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A B S T R A C T

Recapitulating the in vivo microenvironments of damaged tissues through modulation of the physicochemical
properties of scaffolds can boost endogenous regenerative capacity. A series of critical events in tissue healing
including immune-responses, angiogenesis, and stem cell homing and differentiation orchestrate to relay the
regeneration process. Herein, we report hierarchically structured (‘microchanneled’) 3D printed scaffolds
(named ‘μCh’), in contrast to conventional 3D printed scaffolds, induce such cellular responses in a unique way
that contributes to accelerated tissue repair and remodeling. The μCh reduced the extracellular trap formation of
anchored neutrophils at the very beginning (24 h) of implantation while increasing the number of live cells.
Among the macrophages covered the surface of μCh over 7 days a major population polarized toward alter-
nativelly activated phase (M2) which contrasted with control scaffolds where classically activated phase (M1)
being dominant. The mesenchymal stem cells (MSCs) recruited to the μCh were significantly more than those to
the control, and the event was correlated with the increased level of stem cell homing cytokine, stromal derived
factor 1 (SDF1) sequestered to the μCh. Furthermore, the neo-blood vessel formation was more pronounced in
the μCh, which was in line with the piling up of angiogenic factor, vascular endothelial growth factor (VEGF) in
the μCh. Further assays on the protein sequestration to the μCh revealed that a set of chemokines involved in
early pro-inflammatory responses were less found whereas representative adhesive proteins engaged in the cell-
matrix interactions were significantly more captured. Ultimately, the fibrous capsule formation on the μCh was
reduced with respect to the control, when assessed for up to 21 days, indicating less severe foreign body reaction.
The tissue healing and regenerative capacity of the μCh was then confirmed in a critically sized bone model,
where those series of events observed are essential to relay bone regeneration. The results over 6 weeks showed
that the μCh significantly enhanced the early bone matrix deposition and accelerated bone regeneration. While
more in-depth studies remain as to elucidate the underlying mechanisms for each biological event, the mole-
cular, cellular and tissue reactions to the μCh were coherently favorable for the regeneration process of tissues,
supporting the engineered scaffolds as potential therapeutic 3D platforms.

1. Introduction

The in vivo microenvironments of damaged and diseased tissues can
be modulated with exogenous treatments that ultimately lead to

accelerating the repair and regenerative processes. While the use of
biological components, such as bioactive molecules and cells, holds
great potential to regain the regenerative functions, many hurdles still
remain to be overcome. For example, obtaining exogenous cells
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requires additional invasive biopsy procedures in donor tissues and
multiple refined cell expansion steps in vitro [1–3]. The regenerative
effects of stem cells (e.g., mesenchymal stem cells (MSCs)) in clinical
trials have not been clearly proven yet [1,4–6]. Moreover, the bioactive
signaling molecules, such as growth factors and engineered peptides are
vulnerable to proteolytic degradation in the body, thus necessitating
high doses otherwise exerting compromised poor biological efficacy
[7].

On the other hand, if the engineered scaffolds can properly re-
capitulate the in vivo microenvironments through interactions with
endogenous biological entities (molecules and cells), a lot of practical
merits, including safety and increased clinical availability, are con-
sidered. Given that cells in vivo communicate with extracellular matrix
(ECM) to feedback and adopt surrounding physiological conditions, the
scaffold materials provided (as an exogenous ECM) can recapitulate the
microenvironments and modulate a series of the biological events in-
volved in tissue repair and remodeling [8–10].

Tailoring the scaffolds and matrices with appropriate physico-
chemical properties (e.g., ligand type and density, nano/microtopology,
stiffness, and pore structure) has been shown to influence some critical
events in tissue healing and repair, including immune-responses, an-
giogenesis, cell homing, grafting, and differentiation [11–14]. For ex-
ample, the surface chemistry altered by functional groups or tethered
ligands greatly influenced the adhesion and growth of various cell types
[15–17]. The nano-/micro-patterned surfaces could guide cellular or-
ientation and migration [18–21], and the stiffness (or rigidity) of gels
was often tuned to specify the fate of MSCs toward osteo- or adipo-genic
lineage [13,22,23]. Furthermore, the pore structure of scaffolds (e.g.,
porosity, pore size and pore interconnectivity) is an important trait of 3-
dimensionality that can significantly influence the vascularization and
tissue invasion [24–27].

Other than those properties, here we communicate one new feature
of scaffolds - ‘microchannel’ - that intriguingly harbors many biological
events in a unique way that help tissue healing and repair, which, of
note, is highly contrasted with the phenomena observed in conven-
tional non-microchanneled scaffolds. The microchannels (a few tens of
micrometers) we implemented are open-channeled and constitute the
whole stems of scaffolds three dimensional (3D)-printed, thus can be
considered as additional 3-dimensionality aside from the macroporous
3D geometry (a few hundreds of micrometers) typically created by the
3D printing program. We focus on the in vivo biological (biomolecules
and cells) responses of the microchanneled scaffolds (namely, ‘μCh’) in
terms of immune/inflammation reactions, angiogenesis, and stem cell
homing and grafting over the timeframe of hours to days and up to
weeks. Such a series of tissue responses are generally used to gauge the
biocompatibility of materials, and thus are considered as a milestone
for the tissue healing and regenerative materials to take on. In parti-
cular, the initial recruitment of immune and inflammatory cells (e.g.,
neutrophils, monocytes, macrophages) and the type of chemokines and
cytokines secreted have been found critical in determining subsequent
multiple biological steps that are involved in tissue regeneration
[4,26,28,29]. Furthermore, boosting resident stem cells to migrate and
graft to injured sites is an attractive strategy to shift devastating status
to repair and regenerative phase [30,31]. Also, the microenvironments
that can promote neo-blood vessel formation are utmost helpful for the
nutrient supply and cellular survival and invasion, ultimately stimu-
lating the functions of tissue healing cells [27,32,33]. Therefore, de-
signing and finding of 3D scaffolds that can modulate those biological
events favorably for tissue repair process will make significant steps
toward regenerative therapies with materials even without the exo-
genous help of cells and biological molecules.

To this end, we engineer hierarchically structured μCh scaffolds.
The scaffold is made of biocompatible polymer polycaprolactone and
designed on a 3D printable platform, which is considered to reinforce
the clinical availability. The in vivo phenomena of the μCh scaffolds are
addressed in terms of the immune/inflammatory responses,

angiogenesis, and stem cell recruitment and grafting. At the same time,
the events are correlated with the interaction and sequesteration of
scaffolds with extracellular signaling molecules. Based on the unique
and favorable biological responses that the μCh scaffolds performed, we
finally assess the efficacy in tissue regeneration using a bone defect
model.

2. Results and discussion

2.1. 3D printed scaffolds with hierarchical microchanneled structures

The 3D printed polycaprolactone (PCL) scaffolds with hierarchical
microchanneled structures were prepared as schematically shown in
Fig. 1A. In particular, camphene was used in the PCL solutions to
generate microchannels while 3D printing in a quenching medium. The
unique properties of camphene (e.g., miscibility with PCL solvent, high
volatility, and low sublimation temperature [34]) allow the camphene-
PCL solution to be 3D printable with various microchanneled structures
in one step process. During 3D printing in the medium, PCL-camphene
struts are co-precipitated to form interconnected networks and the
camphene further sublimes to leave microchannels. Meanwhile, the
microchannel structure can be determined by various processing
parameters (quenching medium type and temperature). Microchannels
were only formed in the ethanol/distilled water (DW) co-medium and
the medium temperature was critical in determining the microchannel
size. The microstructures of scaffolds 3D-printed in different conditions
are provided in Fig. 1B. When 3D printed in ethanol/DW co-medium
highly microporous structures were generated throughout the scaffolds.
Of note, the micropores were much smaller when printed in lower
temperature (less than 10 μm in 0 °C < around tens of μm in 37 °C).
Based on the nucleation theory during solidification [26,35,36], the
lowered medium temperature (i.e., increased temperature difference
from slurry to quenching medium) empowers driving force for cam-
phene nucleation during solidification, ultimately downsizing the
camphene-sublimed micropores. On the other hand, the pore structures
were not uniform when printed in DW-only medium, and even no pores
were generated in ethanol-only medium. The generated micropores
were highly open-channeled throughout the scaffolds as visualized in
the cross-section of the scaffold struts (Fig. 1C and D). The distribution
of micropore sizes of scaffolds (for those printed in 37 °C) was then
analyzed (Fig. 1E). Analysis showed the pores in bulk were distributed
mostly in a few to tens of micrometers with an average of 12.9
(± 7.69 μm) whereas those on the surface were larger with an average
of 21.1 (± 16.6 μm). Furthermore, the 3D X-ray microtomographic
analysis [37,38] revealed a highly interconnected pore structure of the
μCh scaffold (as provided in Supplementary Fig. 1) with a tortuosity
value of 2.18 (± 0.75). Other physical properties of the scaffolds that
are related with the microchannel formation were also characterized
(as summarized in Fig. 1F). In particular, there were significant dif-
ferences in porosity (scaffold density), surface area and water absorp-
tion. The volume occupied by the microchannels is considered to be
~28% (based on the porosity difference between microchanneled and
non-microchanneled scaffold, named as ‘μCh’ and ‘Non’, respectively).
The microchannels increased the surface area and water absorption of
scaffolds more than 6 and 3 times, respectively. The microchanneled
scaffolds, after the treatment of 1N sodium hydroxide, was observed to
become highly hydrophilic, being quickly infiltrated with water;
therefore, the substantially altered (increased) surface area and pore
space might play important roles in interactions with biological entities
such as proteins and cells in the in vivo conditions. The mechanical
behaviors of both scaffolds under a compressive load were similarly
observed; very low slope at the initial elastic and collapse region fol-
lowed by a densification at a strain of 20–30%; the initial slope cal-
culated was slightly higher for ‘Non’ (0.36 kPa) than for ‘μCh’
(0.17 kPa) while the steep slope at a densification region was almost
identical (80–90 kPa) (Supplementary Fig. S2). In the next Parts, the in
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vivo events occurred in the microchanneled scaffolds (those obtained
using camphene at 37 °C in ethanol/DW medium) were carefully ex-
amined, in direct comparison with those in the conventional scaffolds.

2.2. Altered initial immune and inflammatory responses to μCh scaffold

The two types of scaffolds (μCh and Non) were implanted in a
subcutaneous site of mice. First, the in vivo responses of neutrophils and
macrophages to the scaffolds were examined as these are the early re-
actions (hours to days) of a body to recognize and gauge foreign ma-
terials. In particular, neutrophils are the first responder that can mod-
ulate the recruitment of subsequent macrophages through the release of
bioactive molecules [39–41]. When neutrophils adhere to an extra-
cellular matrix they are activated to expel deoxyribonucleic acid (DNA)
and form neutrophil extracellular trap (NETs), and the formation of
NET is crucial for stimulating further immune and inflammatory re-
sponses. Neutrophils predominantly migrate to the area surrounding a
foreign body within 24 h after implantation [39,42], so the samples
were retrieved at 24 h after implantation for analysis.

The SEM images of cells were taken from the scaffolds retrieved at
24 h (Fig. 2A). In the ‘Non’ group, some of the newly adhered cells were

found within highly firbous NET. In the ‘μCh’ group, cells were located
inside of micropore cavities created on the surface, free from the NET.
Seemingly there is no morphological difference in the cells between the
groups. The cells were then co-stained with SYTOX green and Hoechst
for fluorescence microscopy of extracellular DNA and cell nuclei, re-
spectively (Fig. 2B). As the SYTOX green cannot penetrate the plasma
membrane, the green and blue stained areas represent extracellular
DNA and viable cells, respectively. The green signals were intense and
widespread in the ‘Non’ group, which however, were weakened dra-
matically in the ‘μCh’ group. The ratio of blue/green stained areas was
quantified to be significantly different; most cells in ‘Non’ group are
dead with green signals of extracellular DNA whereas the cells in ‘μCh’
were most alive with sound nuclei stains (Fig. 2C). It is known that NET
formation can function as a physical snare for foreign materials in-
cluding bacteria and biomaterials to minimize damage in the sur-
rounding tissue [39,42]. Thus, the low degree of NET formation in-
dicates decrease of harmful effectors, which allows favorable
progression of tissue repair. Fetz et al. demonstrated that template-
bound neutrophils in vitro expressed extracellular traps that elicited
different tissue integration results depending on the template compo-
nents and diameter [42]. The initial neutrophil behaviors influence a

Fig. 1. Characteristics of microchanneled 3D printed scaffolds (‘μCh’). (A) Scheme of the scaffold processing. (B) Different microstructures of scaffolds produced by
varying the process conditions. (C) SEM cross-sectional image and (D) digital image of highly open channeled pores (red) and struts (green) in μCh. (E) Distribution of
pore size in μCh. (F) Comparision of the physical properties of μCh and Non scaffolds, those related with the microchannel formation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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varety of biological responses, such as inflammation, macrophage re-
cruitment and differentiation, inflammatory resolution, fibrosis, and
angiogenesis [39]. Therefore, the reduced NET formation in the mi-
crochanneled scaffold can hint the possible alteration of subsequent
biological responses associated with tissue repair and remodeling.

We next investigated the responses of macrophages to the scaffolds.
In particular, the population and subsets of macrophages due to po-
larization are closely related with tissue regeneration [43–46]. As the
macrophages are known to dominantly migrate to implanted materials
at days of period (mostly 2–4 days), the recruited macrophages and
their polarization were assessed with samples retrieved at day 7. First,
the macrophage adhesion to the scaffolds was visualized by co-staining
with CD11b and F4/80 (Fig. 2D). The population of macrophages re-
cruited appeared to be larger in the ‘μCh’ group (both to the surface and
to the pore cavities) than in the ‘Non’ group. Next, the polarization of
macrophages was examined. In fact, macrophages diverge into

classisically activated (M1) or alternatively activated (M2) phenotypes
[4,43,45,46], and such a macrophage polarization determines the
subsequent cellular responses associated with tissue remodeling and
fibrosis. Studies have reported that these macrophage polarization is
closely related with the physico-chemical properties of the materials
[39,43,46,47]. The macrophage phenotypes were monitored with
fluorescent dyes of anti-NOS2 (M1-positive marker) and -arginase (M2-
positive marker) (Fig. 2E), and the fractions of NOS2- or/and arginase-
positive cells were quantified (Fig. 2F). The number of NOS2 only-po-
sitive cells was almost twice larger in ‘Non’ group (15%) than in ‘μCh’
(8%). On the other hand, the arginase only-positive cells were sig-
nificantly increased in ‘μCh’ (44%), but were only minimal in ‘Non’
group (4%). Interestingly, the cells positive for both NOS2 and arginase
were substantially high, particularly in ‘Non’ group (76% for ‘Non’ and
48% for ‘μCh’ group). While the concurrent expression of M1 and M2
markers indicates that some of the macrophages start to take on

Fig. 2. Immune/inflammatory responses of scaffolds in vivo. (A) SEM images of adhered cells on each scaffold (Non and μCh) retrieved at 24 h. Adhered cells
represented in yellow using image J. (B) Fluorescence images of extracellular DNA with SYTOX (green) and nuclei with DAPI (blue), co-stained at 24 h, and (C) the
blue/green signal ratio. Data are mean ± SD, from six microscopic fields of three specimens in each group. Statistical analysis was conducted using two-tailed t-test
(***P < 0.001 vs. Non). (D,E) Immunostaining of cells at 7 days; macrophages co-stained with F4/80 (red) and CD11b (green) in (D), and specific phenotypes
visualized with NOS2 (M1 specific marker, red) and arginase (ARG, M2 specific marker, green) in (E). (F) Population of macrophages positive for either NOS, ARG, or
NOS/ARG quantified based on the images. Data from three microscope images (x 200) for each specimen. S: scaffold area. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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resolution, the dominant M2 expression in ‘μCh’ signifies the cells have
substantially shifted toward a resolution, getting involved in repair and
remodeling [27,48].

Taken from the results, it is deduced that the microchanneled
scaffolds stimulate the recruitment of macrophages and their sub-
sequent polarization from M1 to M2 phase. The macrophage depletion
generally resulted in delay and failure of tissue repair in many animal
studies, while the supplementation of endogenous macrophages could
successfully lead to regeneration, underscoring the macrophage popu-
lation is a necessary step to relay the regenerative process [49–51]. The
altered neutrophil responses, such as the reduced NET formation and
the possible secretion of other bioactive molecules upon the micro-
channeled scaffolds might also relate with the macrophage recruitment
and their M2 polarization. In fact, neutrophils were reported to secrete
bioactive molecules differently depending on the architecture and
composition of scaffolds [42], and the in depth analyses of the mole-
cules secreted from neutrophils may remain as further study. Recently,
increasing evidence supports that physical and chemical cues from the
substrates and scaffolds can modulate immune responses [52–54], such
as macrophage adhesion and polarization, ultimately altering healing
process. Among other materials parameters, interestingly, the structure
of pores with 20–40 μm sizes was reported to polarize the macrophages
from M1 to M2 [27,47,55]. Also the pore structure was beneficial for
the infiltration of recruited host cells, including MSCs [3,27]. In fact,
the altered phenotype of macrophages and their secreting molecules
can recruit MSCs to reconcile the damaged or diseased conditions to-
ward repair phase. Along with the recruitment of MSCs, other host cells
(e.g., endothelial cells) that are involved in tissue repair and remodeling
can also be significantly influenced by the initial immune/in-
flammatory processes modulated by the material properties; herein the
neutrophils and macrophages responses by the microchannels of scaf-
folds. In the following sections, the MSCs homing and angiogenesis in
vivo were examined, and correlated with the initial immune/in-
flammatory responses.

2.3. Recruited stem cells and grafting to μCh scaffold

Following 14 days of implantation, the recruitment of endogenous
MSCs toward the scaffolds was examined (as depicted the experimental
design in Fig. 3A). The CD90 and CD54 antibodies were used as the
MSC-specific markers. At low magnification, the CD90-positive signals
were more intense in ‘μCh’ than in ‘Non’, suggesting more MSCs were
recruited to the microchanneled scaffolds (Fig. 3B). Also, the expression
of co-stained fibroblastic marker (in red) was widespread in the ‘Non’
group whereas it was only limited near the ‘μCh’ scaffold (Fig. 3C). At
high magnification, a lot of endogenous MSCs (arrowed) were seen to
locate in and around the macropores (noted as ‘S’) of the ‘μCh’ scaffold,
which was not readily noticed in the ‘Non’ scaffold. When the samples
were H&E-stained many endogenous cells were detected within the
struts through the interconnected microchannels (supplementary Fig.
S3A). Interestingly, the retrieved ‘μCh’ scaffold rapidly sedimented
down in a sucrose solution presumably due to the increased density
with infiltrated cells, even though the weight and density of original
‘μCh’ scaffold were lower than those of ‘Non’ (supplementary Fig. S3B).

The recruitment phenomenon of MSCs was further investigated in
an ex vivo model using the retrieved tissue samples via a transwell-
migration assay (as depicted in Fig. 3D). The scaffold retrieved at day 3
or 7 post-implantation was interacted with MSCs to allow cellular mi-
gration toward the scaffold across the transwell, and the cells on a
transwell bottom were stained. Results showed that the MSCs migrating
toward the retrieved scaffolds were significantly higher in ‘μCh’ than in
‘Non’ (Fig. 3E and F). The difference between the two scaffold groups
retrieved at day 7 was as high as two-fold (44.6 ± 11.3 cells/m2 for
‘Non’ vs. 91.1 ± 21.9 cells/m2 for ‘μCh’). As the MSCs homing toward
the retrieved scaffold was clear, we assumed that cytokines for stem cell
homing might have played a role in the event. The release of stromal

cell derived factor-1 (SDF-1) from the retrieved scaffolds was quantified
by ELISA (Fig. 3G). Of note, the SDF-1 release from the ‘μCh’ scaffold
retrieved at day 7 was almost double that from the ‘Non’. Interestingly,
the SDF-1 release showed quite a similar trend to the MSCs recruitment,
implying the role of SDF-1 played in the MSCs homing toward the
scaffold might be crucial.

It has been recognized that the recruitment of endogenous MSCs is
highly beneficial for the repair process as they release cytokines and
growth factors to boost the functions of tissue repairing cells to remodel
the injured microenvironments [31,56–58]. Specifically, the recruited
MSCs have the capacity to modulate immune responses, crosstalk with
endothelial (or progenitor) cells for vascularization, and even directly
differentiate into required cellular lineages [58,59]. Therefore, en-
gineering scaffolds to recruit host stem cells and preserve the innate
regenerative potential is considered a promising alternative approach
to the exogenous stem cell transplantation [30]. For this reason, most
people have incorporated chemokines (e.g., SDF-1, substance P, etc.)
into scaffolds to properly release them for stem cell homing
[3,58,60,61].

However, here we witnessed the stem cell homing event with the
microchanneled scaffold without the use of exogenous chemokines. It is
considered that the initially responded inflammatory cells might direct
this stem cell homing process. It is known that the stem cell homing
chemokines (e.g., SDF-1) are mainly secreted from inflammatory cells to
initiate the migration of cells that are involved in tissue repair and
remodeling (e.g., MSCs) [46]. Therefore, the inflammatory responses
significantly shifted to a resolution phase in the μCh scaffold (i.e., cel-
lular polarization to M2 phase) might favor the secretion of SDF-1 to
accelerate tissue healing by coaxing MSCs to the injured site.

2.4. Promoted angiogenesis in μCh scaffolds

Next, the in vivo angiogenesis events in the microchanneled scaf-
folds were examined (Fig. 4A). When retrieved at day 14 post-im-
plantation, the samples were immunohistochemically analyzed
(Fig. 4B). The CD31-positive signals in the scaffolds assign the vessel
formation. Of note, the number of newly formed vessels was sig-
nificantly higher in ‘μCh’ than in ‘Non’ group (Fig. 4C). Also, the size of
blood vessels in ‘μCh’ was significantly bigger than that in ‘Non’ group.
After confirming the in vivo pro-angiogenic capacity of the micro-
channeled scaffolds we further tested the angiogenic events using the ex
vivo tissue culture model involving the retrieved sample and transwell
insert (Fig. 4D). The human umbilical vein endothelial cells (HUVECs)
were cultured with the tissue samples retrieved at day 3 and 7, and the
tubular network formation was analyzed. Angio-inductive medium
supplemented with growth factors was used as a positive control. The
HUVECs showed more intensive and extended tubular networks
through the ‘μCh’ scaffold retrieved at day 3 (Fig. 4E). The tube number
and total tube area in ‘μCh’ group were significantly higher than in
‘Non’ group (Fig. 4F). Interestingly however, the tubular formation was
not significantly different between ‘μCh’ and ‘Non’ when retrieved at
day 7 (supplementary Fig. S4). The VEGF release from the retrieved
tissue samples, as quantified by ELISA, was shown to be significantly
higher in ‘μCh’ that in ‘Non’ (Fig. 4G). Based on these results, the mi-
crochannels were demonstrated to significantly promote the angiogenic
event of the 3D scaffolds relatively at early time periods and the higher
VEGF release was considered to play some critical role in the pro-an-
giogenic event.

Angiogenesis is essential for cell survival and tissue growth during
the repair process, and it is strictly orchestrated biological responses
that are stimulated by bioactive molecules secreted from polarized
macrophages and recruited MSCs [62]. Here we witnessed the micro-
channeled scaffolds stimulated the angiogenic events. In fact, the effects
of many parameters of porous scaffolds such as porosity, macro-pore
size and interconnectivity on the angiogenesis have been widely studied
[8,63,64]. For instance, increasing pore size and interconnectivity
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could enhance the angiogenesis, and eventually tissue repair [8,63,64].
However, in most cases, the pore sizes considered were in the range of
at least a few hundreds micrometers, and very few, if any, have con-
sidered the pores ranged in the tens of micrometers. There was one
landmark study that demonstrated the effects of micropore size in
channeled scaffolds on angiogenesis [27,33]. The micropores were
produced with different sizes (tens of μm, less than < 100 μm) in the
parallel channeled scaffold, and the scaffolds with 30–40 μm micro-
pores showed the highest neo-vascularization, which, interestingly, is
quite similar to the present finding in the microchanneled scaffold. In
support of the in vivo angiogenesis result, the VEGF was released at
significantly higher levels from the implanted μCh samples, which is
presumably due to the action of the initially recruited cells (i.e., mac-
rophages) that might secrete growth factors and cytokines favorable for
tissue repair (VEGF herein), as similar to the SDF-1 release for MSCs
recruitment. On the other hand, the homed MSCs can also be stimulated
to secrete the angiogenic factor, suggesting the possibility of me-
senchyme-endothelial crosstalks, which remains as further study.

2.5. Reduced fibrosis in μCh scaffold

Fibrosis, the formation of excessive and disorganized collagen de-
position, has been challenging in the implantable materials and thus is
often considered a negative sign in the biocompatibility evaluation of
many developed biomaterials [37,65,66]. Excessive or prolonged in-
flammatory events often lead to thick fibrous capsule formation, al-
lowing to forecase subsequent delayed healing and remodeling of

tissues [66,67]. In fact, a thick fibrotic capsule can disturb further an-
giogenesis and infiltration of host stem cells [66]. Here we investigate
the fibrosis on the scaffolds by MT staining during the periods of up to 3
weeks (Fig. 5A). Surrounding the ‘Non’ scaffold formed thick fibrous
capsules, however, such a fibrosis became significantly reduced on the
‘μCh’ scaffold. The quantification of the fibrous capsule thickness was
almost double in ‘Non’ with respect to ‘μCh’ scaffold (Fig. 5B). When
recalling the results of fibroblasts/MSCs co-staining at day 7 (Fig. 3B),
where the fibroblasts were widespread in ‘Non’ scaffold but not in μCh’
scaffold, the fibroblasts infiltrated to ‘Non’ scaffold were required to
deposit collagenous fibers and fibrosis reaction. Taken all, the less fi-
brous capsule formation around the ‘μCh’ compared to ‘Non’ scaffold is
thought to be the result of a series of host events, including in-
flammation, angiogenesis and stem cell recruitment.

2.6. Sequential collective events and the possible role of sequestered
molecules

As demonstrated, the ‘μCh’ scaffolds significantly stimulated the
angiogenesis and stem cell homing process through altered immune/
inflammatory responses, ultimately resulting in reduced fibrous capsule
formation. Of note, the SDF-1 and VEGF release from the tissue samples
was much higher for ‘μCh’ scaffold, supporting their key roles in the
angiogenic and stem cell stimulation. While the SDF-1 and VEGF sig-
naling molecules were first assumed to be secreted from the cells in-
filtrated to the scaffolds, they can also be sequestered to the scaffolds.
At this point, we surmised if the ‘μCh’ scaffold might have the capacity

Fig. 3. Recruitment of stem cells by μCh. (A) Scheme of in vivo experiment to examine endogenous cell recruitment. (B,C) Immunohistochemistry of cells at 14 days,
showing the distribution of infiltrated MSCs to the scaffolds. CD90-positive MSCs (green) co-stained with fibroblastic marker (red) in (B) at low magnification, and
CD90 and CD54 are positive markers of MSCs (green) at high magnification in (C). White arrows: endogenous MSCs, S: implanted scaffolds. (D) Scheme of ex vivo
experiment to analyze the effects on stem cell migration and chemokine secretion. (E) Optical images of migrated MSCs, stained by crystal violet, after culture in a
transwell for 24 h on scaffolds implanted for 3 and 7 days. (F) Quantification of the migrated MSCs. (G) Detection of SDF-1 released from the retrieved scaffolds. Data
are mean ± SD, from five microscope fields and six samples of each specimen. Statistical analyses conducted using one-way ANOVA with Tukey's post-hoc test
(***P < 0.001 vs. Non). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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to sequestering molecules provisionally. To test this hypothesis, we
analyzed the adsorption of proteins to the scaffold samples retrieved at
24 h post-implantation.

First, the total amount of proteins adsorbed to the ‘μCh’ scaffold was
quantified to be 9.84mg - a level almost double that of the ‘Non’
scaffold (4.85mg) (as shown in Fig. 6A). The protein components ad-
hered to the scaffolds were further identified. We focused on the ECM
molecules that are known to engage in the early cellular events, in-
cluding vitronectin, fibronectin, and fibrinogen [13,16,68]. Interest-
ingly, the Western blot analysis (Fig. 6B) disclosed that all those ECM
molecules were adsorbed at significantly higher levels to ‘μCh’ than to
‘Non’. The Ponceau S staining supported that the same amount of
proteins in both scaffold groups was loaded into the gel. Furthermore,
the immunostaining of samples for fibronectin and vitronectin revealed
more intense protein signals from ‘μCh’ than from ‘Non’ scaffold
(Fig. 6C). We next analyzed the sequestration of a series of bioactive

molecules including cytokines, chemokines, and growth factors using a
protein array kit (Fig. 6D).

The intensity of each spot is summarized in Tables S1–3. Among the
molecules sequestered to the scaffolds within 24 h, proinflammatory
cytokines and chemokines were generally highly expressed. Interest-
ingly, the expression of inflammatory signals was much lower in ‘μCh’
than in ‘Non’ scaffold. In particular, the expression of CCL11, CCL12,
CCL21, CXCL10, CXCL13, and MMP-9 was different by more than twice
between the scaffolds (Fig. 6E and F). However, the expression of ab-
sorbed molecules associated with the anti-inflammatory responses, in-
cluding IL-1ra, IL-4, IL-10, VEGF, CD105, and FGF21, was not much
different. It is thus clear that the μCh scaffolds altered the profile of
sequestered provisional proteins. The expression profiles of the che-
mokines recognized here might reflect the assay time point (24 h) when
the early inflammatory reactions are dominant.

Based on the analyses on the type and amount of proteins that

Fig. 4. Angiogenic stimulation by μCh. (A) Scheme of in vivo experiment to examine neo-blood vessel formation in the scaffolds implanted for 14 days. (B)
Immunohistochemistry of cells with CD31 at day 14 post-implantation, showing the neo-blood vessel formation. Red arrows: newly formed blood vessels, S:
implanted scaffold area. (C) Quantification of vessel number and area generated. Data are mean ± SD, from three microscope fields of three specimens in each
group. Statistical analyses were conducted using two-tailed t-test (***P < 0.001 vs. Non). (D) Scheme of ex vivo experiment to analyze the effects on endothelial
functions and angiogenic factor secretion. (E) Fluorescence images of tubes formed by HUVECs under 4 h of culture with scaffolds retrieved at day 3. Control medium
supplemented with growth factors served as a positive control. (F) Quantification of tube number and area. Data are mean ± SD measured, from five microscope
fields in each group. Statistical analyses were conducted using one-way ANOVA (*P < 0.05 and **P < 0.01 vs. Non). (G) Quantification of VEGF released from the
scaffolds retrieved at 3 and 7 days. Statistical analysis was conducted using two-tailed t-test (*P < 0.05 and **P < 0.01 vs. Non). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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adsorbed/sequestered to the scaffolds particularly at the very early time
point, it is considered that the ‘μCh’ scaffold has the capacity, firstly to
attract some ECM molecules that are key involved in the initial cell
adhesion process, such as stem cell anchorage, and secondly to recruit
much less the molecules that upregulate inflammation. It is possible
that engineered biomaterials modulate chemokine concentration in the
body to reduce responses associated with further chronic inflammation
[46,69]. In a recent study, engineered hydrogel was shown to be highly
effective in sequestering the molecules secreted from activated macro-
phages at the early stages, leading to enhanced angiogenesis for tissue
repair [69], which underscores the importance of biomaterial's se-
questration of provisional molecules to shape the cellular micro-
environment. The current findings that the adsorption of adhesive
proteins increased while the sequestration of proinflammatory cyto-
kines decreased at the same time suggest the recapitulation of cellular
microenvironment by μCh scaffold, which can drive repair process
while suppressing chronic inflammation. The fibronectin/vitronectin-
rich surface contributes to stimulating initial adhesion of cells (e.g.,
MSCs) and the provisional matrix provides temporary architecture for
host cell migration and invasion [70]. Furthermore, those adhesive
molecules can favor neutrophils and macrophages to recognize the

surface and to anchor [71–77]. It was also reported that fibrin-rich fi-
brous surface stimulated macrophages to polarize upon pro- and anti-
inflammatory responses [78]. While here we analyzed the provisional
molecules only at very early time point (24 h), more in depth analysis at
different time points would give clearer information to correlate the
protein sequesteration with improved immune/inflammatory re-
sponses, which warrants further study.

Collectively, the series of sequential events occurred in the ‘μCh’
scaffolds in vivo can be outlined as shown in Fig. 7. It is thus clear that
the ‘μCh’ scaffold has unique physicochemical traits to accelerating
tissue repair process. On the basis of this, we further designed an ex-
periment to test the tissue regenerative capacity of the ‘μCh’ scaffold
with more tissue-specific model; here a bone defect model was in-
troduced as the bone regeneration also favors such a series of sequential
events. In particular, the in vivo effects on pro-angiogenesis and MSCs
recruitment by the ‘μCh’ scaffold were also confirmed in rat (supple-
mentary Fig. S5), similar to those in mouse.

2.7. Regenerative potential of μCh scaffold proven in bone defect model

The ‘μCh’ scaffold was implanted in a rat calvarium defect for 6
weeks and the tissue samples were analyzed if the series of earlier in
vivo events might be effective in the new bone formation condition. The
X-ray and micro-CT images of samples revealed hard tissues formed in
the defect area at substantial levels in the ‘μCh’ scaffold, which but, was
quite limited in the ‘Non’ scaffold (Fig. 8A and B). The new bone vo-
lume, surface area and density, as quantified based on the reconstructed
micro-CT images, were much higher in the ‘μCh’ than ‘Non’ scaffold
(Fig. 8C). The histological (H&E) staining showed the new bone was
well formed within the defect area in the ‘μCh’ scaffold, whereas the
new bone area was minimally found in the ‘Non’ scaffold (Fig. 8D). On
closer examination, many cells were gathered and infiltrated into the
microchannels of the ‘μCh’ scaffold (highlighted in supplementary Fig.
S6). The Sirius Red S/Fast Green co-staining of the newly formed tissue
revealed the deposition of collagenous (in red) and noncollagenous (in
green) matrix molecules in the scaffold. The matrix molecules were
observed to be produced more substantially in the ‘μCh’ scaffold com-
pared to the ‘Non’ scaffold (Fig. 8E). Of note, the noncollagenous pro-
teins were mainly deposited at the periphery of the collagen matrix, and
the collagen deposits were also found in the microchannels of the ‘μCh’
scaffold, suggesting the cells infiltrated have also produced collagen
molecules. When quantified, the amount of collagen and non-
collagenous proteins in the ‘μCh’ scaffold was significantly higher than
those in the ‘Non’ scaffold by almost 2-fold difference; 4.83 (± 0.44) vs.
2.27 (± 0.14) μg/section for collagen and 65.3 (± 6.05) vs. 36.9
(± 2.97) μg/section for noncollagen proteins (Fig. 8F). While the col-
lagen is considered as the early bone matrix, the noncollagenous pro-
teins, including osteocalcin, osteopontin, and osteonectin are involved
mainly at matured stages of bone matrix formation. In particular, the
immunohistochemical signal of osteopontin was more clearly noticed in
the tissue samples with ‘μCh’ scaffold than with ‘Non’ scaffold, sup-
porting the stimulated bone matrix deposition by the microchannels
(Supplementary Fig. S7).

The in vivo results thus proved that the ‘μCh’ scaffold could enhance
the regenerative process of cells in a bone defect, which might be sti-
mulated by the series of favorable events in tissue healing as discussed
earlier. The in vitro experiments further support that the ‘μCh’ scaffold
could stimulate the MSCs to adhere and differentiate into an osteogenic
lineage better than the ‘Non’ scaffold (supplementary Figs. S8 and 9).
Although the regenerative process in an orthotopic site does not exactly
match with the tissue healing process in an ectopic tissue (as demon-
strated in Fig. 7), the key events including inflammation, angiogenesis
and stem cell recruitment can generally be shared in common, which

Fig. 5. Fibrosis reduced by μCh scaffolds. (A) MT staining of tissue samples at 7,
14 and 21 days, showing the induction of fibrosis (bluish colored) at the in-
terface of scaffold/tissue. S: implanted scaffold area. (B) Quantification of the
fibrous tissue thickness. Data are mean ± SD measured, from five microscope
fields of each specimen. Statistical analyses, conducted using one-way ANOVA
with Tukey's post-hoc test (***P < 0.001 vs. Non).
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would ultimately be influential on the MSCs osteogenesis and bone
formation. It is but also possible that the microchannels in scaffold
might directly regulate the osteogenic differentiation of MSCs (e.g., due
to the topological effects), independently from the other events, aug-
menting another reason to the enhanced bone formation, which war-
rants further study.

3. Conclusions

Here we demonstrated that the 3D printed hierarchically structed
‘μCh’ scaffolds show unique biological reactions, including modulated
immune/inflammatory responses, promoted angiogenesis, and stimu-
lated stem cell recruitment. Among the possible reasons, the altered
profile of sequestered provisional molecules that are involved in the
initial cell adhesion and inflammation might play an important role in
the spatiotemporal control of microenvironments, entailing sequential
favorable cellular responses. Such a series of interactions with cells and
molecules could orchestrate in the repair and remodeling of tissues,
including defective bone. While more experiments such as signaling
studies underlying the observed events can solidify the mechanistic role
of the μCh scaffold, this study is considered to open the door to a new
class of microstructued scaffolds that have specific therapeutic actions,
even without the help of drugs or cells, for tissue repair and re-
generation.

4. Materials and methods

4.1. 3D printing of scaffolds with hierarchical microchannels and the
characterizations

4.1.1. Material solutions and 3D printing
Polycaprolactone (PCL) (MW 80000 Da, Sigma-Aldrich, St. Louis,

MO, USA) pellets were dissolved at 30% w/w in acetone. To produce
microchanneled pores in the strut, camphene (C10H11, Sigma-Aldrich,
MO, USA) was used by dissolving with the PCL pellets in acetone
(Deajung, Korea). The ratio of camphene/PCL was determined at 1:1 by
weight. The composite solution was homogenized via high-temperature
ball-milling at 50 °C overnight.

The scaffold was designed using a computer aided design (CAD)
program, and the solution dispensing was performed using a 3-dimen-
sional printing system (Ez-ROBO3, Iwashita, JAPAN). The scaffold was
formed in a lattice shape (dimension of 12mm×12mm×1mm) with
macropores of 300 μm×300 μm square form. The PCL and camphene-
PCL solutions were dispensed using a continuous air pressure into a
temperature-controlled bath of ethanol/distilled water through a
nozzle. The resulting struts were layered to construct 3-dimensional
scaffolds. The bath temperature was maintained at 0 or 37 °C. After the
scaffolds were solidified in the medium, they were dried overnight at
room temperature.

Fig. 6. Sequestered molecules to scaffolds. (A) Quantification of total proteins from the scaffolds retrieved at 24 h. Data are mean ± SD (n= 3). Statistical analyses
conducted using two-tailed t-test (***P < 0.001 vs. Non). (B) Expression of provisional ECM proteins (fibronectin, vitronectin, and fibrinogen) detected using
Western blot and Ponceau S staining. (C) Immunostaining of adsorbed fibronectin and vitronectin. (D) Protein array of small molecules adsorbed to scaffolds
retrieved at 24 h. (E) Representative proteins that expressed with a differnce more than twice are compared between the scaffold groups.
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4.1.2. Characterizations of 3D scaffolds
The surface morphology and microstructure of the scaffolds were

observed by scanning electron microscopy (SEM; JSM-6510, JEOL,
Japan). The micropore size was measured from the SEM images. The
interconnected pore structure was characterized by 3D X-ray micro-
tomography (ZEISS) with a resolution of 500 nm [37,38] and a tor-
tuocity was calculated (n= 40). To confirm the complete removal of
camphene from the scaffolds, Fourier transformed infrared spectro-
scope (ATR-FT-IR, Varian 640-IR, Australia) was used (results shown in
Supplementary Fig. S10). The porosity was measured using Archimedes
method [79]. Briefly, the weight of scaffold (Ws), the weight of absolute
ethanol (W1), the weight of scaffold + ethanol (W2), and the weight of
ethanol after removing scaffold (W3) were measured, and the porosity
was calculated using the following equation:

= ×Porosity W W WS
W W

(%) ( 2 2 )
1 3

100

The surface area and density were measured using a mercury por-
osimeter (PM33, Quantachrome, FL, USA). Total water absorption was
calculated using the initial weight (W0) and the weight of the scaffold

after water absorption (W1) using the following formula:

= ×Total water adsorption W W
W

(%) 1 0
0

100

For the cross-sectional images, samples were cut using a cryotome
and stained with FITC dye. The images obtained under fluorescence
microscopy (Life Technology, NY, USA) were analyzed from ImageJ
software. The mechanical behavior of the scaffolds was examined by
Instron. Samples prepared with a dimension of 5mm×5mm x 5mm
were compressed with 1 kN load cell and the stress-strain curves were
recorded.

4.2. Scaffold implantation in subcutaneous site and tissue sample analyses

4.2.1. Surgical procedure and sampling
Animal experiments were approved by the Ajou University Animal

Care and Use Committee. The care of animals and experimental pro-
cedures were carried out in accordance with the guidelines of the
National Institutes of Health. The 3D printed scaffolds were sterilized
with ethylene oxide gas before surgery. C57BL/6 mice (male, 6 weeks

Fig. 7. A series of sequential events occurred in the implanted ‘μCh’ scaffold. The events are outlined along the timeframe of hours to days to weeks to months, as
deduced from the present results. The events including neutrophil response, macrophage polarization, MSC recruitment and angiogenesis lead to reduced fibrous
capsule formation, which is favorable for accelerating tissue regeneration, such as bone regeneration. The capacity of ‘μCh’ scaffold to sequestering provisional
molecules (e.g., adhesive proteins, chemokines, and growth factors) secreted from the cells gathered or infiltrated at the right time might be influential.
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of age) and Sprague–Dawley rats (male, 6 weeks of age) were used for
the implantation of the scaffolds. The animals were anesthetized with a
solution of tiletamine–zolazepam (30mg/kg) and xylazine (10mg/kg).
To implant the scaffolds, 13-mm incisions were made to each dorsal
side of the rats and mice. Each specimen was then placed into the
subcutaneous pocket. After suture, the animals were maintained for the
required periods for analyses. For the experiments of protein adsorption
and immune cell infiltration, the scaffolds were first inserted into
stainless steel cages, which were subsequently implanted into the sub-
cutaneous tissue [80].

4.2.2. Observation of neutrophils and extracellular trap formation
The morphology of neutrophils adhered to the scaffolds was ob-

served by SEM. Following 24 h of the implantation, samples were re-
trieved. The specimens were washed in chilled PBS and fixed in 2.5%
glutaraldehyde-2% paraformaldehyde solution for 4 h at 4 °C. The
samples were then dehydrated by a graded series of ethanol solutions
with 5min intervals. Finally, the samples were rinsed twice with hex-
amethyldisilazane (HMDS, Sigma-Aldrich, MO, USA) and then dried in
fume hood. SYTOX green (Thermo Fisher Scientific, MA, USA) stain was
used to detect extracellular nucleic acids in the initial immune cells.

Fig. 8. Capacity of μCh in bone regeneration model. (A) X-ray and (B) μCT images of samples implanted in rat calvarium defect for 6 weeks. (C) Quantification of
newly formed bone volume, surface area and surface density in the defect area. Data are mean ± SD (n= 3). Statistical analyses conducted using two-tailed t-test
(*P < 0.05 vs. Non). (D) H&E staining of samples. S: implanted scaffold area, OB: old bone, NB: new bone. (E) Staining of Sirius red S and fast green to visualize
deposited collagen and non-collagenous proteins, respectively. S: implanted scaffold area. (F) Quantification of the proteins. Data are mean ± SD, from four slide
sections of each specimen. Statistical analyses conducted using two-tailed t-test (**P < 0.01 vs. Non). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Following 24 h of the implantation, retrieved samples were wash in
chilled PBS and fixed in 4% formaldehyde solution for 4 h at 4 °C. The
specimens were then incubated with SYTOX green solution for 15min.
The nuclei in cells were stained with Hoechst 33342 solution.

4.2.3. Infiltration and differentiation of macrophages
Samples retrieved at 7 days from the implantion were washed with

chilled PBS and fixed with 1% formaldehyde solution for 4 h at 4 °C.
After washing three times with PBS, the samples were immersed in 20%
sucrose solution until they settled down to the bottom at 4 °C. For cryo-
sectioning, the samples were embedded in OCT compound (Thermo
Fisher Scientific, MA, USA) and frozen at −20 °C. The frozen samples
were cut to a thickness of 4 μm using a cryostat and transferred onto
coated slides. Slides were blocked with 1% (w/v) bovine serum albumin
(BSA) for 30min and treated in CD11b, F4/80, NOS2, and arginase
(ARG) primary antibody solution (1:100 diluted in PBS, Santa Cruz
Biotechnology, CA, USA) for 2 h at room temperature. Subsequently,
the slides were incubated in the secondary antibody with a specific
marker probe solution for 1 h. Cell nuclei were stained in Hoechst
33342 solution for 3min and the samples were mounted.

4.2.4. Detection of endogenously homed MSCs
Retrieved samples at day 3 and 7 were washed and fixed. After

immersion in 20% sucrose solution, the washed samples were frozen in
OCT compound at −20 °C, and cut to slides. To observe endogenous
MSCs, the slides were blocked and treated in CD90 and CD54 antibody
solution (1:100 diluted in PBS, Santa Cruz Biotechnology, CA, USA) for
2 h at room temperature. Fibroblasts were stained with fibroblast
marker antibody (1:100 diluted in PBS, Santa Cruz Biotechnology, CA,
USA). After washing three times, the slides were incubated with the
secondary antibody for 1 h and counterstained with Hoechst 33342
solution.

4.2.5. In vivo observation of angiogenesis
The sample slides obtained by a frozen section process as afore-

mentioned were dehydrated with ethanol series. The samples were
pretreated with H2O2 and pepsin for antigen retrieval. The samples
were blocked and treated with CD31 antibody solution (1:100 diluted
in PBS, Santa Cruz Biotechnology, CA, USA), the secondary antibody
solution, and streptavidin-HRP, sequentially. After developing DAB, the
samples were counterstained with hematoxylin, and dehydrated in
ethanol and xylene, and then mounted.

4.2.6. Fibrosis assay
Scaffolds implanted for 7, 14, and 21 days were used for the fibrosis

assay. At each period, the samples were retrieved, frozen-sectioned to slides,
and stained with Masson's Trichrome (MT) stain kit (Polysciences, Inc., PA,
USA). The fibrosis thickness was measured from collagen fiber (blue)
formed around the scaffold based on optical images.

4.3. Ex vivo studies of stem cell homing and angiogenesis

4.3.1. Migration test with human MSCs
For the migration study, human tonil-derived MSCs (hMSCs) were

used after approval by the Institutional Review Board of Ajou
University Hospital (AJIRB-BMR-SMP-17-494). Procedures were per-
formed in accordance with the relevant regulations. Human tonsil
tissue was obtained from the department of otolaryngology of Ajou
University Hospital (Suwon, Korea). Tissues discarded during surgery
were used for cell isolation, and informed consent was obtained from all
donors or from parents or legal representatives of donors under 18. The
tonsil tissue was digested in collagenase solution (0.075%) (Sigma-
Aldrich, St. Louis, MO, USA) at 37 °C for 30min, and the isolated cells
were re-suspended and maintained in the medium made of αMEM
supplemented with 1% antibiotic–antimycotic (Invitrogen-Gibco,
Carlsbad, CA, USA) and 10% PBS.

To identify hMSCs, the isolated cells were analyzed using fluores-
cence-activated cell sorting (FACS). The analysis was performed on
MSCs at passage 4. The antibodies (CD90, CD29, CD44, CD45, and
HLA-DR) conjugated with fluorescence dye were bound to each specific
antigen on the hMSC surface (Supplementary Fig. S11A). The hMSC
capacity to undergo adipogenesis, osteogenesis, and chondrogenesis
was confirmed (Supplementary Fig. S11B) by culturing in each in-
ductive medium. For the adipogenesis, hMSCs were maintained in the
medium containing 5mM 3-isobutly-1-methylxanthine (Sigma-Al-
drich), 1 mM dexamethasone (Sigma-Aldrich), and 10mg/ml insulin
(Sigma-Aldrich). After 14 days, the cultured cells were stained with Oil
Red O staining solution. Osteogenic medium was supplemented with
10mM β-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), 50 μM
L-ascorbic acid (Sigma-Aldrich), and 100 nM dexamethasone. The dif-
ferentiation was confirmed by Alizarin Red S (ARS; Sigma-Aldrich)
staining. Chondrogenesis was induced in low-glucose Dulbecco's Mod-
ified Eagle's Medium (DMEM; Gibco) supplemented with 1 x in-
sulin–transferrin–selenium-G, 100 nM dexamethasone, 100 μg/ml so-
dium pyruvate, 1.25mg/ml BSA, 50 μg/ml ascorbic acid, 40 μg/ml L-
proline, and 10 ng/ml TGF-beta. The chondrogenic cells were stained
with Safranin O.

The hMSC migration assay was performed using transwell chambers
(24-well format with pore size of 8 μm; Costar, Cambridge, MA, USA).
MSCs (1×104) were added to the top of the insert with low FBS
medium (α-MEM with 3% FBS; Welgene, Daegu, Korea). After 24 h, the
sample retrieved at 3 or 7 days of implantation was placed into the
lower compartment of the well. The hMSCs were cocultured for 24 h,
fixed with 5% glutaraldehyde, and stained with 1% crystal violet so-
lution. Images were obtained by optical and fluorescence microscopy
(EVOS FL Auto, Thermo Fisher Scientific, MA, USA).

4.3.2. Tubular formation with HUVECs
HUVECs (PCS-100-010, ATCC) at passage 4 were used for the tube

formation assay. The HUVECs were cultured in a vascular cell basal
medium (Gibco, Carlsbad, CA, USA) supplemented with an endothelial
cell growth kit-VEGF (Gibco). Cells were incubated at 37 °C in 5% CO2.
For the tube formation assay, transwell chambers with a pore size of
0.4 μm were used. First, the wells were coated with Matrigel and in-
cubated at 37 °C for 1 h. On the Matrigel, 1× 105 HUVECs (ATCC,
Manassas, VA, USA) were seeded. At the same time, a retrieved sample
was added to the upper portion of the transwell. As a positive control,
HUVECs were cultured in high-glucose DMEM including a low serum
growth supplement (Welgene, Daegu, Korea). High-glucose DMEM
without any supplement was used for the test group. After 4 h, tube
formation was observed by microscopy following staining with Calcein
AM (Thermo Fisher Scientific, MA, USA).

4.3.3. Protein assays by ELISA
After migration and tubular formation test, the existence of VEGF

and SDF-1 in the retrieved samples scaffolds was quantified using VEGF
and SDF-1 ELISA (enzyme-linked immunosorbent assay) kits, respectively
(R&D system, MN, USA), following the manufacturers protocol.

4.4. Analyses of sequestered molecules

4.4.1. Quantifications of total protein
To measure the amount of total proteins, the specimens retrieved at

24 h post-implantation were washed twice in chilled PBS. The speci-
mens were then immersed in lysis buffer containing proteinase and
phosphatase inhibitor on ice for 30min. The lysate was centrifuged at
13000 rpm for 20min. The quantity of the total protein in the super-
natant was measured using a protein assay kit (DC™, Bio-Rad
Laboratories, Inc., CA, USA) based on the bradford dye-binding method.

4.4.2. Detection of ECM molecules
After quantification of the protein, the lysate was loaded onto 12%
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SDS/PAGE gels. After electrophoresis, the proteins were transferred
onto a nitrocellulose membrane. The location of protein band was
confirmed with Ponceau S solution. The membrane was blocked with
5% skim milk solution and incubated with fibronectin, vitronectin, or
fibrinogen antibody (1:1000, Santa Cruz Biotechnology, CA, USA). The
HRP-conjugated secondary antibody was then bound with primary
antibody (1:2000). Bands were visualized using ECL reagents
(Amersham, Piscataway, NJ, USA) and detected by LAS-4000 (Fuji,
Japan). For the immunohistochemistry, the retrieved samples were
frozen-sectioned and blocked, and then treated with fibronectin or vi-
tronectin antibody solution (1:100 diluted in PBS, Santa Cruz
Biotechnology, CA, USA) for 2 h at room temperature. Subsequently,
the samples were incubated in the secondary antibody with a specific
marker probe for 1 h. The samples were mounted without counter-
staining, and then visualized under a confocal laser scanning micro-
scope.

4.4.3. Proteome array
The cytokines, chemokines, and growth factors sequestered to the

scaffolds were analyzed from the specimens retrieved at 24 h post-im-
plantation. Lysates obtained from the specimen were quantified using a
protein assay kit and the same amount of protein lysate was loaded on the
membrane in Proteome Profiler Array kit (R&D system, MN, USA). The
experimental procedure was followed by the manufacturer instructions. The
results of the protein array were visualized using LAS machine, and the
intensity was quantified by gel analysis using ImageJ software.

4.5. In vivo experiments in bone defect

4.5.1. Calvarium defect model and operation
The animal study was approved by the Ajou University Animal Care

and Use Committee. The animals (Sprague–Dawley rats, male, 10 weeks
of age) were maintained in a controlled environment of humidity
30–70% and temperature 20–24 °C. The protocols for animal care were
carried out in accordance with the guidelines established by the
National Institutes of Health. The general anesthesia was aforemen-
tioned. A longitudinal incision on the skull was made, and two bone
defects of 5mm diameter were created using a trephine bur in each rat.
The defects were then filled with a scaffold prepared with a dimension
of 5mm diameter x 1mm thickness.

4.5.2. Assessments of new bone formation
To visualize new bone growth in the calvarial defect model, a μCT

scanner (Skyscan 1176; Skyscan, Aartselaar, Belgium) was used. At 6
weeks post-implantation, specimens were retrieved and fixed with 4%
formaldehyde. The new bone growth was measured in a cylindrical
region of interest, based on the 3D images reconstructed using a com-
puter analysis program, CTAn (Skyscan), and the newly formed bone
volume and surface area were obtained.

The samples were decalcified with rapid Cal solution (BBC Chemical
Co., Stanwood, WA, USA) for the histology. The samples were dehy-
drated using ethanol and xylene, and then embedded in paraffin solu-
tion. After cutting into 4-μm-thick sections, the slides were stained with
hematoxylin & eosin (H&E) and Sirius Red S/Fast green kit (Chondrex,
Inc., WA, USA). The histology images were visualized under an optical
microscope (EVOS FL Auto, Thermo Fisher Scientific, MA, USA).

4.6. Statistical analyses

All statistical analyses were performed with GraphPad Prism soft-
ware. Data are presented as mean ± standard deviation (SD). The
differences between the comparion groups were analyzed using two-
tailed t-test or one-way ANOVA with Tukey's post-hoc test.
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