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Abstract
An ideal tissue-engineering scaffold should provide suitable pores and appropriate pore surface to
induce desired cellular activities and to guide 3D tissue regeneration. In the present work, we have
developed macroporous polymer scaffolds with varying pore wall architectures from smooth (solid),
microporous, partially nanofibrous, to entirely nanofibrous ones. All scaffolds are designed to have
well-controlled interconnected macropores, resulting from leaching sugar sphere template. We
examine the effects of material composition, solvent, and phase separation temperature on the pore
surface architecture of 3D scaffolds. In particular, phase separation of PLLA/PDLLA or PLLA/
PLGA blends leads to partially nanofibrous scaffolds, in which PLLA forms nanofibers and PDLLA
or PLGA forms the smooth (solid) surfaces on macropore walls, respectively. Specific surface areas
are measured for scaffolds with similar macroporosity but different macropore wall architectures. It
is found that the pore wall architecture predominates the total surface area of the scaffolds. The
surface area of a partially nanofibrous scaffold increases linearly with the PLLA content in the
polymer blend. The amounts of adsorbed proteins from serum increase with the surface area of the
scaffolds. These macroporous scaffolds with adjustable pore wall surface architectures may provide
a platform for investigating the cellular responses to pore surface architecture, and provide us with
a powerful tool to develop superior scaffolds for various tissue engineering applications.
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Introduction
In tissue engineering, scaffolds are used to promote tissue regeneration by providing
appropriate pores and pore wall surface to foster and direct cellular attachment, migration,
proliferation, desired differentiation, tissue regeneration and organization in three dimensions
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(3D) [1-6]. Recent studies indicate certain parameters to be critical in scaffold design, in which
the 3D pores are essential [2,6,7]. The porous features include 3D macroporosity,
interconnected microporosity and micro-/nano-scaled surface architectures [8]. The
hierarchical porous structures of the scaffolds affect not only the mechanical and degradation
properties, but also the biological function of the cells and the tissue regeneration [9-12].

Extracellular matrix (ECM) molecules have been used as tissue culture substrates for a long
time and provide a good framework for synthetic scaffold design and fabrication. Despite the
complexity of ECM structures due to the involvement of various biomacromolecules and the
different ways by which they are organized, an important common feature of native ECM is
the nanoscaled dimensions of their physical structures [13]. For example, collagen (type I) is
the major organic component of bone ECM and is organized in fibrillar bundles with a diameter
range of 50 to 500 nanometers. Notably, the nanoscaled fibrillar structure of collagen has been
demonstrated to be critical to cellular activities [14,15]. The nanofibrous architecture of a
synthetic polymer scaffold, which mimics the nanofibrous structure of collagen, has been
shown to profoundly affect the biological activity of cells [10,11]. It is now recognized that
nano-sized surface architectures are critical to cell function and tissue regeneration [12,16].
Previously, we developed a combined porogen template leaching and phase separation
technique for 3D scaffold fabrication [3,8]. In such a technique, porogen template was utilized
to control 3D macroporosity and interpore connectivity while phase separation process was
manipulated to generate different pore wall surface architectures. It has also been demonstrated
that synthetic polymer nanofibers possess certain properties that are comparable to natural
collagen nanofibers [9-11]. These nano-fibrous materials adsorb increased levels of attachment
proteins (fibronectin, vitronectin and laminin) compared to smooth materials and increase
expression of integrins that are active in cellular attachment to these proteins [9,17,18]. The
nanofibers also affect cellular morphology of both embryonic stem cells [17,18] and committed
cells [12]. On nanofibers, cells assumed a morphology that more closely resemble in vivo
morphology [12] that promote osteoblastic differentiation and mineralized tissue regeneration
both in vitro and in vivo [19,20].

To further understand how nano architectures affect cell-material interactions in a 3D
environment and to develop optimal scaffolds for the regeneration of various tissues, we have
to develop techniques that are capable of generating scaffolds with varying surface
architectures to systematically study their biological effects. One major challenge is the
difficulty in controlling the surface architecture of pores in the scaffolds. Few studies have
been able to investigate the effect of surface architectures on cellular activity in a 3D porous
scaffold [11,21]. In this work, we aimed to develop techniques to manipulate the surface
architecture to enable such investigations and the development of optimal scaffolds for tissue
engineering.

Materials and Methods
Poly(L-lactic acid) (PLLA) (RESOMER® L207, ηi.v.=1.6 dl/g) and poly(DL-lactic acid)
(PDLLA) (RESOMER® R208, ηi.v.=1.7 dl/g) were purchased from Boehringer Ingelheim
(Ingelheim, Germany) and used as received. Poly(lactic-co-glycolic acid) (PLGA50-47K,
Medisorb®, LA:GA=50:50, Mw=47 kDa) was obtained from Alkermes Inc. (Wilmington,
OH). D-fructose (m.p. 119-122°C), mineral oil, and sorbitanmonooleate (Span 80) were from
Sigma (St. Louis, MO). Cyclohexane and hexane were from Fisher Scientific (Pittsburgh, PA).
Tetrahydrofuran (THF), 1,4-dioxane, dichloromethane (DCM) and all other chemicals were
from Aldrich Chemical Company (Milwaukee, WI).
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2D Film preparation
Polymer blends of PLLA and PDLLA or PLGA with varying ratios were dissolved in THF at
60°C to form a homogenous solution with a concentration of 10% (wt/v%). The polymer
solution was then cast into a lumen between two glass plates (space thickness around 100 μm
created by sticky tapes). The glass plates containing the polymer solution were placed in a -20°
C refrigerator, phase separated for 2 hours, and then immersed into ice-cold distilled water to
exchange THF. Distilled water was changed 4 times over a time period of 24 hours. Polymer
films were easily removed from glass plates after the completion of solvent exchange and were
freeze-dried for 3 days to remove the water and residual solvent.

3D Scaffold fabrication
Macroporous scaffolds were fabricated by a combined phase separation and sugar sphere
template leaching technique [8]. Briefly, 0.6-0.8 ml of 10 wt% polymer solution in THF was
cast into an assembled sugar template (formed from bound sugar spheres 250-425 μm in
diameter and heat treated at 37°C for 20 minutes) under mild vacuum. The polymer solution
in the sugar template was phase separated by lowering the temperature and then the constructs
were immersed in cyclohexane to exchange solvent for 2 days. After freeze-drying, the sugar
sphere template was leached away in distilled water and the highly porous polymer scaffold
was freeze-dried. Scaffolds with different macropore surface architectures were prepared under
different processing conditions: (i) polymer blends of PLLA/PDLLA with varying weight
ratios (100:0, 75:25, 50:50, 25:75, 15:85 and 0:100) and PLLA/PLGA (PLLA:PLGA =75:25)
were phase separated in THF at -20°C; (ii) PLLA was phase separated in dioxane at two
different temperatures, in liquid nitrogen (at -196°C) and at -20°C, respectively; (iii) PLLA in
a solvent mixture (THF/dioxane) with varying volume ratios (100:0, 60:40, 40:60, 20:80 and
0:100) was phase separated in liquid nitrogen (-196°C). Solid-walled PLLA scaffolds were
also fabricated using solvent (dichloromethane) evaporation and sugar sphere template
leaching techniques as the control scaffolds for the partially or totally nanofibrous scaffolds in
this study.

Morphological characterization
The surface morphologies of films and macroporous scaffolds were examined using scanning
electron microscopy (SEM) (Philips XL30 FEG) at 15 KV. Before SEM examination, the
samples were cut with a razor blade or fractured after liquid nitrogen treatment and coated with
gold for 120 s using a sputter coater (Desk-II, Denton Vacuum Inc.).

Surface area measurement
The specific surface area (ABET) of the polymer scaffolds was measured using a BELSORP-
mini apparatus (BEL Japan, Inc.). Adsorption/desorption isotherms of samples were obtained
using nitrogen as the adsorbate and liquid nitrogen as the cooling medium. The surface areas
of the polymer scaffolds were calculated from Brunauer-Emmett-Teller (BET) plot of
adsorption/desorption isotherm using adsorption points in the P/P0 range of 0.1-0.3
(BELSORP-mini analysis software).

Protein adsorption
Protein adsorption was performed by incubating polymer scaffolds in a phosphate buffered
saline (PBS, 0.1M, pH=7.4) containing 20% fetal bovine serum (FBS). Three disk-shaped
specimens with dimensions of 7.2 mm in diameter and 2 mm in thickness were used for each
group. Before incubation of the scaffolds in the medium (containing proteins), samples were
prewetted in 70% ethanol for 30 minutes and then rinsed with PBS three times overnight under
gentle shaking. Samples were then put in a 24-well culture plate (one sample in each well) and
1.5 ml FBS/PBS solution was added into each well. The scaffolds were incubated at 37°C for
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12 hours. The amounts of adsorbed proteins on the scaffolds (μg/mg scaffold) were quantified
using a commercial protein assay kit, microBCA (Pierce, Rockford, IL), using bovine serum
albumin (BSA) as the standard [9].

Results
Partially nanofibrous films

Partially nanofibrous “2D” films were obtained from PLLA/PDLLA polymer blends with
varying weight ratios. Figure 1 shows the surface architectures of PLLA/PDLLA partially
nanofibrous films fabricated using a thermally induced phase separation technique. By
lowering the temperature to -20°C, phase separation was initiated between the solvent (THF)
and the polymer blend, which led to a highly microporous film. Phase separation also happened
between the two polymers, i.e., PLLA and PDLLA, possibly due to their differences in
crystallinity and solubility. The presence of PDLLA seems not to significantly affect the
formation of PLLA nanofibrous network. The nanofibrous domains increase with the amount
of PLLA, while the smooth pore surface domains increase with the amount of PDLLA in the
polymer blend. The results suggest that the PDLLA contributes to smooth (solid) surface
architecture while the PLLA contributes to nanofibrous architecture within the film. At a high
proportion of PDLLA in the blend, however, PLLA nano-fibers become embedded in PDLLA
domains to form a denser film. The microporosity of the film decreases with the increase of
PDLLA/PLLA ratio.

Macroporous Partially Nanofibrous Scaffolds
Partially nanofibrous PLLA/PDLLA scaffolds—PLLA/PDLLA polymer blends were
also fabricated into 3D macroporous scaffolds. Figure 2 shows the surface morphologies of
macropores in the partially nanofibrous PLLA/PDLLA scaffolds, which were phase separated
in THF at -20°C. In agreement with the partially nanofibrous PLLA/PDLLA 2D films, the
PLLA/PDLLA blend scaffolds exhibited partially nanofibrous architecture, which resulted
from the phase separations of two different polymers. The phase separation of crystalline PLLA
in THF resulted in nanofibrous architectures on the macropore walls while the phase separation
of amorphous PDLLA resulted in solid-walled (smooth) pore surface domains under the same
conditions. With low proportions of PDLLA (<50%), PDLLA domains (in diameter of about
10 μm) were distributed uniformly but sparsely throughout the nanofibrous PLLA network.
With the increase of PDLLA portion in the polymer blend, PDLLA domains extended and
connected to each other. At high ratios of PDLLA (>50%), a continuous porous PDLLA film
was formed to cover the PLLA nanofibers on the inner surfaces of the macropores. Pure PLLA
scaffold (100% PLLA) exhibited only continuous nanofibrous network on the macropore walls
(Figure 2 A&B) while the pure PDLLA scaffolds (100% PDLLA) exhibited only non-fibrous
smooth pore surfaces (Figure 2 K&L). With various ratios of PLLA/PDLLA, both nanofibers
and smooth domains were found on the macropores of the highly porous polymer blend
scaffolds (Figure 2 C-J). The smooth PDLLA domains were found more abundant on the pore
surfaces of the macropore walls, under which nanofibrous PLLA network distributed uniformly
and throughout (Figure 2 M).

Partially nanofibrous PLLA/PLGA scaffolds—When PLGA was used to replace
PDLLA in the polymer blend, pore surfaces of nanofibrous and smooth domains were also
obtained in the highly porous PLLA/PLGA scaffolds (Figure 3).

PLLA scaffolds with microporous walls—Figure 4 demonstrates the effect of phase
separation conditions (solvent and temperature) on pore structures of the scaffolds. Since the
macroporosity was generated by sugar sphere template leaching technique, phase separation
did not affect the macroporosity and interpore connectivity of the scaffolds. However, the phase
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separation solvent and temperature affected the micro/nano-structures significantly. When
PLLA was phase separated in dioxane instead of THF, scaffolds were microporous instead of
nano-fibrous in terms of pore wall architecture. When PLLA was phase separated in dioxane
at -20°C, no nanofibers were obtained. Instead, well-connected micropores (in order of ten
microns) were present throughout the macropores (250-425 μm) (Figure 4 A&B). By lowering
the phase separation temperature to -196°C (liquid nitrogen), typical ladder-like microporous
structures were observed on macropore walls and the micropores were smaller and more regular
than those phase separated at -20°C.

PLLA scaffolds with microporous and nanofibrous pore walls—Figure 5 shows the
effect of solvent mixture on the architecture of pore walls in a 3D scaffold. Phase separation
of PLLA in THF at -196°C (liquid nitrogen) resulted in continuous nanofibrous network on
macropore walls, which is similar to that phase separated at -20°C (Figure 5 A-C and Figure
2 A&B). The diameter of nanofibers was 50-500 nm and the average unit length (the length of
the fiber between two junctions) was a few microns. The distance between nanofibers was in
the order of 1 micron. With the addition of dioxane into THF, the dimensions of PLLA
nanofibers (diameter, length, and distance between them) decreased significantly. The
individual fibers became smaller in diameter but more bundled together. In addition, ladder-
like porous structures appeared on the nanofibrous macropore walls. The ladder-like pore
structure is typically associated with the solid-liquid phase separation of a PLLA/dioxane
solution [22]. The increase of dioxane in the solvent mixture led to denser PLLA nanofibrous
networks and more ladder-like microporous structures on the macropore walls (Figure 5 D-L).

Surface Area
The surface areas of scaffolds can be significantly different when their pore surface
morphologies are different. The pure nanofibrous PLLA scaffolds have a very high surface
area of around 110 m2/g, which is thousands of times higher than that of pure solid-walled
PDLLA scaffolds (<0.1 m2/g, below which is too low to be measurable using the BELSORP-
mini surface area analyzer). In PLLA/PDLLA blend scaffolds, the surface area increases
linearly with the increase of PLLA content (Figure 6 A). Since all scaffolds have similar
macroporous structures, the substantial difference in surface area is mainly due to the difference
in the amount of PLLA nanofibers resulted from PLLA phase separation. Macroporosity
generated from sugar sphere template contributes little to the total surface area, as the PDLLA
scaffold has a very low surface area (<0.1 m2/g). PLLA scaffolds prepared using different
solvents and/or temperatures have very different surface morphologies of the macropores,
which result in significantly different surface areas (Figure 6 B). Compared to nanofibrous
PLLA scaffolds, the PLLA scaffolds with microporous walls have significantly lower surface
areas, 4.13 and 0.89 m2/g for phase separation in dioxane at -196°C and -20°C, respectively.
However, PLLA scaffolds generated from phase separation in dioxane (with micropores) show
much higher surface areas than solid-walled PLLA or PDLLA scaffolds (prepared through
dichloromethane evaporation). PLLA scaffolds generated from phase separation in THF/
dioxane solvent mixture show higher surface areas than those phase separated in THF or
dioxane alone (Figure 6C). This is likely due to the denser and smaller nanofibers presented
in the PLLA scaffolds that were phase separated in the THF/dioxane mixture. However, the
smaller diameter of the nanofibers seems counterbalanced by the fiber bundling effect,
resulting in a less dramatic increase in the total surface area.

Protein Adsorption
The large surface area of nanofibrous scaffold contributed to the high protein adsorption
capacity. PLLA scaffolds with nanofibrous textures adsorbed about 8 times greater amounts
of serum proteins than those with smooth (solid-walled) pore surfaces (Figure 7 A). Micropore-
walled scaffolds adsorbed more protein than solid-walled scaffolds. The protein adsorption
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capacity is correlated well with the total surface area of the scaffold. The higher surface area
results in more protein adsorption. In the partially nanofibrous PLLA/PDLLA scaffolds, the
amount of protein adsorption on the scaffold increased with the increase of PLLA content in
the polymer blend likely because of the higher surface area from the PLLA nanofibers (Figure
7 B). The protein adsorption on the scaffold may contribute to enhanced cell adhesion and
tissue regeneration [9]. The nanofibrous architecture and the associated protein adsorption
contribute to the cellular differentiation and tissue regeneration potentials [10-12].

Discussion
It is well known that macropores and interconnectivity between them in a scaffold are essential
for cell growth, migration, tissue formation and vascularization in tissue engineering [1].
Different cell/tissue types may require different macropore sizes and different degrees of
interconnectivity [23,24]. The interactions between cells and biomaterials occur at the
interface, i.e. on the pore walls of the 3D scaffold. Surface morphology or topography is
therefore important [7,13]. Manipulation of surface topography on the macropore walls can
significantly affect cell-scaffold interactions and therefore tissue formation and function [9,
10]. Techniques such as surface etching and micro-/nano-fabrication have been utilized to
achieve spatial, topographical, and chemical patterns to control cells. However, previous work
has been focused on 2D substrates [25,26]. Design of surface architectures in a 3D porous
scaffold and investigation of their effects on cell function remain limited [12].

In this work, we have developed a technique to prepare 3D porous scaffolds with adjustable
macropore wall architectures varying from solid-walled (smooth), microporous (with random
or ladder-like micropores on the macropores), partially nanofibrous (a mixture of nanofibrous
and smooth domains), and totally nanofibrous ones (Figures 2 and 3). Importantly, this
technique is able to maintain similar well-interconnected macropores (e.g., 250-425 μm in
diameter and 96% porosity) for all scaffolds with different macropore wall architectures. The
macroporosity and pore size have been demonstrated to be suitable for osteoblast
differentiation and bone regeneration [3,11,27]. In nanofibrous PLLA scaffolds, the fiber
characteristics (such as fiber diameter, unit fiber length and fiber density) can be manipulated
by controlling the phase separation solvent composition (Figure 5). The new scaffolding
technique provides us with the ability to control the porous structures of the scaffold from
macro, micro to nano scales, allowing for designing or mimicking various physical
characteristics of extracellular matrix to enhance scaffold function [2,11,13,28].

Different cell types show different degrees of adhesion and different rates of proliferation on
implants with different surface topographies [29-31]. For example, rough titanium surfaces
strongly support osteoblast and fibroblast attachment, but discourage epithelial cell attachment
and spreading [29]. On a surface with gradient roughness, osteoblasts show a significantly
increased proliferation rate with the increase of surface roughness while fibroblasts show the
opposite trend in proliferation rate in relation to surface roughness, i.e., a slower proliferation
rate with an increased roughness [31]. These observations were made on 2D surfaces. The
investigation on cell responses to 3D surface architectures in porous scaffolds is important for
the field of tissue engineering and regenerative medicine [9-11].

The scaffolds developed in the present study provide a platform to enable systematic studies
of the cellular response and tissue regeneration in relation to different surface architectures in
a 3D environment. The manipulation of the scaffold pore wall architecture will also allow us
to develop optimal 3D scaffolds for various regenerative therapies. These porous scaffolds
with partially nanofibrous and partially smooth domains may also serve as promising 3D
matrices for co-culturing different cells that prefer different surface architectures.
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The partially nanofibrous PLLA/PDLLA and PLLA/PLGA scaffolds are particularly
interesting because the partially nanofibrous scaffolds were essentially made from two
polymers with the same chemical composition (PLLA/PDLLA: with different steoregularities
and therefore different crystallinities) or similar chemical compositions (PLLA/PLGA) but
showed distinctly different domains of nanofibrous and smooth domain morphologies on the
macropore walls. It is interesting to notice that the smooth domains are more abundantly located
on the surface of the macropore walls while the PLLA nanofibers are more uniformly
distributed throughout the pore walls. During phase separation of PLLA/PDLLA polymer
blend in THF within the sugar sphere template, it is possible that PDLLA first phase separates
from solvent and form smooth domains that preferentially surround the sugar spheres. Upon
further decrease of the temperate, PLLA phase separates and form nanofibers throughout the
pore walls. The combination of nanofibrous and smooth domains can be utilized to control
surface area, protein adsorption profiles, and cellular interactions. The combination of other
nanofiber-forming and non-nanofiber-forming polymers may also be able to generate partially
nanofibrous and partially smooth domains of films or 3D materials.

Conclusions
Thin porous films and three-dimensional macroporous polymer scaffolds with varying pore
wall architectures have been prepared from polymer blends using sugar sphere template
leaching and phase separation techniques. The macropore wall architectures of the scaffolds
are controlled by the composition of polymer materials, the solvent, and the phase separation
temperature. Partially nanofibrous and partially smooth domained thin films and 3D scaffolds
were obtained through the phase separation of PLLA/PDLLA and PLLA/PLGA blends. The
ratio of polymers in the blend is critical to controlling the ratio of the nanofibrous and the
smooth domains in the thin matrix and the 3D scaffold, the total surface area of the scaffold,
and the protein adsorption capability. The scaffolds with controlled macropores and
manipulable pore wall architectures may serve as a new scaffolding platform technology to
direct cell-scaffold interactions and guide 3D tissue regeneration.
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Figure 1.
SEM micrographs of partially nanofibrous PLLA/PDLLA films. (A) PDLLA:PLLA=50:50;
(B) PDLLA:PLLA=60:40; (C) PDLLA:PLLA=75:25; (D) PDLLA:PLLA=85:15. The total
polymer concentration: 10w/v%. Original magnification: 5,000x.
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Figure 2.
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SEM micrographs of 3D macroporous and partially nanofibrous PLLA/PDLLA scaffolds,
phase separated in THF at -20°C. (A,B) 100% PLLA; (C,D) PLLA:PDLLA = 75:25; (E,F)
PLLA:PDLLA = 50:50; (G,H) PLLA:PDLLA = 25:75; (I,J,M) PLLA:PDLLA = 15:85; (K,L)
100% PDLLA; (M) Cross section of pore wall to show the distribution of nanofibrous and
solid domains (PLLA:PDLLA = 15/85). The total polymer concentration: 10w/v%. Original
magnification: 100x for A, C, E, G, I, K; 1,000x for B, D, F, H, J, M; and 5,000x for L.
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Figure 3.
SEM micrographs of macroporous and partially nanofibrous PLLA/PLGA scaffolds, phase
separated in THF at -20°C (PLGA:PLLA=25:75). The total polymer concentration was 10w/
v%. Original magnification: 100x for A; 5,000x for B.
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Figure 4.
SEM micrographs of macroporous and microporous PLLA scaffolds, phase separated in
dioxane at different temperatures. (A,B) -20°C; (C,D) Liquid nitrogen (-196°C). Original
magnification: A & C, 100x; B, 500x; and D, 1,000x.
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Figure 5.
SEM micrographs of macroporous and nanofibrous PLLA scaffolds, phase separated in
dioxane/THF in liquid nitrogen (-196°C). (A-C) THF:dioxane=100:0; (D-F)
THF:dioxane=60:40; (G-I) THF:dioxane=40:60; (J-L) THF:dioxane=20:80. Original
magnification: 100x for A, D, G, J; 500x for B, E, H, K; and 20,000x for C, F, I, L.
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Figure 6.
Specific surface areas of: (A) partially nanofibrous PLLA/PDLLA scaffolds (phase-separated
in THF at -20 R°C) as a function of PLLA wt% in the polymer blends; (B) PLLA scaffolds
with different pore wall surface morphologies: Nano - nanofibrous, phase separation in THF
at -20 C°C; Micro-(-196°C) - microporous, phase separation in dioxane in liquid nitrogen;
Micro-(-20°C) - microporous, phase separated in dioxane at -20°C; Solid - solid-walled,
generated by solvent evaporation from the polymer solution in dichloromethane; (C) PLLA
scaffolds phase separated in the solvent mixture of dioxane/THF with varying ratios, in liquid
nitrogen (at -196°C).
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Figure 7.
Serum protein adsorption on macroporous scaffolds with different pore wall surface
architectures. (A) PLLA scaffolds phase separated in different solvents: Nano - nanofibrous,
phase separated in THF at -20°C; Micro-(-196 C) - microporous, phase separated in dioxane
in liquid nitrogen; Micro-(-20°C) - microporous, phase separated in dioxane at -20°C; Solid -
solid-walled, generated by solvent evaporation from the polymer solution in dichloromethane;
(B) PLLA/PDLLA partially nanofibrous scaffolds with different PLLA wt% in polymer
blends, phase-separated in THF at -20°C.
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