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Abstract

Three-dimensional (3D)-printed scaffolds have proved to be effective tools for delivering growth
factors and cells in bone-tissue engineering. However, delivering spheroids that enhance cellular
function remains challenging because the spheroids tend to suffer from low viability, which limits
bone regeneration in vivo. Here, we describe a 3D-printed polycaprolactone micro-chamber that
can deliver human adipose-derived stem cell spheroids. An in vitro culture of cells from spheroids
in the micro-chamber exhibited greater viability and proliferation compared with cells cultured
without the chamber. We coated the surface of the chamber with 500 ng of platelet-derived growth
factors (PDGFs), and immobilized 50 ng of bone morphogenetic protein 2 (BMP-2) on
fragmented fibers, which were incorporated within the spheroids as a new platform for a
dual-growth-factor delivery system. The PDGF detached from the chamber within 8 h and the
remains were retained on the surface of chamber while the BMP-2 was entrapped by the spheroid.
In vitro osteogenic differentiation of the cells from the spheroids in the micro-chamber with dual
growth factors enhanced alkaline phosphatase and collagen type 1A expression by factors of

126.7 £ 19.6 and 89.7 £ 0.3, respectively, compared with expression in a micro-chamber with no
growth factors. In vivo transplantation of the chambers with dual growth factors into mouse
calvarial defects resulted in a 77.0 &= 15.9% of regenerated bone area, while the chamber without
growth factors and a defect-only group achieved 7.6 £ 3.9% and 5.0 & 1.9% of regenerated bone
areas, respectively. These findings indicate that a spheroid-loaded micro-chamber supplied with
dual growth factors can serve as an effective protein-delivery platform that increases stem-cell

functioning and bone regeneration.

1. Introduction

Three-dimensional (3D) printing of polymers or
ceramics has been widely investigated for reconstruct-
ing bone tissue since the macro- and microscopic
porosity, mechanical property, and size of the scaf-
folds can be customized to the shape of the fracture
[1]. To accelerate tissue regeneration, a 3D printed
scaffold can exploit combined approaches with mul-
tiple growth factors that enable induction of osteo-
genic differentiation and proliferation of stem cells

© 2020 IOP Publishing Ltd

[2]. For example, 3D printed beta tricalcium phos-
phate and polycaprolactone (PCL) scaffolds loaded
with vascular endothelial growth factor (VEGF) and
bone morphogenetic protein 2 (BMP-2) demon-
strated rapid tissue infiltration of sheep spinal defect
sites and increased bone regeneration in rabbit tibia
defects, respectively, following implantation [3]. In
addition, PCL scaffolds loaded with poly(lactic-co-
glycolic) acid (PLGA) microparticles encapsulating
BMP-2, VEGE and platelet-derived growth factor
(PDGF) significantly enhanced bone regeneration on
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the outer regions of a defect after being implanted in
an ovine tibia defect [4]. Despite promising regen-
erative outcomes using growth factors that stimu-
late migration and differentiation of host cells within
implanted scaffolds, uncontrolled rapid release of
growth factors, abnormal ectopic bone formation,
limited bone maturation on the center of scaffolds,
and connective tissue ingrowth hinder further devel-
opment and application of these strategies [5, 6].

An alternative approach involves stem cells and
3D printed scaffolds that can participate in bone
formation, for examples, 3D printed bioceramic
scaffolds seeded with pre-differentiated bone mar-
row stem cells (BMSCs) [7], PLGA scaffolds with
pre-MC3T3-E1 osteoblasts [8], and collagen scaf-
folds with osteogenic gene-transfected BMSCs [9]
enhanced in vitro osteogenic cytokine secretion, cell
viability, and in vivo osseointegration between host
tissue and implanted materials. However, low seed-
ing efficiency caused by the highly porous struc-
ture of scaffolds, even with a relatively large num-
ber of cells (10* ~ 107 for a single scaffold), cell
death or detachment from the surface of scaffolds
during surgical processes, and the potential elimin-
ation of pre-differentiated cells by immune rejec-
tion have been reported [10, 11]. A bio-printing
method may be able to deliver cells that address
these problems. For example, BMSCs, human mes-
enchymal stem cells (hMSCs), and MG63 osteo-
blastic cells have been suspended in agarose or
gelatin solution to print scaffolds, demonstrating pos-
itive results for in vitro osteogenic cytokine secre-
tion, differentiation of stem cells, and homogen-
eous in vivo delivery of cells, with minimal cell loss,
and protection from macrophage-driven phagocyt-
osis [12, 13]. However, bio-printed scaffolds for in
vivo bone regeneration suffer from several drawbacks,
including weak mechanical strength of printed hydro-
gels, which restricts robust bone ingrowth, poten-
tial post-printing cell damage, time-consuming pro-
cesses for optimizing bio-printing conditions, and
diffusional limitation of growth factors to entrapped
cells [14].

Three-dimensional cellular spheroids formed by
spontaneous assembly of suspended cells have attrac-
ted a great deal of attention in regenerative medicine
as they offer unique biological properties relative to
two-dimensional cultured cells, including strong cell-
cell, cell-extracellular matrix (ECM) interactions,
enhanced paracrine signaling, and high growth-
factor secretion [15]. For example, spheroids pre-
pared from MSCs and adipose-derived stem cells
enhanced differentiation potential in the presence of
osteogenic or chondrogenic media, and have been
used to regenerate bone, cartilage, and subchond-
ral bone in vivo [16, 17]. However, the implant-
ation of spheroids into a bone defect can cause
uncontrolled localization or heterogeneous distribu-
tion, limiting bone formation with immature lamellar
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structure formation [18]. Encapsulation of spheroids
within hydrogels and arrangements of spheroids with
needles, commercialized as the Kenzan method can
partially mitigate problems associated with delivery of
spheroids [19]. These methods effectively restrict the
movement of transplanted spheroids and retain them
within a desirable region. However, diffusion limit-
ations within hydrogels, limited proliferation of cells
from condensed large-cell constructs, weak mechan-
ical properties, limited mineralization, and condens-
ation of spheroids continue to limit implementation
of the technology [20, 21]. Recently, spheroids were
placed within pores of 3D printed structures to
prevent them from aggregating. The positioning of
spheroids within a 3D structure enhanced migra-
tion, proliferation, and viability of the cells, how-
ever, effective delivery of instructive signals into cells
within the spheroids has proved difficult due to
the presence of densely arranged cell-cell and cell-
ECM binding surfaces [22, 23], which limit diffu-
sion, and successful application of these approaches
in vivo has yet to be reported. For example, Kelly et al
developed a 3D printed PCL scaffold loading mes-
enchymal stromal cell spheroids, and the spheroids
showed stable retention on the scaffold while show-
ing enhanced in vitro chondrogenic differentiation
although the study was limited to in vitro works and
the in vivo efficiency of the proposed concept was not
fully demonstrated [24].

In this study, we combined 3D printed scaffolds
and spheroids of hADSCs with multiple-growth-
factor delivery. The 3D printed scaffolds served as
carriers of spheroids within each micro-chamber
and were able to deliver a pro-angiogenic growth
factor to the spheroids. The spheroids were prepared
with engineered fibers coated with an osteoinduct-
ive factor to address diffusion limitations. First, we
coated the surface of 3D printed micro-chambers
with PDGF to improve the interaction and migra-
tion of cells from the spheroids, and then incorpor-
ated BMP-2-immobilized fibers within the spheroids
during spheroid fabrication. Next, the spheroids were
positioned in each micro-chamber, and in vitro viab-
ility, proliferation, and osteogenic differentiation of
stem cells were studied. Finally, bone regeneration in
vivo was examined with using a mouse calvarial defect
model.

2. Methods

2.1. Materials

Poly(t-lactic acid) (PLLA) (5.7-8.5°dL g~! inherent
viscosity, Mn 350 000-500000 Da) was purchased
from Samyang (Seoul, Korea). Dopamine hydro-
chloride, epigallocatechin gallate (EGCG), bis-tris,
anti-mouse/rabbit immunoglobulin G (IgG) biotin
conjugate, and Alizarin Red S were obtained from
Sigma (St. Louis, MO, USA). Magnesium chloride
hexahydrate was supplied by JUNSEI (Tokyo, Japan).
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For cell cultures, hADSCs, basal medium, growth
supplements, and L-glutamine were purchased from
Invitrogen StemPro (Carlsbad, CA, USA). Penicil-
lin/streptomycin (P/S) was obtained from Wisent
(St. Bruno, QC, Canada), and phosphate-buffered
saline (PBS) and its ion-free version, Dulbecco’s
phosphate-buffered saline (DPBS), were purchased
from Welgene (Gyeongsan, Korea). For in vitro exper-
iments, p-nitrophenyl phosphate, isopropyl alcohol,
tris-HCI, and micro bicinchoninic acid (BCA) kits
were purchased from Sigma, EMD Millipore (Burl-
ington, MA, USA), Alfa Aesar (Haverhill, MA, USA),
and Thermo Scientific (Heysham, UK), respectively.
Quant-iT PicoGreen dsDNA assays were obtained
from Invitrogen (Carlsbad, CA, USA) and hem-
atoxylin and eosin (H&E) solution was purchased
from BBC Biochemical (Mount Vernon, MA, USA).
The growth factors PDGF and BMP-2 and each
protein-related enzyme-linked immunosorbent assay
(ELISA) were obtained from PeproTech (Rocky
Hill, NJ, USA). A live-and-dead assay kit, fluores-
cein isothiocyanate (FITC)-streptavidin, and mount-
ing medium with diamidino-2-phenylindole (DAPI)
were obtained from Molecular Probes (Eugene, OR,
USA), eBioscience (San Diego, CA, USA), and Vector
Laboratories (Burlingame, CA, USA), respectively.
Primary antibodies of OCN and OPN were purchased
from Abcam (Cambridge, UK).

2.2. Preparation and characterization of
PDGF-coated PCL micro-chambers

The micro-chambers were fabricated using a
3D printer constructed at the Korea Institute
of Machinery and Materials (KIMM), consist-
ing of an x-y-z translation stage, dispenser, and
heating/compression controller. Before 3D printing
procedure, PCL pellets (Mn 40 000-50 000 Da, cat.
704 105, Sigma-Aldrich) were melted in a stainless-
steel barrel at 100 °C. After preparation of melted PCL
in the barrel, the 3D printing was performed with
1 pm resolution according to the designed printing
path using a laboratory-made software program [25].
Each strand in the chamber was designed 200 pum
in diameter and the distance between strands was
300 pm for the first layer, and 800 pm for the second
to the 10th layer to form square pores. The cham-
ber was a 5 mm (x-axis) X 5 mm (y-axis) X 1 mm
(z-axis) cuboid shape with layer-by-layer stacking.
The precision nozzle with the inner diameter of
200 pm was prepared for printing the original design
of the strand. After the modeling of the chamber, the
melted PCL was printed with the designed path and
the regulated velocity of the printing head as well as
pneumatic pressure of the controller. The 3D prin-
ted micro-chambers were optimized several times
with the correction of the shape, strand size, and dis-
tance between strands through the change of G-code
in the program after optical microscope inspection.
The printing conditions were optimized to fabricate
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within a few minutes per sample as suitable to the ori-
ginal design of the chamber by using above procedure
to 180-200 mm min~" of velocity and 475-500 kPa
of pressure. All processes were carried out on a ster-
ilized bench at room temperature. The exact scale
of the synthesized micro-chamber were measured
by calipers as 5.1 4+ 0.0 mm (x-axis), 5.1 = 0.0 mm
(y-axis), and 1.0 & 0.0 mm (z-axis) (figure S1(A)
(stacks.iop.org/BF/13/015011/mmedia)). The dia-
meter of strand was 0.2 £ 0.0 mm, and the width and
length of one well were 0.8 £ 0.0 and 0.8 + 0.0 mm,
respectively (figure S1(B)).

To coat the PDGEF, each 3D printed micro-
chamber was immersed in 1 mg ml~! of EGCG buffer
(600 mM of magnesium chloride, and 100 mM bis-
tris in distilled water (DW) at pH 7 and 37 °C) for 1, 2,
4, and 6 h. The samples were then immersed with the
same EGCG buffer and 500 ng of PDGF for 1, 2, and
4 h. The surface morphologies of uncoated, EGCG-
coated (for 4 h) (E-PCL), and PDGF-coated (for
4 h) PCL micro-chamber (PE-PCL) were observed
using field-emission scanning electron microscopy
(FE-SEM) (Hitachi S 4800 FE-SEM, HITACHI;
Tokyo, Japan). For SEM imaging, the samples were
dehydrated in the 37 °C vacuum desiccator for 24 h,
and attached on SEM holder by carbon tape. The
samples were then coated with platinum by ion sput-
ter (6 nm s~!, 10-15 nm thickness). The surface
hydrophilicity of each sample was investigated by dip-
ping the chamber in DW. The amount of polyphenol
on the surface was analyzed using Folin and Ciocal-
tew’s assay (Sigma). Briefly, the sample was pre-wetted
with 200°ml of DW and mixed with the reagent solu-
tion, and then mixed with 600 pl of 2% sodium car-
bonate solution for 1 h with agitation. The optical
density at a wavelength of 760 nm was observed
by spectrometer (Varioskan LUX, Thermo Scientific;
Waltham, MA, USA). The surface chemical compos-
ition of the chambers was characterized by high-
resolution x-ray photoelectron spectra (Theta Probe
Base System, Thermo Scientific; Waltham, MA, USA).
The amount of PDGF on the chamber surface was
quantified by an indirect method: the amount of
PDGEF in the supernatant of each coating condition
was quantified by a PDGF ELISA kit, and the value
was deducted from the initial amount of PDGF to cal-
culate the amount of PDGF coated on the surface. The
PE-PCLs were then incubated in physiological con-
ditions (37 °C, PBS, rotation) for 28 d to measure
the detachment of PDGF. The topographical map-
ping and the roughness of surface of PCL, E-PCL,
and PE-PCL was measured by atomic force micro-
scopy (AFM) (XE-100, Park-System, Korea) with
non-contact mode at a scanning area of 5 x 5 umz.

2.3. Preparation of hADSC spheroids

with engineered fibers

The hADSCs were cultured in a growth medium of
the basal medium with 2% fetal bovine serum (FBS),
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1% P/S, and 1% L-glutamine under standard cul-
ture conditions (5% CO, and 37 °C). Cells at pas-
sage number 4 or 5 were used throughout the exper-
iments and the medium was refreshed every 2 d.
Stem cell spheroids were prepared as described in our
previous publications [26, 27]. First, aligned PLLA
nanofiber sheets were prepared by electrospinning
(5°ml h™1, 23 G needle, 12-14 keV) using 10°ml of
4% PLLA solution in dichloromethane and trifluoro-
ethanol (8:2, v/v). The electrospun sheet was sub-
sequently chopped into small pieces and dipped in
a 10% ethylenediamine solution at a ratio of 9:1 in
isopropyl alcohol (IPA) (v/v) for 30 min at 200 rpm
on a rotator for fragmentation of long fibers by amin-
olysis. The FFs were then collected by centrifugation
at 3000 rpm for 5 min and washed with IPA, ethanol,
and DW. For polydopamine coating on the surface
to improve cell adhesion, the fibers were immersed
in a 2 mg ml~! dopamine solution (tris-HCI buf-
fer, pH 8.5) for various times, and the amount of
amine groups from the resulting PD-FFs was quan-
tified by micro-BCA assay. We used fibers coated for
20 min following sterilization with 70% ethanol and
ultraviolet light for spheroid formation. To prepare
spheroids of stem cells and fibers, 40 000 trypsinized
cells were placed in a 0.2 ml tube with 100 ul of
growth media and 10 pug of PD-FFs, and allowed to
spontaneously form a spheroid for 24 h (denoted as
PS). The spheroids were then moved onto a 96-well
ultra-unattached cell culture plate (SPL Life Science;
Pocheon, Korea) for further in vitro culture.

The morphology of the spheroids was analyzed by
FE-SEM after fixation (immersion in 4% paraform-
aldehyde for more than 20 min) and freeze-drying.
The size of the spheroids was calculated from images
taken by a phase contrast microscope (CKX41, Olym-
pus; Tokyo, Japan) after 24 h and 7 d of culture. For
histological analysis, spheroids cultured for 24 h were
fixed in 4% paraformaldehyde for 20 min and frozen
in an optimal cutting temperature (OCT) compound
at —80 °C overnight, and then cross-sectioned using a
cryo-microtome (Cryostat Cryocut, Leica Biosystems
GmbH; Wetzlar, Germany). The sectioned specimen
was dipped in sequential hydration steps from 70%
to 100% ethanol, and running water. The specimen
was then stained with hematoxylin for 2 min, rinsed
with water, and stained again with eosin for 8 min.
The H&E-stained sample was dehydrated following
reverse steps of hydration, and then mounted. For the
DNA assay, the spheroids were collected after 1 and
7 d of culture, lysed in 100 pl of a radioimmune pre-
cipitation assay lysis buffer (150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM
Tris, pH 7.2), and reacted with working reagents from
the Quant-iT Picogreen dsDNA assay kit. Fluores-
cent intensity was measured using a spectrophoto-
meter (Varioskan LUX, Thermo Scientific; Waltham,
MA, USA) with excitation and emission wavelengths
of 480 and 520 nm, respectively.
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2.4. In vitro culture of stem cell spheroids within
3D printed micro-chambers

For in vitro culturing, we manually placed indi-
vidual spheroids (PS) within each well of the micro-
chamber coated with only EGCG (E-PCL-PS) and
PDGF-EGCG (PE-PCL-PS). The loading of spher-
oids was manageable by using a pipette, and thus,
the spheroids were manually transferred to each well
of micro-chamber one-by- one while being mon-
itored by the microscope. The phase contrast images
(figure 3(A)) and TUNEL assay (figure 4(F)) demon-
strated that the dissociated cell debris or fibers, and
apoptotic cells were rarely found because the size of
spheroid was small enough to safely penetrate the
end of tip. Furthermore, the loading efficiency of
spheroids was 100% because even if the spheroids
were miss-loaded to the undesired well or out of the
chamber, the spheroids were easily sucked out and
re-loaded onto the proper well. As a control, four
spheroids were placed on an ultra-unattached culture
plate and allowed to assemble into a larger aggregate
(IPS). The samples were then cultured for 14 d in the
growth medium and the morphologies were analyzed
by optical microscope and FE-SEM. The PE-PCL-
PS was vertically sectioned (figure 4(A)) to demon-
strate cell distribution within the well. For H&E stain-
ing, the IPS group was treated by the OCT embed-
ding method while the micro-chambers cultured with
spheroids were embedded in paraffin; samples were
fixed in 4% paraformaldehyde within a cassette and
tightly immobilized, dehydrated by being immersed
in graded concentrations of ethanol (70%, 90%, four
times at 100%, and xylene), hardened in a paraffin
solution as a block while cooling (70 °C-4°C), and
sliced horizontally (figure 4(C)) into 10 pum sec-
tion using a microtome (Leica Biosystems GmbH;
Wetzlar, Germany). The sections were sequentially
deparaffinized in xylene, hydrated, and stained with
an H&E solution. Cell distribution within the well
after culturing for 7 d was quantitatively analyzed by
staining the nuclei with DAPI under a confocal micro-
scope (TCS SP5, Leica; Wetzlar, Germany). The ter-
minal deoxynucleotidyl-mediated nick-end labeling
(TUNEL), DNA, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2 H-tetrazolium bromide (MTT) assays
were also performed. Briefly, the TUNEL assay used
the Apop Tag Fluorescein In Situ Apoptosis Detection
Kit (Merk Millipore; Burlington, MS, USA) to hori-
zontally cross-section specimens following the his-
tological process, and TUNEL-positive nuclei were
captured by a fluorescence microscope (TE 2000,
Nikon; Tokyo, Japan) and their numbers counted.
The samples for DNA assays were subjected to the
aforementioned method. For the MTT assay, the
samples were incubated with 40 ul of MTT solu-
tion (5 mg ml~! in DPBS) and 500 pul of serum-
free medium for 2 h at 37 °C, and the formazan
salts generated during the incubation were then dis-
solved in 400 pl of dimethyl sulfoxide for 10 min.
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Absorbance at 550 nm was measured using the
spectrometer.

2.5. Preparation of hADSC spheroids with fibers
immobilizing BMP-2

PD-FFs were used to immobilize BMP-2 (100, 300,
and 500 ng ml™! of BMP-2 in Tris-HCI buffer with
agitation for 24 h at 4 °C, and denoted as BF10, BF30,
and BF50, respectively). Retention of BMP-2 on the
surface was confirmed by incubation of the BMP-
2-immobilized fibers under physiological conditions
(37 °C, PBS, rotation) for up to 28 d. The immob-
ilized amount of BMP-2 was quantified by a BMP-2
ELISA kit using the procedure applied to PDGF quan-
tification. Spheroids incorporating fibers immobil-
ized with BMP-2 (BPS) were then prepared follow-
ing a previously described procedure for PS. The
viability of hADSCs within the spheroids after 24 h
was analyzed by staining with calcein AM (1:1000)
and ethidium homodimer (1:500) in DPBS, and cells
were observed with a confocal microscope. The DNA
contents from each spheroid (PS and BPS) cultured
for 1, 4, and 7 d were compared. The spheroids
were cultured for 14 d in a growth medium, and
analyzed for osteogenic differentiation of hADSCs
using Real-time quantitative polymerase chain reac-
tion (RT-gPCR) amplification (StepOnePlus Real-
Time PCR System, Applied Biosystems; Foster City,
CA, USA) and a calcium assay. The mRNA of each
spheroid was extracted using RNeasy Mini Kit (Qia-
gen; Hilden, Germany) with RNA purity confirmed
using NanoDrop 2000 (Thermo Scientific; Waltham,
MA, USA). The ¢cDNA was then synthesized by
adding 1 pg of mRNA into a ¢cDNA polymeriz-
ation kit (Maxime RT PreMix kit, iNTRON Bio-
technology; Seongnam, Korea) with a total volume
of 20 pL in diethyl pyrocarbonate (DEPC)-treated
water. Subsequently, 2 ul of the cDNA was mixed
with SYBR Green Premix (Takara; Tokyo, Japan) and
primers (COSMO Genetech; Seoul, Korea) with spe-
cific sequences, which were runt-related transcrip-
tion factor 2 (RUNX2): forwards, 5'-GCA GTT CCC
AAG CAT TTC AT-3’, reverses, 5'-CAC TCT GGC
TTT GGG AAG AG-3'; osterix (OSX): forwards, 5’-
TAA TGG GCT CCT TTC ACC TG-3', reverses: 5'-
CAC TGG GCA GAC AGT CAG AA-3’, osteopontin
(OPN): forwards, 5'-TGA AAC GAG TCA GCT GGA
TG-3', reverses, 5'-TGA AAT TCA TGG CTG TGG
AA-3'; osteocalcin (OCN): forwards, 5'-GTG CAG
AGT CCA GCA AAG GT-3', reverses, 5'-TCA GCC
AAC TCG TCA CAG TC-3’; and the housekeeping
gene GAPDH: forwards, 5-GTC AGT GGT GGA
CCT GAC CT-3/, reverses, 5'-TGC TGT AGC CAA
ATT CGT TG-3'. The mixture was then examined by
RT-qPCR for 40 cycles by melting at 95 °C for 15 s,
annealing at 60 °C for 60 s, and extending at 62 °C.
The relative fold changes in gene expression from
BPS were normalized by that from the PS group. For
the calcium assay, the calcium ions deposited in each
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Table 1. The samples codes for spheroids used in the study.

BMP-2 immobil- Integration of

Sample code ized fiber spheroids
PS X X
BPS (@) X
IPS X (@)
IBPS O (@)

spheroid were extracted by incubating them in 100 ul
of a 0.6 N HCI buffer for 24 h at 37 °C. Next, 10 ul
of the extracted supernatant was mixed with a work-
ing reagent from the QuantiChrom calcium assay
kit (Bioassay Systems; Hayward, CA, USA), and the
optical density from each sample was measured using
a spectrometer at 612 nm and normalized by DNA
content. Deposition of calcium minerals was visual-
ized by fixing the cross-sectioned spheroids with 4%
paraformaldehyde and then immersing them in an
Alizarin Red S working solution (2% in DW with
pH 4.2) for 2 min following washing with PBS and
mounting. The images were captured by the optical
microscope. All the sample codes of spheroids used
in the study was summarized in table 1.

2.6. In vitro osteogenic differentiation of stem cell
spheroids within 3D printed micro-chambers

The spheroids were placed within each well of micro-
chambers as previously described. Sample conditions
of four groups are described in table 2. The samples
were cultured for 14 d culturing under growth
medium, lysed in Trizol reagent (Life Technologies;
Carlsbad, CA, USA), and mRNA sequences were
extracted. The osteogenic gene expression was invest-
igated using RT-qPCR amplification. The expres-
sion of additional genes of alkaline phosphatase
(ALP) (primer sequence: forwards, 5'-CCA CGT
CTT CAC ATT TGG-3', reverses, 5'-AGA CTG CGC
CTG GTA GTT-3') and collagen type 1A (Colla)
(primer sequence: forwards, 5'-CCG GAA ACA GAC
AAG CAA-3/, reverses: 5'-AAA GGA GCA GAA AGG
GCA-3’) was also analyzed. The samples were embed-
ded in paraffin and sectioned horizontally to con-
duct immunohistochemistry (IHC) staining for OCN
and OPN. The sectioned specimens were fixed with
4% paraformaldehyde and reacted with anti-OCN
and anti-OPN solution (1:100 in blocking buffer,
0.1% Tween-20, and 5% FBS in PBS) for 24 h at
4 °C, followed by reactions with anti-mouse/rabbit
IgG biotin-conjugated secondary antibodies (1:100
in PBS) for 1 h at 37 °C and FITC-conjugated
streptavidin tertiary antibodies (1:100 in PBS) for
1 h at 37 °C. The specimens were then moun-
ted with a medium containing DAPI on glass slides
and observed through a fluorescence microscope.
The OCN-and OPN-positive nuclei were counted
from more than five samples in each group and
the ratio per DAPI stained nuclei was calculated.
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Table 2. The sample codes for micro-chamber incorporating spheroids used in the study.

Sample code EGCG coating

PDGF coating

PS loading BPS loading

E-PCL
PE-PCL
E-PCL-PS
PE-PCL-PS
E-PCL-BPS
PE-PCL-BPS

Q00000

O X O XO X
X< O O XX
O O X X XX

The samples were horizontally sectioned to visual-
ize ALP and calcium deposition. First, the samples
were treated with fixation solution composed of a
citrate concentration (0.8%), acetone (60%), and
DW (39.2%) for 30 s, and washed with DW. The
samples were then treated with an alkaline-dye mix-
ture composed of Fast Blue RR capsules (Sigma) dis-
solved in DW (96%) and a 4% naphthol AS-MX
phosphate alkaline solution (Sigma) for 30 min with
agitation. For calcium-mineral staining and quan-
tification, the samples were subjected to the Aliz-
arin Red S staining and calcium assay methods. The
stained samples were observed through the optical
microscope.

For the mechanical compression test of the PCL
and PE-PCL-BPS, the chambers were evaluated from
a universal testing machine (RB302 Microload, R&B,
Korea). The compressive test was performed with a
50 kgf and displacement rate of 10 mm min~! at the
room temperature to obtain the stress—strain curves.
The compressive modulus was determined based on
the slope of the linear region of the stress—strain
curve.

2.7. In vivo mouse calvarial defect model

For in vivo implantation, the design of a PCL micro-
chamber was modified to a circular shape with a
4 mm radius while the other parameters were consist-
ent. Nine spheroids were placed within each micro-
chamber and cultured in vitro for 48 h to inhibit the
escape of spheroids from the chamber. The samples
were then implanted into mouse calvarial defects
(critical sized defect [CSD]: 4 mm diameter of circu-
lar shape, five-week-old, female, Institute for Cancer
Research species (Narabiotech, Seoul, Korea) (n = 6)
[28]). Animal care and experiments were approved by
the Institutional Animal Care and Use Committee of
Hanyang University (approval number 2019-0173A).
For the control, nine hADSC spheroids prepared
with fibers immobilized with BPS were transplanted
without micro-chamber support (IBPS). Before sur-
gery, each mouse was anesthetized with 150 ul of
zoletil (60 mg kg™!) and rompun (20 mg kg~!), and
the head fur was shaved off. Skin above the calvarial
bone was incised after sterilization with 70% eth-
anol, and a CSD was created using a surgical trephine
drill. The pre-cultured samples were transplanted
onto each defect site and the incised skin was sutured

following treatment with povidone-iodine to prevent
infection. The mice were sacrificed by CO, suffoca-
tion after eight weeks and the full calvarial bones were
collected, fixed with 10% formalin, and stored at 4 °C
for future analysis. The bone specimens were ana-
lyzed by microcomputed tomography (micro-CT)
(Skyscan1176 Bruker microCT) (Billerica, MA, USA)
under fixed conditions (x-ray, 80 kV, 124 pA). The
3D images were created and the results of regenerated
bone quantity were examined using 3D viewer, Ctan,
and CTvol software from Bruker micro-CT. Bone area
was calculated using Adobe Photoshop CS6 software
by measuring the ratio of regenerated area to defect
area from the 3D images. The ratio of the regenerated
bone volume (BV/TV) was calculated automatically
by Ctan after setting the region of interest. The TV
indicated a fixed value covering all of the regenerated
bone places and adjusted equally for all samples.

For histological analysis, the samples were decal-
cified with RapidCal solution (BBC Biochemical;
Mount Vernon, WA, USA), re-fixed, dehydrated with
graded concentrations of ethanol (70%, 90%, and
four times at 100%), xylene, and embedded in par-
affin. The sliced 6 ym samples were deparaffinized,
hydrated, and stained with Goldner’s trichrome stain-
ing solution. For Von Kossa staining, the samples
were treated with a 2% silver nitrate solution under
a 60 W lamp and 5% sodium thiosulfate, sequen-
tially. The stained samples were dehydrated, moun-
ted, and observed through the optical microscope.
The ECM was characterized as light green in color
and minerals on tissues were stained black. Staining
for OPN/DAPI was also performed on sectioned spe-
cimens following the aforementioned IHC proced-
ure of spheroids and observed with the fluorescent
microscope.

2.8. Statistical analysis

All quantitative data were calculated and expressed
as means =+ standard deviation. For statistics, Graph-
Pad Prism 5 software (La Jolla, CA, USA) was used to
perform one-way analysis of variance (ANOVA) with
either Tukey’s honestly significant difference test (for
more than two variables) or Student’s t-test (for two
variables). Significance was denoted at a value of
P < 0.05, and all values were calculated from at least
triplicate samples (n > 3). All experiments were inde-
pendently repeated at least three times.
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3. Results

3.1. Characterization of 3D printed
micro-chambers and PDGF immobilization

A scheme involved in EGCG-mediated PDGF coating
on the surface of PCL micro-chamber is depicted in
figure 1(A), and demonstrated the color of cham-
ber was changed into dark brown after coating. The
chamber was composed of nine layers with strands
200 pum in diameter with homogeneous 800 pm
gaps between them stacked on the first ejected layer,
which was designed to have an additional strand
with 300 pm intervals to prevent spheroid leak-
age (figure 1(B)). The SEM images from the tilted
side of the chamber confirmed the structure of lay-
ers without apertures between them, strands with
homogeneous intervals with consistent cubic spaces,
and supporting strands aligned at regular distances
(figure 1(C)). The chambers without coating, with
EGCG coating, and both PDGF and EGCG were
nominated as PCL, E-PCL, and PE-PCL, respect-
ively. The surface following the coating process was
tully covered by EGCG; such a difference was not
observed after PDGF coating (figure 1(D)). The
surface of the PCL micro-chamber became more
hydrophilic after coating (figure 1(E)). The amount
of EGCG on the surface of the micro-chamber
increased depending on the coating time, although
it was saturated after 4 h at 57.1 + 6.2 ng mm™?
(figure 1(F)). As shown in an XPS spectrum, Mgls
(1304.08 eV) and Cl2p (198.9 eV) peaks appeared
after EGCG coating and the N1s (399.08 eV) peak
was detected after coating with PDGF (PE-PCL)
(figure 1(G)). The immobilization efficiency of
PDGF was 89.0% =+ 2.1%, 70.6% =+ 2.2%, and
45.0% =+ 4.7% when the chamber was treated with
1 mg mL~! of EGCG and 500 ng mL~! of PDGF for
1, 2, and 4 h, respectively (figure 1(H)). The weakly
coated PDGF detached within 8 h (figure 1(I)), and
the other proteins remained on the surface of micro-
chamber for 28 d (figure 1(J)). After 4 h of coating,
52.6% =+ 1.7% of PDGF was released within 8 h and
99.1% =+ 0.1% of the remaining PDGF was retained
for 28 d.

3.2. Preparation of hADSC spheroids with
engineered fibers

A scheme for preparing PS incorporating hADSC
and PD-FFs is presented in figure 2(A). The amount
of amine groups from polydopamine reached a sat-
uration point after 20 min at 3.2 + 0.1 pg ug™ !
of fiber (figure 2(B)). SEM images of spheroid
and its inside proved that a stable sphere formed
without loss of cells or fibers after 24 h and the
fibers were homogeneously mixed with cells inside
of spheroid (figure 2(C)). Similarly, a H&E stain-
ing also showed that the cells and fibers were
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homogeneously distributed within the spheroids and
the cells exhibited a well-assembled and integrated
structure (figure 2(D)). The size and DNA contents
of PS slightly decreased after 7 d, possibly due to
stronger interactions of cells with fibers over time
(figures 2(E) and (F)).

3.3. In vitro culture of stem cell spheroids within
3D printed micro-chambers

Following in vitro culturing of spheroids within
3D printed micro-chambers, phase contrast images
showed that the spheroids were positioned stably
within each hole of the micro-chamber (E-PCL-PS
and PE-PCL-PS), maintaining a spheroidal shape
while the spheroids were spontaneously and rapidly
attached with other spheroids in the absence of a
micro-chamber (IPS) within 24 h (figure 3(A)). His-
tological staining clearly showed that the borders of
each spheroid began to fuse together, and the cells
in spheroids at the micro-chamber migrated toward
the strands of the chamber (figure 3(B)). The SEM
images also revealed that a void space generated by
the curvature of each spheroid was not detected in
the IPS group because of the fusion. However, cells
within spheroids inside the micro-chamber formed
extended filopodia, sprouting toward the strands after
24 h of culturing on E-PCL and PE-PCL (figure 3(C)).
After 14 d of culture, the IPS showed that the spher-
oids formed one large aggregate by complete fusion
of each spheroid while the E-PCL-PS and PE-PCL-PS
showed that the cells from each spheroid proliferated
and migrated to fully cover the holes of the cham-
ber (figure 3(D)). Histological stained images showed
that the borders of the spheroids completely disap-
peared after 14 d, while individual spheroid shapes
were still found in E-PCL-PS and PE-PCL-PS, and the
cells were loosely sprouted toward the frame of the
chamber while forming a thin cell layer, which indic-
ates that the spheroids in the micro-chamber were not
severely fused together due to the distance between
the spheroids (figure 3(E)). Similarly, SEM images
(figure 3(F)) confirmed that an initial shape of the
four spheroids was not evident after 14 d because of
aggregation while the fibers were still homogenously
distributed within IPS. Instead of spheroid aggrega-
tion, the cells in E-PCL-PS and PE-PCL-PS prolifer-
ated within the holes of the chamber by filling the
space.

The vertically sectioned (figure 4(A)) SEM images
from PE-PCL-PS revealed that the cells began to
bind with adherent strands of the chamber after
24 h, and continuously migrated, following the
wall in the chamber for 14 d to form a larger
tissue construct, and the initially mixed PD-FFs
within the PS were observed in the central por-
tion of the tissue (figure 4(B)). Nuclei staining of
horizontally sectioned (figure 4(C)) E-PCL-PS and
PE-PCL-PS demonstrated that cell migration on
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Figure 1. Characterization of EGCG and PDGF coated PCL micro-chamber. (A) Schematic illustration of EGCG and PDGF
coating on micro-chamber, and optical image of the chambers. (B) 3D modeling and (C) SEM images of the chamber with
specific size, and (D) high magnified SEM images of surface of PCL, E-PCL, and PE-PCL. (E) Optical image of the chambers
dipped in distilled water. Surface chemical composition of the micro-chambers; (F) Amount of EGCG coated on PCL chamber
indicates significant difference with 1 h) (n = 5). (G) XPS surface chemical composition of PCL,
E-PCL, and PE-PCL analyzed by general spectra, and high magnified spectra of N1s scan. (H) Immobilized efficiency of PDGF on
the chamber depending on coating time (n = 5), (I) detachment of PDGF from the chamber within 8 h, and (J) retention of
immobilized PDGF from the chamber during 28 d (n = 5). One-way ANOVA for all statistical results (*P < 0.05 and

Time (day)

the strands of micro-chamber was faster on PE-
PCL-PS (figures 4(D) and (E)). The TUNEL assay
showed that the apoptotic nuclei were distributed
homogeneously around the IPS, while the nuclei
were found only on the core of the spheroids at
E-PCL-PS and PE-PCL-PS (figure 4(F)). Further-
more, 43.9% =+ 2.4% of cells in IPS appeared to be
apoptotic, and were rarely observed in cells within

spheroids positioned at the micro-chambers (E-PCL-
PS and PE-PCL-PS: 4.7% =+ 1.6% and 0.8% = 0.1%,
respectively). In addition, PDGF coating further pre-
vented apoptosis of hADSCs, and the number of
TUNEL-positive nuclei in PE-PCL-PS was signific-
antly lower than in E-PCL-PS (figure 4(G)). The
DNA and MTT assays revealed a similar tend-
ency of the cells within the spheroids cultured with
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Figure 2. Preparation of spheroid with engineered fibers and hADSCs. (A) Schematic illustration of the method preparing the
PS. (B) Amount of amine groups depending on dopamine coating time (# = 5). (C) SEM images of the PS with the higher
magnified image of its inside. (D) Cross-sectioned H&E staining image of the 24 h cultured PS. (E) Sizes and (F) DNA contents of
spheroids cultured for 1 and 7 d (n = 5). One-way ANOVA for amine quantification, and Student’s T-test for DNA quantification

(***P<0.0001).

the micro-chamber to proliferate continuously for
14 d, with the PDGF further enhancing the pro-
liferation of stem cells. In contrast, cells cultured
in the absence of the micro-chamber appeared to
lose proliferative capacity (figures 4(H) and (I)).
For example, the DNA contents from each group
cultured for 14 d were significantly increased at
292 + 54 ng, 1109 £ 88 ng, and 1296 + 47 ng
on IPS, E-PCL-PS, and PE-PCL-PS, respectively
(figure 4(I)).

3.4. Preparation of hADSC spheroids with fibers
immobilizing BMP-2

The BPS were prepared by incorporating BF50 allow-
ing hADSC:s to differentiate into an osteogenic lin-
eage within the spheroid without osteogenic medium
supplements (figure 5(a)). The immobilization effi-
ciency of BMP-2 increased depending on two con-
centrations. For example, 88.5% =+ 8.0% of BMP-2
was immobilized when the PD-FF was treated with

500 ng ml~! of BMP-2 solution (figure 5(B)). Fur-
thermore, BF50 showed the greatest retention of
BMP-2 on fiber; 98.5% =+ 2.3%, 97.0% =+ 0.0%, and
92.9% = 0.0% of BMP-2 was retained on BF50, BF30,
and BF10, respectively, after 28 d (figure 5(C)). Live-
and-dead staining produced few dead signals within
the prepared spheroids (figure 5(D)), and H&E stain-
ing of the cross-sectioned spheroid containing BFs
confirmed that the fibers and hADSCs were mixed
and distributed homogeneously, and no indication
of massive cell death was observed, as in the case
of PS (figure 5(E)). DNA contents from the BPS
were significantly enhanced to 110.6 £ 5.0% and
111.7% =+ 2.2% after 4 and 7 d comparing with
those of PS, respectively (figure 5(F)). RT-qPCR res-
ults demonstrated that the cells in BPS achieved gene
expressions levels for RUNX2, OSX, OCN, and OPN
that were 1.38 & 0.03, 2.01 &+ 0.10, 2.07 % 0.28, and
2.50 £ 0.15 times greater, respectively, that those in
PS (figure 5(G)). In addition, more calcium minerals
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Figure 3. Characterization of the micro-chambers loaded with spheroids. (A) Phase contrast images, (B) H&E staining of
horizontally sectioned samples, and (C) SEM images from IPS, E-PCL-PS, and PE-PCL-PS after 24 h culturing. (D) Phase
contrast images, (E) H&E staining of horizontally sectioned samples, and (F) SEM images from IPS, E-PCL-PS, and PE-PCL-PS
after culturing 14 d (‘Red boxes’ in histological images indicate the borderline of chamber, and ‘white boxes’ indicates the parts at

were deposited on BPS than on PS (figure 5(H)),
and also the section from BPS revealed intensified
staining, with a reddish color for Alizarin Red S
(figure 5(I)).

3.5. In vitro osteogenic differentiation of stem cell
spheroids within 3D printed micro-chambers

We then confirmed the combined effect of PDGF
coated on the 3D printed micro-chamber and BMP-2

within the spheroid on osteogenic differentiation
of hADSCs in vitro. Overall, RT-qPCR analysis for
osteogenic genes demonstrated that the cells from
PE-PCL-BPS exhibited the greatest osteogenic dif-
ferentiation, and the cells from E-PCL-BPS were
also associated with significantly enhanced gene
expression compared with those from PE-PCL-PS
and E-PCL-PS, although expression was lower than
with PE-PCL-BPS (figure 6). However, PE-PCL-PS
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Figure 4. Proliferation of the cells from spheroids in micro-chambers. (A) Schematic illustration of vertical section of sample.
(B) SEM images of vertically sectioned PE-PCL-PS being cultured for 24 h and 14 d (the portion of red box is enlarged). (C) The
schematic illustration of horizontal section of sample. (D) DAPI stained fluorescent images of horizontally sectioned E-PCL-PS
and PE-PCL-PS after culturing 7 d (white lines indicate borderline of chamber), and (E) the counted number of nuclei on
chambers (n = 5). (F) TUNEL assay of IPS, E-PCL-PS, and PE-PCL-PS (white boxes indicate borderline of chamber), and (G)
counted TUNEL positive/DAPI stained nuclei from each sample (n = 5). (H) Optical density from MTT assay and (I) DNA
contents of IPS, E-PCL-PS, and PE-PCL-PS being cultured for 1,
ANOVA for the others (*P < 0.05, **P < 0.001, and ***P < 0.0001).

7,and 14 d (n = 5). Student’s T-test for figure 5G, and one-way

showed relatively reduced osteogenic gene expres-
sion that was not statistically different from E-PCL-
PS (figures 6(A), (B), (C), and (D)), but greater
expression for OPN and Colla (figures 6(E) and
(F)). For example, Colla expressions from PE-PCL-
PS, E-PCL-BPS, and PE-PCL-BPS were greater than
that from E-PCL-PS by a factor of 5.0 + 1.3,
27.7 £+ 8.6, and 89.7 £ 0.3, respectively (figure 6(F)).
The IHC staining of Colla demonstrated that hAD-
SCs within spheroids from E-PCL-BPS and PE-
PCL-BPS groups were highly positive for Colla
while the intensity by the staining from E-PCL-PS
and PE-PCL-PS group was diminished. It should
be noted that the cells sprouting from the spher-
oid were also positive for Colla in PE-PCL-BPS,
indicating that BMP-2 effectively modulated osteo-
genic differentiation of hADSCs within the spheroid

(figure S3). Furthermore, the staining of represent-
ative post-osteogenic differentiation markers such
as OPN (figure 7(A)) and OCN (figure 7(C)) also
showed tendencies similar to the results of RT-qPCR.
OPN-positive signals were homogeneously distrib-
uted through the spheroid within the micro-chamber
(figure 7(a)), and the numbers of OPN-positive
nuclei were significantly higher in PE-PCL-BPS
(51.1% =+ 6.6%) and E-PCL-BPS (20.7% =+ 3.5%)
relative to that in PE-PCL-PS (5.8% =+ 1.9%), and
E-PCL-PS (4.7% =+ 0.8%) (figure 7(B)). Similarly,
OCN-positive signals were also homogeneously dis-
tributed (figure 7(C)) and the quantified number of
nuclei showed same tendency with that of OPN stain-
ing (figure 7(D)). The ALP and Alizarin Red S stain-
ing of horizontally sectioned samples of spheroids
with BMP-2 (E-PCL-BPS and PE-PCL-BPS) were

11
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Figure 5. Characterization of BMP-2 incorporated spheroid. (A) Schematic illustration of the method preparing BPS. (B)
Immobilized efficiency and (C) retained amount of BMP-2 onto the fibers depending on concentration of BMP-2 (n = 5). (D)

Live and dead assay of PS and BPS being cultured for 24 h, and (E) H&E staining of horizontally sectioned BPS being cultured for
24 h. (F) DNA contents from PS and BPS being cultured for 1, 4, and 7 d (n = 5) (**” indicates the difference between PS and BPS
at each time point). (G) Relative osteogenic gene expressions (1 = 5), (H) calcium contents, and (I) alizarin red S staining from

PS and BPS being cultured for 14 d (n = 5) (**” indicates the difference between PS and BPS). Student’s T-test for all statistical

results (*P < 0.05 and ***P < 0.0001).

more violet and red than those with PS (E-PCL-PS
and PE-PCL-PS), and the sample from PE-PCL-BPS
produced the most intense staining compared with
the other groups (figure 7(E)). As a result of cal-
cium assay, 9.1 + 0.6 ug pug™', 8.9 + 0.9 ug ug™',
11.8 + 0.0 ug pg~ ', and 15.3 + 1.3 ug pug~! of DNA
of calcium minerals were deposited on E-PCL-PS, PE-
PCL-PS, E-PCL-BPS, and PE-PCL-BPS, respectively
(figure 7(F)).

3.6. In vivo bone regeneration in a mouse calvarial
defect model

The CSD-specific circular and cylindrical micro-
chamber was designed and printed (figure 8(A)),
and the spheroids were loaded onto the holes of
the micro-chamber (figure 8(B)). As shown in
figure 8(C), the chamber was fitted firmly to the

12

defect without avoiding spheroids. From the micro-
CT analysis, it was found that the defect, E-PCL-
PS, and PE-PCL-PS groups exhibited minimal bone
formation, while E-PCL-BPS groups improved bone
regeneration, although the area of newly formed
bone was limited to the edge of the defect. In con-
trast, the PE-PCL-BPS group exhibited significantly
enhanced bone regeneration, with the defect well
covered with newly formed bone tissue (figure 8(D)).
Quantitative analysis confirmed the micro-CT
results; the new bone area was 5.0% =+ 1.9%,
7.6% =+ 3.9%, 18.3% =+ 3.2%, 32.3% =+ 15.8%, and
77.0% £ 15.9% (figure 8(E)), and the BV/TV val-
ues were 0.5% =+ 0.3%, 1.2% + 1.1%, 4.5% + 1.3%,
5.3% =+ 2.0%, and 19.7% =+ 5.9% for the defect,
E-PCL-PS, PE-PCL-PS, E-PCL-BPS, and PE-PCL-
BPS transplanted groups, respectively (figure 8(F)).
As shown in Goldner’s trichrome staining of
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Figure 6. Osteogenic differentiation of hADSCs from the spheroids loaded on micro-chambers. Relative gene expression of (A)
ALP, (B) Runx2, (C) OSX, (D) OCN, (E) OPN, and (F) Colla for hADSCs from E-PCL-PS, PE-PCL-PS, E-PCL-BPS, and
PE-PCL-BPS being cultured for 14 d (n = 5) (*P < 0.05, **P < 0.01, and ***P < 0.0001).

sectioned bone on defect site from each group
(figure 8(G)), and enlarged images at parts with
red boxes (figure 8(H)), the defect and E-PCL-PS
groups experienced less tissue regeneration, and
PE-PCL-PS acquired considerable connective tis-
sue on the defect site. In contrast, the group trans-
planted with E-PCL-BPS and PE-PCL-BPS showed
newly formed bone tissue with a lamellar structure
(white arrow in high-magnified images), but the
thickness of the tissue was greater on PE-PCL-PS
while filling up the pores of the transplanted scaf-
fold, which were observed only outside of scaffold
on the E-PCL-BPS group. Furthermore, Von Kossa
staining (figure 8(H)) of the regenerated tissues to
which the spheroids were delivered showed that the
micro-chambers with BPS (E-PCL-BPS and PE-PCL-
BPS) significantly enhanced mineralization, turning
a darker color while the other groups turned a bright
color, indicating more minerals were deposited in
the presence of BMP-2. Similarly, IHC staining of
OPN (figure 8(H)) demonstrated that OPN-positive
nuclei were rarely observed in the defect and E-PCL-
PS groups, and were observed in PE-PCL-PS only
for the spheroid-loaded area. In contrast, more cells
were positive for OPN in the E-PCL-BPS and PE-
PCL-BPS groups. Cells in the PE-PCL-BPS group
were positive for OPN not only for the area where
the spheroid was positioned but also the surrounding
tissues.

4, Discussion

This study was designed to prepare 3D printed micro-
chambers for carrying spheroids at regular intervals
with dual growth factors. The size of a well of micro-
chamber was designed as 0.8 + 0.0 of width and
0.8 £ 0.0 of length (figure S1(B)), which was enough
to hold one spheroid (0.3 4= 0.0 mm?, figure 2(E))
to increase the accessibility of stem cells, and addi-
tional strands were aligned on the bottom of cham-
ber to avoid the loss of spheroids as shown in fig-
ure 1. The EGCG coating rendered the surface of
PCL chamber hydrophilic through oxidative poly-
merization, 7—7t stacking, and metal ion coordina-
tion (usually Na™ or Mg?"), consistent with other
studies [29, 30]. The amount of EGCG coated on
the PCL micro-chamber reached a saturation point
after 4 h on the micro-chamber and it was repor-
ted that the amount of EGCG reached a satura-
tion level at a specific time depending on the size,
material, and topography of scaffold [31]. The EGCG
was further used for one-step surface coating of
PDGE. The exact mechanism of this process has
not been clearly elucidated, however, previous stud-
ies have determined that the biomolecules can be
adsorbed by intervening between 7—7t stacking of the
EGCG, forming a poly(catechin) structure through
the condensation of aldehydes and phenol groups,
and using hydrogen bonds and abundant hydroxyl
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S staining of horizontally sectioned E-PCL-PS, PE-PCL-PS, E-PCL-BPS, and PE-PCL-BPS. (F) Calcium contents from each
group. One-way ANOVA for all statistical results (n = 5) (*P < 0.05, **P < 0.01, and ***P < 0.0001).

groups [32]. Interestingly, 4 h of coating reduced
coating efficiency of PDGF compared with 1 and 2 h
of coating (figure 1(I)). The unattached and destabil-
ized EGCG particles may have formed a massive
aggregates assembled with PDGF, which may have
competed with surface immobilization process of
PDGEF [33]. The loosely bound PDGF on the surface
of micro-chamber appeared to be detached within
few hours and the remaining was retained for over
4 weeks, indicating that PDGF coating was effect-
ive by molecular intervening between 7—7t stacking
of EGCG, leaving hydrogen bonds between hydroxyl
groups of EGCG and the amine and sulfate groups
of PDGF to be used for immobilization [32, 34].

14

The AFM results demonstrated that there were only
a few nanometer differences between groups (root-
mean-squared roughness (Rq) values: 7.9 £ 3.6,
19.5 4+ 1.1,and 3.3 £ 0.3 nm for PCL, E-PCL, and PE-
PCL, respectively). Given that, we anticipate that the
EGCG and PDGF coating may not affect the spher-
oid attachment and migration along the strands in the
micro-chamber (figure S2). In fact, the PCL originally
presented flat surface, and the EGCG was also coated
as homogeneously and flatly on the surface of PCL
chamber which was also proved in the SEM images
(figure 1(D)). Therefore, the cell adhesion on the
surface was confidently more affected by the chem-
istry and pro-proliferative inductivity of PDGF on the
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Figure 8. In vivo implantation on mouse calvarial defect. (A) Images of shape change for PCL micro-chamber through 3D
modeling. (B) Phase contrast image of PE-PCL-BPS immediately after loading the spheroids. (C) Optical image of surgical
procedure transplanting the chamber onto mouse calvarial defect. (D) Micro-CT radiographic images of calvarial defects from
Defect and E-PCL-PS, PE-PCL-PS, E-PCL-BPS, and PE-PCL-BPS groups after 8 weeks (n = 6). Quantification of (E) regenerated
bone coverage area and (F) volume from each group (1 = 6). (G) Full size of cross-sectioned bone images after Goldner’s
trichrome staining from each group (n = 5). (H) High magnified images obtained from Goldner’s trichrome staining, Von Kossa
staining, and OPN IHC staining for the parts marked with red boxes (#n = 5). One-way ANOVA for all statistical results
(*P<0.05, **P <0.01, and ***P < 0.0001).

surface rather than the roughness. Furthermore, the
cell adhesion and proliferation were increased in PE-
PCL than E-PCL (figure 4(D)) while the roughness in
nanoscale was the greater in E-PCL than PE-PCL.

In our previous study, we engineered a spheroid
incorporating ECM-mimicking fibers that supplied
spaces for diffusion and increased cell-ECM binding,
osteogenic differentiation of stem cells with enhanced
viability than a spheroid composed only of cells [27].
However, the cells in the spheroids did not proliferate

and were severely condensed after 7 d, and spheroids
with functional particles also exhibited similar prob-
lems in long-term culture [35]. Similar with previous
studies, the PS showed condensed surface structure
after 24 h and the DNA contents decreased after day
7 (figures 2(C) and (F)). The condensation is due
to self-assembly of stem cells in the spheroids in the
absence of an adherent surface, and such a structure
may lead to differentiation of stem cells into diverse
lineages. However, they may not be proliferative nor
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viable because the sprouting area or opportunities
for oxygen diffusion are limited [36]. The aggrega-
tion of multiple spheroids would exacerbate this phe-
nomenon and aggregates composed of four spheroids
demonstrated greater number of apoptotic nuclei
(figure 4(f)). These results are consistent with pre-
vious report that larger cell aggregates exhibited sig-
nificantly greater cell death rate than smaller aggreg-
ates [37]. In contrast, spheroids loaded onto a scaffold
avoided condensation since cells from the spheroids
attached and migrated along the strands within the
micro-chamber (figure 3). As a result, the apoptotic
cells in E-PCL-PS were dramatically reduced com-
pared with those of IPS, and stem cell proliferation
increased continuously during 14 d (figures 4(G),
(H), and (I)). In addition to micro-chamber effects,
we delivered PDGF on the surface of micro-chamber
(PE-PCL-PS), which may have attributed to faster
migration and proliferation, and reduced apoptosis of
stem cells from spheroids compared with the group
without PDGEF. Taken together, our results suggest
that micro-chamber with PDGF coating enhanced
stem cell proliferation and migration toward the
strands of chamber through ligand-receptor binding
while inhibiting cell aggregation within the spher-
oid, which in turn can initiate the extracellular signal-
regulated kinase cascade signaling pathway, leading to
activation of cell division and growth factor produc-
tion [38].

It has been difficult to induce spontaneous osteo-
genic differentiation of stem cells within spheroids
by external supplements. For example, a previous
study demonstrated that BMP-2—diluted medium
(100 ng ml~!) did not enhance osteogenic gene
expression of mesenchymal stem cells within spher-
oids as compared to mono-layered cells [39]. The
limited differentiation may be due to the diffusion
limitation, such that the externally provided induct-
ive factors enabled to interact with cells along the
periphery of spheroids, but could not be permeable
through densely formed cell—cell layers with diffi-
culty in reaching cells placed in the center of the
spheroid [40]. Our results showed similar histolo-
gical images for both PS and BPS (figures 2(D)
and 5(E)). Recently, mineralized inorganic micro-
particles were hybridized within spheroids to sup-
ply the osteogenic signals from inside of the spher-
oid [41]. For example, Wang et al mixed hydroxyapat-
ite micro-particles with embryonic stem cells as
spheroids, with the resulting spheroids demonstrat-
ing increase in OPN expression compared with those
without particles [41]. Similarly, incorporation of cal-
cium phosphate micro-particles within mesenchymal
stem cell spheroids enhanced upregulation of osteo-
genic gene expression as compared to those without
particles [42]. As inductive signal, we tightly immob-
ilized the BMP-2 onto the fibers using polydopamine
chemistry (figures 5(B) and (C)) and polydopamine-
based immobilization of proteins on the surface of
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various biomaterials have been already published
before [43, 44]. The immobilization with polydo-
pamine also contributed to make the surface PLLA
fibers hydrophilic, which improved homogeneous
dispersion of the fibers under aqueous environment.
As a result, the BMP-2 coated fibers were homogen-
eously mixed with cells and distributed evenly within
the spheroid (figure 5(E)), and the Alizarin Red S
staining of cross-sectioned BPS confirmed homogen-
eous differentiation stem cells within the spheroid
(figure 5(I)).

The synergic effect of co-delivery of angiogenic
growth factors and osteoinductive molecules for
osteogenic differentiation of stem cells has been
widely investigated and proved its advantages:
angiogenic growth factors rapidly complete the
immune response at a defect site and enhance the
proliferation of stem cells and stem cells used for
bone reconstruction, and then the number of being
proliferated cells are directly and spontaneously dif-
ferentiated and proceed to mineralization by osteoin-
ductive molecules [45-47]. For example, Kim et al
demonstrated that two dimensionally seeded hMSCs
treated with PDGF and BMP-2 exhibited a 10-
fold increase in ALP activity and calcium depos-
ition compared with no growth factors and a 3-
fold increase in activity compared with conditions
in which only BMP-2 was delivered [46]. In case of
spheroids, one previous study evaluated the effect of
fibroblast growth factor-2 (FGF-2) with osteogenic
medium for BMSC spheroids. However, the result
of in vitro osteogenic differentiation of the spher-
oids showed that the FGF-2 treated group was not
significantly enhanced compared with the spher-
oids without FGF-2 [47]. In this study, we there-
fore developed a new growth factor delivery sys-
tem composed of rapid delivery of PDGF from the
micro-chamber and continuous retention of BMP-
2 from inside of the spheroid. PE-PCL-BPS showed
dramatically increased osteogenic gene expression
compared with an absence of growth factors and the
presence of only one of them (figure 6). Moreover,
Alizarin Red S staining of cross-sectioned E-PCL-
BPS and PE-PCL-BPS revealed that the sprouted cells
from spheroids heading for the adherent frame of
the chamber were also red in color, indicating that
the migrated or proliferated cells from the spheroid
had differentiated into an osteogenic lineage (fig-
ure 7(E)). The mechanical compression test was
performed to investigate the change of mechanical
strength after spheroid loading. The average stress—
strain curves of the PCL and PE-PCL-BPS (figure
S4(A)) demonstrated that the micro-chamber loaded
with spheroids, and PE-PCL-BPS (75.7 4+ 4.0 MPa)
showed significantly greater compressive modulus
than PCL (61.3 £ 7.6 MPa) (figure S4(B)). Taken
together, the results indicated that the spheroids
loaded with the micro-chamber contributed to the
increase in the mechanical properties of the construct
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potentially due to filling-up of the pores by prolif-
erating stem cells and their mineralization within
the chamber, which may be more favorable for bone
regeneration [48].

Despite several advantages of spheroids, delivery
of the stem cell spheroids into bone defects suffers
from several limitations, including abnormally bulky
tissue formation and less osseointegration due to
unequal distribution or aggregation of transplanted
spheroids within the defect [18, 49]. In our study,
the group receiving IBPS was characterized by het-
erogeneous results, as shown in figure S5, imply-
ing that spheroids without a scaffold may not be
stably positioned or leaked after transplantation. The
hydrogels carrying spheroids partially solved the leak-
age problem in vivo [19]. However, the spheroids
were still movable and aggregated again in defects
after hydrogel degradation because of its low mech-
anical property and rapid degradation compared to
a scaffold with a synthetic polymer, i.e. PCL and
PLGA, and the spheroids [50]. Three-dimensional
bio-printing of scaffold-free spheroids using a needle
with strong cell-cell interactions during the pre-
culture step before implantation may offer a new
method of delivering spheroids in vivo, but such
applications have rarely been studied and the diffu-
sion limitations of large, cell-based tissue constructs
may decrease the therapeutic activation of spheroids
and therefore limit their viability [51, 52]. In contrast
to these works, in our study, with a combination of
PDGF and BMP-2, the spheroids in a micro-chamber
showed increased viability and proliferation com-
pared with their aggregated form, and PE-PCL-BPS-
implanted bone was associated with superior regen-
eration compared with the other groups. As shown
in histological analysis, PDGF on the surface of a
micro-chamber clearly enhanced tissue regeneration
(figure 8(G)), however, most tissues from PE-PCL-
PS appeared to be un-mineralized connective tissues,
and were not detected by micro-CT (figure 8(D)).
On the other hand, the BMP-2 within spheroids
enhanced the differentiation of stem cells by receptor-
ligand binding, potentially initiating SMAD signaling
[46], and the affected cells rapidly may have trans-
ferred the signals to other cells through a parac-
rine effect [53]. As a result, the regenerated bone
from E-PCL-BPS showed massive mineralized and
lamellar-structured tissues (figure 8(G)). The posi-
tion of lamellar structure was distinct from the spher-
oid area with thin cracks (figure 8(H), white arrow
indicates lamella structure), indicating that the spher-
oid secreted osteogenic factors to adherent tissues
for forming lamella structure rather than being itself.
Finally, we showed that a combination of PDGF on
the micro-chamber and BMP-2—incorporated spher-
oids (PE-PCL-BPS) can successfully produce well-
organized bone regeneration (figure 8(H)). Further-
more, the lamellar structure found in PE-PCL-BPS
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group was positioned not only outside from spheroid,
but also near the spheroid being connected without
cracks (figure 8(H), white arrow on PE-PCL-BPS),
which indicates the spheroids directly participated
in lamella structure formation, unlike the case for
E-PCL-BPS. This phenomenon could be activated by
the synergistic effect of PDGF and BMP-2 further
enhancing the differentiation and mineralization of
spheroids.

Taken together, we prepared a new dual-growth
factor delivery system by loading BMP-2 incorpor-
ated stem cell spheroids in PDGF immobilized in a
micro-chamber. The results demonstrate that PDGF
helps fill the defect area by enhancing the prolifer-
ation of cells from spheroids and tissue ingrowth,
BMP-2 is essential for both differentiation of stem
cells within the spheroid and in vivo mineralization
of bone tissue, and the synergistic effect of PDGF
and BMP-2 make effective in vivo osteogenesis pos-
sible using spheroids. We expect this system could
offer an advance in therapeutic tool for bone regener-
ation as well as an effective method of delivering the
spheroids.

5. Conclusion

We prepared a new dual-growth-factor delivery sys-
tem by loading BMP-2—incorporated stem-cell spher-
oids in PDGF immobilized in a micro-chamber.
In vitro experiments demonstrated that the viab-
ility and proliferation of stem cells from spher-
oids increased when cultured on a micro-chamber,
and the effect was greater when PDGF coated the
chamber. Our investigation of osteogenic differen-
tiation demonstrated that PE-PCL-BPS is associ-
ated with greater differentiation compared with the
other groups. In other words, the spheroid-loading
chamber clearly demonstrated a synergistic effect
of PDGF and BMP-2. For example, PE-PCL-BPS
increased ALP and Colla gene expression by factors
of 126.7 £ 19.6 and 89.7 £ 0.3, respectively, com-
pared with no growth factors. Finally, when the
chambers were transplanted into mouse calvarial
defects, bone formation was 77.0% =+ 15.9% greater
in the PE-PCL-BPS transplanted group. Histolo-
gical analysis confirmed that PDGF enhanced tis-
sue regeneration but was not able to induce min-
eralization, and BMP-2 enhanced mineralized bone-
tissue formation but only at limited quantities.
Meanwhile, the PE-PCL-BPS—-implanted bone tis-
sues exhibited well-organized lamellar structures with
large areas. Taken together, the dual-growth-factor
delivery system, which produced an initial burst of
PDGEF from the micro-chamber and sustained reten-
tion of BMP-2 from the inside the spheroids, could
offer a new therapeutic tool for bone regeneration
as well as an effective method of delivering the
spheroids.
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