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Development of an Indirect Stereolithography
Technology for Scaffold Fabrication with
a Wide Range of Biomaterial Selectivity
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Tissue engineering, which is the study of generating biological substitutes to restore or replace tissues or organs,
has the potential to meet current needs for organ transplantation and medical interventions. Various approaches
have been attempted to apply three-dimensional (3D) solid freeform fabrication technologies to tissue engi-
neering for scaffold fabrication. Among these, the stereolithography (SL) technology not only has the highest
resolution, but also offers quick fabrication. However, a lack of suitable biomaterials is a barrier to applying the
SL technology to tissue engineering. In this study, an indirect SL method that combines the SL technology and a
sacrificial molding process was developed to address this challenge. A sacrificial mold with an inverse porous
shape was fabricated from an alkali-soluble photopolymer by the SL technology. A sacrificial molding process
was then developed for scaffold construction using a variety of biomaterials. The results indicated a wide range
of biomaterial selectivity and a high resolution. Achievable minimum pore and strut sizes were as large as 50
and 65 um, respectively. This technology can also be used to fabricate three-dimensional organ shapes, and
combined with traditional fabrication methods to construct a new type of scaffold with a dual-pore size.
Cytotoxicity tests, as well as nuclear magnetic resonance and gel permeation chromatography analyses, showed

that this technology has great potential for tissue engineering applications.

Introduction

TISSUE ENGINEERING, THE STUDY of generating biological
substitutes to restore or replace tissues or organs, has the
potential to meet current needs for organ transplantation and
medical interventions. Three key components of tissue en-
gineering are the cells, cell signaling, and the scaffold. Re-
cently, many researchers have applied solid freeform
fabrication (SFF) for scaffold construction." The SFF tech-
nology makes it possible to fabricate a porous structure with
an arbitrarily designed inner and outer shape, and this de-
sign flexibility may help to overcome some of the difficulties
in tissue engineering. Among the SFF technologies, stereo-
lithography (SL) shows superior performance in the fabri-
cation of three-dimensional (3D) structures.*'® The SL
technology offers a fast fabrication speed and allows for high
resolution. Above all, the SL technology based on multi-
photon absorption showed the highest resolution of all 3D
fabrication technologies.* *'*'* Kawata et al.* reported fab-
rication of 3D structures with a sub-microscale resolution
using the SL technology. Melissinaki et al.'® introduced a
high-resolution scaffold for neural tissue engineering with
photocurable polylactide resin using the SL technology

based on multiphoton absorption. Malinauskas et al.'' re-
ported fabrication of scaffolds with a several micrometer
strut size for tissue engineering. The SL technology uses a
photocuring process to construct 3D structures based on
photopolymerization, so that photocurable biomaterial is
essential point for tissue engineering applications using the
SL technology. Although several photocurable biomaterials
have been introduced for the SL technology,'*'® many ob-
stacles remain in applying these materials for medical in-
terventions.

In the current study, an indirect SL technology was de-
veloped for the construction of scaffolds composed of clini-
cally applicable biomaterials. This indirect SL method
combines the SL technology and a sacrificial molding pro-
cess. First, a sacrificial mold having an inverse porous shape
was fabricated from an alkali-soluble photopolymer using
the SL technology. We then designed and tested a new sac-
rificial molding process with a wide range of biomaterials,
such as synthetic, natural, and nondegradable polymers.
Dual-pore scaffolds'” and 3D organ-shaped scaffolds based
on a computer-aided design (CAD) model were also manu-
factured to demonstrate the usefulness of this technology.
Finally, cytotoxicity tests as well as analysis with nuclear

Wake Forest Institute for Regenerative Medicine, Winston-Salem, North Carolina.
*Department of Mechanical Engineering and Division of Integrative Biosciences and Biotechnology, Pohang University of Science and

Technology, Gyungbuk, South Korea.

719



720

magnetic resonance (NMR) and gel permeation chromatog-
raphy (GPC) were conducted to assess the feasibility of this
technology for tissue engineering applications.

Materials and Methods
The projection-based SL technology

A projection-based SL system, based on the technology
first introduced by Bertsch et al.,'® was built and applied to
the fabrication of a sacrificial mold. Figure 1 shows a sche-
matic drawing of the SL apparatus. It uses a 500W mercury
ultraviolet (UV) lamp as a light source, a projection system
based on a digital micromirror device (Texas Instruments,
Inc.), and a three-axis stage system with 0.1 um resolution/
100 mm stroke. The projection system generates a 2D pattern
image with microresolution. When an image is projected on
the surface of a liquid photopolymer, a 2D pattern is gen-
erated by photopolymerization. A 3D structure can be con-
structed by stacking the 2D patterns.

Three-dimensional sacrificial mold

A mold structure having an inlet, outlet, and middle part
was designed for injection molding process. The inlet was
designed for direct connection to a syringe containing in-
jectable biomaterial. The outlet was designed for removal of
excess material and air. The middle of the mold was de-
signed to have a porous shape for scaffold fabrication. With
this design, the biomaterial-filling process can be conducted
simply and without additional equipment. An alkali-soluble
photopolymer introduced by Liska et al.'” was used to con-
struct a sacrificial mold. The preparation procedures were as
follows: N,N-dimethyl-acrylamide (DMA), methacrylic acid
(MA), and methacrylic anhydride (MAA) were carefully
mixed by stirring at room temperature at a weight ratio of
40:40:7 (DMA:MA:MAA). Poly(vinyl pyrrolidone) (PVP;
molecular weight: 360,000) powder of 13wt% was then
slowly added to the mixture, and additional stirring for 3-4h
was conducted to completely dissolve the PVP. Table 1
shows the final concentration of the mixture. The chemicals
were purchased from Sigma-Aldrich. Finally, photoinitiator
Irgacure 819 (Ciba Specialty Chemicals Co.) at 3wt% was
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FIG. 1. Schematic drawing of the projection-based stereo-
lithography (SL) system.
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TABLE 1. ALKALI-SOLUBLE PHOTOPOLYMER COMPOSITION

N,N-Dimethyl- ~ Methacrylic ~ Methacrylic Poly(vinyl
acrylamide acid anhydride pyrrolidone)
40 wt% 40 wt% 7 wt% 13 wt%

added to the solution with stirring for 3—4h. Figure 2 shows
an alkali-soluble photopolymer sacrificial mold fabricated
using the projection-based SL technology.

Dissolution test using alkali-soluble photopolymer
and various biomaterials

A dissolution test using NaOH solution was conducted for
alkali-soluble photopolymer and biomaterials such as
poly(DL-lactide-co-glycolide) ~(PLGA), polycaprolactone
(PCL), poly(L-lactide) acid (PLLA), chitosan, alginate, and
bone cement. Table 2 lists the biomaterials tested. For the
dissolution test, samples of alkali-soluble photopolymer
were prepared by UV curing on a glass plate. The other
materials were used in their original form supplied by the
manufacturer. First, the samples were dipped into a 1N
NaOH solution at 65°C and observed for 3 days. Then, a
second experiment was conducted to investigate in detail the
dissolution trends of PLGA and soluble photopolymer in
various concentrations of NaOH at various temperatures.
Samples of the PLGA and soluble polymer, 6.5x6.5x
4.0mm?® in size, were prepared by casting using a Teflon
mold at 90°C and the SL technology. The samples were im-
mersed in various NaOH concentrations at various temper-
atures for predetermined duration. The samples were then
washed with distilled water three times, freeze-dried, and
finally weighed to determine the percentage of mass loss.
The dissolution rate was calculated by curve-fitting the re-
sults using Excel.

FIG. 2. Fabricated sacrificial porous mold composed of the
alkali-soluble photopolymer. Color images available online
at www liebertonline.com/tec
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TABLE 2. BIOMATERIALS APPLIED FOR SCAFFOLD FABRICATION

Material Abbreviation Source
Polycaprolactone [MW qeignt avg)=65,000] PCL Sigma-Aldrich
Poly(DL-lactide-co-glycolide) (lactide:glycolide PLGA

ratio, 65:35; MW =40,000-75,000)
Chitosan (C3646, minimum 75% deacetylated) —
Sodium alginate powders (180947) —
Poly-L-lactide acid (PLLA, LX00111-158) PLLA Lakeshore Biomaterials (Brookwood

Bone cement (EUROFIX GUN G)

Pharmaceuticals, Inc.)
Synergie Ingenierie Medicale, S.A.R.L.

Sacrificial molding processes using a wide
range of biomaterials to construct unipore scaffolds

The general procedure for the sacrificial molding process
is outlined in Figure 3. Injectable biomaterial was prepared
using the appropriate solvent and was injected into the 3D
porous mold fabricated by the SL technology. Next, the
material was hardened by solvent/nonsolvent exchange or
by cross-linking. The mold was then dissolved selectively in
NaOH solution at a specific temperature by considering the
results of the dissolution test. Table 3 lists the specific con-
ditions used for the molding processes with various bioma-
terials. As shown in the table, about 6-45h is required for
hardening and mold removal after biomaterial injection. Fi-
nal fabrication results were then obtained by air- or freeze-
drying. Air-drying was conducted for synthetic polymers,
whereas freeze-drying for 1 day was used for natural poly-
mers. Each process was designed based on the properties of
the biomaterial used.

Fabrication of dual-pore scaffolds by combining
indirect SL and traditional methods

Phase inversion”® and salt leaching,21 which are two
methods typically used for traditional scaffold fabrication,
were combined with the proposed indirect SL technology to
construct dual-pore scaffolds having designed global and lo-
cal pores.'” The fabrication procedures are described below.

Biomaterial
Solvent

Preparation of
injectable
biomaterial

Fabrication of 3D
porous mold

Biomaterial
Injection

Indirect SL combined with phase inversion. PCL grains
were dissolved in N-N-dimethylacetamide (DMAc) at a ratio
of 1:2 (w/w) by stirring the solution for 2h at 50°C. After the
solution was injected into the mold, it was cooled at room
temperature for local pore generation by reducing the PCL
solubility of DMACc.?° The mold with PCL was then dipped
into ethanol solution for 1 day to extract the DMAc. The
mold was then removed using 1N NaOH and the PCL
scaffold was immersed in ethanol for 1 day to compete the
extraction of DMAc. Finally, the mold was cleaned with
distilled water and air-dried.

Indirect SL combined with salt leaching. PCL (20% w/v)
solution was prepared with chloroform and mixed with salt
sieves (100 um mesh) at a salt:PCL ratio of 10:1 (w/w). The
sacrificial mold was filled with the mixture using a syringe.
After drying in a fume hood for 1 day to extract the chlo-
roform, vacuum-drying was conducted to complete solvent
removal. The sacrificial mold and salt were dissolved with
1N NaOH and distilled water, respectively.

Complex 3D structure fabrication

The new indirect SL technology makes it possible to fab-
ricate 3D freeform structures that imitate the shapes of hu-
man organs. To demonstrate this advantage, we applied the
indirect SL technology to fabricate a scaffold having the
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FIG. 3. Procedure of the indirect SL technology. 3D, three-dimensional. Color images available online at www.liebert

online.com/tec
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TABLE 3. MOLDING CONDITIONS USED FOR THE INDIRECT STEREOLITHOGRAPHY TECHNOLOGY
WITH VARIOUS BIOMATERIALS TO CONSTRUCT UNIPORE SCAFFOLDS
Hardening process Mold removal
Material Preparation of injectable biomaterial Method dipping process Time (h) NaOH (N)  Time (h)
PCL Chloroform/75% w/v Solvent/nonsolvent 24 1 6
exchange (isopropanol)
PLLA Chloroform/25% w/v Solvent/nonsolvent 12 (—80°C)/24 0.2 8 (0°C)
exchange (isopropanol)
PLGA Chloroform/75% w/v Solvent/nonsolvent 12 (—-80°C)/24 0.2 8 (0°C)
exchange (isopropanol)
Chitosan 1N Acetic acid/5% w/v 1N NaOH 0.5 1 6
Alginate Distilled water/6% w/v 5% w/v CaCl, 3 1 6
Bone cement  Mixing powder and liquid Self-hardening 0.1 1 6

Undefined process temperature is room temperature.

shape of a human tooth. A real human tooth was measured
with microcomputed tomography (micro-CT), and the re-
sults were converted to the STL CAD format that is generally
used in the SFF technology. A motion program was then
obtained by applying the model to a CAD/CAM system
made by us.*? This motion program was transferred to the
main computer and used to fabricate a sacrificial mold with
an inverse shape using the SL technology. Finally, using
PLGA with the molding process described above, a tooth-
shaped scaffold was constructed.

Cytotoxicity test

The cytotoxicity of PLGA and PCL scaffolds was evalu-
ated using a cell proliferation test. A total of 2x10* NIH3T3
cells were seeded into the 24-well plate and incubated
overnight at 37°C. High-glucose Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% v/v fetal bovine serum,
1% v/v penicillin, and 1% v/v antibiotics was used as the
cell culture medium. After checking the morphology of see-
ded cells with a microscope, trans-well inserts containing
cylindrical PLGA and PCL scaffolds of 4 mm diameter and
2mm height were placed on the well plate. The normal cell
group was cultured without any inserts on the well plate and
used as a negative control. Latex inserts of 3mm diameter
were used as a positive control because of their cytotoxic
effects.”> The alamarBlue assay (Invitrogen, Inc.) was con-
ducted to investigate cell proliferation of the plated cells on
days 1, 3, 5, and 7. AlamarBlue (10% volume) was added to
the cell culture medium and mixed well. Then, 500 uL of the
solution was added to the 24-well plate after it was washed
with PBS and incubated for 1h at 37°C. The fluorescence
intensity of 100 uL of the solution extracted from the plate
was measured as recommended by the manufacturer. Cell
viability was calculated by dividing the fluorescence inten-
sity of samples by values of a normal cell culture group.

Measurements of mechanical properties

A cylindrical PLGA scaffold of 5mm diameter and 2.5 mm
height was prepared, and its mechanical properties were
measured. The scaffold had a ~60% porosity and 200 pm
strut size. The mechanical properties were tested using a
universal testing machine (3344 model; Instron, Inc.), and the

compressive modulus and strength were calculated from the
stress—strain curve.

Analysis of fabrication results

Scanning electron microscopy (SEM), GPC, a microscope
with vision system, and NMR were used to analyze the
fabrication result of the scaffolds. The SEM and microscope
were used for microstructure observations and measure-
ments of their dimensions. To investigate the effect of the
fabrication process on the properties of biomaterials, the
molecular weight and composition of biomaterial before and
after fabrication were measured by GPC and NMR, respec-
tively. PLGA was applied for these measurements because
its molecular weight is easily affected by fabrication pro-

cess. 2>

Results

Dissolution test results of alkali-soluble
photopolymer and biomaterials

Table 4 shows the results of the first dissolution test. The
cured photopolymer and PLGA/PLLA were perfectly dis-
solved after 3-4h and 1-2 days, respectively, at 65°C,
whereas dissolution of PCL, alginate, chitosan, and bone
cement did not occur even after 3 days.

Figure 4 shows the results of the second dissolution test
using the photopolymer and PLGA. Fast dissolution of the
photopolymer occurred for the first 2 hours, after which the
mass loss was linear (Fig. 4A), whereas PLGA exhibited a
linear dissolution rate throughout (Fig. 4B). High concentration

TABLE 4. DissorLuTtioN IN 1N NAOH SoLuTIiON
AT 65°C FOR 3 DAYs

Material Dissolution time
Alkali-soluble photopolymer 3-4h
PLGA 1-2 days
PLLA

PCL Insoluble
Alginate

Chitosan

Bone cement
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FIG. 4. Dissolution test results of cured alkali-soluble photopolymer (A) and poly(DL-lactide-co-glycolide) (PLGA) (B) at

various NaOH concentrations and temperatures (1n=3). Color images available online at www liebertonline.com/tec

TaBLE 5. DissoLuTION RATE OF PoLY(DL-LACTIDE-CO-GLYCOLIDE) AND ALKALI-SOLUBLE
PHoTtoroLYMER IN NAOH SoLuTION

Akali-soluble photopolymer PLGA
NaOH concentration (N) 4°C 65°C 4°C 65°C
0.1 — 4.053 (R*=0.778) —
0.4 1.726 (R*=0.720) 5.267 (R*=0.872)
0.5 — — 1.842 (R*=0.957)
2 0.446 (R*=0.953) 9.778 (R*=0.943)

Dissolution rate means mass loss % per hour.

WEIEM 'I'C.'.!-»i WEFIRM A WD25.2mm

FIG. 5. Scanning electron microscope images of a fabricated polycaprolactone (PCL) scaffold (A) and its cut end (B).
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FIG. 6. Three-dimensional porous scaffolds with pore sizes of 200-400 um fabricated using PLGA, poly(L-lactide) acid

(PLLA), alginate, chitosan, and bone cement as biomaterials.

of NaOH and high temperature accelerated the dissolution
rates of PLGA and soluble photopolymer. The rate of mass
loss was calculated by linear curve fitting based on these
results; in the case of soluble photopolymer, only the data
after the first 2 hours were used. As shown in Table 5, a
reduction of NaOH concentration to 25% of the initial value
at 65°C resulted in about 23% decrease of dissolution rate for
the soluble photopolymer and about 81% decrease for PLGA.
A reduction of the temperature from 65°C to 4°C resulted in
about 67% decrease in the dissolution rate for the photo-
polymer and about 95% decrease for PLGA. These reduction
percentages were calculated using 0.4 N concentration for the
alkali-soluble photopolymer and 2N for PLGA at 65°C.
PLGA experienced a greater reduction of dissolution rate
than the soluble photopolymer as the NaOH concentration
and temperature decreased, and this difference increased as
the NaOH concentration and temperature decreased further.
This is important in developing the mold removal process for
fabricating PLGA and PLLA scaffolds.

Three-dimensional porous scaffolds

Various fabrication results were obtained using the de-
scribed procedures with each biomaterial (Table 3). Figure 5
shows the fabricated PCL scaffold and its cut-end image. As
shown in Figure 5A, a well-constructed pore architecture of
rectangular shape was observed, with a pore size of
~300um and a 200-um strut size. Several defect structures
were observed in the cross-section view (Fig. 5B), which were
caused by entrapped bubbles in the injection process.
However, overall pore architecture was well constructed and
no mold structure was detected. Figure 6 shows SEM images
of fabricated structures composed of other biomaterials. A
3D porous scaffold with rectangular pores of 200-400 pm
was well fabricated using synthetic polymers (PLGA and
PLLA), natural polymers (chitosan and alginate), and non-
degradable biomaterial (bone cement) (Fig. 6). The achiev-
able minimum pore and strut sizes were about 50 and 65 pm,
respectively, using the proposed method (Fig. 7).

FIG. 7.
figure).

Fabricated 3D porous scaffolds of about 50 pm pore size (bone cement, left figure) and 65 pm strut size (PLGA, right
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TABLE 6. MECHANICAL PROPERTIES OF THE
PoLy(DL-LAcTIDE-CO-GLYCOLIDE) SCAFFOLD (N=3)

Compressive strength Compressive modulus

1.08+0.324 MPa 20.1£5.63 MPa

Table 6 shows the measured mechanical properties of
PLGA scaffolds fabricated using the indirect SL technology.
Such scaffolds exhibited a compressive strength and modu-
lus of ~1.08 and 20.1 MPa, respectively. Kim et al.2® reported
similar results (compressive strength and modulus of 1 and
17.8 MPa, respectively) for a PLGA scaffold with a 50% po-
rosity, 200 pm strut size, and a molecular weight of 50,000
75,000. Our scaffold exhibited a ~60% porosity, 200 pm strut
size, and molecular weight of 40,000-75,000. Although the
two results cannot be directly compared, they suggest that
the indirect SL technology did not result in a significant
change in the mechanical properties of PLGA.

Figure 8 shows the fabricated dual-pore scaffolds. The
structures contained large pores measuring 300—400 pm and
small pores measuring either 1-5 um when created by phase
inversion (Fig. 8A) or 30-100um when created by salt
leaching (Fig. 8B). The inner architecture composed of large
pores can be controlled by changing the mold design.

Figure 9 illustrates the fabrication of the human-tooth-
shaped scaffold. From a 3D CAD model generated based on
3D micro-CT measurements of a real tooth, a porous mold
having the inverse tooth shape was constructed by the SL
system. The sacrificial molding process was applied using
PLGA for scaffold fabrication. A 3D tooth-shaped scaffold
containing microscale rectangular pores was constructed
successfully.

Cytotoxicity test results

Figure 10 shows results of cell viability tests measured
using the alamarBlue assay. The cell viability of PLGA and
PCL scaffolds fabricated by the indirect SL technology was
more than 90% for 7 days, compared to only less than 10%
for the latex sample. This indicates that the scaffold fabri-
cated with the indirect SL technology did not have any cy-
totoxic effect on cell proliferation.

NMR and GPC results

Figure 11 displays the NMR spectra of PLGA raw mate-
rial, alkali-soluble photopolymer, and PLGA scaffold mate-
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rial, respectively. A comparison among the three spectra
showed that no alkali-soluble photopolymer remained in the
fabricated PLGA scaffold. Figure 12 shows GPC measure-
ment results. Based on the GPC results for the PLGA raw
and scaffold materials, the molding process did not signifi-
cantly affect the molecular weight of PLGA.

Discussion

To date, various SFF-based indirect methods of scaffold
fabrication and tissue engineering applications of these
methods have been reported.'”** Sachlos et al.*”’*® intro-
duced a collagen scaffold fabricated by an indirect method
using an ink-jet printer. Moreover, Taboas et al.'” investi-
gated an indirect construction method of dual-pore/com-
posite scaffolds. In contrast, although the SL technology has
many advantages in terms of fabrication speed and resolu-
tion, the indirect methods based on the SL technology re-
ported thus far have used agarose, silicone, and ceramic
powders.'?3%34

In this research, the indirect SL technology was studied for
the production of scaffolds with various biomaterials, such
as PLGA, PLLA, PCL, chitosan, alginate, and bone cement,
which are generally used in tissue engineering. The process
for the indirect SL technology consists of three steps: fabri-
cation of the sacrificial mold, injection molding, and selective
removal of the mold. First, this research has demonstrated
the processability of alkali-soluble photopolymer through
the fabrication of 3D porous molds using the SL technology
(Fig. 2). The molding process required no equipment other
than a syringe because the mold had both an inlet and an
outlet. Second, the sacrificial molding processes were de-
signed to take into account the intrinsic physical and che-
mical properties of each biomaterial. Chloroform, acetic acid,
and distilled water were used to produce injectable material.
After injection molding, solvent/nonsolvent exchange was
used to extract organic solvent from the injected PLGA, PCL,
and PLLA solutions. Chitosan and alginate gel formation
was obtained using NaOH and CaCl, solutions, respectively.
Third, selective removal of the mold, the last and most im-
portant process, must not result in any defects in the bio-
material structure in the mold. In this research, dissolution
tests were conducted for alkali-soluble photopolymer and
the other biomaterials. The cured alkali-soluble photopoly-
mer was perfectly dissolved after 3—4h at 65°C (Table 4),
whereas significant dissolution of PCL, alginate, chitosan,
and bone cement did not occur even after 3 days (Table 4).
On the other hand, PLGA and PLLA dissolved in 1-2 days in

FIG. 8. Fabricated 3D dual-
pore scaffolds constructed

of PCL using a molding
process combined with
phase inversion (A) or salt
leaching (B).
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Tooth-shaped PLGA Scaffold

FIG. 9. Fabrication of a tooth-shaped PLGA scaffold. Color images available online at www. liebertonline.com/tec

the NaOH solution. The accelerated dissolution of PLGA and
PLLA is related to the pH level of the NaOH solution. Bur-
kersroda et al.*® examined the degradation mechanisms of
PLGA and PLLA at various pH levels. They showed that
surface erosion was generated in NaOH solutions of high
pH, but the material properties were unaffected. In addition,
many researchers have investigated the use of surface
treatment with NaOH solutions of high pH to enhance the
cell affinity of scaffolds composed of synthetic polymers such
as PLGA, PCL, and PLLA.**' Various properties were
measured, such as molecular weight, glass transition tem-
perature, melting temperature, enthalpy of melting, and
atomic components. NaOH treatment did not significantly
affect these properties.®*® Our data regarding GPC and
mechanical properties of PLGA scaffolds fabricated by the
indirect SL technology showed a similar trend. No significant
changes in biomaterial properties were observed.

An experiment was conducted to investigate dissolution
trends of alkali-soluble photopolymer and PLGA. The results
showed that the difference in the dissolution rates of these
two materials can be maximized by reducing both the con-
centration of NaOH and the temperature. This result is sig-
nificant for minimizing structural defects due to high pH in
the mold removal process; 0.2 N NaOH at 0°C was used for
the mold removal process in PLGA and PLLA scaffold fab-
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FIG. 10. Cytoxocity test results (n=>5).

rication. This work has led to a well-designed molding
process and successful fabrication of scaffolds using PLGA,
PLLA, PCL, chitosan, alginate, and bone cement. The tech-
nology has a wide range of biomaterial selectivity and high
resolution. Various factors affect fabrication resolution. The
highest achievable mold resolution using the SL technology
was ~50-70 um. Furthermore, the achieved minimum pore
size and strut size were also 50 and 65 pm, respectively (Fig.
7). The properties of biomaterials used in the molding pro-
cess also affect the fabrication results. Synthetic polymers
showed results comparable with mold dimensions. In con-
trast, an isotropic shrinkage of 40%—60% was observed
during fabrication of scaffolds with natural polymers, which
occurred during freeze-drying.

This technology can also be combined with traditional
technologies, such as salt leaching and phase inversion, to
fabricate dual-pore scaffolds.” The size of the large pores in
the inner architecture of the dual-pore scaffold can be con-
trolled to optimize the mechanical strength as well as the
fluid dynamics for nutrient and oxygen supplies to seeded
cells. Based on micro-CT measurement results, the fabrica-
tion of a 3D tooth-shaped scaffold demonstrated that this
technology can be applied to the construction of scaffolds
with a 3D organ shape.

The results of cytotoxicity testing, NMR, and GPC showed
that the scaffolds fabricated with the indirect SL technology
are quite suitable for tissue engineering applications. NMR
results and cytotoxicity measurements showed that the
scaffolds did not have any mold residue and generate any
cytotoxic effect. GPC results indicated that the fabrication
procedures did not significantly affect the molecular weight
of the biomaterial.

Compared with other SFF methods,' the indirect method
presented here requires an additional molding process.
However, it offers notable advantages in material selectivity,
as a wide range of biomaterials can be applied to this tech-
nology. Sophisticated adjustment of biomaterial composition
is central to achieving proper degradability and physical
strength." The indirect SL technology developed in the cur-
rent study makes it possible to fabricate a 3D structure
composed of well-designed biomaterials. Above all, this
technology has much potential for improving the fabrication
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resolution. Among various 3D fabrication technologies, the
SL technology not only shows the highest resolution but also
offers fast fabrication speed.* "> The reported highest reso-
lution was nanoscale in 3D space. We will continue to ex-
amine methods for fabricating high-resolution molds and
molding processes on a nano/micrometer scale using vari-
ous biomaterials. Further development of this technology
will provide a new paradigm for the construction of 3D
structures composed of biomaterials.

Conclusion

In this research, the indirect SL technology was developed
for fabrication of 3D organ-shaped scaffolds using a wide
range of biomaterials. In the process, 3D porous molds were
constructed of alkali-soluble photopolymer, and sacrificial
molding processes were sophisticatedly designed and real-
ized by considering the properties of the biomaterials. Using
these procedures, the achievable minimum pore and strut
sizes were on a scale of several tens of micrometers, and the
application of a large selection of biomaterials, including
PCL, PLGA, PLLA, chitosan, alginate, and bone cement, for

Molecular Weight(x10%)
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PLGA scaffold PLGA raw metrial

FIG. 12. Gel permeation chromatography measurement of
PLGA raw and scaffold material (n=3).
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FIG. 11. Nuclear magnetic
resonance spectra of PLGA
raw material, PLGA scaffold,
and alkali-soluble photo-
polymer. Color images
available online at www
liebertonline.com/tec

scaffold fabrications was demonstrated. In addition, dual-
pore scaffolds were successfully fabricated by combining
indirect SL with phase inversion or salt leaching. Cytotoxi-
city, NMR, and GPC results confirmed that the technology
can be safely applied to the fabrication of products for tissue
engineering and medical interventions. Collectively, the
current findings illustrate the successful development of the
new indirect SL technology capable of providing excellent
performance with a large selection of biomaterials.
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