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Osteochondral defects are prone to induce osteoarthritic degenerative changes. Many tissue-engineering ap-
proaches that aim to generate osteochondral implants suffer from poor tissue formation and compromised
integration. This illustrates the need for further improvement of heterogeneous tissue constructs. Engineering of
these structures is expected to profit from strategies addressing the complexity of tissue organization and
the simultaneous use of multiple cell types. Moreover, this enables the investigation of the effects of three-
dimensional (3D) organization and architecture on tissue function. In the present study, we characterize the use
of a 3D fiber deposition (3DF) technique for the fabrication of cell-laden, heterogeneous hydrogel constructs for
potential use as osteochondral grafts. Changing fiber spacing or angle of fiber deposition yielded scaffolds of
varying porosity and elastic modulus. We encapsulated and printed fluorescently labeled human chondrocytes
and osteogenic progenitors in alginate hydrogel yielding scaffolds of 1 · 2 cm with different parts for both cell
types. Cell viability remained high throughout the printing process, and cells remained in their compartment of
the printed scaffold for the whole culture period. Moreover, distinctive tissue formation was observed, both
in vitro after 3 weeks and in vivo (6 weeks subcutaneously in immunodeficient mice), at different locations within
one construct. These results demonstrate the possibility of manufacturing viable centimeter-scaled structured
tissues by the 3DF technique, which could potentially be used for the repair of osteochondral defects.

Introduction

Osteochondral defects, affecting both articular carti-
lage and the underlying subchondral bone, are prone to

induce osteoarthritic degenerative changes over time.1 Cur-
rent strategies to restore the biological and mechanical
functionality of the joint include microfracture and mosaic-
plasty (autologous osteochondral grafting),2–5 but their
clinical use suffers from several limitations, including com-
promised cartilage tissue formation and donor site morbid-
ity.6 Further, in mosaicplasty it is difficult to match the shape
of the injured site.6 Current approaches for the engineering
of osteochondral grafts suffer from poor tissue formation and
compromised integration at the interface between the carti-
lage and bone layers7–9 and between osteochondral graft and
host tissue,10 advocating the need for further improvement
of these techniques.

An important focus in current cell-based tissue engineer-
ing lies on the development of engineered osteochondral
tissues with design strategies that closely mimic the complex
structure of matrix, cells, and bioactive factors assorted in a
distinct spatiotemporal order inside native tissue.11–13

Engineered (osteochondral) tissues can profit from the syn-
ergistic effects of combined growth factor delivery and
heterotypic cell interactions on extracellular matrix (ECM)
formation both in vitro and in vivo.14–16 This biomimicking
approach is expected to enhance graft functionality, render
suitable mechanical properties to the engineered tissue,17,18

and enhance the regenerative process. This was previously
illustrated by the use of bilayered (hydrogel) scaffolds laden
with multipotent stromal cells (MSCs) and chondrocytes,
which supports the integration between the two layers.14–16,19,20

For a further review of the literature on osteochondral im-
plants, see Martin et al.6 and O’Shea and Miao.21
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Organ or tissue printing by 3D fiber deposition (3DF) is an
innovative approach in regenerative medicine, based on
layered deposition of cell-laden hydrogel strands, and is
derived from rapid-prototyping (RP) technology. With RP,
3D scaffolds with highly reproducible architecture (size,
shape, porosity, interconnectivity, pore geometry, and ori-
entation) and compositional variation can be created.22 The
porosity of the implants is easily tailored, which is important
for mechanical and cell/tissue conductive properties. Inter-
connected porosity is of particular importance, as it facilitates
nutrient supply and waste product removal23 and allows
ingrowth of blood vessels.24 Using 3DF, living cells can be
incorporated into the printed construct, creating grafts that
further recapitulate the intricate 3D structure of cells and
matrix in natural tissues.25

The aim of the present study is to build and characterize
3D structures for application in osteochondral tissue engi-
neering and to validate organized cell placement inside
printed grafts in vitro and in vivo. By combining human
chondrocytes and human osteogenic progenitors with algi-
nate hydrogel—a widely used polysaccharide that supports
both chondrogenic and osteogenic differentiation,26 we
printed porous, heterogeneous constructs. We tested the
design of various heterogeneous scaffolds and tailored
the porosity and elastic modulus of grafts by modulating
the distance between the strands and their configuration. The
ensuing hybrid grafts were characterized for cell perfor-
mance in vitro and for tissue development in vivo.

Materials and Methods

Hydrogel preparation and viscosity measurements

High-viscosity alginate powder (International Specialty
Products [ISP]) was autoclaved and subsequently mixed
(10%, w/v) overnight at 37�C either with MSC expansion
medium (aMEM [Invitrogen] supplemented with 10% fetal
bovine serum [FBS; Lonza], 0.1 mM ascorbic acid 2-phosphate
[AsAP; Sigma-Aldrich], 2 mM l-glutamine [Glutamax;
Invitrogen], 100 U/mL penicillin [Invitrogen], and 100 mg/mL
streptomycin [Invitrogen]), osteogenic differentiation me-
dium (MSC expansion medium supplemented with 10 - 8 M
dexamethasone [Sigma-Aldrich] and 10 mM b-glycerophos-
phate [Sigma-Aldrich]), or chondrogenic differentiation
medium (DMEM [Invitrogen] supplemented with 0.2 mM
AsAP [Sigma-Aldrich], 0.5% human serum albumin [Ser-
aCare Life Sciences], 1% [v/v] insulin–transferrin–selenium
mixture [ITS-X; Invitrogen], 100 U/mL penicillin, 100 mg/mL
streptomycin, and 5 ng/mL TGF-b2 [R&D Systems]). Alginate
was crosslinked with 102 mM aqueous CaCl2 solution
supplemented with 10 mM HEPES (pH 7.4; Invitrogen) for
15 min.

To determine the viscosity of the 10% (w/v) alginate,
rheology analysis was performed on an ARG2 1000N rhe-
ometer (TA Instruments) using a cone-plate geometry (steel,
40 mm diameter with an angle of 2�) at 4�C. Shear rates
between 1/s and 1500/s were applied for 10 min.

3DF presets

The BioScaffolder pneumatic dispensing system (SYS +
ENG) was used for 3D printing of hydrogel scaffolds. The
prototype of this system is described in more detail else-

where.25,27 Briefly, the BioScaffolder is a three-axis dispens-
ing machine, which builds 3D constructs by coordinating the
motion of a pneumatic syringe dispenser (Supplementary
Fig. S1; Supplementary Data are available online at www.
liebertonline.com/tec). The dispenser deposits extrudate
consisting of hydrogel either or not supplemented with cells
on a stationary platform. Models of the scaffolds are loaded
via computer-aided design/computer-aided manufacturing
(CAD/CAM) software and translated for layer-by-layer fiber
deposition by the machine (Fig. 1).

Effect of nozzle diameter, deposition speed and
pressure, and fiber orientation

The inner nozzle diameter, deposition speed, and pressure
were varied between 210 and 1610 mm, 100 and 300 mm/
min, and 0.1 and 0.2 MPa, respectively, to assess their in-
fluence on strand size. Ten-layer rectangular 3D scaffolds of
10 · 10 mm with spacing between fibers of 0.8–2.5 mm and a
layer thickness of 100 mm were constructed and subsequently
crosslinked in CaCl2 solution as indicated.

FIG. 1. Three-dimensional fiber deposition and character-
ization of the printing parameters. Schematic representation
of tissue printing using various cell types; the design of a
construct is translated to a robot arm that drives a cartridge
loaded with a cell–hydrogel mixture and extrudes fibers in a
layered fashion; the bottom panel represents various scaffold
designs used in this study.
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Fiber orientation was changed by plotting fibers with 45�
or 90� angle steps between two successive layers (strand
orientation (SO)45 and (SO)90, respectively). Flow rate of the
hydrogel through a 210mm inner nozzle diameter needle was
determined for pressures of 0.15–0.6 MPa, by measuring the
amount of extruded material per second (flow rate in mL/s).
Shear stress was then determined according to the following
formula: (4Q/p r3) g, in which Q is flow rate (mm3/s), r is
radius of the needle (mm), and g is the viscosity (Pa$s).

Mechanical analysis of printed scaffolds
of different porosity and SO

Alginate scaffolds of 7 · 7 · 0.8 mm (w · l · h) were pre-
pared by varying the strand distance (SD) (0.8, 1.5, 2, and
2.5 mm at (SO)90, i.e., 90� relative to the underlying strand
and (SO)90 and (SO)45 at 2 mm strand diameter). Subse-
quently, the scaffolds were crosslinked as described earlier.

Porosity was estimated by comparing the weight of the
porous scaffolds to the weight of nonporous controls. The
stiffness of the scaffolds was measured at room temperature
using a dynamic mechanical analyzer (DMA 2980; TA In-
struments) in controlled force mode. Scaffolds were placed
between the parallel plates and a static force was applied
between 0 and 1 N and varied at a rate of 0.1 N/min. The
Young’s modulus (E) was determined as previously de-
scribed,28 by measuring the variation of stress/strain ratio.

Deposition of acellular heterogeneous scaffolds

Heterogeneous scaffolds consisting of two different ma-
terials were designed, as illustrated in Figure 1. Alginate
hydrogel was left translucent or stained with fast green,
methylene blue, or basic fuchsin (pink) for illustration pur-
poses and loaded into the BioScaffolder. Unless stated oth-
erwise, an inner nozzle diameter of 420 mm was used, the
speed of deposition was set at 300 mm/min, and the pneu-
matic pressure was set at 0.175 MPa to yield uniform, con-
tinuous extrusion of strands.

Cells

Human MSCs were isolated from bone marrow aspirates,
obtained from donors undergoing hip arthroplasty after in-
formed consent with approval of the local medical ethical
committee, and culture expanded as previously described.29

Briefly, aspirates were resuspended by using 20-gauge nee-
dles, plated at a density of 5 · 105 cells per square centimeter,
and cultured in MSC expansion medium supplemented with
1 ng/mL recombinant human basic fibroblast growth factor
(rhFGF2; 233-FB; R&D Systems). Medium was refreshed
twice a week and cells were used for further subculturing.
MSCs at passage 3–4 were used in these experiments.

Human articular chondrocytes (Chs) were isolated from
cartilage, after informed consent with approval of the local
medical ethical committee, from patients undergoing total
knee arthroplasty. Cartilage was digested overnight using
0.15% collagenase type II (Worthington Biochemical) at 37�C.
The cell suspension was filtered through a 100 mm cell
strainer and washed in phosphate-buffered saline (PBS; In-
vitrogen). Cells were resuspended in chondrocyte expansion
medium (DMEM [Invitrogen] supplemented with 10% FBS
[Biowhittaker], 100 U/mL penicillin, 100mg/mL streptomy-

cin [Invitrogen], and 10 ng/mL rhFGF2 [R&D Systems]).
Cells were then counted and seeded at a density of
5000 cells/cm2 in expansion medium. For chondrocyte re-
differentiation,30 after 10 days the chondrocytes were de-
tached using 0.25% trypsin (Invitrogen) and stored in liquid
nitrogen until further use. Expanded chondrocytes were
combined with alginate (2% [w/w] in differentiation medi-
um)31 at a density of 1 · 107 cells/mL. To create alginate
beads, this solution was dripped with a 23G needle into
102 mM CaCl2 solution supplemented with 10 mM HEPES
(pH 7.4; Invitrogen). The beads were then cultured in
chondrogenic differentiation medium for 5 days, and sub-
sequently, cells were retrieved from the beads using sterile
citrate buffer (150 mM sodium chloride and 55 mM sodium
citrate [pH = 7.4]) for 15 min.

Viability analysis

To test the effect of shear stresses during the printing
process on cell viability, hydrogel-embedded MSCs (5 · 106

cells/mL gel) were extruded through a needle with an inner
nozzle diameter of 210 mm at various pressure settings
(0.175–0.5 MPa). Unprinted cell-laden alginate was used as a
control. The samples (n = 5 per group) were incubated in
CaCl2 solution and cultured for 5 or 24 h in expansion me-
dium. The viability of the cells was determined by a LIVE/
DEAD assay (Molecular Probes; MP03224) according to the
manufacturer’s recommendations. For this, five samples per
condition were measured using a microscope equipped with
an epifluorescence setup and excitation/emission setting of
488/530 nm to detect green fluorescence and 530/580 nm to
detect red cells (Leica DM IRBE). Three randomly selected
fields per sample were taken and cell viability was calculated
as the average ratio of vital over total cells in a sample, de-
termined from four randomly chosen fields per sample.

Fluorescent labeling and tracing of cells

Cells were fluorescently labeled for spatial distribution
analysis. For this, Chs were incubated with PKH26 (20mM,
red; Sigma-Aldrich) and MSCs with CFSE (1mM, green;
Molecular Probes). The presence of fluorescent cells was di-
rectly analyzed after printing and after 14 and 21 days under
a fluorescence microscope (Olympus BX51 microscope;
Olympus DP70 camera) equipped with an epifluorescence
setup and excitation/emission setting of 488/530 nm to de-
tect green-fluorescent MSCs or 530/580 nm to detect red Chs
(Leica DM IRBE).

Deposition of cell-laden scaffolds

To develop dual, heterogeneous scaffolds for in vitro use,
fluorescently labeled MSCs and Chs were separately mixed
with alginate at 5 · 106 and 3 · 106 cells/mL, respectively. A
rectangular (1 · 2 cm), 10-layer scaffold was designed, which
consisted of two parts (1 · 1 cm) directly adjacent to each
other. The BioScaffolder interchanged the cooled cartridges
(4�C) with the loaded syringes every two layers. The scaf-
folds were subsequently crosslinked in CaCl2 solution.

For building heterogeneous scaffolds for in vivo implan-
tation, an analogous protocol was followed: Chs (1 · 107

cells/mL) were mixed with alginate, and MSCs (1 · 107 cells/
mL) were mixed with alginate supplemented with 10%
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(w/v) osteoinductive biphasic calcium phosphate particles
(BCPs; 80% – 5% [w/v] hydroxyapatite and 20% – 5% [w/v]
b-tricalcium phosphate; total porosity 70% – 5%, macro-
porosity 55% – 5%, and microporosity 20% – 5%). Irregularly
shaped BCP particles (kindly provided by Progentix Ortho-
biology BV) were sintered at 1150�C and ranged from 106 to
212 mm in size. Acellular printed grafts served as negative
controls. After printing, the constructs were cultured over-
night and subcutaneously implanted in mice (see section
‘‘In vivo implantation’’).

Heterogeneous scaffold culture and embedding

Heterogeneous scaffolds were cultured in a 1:1 mixture of
osteogenic and chondrogenic differentiation medium for a
period of 7 and 21 days (n = 4 scaffolds for each time point).
Scaffolds were maintained in a humidified incubator at 5%
CO2 and 37�C, and the medium was changed every 3 days.
Additionally, the scaffolds were incubated for 15 min
in 102 mM CaCl2 once a week to prevent gel weakening
(W. Schuurman, unpublished observation). Upon termination
of the experiment, half of the experimental set of scaffolds was
embedded in Tissue-Tek� (Sakura Finetek) and the others
were dehydrated through graded ethanol series and embed-
ded in paraffin. Samples were cut to yield 5 mm sections.

In vivo implantation

For in vivo assessment, printed Ch/MSC-laden grafts
(n = 6) and acellular constructs consisting of an alginate part
and an alginate/BCP part (n = 4) were cultured in prolifera-
tion medium for 24 h prior to implantation. Female nude
mice (NMRI-Foxnu), 6 weeks old, were anaesthetized with
1.5% isoflurane, after which the implants were placed in
separate subcutaneous dorsal pockets. The incisions were
closed using a Vicryl 5-0 suture. The animals were postop-
eratively treated with the analgesic buprenorphine (0.05 mg/
kg, sc; Temgesic) and housed in groups at the Central La-
boratory Animal Institute, Utrecht University. Experiments
were conducted with the permission of the local Ethical
Committee for Animal Experimentation and in compliance
with the Institutional Guidelines on the use of laboratory
animals. After 6 weeks, the mice were killed and the con-
structs were harvested, fixed in 4% buffered formalin, dec-
alcified in Luthra’s solution (0.35 M HCl and 2.65 M formic
acid in distilled water) for 24 h and processed for sections.

Analysis of differentiation of MSCs and Chs in vitro

Osteogenic differentiation of embedded cells was assessed
by alkaline phosphatase (ALP) staining, collagen type I
and osteonectin immunohistochemistry, and Alizarin red
staining.

For the evaluation of ALP activity of encapsulated cells,
cryosections were air-dried, fixed with 100% acetone for
10 min, and incubated in 0.2% (v/v) Triton X-100 in tris-
buffered saline (TBS) for 10 min. The activity of ALP was
determined by 30 min staining with the Fuchsin Substrate-
Chromogen system (Dako). The presence of ALP-positive
cells was analyzed with a light microscope and equipped
with an Olympus DP70 camera. For immunocytochemical
analysis, the paraffin sections were rehydrated and blocked
in 0.3% (v/v) H2O2 in TBS for 10 min, followed by antigen

retrieval in pronase (1 mg/mL; 10165921001; Roche Diag-
nostics) for 30 min at 37�C and hyaluronidase type II
(10 mg/mL; H2126; Sigma-Aldrich) for 30 min at 37�C. The
sections were then blocked in 5% (w/v) bovine serum al-
bumin fraction V (BSA; Roche) in TBS for 30 min and in-
cubated overnight at 4�C with either mouse anti-collagen
type I antibody (2 mg/mL in 5% [w/v] BSA in TBS; clone I-
8H5; Calbiochem) or mouse anti-osteonectin antibody (1/
50 in 5% [w/v] BSA in TBS; clone AON-1; Developmental
Studies Hybridoma Bank [DSHB]). A biotinylated second-
ary antibody was applied (1/200 in 5% [w/v] BSA in TBS;
biotinylated sheep anti-mouse, RPN1001V1; GE Healthcare)
for 1 h and the staining was enhanced by incubation with
streptavidin–peroxidase for an additional hour (2mg/mL;
PN IM0309; Immunotec).

Chondrogenesis of encapsulated cells was assessed by
safranin-O staining and collagen type II and VI immuno-
histochemistry. To demonstrate proteoglycan production,
alginate was removed from the sections by 10 min incubation
in citrate buffer and the sections were stained with Weigert’s
hematoxylin (Klinipath) and fast green (Merck) for cells and
with Safranin-O (Merck) for proteoglycans. Immuno-
histochemical analysis of collagens was performed using a
rabbit polyclonal antibody against collagen type II (10 mg/
mL in 5% [w/v] BSA/PBS; Abcam 53047) and mouse anti-
collagen type VI antibody (1/10 in 5% [w/v] BSA in TBS;
clone 5C6; DSHB). Incubation with rabbit IgG or mouse
isotype-matched control IgG (Dako) served as negative
control for the staining. Subsequently, the secondary anti-
body was applied for 1 h: goat anti-rabbit Powervision
(DPVR-55HRP; Immunologic) or goat anti-mouse HRP
(10 mg/mL in 5% [w/v] BSA in TBS), respectively. All im-
munohistochemical stainings were developed with DAB and
counterstained with Mayer’s hematoxylin.

Analysis of printed tissue formed in vivo

Sections were stained with hematoxylin and eosin and
Goldner’s trichrome for general visualization of tissue de-
velopment. To demonstrate formation of cartilaginous tissue,
collagen types II and VI were immunolocalized, as indicated
earlier.

To determine the presence of the osteogenic marker os-
teocalcin, immunohistochemical analysis was performed on
rehydrated sections that were blocked in 5% (w/v) BSA in
TBS for 30 min and incubated with rabbit polyclonal anti-
body to osteocalcin (2 mg/mL in 5% BSA/TBS; Alexis ALX-
210-333; Enzo Life Sciences) overnight at 4�C. As secondary
antibody, goat anti-rabbit HRP (1.6 mg/mL in 5% BSA/TBS;
Dako) was applied for 1 h. For osteogenic marker collagen
type I, immunohistochemical analysis was performed on
rehydrated sections that were preincubated in 0.3% H2O2 for
10 min, followed by antigen retrieval with 10 mM sodium
citrate buffer (pH 6.0) for 30 min at 95�C. The sections were
then blocked in 5% (w/v) BSA in PBS for 30 min and incu-
bated with rabbit polyclonal antibody to collagen type I
(3.3 mg/mL in 5% BSA/PBS; Abcam 34710) overnight at 4�C.
Incubation with rabbit IgG (Dako) served as negative control
for the staining. As secondary antibody we used goat anti-
rabbit HRP (2.5 mg/mL in 5% BSA/PBS; Dako) for 1 h. The
staining was developed with DAB and counterstained with
Mayer’s hematoxylin.
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Statistical analysis

Statistical analysis was performed with SPSS 12.0.1 soft-
ware. A Mann–Whitney U-test was used to evaluate the vi-
ability data in printed and unprinted samples (n = 5). This
statistical test was chosen because of the small number of
samples. A one-way analysis of variance with Bonferroni
post-hoc test was used to analyze the viability data at dif-
ferent pressures and for the comparison of the Young’s
moduli of the different constructs. p-Values of less than 0.05
were considered statistically significant. Values are reported
as mean – standard deviation.

Results

3DF of structured hydrogel scaffolds

Defined, 3D hydrogel scaffolds consisting of up to 10
layers (0.8 mm) were printed by the BioScaffolder machine
(Supplementary Fig. S1). Vertical pores were regular
throughout the samples, whereas transversal pores fused
because of the relative softness of the material. Strand size
was tailored by adjusting the speed of deposition and the
extrusion pressure (Fig. 2A–C). The shear-thinning effect that
occurred in the system resulted in a fall in shear stress at
higher extrusion pressures (Fig. 2D, E). The values calculated
for the shear stress experienced by the (cell-laden) hydrogel
inside the printer cartridge corresponded to those obtained
using rheometer analysis (Fig. 2F).

Modulating the SD during printing resulted in formation
of scaffolds with different porosities, and the resulting pore
architecture of the printed scaffolds followed the imposed SO
(Fig. 3A). To illustrate the effect of SO and SD on overall

porosity and mechanical properties of the printed hydrogel
scaffolds, SO and SD were varied between two successive
layers. Increasing the SD from 0.8 mm to 1.5, 2.0, and 2.5 mm
resulted in formation of scaffolds with 0, 35% – 3%,
48% – 7%, and 66% – 4% porosity, respectively (Fig. 3A).
Porosity in turn influences the elastic moduli of the scaffolds
(Table 1). Increased scaffold porosities corresponded with a
decrease in the elastic moduli of the scaffolds (Table 1).
Changing SO relative to the underlying layer from (SO)90 to
(SO)45 produced scaffolds with comparable porosity but
higher elastic modulus (Table 1).

Heterogeneous scaffolds, consisting of two differently
stained hydrogels, were printed according to the CAD/CAM
design (Fig. 3B). The adjacent compartments, here indicated
by different colors, interacted well without visible signs of
delamination (Fig. 3B).

Printing of viable and heterogeneous
cell-laden constructs

In the design of viable cell-laden structures, survival of the
printed cells (Fig. 4A, B) is a crucial factor, and homogeneous
cell dispersion allows uniform cell distribution throughout
the construct. There were no statistically significant differ-
ences in cell survival at 5 h after printing (89% – 2% viable
cells in printed gels [n = 5] vs. 89% – 3% in unprinted controls
[n = 5]; p = 0.94), indicating that the printing process did not
induce immediate cell death in this system (Fig. 4C). We
analyzed the effect of shear stress on the viability of printed
MSCs, showing that 3DF printing sustains high viability of
MSCs after 24 h in culture (viability of 88% – 6% and
89% – 7% in printed group [ø210 mm; 0.2 MPa] and unprinted

FIG. 2. The effect of printing parameters on strand size, strain rate, and shear stress. (a) The effect of speed of deposition (V)
and pressure (P) on strand size. Scale bars: 500 mm. Strand size as function of speed (b) and pressure (c) shows that strand size
is increased by decreasing printing speed or by increasing printing pressure. Data presented as mean – standard deviation
(n = 8). (d) Viscosity (circles) and shear stress (triangles) of the hydrogel as a function of shear rate measured by rheometer
(n = 6). (e) Shear stress as a function of needle diameter and pressure (n = 4), showing a shear-thinning effect at higher
extrusion pressures, resulting in a fall in shear stress. (f) Shear stress in the BioScaffolder; calculated values for shear stress
correspond to those obtained using rheometer analysis; values given as mean – standard deviation (n = 4). Color images
available online at www.liebertonline.com/tec
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control, respectively). Further, the viability of MSCs ex-
truded at different pressures, and at different shear stresses,
follows the inverse pattern of shear stress values (Fig. 4D).

An attractive feature of the 3DF approach is its ability to
controllably place cells encapsulated in hydrogels and to
combine different cell types. To illustrate the feasibility of
printing cell-laden constructs with organizational diversity,
different cell types were organized in layered configuration
(Fig. 3C). Fluorescent detection of the cells demonstrates that
the designed scaffold geometry is sustained by the entrapped
cellular patterns in vitro (Fig. 6B).

Tissue formation by heterogeneous cell-laden
constructs in vitro

To demonstrate the biological potential of 3DF using
multiple cell types, we investigated cellular organization
in vitro. Cell distribution differences in ECM formation were

followed in time. For this, 10-layer alginate constructs were
built, containing two adjacent regions with either MSCs or
chondrocytes (Fig. 5A). Gross appearance of the implants
indicated formation of two distinctive compartments starting
2 weeks after printing. The chondrocyte region exhibited
thickening and increased opacity of the scaffold structure
(Fig. 5A, lower panel), which was attributed to ECM depo-
sition. In the MSC part, tissue formation was more subtle, as
described later. The distribution of cell types was assessed
for up to 3 weeks in culture by fluorescence labeling and
showed strict containment of the printed population to either
scaffold compartment, indicating good retention of organi-
zation in vitro (Fig. 6A, B). General histology of the composite
scaffolds demonstrated appearance of cell clusters confined
to the chondrocyte compartment, rich in cartilage-specific
markers collagen VI and II (Figs. 5E and 6E). Concurrently in
the osteogenic part, the cells remained homogeneously dis-
persed and stained positive for osteogenic markers ALP,

FIG. 3. Scaffold architec-
ture. (a) A computer blue-
print is used to construct
scaffolds with variable strand
orientation; computer-aided
design/computer-aided
manufacturing software de-
sign is shown in the top
panels and light microscope
images of resultant scaffolds
in lower panels. Scale bar:
1 mm. Strand orientations of
any layer in a design relative
to the underlying layer from
left to right is 90, 45, 30 (in
degrees). (b) Examples of
heterogeneous acellular scaf-
folds (left: multilayer and a
circular construct with a di-
ameter of 5 mm [inset]; right:
a chess-board construct [blue
dye is used for illustration
purposes; no delamination
between the printed alginate
compartments]). (c) En-
capsulated cells (fluorescently
labeled red and green) in a
heterogeneous scaffold,
(SO)90. Scale bar: 1 mm. Color
images available online at
www.liebertonline.com/tec

Table 1. Scaffold Strength as a Function of Porosity

Solid Porous; (SO)90 Porous; (SO)90 Porous; (SO)90 Porous; (SO)45

Porosity (%) 0 35 (3) 48 (7) 66 (4) 48 (2)
Modulus (kPa) 14.8 (3.6) 7.6 (0.6)a,b 5.6 (0.6)a 4.5 (0.1)a 6.4 (0.2)a

Strand distance 0.8 mm 1.5 mm 2.0 mm 2.5 mm 2.0 mm

Porosity (%), Young’s modulus (kPa), and strand distance of the printed scaffolds (solid: n = 2; porous: n = 4) are given. Strand distance is
the distance between the middle of two consecutive strands. A deposited strand distance of 0.8 mm yields solid constructs. (SO)90 and (SO)45
indicate a difference in SO relative to the underlying layer of 90� and 45�, respectively. Data are presented as mean – standard deviation.

aSignificantly different from solid construct ( p < 0.05).
bSignificantly different ( p < 0.05) from construct (SO)90, with strand distance of 2.5 mm.
SO, strand orientation.
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collagen type I, osteonectin, and Alizarin red (Figs. 5D and
6). Together these findings illustrate heterogeneous ECM
formation in vitro analogous to the deposited cell type.

Tissue formation by heterogeneous
cell-laden grafts in vivo

To validate the retention of heterogeneous tissue organi-
zation in vivo, we investigated the effect of 3DF-defined cell
placement on osteochondral tissue formation in mice. Grafts
were composed of a chondrocyte-laden compartment and
an MSC-laden compartment, which included osteoinductive

ceramic particles. Constructs exhibited heterogeneous tissue
formation corresponding to the deposited cell type (Fig. 7)
after 6 weeks. ECM formation was evidenced by Goldner’s
trichrome staining, and almost no matrix developed in
acellular control gels (Fig. 7B, inset), signifying that embed-
ded cells contribute substantially to formation of ECM in
these grafts. Osteocalcin- (Fig. 7D) and collagen type I (not
shown)-positive matrix enveloped the BCP particles, sug-
gesting the onset of osteogenic differentiation in this part of
the construct.

In the chondrocyte-laden region of the construct we ob-
served dense matrix accumulations in alginate and formation

FIG. 4. The effect of printing
process on MSC survival. (a)
MSCs in unprinted control;
red: dead cells, green: live
cells. (b) MSCs in alginate at
5 h after printing. (c) Viability
in unprinted (white) and
printed (gray) samples (n = 5)
at 5 h after printing; the
pneumatic pressure was set at
0.175 MPa. No significant dif-
ferences between printed and
unprinted samples were
found ( p = 0.94). (d) Viability
at 24 h after printing at vari-
ous pressures (n = 4). Controls
(0 MPa) are nonprinted.
*p < 0.05. MSCs, multipotent
stromal cells. Color images
available online at www
.liebertonline.com/tec

FIG. 5. Appearance and cell
function in printed grafts
in vitro. (a) Macroscopic ap-
pearance of printed composite
constructs with an MSC-laden
compartment on the left and a
chondrocyte-laden compart-
ment on the right, directly af-
ter printing (top) and after 3
weeks of culture (bottom),
showing differences on a
macroscopic level. Scale bar:
500 mm. HE staining after 21
days in osteogenic part (b)
and chondrogenic part (c) il-
lustrates clusters inside the
alginate fiber in the chon-
drocyte part of the construct,
whereas cells are dispersed in

the MSC compartment. Cells: dark blue; alginate: light blue. (d) ALP staining (red) after 7 days demonstrates positive cells in
MSC compartment of the construct. (e) Immunolocalization of collagen type VI (brown) at 21 days in the chondrocyte-laden
part of the scaffold. Scale bars: 100 mm. HE, hematoxylin and eosin; ALP, alkaline phosphatase. Color images available online
at www.liebertonline.com/tec
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of cell clusters positive for cartilage-specific markers collagen
type II and VI (Figs. 7C and 8). The latter marker is specific
for human collagen VI and does not cross-react with mouse
tissue, indicating that the newly formed collagenous matrix
is derived from the transplanted cells.

Discussion

In the present study, for the first time, the feasibility of
3DF to fabricate porous heterogeneous osteochondral con-
structs that encompass living chondrocytes and osteogenic
progenitors is demonstrated. Printed cell-hydrogel con-
structs revealed differential lineage commitment and ECM
formation. This study addresses recent development in the
field of regenerative medicine that aims to recapitulate the
complexity of natural biological tissues, consisting of differ-
ent cell types with a specific organization and matrix com-
position.

Previously, 3DF was developed as an RP method to create
3D porous shapes of a range of materials, including ther-
moplastics22,32 and hydrogels,27 and the adapted technology
used by us can comply with several important prerequisites
of tissue-engineered grafts, including tailorable mechanical
properties, the introduction of sufficient interconnected po-
rosity, the introduction of living (progenitor) cells, and the
possibility to investigate organizational aspects in tissue
regeneration. Moreover, 3DF is a robust dispensing tech-
nology, resulting in constructs that easily reach relevant (cm-
scale) sizes for tissue replacement. Addition of cells to the
process of hydrogel fiber deposition facilitates formation of
cell-laden, viable printed scaffolds for tissue engineering

purposes,25,33 and local cell densities can be modulated and
various types of cells can be deposited in tissue-like archi-
tectures.

When adding cells to the materials before printing, we
demonstrated that human primary stem cells survive the
shear stresses imposed on them during the deposition pro-
cess, which is in line with previous reports.25,34 A relatively
high cell survival was observed at higher dispensing pres-
sures, which is explained by shear thinning of the hydrogel,
resulting in a drop in shear stress. This phenomenon of shear
thinning is a common behavior for (natural) polymers35 and
has been described in detail for minimal invasive material
delivery.36 As matrix stiffness is a known factor in cell dif-
ferentiation,37 modulating biomechanical properties by using
various depositing configurations and materials is likely to
influence tissue formation in vitro and in vivo.

The concurrent printing of different hydrogels illustrated
the ability of the system to reproducibly print heterogeneous
3D structures comprising different matrices. The results
show adequate integration between the adjacent layers of
separately printed gels. As a following step we demonstrated
the design of cell-laden heterogeneous scaffolds (i.e., printed
with different cell types at different locations). In the het-
erogeneous grafts, in vitro studies revealed that the cells
remained located specifically in their original deposited po-
sition during the entire culture period. This limited interac-
tion between the cells of the adjacent layers can be explained
by the hydrogel matrix employed for the encapsulation of
the cells. Because of the noninteractive nature of alginate, the
cells are unable to adhere or degrade the surrounding gel
matrix38 and will remain confined.

FIG. 6. Analysis of extracellular matrix formation in printed grafts in vitro. The MSC-laden osteogenic part is indicated with
‘‘ost’’ and the chondrocyte-laden part is indicated with ‘‘chon.’’ (a, b) Fluorescently labeled cells (MSCs in green and
chondrocytes in red) directly after printing (a) and after 3 weeks (b). Scale bars: 500mm. (c, d) HE staining after 7 days
demonstrates homogeneous dispersion of cells in both regions of the scaffold, in chondrogenic part (c) and in osteogenic part
(d). Scale bars: 200mm. (e, f) Immunolocalization of collagen type II (brown) after 21 days in chondrogenic part (e) and in
osteogenic part (f); the surrounding alginate has been washed away. Scale bars: 100mm. (g, h) Immunolocalization of
collagen type VI (brown) after 7 days, in chondrogenic part (g) and in osteogenic part (h). Scale bars: 100 mm. (i, j) Safranin-O
staining at 21 days indicates presence of proteoglycans (pink) in chondrocyte region (i), and not in osteogenic part (j); the
surrounding alginate has been washed away. Scale bars: (i) 50mm, (j) 100mm. (k, l) ALP staining after 7 days demonstrates
positive cells (red) in the osteogenic compartment of the construct (l) and not in chondrogenic part (k). Scale bars: 100mm. (m,
n) Alizarin red staining for calcium depositions (orange-red) after 21 days in chondrogenic part (m) and in osteogenic part
(n). Scale bars: 100mm. (o, p) Collagen type I immunostaining (brown) at 21 days in chondrogenic part (o) and in osteogenic
part (p). Scale bars: 100mm. (q, r) Osteonectin immunostaining (brown) at 21 days in chondrogenic part (q) and in osteogenic
part (r). Scale bars: 100 mm. Color images available online at www.liebertonline.com/tec
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Our in vivo study demonstrated that in printed os-
teochondral grafts, specific structural arrangements im-
posed by 3DF may induce heterogeneous tissue formation
and can lead to a stable cellular architecture, which is an
important factor in the success of 3D constructs.39 Another
important characteristic for tissue engineering purposes is
maintenance of the required phenotype.40 Our printed os-
teochondral grafts exhibited heterogeneous ECM formation
at defined locations within one scaffold, corresponding to

the deposited cell type. The transplanted human cells con-
tributed to ECM formation, as evidenced by detection of
substantial amounts of human collagen matrix in the cel-
lular grafts and absence of ECM in acellular gels. The lack
of abundant osteogenic tissue formation in the osteochon-
dral printed grafts may be explained by the use of low
interactive alginate matrix with a relatively high polymer
concentration. ECM formation deposition could be im-
proved by optimizing preculture and perfusion regimes41

or using hydrogels with lower viscosity combined with
stiffer materials, which would also broaden the range of
hydrogels that can be used.42 The issue of vascularization of
the bone grafts needs to be addressed in future studies in
order to bring the scale-up of constructs to clinically rele-
vant sizes within reach.

To design better cartilage implants, and larger bone grafts,
design strategies should mimic anatomical and biochemical
organization of cells, matrix, and growth factors found in the
native tissue.17,18,43 Various other cell-printing approaches,
including 3D ink-jet printing44 and 3D robotic dispensing,34

have been previously applied for precise patterning of vari-
ous cell populations. Similarly, micropatterning approaches,
such as microfluidic patterning45 and microcontact print-
ing,46 allow the study of cellular interactions between vari-
ous populations and at different ratios. Each of these
technologies copes with specific challenges, such as material
choice, precision of the deposition, combining multiple
components and cell types, stability of the construct, and
depending on the application, the realization of relevant
sized constructs. Although most of these technologies are
very precise and reach high resolutions, the attained scale of
the constructs is at maximum millimeter size. The 3DF
technology presented in the present study is powerful in that
respect, as centimeter-scale scaffolds are easily printed,
making the technology an interesting option in tissue re-
placement therapies. Nevertheless, several important issues
in 3DF still have to be addressed. First, the use of materials
that possess the mechanical properties to enable printing and
endure the forces acting on tissues, especially on cartilage
and bone, and, at the same time, are biocompatible47 should
be considered. The materials so far used for 3DF result in
variable cell viability and tissue responses,48,49 the seemingly
best performers being natural hydrogels. However, using
model alginate gels in this study, only a limited height of the
construct could be achieved. The limitations of alginate with
respect to its low mechanical strength could be alleviated by
the use of thermo- and photocurable hydrogels50,51 or by the
use of combination of hydrogels with biomaterials that
possess higher mechanical strength.42,52,53 Further modula-
tions of mechanical properties of these hydrogel scaffolds
with 3DF can potentially meet the mechanical requirements
needed for tailored tissue engineering applications. Future
advances in biomaterial sciences may provide more sophis-
ticated and tailored materials that meet the 3DF require-
ments better. An additional challenge will be the in vivo
implantation of heterogeneous printed grafts at orthotopic
locations, at the same time maintaining the external shape
and internal organization of the printed constructs and en-
suring good integration with the surrounding host tissue.
With respect to the biology of self-organization, organ
printing with 3DF is a powerful tool to study the relevance of
biomimicking, that is, to address the question whether

FIG. 7. Tissue development in printed scaffolds in vivo. (a)
General histology (HE staining) of the graft illustrates het-
erogeneous tissue formation; alginate appears purple (da-
shed line represents the interface between MSC-laden region
with biphasic calcium phosphate particles [gray, left] and
Ch-laden alginate [right]). Scale bar: 500 mm. (b) Goldner’s
trichrome staining in MSC-laden part demonstrates ECM
formation in the cell-laden grafts and limited tissue forma-
tion in acellular scaffolds (inset). Scale bar: 500 mm. (c, e)
Immunostaining for cartilage-specific markers collagen types
II (c) and VI (e) is positive in the chondrocyte-laden part
of the grafts; alginate appears purple. Scale bars: 100 mm.
(d) Immunostaining for osteocalcin (brown) demonstrates
osteogenic differentiation in MSC-laden part of the grafts.
Scale bar: 50mm. Color images available online at www
.liebertonline.com/tec

PRINTED OSTEOCHONDRAL GRAFTS 41



anatomical tissue design is an important prerequisite for the
development of functional tissues.

Conclusions

In the present study, we demonstrate the possibility of
manufacturing viable heterogeneous tissue constructs con-
sisting of bone and cartilage matrix by a 3DF technique. We
printed centimeter-scale intricate hydrogel scaffolds with
high cell viability. By encapsulating osteogenic progenitors
and chondrocytes in different parts of a construct, the for-
mation of distinctive ECM regions in vitro and in vivo ac-
cording to the anticipated tissue type was attained.
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