
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 158.130.163.155

This content was downloaded on 11/10/2016 at 19:57

Please note that terms and conditions apply.

You may also be interested in:

Biodegradable and radically polymerized elastomers with enhanced processing capabilities

Jamie L Ifkovits, Robert F Padera and Jason A Burdick

Nanostructured Pluronic hydrogels as bioinks for 3D bioprinting

Michael Müller, Jana Becher, Matthias Schnabelrauch et al.

Minimally invasive injectable short nanofibers of poly(glycerol sebacate) for cardiac tissue

engineering

Rajeswari Ravichandran, Jayarama Reddy Venugopal, Subramanian Sundarrajan et al.

Anisotropic poly (glycerol sebacate)-poly (-caprolactone) electrospun fibers promote endothelial

cell guidance

Akhilesh K Gaharwar, Mehdi Nikkhah, Shilpa Sant et al.

Hydrogel-based reinforcement of 3D bioprinted constructs

Ferry P W Melchels, Maarten M Blokzijl, Riccardo Levato et al.

Characterisation of the surface structure of 3D printed scaffolds for cell infiltration and

surgical suturing

Laura Ruiz-Cantu, Andrew Gleadall, Callum Faris et al.

3D printing of photocurable poly(glycerol sebacate) elastomers

View the table of contents for this issue, or go to the journal homepage for more

2016 Biofabrication 8 045004

(http://iopscience.iop.org/1758-5090/8/4/045004)

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/article/10.1088/1748-6041/3/3/034104
http://iopscience.iop.org/article/10.1088/1758-5090/7/3/035006
http://iopscience.iop.org/article/10.1088/0957-4484/23/38/385102
http://iopscience.iop.org/article/10.1088/0957-4484/23/38/385102
http://iopscience.iop.org/article/10.1088/1758-5090/7/1/015001
http://iopscience.iop.org/article/10.1088/1758-5090/7/1/015001
http://iopscience.iop.org/article/10.1088/1758-5090/8/3/035004
http://iopscience.iop.org/article/10.1088/1758-5090/8/1/015016
http://iopscience.iop.org/article/10.1088/1758-5090/8/1/015016
http://iopscience.iop.org/1758-5090/8/4
http://iopscience.iop.org/1758-5090
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


Biofabrication 8 (2016) 045004 doi:10.1088/1758-5090/8/4/045004
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Abstract
Three-dimensional (3D) printed scaffolds have great potential in biomedicine; however, it is
important that we are able to design such scaffolds with a range of diverse properties towards specific
applications.Here, we report the extrusion-based 3Dprinting of biodegradable and photocurable
acrylated polyglycerol sebacate (Acr-PGS) to fabricate scaffolds with elastic properties. TwoAcr-PGS
macromers were synthesizedwith variedmolecular weights and viscosity, whichwere then blended to
obtain photocurablemacromer inkswith a range of viscosities. The quality of extruded and
photocured scaffolds was dependent on the initial ink viscosity, with flowof printedmaterial resulting
in a loss of structural resolution or sample breaking observedwith too lowor too high viscosity inks,
respectively. However, scaffolds with high print resolution and up to ten layers were fabricatedwith an
optimal ink viscosity. Themechanical properties of printed scaffolds were dependent on printing
density, where the scaffolds with lower printing density possessed lowermoduli and failure properties
than higher density scaffolds. The 3Dprinted scaffolds supported the culture of 3T3fibroblasts and
both spreading and proliferationwere observed, indicating that 3Dprinted Acr-PGS scaffolds are
cytocompatible. These results demonstrate that Acr-PGS is a promisingmaterial for the fabrication of
elastomeric scaffolds for biomedical applications.

1. Introduction

Three-dimensional printing (3DP) techniques possess
great potential to fabricate constructs with defined and
reproducible structures to meet widespread biomedi-
cal needs [1, 2]. 3D printed constructs are generated
with well-established technologies that build up struc-
tures through approaches that typically deposit, cure,
or solidify materials, one layer upon the next. Printing
technologies (e.g., extrusion, ink-jetting, laser-direc-
ted fusion, and stereolithography) have been widely
used in tissue engineering [3–7]. These approaches are
capable of printing large macroporous constructs at
high resolution and with complex and heterogeneous
structures, such as towards the fabrication of patient-
defined scaffolds for tissue repair. However, a major
limitation towards the use of 3DP formany biomedical
and tissue engineering applications is the limited
availability of printable materials appropriate to a
given application [8].

The biochemical and biophysical properties of
3DP constructs are primarily defined by the nature
and chemistry of materials using in the 3DP process
[9]. However,materials applied to 3DP approaches are
constrained by the printing technology. In extrusion-
based 3DP, for example, a printable material (ink)
must flow through a nozzle and, upon leaving the noz-
zle, stabilize to preserve the printed structure. The
development of inks has included traditional biode-
gradable polymeric materials (e.g., polylactic acid
[10, 11], poly(ε-caprolactone) [12, 13] and polylactic-
co-glycolic acid [14] that have long been of interest in
tissue engineering applications, as well as hydrogel
inks based on natural (e.g., collagen [15, 16], gelatin
[17, 18], alginate [19] and hyaluronic acid [20, 21]) and
synthetic (e.g., poly(ethylene glycol) [22]) polymers.

Among these inks, the mechanical properties of
polyester-based polymers do not match the elastic
deformability of the extracellular matrix in many tis-
sues in the body, and hydrogels often lack the strength
necessary to bear loads in dynamic (e.g., muscle,
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tendon, cartilage) and structural (e.g., ligament, skin)
tissues. For example, scaffolds placed under long-term
cyclic loading, as experienced in cardiac or cartilage
tissues, risk either rapid failure upon loading or plastic
deformation and ultimate failure. To address these
limitations in material properties, inks that form elas-
tomeric structures are needed; however, only a very
few examples have been developed (e.g., poly-
urethanes) [23, 24].

Poly(glycerol sebacate) (PGS) is a tough, bio-
compatible, and biodegradable polymer, developed
for in vivo applications where elastomeric properties
are desirable [25–27]. PGS has tunable properties
through changes in molecular weight and cross-
linking, enabling the design of properties to suit a
given application [28–30], and can be functionalized
with bioactive molecules when needed [31]. Further-
more, the acrylation of the PGS prepolymer allows for
PGS to be photocurable, simplifying the processing of
PGS materials in many in vitro [32] and in vivo [33]
studies. Due to its uniquematerial properties, PGS has
been widely used for applications in biomedicine,
including in the engineering of cardiac [34–37], vas-
cular [38, 39], and nervous [40] tissue constructs, as
well as in the delivery of drugs [41].

Here, we leveraged the strengths of PGS to enable
the design and fabrication of biocompatible, biode-
gradable, and elastomeric constructs with 3DP. To
develop a printable ink, the properties of acrylated
polyglycerol sebacate (Acr-PGS) were varied to obtain
a material that could be extruded and rapidly photo-
crosslinked to fabricate 3D printed structures with
high fidelity to computer-aided designs. Printed PGS
structures were porous, elastomeric, and cytocompa-
tible, making them great candidates for tissue engi-
neering applications.

2.Materials andmethods

2.1.Materials
All chemicals were purchased from Sigma-Aldrich
and used as received unless otherwise indicated.

2.2. PGS synthesis and characterization
2.2.1. Synthesis of PGS prepolymer andAcr-PGS
PGS prepolymer was synthesized according to the
reported literature via the condensation reaction of
equimolar amounts of glycerol (ThermoFisher Scien-
tific) and sebacic acid [25]. The reagents were stirred at
120 °C under nitrogen flow for 2 h and then a vacuum
of 12 mbar was applied for various amounts of time
(36 h or 48 h) to obtain PGS prepolymers with
different molecular weights (termed LMW_PGS and
HMW_PGS).

For acrylation, the PGS prepolymer was dissolved
in anhydrous methylene chloride (ThermoFisher Sci-
entific) containing triethylamine (TEA, equimolar to
acryloyl chloride), 500 ppm 4-methoxyphenol and

0.1 wt% 4-(dimethylamino) pyridine, as performed
previously [32, 33]. The reaction flask was cooled to
0 °Cunder nitrogen flow for 10 min. Acryloyl chloride
(1:10 v/v in methylene chloride) was added dropwise
into the solution and then stirred at room temperature
overnight. An additional 500 ppm 4-methoxyphenol
was added to the reaction solution and methylene
chloride was removed using a rotary evaporator. Ethyl
acetate was used to dissolve the remaining viscous
liquid and the solution was vacuum filtered to remove
TEA salts. Ethyl acetate was then removed using a
rotary evaporator to leave a viscous liquid, which was
then dissolved in methylene chloride and stored
at 4 °C.

Acr-PGS from LMW_PGS and HMW_PGS pre-
polymers yielded photocurable macromers of two dif-
ferent molecular weights, LMW_Acr-PGS and
HMW_Acr-PGS, respectively. Blended samples of
Acr-PGS were prepared immediately prior to use by
mixing LMW_Acr-PGS andHMW_Acr-PGS in speci-
fied proportions. The photoinitiator 2,2-dimethoxy-
2-phenylacetophenone (DMPA) was added to the
samples in methylene chloride and the methylene
chloride was removed with a rotary evaporator prior
to use.

2.2.2. Characterization of PGS prepolymer andAcr-PGS
The chemical structures andmolecular weights of PGS
prepolymer and Acr-PGS macromer were verified
using 1H nuclear magnetic resonance (Bruker
Advance 360MHz, Bruker) and gel permeation chro-
matography (GPC). The acrylation percentage was
determined using the estimation that two of the three
hydroxy groups present in glycerol reacted with the
sebacic acid.

For GPC analysis, PGS prepolymer was dissolved
in tetrahydrofuran (THF) at a concentration of
5 mg ml−1. GPC was performed on a Perkin-Elmer
Series 10 high-performance liquid chromatograph,
equipped with an LC-100 column oven (25 °C), a Nel-
son Analytical 900 Series integration data station, a
Shimadzu RID-10A refractive index (RI) detector, and
three AM gel columns (a guard column, 500 Å, 10 μm
and 104 Å, 10 μm). THFwas used as an eluent at a flow
rate of 1 ml min−1 and the number-average molecular
weights were determined with poly(methyl methacry-
late) standards (American Polymer Standards).

2.2.3. Rheological measurement
Acr-PGSmacromers weremixed with 0.5 wt%DMPA
for polymerization. Dynamic oscillatory time sweeps
were performed using an AR2000 stress-controlled
rheometer (TA Instruments) with an ultraviolet light-
guide accessory (SmartSwap™, TA Instruments) con-
nected to an ultraviolet light source (Omnicure S1000,
EXFO). The photopolymerization of Acr-PGS was
carried out under exposure to UV light (365 nm,
10 mW cm−2). Storage (G′) and loss (G′′)moduli with
time were monitored under 0.5% strain and 1 Hz,
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using a cone and plate geometry (59 min 42 s (0.995°)
cone angle, 20 mmdiameter, 27 μmgap) at 25 °C. The
viscosity of Acr-PGS macromers was determined by
measuring the slope of the shear stress versus shear
rate plot, measured under continuous flow
(0.0–50.0 s−1) and with an equilibration duration time
of 15 s.

2.2.4. Tensile testing
Photocured Acr-PGS samples (∼2 mm height, 5 mm
diameter)weremeasured using a dynamic mechanical
analyzer (Q800, TA Instruments) at a constant strain
rate of 10%min−1 in air at room temperature. The
modulus was determined from the slope of the stress–
strain curve between 10% and 20% strain. For tensile
testing, photocured Acr-PGS samples were prepared
as dog-bone shaped specimens (∼1 mmheight, overall
length of 30 mm, and a narrowed section that was
10 mm long and 5 mm wide). Samples were loaded
into textured grips on an Instron 5848universal testing
system (InstronCorp., 10 N load cell) and testedwith a
0.01 N preload and uniaxial extension (10 mmmin−1)
until failure. Force and displacement data were
acquired during loading and analyzed computation-
ally (MATLAB, MathWorks) to determine sample
stresses (calculated as measured forces divided by
cross-sectional areas), failure stresses (the maximum
stresses achieved), failure strains (the strains at which
the failure stresses were achieved), and elastic moduli
(taken from the slopes from 40% to 50% of failure
strains).

2.3. 3DP and imaging
A 3D printer adapted for deposition of materials by
extrusion, described previously [20, 21], was used for
printing PGS. Briefly, an extrusion system was built
that allowed extrusion ofmaterials from a syringe with
the plunger driven by the stepper motor by modifying
a commercially available 3D printer (Revolution XL,
Quintessential Universal Building Devices). This
extrusion system was mounted to the 3D printer’s
print head and G-code commands typically used to
control printer motion were used to position the
syringe needle and actuate extrusion. Standard 3DP
softwarewas used for controlling the printer (Repetier,
Hot-World GmbH & Co.) and G-code commands
were generated from 3D models (Slic3r, slic3r.org) or
customwritten. The density ofmaterial within printed
structures was varied by controlling the amount of
interior volume designated to be occupied by material
(fill density setting, in Slic3r) during generation of the
G-code, including 30% for low density (LD), 45% for
medium density (MD), and 60% for high density
(HD). Print speeds were specified such that the
extrusion rate matched the print head translation
during printing, which was typically 4 mm s−1. All
printed structures included vertical shells but not
horizontal shells.

Dog-bone structures were printed using the same
3Dgeometry used for casting the tensile test samples as
described above and scaffolds with complex shapes
derived from anatomical structures were printed from
respective 3D computer models. Specifically, Acr-PGS
macromers (with 0.5 wt% DMPA) were loaded into
glass syringes (Gastight syringes, Hamiliton Com-
pany) with affixed blunt tip 25 G needles that were
6 mm long. Syringes were loaded onto the 3D printer
and printed at ambient temperature (approximately
23 °C) with continuous irradiation of the print area
with UV light (10 mW cm−2) during printing and for
5 min post-printing. Rectangular grid print patterns
(10 mm on each side)were used to assess materials for
printability, with alternating layers of parallel fila-
ments rotated 90° relative to the previous. Isometric,
triangular grid print patterns were also investigated,
such that parallel filaments were deposited, with alter-
nating layers of parallel filaments rotated 60° relative
to the previous.

2.4. Scaffold characterization
PGS printed scaffolds were imaged using scanning
electron microscopy (SEM, FEI Quanta 600 environ-
mental scanning electron microscope). To analyze the
density of material in printed scaffolds, samples were
weighed, their bulk dimensions measured, and mass
per volume calculated. These values were compared to
cast samples to determine percent density. For degra-
dation analysis, solid or 3DP PGS polymer disks
(1 mm thick, 3 mm diameter) were prepared as
described above. PGS disks were weighed, incubated
in 1.5 ml of phosphate-buffered saline (PBS, pH 7.4),
and placed on an orbital shaker at 37 °C for up to 8
weeks. At weekly intervals, the solution was replaced
with fresh PBS. At each time point (2, 4, and 8 weeks),
three samples of each scaffold type were removed,
lyophilized (Freezone 4.5, Labconco), and weighed to
determine mass loss. For tensile testing, 3DP PGS
samples were prepared and analyzed as described
above.

2.5. Cell culture and characterization of cell-seeded
PGS scaffolds
NIH 3T3 fibroblast cells were cultured at 37 °C under
a humidified atmosphere of 5% CO2 in high glucose
Dulbecco’s Modified Eagle’s Medium (4.5 g l−1 glu-
cose) containing 10% fetal bovine serum and 1%
penicillin/streptomycin. For cell seeding, 3D-printed
PGS scaffolds were sterilized by incubation in 70%
ethanol for 30 min, washing with PBS, and incubation
in serum-containing media for 24 h. As an initial test
of cell adhesion and viability, 3T3 cell suspensions
(5×104 cells in 2 ml) were dripped onto 3DP PGS
scaffolds (2-layer, 10×10 mm, height: 0.29 mm) in a
24-well cell culture plate by pipette. After 24 h, the
cell-seeded scaffolds were transferred to new wells and
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stained with calcein-AM (2 μM in PBS, Life Technol-
ogies) at room temperature for 20 min.

To assess cell proliferation, 3T3 cell suspensions
(1×105 cells ml−1 in 100 μl) were dripped onto the
top center of 3DP PGS scaffolds (10-layer,
10×10 mm, height: 1.45 mm) in a 24-well cell cul-
ture plate. The scaffolds were incubated for 2 h and
then 2 ml of culture medium were added. After 24 h,
the scaffolds were transferred to a non-tissue culture
treated 12-well plate and assessed for metabolic activ-
ity for up to 4 d using an Alamar blue assay according
to the manufacturer’s protocol (Invitrogen Bio-
source, USA).

2.6. Statistical analysis
One-way analysis of variance followed by Tukey HSD
post-hoc tests was performed ondata sets to determine
statistical significance of differences in mechanical
testing, degradation, and cell proliferation. Signifi-
cance was set at P<0.05 with * or ** indicating
P<0.05 or 0.01, respectively. Error bars are reported
in figures as the standard deviation unless otherwise
noted.

3. Results and discussion

3.1. Characterization of PGSprepolymer and
Acr-PGS
PGS is attractive for biomedical applications because it
is elastic, biocompatible, and biodegradable. The
ability to process it into complex geometries across
multiple length scales, as with 3DP, would further
expand the utility of PGS. A photocurable version of
PGS, through the synthesis and reaction of Acr-PGS,
allows for the fabrication of PGS materials through
numerous fabrication techniques. Here, Acr-PGS met
the requirements for extrusion-based 3DP—it is
capable of flow during extrusion and then can rapidly
stabilize during deposition using a photopolymeriza-
tion reaction.

PGS prepolymers were first synthesized using a
polycondensation reaction of glycerol and sebacic acid
in a 1:1molar ratio, where PGS prepolymer with either
low molecular weight (LMW_PGS, Mn=5.78 kDa,
PDI=1.78) or high molecular weight (HMW_PGS,
Mn=6.32 kDa, PDI=1.99) was obtained with reac-
tion times of 36 h and 48 h, respectively. Next, the
hydroxyl groups of PGS were reacted with acryloyl
chloride to obtain Acr-PGS with an acrylation of
∼15% (figure 1(a)). Acr-PGS was photopolymerized
by introducing initiator (0.5 wt% DMPA) and expos-
ing to ultraviolet light. Rheology showed rapid poly-
merization of both LMW_Acr-PGS and HMW_Acr-
PGS, where the crossover of the storage (G′) and the
loss (G′′) moduli occurred within seconds and a pla-
teau modulus was reached within ∼1 min
(figure 1(b)). The storage modulus at the plateau was
dependent on the Acr-PGS molecular weight, with

∼8 kPa and ∼57 kPa achieved with LMW_Acr-PGS
and HMW_Acr-PGS, respectively. The ability to
rapidly crosslink permits the eventual application of
these materials to a 3DP process with photocuring for
material stabilization.

3.2. 3DPofAcr-PGSmacromers
Towards 3DP, the viscosity of the extruded ink is
important in both the ability to extrude a continuous
material and to maintain the printed structure during
stabilization, in this case with photopolymerization.
Here, the Acr-PGS molecular weight was altered by
changing the condensation polymerization time prior
to acrylation, which led to materials with measured
viscosities of either 3.18 or 8.78 Pa s for LMW_Acr-
PGS and HMW_Acr-PGS, respectively (figure 2(a)).
Furthermore, a range of Acr-PGS viscosities between
these limits were achieved through simple blending of
LMW_Acr-PGS and HMW_Acr-PGS at ratios of 50/
50, 25/75, and 10/90. As expected, with increasing
HMW_Acr-PGS content, the sample viscosity also
increased (figure 2(a)).

Tests to assess the printability of these formula-
tions included the 3DP of rectangular grid print pat-
terns to a height of four layers in the z-direction under
continuous UV irradiation (figure 2(b)). Upon ima-
ging the xy-planes of these printed structures from
above, the rectangular pores in the 100/0 and 50/50
samples were observed to be partially occluded with
material and the intersections of filaments in the 25/
75 sample also showed pooling of material. The print-
ing of the more viscous 0/100 macromer led to irre-
gular, relatively narrow filaments with some material
fracture. Thus, macromers with too low of viscosity
lost their printed structure prior to stabilization,
whereas a material that was too viscous led to fracture
and the inability to form continuous filaments. How-
ever, likely due to an optimal viscosity, the 10/90 sam-
ple maintained high fidelity to the computer-aided
design, with regular filament widths, regular spacing,
and no evidence of material pooling at intersections.
When the 10/90 sample was printed without UV irra-
diation, pore occlusion was observed, illustrating the
importance of rapid stabilization prior to flow of the
material.

The optimal viscosity for extrusion-based printing
depends on numerous parameters, such as the needle
size and the speed of stabilization. Thus, the viscosity
to be used may need to be designed for each printing
system. We chose to blend two materials to alter the
PGS macromer viscosity; however, this could also be
done with a single macromer and optimized PGS pre-
polymer synthesis times if properties and structure-
property relationships are known a priori. There may
also be other methods available to alter the material
viscosity, such as with a solvent, through heating of the
nozzle during extrusion, or by introducing thixotropic
agents; yet considerations to the removal of the
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solvent, the influence of temperature on material sta-
bility, or the effects of a secondary material in the con-
struct’sfinal applicationwould need to be addressed.

Using an isometric triangular grid pattern and the
optimized 10/90 LMW_Acr-PGS/HMW_Acr-PGS
formulation, four- and ten-layered structures were
printed and examined for fidelity to computer-aided
designs using light microscopy and SEM (figure 3).
Both 4-layered (figure 3(a)) and 10-layered
(figure 3(b)) structures showed uniform fibers, no
pore occlusion and high precision filament deposition
at points of intersection. Thus, highly regular

structures could be achieved at the micro- and mesos-
cales in printing Acr-PGSmacromers with subsequent
photocuring. Characteristic of 3DP capabilities, here
with stepper motor positioning specified for resolu-
tions of 3.5 μm±5%, filaments could be repeatedly
placed with great precision and at high resolution. The
printed filaments had measured diameters of
258.8±14.8 μm, but this can be changed through
parameters such as needle gauge and printing speed.

Printing to 10 layers provided indirect evidence
that printed Acr-PGS experienced minimal collapse
during the printing of numerous layers. Also, minimal

Figure 1. (a) Synthesis schemes of PGS prepolymer andAcr-PGS. (b)Rheology of the photopolymerization of LMW_Acr-PGS and
HMW_Acr-PGS underUV exposure (10 mW cm−2).

Figure 2. (a) Shear stress-shear rate plots of LMW_Acr-PGS/HMW_Acr-PGS blends with different ratios. (b)Printedfilaments of
LMW_Acr_PGS/HMW_Acr_PGS blendswith different ratios and one formulation (10/90)without light exposure. Scale bars are
500 μm.
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pooling was observed at the intersections of filaments,
which would have indicated material flow downward
in the z-direction prior to stabilization. SEM images
revealed distinct filaments in the z-direction, which
are joined at points of intersection, but do not coalesce
between intersections to parallel strands in lower lay-
ers. This formulation therefore allowed for the fila-
ments to be stabilized by covalent crosslinking prior to
downward flow or significant sagging along the length
of the filament spans. This is desirable for the applica-
tion of these 3D printed constructs in tissue engineer-
ing, where the diffusion of nutrients, wastes, and
signaling molecules as well as migration throughout
the scaffold is important.

3.3.Mechanical and degradation analysis of 3DP
scaffolds
Samples of cast and 3DP Acr-PGS, prepared with the
10/90 LMW/HMW PGS mixture, were used for
uniaxial tensile testing (figures 4(a) and (b)). Printed
samples had no continuous bottom or top layer, but
instead consisted of a wall and a rectilinear infill whose
fill density was varied to assess how macroscale
construct properties might be affected by varying the
mesoscale structure. Densities measured for printed
samples, as a percentage of cast sample density, were
35.8%±3.6%, 49.7%±5.3%, and 60.0%±4.7%
(n=3, mean±standard deviation), for the LD, MD,
and HD samples, respectively. As expected, the
measured properties of the scaffolds varied with

Figure 3. (a) 4-layered and (b) 10-layered printed patterns using 10/90 LMW_Acr-PGS/HMW_Acr-PGS blends. The top images are
optical images, and the bottom images are SEM images.

Figure 4. (a)Cast and printed PGS samples with different printingmaterial density for tensile testing. (b)Representative images of a
low-density printed sample immediately before, during, and after tensile loading. (c)Modulus, (d) failure stress and (e) failure strain of
the cast and printed samples at various densities. (n�4measurements per group, data presented asmean±s.d.). Statistical
significancewas calculated based on printed samples relative to cast sample. *P<0.05 and **P<0.01.
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filament density (figures 4(c)–(e)). The highest mod-
ulus of ∼740 kPa was observed for the cast sample,
followed by the HD sample at ∼480 kPa, the MD
sample at ∼350 kPa, and finally the LD sample at
∼310 kPa (figure 4(c)). This trend was mirrored in
measurements of failure stresses (figure 4(d)), with the
cast sample failing at ∼450 kPa, the HD sample at
∼330 kPa, MD at ∼210 kPa, and LD at ∼120 kPa.
Failure strains (figure 4(e)) followed a similar trend,
measured at ∼86% for the cast sample, ∼70% for the
HD sample,∼67% forMD, and then∼40% for the LD
sample. Through 3DP, the properties of macroscale
constructs were therefore modified by changes in their
mesoscale structures.

Here, the tensile properties of the scaffolds varied
to some extent via the density of the printed materials,
while maintaining the same material formulation.
This observation is consistent with expectations, as
stresses were measured as a function of the macro-
structural cross-section, whereas the actual construct
was composed of discrete struts, which themselves
were composed of layers of printed filaments, whose
density was varied at the mesoscale. All materials
exhibited some elasticity, as the materials were
deformed prior to failure. In addition to printed fila-
ment density, there are numerous other methods that
can be used to alter material mechanical properties.
For example, the crosslink density could be altered
through changes in the polymerization time or
through alterations in the acrylation percentage of the
Acr-PGSmacromers.

In addition to mechanical properties, the degrad-
ability of the various PGS scaffolds was assessed in vitro
in PBS for up to 8 weeks (figure 5). As expected based
on previous studies of PGS degradation [42, 43], the
materials degraded slowly, losing only ∼20% of their
mass over an 8 week period for all print densities. As

PGS is known to degrade by surface erosion, these
results would be expected given that increasing fila-
ment density should not alter the surface-to-volume
ratio of the PGSmaterial given the high porosity of the
structures. While junction points between filaments
would increase, filaments are otherwise in contact
with water over their surface, and are expected to
degrade at the same rate, regardless of how many are
present. The independent relationship observed
between degradation rates andmaterial density should
allow mesoscale features, such as filament density or
placement, to be used to modify bulk properties of the
construct without shortening or extending its lifespan.
This may be useful in tissue engineering, by allowing
different properties to be achieved during tissue regen-
eration without shortening the time over which the
scaffold supports tissue regeneration. However, the
degradation times could be altered through the synth-
esis of varied macromers, although this would be tied
tomechanical properties.

3.4. 3DPof tissue structures
PGS constructs replicating the complex, macroscale
geometry of the lateral meniscus of a knee (figure 6(a))
and an ear (figure 6(b)) were printed from 3D
computer models. The printed constructs faithfully
reflected the macroscale complexity of the 3D models
and were elastically deformable. In printing, structural
complexity can be controlled across length scales
(micro <100 um, meso <5 mm, macro >5 mm),
allowing properties to be governed by microscale
features and to alter the porosity of printed structures.
While experiments printing grid structures demon-
strated the ability to print complex geometries and
control material structure at the micro- and mesos-
cales using Acr-PGS, macroscale complexity will allow
constructs to be printed that reflect biologically

Figure 5.Mass loss of PGS scaffolds during incubation in PBS at 37 °C for up to 8weeks. (n=3measurements per group, data
presented asmean±s.d.). Therewere no statistical differences inmass lossmeasured for any of the groups at these time points.
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relevant and patient-specific geometries. Considering
the high (>400 kPa) elasticmodulimeasured in tensile
tests of Acr-PGS structures, these results demonstrate
that it may be possible to 3D print scaffolds to aid in
the replacement of tissues that are highly elastic or
subject to significant and repeated loading in vivo, such
as with the ear or the knee’s lateral meniscus,
respectively.

3.5. Cell culture and cytocompatibility
Towards applying 3DP PGS structures in regenerative
medicine, it was important to show that they sup-
ported cell growth and proliferation. Cytocompatibil-
ity was assessed with both calcein AM staining of 3T3
fibroblasts seeded onto constructs (figure 7(a)) and
metabolic assays that monitored cells for up to 4 d
(figure 7(b)). Thefibroblasts were observed to be viable
and to spread into confluent layers when seeded onto
the printed PGS filaments. These observations were
expected, in accordance with observations reported
elsewhere on cellular adhesion to PGS surfaces [26],
likely mediated through serum adsorption to the
polymer surfaces and integrin-mediated adhesion.

Using Alamar blue to assay cellular metabolism, as a
proxy for cell number, an increase in the number of
fibroblasts was observed for the 3DP Acr-PGS con-
structs over time. At day 2, the cell population had
doubled over day 1, and continued to increase up to
day 4 (figure 7(b)). Cell proliferation was thus
observed with doubling times on the order of the 20 h
doubling time typically observed for 3T3 fibroblasts. It
is not surprising that the 3DP process did not
negatively affect PGS cytocompatibility, as the bulk
material is the same aswith previous studies.

4. Conclusions

The continual development of 3DP technologies will
aid in the engineering of complex tissues. Here, we
were able to 3D print Acr-PGS inks to harness the
elastomeric, biodegradable, and cytocompatible prop-
erties of PGS into 3DP scaffolds. The design and
control of PGS properties, including rheological and
crosslinking behavior, through synthesis and ink
formulation enabled the rapid fabrication of spatially

Figure 6. 3D-printed tissue structures based on the (a) lateralmeniscus of a knee and (b) the cartilaginous structure of an ear. Printed
structures replicate the imagefiles, with internal porosity based on specified fill densities of 40%. Printed structures are elastic,
deforming under applied forces and recovering fully.

Figure 7. (a) 3T3fibroblasts cultured on a 2-layered scaffold and stainedwith calcein-AM after culture for 24 h. (b)Normalized (to day
1 values)metabolic activity of 3T3fibroblasts cells on a 10-layered scaffold, where activity was determined for up to 4 d using an
Alamar blue assay. (n=3measurements per group, data presented asmean±s.d.). The values at all time points were statistically
significant from each other (P<0.001 for all comparisons).
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complex, elastomeric scaffolds. These scaffolds were
demonstrated to havemultiscale structures, capable of
supporting cell cultures and replicating native tissue
shapes, according to specified computer-aided
designs. This first demonstration of the ability to 3D
print PGS combines the strengths of 3DP and PGS,
expanding the properties available in 3D printed
structures and the potential to fabricate complex
biocompatible, elastomeric tissue replacements.
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