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Abstract

Engineering complex organ and complicated tissue scaffold is a
widely researched area for various therapeutic purposes. However, it
is still an ongoing challenge due to many limitations lies in current 3D
multi—porous scaffold fabrication methods.

In designing 3D multi—porous scaffold, it is very important to
mimic native structure of the tissue. Important yet challenging
parameters to control in designing scaffold is porosity and multi-
scaled pores. Because our complicated organs include diverse type of
cells that perform various functions, the desirable scaffold should
contain multi mechanical properties and the structures that are
biocompatible for different types of cells. Porosity is one of the
important factors determining the mechanical properties of scaffold.
Therefore, it is very important to control porosity while containing
multi—sized pores for allowing diffusion and infiltration of various
signaling molecules for cells as well as the cells themselves.

Current methods such as gas foaming, freeze drying,
electrospinning, solvent leaching, 3D printing have many advantages.
However, one method alone cannot fulfill the level of designing
complexity of a multi—-scaled porous scaffold.

Herein, we developed an improved method of producing multi—-



sized porous 3D scaffold by implementing gas foaming, mechanical
fabrication, and 3D printing with gelatin—norbornene base material.
Gelatin norbornene provides a unique one-to—-one, ene-thiol
crosslinking system which allows multiple staged crosslinking process,
which can be accurately controlled by the amount of thiol crosslinker
added to the polymer solution. Employing these characteristics, we
first create a gelatin foam which contains multiple micro-sized pores.
And then, fabricate the bulk GeINB foam into the granular shape in
various sizes to make it compatible to 3D printing and injectable
system. Result showed that the two stages of GelNB crosslinking
system allow the fabricated particle inks to further generate multi—
sized micropores through the particle-to-particle (inter—particle)
second crosslinking process. Hence, by modifying various 3D printing

parameters, % porosity of an engineered scaffold can be controlled.

Keyword: fabrication of hydrogel, Gelatin based hydrogel, 3D printing,
multi—-porous biomaterials, porous scaffold, synthetic scaffold,
injectable system, cell delivery
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1.Introduction

One of the major goals of tissue engineering is to create a functional
construct which can restore, maintain, and improve or replace damaged
tissues or whole organs (1). In order to develop a functional construct,
controlling scaffold porosity is a crucial task to achieve since it is necessary
for maintaining tissue formation, functionality, and homeostasis. In the natural
organ, cells lie in extracellular matrix (ECM) which contains fibrous hydrogel
and collagen fibers. This fibrous structure creates various sizes of pores
which allows diffusion of gas, nutrients, cytokines that are crucial for survival
of the cells. Moreover, within a same organ, many different types of cells
exist which require a method development for scaffold which demonstrate
mechanical and biological diversity (2). Two of the major parameters that
influence mechanical and biological properties of the tissue scaffold are
multi—-scaled pores and porosity. These two parameters are the keys to
optimize important properties of tissue such as stiffness, strength, and
permeability (3).

Previously many methods were studied to modify porosity of a scaffold
and to generate multi-sized pores from synthetic scaffold. These methods
vary in the types of material they selected to engineer the scaffold. Methods
including addictive manufacturing such as 3D printing (both extrusion and
stereolithography), solvent casting and particle leaching, electrospinning, and
freeze-drying.

For 3D printing, although it allows designing the porous materials from
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numerous types of materials while independently control the pore shapes,
porosity, and interconnection sizes, one of the major drawback is the lack of
control over the nano up to the macro scale of the final scaffold which means
it is difficult to have a multiscale cell interaction (4, 5). Solvent casting and
particle leaching, on the other hand, has an advantage of producing a structure
which is an accurate reproduction of the initial template and that the pore size
and shape are fixed; however, it has a disadvantage of remaining possible
solvent or salt particle residues and mechanical integrity is insufficient and
that it is difficult to fabricate thick scaffold (6,7,8). Electrospinning is a quick
and easy manufacturing way to control 2D porous structure; however, it is
difficult to control 3D porosity and it is not suitable for creating submicron
sized pore (6,9). Freeze—drying is also a simple way to control of porosity,
but it has irregular pore size and unknown quality of pore inter—connection,
and compared to other methods, it is slow, expensive, and high energy
consumption (6, 10, 11). Therefore, it is still challenging to develop a fast,
simple, and controllable method to produce multi-sized porous 3D scaffold
with a complex shape.

In order to combine the advantages of the current methods while
improving the drawbacks on the existing method to control porosity and pore
sizes of the synthetic multi—-porous scaffold, in this experiment, we combined
existing 3D printing and gas foaming methods while fabricate further on the
base material.

In many previous studies, jammed hydrogel has considered as a tissue

scaffold material due to its excellent biocompatibility. Some of the recent
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studies have introduced granular hydrogels for increasing its injectability
(self-healing and shear thinning) and with this property, apply the granular
hydrogel as a print bath for extrusion 3D printing to increase the resulting
structure’s porosity (14). Inspired by these studies and in attempt to further
develop a fabrication method to effectively increase the 3D printing structure’
s porosity, foamed and crosslinked (1% crosslinked) hydrogel, gelatin-
norbornene, was used as a base material for creating porous and granular
hydrogel in this experiment.

Gelatin is one of the widely used materials in biology due to its excellent
biocompatibility, biodegradability, and availability. However, due to its lack
of mechanical properties, researchers have been modified different functional
groups onto the gelatin backbone to increase mechanical property by inducing
crosslinking. Norbornene modified gelatin, GelNB, was selected in this
experiment due to two major reasons. Because crosslinking mechanism of
GelNB includes photocrosslinking, it can be used in stereolithography 3D
printing. Moreover, the crosslinking mechanism is one-to—one reaction
between norbornene group with thiol linker group, crosslinking density can
be easily calculated and controlled by simply adjusting the dithiol crosslinker
molecules. These properties of GelNB provide special characteristics of
partial crosslinking or sequential crosslinking ability. This means that we can
target about 40-50% of the norbornene group to be cross-linked first, and
fabricate this to have different granular shapes. And then, by simply adding
more thiol crosslinker molecules, the unreacted remaining norbornene groups

inside the granular particles can be crosslinked again to create the inter-—
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particle connection.

Employing this special characteristic of granular GelNB, we suggest to
first create a GelNB foam which contains multiple micro-sized pores and 1%
crosslinking (partial crosslinking) it to maintain the porous structure. Then,
fabricate the bulk foam into the granular shape for allowing it to have shear
thinning and self-healing which can be implemented to the 3D extrusion
printing or injection—based methods. Then, by modifying printing parameters
such as jamming density or layer thickness or printing ink types (particle size
of the ink), evaluate how % porosity and pore size distribution are affected

by these parameters.
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2. Experiments

2.1. Materials

For synthesis of Gelatin—-Norbornene, N,N-Dimethylformamide
anhydrous (Sigma-Aldrich; 227056-250 mlL), Dimethyl sulfoxide
anhydrous (Sigma-Aldrich, 276855-1L), exo-5-Norbornenecarboxylic
acid (Sigma-Aldrich, 718149-5G), Gelatin type A (porcine skin) (Sigma-
Aldrich), N,N’-Dicyclohexylcarbodiimide (DCC) ( Sigma-Aldrich,
D80002-100G), N-hydroxysuccinimide (Sigma-Aldrich, 13067-25QG)
were purchased from Sigma-Aldrich. 4-Arm PEG, hydrochloric acid (HC)),
Dialysis bag was purchased from Sigma-—Aldrich. For fabrication and
particle ink formulation, Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (Sigma-Aldrich, 900889), 400,000
mw fluorescein isothiocyanate (FITC), 1,4-dithiothreitol (DTT) (Sigma-
Aldrich), 36W LED 501B UV Flashlight Blacklight (Amazon), Disposable
Syringe Needle 16G, 18G, 21G, 23G (BD PrecisionGlide™ Needle),
Vegetable Chopper (KitchenArt), Blender 800W were used.

For confocal microscopy image, confocal microscope (Olympus)
with laser 405, 473, 635nm and 4x, 10x was used. For analysis, Imagel
(NIH) and GraphPad Prism version 5.01 software were used. For

Extrusion 3D printing, 3D Bio printer (T&R biofab) was used.
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2.2. Synthesis of base material: Gelatin—
Norbornene (Gel-NB)

Synthesis of gelatin—norbornene can be done by substitution of
norbornene functional group onto the free amine of the gelatin
backbone. The synthesis process was referenced from with some
modification of reactants (15). This process can be summarized into four
major steps: (1) DCC-NHS coupling for activation of carboxylic acid
functional group, (2) Amide bond formation between activated
norbornene—carboxylic acid group and free anime of gelatin type A, (3)
Cold Acetone quenching for separating synthesized gelatin—norbornene
(Gel-NB), (4) Dissolve in distilled water (DW) and dialysis, and after
then, obtain 7.4 pH and freeze/dry. Lastly, synthesized Gel-NB was
confirmed its structure and % degree of saturation (%DS) using 'H-NMR

and TNBSA assay.

2.2.1. Activation of carboxylic acid functional group of
norbornene—-COOH using DCC-NHS coupling

At room temperature, obtain 167.86 mg of norbornene-COOH and
208.9 mg of DCC (as a limited reagent) and dissolve in 50 mL of DMF
via cannulation under Na. After completely dissolve the norbornene-
COOH and DCC, measure 174.765 mg NHS and dissolve it in 20mL of
DMF under Nso. Mix norbornene-COOH and DCC with completely
dissolved NHS via cannulation. Do the reaction at room temperature

for at least 25 hours for allowing complete reaction of DCC since the
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unreacted DCC may result in gelatin crosslinking during the next
reaction step. Degassing three times. The resulting intermediate is

norbornene-succinimidyl ester.

2.2.2. Amide bond formation between activated
norbornene-carboxylic acid group and free amine of
gelatin type A

Obtain 5 g of gelatin type A and dissolve it in 150 mL of
anhydrous DMSO at 50°C via cannulation under N2. When the gelatin
1s completely dissolved, add norbornene-succinimidyl ester solution
from the previous procedure (2.2.1) via cannulation with No.
Constantly mixing the two solutions for 8-24 hours with constant
stirring in order to obtaining a desired % degree of saturation (DS)

of norbornene on gelatin.

2.2.3. Cold Acetone quenching for separating
synthesized gelatin—norbornene (Gel-NB)

To separate gelatin—norbornene and remaining other
unreacted/excess materials, cold acetone quenching was proceeded.
For 200 mL of reactants, 2 L of cold acetone was prepared for
quenching. Carefully pour the reactants from the procedure 2.2.2.
into the cold acetone and stir it well to obtain the opaque white
solidified gelatin norbornene. Vacuum filtrate the solution to separate

the opaque white solidified gelatin—norbornene.
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2.2.4. Dissolve in distilled water (DW) and dialysis and
freeze/dry

Obtain 200 mL of Distilled water and dissolve the solidified
gelatin—norbornene attained from the previous procedure with
constant stirring and heating at 50°C. After confirming complete
dissolving of the solidified gelatin—norbornene, pour into the dialysis
bag (Spectra/por 4: MWCO 12-14kDa). Perform dialysis for 48-72
hours and every 6-8 hours at 50°C against DW. After dialysis, pH
was adjusted to 7.4 using NaOH followed by freezing (-80°C
overnight) and drying under vacuum. The resulting white powder
was confirmed its structure and determined its %DS via ITH-NMR
and TNBSA (2,4,6-trinitrobenzene sulfonic acid) assay which can
detect free amino groups in the polymer solution with plate reader
measured at 335nm. 1H-NMR (Gelatin—-NB, §, ppm) analysis was
done using the equation shown below as used in the previous studies

on gelatin—-norbornene (15).

I633ppm T 16.28.6.26ppm + I6.00ppm

mol

I 1.01ppm

mol
0. 3836m

DS (%) = « 100

_ [16.33ppm + I6.28&6.26ppm + Iﬁ-OOPPm] *9.96 x 100

2 x Il.()lppm
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2.3. Fabrication of Gel-NB foam particle

Prepare 5 % (weight per volume (w/v)) gelatin-norbornene (GelNB)
solution and add 40 % norbornene—functional group targeting DTT. Add
1 % (w/v) LAP solution by volume to the polymer solution to make up the
final solution concentration of 0.1 % (w/v) LAP. Add 1 mg of 400kDa FITC
per 10 mL of polymer solution. Mix well at 37°C and using the milk foam
stirring rod to operate for 30 seconds to create the gelatin—norbornene
foam, GelFoam. GelFoam was then exposed to UV for 60 seconds to
permanently maintain its foam structure by photo crosslinking (1%

crosslinking).

2.3.1. Fabrication of Gel-NB using 16G, 18G, 21G, 23G
needles

After the 1% crosslinking of the GelFoam, fully swell the GelFoam
in DW overnight. Then, pre—cut the fully swelled whole GeINB foam

with vegetable chopper to reduce the initial size of the whole gel.

Load the chopped GelNB foam into the 10mL syringe with 16G needle.

Extrude, reload the polymer, and repeat this for 50 times to create
the 16G particle. For smaller particle preparation, continue extruding
with the smaller needle size. For example, in preparing 21G GelNB
foam particles, start from 16G GelNB foam particles, and extrude

with 18G needle and then extrude again with 21G needle.
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2.3.2. Fabrication of Gel-NB using blender

Blender fabricated particles were prepared by blending the whole
GelNB foam for 30seconds to maintain the average particle size of

200-300 um in diameter.

2.4. Preparation of 3D multi—scaled
porous scaffold wusing Gel-NB foam
particle—based ink

Particles prepared in the procedure 2.3. are further prepared to
use as a particle—based ink. Different jamming density is required for

different type of 3D printing.

2.4.1. 3D multi-scaled porous scaffold using extrusion—
based 3D printing

Extrusion—based 3D printing requires printing ink to exhibit
shear thinning and self-healing characteristics. In order to
maintain these two characteristics, proper jamming 1S necessary.
Maximum jamming can be done first by centrifugation at 2500
RPM for 20 minutes for three time and then further vacuum
filtration if necessary. After jamming the ink, incubate with 10 mL
of 1% LAP solution (excess) for 15minutes, and redo the jamming
process by centrifugation. Add excess amount (3x) of 4-arm-
PEG thiol (MW 5000Da, JenKem), and incubate for 5 minutes

W R
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before printing.

Porous scaffold structure can be printed directly onto the
glass cover using z—code or onto the clear acrylic box filled with
a sacrificial bath consists of 30% (w/v) Pluronic F127. Once the
3D structures are printed, structures were exposed to an ample

amount of UV (3 - 5 minutes).

2.4.2. 3D multi-scaled porous scaffold using PDMS
mold-based soft lithography

Constructing 3D multi-scaled porous scaffold can be done using
PDMS mold based soft lithography. This can be done by first jamming
the particle ink to achieve injectability. Once the maximum jamming
is achieved, divide inks into three different groups to prepare least
(3 mL of 1% LAP solution into the 10 mL of jammed polymer), medium
(1.5 mL of 1% LAP solution into the 10 mL of jammed polymer), most
(O mL of 1% LAP solution into the 10mL of jammed polymer) dense
ink particles. All inks were fabricated with the same needle gauge
(e.g., 18G fabricated ink particles for all three groups).

PDMS mold containing four cylinders with 2cm in diameter and
lcm in depth was prepared. Three groups with different jamming
density were each loaded to three different 5 mL volume syringes
with 16G needle and injected into the cylindrical shape in the PDMS
mold. Exposed these injected structures to the UV light for 5 minutes

to achieve 2™ photocrosslinking of GeINB foam.
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2.4.3. 3D multi—scaled porous scaffold using
stereolithography (STL) 3D printing

Unlike the ink used in extrusion printer, stereolithography
(STL)-based 3D printing ink should not exhibit self-healing and
shear thinning. However, particle should be jammed enough to
maintain a close distance to ensure enough contact area for 2™
crosslinking. Because stereolithography printing utilizes a layer—by-—
layer photomask printing process, if the ink is too sparse, it simply
does not print. Therefore, trial and error attempts for finding an
appropriate printing jamming density were done, and for 30mL of 18G
fabricated ink particles (maximum jammed), adding 10mL of excess

LAP solution and excess 4-arm-PEG dithiol 5K to loosen the

jamming of the ink particles and preparing for STL-based 3D printing.

2.9. Rheological Studies

To measure rheological properties of the fabricated and jammed GelNB
foam particle ink, Rheometer (Discovery HR-1, TA Instrument) was used. All
measurements were carried out at room temperature using a 20 mm parallel
plate and Peltier plate steel. Storage and loss moduli were measured with
increasing strain (0.05 - 100 %) at 1Hz or repeated 0.5% and 500% strains at

1Hz.
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2.6. Confocal microscope imaging and %
porosity and pore size distribution analysis

Changing jamming density
Adding 1%LAP solution Observe 3D sample
using confocal q
) 4 . 2 | Castin alginate and slice
Load to syringe P -

for injection | for confocal analysis

¢
v
v

(]
4
. v
4

=7
Schematics 1: Preparation of Confocal Image Samples
(Created using Biorender.com)

Once fabricated 3D scaffold structures were obtained from
extrusion printing, PDMS mold-based soft lithography by injection and
stereolithography printing, each scaffold was casted into 5 % (w/v) low
melting alginate solution and cooled at 4°C. Once the gel solidified,
scaffold-containing gel was loaded into the tissue slicer and sliced at a
thickness of 50 um. These sliced scaffolds are then loaded into cover
glass for taking confocal microscopic image.

Confocal images were taken with FITC-wavelength laser setting
in the Olympus software, and z-stack with 20 nm slice in thickness.
Each image was obtained for each sample groups for further analysis in
its porosity and pore size distribution using ImagelJ software. Analysis
method for calculating % porosity was to convert the sliced image into
8-bit and adjust the threshold to the same amount for all images in each
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comparison group. And then simply calculate the porous (non-gel) area
over the whole area. Pore size distribution analysis was done as
following: after the threshold adjustment, measure the diameter of each
individual pores and collect all the data to analyze the pore sizes in each
layer of the 3D scaffold.

After analyzing the images using ImagelJ, GraphPad Prism
version 5.01 software was used to graph and to perform statistical

analysis.
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3.Results and Discussion

3.1. Synthesis of Gelatin—Norbornene

Gelatin norbornene is a desirable material for fabricating multi—
porous 3D scaffold using both extrusion and stereolithography 3D printer,
as well as injection and PDMS mold. Not only due to its excellent
biocompatibility and biodegradability, but also its one-to—one ene-thiol
reaction which results in the crosslinking of the gel. By controlling either
the % DS of norbornene functional groups in the base material or the
amount of thiol linker added to the polymer solution, we can adjust final
scaffold’s mechanical property. More importantly, 1% and 2™ crosslinking
terminology can be used in this type of finely controllable one-to—-one
photo—crosslinkable gel. For the 1°' crosslinking process, we simply aim
to target crosslinking about 40-50% of the norbornene group by adding
calculated amount of thiol linker aims for that crosslinking density. Then,
after fabricating this 1° crosslinked particles, by simply adding additional
thiol linkers and excess amount of photo initiators and UV exposures, 2"
crosslinking can be obtained to finalize the porous 3D structure of the

scaffold.
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For this reason, gelatin—norbornene is a crucial base material for this

experiment. Figure 1. Shown in below is a schematic summarizing this

experiment.
01
o
Gotatn. A A ' uv
{ L) i i i
— P :
—) = —) —) ) ™
([
\ e om=
1 2 3 4 5 6
X X Fabricate 15t Crosslinking Fabricate Gel-NB Jamming and 3D printing using
Material Synthesis of  Gel-NB foam Gel-NB foam foam ink using centrifugation of the fabricated
Gelatin-Norbornene ging milk (40%) partial multiple needle the Gel-NB ink Gel-NB ink
(Gel-NB) foam maker crosslinking extrusion and 214 crosslinking
blender (remaining 60%)

Figure 1: Experimental Overview of GelNB Foam Particle-Based 3D Scaffold
Fabrication. (Created with Biorender.com)
The very first step in this experiment is to synthesize 55-65 %DS
GeINB as a base material for the entire experiments. Figure 2 below
shows the overall synthesis process for GelNB. DCC/NHS coupling was
used for activating carboxylic acid functional group next to the
norbornene. The synthesized GeINB was further analyzed with '"H-NMR
and TNBSA to calculate %DS of norbornene group in the Gelatin backbone.
Because TNBSA assay measures the % free amine group and exhibit its
result in light absorption at 35bnm, in order to accurately calculate
the %DS of GelNB, comparison with the gelatin backbone standard curve
is necessary. Figure 3 below shows a representative TNBSA assay result
and the same sample’s 'H-NMR result and calculated %DS using each of
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the methods. TNBSA assay showed 62 %DS GelNB while 1H-NMR result
showed 68 %DS GelNB. Although the calculated results were not exactly
the same value, within 6% error range, two values for %DS calculated by

two very different experiments came out to be fairly comparable.
o y o) o)
DCC/NHS Gelatin type A .
OH O’N Gelal:n\N
DMF, RT fo) DMSO, 50°C H
24hr 8-24hr

Figure 2: Gelatin—Norbornene Synthesis Process.
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Figure 3. Confirmation and calculation of % DS of GelNB using TNBSA
assay and 'H-NMR.

In this synthesis process, DCC was used as a limiting reagent. In
developing recipe for synthesizing 55 to 65 %DS GelNB, Hoorick et al.
previously studied that the reaction time and the ratio between DCC to
norbornene—-COOH are two major factors affecting %DS in GelNB
synthesis (15). As DCC to norbornene-COOH increases, %DS of GeINB
increases; moreover, as reaction time increases from 8 hour to 24
hours, %DS of GelNB increases. For example, as low as 20% DS Gelatin

Norbornene was determined where DCC-to-NB ratio being 0.75 to 0.9 |
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with an 8 hour reaction time, and as high as 82% where DCC-to-NB ratio
was 1.5 to 1.6 with the 24 hour reaction time. For obtaining the desired %
DS of norbornene group onto the free amine of the gelatin type A, DCC-
to—NB ratio of 0.75 to 1.6- and 24-hour reaction time were required as
shown in Figure 4 below. By implementing these data, we were able to

set up a recipe that effectively and accurately targets for ~60% DS GelNB.

od =4
24|17t
DCC-NHS-NB:
1.5-3.0-1.6DCC
24|17t
DCC-NHS-NB:
0.75-1.5-1.2DCC
24A|Zt
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% DS

0.75-1.5-1.6DCC

12417
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%DS vs. Reaction time vs. Reactant ratio
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Figure 4: Graph Describing How %DS is Affected by Reaction Time vs.
Reactant Ratio
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3.2. Analysis of micro-sized pore within
the GelNB foam particle

Using foamed and crosslinked hydrogel prior to further
granulize/fabricate the hydrogel provide two different types of pores to
form: (1) fixed sized pores within the GelNB foam particle—micro-sized
intra particle pores, (2) dynamic pores which can be controlled by
different printing method (parameter include Layer Thickness in SLA
printer) or ink types (such parameters including ink particle size, ink
jamming density)—inter—particle pores.

In Figure 5, a representative image of 21G fabricated particles is
shown. As shown in the figure, many micro-sized pores exist in each
particle and the graph shown in the Figure 6 shows the size distribution
of each pore and its average size in diameter [um]. The data shows that
the intra—GelNB foam particle has pores ranging from 30 to 250 um in

diameter and on average, about 120 um in diameter.

21G fabricated particle: representative image
Confocal Microscope Image

Figure 5. Confocal Microscope Image of 21G Fabricated Particle:
Each particle contains micro-sized intra pores formed by foam.
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Figure 6. Size Distribution of micro-sized intra particle pores
formed by gas foaming.

3.3. Ink Particle Size and Shape Analysis

3.3.1. Size Analysis of Ink Particles
Ink particles were produced from 1% crosslinked GelNB foam by

multiple extrusion (50 times repeated) with various sizes (16G, 18G, 21G,
23G) of syringe needles and blender. Figure 7 shows representative
confocal microscopy images of 18G fabricated, 21G fabricated, and
blended particles. Considering the inner diameter of 18G needle is 838
um, 21G needle is 514 um, particle size shown in the confocal microscopy
images confirm the each of the needle-fabricated particle size are
corresponds with the inner diameter of the needle gauge used for
fabrication. In Figure 8, each of the particle size (diameter of the particle)
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were measured and graphed by fabrication group. 18G fabricated group
particles showed an average particle size of 881 um in diameter and 21G
needle fabricated group showed 526 um in diameter while blended
particles showed 377 um in diameter. Although 18G fabricated particle
showed wide distribution of sizes, majority of the particles showed the
diameter range within the average or one standard deviation apart from
it. 21G fabricated particles and blended particles showed more precise

particle distribution compare with those of 18G fabricated particles.

18G = 838um ID
Needle Fabricated

21G =514um ID
Needle Fabricated

Blended for 30sec

Figure 7. Confocal Microscopy Images of Representative Particles
Fabricated with 18G needle, 21G needle, and blender for 30 seconds.
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Figure 8. Size Analysis of the Particles Fabricated with 18G needle, 21G
needle, and blender for 30 seconds.

3.3.2. Shape Analysis of Ink Particles

Because of the micro-sized pores within the particles, each of the
fabricated particles does not have a perfectly circular shape. When these
irregular surfaced particles are used as a print ink for 3D printer or soft
lithography, size of the inter—particle pores may be affected by the surface
shape of the ink particles. Therefore, in this experiment, particle shape
analysis was done for each fabricated particle group.

Figure 9 shows the solidity of each particle groups and Figure 10
shows the circularity trend of each particle groups. Solidity is a measurement
of how particle has smooth, and linked surfaces. For example, shape that has

solidity value 1 is either a perfect circle or perfect convex area. As opposed
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to the bony structured particles where the surface shape is not linked and
consisted with many spiked shapes have low solidity value close to O.
According to the solidity analysis, when particle size decreases solidity also
increases, whereas 18G and 21G particle did not show any significant
difference in shape analysis.

Figure 10 displays the circularity trends of each particle group.
Circularity shows how shape is closer to the perfect circle. For example, the
perfect circle has a circularity value of 1 and regardless of the surface
roughness, if the particle’s overall diameter and shapes are more circular, it
has higher circularity. According to the circularity analysis, blended particle
group, the smallest in size, has the highest circularity value. Although the
average circularity of 18G particles is slightly smaller than those of 21G
particles, statistical analysis showed that 18G and 21G group particles
exhibited no significant differences in circularity trends. However, both
statistical analysis between 18G group and blended group and 21G group and
blended group showed a significant increase in circularity trends, as well as
solidity trends. Therefore, as a particle size decreases, circularity and solidity

tend to both increases.
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Figure 9. Particle Shape Analysis: Solidity Trends of Fabricated
Particles Vary in Size.

z &y



circularity N=50
Kk

roundness=0.584 roundness=0.447
circularity = 4pi(area/perimeter”2)
A circularity value of 1.0 indicates a perfect circle. (EFH 0| Ol H H¥H)

Figure 10. Particle Shape Analysis: Circularity Trends of Fabricated
Particles Vary in Size.
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3.4. Rheology Analysis of Jammed Particle

To examine the extrusion printability of the jammed and fabricated
ink particles, rheology analysis was performed. Figure 11 shows the
jammed particle’s shear yielding analysis where the oscillation strain
increases from 0.05% to 100% and measuring the storage modulus (G’)
and loss modulus (G”) of each particle group. After gradually increasing
the oscillation strain to 50%, G’ of each groups decreases sharply which
indicates that it is losing its solid-like properties where G” of each groups
increases sharply and cross over G’ at oscillation strain of about 65% and
this G and G” cross indicates that the solid-like properties of initially
jammed particles changed into liquid-like properties when 65% or more
oscillation strain was given to the jammed particle. Therefore, this data
successfully shows the shear thinning properties of jammed particle at all

types tested in this graph (21G, 23G, blended).

1st CL Gel Shear Yielding

T — 21G G'
a©
_— 1000 23G G'
(‘2 ED Mixer G'
5 3 21G G
TS 23G G

°
=0 =% Mixer G"
o=
S0

o
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n

0.01 0.1 1 10 100

Oscillation Strain [%]

Figure 11. Shear Yielding of Jammed Particles
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Another important property showing the extrusion printability and
injectability is self-healing. This property can be examined by apply high
strain (500% strain) and shift to the very low strain (0.5% strain) while
measuring storage modulus and loss modulus of each sample, as shown
in the Figure 12 below. When storage modulus is below the loss modulus
during the high strained period, the data indicates the samples exhibits
the shear thinning at high strained region. However, when the applied high
strain is removed, if the sample immediately recover its G’, storage
modulus value as high as the prior low strained region, it successfully
shows the self-healing properties of the jammed materials.

As observed from the Figure 11 and Figure 12, rheology data
successfully indicate that all jammed samples evaluated in these figures
(21G, 23G, blended) exhibit shear thinning and self-healing properties

which also indicate particle inks’ syringe injectability and 3D extrusion

printability.
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Low(0.5%) High(500%)
L e 23GG
1000 (senssamm] [roosessocs] e Blended G'
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Figure 12. Rheology Data showing Self—-Healing of Jammed Particle§. .
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3.5. Extrusion Printing Using Jammed
Particle

After successfully determine each particle ink’s rheological properties
and confirming the extrusion printability, extrusion printing of a star shape
and square—shaped stair printing were shown in a Figure 13. Figure 13 shows
the successful extrusion—printed sample in a flat surface and more complex
and over-hanging structure printing in a 30% (w/v) Pluronic F-127 printing

bath.

18G fabricated particle  21G fabricated particle

Figure 13. Extrusion 3D Printing: Print Samples Implementing Fabricated
Particle Ink.

3.6. Confocal Image: Porosity Comparison
with Jamming Density

At all density tested above, prepared inks were successfully injectable to
the prepared PDMS mold. Injected inks were exposed to UV light for 60
seconds, and soft lithography techniques was done to obtain the resulted
structure.

Confocal Microsoft images shown in the Figure 14 shows that the most

densely jammed ink resulted in the least % porosity. The least d%sely "'L
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jammed ink showed the highest % porosity.

Jamming - 30s blended particle®ll Jamming2 E2|3t0] 2kt A3} AFHF scaffold2| porosity H|
Non-printed sample (ink density of w2 porosity gish)

; - mm

Most Dense High - Medium Dense:
Jammed+2mL 1%LAP 37} Jammed +4mL 1%LAP 37}

Least Dense
Jammed-+8mL 1%LAP 37}

Medium Dense:
Jammed+6mL 1%LAP %7}

Figure 14. Confocal Microscopy Image on How Jamming Density Affects the
Porosity of the Resulting 3D Structures.

3.7. %Porosity Analysis with Jamming
Density

Jamming density can be an important parameter when making molded
and soft lithography—based 3D structure with injectable needle. Extrusion
printing may also alter the jamming density of the particles if all jammed
conditions exhibit an adequate self—healing and shear thinning properties. If
this parameter, jamming density, can control % porosity of the structure, it
will be very useful technique for tissue engineering the more complex
organ.

As Figure 15 is shown, % Porosity increases as jamming density
decreases and the number of pores increases as jamming density increases
as shown in Figure 16. However, size of the pores showed no significant

tendency with the jamming density.
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%Porosity Vs. Jamming Density
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Figure 15. %Porosity Comparison with different Jamming Density
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Figure 16. Pore Size Distribution Analysis with the different Jamming
Density Samples
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3.8. Confocal Image: %Porosity
Comparison with Samples Printed with SLA
3D printer differ in layer thickness

In this section of experiment, stereolithography-based 3D printer was
used to print more complex 3D structure while maintaining multi—porous
structures. Layer thickness is an important parameter that can be adjusted
for stereolithography-based 3D printing, and this is a printing layer height
in z—axis direction. Because the printing inks were fabricated to have
different sized particle, layer thickness may be a key parameter that
determines inter particle porosity and printing precision/resolution. As
shown in the Figure 17, if the layer thickness is much less than the particle
diameter, the printing resolution may be fine but it may result no inter
particle pores or very small in size and seldom number of inter particle

pores.

38 ."\._E';'.'.I.



Layer thickness I

Particle size(diameter) vs. Layer thickness

Particle size(diameter) vs. Layer thickness

Particle size > layer thickness: particle can be squished
Particle size < layer thickness: more porous

Particle size << layer thickness: not printable

Figure 17. Schematics on how layer thickness and particle ink size
affect printing resolution and porosity

For example, this association between particle diameter and layer
thickness are shown in the confocal image of the printed sample using
blended particle ink varying layer thickness. In the previous section, we
determined the average diameter of blended particle as about 300 um. In
this printed sample comparison shown in the Figure 18, layer thickness
of 0.2 mm and 0.5 mm were used and compared for % porosity. At 0.5 mm
Layer Thickness, where the layer thickness was slightly larger than the
average blended sample’s particle size (in diameter), we observed
multiple inter—particle-like pores with a size larger than 50 um. While at
0.2 mm Layer Thickness sample, only 50 um or smaller pores were
observed, and it seems like the majority of the pores observed in this
structure are intra—-particle pores which may have made by the very first

gas—foam step of the fabrication procedure.
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Blended particle average diameter: 0.377 mm
SLA printing parameter (Layer Thickness)— blendedink O] &

0.2mm layer thickness 0.5mm layer thickness

Figure 18. Confocal Image — Porosity Comparison with Layer Thickness
when the particle average diameter is fixed.

Now, further analysis on % porosity and pore size distribution
comparison on three different layer thickness (0.2 mm, 0.5 mm, 0.8 mm) were
performed. For this data, particle size was fixed at 18G fabricated samples
(~800 pm in diameter). Figure 19 shows 8-bit converted confocal image of
the sliced samples printed with 18G fabricated particles varying in layer
thickness using STL 3D printer. White region showing in this figure
represents the empty pore and black represents the gelatin area. Just from
an observation, the proportion of black area increases as layer thickness
decreases and vice versa. Corresponding printed structures are displayed
right below the confocal images. When layer thickness is larger than the
average particle size, printed structure is too porous and mechanically too
weak to maintain its full structure, therefore printing of the whole structure

was failed as shown in the Figure 19. While 0.5 mm layer thickness condition
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showed porous and structurally stable printed structure which successfully
maintaining its intended 3D structure. For 0.2 mm layer thickness sample,

more precise overall 3D structure was printed but much less porous inner

structure was observed.

3D original bone shape

side back side back

DA

186G 0.8mm thickness SLA printed 18G 0.5mm layer thickness SLA printed 18G 0.2mm layer thickness SLA printed
Failed

Figure 19. Confocal Microscopy Image and Images of Printed Samples of
18G Fabricated Particles Differing Layer Thickness of STL 3D Printer.
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%Porosity Vs. Thickness Layer
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Figure 20. Calculated % Porosity of Cross Section of STL 3D Printed
Structures.

Now, further analysis on % porosity was done on the Figure 20.
Figure 20 exhibits the calculated % porosity of each structural cross section.
Result shows that the % porosity increase as layer thickness increases when

the particle size remained the same.

Now, further analysis on the individual pore size and overall pore
size distribution within each structural samples was performed. Figure 21
shows the % frequency of different size groups of pores and it is shown that
0.2 mm layer thickness samples mostly have pore sizes less than 300 um.
On the other hand, 0.5 mm and 0.8 mm layer thickness samples have larger
size pores (300 um or greater in diameter) and much less number of smaller
pores. Average pore size also increased from 0.2 mm to 0.5 mm samples.
Although further analysis is needed, result showed that the both pore size

and % porosity of the structure increases as the layer thickness increases.
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Figure 21. Pore size distribution and average pore size analysis on 18G ink
printed samples with STL 3D printer varying in layer thickness.
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4.Conclusion

To develop a simpler and more effective way to fabricate 3D multi—scaled
porous scaffold was my research goal in this project. There were four
separate fabrication strategy were introduced to create multi-sized pores.
First parameter was the partially crosslinked gelatin norbornene foam
structures. By implementing gelatin norbornene as a base material, it was
possible to first create the partially crosslinked GelNB Foam (1% crosslinked:
40% of norbornene functional groups existing in the synthesized GelNB)
which contains micro-sized pores varies in diameter from 30 um to 300 um.

Then, second parameter was the size of the fabrication GelNB foam
particles by implementing multi-extrusion strategy with different sizes of
syringe needles. Using this method, it was possible to create a particle which
has a diameter as small as 300 um to a particle which has a diameter as large
as 1000 um (16G needle fabricated sample, data not shown).

Third parameter was to control the jamming density of these particle ink
when construct a scaffold using PDMS-mold based soft lithography or
extrusion—-based 3D printer. Because jammed particles exhibit an excellent
shear thinning and self-healing characteristics, it was possible to control
three different jamming density (most dense, medium dense, and least dense)
print ink and still be injectable using 16G Syringe needle. Although extrusion
printing samples were not analyzed for jamming density, the simpler version
of 3D scaffolds created with PDMS-mold injected soft lithography was
evaluated with different jamming density and the cross—-sectional confocal

4 4 .__:I'x! _'\-\.I.-_'|'.



microscopy imaging analysis showed that the % porosity increases when the
jamming density decreases. However, particle size distribution did not show
any clear trends, except for the number of pores increases as the jamming
density decreases and vice versa.

Lastly, the fourth parameter was to modify one of the important parameter
in STL-based 3D printer: layer thickness. When we evaluate %porosity and
different layer thickness values, it is also important to consider the size of
the individual particle used in the print ink. This is because if the particle size
1s much smaller than the layer thickness, particle to particle connection may
get lost and fail to form inter—particle crosslinking which means it is not
possible to print the structure. The result in this experiment also showed this
for 18G fabricated ink printed scaffold using STL-3D printer with 0.8 mm in
layer thickness. Considering 18G particles’ average size was about 0.8 mm in
diameter, and there was wide distribution of the particle in this fabricated
particle group which were even smaller than 0.8 mm in diameter, it was not
surprising to see the failed printing result (or partially printed structures) as
shown in Figure 19. Therefore, the layer thickness is an important parameter
which is not only closely related to the particle size but also determines %
porosity and pore size distribution, as well as printing resolution for
stereolithography-based 3D printer.

In conclusion, through this experiment, we were able to show a simpler
and easier method of printing 3D multi-porous scaffold which has a
complicated 3D design as a proof-of-concept.

When we consider all four parameters and clearly evaluate how they
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impact the % porosity and pore size distributions, in the future, it may be
possible to print more complicated organ-like structure (such as heart, lung,
or skin) by carefully designing a complicated 3D structure that requires
different % porosity and pore size distributions for many different sections

within the structure.
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