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had two distinct sub-volumes intertwined with each other but separated by a single continuous smooth semi-
permeable membrane. One sub-volume was used for cell culture, while the other served as a perfusion channel.
Mass transfer was implemented through the interfacial porous membrane. Consequently, this scaffold was ex-
pected to be completely free from clogging problem due to growing tissue. The sample scaffolds of poly L-lactic
acid (PLLA) was fabricated based on 3D UV photo-lithography and porogen leaching technique, which provided
a P-surface-like architecture composed of porous membrane having smooth and fine texture with considerably
high porosity. Despite high overall porosity of approximately 97%, these scaffolds had strengths and Young's
moduli appropriate for regeneration of bones or cartilages. Wettability and permeability of polydopamine-
coated PLLA porous membrane were sufficiently high.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering is a multidisciplinary field that regenerates bio-
logical alternatives for damaged tissues and organs using a combination
of cells, scaffolds, and bio-signals [1]. As an essential part of tissue engi-
neering, the scaffold (i.e., artificial extracellular matrix) plays a crucial
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role in cell growth, proliferation, and new tissue regeneration in three
dimensions. A variety of bioactive degradable scaffolds have been fabri-
cated by various techniques such as particulate leaching, gas forming,
freeze-drying and rapid prototyping in the past decades [2].

However, mass transfer limitation remains a serious challenge in the
field of tissue engineering. In in-vitro engineering of living tissues, non-
homogeneous growth of cells inevitably occurs in conventional porous
solid scaffolds due to limitation in continuous delivery of nutrients
and oxygen as well as limitation in removing metabolic waste products
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[3]. Because the mass transfer is limited by growing cells, active cells
that migrate into the deeper part of a porous structure can become ne-
crotic. Almost no cells can survive far from the outer surface of more
than 500 um [3,4]. In conventional 3D structures such as salt-leached
scaffolds, cells commonly congregate only at the outermost region.

Recently, porous materials with triply periodic minimal surface
(TPMS) configuration have attracted attention as scaffolds for tissue en-
gineering applications, because TPMS has zero (or “a constant” in a
wider sense) mean curvature over the entire surface while being peri-
odic in three directions [5]. TPMS partitions space into two disjointed
but intertwined sub-volumes that are simultaneously continuous. To
date, a scaffold in TPMS configuration comprises one solid sub-volume
and another sub-volume of air (void), while the interface has TPMS con-
figuration [6-11]. Because TPMS possesses desirable characteristics
such as smooth surface, high surface area, excellent permeability, and
sufficient mechanical strength and stiffness, a scaffold with TPMS is
regarded as ideal for cell adhesion, migration, and vitalization in tissue
engineering. The excellent permeability of such scaffold allows superior
diffusion, facilitating the inflow of nutrients and disposal of metabolic
waste, which can partly relieve clogging issues due to cell growth in per-
fusion channels (i.e., the void sub-volume). This type of scaffold has
gained popularity because it can be precisely fabricated by means of
CAD modeling and additive engineering [12,13].

Nevertheless, previous TPMS scaffolds are not free from clogging is-
sues, because an identical place (i.e., the void sub-volume) is shared for
dual functions of cell culture and perfusion. Consequently, penetration
of cell culture is inevitably limited. In addition, the solid sub-volume is
likely to be too dense as a scaffold for most applications in tissue engi-
neering except for bone regeneration. The large portion of such solid
sub-volume may be a burden for in-vivo degradation. Thus, higher po-
rosity (i.e., lower relative density) is desirable.

A more recent approach is to use a cell-laden hydrogel reinforced
with microfibers [14] or synthetic biomaterial [15-18]. Namely, the re-
inforced hydrogel is printed into a 3D lattice architecture and the inter-
connected interior pores function as perfusion channels. Because the
cells are cultured in the hydrogel-based substance, while the pores are
used for perfusion channels, this approach looks quite effective to
solve the clogging issue, mentioned above. However, this approach
may not be appropriate for regenerations of hard organs such as bone
or cartilage.

Another effective approach to address the pervasive issue is to
functionalize the scaffold by integrating perfusion channels that act as
an artificial vascular system, enhancing mass transfer for cell growth
[19]. Modified scaffolds designed with perfusion channels and fabri-
cated by rapid prototyping [6] or lattice scaffolds combined with hollow
fiber membranes [20] have significantly contributed to uniform distri-
bution of cells. We regard the latter as the more effective way. Namely,
the hollow fiber membranes act as perfusion channels of an artificial
vascular system, while the lattice structure provides 3D spaces where
the cells grow and proliferate and new tissues are regenerated. Mass
transfer between cells and the perfusion channel, i.e., the inflow of oxy-
gen and nutrients and disposal of metabolic waste, was implemented
through the semi-permeable membranes of the hollow fibers.

Han et al. [21] have introduced a new type of 3D membrane archi-
tecture, named Shellular that is composed of a single continuous
smooth membrane. In the authors' research group, it has been validated
that a uniformly smooth surface results in high strength and stiffness;
thereby TPMS is a good choice as the membrane architecture of
Shellular [22-24]. Because TPMS has a smooth surface with a constant
mean curvature, a Shellular in a TPMS configuration does not have
stress concentration due to its geometrical irregularity, and it is likely
to support external load by coplanar stresses, without causing bending
stress. The thin membrane architecture of Shellular in TPMS configura-
tion may serve as a stretching-dominated structure, as observed in
trussed cellular materials, generally referred to as micro-architectured
materials [25]. Also, as a 3D membrane architecture which supports

internal pressure, Femmer et al. [26] showed effectiveness of TPMS con-
figurations. In addition, it is expected that the thin continuous mem-
brane in TPMS might play a role as transfer interface between two
void sub-volumes as well as mechanical load support.

This study introduced a radical design of 3D membrane architecture
as a novel functionalized tissue engineering scaffold. The conceptual
model of this scaffold is shown in the upper of Fig. 1. Actually, this de-
sign is a combination of the above-mentioned two types of scaffolds:
the scaffold in TPMS configuration with one solid sub-volume and the
scaffold integrated with perfusion channels. This was composed of a
semi-permeable polymer membrane in a form of TPMS Shellular with
two non-intersecting void sub-volumes, as illustrated in the lower of
Fig. 1. One sub-volume was used for cell culture, while the other served
as a perfusion channel. Mass transfer between cells and the perfusion
channel was implemented through interfacial semipermeable mem-
brane. Namely, this intriguing scaffold was integrated with a vascular
system (i.e., mass transfer channel); thereby it continuously provided
nutrients and oxygen supply to proliferating cells as well as removal
of waste through the thin semi-permeable membrane. Despite its
ultra-lightness, this 3D membrane scaffold is expected to have sufficient
strength needed for most organs, as mentioned above. Therefore, this
scaffold plays dual roles as hollow fiber membranes and the lattice
structure of Bettahalli's scaffold, mentioned above [20]. Each sub-
volume of this scaffold in a TPMS Shellular has biomorphic geometry,
which is ideal for facilitating cellular attachment and realizing uniform
cell culture [7]. After the scaffold accomplishes its role of cell support
and pseudo-vascularization, the 3D membrane architecture can be de-
graded and absorbed without causing any harm due to the small
amount of solid material (i.e., the membrane). As a result of a prelimi-
nary study of such scaffold, this study described the fabrication process
of the 3D membrane architecture developed for this purpose. Also, its
mechanical properties, microstructure, wettability, and permeability
were evaluated.

2. Materials and methods
2.1. Design of 3D membrane architecture

Among various TPMSs, P-surface was chosen as the 3D membrane
architecture. P-Surface located in a cube of the unit cell size, D [7] is
given by

< cos <%> + cos <27rry> + cos (%)) +ki =0, (1)

wherex,y,z€[— DD}, and k; is a level set value that decides the volume
fraction, f, which is defined as ratio of the inner sub-volume to overall
volume [7]. Calculation using a CAD program yielded relation between
k, and f, and relation between surface area, A, and f as follows;

f=029%; +0.5 and (2)

A

7 = T13.054( f—0.5)*—4.555(f—0.5)* +2.34,

respectively.  (3)

Eq. (3) reveals that surface area is the largest at f = 0.5. Because the
3D membrane architecture in this study was fabricated based on the
technique, described in Han, et al. [21], geometry was elongated by a
factor of k; in z-direction. Hence, the surface is given as follows:

21X 2my 2nz B
< cos<7> + cos<7> + cos(kz—D>> +ki=0

Nevertheless, the surface area is still the largest at f= 0.5.
The authors chose the cell size of D = 1 mm, which may be appro-
priate for a scaffold for chondrocyte cells [27].

=
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Fig. 1. A conceptual model of scaffold of a single continuous porous membrane of P-surface (top) and its composition with a semi-permeable polymer membrane between two non-

intersecting void sub-volumes (bottom).

2.2. Specimen preparation

2.2.1. Materials

Poly L-lactic acid (PLLA) with molecular weight (MW) of 230 kDa
was purchased from PolySciTech® (West Lafayette, IN, USA). It was
the main constituent material of the 3D membrane architecture.
Polyinyl alcohol (PVA), tris (hydroxymethy) aminomethane (Tris-
HCl), dopamine hydrochloride (DA), phosphate buffered saline (PBS),
and bovine serum albumin (BSA) were acquired from Sigma-Aldrich
(St. Louis, MO, USA). Hot mounting resin (HMR: Model JZXM0241)
was purchased from XinHui (Changsha) Electronic Technological Co.
(Hunan, China). Polyethylene glycol (PEG) with average MW of 400,
chloroform, 1,4-dioxane, and other reagents were acquired in reagent
grade from Duksan Pure Chemical (Korea).

Fig. 2 shows the process used to fabricate specimens of the 3D mem-
brane architecture. The process was divided into three steps: template
formation, membrane material coating, and porous shell formation.
Technical details are described in the following sections.

2.2.2. Template formation

First, a negative template was formed within a pool of photo-
monomer thiol-ene, using self-propagating polymer waveguide
(SPPW) [28]. UV exposure system used for forming the negative tem-
plate is shown in Fig. 3A. Technical details are given in Han et al. [21].
Residual resin was washed out using toluene. The template was then
heat-treated at 120 °C for 12 h to fully harden.

Powder of hot mounting resin (HMR) was poured over the negative
template followed by heating to 150 °C to melt and fill the void of the

negative template. After cooling, the outer surface of HMR was polished
to expose the interior thiol-ene negative template, which was then
etched in 4 wt% NaOH solution to obtain HMR positive template. To pre-
vent the HMR template from damage due to organic solvent during sub-
sequent multiple coatings of biopolymer, a protective layer of PVA was
coated on the surface of the template by dip-spin coating with 15 wt%
PVA water/ethanol (1:1) solution. Samples of the negative (top) and
positive (bottom) templates with close-up top views are shown in
Fig. 3B.

2.2.3. Membrane material coating

To obtain porous membrane, porogen leaching technique [29] was
used. For this purpose, three different types of biopolymer coating solu-
tions (Table 1) were prepared and tested to choose the proper one for
fabricating the 3D membrane architecture. The details are as follows.
For Type-I, PLLA and PEG with weight ratio of 1:1 were co-dissolved at
a concentration of 12% wt/vol in chloroform by stirring with a magnetic
stirring bar until the solution became transparent. For Type-II, PLLA and
PEG with weight ratio of 1:1 were dissolved at a concentration of 12%
wt/vol in blended solvent of chloroform and 1,4-dioxane with a volume
ratio of 1:1. For Type-III, PLLA and PEG with weight ratio of 2:1 were dis-
solved at a concentration of 12% wt/vol in blended solvent of chloroform
and 1,4-dioxane with a volume ratio of 1:1.

The template was dipped into one of the biopolymer coating solu-
tions. It was then placed in a centrifuge for several seconds to remove
the excess coating solution. The coated template was dried for 4-5 h
at ambient condition with relative humidity of approximately 60%.
The template coated with the biopolymer solution was heat-treated in
an oven at 70 °C for 2 h to improve crystallinity of the coated layer.



232 S. Tan et al. / Materials and Design 142 (2018) 229-239

Negative template

¢ Molding

T

#

i PVA coating

8

PLLA/PEG
coating

—

Repeat
coating

¢ Polishing

:I, Etching

VAVA VAR

DO OC

AV Ve Ve
i Leaching &
removing

VAUAWAN

DOOC

AV Ve Ve
i PDA coating

DOOC

Semi-permeable
Shellular scaffold

Template
formation

Membrane
material coating

Porous shell
formation

Fig. 2. Fabrication process of 3D membrane architecture specimens.

Another purpose of the heat treatment was to decrease the dissolution
rate of the PLLA/PEG layer at contact with the solvent during subsequent
dip-coatings. For Type-II and Type-III solutions, this process of dip-
coating followed by heat-treatment was repeated until the thickness
of the layer reached a desired value to provide sufficient strength and
stiffness for the 3D membrane architecture, the final product. This is be-
cause when a thick layer was coated on the template through a single
process, the coated solution was not uniformly distributed over the sur-
face due to gravitation. However, coating and heat-treatment were con-
ducted only once for the Type-I solution, because the biopolymer
membrane formed by the solution was fast dissolving at contact with
the solvent during subsequent dip-coatings even after the heat-
treatment. Therefore, Type-I solution was not used for fabricating the
specimens of 3D membrane architecture. It was only used to fabricate
stand-alone membranes to see the microstructure.

2.2.4. Porous shell formation

After membrane material coating, two outermost surfaces of the
biopolymer-coated template were mechanically polished to expose
the substrate HMR template beneath the coated layer. The template
was immersed in acetone to completely etch the HMR template and ob-
tain a 3D membrane architecture consisting of PLLA/PEG membrane.
The architecture was rinsed with DI water until acetone was completely

removed. Afterwards, it was immersed in distilled water bath for ap-
proximately 4 h to leach out PEG porogen and remove the PVA top
layer. Finally, the architecture was totally rinsed with DI water again
to obtain the final product, i.e.,, 3D membrane architecture of porous
PLLA.

In addition, to improve the hydrophilicity of its surface,
polydopamine (PDA, another biopolymer) was coated on the 3D mem-
brane architecture in a thickness of nano meter order [30]. For this pur-
pose, 0.121 wt% of Tris-HCl aqueous solution was prepared first. Its pH
level was then adjusted to approximately 8.5 by adding drops of HCI
into the aqueous solution. Subsequently, DA was dissolved in Tris-HCI
aqueous solution at concentration of 2 mg/ml for PDA coating. The 3D
membrane architecture of porous PLLA was then immersed in this solu-
tion. After continuous stirring for 18 h, the porous PLLA architecture was
rinsed several times with DI water to completely remove debris. Finally,
the 3D membrane architecture, modified by PDA coating, was stored in
70% ethanol solution for sterilization.

2.3. Measurement of properties
2.3.1. Tensile test

Intrinsic tensile properties of the biopolymer membranes as constit-
uent materials of the 3D membrane architecture were measured using a
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Fig. 3. (A) UV exposure system used for forming the negative template, (B) samples of the negative (top) and positive (bottom) templates with close-up top views.

home-made material tester. For this purpose, stand-alone membranes
of the porous PLLA were prepared on glass slides through the exactly
same process as that conducted on the positive HMR template, de-
scribed above. In addition, membranes of non-porous PLLA were pre-
pared to investigate the effect of porosity. After each membrane was
cut into a long tape shape with length of 10 mm and width of 4 mm,
its ends were bonded with two stainless steel foils using epoxy. Each
specimen was installed between the upper and lower grips at the stain-
less steel foils. A miniature material tester used for tensile tests was
driven by a step-motor actuator and a matching controller (Oriental

Table 1
Polymeric solute and organic solvent in biopolymer coating solutions.
Type Polymers Solvent
PLLA/PEG (wt%) Chloroform/1,4-dioxane (vol%)
I 50/50 100/0
11 50/50 50/50
11 66.7/33.3 50/50

Motors Co. and Suruga Seiki Co., Japan, respectively). Its displacement
was controlled with 0.05 um resolution at a rate of 1 mm/min. Because
the membrane specimens were sufficiently compliant compared to the
loading frame, displacement of the actuator monitored by the controller
was assumed to be the same as that of the membrane specimen. Load
cell was Lebow 3397-50 and test speed was set at 1 mm/min.

2.3.2. Compression test

Mechanical properties of the 3D membrane architecture under com-
pressive loading were measured using an electro-hydraulic test system
(INSTRON 8872) with a constant speed of 0.003 mm/s. Technical details
are given in Han, et al. [21]. The overall dimensions of the 3D membrane
specimens, which were also used in the permeability tests, were 5 mm
x5 mm = 2.85 mm. These 3D membrane specimens composed of non-
porous PLLA and porous PLLA were tested in three different conditions
(i.e., in dry condition for the samples of the non-porous PLLA and porous
PLLA, and in wet condition for the samples of the porous PLLA). All spec-
imens were modified by PDA coating. For tests in the wet condition,
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scaffolds were pre-wetted with 70% ethanol for 2 h, and subsequently
submerged in water before conducting compression test.

2.3.3. Wettability measurements

To estimate wettability of PLLA membrane, static water contact an-
gles formed on the membranes were measured using a commercial
drop shape analysis system (Phoenix 300, SEO Co., South Korea).
Three types of the standalone membranes (nonporous PLLA membrane,
porous PLLA membrane, and PDA-coated porous PLLA membrane) were
cut into pieces of approximately 8 mm x 8 mm and pasted onto glass
slides. Four samples were tested for each type. In addition, wettability
tests were conducted for the 3D membrane architecture composed of
the porous PLLA with or without PDA coating.

2.3.4. Permeability measurements

Permeability test of PDA-coated 3D membrane architecture was
conducted at ambient condition. (A schematic of the test setup will be
given later in this paper.) Top of the architecture was connected to a
plastic tube using a UV cured Thiol-ene as glue. An end of the plastic
tube was then hung on an edge of a small beaker before test. Aqueous
BSA solution of 0.18 ml with a concentration of 2 mg/ml was injected
into the internal sub-volume of the 3D membrane architecture, while
aqueous PBS solution of 2 ml sub-volume was injected into the beaker.
Thereafter, a sample of 0.1 ml was taken from the beaker every 0.5 h for
4 h. Variation in concentration of the BSA was measure with elapsed
time using a UV-VIS spectrophotometer with a wavelength of 278 nm
(Cary 300, Varian Inc., USA). Before the tests, calibration was conducted
using five standard BSA solution samples.
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o o 5

EHT= 1004V
W= 52mm

Signal A= ntens

3. Results and discussion
3.1. Properties of porous membranes

Microstructure of the standalone porous PLLA membranes prepared
using the three types of the solutions (Table 1) was investigated by SEM.
Typical SEM images are shown in Fig. 4A to I. Top views in the first col-
umn revealed porous surfaces, while cross-sectional views in the sec-
ond column revealed sponge-like micro structures that were formed
by leaching out the PEG phase. The third column shows the higher mag-
nification images of the cross-sections. To get clearer images of the
cross-sections, revealing the porosity and inter-connectivity, we broke
the membrane specimens by pulling apart quickly after dipping into lig-
uid nitrogen and obtained sharp cuts in the cross-sections. Fig. 4A to C
are the images of the PLLA membrane that was prepared using the
Type-I solution (with the single solvent). The least number of pores
were observed on the surface, and cavities were less interconnected in
the cross section than those prepared using the other types. In contrast,
the rest images for Type-II and Type-III solutions (with the mixed sol-
vent), i.e., Fig. 4D to F and Fig. 4G to |, respectively, revealed the more
pores on the surfaces with the more interconnections among the cavi-
ties in the cross-sections. The rough surface morphology and higher po-
rosity of membranes (Fig. 4D to I) prepared by the mixed solvent
solutions were attributed to not only the leached-out PEG but also the
small amount of crystallized PLLA from the blend solution [31]. Particu-
larly, the microstructure of the membrane, that was prepared using the
Type-III solution, was considerably fine and homogeneous. In addition,
high concentration of PEG resulted in the highest porosity of 30 to 38%
among these three membranes. Therefore, tensile test specimens and
3D membrane architecture specimens were prepared using only Type-

EHT= 1.00kV.
WD = 46mm

Signal A= InLens Date :11Jan 2018
o Cone Frome

SeuSpees? Wew0

EHT= 1.00kV.
WD= 45mm
o o

Signal A= ntens Dato 15 .Jan 2016

EHT= 1.00kV.

Tum
fomen ! o s2am

Fig. 4. SEM images of porous membranes, prepared using three different coating solutions: Type-I (A to C), Type-II (D to F), and Type-III (G to I).
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III solution. The higher magnification images of the cross-sections,
shown in the third column of the new SEM images, reveal that the aver-
age pore size of Type-I membrane is higher than those of Type-II and III
membranes.

Fig. 5A shows a SEM image of a specimen of 3D membrane architec-
ture. Note that the specimen was hollow and composed of a thin porous
membrane. Also, to obtain its 3D geometry, a micro-CT image was ob-
tained using an X-ray micro-tomography (Quantum GX, Perkin Elmer,
Inc.,, USA). Fig. 5B shows the micro-CT image (red) of a specimen,
overlapped with CAD image (grey) of P-surface, according to Eq. (4)
with k; = 0.3, k, = 1.4, and volume fraction of f = 0.44. Despite some
local errors, this figure revealed that the specimen had an overall config-
uration similar to the mathematical model of P-surface.

Fig. 5C and D show close-up SEM images for the 3D membrane archi-
tecture. These SEM images revealed smooth morphology with fine tex-
ture of the porous PLLA membrane achieved by leaching out the PEG
porogen phase. When used as a tissue engineering scaffold, these

1 20.0kV 5.9mm x60 SE(M) 500um

pores had sizes of a few micrometers and were well interconnected to
each other, which would allow the nutrients and metabolic wastes to
pass through the shell membrane, while large-sized masses such as
cells and extra-cellular matrix would remain. The membrane thickness
of the specimens of 3D membrane architecture ranged from several mi-
crometers to tens of micrometers depending on the number of repeated
processes of coating and heat-treatment, as mentioned in the section of
membrane material coating.

3.2. Mechanical properties

Fig. 6A compares tensile strengths of the nonporous PLLA mem-
branes with those of the porous PLLA ones. The tensile strength of the
nonporous membrane was 47.56 4+ 1.74 MPa, while that of the porous
membrane was 14.71 4 0.92 MPa, which means that the strength was
decreased to approximately one third due to the cavities in the mem-
brane. Fig. 6B shows that the elongation of the nonporous membrane

SRS
4 300 um "=EE

Fig. 5. (A) SEM image of a specimen of 3D membrane architecture, (B) Micro-CT image of the specimen, overlapped with the CAD image of the P-surface, according to Eq. (4), (C) and

(D) close-up SEM images for the 3D membrane architecture.
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respectively.

was 18.83 &+ 3.14%, while that of the porous membrane was 15.13 +
3.77%. Unlike the strength, the elongation was only slightly decreased
for the porous membrane.

Similar to the results of the tensile strength, the Young's modulus
calculated from the slope of unloading segment in the stress strain
curve was decreased from 2.59 + 0.44 GPa for the nonporous mem-
brane to 0.65 4 0.06 GPa for the porous membrane due to the porosity
to the membrane (Fig. 6C). The measured porosity of the porous mem-
brane ranged from 30 to 38%. Considering the membrane porosity, the
decrease in the tensile strength and Young's modulus was reasonable.
An independent test with a specimen without the PDA coating revealed

that the nano-scale thickness of PDA coating had virtually no influence
on the strength of membrane.

Fig. 6D, E, and F show the stress-strain curves measured from the
compression tests for the three types of 3D membrane architectures,
i.e., the nonporous membrane architecture, porous membrane architec-
ture in dry condition, and porous membrane architecture in wet condi-
tion, respectively. Densities of these three specimens that were
measured from the overall volumes and the weights were 0.0282,
0.0388, and 0.0442 g/cm?>, respectively, at dry state. Their peak
strengths were 51.02, 47.66, and 40.88 kPa, respectively. These results
revealed that the strength became lower in wet condition. The
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nonporous membrane architecture had the highest the strength despite
its lowest density. However, compared with the tensile strengths,
shown in Fig. 6A, the compressive strength of the nonporous membrane
architecture was not much higher than that of the porous one. Also, the
overall slope of the stress strain curve at the loading phase for the non-
porous membrane architecture, shown in Fig. 6D, was very low com-
pared to those for the porous membrane architecture. The low
compressive strength and low stiffness of the nonporous membrane ar-
chitecture were attributed to the thin wall (about 5 pm), composing the
architecture. Namely, the thin-walled architecture easily buckled and
collapsed under compressive loading. In contrast, the relatively thicker
wall of the porous membrane architecture (about 15 pm) provided
much higher stiffness even at a similar density. This result justifies the
use of the porous membrane as constituent material for the 3D mem-
brane architecture even in terms of the mechanical properties.

The stress-strain curve, shown in Fig. 6F, was measured from the 3D
membrane architecture in wet condition and revealed an unusual pat-
tern comprising lots of unloading line segments. The mechanism and
the consequent effect on the tissue engineering function will be ex-
plored in near future.
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Fig. 7. (A) Variation of the compressive strength of the three membrane architectures
according to the overall density (the weight per the overall volume) in a range from
0.02 to 0.05 g/cm’, (B) strengths and Young's moduli of our 3D membrane architectures
depending on the porosities, in comparison with the previous typical scaffolds.

Fig. 7A summarizes variation in the compressive strength of the
three membrane architectures according to the overall density (weight
per overall volume) ranging from 0.02 to 0.05 g/cm>. Despite large scat-
ter, it was clear that the strength of non-porous membrane architecture
was always higher than those of the porous membrane architectures for
a given density. The difference was increased as the density was in-
creased (i.e., the membrane thickness was increased). The strengths of
the porous membrane architectures in wet condition were not much
lower than those in dry condition.

Fig. 7B summarizes the compress strengths and Young's moduli
of the 3D membrane architecture depending on the porosities in
comparison with previous typical scaffolds, chosen in this study. All
these scaffolds were developed for regeneration of bones or carti-
lages using five different constituent materials: HA (Hydroxyapa-
tite), PDLLA (poly (b,L-lactic acid)) [32], PU (Polyurethane) [33],
cellulose/chitosan [34], and PLG (poly (L-lactide-co-glycolide))
[35]. The most notable detail observed in this figure was the high
overall porosities of our 3D membrane architecture (denoted by
the red and dark blue colored symbols), ranging from 96.9% to
98.1%. Such high porosities, compared to the previous scaffolds,
were attributed to the porous and thin membranes composing
these 3D membrane architectures. Despite of their high porosity,
the strengths and Young's moduli of our 3D membrane architectures
were comparable to those of the PLG scaffolds with porosities of ap-
proximately 83% [35]. They were higher than those of cellulose/chi-
tosan scaffolds with porosities of approximately 91% [34]. These
results demonstrate their superior mechanical properties of our 3D
membrane architectures even with high porosities.

3.3. Surface wettability

Wettability of a biomaterial surface plays a critical role in cell adhe-
sion, migration, and proliferation. As a synthetic biopolymer, PLLA is in-
trinsically hydrophobic. To investigate the influence of surface
modification, water contact angles (WCA) were measured for the pris-
tine surfaces or the surface modified by PDA. Fig. 8A shows the WCA
data measured from the flat surfaces of the non-porous, porous, and
PDA-coated standalone membranes. The WCA of the nonporous PLLA
membrane was observed 71.52° + 4.19°, while that of the porous
PLLA membrane was 110.88° & 10.70°, that is, more hydrophobic.
However, after coating with PDA, the WCA of the porous PLLA mem-
brane was decreased to 58.51° 4- 3.50°, indicating much improved hy-
drophilicity of the surface. See the shapes of the water drops on the
membranes in Fig. 8A. Interestingly, without coating with PDA, the 3D
membrane architecture of porous PLLA was so hydrophobic that the
water droplet formed on its top (Fig. 8B). However, after coating with
PDA, the water droplet was instantaneously absorbed into the mem-
brane architecture (Fig. 8C), demonstrating a dramatic effect of the
PDA-coating on surface.

3.4. Protein permeability

Fig. 8D is a schematic of the permeability test setup. Fig. 8E shows
variation of concentration of the BSA in the beaker measured with
the elapsed time. Because the porous membrane of the 3D architec-
ture was designed to allow nutrient and oxygen to pass through it,
the variation in concentration of the BSA in the beaker represented
the permeability of the porous PLLA membrane. This figure shows
that it took about 3 h for the concentration of BSA in the beaker to
converge to the same level as that in the internal sub-volume. The
rate may be changeable depending on the blending method, blend
ratio of PLLA and PEG, and even ambient temperature. Therefore,
the condition of the blending needs to be determined for a specific
permeability.
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Fig. 8. (A) water contact angles (WCA) measured from the flat surfaces of the non-porous, porous, and PDA-coated standalone membranes, (B) and (C) photos of the water droplet formed
on the top of the pristine specimen of 3D membrane architectures and no water droplet on the top of the PDA-coated specimen, respectively, (D) a schematic of the permeability test setup
and (E) variation of concentration of the BSA in the beaker measured with the elapsed time.

4. Concluding remarks microstructure, wettability, and permeability were evaluated. Conclu-
sions are as follows:
This study introduced a novel design of tissue engineering scaffold

without clogging issues from growing cells. The novel design of 3D i). Proper blend of coating solution was determined to obtain the
membrane architecture was composed of a single semi-permeable biopolymer PLLA porous membrane with porosity of 30 to 38%
polymer membrane in a TPMS configuration with two non- for the 3D membrane architecture.

intersecting void sub-volumes. One sub-volume was used for cell cul- ii). The fabrication technique provided P-surface-like architec-
ture, while the other served as a perfusion channel. Mass transfer be- ture composed of a porous membrane with smooth
tween cells and perfusion channel is implemented through the and fine texture, yielding very low overall density, ranging
interfacial semipermeable membrane. As a preliminary study of such from 0.02 to 0.05 g/cm? (i.e., high porosity of approximately
Shellular scaffold, this paper described the fabrication process of this 97%).

3D membrane architecture, based on 3D UV photo-lithography and iii). Despite their high porosity, these 3D membrane architec-

porogen leaching technique. In addition, its mechanical properties, tures had strengths and Young's moduli, comparable to
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those of PLG scaffolds and Cellulose/chitosan scaffolds that
were developed for regeneration of bones or cartilages.

iv). Wettability, scaled by hydrophilicity, of the PDA-coated
PLLA porous membrane was sufficiently high, resulting in
instant absorption of water droplet into the scaffold.

v). Permeability of the porous PLLA membrane was sufficiently
high so as to allow BSA to pass through it, and its concentra-
tion was homogenized in about 3 h. The rate may be change-
able depending on blending method, blend ratio of PLLA and
PEG, and ambient temperature. The condition of the blend-
ing needs to be determined for a specific permeability.

The high porosity of such 3D membrane architecture is expected to
be degraded and absorbed without causing any harm. Additional stud-
ies including in-vitro engineering of living tissues are being conducted
using chondrocyte cells in our research group to examine the feasibility
of this intriguing scaffold that is integrated with an independent vascu-
lar system (i.e., mass transfer channel) and continuously provides nutri-
ents and oxygen supply to proliferating cells as well as removal of waste
by the thin semi-permeable membrane. The results will be reported in
the near future.
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