closed (3). Micrographs

of the valve unit when it is open (4) and closed (5).175........ccccocouvvvvnnnniciincnnas 51

Figure 2-8. Examples of 3D printed milli- and microfluidic chips fabricated by
vat polymerization-3D printing methods. (a) 3D printed perfluoropolyether
(PFEP) microfluidic chip: 1) front view of the gradient mixing chip (scale bar: 2
mm) with channel 2) 800 pm x 800 um filled with black ink (scale bar: 500 um), 3)
isometric view of the gradient mixing chip (scale bar: 2 mm) with channel 4) 600
pum x 600 um filled with black ink (scale bar: 500 pm), 5) lateral view of the 800 um
channel width at the inlet and 6) in the middle (scale bar: 250um), 7) lateral view
of the 600 um channel width at the inlet and 8) in the middle (scale bar: 250pum).'””
(b) 3D printed microfluidic-enabled hollow microneedle devices: 1) CAD model
and representation of the SL-3D printing method, 2) the printed device composed
with 3) three microfluidic inlets converging into a 3D spiral mixing chamber and
a 4) hollow microneedle array outlet.'” (c) 3D printed microfluidic: (1) the device

with integrated connectors, (2) cross-sectional image of the chips showing the
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internal microchannel structure, and (3) micrograph image (scale bar 1 mm) of the
device with details of the asymmetric focusing channels.” (d) Microfluidic devices
obtained using a methacrylate-polydimethylsiloxane oligomer. 1) photograph of a
PDMS-based microfluidic device with 500 um wide channels printed with a
commercial 385 nm SL machine. 2) a central stream of yellow dye (9 mL /h) flanked
by two streams of blue dye (9 mL/h each) produces a heterogeneous laminar flow
(9 mL h-1) in the 3D printed PDMS-based microfluidic chip.'®...........cccccccceuvnuces 53

Figure 3-1. CAD design representation of a multi-material fluidic chip. The

device consists of two wells connected with a millifluidic channel (1 mm diameter).

Figure 3-2. Chemical structures of the chemical reagents used. (a) polyethylene
glycol diacrylate (PEGDA250), (b) 1,6-hexanediol diacrylate (HDDA), (c)
bisphenol A ethoxylate diacrylate (BEDA), and (d) phenyl bis(24,6-
trimethylbenzoyl)phosphine oxide (BAPO).........cccccceoiviiiiiininiiiniiiiiicie, 66

Figure 3-3. Characterization of the six different acrylate resins. (a) Storage
modulus (G') versus irradiation time, where is observed the similarities between
reaction times of PEGDA250, BEDA, and HDDA resins with 0.2 or 1 wt.% of
BAPO. (b) Zoomed G' curve once the visible lamp is on. (c) UV-vis spectra collected
on 100 pm thick printed disks made of PEGDA250, BEDA, and HDDA resin with
0.2 wt.% (continue lines) and 1 wt.% (dashed line) of BAPO. The curves show a
greater shoulder (related to the BAPO photoinitiator) between 350 and 420 nm for
samples with the higher (1 wt.%) content of the photoinitiator, indicating more
leaching out of the unreacted BAPO. (d) recorded UV-Vis spectrum from the
extracting solvent used to calculate the insoluble gel fraction of the 3D printed

parts, showing a higher released BAPO photoinitiator............ccccoeeieininiiiiinnnnnee. 72

Figure 3-4. CAD model and photographs of the printed wells. (a) Isometric view
of the CAD model showing the dimensions of 24- and 96-well-like designs. (b)
Photograph of the 3D printed 24-well-like objects from each prepared acrylate-
based photopolymer, showing the good transparency of the bottom of the well. (c)
Top-view and (d) frontal-view of a 3D printed 24-well-like object (P-0.2) compared
to a 24-multiwell plate. ... 73

Figure 3-5. MTT assay results showing the seeded A549 cells onto the three types
of printed samples. The graphs show the optical density (OD) of the cells grown
on the printed wells after each of the four different washing protocols: sonication
in ethanol, sonication in acetone, incubation in ethanol, and incubation in acetone
for samples made from (a) PEGDA250, (b) HDDA, and (c) BEDA photopolymers
(containing either 0.2 wt.% and 1 wt.% of the BAPO photoinitiator). The cell
viability is measured after 24 and 48 hours. The results were compared to
conventional cell culture on PS plate. Error bars mean standard deviation (c)
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Photograph of the washed samples where optical and mechanical characteristics
of the 3D printed disks made from the six photopolymers and after the four
washing protocols are displayed. The photograph shows that PEGDA samples

better resited the washing treatments. ..........ccccooviiiiiiiiiii 75

Figure 3-6. Environmental Scanning Electron Microscope (ESEM) images
collected from the 3D printed samples with 0.2 wt.% of BAPO. The images show
the difference between the cultured A549 cells on the different samples: on the
BEDA (B-0.2) samples, the cells presented a rounded apotheosis aspect. The cells
presented epithelial appearances on the HDDA (H-0.2) and the PEGDA250 (P-0.2)
samples. Three different images were recorded for each sample type: samples
without cells (as is) and with A549 cells at different degrees of magnification as

reported in the IMages. .........ccoovveiiiiiiie 76

Figure 3-7. UV-Vis spectrum collected from the ethanol used for the overnight
washing step of PEGDA250 with 0.2 wt.% of BAPO. The curve shows no BAPO-
related shoulder (the region between 350 and 420 nm) appeared in the analysis.
The inset table shows the weight losses of P-0.2 samples after different washing

protocols in ethanol and chloroform. ..., 77

Figure 3-8. Cell viability and proliferation on the 3D printed wells made from
PEGDA 250 with 0.2 wt.% of BAPO. (a) Phase-contrast and live/dead staining
images from the cultured A549 cells on the 3D printed wells after different
sterilization methods: autoclave, ethanol, and UV light either with or without
water pre-treatment. The scale bar denotes 100 um for all images. Covered area
(%) by the living and dead cells onto the 3D printed wells after the different
sterilization types, and either (b) without or with (c) water pre-treatment. The
histograms show a better cell proliferation on samples previously treated with

water (overnight) and UV-sterilized. .........ccccocoeiiiviiiiiiiiiiiiccce 78

Figure 3-9. Chemical structures of the reagents used. (a) TegoRAD 2800® (TRAD),
(b) dispersed red one methacrylate (DR1-MA), and (c) the BAPO derivate
photoinitiator (BAPO-Si).......cccceoiviiiiiiiiiiiiiccc e 83

Figure 3-10. Characterization of TRAD formulation components. (a) Absorbance
spectrum similarities between the BAPO-Si photoinitiator and the BAPO 819
photoinitiator. (b) absorbance spectrum of the DRI1-MA showing a great
absorption in the region of 405 nm, the printer's light emission. (c) storage (G') and
loss (G") moduli curves against visible light times of TRAD resin varying the
BAPO-si concentration and (d) moduli crossover (G'=G") of the TRAD resin at
different concentrations of BAPO-si. These curves show that 0.6 wt.% of BAPO-si
were enough to prepare a TRAD formulation with good reactivity as possible
without changing the formulation optical features. (e) normalized ATR-FTIR
spectra of the TRAD formulation at different conditions, with (f) the area of interest
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zoomed in the region between 1300-1150 cm! where is shown the acrylate double

bond decrease in the range 1220-1170 cm™! after visible and UV light irradiation.

Figure 3-11. CAD design illustration and photographs of different 3D printed
fluidic chips and samples. (a) 3D printed microfluidic chip with an s-shaped
channel of 800 um in diameter, where the channel is filled with green colored
water. (b) Two 3D printed wells connected by a 1x1 mm? square section channel.
(c) trapezoidal 3D printed microfluidic chip with a 1x1 mm? channel square
section. (d) photograph of the two-3D printed 96-wells showing the bottom's
transparency with 500 um thickness, (e) a 3D printed strip (20x5x1 mm?), showing
the material's excellent stretchability when wrapped around a 3 mm diameter
cylinder. Photograph (10x) of the smallest microchannel achieved in (f) XY-plane
and (g) Z-axe. (h) CAD design (lateral and top views), and a photograph of the 3D
printed trapezoidal microfluidic device with a dye liquid passing through its

Channel (1XT MIM2)...couiriiiieieeeeeeee ettt ettt sttt 90

Figure 3-12. Characterization of the 3D printed TRAD-based samples by the
FTIR technique. (a) Acrylate double-bond conversion (%) of the 3D printed
samples and after different UV post-curing times (in the air), obtained by following
the decrease of the peak at 1196 cm! after the different radiation conditions.(b) Full
normalized ATR-FTIR spectra of 3D printed TRAD samples followed by 5 min of
UV post-curing treatment compared to the liquid formulation, where the acrylate-
related band decreased after the UV post-curing step. (c) Shows the region
between 1800-1100 CM ™. .....ooviviiiiiicicicc s 92

Figure 3-13. Solvent compatibility of the 3D printed based samples toward
comment organic compounds. (a,b) Swelling percentage (wt.%) versus time (min)
curves for 3D printed TRAD samples after immersion in different solvents. (c)
Scatter plot of the swelling percentage (wt.%) versus extracted resin percentage
(wt.%) for 3D-printed TRAD samples after 24-hours of immersion in different
solvents. (d) UV- VIS spectra of the acetone used to extract unreacted material from
3DP TRAD samples, in which after 5 hours of washing in acetone, the analyzed
solution did not show any trace of unreacted substance (either photoinitiator or

Figure 3-14. Mechanical characterization of the 3D printed TRAD samples.
Stress (MPa) versus elongation at break (%) curves for (a) only 3D printed TRAD
samples and (b) TRAD samples after 5 min of UV post-curing treatment. (c)
photograph of one of the 3D printed TRAD samples used for the mechanical test
(dog-bone with a gauge length of 20 mm). The UTS and young modulus values
were higher for UV post-cured samples than just 3D printed samples, while

elongation values at break were quite similar. ... 96
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Figure 3-15. 3D printed bi-material fluidic chip. (a) The devices were fabricated
from a PEGDA250 formulation containing + 1 wt. % BAPO (the bottom of the
chips) and the TRAD formulation with + 0.6 wt. % BAPO-Si + 0.01 wt. % DR1-MA
dye (the rest of the chip). (b) Frontal view of the bi-material chip where is observed
the distinction between both materials used. (c) top view of the chip showing the
good transparency of the bottom of it. The bottom of the chip is 500 um thick. The

device consists of two wells connected by a millifluidic channel of 1x1 mm? section.

Figure 4-1. Representation of the two functionalization strategies presented in
Chapter 4. Each strategy is based on chemically linking active molecules to the
printed structures through a dedicated post-3D printing treatment following: (a)
UV-induced approach or (b) microwave-induced approach..............ccccccuenennees 101

Figure 4-2. Representation of the surface modification by UV light. A few drops
of the acrylic-based grafting solution are deposited over the sample surface; then,
the system is UV irradiated for a certain time. The sample surface remained
chemically modified after the UV-induced treatment. ..........cccoeeiviniiiinnnnnne. 105

Figure 4-3. Surface properties changes of the TRAD samples after the UV-
induced grating surface modification. (a) Contact angle measurements from
untreated and UV-treated samples (at different irradiation times) showing a
decrease of the contact angle after the UV-grafting surface modification. (b) ATR-
FTIR spectra of untreated and UV-treated samples (at different irradiation times)
where the presence of linked carboxylic acid groups over the samples can be
observed by analyzing the increase in spectra regions of 3500-2500 cm™ (associated
to O-H stretch) and 1760-1690 cm associated to the carbonyl group, confirming
the surface modification. (c) Normalized spectra from the TRAD samples after the
different UV-induced grafting treatments showing the peak used for normalizing
the spectra centered at 790 cm™ peak that corresponds to the Si-C asymmetrical
bending or rocking vibration...........cccccoeveieiiiiieiiieiiiccc 106

Figure 4-4. Representation of the UV-induced surface modification of 3D printed
TRAD samples. (a) Representation of the surface modification carried out inside
the inner chamber of a 3D printed TRAD samples, where on the right side of the
image displays the contact angle decrease after functionalizing step compared to
the untreated sample can be observed. (b) CAD designs and a photograph of a 3D
printed chip with an internal chamber filled with green colored water is shown.
(c) Representation of the UV-induced surface modifications in an S-shaped
millifluidic chip. The test showed the channel's selective functionalization by
observing, in the same channel, the hydrophobic behavior (part of the channel with
no treatment) and the hydrophilic behavior of the treated part of the channel. (d)
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CAD designs and a photograph of the S-shaped 3D printed chip filled half with

green colored water and a half with silicon Oil..........cccocoeiiiiiinii 107

Figure 4-5. Chemical structures of the chemical reagents used. (a) polyethylene
glycol diacrylate (PEGDA250). (b) glycidyl methacrylate (GMA). (c) phenyl
bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO). (d) disperse red one
methacrylate (DR1-MA). (e) diethylenetriamine (DETA). (f) hyperbranched
polyethyleneimine (PEI). ........cccccocoiiiiviiiiiiniiiiiiiiciicee 112

Figure 4-6. Representative chart example of a microwave treatment performed
on one of the samples used in this work. The graph shows the different
parameters during the microwave treatment, such as the power (W) and pressure
(bar) given from the reactor to the system to reach the desired temperature (°C)
during a specific time (t). .....ccocoveviviiiiiiee 114

Figure 4-7. Images of the microwave-induced surface modification of the 3D
printed structures made from PEGDA250/GMA resins. (a) An image that outlines
the surface functionalization procedure with microwaves of 3D printed
PEGDA250/GMA structures using amine-based solutions. (b) Photo of 3D printed
disks (150 pm thick and 9 mm in diameter) obtained from 5:5, 7:3, 9:1, and 10:0
PEGDA250/GMA formulations. (c) A complex-shaped 3D printed structure
(10x10x10 mm?) obtained from 7:3 PEGDA250/GMA formulation displaying the
good resolution achieved. (d) MW-treated 3D printed samples with the PEI600
solution for 5 minutes where the sample's damage after the treatment is shown. (e)
MW-treated samples in the PEI600 solution for 30 seconds showing the sample
suffered no damage. All the formulations contained 1 wt.% of BAPO and 0.01 wt.%
Of DRI-MA dY€ ..o 118

Figure 4-8. Characterization of the 3D printed samples by the FTIR spectroscopy
technique for determining the available functional groups. In the graph, the
acrylate and epoxy functional groups can be observed at 810 cm™ and 905 cm™
respectively. The available functionalities might potentially be used for linking
additional molecules (e.g., amines). Normalize FTIR spectra of liquid
formulations, and 3D printed samples made of (a) 5:5 PEGDA250/GMA, (b) 7:3
PEGDA250/GMA, (c) 9:1 PEGDA250/GMA, and (d) pristine PEGDA250 mixtures
with 1 wt.% of BAPO. The spectra were normalized using the carbonyl (C=0O)
signal centered at 1720 CIN™L. ...c.ocooviiiiiiiiiiiic e 119

Figure 4-9. Characterization of the 3D printed samples (by the FTIR spectroscopy
technique) after functionalization under mechanical stirring and certain
temperature conditions. The FTIR spectra curves show the decreasing of the
acrylate and epoxy-related bands at 905 cm™ and 810 cm, respectively, for the
treated samples. The tests were performed on 5:5 PEGDA250/GMA samples using
(a) DETA solution, (b) PEI600 solution and (c) PEI10k solution; the tests were run
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at 24, 48, and 96 hours at room temperature (T = 25°C) under continuous
mechanical stirring. Even though the reaction took place in this condition, the
reaction times can be lengthy. (d) FTIR results from 5:5 PEGDA250/GMA treated
with the PEI10k solution at 60 ° C under continuous mechanical stirring for 24 and
48 hours, where it can be observed that the conversion of the functional groups

might be boosted by increasing the system temperature. ...........cccccovvviininnnnnn. 121

Figure 4-10. Characterization of the different 3D printed PEGDA250/GMA
samples (by the FTIR spectroscopy technique) after the microwave-induced
functionalization. The tests were performed using the PEI600 solution for 5
minutes on (a) 5:5, (b) 7:3, (c) 9:1, and (d) 10:0 PEGDA250/GMA samples. The FTIR
spectra show the decreasing of the acrylate and epoxy-related bands at 905 cm
and 810 cm’, respectively, after the MW treatment. Besides, the appearance of a
new region (between 3600 and 2800 cm™) is observed. This new region can be
related to the linking of primary and secondary amines, as reported in the
Literature. 0. ..o 123

Figure 4-11. Characterization of the different 3D printed PEGDA250/GMA
samples (by the FTIR spectroscopy technique) after the microwave-induced
functionalization using the three amine-based solutions. ATR-FTIR spectra of
5:5 PEGDA250/GMA samples after different MW reaction times using (a) the
PEI600 solution, (b) the PEI10k solution, and (c) the DETA solution. On the right
of each FTIR graph, the curves of the evolution of the normalized absorbance
intensity as a function of the MW reaction time is shown for the three amines-based
solutions following the infra-red bands related to the amines (at 3290 cm™! and 2935
cm™?), to glycidyl groups (at 905 cm) and the acrylate double-bond (at 810 cm-
)'calibrated' considering the thermal contribution of the MW radiation. The
minimum reaction time can be abstracted from the spectra by analyzing the
required time to induce the highest acrylate/epoxy conversion as possible: 30
seconds using DETA and PEI600, and 5 minutes using PEI10k............................ 124

Figure 4-12. Characterization of the 3D printed samples after MW-treatment
without amine molecules presence. Normalized ATR-FTIR spectra of (a)
PEGDA250 and (b) 5:5 PEGDA250/GMA samples after MW treatment in
acetonitrile for 30 sec and 15 min compared to untreated samples. After the MW-
treatment, the acrylate groups partially react while the epoxy functionality doe
not. The inset tables show the acrylate double-bond conversion after each MW
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Figure 4-13. Characterization by the FTIR spectroscopy technique of the
different 3D printed PEGDA250/GMA samples after the microwave-induced
functionalization step (at the minimum treatment times) using the three amine-
based solutions. Normalized ATR-FTIR spectra of (a) 5:5, (b) 7:3, (c) 9:1
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PEGDA250/GMA, and (d) PEGDA250 samples after the MW treatment using the
PEI600 solution, the PEI10k solution, and the DETA solution. Samples with more
epoxy content presented the greatest amine-related absorbance intensity; such
amine-related region also depends on the type of the amine used, reaching higher
intensity values for the biggest hyperbranched amines PEI600 and PEI10k....... 127

Figure 4-14. Surface properties changes of the untreated and MW-treated 3D
printed PEGDA250/GMA samples. (a) normalized absorbance intensity as a
function of the PEGDA250/GMA weight ratios after the different microwave
treatments. Filled symbols refer to the 3600-3200 cm™ region's absorbance,
associated with amines' N-H bond stretching. Empty symbols refer to the 3000-
2800 cm! region's absorbance associated with the C-H bond. The graph displays
that samples with a higher content of epoxy reach the greatest amine-related
absorbance intensity and that such amine-related region also depends on the type
of the amine used, reaching higher intensity values for the biggest hyperbranched
amines PEI600 and PEI10k. (b) Histogram showing the static contact angle of
untreated and MW-treated samples as a function of the PEGDA250/GMA weight
ratios and after the different MW-treatment treatments. The higher the epoxy
content is, the higher is the amount of linked amine, and therefore, a lower contact
angle presents the sample. The MW treatments were performed following the
optimized irradiation times, 30 seconds using PEI600 and DETA solutions, 15

minutes using PEI10k solution, and 15 minutes using acetonitrile uniquely....... 128

Figure 4-15. Live and dead Staphylococcus aureus bacteria over the untreated and
MW-treated 3D printed samples. The images represent the number of live bacteria
(green-colored) and dead bacteria (red-colored) onto the sample’s surface. (a) Images
(20x) of live/dead bacteria after incubation for 48 hours, over PEGDA250, 9:1, and
7:3 PEGDA250/GMA samples before (control samples) and after the different MW-
treatment using the DETA, PEI600, and PEI10k solutions. Bacteria surface covered
area (%) of live and dead bacteria over the (b) PEGDA250, (c) 9:1, and (d) 7:3
PEGDA250/GMA samples. The images show that the bacteria proliferation mainly
depends on the type of amine used; the samples treated with hyperbranched
amines (PEI) resulted in more dead bacteria (redder colored), confirming the
surface treatment with amines confers antibacterial properties to the printed
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Figure 4-16. 3D printed of complex-shaped fluidic devices. (a) CAD design and
(b) photograph of a complex-shaped microfluidic chip consisting of a helical-
shaped channel of 1x1 mm with two different outputs directed to a small well each.
(c) CAD design and (d) photograph of a complex-shaped microfluidic chip
consisting of a helical-shaped channel of 1x1 mm. The red-colored appearance was
due to the dye used (DR1- MA at 0.01 wt.%), which increased the printing
resolution for achieving the desired geometry. ... 133
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Figure 5-1. 3D printing of optical waveguides. Illustration of the 3D printing of
optical waveguides using NBD-dye as a functional component of the photocurable
formulation. The fabrication process starts from the CAD modeling, passing

through the light-based 3D printing step and obtaining the printed structure..139

Figure 5-2. Chemical structures of the chemical reagents used. (a) bisphenol A
ethoxylate diacrylate (BEDA) monomer, (b) phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO) photoinitiator. (c) 4-(N-Methyl-N 9-ethanol) amino-7-
nitrobenzo-2-oxa-1,3-diazole derivate dye with methacrylate functionality (NBD-
IMIA). oo 140

Figure 5-3. Representation of the two laser configurations used to characterize
the 3D printed waveguides. (a) Orthogonal fluorescence setup and (b)
Fluorescence setup for the swelled samples...........c.ccoovvvrriiiiiicinice, 144

Figure 5-4. Characterization of the different BEDA-based photocurable resins
showing the effect on the formulation properties by adding the NBD-MA dye
into the formulation. (a) Viscosity values (at 25°C) of the formulations at different
NBD-MA concentrations (0.001, 0.005, and 0.01 wt.%) were similar in the shear rate
range between 1 and 100 s'. (b) Storage-G' (full symbols) and Loss-G" (empty
symbols) moduli versus irradiation time where is observed similar reaction times
(the point where G' crosses G") for the BEDA-based formulations at different NBD-
MA dye concentration. (c) Elastic modulus curves versus temperature for the four
BEDA-based formulations obtained from DMA experiments where the differences
of the storage modulus (E') in the rubber state (E'x) can be observed. This piece of
information can be correlated to the polymeric matrix's crosslinking density by the
conventional theory of rubber elasticity, which results in a lower crosslinked

density for samples with a lower value of E' in the rubbery state. ....................... 147

Figure 5-5. Conversion of the acrylate double-bond groups of the BEDA-based
formulations by observing the peak reduction at 1635 cm'. The spectra were
collected through the Fourier transformed infrared (FTIR) technique after
subjecting to diverse irradiation conditions the four BEDA-based formulations: (a)
neat BEDA formulation with not NBDA-MA content and BEDA-based
formulations with (b) 0.001 wt.%, (c) 0.005 wt.%, and (d) 0.01 wt.% of NBD-MA
concentration. The acrylate groups' peak area was normalized using a constant
signal in the spectra corresponding to the aromatic ring stretch centered at 1510
cm™. All formulations contained two (2) wt.% of BAPO as the photoinitiator... 148

Figure 5-6. Characterization of the BEDA-based photocurable resins through the
UV-Vis technique. The BAPO consumption and the non-degradation of the NBD-
MA dye after visible and UV irradiation (for 10 sec and 180 sec, respectively) are
shown. (a) UV-Vis spectra collected on 50 um films made of BEDA-based
formulation with not NBD-MA content. (b) UV-Vis spectra collected on 50 pm
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films made of BEDA-based formulation with 0.01 wt.% NBD-MA. (c) UV-Vis
spectra of NBD-MA dye in acetonitrile before and after UV light irradiation. (d)
The polymerized BEDA-based samples were immersed in chloroform for 24 h (for
the insoluble fraction experiments). The extracting solvents were analyzed
through the UV-VIS test to observe the residuals components and the successful
copolymerization of the NBD-MA dye with the polymeric BEDA matrix.......... 149

Figure 5-7. Optical characterization and printing resolution of the 3D printed
samples obtained from the different BEDA-based formulations. (a) the 3D
printed structures' fluorescence intensity was measured (in an end-fire
configuration), varying the NBD-MA dye concentration; the graph shows a
sublinear dependence between the dye concentration and the fluorescence signal
intensity of the samples. (b) The transmittance (T) of the 3D printed waveguides
was measured varying the NBD-MA content, showing a lower waveguide's
transmissivity at higher dye content. Green circles represent the experimental data,
and green lines represent the average intensity values (red diamonds). (c-e)
Photographs of the 3D printed waveguides showing the poorest printing
resolution at lower NBD-MA dye concentration. (f) Differences in the printed
devices' fluorescence signals when the spectra are collected at the input (blue

curve) and the output (red curve) of the waveguides. .........ccccccviiiiinnninnninne 151

Figure 5-8. Optical characterization and the smallest printing resolution of
complex-shaped 3D printed structures with 0.005 wt.% of NBD-MA dye. (a)
Transmittance measured through one branch of the Y-shaped 3D printed
waveguide as a function of the aperture angle a where is verified that the light is
no longer guided at aperture angles above 40 degrees by observing the drops in its
transmittance signal. The inset shows a schematic view of the experimental setup
and the fluorescence photographs of the waveguides illuminated at one of their
end branches. (b) CAD model images and (c) picture of the complex-shaped 3D
printed optical waveguides with circular cross-section and different radii
(aperture angles). (d) the light transmission ratio of the 3D printed optical
waveguides between later arms (TL) and central arm (TC) as a function of the
radius of the external circumference. (e) angle and (f) X-Y dimension evaluation of
the smallest Y-shaped 3D printed splitters, (g) dimension evaluation of the input
arm, and (h) lateral arm. Both objects were produced with the formulation
containing 0.05 wt.% of NBD-MA. ........ccccccovinininiinicccces 154

Figure 5-9. Optical characterization of the 3D printed BEDA-based structures
when exposed to different solvent vapors. (a) Fluorescence spectra of the NBD-
MA dye in the liquid BEDA resin (at 0.05 wt.% of concentration) compared to the
fluorescence spectra of the NBD-MA dye when the BEDA resin is polymerized,
showing the differences in the two spectra due to the NBD moieties' aggregation
inside the solid polymeric matrix. (b) Fluorescence spectra of swollen samples in
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different solvents, showing a bathochromic shift of the emission band of
individual NBD molecules. (c) variation of the fluorescence emission band of
swollen 3D printed structures in the different solvents represented as the ratio of
the signal intensities (Ii/I2) and the full widths half-maximum height of the signal
(W2/W1). Subscripts 1 and 2 refer to peaks assigned to individual NBD molecules
and aggregates, respectiVely.........cccoviiiiniiiiniiiiii 156

Figure 5-10. 3D printed optical waveguide made from BEDA formulation
containing 0.005 wt.% of NBD-dye. (a) Photograph of the device once is finished
the 3D printing step. (b) the optical device while guiding the light upon direct
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Appendix B

Characterization techniques

Through this doctoral dissertation, multiple techniques were employed
to carry out different experiments and characterize the materials used. Herein,
in Appendix B, those techniques are introduced.

Spectroscopy techniques.

Ultraviolet-Visible (UV-VIS) spectroscopy.

The UV-Vis spectroscopy determines the radiation absorbed or transmitted by
a solution containing an undetermined amount of solute compared to the same
substance with a known solute concentration. The absorption/transmittance
difference between both types of substance is collected by the instrument (the
spectrophotometer). The UV-vis experiment uses electromagnetic radiation (light) in
the regions between near-ultraviolet (UVB) and near-infrared (NIR), i.e., 200 to 800
nm. The irradiation absorbed in this region of the spectrum from the sample’s
molecules generates electronic transitions that can be determined (and quantified)
from the instrument's detector. This absorption provokes the valence electrons'
promotion from the basilar state, at lower energy, to an excited state of higher energy.
When the UV-Vis irradiation passes through the solution containing an absorbent
analyte, the incident light intensity (/) is attenuated (I); the light fraction that passed
the solution is known as transmittance (T) and follows T = [/I,. Absorbance (A) is
more frequently used than T (4 = -log T) since it is proportionally associated with the
analyte concentration according to the Beer-Lambert law: A = €-I-c., where ¢ is the
molar absorptivity coefficient, I is the optical path, and c is the absorbent species'
concentration, the analyte. The UV-vis microscopy techniques were used in this
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doctoral dissertation to evaluate the absorbance range of different compositions and
solutions.

Fourier transformed infrared (FTIR) spectroscopy.

The FTIR spectroscopy is mainly used to measure the light absorption of a
specific sample (liquid, solid, and gas) in the mid-infrared range of the
electromagnetic spectrum, specifically in the range between 4000 to 400 cm!
wavenumbers (wavelengths from 2.5 to 25 pum), where most of the common organic
and inorganic compounds absorb. Here, the samples' vibrational energy level shifts
are measured by the transition from the ground state to an excited state in the
radiation range. By Fourier transform mathematician operations, the raw data is
converted into the final spectrum, composed of multiple peaks where the absorption
intensity is associated with the change of a molecule's dipole moment. The vibrational
energy gap provides the frequency of the absorption peak. The number of absorption
peaks is related to the number of vibrational freedoms of the molecule. During the
FTIR analysis, an attenuated total reflectance (ATR) accessory might be used to
measure samples' properties (solid or liquid) at a surface level rather than the entire
bulk of the material. In this case, the IR signal slightly penetrates inside the sample’s
surface, of around 1-2 micrometers. During this doctoral dissertation, the FTIR
experiment was used to characterize the samples by following the change of the peaks
related to functional groups (e.g., acrylate moieties) at different conditions. The
spectra are normalized using a reference signal; the parameters selected are reported
through the manuscript.

Microplate reader.

Microplate readers are instruments used in the pharmaceutical and
biotechnological field for detecting biological and chemical components. The samples
are placed in a microplate, arranged with one or multiple wells having reaction
volumes in the microliters' order. Typical microplates used are composed of a matrix
of 96, 48, 24 sample wells. Microplate readers' detection modes are based on
spectroscopy techniques by measuring the absorbance, fluorescence, luminescence,
and fluorescent polarization of the samples, but also a combination of most of the
detection modes can be found in multi-mode microplate readers. The microplate
reader instrument was used for evaluating the optical density (OD) of solutions at a
specific wavelength range and compared to control samples (without the evaluated
substance). The microplate reader was also used as a UV-vis spectrophotometer,
scanning the samples in a specified wavelength range at a controlled step.

Microscopy techniques.

Fluorescence microscopy.

Fluorescence microscopy is an optical microscopy technique that utilized
fluorescence signals for studying the characteristics of samples, organic or inorganic.
The fluorescence is used to generate an image of the sample. The sample is irradiated
by light at a specific wavelength through the objective lens; the light excites the
sample's fluorophore, causing a light emission at a longer wavelength collected by a
detector with a higher numerical aperture. The sample needs to be fluorescent for the
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correct visualization of these techniques; some samples can be intrinsically
fluorescent or autofluorescence, while those that are not can be labeled with
fluorescent stains. This microscopy technique was used to observe and photograph
living and dead biological units. The images were taken after staining the entities, as
described through the manuscript.

Spinning disk confocal microscopy.

Spinning disk confocal microscopy operates by projecting a series of parallel
excitation light beams on samples through multiple pinholes disk. A multiplex model
is created, and the fluorescence emission from the sample, which passes through the
same pinholes, is detected from the instrument detector. This method is widely
suitable for fast imaging of cells and biological entities that express fluorescence
properties, natural or dyed-stained. This instrument was used to collect the bright-
field and fluorescence images of biological units.

Scanning Electron microscopy (SEM).

The scanning electron microscope (SEM) technique utilizes a high-energy
electron beam that scans a sample, generating various signals and high-resolution
images at the sample’s surface's nanometric scale. The signal formed during the
interaction between electrons and atom of the sample can reveal valuable
information about sample features such as topography or external morphology,
chemical compositions, crystallinity, disposition, and orientations of material
components; the signal received is processed to generate images of the show most of
these properties. Electrons of high kinetic energy are focused and, on the sample
surface generating various signals from the electron-sample interactions, including
mainly secondary electrons, backscattered electrons, and diffracted backscattered
electrons, which are used for imaging the sample; also X-rays photons (used for
elemental analysis) and visible light can be detected. The samples can be observed in
vacuum conditions (high or low vacuum), wet configurations, or environmental
conditions. In this last configuration, instead of creating a vacuum, the chamber is
evacuated of air and remained at a relatively high-water pressure, which allows the
analysis of samples with volatiles substance or water, enabling the observation of wet
biological samples such as living cells.

Thermal analysis and thermo-mechanical techniques.

Differential scanning calorimetry (DSC).

Differential scanning calorimetry (DSC) is a thermo-analytical technique
capable to directly detect the thermal effects associated with phasing transition or
other chemical processes that can occur in a sample as a function of temperature. It
determined the amount of heat necessary to increase the sample's temperature
compared to a reference sample with a known heat capacity; both samples are
subjected to the same temperature variation during the process. The principle behind
these techniques is that the instrument provides heat to the sample when it goes to a
thermal-related transformation (e.g., melting of a solid) to maintain the same
temperature as the reference. The energy given to the sample is based on whether it
goes to an exothermic (release of heat) or endothermic (absorption of heat)
transformation. In the DSC tests, the samples' energy uptake and heat flow can be
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calculated in a controlled increase or decrease of temperature. During the DSC
experiments (heating or cooling), different peaks with positive or negative heat flow
(AdH/dt) are associated with a determined process's heat behavior. DSC techniques
are particularly used for determining the thermal-related parameters on an
amorphous or crystalline material, such as material melting point (endothermal),
crystallization (exothermal), and degradation (endothermal). Moreover, with DSC,
other thermal-related parameters, such as the material glass transition temperature
(Tg), can be calculated when a material changes from a rigid glassy material to a
softened material by heating.

Dynamic mechanical analysis (DMA).

Dynamic mechanical analysis (DMA) is a technique that gives valuable
information on the thermal-mechanical properties of materials. During the test, the
samples are subjected to an oscillating force (at a specific frequency), and the
instrument measures the material's response. The oscillatory force causes sinusoidal
stress on the sample, generating an analogous strain response. By measuring the
deformation's amplitude at the sine wave's peak and the lag between the induced
stress and strain sine waves (known as §), magnitudes such as the sample’s modulus
and damping can be determined. Limit values of § are 0° (purely elastic behavior) and
90° (purely viscous behavior). In DMA performed in tensile configuration, a storage
modulus (E’) and the loss modulus (E”) are calculated from the sine wave's material
response. Modulus E’ represents the energy that the material stores due to the elastic
portion's deformation. Modulus E” represents the energy dissipated by the material
(as heat), the viscous portion. The ratio between both moduli represented as tan 6 =
(E”/E’), represent the material damping under cyclic stress in the deformation
process; if the material presents a tan & higher than 1, prevail the viscous component.
The DMA instruments can accurately detect structural relaxations of polymer
materials such as the glass transition under dynamical stress (also called relaxation
a), which appears as a maximum on the curve of tan 8.

By the DMA test, the crosslinking density of the polymeric network might also
be calculated from the storage modulus (E') in the rubbery state (E';). The
conventional theory of rubber elasticity describes that the elastic modulus is
independent of the chemical nature of the structure and depends primarily on the
rigidity of the network composition.145474 Therefore, the strand density, which is the
number of moles of crosslinked chains per unit of volume, can be correlated to
rubbery modulus (E'; ) through the equation: E'; = v * R * T; where v is the crosslinking
density, R is the universal gas constant, and T is the absolute temperature. The value
of E'- must be chosen at a temperature T where the rubbery plateau (E’) is reached.
E'. parameter is roughly proportional to the crosslinking density, as deviations from
the ideal rubber elasticity model are frequent in densely crosslinked thermosetting
systems. 95

Tensile testing.

The tensile equipment allows testing the mechanical properties of a specimen
when subjected to controlled tension or force. The sample is positioned in the testing
machine and slowly apply a force, extending the sample until its fracture. The most
commonly used machines are composed of two cross-heads or cells: the lower one is
used to place and fix the sample, and the upper one applied the tension to the
specimen. Therefore, it is possible to evaluate material characteristics such as the
elastic performance (associated with the recovery of the material's deformation when
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the applied stress is removed, the plastic deformation (when the deformation is not
recovered once the stress is removed, modifying the specimens' structure) and, the
eventually fracture. In this way, some parameters can be directly determined, e.g.,
ultimate tensile strength (UTS), fracturing strength, maximum elongation, elastic
modulus, or young’s modulus, Poisson’s ratio, yield strength, among other.

Other characterization techniques

Rheology experiments.

A rheometer is an instrument capable of detecting the changes of flow and
deformation of materials (liquid, suspension, or slurry) as a response to an applied
force in a determined time (rheology). Differently from a viscosimeter where only the
viscosity of a fluid can be obtained, a rheometer measures a wide range of rheological
properties of non-Newtonian fluids (e.g., viscosity and elasticity) by setting different
parameters. In this doctoral dissertation, a rotational parallel-plate mode rheometer
was employed. The shearing planes' modality is parallel-plates flow-type, where the
material is placed between both plates at a specific distance or gap. The upper plate
is computer-assisted to induce the defined shear strain or stress range, and the
instrument record how the material responds to the plied shear; values such as
viscosity, shear stress/strain rate, complex viscosity, and material viscoelastic moduli
can be obtained.

The rheometer instrument can be configured for performing oscillatory forces.
In this case, the two plates sandwiched the sample, and the upper plate exerts an
oscillatory force (sinusoidal) while the lower one remains stationary. The material
responds to this oscillatory force as a sinusoidal. The lag between the two sinusoidal
curves (the applied force and the material response) that oscillate with the same
frequency might give valuable information about the material's viscoelastic
properties. For a completely rigid and elastically-ideal material, there will not be a lag
between both sinusoidal curves. Viscoelastic materials respond differently and can be
seen as a lag between both sine curves, also known as phase shift (6) that range
between 0° (for ideally elastic deformation behavior) and 90° (for ideally viscous flow
behavior). From the elasticity law in an oscillatory range, the relationship between
shear-stress amplitude (T, in Pascal) and strain amplitude (y, dimensionless, or in %)
gives the complex shear modulus G* (Pascal), which described the entire viscoelastic
behavior of a material. According to the material's response during the sinusoidal
force, this G* can be expressed as G’ (the storage modulus) or G” (the loss modulus).
The former represents the elastic portion of the viscoelastic behavior, which
describes the samples' solid-state behavior. The latter represents the viscous portion
of the viscoelastic behavior, which can be seen as the sample's liquid-state behavior.
The loss and storage moduli ratio (G”/G’) is known as damping or loss factor (tang §).
This parameter determines the ratio of the two portions of the viscoelastic behavior.
Forideally elastic behavior, 6 = 0°, which means there is not viscous portion with G”=0
and so tang 6 = 0. For ideally viscous behavior, § = 90°, which means there is no elastic
portion with G’=0 and tang & that tend to infinity. With this information, some
material’s features such as gel point or sol/gel transition can be determined as the
crossover between G” and G’, representing the material character changes during the
experiment, e.g., from liquid to solid.

This rheometer mode was used to measure in real-time the material's changes
upon direct light radiation. The instrument setup was changed, positioning a bottom
quartz plate (instead of aluminum), and a visible lamp, equipped with an optical fiber
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is placed beneath this. In this way, the rheometer can measure the material's response
during photopolymerization and determine the material's gel point at a particular
experimental condition.

Contact angle methods.

Contact angle measurement is one of the most used methods to measure the
wettability of materials. These techniques are based on the liquid behavior
observation when a drop is deposited on a surface or substrate. The contact angle
between the deposited liquid (drop-by-drop) over the surface, in the presence of air
and considering its surface tension, is measured and determines the surface
wettability. Different liquids can be used in these tests, including polar (water and
formamide) and non-polar solvents (diiodomethane). Thus, the contact angle
measurements can provide valuable information about the surface's
hydrophobicity/hydrophilicity and surface energy. In general, wetting liquids form a
contact angle with the substrate smaller than 902, while non-wetting liquids form a
contact angle between 902 and 1802 with the substrate.
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