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Abstract
Bioprinting as a promising but unexplored approach for cartilage tissue engineering has the
advantages of high throughput, digital control, and highly accurate placement of cells and
biomaterial scaffold to the targeted 3D locations with simultaneous polymerization. This study
tested feasibility of using bioprinting for cartilage engineering and examined the influence of cell
density, growth and differentiation factors. Human articular chondrocytes were printed at various
densities, stimulated transiently with growth factors and subsequently with chondrogenic factors.
Samples were cultured for up to 4 weeks to evaluate cell proliferation and viability, mechanical
properties, mass swelling ratio, water content, gene expression, ECM production, DNA content,
and histology. Bioprinted samples treated with FGF-2/TGF-β1 had the best chondrogenic
properties among all groups apparently due to synergistic stimulation of cell proliferation and
chondrogenic phenotype. ECM production per chondrocyte in low cell density was much higher
than that in high cell seeding density. This finding was also verified by mechanical testing and
histology. In conclusion, cell seeding density that is feasible for bioprinting also appears optimal
for human neocartilage formation when combined with appropriate growth and differentiation
factors.
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Introduction
Bioprinting based on thermal inkjet printing technology was introduced in 2003 as an
attractive biofabrication approach with the advantages of high throughput, digital control,
and highly precise placements of cells, biological factors, and biomaterial scaffolds to the
desired two-dimensional (2D) and three-dimensional (3D) locations (Wilson and Boland,
2003). Many successes have been achieved previously using this technology (Boland et al.,
2006; Cui and Boland, 2009; Xu et al., 2006). In this study, we developed a 3D bioprinting
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platform based on a modified Hewlett-Packard (HP) Deskjet 500 thermal inkjet printer for
cartilage tissue engineering using synthetic hydrogel scaffold formulated from poly(ethylene
glycol) (PEG). PEG hydrogels have demonstrated their capacities to maintain chondrocyte
viability and induce chondrogenic extracellular matrix (ECM) deposition (Bryant and
Anseth, 2002; Elisseeff et al., 2000). The physical and mechanical properties of PEG
hydrogels are tunable to match those of human articular cartilage (Bryant et al., 2004). In
addition, PEG is water soluble with low viscosity and can be modified to be
photocrosslinkable, which makes it attractive for direct printing to fabricate 3D structures
with simultaneous polymerization. In our study, human articular chondrocytes with
poly(ethylene) glycol dimethacrylate (PEGDMA; MW, 3400) and photoinitiator were
precisely deposited to fabricate cartilage tissue in a layer-by-layer fashion. Bioink was
ejected with a volume of 130 pL/drop and delivers digital patterns at 300 dpi (85 μm)
resolution (Buskirk et al., 1988; Harmon and Widder, 1988). Even and precise distribution
of printed human chondrocytes in 3D hydrogel was achieved with simultaneous
polymerization during layer-by-layer assembly, which generated neocartilage with stronger
mechanical properties and higher ECM production. By contrast, in manual fabricated
constructs or polymerized after printing, the deposited chondrocytes accumulated at the
bottom of the 3D constructs instead of their originally deposited positions due to gravity,
which led to inhomogeneous neocartilage formation (unpublished observations). Although
bioprinting is promising to engineer zonal cartilage based on these observations, previous
studies showed significantly higher ECM production with initial cell seeding density at 10–
20×106 cells/mL for cell based cartilage tissue engineering with bovine chondrocytes
(Sharma et al., 2007) and mesenchymal stem cells (MSCs) (Buxton et al., 2011). However,
the maximum cell density for bioprinting is restricted as the optimal printing resolution is
only achieved with bioink at or lower than 8×106 cells/mL (Cui et al., 2010). These
observations raise concerns that optimal cell densities for cartilage tissue engineering cannot
be achieved using bioprinting approaches. However, this has not formally been tested and
the effect of growth and differentiation factors on human chondrocytes that are printed at
various densities has not yet been examined.

Insulin-transferrin-selenium (ITS+) based medium supplemented with 10ng/mL
transforming growth factor-β1 (TGF-β1) is commonly used to maintain chondrocyte
chondrogenic phenotype in 3D culture (Grogan et al., 2006). Although TGF-β1
supplemented medium seems sufficient to induce persistent expression of chondrogenic
ECM proteins, it is not as efficient for chondrocyte expansion (Yaeger et al., 1997).
Fibroblast growth factor-2 (FGF-2) supplemented medium has been shown to be beneficial
for chondrocyte monolayer expansion as well as the chondrogenic capacity in terms of ECM
synthesis and chondrocyte specific phenotype expression (Jakob et al., 2001; Mandl et al.,
2002; Mandl et al., 2004). In this study, we tested the role of these growth factors in
chondrocyte proliferation and ECM production for the first time in bioprinted cell-laden 3D
hydrogels. Our hypothesis was that proper growth factors stimulation will induce cell
proliferation and more chondrogenic ECM deposition in bioprinted cartilage tissue while
maintain the high printing resolution. The treated low cell density bioprinted constructs will
near or match the functional properties of engineered cartilage with much higher cell
densities reported previously for cartilage tissue engineering.

Materials and Methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM) was obtained from Mediatech (Manassas,
VA). LIVE/DEAD® Viability/Cytotoxicity kit was purchased from Invitrogen (Carlsbad,
CA). Human serum albumin was obtained from Bayer (Elkhart, IN). TGF-β1 and FGF-2
were purchased from PeproTech Inc. (Rocky Hill, NJ). Photoinitiator Irgacure 2959 (I-2959)
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was purchased from Ciba Specialty Chemicals (Tarrytown, NY). Primers were from Applied
Biosystems (Carlsbad, CA). All other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO) unless otherwise noted.

Preparation of PEGDMA
PEGDMA was synthesized as described previously (Lin-Gibson et al., 2004). Briefly, PEG
(3 kDa) was dissolved in tetrahydrofuran and reacted with methacryloyl chloride in the
presence of triethylamine overnight under nitrogen. Synthesized PEGDMA macromer was
purified by precipitation in ethyl ether and lyophilized overnight. Methacrylation of the
reaction was over 95% as determined by proton nuclear magnetic resonance (1H NMR).

Human articular chondrocyte isolation
Healthy human articular cartilage was supplied by tissue banks from adult donors (mean
±SD age 26.8±6.7) having no history of joint disease. Human tissues were obtained under
approval by the Scripps Human Subjects Committee. Articular cartilage and chondrocytes
were harvested and isolated from cadavers within 72 h after death as previously described
(Blanco et al., 1995; Maier et al., 1993). Briefly, harvested cartilage samples were minced
and treated with 0.5 mg/mL trypsin solution at 37°C for 15 min. After removing trypsin, the
cartilage tissues were digested with 2 mg/mL type IV clostridial collagenase in DMEM with
5% fetal calf serum for 12 to16 h at 37°C.

The released human articular chondrocytes were rinsed three times with 1X penicillin-
streptomycin-glutamine (PSG; Invitrogen) supplemented DMEM and cell viability was
determined (> 95%). Isolated chondrocytes were seeded into T175 tissue culture flasks at 5
million cells per flask for monolayer expansion in DMEM supplemented with 10% calf
serum and 1X PSG. Cells were incubated at 37°C with humidified air containing 5% CO2.
Culture medium was changed every 4 days. Human chondrocytes were used at 80 to 90%
confluence (1 to 2 weeks in primary culture). All cells used for this study were from first
passage.

Bioink preparation—PEGDMA was prepared in PBS to a final concentration of 10%
weight/volume (w/v). Photoinitiator I-2959 was added at 0.05% w/v. Human articular
chondrocytes were suspended in filter-sterilized PEGDMA solution at 8×106 cells/mL.

Bioprinting and cell culture
The bioprinting platform was set up as previously described (Cui and Boland, 2009). The
printer was UV sterilized for at least 2 h. HP Deskjet pens with 50 firing chambers were
rinsed with 70% ethanol for three times followed by sterile water. A long-wave ultraviolet
lamp (Model B-100AP, UVP, Upland, CA) was set up above the printing platform with a
distance of 25 cm for simultaneous photopolymerization during the printing. UV intensity at
the platform was 4 to 8 mW/cm2 according to the manufacturer and it was further verified
using a UV light meter (UV513AB, General Tools, New York City, NY). The pen was filled
with bioink and covered by aluminum foil to protect from UV exposure. Cylindrical molds
with 4 mm internal diameter served as biopaper. The distance between the printhead and
biopaper was set at 1 to 2 mm. Digital patterns representing the shape and size of the desired
structure were designed in Adobe Photoshop (Adobe Systems, San Jose, CA) and printed
layer-by-layer to fabricate a 3D construct (Fig. 1A). ITS+ medium was formulated with 1X
insulin-transferrin-selenium (ITS+), 0.1 mM ascorbic acid 2-phosphate, 1.25 mg/mL human
serum albumin, 10−7 M dexamethasone, and 1X PSG in DMEM. ITS+ medium
supplemented with 10 ng/mL FGF-2 or FGF-2/TGF-β1 combination was used for cell
expansion during the first week. 10 ng/mL TGF-β1 supplemented ITS+ medium was used as
a standard chondrogenic culture medium for the subsequent weeks 2–4 (Schmitt et al.,
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2003). Cell-laden hydrogel cultured with standard chondrogenic culture medium from week
1 to 4 was used as control. Cell-laden hydrogel constructs with higher cell density (20×106

cells/mL) cultured with standard chondrogenic culture conditions served as a reference.
Medium was changed every 3 days during the culture. Cell viability was measured using
Live/Dead Viability/Cytotoxicity assay after printing and during the culture. Hydrogel
constructs were imaged using a Zeiss LSM 510 laser scanning microscope (Carl Zeiss,
Minneapolis, MN).

Mechanical characterization of printed PEGDMA hydrogels
A customized electromechanical testing system with a 50 g load cell (LSB200, Futek,
Irvine, CA) and a dual-axis controller (LAC-25, SMAC, Carlsbad, CA) was employed to
measure the compressive modulus of hydrogels at room temperature. The hydrogel samples
were placed in a parallel plate configuration and the thickness was measured by the axis
controller. The hydrogel was compressed in a step-wise manner to a maximum of 20%
compressive strain with 4 progressive strain loadings with a test velocity of 0.1 mm/s. Each
loading cycle was followed by a relaxation phase to sample equilibrium. The unconfined
compressive modulus was determined from the stress-strain profile obtained from the load
and displacement data at the end of each relaxation phase (Hoenig et al., 2011). A sample
size of three was used for each condition.

Swelling studies of printed PEGDMA hydrogels
Printed PEGDMA hydrogels were allowed to swell to equilibrium in culture medium at
37°C for 48 h before weighing to obtain equilibrium swollen mass. Dry mass was obtained
by lyophilizing hydrogels for 48 h. The equilibrium mass swelling ratio (Q) and water
content (M) of hydrogel constructs were determined by the following equations.

Here, Ws and Wd represent the weight of hydrogel construct after equilibrium swelling in
culture medium, and the dry weight of lyophilized hydrogel construct, respectively.

RNA isolation and gene expression using quantitative real-time PCR (RT-PCR)
Cell-hydrogel constructs were harvested and analyzed for gene expression at week 1, 2, 3,
and 4 during the culture (n = 3). Samples were frozen immediately in liquid nitrogen and
pulverized with a biopulverization kit. Pulverized powder was carefully collected into a tube
containing RNA lysis buffer provided by RNeasy Mini Kit (QIAGEN, Valencia, CA) and
incubated at room temperature for 15 min. Lysed solution was transferred into shredder
tubes (QIAGEN) and centrifuged at 12,000 g for 2 min. The homogenized solution was then
transferred to spin tubes and RNA was purified following the protocol provided with the kit.
Total RNA content and purity was quantified using the Nanodrop ND-1000 (Thermo
Scientific, Wilmington, DE). Isolated total RNA was reverse transcribed to cDNA using a
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the kit
protocol. Quantitative RT-PCR (LightCycler 480II Real-Time PCR System, Roche, Basel,
Switzerland) was performed using TaqMan Gene Expression Assay probes (Applied

Cui et al. Page 4

Biotechnol Bioeng. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Biosystems) to determine the gene expression of human collagen type I (COL1A1;
Hs00164004_m1), collagen type II (COL2A1; Hs01064869_m1), and aggrecan (ACAN;
Hs00153936_m1) relative to the expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Hs99999905_m1). GAPDH was used as housekeeping gene for normalization.

Biochemical assays
Samples collected at different time points were lyophilized for at least 48 h before cell lysis.
Lyophilized constructs were sliced into small pieces with scalpels and digested with papain
or pepsin. Total glycosaminoglycan (GAG) content was extracted by treating each sample
with 1 mL papain solution (125 μg/mL papain type III (Worthington Biochemical,
Lakewood, NJ), 10 mM l-cysteine, 100 mM phosphate buffer, 10 mM EDTA, pH 6.4) for 16
h at 60°C. Soluble type II collagen was extracted by digesting each sample with 1 mL
pepsin solution (100 μg/mL pepsin in 0.05 M acetic acid) for 6 days at 4°C to avoid
denaturation.

DNA content in each sample was measured using CyQUANT Cell Proliferation Assay
(Invitrogen) following the kit protocol. Results were measured using a TECAN Safire 2
microplate reader (Mannedorf, Switzerland). Total GAG content was determined with
dimethymethylene blue dye assay (Farndale et al., 1986). Solubilized type II collagen was
measured with an ELISA detection kit (Chondrex, Redmond, WA) following the protocol
provided by the manufacturer. GAG and collagen type II contents were normalized to the
DNA content and dry weight of each sample to assess biosynthetic activity of embedded
human chondrocytes and overall ECM production. DNA content was normalized to the dry
weight of each sample to assess the cell growth during the culture. A sample size of three
was used.

Histology
Samples were fixed overnight in 10% formaldehyde and transferred to 1X PBS until
embedded in paraffin following standard histological protocol. After embedding in paraffin,
6 μm cross sections were cut using a microtome (Microm HM 325, GMI Inc., Ramsey,
MN). Representative sections of each construct were stained with Safranin-O/fast green to
visualize the cells and proteoglycans in the hydrogels.

Statistical analysis
All the data in this article are reported as mean with standard deviation. Statistical
significance was detected with one-way ANOVA at a confidence level of 0.05.

Results
Bioprinted PEGDMA hydrogel with human chondrocytes

The printing resolution of the bioprinting system was 300 dpi with individual ink drop
volume of 130 pL. There are 50 nozzles in each printhead with a firing frequency of 3600
Hz (Buskirk et al., 1988; Harmon and Widder, 1988). Therefore for a representative
construct of 4 mm diameter and 4 mm thick, a nominal 0.23 μL of bioink estimated to
contain 1823 human chondrocytes (8×106 cells/mL) was printed and photopolymerized for
each layer to fabricate the construct in a layer-by-layer fashion. The thickness of each
printed layer was about 18 μm. Total firing time of printhead was about 2.2 sec and the
printing process was completed between 3 to 4 min to generate the entire construct (Fig.
1B). The viability of human chondrocytes after printing was 84.9±2.2% (n = 3) and there
was no significant difference in cell viability during the culture. Total DNA content
normalized to dry weight was measured to compare the cell proliferation with different
treatments. There was no significant difference in cell proliferation among all groups at
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week 1 (Fig. 2A). However, constructs cultured with FGF-2 and FGF-2/TGF-β1
supplemented medium showed significantly more cell proliferation compared with TGF-β1
only after two weeks in culture. The combined FGF-2/TGF-β1 treatment demonstrated the
highest cell proliferation, which was about 40% more than the TGF-β1 only groups (p =
0.017) (Fig. 2A). There was no significant difference in cell proliferation from week 2 to 4
in each group after switched to TGF-β1 only medium (Fig. 2A). There was visible evidence
of more chondrocytes dividing in 3D hydrogel with FGF-2/TGF-β1 (Fig. 2B) compared
with TGF-β1 only (Fig. 2C).

Thus, bioprinting yields constructs with high chondrocyte viability. The cells in the
constructs respond to FGF-1 and FGF-2/TGF-β1 with a significant increase in cell
proliferation.

Mass swelling ratio and mechanical properties of printed PEGDMA scaffolds
There was no significant difference in mass swelling ratio and equilibrium water content
among all groups from week 1 to 4 (Table I). Hydrogel embedded with 8×106 cells/mL and
20×106 cells/mL had compressive modulus of 36.90±3.41 kPa (n = 3) and 29.88±2.33 kPa
(n = 3), respectively. Both were lower than the compressive modulus of blank PEG gel
without cells (59.99±12.92 kPa, n = 3). There was no significant difference in the stiffness
of the cell-laden hydrogels from week 1 to 2 (Table I). At week 3 and 4, however, the
compressive modulus of FGF-2/TGF-β1 treated samples was 24% and 28% higher than that
of the TGF-β1 only treated samples, respectively. No significant difference in compressive
modulus was observed between FGF-2 and TGF-β1 groups. At week 4, all cellular groups
had significantly higher compressive modulus than the initial compressive modulus (p <
0.05). Only the FGF-2/TGF-β1 treated samples had significantly higher compressive
modulus than the blank gel (p = 0.047). No statically significant difference in compressive
modulus was observed in high and low cell density samples at week 3 and 4 although it
showed less stiffer in high cell density samples (Fig. 5F). This reduced mechanical property
of PEG hydrogel with cells may be due to the interference with photopolymerization process
by the embedded cells, as well as the lower stiffness of the encapsulated cells. This lost
stiffness can be recovered by the produced ECM during the culture.

Gene expression of printed human chondrocytes
Expression of human collagen type I, collagen type II, and aggrecan genes was measured
using quantitative PCR, normalizing to the GAPDH housekeeping gene. To determine the
effect of different treatments, relative gene expression of target genes was then normalized
to the expression in human chondrocytes cultured at standard chondrogenic condition at
week 1. The results of these studies are shown in Figure 3.

Collagen type II and aggrecan expression increased significantly from week 1 to 4 for all
groups during the culture (p < 0.05) (Fig. 3A, B). Samples treated with TGF-β1 had
significantly higher collagen type II expression than those treated with FGF-2 and FGF-2/
TGF-β1 at week 1 (p < 0.01) (Fig. 3A). TGF-β1 group also showed higher aggrecan
expression at week 1 but it was not statistically significant (Fig. 3B). FGF-2 treated samples
had significantly lower collagen type I expression at week 1 (p < 0.05) (Fig. 3C). This
inhibition of collagen type I expression was not observed upon change to TGF-β1
supplemented medium after week 1. Collagen type I expression decreased significantly for
other groups from week 1 to 4 during the culture (p < 0.05) and no significant difference in
collagen type I expression was observed in the end of the culture in all groups. At week 4,
collagen type II expression in FGF-2/TGF-β1 treated group was significantly higher than
FGF-2 group (p < 0.05). Aggrecan expression was also higher in the same group comparing
with FGF-2 group but this was not significant with p = 0.08. There was no significant
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difference in collagen type II and aggrecan expression between TGF-β1 and FGF-2/TGF-β1
groups at week 4. TGF-β1 treated groups showed higher chondrogenic gene expression at
week 1 comparing to groups treated with FGF-2 and FGF-2/TGF-β1. However, gene
expression of all groups showed similar level in the end of culture after the media was
switched to standard chondrogenic media after the first week.

Collectively, these results show that the presence of TGF-β1 is essential for the induction or
maintenance of the chondrocyte phenotype. Pre-culture or co-culture with FGF-2 to
stimulate cell proliferation does not interfere with the chondrogenic effect of TGF-β1.

Biochemical analysis of printed tissue constructs
Chondrocyte ECM deposition was evaluated by measuring GAG and collagen type II
contents. GAG and collagen II measurements were normalized to the DNA content of each
sample to represent the average chondrogenic properties of each cell. Overall ECM
production of the neocartilage was normalized to dry weight of each construct, as shown in
Figure 4. GAG and collagen type II production increased significantly from week 1 to 4 in
all groups. Although the difference in GAG/DNA and collagen type II/DNA is not
significant from FGF-2/TGF-β1 group to other two groups, GAG/dry weight of FGF-2/
TGF-β1 group was significantly higher at week 4. The collagen type II/dry weight from the
same group was also higher than other groups with p = 0.065 at week 4.

PEG hydrogel embedded with 20×106 cells/mL human chondrocytes cultured with standard
chondrogenic TGF-β1 supplemented ITS+ medium was also evaluated for ECM production
as a reference. GAG/DNA production was significantly lower than that in human
chondrocytes at 8×106 cells/mL and treated with same chondrogenic condition or FGF-2/
TGF-β1 at week 4 (p < 0.05, Fig. 5A). There was no difference in total GAG production
between low and high cell density at week 3. At week 4, although total GAG content at
lower cell density cultured in standard chondrogenic condition was significant lower than
that in higher cell density, there was no difference in GAG production between higher cell
density and lower cell density pre-treated with FGF-2/TGF-β1 (Fig. 5B). Differences in
collagen type II/DNA and total collagen type II were not statistically significant (p > 0.05)
between higher cell density and lower cell density samples pre-treated with FGF-2/TGF-β1
(Fig. 5C & D). Total DNA content remained the same from week 3 to 4 for low and high
cell density packed constructs (Fig. 5E). Total DNA content of high cell density was almost
1.5 times greater than that of low cell density samples pre-treated with FGF-2/TGF-β1.

Histology
Safranin-O staining showed increased proteoglycan production in PEG encapsulated human
chondrocytes from week 1 to 4 in all groups (Fig. 6A, B, & C). At week 1, constructs had
more GAG in group cultured at standard chondrogenic condition with TGF-β1 while the
group pre-treated with FGF-2 had minimum GAG content. The group treated with FGF-2/
TGF-β1 showed overall higher amount of proteoglycan content at week 4, which is
consistent with the biochemical data. Many dividing cells were observed from that group
(Fig. 6D). Many embedded human chondrocytes in higher cell density seeding constructs
had no proteoglycan production at week 3 and 4 (Fig. 6E). Using cell counting by a blinded
observor, there were 42.91±7.58% cells without proteoglycan production in high cell density
samples and only 10.56±2.84% cells in FGF-2/TGF-β1 group were observed without
proteoglycan production at week 4 (p < 0.001).
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Discussion
We describe here the first study of synergistic FGF-2 and TGF-β1 stimulations to the
bioprinted 3D hydrogel constructs for human chondrocyte proliferation and differentiation,
resulting in a functional neocartilage formation. A major goal of this study was to determine
feasibility of stimulating proliferation and ECM production of printed cells at levels
equivalent to samples seeded at high cell density using conventional methods. For proof of
principle we used FGF-2, which is efficient for cell proliferation, and TGF-β1, which is
critical for chondrogenic differentiation (Mann et al., 2001). A successful approach would
stimulate cell proliferation in 3D hydrogel without delaying neocartilage formation. The
bioprinted samples were treated with FGF-2 for the first week and all samples were then
cultured with standard chondrogenic medium. The FGF-2/TGF-β1 treated samples
demonstrated 40% more cell proliferation compared with TGF-β1 treated group. Therefore
the FGF-2/TGF-β1 synergistic treatment, made the initial 8×106 cells/mL seeding density
equivalent to a seeding density of over 11×106 cells/mL. This is within the range of cell
seeding density for optimal ECM production for cartilage tissue engineering (Buxton et al.,
2011; Sharma et al., 2007).

The lack of significant difference in cell proliferation among the different treatments at week
1 reflects the lag time in embedded chondrocyte response to the applied cell proliferation
growth factors in PEG hydrogel. By week 2, however, many chondrocytes were actively
proliferating in response to FGF-2/TGF-β1, in distinct contrast to the few proliferating cells
within standard chondrogenic condition with TGF-β1. There was no significant difference in
cell viability among all groups during the culture. This is consistent with previous studies
that PEG hydrogel provides a biocompatible environment for chondrocytes (Bryant and
Anseth, 2002; Wang et al., 2007).

Increase in chondrogenic phenotype of TGF-β1 treated samples over time was reflected in
the increase in collagen type II and aggrecan expression with decrease in collagen type I
expression. The lower collagen type II and aggrecan gene expression in FGF-2 treated
samples reflected some inhibition of chondrogenesis of embedded human chondrocytes in
3D hydrogel. This is consistent with previous observations that TGF-β1 is more efficient
than FGF-2 to promote and maintain chondrogenic phenotype of chondrocytes (Brandl et
al., 2010). Although cells proliferated significantly in FGF-2 and FGF-2/TGF-β1 groups
compared with TGF-β1 group, there was no significant difference in collagen type II and
aggrecan expression compared to TGF-β1 group at week 4. This indicates that the
chondrogenic phenotype of human chondrocytes recovered quickly after switching to
chondrogenic medium. FGF-2 treated cells showed significantly lower expression in
collagen type I expression at week 1. The similar inhibition of collagen type I gene
expression was also observed in FGF-2 treated osteoblasts, demonstrating the differences
between in vivo and in vitro systems (Boudreaux and Towler, 1996; Hurley et al., 1993).
The inhibitory mechanism remains unknown (Chaudhary and Avioli, 2000).

Matrix deposition was consistent with the gene expression. Similar levels of GAG
deposition normalized by DNA observed among all groups at week 4 indicate comparable
chondrogenesis regardless of initial treatments. However, total GAG production in the
FGF-2/TGF-β1 group was significantly higher than other groups, corresponding with the
40% increase of proliferated cells with overall higher ECM production. Similar trends were
seen in collagen type II deposition levels as well. The compressive modulus of the FGF-2/
TGF-β1 group was also about 28% higher than the others. Collectively, these results
indicate that initial supplementation of FGF-2/TGF-β1 increased cell density, gene
expression, and matrix deposition by comparable levels.
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Having established the beneficial effect of FGF-2 supplementation with TGF-β1, we next
compared FGF-2 supplementation of low density (8×106 cells/mL) to a higher initial cell
density of 20×106 cells/mL. The initial ratio of high and low cell seeding density reduced
from 2.5 to 1.5 by week 4 based on total DNA measurements. This reduced ratio is in part
due to the 40% increase in cell population treated with FGF-2/TGF-β1 and in part due to the
fact that not all cells at high cell density may have survived or been successfully embedded.

Despite the initially lower cell density, the GAG/DNA and collagen type II/DNA from low
cell density group were higher than those from the high cell density group, indicating high
density cell seeding does not lead to high ECM production on a per cell basis. Greater ECM
production at higher cell density has been reported for bovine articular chondrocytes
(Sharma et al., 2007) and MSCs (Buxton et al., 2011) in PEG hydrogels. However, our data
suggests optimal cell density for human chondrocytes may be lower. The increase in cell
density induced by FGF-2 supplementation coupled with the relative increase in ECM
production per cell essentially minimized any differences in overall GAG production per
construct between low and high cell density samples by week 3 and 4.

Increased GAG content increases the compressive modulus of cell-laden PEG hydrogel
while increased cell density reduces the compressive modulus due to the lower stiffness of
cellular cytoplasm as well as possible interference with the photopolymerization process.
FGF-2/TGF-β1 treated low cell density samples were stiffer than high cell density samples.
Equal amounts of GAG content observed in high and low cell density groups indicate that
the higher cell density was responsible for the lower compressive modulus. These
observations reveal that from a biomechanical perspective the optimum cell density of
human chondrocytes for cartilage tissue engineering may also be lower than 20×106 cells/
mL. Lower cell density, when combined with appropriate growth and differentiation factors
may in fact be advantageous and result in increased ECM production and superior
biomechanical properties.

Safranin-O staining showed all groups had significant increase in GAG production from
week 1 to 4. FGF-2 alone or in combination with TGF-β1 suppressed GAG production of
chondrocytes in the first week, reflecting the inhibition of GAG production in chondrocytes.
However, by week 4, cells treated by FGF-2/TGF-β1 demonstrated the highest amount of
GAG production as well as a more homogenous intercellular distribution in the hydrogel,
suggesting synergy between the two growth factors, which was also consistent with
biochemical analysis data. Furthermore, human chondrocyte doublets were found in FGF-2/
TGF-β1 treated samples at week 4, with pericellular matrix staining positive for GAG,
indicating that proliferating human chondrocytes also maintained the chondrogenic
phenotype. On the other hand, we noted a higher number of encapsulated human
chondrocytes without visible pericellular GAG production up to the 4th week in culture in
the high cell density samples. This finding was consistent with the lower GAG/DNA ratio
for the high density group and strengthening our conclusion that a human chondrocyte
density of 20×106 cells/mL may be above the optimal range for cartilage tissue engineering.
In striking contrast, with FGF-2/TGF-β1 treatment, near 90% cells at lower cell density
exhibited pericellular GAG production at week 4.

UV photocrosslinking can be phototoxic. In pilot studies we assessed cell viability against
UV light intensity and exposure time. Conventional casting required 10 minutes or greater
exposure at optimal intensity and this reduced cell viability by nearly 40%. Our printing
process is much faster than conventional casting because substantially less exposure is
needed to crosslink the picoliter volume of each droplet. Therefore 3D printing maintained
average cell viability at 90%. Unreacted PEGDMA and photoinitiator I-2959 has been
characterized and proven to be biocompatible to the mammalian cells (Bryant et al., 2000).
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Although these results are provocative, additional studies are necessary to evaluate the
performance of this growth factor stimulation in the printed and non-printed (cast) cell-laden
hydrogels to fully characterize the results and assess optimal cell density. It is also important
to evaluate the stimulation of printed neocartilage formation in vivo.

A major challenge constraining the clinical translation of autologous cell-based cartilage
repair is the limited source of chondrocytes available during biopsy. A method of expanding
cells after bioprinting to the density required for optimal tissue engineering without
compromising the quality of the matrix is extremely valuable. One attractive approach is to
directly implant harvested autologous chondrocytes or MSCs for cartilage repair without in
vitro expansion. Furthermore, in order to maximize the advantage of bioprinting which
delivers cells, growth factors, and biomaterial scaffold precisely to the desired 3D position,
limiting initial cell density will greatly optimize the delivery precision. Therefore, the
approach developed here will be particularly valuable to supplement our bioprinting to
deliver cells with optimal resolution in combination with spatially arranged growth factor
gradients to fabricate cartilage tissue which recapitulates the zonal architecture of native
tissue.
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Figure 1.
Bioprinted cell-laden constructs for cartilage tissue engineering. A: Schematic of bioprinting
with simultaneous photopolymerization process. B: A printed PEG hydrogel construct with
4 mm in diameter and 4 mm in height using layer-by-layer assembly. Scale bar: B = 2 mm.
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Figure 2.
Human chondrocyte proliferation within printed 3D cell-laden PEG hydrogel constructs. A:
Cell proliferation within PEG hydrogel treated with TGF-β1 (white bars), FGF-2 (grey
bars), and FGF-2/TGF-β1 (black bars) for the first week, then TGF-β1 for all groups. B, C:
Confocal images of Calcein AM stained cells treated with FGF-2/TGF-β1 (B) and TGF-β1
only (C) after two weeks in culture. The dividing cells were marked with arrows. Asterisks
indicate statistical significance between assigned groups (* p < 0.05) (n = 3). Scale bars: B,
C = 100 μm.
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Figure 3.
Gene expression of human chondrocytes embedded in PEG hydrogel treated with TGF-β1
(white bars), FGF-2 (grey bars), and FGF-2/TGF-β1 (black bars) for the first week, then
TGF-β1 for all groups. Gene expressions were normalized to week 1 with TGF-β1 only. A:
Collagen type II expression. B: Aggrecan expression. C: Collagen type I expression.
Asterisks indicate statistical significance between assigned groups (* p < 0.05; ** p < 0.01)
(n = 3).
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Figure 4.
ECM production normalized to DNA content and dry weight of each sample treated with
TGF-β1 (white bars), FGF-2 (grey bars), and FGF-2/TGF-β1 (black bars) for the first week,
then TGF-β1 for all groups. A: GAG production normalized to DNA content (μg/μg). B:
GAG production normalized to dry weight (μg/mg). C: Soluble collagen type II production
normalized to DNA content (μg/μg). D: Soluble collagen type II production normalized to
dry weight (μg/g). Asterisks indicate statistical significance between assigned groups (* p <
0.05; ** p < 0.01) (n = 3).
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Figure 5.
ECM production normalized to DNA content and dry weight, DNA content normalized to
weight, and compressive modulus of human chondrocytes embedded in PEG hydrogel at
8×106 (white bars) and 20×106 cells/mL (upward diagonal bars) cultured at standard
chondrogenic condition with TGF-β1 only and 8×106 cells/mL cultured with FGF-2/TGF-
β1 for the first week and then TGF-β1 after (black bars). A: GAG production normalized to
DNA content (μg/μg). B: GAG production normalized to dry weight (μg/mg). C: Soluble
collagen type II production normalized to DNA content (μg/μg). D: Soluble collagen type II
production normalized to dry weight (μg/g). E: Total DNA content normalized to dry
weight (ng/mg). F: Compressive modulus. Asterisks indicate statistical significance between
assigned groups (* p < 0.05; ** p < 0.01) (n = 3).
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Figure 6.
Safranin-O staining of cell-laden PEG hydrogel. A: Treated with standard chondrogenic
condition with TGF-β1 only from week 1 to 4. B: Treated with FGF-2 for week 1, then
TGF-β1 from week 2 to 4. C: Treated with FGF-2/TGF-β1 for week 1, then TGF-β1 from
week 2 to 4. D: Proliferating cells in PEG hydrogel with FGF-2/TGF-β1 synergistic
treatment at week 4. E: Human chondrocytes in PEG hydrogel photoencapsulated at high
cell density (20×106 cells/mL) at week 3 (E1 & E2) and 4 (E3 & E4). E2 and E4 show
chondrocytes with no proteoglycan production at week 3 and 4, respectively. Scale bars: A,
B, C, E1, E3 = 200 μm; D, E2, E4 = 50 μm.
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Table I

Properties of printed 10% (w/v) PEGDM with 8×106 cells/mL human chondrocytes cultured at different
conditions (n = 3)

Culture time (weeks) TGF-β1 FGF-2 TGF-β1/FGF-2

Qa

1 10.87 ± 0.17 10.18 ± 0.24 11.02 ± 0.31

2 11.07 ± 0.28 11.03 ± 0.54 10.80 ± 0.25

3 11.21 ± 0.34 10.83 ± 0.07 12.00 ± 0.42

4 12.03 ± 0.39 11.53 ± 0.17 11.55 ± 0.54

Mb (%)

1 90.79 ± 0.15 90.18 ± 0.23 90.92 ± 0.25

2 90.96 ± 0.23 90.92 ± 0.45 90.74 ± 0.22

3 91.07 ± 0.27 90.77 ± 0.06 91.66 ± 0.29

4 91.68 ± 0.27 91.33 ± 0.13 91.33 ± 0.43

Compressive Modulus (kPa)

1 44.07 ± 6.72 40.05 ± 2.76 46.29 ± 8.38

2 55.74 ± 8.23 56.45 ± 11.64 55.08 ± 9.34

3 57.63 ± 17.50 58.55 ± 9.68 71.55 ± 21.64

4 70.42 ± 14.95 68.10 ± 12.22 90.45 ± 19.40

a
Mass swelling ratio

b
Equilibrium water content
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