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Analyzing Biological Performance of 3D-Printed,
Cell-Impregnated Hybrid Constructs
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Three-dimensional (3D) bioprinting of hybrid constructs is a promising biofabrication method for cartilage
tissue engineering because a synthetic polymer framework and cell-impregnated hydrogel provide structural
and biological features of cartilage, respectively. During bioprinting, impregnated cells may be subjected to
high temperatures (caused by the adjacent melted polymer) and process-induced mechanical forces, potentially
compromising cell function. This study addresses these biofabrication issues, evaluating the heat distribution of
printed polycaprolactone (PCL) strands and the rheological property and structural stability of alginate hy-
drogels at various temperatures and concentrations. The biocompatibility of parameters from these studies was
tested by culturing 3D hybrid constructs bioprinted with primary cells from embryonic chick cartilage. During
initial two-dimensional culture expansion of these primary cells, two morphologically and molecularly distinct
cell populations (‘‘rounded’’ and ‘‘fibroblastic’’) were isolated. The biological performance of each population
was evaluated in 3D hybrid constructs separately. The cell viability, proliferation, and cartilage differentiation
were observed at high levels in hybrid constructs of both cell populations, confirming the validity of these 3D
bioprinting parameters for effective cartilage tissue engineering. Statistically significant performance variations
were observed, however, between the rounded and fibroblastic cell populations. Molecular and morphological
data support the notion that such performance differences may be attributed to the relative differentiation state
of rounded versus fibroblastic cells (i.e., differentiated chondrocytes vs. chondroprogenitors, respectively),
which is a relevant issue for cell-based tissue engineering strategies. Taken together, our study demonstrates
that bioprinting 3D hybrid constructs of PCL and cell-impregnated alginate hydrogel is a promising approach
for cartilage tissue engineering.

Introduction

Although significant progress has been made over
the last few decades in developing tissue engineering

strategies for cartilage repair,1 regeneration of cartilage that
functions similar to natural cartilage remains a challenging task.
The exceptional biomechanical functionality of cartilage at the
articulating surfaces of skeletal joints, in part, derives from the
structural intricacies2 and the biphasic (solid–liquid) nature of
cartilage extracellular matrix (ECM).3 Resembling a reinforced
highly hydrated material, cartilage ECM provides a favorable
biological environment, so that impregnated chondrocytes can
maintain tissue homeostasis, along with a noncompressible load-
bearing function.4–7 A biomimetic cartilage tissue engineering
approach creates scaffolds or constructs (i.e., cell-impregnated

scaffolds) with structural and biological functionality similar to
cartilage. Tissue constructs that lack such structural and bio-
logically conducive properties can result in an inferior perfor-
mance, particularly after in vivo transplantation.8–10

A hybrid cartilage tissue engineering strategy using both
cell-impregnated hydrogels and polymeric scaffolds is
emerging as an effective approach to mimic the biological
and structural features of cartilage ECM. Hydrogels have
many desirable properties for use in cartilage tissue engi-
neering. They are highly hydrated and form tissue-like
networks.11 Furthermore, hydrogels are prepared easily, can
be impregnated with cells, and provide an environment that
is favorable for retaining the phenotype and morphology of
chondrocytes.12,13 However, they have poor mechanical
strength, which impairs their structural functionality for
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cartilage tissue engineering. Polymeric scaffolds, on the
other hand, provide the required structural properties,14,15

but they are inferior to the hydrogels in terms of providing a
biologically favorable, highly hydrated three-dimensional
(3D) structure similar to natural cartilage matrix.8 Therefore,
combining both hydrogel and polymeric components into a
hybrid construct can mimic the biologically and structurally
supportive properties of cartilage, offering promise for opti-
mizing cartilage tissue engineering strategies.16–20

Conventional hybrid constructs often lack reproducible
and/or customized properties, due to limitations of the fab-
rication methods. Conventional approaches, such as free
penetration or perfusion-assisted incorporation of hydrogel
into scaffolds, do not allow customized cell seeding into the
construct, which can affect negatively the distribution and
organization of cells and, consequently, the quality of re-
generated tissue matrix.15,17,19 For example, inefficient cell
penetration into the scaffold can lead to formation of cartilage
matrix only at the periphery of the construct.15 Indeed, lack of
control over the spatial distribution of cells throughout the
construct can lead to inferior matrix organization and func-
tion compared to that of natural cartilage.18 Advanced addi-
tive manufacturing techniques, such as three-dimensional
(3D) bioprinting, can produce custom-designed, computer-
controlled hybrid tissue constructs, overcoming many limi-
tations of current biofabrication methods.21,22

Three studies show the potential of 3D hybrid bioprinting
as a superior fabrication technique for cartilage tissue engi-
neering,23–25 but the biological performance of the impreg-
nated cells has not been investigated comprehensively, and
some critical fabrication parameters remain unexplored. De-
spite some positive results,25 3D hybrid bioprinting may de-
crease chondrocyte viability, due to thermal stresses from
dispensing heated polymers adjacent to cell-impregnated al-
ginate.24 Increases in chondrocyte numbers and cartilage
ECM production were observed in long-term culture of 3D
hybrid constructs, but no images were presented24 or little
cartilaginous matrix was produced.23 These studies leave open
the question of whether this fabrication technique enables
enough matrix production to replace the defective cartilage.

In addition, the amount of mechanical stresses that cells
experience during biofabrication is determined by the vis-
cosity of the alginate used.26,27 Alginate parameters mean-
while can influence long-term biological performance, such as
proliferation and chondrogenic differentiation. For example,
very high alginate concentrations resulted in lower biologi-
cal performance,24,28,29 and very low alginate concentrations
compromise the structural integrity of constructs.30 Therefore,
polycaprolactone (PCL) dispensing temperature and alginate
rheological properties need to be carefully investigated, and
the biological performance of impregnated cells, from via-
bility to cartilage differentiation, should be evaluated quali-
tatively and quantitatively over long-term in vitro culture.

The success of engineered tissue constructs in promoting
regeneration of cartilage is influenced largely by the type of
employed cells.31 Primary chondrocytes and stem cells are
the most investigated cell sources for cartilage tissue engi-
neering.32 Since both cell sources offer advantages and
disadvantages, there is still discussion and debate on which
cell source is better suited for cartilage repair strategies.
Primary chondrocytes more readily produce and maintain
cartilage ECM, but they are obtained in low numbers from

donor cartilage and do not proliferate easily.33,34 Stem cells
proliferate readily, but they have to be directed carefully
toward chondrogenic differentiation.35 Chondroprogenitors
may represent a cell type intermediate to stem cells and
chondrocytes, for they have the advantage of high expansion
capability, while maintaining a predisposition to differenti-
ate into chondrocytes.36 Cartilage tissue engineering strat-
egies can be optimized by investigating proliferation and
differentiation of different cell types (e.g., chondrocytes vs.
chondroprogenitors) in 3D biofabricated tissue constructs.

In this study, parameters of a 3D bioprinting technique,
including thermal stress of melt-dispensed PCL and shear
stress of dispensed alginate, were evaluated with respect to
biocompatibility of hybrid cartilage constructs. The biologi-
cal performance of hybrid constructs biofabricated with
identified parameters of heat and alginate concentration/
temperature were investigated during long-term in vitro cul-
ture using assays of cell survival, proliferation, and cartilage
differentiation. To test whether the cell source influences the
biological performance of these constructs, two morphologi-
cally distinct cell populations, rounded and fibroblastic, were
isolated from primary cultures of embryonic chick chon-
drocytes. The biological performance of each population was
very high, verifying the effectiveness of this cartilage tissue
engineering approach. We discuss whether differences ob-
served between these cell populations may reflect the dif-
ferentiation state of the rounded versus fibroblastic cells.

Materials and Methods

Materials

LIVE/DEAD� Viability/Cytotoxicity Kit for mammalian
cells (L-3224; Invitrogen), anti-collagen type II antibody [II-
II6B3—Developmental Studies Hybridoma Bank (DSHB)],
collagen type X antibody (X-AC9—DSHB), Goat anti-mouse
IgG-488 conjugate (Millipore), RNeasy Mini Kit (Qiagen), RT2

Easy First Strand Kit (Qiagen), SYBER master mix (Life
Technologies), acetone (Fisher Scientific), methanol (Fisher
Scientific), acetic acid (Fisher Scientific), and ethanol (Fisher
Scientific). The rest of listed reagents and materials were pur-
chased from Sigma-Aldrich. Polycaprolactone (PCL) (704105-
Aldrich, Mw 48,000–90,000), alginic acid sodium salt; low
viscosity alginate (LVA) (A2158-Sigma), alginate powder (AP)
(180947-Aldrich), medium viscosity alginate (MVA) (A2033-
Sigma), calcium chloride dehydrate (CaCl2), Dulbecco’s mod-
ified Eagle’s medium (DMEM), Stemline� Keratinocyte Med-
ium II-Calcium free (SKM), fetal bovine serum (FBS),
phosphate buffer saline (PBS), phosphate buffer saline Tween-
20 (PBST), HEPES buffer, collagenase type IA, trypsin, Hank’s
buffered salt solution (HBSS), antibiotic antimycotic (AA;
containing penicillin, streptomycin, and amphotericin), kana-
mycin sulfate, glutamin, ascorbate acid, and sucrose. Ethylene-
diaminetetraacetic acid (EDTA), Alcian Blue, cacodylate buffer,
sodium cacodylate, paraformaldehyde, glutaraldehyde, ruthe-
nium (III) hexamine trichloride, normal goat serum, normal
sheep serum, DMEM/F-12 Ham’s medium, ascorbate-2-
phosphate, insulin-transferrin-selenium (ITS).

Terminology

Due to variable usage of terms in the literature, we define
how a few terms are used in this article. ‘‘Scaffold’’ will
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refer to materials printed without cells, whereas ‘‘construct’’
will refer to materials printed with cells. ‘‘Hybrid scaffold’’
will refer to a structure printed with two materials (in this case,
PCL and alginate), but no cells, while ‘‘hybrid construct’’ will
refer to a structure with two materials as well as cells.

Design and fabrication of the hybrid constructs

Three-dimensional models of the hybrid constructs were
designed to have porous nonwoven structure consisting of
PCL framework scaffold and an embedded alginate hydro-
gel network in a box-shaped external geometry (Fig. 1A).
The PCL and alginate strands were designed to have 1-mm
spacing with 0/90o perpendicular pattern in two consecutive
layers (Fig. 1A). The cell-impregnated alginate hydrogel
was designed to be placed in the desired canals created
between the PCL strands in each layer of the construct (Fig.
1C). The 3D computer-aided design (CAD) model of the
hybrid construct was made using Magics Envisiontec (V13;
Materialise) software. The 3D hybrid model was then sliced
into consecutive multiple layers using Bioplotter RP (V2.9;
Envisiontec GmbH) software, and loaded to the interface
software (VisualMachine BP, V2.2; Envisiontec GmbH) of
the 3D-Bioplotter� system (Envisiontec GmbH) for con-
struct fabrication (Fig. 1B), which was carried out in a sterile
biosafety cabinet. PCL beads were loaded to a high-
temperature dispensing head (HTDH), melted, and main-
tained at the desired temperature (65�C–80�C) for 15–20 min
before dispensing. Dissolved alginate solution was loaded to
a low-temperature dispensing head (LTDH) of the machine,
maintained at 10�C for 10–20 min before dispensing. Fol-
lowing the CAD hybrid model, in each layer of the construct
the PCL in the HTDH was first dispensed with the assigned
pattern and then the alginate solution in LTDH was
dispensed in the created canals between the PCL strands
(Fig. 1C). This alternative dispensing pattern of PCL and
alginate was repeated in subsequent layers to build the 3D
hybrid constructs layer by layer as designed.

PCL was dispensed through a 300 mm metal cylindrical
needle (24G) using a pneumatic pressure of 0.8 MPa at a
dispensing speed of 1 mm/s. The alginate solution was dis-
pensed through 200mm conical needle, using 0.01 MPa
pressure at a dispensing speed of 25 mm/s. Conical needles
have been shown to be superior to cylindrical needles in

dispensing live cells with lower shear-induced cell dam-
age.37 Since alginate gelation improves its stability and
structural integrity,38 a partial cross-linking process was
adopted throughout the construct fabrication. 170 mM CaCl2
aerosol was produced with an ultrasonic nebulizer (MY-
520) and was applied externally to the dispensing alginate,
which takes about 10 s for each layer. Such partial cross-
linking also keeps the construct moist and prevents it from
drying during the fabrication. The partial cross-linking was
followed by a 20 min full cross-linking of the finished 3D
hybrid construct in 100 mM CaCl2 solution to gel the algi-
nate network within the PCL scaffold.

Characterization of hybrid scaffold fabrication

Different parameters of the fabrication process, such as
material characteristics and processing conditions, were in-
vestigated to ensure the biocompatibility of the hybrid
biofabrication for encapsulating cells. To identify a suitable
processing temperature of PCL, scaffolds were made at
different PCL temperatures (65�C, 70�C, 75�C, and 80�C)
using a pressure of 0.8 MPa, and the heat distribution on the
surface of dispensing PCL strands was monitored with an
infrared thermal camera (FLIR i3; FLIR systems, Inc.).
Upon dispensing of a 10-mm-long PCL strand, infrared (IR)
images were collected for analysis. Surface temperature
profile along the length of the dispensed PCL strand was
measured in the collected IR images using FLIR Therma
CAM Researcher Software (FLIR systems, Inc.). Before
collecting images, the infrared thermal camera was cali-
brated with an ice–water mixture (0�C).

Three different sodium alginate stocks; namely, AP,
LVA, and MVA, were used for preparing alginate solutions
(dissolving in dH2O) and testing the fabrication of the hy-
brid scaffold. The effect of temperature on the viscosity of
alginate solution (2% w/w) was investigated using a pro-
grammable rheometer (Brookfield DV-III Ultra). The algi-
nate temperature was decreased from 25�C–26�C to 10�C by
two degrees at a time and its viscosity was measured. At
each temperature, at least 10 min wait time was given for the
material to uniformly reach the desired temperature before
viscosity was measured. The effect of temperature on the
viscosity of higher concentrations of LVA solution (4% and
5%) was also investigated for comparison.

FIG. 1. Design and three-
dimensional (3D) bioprinting
of hybrid constructs with
structural and biological fea-
tures. (A) Schematic of de-
signed 3D hybrid construct
with alternating strands of
polycaprolactone (PCL) and
chondrocyte-impregnated al-
ginate in each layer, (B) 3D-
Bioplotter� system em-
ployed for biofabrication of
designed hybrid constructs,
and (C) hybrid biofabrication
using pneumatic dispenser
heads. Color images
available online at www
.liebertpub.com/tec
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Cell isolation and culture

All experiments were carried out according to approved
institutional and national standards of animal ethics. Pri-
mary chondrocytes were isolated from cartilaginous ster-
nums of 14-day-old chick embryos. Embryonic chick
cartilage was used as the cells source because of the easy
accessibility of large numbers of cartilage-producing cells,
and it is a well-characterized model for studying the de-
velopment and differentiation of cartilage cells in different
culture conditions39–43 and tissue scaffolds.44–47 Since
monolayer passaging of the primary chondrocytes can
negatively affect their chondrogenic differentiation capaci-
ty,48,49 20 to 24 embryos were used to obtain sufficient
numbers of primary cells without needing to passage them
(i.e., passage 0). The excised sternums of chick embryos
were finely chopped and subsequently subjected to digestion
in 0.2% collagenase and 0.25% trypsin in HBSS at 37�C and
5% CO2 for 2 h with one gentle pipetting at 90 min. The
digestion was stopped by adding DMEM and 10% FBS to
the digestion medium. The resulting cell suspension was
passed through a sterile Nitex (70mm mesh size) and
centrifuged at 200 g for 10 min. The collected cell pellets
were suspended in a culture medium containing DMEM,
10% FBS, 2 mM glutamine, 0.1 mg/mL kanamycin, 1% AA
(100 U/mL penicillin, 0.1 mg/mL streptomycin, 0.25 mg/mL
amphotericin B), and 0.01 mg/mL ascorbate. The isolated
cells were seeded at a population of 2 · 106 cells/flask (T-75
flask; VWR) at 37�C and 5% CO2 and the medium was
changed every 3 days. Of note, the culture medium used for
3D culture of cells in constructs did not contain additional
growth factors, which are not needed for primary cells from
embryonic cartilage to differentiate as chondrocytes,50–53

perhaps due to the self-expression of chondrogenic growth
factors by these embryonic cells.54

Two morphologically distinct cell types, rounded and fi-
broblastic, were observed in the primary cultures after 7
days of two-dimensional (2D) culture in vitro (see Results
section and Fig. 4). Rounded and fibroblastic cells were
collected separately from the culture at day 10 following the
primary isolation. To collect rounded cells, the culture
medium was gently pipetted up and down twice to dissociate
any loosely attached round cells. Then, the floated and
dissociated cells were harvested and centrifuged at 300 g for
10 min to pellet the cells. The remaining fibroblastic cells
attached to the culture flasks were rinsed with PBS and
incubated with 0.25% trypsin solution at 37�C for 5 min.
Following the incubation, the FBS-containing culture me-
dium (described earlier) was added to the flask to neutralize
the trypsin. The flask medium was gently pipetted up and
down to disperse detached cell clumps, which was then
centrifuged at 300 g for 10 min to pellet the cells. Cell
number and viability in the collected rounded and fibro-
blastic cell suspensions were determined using a hemocy-
tometer and Trypan blue exclusion assay, respectively.

Biofabrication of cell-impregnated hybrid construct

MVA solution (3.5% w/w) was prepared by stir-bar
mixing of alginic acid sodium salt in the Stemline Kerati-
nocyte Medium under sterile condition. For each cell type,
the alginate solution was evenly mixed with cells suspended
in a fresh culture medium (7:3, alginate volume:cell-

suspension volume) using three-way stopcocks to a final
alginate solution concentration of 2.5% and cell concentra-
tion of 5.68 · 106 cells/mL. The cell-embedded alginate was
then loaded to the LTDH of the 3D Bioplotter machine and
the 3D PCL-alginate constructs with impregnated cells were
dispensed following the hybrid fabrication procedure de-
scribed earlier. During the biofabrication, the temperature of
the plotting stage was maintained at 10�C. After cross-
linking of the finished cell-embedded hybrid constructs in
100 mM CaCl2 in 4.2 mM HEPES and 0.35 M sucrose so-
lution (pH7.4), the constructs were washed in DMEM twice
for 5 min each, and were moved to 12-well culture plates
containing DMEM supplemented with 10% FBS, 2 mM
glutamine, 0.1 mg/mL kanamycin, 0.01 mg/mL ascorbate,
and 100 U/mL penicillin, 0.1 mg/mL streptomycin, and
0.25 mg/mL amphotericin B. The hybrid constructs were
maintained at 37�C and 5% CO2 condition with a fresh
medium change every 3 days.

For biological studies, hybrid constructs with two con-
secutive layers were fabricated and used. Furthermore, to
better approximate the thickness of human articular cartilage
(1.5–2.35 mm55), multilayer hybrid constructs with six
consecutive layers were designed and fabricated using cells
of the ATDC5 cell line previously employed for cartilage
tissue engineering applications.56,57 ATDC5 mouse cells
were purchased from Sigma and cultured in culture flasks
containing the DMEM/F-12 HAM’s medium supplemented
with 5% FBS, penicillin (100 U/mL), streptomycin (100mg/
mL), glutamine (2 mM), ascorbate-2-phosphate (0.05 mg/
mL), and 1X ITS+. The medium was changed every 2 days.
Confluent cells after 1 week of culture were collected, re-
suspended in the serum-free DMEM/F-12 HAM’s medium,
and mixed with alginate (5.6 · 106 cells/mL in 2.5% alginate
solution) for construct biofabrication following the proce-
dure described earlier. The hybrid 6-layer constructs were
then maintained at 37�C and 5% CO2 condition with a fresh
medium change every 3 days.

Cell viability and proliferation assay

The cell viability assay was conducted in the hybrid con-
structs using the two-color LIVE/DEAD Kit and fluorescence
microscopy. Green-fluorescent calcein-AM dye staining
certifies live cells with a normal intracellular esterase activ-
ity, whereas red-fluorescent ethidium homodimer-1 (EthD-1)
dye staining identifies dead cells with compromised plasma
membranes. The viability of cells in the hybrid constructs
was assayed immediately after biofabrication (day 0), and at
days 1, 3, 7, and 14 of subsequent in vitro culture. At each
time point, the constructs (n = 3) were removed from the
culture, washed with DMEM, and stained in 2 mM calcein-
AM and 0.5 mM EthD-1 solution in DMEM for 30 min in a
37�C, 5% CO2 incubator. The constructs were washed with
DMEM twice and imaged using a fluorescence microscope
(Nikon, ECLIPSE E600, SPOT Insight� Camera).

Sequential images at different vertical focal planes were
captured to investigate the spatial distribution and viability
of the impregnated cells within the hydrogel. To quantita-
tively determine the cell viability in the hybrid constructs,
the stained cells were released from the constructs by dis-
solving hydrogel matrix with 50 mM EDTA solution (di-
luted in DMEM) for 30 min at room temperature, while
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protected from light. Using gentle pipetting, the medium
was dispersed to give an even cell suspension mixture.
Samples (N = 3) were taken from the cell mixture of each
construct and imaged under a coverslip on a standard glass
microscope slide at five to six random locations for counting
live and dead cells. The cell number in these isolated cell
suspensions (n = 3) was determined using a hemocytometer
to indicate proliferation over the culture period. The cell
viability and proliferation experiment was repeated thrice in
independent experiments, and the collected data were used
for quantitative viability and proliferation analysis.

Cell differentiation assessments

Cartilage differentiation of the cells was investigated by
assaying glycosaminoglycans (GAGs) and collagen depo-
sition in the hybrid constructs. Alcian blue staining was used
to assay sulfated GAGs at days 1, 7, 14, and 28 following
biofabrication. At each time point, the constructs (n = 3)
were removed from the culture and washed twice with
DMEM. The constructs were fixed in acetone and methanol
solution (1:1) on ice for 30 min and then stained with 0.5%
Alcian blue diluted in 3% acetic acid solution (pH = 1)
overnight. The stained constructs were washed once with
25% ethanol in 3% acetic acid and once with 50% ethanol in
3% acetic acid and were then imaged using light micros-
copy. Using ImageJ software,58 the amount of Alcian blue-
stained matrix in the hybrid constructs was estimated by
measuring the percentage area of the blue-stained matrix to
the total field of view in the alginate of the constructs at days
7, 14, and 28 of culture.

Immunofluorescent staining was performed to detect Col2
or Col10 accumulation within the hybrid constructs. The
constructs were harvested at days 1, 7, and 14 following
biofabrication, washed with DMEM, and fixed in the ca-
codylate buffer (200 mM sodium cacodylate (pH7.4),
20 mM CaCl2, 4% sucrose) containing 2% paraformalde-
hyde, 2% glutaraldehyde, and 0.7% ruthenium (III) hex-
amine trichloride for 2 h at 4�C on a shaking platform. The
constructs were then washed once in the cacodylate buffer,
digested with 0.5% trypsin in PBS for 20 min at 37�C for
antigen retrieval, and then incubated in a blocking buffer
(4% normal goat serum and 2% normal sheep serum in
PBST) for 2 h while shaking at room temperature. The
constructs were then incubated in purified anti-Col2 or anti-
Col10 antibody in a blocking buffer (1:100) overnight at
4�C while shaking. Next, the constructs were washed six to
eight times with the blocking buffer over 2 h and then in-
cubated with goat anti-mouse IgG-488 conjugate in the
blocking buffer (1:1000) at 4�C overnight. Constructs were
then washed in PBST for at least 2 h before fluorescence
microscopy imaging. Histochemical and Immunofluorescent
staining experiments were repeated twice in independent
experiments to confirm the obtained results.

Relative levels of Collagen type I alpha 2 (Col1a2) and
Collagen type II alpha 1 (Col2a1) transcript expression in
cells harvested from the hybrid constructs were investigated
using quantitative polymerase chain reaction (qPCR) anal-
ysis following manufacturer’s protocols. At day 0, rounded
and fibroblastic cells were released from hybrid constructs,
using the same procedure described earlier for cell viability
and proliferation assays, and total RNA was extracted using

the RNeasy Mini Kit (Qiagen). For each sample, 100 ng of
RNA was reverse transcribed into cDNA using the RT2 Easy
First Strand Kit (Qiagen). qPCR was performed in 20mL of
reaction volume using 1 mL of cDNA products, gene-
specific primers, and SYBR master mix with 46 cycles of
denaturation (30 s, 95�C), annealing (30 s, 55�C), and ex-
tension (30 s, 72�C) using a Stratagene� Mx3005P qPCR
system (Agilent Technologies, Inc.). Primer sets for chick
Col2a1 (Forward: aagggtgatcgtggtgagac, Reverse: tcgcctctg
tctccttgttt), Col1a2 (Forward: tgaagttggctttgatgcag, Reverse:
gggttctttttggagccttc), and internal reference Hprt1 (Forward:
aagtggccagtttgttggtc, Reverse: ttgtagtcgagggcgtatcc) were
synthesized by IDT. The PCR efficiency was measured as
102% that was in the acceptable range of 95–110%. Ratio
changes in gene expression were calculated using the DDCt
method.59,60

Statistical analysis of the data

Collected data are presented as mean – standard devia-
tion. Statistically significant difference among different time
points and cell types was calculated using one-way or two-
way analysis of variance (ANOVA) and Tukey’s multiple
comparison test. Differences were significant when the
calculated p-value was less than 0.05.

Results

Investigating parameters of hybrid construct fabrication
for biocompatibility and structural integrity

To assess the level of potential heat stress on cells in
adjacent alginate strands during hybrid construct fabrication
(Fig. 1), the surface temperature of printed PCL strands was
determined using an infrared camera. Although the PCL was
dispensed at 65�C–80�C, the surface temperature of the PCL
strands dropped considerably once printed (Fig. 2). The
temperature profiles along the 10-mm length of printed PCL
(x axis and marked black line in Fig. 2 inset images) indicate
that the PCL surface temperature dropped to room temper-
ature (25�C) within approximately 10 s after printing at
1 mm/s. When PCL was printed at 65�C, 70�C, 75�C, and
80�C, the maximum temperature at the surface of the printed
PCL was 33.9�C, 38.1�C, 39�C, and 42.4�C, respectively
(Fig. 2), which was almost half the applied processing
temperatures. Since cells are cultured at 37�C, PCL tem-
peratures of 65�C–75�C should allow biocompatible print-
ing of hybrid constructs with impregnated cells. Because of
the lower viscosity and higher flow rate of PCL at higher
temperatures, 75�C PCL printing was used for all subse-
quent experiments of this study.

Stability of the alginate strands during printing is im-
portant for maintaining the designed structural properties of
the hybrid construct. To identify parameters by which the
stability of low-concentration alginate could be controlled
effectively, alginate viscosity was characterized as functions
of temperature, concentration, and the polymer chain length
of starting material. At 2% concentration, MVA exhibited
significantly ( p < 0.001) higher viscosity than the low-
viscosity alginates, LVA and AP, at every temperature tes-
ted between 25�C and 10�C (Fig. 3). A similar statistically
significance ( p < 0.001) increase in viscosity was achieved
by increasing the concentration of LVA from 2% to 5%
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(Fig. 3). Lowering the temperature from 25�C to 10�C sig-
nificantly ( p < 0.001) increased the alginate viscosity at all
concentrations tested. However, the viscosity increase in 2%
MVA and 4% and 5% LVA was three to eight times larger
than that in 2% LVA and 2% AP (Fig. 3), which was sta-
tistically significant ( p < 0.001). At 2% and 2.5% concen-
trations, printing of hybrid constructs with low-viscosity

alginates (LVA and AP) was found to be very challenging,
even by lowering the alginate temperature and employing
partial cross-linking with CaCl2 aerosol during fabrication.
LVAs did not have enough stability to maintain their 3D
structures, and the alginate strands flattened after printing
(data not shown). However, hybrid constructs printed with
2% and 2.5% MVA at 10�C maintained their structural in-
tegrity (Fig. 6). As such, a higher initial viscosity of alginate
along with printing at a low temperature can provide a
processing condition for making stable hybrid constructs
with low alginate concentrations, which is an alternative and
more biocompatible approach than using high alginate
concentrations.

Two populations of primary cells were isolated from
embryonic chick cartilage

Two morphologically distinct cell types, rounded and fi-
broblastic, were observed in primary cultures of embryonic
chick sternal chondrocytes after 7 days of 2D culture in vitro
(Fig. 4). Rounded cells with spherical morphology floated in
the culture medium or were attached loosely to the flask
bottom (Fig. 4B, C, white arrowheads). Fibroblastic cells
with flattened morphology were attached firmly to the flask
bottom and could not be detached by simple pipetting (Fig.
4B, C, blue arrowheads). Interestingly, fibroblastic cells
appeared to give rise to rounded cells when cultured after
the floated and loosely attached rounded cells were removed
(Fig. 4D–F).

In addition to the morphological differences between
rounded and fibroblastic cells, molecular analyses indicated

FIG. 2. Thermal infrared (IR) imaging reveals that temperature decreases rapidly during PCL strand printing. Surface
temperature profile along the length of printed PCL (L1 in the inset images) shows a rapid drop to ambient temperature after
printing at (A) 65�C, (B) 70�C, (C) 75�C, or (D) 80�C. x axes in the graphs corresponds to the black line (L1) marked along
the length of printed PCL in the inset IR images. HTDH: high-temperature dispensing head. (The heat map scale bar was
created automatically from the detected range of temperatures in each captured field of view). Color images available online
at www.liebertpub.com/tec

FIG. 3. Increase of viscosity by temperature decrease in
solutions of low viscosity alginate (LVA), medium viscosity
alginate (MVA), and alginate powder (AP). Asterisks indi-
cate statistically significant difference in viscosity from
25�C to 10�C for all tested solutions (horizontal asterisks)
and at every tested temperature between 2% MVA and 5%
LVA and 2% LVA, 2% AP and 4% LVA at p < 0.001. Color
images available online at www.liebertpub.com/tec
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they had different gene expression profiles. Quantitative
gene expression analysis using qPCR was performed to
further investigate the difference between the rounded and
fibroblastic cells. At day 0, immediately after biofabrication,
rounded cells were observed to have statistically higher
Col2a1 mRNA levels than the fibroblastic cells, while fi-
broblastic cells were observed to have statistically higher
Col1a2 mRNA levels than the rounded cells (Fig. 5). Given
these morphological and molecular differences, the biolog-
ical performance of rounded and fibroblastic cell popula-
tions in 3D hybrid constructs was evaluated separately.

Rounded and fibroblastic cells demonstrated high
viability in hybrid constructs

Biocompatibility of the PCL temperature and alginate
processing parameters identified above was measured using
a fluorescent cell viability assay. After 3D hybrid construct
printing (day 0), cells were observed to be distributed uni-
formly, without formation of cell clumps, throughout the
alginate strands between the PCL strands (Fig. 6). Fluor-
escent imaging of stained constructs at day 0 showed uni-
form distribution of both live and dead cells throughout the
alginate portion of the constructs immediately after printing
(Fig. 7). The absence of increased cell death in regions of
alginate that were immediately adjacent to the PCL strands
confirms that the heat produced by melt-dispensed PCL does
not harm considerably the viability of impregnated cells
(Fig. 7A–F). No differences in the distribution of cells were
observed between rounded and fibroblastic cells.

Time-course analysis indicated that both rounded and
fibroblastic cells maintained high viability in hybrid con-
structs cultured in vitro. At day 0, constructs with rounded
and fibroblastic cells both showed a cell viability of more
than 80% (Fig. 7G). The cell viability of constructs con-
taining fibroblastic cells decreased to 76% by day 7, which
was improved to about 85% by day 14 (Fig. 7G), although
these changes were not statistically significant. For con-
structs with rounded cells, the viability remained high
(>80%) throughout the 14 days of culture, slightly in-
creasing from days 3 to 14 (Fig. 7G), although not statis-
tically significant. From days 1 to 14 during culture,
rounded cells tended to exhibit slightly higher viability
than fibroblastic cells, but this was only statistically sig-
nificant on day 7 (Fig. 7G). In general, the cell viability
was high in hybrid constructs of both cell types, with a
minimum viability of 77%.

FIG. 5. Rounded cells have distinct molecular character-
istics from fibroblastic cells. Quantitative polymerase chain
reaction analyses revealed higher levels of Col1a2 and
lower levels of Col2a1 expression in fibroblastic cells than
rounded cells at day 0 of hybrid construct biofabrication.
Levels of Col2a1 and Col1a2 mRNAs are normalized with
respect to those in fibroblastic cells. Asterisks indicate
p < 0.001.

FIG. 4. Two populations of cells were isolated from primary chick cartilage. Primary cells isolated from embryonic chick
cartilage in 2D culture at (A) day 0 and (B, C) day 7. (C) is higher magnification view of sample in (B). Dark blue
arrowheads point to fibroblastic cells, and white arrowheads point to rounded cells. (D) 2D culture at day 10 following
removal of floated and loosely attached rounded cells. (E, F) Many rounded cells appeared by day 27, 17 days after removal
of floated and loosely attached rounded cells. (F) shows higher magnification view of dashed box in (E). Color images
available online at www.liebertpub.com/tec
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Fibroblastic cells had higher proliferation than rounded
cells in hybrid constructs

To ensure that the hybrid construct provided a stable
environment for cell proliferation during in vitro culture,
cell number, cell organization, and the structural integrity of
alginate were examined. Representative images of hybrid
constructs (Fig. 8A–F) suggested that the number of live
rounded and fibroblastic cells increased during culture.
Quantitative analyses of the number of rounded and fibro-
blastic cells suggested that hybrid constructs provide a
conducive environment for maintaining cell proliferation
(Fig. 8I). Cell numbers steadily rose during the culture pe-

riod for both rounded and fibroblastic cells, each showing a
significant increase in cell number at day 14 compared to
earlier culture times. Rounded and fibroblastic cells ex-
hibited similar cell numbers at each time point during cul-
ture up to day 7, but at day 14, fibroblastic cells had
significantly higher numbers (3.7-fold increase) than the
rounded cells (2.5-fold increase) (Fig. 8I).

Cell proliferation was associated with the formation of
cell clusters during in vitro culture of hybrid constructs.
Most cells were dispersed individually throughout the algi-
nate strands at day 1, but at later time points, discernible cell
clusters became apparent (inset images in Fig. 8A–F). A
high-resolution (0.83 mm pixel size) confocal image of the

FIG. 6. 3D bioprinted hybrid constructs have uniformly distributed impregnated cells within the alginate hydrogel. (A)
Gross and (B–D) magnified light microscopy views. (B) is higher magnification view of the box in (A). Dashed arrows point
to cell-impregnated alginate strands, and white arrowheads point to cells impregnated in the alginate strand.

FIG. 7. Cell viability was high for both rounded and fibroblastic cells in 3D bioprinted hybrid constructs. Uniform
distribution of (A) live, (B) dead, and (C) live and dead rounded cells, and (D) live, (E) dead, and (F) live and dead
fibroblastic cells in hybrid constructs confirms the harmless use of melted PCL in hybrid fabrication. (G) Time course cell
viability analysis demonstrates high viability for rounded and fibroblastic cells in the hybrid constructs. Asterisk indicates a
statistical significant difference with p < 0.05. Color images available online at www.liebertpub.com/tec
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rounded cell hybrid construct taken at day 28 of culture
revealed that most cells were in clusters rather than isolated
(Fig. 8G, H). In addition, both rounded and fibroblastic cells
displayed round morphologies that typify chondrocytes in
native cartilage during in vitro culture of hybrid constructs
(inset images in Fig. 8A–F).

Throughout in vitro culture, the alginate strands retained
both external and internal structural integrity. Alginate
strands persisted in filling the space between PCL strands,
maintaining the interconnectivity of pores within the hy-
brid constructs during 28 days of culture (Fig. 8A–G). At
later times of culture (such as day 28), the size of alginate
strands sometimes appeared to increase (data not shown),
perhaps due to osmotic swelling of the alginate or a
gradual loosening of the internal microstructure of the
hydrogel matrix. In contrast to this latter possibility, cells
within the alginate strands displayed the same uniform
distribution as seen after initial fabrication, suggesting that
the internal structure of alginate was preserved during
in vitro culture.

Rounded and fibroblastic cells secrete abundant
cartilage matrix within hybrid constructs

Abundant Alcian blue and Col2 immunofluorescence
staining reflected secretion of the two main components of
cartilage tissue matrix, GAGs and Col2,61 within hybrid
constructs during in vitro culture. Alcian blue staining was
localized around cells in the alginate hydrogel of the hybrid
constructs from both rounded and fibroblastic cells (Fig.
9A–L). Over the culture time points, regions of Alcian blue-
stained matrix appeared to increase in size within both the
rounded and fibroblastic cell hybrid constructs. At days 7
and 14, fibroblastic cells seemed to produce more Alcian
blue-stained matrix than the rounded cells (Fig. 9C, D, I, J).
At day 28, the Alcian blue-stained matrix almost filled the
alginate strands of the hybrid constructs for both rounded
and fibroblastic cells (Fig. 9E, F, K, L).

To quantitate these observations, the relative area of Alcian
blue-positive matrix was measured at each time point during
the culture period, and these measurements confirmed the

FIG. 8. Qualitative and quantitative cell proliferation analyses indicate cell population increases in hybrid constructs with
time in culture. Live-stained constructs impregnated with rounded (A–C) and fibroblastic cells (D–F) at day 1 (A, D), day 7
(B, E), and day 14 (C, F). (G, H) Confocal image of green and red stained rounded cells in a hybrid construct at day 28 of
culture. Inset images and (H) are high magnification view of the cells in the constructs showing cell cluster formation in
hybrid constructs over time. (I) Fold increases in cell numbers in hybrid constructs over time. Asterisks indicate statistically
significant difference with p < 0.001. Color images available online at www.liebertpub.com/tec
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trends observed in the images. Reflecting GAG secretion,
Alcian blue-stained matrix increased over culture time for
both rounded and fibroblastic cells, being significantly higher
at day 28 compared to days 7 and 14 (Fig. 9M). Alcian blue-
stained matrix significantly increased at day 14 compared to
day 7 for fibroblastic cells. At each time point measured,
fibroblastic cells showed larger regions of Alcian blue-stained
matrix than rounded cells, with statistical significance at days
7 and 14. Alcian blue-stained matrix accounted for more than
80% of the measured area of alginate strands by day 28 in
both rounded and fibroblastic cell constructs (Fig. 9M). In
total, these data confirm that hybrid constructs provide a fa-
vorable environment for increased secretion of cartilaginous
matrix during long culture periods.

Col2 immunostaining demonstrated secretion of Collagen
type II matrix around impregnated cells of the in vitro-
cultured hybrid constructs. Similar to the Alcian blue
staining results, Col2-stained matrix increased for both
rounded and fibroblastic cells over time in culture (Fig. 10).
At day 1 and 7, rounded and fibroblastic cells showed
comparable Col2 matrix secretion. However, fibroblastic

cell hybrid constructs seemed to have larger and more
continuous Col2-stained matrix than the rounded cells by
day 14 of culture (Fig. 10D, E, I, J). The cells impregnated
in the constructs also secreted some Collagen type X
(Col10) matrix after long-term in vitro culture (Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/tec). In summary, these data demon-
strate that hybrid constructs are permissive for chondrogenic
differentiation and secretion of Collagen type II matrix by
both rounded and fibroblastic cells.

Biofabrication of cartilage hybrid constructs
can be scaled up successfully

To confirm that this biofabrication method can be scaled
up to make biologically functional constructs with a thick-
ness approximating that of mature cartilage, 6-layer con-
structs were printed, and the cell viability and matrix
production were evaluated. For these experiments, the
common chondrogenic cell line, ATDC5,56,57 was used.
High cell viability and Alcian blue staining at days 14 and

FIG. 9. Increased secretion of Alcian blue-positive matrix in the 3D hybrid constructs over in vitro culture time. Alcian
blue-stained 3D constructs impregnated with (A–F) rounded and (G–L) fibroblastic cells at day 1 (A, B, G, H), day 7 (C, I),
day 14 (D, J), and day 28 (E, F, K, L). (B, E, H, K) are high-magnification views of samples in (A, F, G, L), respectively.
(M) Quantitative increase of Alcian blue-positive matrix in 3D hybrid constructs over time in culture for rounded and
fibroblastic cells. Single asterisk and double asterisks indicate statistically significant differences with p < 0.05 and
p < 0.001, respectively. Color images available online at www.liebertpub.com/tec
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28 of culture demonstrated that this hybrid biofabrication
method can be scaled up to create multilayer constructs that
maintain high cell viability and secretion of GAGs (Fig. 11,
and data not shown). Cross-section views further confirmed
the biocompatibility of the PCL printing temperature. Si-
milar to the two-layer hybrid constructs (Fig. 8A–G), uni-
form distribution of cells within the alginate throughout the
thickness of six-layer constructs verified the integrity of the
alginate hydrogel 3D structure during in vitro culture (Fig.
11). These results not only demonstrate the successful up-
scaling of this biofabrication method but also illustrate its
versatility on multiple cell sources.

Discussion

Identifying parameters of biofabrication that enable repro-
ducible results, while ensuring biocompatibility, is critical to
future clinical applications of tissue engineering. Recently, the
sophisticated tissue-engineering strategy of 3D bioprinting live
cells into hybrid constructs has been attracting more attention

since it can generate customized structural and biological
functions. In addition, this biofabrication method is automated,
hands free, and economical, showing promise to improve car-
tilage tissue regeneration and facilitate clinical translations.
The feasibility of using 3D bioprinting for cartilage tissue en-
gineering had been shown by limited studies,23–25 and this
study confirmed and significantly expanded the promising
potential of this technique.

Parameters of a hybrid biofabrication process that em-
ploys melt-dispensed PCL polymer and chondrocyte-
impregnated alginate were identified to enable biocompati-
ble impregnation of cells and allow maintenance of struc-
tural integrity of the construct. Throughout culture periods
of 4 weeks, impregnated cells were distributed uniformly,
and a high cell viability was observed (Figs. 7 and 8). Al-
though PCL was dispensed at high temperatures, there was a
relatively fast (within seconds) and large decrease of tem-
perature at the surface of the dispensed PCL strand (Fig. 2),
presumably because the small size of the strands accelerated
the cooling process. The high observed cell viability during

FIG. 10. Collagen type II (Col2) immunofluorescence staining illustrates increase of Col2-positive matrix over time in 3D
hybrid constructs. Fluorescent images of constructs impregnated with rounded (A–E) and fibroblastic cells (F–J) at day 1
(A, B, F, G), day 7 (C, H), and day 14 (D, E, I, J). The same exposure time was used for (B–D, G–I) to illustrate relative
increase in Col2 immunostaining during culture. Color images available online at www.liebertpub.com/tec

FIG. 11. Six-layer hybrid constructs
with impregnated ATDC5 cells also
demonstrate good biofunctionality.
Cross-section views of six-layer con-
structs revealed promising biological
performance by (A) live (green) and
dead (red) cell viability assay, and (B)
Alcian blue-positive matrix at day 14.
Cross-section of the PCL strands and
the outline of the transverse PCL
strands that make the 0/90� pattern in
the stacked layers are seen in (B).
Color images available online at
www.liebertpub.com/tec
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biofabrication of hybrid constructs may result from this ra-
pid cooling since there was no spatial correlation between
dead cells and dispensed PCL (Figs. 7 and 11)

Reproducible and biocompatible 3D printing of structur-
ally stable hydrogels remains a challenge. The PCL scaffold
provides mechanical properties to the hybrid construct,25

with the goal of withstanding loading of the joint after in situ
implantation, yet still allowing some transfer of applied
mechanical stimuli to the cells in the alginate. In the absence
of any external loading, such as in the experiments reported
in this study, the PCL scaffold likely does not affect the
biological behavior of cells encapsulated in the alginate. The
performance of the PCL scaffold in transferring customized
mechanical stimuli (modulated by the PCL architectural de-
sign) to the cells in the alginate is recommended to be in-
vestigated in future studies.

Despite mechanical support from PCL, the alginate strands
in hybrid constructs also need to exhibit some level of stability
after fabrication to maintain the customized design properties.
Cross-linking the hydrogel before dispensing can improve
biofabrication,38 but the cross-linking process is progressive,
leading to changes in hydrogel viscosity over time. This in-
troduces undesirable time-dependent variability to the fabri-
cation process, making the precross-linking method less
reproducible. The more common approach of using higher
concentrations of alginate (e.g., 3.5–10%24,38,62) also benefits
its structural stability, but suffers from limitations on bio-
compatibility. Cells are subjected to an increased shear stress
during printing,26,27 and increased alginate concentrations
may provide a less favorable biological environment for some
cells.24,28,29 In this study, suitable biofabrication parameters
were identified to avoid these limitations. A combination of
alginate processing temperature and initial viscosity was
found to improve printability at low concentrations (2% and
2.5% w/w) without any precross-linking (Fig. 6). This finding
should assist tissue-engineering strategies that require low
hydrogel concentrations for biological reasons.63

To evaluate the biological performance of hybrid con-
structs, two distinct cell populations isolated from embryonic
chick cartilage were assayed for cell viability, proliferation,
and secretion of cartilage ECM components during lengthy
periods of in vitro culture. The rounded and fibroblastic cell
populations were identified in 2D primary cultures based
upon morphology (round vs. elongated) and adhesive affinity
to the culture flask (floating/easily detached vs. firmly at-
tached) (Fig. 4). After bioprinting into 3D hybrid constructs,
these cell populations continued to demonstrate some dif-
ferences (i.e., time course of proliferation and secretion of
cartilage ECM) (Figs. 8–10), but they both showed high
overall biological performance (Figs. 7–10).

Focusing first on similarities in the in vitro performance of
two distinct cell populations in hybrid constructs, both
rounded and fibroblastic cells displayed high viability and
abundant secretion of cartilage ECM (Figs. 7, 9, and 10). The
cell viability was over 80% for up to 14 days of culture. In
addition, abundant Alcian blue staining and Col2 im-
munostaining in both cell populations (Figs. 9, 10) reflect
secretion of the two major components of cartilage ECM,
GAGs and Collagen type II,61 further demonstrating the
promising biocompatibility of this 3D biofabrication method.
While the majority of impregnated cells appear to maintain a
nonhypertrophic cartilaginous phenotype throughout the

examined culture period, a few cells expressed Col10 after
long culture time (Supplementary Fig. S1). The Col10 ex-
pression is characteristic of deep and calcified layers of ar-
ticular cartilage,64–66 so future work must be done to regulate
layer-specific gene expression in engineered cartilage con-
structs. These are critical results for therapeutic applications
of cartilage tissue engineering since culturing tissue con-
structs in vitro for a period of time may allow cells to initiate
lineage-specific (e.g., chondrocyte) cellular activities before
in vivo implantation.34,67

Differences in biological performance of the rounded and
fibroblastic cells in hybrid constructs are presumed to rise
from intrinsic differences between the two cell populations
since similar results were obtained in many independent
experiments. These results raise the general issue of the
importance of selecting among alternative cell sources for
tissue engineering applications. Rounded and fibroblastic
cells showed differences in the timing of cell proliferation
and secretion of cartilage ECM (Figs. 8–10). A dramatic
increase in the proliferation of fibroblastic cells compared to
rounded cells was observed at later time points of 3D hybrid
construct culture (Fig. 8).

In addition, statistically larger regions of Alcian blue-
stained matrix appeared in fibroblastic cells than in rounded
cells at days 7 and 14 of culture (Fig. 9), and fibroblastic cell
constructs appeared to contain larger areas of Col2-positive
matrix than the rounded cells at day 14 of culture (Fig. 10).
Together, these data suggest that fibroblastic cells secrete
abundant cartilage ECM earlier than rounded cells, but they
also maintain capacity for proliferation longer than the roun-
ded cells. Both these features seem beneficial for therapeutic
applications of cartilage tissue engineering and call for an
understanding of the mechanistic basis for these observations.

Despite the fact that both rounded and fibroblastic cells were
isolated from the same source (embryonic cartilage), we pro-
pose that differences in their biological performance in 3D
hybrid constructs are explained by the idea that they are at
different states of chondrocyte differentiation. Rounded cells
have typical chondrocyte morphology,68 suggesting that they
may be differentiated chondrocytes. On the other hand, fi-
broblastic cells have a morphology that is typical of many cell
types, including stem cells.69 Given their origin from embry-
onic cartilage, the fibroblastic cells may be undifferentiated
cartilage stem cells (chondroprogenitors) or dedifferentiated
chondrocytes. While dedifferentiation of primary cells is
common in 2D culture,70,71 two functional observations sup-
port the assertion that fibroblastic cells are cartilage stem cells.

Chondroprogenitor cells maintain the capacity for cell di-
vision,36 and fibroblastic cells demonstrated an increased cell
proliferation. In addition, the asymmetric division of pro-
genitor cells gives rise to differentiated cells,36,72 and fibro-
blastic cells appeared to give rise to rounded cells during 2D
culture (Fig. 4). Interestingly, when rounded cells were cul-
tured in a 2D environment, some cells attached to the sub-
strate and formed fibroblastic morphology (data not shown),
indicating that some rounded cells still have the potential to
dedifferentiate and attach to the tissue culture plate. A similar
behavior of cartilage cells in 2D culture has also been ob-
served in human,73 murine,74,75 and chick76,77 primary em-
bryonic chondrocytes. Moreover, the continued proliferation
of the rounded cells in the 3D constructs (Fig. 8) suggests that
they may not be fully matured postmitotic chondrocytes,
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which have low proliferation capability.78,79 In fact, their
proliferative capability is similar to transiently amplifying
chondrocytes that are organized into columns of the devel-
oping growth plate.79,80 Finally, molecular data support the
idea that rounded cells are chondrocytes and fibroblastic cells
are chondroprogenitors (Fig. 5). qPCR analyses directly after
3D bioprinting showed that rounded cells had a significantly
higher expression of Col2a1, a marker of differentiated
chondrocytes,61,81,82 while fibroblastic cells expressed sig-
nificantly higher levels of Col1a2, a marker of undiffer-
entiated mesenchymal cells.83,84

In total, these functional and molecular data suggest that
chondroprogenitors may serve as a better cell source than
differentiated chondrocytes in cartilage tissue engineering
since they produce cartilage ECM quicker and proliferate
more. Such speculation needs to be supported by rigorous
molecular characterization (e.g., transcriptomics) and clonal
cell analyses, but would inform a critical unresolved issue
for therapeutic applications of cartilage tissue engineering.
Which among the two common cell sources is best: chon-
droprogenitors from mesenchymal stem cells or primary
chondrocytes isolated from differentiated cartilage36,85–88?

To be clinically relevant, biofabrication methods must
work with a variety of cell sources and also be capable of
making constructs that match the size of the tissue to be
replaced. The cartilage tissue engineering method developed
in this study satisfied these objectives. Good biological
performance in hybrid constructs was observed using three
different cell types and sources: rounded and fibroblastic
cells from primary embryonic chick cartilage, as well as a
mammalian chondrocytic cell line, ATDC5. While these
cells do not have direct application to large animal and
human studies, the primary cell isolation method used in this
study from embryonic chick is similar to that used to isolate
primary chondrocytes from larger animals and human tis-
sues.89 Future applications of this hybrid biofabrication
method should be explored using primary chondrocytes and
mesenchymal stem cells from adult tissues.

Furthermore, the hybrid biofabrication method demonstrated
a good performance when scaled up from two-layer (480mm)
to six-layer (1.44 mm) constructs (Fig. 11). These six-layer
constructs approximate the average thickness of human artic-
ular cartilage (e.g.,55). Future applications of this hybrid fab-
rication method may improve engineering of cartilage and
other tissues. Complex structural and biological properties
could be designed into constructs that mimic the zonal char-
acteristics of articular cartilage.21,31 Such biomimetic tissue
constructs may promote more natural ECM formation.90,91

In addition to cartilage tissue engineering, the developed
biofabrication method could improve functionality of many
different soft- and hard-engineered tissues (such as tendon,
ligament, bone, and tooth) that require synergistic compo-
nents with customized properties.92,93 Advanced biofabri-
cation technologies build the foundations for hands-free,
automated, aseptic, and economic tissue engineering meth-
odologies that are required for large-scale clinical trials.94–96

Conclusion

In this study, a 3D printing-based biofabrication technique
was developed successfully for making custom-designed hy-
brid constructs from polymer and cell-impregnated hydrogel.

Demonstrating the potential for advanced cartilage tissue en-
gineering, this hybrid biofabrication enabled good biological
performance (viability, proliferation, and cartilage ECM se-
cretion) of three different cell types (two primary embryonic
cell populations and an established chondrocyte line). Statis-
tically significant differences in biological performance of two
morphologically distinct cell populations isolated from em-
bryonic chick cartilage were discussed in relation to the
strategy of using differentiated vs. progenitor cells in tissue
engineering. The hybrid biofabrication method described in
this study can be used to develop sophisticated biomi-
metic tissue constructs with more complicated structures and
functions.
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