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Abstract Mimicking the complex structure of natural bone remains a challenge for bone tissue scaffolds. In this study, a novel processing
strategy was developed to prepare the bone-like scaffolds that are featured by highly oriented and fully interconnected pores. This type of
biomimetic scaffolds was evolved from solid phase stretching of immiscible polycaprolactone (PCL)/poly(ethylene oxide) (PEO) blends with co-
continuous structure and the pore morphology was inherited from selective extraction of water soluble PEO phase. The pore anisotropy was
readily tuned by varying the stretching strain without loss of interconnectivity. Significant promotion in preosteoblast proliferation, alkaline
phosphatase activity and osteogenic gene expression was observed in the oriented porous scaffolds compared to the isotropic porous
counterpart. The oriented architecture provided a topographical cue for aligned growth of preosteoblasts, which activated the Wnt/B-catenin
signaling pathway. The proposed strategy enriches the toolbox for the scaffold design and fabrication for bone tissue engineering.
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INTRODUCTION

Bone damage resulting from arthritis, trauma or disease has
been long prevailing in clinical orthopedics.! In the past few
decades, biodegradable polymer scaffolds are becoming
preferred alternatives for critical-sized defects to surmount the
protruding complications of autografts and allografts.>*
Porous scaffolds not only provide a three-dimensional structural
support, but also serve as temporary extracellular matrices
(ECMs) to guide cell proliferation and differentiation.>~”) Human
bone tissues have a structural anisotropy with high porosity,
which is essential for cell migration, bone growth and nutrients
transport.®® Thus, constructing biomimetic architecture is of
great significance to endow the scaffolds with complex
biofunctions for bone regeneration.

Extensive efforts have been undertaken to engineer three-
dimensional (3D) scaffolds with oriented pores for the pur-
pose of reproducing structure features of natural bone.['dl An
ice-templating technique has been used for 3D scaffolds with
uniaxial microchannels.""! The unidirectional temperature
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gradient drives the solvent crystallized from the bottom to
form a cylindrical template, which renders the polymer com-
ponent with honeycomb-like anisotropy. The morphology of
the scaffold channels can be controlled by polymer concen-
tration, temperature gradient, etc.>'2 The proliferation and
growth of osteoblasts were enhanced by the oriented mi-
crochannels. The ammonia-induced method was also pro-
posed to fabricate bone-repair scaffolds with anisotropic tu-
bular pores.['3] Due to the strong interaction between ammo-
nia and water molecules, the tube-like pores are obtained by
the permeation of ammonia from the top surface. The pore
diameters can be regulated by crosslinking degree and com-
position of the matrix, ammonia concentration, etc.'* How-
ever, it still faces a technological challenge to simultaneously
construct oriented pores and high interconnectivity in 3D
scaffolds.['5-17] Pore interconnectivity plays a primary role in
the transportation of nutrients and metabolites, cell seeding
and migration, as well as new bone ingrowth.[18-201

A co-continuous structure available by blending two im-
miscible polymers exhibits spatially intertwined and continu-
ous networks throughout the bulk.2'-23 The individual phase
region ranges from a few microns to even hundreds of mi-
crons.[24-261 By selectively extracting one phase, the remain-
ing part provides a desired structural basis for the scaffold,
since the pores not only has an appropriate size for cell
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growth but also are fully interconnected.l?7-291 Previous stud-
ies have demonstrated that the microstructural features of
the scaffolds derived from polymer blends were slickly con-
trolled by phase components and phase coarsening.30-32
The combination of binary polymer blends includes poly-
(lactic acid) (PLA)/PCL, polypropylene (PP)/poly(ethylene ox-
ide) (PEO), PLA/PP and polystyrene (PS)/poly(ethylene glycol)
(PEG).133-351 While the phase coarsening is spontaneous dur-
ing annealing. Relevant viscosity, annealing time and temper-
ature are the keys to predicting the phase coarsening. Be-
cause of their strong designability, the employment of immis-
cible binary polymer blends for tissue engineering applica-
tions has attracted particular attention.

Using the above motif, we proposed a feasible and scal-
able approach to fabricating biomimetic scaffolds with ori-
ented and interconnected pores through the uniaxial draw-
ing followed by selective extraction. To this end, a co-continu-
ous structure was built based on the immiscible PCL/PEO
blend. Then, uniaxial solid-phase stretching was performed to
allow phase deformation along the elongation direction. Fi-
nally, by aqueous extraction of the PEO phase, the 3D scaf-
folds with highly oriented and fully interconnected pores
were obtained, showing a close architectural resemblance
with natural bone. We demonstrated that the pore aniso-
tropy could be readily manipulated by control over the
stretching strain without the loss of connectivity. The pre-
pared biomimetic scaffolds promoted the proliferation and
differentiation of preosteoblasts significantly. The expression
of osteogenic proteins and the signal pathway were ex-
amined to illuminate the inherent mechanism.

EXPERIMENTAL

Materials

Biodegradable PCL pellet (Market No: Esun 600C, M,=6x10°
gmol™!, T,,=60.0 °C) was obtaiend from Shenzhen Guanghua
Weiye Industrial Co., Ltd. Water-soluble PEO powder (Barki, USA,
M,=5x10° g-mol™’, T,;=67.8 °C) was obtained from Guangzhou
Liguo Trading Co., Ltd. Deionized water (DIW) and 75% (V/V)
alcohol were purchased from Chengdu Kelong Chemical
Reagent Factory, China. All chemical reagents were used
directly.

Preparation of Oriented Co-continuous Porous
Scaffolds

Oriented porous scaffolds were prepared by the combination of
uniaxial solid-phase stretching and phase extraction of co-
continuous PCL/PEO blends. First, binary PCL/PEO blends were
melting mixed with an equal mass ratio in a torque rheometer
at 100 °C for 8 min at a rotation speed of 60 r/min to obtain a co-
continuous structure. Prior to blending, PCL pellets and PEO
powders were vacuum dried for 24 h at 50 °C. The co-
continuous blends were compression molded into the base
sheet at 100 °C and 10 MPa. The crosshead speed was set as
100% strain/min. Then, the oriented co-continuous blends were
prepared by uniaxially solid-phase stretching of the as-prepared
scaffolds to different normal strains (75%, 150% and 300%) at
50 °C. Finally, the orient porous scaffolds were obtained by
extracting PEO with DIW at 37 °C. For comparation, the
unstretched porous PCL scaffold was also prepared. The

scaffolds were denoted as SO, S75, S150, and S300, respectively,
according to the ultimate normal strain.

Characterization

Scanning electronic microscopy (SEM) observation

Porous morphology was characterized using a scanning
electron microscopy (SEM, Nova NanoSEM450, FEI, USA) at an
accelerating voltage of 5 kV. Prior to observation, the scaffolds
were cryogenically fractured parallel and perpendicular to the
stretching direction in liquid nitrogen, and sputter-coated with
gold. The average pore size was quantified by measuring at
least 200 pores via ImageJ software.

Physical parameter measurements

Continuity of the scaffolds was calculated by the equation:
Continuity = (1 — m¢/m;) x 100%, where m; and my are the
weight of PEO phase in the mixture before and after DIW
extraction, respectively. The porosity of scaffolds was
determined by a gravimetric method using the equation:
Porosity = (1 - V/Vp)) X 100% = (1 = W,p/Vy)) X 100%, where
Vi and V, are the apparent and actual volume of PCL scaffolds,
respectively, W, is the weight of PCL scaffolds, and p is the
density of PCL (1.14 g/cm3). The water absorption of scaffolds
was tested by immersing samples into DIW at room
temperature for 24 h. The water absorption was calculated
using the equation: Water = (W; — Wy)/W, x 100%, where W,
and W, represent the dry weight of scaffolds before and after
immersing in DIW, respectively.

Water contact angle analysis

Hydrophilicity of the scaffolds was qualitatively determined via
measuring the contact angle with a goniometer (DA 30, Kriss,
Germany). 4 pL of DIW was dropped on the scaffold and the
static contact angle was recorded using a camera equipped.
Average value was obtained on five random regions in each
sample.

Osteoblasts culture

Osteoblasts (MC3T3-E1 cells) were blown evenly into a cell
suspension with a density of 2.0x10°. 50 pL of cell suspension
was inoculated on the scaffold. After 30 min, the same amount
of cell suspension was inoculated. After 1 h, 10 mL of a-men
medium containing 3% fetal bovine serum was added and
placed at 37 °C. The cells were cultured in 5% CO, incubator.

Osteoblasts proliferation

After 7 and 14 days of culture in the incubator, the original
culture medium was discarded, washed by PBS for 3 times and
then digested with 0.25% trypsin. The cells were collected and
counted. The total amount of cells per well was 100 pL and
cultured for 6 h. 10 pL of CCK-8 solution was added into each
well. The liquid should be slowly injected into the well and
incubated for 1 h in a 5% CO, incubator at 37 °C. The
absorbance was measured at 450 nm wavelength by an enzyme
labeled instrument.

Osteogenic differentiation

After 7 and 14 days of culture in the incubator, the original
culture medium was discarded and washed by PBS for 3 times.
Then, 0.25% trypsin was added for digestion and cells were
collected. The culture medium was washed by PBS for 3 times
and cell lysate was added and centrifuged to collect the
supernatant. According to the instructions, samples, standards
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and enzyme labeled reagents were added. Reaction time was 60
min at 37 °C; chromogenic solutions A and B were added; and
color reaction was stopped at 37 °C for 15 min. The absorbance
of each hole was measured in sequence at 450 nm within 15
min after adding the termination solution. The linear regression
equation of the standard curve is calculated by using the
concentration and absorbance value of the standard substance.
The sample concentration is calculated and multiplied by the
dilution ratio, which is the experimental concentration of the
measured index of the sample. The experiment is repeated for 3
times.

Expression of Wnt-3a and (-actin by immunofluorescence
After 14 days, anti-Wnt-3a, anti-B-actin, anti-Wnt-3a, anti-3-
actin, anti-Wnt-3q, and anti-B-actin were diluted with 5% BSA in
the ratio of 1:200 (V:V), and incubated in dark for 30 min. The
excitation wavelengths were measured at 647 and 488 nm. The
fluorescence images were observed and recorded by laser
confocal microscope.

Statistical analysis

Experiments were performed at least in sextuplicate for each
sample (n>6 per group), and all the values were expressed as
mean + standard deviation. Differences between groups were
determined by one-way analysis of variance (ANOVA). A p value
<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Biomimetic ECM architecture is of great significance to provide
the microenvironment conducive to bone tissue enginee-
ring.?%3” However, current scaffold technologies are limited in
simulating interconnected and anisotropic pore features sim-
ultaneously. In this study, we developed a feasible and effective
approach to fabricating 3D scaffolds with interconnected and
anisotropic pores, as schematically depicted in Fig. 1.
Considering that the co-continuous structure contains mutual
interconnected phases, binary PCL/PEO blends were prepared
as in the base material for biomimetic scaffolds. Rheology
measurements of PCL and PEO were performed to determine
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the optimal composition for the formation of co-continuous
structure. As plotted in Fig. S1(@) (in the electronic
supplementary information, ESI), the comparative viscosity of
PCL and PEO appears at the frequency of ~1 rad/s. According to
the empirical Cox-Merz rule, the phase inversion point of the
blend components is related to the viscosity ratio of PCL to
PEQ.33383% And the PCL/PEO blend with equal weight fraction
is selected. Uniaxial solid-phase stretching was used to
necessitate the phase deformation of the co-continuous blends.
Since the stretching temperature is under the melting point of
PCL, phase coarsening is impeded and the co-continuous
structure is preserved. After extraction of the hydrosoluble PEO
phase, the oriented interconnected porous scaffolds are
obtained.

The formation of oriented interconnected pores is evid-
enced in SEM micrographs (Fig. 2a), where the porous struc-
ture parallel and perpendicular to the stretching direction is
observed. Compared to round pores in SO, ellipse pores ap-
pear along the stretching direction of the oriented scaffolds
(S75, S150 and S300). Due to the deformation induced by the
elongation flow field, the average pore size along the stretch-
ing direction shows a continuous increase with the strain
(Fig. 2b). On the other hand, the pores perpendicular to the
stretching direction remain round without notable changes in
pore size (Fig. 2b). It might be ascribed to the narrowing of
the pore wall during solid phase stretching. The orientation
index of the pore was defined as the ratio of the long axis to
the short axis. Such a morphology feature leads to the sub-
stantial increase in orientation index (Fig. 2¢), indicating that
the pore anisotropy is tunable by simply adjusting the strain.

To probe the internal crystalline structure of porous scaf-
folds, synchrotron 2D WAXD was performed. Fig. 3(a) illus-
trates the 2D WAXD patterns of SO and S300. Two main iso-
tropic diffraction rings corresponding to (110) and (200) re-
flections are observed in SO, representing a random crystal
orientation. In stark contrast, sharp arc-like signals appear in
$300, demonstrating the formation of highly aligned lamel-
lae in oriented porous scaffolds. Fig. 3(b) displays the 1D

Oriented PCL/PEO blends

&

PEO extraction

Fig. 1 Schematic illustration of the preparation of 3D oriented porous PCL scaffolds. Blue and red balls represent PCL and PEO,

respectively.
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Fig. 2 (a) SEM images of the fractured surface of the scaffolds parallel and perpendicular to the stretching direction. (b) Average pore
sizes and (c) orientation index of the scaffolds.
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Fig.3 (a) 2D WAXD patterns, (b) 1D WAXD profiles and (c) azimuth maps of SO and S300.
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WAXD profiles integrated circularly form the 2D patterns.
Both SO and S300 show two main diffraction peaks and a
shoulder peak at almost the same position, suggesting no
change in the crystalline form of the PCL matrix in oriented
porous scaffolds. Following the LaShanda’s method,*® the
Herman's orientation factor (fy) of PCL lamellae in the porous
scaffolds was calculated. The random and complete orienta-
tion of lamellae correspond to the f, values of 0.50 and 1.00,
respectively. S300 shows an orientation degree of 0.68, signi-
ficantly higher than that of the unoriented scaffolds (0.49). It
reflects the notable phase deformation induced by uniaxial
solid-phase stretching.

Fig. 4(a) exhibits that the continuity of oriented porous
scaffolds maintains a high level of ~100%, which are the same
with the unstretched porous scaffolds. It is attributed to the
formation of co-continuous structure that PCL and PEO
phases are both interconnected in the binary blends. Such an
architecture is conductive to the interaction of adjacent cells
and cellular metabolism.#1421 The porosity of the oriented
porous scaffolds was obtained via a gravimetric method. The
overall porosity increases from 48.6% for SO to ~60% for S300
(Fig. 4b). The narrowing of the pore wall with the strain makes
the large volume ratio of pore in the whole 3D scaffolds. The
ascending porosity of oriented porous scaffolds can provide
more space for cell proliferation and growth.
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Surface wettability plays an important role in regulating
cell behavior, so the WCA test was conducted to assess the
hydrophilicity of scaffolds. It can be observed from Fig. 4(c)
that a WCA value of 86.5° appears on SO due to the inherent
hydrophobicity of PCL, while it shows a monotonous de-
crease with the strain. The WCA of S300 drops to 77.3°. The
water absorption related to nutrient permeation was estim-
ated by immersing scaffolds into DIW at room temperature
for 24 h. On account of the escalation of porosity and hydro-
philicity, the water absorption of the scaffolds increases not-
ably with the strain (Fig. 4d). The S300 (161.5%) presents a
nearly 2.1-fold augment compared to SO (76.7%).

Fig. 5(a) illustrates the proliferation of preosteoblast on the
oriented porous scaffold. The absorbance (optical density)
was measured after 7 and 14 days of incubation. The architec-
ture of the scaffolds strongly affects the cell proliferation.
There is an apparent increase in the cell number on the ori-
ented porous scaffolds with the increasing strain (p<0.05). It
demonstrates that the formation of oriented porous struc-
ture is beneficial to cell proliferation. As a crucial early differ-
entiation marker, alkaline phosphatase (ALP) activity was de-
tected after culturing preosteoclasts for 7 and 14 days. As
presented in Fig. 5(b), oriented porous scaffolds present a
stronger positive ALP expression than the isotropic porous
scaffold on day 7. The ALP activity of all the scaffolds samples
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Fig.4 Physical parameters of porous scaffolds: (a) continuity, (b) porosity, (c) contact angle and (d) water absorption.
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Fig. 5 (a) Proliferation and (b) alkaline phosphatase (ALP) levels of
preosteoblasts on the oriented porous scaffolds after cultured for 7
and 14 days.

increased dramatically on day 14. Nevertheless, a higher ALP
expression is observed on the oriented porous scaffolds,
where S300 shows the greatest ALP expression. It is consist-
ent with the results of cell proliferation (Fig. 5a).

To evaluate the osteoblastic differentiation at the protein
level, enzyme-linked immunosorbent assay (ELISA) was used
to assess the differentiation at the genetic level by measuring
the relative RNA content in preosteoclasts cultured on the
scaffolds with different oriented pores. As shown in Fig. 6(a),
the higher expression of collagen | (COL-I) on the oriented
pore scaffolds suggests that osteoblastic differentiation is
motivated by the oriented pores. Osteopontin (OPN) and os-
teocalcin (OCN) are related to the early and late differenti-
ation of osteoblasts and show a significant higher expression
on the oriented porous scaffolds compared to the controls
(Figs. 6b and 6c¢). These results strongly confirm that the an-
isotropic porous structure promotes the osteogenic differen-
tiation of preosteoblasts.

To further clarify the underlying of proliferation and osteo-
genic differentiation of preosteoblasts induced by the ori-
ented pores, the Wnt/B-catenin signaling pathway, a vital
pathway that regulates osteogenesis,3! was marked by im-
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Fig. 6 Protein expression of (a) COL-l, (b) OPN, and (c) OCN of
preosteoclasts cultured on the oriented porous scaffolds after 7 and
14 days.

munofluorescence staining. Fig. 7 shows that the level of
Wnt-3a and B-catenin is much higher on the oriented porous
scaffolds compared to that on the isotropic porous scaffolds,
which clearly suggests the activation of Wnt/S-catenin signal-
ing pathway during the oriented porous structure-induced
osteogenesis. And the activation enhances with the orienta-
tion degree of anisotropic porous structure.*y More interest-
ingly, prosteoblasts on the isotropic porous scaffolds are ran-
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Wnt-3a B-Catenin

S75

S150

S300

Fig. 7 Expression of the Wnt/B-catenin of preosteoblasts on isotropic and oriented porous scaffolds. Cells were cultured on the
scaffolds for 14 days, and then stained for Wnt-3a (red), and (-catenin (green). Nuclei were counterstained with DAPI (blue). Double-
sided arrows indicate the orientation direction of the scaffolds. Scale bar: 20 ym.

domly distributed, whereas preosteoblasts are elongated and
well-aligned along the oriented direction of anisotropic
pores. Previous studies reported that the cells cultured on to-
pographical substrate were sensitive to the physical cues
(mechanical stimuli), which would be likely transduced into
biochemical signals by morphological changes like cell align-
ment, and then the biochemical signals were delivered to the
nucleus via internal cytoskeleton to promote gene expres-
sion such as osteogenesis.*4-46l Hee et al. reported that the
poly(lactic-co-glycolic acid) (PLGA) aligned pattern can en-
hance osteogenic activity by inducing cell orientation via the
mechanical activation.”] On the basis of these results, it can
be referred that the oriented porous scaffolds promote the
osteogenic differentiation of preosteoblasts through the
Whnt/B-catenin signaling pathway, which is activated by the
cells directional growth induced by oriented architecture as
the physical cue.*8!

CONCLUSIONS

Biomimetic porous PCL scaffolds were prepared via solid phase
stretching of cocontinuous PCL/PEO blends followed by
selective extraction of the water-soluble PEO phase. Stretching
enabled the elongation phase deformation and the pore
morphology was a replica of the original PEO phase. It endo-
wed the scaffold with fully interconnected and highly oriented
pores, structurally mimicking the feature of nature bone. The
oriented scaffold offered an effective guiding architecture for

preosteoblast proliferation and differentiation. It was attributed
to the activation of the Wnt/B-catenin signaling pathway. The
above findings open a workable avenue to fabricate bone tissue
scaffolds with promising biologic functions.

é Electronic Supplementary Information

Electronic supplementary information (ESI) is available free of
charge in the online version of this article at https://doi.org/
10.1007/s10118-021-2573-4.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support from
the National Key R&D Program of China (No. 2018YFB0704200)
and the National Natural Science Foundation of China (Nos.
51803139, 52022061, 52033005 and 52003169).

REFERENCES

1 Cui, L; Zhang, J; Zou, J; Yang, X.; Guo, H.; Tian, H.; Zhang, P.;
Wang, Y. Zhang, N. Zhuang, X, Li, Z; Ding, J; Chen, X.
Electroactive composite scaffold with locally expressed
osteoinductive factor for synergistic bone repair upon electrical
stimulation. Biomaterials 2020, 230, 119617.

2 Hutmacher, D. W. Scaffolds in tissue engineering bone and
cartilage. Biomaterials 2000, 21, 2529-2543.

https://doi.org/10.1007/s10118-021-2573-4


https://doi.org/10.1007/s10118-021-2573-4
https://doi.org/10.1007/s10118-021-2573-4
http://dx.doi.org/10.1016/j.biomaterials.2019.119617
http://dx.doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1007/s10118-021-2573-4
https://doi.org/10.1007/s10118-021-2573-4
http://dx.doi.org/10.1016/j.biomaterials.2019.119617
http://dx.doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1007/s10118-021-2573-4

1198

10

11

12

13

14

15

16

17

18

Slotkin, J. R, Pritchard, C. D.; Luque, B.; Ye, J; Layer, R. T,
Lawrence, M. S,; O'Shea, T. M,; Roy, R. R.; Zhong, H.; Vollenweider,
I; Edgerton, V. R, Courtine, G; Woodard, E. J; Langer, R.
Biodegradable scaffolds promote tissue remodeling and
functional improvement in non-human primates with acute
spinal cord injury. Biomaterials 2017, 123, 63—76.

Zhu, T; Cui, Y,; Zhang, M.; Zhao, D.; Liu, G.; Ding, J. Engineered
three-dimensional scaffolds for enhanced bone regeneration in
osteonecrosis. Bioact. Mater. 2020, 5, 584—601.

Ghobeira, R; Philips, C,; Liefooghe, L.; Verdonck, M.; Asadian, M.;
Cools, P.; Declercq, H.; de Vos, W. H.; de Geyter, N.; Morent, R.
Synergetic effect of electrospun PCL fiber size, orientation and
plasma-modified surface chemistry on stem cell behavior. Appl.
Surf. Sci. 2019, 485, 204—-221.

Li, X; Yin, H. M,; Luo, E.; Zhu, S. S.; Wang, P.; Zhang, Z,; Liao, G. Q;
Xu, J. Z,; Li, Z. M;; Li, J. H. Accelerating bone healing by decorating
BMP-2 on porous composite scaffolds. ACS Appl. Bio Mater. 2019,
2,5717-5726.

Zeng, W.; Hu, W. K Li, H,; Jing, Y. H,; Kang, H,; Jiang, Q.; Zhang, C.
Preparation and characterization of poly(y-glutamic acid)
hydrogels as potential tissue engineering scaffolds. Chinese J.
Polym. Sci. 2014, 32, 1507—-1514.

Jia, S.;; Wang, J.; Zhang, T.; Pan, W,; Li, Z,; He, X;; Yang, C; Wu, Q.;
Sun, W.; Xiong, Z,; Hao, D. Multilayered scaffold with a compact
interfacial layer enhances osteochondral defect repair. ACS Appl.
Mater. Interfaces 2018, 10, 20296—20305.

Scotti, K. L; Dunand, D. C. Freeze casting-a review of processing,
microstructure and properties via the open data repository,
FreezeCasting.net. Prog. Mater Sci. 2018, 94, 243-305.

Wang, P.; Yin, H.M,; Li, X,; Liu, W,; Chu, Y.X; Wang, Y.; Wang, Y.; Xu,
JZ; L, ZM, L, JH. Simultaneously constructing
nanotopographical and chemical cues in 3D-printed polylactic
acid scaffolds to promote bone regeneration. Mat. Sci. Eng. C-
Mater. 2021, 7118, 111457.

Deville, S.; Saiz, E., Tomsia, A. P. Freeze casting of hydroxyapatite
scaffolds for bone tissue engineering. Biomaterials 2006, 27,
5480-5489.

Huang, L; Huang, J,; Shao, H.; Hu, X, Cao, C; Fan, S.; Song, L;
Zhang, Y. Silk scaffolds with gradient pore structure and
improved cell infiltration performance. Mater. Sci. Eng. C Mater.
Biol. Appl. 2019, 94, 179-189.

Cai, X.; Chen, L;; Jiang, T.; Shen, X,; Hu, J,; Tong, H. Facile synthesis
of anisotropic porous chitosan/hydroxyapatite scaffolds for bone
tissue engineering. J. Mater. Chem. 2011, 21, 12015.

Ran, J; Xie, L; Sun, G.; Hu, J,; Chen, S,; Jiang, P.; Shen, X; Tong, H.
A facile method for the preparation of chitosan-based scaffolds
with anisotropic pores for tissue engineering applications.
Carbohydr. Polym. 2016, 152, 615-623.

Afshar, M., Anaraki, A. P.; Montazerian, H.; Kadkhodapour, J.
Additive manufacturing and mechanical characterization of
graded porosity scaffolds designed based on triply periodic
minimal surface architectures. J. Mech. Behav. Biomed. Mater.
2016, 62, 481-494.

Sultan, S.; Mathew, A. P. 3D printed scaffolds with gradient
porosity based on a cellulose nanocrystal hydrogel. Nanoscale
2018, 10, 4421-4431.

Zhang, H.; Hussain, l; Brust, M., Butler, M. F.; Rannard, S. P.;
Cooper, A. I. Aligned two- and three-dimensional structures by
directional freezing of polymers and nanoparticles. Nat. Mater.
2005, 4, 787-793.

Fu, J.; Liu, X,; Tan, L,; Cui, Z,; Liang, Y.; Li, Z; Zhu, S.; Zheng, Y.;
Kwok Yeung, K. W, Chu, P. K; Wu, S. Modulation of the

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Liu, Y. H.etal./ Chinese J. Polym. Sci. 2021, 39, 1191-1199

mechanosensing of mesenchymal stem cells by laser-induced
patterning for the acceleration of tissue reconstruction through
the Wnt/B-catenin signaling pathway activation. Acta Biomater.
2020, 101, 152-167.

Nakayama, M.; Lim, W. Q.; Kajiyama, S.; Kumamoto, A,; Ikuhara, Y.;
Kato, T, Zhao, Y. Liquid-crystalline hydroxyapatite/polymer
nanorod hybrids: potential bioplatform for photodynamic
therapy and cellular scaffolds. ACS Appl. Mater. Interfaces 2019,
11,17759-17765.

Xiao, Q. R; Zhang, N,; Wang, X.; Man, X. Y.; Yang, K, LG, L. X,
Huang, N. P. Oriented surface nanotopography promotes the
osteogenesis of mesenchymal stem cells. Adv. Mater. Imterface
2017, 4,1600652.

Zhang, K. K; Wang, Y. Q,; Jiang, J,; Wang, X. F.; Hou, J. H,; Sun, S.
H.; Li, Q. Fabrication of highly interconnected porous poly(-
caprolactone) scaffolds with supercritical CO, foaming and
polymer leaching. J. Mater. Sci. 2019, 54, 5112—5126.

Sun, Z.B.; Wei, Q. Y,; Xie, X. L,; Xu, L,; Ji, X.; Zhou, L.; Zhong G. J,; Li,
Z. M. Spatial dependence of ordering process in bulk materials of
polylactide and its multiple system during hygrothermal aging.
Polym. Degrad. Stabil. 2020, 174, 109107.

Guarino, V. Guaccio, A; Ambrosio, L. Manipulating co-
continuous polymer blends to create PCL scaffolds with fully
interconnected and anisotropic pore architecture. J. Appl.
Biomater. Biomech. 2011, 9, 34-39.

Yuan, Z.; Favis, B. D. Coarsening of immiscible co-continuous
blends during quiescent annealing. AICHE J. 2005, 51, 271-280.
Su, B.; Zhao, Y. S.; Chen, F.; Fu, Q. Effect of microdomain structure
on the mechanical behavior of binary blends. Chinese J. Polym.
Sci. 2015, 33, 964-975.

Zhao, D.; Zhu, T, Li, J; Cui, L; Zhang, Z; Zhuang, X.; Ding, J.
Poly(lactic-co-glycolic acid)-based composite bone-substitute
materials. Bioact. Mater. 2021, 6, 346—360.

Ghosh, S.; Vianac, J. C; Reis, R. L.; Mano, J. F. Development of
porous lamellar poly(L-lactic acid) scaffolds by conventional
injection molding process. Acta Biomater. 2008, 4, 887—896.

Liu, R. H.; Jin, L. N; Lu, D.; Hu, G.; He, L.; Shan, J. Bi-continuous
phases structured nanocomposite polymer electrolytes: facile
preparation and electrochemical properties. Electrochim. Acta
2013, 114, 372-378.

Xue, L; Zhang, J.; Han, Y. Phase separation induced ordered
patterns in thin polymer blend films. Prog. Polym. Sci. 2012, 37,
564-594.

Yin, H. M.; Huang, Y. F.; Ren, Y.; Wang, P.; Zhao, B.; Li, J. H.; Xu, J. Z,
Li, Z. M. Toward biomimetic porous poly(e-caprolactone)
scaffolds: structural evolution and morphological control during
solid phase extrusion. Composites Sci. Technol. 2018, 156,
192-202.

Yin, H. M.; Li, X;; Xu, J. Z,; Zhao, B.; Li, J. H.; Li, Z. M. Highly aligned
and interconnected porous poly(e-caprolactone) scaffolds
derived from co-continuous polymer blends. Materials & Design
2017,128,112-118.

Wei, Y,; Huang, R; Dong, P; Qi, X.D,; Fu, Q. Preparation of
polylactide/poly(ether)urethane blends with excellent electro-
actuated shape memory via incorporating carbon black and
carbon nanotubes hybrids fillers. Chinese J. Polym. Sci. 2018, 36,
1175-1186.

Ghavidel Mehr, N,; Li, X.; Ariganello, M. B.; Hoemann, C. D.; Favis,
B. D. Poly(e-caprolactone) scaffolds of highly controlled porosity
and interconnectivity derived from co-continuous polymer
blends: model bead and cell infiltration behavior. J. Mater. Sci.
Mater. Med. 2014, 25, 2083—-2093.

https://doi.org/10.1007/s10118-021-2573-4


http://dx.doi.org/10.1016/j.biomaterials.2017.01.024
http://dx.doi.org/10.1016/j.bioactmat.2020.04.008
http://dx.doi.org/10.1016/j.apsusc.2019.04.109
http://dx.doi.org/10.1016/j.apsusc.2019.04.109
http://dx.doi.org/10.1021/acsabm.9b00761
http://dx.doi.org/10.1007/s10118-014-1536-4
http://dx.doi.org/10.1007/s10118-014-1536-4
http://dx.doi.org/10.1021/acsami.8b03445
http://dx.doi.org/10.1021/acsami.8b03445
http://dx.doi.org/10.1016/j.pmatsci.2018.01.001
http://dx.doi.org/10.1016/j.msec.2020.111457
http://dx.doi.org/10.1016/j.msec.2020.111457
http://dx.doi.org/10.1016/j.biomaterials.2006.06.028
http://dx.doi.org/10.1016/j.msec.2018.09.034
http://dx.doi.org/10.1016/j.msec.2018.09.034
http://dx.doi.org/10.1039/c1jm11503k
http://dx.doi.org/10.1016/j.carbpol.2016.07.054
http://dx.doi.org/10.1016/j.jmbbm.2016.05.027
http://dx.doi.org/10.1039/C7NR08966J
http://dx.doi.org/10.1038/nmat1487
http://dx.doi.org/10.1016/j.actbio.2019.10.041
http://dx.doi.org/10.1021/acsami.9b02485
http://dx.doi.org/10.1002/admi.201600652
http://dx.doi.org/10.1007/s10853-018-3166-7
http://dx.doi.org/10.1016/j.polymdegradstab.2020.109107
http://dx.doi.org/10.5301/JABB.2011.6473
http://dx.doi.org/10.5301/JABB.2011.6473
http://dx.doi.org/10.1002/aic.10281
http://dx.doi.org/10.1007/s10118-015-1649-4
http://dx.doi.org/10.1007/s10118-015-1649-4
http://dx.doi.org/10.1016/j.bioactmat.2020.08.016
http://dx.doi.org/10.1016/j.actbio.2008.03.001
http://dx.doi.org/10.1016/j.electacta.2013.09.166
http://dx.doi.org/10.1016/j.progpolymsci.2011.09.001
http://dx.doi.org/10.1016/j.compscitech.2018.01.009
http://dx.doi.org/10.1007/s10118-018-2138-3
http://dx.doi.org/10.1007/s10856-014-5256-7
http://dx.doi.org/10.1007/s10856-014-5256-7
http://dx.doi.org/10.1016/j.biomaterials.2017.01.024
http://dx.doi.org/10.1016/j.bioactmat.2020.04.008
http://dx.doi.org/10.1016/j.apsusc.2019.04.109
http://dx.doi.org/10.1016/j.apsusc.2019.04.109
http://dx.doi.org/10.1021/acsabm.9b00761
http://dx.doi.org/10.1007/s10118-014-1536-4
http://dx.doi.org/10.1007/s10118-014-1536-4
http://dx.doi.org/10.1021/acsami.8b03445
http://dx.doi.org/10.1021/acsami.8b03445
http://dx.doi.org/10.1016/j.pmatsci.2018.01.001
http://dx.doi.org/10.1016/j.msec.2020.111457
http://dx.doi.org/10.1016/j.msec.2020.111457
http://dx.doi.org/10.1016/j.biomaterials.2006.06.028
http://dx.doi.org/10.1016/j.msec.2018.09.034
http://dx.doi.org/10.1016/j.msec.2018.09.034
http://dx.doi.org/10.1039/c1jm11503k
http://dx.doi.org/10.1016/j.carbpol.2016.07.054
http://dx.doi.org/10.1016/j.jmbbm.2016.05.027
http://dx.doi.org/10.1039/C7NR08966J
http://dx.doi.org/10.1038/nmat1487
http://dx.doi.org/10.1016/j.actbio.2019.10.041
http://dx.doi.org/10.1021/acsami.9b02485
http://dx.doi.org/10.1002/admi.201600652
http://dx.doi.org/10.1007/s10853-018-3166-7
http://dx.doi.org/10.1016/j.polymdegradstab.2020.109107
http://dx.doi.org/10.5301/JABB.2011.6473
http://dx.doi.org/10.5301/JABB.2011.6473
http://dx.doi.org/10.1002/aic.10281
http://dx.doi.org/10.1007/s10118-015-1649-4
http://dx.doi.org/10.1007/s10118-015-1649-4
http://dx.doi.org/10.1016/j.bioactmat.2020.08.016
http://dx.doi.org/10.1016/j.actbio.2008.03.001
http://dx.doi.org/10.1016/j.electacta.2013.09.166
http://dx.doi.org/10.1016/j.progpolymsci.2011.09.001
http://dx.doi.org/10.1016/j.compscitech.2018.01.009
http://dx.doi.org/10.1007/s10118-018-2138-3
http://dx.doi.org/10.1007/s10856-014-5256-7
http://dx.doi.org/10.1007/s10856-014-5256-7
https://doi.org/10.1007/s10118-021-2573-4

34

35

36

37

38

39

40

41

Liu, Y. H.etal./ Chinese J. Polym. Sci. 2021, 39, 1191-1199

Nofar, M.; Sacligil, D.; Carreau, P. J.; Kamal, M. R,; Heuzey, M. C.
Poly(lactic acid) blends: processing, properties and applications.
Int. J. Biol. Macromol. 2019, 125, 307—-360.

Jaso, V.; Cvetinov, M.; Raki¢, S.; Petrovi¢, Z. S. Bio-plastics and
elastomers from polylactic acid/thermoplastic polyurethane
blends. J. Appl. Polym. Sci. 2014, 131,41104.

Yin, H. M,; Liu, W.; Huang, Y. F,; Ren, Y.; Xu, L,; Xu, J. Z,; Zhao, B. S.;
Li, Z M. Surface epitaxial crystallization-directed
nanotopography for accelerating preosteoblast proliferation and
osteogenic differentiation. ACS Appl. Mater. Interfaces 2019, 11,
42956-42963.

Danilevicius, P.; Georgiadi, L; Pateman, C. J,; Claeyssens, F.;
Chatzinikolaidou, M.; Farsari, M. The effect of porosity on cell
ingrowth into accurately defined, laser-made, polylactide-based
3D scaffolds. Appl. Surf. Sci. 2015, 336, 2—10.

Jegat, C,; Virgilio, N. Favis, B. D. Self-assembly of oil
microdroplets at the interface in co-continuous polymer blends.
Eur. Polym. J. 2017, 93, 259-271.

Reignier, J.; Huneault, M. A. Preparation of interconnected poly(e-
caprolactone) porous scaffolds by a combination of polymer and
salt particulate leaching. Polymer 2006, 47, 4703-4717.

Kamal, T.; Shin, T. J.; Park, S. Y. Uniaxial tensile deformation of
poly(e-caprolactone) studied with SAXS and WAXS techniques
using synchrotron radiation. Macromolecules 2012, 45,
8752-8759.

Wang, L; Qiu, Y.; Guo, Y,; Si, Y,; Liu, L.; Cao, J.; Yu, J.; Li, X.; Zhang,
Q.; Ding, B. Smart, elastic, and nanofiber-based 3D scaffolds with
self-deploying capability for osteoporotic bone regeneration.

42

43

44

45

46

47

48

1199

Nano Lett. 2019, 19,9112-9120.

Lei, M.; Qu, X, Liu, H; Liu, Y.; Wang, S.; Wu, S.; Bentley, W. E;
Payne, G. F,; Liu, C. Programmable electrofabrication of porous
Janus films with tunable janus balance for anisotropic cell
guidance and tissue regeneration. Adv. Fun. Mater. 2019, 29,
1900065.

Baron, R.; Kneissel, M. WNT signaling in bone homeostasis and
disease: from human mutations to treatments. Nat. Med. 2013,
19,179-192.

Zhao, X; Han, Y.; Zhu, T,; Feng, N.; Sun, Y,; Song, Z; Li, S.; Liu, J,;
Ding, J. Electrospun polylactide-nano-hydroxyapatite-
vancomycin composite scaffolds for advanced osteomyelitis
therapy. J. Biomed. Nanotechnol. 2019, 15,1213-1222.

Yang, Y. Yu, M. R; Boke, F; Qin, Q,; Hubner, R; Knust, S.;
Schwiderek, S.; Grundmeier, G.; Fischer, H.; Keller, A. Effect of
nanoscale surface topography on the adsorption of globular
proteins. Appl. Surf. Sci. 2021, 535, 147671.

Metavarayuth, K, Sitasuwan, P, Zhao, X, Lin, Y., Wang, Q.
Influence of surface topographical cues on the differentiation of
mesenchymal stem cells in vitro. ACS Biomater. Sci. Eng 2016, 2,
142-151.

Yao, X; Peng, R, Ding, J. Cell-material interactions revealed via
material techniques of surface patterning. Adv. Mater. 2013, 25,
5257-5286.

Lee, M.S,; Lee, D. H.; Jeon, J.; Oh, S. H; Yang, H. S. Topographically
defined, biodegradable nanopatterned patches to regulate cell
fate and acceleration of bone regeneration. ACS Appl. Mater.
Interfaces 2018, 10, 38780—38790.

https://doi.org/10.1007/s10118-021-2573-4


http://dx.doi.org/10.1016/j.ijbiomac.2018.12.002
http://dx.doi.org/10.1002/app.41104
http://dx.doi.org/10.1021/acsami.9b14800
http://dx.doi.org/10.1016/j.apsusc.2014.06.012
http://dx.doi.org/10.1016/j.eurpolymj.2017.06.002
http://dx.doi.org/10.1016/j.polymer.2006.04.029
http://dx.doi.org/10.1021/ma301714f
http://dx.doi.org/10.1021/acs.nanolett.9b04313
http://dx.doi.org/10.1002/adfm.201900065
http://dx.doi.org/10.1038/nm.3074
http://dx.doi.org/10.1166/jbn.2019.2773
http://dx.doi.org/10.1016/j.apsusc.2020.147671
http://dx.doi.org/10.1021/acsbiomaterials.5b00377
http://dx.doi.org/10.1002/adma.201301762
http://dx.doi.org/10.1021/acsami.8b14745
http://dx.doi.org/10.1021/acsami.8b14745
http://dx.doi.org/10.1016/j.ijbiomac.2018.12.002
http://dx.doi.org/10.1002/app.41104
http://dx.doi.org/10.1021/acsami.9b14800
http://dx.doi.org/10.1016/j.apsusc.2014.06.012
http://dx.doi.org/10.1016/j.eurpolymj.2017.06.002
http://dx.doi.org/10.1016/j.polymer.2006.04.029
http://dx.doi.org/10.1021/ma301714f
http://dx.doi.org/10.1021/acs.nanolett.9b04313
http://dx.doi.org/10.1002/adfm.201900065
http://dx.doi.org/10.1038/nm.3074
http://dx.doi.org/10.1166/jbn.2019.2773
http://dx.doi.org/10.1016/j.apsusc.2020.147671
http://dx.doi.org/10.1021/acsbiomaterials.5b00377
http://dx.doi.org/10.1002/adma.201301762
http://dx.doi.org/10.1021/acsami.8b14745
http://dx.doi.org/10.1021/acsami.8b14745
http://dx.doi.org/10.1016/j.ijbiomac.2018.12.002
http://dx.doi.org/10.1002/app.41104
http://dx.doi.org/10.1021/acsami.9b14800
http://dx.doi.org/10.1016/j.apsusc.2014.06.012
http://dx.doi.org/10.1016/j.eurpolymj.2017.06.002
http://dx.doi.org/10.1016/j.polymer.2006.04.029
http://dx.doi.org/10.1021/ma301714f
http://dx.doi.org/10.1021/acs.nanolett.9b04313
http://dx.doi.org/10.1002/adfm.201900065
http://dx.doi.org/10.1038/nm.3074
http://dx.doi.org/10.1166/jbn.2019.2773
http://dx.doi.org/10.1016/j.apsusc.2020.147671
http://dx.doi.org/10.1021/acsbiomaterials.5b00377
http://dx.doi.org/10.1002/adma.201301762
http://dx.doi.org/10.1021/acsami.8b14745
http://dx.doi.org/10.1021/acsami.8b14745
https://doi.org/10.1007/s10118-021-2573-4

