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ARTICLE INFO ABSTRACT
Keywords: Tissue engineering based on the combined use of isolated cells, scaffolds, and growth factors is widely used;
Vapor construction however, the manufacture of cell-preloaded scaffolds faces challenges. Herein, we fabricated a multicomponent

Multifunctional scaffold

Human adipose tissue-derived stem cell
Growth factor

Regenerative medicine

scaffold with multiple component accommodations, including bioactive molecules (BMs), such as fibroblast
growth factor-2 (FGF-2) and r-ascorbic acid 2-phosphate (A2-P), and living cells of human adipose-derived stem
cells (hASCs), within one scaffold construct. We report an innovative fabrication process based on vapor-phased
construction using iced templates for vapor sublimation. Simultaneously, the vaporized water molecules were
replaced by vapor deposition of poly-p-xylylene (PPX, USP Class VI, highly compatible polymer, FDA-approved
records), forming a three-dimensional and porous scaffold matrix. More importantly, a multicomponent modifi-
cation was achieved based on using nonvolatile solutes, including bioactive molecules of FGF-2 and A2-P, and
living cells of hASCs, to prepare iced templates for sublimation. Additionally, the fabrication and construction
resulted in a multicomponent scaffold product comprising the devised molecules, cells, and vapor-polymerized
poly-p-xylylene as the scaffold matrix. The clean and dry fabrication process did not require catalysts, initiators
or plasticizers, and potentially harmful solvents, and the scaffold products were produced in simple steps within
hours of the processing time. Cell viability analysis showed a high survival rate (approximately 86.4%) for the
accommodated hASCs in the fabricated scaffold product, and a surprising multilineage differentiation potential of
hASCs was highly upregulated because of synergistic guidance by the same accommodated FGF-2 and A2-P
components. Proliferation and self-renewal activities were also demonstrated with enhancement of the multi-
component scaffold product. Finally, in vivo calvarial defect studies further revealed that the constructed scaffolds
provided blood vessels to grow into the bone defect areas with enhancement, and the induced conduction of
osteoblast growth also promoted bone healing toward osseointegration. The reported scaffold construction
technology represents a prospective tissue engineering scaffold product to enable accommodable and custom-
izable versatility to control the distribution and composition of loading delicate BMs and living hASCs in one
scaffold construct and demonstrates unlimited applications in tissue engineering repair and regenerative medicine

applications.
1. Introduction that has been damaged because of disease or trauma. Tissue engineering
based on combining isolated cells, scaffolds and growth factors is widely
Many surgical procedures are performed to replace or repair tissue used in wound healing, and the regeneration of artificial organs provides

* Corresponding author. Department of Chemical Engineering, National Taiwan University, Taipei, 10617, Taiwan.
** Corresponding author. Department of Chemical Engineering, National Taiwan University, Taipei 10617, Taiwan.

* Corresponding author.
E-mail addresses: picorna.tw@yahoo.com.tw (C.-Y. Wu), nccheng@ntu.edu.tw (N.-C. Cheng), hsychen@ntu.edu.tw (H.-Y. Chen).

https://doi.org/10.1016/j.mtbio.2022.100213

Received 6 November 2021; Received in revised form 27 January 2022; Accepted 4 February 2022

Available online 8 February 2022

2590-0064/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nend/4.0/).


mailto:picorna.tw@yahoo.com.tw
mailto:nccheng@ntu.edu.tw
mailto:hsychen@ntu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100213&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100213
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100213

Y.-C. Chiang et al.

innovative approaches for the repair and regeneration of damaged tis-
sues. Because of the tunable framework, pore size, surface properties, and
high surface area, three-dimensional (3D) porous scaffolds render sup-
portive structures and customized environments for cells to mechanically
support and guide cell behavior and morphogenesis, requiring few cells
while filling defects compared with cells alone. Porous scaffolds provide
a large specific surface area for cell adhesion to achieve sufficient cell
densities, and additionally, the linked pore structures allow cell move-
ment and distribution across the mass transport and vascularization,
which are essential for nutrition exchange and mediating cell behavior
[1-5]. A successful scaffold should have appropriate biocompatibility,
surface chemistry, porosity and mechanical properties to deliver bio-
molecules and accelerate the healing process. Therefore, the technique of
manufacturing porous scaffolds plays a vital role in tissue engineering.
Currently, numerous fabrication methods of porous scaffolds exist, such
as gas foaming [6,7], solvent casting and leaching [8], laser sintering
[9-12], freeze-drying/lyophilization [13-17], sol-gel, electrospinning
[18,19], 3D printing and additive manufacturing [20,21]. However,
overcoming the current obstacles to manufacturing cell-loaded scaffolds
faces several challenges, including complex protocols and low cell
viability, the use of potentially harmful chemicals and solvents, and the
injurious effects from removal treatments for many porogens. The use of
bioprinting and electrospinning can form a porous scaffold full of layers
but cannot simulate the pore complexity of the natural extracellular
matrix (ECM) geometry. Furthermore, the need for crosslinking often
slows down the bioprinting process and involves chemical modification
of ECM materials that can compromise both their chemical and material
properties [22]. The technology to date is constrained primarily on a
straightforward and simple biochemical function for the constructed
scaffold products, and the thriving multifunctional concept to implement
a multicomponent scaffold is yet accomplished by a mild and clean
fabrication process.

In the present study, we introduced vapor-phased construction of
scaffold products, a process that facilitates not only the physical and
chemical properties of the scaffolds to better mimic the native ECM but
also provides versatility to accommodate sensitive BMs—e.g., growth
factors and vitamins, and even living cells—to guide tissue regeneration
and cell growth activities. The construction process used simple steps and
was based on our previously reported mechanism of vapor sublimation
and vapor deposition in the same control volume of a solidified (but
volatile—e.g., ice or dry ice) substrate under devised thermodynamic
conditions at reduced pressure and temperature to produce a porous and
three-dimensional monolith material [23]. The final architecture, inte-
rior structure, and mechanical properties, were theoretically tunable and
customizable in the range from 5 pm to 100 pm for the pore size, porosity
of approximately from 50% to 80%, and a Young's modulus from ~10
kPa to 10000 kPa [24,25]. Therefore, we hypothesized that, through the
construction mechanism of vapor sublimation and deposition to define
biochemical properties by accommodating BMs, including FGF-2 and
A2-P in the scaffold construct, can result in synergistic activities to pro-
mote stem cell proliferation activities while maintaining stem cell
stemness. Furthermore, mesenchymal stem cells (MSCs) show high po-
tential in cell therapy and regenerative medicine [26]. For example,
hASCs are highly abundant in the human body, show high and stable
proliferation ability, are of autologous origin to prevent immune rejec-
tion, cause minimal discomfort compared with aspiration from the bone
marrow, and can be immediately used after isolation [27]. More
importantly, the pluripotent nature of hASCs, such as their involvement
in adipogenesis, osteogenesis, and hepatogenesis, has been confirmed
under both 2D and 3D conditions cultured in specific induction media,
and the combination of hASCs and 3D scaffolds is anticipative [28-31].
The same synergistic accommodation hypothesis was finally demon-
strated to include living hASCs with selected BMs and enhancing the
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scaffold properties by the following: (i) high cell viability of the accom-
modated cells; (ii) a vapor-phased dry and clean process to fabricate the
scaffold constructs with highly biocompatible matrix material of poly--
p-xylylene (United States Pharmacopeia (USP) classified VI polymer,
hereafter referred to as PPX); (iii) the versatility to customize compo-
nents of varying BMs in one scaffold construct to enable defined and
guided tissue and cellular activities—e.g., proliferation, self-renewal
activities, and varied differentiation pathways; (iv) enhanced osteointe-
gration in an in vivo calvarial defect animal model of using the proposed
synergistic scaffold constructs fabricated and comprising living hASCs
and guiding BMs of FGF-2 and A2-P components. The herein fabricated
multicomponent scaffold products with increasing the effectiveness of
osseointegration therapeutics are emerging as a prospective bone graft
substitute.

2. Materials and methods
2.1. Scaffold fabrication

The bioactive molecules fibroblast growth factor-2 (FGF-2; R&D
Systems, USA) and r-ascorbic acid 2-phosphate (A2-P; Sigma-Aldrich,
USA) were obtained commercially as indicated. Human adipose-
derived stem cells (hASCs) were isolated from subcutaneous adipose
tissue according to reported procedures [32], and the protocols were
approved by the Research Ethics Committee of National Taiwan Uni-
versity Hospital (REC approval number: 201303038RINB). The cell
loading density was 1 x 10° cells per sample, and the culture conditions,
including the cell growth medium recipe, were completely based on a
previous report [33]. A prepared solution containing FGF-2 (5 pg/mL),
A2-P (250 mM) and hASCs (1 x 10° cells) was restricted to a glyceryl
trioleate (Sigma-Aldrich, USA) system (oil-in-water system). Next, the
solution was loaded into a polydimethylsiloxane (PDMS) mold [34] and
cooled with liquid nitrogen during the solidification process. The iced
sculptures were taken from the PDMS molds and then placed in a
home-built chemical vapor deposition (CVD) system for the proposed
scaffold fabrication using the sublimation and deposition process [23,
25]. For the deposition of poly-p-xylylene (Parylene™), commercial
dichloro-[2,2]-paracyclophane (Galxyl C; Galentis, Italy) was used as
received, and the whole enclosed CVD system was vacuumed to
approximately 150 mTorr using a vacuum pump. The vapor-phased
cyclophane was produced at approximately 100 °C and then pyrolyzed
while passing through a pyrolysis zone held at 670 °C by transport with a
carrier gas (argon) at a flow rate of 50 sccm, which was controlled by a
mass flow controller (MFC; MKS Instruments, USA). The deposition rate
was adjusted to approximately 0.4 A/s, which was monitored using a
quartz crystal microbalance (QCM; STM-100/MF; Sycon Instruments,
USA).

2.2. Stem cell viability and compatibility

Viability (i.e., the percentage of living cells relative to total cells) of
the hASC-accommodated scaffolds was investigated by staining using a
LIVE/DEAD kit (Thermo Fisher Scientific, USA). To observe the cell
morphology, fabricated samples were dried in an oven overnight, sput-
tered with a conductive layer of platinum, and recorded using a scanning
electron microscopy (SEM) system (Nova™ NanoSEM; FEI, USA) with a
primary energy of 10 keV and operating pressure of 5 x 10~ Torr. To
analyze the cell distribution within the fabricated scaffold, the hASCs
were first fluorescence labeled with Alexa Fluor® 488-conjugated phal-
loidin to stain the cytoskeleton and DAPI to stain the nucleus, and the
fluorescence images were captured using a confocal laser scanning mi-
croscope (TCS SP5; Leica Microsystems, Germany). Furthermore, the 3D
fluorescence images were reconstructed using Imaris (version 9.7).
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2.3. Material characterization

The microstructural and architectural features of the synthetic porous
structures were scanned using a Skyscan 1272 high-resolution micro-CT
apparatus (Bruker, Germany) at a pixel size of 2.5 pm and 4-K resolution.
The voltage was 40 kVp, and the current was 250 pA at a 10-Watt output.
3D image reconstruction was performed using the reconstruction soft-
ware GPU-Nrecon (Bruker micro-CT; Kontich, Belgium). The isolated
cubes (600*600*600 pm; 267 slices) were then analyzed using CTAn
1.18.4 software (Bruker micro-CT; Kontich Belgium). SEM images were
recorded using an SEM system (Nova™ NanoSEM; FEI, USA), and energy-
dispersive X-ray spectroscopy (EDS) was further performed to probe the
element analysis. The functional groups of the fabricated scaffolds were
characterized by infrared reflection absorption spectroscopy (IRRAS)
spectra obtained from an FT-IR 100 spectrometer (PerkinElmer, USA)
using 128 scans and 4-cm ! resolution with an advanced grazing angle
specular reflectance accessory (AGA; PIKE Technologies, USA) and a
liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector.

2.4. Stem cell behavior analysis

The proliferation activity of hASCs was analyzed using a LIVE/DEAD
staining kit (Thermo Fisher Scientific, USA) on days 1, 5, and 10 and then
was detected using a fluorescence microscope (Leica Microsystems,
Germany). The number of viable cells that resided in the scaffolds was
further analyzed by the MTT assay (Sigma-Aldrich, USA) following the
manufacturer's instructions. Each experiment was performed in tripli-
cate. Using the previously described protocol mainly based on trypsin
digestion [35], the cultured hASCs were harvested from the scaffold. For
cell surface antigen identification, these hASCs were subjected to inter-
action with a series of fluorescein isothiocyanate (FITC)-labeled anti-
bodies against human CD34, CD73, CD90 (all from Biolegend, USA), and
CD105 (BD-Bioscience, USA) following a previously reported protocol
[36] and then were analyzed by flow cytometry (Becton Dickinson, USA).
Stemness activity was evaluated on day 7 by immunofluorescence
staining and Western blot analysis of the three stem cell pluripotent
markers Oct4, Sox2, and Nanog in hASCs following a previously reported
protocol [36]. The multilineage differentiation potential of hASCs that
housed in the fabricated scaffolds was further verified by incubation in
various induction media, as described in previous reports [36,37]. Sub-
sequently, the osteogenic differentiation activity was examined on day
21 based on immunofluorescence staining of the osteogenic marker
osteocalcin (OCN). Adipogenic differentiation activity was examined on
day 10 by staining with Oil Red O (Sigma-Aldrich, USA) to investigate the
lipid droplets. Hepatogenic differentiation capability was analyzed on
day 21 according to immunofluorescence staining for the expression of
the hepatogenic marker albumin in the differentiated hASCs. Cell nuclei
were counterstained with DAPI (4,6-diamidino-2-phenylindole; Thermo
Fisher Scientific, USA). The captured digital images were further
analyzed using ImageJ software following the reported method to
quantify multilineage activities [38].

2.5. Immunofluorescence and Western blot analyses

Immunofluorescence and Western blot analyses were performed ac-
cording to a previously described protocol [36] using the following pri-
mary antibodies: anti-Oct4 antibody [EPR17980] (Abcam; Cat. No.
ab200834; 1:500), anti-SOX2 antibody [9—9—3] (Abcam; Cat. No.
ab79351; 1:500), anti-Nanog antibody [EPR2027(2)] (Abcam; Cat. No.
ab109250; 1:500), anti-beta actin antibody (Abcam; Cat. No. ab8227;
1:1000), anti-osteocalcin antibody (Abcam; Cat. No. ab198228; 1:200),
and anti-human serum albumin antibody (Abcam; Cat. No. ab2406;
1:200) and the following secondary antibodies: goat anti-rabbit IgG H&L
(Alexa Fluor® 488) preadsorbed (Abcam; Cat. No. ab150081; 1:200),
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goat anti-mouse IgG (whole molecule)—TRITC antibody (Sigma-Aldrich;
Cat. No. T5393; 1:200), goat anti-rabbit IgG H&L (HRP) (Abcam; Cat. No.
ab6721; 1:2000), and goat anti-mouse IgG H&L (HRP) (Abcam; Cat. No.
ab6789; 1:2000).

2.6. Scaffold implantation

The experimental protocol for this animal study was approved by the
National Taiwan University College of Medicine and College of Public
Health Institutional Animal Care and Use Committee (IACUC20200091).
A rat calvarial defect model [39] was used to evaluate the potential of the
proposed bioactive scaffolds for regenerative medicine. Seventeen
12-week-old male Wistar rats (BioLASCO Taiwan Co., Ltd, Taipei,
Taiwan), with an initial weight of 250-300 g, were used for the animal
study. The calvarial cavities of the rats were randomly divided into 3
groups (n = 3): no scaffold (control), scaffold only (PPX), and scaffold
with growth factors and hASCs (PPX-hASC-BM). The rats were anes-
thetized by an intraperitoneal injection of Zoletil (20-40 mg/kg; Virbac,
Carros, France) plus xylazine (5-10 mg/kg; Bayer AG, Leverkusen, Ger-
many) before surgery. The calvarium was exposed using a skin incision
and periosteum reflection under an aseptic dressing. Two separate
full-thickness standardized trephine defects (5 mm in diameter
critical-size) were created in the bilateral calvarium under continuous
saline buffer irrigation. Extreme care was exercised to avoid damage to
the dura mater. The PPX or PPX-hASC-BM graft was implanted into the
trephine defect. As a negative control, no graft was inserted after the
defects were created. After the defect was treated, the reflected flap was
repositioned and sutured. After 8 weeks, the rats were sacrificed with an
overdose of pentobarbital, and specimens were harvested and fixed in
10% buffered formaldehyde solution.

2.7. Tissue regeneration

A microcomputed tomography (micro-CT) apparatus (SkyScan 1176;
Bruker, Kontich, Belgium) was used to evaluate the calvarial defects. The
micro-CT apparatus used an acceleration voltage of 80 kVp and 500 pA
with a copper filter. The samples were scanned at a voxel resolution of 36
pm with a rotation of 0.5°. The three-dimensional images were recon-
structed, and the region of interest (ROI) was analyzed using the Amira
system (Thermo Fisher Scientific, USA). For histological analysis,
formalin-fixed samples were trimmed and decalcified in 15% EDTA for
2-3 weeks and then were embedded in paraffin wax. Serial sections of
paraffin blocks of 6-pm thickness were obtained along the coronal plane,
stained with hematoxylin and eosin (H&E), and then examined under a
light microscope (BX51; Olympus Corp., Japan). For immunohisto-
chemistry detection, the sections were incubated with primary anti-
bodies against mouse F4/80 antigen (Thermo Fisher Scientific, USA) and
bone sialoprotein (Genetex, USA) at 4 °C overnight. After washing, the
sections were coated with a super enhancer at room temperature for
20-30 min using the Super Sensitive™ Polymer-HRP Detection Kit
(BioGenex, USA).

2.8. Statistical analysis

All the data were expressed as mean values with standard deviation
(mean + SD). Significance was set at the 5% level (p < 0.05) using un-
paired t-test in GraphPad Prism (version 7.0; USA) or ANOVA and LSD
post hoc test in IBM SPSS Statistics (version 21.0; USA).

3. Results and discussion
The proposed multicomponent scaffold, as displayed in Fig. 1a, was

prepared by the proposed fabrication mechanism via vapor deposition
and a sublimation process, as reported previously to construct porous
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PPX particles [23,40] and three-dimensional bulk materials [25]. Briefly,
an iced substrate was prepared by solidifying a water solution, which
served as a sublimating template under controlled thermodynamic con-
ditions at approximately 0 °C and 100 mTorr. Simultaneously,
vapor-phase deposition of PPX occurred on the same sublimating tem-
plate (under the same conditions), and the bidirectional mass transfers
showed water molecule sublimation out of the system and quinodi-
methane (precursor of PPX) deposition into the system. The process
resulted in the transformation of the water component into a PPX porous
matrix in the same volume space. Unlike the traditional chemical vapor
deposition process of PPX on a nonsublimating and stationary surface,
which should result in a dense thin film coating of PPX [41-43], the
deposition on this sublimating surface resulted in a three-dimensional
and porous monolith structure of PPX. Theoretically, unlimited dopant
components can be introduced to ice templates and are encapsulated in
porous PPX during the described vapor deposition and sublimation
process [23,40]. Thus, in the experiment, multiple doping components to
prepare iced templates included the following: (i) BMs of fibroblast
growth factor-2 (FGF-2) and 1-ascorbic acid 2-phosphate (A2-P), which
promoted stem cell proliferation activities and the self-renewal of mul-
tiple differentiation potentials through PI3K/AKT and MEK/ERK
signaling and hepatocyte growth factor expression [44]; (ii) living hASCs
that exhibit excellent genetic characteristics of pluripotency and avoid
ethical concerns of high potential for stem cell therapy [26]. A low vapor
pressure oil, glyceryl trioleate, was used specifically to form (ii) an
oil-in-water system to protect hASCs during the reduced temperature and
pressure conditions of the process. The resulting suspension of water
solution that comprised (i) and (ii) was then subjected to a solidification
procedure using a liquid nitrogen bath and converted into the described
ice template. Subsequently, in the deposition system where the

vapor construction

deposition [z
ol -
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Fig. 1. Scaffold fabrication and characterization. (a)
Proposed manufacturing process using controlled
mass transport during vapor-phased sublimation/
deposition to construct a multicomponent scaffold and
- simultaneously accommodated human adipose-
L derived stem cells (hASCs) and multiple bioactive

s molecules of fibroblast growth factor-2 (FGF-2) and -

ascorbic acid 2-phosphate (A2-P). (b) Micro-CT im-
aging of the manufactured scaffold showed a porous
structure and interconnected pores. The measured
pore size distribution ranged from 5 to 50 pm. (c)
Scaffold morphometrical properties (N = 5 scaffolds)
assessed by micro-CT analysis. (d) The cell viability

I

Nsanor assessed by LIVE/DEAD staining analysis at day 1
%] 50.0+3.2 showed that approximately 86.4% of the accommo-
e dated hASCs were alive and emitted green fluores-
cence in the fabricated scaffold. Dead cells were
[1/mm] 824124 stained in red for comparison. (e) The SEM image of
the interior structure showed that the accommodated
[pm] 20.3%1.2 hASCs adhered and grew on the manufactured porous
scaffold. (f) The 3D confocal micrograph further
[um] 19.8£0.9 showed that the accommodated hASCs were evenly
distributed in the fabricated scaffold. hASCs were

[1/mm] 241+29

fluorescence labeled with Alexa Fluor® 488-conju-
gated phalloidin to stain the cytoskeleton (green)
and DAPI to stain the nucleus (blue); a high resolution
and magnified image of stained cells is shown in the
inset.

thermodynamic conditions were controlled at 0 °C and 100 mTorr, the
introduction of vapor-phased quinodimethane precursors into the system
produced favorable deposition of PPX on the cooled substrate of the
sublimating ice template. Using the aforementioned vapor sublimation
and deposition mechanism, a porous scaffold containing encapsulated (i)
and (ii) components and PPX as the matrix was constructed. A real-time
mass spectrometric gas analyzer was used to monitor the vapor compo-
sition during the vapor sublimation and deposition process. Figure S1
(Supporting Information) reveals a characteristic peak at 18 amu repre-
senting the sublimated water molecule from the ice template, and peaks
at 104 amu and 138 amu indicated p-quinodimethanes and derivatives,
showing evidence of PPX deposition.

Characterization of the resulting scaffold was further performed by
microcomputed tomography (micro-CT; Fig. 1b). The three-dimensional
images recorded by micro-CT showed a relatively uniform porous scaf-
fold product, and the interconnected pores were approximately 99.94 +
0.01%. The measured pore size distribution ranged from 5 to 50 pm, most
of which were approximately 20 pm (accounting for 24% of all pores).
Because of the sublimation of water vapor and three-dimensional fractal
and nucleated polymerization, the proposed manufacturing method can
form interconnected porous structures [25]. Most importantly, the nature
of the interconnected pores is considered crucial to the transport and
exchange gradients for signal factors, gases, nutrients, and bioactive
molecules to achieve the best prospects for the proliferation and
tissue-like assembly of cultured cells [45]. Fig. 1c further summarizes the
morphometrical characteristics of the fabricated scaffold by micro-CT
analysis (N = 5 scaffolds). The scaffolds showed a medium porosity of
50.9 + 3.2% to provide adequate mechanical support. The average
scaffold surface density (SS/TV) that plays a role in cell attachment and
growth was 82.4 + 2.4 mm? mm>. The resulting pore size (20.3 + 1.2
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pm on average) and pore wall thickness (19.8 + 0.9 pm) provided the
scaffold with the proper strength and environment for cell proliferation
and differentiation. Additionally, the pore wall number averaged 24.1 +
2.9 mm ! in this interconnected porous scaffold. Despite the aforemen-
tioned versatility of adjusting mechanical properties, which were also
reported elsewhere [24,25], and in order to constrain the focus on the
conceptual integration of multicomponent biochemical properties of the
scaffold fabrication technique, mechanical parameters of the fabricated
scaffold products were maintained with consistency, including approxi-
mately a 42.3 + 7.3 pm in pore size, 71.2% =+ 5.8 for the porosity, and a
221 =+ 19.3 kPa Young's modulus, were characterized and utilized in the
experiments.

From a material chemistry perspective, Fourier transform infrared
spectroscopy (FT-IR) analysis, as indicated in Figure S2 (Supporting In-
formation), and the recorded spectra showed characteristic absorption
peaks for PPX: C —H peaks at 2924 cm ™, 2863 cm ™%, 1407 cm ™! to 1590
em™! for the aromatic C=C stretching peaks and collective peaks at
approximately 878 cm™! for the C—Cl bands. Furthermore, the peak of
enol-hydroxyl (C—=0-0H) and stretching vibration C=C double bond at
1322 cm™! and 1391 cm ™Y, respectively, were attributed to A2-P. More
importantly, confirmation peaks revealing the accommodated FGF-2 and
A2-P were also successfully detected, showing N—H and O—H peaks
collectively from 3200 cm ™' to 3600 cm™!, and strong peaks at
approximately 1655 cm! for the characteristic C=0 asymmetric
stretching bands were also discovered for the two accommodated

hASC-BM
scld

hASC-A2-P
scffold

hASC-FGF-2
scaffol

(a)

day 1

day 5
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molecules, which were consistent compared with the literature results
[46,47]. Observation and cell viability analysis of the accommodated
hASCs by LIVE/DEAD staining at day 1 in Fig. 1d shows that approxi-
mately 86.4% were alive based on the ratio of total viable cells to total
cells. The results were comparable to the previous report with the cell
viability based on the proposed vapor sublimation and deposition
fabrication process showed approximately 98.2% (in oil-in-water sus-
pension), 96.1% (after freezing in ice templates), and 80.8% (after
fabrication in the final scaffold constructs) [48]. This result not only
confirmed the physiological state of the accommodated cells but also
supported that the proposed nondestructive manufacturing process can
accommodate living cells and obtain a highly compatible cell-loaded
scaffold construct. The qualitative and quantitative analyses of the 3D
micro-CT dataset combined with the SEM images, as shown in Fig. le,
taken at day 1 provided more insight into the multicomponent scaffold
and confirmed that the pore size was in the range of 15-30 pm. The SEM
image also provided important evidence that the manufactured PPX
matrix of the porous scaffold is compatible with the attachment and
growth of hASCs. Additionally, the accommodated hASCs were fluo-
rescently labeled with Alexa Fluor® 488-coupled phalloidin to stain the
F-actin cytoskeleton (green) and DAPI to stain the nucleus (blue) and
showed a uniform distribution in the manufactured scaffold, as displayed
in the 3D confocal image in Fig. 1f. The image also showed that the
proposed manufacturing process enables the accommodated hASCs to
achieve more coordinated functions through cell-cell and cell-matrix

Fig. 2. Cell proliferation behavior analysis. (a) Cell
morphology and growth pattern on the fabricated
scaffolds that accommodate specific bioactive mole-
cules (BMs) and living hASCs. The viable and prolif-
erating hASCs (green channel) were visualized by
LIVE/DEAD staining at days 1, 5, and 10. The red
background was mainly the reflection of the noise
signal on the surface of the scaffold. Compared with
other studied scaffolds, the scaffold containing FGF-2
and A2-P (i.e., hASC-BM scaffold) had the best effect
on enhancing cell proliferation. (b) The metabolic
activity curves of the accommodated hASCs were
determined using the MTT assay. (c) The doubling
time required for the logarithmic growth of the
accommodated cell population was further calculated
and compared. The statistical data are expressed as
mean values + standard deviation based on three in-
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interactions, which in turn help promote cell integrity, viability, and
proliferation [49,50].

With negligible cytotoxicity during the fabrication process and the
high compatibility demonstrated on the fabricated scaffold products, the
proposed multicomponent PPX scaffold was further confirmed to have a
functionalized microenvironment that promotes stem cell proliferation,
self-renewal and differentiation. By analyzing the cells by LIVE/DEAD
staining at days 1, 5, and 10, the cell growth patterns on the scaffolds
modified/decorated with hASCs and specific bioactive molecules were
characterized, as shown in Fig. 2a. Compared with day 1, live cells (green
channel) and more proliferating cells of the cultured hASCs were found
on day 5 and day 10. Notably, a synergistic effect appeared when the
scaffold accommodated both FGF-2 and A2-P (i.e., hASC-BM scaffolds),
enhancing cell proliferation. The red background was the reflection of a
noise signal on the surface of the scaffold; by contrast, the dead cells were
stained with much brighter red signals and appeared as a few small red
spots. As shown in Fig. 2b, the metabolic activity cell growth curves were
determined by the MTT assay, and the statistical results confirmed that,
although either FGF-2 or A2-P can promote cell population growth, these
two molecules work better together, indicating a synergistic effect.
Additionally, the doubling time required for the logarithmic growth of
the cell population of the scaffold samples with or without accommo-
dation of the bioactive molecules was compared, as displayed in Fig. 2c.
The doubling time for hASC growth on the scaffold decorated with FGF-2
and A2-P was the shortest, further supporting the above suggestion of
synergistic enhancement. Phenotypic identification of isolated hASCs
was performed using flow cytometry to determine the expression profile
of cell surface antigens [37]. As shown in Figure S3 (Supporting

(a)

hASC-BM scaffold

hASC scaffold
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Information), the surface epitopes of hASCs isolated from the scaffold
decorated with FGF-2 and A2-P (i.e., hASC-BM scaffolds) were similar to
those of the hASCs isolated from the control group (i.e., hASC scaffolds).
These cells were showed positivity for the mesenchymal stem cell related
markers (CD73, CD90, and CD105) and negativity for the hema-
topoietic/immune cell marker (CD34). The results clearly confirmed that
the housed hASCs predominantly showed mesodermal or mesenchymal
characteristics without obvious blood and endothelial cell
contamination.

To further confirm the hypothesis that the self-renewal/stemness
property was upregulated by the modified FGF-2 and A2-P for the
accommodated hASCs in the fabricated multicomponent scaffolds, the
cultured hASCs were harvested from the scaffolds by trypsinization on
the 7th day and then the immunofluorescence and Western blot analyses
were used to examine the expression of the pluripotent marker proteins
Oct4, Sox2 and Nanog. As shown in Fig. 3a, the low expression levels of
all three proteins detected in the control group (i.e., hASC scaffolds) that
do not accommodate FGF-2 and A2-P indicate that hASCs on such scaf-
folds quickly lose their original stemness properties during in vitro
propagation. By contrast, the stronger expression of the pluripotent
marker protein of hASCs was confirmed in the proposed manufactured
scaffold that accommodates FGF-2 and A2-P (i.e., hASC-BM scaffolds).
More importantly, as shown in Fig. 3b and ¢, Western blot analysis of
Oct4, Sox2, and Nanog proteins proved that the stemness of hASCs in
FGF-2 and A2-P decorated samples was enhanced, and the protein band
intensity quantified using ImageJ software further confirmed the signif-
icantly enhanced expression, with higher levels of Oct4 (1.20-fold more),
Sox2 (1.17-fold more), and Nanog (1.28-fold more) than those of the

Fig. 3. Cell self-renewal marker expression. (a)
Immunofluorescence of stem cell pluripotent markers

DAPI

100pm

100pm

Oct-4, Sox-2 and Nanog showing the stem cell guid-
ance property on the fabricated scaffolds that
accommodate specific bioactive molecules (BMs) and
living hASCs. After 7 days of culture, the fabricated
scaffold containing A2-P and FGF-2 molecules (i.e.,
hASC-BM scaffold) enhanced the self-renewal activ-
ities of accommodated hASCs. These hASCs were
harvested from the scaffolds by trypsinization and
analyzed with approximately the same number of
cells. All the nuclei were counterstained with DAPI
(blue channel) to guide imaging. For comparison, a
control scaffold (i.e., hASC scaffold) containing hASCs
within the pure PPX matrix was used in parallel. (b)
Western blot analysis of Oct4, Sox2, and Nanog pro-
teins. p-Actin served as an internal protein loading
control. (¢) Quantification of the band intensity using
the densitometric analysis software ImageJ. The data
are presented as the mean relative density + SD of
three independent experiments; *: p-value < 0.05,
compared to the hASC scaffold group.

N
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control samples. These results confirmed the hypothesis that the pro-
posed multicomponent PPX scaffold decorated with FGF-2 and A2-P had
a synergistic effect to promote the self-renewal/stemness of the housed
stem cells.

Furthermore, the proposed multicomponent PPX scaffold decorated
with FGF-2 and A2-P was confirmed to provide a synergistic niche to
enhance pluripotency (i.e., multilineage differentiation ability) of the
contained stem cells. As displayed in Fig. 4a, osteogenic activity was
examined by anti-osteocalcin immunofluorescence staining after 21 days
of culture in osteogenic medium. The fabricated scaffold group modified
with FGF-2 and A2-P (i.e., hASC-BM scaffolds) exhibited a stronger
fluorescent signal for osteocalcin expression than the control group (i.e.,
hASC scaffolds), which does not accommodate FGF-2 and A2-P. In
comparison to previous reports, characterizations by examining the
alkaline phosphatase (ALP) activities were also shown with upregulated
enhancement based on using similar poly-p-xylylene platform with BMP-
2 or PRP (platelet-rich plasma) modifications [51-54], and are unam-
biguously comparable to the results in the current work. Adipogenic
activity was examined by Oil Red O staining after 10 days of culture in
adipogenic medium. Compared with the control group (i.e., hASC scaf-
folds), more oil droplets (shown as red particles) were found in the
fabricated scaffold decorated with FGF-2 and A2-P (i.e., hASC-BM scaf-
folds). Hepatogenic activity was further examined by anti-albumin
immunofluorescence staining after 21 days of culture in hepatogenic
medium, and the scaffolds decorated with FGF-2 and A2-P (i.e., hASC-BM

genesis, were confirmed by anti-osteocalcin immuno-
fluorescence staining at day 21, Oil Red O staining at
day 10, and anti-albumin immunofluorescence stain-
ing at day 21, respectively, on the fabricated scaffold
accommodated with A2-P and FGF-2 molecules (i.e.,
hASC-BM scaffold) compared with a control scaffold
(i.e., hASC scaffold) containing hASCs within the pure
PPX matrix. The nucleus (blue) was counterstained
with DAPI to indicate the cell position. (b) Quantifi-
cation of fluorescence intensity using the image
analysis software ImageJ. The data are presented as
the mean relative fluorescence density + SD of three
independent experiments; *: p-value < 0.05 and **: p-
value < 0.01, compared with the control group.

anti-albumin

scaffolds) had stronger fluorescent signals for albumin expression than
the control group (i.e., hASC scaffolds). Similarly, on the fabricated
scaffolds decorated with FGF-2 and A2-P, the typical polygonal cells were
larger and expressed more albumin, indicating a higher level of hepatic
differentiation [55,56]; on the control scaffolds without FGF-2 and A2-P,
arelatively small cell volume and low albumin expression were observed,
indicating that the level of hepatic differentiation was suppressed [55,
56]. Furthermore, quantification of fluorescence intensity was performed
using the image analysis software ImageJ (Fig. 4b). The fabricated
scaffolds decorated with FGF-2 and A2-P exhibited significantly
enhanced multilineage differentiation activities, with higher levels of
osteogenesis by anti-osteocalcin immunofluorescence staining (2.92-fold
more), adipogenesis by Oil red O staining (2.16-fold more), and hep-
atogenesis by anti-albumin immunofluorescence staining (1.68-fold
more) compared to the control group, which does not accommodate
FGF-2 and A2-P. These results not only proved a synergistic effect of
FGF-2 and A2-P to enhance the multilineage differentiation ability of
stem cells but also unambiguously confirmed that the proposed
manufacturing process could construct a multicomponent scaffold
decorated with defined bioactive molecules to guide the differentiation
of accommodated stem cells. Furthermore, the promising potential of
diversified lineages indicates that the manufactured multicomponent
scaffold containing living hASCs and bioactive molecules may be a
promising medical product for the regenerative treatment of diseases and
tissue abnormalities.
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Fig. 5. Overview and micro-CT imaging evaluation of
calvarial bone defects of animal study (rat). (a)
Outline of the experimental design of rat calvarium.
Bone trephine defects (5 mm in diameter critical-size)
were made at the bilateral calvarium. (b) Calvarial
bone defects were created, and the scaffold was
implanted. (c) New bone formation evaluation of 3D
micro-CT image reconstruction at 8 weeks post-
operatively. PPX: poly-p-xylylene-based porous scaf-

Control

B 18 0.6 fold, PPX-hASC-BM: FGF-2/A2-P-treated and hASC
\ 16 ois accommodated PPX, Control: no scaffold used in
LW 14 - ’ trephine defects. (d) Bone volume and mineral density
; 12 04 __ calculated from micro-CT 3D datasets using Amira
T 10 = o g software, asterisk (*) indicated statistically significant
E 3 * "~ 3, difference (p < 0.05). No significant difference was
6 ! * ' 02 ~ found in bone mineral density.
4 I 1
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0 0
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(b) (d) OBone Volume  —Bone Mineral Density

To prove the potential in tissue engineering repair and regenerative
medicine applications in vivo, the fabricated multicomponent scaffold
accommodating living hASCs and bioactive molecules, including FGF-2
and A2-P, was used as a bone graft in a rat calvarial defect model.
Fig. 5a and b shows 5-mm critical-size trephine defects on the bilateral
calvaria and the graft placed in the bone cavity. The 3D micro-CT data-
sets were segmented and further analyzed using Amira software (Thermo
Fisher Scientific, USA) for quantitative and qualitative evaluations. The
PPX-hASC-BM scaffolds in trephine defects grew approximately 45 vol%
more mineralized tissue than those of the control group (p < 0.05). From
micro-CT imaging analysis, we found a clear difference between using a
scaffold and not in the critical-size trephine defect. Without a scaffold in
the calvarial bone cavity, the bone tissue always started growing from the
border and bottom of the defect area, and the central area was always
filled with hemorrhage and fibrous tissue and presented radiolucent
images on micro-CT (Figs. 5c and 6a). Additionally, connective tissue
scar formation retarded the bone healing process, particularly in critical-
size bone defects (Fig. 6a). However, the presence of PPX and its derived
scaffold (i.e., PPX-hASC-BM scaffolds) promoted the blood vessels to
grow into the scaffold (Fig. 6b; HE stains) and allowed multiple bone
tissue deposits in the center area of the calvarial bone cavity (Fig. 5¢).
The scaffold accommodated with hASCs will even accelerate the matu-
ration of bone tissue. The underlying mechanism of tissue regeneration
used in this study is different from the traditional concept, that is, the
accommodated hASCs are cells that directly form new tissues. Instead,
the accommodated hASCs can be regarded as “medicinal cell factories”,
indicating that they secrete many bioactive molecules, including pro-
teins, nucleic acids, proteasomes, exosomes, microRNA and membrane
vesicles, collectively referred to as the secretome. They then respond to
the surrounding microenvironment to recruit osteogenic and endothelial
progenitors, promote cell proliferation, osteoblast differentiation, and
angiogenesis, and inhibit inflammation and apoptosis [57,58]. Several
small animal model studies have shown that even the use of a heterol-
ogous secretome from hASCs or hMSCs can promote bone regeneration
[59-61]. More importantly, these results clearly demonstrate the po-
tential of the proposed multicomponent scaffold for stem cell
therapy-based regenerative medicine.

The histology analysis supported the findings of micro-CT and HE
staining showed using PPX-hASC-BM scaffolds resulted in multiple new

bone matrix depositions in the middle of the calvarial trephine defect and
formed numerous bone trabeculae along with bone marrow (Fig. 6¢). At
4 weeks with PPX implanted in calvarial bone defects (Fig. 6b), abundant
blood vessels were found in new bones and bone marrow, indicating that
the PPX scaffold can provide a highly biocompatible channel for cells and
form a source of nutrients for osteogenesis. Using FGF-2/A2-P and
hASCs, osteogenesis in the critical-size defect and its osteogenesis effi-
cacy were even more apparent, as expressed by the BSP marker (Fig. 6c;
BSP staining). The abundance of preosteoblasts, osteoprogenitor cells,
and collagen in the bone marrow also implied that osteogenesis occurred
during a period of highly active bone metabolism and modeling. To
detect F4/80, the control model (no scaffold) showed little macrophage
infiltration, while neither macrophage nor inflammatory cell were found
in the PPX scaffold and PPX-hASC-BM scaffold (Fig. 6¢; F4/80 detection).
Thus, our surgical procedure was aseptically controlled, and the PPX
scaffold or PPX-derived bioactive scaffolds also displayed a highly
biocompatible scaffold in vivo. The histological analysis results proved
that the multicomponent scaffold can promote blood vessel growth in
bone and create an environment for bone building and regeneration,
regulating immunity and inflammation. These findings further confirmed
that the accommodated hASCs can be regarded as “medicinal cell fac-
tories” to exert the above-mentioned therapeutic effects with the aid of
FGF-2 and A2-P molecules. Collectively, the multicomponent scaffold
represents a promising scaffold construction technology that provides the
potential to realize adaptability and customizable versatility of loading
delicate BMs and living hASCs with defined composition. Additionally, in
a single scaffold construct, the proposed fabrication mechanism and
multicomponent scaffold products are expected with unlimited applica-
tions in tissue engineering repair and regenerative medicine.

4. Conclusions

Scaffolds with increasing sophistication in multiple functions and
stringent specifications were investigated to fabricate modern tissue
engineering products. The encountered challenges indicate complicated
problems to deal with multiple molecules during fabrication and cell
culture in vitro and in vivo. The reported scaffold construct demonstrated
a facile engineering approach to accommodate multiple functional mol-
ecules and living cells during a single vapor-phase fabrication process
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uCT
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without complicating the molecular interactions, representing an engi-
neering approach to achieve a highly compatible matrix and biochemical
microenvironment for enhanced stem cell viability and thus upregulated
multiple activities. We foresee the reported scaffold fabrication tech-
nology is extendable beyond the demonstrated FGF-2/A2-P/hASC system
and is expected to facilitate a more sophisticated scaffolding system with
advantages of optimizing cell number, cell types, functional bio-
molecules, and mechanical properties, for prospective tissue engineering
and regenerative therapy applications.
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Fig. 6. Representative micro-CT images and histology
analyses of calvarial bone regeneration at trephine
defects. (HE: hematoxylin and eosin stain; BSP: bone
sialoprotein stain; F4/80: F4/80 antibody stain for
macrophage markers). (a) No scaffold was used in the
bone window at 8 weeks postsurgery. Micro-CT image
showed the bone formed along the peripheral margin
of the bone cavity wall. Mature laminar bone (LB)
formed at the bottom of the bony cavity. Osteocytes
(OCs) were clearly shown in woven bone. Fibrous
connective tissue (CT) with hemorrhage was found at
the margin of the bone cavity. Brain tissue (*asterisk)
at the bottom of the picture. BSP staining showed
osteoblasts making bone in the bone marrow and
along the woven bone. Few macrophages were
detected (red arrows). (b) Nonfunctionalized pure
PPX scaffold used in a bone window at 8 weeks
postsurgery. The micro-CT image showed that new
mineralized bone deposition occurred in the middle
and peripheral areas of the trephine defect. Lamellar
bone (LB) formed on the borders. Newly mineralized
bone matrix (M) and bone marrow (BM) filled in the
center. Red blood cells in capillaries (black arrow)
formed in BM. Groups of osteoclasts were noted
(white arrows). Promyelocytes and myelocytes were
found in the bone marrow. Osteoclasts and osteoblasts
surrounded a new bone matrix (NB). No inflammatory
cell infiltration was observed (F4/80 detection) at this
stage. (c) Proposed living cell- and bioactive molecule-
loaded scaffolds (PPX-hASC-BM) used in the bone
window at 8 weeks postsurgery. Micro-CT images
showed new bone tissue formed in the middle of the
trephine defect. More mature bone formed along the
peripheral area of the bone cavity. A Haversian canal
(black arrow) was formed in trabecular bone.
Furthermore, numerous osteoprogenitor cells and
collagen (*asterisk) were observed between new
bones in which osteocytes were lining. An intense
reaction was observed between trabecular bones
stained for BSP. A fragment of the PPX scaffold (red
arrowheads) was surrounded by preosteoblasts (blue
arrow) and osteoprogenitor cells (green arrow). No
macrophage or lymphocyte/plasma cell infiltration
was found (F4/80 detection).
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