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Abstract
A major tissue engineering challenge is the creation of multilaminate scaffolds with layer-specific
mechanical properties representative of native tissues, such as heart valve leaflets, blood vessels,
and cartilage. For this purpose, poly(ethylene glycol) diacrylate (PEGDA) hydrogels are attractive
materials due to their tunable mechanical and biological properties. This study explored the
fabrication of trilayer hydrogel quasilaminates. A novel sandwich method was devised to create
quasilaminates with layers of varying stiffnesses. The trilayer structure was comprised of two
“stiff” outer layers and one “soft” inner layer. Tensile testing of bilayer quasilaminates
demonstrated that these scaffolds do not fail at the interface. Flexural testing showed that the
bending modulus of acellular quasilaminates fell between the bending moduli of the “stiff” and
“soft” hydrogel layers. The bending modulus and swelling of trilayer scaffolds with the same
formulations were not significantly different than single layer gels of the same formulation. The
encapsulation of cells and the addition of phenol red within the hydrogel layers decreased bending
modulus of the trilayer scaffolds. The data presented demonstrates that this fabrication method can
make quasilaminates with robust interfaces, integrating layers of different mechanical properties
and biofunctionalization, and thus forming the foundation for a multilaminate scaffold that more
accurately represents native tissue.
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INTRODUCTION
There is growing interest in the development of natural and/or synthetic hydrogel materials
for use in tissue engineering. Synthetic hydrogels, like poly(ethylene glycol) (PEG), are
particularly interesting because they are intrinsically biocompatible, permit the rapid
encapsulation of cells in cytocompatible conditions,28 and allow for extensive modification
of their biochemical and biomechanical characteristics.1,31 In order to broaden the
application of hydrogels in tissue engineering, this study looks at the challenge of
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constructing laminate hydrogel scaffolds with layer-specific mechanical properties for the
purpose of tailoring layer-specific properties. Many native tissues are layered in structure,
which offers several advantages. For example, heart valve leaflets possess a trilayered
structure of collagen, elastin, and hyaluronan,24 which confers flexibility to the valve leaflet
while maintaining its bulk tensile strength to prevent backflow of blood into the left
ventricle.37,38 Other layered tissues like blood vessels,34 cartilage,32 and intervertebral
discs,13 have varying extracellular matrix compositions, stiffnesses, cellularities, and cell
types across their layers, whether these layers are organized in a planar arrangement or
concentrically. Given the biocompatible and tunable properties of PEG hydrogels, this study
explores the creation of multilaminate hydrogel scaffolds with the potential of varying
mechanical properties and cellularity across their layers.

While many layering methods exist in the literature, including layer-by-layer approaches
involving dip or spray coating,29,33 and spatially-controllable thin-film polymer
assemblies,30 these methods involve either harsh processing or result in layers that are
thinner than the tissues of interest. As a result, they do not translate well to hydrogels or cell-
encapsulated scaffolds. The bulk of the literature regarding hydrogel lamination has focused
on crosslinking for the creation of “quasilaminates.” Specifically, lamination has been
achieved either by taking partially or undercrosslinked hydrogel layers,7,10,18–20,27

assembling them in their final form, then crosslinking the whole laminate scaffold, or by
patterning bulk hydrogels to have regionally-specific properties, such as stiffness16,17,21,25

or bioactivity.12 A few studies have used this method to create laminate scaffolds, but did
not vary the material properties, nor did they investigate the final material behavior.7,19,20

Some studies have varied the cell type across the layers while keeping the hydrogel
formulation constant, and while demonstrating a laminate biological structure, these studies
also did not test for the final material properties.10,18 Three studies in literature have
investigated layered hydrogels with varying mechanical properties. In one study developing
approaches for endochondral tissue engineering, layered PEG dimethacrylate hydrogels
were fabricated with varied glycosaminoglycan (GAG) types and content in the different
layers. Although the material properties of the layers were initially comparable, the varied
hydrogel formulations promoted differential behavior and matrix deposition of the cells
encapsulated within each layer, yielding distinct layers and a gradient of compressive
strength.27 A second study introduced a hydrogel lamination technique using similar
hydrogel layers with different densities.15 This technique created continuous interfaces
between the hydrogels compared to sequentially layered hydrogels, although using
hydrogels with comparable mechanical properties. Another study looked at laminating
chemically crosslinked oligo(poly ethylene glycol fumarate) hydrogels of varying polymer
length. Lamination of hydrogels with different mechanical properties was demonstrated,
although the mismatch in swelling between the hydrogel layers often resulted in gel
tearing.36 The swelling between hydrogel layers would seem to be a major limitation, as
large differences in swelling could lead to gross deformity in the overall gel.36 Therefore,
this study takes into consideration the mass swelling ratio in the design of quasilaminate
hydrogels.

The objective of this study was to generate a quasilaminate hydrogel scaffold that allowed
direct control of layer specific cellularity and material properties in an effort to mimic the
layered microstructure of the valve leaflet. While previous layering strategies guided the
work performed in this research, the data presented herein represents the first successful
efforts to: (1) fabricate photopolymerized trilayer composite hydrogels; (2) rigorously test
multilayer photopolymerized hydrogel interface strength; and (3) characterize the
mechanical behavior of multilayer poly(ethylene glycol) diacrylate (PEGDA) scaffolds with
layer-specific composition. This study forms the basis for fabrication of state-of-the-art
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layered scaffolds that could address the current limitations of basic hydrogels. The results
presented have implications for biomaterials and tissue engineering of laminate tissues.

METHODS
Cell Culture

While any generic cell type could have been encapsulated within the hydrogels, aortic valve
interstitial cells (VICs) were used due to their availability. Aortic valves were dissected from
fresh porcine hearts obtained from a commercial abattoir (Fisher Ham and Meats, Spring,
TX). Primary cultures of VICs were isolated from the aortic valve leaflets by a multistep
collagenase digestion9,35 and were cultured in DMEM/F12 supplemented with 10% bovine
growth serum (Hyclone, Logan, UT) and 1% antibiotic/antimycotic solution (Mediatech,
Manassas, VA) in an incubator (37 °C, 5% CO2, 95% humidity). Medium was changed
every 2 days and cells were passaged at 80–100% confluence. Cells between passages 4 and
8 were used for encapsulation.

Synthesis of PEGDA
PEGDA was prepared using previously described methods.9 Briefly, PEG (3.4, 6, and 8
kDa, Sigma-Aldrich, St. Louis, MO) was reacted with acryloyl chloride (4:1 acryloyl
chloride:PEG molar ratio, Sigma-Aldrich) and triethylamine (TEA, 2:1 TEA:PEG molar
ratio, Sigma-Aldrich) overnight. The reaction was then rinsed with 2 M potassium carbonate
and phase separated overnight. The PEGDA-containing organic layer was collected and
subsequently dried with magnesium sulfate. After filtering out the magnesium sulfate, the
solution was precipitated in cold diethyl ether. The PEGDA product was collected by
filtration, lyophilized, and finally stored at −20 °C.

Synthesis of Fluorescent PEG-Peptides
Fluorescently tagged PEG-peptides were synthesized as previously described.8,12 Peptides
(RGDS and IKVAV) were reacted in DMSO with PEG-SCM (Laysan Bio, Arab, AL) and
DIPEA overnight at a 1:1.2 and 1:2 ratio, respectively, then dialyzed against ultrapure H2O
at room temperature for 2 days and lyophilized overnight. The subsequent PEG-peptides
were then fluorescently tagged by reacting overnight with AlexaFluor succinimidyl ester
(488 for PEG-RGDS, 633 for PEG-IKVAV, Invitrogen, Carlsbad, CA) at a 10:1 molar ratio.
The resulting product was dialyzed against ultrapure H2O at room temperature for 2 days,
lyophilized overnight, and stored at −20 °C.

Creation of Trilayer Quasilaminates
Trilayer quasilaminate gels were fabricated in permutations of two PEGDA formulations:
12.5% (w/v) 3.4 kDa PEGDA in ultrapure water, or formulation A; and 10% (w/v) 6 kDa
PEGDA in ultrapure water, or formulation B. Formulation A is stiffer than B due to its
lower molecular weight and higher weight percentage.9 The mass swelling ratios of
formulations A and B were found to be 9.19 ± 0.49 and 12.86 ± 0.43 (n = 7).6 The following
permutations were tested (gels are bracketed, acellular conditions are stated in lowercase):
[A-B-A]; [a-b-a]; [a-a-a]; [b-b-b]; and single-layer controls [a], [b], [A], and [B] (n = 4–8).
Prepolymer solutions were crosslinked using the addition of the photoinitiator Irgacure 2959
(100 mg/mL in ethanol, Sigma Aldrich, St. Louis, MO) at a concentration of 3% (v/v) in
prepolymer solution, and the subsequent exposure of longwave UV light (365 nm, 10 mW/
cm2)

Molds were first prepared by coating 3″ ×9 2″ glass slides with Sigmacote (Sigma-
Aldrich), a silicone surface-coating lubricant, yielding glass slides with a hydrophobic
coating. PTFE spacers with the desired strip geometry and thickness (5 mm wide, 0.5 mm
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thick) were sandwiched between one untreated slide and one coated slide (Fig. 1). After the
prepolymer solution A was pipetted into two molds, they were simultaneously exposed to
UV light for 4.5 min, with the untreated slide closest to the illumination source. Following
exposure, the coated slides were removed, resulting in two partially crosslinked, gelatinous
slabs that preferentially adhered to the untreated slides. Next, a third PTFE spacer was
sandwiched between the two slides with partially crosslinked gels were positioned on the
outside, yielding an A-empty-A assembly (Fig. 1) with a total thickness of 1.5 mm.
Prepolymer B was added to the void between the slab gels and the assembly was again
exposed to UV light for 10 min, with a 180° rotation about the length and width of the slide
after 5 min. Single-layer controls were similarly crosslinked in a strip mold (5 mm wide, 1.5
mm thick) between two Sigmacote treated slides, with a UV exposure time of 14.5 min to
match the exposure experienced in the quasilaminates.

For cellular quasilaminates, the prepolymer solutions were made in media with phenol red
and sterilefiltered within a laminar flow hood. Cells were added at a concentration of 2.2 ×
107 cells/mL, and hydrogels were formed under sterile conditions similarly to acellular
scaffolds. The scaffolds were then swelled for 48 h in either PBS at room temperature for
acellular scaffolds, or in media inside an incubator (37 °C, 5% CO2) for cellular scaffolds. In
order to visually distinguish the mechanically distinct layers, acellular gels were soaked in
cresyl violet acetate solution (0.2 mg/mL in PBS, Sigma-Aldrich) overnight. Images were
captured under a stereo microscope (MZ6, Leica, Wetzlar, Germany).

In order to demonstrate layer specific bioactivity, fluorescently labeled PEG-RGDS was
added to prepolymer solution (1 mM) A and fluorescently labeled PEG-IKVAV was added
to prepolymer solution (1 mM) B. The gels were fabricated in the same manner as described
above. Furthermore, layer specific cellularity was achieved by generating quasilaminate
hydrogels as described above, but with different cell densities between formulation A (2.0 ×
107 cells/mL) and formulation B (2.0 × 106 cells/mL). After 2 days of swelling in media, 4′,
6-diamidino-2-phenylindole (1:1000, DAPI, KPL, Gaithersburg, MD) was used to stain the
cell nuclei. Fluorescent images of layered bioactive hydrogels and hydrogels with different
cell densities were imaged on a confocal microscope (LSM 510 META NLO, Zeiss,
Oberkochen, Germany) and processed using ImageJ (NIH, Bethesda, MD).

Flexure Testing of Hydrogels
As layering can affect flexural behavior, the quasilaminate hydrogels and the single layer
controls were subjected to flexure tests, performed as previously described.9,11,23 Briefly,
samples were first soaked in a fluorescein solution to turn the gels bright green for the
purpose of providing contrast. The samples were then loaded onto a custom 3-point bending
tester and deformed 6 mm at a rate of 1.5 mm/min in the center against a bending bar, which
moves relative to a fixed reference bar (Fig. 2). Sample deformation was tracked optically
with high-definition video (1280 × 720) at 30 fps (EOS Rebel T1i, Canon, Tokyo, Japan).
The resulting video was demultiplexed into 8-bit grayscale images using ImageJ, and
analyzed using parallel MATLAB (Mathworks, Natick, MA) code that performed digital
image correlation in a method described previously.9 Change in curvature was calculated
from fitting the gel to a second-degree polynomial.9,11,23 The moment applied was
calculated by measuring the displacement of the bending bar relative to the reference bar,
and from that, assuming cantilever beam theory, calculating moment applied to the gel. By
graphing the moment against the change in curvature graph, the effective bending modulus
(Eeff) could be calculated.9,11,23 Gel thickness was measured using the same images. One-
way ANOVA testing was performed on this data, along with post hoc Tukey’s testing to
observe pairwise comparisons (JMP, SAS, Cary, NC). Significance was defined as p < 0.05.
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Creation of Bilayer Quasilaminates for Interface Strength Testing
Bilaminar A-B PEGDA quasilaminates were prepared to measure interfacial strength.
Formulation A was 12.5% 3.4 kDa, whereas formulation B was either 6 kDa, 10% (w/v) or
8 kDa, 5% (w/v) (n = 6). Layered gels were prepared by filling a 1″ × 3″ mold halfway with
prepolymer A, exposing for 4.5 min, and then filling completely with prepolymer B and re-
exposing for 10 min. The resulting gels were swollen for 48 h in cresyl violet acetate
solution to visualize the two distinct layers (Fig. 3). Lower molecular weight gels were
stained a darker purple than the high molecular weight gels.25 The gels were punched into a
5 mm wide, 30 mm long rectangular strip for uniaxial tensile testing where the interface was
placed at the center of the strip. Hydrogel samples were then pulled to failure at 6 mm/min
(ELF 3200, Bose ElectroForce, Eden Prairie, MN), and the tensile elastic modulus (Et) and
failure stress (σf) were measured in MATLAB. High-speed video (EOS Rebel T1i) was used
to ensure that the samples did not fail at the layer interface. One-way ANOVA testing and
post hoc Tukey’s testing were used for statistical analysis (JMP, SAS).

RESULTS
Generation of Quasilaminate Hydrogels

Quasilaminate gels were successfully fabricated using a novel “sandwich” layering method
(Fig. 1). This layering method was also used to create quasilaminate gels with different
bioactivities and cellularities (Fig. 4). [A-B-A] quasilaminates swelled the most, to a mean
thickness of 1.95 ± 0.04 mm (130% of 1.5 mm original thickness), which is thicker than the
predicted thickness of 1.66 mm based on the single-layered cellular controls [A] (1.65 ±
0.11 mm) and [B] (1.69 ± 0.06 mm) (Fig. 2). There was no change in swelling between
acellular single-layer and trilayered controls ([a], 1.78 ± 0.04 mm and [a-a-a], 1.87 ± 0.04
mm; [b], 1.90 ± 0.04 mm and [b-b-b], 1.90 ± 0.02 mm). The addition of cells significantly
reduced the thickness of the gels compared to single-layer controls, except for the [A-B-A]
quasilaminate, which was significantly thicker than the comparable acellular [a-b-a]
hydrogel (1.78 ± 0.05 mm).

Flexure Testing
To assess their flexural behavior, quasilaminates and single layer control hydrogels were
subjected to three point flexure testing (Fig. 2). As expected based on their hydrogel
formulation, [a] gels (223.40 ± 23.69 kPa) had a significantly higher Eeff than [b] gels
(118.25 ± 14.05 kPa). The Eeff of [a-b-a] gels (180.36 ± 22.21 kPa) was lower but not
significantly different from [a] gels, but was significantly higher than [b] gels. It was also
found that the effects of layering alone did not significantly change the Eeff of the scaffold
([a-a-a] 241.24 ± 41.44 kPa; [b-b-b] 150.23 ± 63.98 kPa). The addition of cells reduced Eeff
significantly for both [A] (75.41 ± 47.70 kPa) and [B] (63.00 ± 3.75 kPa), but not for [A-B-
A] (125.51 ± 34.53 kPa, p = 0.21).

Interfacial Bonding
As the different layers were covalently crosslinked together, there was the potential for the
generation of swelling-mediated stress at the interface. To determine the robustness of the
layer interface, tensile testing of bilayer quasilaminate hydrogels was performed. Bilayer
quasilaminates were fabricated with 12.5% 3.4 kDa PEGDA and two different B
formulations, 10% 6 kDa or 5% 8 kDa PEGDA (Fig. 3). The bilayer quasilaminates were
statistically similar to the higher MW bulk gel with regards to Et (bilayer v. bulk, 10% 6
kDa: 58.73 ± 8.45 kPa v. 48.85 ± 3.45 kPa; 5% 8 kDa: 11.1 ± 0.62 kPa v. 6.19 ± 0.97 kPa)
as well as σf (bilayer v. bulk, 10% 6 kDa: 19.03 ± 3.91 kPa v. 19.90 ± 3.61 kPa; 5% 8 kDa:
4.55 ± 1.89 kPa v. 5.49 ± 0.75 kPa). Images taken from high-speed video capture
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demonstrated that the bilayer quasilaminate failed in the less stiff layer and not at the
interface of A and B.

DISCUSSION
This study presented a novel method for making quasilaminate hydrogels with layer-specific
and mechanically distinct formulations. Rigorous mechanical testing was performed to
demonstrate the formation of strong laminate interfaces using the methods presented. These
methods for fabricating quasilaminate gels could have broad application as the basis for
generating heterogeneous scaffolds for tissue engineering layered structures, such as heart
valves, blood vessels, cartilage, and intervertebral discs. A novel “sandwich” layering
method was used to fabricate the quasilaminate gels with an A-B-A layer composition. First,
the stiff A layers were created by adding prepolymer A to glass slide molds and partially
crosslinking using ultraviolet light. The mold was then reconfigured to create a space
between the A layers where prepolymer B could be deposited. The entire assembly was
subsequently exposed to UV light to polymerize the B layer and crosslink all three layers
together. The result was the successful fabrication of quasilaminate hydrogels composed of
individual lamina less than 1.0 mm thick. Tensile testing of bilayer quasilaminates showed
that the interface between layers created in this method did not fail before the constituent
layers themselves. Flexure testing demonstrated that A-B-A quasilaminates had an Eeff
between the control moduli of its two constituent formulations. In all groups, the addition of
cells reduced the Eeff. In addition, the gels can be modified with either different cell-ularities
or bioactivities to tailor quasilaminates for specific applications.

The Eeff of [a-b-a] gels was in between that of [a] and [b] single layer controls, although it
was only significantly higher than [b]. This matches our expectation of a an Eeff in between
the two controls; based on composition (2/3 A, 1/3 B) and the Eeff of the two controls, [a-b-
a] gels should have an Eeff of 188 kPa, close to the 180 kPa ± 22.21 kPa that was recorded.
This data suggests that the fabrication method presented created a strong interface with
which trilaminate gels flexed as one continuous material across their thickness. This result
was confirmed by the tensile testing of bilayer hydrogels, which did not fail at the interface
and only in the higher MW gel. The evidence of a strong interface was further supported by
the fact that layering in [a-a-a] and [b-b-b] gels did not significantly alter Eeff or the gel
thickness. Overall, this study demonstrated the robustness of this method in creating strong
laminate interfaces.

A major factor in this work was the matching of swelling between layers, which limited the
range of prepolymer formulations and associated variations in mechanical properties that
could be used to form layers.36 The largest difference in mass swelling ratio used was 19.03,
which was found in the bilayer quasilaminates with 5% 8 kDa as the soft gel B (12.5% 3.4
kDa: 9.19; 5% 8 kDa: 28.22). A potential solution to this limitation is to decouple the
material properties of the gel from swelling, which has been demonstrated in recent
literature, either with the addition of methacrylated alginate4 or multi-arm PEG.3

Decoupling the two parameters could lead to the use of a wider array of hydrogel
formulations, including substantially softer gels with high-swelling capabilities similar to
hyaluronan.22

The encapsulation of cells with media containing phenol red did significantly reduce Eeff in
[A] and [B] gels, while only nominally having this effect on [A-B-A] gels. This result is
consistent with previous studies demonstrating that high densities of encapsulated cells
(~107 cells/mL and higher) affected the Eeff of the gels.5,9 Interestingly, when cells were
encapsulated only within the soft middle layer (in [a-B-a] hydrogels), there was no
significant difference between these partially cellular and the fully acellular hydrogels (data
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not shown). In addition, the authors found that the removal of phenol red increased the Eeff
of cellularized 3.4 kDa gels, but not to the level of bulk gels (data not shown). It should be
noted that in this study, the timeframe of maintaining cells within the hydrogels was only 2
days and that these cellularized gels were not functionalized with biological factors to direct
cell behavior. Based on previous literature, it is speculated that with a longer culture time,
the material properties would change significantly over time with deposition of extracellular
matrix components.27 As a result of the limited time frame of the culture in this study,
significant extracellular matrix deposition was not expected, and thus, significant differences
in material properties of the quasilaminates cannot be attributed to the cells’ production of
extracellular matrix. The reduction in Eeff in cellular gels could have resulted either because
the cells served as a particular exclusion in the gel that weakened its flexural strength, or the
addition of phenol red reduced crosslinking, or a combination of both. Unexpectedly, while
the addition of cells to single layer controls [A] and [B] reduced swelling (compared with [a]
and [b]), [A-B-A] swelling increased relative to [a-b-a] and was highest of all the gels. A
possible explanation could be the differential exposure times used between single-layer
controls and quasilaminates, where the inner layer was exposed for 10 out of the total 14.5
min. Additional studies will be necessary to understand the effect of cell encapsulation on
hydrogel swelling.

The layered fabrication utilized in this work is appealing due to its relative simplicity. Each
layer is created independently, thus allowing for the manipulation of the mechanical,
biochemical, and cellular components on a layer specific level. Previous work has shown the
ability to use multiple crosslinking steps to pattern areas within hydrogel materials that are
stiffer,21,25 nondegradable,16,17 or contain specific biomolecules.12 The integration of
patterning techniques with the methods introduced here could lead to the development of
complex, layered hydrogel systems that are highly tunable.

The methods developed and implemented in the studies described herein are the first to
demonstrate strongly bonded photocrosslinked multiphase hydrogels that retain their layered
structure following swelling. These methods allowed the development of a biphasic,
trilayered composite hydrogel with distinct stiffness and cellularity between layers. The
micro-scale mechanical environment can be engineered to have a desired stiffness that is
independent from the overall laminated hydrogel properties. This approach provides a
valuable tool to control cellular microenvironment and behavior via layer-specific substrate
stiffness while maintaining macro-mechanical properties that mimic the structure and
function of the target native tissue. This approach should also seamlessly integrate with
layer-specific biofunctionalization strategies. One suggested application of this technology
is for control of behavior of cells, such as VICs, that respond to high substrate stiffness by
accelerating calcific nodule formation.2 Controlling the bulk and pericellular stiffnesses of
quasilaminate hydrogels with encapsulated VICs could result in engineered tissues less
prone to calcification.2 Furthermore, composite theory dictates that a larger proportion of
stress is imparted to the stiffer layers in a laminate.14 From this it can be inferred that when
these scaffolds are flexed, cells in the middle layer are potentially shielded from the high
stresses resulting from large flexural deformations, which have been correlated to sites of
valve calcification.2 Another suggested application for this methodology, when applied in a
concentric manner, would be efforts to tissue engineer the intervertebral disc, in which the
inner nucleus pulposus layer is more compliant, and richer in GAGs, than the outer annulus
fibrosis layer.26

In conclusion, the described methods allow the fabrication of increasingly complex
architectures in hydrogel scaffolds. These studies were the first to demonstrate a
photopolymerized quasilaminate scaffold with strong layer–layer adhesion where each layer
had distinct composition, bioactivity, and cellularity. Additionally, these studies tested the
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flexural stiffness of “stiff-soft-stiff” quasilaminates. These methods will likely find their first
utility in tissue engineering, where layered structures are diffiult to create with existing
synthetic hydrogel fabrication techniques. This straightforward technique presented in this
study could allow for the control of mechanical properties, bioactivity, and cell type between
distinct layers, and could be expanded and improved upon with the decoupling of
mechanical properties and swelling.3,4 The methods described herein serve as a basis for the
creation of cell-type specific microenvironments that leverage the cell’s synthetic ability to
induce tissue regeneration. Finally, the use of a photopolymerizable hydrogel system
provides the ability to fabricate various architectures outside of the rectangular structures
presented, further increasing the ability to mimic tissue microstructures. These methods
permit the recapitulation of tissue-specific anatomical features in hydrogels, which are
expected to yield superior mechanical performance of the resulting scaffolds and allow the
creation of diverse functional engineered tissues.
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FIGURE 1.
Schematic depicting the fabrication of trilayer quasilaminates with an A-B-A composition.
Gel A is 12.5% 3.4 kDa PEGDA, gel B is 10% 6 kDa PEGDA. This fabrication technique
can be used to generate scaffolds with different stiffnesses and cellularity in each layer.

Tseng et al. Page 11

Ann Biomed Eng. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



FIGURE 2.
(a) Close-up view of the layers of the quasilaminate hydrogel, with two outer A (12.5% 3.4
kDa PEGDA) layers and an inner B (10% 6 kDa PEGDA) layer. Scale bar = 1 mm. (b)
Trilayer quasilaminate prepared for three point flexure. Scale bar = 5 mm. (c) Thickness of
quasilaminate gels, either 1.5 mm plain single-layer gels in black columns ([a], [b]), layered
gels in gray columns ([a-a-a], [b-b-b], [a-b-a]), or cellularized gels with phenol red in white
columns ([A], [B], [A-B-A]). (d) Effective bending modulus of quasilaminate gels. Layering
had no significant effect on effective bending modulus or thickness. The addition of cells
and phenol red reduced thickness and bending modulus for [A] and [B], but did not affect
[A-B-A] bending modulus, and increased thickness. n = 4–8. * and # indicate significant
differences (p < 0.05) between cellularized gels with phenol red and either bulk gels or gels
with layers; ^ and & indicate significant differences (p < 0.05) between groups marked by
pairs of symbols.
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FIGURE 3.
(a) Schematic depicting the fabrication of bilayer quasilaminates between the stiff gel A
(12.5% 3.4 kDa PEGDA) and the soft gel B (either 10% 6 kDa or 5% 8 kDa PEGDA) for
interface strength testing. (b) Images of a bilayer quasilaminate (soft gel B is 5% 8 kDa
PEGDA) before, during and after interface strength testing. Cresyl violet was used to stain
the gel, with lower MW gels staining darker. The failure in the quasilaminate gel is located
in the higher MW gel layer, and not the interface, demonstrating a robust interface between
the two formulations. (c) Elastic modulus and (d) failure stress of bilayer quasilaminates
with varying B formulation. n = 6. * and # indicate significant differences (p < 0.05)
between formulations.

Tseng et al. Page 13

Ann Biomed Eng. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



FIGURE 4.
Fluorescent images of trilayer quasilaminates made either (a) varying cellularity (green) or
(b) bioactivity. Quasilaminates with varying cellularity had 20 million cells/mL in the A
layer, 2 million cells/mL in the B layer. Quasilamiantes with varying bioactivity were doped
with 1 mM fluorescently tagged PEG-peptides in each layer [RGDS in (a), green, IKVAV in
(b), red]. Scale bar = 200 μm.
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