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Abstract

Development of 3D Printed Porous Biomaterials

Guoyao Chen

Chair of the Supervisory Committee:
Buddy D. Ratner

Chemical Engineering and Bioengineering

Porous biomaterials play an important role in healthcare applications due to their ability to
reduce foreign body reactions (FBR). This study investigates the effects of scaffolds with 40 um
spherical pores (6S scaffolds) and 40 um cubical pores on FBR mitigation. Using
stereolithography (SLA), cubical pore scaffolds were fabricated, with a stabilization protocol
developed to address internal and surface contamination during the fabrication process. This
protocol enhanced print resolution and consistency, allowing for the successful production of
scaffolds with intricate geometries and non-linear edges. In vivo evaluations indicated that 40 pm
cubical pore scaffolds supported tissue regeneration and vascularization while reducing fibrous
capsule formation and collagen deposition, comparable to the performance of 6S scaffolds.
These findings suggest that 3D-printed 40 pm cubical pores hold the potential for FBR reduction.
Additionally, new PEGDMA-based resin formulations for SLA were explored, achieving
resolutions of approximately 20 um. This study presents an SLA-based methodology for
producing porous biomaterials with applications in FBR mitigation and tissue engineering,

demonstrating the advantage of 3D printing in biomedical applications.
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Chapter 1. BACKGROUND AND MOTIVATION

1.1 BIOMATERIALS AND FOREIGN BODY REACTION

A biomaterial was formally defined by the Clemson University Advisory Board for
Biomaterials as a systematically and pharmacologically inert substance designed for implantation
within or incorporation with living systems[1]. The main objective of utilizing biomaterials is to
enhance human health by restoring the natural functions of living tissues and organs within the
body[2]. Biomaterials have diverse applications, including but not limited to, contact lenses[3],
bone screws[4], insulin pump catheters[5], nerve guidance conduit[6], and cell scaffolds[7-9],
which are widely used in tissue engineering. A variety of materials are used in these applications,
such as metals[10] and ceramics[11] for hard-tissue biomaterials, and polymers[11, 12] for soft-
tissue biomaterials[13]. Biomaterials can also be fabricated into various shapes and structures,
including solid[10], porous[13, 14], woven meshes[15], microspheres[16], etc., to suit different
purposes.

While dental implants, one of the most common applications of biomaterials, have been used
since 600 A.D. in early civilizations[17], the fundamental concepts and principles of the
biomaterial field were established within the last century. Prior to the invention of aseptic surgical
techniques by Dr. Joseph Lister in the 1860s, most implantations were unsuccessful due to
infections[18].

Nowadays, with the advancement of materials and modern surgical techniques, biomaterials
have found their applications in many fields, such as regeneration[19, 20] and organ
replacement[21]. However, the implantation of biomaterials can induce a variety of host

reactions[22], including injury[23], interactions with blood[24], provisional matrix formation[25],



acute and chronic inflammation[26], granulation tissue development[25], foreign body
reaction[27], and fibrosis/fibrous capsule development[28]. The foreign body reaction (FBR),
which is composed of macrophages and foreign body giant cells, is the end-stage response of the
inflammatory and wound healing responses following implantation.

Porous biomaterials have been developed to reduce the FBR and improve integration into host
tissue. These materials have interconnected open pores and serve as scaffolds to support cell
attachment[29], proliferation[30], and differentiation[31]. The pore structure of the biomaterials is
critical in reducing FBR, with pore size, shape, and interconnectivity affecting immune cell
infiltration and extracellular matrix deposition[32]. Surface properties of the biomaterials, such as
chemical composition[33], wettability[3], and charge[34], also influence the interaction with
surrounding tissue, further modulating the FBR. Research in the Ratner lab showed that 40um
porous biomaterials reduced collagen deposition, increased cellular infiltration, and
neovascularization, and influenced macrophage phenotype in a size-dependent manner[35].

The fabrication of porous biomaterials involves the creation of interconnected pores within
the material structure, allowing for the exchange of nutrients and waste products between cells and
the surrounding environment. Various methods exist for developing porous scaffolds, including
salt-leaching[36, 37], gas-forming[38, 39], electrospinning[40], freeze-drying[41], and 3D
printing[42-44]. Apart from 3D printing, these methods can be considered as utilizing porogens as
sacrificial materials that are later removed from the structure to create the pores. The advantage of
using porogens is the ability to create a controlled pore size, shape, and distribution within the
biomaterial, tailored to specific tissue types or applications. Porogens are also easily removed from
the biomaterial, leaving behind a porous structure to support cell attachment, proliferation, and

differentiation[45].



However, the use of porogens also has some disadvantages. One major drawback is that the
removal of porogens can lead to residual toxic or immunogenic compounds within the biomaterial,
which can elicit a negative immune response and impair its biocompatibility[11]. Furthermore, the
fabrication process using porogens can be complex and time-consuming, requiring multiple steps
and optimization of the porogen concentration, temperature, and exposure time[45].

In contrast, the 3D printing method can be regarded as a direct fabrication approach, allowing
for precise control over the size, shape, and distribution of the pores. This method involves the
layer-by-layer deposition of material, enabling the creation of intricate and customized structures
with high resolution and accuracy. Furthermore, 3D printing can reduce the risk of residual toxins

or immunogenic compounds since the material is not in contact with any sacrificial material[46].

1.2 3D PRINTING OF BIOMATERIALS

Three-dimensional (3D) printing, also is known as additive manufacturing (AM), rapid
prototyping (RP), or solid free-form technology (SFF), is a potentially powerful manufacturing
method and is recognized as a versatile tool for precise fabrication of various devices in many
fields including biomedical engineering, wastewater treatment, energy storage, microfluidics and
material science[47]. This technique is recognized as a versatile tool for precise manufacturing of
various devices. 3D printing can produce complex architecture following a computer-generated
design and can be fabricated using a diverse array of materials including polymers[48], metals[49],
bio-inks[50], and ceramics[51]. This has led to the development of this technology for biomedical
applications in both research and bio-industrial settings. The growing demand for customized
pharmaceuticals and medical devices increases the impact of 3D printing, along with the demand

for fast and high-resolution manufacturing processes[44].



As of today, the primary 3D printing techniques used in the biomedical field include
photopolymerization-based stereolithography (SLA)[52], two-photon polymerization (TPP)[53],
digital light processing (DLP)[54], continuous liquid interface production (CLIP)[55], and
extrusion-based systems such as ink-jet[56], and fused deposition modeling (FDM)[57].

SLA is regarded as the first rapid prototyping process and was developed in the late 1980s by
Charles Hull[58]. SLA uses a .stl file to interpret a computer-aided design file that is
communicated electronically to the 3D printer. Photoinitiation triggers monomers and oligomers
to cross-link to form polymers[59]. Compared with other 3D printing methods, while most
fabrication techniques have a resolution of 50-200um, many commercially available
stereolithography 3D printers can build objects at an accuracy of 20um or lower[60]. That is why
a lot of in laboratory micron-sized structures with sub-micron resolution have been fabricated
using these printers[61]. In the Z direction, the layer thickness can reach a resolution at 50um, but
over-curing is an obstacle in maintaining the layer thickness, a challenge for fabricating high-
resolution, multi-layer structures.

The study conducted in the Ratner lab has demonstrated that a porous scaffold with 40um
pore size can reduce collagen deposition, increase cellular infiltration, and promote
neovascularization[35, 62-65]. The objective of this research project is to investigate the feasibility
of printing such a porous scaffold using an SLA 3D printer, and if possible, investigate the

performance of the 3D printed scaffolds.



Chapter 2. CREATING STABLE ENVIRONMENTS FOR HIGH-
RESOLUTION 3D PRINTING

2.1 INTRODUCTION

Stereolithography (SLA) 3D printing has emerged as a crucial tool in the production of
biomedical devices and biomaterials. However, in the case of porous scaffolds, such as those
developed by the Ratner Lab, achieving a high level of printing resolution is essential to fabricate
the intended structures. To attain high resolution in SLA 3D printing, several key factors must be
considered, including the utilization of resins with high-resolution performance, designing 3D
models with high accuracy for the printer, and maintaining a stable and precise printing
environment[52].

Resins that are specifically designed for high-resolution printing typically have a lower
viscosity and a higher level of detail reproduction. They also tend to have a lower shrinkage rate,
which helps to prevent distortion and warping during the printing process[66]. The resin DS2000
from DWS is well-designed for SLA 3D printing, so the resin problem is not discussed here.

Blender software is utilized for designing all 3D models for this project. The software is adept
at handling intricate structures with varied porous architectures. However, as the resolution and
size of the porous scaffold increase, the 3D model may become overly complex for the printer
software to manage. Hence, simplifying the printing structure is a common challenge faced in
high-resolution 3D printing. We will delve deeper into this issue in chapter 3.

To ensure that the printer consistently produces stable and accurate prints, it is essential to
maintain laser accuracy throughout the entire printing process. Any object that blocks the laser

during the polymerization process can have a significant impact on the printing results. This

10



includes factors such as the printing vat condition, resin degradation rate, presence of voids in the
3D structure, and resin reflow. In this part of the study, we focus on how to maintain an optimal
printing vat condition.

The KLOE 3D printing system boasts a laser with a spatial resolution of 5um, which meets
the fundamental requirements for high-resolution 3D printing. Figure 2.1 illustrates the schematic
diagram of the KLOE 3D printing system, where the resin between the substrate and the
polydimethylsiloxane (PDMS) coating is cured by laser during the printing process. As the PDMS
can absorb oxygen during the forming process, the oxygen serves as a photo-inhibitor during the
printing process, ensuring that the printed object remains on the substrate rather than the
PDMS[67]. Clearly, the printing environment, particularly the surface of the substrate and the

PDMS, can significantly impact the printing results.

Printing stage
Moving in Z direction

_____ ———————
r - _|_ - :Substrate : Printed base

I ! I I
| R— - I i Liquid photosensitive resin

/ ~ I |

RN - | y  Printed structure
~
< 1 ~

Glass slide .o J L 2Dlv[wlmp()lvmerized resin layer

Laser Source
\ Moving in X-Y direction

Figure 2.1. schematic diagram of the print stage of the KLOE SLA 3D printer
To ensure the accuracy and consistency of the 3D printing process, three different tests,
including sensitivity, focus, and bridge tests, are usually performed on the PDMS coating.

However, it has been observed that the test results can vary over time if the same PDMS coating

11



is continuously used, despite consistent printing parameters. This highlights the importance of
stabilizing the PDMS to maintain a stable printing environment. Figure 2.2 demonstrates the
significant impact of PDMS status on the sensitivity test results, even with the same printing

parameters.

(a) Velocity(mm/s)
100 80 60 50 40 30 20
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: Laser off

Figure 2.2. (a)Schematic diagram of the sensitivity test, (b) the result with a new PDMS
surface and (c) the result the result after repeated reuse of the PDMS
This section of the study aims to identify the main forms of contamination that occur during
the printing process and develop methods to address them. Two types of contamination, internal
and surface contamination, are frequently observed during experiments. To increase stability and
precision in SLA 3D printing, with a focus on improving resolution and generating a stable printing
environment with precisely controlled layer thickness, we present a stabilization method for SLA

3D printing using the KLOE high-resolution 3D lithographic laser system as an example.
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2.2 METHODS AND MATERIALS

2.2.1 Design the Porous Structure

A commercial acrylic-based 3D printing resin, VITRA DS2000 (DWS, Thiene, Italy), was
used to fabricate all the scaffolds and non-porous control in this study. To create the PDMS print
surfaces used in the monomer vat for 3D printing, a Sylgard-184 silicone elastomer kit (Catalog#

24236-10, Lot# 220808, Dow Chemical Co, Hatfield, PA, USA) was employed.

2.2.2 Sensitivity test

The sensitivity test was used to evaluate the performance of different pairings of laser intensity
and laser writing velocity. The test pattern used was a 1.5mm (X) x 1.5mm (Y) base, consisting of
63 (7x9) 100um x 100um (X, Y) squares with 7 different velocities and 9 different laser intensities
(the printer modulations), with a 100um % 100um (X, Y) square at the top left corner used as a
direction reference. The sensitivity test was performed with a layer thickness of 64um, using 7
velocities (100mm/s, 80mm/s, 60mm/s, 50mm/s, 40mm/s, 30mm/s, 20mm/s), and 9 modulations
(100%, 80%, 60%, 50%, 40%, 30%, 20%, 10%, 5%). The reference squares were printed with a
velocity of 15mm/s and a modulation of 50%. After the tests were printed, they were immersed in
two subsequent isopropanol rinses for 10 minutes to remove additional resin attached to the surface

and dried at room temperature for 10 minutes.

2.2.3 3D printing of the sensitivity test

The sensitivity test pattern is an important tool to evaluate the performance achieved with
different combinations of laser intensity and writing velocity. The KLOE high resolution 3D
lithographic laser system, which uses a 375nm laser to print objects layer-by-layer rapidly, was

used to print the sensitivity test pattern. During the printing process, structures were printed upside
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down, with the printing stage moving in the Z direction and the laser source moving in the X-Y
plane. Before the structure is printed, a base is printed with 100% modulation and 50mm/s velocity
to ensure the photo polymerization process is performed on an even surface. The PDMS absorbs
oxygen during the printing process, which acts as a photo inhibitor during the polymerization
process, creating a layer of unpolymerized resin between the printed structure and the PDMS. After
the sensitivity test pattern was printed, it was immersed in isopropanol and rinsed to remove any

uncured resin attached to the surface and dried at room temperature.

2.2.4 Scanning electron microscopy (SEM)

SEM images were obtained of the printed samples and test specimens subsequent to gold

sputtering using an SNE-3200M SEM with an acceleration voltage of 5kV.

2.2.5 PDMS coating on the vat printing surface

A 12g mixture of the Sylgard-184 silicone elastomer kit, consisting of a 10:1 ratio of base
polymer to cross-linker, was used to coat the polymerization vat and form a layer of PDMS. This
layer serves as a photo inhibitor during the polymerization process and allows the printing stage
to move up with the polymerized part. The PDMS layer is able to absorb and transmit oxygen,

preventing the polymer in contact with it from polymerizing during the printing process.

2.2.6 Pioneer testing for the PDMS stabilization process

A total of 2g of mixing ratio of 10:1 between base polymer and cross-linker of the Sylgard-
184 silicone elastomer kit was utilized to form a layer of PDMS on each of the 35mm petri dishes.
This process was repeated 12 times, and every 4 petri dishes were considered as a set, resulting in

a total of 3 sets. After each set of PDMS was coated on the petri dishes, 5g of DS2000 was applied
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and left on for 10 minutes, 60 minutes, 24 hours, and 120 hours, respectively. Subsequently, the
DS2000 was removed, and the petri dishes were rinsed with isopropanol until no viscous liquid
was visible. Next, the petri dishes were placed in the Spectrolinker XL-1500 UV Crosslinker
equipped with 6 365nm UV lights (BLE-1T151) on for 9 minutes. Finally, the results of every set
were compared under the UV lamp (UVP, UVGL-25 Compact UV Lamp, P/N 95-0021-12) with

a wavelength of 365nm.

2.2.7 Quantification of stabilization process

A total of 3 g of Sylgard-184 silicone elastomer, with a mixing ratio of 10:1 between the base
polymer and cross-linker, was employed to create a layer of PDMS on individual wells of a 6-well
plate. This procedure was repeated 20 times, with every 5 wells forming a set, resulting in a total
of 4 sets (n = 4). Following the PDMS coating for each set of wells, 5 g of DS2000 was applied to
4 out of 5 wells in each set, and left for durations of 10 minutes, 60 minutes, 24 hours, and 120
hours, respectively; the remaining well served as the blank control. Afterward, the DS2000 was
removed, and the wells were washed with isopropanol until residual viscous liquid was no longer
visible. Subsequently, the wells were placed in a Spectrolinker XL-1500 UV Crosslinker, which
was equipped with 365 nm UV lights (BLE-1T151), for a duration of 9 minutes. Finally, the
outcomes of each set were compared using the BioTek multi-mode plate reader with a 400 nm

blue filter.

2.2.8 PDMS stabilization process

After establishing the printing parameters, a sensitivity test was carried out using DS2000.
Following the test, the PDMS coating was immersed in 40mL of DS2000 for 120 hours. The liquid

resin was subsequently removed, and the PDMS was soaked in isopropanol for 30 minutes,
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followed by a 5-minute rinse with isopropanol. The vat was then placed in a UV chamber
(Spectrolinker XL-1500 UV Crosslinker) with 6 365nm UV lights (BLE-1T151) on for 9 minutes.
The above steps were repeated until the sensitivity test results stabilized within a range of 42-49

printed squares.

2.3 RESULTS AND DISCUSSIONS

During the printing process, two types of contamination were postulated to affect the PDMS
state: internal contamination and surface contamination. Internal contamination occurs when the
resin infiltrates the PDMS network and photocured during the printing process with the UV laser,

resulting in swelling, as depicted in the figure 2.3 below.

Internal Contamination

PDMS Network PDMS Network PDMS Network
Covered with DS2000  Contaminated by DS2000

Figure 2.3. the schematic diagram of internal contamination
To address this issue, a preliminary experiment was conducted using small PDMS coatings.
The results indicated that the UV absorbance varied with different immersion times, as depicted
in the figure 2.4 below. Specifically, the 120-hour immersion time resulted in slightly higher
absorbance compared to the 24-hour immersion time, indicating that DS2000 penetrated the

PDMS network at a slower rate between 24 and 120 hours, nearing saturation of the network. But
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since it was still evolving between the 24 hours and 120 hours period, 120 hours was still chosen

as a suitable duration for the stabilization process of the actual-sized PDMS on the printing vat.

10mins 1hr 24hrs 120hrs

Figure 2.4. the comparison results for the pioneer test, from left to right are the test with 10
minutes, 1 hour, 24 hours, and 120 hours

To better quantify the UV absorbance, we transfer this experiments into a 6-well plate and
repeat the same process, then read the data in the UV-plate reader, the result is shown in figure 2.5
below. The rate of penetration declined over time, yet a small degree of penetration persisted
between the 24-hour and 120-hour intervals. Consequently, the duration of 120 hours immersion
in DS2000 was selected as the optimal penetration time for the stabilization process and was

subsequently applied to the PDMS coating on the vat.
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UV Absorbance Analysis of PDMS-Coatings at Varied DS2000 Immersion Durations
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Figure 2.5. UV Absorbance Analysis of PDMS-Coatings at Varied DS2000 Immersion
Durations

A stabilization process, also known as pre-saturation, was conducted on a new PDMS surface
to address internal contamination, as shown in the figure 2.6. The study revealed that an immersion
time of 240 hours in DS2000, followed by 18 minutes of UV exposure, resulted in stable sensitivity
test outcomes, with the lowest discernable laser modulation at around 20%. After the 5th
sensitivity test, no additional UV exposure was necessary as consistent outcomes were achieved.
The first five results are illustrated in Fig. 2.7, and the rest of the results are summarized in figure
2.8. It is apparent that PDMS print surface internal contamination can reach saturation, leading to
predictable results. The number of printed squares varied for two reasons: high printing velocity

that induced vibration and shear force on the printed squares, causing loosely adhered squares to
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detach from the printing base, and surface contamination caused by the base, which varied each

time before the squares were printed.

Stabilization Process

g

PDMS Network PDMS Network PDMS Network
Covered with DS2000 Saturated with DS2000

PDMS Network

UV Exposure Stabilized with DS2000

Figure 2.6. the schematic diagram of stabilization process of PDMS

Figure 2.7. the first 5 sensitivity test results for the stabilization process
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65 Variation in Stabilization Rounds and Its Impact on Sensitivity Test Results
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Figure 2.8. the stabilization results for the stabilization process

Surface contamination occurs on the PDMS surface during the printing process, along with
over-curing, when the actual layer thickness is greater than the gap between the printed layers and
the PDMS. In this case, the curing resin fills the gap and compresses the PDMS surface, as depicted
in figure 2.9. During this process, the absorbed oxygen in the PDMS cannot maintain the dead
zone, and the curing resin comes into close contact with the PDMS surface, leaving residues
attached to the PDMS in the form of spots, as shown in figure 2.10. Although the surface
contamination can be washed off by 70% ethanol or isopropanol, it cannot be removed during the
printing process, and the contaminated spot blocks the laser, thereby slightly reducing the laser
intensity. Theoretically, a well-controlled printing process can fabricate layers precisely, yielding

a stable layer thickness, which is one of the main objectives of this study.
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Surface Contamination

Substrate Substrate Substrate Printing Stage
Moved up
= = = = Polymerized
Printed New L0 I Resin Attached
Structure Layer L7 ” Il! sl to PDMS
Unpolymerized resin __ Printed Resin reflow " 1 I
PDMS PDMS PDMS ~=-~__ 1 I
PDMS Network New layer printed Polymerized resin residual
Covered with Polymerized the resin attached to and
DS2000 in the gap contaminated the PDMS

Figure 2.9. the surface contamination

Figure 2.10. the example of surface contamination
Surface contamination, which refers to the adhesion of resin to the PDMS surface of the

printer vat, is a common occurrence in vat polymerization. However, if the layer thickness is thick
and the over-cured problem is not severe, it would not significantly affect the printing results.
Hence, there is not much research on reducing surface contamination on the PDMS surface.

However, for high-resolution 3D printing where the layer thickness is thin, surface contamination
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can have a significant impact on the printing results. Therefore, it is crucial to address this issue
for precise printing.

If surface contamination accumulates during the printing process and forms a coating on the
PDMS surface, it can cause the actual laser intensity to change and result in variations in the printed
layer thickness within the same structure. This can induce over-curing, perfect curing, and under-
curing to occur simultaneously, as shown in the figure 2.10, a porous scaffold formed with Mneger
Sponge units was printed. The main part of the structure can be over-cured, while the top few
layers may be under-cured. The top layer may even remain unprinted, exhibiting only some edges,
highlighting the effect of surface contamination. Furthermore, the top few layers may appear
wrinkled and uneven, as the PDMS surface is no longer flat due to the resin residuals sticking to

it.
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Figure 2.11. the printing result with surface contamination
Additionally, there is a more severe consequence of the accumulation of surface

contamination during the printing process. If over-curing is significant enough, the residuals can

be compressed together with the PDMS and potentially damage it, as illustrated in the example in
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figure 2.12 below. In such cases, the vat must be recoated, and the stabilization process must be

redone, which is a time-consuming endeavor.

L0

Figure 2.12. the resin residues stick on the PDMS and making the PDMS no available to use
Currently, there is no effective solution to the problem of surface contamination during the

printing process. However, it is possible to reduce its impact by optimizing the printing process
and precisely controlling the layer thickness. In doing so, the effect of surface contamination can
be eliminated to a negligible level. Further research on this issue will be conducted in later

chapters.

2.4  CONCLUSIONS

Achieving a stable printing environment is the initial step towards achieving high-resolution
3D printing and precise layer thickness control. During the printing process, we have observed two
primary types of contamination on the printing vat: internal contamination and surface
contamination, both of which can significantly impact printing results. By stabilizing the PDMS

on the printing vat for 240 hours with resin and exposing it to UV for 18 minutes, we were able to
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achieve saturation and consistency in subsequent experiments. However, surface contamination is

an unavoidable issue in vat polymerization and will be discussed in greater detail in later sections.
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Chapter 3. DEVELOPMENT OF 3D PRINTED 6S STRUCTURES

3.1 INTRODUCTION

Foreign body reaction (FBR) is a complex immune response of the body to the presence of
foreign materials. It is a natural defense mechanism that aims to isolate and remove potentially
harmful substances. FBR commonly occurs when biomaterials are implanted in the body, such as
medical devices like pacemakers, artificial joints, or tissue engineering scaffolds[68]. Despite their
numerous benefits, FBR poses a significant challenge as it can result in implant failure,
inflammation, and tissue damage[28].

The Ratner Lab has successfully engineered a precision microporous structure with a 40um
pore size (6S structure) that has demonstrated an optimized angiogenesis and reduced scar layer
formation in vivo[63]. This microporous structure has shown a unique response from the body,
distinct from the classic FBR, by attracting macrophages to reside within the porous scaffold and
activating them into a pro-healing state that orchestrates the healing process[35]. Various materials
with this microstructure have been tested and have exhibited a seamless healing pattern in skin,
sclera, bone, and heart stroma. The cellular response to implanted polyHEMA in different pore

size scaffolds is shown in figure 3.1 below.
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Figure 3.1. cellular response to implanted ponHEI\./IA[35]

The 6S process, including 6 steps, is utilized to synthesize the 40um porous scaffold, causing
the material is also called the 6S scaffold or 6S structure. The flow chart in figure 3.2 depicts the
operation of the 6S process. The inner structure of the porous scaffold can also be viewed in figure
3.3 below. Traditional fabrication methods only permit the creation of shapes with molds within
the laboratory. To employ this structure in a more complex architecture, a novel manufacturing
approach was required. Given that the internal structure is uniform and digitally designed on a

computer, a new method was attempted for scaffold production - three-dimensional (3D) printing.
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Figure 3.2. 6S process to synthesis the porous scaffold[9]
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Figure 3.3. the porous scaffold[69]

Previously, we reported that resolving the resin reflow issue allowed for the precise
fabrication of the 6S scaffold, measuring approximately 795 (X) x 795 (Y) x 79.5 (Z) um, or 10 x
10 x 1 units, with a high-resolution top view but an over-cured side view, as illustrated in Figure
3.4 below[70]. However, when attempting to increase the overall dimensions of the structure, we
encountered both design and fabrication challenges. The .stl file size grew excessively, rendering
it unmanageable for the printer, and the resin reflow problem resurfaced during the fabrication

process. Further investigation is required to address these issues effectively.
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Figure 3.4. the result of 10x10x1 model with 60um pore size
This section of the study aims to continue to utilize the KLOE 3D printing system and other
advanced additive manufacturing method for the precise fabrication of the 6S structure. Given that
the internal pore shape of the 6S structure is spherical, a small layer thickness is necessary to
maintain the smoothness of the pore surface, and would definitely induce over-curing problem,
indicating that the primary objective of this study is to evaluate the printing system's performance
and determine whether it can maintain high resolution in the X-Y plane, and the over-cured

problem will be addressed in later sections.

3.2 METHODS AND MATERIALS

3.2.1 Materials and Equipment

DS 2000 Resin (DWS, 10200075, 1kg) is used as the original printing resin; Acetone (Fisher
Chemical, A949-4, 4L) and 2-propanol (Fisher Chemical, A451-4, 4L) are used as cleaning
materials for the substrates and vats.

Main equipment used in the experiments is listed below.

KLOE High resolution 3D lithographic laser system, including the high-resolution 3D Printer:

Dilase 3D; sec SNE-3200M Scanning Electron Microscope (SEM).

3.2.2 Design the Simplified 6S Porous Structure

Blender software was utilized to design the simplified porous scaffold with 40um pore size.
The original design process involved creating a UV sphere with a 20um radius, duplicating it, and
then using the Boolean Union function to merge the two spheres together. The interconnectivity
between the two spheres was set to approximately 15um, with an overlap length of 3um. This

process was repeated, and the spheres were merged together to the desired size. Finally, an object
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with the desired dimensions was created, and the Boolean Difference function was used to sculpt
the final structure with the merged spheres.

To further simplify the porous structure, Bulk (golf ball) sphere or C60 sphere can be used

instead of the UV sphere. A comparison of several different spheres is shown in Figure 3.5.

Figure 3.5. several sphere trails in the porous structure, from left to right are: (a) 512 faces UV

sphere, (b) 80 faces Bulk sphere, (c) 20 faces icosahedron and (d) 32 faces carbon 60 (C60)

3.2.3 3D printing of porous scaffolds

This section utilizes the porous scaffolds designed in section 3.2.2, in lieu of the sensitivity

tests performed in section 2.2.3.

3.3 RESULTS AND DISCUSSIONS

3.3.1 Printing Complex Architectures Formed with the Simplified 6S Units

As the complexity of the architecture increases, the 3D model files, or .stl files, may become
too large for the printer software to handle. For example, the original 6S unit is curved with UV
spheres, with each sphere consisting of 512 triangle faces. If the desired architecture is something
implantable, the dimensions should be at least 5mm x 5mm x 1mm (X, Y, Z), and would consist
of around 200,000 units. According to experimental records, the final file size would be more than

24Gh, which is not processable by the printer.
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To simplify the complex structure, the approach outlined in section 3.2.2 was implemented,
whereby the original UV spheres were replaced with bulk spheres or C60 spheres. Subsequently,
a nerve guidance conduit, consisting of a single layer 6S structure, was designed and printed, as
illustrated in figure 3.18 below. The simplified structure was successfully printed, and the software
was able to handle it efficiently, resulting in a smooth curve. The object is with the dimension
2.1mm x 2.1mm x 0.053mm (X, Y, Z) was created with a modulation of 0.01% and velocity of
1mml/s, requiring a total forming time of 5 hours. Although the structure was able to be formed
well, it was discovered during testing that the speed cannot exceed 1.4mm/s, as noted in previous
thesis[70]. As such, it may be necessary to explore alternative methods for achieving higher

printing speeds to address this issue.
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Figure 3.6. the insulin pump catheter models and printing results, (a)the model carved with the
original unit, (b) the model carved with the C60 sphere, (c) the result of the C60 insulin pump

catheter

3.3.2  Printing Complex Architectures Formed with the Simplified 6S Units with CLIP

(Collaboration with DeSimone Lab, Stanford University)

As discussed in the previous research, the original 6S unit cannot be printed with a velocity
exceeding 1.4mm/s using the KLOE 3D printer when utilizing a structur. In practical terms, this
implies that it would take more than a week to print an implantable size 6S scaffold using this
approach. To address this issue, the Continuous Liquid Interface Production (CLIP) technique

developed in the DeSimone Lab at Stanford University was employed to print the 6S scaffolds.
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CLIP is a cutting-edge 3D printing technology that leverages photosensitive resin and digital
light projection to create exceptionally detailed 3D objects. The process, depicted in the schematic
figure 3.19 below, differs from traditional layer-by-layer 3D printing in that it operates in a
continuous motion, allowing for swift and precise production[55, 71]. CLIP's most significant
benefit is its impressive speed, as it has the capability of producing objects up to 100 times faster
than conventional 3D printing methods. This speed advantage makes it a highly efficient and cost-

effective solution for prototyping and small-batch production[72].
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Figure 3.7. Schematic of CLIP printer where the part (gyroid) is produced continuously by

simultaneously elevating the build support plate while changing the 2D cross-sectional UV
images from the imaging unit. The oxygen-permeable window creates a dead zone (persistent
liquid interface) between the elevating part and the window[71].

The high-resolution CLIP was used to print a simplified 6S scaffold with bulk sphere pores,
with a dimension of 5Smmx5mmx1mm (X, Y, Z). The printing process mainly focused on the initial
few layers of the scaffold to achieve the desired resolution. Two types of resin were used in the
study: Polyethylene glycol dimethacrylate (PEGDMA, Sigma-Aldrich, 437468, average Mn 750,

250g) with 2.5% diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, Sigma-Aldrich,
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415952-10g) as a photo initiator, and 0.4% 2-tert-butyl-6-(5-chloro-2h-benzotriazol-2-yl)-4-
methylphenol (BLS, Sigma-Aldrich) as a photo absorber. Additionally, EPU-40 (Carbon 3D) resin
was also used.

After optimizing the printing parameters, the 6S scaffold with bulk sphere pores was printed,
and the result is shown in the figure 3.20 below. The printing time for a Smmx5mmx1mm
dimension structure was only 30 minutes, which is around 300 times faster than the KLOE printer.
However, the side view showed that the over-cured problem is still an issue. To address this issue
for porous structures, iICLIP was designed[73], and future collaboration with the DeSimone Lab is

planned once they set up the new printer.

Figure 3.8. the result 6S scaffold with bulk sphere pores, printed with CLIP, the left one is the

top view and the right one is the side view

3.4 CONCLUSIONS

The 6S scaffold, a porous biomaterial with 40um pore size, has been shown to have excellent

performance in reducing foreign body reactions upon implantation. Previously we susscessfuly
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fabricated the scaffold with a fine top sureface, but while the structure is getting larger and model
file has become hard to handle by the printer, the 6S structure was simplified by incorporating bulk
spheres and C60 spheres, resulting in a reduction in the model file size and enabling the creation
of complex architectures, including a 1 layer nerve guidance conduit formed with the 6S structure.

Collaboration with the DeSimone Lab using CLIP has significantly accelerated the printing
process, reducing printing time from approximately 7 days to 30 minutes. However, the over-cured

problem in the Z direction still persists, and as such, remains an area of future work.
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Chapter 4. DEVELOPMENT OF 3D PRINTED POROUS
STRUCTURES WITH DIFFERENT PORE GEOMETRIES

4.1 INTRODUCTION

Porous scaffolds play a critical role in tissue engineering and regenerative medicine
applications by providing a supportive structure for tissue regeneration. The shape and size of the
pores in the scaffold are crucial in determining its biocompatibility, mechanical properties, and
cell behavior[74]. Spherical pores are commonly used in porous scaffolds, such as the 6S scaffold
described in Chapter 3. Spherical pores provide a uniform distribution of mechanical forces
throughout the scaffold, which promotes even cell distribution and proliferation. However, when
the pore size decreases, fabricating the scaffold using 3D printing becomes challenging due to
over-curing issues.

Cubical pore shapes offer an alternative structure used in tissue engineering scaffolds that can
be more easily fabricated with 3D printing than scaffolds with spherical pores. Cubical pores offer
anisotropic mechanical properties that are desirable for specific applications, such as bone tissue
engineering[43]. In this study, we designed two different cubical porous units and assembled them
into various architectures to develop implantable-sized porous scaffolds that can be easily formed
by 3D printing for future in vivo studies. Unlike the previous chapter that focused on the resolution
on the X-Y plane, this part of the study aimed to solve the over-cured problem in the Z direction
and ensure that the cavities can be printed well in the porous scaffold.

To fabricate the scaffold precisely, we performed the stabilization method described in
Chapter 2 for all the PDMS used in this part of the study. We also discussed surface contamination

in-depth and proposed a hypothesis to avoid the effects of surface contamination.
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4.2 MATERIALS AND METHODS

4.2.1 Design of a porous scaffold with cubical pores

Cylinder-shaped porous scaffolds and square-disk-shaped porous scaffolds have an overall
size of 5mm(x) x 5mm(y) x 2mm(z). Porous scaffolds with 2 different unit cells were printed, the
cubical architecture, and the cube- in-cube architecture, also known as the Menger Sponge. The 2
repeating unit cells are shown in the figure 4.1 and 4.2 below. In order to facilitate clarity and
accuracy, the structures formed by the cube-in-cube architecture units will henceforth be referred
to as Menger Sponge structures, or MS structures throughout the following text. To better
understand the Menger Sponge unit, a corner-view unit and a 2x2x2 assembly structure are also

shown in the figure below.

Figure 4.1. the cubical architecture unit
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Figure 4.2. the Menger Sponge (MS) architecture unit, from left to right are the original unit, the
corner-view unit, and the 2x2x2 assembly structure of the corner-view unit

The porous scaffolds consist of cubical cells with outer side lengths of 80um and inner side
lengths of 40um. Two sizes of the Menger Sponge cell were printed, one with 96um side-length
internal cubical pores and 32um interconnected cubical pores in the middle, with an outer side
length of 128um, and the other with 192um side-length internal cubical pores and 64um
interconnected cubical pores in the middle, with an outer side length of 256um.

Using the cubical cells, UW-shaped and CDI-shaped structures were assembled. The UW-
shaped structure has an overall size of 8mm(x) x 4mm(y) x 0.5mm(z), and the CDI-shaped

structure has an overall size of 8mm(x) x 3mm(y) x 0.5mm(z).

4.2.2 3D printing of porous scaffolds

This section utilizes the porous scaffolds designed in section 4.2.1, in lieu of the sensitivity

tests performed in section 2.2.3.

4.2.3 The bridge test

To determine the precise thickness of each layer, a bridge test must be conducted. This
involves printing a few thin bridges with a desired velocity and modulation between pillars, where
the bridges hang over the base. The velocity and modulation values are obtained from the sensitive
test. By capturing SEM images of the side view of the bridge test, we can determine the exact
thickness of each layer.

To measure the thickness of the bridge, three random thickness measurements are taken in the

middle of the bridge, and the average of these measurements is calculated.

37



4.2.4 Critical point dry for the cross-section view

First, turn on the critical point dry machine (Autosamdri-814, Tousimis Research
Cooperation) and open the CO: outlet. Fill the chamber with pure ethanol and close it. Press the
Advance button and wait for the machine to switch to cooling mode. Wait until the cooling mode
light turns off before proceeding.

Next, immerse the sample in pure ethanol for 10 minutes. Transfer the sample to the critical
point dry holder. Once the cooling mode light on the machine is off, immerse the holder in the
critical point dry machine chamber. Close the chamber and press the Advance button. Wait for the
light to switch to Finish.

After the process is complete, remove the sample from the holder and use a blade to cut it in

half from the top.

4.2.5 Measuring the layer thickness and pore size

The software ImageJ is employed for assessing the layer thickness and pore sizes of the
scaffolds. In cases where edges appear straight and distinct, the original scale bar featured in the
SEM image is utilized as the reference. However, certain scaffolds exhibit non-linear edges,
leading to a perspective effect in the 2D SEM images. Consequently, accurately measuring certain
pore sizes using existing SEM scales becomes challenging. To overcome this issue, a new
measurement technique is introduced. In proximity to the pores requiring measurement, two
parallel lines are randomly selected in the Z-direction, typically along the edges of each layer.
Given the known layer thickness, the distance between these reference lines is employed to
establish a new scale for pore size measurement. All subsequent pore size data are determined

using this approach. To improve data precision, only Z-direction distances are taken into account,
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and for pores within the same layer, four random measurements are conducted (n = 4), as shown

in figure 4.3 below.
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Figure 4.3. schematic for perspective-adjusted measurements with ImageJ

4.3 RESULTS AND DISCUSSIONS

4.3.1 The MS cells formed structures

The use of a stabilized PDMS printing surface provides an environment that enables precise
control of layer thickness. When printing parameters are well-controlled, surface contamination is
not a significant factor in the printing results. Using this stabilized surface, a porous scaffold with
cubical pores was fabricated, which can be divided into four repeatable layers that can be
transferred into printable slices. Interconnectivity is located in the middle of every square with
dimensions one-third of the cubical pores.

In Figure 4.4, a cylindrical-shaped porous scaffold with 192um side-length cubical pores and
64um interconnects is presented. The scaffold was fabricated using a printing base developed at
100% modulation and 50mm/s velocity. The cubical-porous scaffold was fabricated at 40%
modulation and 60mm/s with a layer thickness of 64um, resulting in a fabrication time of three

hours. Due to the scaffold's high porosity, a significant amount of uncured resin was stored inside
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and needed to be washed away. Therefore, after printing, the scaffold was immersed in two

subsequent isopropanol baths for one hour and 24 hours.

(b)

Figure 4.4. (a) the top view of the scaffold with 192um side-length cubical pores, (b) the side
view of the scaffold with 192um side-length cubical pores and (c) a higher magnification view of
the top layers showing the interconnectivity

This example illustrates that, with a stabilized vat coating and precisely controlled layer
thickness, structures assembled with repeatable layers can be printed rapidly with micron

resolution. The scaffold resolution between layers demonstrated micrometric periodic features
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down to 64um, and the fabrication process was relatively fast compared to two-photon
polymerizations[53].

We hypothesize that surface contamination is not present in the scaffold printed with 64um
layer thickness demonstrating that 40% modulation paired with 60mm/s print speed is sufficiently
high to achieve a rapid polymerization and cure a layer thickness around 64um. This keeps the
laser intensity uniform during the fabrication and is probably why multiple well-printed structures
with KLOE Dilase 3D were all performed under this printing parameters.

In Figure 4.4 (a), some of the interconnects are obstructed by polymerized resin. This could
be attributed to resin retained within the scaffold, even after the isopropanol rinsing process and
subsequently polymerized due to natural light exposure in the external environment.

The side view in Figure 4.4(b) reveals the structural integrity maintained during the printing
process. In Figure 4.4(c), a closer view of the uppermost layers highlights the inner cubical pores
of the scaffold, showcasing that most of the structure is uniform. Further insights into layer
thickness and pore size measurements are presented in Figures 4.5 and 4.6 below, as 4.5 is the
measurement of all layers and 4.6 is the measurement of the pore size. It is evident that both the
layer thickness and pore sizes across all layers closely align with the intended dimensions. This
example effectively demonstrates that employing a stabilized vat coating and precise layer
thickness control facilitates the rapid 3D printing of structures with repeatable layers and micron-
level resolution. The scaffold exhibits a resolution between layers that manifests micrometric
periodic features down to 64 um. Importantly, the fabrication process is swift in comparison to

two-photon polymerization additive manufacture[53].
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Figure 4.6 the minimum feature (pore size) achieved of the MS scaffold from bottom to top
In figure 4.4, a cylindrical shaped porous scaffold with 96um side-length cubical pores and
32um interconnectivity is reported. The architecture starts with a printing base developed at 100%
modulation and 50mm/s velocity. The cubical-porous scaffold was fabricated at 30% modulation
and 60mm/s with a layer thickness of 32um, for an overall fabrication time of 6.5 hours. Although
the porosity geometry of this structure is similar to the one shown in figure 4.3, because the pore
size is only 12.5% of the 192um pore, a longer post-rinsing time in 70% ethanol was performed.

The specimen was immersed in two 70% ethanol rinses for 1 hour and 48 hours. The top layers of
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the structure, which are shown in Fig 5b, show an actual layer thickness down to 32um, but we
assume that due to the surface contamination during the printing process, the printed layer
thickness changed with the printed height, and the thickness of the majority layers is more than
32um, as shown in figure 4.4c. This observation suggests that the 30% modulation paired with a
velocity of 60mm/s are not sufficient to maintain a good surface with low contamination when
printing with 32um layer thickness. The over-cured problem here causes the surface contamination

to gradually accumulate which reflects on later printed layers’ actual layer thickness.

S s R e S i S

e

Figure 4.7. (a) side view of the scaffold with 96um side-length cubical pores, (b) a magnified
side view of the top few layers of the scaffold showing the layer thickness is around 32pum and
(c) the layer thickness changes along the printed direction suggesting surface contamination

accumulated during printing
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Furthermore, the analysis of measurable pore sizes in Figure 4.8 below demonstrates
fluctuations in the printing environment during the fabrication process, leading to alterations in the
actual layer thickness over time.
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Figure 4.8. the measured pore size of the MS scaffold with 32 um interconnects from bottom to
top

Currently, there is no solution available to address the aforementioned issue. However,
optimizing the printing process and determining precise printing parameters can help to mitigate
this problem. To achieve this, we conducted a bridge test to identify suitable printing parameters
for a layer thickness of 32um.

The results of the bridge test conducted at velocities of 30mm/s and 60mm/s are depicted in
the figure 4.9 and 4.10 below, along with the corresponding bridge thickness measurements. The
data analysis revealed that the actual layer thickness did not increase significantly with modulation
values above 70%, and the relationship between modulation and layer thickness was non-linear.
However, when the modulation was between 10% and 70%, a linear relationship was observed.

Based on the bridge test results, we determined that for a desired layer thickness of 32um, a

44



modulation of 15% at a velocity of 60mm/s and a modulation of 5% at a velocity of 30mm/s should

be used.
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Figure 4.9. (a) the 32um bridge test with velocity 30mm/s (b) the 32um bridge test with velocity

60mm/s
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Figure 4.10. the 32um bridge test results with velocity 30mm/s and 60mm/s in chart
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However, when we attempted to print the MS unit structure with 32pum interconnectivity using
these parameters, no structure was formed. This indicates that the bridge test results cannot be used
as a reference for this particular structure. The reason for this discrepancy is currently unknown,
but we hypothesize that it may be due to the relatively large size of the structure, which may require
a higher and more stable laser intensity to form the layer. During the printing process, the laser
requires an initiation time and a termination time, and if the moving distance is insufficient for the
laser to reach a stable performance, the printed layer thickness with the same parameters may vary.
Further investigation is necessary to identify the underlying cause of this issue.

Through multiple trials to pair the bridge test results with a larger structure, it was found that
the bridge test result is not reliable. As the bridge only has one layer, it is difficult for it to mimic
the multiple layers structure, and therefore, surface contamination and over-cured problems cannot
be explored with the bridge test. The best way to optimize the printing process is to print the actual
structure or at least the first few layers of it if the structure is repeatable in the Z direction, though
it is time-consuming, but reliable.

It has been observed that every PDMS has a different performance, resulting in slight
variations in printed layer thicknesses despite using the same printing parameters. After several
trials, it was found that when the desired layer thickness is 32um, it is challenging to maintain
consistent layer thickness. The results can be separated into two categories: all layers are built and
part of the layers are built. Regardless of the categories, all the printing results indicate that surface
contamination cannot be ignored and significantly affects the printing result.

Assuming the printer’s performance remains consistent, for each distinct structure, all layers
would demand a uniform laser dose, i.e., the combination of laser intensity and velocity, to achieve

an actual thickness approximating the intended value. If the laser dose surpasses the requisite level,
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over-curing occurs, resulting in the physical compression of the PDMS coating and the deposition
of residual material, and the residual material would decrease the transparency of the PDMS. This
decreased transparency effectively decreases actual laser dose leading to a thinner next layer. This
phenomenon is evident in the cylindrical-shaped MS scaffold with 32 um interconnects, as
illustrated in Figure above.

Ideally, by optimizing the laser dose to achieve an appropriate value and targeting a layer
thickness of around 32 um, successful fabrication can be achieved. However, our findings suggest
that excessively low laser doses hinder the integrity of the printed structure. A hypothesis emerges
that during polymerization, insufficient laser energy prevents complete solidification of the resin,
resulting in a semi-solid state with elevated viscosity. Such layers are prone to leaving residues on
the PDMS coating during the formation process, leading to increased surface roughness and
opacity. This enhanced roughness facilitates adhesion to PDMS during layer-by-layer
polymerization, generating a cycle of residue accumulation that significantly impacts the overall
printed structure.

Following this hypothesis, if the optimized laser dose for a particular layer thickness falls
below the minimum required level for full solidification, the printed structure experiences variable
layer thickness along the Z-axis and cannot be accurately produced, as demonstrated in Figures
above. In essence, there exists a theoretically achievable minimum layer thickness that can be
tightly controlled, and 32 um falls below this threshold. Guided by this hypothesis and considering
our original goal of fabricating 40 um pore-sized scaffolds, a new geometry has been designed and

fabricated to evaluate whether 40 um exceeds the required minimum layer thickness.
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4.3.2 The cubical units formed structures

As discussed in Chapter 3, the 6S structures with a pore size of 40um hold promise for
reducing foreign body reactions. However, to determine whether 40pum is above the minimum
layer thickness required, it is necessary to conduct further testing. To this end, a cubical unit with

a 40um cubical void was designed and printed, as shown in figure 4.11 below.
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Figure 4.11. the cubical structure printed with 40um layer thickness, (a) the top view, (b) the side
view, (c) the corner of top view, (d) the corner of the side view

The structure was printed with a 100% modulation and 50mm/s velocity base, while the

cubical-porous scaffold was fabricated at 38% modulation and 60mm/s, with a layer thickness of

40um, taking 7 hours to complete. A side view of the structure, figure 4.11 b, reveals a uniform

layer thickness and porosity from the bottom to the top. A zoomed-in corner picture allows for

measurements of the cubical pore, which were found to be approximately 40um as intended.
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However, the layer thickness was found to be around 40-50um, indicating some degree of over-
curing. The measurements of the pore size of every layer are listed in the figure 4.12 below.
Nevertheless, this result demonstrates that the printer is capable of printing porous structures with
a 40um layer thickness. It should be noted that the structure experienced some expansion during
the washing process, resulting in a change in shape. This is consistent with the other results
presented earlier. Further research is needed to confirm the minimum layer thickness hypothesis,

but this experiment shows promising results for printing 6S structures with a 40um pore size.

Layer Thickness Analysis of the Cubical Porous Scaffold Fabricated Using 40um Slice Printing (Square Disk)
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Figure 4.12. the measured pore size of the MS scaffold with 32 um interconnects from bottom to
top

With the objective in mind to create a 40 um geometric structure that might show superior
healing upon implantation, a cubical unit incorporating a 40 um cubical void was designed and
subsequently printed, as depicted in Figure. This unit can be divided into two repeatable printable
slices. In contrast to the MS unit, it lacks smaller interconnects, with the pore size serving as the
interconnect dimension. While not the original intended architecture, this design serves as an
effective means to assess the PDMS print surface performance and identify an optimal layer

thickness for precise printer control.
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To assess the printer's precision in fabricating 40 um-thick layers, a cylindrical porous
scaffold measuring 5mm (X) x 5mm (Y) x 2mm (Z) was created using cubical units, as depicted
in Figures a and b below. The initial layer was used as the base and printed at a modulation of 50%
and a velocity of 50 mm/s. The remaining scaffold was printed using a modulation of 35% and a
velocity of 60 mm/s, resulting in a consistent layer thickness of 40 um and a total fabrication time
of 5 hours. Following printing, the scaffold underwent two consecutive isopropanol rinses lasting
1 hour and 24 hours. Illustrated in Figure 4.13, the entire structure was successfully printed.
Zoomed-in views, presented in Figures 4.13 b and c, provide detailed top and side perspectives of
the scaffold, confirming accurate structure replication and pore dimensions as intended. As
illustrated in Figure 4.13 d, a cross-sectional view of the scaffold revealed that while the inner
structures remained porous, slight over-curing in the middle caused the pore size to be smaller than
the outer pores. In Figure 4.14, which is the measurement result, all pore sizes except for the 10th
layer demonstrated consistent 40 um dimensions, possibly attributed to volume shrinkage around
that layer. Overall, the printed scaffold demonstrated the printer's proficiency in generating 40-

pum-thick layers, surpassing the minimum required layer thickness as hypothesized earlier.
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Figure 4.13. the implantable scaffold with cubical pores, (a) the side view, (b) the corner top

view, (¢) zoom-in side view, (d) the cross-section view after cutting in half
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Two complex cubical porous structures, a UW-shaped and a CDI-shaped structure, were
designed and printed to test the printer's capability of producing cubical porous structures with
intricate shapes. The structures were printed with 31% modulation and 60mm/s velocity, and the
results are depicted in the figure 4.15 and 4.16 below. It should be noted that the I in the CDI-
shaped structure appears slightly altered due to unattached pillars between layers during the
printing process, which were subsequently washed out during the washing process, causing
changes in the overall structure. Nevertheless, both the UW-shaped and CDI-shaped structures
demonstrate that complex structures with non-straight edges on the X-Y plane can be printed with
a layer thickness of 40um. The absence of significant surface contamination with these printing

parameters proves that the laser dose is above the minimum amount required to ignore surface

contamination.

Figure 4.15. the UW-shaped cubical porous structure, (a) the top view, (b) the inclined top view,

(c) the zoom-in view of the letter U
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Figure 4.16. the CDI-shaped cubical porous structure, (a) the top view, (b) the inclined top view,

(c) the zoom-in view of the letter I

The CDI-shaped and UW-shaped structures were employed to assess the printer's capability
in maintaining layer thickness stability during the fabrication of intricate structures with complex
X-Y plane edges. The UW-shaped structure features narrow walls, while the CDI-shaped structure
incorporates thicker walls. It is noteworthy that, as depicted in both Fig. 16 a and b, the letter "I"
within the CDI-shaped structure displays slight distortion due to pillars that were not properly
attached between layers during the printing process. These unattached pillars were subsequently
removed in the washing step, resulting in deformation. However, both the UW-shaped and CDI-
shaped structures showcase the printer's ability to produce intricate designs with non-linear X-Y
plane edges using a layer thickness of 40 um. The absence of substantial surface contamination
under these printing conditions indicates that the laser dosage has been optimized to mitigate the
impact of surface contaminants.

In order to showcase the printer's capability to print porous structures with non-straight edges

in the Z direction, the CDI-shaped structure was rotated 90 degrees and printed vertically using a
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modulation of 31% and a velocity of 60mm/s. The resulting structure is depicted in Figure 4.17,
which confirms that the printer can fabricate complex porous scaffolds in all three dimensions,

namely X, Y, and Z directions.
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Figure 4.17. the vertical CDI-shaped cubical porous structure, (a) the front view, (b) zoom-in

oo

view from the inner side of C, (c) the zoom-in view of the letter |
Based on the results presented above, it can be observed that the printer's ability to print pillar-
like shapes with precise control of layer thickness can result in the transformation of the initial
rectangular cube design into trapezoidal or triangular side surfaces. This phenomenon can be
attributed to the Gaussian wave of the laser beam used in SLA printers, where the wave width is

extremely narrow, resulting in a combination of multiple beams that often produce a rectangular
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cube shape. However, controlling the layer thickness to prevent over-curing may lead to smaller
actual sizes at the upper end of the same layer than the lower end, resulting in trapezoidal or
triangular side surfaces, which could compromise the cubical pore shape.

While this suggests that the laser beam is being controlled to the extreme, the presence of
surface contamination can lead to insufficient energy at the peak of the wave, resulting in
incomplete solidification and layer collapse. Hence, a degree of over-curing is necessary to ensure
the overall structure's stability.

The comparison of the pore size measurements for the 3 complex structures printed with the
cubical pores is listed in the figure 4.18 below. From Figure 4.18, it is evident that while the layer
thickness remains relatively consistent across the three structures, the actual pore size of the
narrower walls, represented by the UW-shaped structure, is smaller compared to the thicker walls
of the CDI-shaped structures. This discrepancy suggests that the UW-shaped structure, despite
being printed with the same laser intensity, encounters over-curing issues. This phenomenon could
be attributed to the fact that, with areas already polymerized by the laser, smaller structural
dimensions will experience a higher frequency of laser exposure nearby. This increased frequency

raises the likelihood of additional laser energy affecting those regions, leading to over-curing.
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Figure 4.18. Box plot for cubical pore size distribution of these 3 structures

Consequently, even though the theoretical layer thickness may be the same across different
structures, the required laser intensity varies due to their distinct dimensions. Through
experimentation, we noted that the structures can be reprinted with a range of laser intensities and
the result is stable. Remarkably, the actual layer thickness exhibits relatively small variation
between layers, with no layer thickness fluctuations as shown in Figure 4.14, suggesting that the
surface contamination can be ignored in this instance.

The comparison of actual cubical pore size distribution, as depicted in Figure 4.19, reveals
that under identical printing conditions, a 32 um layer thickness does not consistently maintain the
designated value. However, a modest 25% increase in the designed layer thickness to 40 pm
significantly enhances stability. Despite some fluctuations in actual layer thickness under the same
printing conditions, structural stability remains unaffected. Furthermore, elevating the layer

thickness to 64 pum results in further improvement in stability.
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Currently, our research endeavors are focused on investigating printer stability and
reproducibility when printing structures with dimensions below 40 um. Nevertheless, the viability
of maintaining a layer thickness of 40 um has been convincingly demonstrated through the

successful printing of these three intricate structures.

4.4 CONCLUSIONS

In this chapter, we have demonstrated the effectiveness of the methods proposed in Chapter
2 in addressing both internal and surface contamination issues when using SLA printers. These
methods have been shown to be compatible with most vat polymerization techniques using PDMS
vat coating and can help achieve optimal performance. We have fabricated two cylindrical-shaped
porous scaffolds with Menger Sponge units using our improved method, one with 96um side-
length cubical pores with 32um interconnects, and the other with 192um side-length cubical pores

with 64um interconnects.
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Our results show that micrometric periodic features down to 64um and actual layer thickness
down to 32um can be achieved using SLA techniques. However, when the layer thickness is
reduced to 32um, surface contamination becomes a significant issue. Our hypothesis is that the
building laser intensity for 32um is below the minimum laser intensity required to avoid surface
contamination, and we recommend further research to verify this hypothesis.

The present study has successfully fabricated a square-disk-shaped scaffold with a 40pum pore
size, utilizing the improved method proposed in Chapter 2. Our research has demonstrated that our
method can effectively produce structures with 40um slices while accounting for the challenge of
surface contamination.

Furthermore, our improved method has exhibited the capability of fabricating complex
architecture with non-straight edges in all three spatial directions (X, Y, and Z) utilizing a 40um
layer thickness. The UW-shaped and CDI-shaped models were successfully printed, and their
structures demonstrated sufficient robustness against the printing process.

We also have successfully fabricated a porous scaffold with cubical units at micron resolution
with a size and shape appropriate for animal implantation. This scaffold was printed with 40pum
layers, and the potential for its use in material science, biomedical engineering, and device design
was demonstrated. The animal study is described in Chapter 6.

In conclusion, our improved method for addressing internal and surface contamination issues
in SLA printing has shown promising results, and further research can lead to even more advanced

fabrication techniques in the future.
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Chapter 5. DEVELOPMENT OF PHOTO-CURING RESIN FOR
HIGH-RESOLUTION 3D PRINTING

5.1 INTRODUCTION

To enhance the potential of SLA 3D printing in biomedical applications, it is essential to
develop a more suitable resin, as the primary material used in previous chapters, DS2000, is a
dental resin that may not be applicable in situations requiring more elastic materials. In this context,
we formulated several new resin options and evaluated their resolution performance using the
KLOE 3D printing system as alternatives to DS2000.

Resin formulations for SLA 3D printing consist of three primary components: a monomer
or liquid-polymer, a cross linker, a photo-initiator, and various additives[75]. The monomer or
liquid-polymer is responsible for the bulk properties of the material, such as strength, toughness,
and flexibility. The cross linker is added to promote crosslinking or the formation of chemical
bonds between resin molecules, leading to a solid polymer network. The photo-initiator initiates
the curing process when exposed to specific wavelengths of light, such as ultraviolet or visible
light.

Polymer resins used in SLA 3D printing are typically based on acrylate or epoxy
chemistry[76]. Acrylate-based resins are commonly used due to their fast curing time[77], low
viscosity[78], and high accuracy[78], making them ideal for printing intricate parts with fine
details. Epoxy-based resins, on the other hand, are more durable and have higher temperature
resistance, making them suitable for printing parts that require high mechanical strength or heat

resistance[79].
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Poly(ethylene glycol) dimethacrylate (PEGDMA) is a hydrophilic crosslinking agent
commonly utilized in vat photopolymerization, including SLA 3D printing, for fabricating
biomaterials and tissue engineering scaffolds[80]. PEGDMA is known for its flexibility in tuning
mechanical properties and porosity by varying its molecular weight and concentration, allowing
for the creation of structures with desirable strength and elasticity, and it is been widely used in
the biomedical field. Its high degree of crosslinking potential enhances the structural stability of
printed parts, and also make it a suitable material for as the main material in a SLA formulation.

In our previous research we developed multiple formulation with 2-hydroxyethyl
methacrylate (HEMA), while HEMA is a hydrophilic monomer commonly used in the production
of dental and medical devices and is often used in SLA 3D printing resin formulation[70]. But
among our previous experiments, the result is always blur and do not have a good sharpness of the
contour, one possible reason for this might be the chain length. In this part of our study, we will
use PEGDMA instead of HEMA, since over all its average chain length is higher than HEMA.

Photo-initiators used in SLA 3D printing include various types of organic or inorganic
compounds that absorb light at specific wavelengths, such as benzophenone, Irgacure, or
Darocur[81]. These compounds break down into free radicals when exposed to light, initiating the
polymerization reaction that converts the liquid resin into a solid object. The main photo-initiators
used in DLP or SLA are Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), Omnirad 819,
and Omnirad 1173[82]. The TPO is used in this part as the photo-initiators.

To reduce the photo sensitivity of the resin, additional chemicals such as photo inhibitors and
photo absorbers are helpful. Photo inhibitors, also known as UV stabilizers or light stabilizers,
absorb or reflect the UV radiation that initiates the polymerization process[67]. These compounds

can be added to the resin formulation in varying concentrations depending on the desired level of
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inhibition[76]. Butylated hydroxytoluene (BHT) is commonly used as a photo inhibitor in resin
formulations for SLA 3D printing. It is a common antioxidant that prevents the
photopolymerization process from occurring prematurely, which could result in unwanted
solidification of the resin during storage or transportation. BHT works by scavenging free radicals
that are generated during the photopolymerization process, which can cause chain termination and
inhibit polymerization.

Photo absorbers play a crucial role in controlling the curing process of resin formulations that
are sensitive to light. These compounds absorb the light and convert it into heat, which triggers the
curing or hardening of the material[76]. In the context of SLA 3D printing, Tinuvin® 326, or BLS
is a commonly used photo absorber in resin formulations. It is a chemical compound that converts
UV light into heat and facilitates the curing process.

The purpose of this study is to experiment with the materials mentioned above to develop a
resin formula that can print porous scaffolds quickly and accurately. The objective of the study is
to achieve the optimal combination of monomer, crosslinker, photo-initiator, and photo absorber

to produce a resin that can be used for the efficient and precise printing of porous scaffolds.

5.2 MATERIALS AND METHODS

5.2.1 Materials

All chemicals used in this study is mentioned here: Poly(ethylene glycol) Dimethacrylate
(PEGDMA, Polysciences, 15178-100, 100 g), butylated hydroxytoluene (BHT, Spectrum, B1196,
125g), Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, Sigma Alderich, CAS # 75980-60-
8, 50 g), 2-tert-Butyl-6-(5-chloro-2H-benzotriazol-2-yl)-4-methylphenol (Tinuvin 326, or BLS,

Sigma Alderich, 422479-50, 50g). The tested and analyzed resin formulations are listed in the tables
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below. To better evaluate the performance, the DS2000 we used in the previous section is used

here as a positive control.

Table 5.1. Tested PEDMA based formulas

formula # PEGDMA TPO BLS BHT
1 100% 1.00% 2.00% 0.00%
2 100% 2.00% 2.00% 0.00%
3 100% 1.00% 0.40% 0.00%
4 100% 2.00% 0.40% 0.00%
5 100% 0.50% 0.40% 0.00%
6 100% 1.50% 0.40% 0.00%
7 100% 2.00% 0.80% 0.00%
8 100% 1.50% 0.40% 0.05%
9 100% 1.00% 0.40% 0.05%
10 100% 2.00% 0.40% 0.05%

5.2.2 Printability test

To assess the printability of the formulation and minimize fabrication variability associated
with differing laser parameters (modulation and velocity), a sensitivity test was conducted.
Printability is confirmed if at least one square is successfully printed. The methodology for the
sensitivity test is detailed in Section 2.2.3. However, due to formulation degradation and its impact

on PDMS, some data currently lack repeatability.

5.2.3 Resolution test (bar thickness test)

To evaluate the resolution of the formulation, optimal parameters from the sensitivity test
were used to 3D print single-layer bars of varying widths: 200 um, 100 pm, 50 um, 25 um, 12 um,

and 6 um, with a layer thickness of 40 pum. The schematic is presented in the figure 5.1 below.
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Figure 5.1. Schematic of the bar thickness test

5.2.4 Bridge test

To evaluate the controllability of the formulation, the bridge test described in section 4.2.3 is

utilized here.

5.3 RESULT AND DISCUSSION

The printability and bar thickness results for the 10 formulations are shown in the table 10.2
below. In the resolution section, the highest visible resolution (listed in the bar section in the table
below) denotes the smallest designed bar width that remains visible; however, this does not imply
that the formulation achieves that precise resolution. In most cases, the surfaces of the printed bars
appear blurred, making accurate measurement challenging, particularly for bars required higher
resolution. This issue is especially pronounced for formulations #8 through #10, where the bar
dimensions are difficult to assess.

Table 5.2. Printability and bar thickness tests results of PEDMA based formulas

Formula # PEGDMA TPO BLS BHT Printability Bar
1 100% 1.00% 2.00% 0.00% No \
2 100% 2.00% 2.00% 0.00% No
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3 100% 1.00% 0.40% 0.00% Yes 6pm
4 100% 2.00% 0.40% 0.00% Yes Opm
5 100% 0.50% 0.40% 0.00% No \

6 100% 1.50% 0.40% 0.00% Yes Opm
7 100% 2.00% 0.80% 0.00% No \

8 100% 1.50% 0.40% 0.05% Yes 100pm
9 100% 1.00% 0.40% 0.05% Yes 100pum
10 100% 2.00% 0.40% 0.05% Yes 100pm

The printability is defined as the ability of at least one combination of laser intensity and
velocity to produce a square with visible, measurable edges on the sensitivity test, and is a specific
definition in our study. This criterion integrates the essential requirements for a 3D printing resin:
the ability to form bulk structures and achieve fine resolution, making it suitable for SLA printers.
Leveraging the SLA printer's process of line-by-line, layer-by-layer fabrication, we can print a
series of squares with varying laser doses on the same surface. Though smaller in size, this
approach enables finer detail resolution, which helps us identify and eliminate factors that could
lead to manufacturing failures.

Our results indicate that PEGDMA with the photo initiator (TPO) concentration of 1-2%, 0.4%
photo absorber (BLS), and 0-0.05% photo inhibitor demonstrates printability suitable for high-
resolution SLA printing. Additionally, formulations without BHT exhibit better bar thickness
results and higher print resolution.

The measured widths of all visible bars from the bar thickness test are shown in the figure
below. Only the results from formulations #3, #4, and #6 are meaningful and repeatable across
three parallel tests, while formulations #8—#10 exhibit blurred surfaces, making certain bar widths
unmeasurable. Although some formulations produced bars that were both visible and measurable,
a comparison with DS2000 highlights persistent issues in our formulations, including surface

blurriness and limited edge sharpness
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Figure 5.2. Measurement results for the bar thickness tests for different formulas

In the bar thickness test, some formulations lack a clear edge when bar widths are below 100
um, resulting in missing data points for these measurements. Most formulations successfully print
bars between 200 um and 50 um; however, none of the formulations containing BHT achieve
visible, measurable edges for bars below 50 um, whereas all BHT-free formulations produce
visible results. Notably, formulation #6 shows comparable resolution to the positive control,
DS2000. However, when attempting to print a 6 um bar with DS2000, the measured width is
approximately 16 um. Previous research suggests that the DS2000’s maximum resolution on the
KLOE SLA printer is around 5 um, indicating possible over-curing in the X-Y plane, which could
be causing the bars to appear thicker than their intended dimensions.

The examples from the bar thickness test are shown in figure 5.3 below. It is evident that the
results from formulations #8—#10 exhibit significant blurriness compared to the control and the
other formulations. This suggests that BHT may play a critical role in reducing the resolution of

our resin system.
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Figure 5.3. Examples of the bar thickness test result (scale bar = 500 um)

While the overall results indicate that formulation #6 performs the best, one of our initial tests
revealed that formulation #3 achieved the highest resolution, with a bar thickness of only 8.43 um,
as shown in the figure 5.4 below. However, this result was not repeatable in subsequent trials. This
finding underscores that, although the resin formulation exhibits high resolution and good
printability, it lacks sufficient stability for consistently fabricating structures with high
repeatability. Consequently, the data presented in our resolution tests may require further

validation to confirm its reliability.

Figure 5.4. result of the #3 formulation’s bar thickness shows the thinnest bar with the width
8.43 um
Only formulations #3, #4, and #6 underwent the bridge test to evaluate their controllable

performance, with part of the results displayed in the figure below. Both #3 and #6 demonstrate
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low controllability, as the actual layer thickness increases significantly with only a small variation
in laser intensity. In contrast, formulation #4 exhibits a wider controllable range. However, due to
poor repeatability in the bridge test, meaningful measurements cannot be obtained for these

formulations.

Figure 5.5. result examples of the first round of bridge test (#3 and #6 scale bar = 200 pm,

#4 scale bar = 500 pm)

Among the three formulations, #4 contains the highest concentration of photo initiator,
suggesting that a concentration greater than 2% may be beneficial for improved control. However,
when comparing the bar thickness test results, #4 exhibits the lowest resolution compared to
formulations #3 and #6. This indicates a potential trade-off between resolution and controllability,
highlighting the need for further investigation into this formulation system.

Based on all the experiments conducted, we found that while some results indicate that our
formulations exhibit high resolution and good controllability, most outcomes lack the ability to be
reliably re-validated. This inconsistency may stem from fluctuations in the concentration of the
main components during the printing process, which can lead to a decline in performance after a
manageable duration. To enhance the reliability of our formulations, the development of a buffer

system may be necessary, and this will be a focus for further study.
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5.4 PRELIMINARY CONCLUSIONS

The options for high-resolution resins suitable for vat photopolymerization, particularly in
biomedical applications, are limited. In this study, we systematically evaluated a series of
formulations using Poly(ethylene glycol) dimethacrylate (PEGDMA) as the primary material,
butylated  hydroxytoluene  (BHT) as the photo inhibitor,  Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) as the photo initiator, and 2-tert-Butyl-6-(5-chloro-2H-
benzotriazol-2-yl)-4-methylphenol (BLS) as the photo absorber. Formulations containing 1-2%
TPO and 0.4% BLS exhibited strong performance in resolution, achieving a maximum resolution
of approximately 8 um, comparable to the high-resolution SLA resin DS2000. Additionally, the
PEGDMA formulation with 2% TPO and 0.4% BLS demonstrated good controllability,
highlighting the potential of this formulation system for further applications in high-resolution vat
photopolymerization. While re-validation remains a challenge for high-volume use of these
formulations, their capability to achieve high-resolution results presents a promising opportunity
for further development in the field of vat-based 3D printing, and the stability of the formulation

will remain as a future study.
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Chapter 6. EVALUATION OF THE IN VIVO PERFORMANCE OF
POROUS SCAFFOLDS

6.1 INTRODUCTION

Porous scaffolds play a critical role in tissue engineering[62, 65, 83] and regenerative
medicine applications[64, 84, 85], as they provide a supportive structure for tissue regeneration[35,
63], reduce the foreign body reaction (FBR)[30, 86-88], and enhance integration into host
tissue[15, 89]. These materials feature interconnected pores that facilitate cell attachment,
proliferation, and differentiation, while permitting the exchange of nutrients and waste[22]. The
pore structure within these biomaterials is crucial in minimizing FBR, with pore size, shape, and
interconnectivity significantly influencing immune cell infiltration and extracellular matrix
deposition.

There are various methods for fabricating porous structures. Typically, creating porous
biomaterials involves forming an interconnected pore network. Common scaffold fabrication
techniques include salt-leaching[36, 37], gas-foaming[38, 39], electrospinning[40, 90], freeze-
drying[41, 91], and 3D printing[54, 92]. Apart from 3D printing, these methods generally don’t
provide precision control of porous structure.

In contrast, 3D printing, or additive manufacturing, offers a direct fabrication approach,
allowing precise control over pore size, shape, and distribution[93]. This layer-by-layer method
facilitates the creation of intricate, customizable structures with high resolution and accuracy[94].
However, traditional 3D printing methods fail in producing high resolution scaffold with porous

structure in the tens of micron level.
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Multiple reports from the University of Washington indicate that scaffolds with 40 um
interconnected spherical pores can reduce foreign body capsule (FBC) formation, enhance cell
infiltration, and promote vascularization, probably by modulating macrophage phenotypes in a
pore size-dependent manner[35, 64, 65, 89, 95]. However, this scaffold fabrication used a porogen
method (illustrated in Fig. 1a), which is time-consuming and requires custom-made molds for
complex shapes, limiting its broader applicability. Previously, we reported success in fabricating
scaffolds with 40 um interconnected cubical pores. Considering the importance of pore shape and
size in cellular response, it is valuable to determine whether scaffolds of similar pore size but
different shapes elicit comparable tissue responses. Such findings could provide insights into the
scaffold's potential as a customizable and effective tissue regeneration solution.

In this study, we demonstrated the first application of high-resolution 3D printing in
manufacturing precision porous scaffolds and their structure dependent, enhanced
biocompatibility. Specifically, we employed the original porogen method to fabricate scaffolds
with 40 um spherical pores (as a positive control for good biocompatibility) and used an advance
vat photopolymerization 3D printing to produce scaffolds with 40 um cubical pores, as well as
non-porous slabs (as a negative control). These scaffolds were then implanted into a mouse model
to assess the FBR to different scaffold structures, as shown in Fig. 6.1. Explants were examined
using basic histology to analyze the cellular response. 3D printed scaffolds with 40 um cubical
pores substantially reduce the thickness and density of FBC, promote regenerative cell infiltration
and vascularization compared to non-porous slabs, in a similar fashion to the traditionally
fabricated scaffolds with 40 um spherical pores. With the additional versatility of printing in all

macroscopic shapes and forms combined with enhanced biocompatibility of 40 um microporous
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structure, the high-resolution 3D printing demonstrated in this study has the potential of

revolutionizing customized tissue engineering, biomedical devices, and regenerative medicine.
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Figure 6.1. Schematic overview of the study process. (a) Diagram of the 6S fabrication
method, illustrating the step-by-step production of porous scaffolds with spherical pores. (b)
Schematic of the vat photopolymerization technique used to create scaffolds with 40 um cubical
pores and non-porous scaffolds. (¢) Image of the implant samples, showing (from left to right)
the 6S spherical pore scaffold, the cubical pore scaffold, and the non-porous scaffold. (d)

Schematic representation of the subcutaneous implantation sites in the mouse model. (e)
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Example of an explant, demonstrating integration of the implants with the surrounding tissue,

cubical pores scaffold on the left while spherical scaffold on the right.

6.2 EXPERIMENTAL SECTION

6.2.1 Materials

A commercial acrylic-based 3D printing resin, VITRA DS2000 (DWS, Lot# 2302721,
Thiene, Italy), was used to fabricate all the scaffolds and non-porous control in this study. To create
the PDMS print surfaces used in the monomer vat for 3D printing, a Sylgard-184 silicone elastomer
kit (Catalog# 24236-10, Lot# 220808, Dow Chemical Co, Hatfield, PA, USA) was employed. The
porogen, or beads, for fabrication of precision-engineered porous scaffolds are poly(methyl

methacrylate) (PMMA) beads (40 um, Microbeads AS, Skedsmokorset, Norway).

6.2.2 Fabrication of precision-engineered porous scaffolds with spherical pores

Scaffolds with uniform 40 um spherical pores were fabricated using an optimized version of
a previously developed protocol. 40 um PMMA beads were poured into a 75 x 25 x 1 mm3
rectangular mold, which was made using glass slides separated by a 1-mm-thick Teflon spacer and
secured with metal binder clips. The filled mold was placed in a glass beaker and sonicated for 30
minutes to achieve close packing of the spherical beads.

Following sonication, the packed microspheres were sintered at 179 °C for 24 hours, so that
they become interconnected. To confirm that the interconnections between the spheres were
approximately one-third of their diameter, the breaking edge of the heat-treated microsphere
templates were examined using scanning electron microscopy (SEM). The qualified templates
were then infiltrated with DS2000 monomer solution and degassed twice in a -25 mm Hg vacuum,

each time for 5-minute interval to remove air bubbles. The templates were subsequently exposed
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to 365 nm UV light in an XL-1500 UV Crosslinker (Spectro-UV, Spectroline) for a total of 12
minutes, with 6 minutes of illumination on each side.

After crosslinking, a razor blade was used to remove the thin films that had formed between
the scaffold and the glass substrates. The scaffold was then soaked in acetone six times at 15-
minute intervals, followed by gradual changes to 70% ethanol over three days, with three changes
at 2-hour intervals. This ethanol was gradually replaced with deionized water under the same
conditions. The scaffolds were stored in a 4 °C refrigerator. Prior to implantation, 1 mm-thick 6S
scaffolds were punched out using 5 mm skin biopsy punches (Acu-Punch®, Acuderm Inc) and

kept in PBS solution with penicillin-streptomycin at 4 °C.

6.2.3 Fabrications of non-porous slab and porous scaffolds with cubical pores via 3D printing

The non-porous slabs and scaffolds with 40 um cubical pores were fabricated using a KLOE
high-resolution 3D lithographic laser system, a vat photopolymerization 3D printer equipped with
a 375 nm laser. Non-porous slabs were 3D printed using vat photopolymerization, with a
fabrication layer thickness of 60 um, a laser intensity (modulation) set to 70%, and a velocity of
60 mm/s. Nine solid scaffolds were fabricated simultaneously as a batch, with an approximate
fabrication time of 15.5 hours per batch. Cubical porous scaffolds were fabricated using a layer
thickness of 40 um, laser intensity (modulation) set between 33% and 35%, and a velocity of 60
mm/s, with each implant taking approximately 2.5 hours to complete. 24 samples were
successfully fabricated. After printing, the samples were subjected to two isopropanol rinses—first
for 10 minutes, followed by 24 hours—to effectively remove any uncured resin from the surfaces.
The samples were then air-dried at room temperature for an additional 24 hours. This washing

process can be adjusted according to the complexity of the scaffold structure.
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6.2.4 Scanning electron microscopy (SEM)

3D printed samples and test specimens sputter coated with gold were imaged using a SNE-

3200M Scanning Electron Microscope (SEM) with an acceleration voltage at 5 kV.

6.2.5 Pore size measurements via ImageJ

ImageJ software was utilized to assess the pore sizes of the scaffolds based on SEM images
and the corresponding scale bars. Since the outer surface of the scaffold is the primary interface
with surrounding tissue post-implantation, only the pore size of this outer surface was measured.
Three samples of each scaffold type—those with 40 um cubical pores and those with 40 pum
spherical pores—were randomly selected, and pores were randomly chosen and measured on each

sample.

6.2.6 Invivo experiment in mice

All animal experiments were approved by the University Animal Care and Use Committee
(IACUC) and conducted in accordance with the National Institutes of Health guidelines for the
care and use of laboratory animals. Male C56BI/6 mice, (aged 10-12 weeks, weighing 20-25 g,
vendor Charles River) were maintained in standard housing in a temperature and humidity-
controlled vivarium on a 12-hour light-dark cycle. For implantation surgeries, each mouse was
anesthetized via 3-5% isoflurane inhalation and both right and left scapular regions were shaved
and disinfected with alternating washes of betadine and 70% ethanol. Bilateral subcutaneous
pockets were created through blunt dissection, each pocket receiving a single randomized implant.
Incisions were closed with wound clips. A single dose of 0.05mg/kg buprenorphine was

administered intraperitoneal to manage post-operative pain. The mice were then returned to
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housing. Weight and health were monitored for 4 weeks, during which no signs of discomfort,
inflammation, or weight loss were observed.

Implant surgery was performed on 9 mice and 1 mouse was culled during the 4-week
incubation period due to a compromised incision site. Mice were euthanized via CO2 overdose
followed by cervical dislocation. The implant site was then shaved and the implants along with
surrounding skin and underlying tissue were harvested, laid flat in histology cassettes, and
submerged in 4% formalin solution for 24-48 hours at room temperature with gentle agitation. The
final harvest yielded 3 pairs of disks comparing cubical pores to non-porous scaffolds and 5 pairs

of discs comparing cubical to spherical pores.

6.2.7 Implant harvesting and processing for histology

The fixed implants were then transferred into 50% ethanol, followed by 70% ethanol, for 30
minutes each with gentle agitation. Subsequently, the implants were dehydrated, cleared, and
paraffin-infiltrated using a tissue processor (Shandon Citadel 2000). They were processed through
95% ethanol (1 x 30 min), 100% ethanol (3 x 30 min), xylene (3 x 35 min), and paraffin (2 x 1
hour).

Next, the implants were submerged in liquid paraffin and subjected to a -25 inch Hg vacuum
at 60 °C for 15 minutes to enhance paraffin infiltration. The implants were then removed from the
vacuum, bisected through their diameters, and embedded in paraffin with the cut surfaces facing
down, aligned perpendicular to the future sectioning blade. Embedded blocks were refrigerated
overnight and kept on ice prior to sectioning into 5 um thick slices using a microtome (LEICA
RM 2135). Ribbons of approximately five sections were cut and floated on 33 °C deionized water.
Blocks were placed on ice between cuts to maintain low temperature, which hardens the paraffin

and improves consistency between the paraffin and the polyurethane. For quantitative analyses,
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two or three sections—at least 120 um apart—were collected on the same glass slide (Superfrost
Plus). The slides were air-dried before being baked at 53 °C for 30 minutes. After cooling to room
temperature, the sections were deparaffinized and rehydrated by sequential immersion in xylenes
(3 x 5 min), 100% ethanol (2 x 3 min), 95% ethanol (3 min), 70% ethanol (3 min), 50% ethanol
(3 min), and finally DI water (3 min). Histological staining was performed following rehydration.

One implant with spherical pores could not be located during the harvesting procedure.
Consequently, the final harvested implants included 8 scaffolds with 40 um cubical pores, 4
scaffolds with 40 um spherical pores, and 3 non-porous slabs. As there are several prior studies
comparing scaffolds with 40 pum spherical pores to non-porous scaffolds, this study will primarily

focus on evaluating the performance of the 40 um cubical pore scaffolds.

6.2.8 Imaging the stained tissue sectioning

All stained tissue sections were imaged using a Nikon E800 Upright Microscope, capturing
images at magnifications of 4x, 10x, and 20x. Each image was saved in two versions: one with a

scale bar and one without.

6.2.9 FBC Thickness Measurement

Masson’s trichrome (Sigma-Aldrich, REF: HT15-1KT) staining was performed on tissue
sections from all explants. For each implant, six high-magnification fields were analyzed. A
perpendicular line was drawn from the outer surface of the capsule to the interface with the implant
using ImageJ, and measurements were taken using the scale bar associated with the section images.

Six random measurements per section were obtained and averaged.
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6.2.10 Calculation of the collagen index (Cl) and CI difference

The collagen index (CI) was measured in all Masson’s trichrome-stained sections. For each
section, color information was collected from the skin, the FBC on the topside of the implant, and
the FBC from the underside of the implant using the web application Trigit[96]. Utilizing the p
setting and the RGB color space, three rectangular pixel test points were taken from each tissue
layer of interest while avoiding voids: the topside FBC, the underside FBC, and the skin. The
resulting sets of red (R), green (G), and blue (B) values were recorded and averaged. The collagen
index (CI) was calculated using Formula 1[97]. The schematic diagram of this method is shown
in Figure 4a.

B+G

= r¥B+C

(6.1)

To eliminate the host response differences between different subcutaneous positions and
measurement errors, we use the ClI difference here to perform a better comparative analysis, which
uses skin CI minus the FBC CI. The skin Cl is also collected on the same tissue section to ensure
the staining conditions remain the same. The formula is shown in Formula 2 below.

CI Dif ference = Skin CI — FBC CI (6.2)

Since the skin normally contains more collagen than the FBC, we use the CI difference to
evaluate the host response to the implant and the FBR extent. A higher CI difference indicates a
lower level of collagen in the FBC, which means a less dense capsule.

This average data was then applied in the CI equation to calculate the collagen level for each
area of the section, using three random measurements taken from each area. To further evaluate
the FBC, the CI difference between the skin and the FBC was calculated for each section (3

measurements per section, with 3 sections per implant).
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6.2.11 H&E analysis of cellularization

Rehydrated sections were stained with hematoxylin and eosin (H&E) following the
manufacturer's protocol. To quantitatively analyze the degree of cellularization, H&E-stained
slides were imaged and assessed using ImageJ. Due to the loss of some middle areas during the
sectioning and staining processes, not all sections were analyzed. For each applicable section, three
random measurements were taken by drawing a region of interest that focused on the pore area
while avoiding transparent scaffold material. The area of this region was measured and calibrated
using the scale bar on the section image, and the number of nuclei within that area was counted.
Cell density was calculated as the number of nuclei per unit area. At least one section from each

implant was selected for analysis.

6.2.12 Data analysis and presentation

After all data were collected, averages were calculated for each implant type and summarized
using biological replicates to compare the performance of different scaffolds. Specifically, the
sample sizes were as follows: scaffolds with 40 um cubical pores (N = 8), scaffolds with 40 pm
spherical pores (N = 4), and non-porous scaffolds (N = 3). All FBC measurements (technical
replications) was also shown as plotted to show the distribution of the data points.

When comparing three scaffold types, an ANOVA test was conducted to assess overall
statistical differences, while a t-test was used to evaluate statistical differences between pairs, if
the ANOVA test shows a significant difference. For comparisons involving only two types of data,
a Student’s t-test was performed to analyze statistical differences. The significance levels of the
statistical results are represented in all plots as follows: p > 0.05, ns (not significant); p < 0.05, *;

p < 0.01, **; p < 0.005, ***; and p < 0.001, ****,
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6.3 RESULTS AND DISCUSSIONS

6.3.1 Fabrication of precision-engineered porous scaffolds using 3D printing and traditional

method

To provide a chemically identical control for implant study, nonporous slabs (Fig. 6.1 c) were
3D printed via vat photopolymerization under identical conditions with the cubical porous
scaffolds. The nonporous slabs were transparent and colorless (Fig. 6.1 c). Due to volume
shrinkage during the drying process, samples may experience some mirror deformation or
cracking; however, given the non-porous nature of the overall structure, minor cracking is
acceptable and can still be used for implantation.

While 3D printing of solid scaffold disks is not as rapid as mold fabrication, it offers a rigorous
control identically processed compared to the 3D printed scaffolds.

The schematic diagram of the scaffold with cubical pores is presented in Fig. 6.2. In this
diagram, a represents the scaffold unit cell used to construct the entire scaffold file, with outer
cube dimensions of 80 (X) x 80 (Y) x 80(Z) um, inner pore dimensions of 40 (X) x 40 (Y) x 40
(Z2) um, and wall tunnel dimensions of 40 (X) x 40 (Y) x 20 (Z) um. The final cylindrical implant

model is depicted as Fig 6.2 b, measuring 5 (X) x 5 (Y) x 1 (Z) mm.

Figure 6.2. Digital schematic diagram of the 3D printed scaffold with 40 um cubical pores,

where a represents the cubical unit and b denotes the overall scaffold
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The fabrication of the cubical pore scaffold with a 40 um pore size has been detailed in our
previous manuscript. The SEM images show precision printed, interconnected, cubical porous
structure of the 3D printed scaffold (Fig. 6.3). The top view of the 3D printed scaffold (Fig. 6.3 a)
shows a perfect realization of the designed cubical pore structure, with the multi-layer structure
beneath the top surface is visible, indicating the overall porosity of the scaffold. The cross-section
views of the scaffold (Fig. 6.3 a & b) confirm that this structure remains consistent throughout the
entire thickness of the scaffold. The well printed, open, and uniform pore structure has a high

potential for cellular ingrowth.

Figure 6.3. SEM images of the scaffold with 40 um cubical pores: a shows the top view
(scale bar =100 um), b presents the cross-sectional view (scale bar = 1 mm), and ¢ provides a
zoomed-in view of the cross-section (scale bar = 50 um)
An examination of the cross-section of the scaffold with spherical pores (Fig. 6.4) reveals
uniform, interconnected 40 um pores throughout the whole scaffold. This porous structure has

been repeatedly demonstrated to reduce FBC and optimize vascularization and cell infiltration.
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Figure 6.4. Cross-sectional view of the 6S scaffold (scale bar = 100 um)
Quantitative measurements of both cubical and spherical pore scaffolds (Fig. 6.5) shows that
the main dimensions are approximately 35-37 um, with no significant difference between the two

scaffold types.
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Figure 6.5. Comparison of pore dimensions between cubical pores and spherical pores
The use of 3D printing represents a significant advancement in the fabrication of precision-
porous scaffolds, especially when compared to previous methods that were both time-consuming

and lacked accuracy. No prior technique has demonstrated the ability to fabricate scaffolds of this
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type with such high precision. Our approach marks a groundbreaking breakthrough, enabling the
creation of high-resolution (<50 um) porous scaffolds with exceptional consistency.

Most existing research on 3D-printed scaffolds for tissue engineering studies has focused on
bone regeneration, where bone-forming cells typically require larger pores for integration, with
optimal pore sizes ranging from 100-250 um[98-100]. These larger pores are easier to fabricate
using 3D printing techniques. However, research involving scaffolds with pore sizes below 100
pum is limited due to technical challenges. Although some research using inkjet 3D printing[56,
101] or melt electro writing[102] has achieved resolutions below 100 um, these methods primarily
focus on 2D structures or random structure, with irregular changes in the Z direction or no outlets
on the scaffold's sides. Vat photopolymerization is currently the most suitable technique for
fabricating scaffolds with regular, organized pores in all X, Y, and Z directions. However, due to
challenges in cost, time, and repeatability, research on high-resolution scaffolds for in vivo studies
remains limited, further underscoring the novelty of our study.

The fabrication time for the scaffolds with cubical pores is approximately 2.5 hours. While
this is relatively fast compared to traditional methods, it may still be considered time-consuming
for large-scale industrial applications. However, emerging 3D printing technologies like CLIP
(Continuous Liquid Interface Production)[73] and CLEAR (Continuous-curing after Light
Exposure Aided by Redox Initiation)[103], as highlighted in the reference research paper, offer
potential avenues for significantly accelerating the fabrication process. Adapting these novel
techniques to the fabrication of precision-porous scaffolds could lead to substantial time savings

and open up new possibilities for creating complex and functional medical implants.
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In summary, two distinct scaffold designs were successfully fabricated using different
fabrication methods, their dimensions are comparable with each other with different pore shapes

(cubical vs spherical).

6.3.2 3D printed scaffold reduces FBC thickness

To investigate the effects of pore shape (or the lack of pores) on FBCs thickness, histological
sections of explants were stained with Masson’s trichrome, and thicknesses of FBCs were

measured. The stained section examples are shown in figure 6.6.

Figure 6.6. Representative microscope images of Masson’s trichrome-stained sections for
scaffolds with 40 um cubical pores, 6S scaffolds with 40 um spherical pores, and non-porous
scaffolds are displayed in panels (a), (b), and (c), respectively, and the FBCs are pointed by blue
arrows (scale bar = 100 pm).

Collagen layers (blue) surrounding both cubical (Fig. 6.6 a) and spherical (Fig. 6.6 b) porous
scaffolds appear to be thinner and less dense, compared to the typical FBC surrounding solid
implant (Fig. 6.6 c) characterized by a denser and thicker collagen layer. The reduced blue staining
indicates lower collagen levels. This observation suggests a good capacity for both porous

scaffolds to mitigate the FBR.
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The average thickness of the FBC surrounding the scaffolds, based on biological replicates
(Fig. 3d1), was measured at 37.1 + 6.8 um (n=8) for cubical pore scaffolds, 35.3 £ 18.3 um (n=4)
for spherical pore scaffolds, and 55.5 = 10.8 um (n=3) for non-porous scaffolds. The distribution
of all FBC thickness measurements is illustrated in Fig. 3d2, providing a comprehensive
representation of the data. Notably, the FBC surrounding the solid implants was substantially
thicker than that of the cubical pore scaffolds and the spherical pore scaffolds, although there is no

statistical difference was found within the 3 scaffold types, primarily due to the limited number of

samples.
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Figure 6.7. The statistical analysis results for FBC thickness, where 1 is based on biological
replicates, and 2 shows the distribution of all measurements (technical replicates), indicates that
there is statistical difference between the porous scaffolds and the solid implants based on all the

measurement results, and there is no statistical difference between 2 porous scaffolds.

Although the ANOVA test did not show statistical significance when comparing the three
scaffold types, the average FBC thickness reveals that the solid implants had an FBC thickness

approximately 1.5 times greater than that of the scaffolds with 40 um cubical pores, indicating a
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substantial difference between these scaffold types. Previous research has consistently shown that
scaffolds with 40 um spherical pores reduce FBC thickness compared to solid implants[63, 65].
This further supports the conclusion that scaffolds with 40 um cubical pores have the potential to
mitigate FBC formation, given their similar response to the spherical pore scaffolds.

Focusing on the distribution box plot in Fig. 6.7.2, which encompasses all collected samples
(6 measurements from each tissue section, with 3 sections per implant), both porous structures
exhibit a reduction in FBC thickness compared to solid implants, and shows a statistical difference
between difference scaffold types. While Fig. 6.7.2 shows that the main distribution of FBC
thickness for porous implants is lower than that of solid implants, some measurements indicate
relatively thick FBCs (>100 um). This observation highlights that FBC formation is influenced
not only by implant structure but also by other factors[65]. Analysis of outlier data points reveals
that most are closer to the edges of the implants, where sharp corners may contribute to FBC
formation. A thicker FBC can help to mitigate the damage caused by the sharpness of these edges,
resulting in a smoother overall surface that may reduce discomfort for the mice. However, most of
the data falls within a small range with normal distribution, demonstrating the reliability of the

measurements.

6.3.3 3D printed scaffolds reduce collagen level around implant

To better evaluate the FBC, the color information of the skin, topside FBC, and underside
FBC were measured, and the CI value (normalized blue and green intensity) were calculated

according to Formula 6.1.
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1. Extract Samples (N=3) 2. Mixing Pixels 3. Read RGB Data and Calculate Collagen Index

Skin:
| . R:94.02 G:113.18 B:83.57
C1=0.5113
Implant Topside:

R:170.34 G:160.04 B:102.96

C1=0.4357
e Implant Underside:

R:176.45 G:169.41 B:104.58

C1=0.4371

4. Calculate CI Difference

= s ‘ Cl Difference = Skin Cl — FBC Cl = 0.0756 (Topside), 0.0742 (Underside)

Figure 6.8. Schematic diagram illustrating the calculation of the CI and the CI difference

To isolate the effect of host collagen level, we use the CI difference (skin CI minus the FBC
CI) here to perform a better comparative analysis. The skin Cl is also collected on the same tissue
section to ensure the staining conditions remain the same. The formula is shown in Formula 6.2.

Since the skin normally contains a higher density of collagen than the FBC, when using the
Cl difference to evaluate FBR extent, a higher CI difference indicates a lower level of collagen in
the FBC.

The CI has been used in a previously published report[97], it provides a normalized value
reflecting the proportion of collagen in the tissue. By using a ratio of blue and green (collagen) to
the total color spectrum (including red, representing other tissue components), it accounts for
variations in staining intensity and provides a consistent measure across different samples.

A higher collagen index indicates a greater proportion of collagen in the tissue surrounding
the implant, suggesting a more pronounced FBR. This can be interpreted as an increased fibrotic

response and potentially a greater degree of encapsulation.
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Our study goes beyond simply analyzing the CI within the FBC. We focus on the transition
of collagen levels from the surrounding skin tissue to the tissue immediately adjacent to the
implant, and that’s the main reason we calculated the CI difference. A larger difference in CI
between these two regions indicates a mitigation of collagen deposition around the implant,
suggesting that the implant surface possesses properties that reduce the fibrotic response. This
approach provides a more nuanced understanding of the implant's impact on collagen deposition
and its potential for improved biocompatibility.

The quantitative comparisons of the CI difference between the 3 implant groups (cubical
porous scaffold, spherical porous scaffold, and non-porous slab) in terms of the topside collagen

and underside collagen are shown in Figures 6.9 and 6.10, respectively.
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Figure 6.9. Statistical analysis of the CI difference between the skin and topside FBC based on

biological replicates
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Figure 6.10. Statistical analysis of the CI difference between the skin and underside FBC based
on biological replicates.

The CI differences for both porous scaffolds are substantially higher than that of the solid
implant. This result indicates that the porous structure can reduce the collagen level of the FBC,
and demonstrates that the collagen levels around both porous scaffolds are lower than that of the
classical FBC around the solid implants, which is more close to the collagen level of the skin.

It is important to note that the CI is theoretically an indicator for evaluating collagen levels.
However, since the red component in the overall color index does not correlate with collagen, its
inclusion in the CI calculation as a normalization factor may actually reduce the accuracy of
assessing collagen density. Despite this limitation, because it normalizes the overall collagen
content, we continue to utilize it as an index in this context. Further discussions are needed to
explore its potential applications.

The FBC is a critical indicator of biocompatibility, aligning with the modern definition of
biocompatibility as “the ability of a material to locally trigger and guide host proteins and cells

toward non-fibrotic, vascularized reconstruction and functional tissue integration.”[62] After 28
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days of implantation, the FBR typically reaches its final stage, marked by the development of the
FBC (or fibrous capsule)[14]. This fibrous capsule is generally avascular[104], and its presence
hinders integration with surrounding tissue—an outcome often desired for most biomaterials.
Previous studies have shown that precision porous implants with 40 um spherical pores
promote the formation of a thin capsule while facilitating abundant vascularization within the
pores. These implants also demonstrate high compatibility with local tissue, with minimal
collagenous growth, unlike solid implants, which tend to form a thick, dense FBC[65]. This dense
capsule acts as a barrier, potentially defunctionalizing biomaterials with solid surfaces. The
collagen levels observed in our study, which indicate a similar response between 2 porous
implants, suggest that regardless of pore geometry, 40 um pores can effectively reduce fibrous
capsule formation and mitigate collagen deposition around the implants, which aligns with existing
literature demonstrating the positive impact of increased porosity and surface area on tissue
integration and the reduction of fibrous capsule formation around porous scaffolds[105]. While
these results are preliminary, they suggest that cubical pores, which are more easily and rapidly
fabricated using 3D printing techniques compared to spherical pores and traditional fabrication
methods, may offer significant advantages in mitigating the foreign body response. This
observation highlights the potential of 3D-printed scaffolds with cubical pore geometries to

enhance biocompatibility and promote successful tissue integration.

6.3.4 3D printed scaffolds promote cell infiltration

To assess cellularization of implants, histology sections were stained with H&E and were
quantified using ImageJ.
From representative H&E stained sections (Fig.6.11 a-c and Fig. 6.12), we can observe that

the cells are able to grow all the way through both cubical and spherical porous implants. The
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percentage of the area occupied by mature tissue ingrowth (characterized by pink staining section
area) is almost the same in the two different porous scaffolds, indicating reconstructive healing in

porous scaffolds, regardless of pore geometries.

Figure 6.11. (a), (b), and (c) are the representative images of the H&E stained section of the
scaffold with 40 um cubical pores, the 6S scaffold with 40um spherical pores, and the non-
porous scaffold respectively, showing both porous scaffolds have the ingrowth rate close to

around 100% (scale bar = 500 pm)

Figure 6.12. representative images of the H&E stained section of the scaffold with 40um cubical
pores (a), the 6S scaffold with 40um spherical pores showing its cellular ingrowth (b) (scale bar

=100 pm)
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By comparing the H & E staining results and the Masson’s trichrome results, we can see both
porous scaffold’s inner structures have pink staining in H & E, but no blue or less dense blue in
the trichrome staining. This suggests that the in pore pink areas are not or lower collagen or fibrous
connective tissue, and this indicates a reduced FBR in the porous scaffolds. By comparing with
the dense layer around the non-porous scaffold, the absence of significant collagen deposition and
reduced signs of a chronic foreign body reaction indicate the porous scaffolds triggered a shift
from a pro-inflammatory to pro-healing response. Lack of collagen ingrowth demonstrates that
instead of forming a collagen barrier, the surrounding tissues directly integrate with the implant,
and this is a sign that the implants are more biocompatible compared with the solid implant, and
capable of supporting healing rather than triggering ongoing inflammation.

The nuclei density in ingrowth areas in porous scaffolds is shown in Fig. 6.13, where the
nuclei density for cubical porous scaffolds is 1990.9 + 409.9 nuclei/mm?, and for spherical porous
scaffolds is 2449.6 + 105.8 nuclei/mm?. Although there is no statistical difference between the
different pore geometries, the p value we calculated is 0.057, showing that it is close to have a
significant difference between the different pore geometries. We can also see the spherical pores
have slightly higher nuclei density compared with cubical pores base on the plot. This may indicate
the spherical geometry of the pores is slightly more potent in attracting cells growth. But since
there is no significant statistical difference, and by comparing the data with our previous research,
we believe the nuclei density within both cubical pores and spherical pores are relatively
comparable. This rigorous cells have infiltration of the pores demonstrates that the scaffolds are

pro-healing. The body is not isolating the implant from the rest of the body.
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Figure 6.13. statistical analyzation of the nuclei in two different pore geometries
A porous structure with a high nuclei density within its pores typically indicates tissue
integration rather than FBC encapsulation, as observed in solid implants[106]. Cells infiltrating
the scaffold's pores contribute to matrix deposition and tissue remodeling, progressively filling the
scaffold with native tissue over time. This level of cellular integration is generally advantageous
for long-term scaffold functionality, particularly in tissue engineering applications where the
scaffold is intended to integrate with surrounding tissue. These observations support the hypothesis
that the porous scaffold with a 40 um pore size promotes a pro-healing environment, regardless of

pore geometry.

6.3.5 3D printed scaffolds enable blood vessel ingrowth

The H&E results already demonstrate that both porous scaffolds have high level of cell
infiltration and in-pore nuclei densities. Angiogenesis, or the ingrowth of blood vessels is crucial
in enabling nutrient and oxygen exchange within the scaffold, supporting sustained cell viability

and potentially aiding in tissue regeneration.
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As shown in Fig. 6.14, ingrowth capillaries (tubular structures containing a large number of
red blood cells, indicated by red arrows) were observed in both porous scaffolds with different
pore geometries. In the cubical pore scaffolds, some capillaries were located more than 400 um
from the nearest edge, with red blood cells present, indicating growth toward the central area of
the implant. This demonstrates that capillaries can successfully grow into the cubical pore
scaffolds, supporting tissue regeneration, and may also have the potential to promote angiogenesis

throughout the majority of the scaffold.

Figure 6.14. H&E evidence of vascularization deep inside both types of scaffolds.
Representative images of H&E-stained sections for the scaffold with 40 um cubical pores (a) and
the 6S scaffold with 40 um spherical pores (b), respectively, illustrating the scaffolds’ ability to
support vascular ingrowth (indicated by red arrows) (scale bar = 50 um).

When using 3D printing to fabricate porous scaffolds, surface pore sizes are typically larger
than 100 um, which often leads to the formation of a dense fibrous capsule and poor
angiogenesis[107, 108]. While different materials can mitigate FBC formation[109, 110], these
approaches are limited by the specific properties of the materials and are not broadly applicable.

In contrast, our result shown in both Fig. 3a and 5a indicate that scaffolds with 40 um cubical
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pores not only reduced FBC thickness but also promoted cellular and vascular ingrowth. Solid
implants made from the same material resulted in thicker FBCs, demonstrating that 40 um cubical
pores can effectively reduce the FBR without the need for specialized materials. This highlights
their potential for broader applications, including biomedical devices and organ regeneration[111].

One of the main reasons for researches to investigate porous scaffolds is the interconnected
pores has the potential for vascularization. Its importance stems from its fundamental role in
delivering oxygen and nutrients to cells, while simultaneously removing metabolic waste
products[89]. Without an adequate blood supply, engineered tissues or implanted devices cannot
survive or integrate effectively with the host's body. Previous reports suggest that, in the absence
of supporting capillaries, oxygen and nutrients can only penetrate up to approximately 150-200
pum([85]. However, this distance can be significantly increased with scaffolds featuring 40 um
cubical pores, as they can support vascular ingrowth extending at least 400 um.

Moreover, blood vessels actively participate in cell signaling and tissue integration by
transporting growth factors, hormones, and immune cells, fostering communication between the
implant and the host[112], and macrophages are one of the key immune cells involved in the FBR.
Previous studies have shown that macrophages tend to polarize into the M2 phenotype when
infiltrating 40 um spherical pores, a process linked to enhanced vascular ingrowth and the
induction of a pro-healing response within the pore[35]. Further study in our scaffold with cubical
pores to quantify macrophage phenotypes would provide valuable insights.

Our data indicate that both porous scaffolds with 40 um cubical and spherical pores can induce
vascular ingrowth, regardless of pore geometry. This finding, consistent with previous studies on
porous biomaterials, highlights the potential of cubical porous scaffolds for developing biomedical

devices with reduced FBR and enhanced tissue integration[12, 35, 62, 113]. By encouraging the
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ingrowth of blood vessels, scaffolds or devices with 40 um cubical pores should be capable of
reducing the risk of device failure due to poor integration or inflammation, ultimately leading to
better patient outcomes and fewer complications[114]. This, along with the observed vascular

ingrowth, demonstrates that 40 um cubical pores hold high potential in the biomedical field.

6.4 CONCLUSIONS

Porous scaffolds exhibit substantial potential for reducing foreign body reaction and
supporting tissue regeneration, particularly the porous scaffold with 40 pum interconnected
spherical pores. In this chapter, we used vat photopolymerization 3D printing to fabricate porous
scaffolds with 40 pm interconnected cubical pores to emulate this pro-healing effect. Chemically
identical 3D printed cubical porous scaffolds, traditionally fabricated spherical porous scaffolds,
and non-porous slabs were then implanted subcutaneously in mice to compare cellular responses.
The porous scaffold with 40 pum cubical pores demonstrated performance comparable to the
scaffold with 40 pum spherical pores, effectively reducing FBC thickness and the collagen density
within the FBC, compared to non-porous slabs. Within the pores, both cubical and spherical pore
structures with a size of 40 um facilitate rigorous cellular ingrowth and supported vascularization,
indicating the high biocompatibility of the cubical porous scaffold.

A porous, biocompatible scaffold fabricated using the versatile 3D printing has high potential
for customized tissue engineering and regenerative medicine applications. The ability to fabricate
this scaffold into various shapes allows for tailored designs that accommodate specific anatomical
structures, making it ideal for personalized implants and complex scaffold architectures. This
combination of biocompatibility, porosity, and shape adaptability positions it as a valuable
platform-technology for advancing patient-specific therapies, improving healing outcomes, and

fostering innovation in both soft and hard tissue repair solutions.
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Chapter 7. FUTURE PLANS

7.1  PRINTING 6S SCAFFOLD WITH HIGH-RESOLUTION CLIP

As discussed in Chapter 3, the collaboration with DeSimone lab has demonstrated the
potential to print 6S scaffolds. Therefore, this will be prioritized as the first task of future work.

Successful printing of 6S scaffolds will lead to the animal study of these scaffolds.

7.2  VERIFYING THE SURFACE CONTAMINATION HYPOTHESIS

As discussed in Chapter 4, we have hypothesized that surface contamination cannot be
ignored if the laser dose is lower than a certain amount. New experiments might need to be

conducted to test this hypothesis.

7.3  TESTING AND ANALYZING PHOTO-CURING FORMULATIONS

As discussed in Chapter 5, the performance of PEGDMA-based resins is still being evaluated.
The development of a high-resolution resin in the future will allow for the printing of porous

scaffolds and the initiation of in vivo studies.

7.4 MACROPHAGE POLARIZATION TEST

As discussed in Chapter 6, the polarization of macrophages within the scaffold can influence
the foreign body response (FBR) in different directions, including pro-inflammatory and pro-
healing pathways. In this context, quantifying the polarization rate of macrophages can provide

valuable insights into the cellular performance and overall response to the scaffold.
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Chapter 8. ACKNOWLEDGEMENTS

It's surreal—I can hardly believe I’m about to complete my PhD. From the beginning, I never
anticipated how challenging this journey would be. I received my PhD offer from the University
of Washington on April 15, 2020 (yea the last day~), while still completing my master’s degree
there. It was the early days of the COVID-19 pandemic in the U.S. To celebrate, | ordered four
dishes from the only open Chinese restaurant within walking distance, ate, and cried. I’d just
broken up, and | remember trying to convince my partner that I’d stay in Seattle and we could still
be together—obviously, it didn’t work out. In hindsight, that moment hinted at the tough road my
PhD would become.

Starting a PhD during a pandemic was anything but easy. For one, I could only meet with my
PI, Dr. Buddy D. Ratner, over Zoom. Buddy’s calm, reassuring presence and vast knowledge are
powerful in person, but something was lost over video—the vibe, perhaps? Or maybe it was my
anxiety with English over a screen; it seemed harder to communicate.

He assigned me my project, a novel approach to 3D printing biomaterials, was incredibly
exciting but required access to our 3D printer, a beautiful machine stationed in our lab—a lab |
had limited access to due to COVID restrictions. Our lab manager, Sharon Creason, organized a
sign-in system to minimize contact. She’s not just a manager but the linchpin of the Ratner lab,
maintaining structure and bridging the gaps when Buddy is busy. Sharon’s expertise in animal
studies has also been invaluable; nearly all ongoing animal research in our lab involves her input.
During the pandemic, she managed everything, keeping us compliant, afloat, and healthy, until |
brought the first COVID case to the group on January 19, 2022—Buddy’s 75th birthday. We’d
gathered to present Buddy with drawings we’d made as gifts, and the next day, I realized I was

sick. Fortunately, due to Sharon’s strict protocols, no one else in the lab got infected.
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One person | did unknowingly infect, however, was my close friend, Bo Yuan (J1#). Bo is

a lifelong friend (not just because he’s now a millionaire), and though he never mentioned his
infection, I’'m sure he’d remind me of it someday, perhaps over dinner—though I’d pretend to pay
and leave! Bo supported me through my prelim, my general exam, and my struggle with severe
depression. I couldn’t have gotten through it all without him. But still, | would not pay the check.

We survived the pandemic, and I still remember the day I went to sign in, only to see Sharon’s
bold note: "NO LOGGING REQUIRED." It felt like time had blurred during those years. But |
clearly recall the graduation of several lab members, including my mentor, Dr. Lars Crawford, and
Dr. Le Zhen, who left an impressive legacy, designing the original structure for my research and
setting up critical protocols. Their pioneering work is an essential part of my project’s foundation.

Globally, the pandemic came to an end, along with the most challenging relationship of my

life—a time | could not have endured without the support of my cat, GuoGuo (u%~). Though the
details are now blurred, my college friends Lixu Huang (3£ /iH), Weiwei Li (Z27575%), and Lin
Gan (H %&) had warned me about its toxicity—they were right, and | was an idiot, leaving my own

research behind. | remember they supported me as | nearly failed my transport course late 2018,
and I know they’ll continue to be there, whether in China, Australia, or the UK.

During these years, | learned a great deal from Dr. Runbang Tang, Dr. Julia King, Dr.
Prabhleen Kaur, and Dr. Sherry Liu, the first few PhD graduates from our lab after the pandemic.
They joined the lab a couple of years before me, and | benefited immensely from their experiences
on how to be a PhD, as my PhD life was still struggling.

If I count 2018, the year I joined UW as a master’s student, as the start of my project, it took
four years until | reached significant milestones in 2022, now Chapters 2 and 4 of my dissertation.

That year, my PhD trajectory felt clearer, and | completed my first first-author paper. | also had
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the chance to mentor an undergraduate, Adia Kirkham, who contributed to Chapter 5. | feel sorry
for might not be able to finish this as a paper, but her work was crucial to that chapter's existence.

In early 2023, I collaborated with Dr. Joseph DeSimone at Stanford, a leader in 3D printing.
This ongoing collaboration is incredibly meaningful, and | hope to continue it, perhaps through
my master’s student, Yuto Koga, who will further develop my work in Chapter 3 and 6.

In March 2023, | passed my general exam with the support of a remarkable committee: Dr.
Buddy Ratner, Dr. David Bergsman, Dr. Jorge Marchand, and Dr. Jonathan Liu. Their insights
removed critical obstacles and guided me through the final stages of my PhD. My journey would
have been significantly harder without them.

Summer 2023 was unforgettable, thanks to Yi Zhang (5K15), one of my closest friends, with

whom 1 traveled all around Seattle. My research also gained momentum, with support from my

labmates, Dr. Kan Wu and Kyung-Hoon Kim. I’ ve lost count of the nights we spent working

together, only to end up at Haidilao for late-night hotpot, making the most of our student discount.

Our lab was also making great progress, establishing a great research enviroment, alongside
Shijie Zhang, Dr. Meghan Wyatt, and of course, Louis Chen—our little academic brother.

Then I met Charlie. Everything seemed to shift into high gear. With his encouragement (and
occasional nudging), | secured an internship and return offer from Intel, completed my animal
study and second paper, and now, I’'m on the brink of earning my PhD—all within one year. His
energy and support feel like that of a driven family member.

At the end of 2023, | finally have a chance returned to China, reuniting with my bros Tingxi

Wu (SREEER), Xuanyou Lin (#£JZ4#), and Guanxuan Li (Z57&4T), and my family—my father
Jinshui Chen ([%:4:7K), my mother Shangdi Chen (% _L %), and my sister Danxia Chen (%1 £2).

Their support has been my strength over the years.
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