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Abstract

3D printing is the use of additive manufacturing techniques to deposit materials layer-by-layer.
Compared to alternative tissue fabrication methods such as casting, 3D printing is unique, because
it uses CT and MRI scans to create the most accurate 3D tissue models. 3D printing of biomimetic
structures, especially elastic tissue mimetics, is a relatively young research field and is
experiencing exponential growth. Among the four most commonly used 3D printing methods
(power-bed fusion, vat polymerization, material-jetting, and material-extrusion), 3D micro-
extrusion (ME) is the most suitable method for printing macroscale (centimeter size) and arrayed
acellular/cell-laden biomimetic structures with high-throughput due to its capability in multi-
material printing and ease of operation. However, for 3D ME printing of precise and functional
human-mimetic substitutes, there is a need to develop an appropriate 3D printable ink with tunable
mechanical and rheological features. Among different polymers, silicone elastomers have been
widely utilized in different biomedical applications due to their remarkable features such as
flexibility, adaptability, and biocompatibility, but the slow curing speed, low viscosity, and
hydrophobicity of the existing silicones are challenges that hinder silicone applications. In this
thesis, we have made an attempt to address these issues by deploying a series of strategies to
develop UV-curable and hydrophilic silicone-based inks that can be used to rapidly 3D print a
precise articular cartilage (AC) substitute, as a proof of concept. To do so, hydrophilic and rapidly
curing (under three seconds) inks, consisting of aminosilicone, cellulose nanocrystal (CNC), and
methacrylate anhydride (MA), are developed for the printing of human articular cartilage (HAC)
substitutes, with a biomimetic multizonal structure, for the first time. The developed inks are
shown to possess a suitable shear-thinning property and tunable mechanical strengths for 3D ME

printing. The ability to print high aspect ratio and hemispherical structures without any sacrificial

v



supporting materials is demonstrated. The desired mechanical stiffnesses of HAC layers can be
readily achieved by printing with aminosilicone inks containing different CNC and MA
concentrations. A multilayered HAC with a gradual increase of the compression modulus from
0.25 to 1.32 MPa for the superficial layer to the deep zone, respectively, is successfully printed.
Further, the durability of the 3D-printed HAC against a high repetition rate of cyclic compressions
(400 cycles) is evaluated. Additionally, a customized HAC was printed to cover human femoral

condyles.

Lastly, we have tried to employ our developed ink for the fabrication of microfluidic devices
(MFDs), where silicone elastomers are extensively used. MFDs have grabbed significant interest
due to their unique features such as low-cost fabrication, miniaturization, simplicity, and reduced
reagent consumption. Compared to conventional MFD fabrication methods, mainly soft
lithography, 3D printing has the following advantages: easy geometry customization, multi-
material printing, one-step printing, and better device integrity (i.e. no bonding, no leakage). Our
results demonstrated that various integrated MFDs with different channel sizes could be readily

3D printed using our developed ink.

Taken all together, this thesis presents a new class of silicone-based ink, with high
commercialization readiness levels, that can be used for not only the fabrication of personalized
and biocompatible tissue-mimetic models but also 3D printing integrated MFDs in one-step for

various biomedical applications.
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Chapter 1 Introduction
1.1 3D Printing

Three-dimensional (3D) printing is the method involved with interpreting a computerized
model into an actual printed pattern. This interpretation process utilizes a 3D printer to fabricate
complex functional 3D constructs layer-by-layer based on the data of the 3D computer model using
various materials including polymers (natural or synthetic), ceramics, and metals.! 3D printing
has its own advantages over conventional fabrication methods, which need dices, molds, or
lithographic masks, including ease of operation, cost efficiency, and fast-paced manufacturing
process.! Hence, 3D printing technology has attracted significant interest in medical and industrial
applications during the last decade.* The most common 3D printing techniques for biomedical
applications can be classified into four significant groups, including powder bed fusion, vat
polymerization, material jetting, and material extrusions, each of which has its own merits and

drawbacks (Figure 1.1).
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Figure 1.1 Schematic illustrations of various 3D printing methods. a) Power bed fusion, b) Vat
photopolymerization, ¢) Inkjet printing, d) i) CIJ mode and ii) DOD mode of inkjet printing, )

FDM, and f) DIW printing. All these figures are reproduced with permission. '

1.1.1 Powder Bed Fusion

Powdered materials are sintered or melted using an electron or laser beam in the additive
manufacturing procedure known as powder bed fusion. The laser is automatically pointed at
particular locations in space indicated by a pre-rendered 3D model, binding the materials together
to fabricate a solid structure. This 3D printing technique is also known as selective laser sintering
(SLS) or selective laser melting (SLM) due to the differences in the phase state of the powder

during the binding process.°



The SLS construction process (Figure 1.1a) consists of three steps: a) Powder deposition, in
which by rolling or scraping, particles with diameters in the range of 10-100 um are spread
uniformly as a print layer in this stage, b) Powder solidification in which by scanning cross-
sections cut from 3D models, the laser beam selectively fuses powders to create a bonded solid,
and ¢) Lowering the platform in which the build platform is lowered by one layer of thickness in
order to prepare for printing the following layer.! Until the printing is finished, these three
procedures are repeated. SLS achieves approximately 100% material utilization because, unlike
prior 3D printing methods that require extra support materials, the powders in non-fused regions
may act as support materials that may be reused after printing.” The SLS's forming principle limits
the materials that it may use to a few distinct kinds. In general, SLS powder should possess

compatibility, aging stability, high flowability, and particularly good thermal characteristics.® 1

SLS cannot offer further compacting during component fabrication, in contrast to injection
molding. Once a non-uniform powder layer is developed, bonded solid flaws are unavoidable.
Additionally, as only some powders are sintered and fused to create the designed model, the
remaining powders in non-fused regions may experience sustained heat stress that may induce
deterioration, particularly for polymer materials.'> Moreover, the difficulty in producing polymer
elastomer powders is considered another significant issue hindering the application of SLS and
SLM.? Today, relatively few soft polymer materials, such as polycarbonate (PC), thermoplastic
elastomers (TPEs), and PCL, can be processed using SLS.!! Although it is widely accepted that
the biological and medical industries are the most active fields employing soft polymer materials
for SLS, the SLS method's multi-material capacity is still inferior to other 3D printing technologies

due to its restrictive material requirements.'>"'4



1.1.2 Vat Polymerization

Another additive manufacturing process is vat photopolymerization which can selectively cure
liquid photopolymer in the vat through light-activated polymerization to create the designed
structure. Stereolithography (SLA) was the first vat photopolymerization technique established in
the early 1980s.!°> Based on the core principle of SLA, numerous other vat photopolymerization
techniques have been created since then, such as continuous liquid interface production (CLIP),'®
digital projection lithography (DLP),!” two-photon/multiphoton polymerization (TPP),'® and
computed axial. The vat photopolymerization printer is identical to that for SLS, as illustrated in
Figure 1.1b, with the exception of the material state and light source. Depending on how the printer
is set up, the light source's position and the build support plate's motion can be changed (the light
source may be placed below or above the vat). A thin layer of patterned solid is created during
printing by masking or the movement of the light source, which produces light to cure the liquid
photopolymer. A new layer of liquid photopolymer flows into the print regions to print the next
layer once the build support plate has moved by one layer thickness after printing the first layer.
These steps are done one after the other until the required 3D model is complete. It is true that
compared to other 3D printing methods, the vat photopolymerization can be considered the most
accurate and fastest 3D printing method, but there is a significant trade-off between various
parameters, including volume, high build speed, and resolution.!” For instance, TPP may be
utilized to create complex 3D structures within a few micrometers at the cost of limiting the
building volume to only 1 cm?, while CLIP can fabricate constructs with higher building volume
(several hundred cm?) with a much lower resolution, which is typically more than 100 um. In
comparison, while SLA/DLP resolution may reach several micrometers, their printing pace is

substantially slower than CAL and CLIP.!*?° Additionally, materials must meet the requirements



including excellent fluidity and photo curability to be considered a suitable candidate for vat

' When it comes to multi-material printing, vat photo-multi-material

photopolymerization.
polymerization's capability is inferior, much like SLS's; however, the major restriction is
composites rather than printing different materials. Indeed, vat photopolymerization has been
facing several challenges in printing composite materials due to the effect of particle addition on
the rheological features and transparency of the liquid solution. For example, the addition of
particles may not only increase the liquid solution’s viscosity which in turn can decrease the
printability of the material but also lead to the printing of unstable and defective 3D structures
because of the particle settlement. Moreover, particle addition can affect the printing efficiency

and quality due to the light scattering features of the micro/nano-sized particles. '*!7

1.1.3 Material Jetting

Material jetting or inkjet printing is an expensive additive manufacturing technique in which
materials, in the form of droplets, are precisely deposited to fabricate the designed object.?!** As
shown in Figure 1.1c, the conventional inkjet printing system consists of an X-Y-Z three-axis
motion platform with an additional curing equipment, which can be a heating platform or UV light
source, and multiple jetting heads. Low-viscosity liquids are expelled from the jetting nozzles and
precisely deposited on the print stage, where they are subsequently cured into solids. Inkjet printers
can generate droplets in two different modes; continuous inkjet (C1J) and drop-on-demand (DOD)
printing (Figure 1.1d). In each of these modes, droplets are formed by breaking the liquid into
droplets by either electrically heating a needle or using a piezoelectric actuator to create a vapor
bubble and pressure pulse, respectively.??

Due to the fast droplet formation speed (20—60 kHz), CI1J systems can often provide high

-1)_22

printing speeds (>10 m s However, DOD can only print at a slow pace (5-8 m s!) because of



the limitations imposed by acoustic frequencies (usually 1-20 kHz).?* In terms of resolution, DOD
has a higher resolution because the diameter of the droplets generated in CIJ is typically bigger
than the nozzle diameter, while with DOD, the droplet diameter is approximately equal to the

diameter of the nozzle.?>**

Although the high printing resolution and multi-material printing capability of inkjet printing
make it an ideal 3D printing technique, it also has its weaknesses. The range of materials that can
be utilized for inkjet printing is limited since the viscosity of the ink should be within the range of
3.5 and 12 mPa-s, hindering its application for 2D tissue engineering like cartilage construction.?®
In addition, when it comes to a jet complex solution like concentrated polymers or solution with
large nanoparticles (usually particles with bigger than 100 nm diameter), clogging might cause a

significant challenge which in turn limits the range of printed materials.?*’

1.1.4 Material Extrusion

Material extrusion, also known as extrusion printing, is a 3D printing technique in which the
material is being extruded through a nozzle to create a continuous filament that is then used to
fabricate the designed structure.! As can be seen in Figure 1.1e, similar to inkjet printing, a typical
extrusion 3D printer consists of an X-Y-Z three-axis motion stage along with in situ curing device
(optional) and several extrusion nozzles which provide the opportunity to have a multi-material
printing. To fabricate a structure, the extruded filament is deposited at the desired location by
moving either the printing stage or the nozzle head. Once a single layer is finished, the stage moves

down, or the extrusion head moves up to make room for the next layer deposition.

Fused deposition modelling (FDM), also known as fused filament fabrication (FFF), was the
first extrusion printing method to emerge (Figure 1.1¢).?® In this printing technique, the first

thermoplastic filaments are heated within the nozzle during FDM to make them semi-molten.
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These semi-molten filaments are then solidified by decreasing the temperature below their glass
transition temperature. Microextrusion (ME) printing is built on the concept of FDM, in which a
viscoelastic material is extruded through a nozzle using a piston, air pressure, or a screw (Figure
1.1).3 Once a layer is deposited, it may be hardened via various curing processes, such as thermal
or photopolymerization.? Viscoelasticity plays a crucial role in ME printing since rheological
features such as shear thinning property and proper recoverability are considered as factors that
can guarantee good shape fidelity and continued filament deposition which are requisites for

having a successful ME printing.?*-°

Compared to other printing techniques, the range of the materials that can be utilized for ME
printing is considerably wider since not only there are many polymers with the appropriate
rheological qualities but also the majority of those unprintable polymers may be readily modified
to become printable by incorporating rheological modifiers into a polymer matrix,>!** embedded

35738 or two-step crosslinking.>*#! ME printer’s multi-material capability, which is enabled

printing
by several dispensers and composite inks, is further enhanced by this tolerance for material
selection. Hence, ME printers can be used to create complex functional constructs using soft

3941

polymers with various viscosities such as silicone elastomers, polyurethane,** and

4346

hydrogels.

One of the main challenges hindering the broad application of soft materials for ME printing
purposes is the structural deformation due to the gravity, particularly in cases wherein the curing
phase is excluded from the printing process. There are several ways to solve this issue: a) In situ
curing, by incorporating additional curing devices such as a UV lamp or heated chamber to cure

the printed layer once they have been deposited;*’ b) Embedded printing, by using self-healing



gels as a support for the printed constructs;**3’ ¢) Multi-material printing, by supporting softer

material with the materials having a high Young's modulus to prevent the possible collapse.*8>°

Generally, each printing method is suitable for printing different materials and has its own
advantages and disadvantages. Vat photopolymerization and SLS both pattern and cure the 3D
structures simultaneously, while in extrusion and inkjet printing, first, the material needs to be
delivered to the designed spot using a nozzle or print head, followed by curing. This difference in
pattering may lead to a significant gap in the multi-material printing capability. Indeed, multi
nozzle-based printing can provide the chance of changing materials by simply altering the nozzles,
while in vat polymerization and SLS, this would be a challenge or even impossible. This issue of
changing materials during printing can become even worse due to the strict material requirements
of SLS and vat polymerization. In fact, among various materials, including thermoset polymers,
physical crosslink polymers, thermoplastic polymers, and photopolymers, only photopolymers and
thermoplastic polymers can be respectively used for vat photopolymerization and SLS. However,
almost all these materials can be printed using inkjet and extrusion-based printers. When it comes
to resolution and printing speed, vat photopolymerization and SLS can beat the other printing

methods.'*

In this research, we used a ME 3D printer due to its features such as ease of operation, versatile
polymerization methods, compatibility with different materials with various viscosities, and
reasonable printing accuracy.’' > Among different ME 3D printers (pneumatic and mechanically
driven), we used the pneumatic one, which provided us with better control over the printing process
due to its mechanism in which forces are directly applied to pistons. All the printing parameters,
including nozzle diameter, pressure, flow rate, filament width, and layer height, have been

optimized to print 3D constructs precisely.



1.2 3D-Printable Biomaterials

The 3D-printable materials, known as inks, can be considered essential components that are
mainly specific to the printing technique and dominate the performance and efficiency of the 3D-
printed constructs.>* In general, all the 3D-printable materials, including hydrogels, polymers, and
bioinks, must meet specific requirements, including a) suitable viscosity to make them printable
and structurally stable, b) proper shape fidelity, c¢) biocompatibility, d) tunable mechanical
features, e) crosslink ability via UV irradiation, chemical, or physical crosslinking, f) biomimetic,
and g) appropriate degradation rate.>> Noteworthy is based on the application of the 3D-printed
constructs and printing methods, each of these requirements might be modified. Therefore, a
balance between all these requirements needs to be maintained to develop suitable printable

biomaterials with striking features for various biomedical applications.*®’

To develop a hydrophilic and rapidly curing ME 3D-printable ink with tunable mechanical
features, we have investigated several biomaterials, including ceramic-, polymer-based, hydrogels,

and composites.
1.2.1 Ceramic-based Inks

The unique features of ceramic-based materials, such as high bioactivity, proper stiffness, and
similarity to the natural human bone’s mineral phase, make them an ideal candidate for dental
surgeries and orthopedics applications. However, the hard processability of the ceramics hinders
their application for direct printing methods.*®> For example, the high melting temperature of
ceramic materials, above 2000 °C, is far from the suitable range of FDM printers. SLA printers
can also no longer be an option for 3D printing ceramic materials since they are not responsive to
light.>* The most attractive option to make them printable is to incorporate them as an additive,
powder, into a composite system that allows the ceramic materials to be used as an ink for almost
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all 3D printing methods. Among different ceramics, hydroxyapatite (HA), in its powder form, is
frequently utilized for 3D printing purposes due to its widespread occurrence in mineralized human
bone.®*! To achieve HA powder, the poly(acrylic acid) solution might be sprayed layer-by-layer

to provide powder binding, and then the resulting structure would be sintered to become solid.*’

1.2.2 Polymer-based Inks

Polymers have been extensively used for 3D printing applications due to their extraordinary
features, including ease of operation, biocompatibility, low cost, proper degradation rate, and
adjustable mechanical and rheological cues. Polymers can be utilized in different forms such as
powders, filaments, solution, and solution/gels, making them ideal candidates for a variety of 3D
printers, including SLS, FDM, SLA, and ME, respectively.5>®> As mentioned previously, each of
these 3D printing methods has its own printability criteria in terms of material parameters. For
instance, suitable inks for ME printing should possess low viscosity to allow the deposition of
filaments at low to moderate pressure along with proper shear-thinning property to facilitate the
flow and avoid clogging. For SLS printers, to maintain a reasonable printing resolution, the
diameter of the polymer beads should be within the range of 10-150 um to let the particle flow
through the bed. There are also other considerations; for example, the highest achievable melt
temperature by the laser is approximately 200 °C.5*%° Regarding SLA printing, polymers must be
photocrosslinkable and undergo polymerization once they are exposed to UV radiation. The liquid
bath's viscosity and density have to be sufficiently high to ensure the 3D-printed construct is strong
enough to perform the desired function and that the remaining material in the bath can flow into
the place once the stage descends after the completion of each layer. Numerous materials have
been transformed into printable polymer bioinks for different 3D printing methods based on these

design criteria.?!
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1.2.2.1 Thermoplastic Polymers

A thermoplastic polymer is a form of polymer that is easily moldable and pliable when heated
above the glass transition temperature and solidifies upon cooling. This phenomenon can be rooted
in the inherent intermolecular forces in thermoplastic polymers, which are the weak and reversible
van der Waals forces. Therefore, thermoplastic polymers can easily soften above their glass
transition temperature and show fluidic behaviours. It is worth noting that since there is no

chemical bonding occurring during this process, the solidification may be completely reversible.>*

Due to this unique characteristic, polymers may be recycled and remolded using a variety of
processing methods, such as compression molding, injection molding, and calendaring.
Thermoplastic polymers are therefore ideal for FFF.®® Indeed, when such polymers are heated,
their viscosity significantly decreases, making it easier to extrude through a nozzle. After being
extruded, the filament cools and becomes considerably more viscous. The polymer keeps its form
and solidifies quickly. Various commercial products have been created from filaments using 3D
extrusion methods. Some polymers’ extruded filaments, however, might readily undergo
shrinkage, which in turn could affect the shape fidelity of the 3D printed constructs. Thus, to
address the above-mentioned problems and broaden the application of these polymers, several
studies have been conducted to develop new thermoplastic polymers with improved 3D

printability .56

The main challenges hindering the broad application of the FFF method are poor interlayer
adhesion and anisotropy.”’ Levenhagen and Dadmun attempted to solve these issues by
incorporating low molecular weight additives into polylactide.”®”! They reported that the presence
of these additives resulted in more entanglement between neighboring printed layers, which can

be caused due to higher diffusivity of the low molecular weight polymer over the filament
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interface, leading to more robust interfaces. By adjusting the additive's molecular weight and its
architecture, the adhesion and bonding of the printed layers can be tuned. Their results indicated
that the improvement in the entanglement of neighboring layers and diffusion does not depend on
the printing orientation since the moduli were the same even when the printing orientation was
changed. They also improved their PLA-based ink by incorporating UV-curable methacrylate

groups into its polymer matrix (Figure 1.2a).”?

Another strategy to improve the 3D printability of thermoplastic polymers is chemically
modifying such polymers with supramolecular interactions. For instance, the fast crystallization
following extrusion and consequent poor adhesion between layers limit the application of poly
(ethylene terephthalate) (PET) for 3D printing purposes. In a recent study, Wang and colleagues
found that adding phenylacetylene (PEPN) groups with m—m interactions at the side chain could
solve this issue (Figure 1.2b).”? Indeed, since chain regularity is destroyed via pendant PEPN
recrystallization is precluded upon cooling. Additionally, a smaller temperature gradient between

melting temperature (Tm) and glass transition temperature (Tg) led filaments to rapidly solidify.”?
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Figure 1.2 Various material design methods for 3D printing of thermoplastic polymers. a)
Incorporation of the low-molecular-weight surface-segregating additives for improving adhesions

between 3D printed layers. Reproduced with permission.”? b) Incorporation of the m—m stacking

networks into poly (ethylene terephthalate). Reproduced with permission.”
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1.2.2.2 Thermoset Polymers

Thermoset polymers are crucial components used in many high-tech applications due to their
robust thermomechanical characteristics and superior heat and chemical resistance. Thermal
curing of thermoset polymers, unlike thermoplastic polymers, is irreversible due to the formation
of chemical crosslinking. The majority of chemically crosslinked thermoset materials have a high

T, allowing them to resist high processing temperatures and are mechanically robust.>*

It is difficult to construct 3D thermoset objects using extrusion techniques since they frequently
cannot flow when pressure is applied. Shi et al.”* showed how a thermosetting vitrimer epoxy ink
might be readily extruded from the nozzle and maintain a high enough viscosity after being
extruded by formulating the inks with a rheological modifier like nanoclay. However, with a high
curing temperature, 3D-printed structures can still distort or collapse, undermining their shape
fidelity. To address this issue, they increased the polymer viscosity via a chemical modification to
prevent the 3D-printed construct from collapsing at the curing temperature. Subsequently, the 3D-
printed constructs underwent a two-step curing process, including a precuring step at 60 °C
followed by another curing at 130 °C for 20 and 6 hours, respectively. The remarkable printability
of the developed epoxy-based system showed great potential for fabricating complex 3D

constructs.’*

Another promising strategy to make thermoset polymers more favorable for FFF 3D printers is
the use of dynamic covalent chemistry.”® Indeed, dynamic covalent chemistry provides a solution
for reshaping and reprocessing the 3D printed thermoset polymers via a reversible crosslinking
strategy. Reversible crosslinking has become possible with dynamic chemistry, which may
improve the thermoset polymers' suitability for 3D printing. Yang et al.”® developed a novel

thermoset polymer that could be crosslinked via reversible furan-maleimide Diels—Alder
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chemistry and investigated its 3D printability in terms of shape fidelity and printing resolution.’®
Due to the formation of thermally reversible bonds between bismaleimide groups and furan, the
viscosity of their developed ink could be readily tuned by altering the temperature. Increasing the
temperature during the polymer extrusion decreased the viscosity to 0.8 Pa s. The polymer was

then subjected to a continuous cold air flow to raise its viscosity.”®
1.2.2.3 Other Polymers

Silicone, known as polysiloxane, is a synthetic polymer extensively utilized in biomedical
applications. Silicone mainly consists of a backbone of silicone-oxygen atoms along with organic
substitutes attached to the silicon atoms.”” This polymer possesses a variety of features, including
macromolecular structural properties and inertness of the inorganic materials.”®” Silicone has a
suitable bond strength because of the highly ionic Si-O bonds, which also contributes to its great

chemical and thermal stability. Figure 1.3 depicts the production of a typical silicone form.*°
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Figure 1.3 Schematic synthesis of silicone. Reproduced with permission.®
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The unique physicochemical features of the silicones can be rooted in the presence of not only
the flexible and long silicon atom bonds with oxygen and carbon but also the type and placement
of the organic groups. The Si-O-Si bond angle is approximately 108°, which can make silicones
highly flexible, resulting in low melting and glass transition temperatures.®! Compared to the
rotation energy of the C — C bonds, the lower rotation energy of the flexible and long Si-C and Si-
O bonds may be of benefits to silicone’s molecules by helping them to adopt the interfaces
configuration with the lowest energy, leading to lower surface tension. Such a unique chemical
structure allows the silicone to withstand high temperatures and enhances its oxidative resistance.®?
The strength of the silicone mainly attributes to its partial double bond and ionic properties.
Silicones have backbone Si — O bonds with significant electronegativity differences between
oxygen and silicon atoms.®? The silicone’s organic groups and their interactions with each other
are other important factors affecting the surface features of the silicone. Overall, promising
properties of silicones, including bioinertness, flexibility, biocompatibility, chemical, and thermal
stability, make them a suitable candidate for various biomedical applications, particularly in

fabricating tissue-mimetic substitutes.?’*?

Silicone-based structures have been fabricated using traditional techniques such as lithography
and molding for several years; however, such fabrication methods have their own limitations, like
incapability for creating integrated and complex structures, time consuming and costly processing,
which hinder their applications for biomedical purposes. Hence, during the last decade, researchers

have been making an attempt to incorporate silicone-based inks into various 3D printing methods

84,85 86,87 5 88,89

such as vat polymerization, material extrusion, embedding,>> and material jetting,
which might revolutionize the industry of personalized substitutes and biomedical devices. The

parameters of different 3D printing methods, including horizontal and vertical resolutions, printing
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speeds, and curing mechanism of silicone utilized in recent studies, are summarized in Table 1.1.34

Although not all variables were included in all articles, evaluating the existing data offers a better

insight into the state of silicone-based inks’ research and identifies areas for development.

Table 1.1 Comparison of 3D printing parameters of various silicone-based inks.

3D Printi . Lateral Vertical Printing
rinting Curing . .
Method Authors/Company Mechanism resolution resolutio Speed
(um) n (um) (mm/s)
Wallin et al.”® UV/RTV 250-1000 N/A N/A
Vat Bhattacharjee et al.”! uv 50-250 50 N/A
Polymerization Patel et al.” uv N/A N/A N/A
Kim et al.”? uv 1000-2000 N/A N/A
Zheng et al.** uv N/A N/A 12.5
Duoss et al.”? HTV 100-610 N/A 1-20
Material Rol?inspn et al.” UY N/A N/A 4
Extrusion Liravi et al.¥ UV/Moisture 250-300 100 5-10
Lvetal.”” HTV 150 N/A N/A
Ozbolat et al % HTV 380-1800 N/A 0.5-5
Hinton et al.*® HTV/Moisture 140400 100 20
O'Bryan et al.’’ uv 30-700 N/A 2-10
Embedding Fripp Design Ltd. RTV N/A N/A N/A
Femmer et al.”® uv 100—400 N/A N/A
Material Jetting Wacker Chemie AG uv N/A N/A 100-400
McCoul et al.?¢ HTV/UV 200400 2-4.5 50

Several silicone-based inks have been modified to make them suitable for SLA and DLP

printing methods.””!% Wallin et al.”° investigated the feasibility of using silicone double networks

(S1IDNs) for creating soft device architectures with micron resolution using an SLA printer (Figure

1.4a). They used condensation and photocurable thiol-ene reactions as their crosslinking methods

providing the printed constructs with significant cohesive bonding along with high elongation and

toughness, dL/Lo ~400% and U> 1 MJ m, respectively.” Bhattacharjee et al.’! developed a 3D-

printable polydimethylsiloxane (PDMS) (3DP-PDMS) resin using a desktop SLA printer. They

successfully printed elastomeric 3D constructs that had similar characteristics to those of

conventional thermally cured PDMS. They could also print a transparent microfluidic device with
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a 500 pm channel width, which was biocompatible (Figure 1.4b). As can be seen in Figure 1.5b,
they could print some complex and hollow structures without any sacrificial bath; it is worth noting

that printing hollow structures is among one of the toughest 3D printing goals.’!

As previously mentioned, SLA and DLP methods have their highlights and challenges. For
example, it is true that these techniques are suitable for producing 3D constructs from a single ink
with high resolution, but it may be challenging to modify them to create objects from numerous
inks with various characteristics. Additionally, SLA and DLP printers are quite expensive, which
has limited their widespread use. Compared to other printing methods, material extrusion attracts
great interest for printing silicone-based inks due to its advantages, such as low cost and capability
of extruding either one part silicone or two parts, which can be cured by moisture or thermal/UV
hydrosilylation methods, respectively.?”-190192 In 2013, Mannoor et al.'®® used the material
extrusion technique to print a bionic ear using silicone, conductive polymer, and cell-laden
hydrogel for the first time. They used the printed bionic ear as a substrate for culturing cells In
vitro and In vivo, demonstrating the potential of 3D printing for fabricating personalized
prosthetics.!® Zheng et al. developed a sulfur-containing silicone elastomer for extrusion printing
purposes by combining various low-viscosity silicone elastomers (Figure 1.4c). They used a
combination of the base polymer, chain extender, thiol-ene chemistry, and crosslinker to produce
a rapidly curing ink. Although their developed ink was capable of printing various structures like
overhanging or tall ones, its low viscosity might cause a severe problem in controlling the ink flow
for printing complex structures.’* Additionally, based on their results and the material formulation,
their developed ink might be hydrophobic. This hydrophobic nature may hinder the application of
their developed ink for fabricating tissue-mimetic constructs, given that hydrophobic substrates

can increase the chance of triggering body response.'%*
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Overall, several factors need to be taken into account to develop a suitable 3D printable material
for biomedical applications. Thanks to the unique chemical structure of the silicone, its
biodurability and biocompatibility may be readily modified by changing the type and arrangement
of its organic groups or performing post-serial extraction with organic solvents.!> Besides
biocompatibility, silicone-based ink needs to be further tuned, based on the desired 3D printing
method, in terms of its: a) printability and rheological features; b) curing mechanism; c)
hydrophobicity, and d) mechanical stability to be considered a proper 3D printable ink.3*3
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Figure 1.4 3D printing of various silicone-based materials. a) schematic illustration of the double
network silicone developments via thiol-ene silicone (green species) and a condensation silicone

(blue species). An example of a 3D-printed construct for the simulation of surgical skills.
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Reproduced with permission.”® b) Schematic illustration of the SLA printing of hollow constructs
using a transparent silicone-based resin, reproduced with permission,’! ¢) Schematic illustration
of the extrusion printing of a low viscosity and UV-curable silicone-based ink. Reproduced with

permission.'%

a) Printability and rheological properties

One of the most crucial factors that can significantly affect the flow behavior of silicone
elastomers is rheological properties. The rheological features of silicone elastomers should be
tuned in terms of viscosity, loss and storage moduli, and so on, to make them suitable for various

printing methods. One of the strategies to adjust the viscoelastic features of the silicones is to mix

t.% 1.96

silicones of low and high molecular weight.” Robinson et al.”” showed that by mixing a high
molecular weight silicone with one of the low molecular weight in a 60:40 % ratio, the resulting
ink demonstrated solid-like behavior at low shear stress, which in turn helps the ink to retain its
shape fidelity after printing.”® In another study done by Roh et al.,!%” a three-phase silicone ink,
consisting of water, liquid silicone, and micro-particles of cured silicone, has been developed for
extrusion-based printers. They developed an elastic ink with gel-like properties by covering the
cured silicone micro-particles with liquid silicone to form capillary bridges. Although the
developed ink can be used for printing in an aqueous solution or air, the printing resolution may
be limited due to the existence of the silicone particles. Their developed ink also needed a post-

curing step at a high temperature, 85 °C, to fully crosslink the silicone precursor existing between

the silicone micro-particles which in turn hinders its application.'?’

b) Curing mechanism
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High-temperature vulcanized (HTV) silicones are the most common type of silicone elastomers.
These silicones must be partly cured between a few minutes to a few hours to allow previously
deposited layers to withstand the stresses brought on by the weight of the top printed layers. This
curing mechanism might not only slow down the printing process but also compromise the
precision of the printed constructs. Additionally, curing the silicone after printing numerous layers
may lead to the poor shape fidelity of the printed samples because of the previously deposited
layers’ weight.3* Morrow et al.!%® reported other challenges, such as quick gelation time, high
chance of structural deformation, and limited heat transmission range that significantly restrict the
application of heat-curable silicones. Hence, UV-curable silicones, with their capability to be cured
within the order of a few seconds, can be considered a potential alternative for heat-curable
silicones in extrusion and jetting-based printing methods. Patel et al.”” developed stretchable UV-
curable elastomers by combining a difunctional crosslinker consisting of aliphatic urethane
diacrylate (AUD) diluted with 33 wt% of isobornyl acrylate and an epoxy aliphatic acrylate (EAA)
suitable for DLP-based printing. The elongation at the break of their developed ink was
approximately five times bigger than that of commercially available silicone elastomer, and it can

be stretched up to 1100%.
c¢) Hydrophobicity

Silicones’ hydrophobicity frequently restricts its use when dealing with solutions containing
biological materials.!% Because of the hydrophobicity of the silicone’s surface, the contact angle
is 108°, undesired proteins are non-specifically adsorbed to it, affecting analyte transport and
lowering detection sensitivity and separation performance.!'’ Silicone materials are also
extensively used for fabricating microfluidic devices. This inherent hydrophobicity makes it

challenging to flow aqueous solutions or combinations of aqueous and organic solutions through
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the microfluidic channels, particularly when polar liquids are used.!'!! Hence, several researchers
have been attempting to make the silicone’s surface hydrophilic and immune to protein adsorption.
Their approaches have been mainly focused on employing different surface treatment methods like

O plasma, UV, or ozone, surface coating, silanization, and chemical vapor deposition.!'?

Even though these methods have been effective at increasing surface hydrophilicity to some
extent, there are some concerns regarding their chemical stability, fabrication time, and the need
to use special equipment, all of which limit wider application.''® Furthermore, several of these
techniques result in surface cracking, lower transparency, altered mechanical properties, increased
roughness, and, more importantly, producing a temporary hydrophilic surface.!'*!!> Indeed, as a
result of the silicone chains' mobility, the surface gradually loses its initial hydrophilicity, defeating
the purpose of the treatment.!!'®!'” Such issues fade the advantages of these silicone surface
modifications and highlight the need to develop new methods for making hydrophilic silicones.
Gokaltun et al.!'® reported a new surface modification method, surface segregating, to produce
PDMS with a contact angle of 23.6°, which could retain its hydrophilicity for a longer time
compared to other methods. To do so, they prepared a copolymer consisting of PDMS and poly
(ethylene glycol) (PEG) segments (PDMS-PEG) and then incorporated it into PDMS. The PDMS-
PEG segments spontaneously segregated to surfaces and faced an aqueous solution, which in turn

improved hydrophilicity without needing post manufacturing steps.!'®
d) Mechanical stability

Numerous studies have been done on the mechanical characteristics of elastomers such as
silicone.!!®122 The standard requirements for silicones used in biomedical applications not only
include suitable tensile and tear strength, high elasticity, and adequate elongation at break, but they

also need to have a proper hardness according to their application. For example, since prostheses
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are frequently removed for sleep and affixed to the skin when awake, they must be robust and
possess soft skin-like qualities. Hence, the surface qualities and mechanical properties of the
currently available silicones need to be improved to make them appropriate for different

biomedical applications, according to Aziz et al.!??

Crosslinking density plays a significant role in tuning the flexibility and hardness of silicones.
For example, Lv et al. demonstrated a new class of thermally curable silicones with tunable
stiffness and hardness for extrusion-based 3D printing.®’ In their formulation, the crosslinking
density has been controlled by using vinyl-terminated PDMS and dihydride chain

extenders. Bhattacharjee et al.’!

also improved the elongation at break of the low viscosity
silicones by mixing two different types of the silicone methacrylate macromers, PDMS macromers
either with the side chains of methacryloxypropyl or terminated with methacryloxypropyl. The

polymeric network was created via the side chains after photocuring, increasing elongation at

break.

In general, there is still a need to develop a silicone-based ink with all the above-mentioned
features, such as hydrophilicity, UV-curability, and suitable mechanical and rheological
characteristics. Indeed, the improvement of silicone-based inks in the above-mentioned criteria
may be of benefits to the fabrication of not only personalized and biocompatible tissue-mimetic

substitutes but also biomedical devices.
1.2.3 Hydrogel Inks

3D cross-linked polymer networks known as hydrogels are capable of absorbing and retaining
a high volume of water (up to 90% of their capacity).'?*!?> 3D network of the hydrogel is
interconnected via various interactions, including electrostatic, hydrophobic, van der Waals,

hydrogen bonds, or a mixture of these interactions.!*® Hydrogels can mimic the natural 3D
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extracellular matrix (ECM) microenvironments due to their outstanding features, such as
biocompatibility, adjustable degradation rate, and mechanical cues.'?”!?® In addition, hydrogels
can be readily turned into biomimetic scaffolds by incorporating various bioactive molecules such
as growth factors, fatty acids, and nucleic acids.'?® Some hydrogels also have shear-thinning and

thixotropic features making them an ideal candidate for bioprinting purposes.'*’

Various fabrication techniques and tunable features of the hydrogel-based materials lead them
to be utilized for multiple biomedical applications such as regenerative medicine and tissue

engineering.!3%132

When biological components and cells are incorporated into 3D-printable hydrogels, they are
referred to as bionks.!3! The most suitable 3D printing technologies for printing bioinks and

hydrogels are inkjet, light-assisted, and extrusion-based printing,'3:134

Ideal hydrogel inks for
bioprinting must generally meet specific requirements, including a) rapid gelation, b) proper
mechanical features, c) suitable shape fidelity, and d) flow under modest pressure.'*> Hence, the
most straightforward method to develop an ideal hydrogel for bioprinting is to utilize a polymer
solution that can be gelled after deposition using external stimuli such as temperature, ionic
concentration, light, and pH.>> In recent years, a diverse library of hydrogels with various gelation

methods, rheological features, and biological cues have been investigated to meet the above-

mentioned requirements.

Synthetic or natural proteins, including fibrin, gelatin, collagen, polysaccharides, such as
chitosan, agarose, and alginate, and self-assembling peptides are considered the typical precursors
for creating common hydrogels.®!13%13¢ The hydrogels’ printability can be extensively tuned by
modifying the rheological features, particularly thixotropic and shear-thinning properties. Indeed,

the printing parameters such as extrusion pressure, speed, and structural fidelity mainly attribute
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to the rheological features of the hydrogels.*> A bioink with shear-thinning behavior is a non-
Newtonian material that loses its viscosity by increasing the shear rate. This phenomenon can
reduce the applied shear stress on embedded cells which in turn can help cells withstand and
survive during the bioprinting process.'*’ In general, natural polymer-based bioinks, such as fibrin
or collagen, possess low viscosity and weak mechanical cues, which hinder their application in
tissue engineering, while synthetic polymer-based bioinks not only have better mechanical cues
but they are also more viscous, to some extent. Hence, one of the most efficient approaches for
developing hydrogel bioinks is to mix synthetic and natural polymers to prepare a shear-thinning

bioink with similar bioactive cues to that of the natural ECM.>>

The gelation process of the hydrogels can influence not only the cell viability but also the

resolution of the printing as well. Among different gelation methods, ionic, thermal, and

photo/chemical crosslinking are the most common techniques (Figure 1.5).137

a)

lonic-gelation Thermo-gelation

Y

c) Chemical/Photo crosslinking

Figure 1.5 Different gelation processes of hydrogels. a) Ionic gelation, b) Thermo gelation, and c)

Chemical and photo-crosslinking. Reproduced with permission.>
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Regarding ionic gelation, the existence of electrically charged components enhances
spontaneous physical gelation. When electrically charged hydrogels, known as polyelectrolytes,
mix with multivalent anions/cations, the presence of the net charge on the backbone of

polyelectrolytes results in forming complexes.'

For instance, Freeman et al.!3®

investigated the impact of various ionic cross-linkers, such as
CaSO0s, CaCl,, and CaCOs3, and their concentration on the width of the printed alginate filaments.
They found that regardless of the type of the crosslinker, the amount of the crosslinker is
proportional to the molecular weight of the alginate. Indeed, compared to high molecular weight
alginate, low molecular weight alginate needs about twice more crosslinker to create a printable
ink. Their results also show that using CaSOj resulted in stiffer scaffolds. Although the existence
of reversible interactions leads to constant viscosity during the ionic gelation process, the printed
structures possess weak mechanical cues due to the presence of non-covalent interactions. Hence,
there is a need to have a post-printing crosslinking step to enhance the mechanical stability of the

printed constructs.'*®

In thermal gelation, high temperature leads to the formation of high molecular weight
complexes, gel network, via the aggregation of unfolded building blocks. Disulphide bridges and
hydrophobic collapses are considered the leading players in this process. Although thermal
gelation is straightforward and well suited to biological systems, the resulting gel constructs are

often thermos-reversible due to the presence of dynamic non-covalent interactions.>®

The photo/chemical crosslinking method provides the most durable and mechanically tunable
hydrogels. In this gelation method, the bioink’s viscosity is not affected during the printing process
since the polymerization occurs after the bioink has been extruded, in which the generated free

radicals for crosslinking may affect cell viability to some extent.!3° Several conventional chemical
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crosslinking methods are available, including condensation reaction, Michael addition, and thiol-
ene reactions, which have been widely utilized to produce various hydrogels for various
biomedical purposes.®® It is true that the application of the chemical crosslinking method can
provide a chance of producing hydrogels with adjustable degradation rate and mechanical
properties, but it has its own drawbacks, such as low gelation speed and possible cytotoxicity of

the crosslinkers as well.>

To address these issues, W.J. Zhang et al.!*’ demonstrated a double crosslinking method of UV
crosslinking and click reaction by incorporating methacrylate anhydride and 3,3'-
dithiobis(propionyl hydrazide) (DTP), respectively, into the hyaluronic acid-based hydrogel.!*
Their crosslinking strategy not only shortens the gelation time to a few seconds under UV
irradiation but also provides the opportunity to fabricate a biocompatible cell-laden construct with
adjustable stiffness.!’ In another study done by Pereira et al.'*!, a methacrylate modified pectin
bioink was crosslinked through ionic gelation by using calcium ions and UV irradiation which

could provide better control over rheological properties allowing them to adjust the storage

modulus within the range of 259-3552 Pa.'¥!
1.2.4 Composite Inks

Single-phase inks have been extensively utilized for diverse bioprinting and conventional
printing applications. However, their applications have been hampered by a restricted selection of
materials, poor printability, and inadequate mechanical strength.!** Recent attempts have been
made to develop functional 3D printable inks that are applicable to a wider variety of applications
in response to the growing demand for printed materials with specified properties. Composite inks

provide a greater degree of adaptability to meet the intended objectives. The fibrous nature of
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various human biological tissues, ranging from soft to hard tissues, supports the application of

composite inks in the area of tissue engineering.'*

Composites are made up of two or more materials in different stages and have considerably
different characteristics.!** Therefore, a single-phase combination of nonfibrous precursors or
monomer solution of fibrin or collagen is not considered a composite ink, while it may be a
multicomponent ink.'* If these components are combined with a base ink, such as polymer,
hydrogel, or ceramic, to generate a multiphase substance, we may have a composite ink.
Composite inks, compared to single-phase inks, must possess a wider variety of characteristics.
For instance, Matrigel is a commercial hydrogel composite that is rich in laminin and collagen, but

it has poor shape fidelity.!*®!4” To address this issue, Fan et al.!*3

incorporated agarose into the
Matrigel matrix and developed a composite ink, which not only has proper rheological features for
bioprinting but can also provide a suitable microenvironment for cellular activity.'*® Four-
dimensional (4D) printing is made possible incorporating of controlled shape-altering properties
into composite inks.!* By using composite inks, more mechanical, electrical, and physicochemical

tunability may be attained.! %!

In fact, composite inks each component’s benefits to produce printed objects with enhanced
qualities by mixing at least one kind of insoluble additive into a single-phase matrix.'** Different
additives, such as nanoparticles, nanotubes, and fibers, can be incorporated into the base inks to
develop composites with not only desirable mechanical and rheological features but also suitable
biocompatibility.'*> The inclusion of nanoclays, for instance, may enhance the printability of
acrylamide and agarose inks by increasing their thixotropy.!'>* Nanotubes may be included in
composite hydrogel networks to offer more focal adhesion sites and to enhance cell adherence and

migration inside bioprinted scaffolds.'>*
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1.3 Additive Components

1.3.1 Collagen

The most prevalent protein in the body is collagen which has over 30 different types. A three-
stranded structure of collagens is made of one alpha-2 and two alpha-1 polypeptide chains.!>>!%
Proline, glycine, and hydroxyproline are among the most repeatable amino acids existing in
collagen’s structures.'® Compared to other fibrous proteins, collagen fibrils possess a higher
stiffness, approximately 2 GPa; however, these fibrils might be degraded at temperatures above
40 °C which in turn can erode their mechanical stability.!>” Collagen has been widely used for
different tissue engineering applications because of its suitable features such as biocompatibility
and biofunctionality, which are mainly rooted in the presence of diverse cell-adhesion ligands in
the collagen’s structure.'*® Sue et al."* combined collagen and chitosan to develop tunable hybrid
bioinks that could be printed using a low-temperature 3D printing method. The addition of the
chitosan led to the formation of hydrogen bonds with collagen that could significantly improve the
collagen’s printability. Moreover, they visualized cell proliferation and migration of the bone

mesenchymal stem cells by using live/dead assay, which showed stem cells not only on the surface

but also at the bottom of the scaffolds (Figurel.6a).!>

1.3.2 Carbon Nanotubes

Carbon nanotubes (CNTs), hollow tubes of graphite sheet with 1-100 nm diameter, were first
discovered by Iijima in 1991. There are two types of CNTs, single-walled (SW) and multi-walled
(MW) CNTs, based on the number of concentric tubes. The diameter of the SWCNTs and
MWCNTs are approximately 1-2 nm and 5-100 nm, respectively.'® Based on CNTs dimension,
MWCNTs are more favorable for tissue-engineering applications because their dimensions are

similar to those of ECM’s fibrous protein, whereas SWCNTSs are more suitable for drug delivery
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applications due to their higher chance of penetration into the cell membrane.!®"-!®2 CNTs have
been extensively used for various biomedical applications such as tissue engineering, biosensing,
and drug delivery because of their suitable mechanical, chemical, and electrical features. However,
the hydrophobicity of the pristine CNTs limits their application to some extent. To solve this issue,
many researchers have tried to functionalize CNTs with various moieties, particularly hydrophilic
groups, to enhance their dispersibility and biocompatibility. Thanks to the large surface area and
the presence of sp? carbons on the CNTs’ sidewall, CNTs have become an ideal candidate for
surface functionalization purposes, either chemically or physically.!! Izadifar et al.!*® developed
a hybrid cardiac patch by incorporating carboxyl functionalized CNTs into alginate and
methacrylated collagen (MeCol). They reported that the incorporation of the CNTs could
remarkably increase the electrical conductivity of MeCol and develop an interconnected
nanofibrous network. Compared to pure alginate, this interconnected network could facilitate cell
attachment resulting in higher cell proliferation (Figure 1.6b).'®* In another study by Li et al.!%4 a
magnetic carrier consisting of CNTs and HA has been fabricated to act as a targeted drug delivery
system. CNTs have been functionalized and loaded by oxygen-containing functional groups and
the anticancer drug doxorubicin (DOX), respectively. They also significantly increased the loading
efficiency of the CNT/HA carrier by grafting chitosan (CS) and folic acid (FA) into it through a

condensation reaction.'®

1.3.3 Cellulose

Nanocelluloses can be derived from a variety of cellulosic sources, such as algae, bacteria, and
wood. The nanocellulose obtained from cellulose fibers may be classified depending on the
parameters such as sources, treatment methods, and dimensions. Nanocellulose is classified into

three types: bacterial cellulose (BC), cellulose nanocrystal (CNC), and cellulose nanofiber
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(CNF).!16>166 Among various types of nanocellulose, CNC has grabbed great interest because of its
remarkable features such as large-scale productivity, high mechanical strength, renewability, large
surface area, low density, and biocompatibility.!®” CNC has a needle-shaped structure with an
average diameter and length of 10 and 100 nm, respectively, which can be mechanically or

chemically extracted from cellulose.!®®

Besides the above-mentioned remarkable properties of CNC, it can also induce shear-thinning
property making it an ideal candidate for developing 3D printable inks. This shear-thinning
property is rooted in the capability of CNC particles in self-assembling into chiral nematic liquid
crystalline domains.'® Kam et al.'”® developed acrylic acid-based hydrogels using CNC and a
water-compatible photoinitiator, 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (TPO). Their
developed ink possesses a suitable shear-thinning property that photopolymerized in about 5
seconds, providing them with an opportunity to 3D print high-aspect ratio structures (Figure

1.6¢).170
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Figure 1.6 Examples of the application of additive materials for 3D printing purposes. a)
proliferation and migration of the bone mesenchymal stem cells on the scaffold surface, 3D printed
from collagen and chitosan. (Scale bar: 500 um). Reproduced with permission.!* b) schematic
illustration of hybrid implant bioprinting a methacrylated collagen-CNT-based material.
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Reproduced with permission.'®® ¢) chess pawn and honeycomb structures 3D printed using a
P p

rapidly-curing CNC-based ink. Reproduced with permission.!'”

1.4 3D Printing in Biomedical Applications

Using formative (molds) or subtractive (machining) methods in conventional manufacturing,
involving several phases and expensive infrastructure, limits the capacity to quickly incorporate
changes to the final product. When it comes to the fabrication of complex geometries, the
inefficiencies of such fabrication techniques may become more visible.!”! However, during the

past forty years, 3D printing, or AM, has become a reliable method for quickly and affordably
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constructing geometrically challenging items. The fundamental idea of 3D printing dates back to
the 1980s and entails layering the deposition of material in three dimensions while being directed
by a computer-generated model.!”? This fabrication method enables the development of incredibly
complex designs that would be exceedingly challenging or impossible to construct using standard
manufacturing procedures, leading to a surge in its usage by numerous sectors.!”! Nowadays, 3D
printers have been extensively utilized to fabricate scaffolds that can be used for surgical
planning,'” therapeutic delivery,'™ tissue engineering,!” and implant design.!”® Bioprinting, a
novel but rapidly expanding use of AM, allows for the spatially specified seeding of cells in 3D
space.!”” This makes it possible to create in vitro models of diseases and drugs as well as to
biofabricate implantable tissues, including cartilage, skin, and bone.!”® Grix et al.!” fabricated 3D
liver lobule models with hollow channels using stereolithography. Their cell-laden ink and 3D
model, consisting of methacrylated gelatin (GelMA), PEG, and hepatic stellate cells, showed a
higher amount of hepatocyte-related gene expression in comparison with conventional 2D
monolayer cell culturing methods. Stereolithography also provided them with the opportunity to
embed channels within the model leading to the formation of a vascular network.!” The prostheses
and implants field is constantly evolving to not only make such tissue substitutes more compatible
and favorable for the human body but also create precise and accurate 3D tissue-mimetic constructs
with biomechanical properties similar to human ones.!® Designing prostheses and tissue
substitutes is a multidisciplinary subject that connects engineering, molecular biology, material
science, and chemistry. 3D printing can provide the opportunity to bridge the gap between
engineering and biology by fabricating biocompatible 3D constructs (based on the radiological
images) that can precisely mimic the complex human tissue’s structure and perfectly fit into the

damaged tissues.'8! Eggbeer et al.'®? used an acrylate-based material to print a nasal prosthesis
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with an inkjet-based printer, for the first time. Their printed nasal prosthesis was covered by a thin
silicone layer and the tests demonstrated that the nasal prosthesis additively built has an equivalent
level of aesthetic quality to one made similarly using the traditional molding method. Although
the overall fabrication time of the artificial nasal was dramatically reduced due to the employment
of 3D printing, the mechanical features of the printed construct failed to live up to the expectations.

This study highlighted the importance of material selection for AM applications. !>

Despite the rapid progress in using 3D printers for various biomedical applications, selecting
suitable 3D printable biomaterials still needs to be considered the foremost challenge limiting the
3D printing development. As mentioned, a suitable biomaterial must satisfy all the required criteria
for fabricating a functional 3D construct, including shape fidelity, biocompatibility, printability,
tissue-mimetic functionality, and structural resolution, based on the selected 3D printing method.
For instance, the biocompatible inks must mimic the functional and biomechanical characteristics
of the selected organ or tissue in terms of mechanical stability, biodegradation rate, and cell
interactions. Several strategies, such as mixing synthetic and natural polymers or using ECM-
based hydrogel, have been used to meet this requirement.'#*!3% Additionally, regarding ME 3D
printable inks, viscosity is another factor that needs to be taken into account. Indeed, the selected
ink needs to be readily extruded through the nozzle and solidified quickly after printing. Inducing
the shear-thinning property by incorporating nanofillers into the polymer matrix can be a proper

solution to meet this need.

In this project, we attempted to develop a hydrophilic and rapidly curing silicone-based ink with
tunable mechanical features for ME 3D printing applications and investigated its capability in
fabricating tissue-mimetic models and biomedical devices by choosing articular cartilage (AC)

and microfluidic devices (MFDs), respectively, as models.
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1.4.1 Cartilage

Cartilage is a flexible connective tissue readily seen throughout the body in external ears, spine,
nose, and synovial joints. This aneural and avascular tissue has three different types, known as
hyaline, fibrous, and elastic, all of which possess a low cell density (chondrocytes). Chondrocytes
are responsible for producing and secreting the main components of the cartilage ECM.!3%186 The
ECM of cartilage has a distinct variety of proteoglycans interwoven within a highly hydrated
collagen fibrillar architecture to carry out the biomechanical duties of structural strength and
deformation resistance. This matrix is produced and assembled by chondrocytes with the help of
many other non-collagenous proteins, proteoglycans, and glycoproteins. Each of the three cartilage
forms has a different distribution and types of proteoglycans and collagens, leading to variations
in structure and biomechanical capabilities. For instance, fibrous cartilage possesses a dense
population of type I collagen, providing significant tensile strength, and it is typically present in
menisci, bone/ligament-tendon interfaces, and intervertebral discs.'®”188 Type VI collagen is
present in the pericellular network of this cartilage, whereas type II collagen and proteoglycans are
present in very small amounts throughout the ECM. Proteoglycans, type II collagen, and elastin
fibers comprise the majority of the elastic cartilage’s ECM. The tissue's yellowish hue is also

caused by the elastin fibers.'®

Among various cartilage types, we chose hyaline cartilage, known as articular cartilage (AC),
as a model to assess the capability of our developed ink in fabricating tissue-like substitutes since

AC is the most prevalent type of cartilage throughout the human body.'®

1.4.1.1 Articular Cartilage (AC)
AC is glassy-like cartilage with high strength and low friction, located in the trachea, growth

plates, bronchi, ribs, nose, and covering the bone’s surfaces in synovial. This cartilage is mainly
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responsible for lubrication, with a coefficient of friction on the order of 0.001-0.01, and superior
mechanical support to diminish wear and relieve stress.'”* 2 Unfortunately, articular cartilage
lesions have a limited intrinsic capacity for regeneration due to their acellular and avascular nature,
which results in osteoarthritis (OA) and skeletal disorder disabilities.!”® Degeneration of the
articular cartilage has not only earned the moniker "undead cancer" but also the second-highest
incidence of disability after heart disease. Hence, restoring patients' damaged cartilage as soon as
possible is crucial to enhance their quality of life. To do so, the physicochemical features and
architecture of the native AC tissue need to be well understood.'** Indeed, adult AC is divided into
two spatially distinct regions: the osseous region, which includes the subchondral bone zone, and
the cartilaginous region, which includes the surface zone, the middle zone, the deep zone, and the

calcified zone.'”> These zones, as depicted in Figure 1.7, exhibit various biochemical

196

compositions, chondrocyte morphologies, and physiological traits.
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Figure 1.7 Schematic illustration of AC with its zonal structure. Reproduced with permission.'®’

The majority of current treatment procedures fall into two broad categories: nonsurgical
(pharmaceutical) and surgical approaches, including bone marrow stimulation techniques (like

microfracture and autologous chondrocyte implantation) and arthroscopic debridement.!¥%!%
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Although these therapies have made considerable progress, they fail to achieve the ideal

regeneration of the original AC structure due to their limitations.'’

Tissue engineering methods may offer fresh hope to AC regeneration, as current therapeutic
therapy approaches do not provide long-term solutions.!”® Scaffolds, biomechanical and
biochemical stimuli, and cells are all utilized in the fundamental tissue engineering method.?® A
range of artificial or organic materials have been researched recently as scaffolds for AC
regeneration.?’! These methods are regarded as completely developed due to the excellent capacity
of scaffold-based techniques to include numerous biological stimuli and the excellent initial
mechanical characteristics of such scaffolds.?®? Arjamndi et al.?®® developed a hydrogel for
cartilage replacement by introducing silica nanoparticles (Si-NPs) into an interpenetrating polymer
network of alginate-polyacrylamide (ALG-PAAm). They found that using the Si-NPs leads to the
formation of interfacial interaction between these nanoparticles and the polymer network, leading
to the ultra-low coefficient of friction, suitable strength properties, and adjustable viscoelastic
behaviours.??® Nakamura et al.?** used the scaffold-free Kenzan technique and human-induced
pluripotent stem cell (iPSC)-derived neural crest cells for fabricating the articular cartilage. The
fabricated 3D constructs, with 6 cm? in size, have maturated for three weeks to reach a mechanical
strength similar to that of native cartilage (0.88 MPa). Despite the progress made through these
studies, employing homogeneous scaffolds to repair AC cannot live up to the expectations due to
the heterogeneous structure of AC, consisting of layers with various functional and metabolic
characteristics.?®> Hence, researchers have been tried to develop scaffolds based on the

multilayered structure, content, and biochemical needs of AC tissue.?%

1 207

In an attempt to replicate the zonal mechanical characteristics of the AC, Zhu et al.””” combined

chitosan, collagen, and polycaprolactone to fabricate a porous and four-layered scaffold using a

36


https://www.sciencedirect.com/topics/engineering/silica-nanoparticle
https://www.sciencedirect.com/topics/materials-science/polymer-network
https://www.sciencedirect.com/topics/materials-science/polymer-network

low-temperature deposition processing method. They successfully created an AC-like construct
with a suitable swelling index gradient and gradient increase of compressive modulus and stress
from the top to the bottom layer. Their fabricated scaffold demonstrated a
significant potential for use in AC regeneration.??” In another study, Liu et al.?%® used GelMA and
nanohydroxyapatite (nHA) to create a multi-layered osteochondral construct. They fabricated a
simple cubic scaffold with three different layers, including cartilage, interfacial, and subchondral,
with 15% GelMA, 20% GelMA, and 3% nHA, 30%GelMA and 3% nHA, respectively. Within
three months after being transplanted into a rabbit knee with an osteochondral lesion, the construct

demonstrated a suitable regeneration.?%

It is true that, during the last decade, several cell-based therapies have been used to improve
AC repair and regeneration, respectively, but most of these approaches not only possess a high
failure rate but also are suitable only for the treatment of minor defects and, in particular, among
young adults. Hence, we attempted to develop a series of hydrophilic and UV-curable silicone-
based inks of different stiffnesses, with which to precisely 3D print a multilayered AC substitute
from the CT images that may be of more benefit to all age groups.

1.4.2 Microfluidic Devices (MFDs)

Deciphering several biological phenomena has significantly benefited from the use of MFDs.?%
There are several microfluidic designs that may be utilized to in-vitro mimic the function of human
organs.?!*?!! These organs-on-chips can be used for drug screening and disease modeling.?!?
Additionally, the research on cancer metastasis, tumor development, and their interactions with
other cells have all been thoroughly conducted using MFDs. These "Tumor-on-chips" have

demonstrated their effectiveness in applications for drug testing.>!* However, most of these MFDs

are still only useful in laboratories for research purposes. Such MFDs are currently made using
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soft lithography and PDMS. High-resolution photolithography is used to create the masters for soft
lithography, which has been found efficient in reproducing characteristics from the micro to the
nanoscale.?'*?!> However, the use of PDMS MFDs in a clinical context is hampered by the fact
that soft lithography necessitates a cleanroom facility for prototypes manufacturing, time-

consuming manufacturing stages, and extensive prior knowledge.?!>

3D printing has emerged as a viable option for addressing the 'fabrication barrier' related to
the MFDs by providing quick, low-cost, one-step, and completely 3D manufacturing of
MFDs.21%217 3D printing is a "one-step" manufacturing process since it creates MFDs with just
one machine, in contrast to soft lithography. Moreover, 3D printing can easily create complex 3D
structures, such as overhanging structures, whereas soft lithography is restricted to planar 2-
dimensional complexity. The unmatched manufacturing capabilities of 3D printing have increased

its appeal in microfluidics.?!”

Among various 3D printing methods described in previous sections, extrusion-based, SLA, and
inkjet 3D printing are widely utilized to construct MFDs using four core production techniques:

direct printing, mold-based, modular, and hybrid manufacturing techniques.

38



Figure 1.8 Schematic illustration of conventional MFDs fabrication methods. a) direct printing
approach, b) Non-sacrificial mold-based approach: (i) replica molding process, (ii) sealing of
channel with PDMS or glass slide, (¢) modular approach, d) hybrid approach. Reproduced with

permission.?!8

1.4.2.1 Direct Printing Method

The direct printing technique, known as the quickest MFDs fabrication method, has been
extensively employed to create MFDs.?!” The direct printing method is a "one-step" manufacturing
technique that can print various MFDs without bonding or assembly (Fig. 1.8a). The printed MFDs
could, however, go through some post-processing procedures to enhance optical transparency,
biocompatibility, and surface roughness. Nelson et al.?!? used
FDM technique to create transparent and flexible MFDs, made of Thermoplastic
polyurethane (TPU), with channel diameters within the range of 50 to 400 um. They showed that
the printed MFDs were not only compatible with most of the organic solvents, except chloroform
and acetone, but also biocompatible and optically transparent when mouse inner medullary

collecting duct (mIMCD?3) cells were cultured on them. They also found that the polymer sagging
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occurring during the deposition of the bridging layer to close the channels may affect the channel
visibility. To address this issue, they changed the geometry of the channels to diamond, triangular,
and ellipsoid shapes.?!” Salentijn et al.?** investigated the various polymers in terms of their solvent
compatibility, biocompatibility, and autofluorescence for FDM 3D printing purposes to show their
potential for fabricating MFDs. They also found that fluid leakage can be prevented by depositing
four walls with 20% infill density.??* A unique technique was created by Ching et al.?*! that
involved 3D printing the microchannels’ pattern on flat poly(methyl methacrylate) (PMMA)
substrates. After printing the pattern, another PMMA substrate was placed and fixed on top of it,
using spacers and mechanical fasteners to seal the printed channels. Thanks to this patterning
method, they could create various MFDs, including Y-mixer, droplet generator, and fluidic valves

with dimensions as small as 32 and 30 pm in width and height, respectively.??!

SLA technique is another option for direct 3D printing of MFDs with high resolution. Kuo et
al.??? used a low-molecular weight diacrylated PEG resin (PEG-DA-258) to 3D print MFDs with
submillimeter resolution (channel width of 27 pum). They also demonstrated the successful
fabrication of various MFDs, including passive/active micro-mixer, 3D-fluid routers, and high-
aspect ratio microchannels. In another study by Gong et al.,?** fabricated microchannels with even
lower dimensions (18 x 20 um) by utilizing PEG-DA-258 containing resin and a custom-made

DLP printer.???

1.4.2.2 Mold-based Method

Sacrificial molds and non-sacrificial molds are both used in the mold-based technique. The
mold-based technique is considered an indirect 3D printing method for creating MFDs. A soft
lithography mold is often 3D printed, and replicas are molded from thermally curable or

photocurable materials. The final stage calls for gluing replica molded objects with either glass
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slides or PDMS using a plasma treatment technique, assuming the molds are not sacrificed. On the
other hand, with sacrificial molds, the final step is dissolving sacrificial elements to remove the
mold. While non-sacrificial molds can be utilized repeatedly, sacrificial molds may only be
utilized once. In contrast to soft lithography, which needs numerous steps for the master
fabrication, the 3D printed mold-based technique significantly decreases the time for producing
the devices. Figure 1.8b depicts the replica molding and bonding process using a non-sacrificial

mold.?'®

FDM can be used to create both sacrifice-based and non-sacrificial molds by using various
materials such as acrylonitrile butadiene styrene (ABS), poly(vinyl alcohol) (PVA), and PLA 2%
226 Saggiomo et al.*?’ used sacrificial molds of ABS and PDMS replica molding to construct a
different variety of MFDs such as Hilbert cube and spiral channels. Additionally, they have
demonstrated the feasibility of incorporating different electronic components during the molding
of PDMS replicas by integrating UV LED light, copper wire, and Arduino microcontroller for
other purposes such as fluorescence detection, NMR spectroscopy, and RGB color sensing,
respectively.??” Shankles et al.?>* employed 3D-printed ABS molds to create droplet and gradient
generators with built-in custom software. The computer application provides a list of
parameterized microfluidic characteristics and includes a slicer program generating G codes. They
included cleaning the surface of ABS using acetone as part of the manufacturing process,

significantly reducing the molds' surface roughness.**

SLA has been utilized extensively to create non-sacrificial molds for PDMS MFDs due to its
fewer and simpler manufacturing stages compared to soft lithography. The efficiency of the printed
molds can be significantly improved by employing a suitable post-processing technique to keep

PDMS from sticking to the surface of the mold and remove catalysts and uncured resin remaining
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on the surface of the mold.?'® Chan et al.?!® reported that by heating the printed molds to 130 °C,
the remaining uncured resin might undergo silanization, which would prevent PDMS from sticking
to the surface of the mold. By adopting suitable post-processing processes and maximizing peeling

direction, they have shown how to manufacture replicas of intricate overhanging structures.?'®

For the creation of sacrificial molds, 3D printing has proven effective using materials including
sugar, wax, agarose, and pluronic.??®*??° For instance, Wu et al.>?® came up with an innovative
omnidirectional 3D printing technique to print fugitive organic ink inside a matrix of thermally or
photochemically curable resin, serving as the physical support of the ink. To do so, they printed
3D microvascular networks using pluronic F127, an organic ink that might liquefy at temperatures
below 4 °C.??® Brossard et al.>>* employed an inkjet printer to create a sacrificial mold for MFDs
fabrication. They used a hexanediol ink which could be immediately frozen when in contact with
a chilled substrate (5 °C). After printing the sacrificial mold, PDMS was used to cast the sacrificial
mold, which was later heated until it evaporated. With the help of this technique, the channel width

may be reduced to 50 pm.>*

1.4.2.3 Modular Method

The modular MFDs are similar to Lego® models in which discrete microfluidic units, like Y-
shaped, T-junction, chambers, and fluidic valves, may be put together to create completely
functional MFDs (Fig. 1.8c).?*!**2 The modular technique, in contrast to the traditional
manufacturing method, has the benefit of quickly changing the microfluidic chips by combining
single components in various arrangements without constructing a new device. Now that 3D
printing has made manufacturing more accessible, it is feasible to create microfluidic modules

combined with connections to make assembly quick and simple.?*?
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Bhargava et al.?*? created a collection of stereolithographically produced standardized parts and
connections. They demonstrated the quick reconfigurability of these systems by building and
connecting various modules, including mixer, fluidic junction, and straight channel, to mix liquids

with tunable mixing ratio and produce microdroplets.?*?

In order to circumvent channel obstruction caused by trapped resin, Ching et al. recently
developed a complex 3D microchannels network, discretized into several subunits (up to 36

branching points).?*?

1.4.2.4 Hybrid method

To address the drawbacks of the direct printing method, such as gas impermeability and limited
optical transparency, the hybrid method uses the advantages of PDMS and hard polymers to
fabricate a single MFD. Polymers, for instance, can reduce non-specific protein absorption and
water evaporation, which are problems with all-PDMS devices.?** The incorporation of flexible
materials like PDMS in hybrid devices enables them to provide the manipulation of fluid flow via
the use of mechanical stimulation and microvalves, which cannot be accomplished with all-
polymer MFDs. As can be seen in Figure 1.8d, a hybrid MFD is built using a 3D-printed

microchannel device, sealed by using a transparent layer including outlets and inlets.

SLA and FDM 3D printing methods have been utilized extensively in the development of
hybrid devices. Due to the roughness of the printed layer for bridging the channels, microchannels
created with the FDM method are commonly found to be opaque when characterized by an optical
microscope. To improve the transparency of the 3D printed channels, transparent substances like
PDMS and PMMA can be used to replace the bridging layer and seal the microchannels. For
instance, Mehta et al.>*> bond hard top polymers like cyclic olefin copolymer (COC), poly(ethylene

terephthalate glycol) (PETG), and polystyrene (PS) to a soft polymer such as polyurethane, via
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plasma treatment, to create a hard—soft hybrid MFD.?*> Solvent binding is another approach to
binding 3D-printed polymers with PMMA. In this technique, 3D printed substrate and PMMA
were immersed in ethanol prior to exposure to UV radiation.?* The UV irradiation resulted in
dissolving the PMMA, which also produced acrylate monomers that finally led the two polymers
to be bounded. Using this technique, Duong et al.?*” were able to create a hybrid serpentine

channel, a mixer, and a double emulsion generator (Figure 1.9).

-
-
7 '

s ".\

Figure 1.9 Example of 3D printed MFDs via the hybrid method. a) serpentine microchannel. b)

-

mixing at different locations in the hybrid 3D printed mixing device. Reproduced with

permission.??’

Channel obstruction from retained uncured resin, limited optical transparency, and low gas
permeability are all problems associated with MFDs manufactured using the SLA 3D printer.
Since the SLA microchannels are reachable from the top and are not incorporated within the
device, the hybrid technique enables the cleaning process to be comparatively quicker and more

dependable.?'® Carrell et al.*® bounded SLA printed construct with a glass slide utilizing an
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interlayer of resin or PDMS. APTES or silicone spray are alternative approaches to seal SLA-

manufactured open-faced microchannels.??

Overall, although 3D printing possesses a significant potential for the fabrication of MFDs, a
few issues, including printing resolution, biocompatibility, low gas permeability, wettability,
bounding, and low optical transparency, limit the widespread application of 3D printing in this
field. Therefore, in this research, we aim to use our developed hydrophilic and soft silicone-based
ink to fabricate various MFDs, such as T-junction and Y-channel, with multiple layers using an

ME 3D printer, for the first time, to address some of the above-mentioned issues.

1.5 Motivation and Scope of the Thesis

As discussed in the introduction, it is essential to develop a 3D printable ink formulation that
can be readily tuned in terms of mechanical and rheological characteristics to fabricate not only
3D tissue models with mechanical and biochemical features similar to that of human but also
various biomedical devices such as MFDs. Among different polymers, silicone elastomers have
been extensively utilized in biomedical applications because of their remarkable features such as
flexibility, adaptability, and biocompatibility, but the slow curing speed, low viscosity, and
hydrophobicity of existing silicone materials are challenges that hinder many applications.

Specifically,

= Existing silicone materials are optimized for soft lithography or molding, which makes it
extremely challenging to fabricate 3D structures with non-standard shapes and structural
heterogeneity, such as the geometric structures of tissue/organs with variable mechanical

stiffness.
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= Using soft lithography requires the molding and bonding of multiple pieces to fabricate 3D
structures with inner cavities, embedded micro-channels, and concaved surfaces, which is
laborious and often leads to misalignment and leakage.

= Existing silicone materials are typically hydrophobic, and post-fabrication surface

treatments are required for biological applications.

3D printing is the use of AM methods to deposit materials layer-by-layer. 3D printing of
biomimetic constructs, especially elastic tissue mimetics, is a relatively young research field
experiencing exponential growth. Besides biomimetic substitutes, MFDs have also grabbed
significant interest because of their unique features, such as low-cost fabrication, miniaturization,
simplicity, and reduced reagent consumption. Compared to conventional MFD fabrication
methods, mainly soft lithography, 3D printing has the following advantages: easy geometry
customization, multi-material printing, one-step printing, and better device integrity (i.e., no
bonding, no leakage). Among various 3D printing methods, ME is the most suitable one for not
only printing macroscale (centimeter size) and arrayed acellular/cell-laden biomimetic substitutes
but also fabricating various integrated MFDs with different shapes and channel sizes. However,
for 3D ME printing, the printability of an ink material is dictated by its rheological features. Hence,
the developed ink needs to possess a shear-thinning property to be able to extrude through the

printer nozzle.
Our main objectives are:

= Achieving one-step printing of hydrophilic customized/personalized tissue/organ mimetic

elastic structures with complex geometries and heterogeneity
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= Enabling 3D ME printing of silicone elastomer as an alternative to soft lithography via
optimizing the rheological properties of a low viscous silicone elastomer for ME 3D
printing

=  Optimizing ME 3D printer operating factors, including the printing speed, needle size,
pneumatic pressure, and layer height.

= Mechanical characterization of 3D-printed silicone structures fabricated via ME 3D
printing.

= 3D-printing the HAC with its zonal structure and various MFDs as a proof-of-concept.

This thesis includes four chapters. A comprehensive overview of various 3D printing methods
and their suitable biomaterials is reviewed in Chapter 1. The related literature on the state-of-the-
art research on the various biomedical applications of 3D printers is also provided, along with a
list of significant challenges. In addition, recent advances in HAC and MFDs fabrication are
thoroughly reviewed. Chapter 2 presents the development of a hydrophilic and rapidly curing
(under three seconds) inks, consisting of aminosilicone, CNC, and methacrylate anhydride (MA),
for the 3D printing of HAC substitutes, with a biomimetic multizonal structure. Our results showed
a new class of silicone-based inks that can be utilized for not only the fabrication of personalized
and biocompatible tissue-mimetic substitutes but also in-situ surgical applications. The following

article has been drafted according to this chapter:

¢ Golzar, H., Wu, Y., Ganguly, S., & Tang, X. S., Development of a Hydrophilic and
Rapidly Curing Silicone-based Ink with Tunable Mechanical Characteristics for the 3D

Printing of Articular Cartilage Substitutes. Addit. Manuf., (submitted Jan. 2023)

To provide a proof-of-principle demonstration of additional significant applications of our

novel silicone-based ink, chapter 3 demonstrates the capability of our developed ink in fabricating
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various MFDs, such as T-junction and Y-channel. Our results highlight the advantages of 3D
printing of MFDs including easy geometry customization, one-step printing, and better device
integrity (i.e., no bonding, no leakage). In chapter 4, conclusions and recommendations for future

work are outlined.
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Chapter 2 Development of a Hydrophilic and Rapidly Curing Silicone-
based Ink with Tunable Mechanical Characteristics for the 3D Printing of

Articular Cartilage Substitutes
2.1 Introduction

Among different human tissues, articular cartilage (AC) attracts significant interest due to its
unique feature in providing bone ends in diarthrodial joints with an efficient lubricating system.?*’
Owing to the AC’s gradient layer structure, consisting of a superficial smooth layer, a transitional
zone, a deep dense zone, this viscoelastic tissue can bear high-load and cyclic compressions. Poor
self-regeneration of the AC due to its avascular and aneural nature is a significant concern for the
aging/athletic population.?**2* During the last decade, several surgical methods and cell-based
therapies have been used to replace damaged AC with an artificial molded AC or improve AC
repair and regeneration, respectively.?** However, most of these approaches have failed to live up
to expectations due to the unique mechanical features and complicated multi-layered 3D structure

of AC, in which the stiffness gradually increases from the surface to the deep zone.?*>2%

Thanks to advances in additive manufacturing, 3D printing provides the opportunity to produce
a complex structure layer by layer to precisely mimic the AC structure. Among different 3D
printing methods, ME 3D printing has grabbed more attention due to its ease of operation and
capability of using multiple inks with different viscosities; however, developing ink formulations
to replicate human AC with matching mechanical features is still considered as a major

challenge.>*82%

Silicone elastomers have been widely utilized in different biomedical applications because of
their remarkable features such as flexibility, adaptability, and biocompatibility, but the slow curing

speed, low viscosity, and hydrophobicity of the existing silicones are challenges that hinder
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silicone-based applications.?>%*! To address these issues, we have deployed a series of strategies
to develop UV-curable and hydrophilic silicone-based inks that can be used to rapidly 3D print a
precise AC substitute. Of all silicone elastomers, aminosilicone has been chosen as a main
precursor because of its amino functional groups that offer extra substrate affinity and

provide a more cell-favorable environment due to their hydrophilic nature.?>?

Moreover, aminosilicone should possess proper rheological feature and mechanical strength to
be considered as a potential candidate for ME 3D printing purposes.>>*?>* Hence, the low-viscosity
of the aminosilicone still remains a challenge that needs to be resolved. Although there are several
nano-sized rheology modifiers, including polymers and particles, that can be added to unprintable
materials to tune their rheological properties, interestingly, few reports have described modifying
silicone elastomers by adding these nano-sized rheology modifiers, and almost all of
them used hydrophobic modifiers. For instance, hydrophobic nanosilica have been incorporated
into silicone elastomer to induce suitable shear-thinning property along with a super stretchability
feature.”> Zheng et al. combined multiple chemically modified silicone elastomers to develop

a UV-curable ink that had a low viscosity.”

In this chapter, we introduced CNC into the polymer matrix as a hydrophilic nano-sized
rheology modifier due to its abundant hydroxyl groups to not only induce shear-thinning property
but also improve the mechanical strength of aminosilicone.?**>*® Finally, to transcend the
conventional casting process that has been widely used to fabricate silicone implants, MA and
a photoinitiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were incorporated into
the polymer matrix, allowing the ink to rapidly cure as it extrudes through the ME 3D printer
nozzle. Simultaneously incorporating the CNC and MA noticeably enhanced the mechanical

strength of the 3D-printed AC model.

50



By combining the aforementioned strategies, we have demonstrated that we can develop a
series of hydrophilic and UV-curable silicone-based inks of different stiffnesses, with which to 3D
print a multilayered AC substitute that is the first of its kind. Besides characterizing the developed
inks in terms of their chemical and rheological features, the 3D printed AC substitutes have
been mechanically tested to investigate their load bearing capability against cyclic compression
(up to 400 cycles). Lastly, the biocompatibility of the 3D printed substitutes has been evaluated

for possible AC replacement applications.

2.2 Materials and Methods
2.2.1 Materials

Methacrylic anhydride (MA), deuterated chloroform (CDCls), lithium phenyl-2, 4, 6,-
trimethylbenzoyphosphinate (LAP) were purchased from Sigma Aldrich. Aminosilicone
(Silamine D2 EDA, with viscosity and amine value of 6000 cpc and 170, respectively) was
purchased from Siltech Corporation. Dulbecco's modified Eagle's medium (DMEM), TNBS
(2,4,6-Trinitrobenzenesulfonic acid), trypan blue stain (0.4%), phosphate buffered saline (PBS)
and fetal bovine serum (FBS) were purchased from VWR. Live/dead viability/cytotoxicity Kkit,
penicillin/streptomycin, and MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay were purchased from Thermo Fisher. Cellulose nanocrystal (CNC, with lengths
and diameters of 200—400 nm and of 10-20 nm, respectively) was provided by Professor Michael
K. C. Tam from the Department of Chemical Engineering at the University of Waterloo. All the

aqueous solutions were prepared by using Milli-Q water (18.2 MQ cm-—1).
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2.2.2 Synthesis of Aminosilicone-CNC-MA (SCM) Hybrid Ink

SCM hybrid inks were prepared by dispersing different concentrations of CNC, ranging from
1 to 7 wt%, in 2 mL of Milli-Q water, followed by mixing with aminosilicone (3 g), referred to as
SC1 to SC7 (Aminosilicone-CNC with 1 to 7 wt%). Then, various amounts of MA, ranging from
1 to 7 wt%, were added to the mixture to prepare SCM hybrid inks with different concentrations
of CNC and MA, referred to as SC(1-7 wt%)M(1-7 wt%). The resulting mixture was stirred at 80
°C in the dark for 3 h with a closed cap to perform nucleophilic acyl substitution to the pendant
amine functionalities in the silicone elastomer. To remove water and excess MA, the mixture
was then stirred for 2 h at 160 °C without the cap, followed by adding LAP (0.5 wt%) and stirring
for another 1 h at 90 °C. The aminosilicone and hybrid inks were dissolved in CDClI; to obtain

a concentration of 50 mg mL™! and analyzed using proton nuclear magnetic resonance (\H-NMR).

2.2.3 Rheological Tests

A Bohlin-CS Rheometer was used to investigate the viscoelastic features of the hybrid inks. A
cone-plate geometry with a 4° angle and 40 mm diameter at room temperature was used for this
purpose. The steady shear rate sweep (10! to 10° s') was measured to characterize the
materials' behavior. Storage (elastic) modulus, loss (viscous) modulus, and complex shear
modulus, denoted by G’, G", and G*, respectively, are considered important parameters in
investigating the rheology characteristics of a material. Indeed, the storage and loss modulus
represent the elastic behaviour and the liquid-like characteristic of a material, respectively, which
can be obtained via preforming an oscillatory test. G*, G, and G" can be obtained through the
following equations:

o) =G Y Equation 2.1
G*'=G'+ iG Equation 2.2
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Where y and o are the shear rate and shear stress which vary with time, respectively. Hence, the
angular frequency sweep was examined to measure G” and G” within the frequency ranges from
0.1 to 10 Hz in a linear strain region of 0.1%. Shear recovery experiments were performed at the
high and low step strains of 500% and 0.1%, respectively, at 1 Hz frequency, each step lasting 5

min. All rheological examinations were repeated at least three times (n > 3).

2.2.4 (-potential Analysis

The (-potential measurement was conducted using a Zeta-Sizer (Malvern, Nano ZS90) at 25
°C. The samples were dispersed in different buffers and sonicated in a bath sonicator for 10 min

prior to measurements. All measurements were repeated at least three times (n > 3).

2.2.5 TNBS assay

The degree of substitution of the hybrid inks was calculated as the difference between the
free primary amines existing in aminosilicone prior and after the grafting of methacryloyl group,
according to the G-Biosciences method.?*” In brief, 100 pg.mL™! and 0.01 w/v% solution of
unknowns (aminosilicone and hybrid inks) and TNBS were prepared in 0.1 M NaHCOs,
respectively. Then, 250 uLL of TNBS solution was mixed and incubated with 500 uL of unknown
solution for 2 h at 37 °C. Afterwards, 125 and 250 pL of HCl and SDS (10 w/v%), respectively,
were added to the mixture to terminate the reaction. The absorbance of the pure aminosilicone and

unknowns were measured at 335 nm. The degree of substitution was calculated as follows:

DOS % = ( - A—) x 100 Equation 2.3

m
Ao

Where Ao and A represent the absorbance of the pure aminosilicone and unknown.
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2.2.6 Swelling Tests

SCM hybrid inks were printed and cured in a rectangular shape with a dimension of 2 x 4 cm?.
The printed structures were soaked in PBS buffer for 7 days (168 h) at room temperature. At each
time point, samples were removed from the PBS buffer, dried with Kimwipes, and their length and
width were measured as Lrand Wy, respectively. The relative length and width were calculated, as

follows:

Le—L
Relative length = %
0

Equation 2.4

Wf—W()
Wo

Relative width = Equation 2.5

2.2.7 Hydrophilicity Tests

Water contact angles (CA) of the cured SCM hybrid inks were measured at room temperature.
To do so, SCM hybrid inks were casted in a circular PDMS mold and UV crosslinked for 10 min
at room temperature. Then, the CA were determined within 3 s after dispensing a 5 uLL water drop

onto the surface of the cured samples.

2.2.8 Mechanical Tests

To investigate the mechanical features of the SCM hybrid inks, normal and cyclic compression
tests were performed by using a Universal Test Machine. The cylindrical specimens were printed
with 5 mm height and 7 mm diameter and placed between two plates that can measure the applied
force to compress the samples. The normal and cyclic compression tests were conducted at a speed
of 2 and 0.5 mm s}, respectively. Compression moduli were determined from the slopes of loading
stress vs strain curves, at the initial 10% strain (n> 3), where the stress and strain are defined as

follows:
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o=— Equation 2.6

Equation 2.7

Where o, €, P, Lo, and L are stress, strain, force loaded on the sample, original length, and final
length of sample in the axis of compression, respectively. Ao is the original cross-sectional area

perpendicular to the axis of compression.

2.2.9 3D Printer and Printing Procedure

A BioBot Basic printer (Advanced Solution, USA) was used to print the structures. SCM
hybrid inks were loaded into 10 mL pneumatic syringes and centrifuged for 10 min at 3250 G to
remove the bubbles. 3D structures were designed by using SolidWorks and printed with a moving
speed of 1.5 mm/s and various extrusion pressure from 60 psi to 68 psi, based on the nozzle
diameter (from 108 to 337 um). Hollow cylinder and dome structures were printed with an inner
diameter of 20 mm and height of 19 and 10 mm, respectively. A goose neck UV light setup was

used for in situ crosslinking.

| \Iozzle holder

Pluﬂmc stage
- 2 . 3 - X -“ 4

Figure 2.1 Photograph of multi-nozzle ME 3D printer

| 5
|
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A scaled-down femur bone with 4.5 cm height was printed using a DLP printer (ANYCUBIC
Photon Mono 4K, China). The printed femur was then washed with ethanol 70% (v/v) for 2 min.
Additionally, a multilayered HAC with a thickness of 3 mm was designed to cover the femoral
condyles. Deep, transitional, and superficial layers were printed using SC5MS5, SC3MS5, and
SC3M3 inks, respectively. The extrusion pressure varied from 60 to 68 psi with the printing speed
of 1 mm.s™!. Finally, printed customized HAC was placed on top of the femur head confirming the

successful printing strategy.

2.2.10In Vitro Biocompatibility Assay

NIH/3T3 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with FBS (10% (v/v)) and penicillin/streptomycin (1% (v/v), at 37 °C and 5% CO2. The
cytotoxicity of the SCM hybrid inks were investigated by using an MTT assay. Rectangular
constructs were printed by using SCM hybrid inks and washed with PBS for a few days to remove
the excess of unreacted materials. NIH/3T3 cells were cultured in 24-well plates at a density of 2
x 10* cells per well and incubated for 24 hr prior to the addition of a printed construct to each well.
Subsequently, the MTT assay was performed on days 1, 3, and 5, based on the manufacturer’s
protocol. Cells were additionally stained using a live/dead assay kit on days 1, 3, and 5 in
accordance with the manufacturer's instructions for evaluating the cell viability via fluorescence

imaging (Zeiss LSM 700 confocal microscope, Germany).

2.3 Results and Discussion

To prepare 3D printable, hydrophilic and UV-curable silicone-based ink with tunable
mechanical properties, we developed different inks based on a composite comprised

of aminosilicone, CNC and MA. A suitable ink for ME 3D printing should possess a shear-
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thinning property that allows it to be extruded through a pressurized nozzle easily and retain its
original shape after printing.?®?2  Aminosilicone does not possess such a rheological
feature, making it difficult to use for ME 3D printing applications. Currently, the incorporation of
nano-sized rheology modifiers into unprintable materials is considered an efficient way to resolve

this issue.?0326

Among different nano-sized rheology modifiers, CNC has grabbed great interest due to its
favorable features such as renewability, high mechanical strength, and low cytotoxicity.?%¢268
Hence, we have evaluated the effects of incorporating different amounts of CNC particles in the
aminosilicone matrix and the rheological properties of our aminosilicone-CNC (SC) inks (Figure
2.2). As can be seen in Figure 2.2a, although the addition of 1 wt% CNC in aminosilicone did not
induce significant shear-thinning, increasing the CNC concentration (from 1 to 7 wt%) greatly
enhanced both the static viscosity and the shear-thinning property. This result may be attributed to
the interactions among the CNC particles themselves, as well as between the CNC particles and
the polymer matrix.?®*”° Based on {-potential measurement results (Figure 2.2b), CNC particles
repel each other due to the their highly negative surface charge, resulting in good dispersion
in the polymer matrix, while aminosilicone wraps around the CNC particles through electrostatic
attraction because of its positively charged amine groups.?’! Thus, once a shear stress is applied,
the entangled CNC and aminosilicone network re-aligns and the ink’s viscosity decreases.?’!
Although, there is no significant difference between the viscosities of SC5 and SC7, CNC

aggregation was observed in SC7. Hence, aminosilicone with 3 and 5 wt% CNC were

chosen for further crosslinking using MA.
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Figure 2.2 Rheological characterization of SC inks. a) Flow curves of SC1, SC3, SCS5, and SC7.

b) {-potential of pure aminosilicone at different pH. Error bars represent = SD, n > 3.

The incorporation of MA into the SC matrix elevated the viscosity over the entire shear rate
range (0.1-1000 s!), but had no significant effect on shear-thinning (Figure 2.3a). To gain a better
understanding of the correlation between viscosity (1) and shear rate (y), power-law equation has
been used to fit the flow curves (Table 2.1),

n=Ky™ (1)

where K and n represent the consistency index and flow index, respectively. The flow index (n)
is widely used to define the flow behavior of a fluid, where n >1, n = 1, and n < I represent shear-
thickening, Newtonian, and shear-thinning flow respectively.?’> The derived n and K values for
the aminosilicone-CNC-MA (SCM) inks are tabulated in Table 2.1. All the developed inks showed
n values of less than 1, confirming the shear-thinning property induced by CNC incorporation.?”
The consistency index also significantly increased (i.e., by 1 order of magnitude) by increasing the
MA concentration, demonstrating higher viscosities at a constant shear rate. This increase
might be attributed to the formation of intermolecular hydrogen bonding between the carbonyl

group of the grafted MA with either CNC or the secondary amine group of the aminosilicone,
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leading to a tighter and denser network.?’* These changes can efficiently improve the printability

of the aminosilicone-based inks by decreasing flow resistance at high shear rates during extrusion.

Table 2.1 Summary of power-law parameters of SCM hybrid inks.

Sample n K
SC3M3 0.56 £ 0.05 144 £ 24
SC3MS 0.57+0.08 752 £28
SC5M3 0.59 +0.06 387 £31
SC5MS5 0.59 +0.09 1328 + 45
Aminosilicone 0.96 £0.12 6+2

Note that we picked 3 and 5 wt% of MA to prepare our inks because 1 and 7 wt% of MA failed
to cure under UV exposure due to the lack of crosslinking sites and developed a highly viscous
solution with aggregated CNC particles, respectively. Overall, all of the aminosilicone-CNC-MA
(SCM) inks not only possessed a noticeably higher static viscosity compared to pure aminosilicone
but also showed a proper shear-thinning property as well; for instance, the SC3M3 (aminosilicone
with 3 wt% CNC and 3 wt% MA) ink and pure aminosilicone showed a viscosity close to 700 and
7 Pa's under static conditions (shear rate ~ 0 s')and 5 and 3 Pa's at the shear rate of 1000 s™! |
respectively (i.e., 2 orders of magnitude lower for SC3M3). Furthermore, frequency sweep profiles
indicated that the elastic modulus G’ of all aminosilicone-based compositions was higher than their
loss modulus G” at low frequencies, indicating a solid-like structure, while G” overrode G’ at
frequencies above 1 Hz (Figure 2.3b).2”°> Additionally, the results showed that increasing the CNC
and MA concentration resulted in the formation of a stronger network since the elastic modulus

dramatically increased from 200 to 3000 Pa at 0.1 Hz for SC3M3 and SC5MS5, respectively.?’®

To investigate the self-healing behavior of the developed inks, step-strain experiments were

performed (Figure 2.3c and 2.3d). When the strain was switched between high and low (0.1 and

59



500%), all inks showed an inversion of elastic and viscous moduli under the high strain followed
by quick recovery of the elastic modulus at low strain. SC3M3 was separately shown in Figure
2.3c as an example to highlight the self-healing behavior of the developed inks. The self-healing
efficiencies of all inks have been evaluated by performing three cycles of cyclic strain testing with
300-seconds intervals between tests (Figure 2.3d). The results indicated nearly 100% recovery.
This self-healing feature may be rooted in the reversible and quick re-establishment of the
electrostatic interactions between positively charged free primary amino groups that existed on the
aminosilicone chain and the negatively charged CNC.?”” Overall, the shear-thinning property and

fast recovery of the developed aminosilicone-based inks make them suitable for ME printing.
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Figure 2.3 Rheological characterization of SCM hybrid inks. a) Flow curves of aminosilicone,
SC3M3, SC3M5, SC5M3, and SC5MS. b) Elastic (G”) and viscous (G"”) moduli of SC3M3,
SC3MS5, SC5M3, and SC5MS5 as a function of oscillatory frequency. Step-strain measurements of
¢) SC3M3, and d) SC3M5, SC5M3, and SC5MS over three cycles at 25 <C, demonstrating shear-

recovery of the SCM hybrid inks. Error bars represent + SD, n > 3.

The methacryloyl group was grafted to the side chain of aminosilicone through an addition
mechanism depicted in Figure 2.4. As can be seen in this figure, this mechanism starts with an
attack of the primary amine groups of aminosilicone on MA’s carbonyl groups resulting in the
formation of a tetrahedral intermediate. The second step of the mechanism is the elimination of

the leaving group, containing the second carbonyl group of the MA. This elimination occurs by
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collapsing the tetrahedral intermediate leading to the reformation of the C=0 carbonyl bond and a

new acyl compound.?”°
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Figure 2.4 Mechanism of the reaction between amine and anhydride. a) nucleophilic attack, b)

proton transfer, ¢) leaving group removal.

The successful grafting of the methacryloyl group to the aminosilicone chain was confirmed
via "TH-NMR spectroscopy and a TNBS assay (Figure 2.5). As can be seen in Figure 2.5b, there
are four distinctive peaks at 1.9, 2.7, 5.3, and 5.8 ppm in the SCM H-NMR spectra, which
correspond to the methyl protons of the methacrylamide grafts (1), the methylene protons of the
unreacted aminoethylaminopropyl (2), the acrylic protons of the methacrylamide grafts
(3).275278.279 The decreased signal in peak (2) and the emergence of peaks (1 and 3) in the spectrum

of SC3M3 indicate the successful grafting of the methacryloyl groups.?’%230
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Figure 2.5 Structural characterization of SCM hybrid inks. (a) Schematic illustration of grafting
MA to aminosilicone, b) H-NMR spectra of pure aminosilicone, SC3M3, SC3MS5, SC5M3, and

SC5MS5 hybrid inks.

In addition, a TNBS (2,4,6-trinitrobenzene sulfonic acid) assay was performed to quantify the
degree of substitution of the developed inks as well as the amount of free primary amines. TNBS
is a highly sensitive and rapid means of quantifying the free primary amines.?®! As shown in Table
2.2, increasing CNC and MA concentrations led to a higher degree of substitution, from 14% to

45% for SC3M3 and SC5MS, respectively.?®? It is noteworthy to mention that the amount of the
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free primary amines in pure aminosilicone is approximately 2.23 mmol, based on the calibration
curve for TNBS assay with glycine standards. The TNBS results were in good agreement with the

analysis of the 'H-NMR spectra.

Table 2.2 Degree of the substitution of the SCM hybrid inks.

Sample ABS @335 nm Degree of Substitution (%)

SC3M3 0.44 +0.02 14+4.1
SC3M5 0.33+0.03 36 3.9
SC5M3 0.36 £0.03 30£4.2
SC5MS5 0.28 £0.01 45+2.2

The printability of the SCM inks was evaluated in terms of extrudability, accuracy,
homogeneity, resolution and shape fidelity.?®* Several factors may affect extrudability, such as the
printing parameters, ink viscosity, and shear-thinning properties.?®* A rheological study is
considered an indirect method of investigating extrudability.?®* As mentioned in the previous
section (Table 2.1), all developed inks had a flow index ‘n’ below 1, confirming their shear-

thinning behavior.

Printing accuracy is a parameter known to show the similarity between the printed structure and
the designed one.?®* Printing accuracy can be investigated along with homogeneity and resolution.
To evaluate these parameters, a zig-zag pattern was designed, and the width of the printed
filaments, with/without UV-exposure, was measured (Figure 2.6a and Table 2.3). As can be seen,
although the width of the printed filaments differed slightly from the designed ones, the printed
patterns were uniform and precisely mimicked the designed structure. When a viscoelastic ink

extrudes through a nozzle, the diameter of the extruded fiber is greater than the nozzle diameter
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by a factor of ‘0, a phenomenon referred to as die-swelling.?*>?%¢ Many parameters, such as the
nozzle diameter, material characteristics, and applied shear stress, can affect the ‘o’ factor.?%¢ The
results show that there are no significant differences between the ‘o’ factor of the SCM inks.
Of additional interest, the incorporation of a gooseneck UV light inside the 3D printer chamber
significantly reduces filament spread and improves accuracy; for instance, the ‘o’ factor of

SC3M3 decreased from 1.68 to 1.41 after UV exposure.

The horizontal resolution is a crucial factor in printing complex structures.?®* Indeed, a higher
resolution can provide the opportunity to create more-accurate structures. Hence, different nozzles
with various inner diameters have been tested to determine the best-achievable resolution for the
developed inks. As shown in Figure 2.6a and Table 2.3, the SC3M3, SC5M3, SC3MS5, and
SC5MS inks can be uniformly extruded from 32, 30, 25, and 23 G nozzles, respectively, by
applying the pressure of 63 to 68 psi. To the best of our knowledge, our developed inks, SC3M3
and SC3MS5, with their horizontal resolution of 152 and 229 pm, respectively,
exhibit the higher resolution of all the extrudable silicone-based inks developed so far since
the highest resolution for silicone-based inks reported in the literature is 260 pm (25G

nozzle).”*2%
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Table 2.3 Summary of printing parameters of SCM hybrid inks. Error bars represent = SD, n >

3.
Actual Actual
Lateral Designed filament ctuar, a-Factor
Needle Pressure . . filament size
Sample (G) speed (psi) filament size size WO/UV (W/UV-
(mm/s) P (nm) W/UV WO/UV)
(num)
(nm)

SC3M3 32 1 68 108 152+5.2 181+6.1 1.41-1.68
SC3M5 25 | 65 260 380£6.8 454+56 1.46-1.75
SC5M3 30 1 63 159 229+44 274+6.6 1.44-1.72
SC5M5 23 1 65 337 498 +£3.1 594+22 1.47-1.76

Shape fidelity, another parameter that needs to be evaluated to confirm the capability of an ink
to retain its original shape after deposition, can be examined with several tests, including filament
collapse and height maintenance (Figure 2.6b).%8” To assess shape fidelity, the deflection area of
the printed filament across gaps at various distances, including 1, 2, 4, 8, and 16 mm, was
examined. As can be seen in Figure 2.6b, increasing the concentration of CNC and MA led to
minimum deflection of the printed filaments. Interestingly, almost all the SCM inks were able
to bridge the gap between pillars, even up to 16 mm, by generating a straight filament. Note that
among different ink formulations, the collapsed area of the SC3M3 was a bit higher, ata 16 mm

distance value, which might be related to its lower crosslink density.

Moreover, to demonstrate our inks' rapid-curing and shape-retaining capabilities, we printed a
high aspect ratio cylindrical structure by using SC3M3 hybrid ink, the weakest one compared to
the other inks (Figure 2.6c). As shown in Figure 2.6c¢, the printed part had a height of 18.2 mm
and a diameter of 20 mm without any cavities or voids. The cylinder wall thickness is

approximately 1 mm and highly uniform throughout its height. Therefore, the aspect ratio of the
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printed cylinder was a remarkable 18:1 (height:thickness). Note that our inks have the capability
of printing even taller structures; however, the maximum height possible with our 3D printer is 19
mm. Additionally, all structures were printed under in-situ UV exposure. This experiment confirms
that the fast-paced curing feature of the developed inks--approximately 2-3 seconds--can support
the creation of high aspect ratio structures through layer-by-layer printing with no cavities or voids

between the layers.

Besides tall structures, hemispherical or dome structures are considered among the most
challenging shapes for ME printing.®* The fast-paced curing feature of our inks offers
the opportunity to print such structures without using sacrificial supports. As can be seen in Figure
2.6¢, we used SC3M3 hybrid ink, as an example, to print a hollow domed structure with a 20 mm
diameter, 10 mm height, and uniform consistency. This example confirms
that creating overhanging constructs with a gradual curvature shape need no longer be considered

a challenge for ME printers.

In addition, to assess the capability of our ink in fabricating human-like structures, we printed
the femur head’s AC using SC3M3 hybrid ink. As shown in Figure 2.6¢, the printed AC precisely

covers the femur head without any defect.
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Figure 2.6 Printability of SCM hybrid inks. a) 3D printing zig-zag pattern; left panel: schematic
design; middle panel: with UV-exposure; right panel: without UV-exposure. b) Filament collapse
test of different SCM hybrid inks. b) 3D printing of high-aspect ratio, overhanging, and HAC

structures using S3CM3 ink.

Indeed, free radical polymerization, involving three different types of reactions: initiation,
propagation, and termination, is responsible for providing our developed inks with such a
remarkable crosslinking feature (Figure 2.7). As can be seen in Figure 2.7, during the initiation
reaction, UV irradiation of LAP generates the radicals for polymerization. After initiation, many
monomers add to the propagating chain. The propagation reaction is eventually terminated by
encountering two propagating chains that undergo disproportionation or coupling.?®® Overall,
all our inks possess excellent printability characteristics in terms of extrudability, accuracy,

homogeneity, resolution, and shape fidelity.
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Figure 2.7 Mechanism of free radical polymerization. a) Initiation, b) propagation, c) termination.

The swelling feature of the developed inks is an important factor for their tissue engineering
applications since they can significantly affect the mechanical features of the printed constructs
over time.?®® The swelling feature of our 3D-printed constructs was examined in PBS, as shown in
Figure 2.8a. All the developed inks showed a quick swelling during the first 24 h and reached
equilibrium within 48 h. Increasing the CNC and MA concentrations has an inverse effect on the
degree of swelling; that is to say, whenthe CNC concentrationis increased, the degree
of swelling also increases, whereas raising the MA concentration leads to less swelling. For
instance, during the first 24 h, the relative length of the SC3M3 expanded by 12%, while that of
SC3MS5 expanded by only 6%. A similar trend was observed for SC5M3 and SC5MS. Indeed, two
factors may affect the water retention of the printed constructs here; first, crosslinking density, and
second, incorporation of the hydrophilic groups into the polymer matrix.?**>*?> By increasing the
MA concentration, more amine groups were replaced by hydrophobic methacryloyl
groups, resulting in  higher crosslinking density and a more-tangled polymer network.
This phenomenon, in turn strengthens the hydrophobic nature of the aminosilicone and limits the

matrix network expansion, thereby decreasing the water retention of the printed constructs.?*® On
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the other hand, the addition of the CNC, which possesses abundant hydrophilic groups such as
hydroxyl, improves the water absorbance of the polymer network. Therefore, the swelling ratio

of our inks was tunable by altering their compositions.

One of the main challenges hindering the application of surgically substitutable silicones is that
the body often triggers an immune response against them, called the foreign body
response, which isolates the substitutes.?> The immune response around the substitutes can be
controlled by modifying the material's surface properties, such as hydrophilicity.?**?°° Indeed,
hydrophilic surfaces are more favorable for cell growth and adherence since they can provide cells
with a suitable substrate for attachment via adhesive proteins such as vitronectin.?*>*’ Hence, the
wettability of our printed structures and aminosilicone-methacrylate (SM) gels was evaluated by
measuring a contact angle (CA) (Figure 2.8b). As can be seen in Figure 2.8b, the CA values of
all our printed structures are below 90° confirming their hydrophilic surfaces. Although the
incorporation of the CNC can improve the hydrophilic feature of the printed structures, adding MA
slightly increased the CA values, probably due to the hydrophobic nature of the methacryloyl
groups. So far, almost all of the studies on silicone-based substitutes have used surface
modification methods such as O> plasma to make the silicone surface more hydrophilic; however,
the induced hydrophilicity does not last long.**® Therefore, for long-term applications, we believe
that inducing anti-immune features such as hydrophilicity by modifying the nature of the
substitutable silicone-based materials may be of more benefits than surface modification methods.

The results are in good agreement with those of the swelling ratio test.
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Figure 2.8 Swelling and hydrophilic properties of SCM hybrid inks. a) Swelling kinetics of
SC3M3, SC3MS5, SC5M3, and SC5MS5 hybrid ink up to 168 hr incubation in PBS. b) Wettability
evaluation of SM3, SM5, SC3M3, SC3MS5, SC5M3, and SC5MS hybrid inks by measuring contact

angle. Error bars represent + SD, n > 3.

The constructs printed with our inks were investigated in terms of mechanical strength at
different time points (immediately, after 1 week and 2 weeks), and their compression stress/strain
curves are depicted in Figure 2.9. Increasing the concentration of MA and CNC can significantly
improve the mechanical strength; for instance, the compression moduli for SC3M3, SC3MS5,
SC5M3, and SC5MS are 0.25, 0.96, 0.38, 1.32 MPa, respectively, demonstrating approximately
1.5-, 3.84- and 5.28-fold increases in the compression modulus by raising CNC, MA, and CNC-
MA concentration from 3 to 5%, respectively. This improvement can be related to the presence of
CNC particles and the macromolecular chain entanglements within the polymer network. Indeed,
once compression stress is applied on the printed structure, the polymer network transfers the stress

through polymer chains to CNC particles. This mechanism hinders the crack propagation
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phenomenon at high deformation.?”® Besides the polymer-CNC entanglement effect, the energy of
the applied compression stress can be dissipated by forming reversible hydrogen bonds between
CNC particles and aminosilicone chains as well.?> CNC particles can also affect energy
dissipation by aligning themselves in the direction of applied stress. In fact, this CNC-particle
movement results in further energy dissipation and higher stress-cracking resistance.**® Moreover,
the alignment of CNCs along the axis of deformation might stiffen the material further, enhancing
the modulus and resulting in a steeper increase in stress as a function of strain, which can be used
to explain the non-linear stress-strain curve in Figure 2.9.°% Therefore, the effect of interfacial
noncovalent bonding, such as hydrogen bonding, polymer-chain covalent crosslinking, and the
entangle-disentangle mechanism within the polymer network significantly improves the stiffness
of the printed structures. Note that increasing the MA concentration leads to a higher crosslinked
polymer network, which in turn results in lower elasticity and ultimate strain. For instance, the

ultimate strain for SC3M3 is approximately 60%, which is 20% more than that of SC3MS5.

To print human-like articular cartilage (HAC), we need to have a combination of elasticity and
stiffness that precisely mimics the zonal structure of AC.3”' AC contains different zones--
superficial, transitional, and deep--respectively making up to 10-20%, 40-60%, and 30% of the
AC's thickness. Each zone plays a different role; the superficial zone, which comes into direct
contact with synovial fluid, provides most of the tensile features of AC.?* Therefore, it needs to
be more elastic to be able to resist the minor shear, compressive, and stress forces that constantly
affect AC during humans’ daily activities.’*! The second zone is transitional, and acts as a bridge
between the superficial and deep zones. It is considered a borderline for resisting major
compressional forces, meaning that it needs to be stiffer than the superficial zone. The deep layer

contains bigger collagen fibrils, allowing it to bear the greatest compression forces.?***%! One more
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layer, a calcified layer that anchors AC to the calcified bone, is beyond the scope of this
research. Our goal is to print the viscoelastic part of AC, so our three-zone HAC design precisely
mimics AC’s zonal structure. Since the compression modulus of AC varies from 0.24 to 1 MPa,
we picked SC3M3, SC3MS5, and SC5MS inks for printing each layer.*®! We used SC3M3 to
print the superficial zone since it provides higher elasticity and ultimate strain compared to other
inks, due to its lower crosslinking degree. In addition, SC3M5 and SC5MS5 were used to print the
middle and deep zones, respectively, because they can bear high loads by providing the HAC with
sufficient stiffness. As shown in Figure 2.9, the compression stress/strain curve of the printed HAC
at lower strain behaves more like SC3M3, while at higher strain, it moves closer to the SC3M5
and SC5MS curves. The results also show that the ultimate strain of the HAC slightly improved
compared to that of SC3MS5 and SC5MS5. More importantly, the stress-strain curve of the printed
HAC is similar to that of a natural human one (subset image in Figure 2.9a).>? Additionally, all
the printed constructs showed a time-dependent mechanical behavior (Figure 2.9). As can be seen

in Figure 2.9, the compression moduli showed a gradual increase over time.
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Figure 2.9 Mechanical characterization of SCM hybrid inks. Compression stress-strain curves and
compression moduli, a, b) Immediately, c, d) 1 week, e, f) 2 weeks after 3D printing. Inset images:

a) Stress—strain curves of natural human cartilage. Reproduced with permission.?
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To investigate the effect of repeated compressive cyclic loading on the mechanical stability of

the printed HAC, cyclic unconfined compression tests were performed at different time points
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(immediately, after 1 week, and 2 weeks) (Figure 2.10). Since the diurnal and post-activity strains
on AC are usually in the range of 0 to 10% and 5 to 15%, respectively, the printed HAC was
compressed up to 10% strain at a rate of 0.05 mm s, and then released back to its original height
at the same rate for 20 cycles.’® For instance, as can be seen in Figure 2.10a, in which cyclic
compression tests were performed immediately after printing, the printed HAC showed a nonlinear
stress-strain curve in which not only the stress decreased between subsequent loading cycles,
particularly during the initial and fifth cycles, and became negligible after 5-10 cycles but also the
hysteresis area decreased when the cycling number was increased from 1 to 5. This softening and
hysteresis may be explained by the Mullins effect and the presence of CNC in the polymer
matrix.>*3% Indeed, when stress is applied to the polymer chains, they compress, and CNC
particles try to dissipate the crack energy by sacrificing their hydrogen bonds with the polymer
chains.?”” Once the compression stress is removed, the polymer chains tend to rapidly regain their
original shapes, but the CNC particles can not move at the same pace.**® This phenomenon may
result in interfacial friction between CNC particles and polymer chains, which in turn dissipates
some energy.’® In addition, after the fifth cycle, the stress-strain curves overlap to a large
extent, and the compression moduli are likely toremain constant up to the twentieth

cycle, meaning that the printed HAC becomes softer than its original structure.

To get a better insight into how multizonal structure printing affected the mechanical behaviors
of the developed inks, cyclic tests were conducted on the printed structure using SC3M3 (Figure
2.10b, 2.10d, and 2.10f). As shown in Figure 2.10b (immediately after printing the samples),
although the stress-strain curve of SC3M3 is similar to that of HAC in terms of hysteresis, the
maximum stress of HAC at 10% strain dramatically increased compared to that of

SC3M3, resulting in a higher compression modulus. This increase confirms the efficiency
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of our multizonal structure printing. A similar trend occurs for other time points as well (Figure

2.10c, 2.10d, 2.10e, and 2.10f).
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Figure 2.10 Cyclic compression tests of SCM hybrid inks at different time points. Cyclic

compression stress—strain curves under a continuous 20-cycles compression test of 3D printed
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HAC and SC3M3 cylinders; a, b) Immediately, c, d) 1 week, e, f) 2 weeks, after 3D printing,

respectively.

To evaluate and compare the capability of the printed HAC and SC3M3 to withstand many
repetitions of compression loads, cyclic tests were performed up to 400 cycles, with 40 min
recovery time between every 100 cycles. (Figure 2.11). As displayed in Figure 2.11a, the
maximum stress decreases from about 82.2 to 71.3 kPa within the first 200 cycles; however, the
maximum stress reaches a plateau at 70 kPa during the remaining cycles, confirming that the
softening effect on HAC is reversible to some extent. Figure 2.11a also illustrates that the
differences between the highest and lowest maximum stresses of the printed HAC are much lower
compared to those of SC3M3, which is in good agreement with the other mechanical test results.
To examine the effect of time on the recovery features of the HAC and SC3M3, cyclic tests were
performed at different time points (Figure 2.11b and 2.11c¢). The results show that all the printed
structures become stiffer over time. In summary, by comparing the mechanical behaviors of the
printed HAC with the human one (inset image of Figure 2.9a), we can confirm that our multi-
material printing strategy works well, and the printed HAC structure can successfully mimic

the multizonal structure of the human AC.3%
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Figure 2.11 Cyclic compression tests of SCM hybrid inks at different time points. Compression
stress for 3D printed HAC and SC3M3 cylinder at 10% strain over 400 cycles; a) Immediately, b)

1 week, c) 2 weeks after 3D printing. The gel was relaxed every 100 cycles for 40 min.

Eventually, to depict the capability of our developed inks in fabricating a multilayered AC
substitute, a customized HAC was designed and printed to cover the femoral condyles (Figure
2.12). To do so, based on a CT image, a scaled-down femur was printed using a DLP printer
(ANYCUBIC Photon Mono 4K, China). Then, a HAC substitute was designed by using
SolidWorks. As can be seen in Figure 2.12, to show the multilayered structure of the printed HAC,
both lateral and medial femoral condyles were completely covered by the first layer; however, the

second and third layers just covered the exterior part of the femoral head. Our printed customized
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HAC clearly shows the potential application of the developed inks in fabricating personalized

tissue mimetic models.

Healthy cartilage

Figure 2.12 Schematic illustration of printing customized HAC. Created with BioRender.com

To evaluate the cytocompatibility of the developed inks, MTT and live/dead assays were
performed on days 1, 3, and 5 (Figure 2.13). The results showed high cell viability (above 90 %)
for the cells incubated with 3D printed constructs, using various inks, over 5 days of culture. Cells’
viability was visualized using Live/dead assay, which is in good agreement with the MTT assay.
Taken all together, our inks were found to have little to no toxic effects against fibroblast

cells, confirming their biocompatibility.
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24 Conclusion

In this study, a series of novel silicone-based inks consisting of aminosilicone, CNC, and
MA have been developed with tunable viscoelastic and mechanical features for ME 3D printing
of human articular cartilage. The SCM inks were prepared via grafting MA to the side chain of the
aminosilicone and incorporating the CNC into the polymer matrix simultaneously. The UV-
curable and hydrophilic inks were characterized in terms of their shear-thinning and viscoelastic
properties, confirming their capability of quick-recovery responses. Owing to the fast-curing
feature of the developed inks, curing in less than 3 seconds, high aspect ratio, and overhanging

structures can be directly created without using any sacrificial supports.

By altering the concentration of the CNC and MA, noncytotoxic inks with a broad range of
compression moduli from 0.25 to 1.32 MPa were developed. To mimic the multizonal structure of
the HAC, a multilayered structure with a gradual increase of the compression modulus
from the top layer to the bottom one was printed using different inks, including SC3M3, SC3M5,
and SC5MS5. Normal and cyclic compression tests were performed to show not only the mechanical
stability but the capability of our inks to withstand highly repeated compression loads, up to 400
cycles, making them as an ideal candidate for replacing damaged human articular cartilage.
Overall, the results represent a new class of silicone-based materials with promising features such
as hydrophilicity, rapid curing, shear-thinning, mechanical stability, and biocompatibility, for use

in fabricating tissue mimetic structures that can be used for various biomedical applications.
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Chapter 3 One-step Fabrication of Highly Flexible Microfluidic Devices via
Microextrusion of Hydrophilic and UV-curable Silicone-based Ink

3.1 Introduction

MFDs have grabbed significant interest due to their unique features, such as low-cost
fabrication, miniaturization, simplicity, and reduced reagent consumption.>®” However, there are
several challenges regarding fabrication method and materials selection, limiting the wide clinical

applications and the commercialization of the available PDMS-based chips.

Among different microprocessing techniques, such as laser cutting, soft lithography, injection
molding, and milling, soft lithography, a multi-step fabrication method consisting of replica
molding, curing, corning, and assembly, is a frequently used method to create MFDs.>%31° This
fabrication method possesses poor manufacturing efficiency, which makes it labor-intensive.’!!
Additionally, this approach requires layer alignment and bonding during assembly, which makes
it much more difficult to produce complex, multi-layered devices. That is to say, the problems
associated with soft lithography, including time-consuming manufacturing stages, extensive prior
knowledge, and the need for a cleanroom facility for prototype manufacturing, require that
researchers find suitable alternative fabrication methods to pave the way for the wider applications

of MFDs.3!?

3D printing has arisen with the potential to solve many of the issues associated with the
fabrication of MFDs.?!* Indeed, 3D printing has brought several advantages over traditional
fabrication methods, such as easy geometry customization, multi-material printing, one-step
printing, and better device integrity. Therefore, 3D-printed MFDs can allow high flow rates of up
to hundreds of uL. min™!, provide more reliable structural alternatives to existing MFDs.?!* Despite
the capability of various 3D printing methods, including digital light projection (DLP),*!* fused
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deposition modelling (FDM),?!63!7 direct ink writing (DIW),??!3!18 and stereolithography
(SLA),?'%320 in the fabrication of MFDs, each of these fabrication methods has its own drawbacks
as well. For instance, DLP and SLA printers are renowned for their capability to produce complex
structures with high precision; however, some deficiencies, such as limited materials selection,
costly reagents, incapability of multi-material printing, and slow printing pace, make them an
unsuitable candidate for MFDs fabrication.??*3!* Additionally, another significant limitation is the
possibility of remaining uncured resin materials inside the channels, which may lead to channel
blockage. This blockage can result in post/pre-processing of the fabricated MFDs, which can
significantly prolong the manufacturing process.?!® It is true that DIW and FDM have a lower
resolution compared to SLA and DLP, but the advantages, including ease of operation, wider
materials choice, multi-material printing, and higher printing speed, make these printing methods
more favorable for the manufacturing of MFDs.??%*! The majority of FDM-made MFDs,
however, are non-transparent and produced from hard polymers, which results in creating channels
with high surface roughness, hindering their biomedical applications.>?**?* Among various 3D
printing methods, DIW (particularly ME 3D printing) can not only address most of the above-
mentioned drawbacks but also provide the widest material choice due to its capability of using soft
polymers; However, manufacturing the MFDs by combining the use of soft polymers and ME

printing method remains a challenge because of the lack of printable materials.

Among various soft polymers, silicone elastomers (particularly PDMS) have been extensively
used for MFDs fabrication due to their unique features such as biocompatibility, suitable resistance
to biodegradation, proper mechanical features, and chemical stability; however, there are several
challenges in terms of their curing speed, viscosity, and wettability which limits their wide

application for 3D printing purposes.®*324325 To address such issues, we employed our hydrophilic
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and rapidly curing silicon-based ink (SC3M3), consisting of aminosilicone, CNC, and MA, to 3D
print various silicone-based MFDs devices, using the ME printing method. In this study, besides
the characterization of channels’ printing accuracy, SC3M3 ink was used to fabricate T-junction
and Y-channel chips as a proof-of-concept to demonstrate the wide range of applications of our
recently developed ink. Lastly, the compatibility of the printed constructs against organic solvents

was investigated.

3.2 Materials and Methods
3.2.1 Materials

Methacrylic anhydride (MA), and lithium phenyl-2, 4, 6,-trimethylbenzoyphosphinate (LAP)
were purchased from Sigma Aldrich. Aminosilicone (Silamine D2 EDA) was purchased from
Siltech Corporation. Isopropyl alcohol (IPA), xylenes, toluene, acetone, and n-hexane were
purchased from Sigma Aldrich. Cellulose nanocrystal (CNC) was provided by Professor Michael
K. C. Tam from the Department of Chemical Engineering at the University of Waterloo. All the

aqueous solutions were prepared by using Milli-Q water (18.2 MQ cm-—1).

3.2.2 3D Printer and Printing Procedure

A FlashForge Creator Pro (FlashForge, China) was used to print the channels and MFDs
(Figure 3.1). SC3M3 hybrid inks were loaded into 10 mL pneumatic syringes and centrifuged for
10 min at 3250 G to remove the bubbles. 3D structures were designed in SolidWorks and converted
to the STL file. G-codes were generated by PrusaSlicer with the printer’s moving speed of 100%

and an extrusion pressure of 38 psi. A gooseneck UV light setup was used for in-situ crosslinking.

84



3.2.3 Microfluidic Operation

For evaluating the performance of the 3D-printed MFDs, we used a Harvard Apparatus syringe
pump 33. Syringes (20 mL, Henke-ject Luer Lock syringes) were loaded with the blue and red
dyes and connected to the inlets of the 3D-printed Y-channel and T-junction. The inlet holes were

created by poking and sealing using glue to make sure of a tight leak-proof connection.

3.2.4 Characterization of Channel Printing Accuracy

The printing accuracy of the channels was analysed in terms of lateral dimensions. Printing
parameters such as nozzle diameter, pressure, and speed were kept constant at 23 G (337 um), 38
psi, and 1.5 mm. s}, respectively, during the printing process. Channels were printed with various
widths, from 100 up to 1000 um. The actual channels’ width was measured using the microscope
(Nikon Eclipse ti) and analysed with ImagelJ. All the channels were printed without a cap for ease

of image analysis.

3.2.5 Solvent Compatibility Measurement

SC3M3 hybrid ink was printed and cured in a rectangular shape with a dimension of 1 x 1 X
0.1 cm®. The printed constructs were weighed and imaged to measure the initial mass (M,) and
initial volume (V,) and then soaked in various solvents (5 mL) at room temperature. After 24 hr,
the printed constructs were imaged and analyzed using ImageJ to measure the final volume (Vy)."!

The swelling ratio was calculated as follows:

Vf—V()

Swelling ratio =
Vo

Equation 3.1

To measure the final mass of the constructs (My), the concentration of the solvent solutions was

reduced by sequential dilution with IPA. Subsequently, the printed constructs were heated at 120
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°C for 24 hr to evaporate the solvent. Then, the printed constructs were weighed, and the mass loss

was calculated as follows:

Mf_MO

Mass loss = Equation 3.2

0

33 Results and Discussion
3.3.1 Characterization of Channel Printing Accuracy

Printing resolution is a crucial factor for fabricating MFDs. To investigate the printing
resolution, a set of 10 lines with the same width and height, 400 um and 1000 pm, respectively,
and different gap distances, from 100 to 900 um, was designed and printed using a 23 G nozzle
(Figure 3.1). The printing speed and pressure were set to 1.5 mm. s and 38 psi, respectively. As
can be seen in Figure 3.1b, channels with 400 pm width and above were successfully printed;
however, channels below 400 um width could not be printed. The zoomed-in images of the printed
channels are also depicted in Figure 3.1c. Although all the printed walls are exceedingly smooth,
the actual printed widths of the channels were approximately half of the designed dimensions. This
deviation increased by decreasing the gap between the channels; for instance, the lowest channel
width was 96 pm attributing to the channel with the designed width of 400 um. This deviation is
mainly caused by the filament-spreading phenomenon. Indeed, two parameters affect the wall
thickness deformation; first, the downward compression of the upper layers and the second is the

tendency of the bottom layer’s filament to integrate with the surface layer of the substrate.3

Taken all together, the results showed the capability of our developed ink and printing strategy

in fabricating high aspect ratio microfluidic channels (with 100 and 1000 pm).
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Designed

ik o) 2L 800 400 500 600 700
Actual 005 40043 96+5 20346 301+2 35344
Width (um) 7 °

Figure 3.1 Characterization of channel printing accuracy. a) schematic design of channels, b) 3D
printed channels. Scale bar 800 um, ¢) Zoomed-in images of 3D printed channels with actual and

designed dimensions. Scale bar 200 pm

3.3.2 3D-printed Microfluidic Devices (MFDs)

To illustrate the capability of our developed ink in the fabrication of MFDs, various examples
of MFDs, including Y-channel and T-junction chips, were fabricated (Figure 3.2). There are
several printing parameters, including printing speed, pressure, bridging angle, bridge flow ratio,
and bridging speed, that need to be adjusted to create MFDs with suitable shape integrity. The
printing speed and pressure were set to 1.5 mm. s and 38 psi, respectively, for printing all the
chips. However, when it comes to bridging the gaps and sealing the channels, bridging parameters,

including bridging angle, bridge flow ratio, and bridging speed, are considered the main
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challengeable parameters requiring to be adjusted to prevent sagging and channel’s blockage.?!%3%¢

The bridging speed was set to 0.8 mm. s which is lower than that used for printing the whole
substrate to give the extrudates more time to be crosslinked without sagging. In terms of bridging
angle, 90° was the best one since it can reduce the length of the bridging filament, to some extent,
leading to less sagging. By decreasing the bridge flow ratio, a parameter that affects the amount of
ink for bridging, extrudates can be slightly pulled to prevent sagging. After several trials and errors,
0.44% was chosen as the best. As can be seen in Figure 3.2, the Y-channel with a width of 0.7 mm
and 1 mm height could be printed smoothly. A gooseneck UV light setup was used for in situ

crosslinking.

To further demonstrate the applicability of our developed ink, a T-junction chip, one of the most
popular MFDs, was also fabricated (Figure 3.2). All the printing parameters were similar to those
used for printing the Y-channel, except the bridging angle. By setting the bridging angle to 90°,
one of the channels needs to be capped by depositing long filaments resulting in either sagging or
forming a complete crosslinked filament, which the latter may deprive filaments of integrating
with each other. Therefore, 45° was the best value for the bridging angle to cap the T-junction’s

channels.

Although the printed microfluidic chips confirm the efficacy and capability of our developed
ink and fabrication method for producing basic microfluidic modalities, there are some drawbacks
that need to be taken into account as well. Figure 3.2 (middle panel) illustrates zoomed-in images
of the printed chips showing some obstructions which can be caused by partial polymer sagging
during the bridging process. The formation of the concaved walls is another challenge that might

affect the flow profile and shear stress distribution of the injected fluid. 3%’

88



Non-optimal Optimal Non-optimal

Figure 3.2 3D printed basic microfluidic modalities. Left panel: printed structures with the low
bridging flow and high bridging speed; middle panel: zoomed-in images of printed structures with
optimal parameters; right panel: printed structures with the low bridging flow and high bridging

speed. Scale bar 200 pm.

To evaluate the performance of our printed chips, the red and blue dyes were injected into the
Y- channel and T-junction chips (Figure 3.3). As can be seen in Figure 3.3, in the Y-channel chip,
the boundary of the co-laminar flow of red and blue dyes (with an injection rate of 5 mL/hr) can
be easily observed. This phenomenon enables the coexistence of two laminar streams with just

cross-stream diffusion serving as the method of mixing.”!
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Figure 3.3 Visualization of the performance of the 3D-printed Y-channel chip. Two streams of

blue and red dye (SmL/hr) produce a laminar flow in the 3D-printed chip (zoomed-in image).

In the T-junction chip, as shown in Figure 3.4, the two dyes were thoroughly mixed once they
left the chip. It is worth noting that due to a few channel obstructions and surface roughness, the

generation of the oil droplets in water was unsuccessful.

Figure 3.4 Visualization of the performance of the 3D-printed T-junction chip.
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Overall, our results show that the developed ink has a promising potential for fabricating

integrated MFDs in one step and within a short time (45 mins, without any post-curing process).

3.3.3 Solvent Compatibility

The solubility of our fabricated devices in organic solvents is an important consideration in
deciding the solvent utilized in the post-processing of MFDs devices.”! After printing, the solvent
needs to effectively clean the channels from uncured ink through dissolving and extracting.
Besides, the solvent must be able to penetrate the 3D-printed MFDs to remove the partially cured
macromers and other possible by-products from the main body of the MFDs. However, if the
solvent is excessively volatile, quick deswelling might lead to partial deformation in the printed
MFDs once the solvent is extracted or swapped.’! Hence, to evaluate the effect of various solvents
on the swelling and dissolution of the uncured materials, rectangular slabs were printed and
immersed in various solvents for 24 h (Figure 3.5). The results show that the 3D-printed slabs
swelled noticeably more in IPA (36%) compared to other solvents (below 13%). Additionally, all
the solvents, except IPA and chloroform, had relatively similar mass losses (between 20 and 25%),
probably caused by the dissolution of unbonded by-products. Therefore, among various organic
solvents, chloroform can provide significantly higher dissolution of unbounded and uncured

materials with a lower swelling ratio.
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Figure 3.5 Solubility of 3D-printed slabs in Organic Solvents. Scatter plot of the change in mass
(due to extraction) and the change in volume (due to swelling) of 3D-printed slabs cubes in

different organic solvents.

It is worth noting that all the printed slabs not only preserved their structural integrity but also
showed remarkable flexibility even after being immersed for 24 h in an organic solvent (Figure
3.6). As can be seen in Figure 3.6, for instance, the printed slab immersed in IPA, possessing the
highest swelling ratio and mass loss, regained its original shape after being completely bent for 5

min.

Figure 3.6 Flexibility of the 3D-printed slabs after being immersed for 24 h in IPA. Scale bar 4

mm.
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34 Conclusion

In this study, the one-step and time-efficient fabrication of the various MFDs, including Y-
channel and T-junction, using our developed ink (SC3M3), was illustrated. To evaluate the
printing accuracy, a 3D ME printer was employed to fabricate the 3D printed channels, designed
by SolidWorks, that subsequently were characterized in terms of channel width. The printing
parameters, such as printing speed, pressure, bridging angle, bridge flow ratio, and bridging speed,
were optimized. Additionally, the Y-channel and T-junction chips were 3D printed and tested to
perform approximately as effectively as currently available PDMS-based MFDs. The swelling and
dissolution characteristics of the 3D-printed constructs in various organic solvents were evaluated
as well. Overall, the developed ink showed a promising potential to be employed by ME printers
for MFDs fabrication, which can pave the way towards rapid and high-throughput manufacturing
of biocompatible MFDs with advanced functionalities; however, further studies must be performed
to address the problems associated with this fabrication method including the formation of concave

walls and partial polymer sagging during the capping process.
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Chapter 4 Conclusions and Future Work
4.1 Conclusions

Silicone elastomers have been widely utilized in various biomedical applications, such as
fabricating tissue-mimetic substitutes and MFDs, due to their remarkable features, including
flexibility, adaptability, and biocompatibility, but the slow curing speed, low viscosity, and
hydrophobicity of the existing silicones are challenges that hinder silicone applications. A series
of strategies has been pursued throughout this thesis to develop 3D-printable, UV-curable, and
hydrophilic silicone-based inks. To this end, various novel silicone-based inks consisting of
aminosilicone, CNC, and MA have been developed with tunable viscoelastic and mechanical

features for ME 3D printing applications.

In chapter 2, I developed various SCM inks via grafting MA to the side chain of the
aminosilicone and incorporating the CNC into the polymer matrix simultaneously. To confirm the
capability of quick-recovery responses, the developed inks were characterized in terms of their
shear-thinning and viscoelastic properties. Additionally, the printability of the SCM inks was
thoroughly evaluated in terms of extrudability, accuracy, homogeneity, resolution, and shape
fidelity. Thanks to the rapidly-curing property of the developed inks, curing in less than 3 seconds,
high aspect ratio (18:1, height: diameter) and overhanging structures can be directly created
without using any sacrificial supports. The wettability of the printed structures using our
developed inks was also evaluated. By altering the concentration of the CNC and MA,
noncytotoxic inks with a broad range of compression moduli from 0.25 to 1.32 MPa were
developed. To mimic the multizonal structure of the HAC, a multilayered structure with a gradual
increase of the compression modulus from the top layer to the bottom one was printed using

different inks, including SC3M, SC3MS5, and SC5M5. Normal and cyclic compression tests were
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performed at different time points (immediately, 1 week, and 2 weeks after printing) to show not
only the mechanical stability but the capability of our inks to withstand highly repeated
compression loads, up to 400 cycles, which makes them as an ideal candidate for replacing

damaged human articular cartilage.

In chapter 3, I presented the one-step and time-efficient fabrication of the various MFDs,
including Y-channel and T-junction, using our developed ink (SC3M3). The printing accuracy of
the printed channels, in terms of channel width, was characterized to find the highest achievable
channel resolution (approximately 300 pum). Besides, various printing parameters, including
printing speed, pressure, bridging angle, bridge flow ratio, and bridging speed, were optimized.
The Y-channel and T-junction chips were fabricated and tested to perform approximately as
effectively as currently available PDMS-based MFDs. Various organic solvents, including
toluene, hexane, xylene, chloroform, DMSO, and IPA, were used to evaluate the swelling and

dissolution characteristics of the 3D printed constructs.

Overall, our results represent a new class of silicone-based materials with promising features
such as hydrophilicity, rapid curing, shear-thinning, mechanical stability, and
biocompatibility, for use in fabricating not only personalized and biocompatible tissue-mimetic
models but also various microfluidic modalities which offer new strategies to pave the way
towards rapid and high-throughput manufacturing of complex 3D human-like constructs and

biomedical devices.

4.2 Future Work

The research presented in this thesis was designed to develop a series of hydrophilic, rapidly

curing, and 3D-printable silicone-based inks with tunable mechanical characteristics for various
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biomedical applications. To this end, two different applications of the developed inks, including
the fabrication of AC substitute and different microfluidic modalities, were introduced and
investigated. However, further studies on material formulation, printing techniques, and
applications should be carried out to accomplish our intended goal of developing an economically

feasible system for additive manufacturing of a new class of silicone-based biomedical devices.

1- The viscoelastic features of the cartilage play a crucial role in providing superior
mechanical support to diminish wear and relieve stress. In this study, we focused on the mechanical
strength of the developed inks in terms of normal and cyclic compression behaviors rather than
investigating their elastic properties. Hence, the elastic properties of the printed substitutes should

be studied in the next step.

2- The mechanical feature tunability of our developed inks makes them a potential candidate
for fabricating various human tissues. Besides AC, other tissue models, such as the meniscus,
trachea, and heart aortic valve, may be fabricated in future studies. However, the ink formulation
should be developed based on the characteristics of the targeted tissues. This development can be
achieved by incorporating various additives such as nanoparticles, nanotubes, and fibers into the

aminosilicone matrix.

3- Although the printing parameters were thoroughly investigated in this study, even a minor
change in the ink formulation can affect the optimized parameters. Thus, there is a need to develop
a numerical model for predicting printing parameters based on the ink properties, such as
rheological features, or employing machine learning techniques, such as image processing, for
analyzing the printed filaments in terms of their uniformity to correlate printing parameter
optimization with ink characterization techniques, which in turn can significantly speed up the

optimization process.
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4-  The 3D printability of our developed inks makes them a suitable candidate for various
biomedical applications. In this study, we focused on fabricating human tissues and MFDs, while
silicone elastomers also have a broad range of applications in soft electronics. Therefore, in future
studies, electrical conductivity can be introduced to the aminosilicone matrix by incorporating
electroconductive materials, including graphene oxide, CNTs, and conductive CNC fillers, to

fabricate various flexible electronics, such as train sensors.

5-  The developed silicone-based inks presented in this study showed similar mechanical
strength to the human one and no significant toxicity against fibroblast cells. However, further In
vivo experiments are required to investigate the performance of the 3D-printed substitutes and
their possible cytotoxicity over a longer period under conditions that are more similar to the human
body. Besides the mechanical functionality of the 3D printed substitutes, their interaction with the
local environment of the ECM must also be thoroughly investigated by implanting the fabricated

substitutes into an animal model, such as mice or pigs.

6- The MFDs printed with our developed ink (Chapter 3) demonstrated a suitable performance
and potential applications in mixing and cross-stream diffusion; however, only basic microfluidic
modalities were fabricated. Hence more complex devices need to be designed and fabricated, such

as passive/active micro-mixer and 3D-fluid routers.

7- The fabricated MFDs presented in chapter 3 showed a few channel obstructions and surface
roughness due to the partial polymer sagging during the bridging process, which can dramatically
affect the flow control capability over the channels. This problem can be solved by implementing
the following strategies: a) changing the printing direction by rotating the designed structure; b)
changing the geometry of the channel to reduce the amount of required bridging across the channel;

c) using a PMMA substrate or glass to seal the channels instead of bridging.
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8- This study has successfully shown the potential of our developed ink in fabricating MFDs
in one step using a single material; however, all the capabilities of the ME printing method, such
as multi-material printing, have yet to be employed. Hence, the inner surface of MFD channels
can be patterned with a selected material for different lab-on-chip applications. For instance, these
patterns can be functionalized pillars with specific biomarkers to capture various biomolecules,

such as circulating cancer tumor cells.
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