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Abstract: Creating heterogeneous tissue constructs with an even cell distribution and
robust mechanical strength remain important challenges to the success of in vivo tissue
engineering. To address these issues, we are developing a scaffold sheet tissue engineering
strategy consisting of thin (~200 μm), strong, elastic, and porous crosslinked urethanedoped polyester (CUPE) scaffold sheets that are bonded together chemically or through
cell culture. Suture retention of the tissue constructs (four sheets) fabricated by the scaffold
sheet tissue engineering strategy is close to the surgical requirement (1.8 N) rendering their
potential for immediate implantation without a need for long cell culture times. Cell culture
results using 3T3 fibroblasts show that the scaffold sheets are bonded into a tissue
construct via the extracellular matrix produced by the cells after 2 weeks of in vitro
cell culture.
Keywords: biodegradable; elastomer; 3D tissue construction; scaffold sheet; in vivo tissue
engineering

1. Introduction
Tissue engineering is a multi-disciplinary field that combines the principles of polymer chemistry,
engineering, and biological sciences in efforts to develop biological substitutes to improve or replace
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the functions of failing tissues and organs [1]. One of the main principle methods behind tissue
engineering involves growing relevant cells into a three-dimensional (3D) tissue or organ. Although
cells alone lack the ability to grow into 3D orientations similar to the native tissues, the preferred
multidimensional cellular growth is achieved by seeding the desired cells onto porous matrices, known
as scaffolds [2]. By serving as a temporary suitable microenvironment for extracellular matrix (ECM)
and 3D tissue formation, the scaffold has become a very important component of tissue
engineering [3].
Scaffold requirements for tissue engineering are multifaceted and particular to the structure and
function of the tissue of interest [4]. Many scaffold processing and fabrication techniques such as fiber
meshes [5], phase separation [6], solvent casting and particulate leaching [7], membrane lamination
[8], and melt molding [9] have been utilized in a wide variety of applications including bone [10],
cartilage [11], blood vessels [12], and heart valves [13]. Although these scaffolds have demonstrated
promise, uneven cell distribution and nutrient delivery in the deep portion of the synthetic scaffolds
(> 200 μm) due to the random mobility of cell suspension often compromise their successful uses in
tissue engineering [14,15]. The seeded cells and matrix produced by cells at the scaffold periphery also
act as a barrier to the diffusion of oxygen and nutrients into the interior of the scaffold. Unfortunately,
these constraints limit the majority of successful tissue engineering applications to the maximum
diffusion distance of 200 μm [16,17].
A pioneering 2D cell-sheet tissue engineering strategy was proposed to regenerate several types of
tissues such as blood vessel [18], skin [19], corneal epithelium [20], urothelium [21], and periodontal
ligament [22]. By using a layer-by-layer technique, stratified tissues were created from the stacking of
single cell sheets to create more complex structures such as liver lobules and kidney glomeruli [23].
Although problem of uneven cell distribution is not a concern in this case, cell sheets are too fragile to
handle and the cell-sheet constructs require long in vitro culture time to mature prior to implantation,
which is a considerable limitation of this technology [24]. Also, cells grown in a 2D culture dishes
could bring some concerns such as losing important cell characteristics during the long-term culture,
and only a limited number of cell types are able to form cell sheets thereby restricting the potential to
engineer various types of tissues [18].
In this study, we show the proof of concept for the scaffold sheet tissue engineering strategy using
thin and elastic crosslinked urethane-doped polyester (CUPE) scaffolds. CUPEs are a new class of
biodegradable elastomers that we have been developing to engineer soft, but strong scaffolds for soft
tissue engineering applications. CUPEs are easy to synthesize, potentially cost effective, and have
demonstrated a wide range of mechanical properties with tunable degradation profiles [25]. In this
work, we introduce a new scaffold sheet design with the following advantages: (1) Single CUPE
scaffold sheets can be fabricated and post-polymerized together to form complex constructs composed
of layers with different pore structures. (2) Single CUPE scaffold sheets can be seeded with cells and
stacked together similar to the 2D cell-sheet tissue engineering strategy to form stratified tissues. (3)
The use of thin (~200 μm thick) scaffold sheets should address the issues of uneven cell distribution,
which is a common concern in the use of synthetic scaffolds for tissue engineering applications. (4)
The CUPE scaffolds can provide a 3D microenvironment for cell proliferation without the potential
loss of cell characteristics. (5) The scaffold sheet design strategy in combination with a layer-by-layer
approach has the potential to enable the compartmentalization of multiple cell types in the engineering
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of complex tissues. (6) The scaffold sheets are strong and compliant so that they may be implanted in
vivo soon after cell seeding, which should eliminate the long in vitro culture times needed for construct
maturation. The CUPE scaffold sheets were evaluated via mechanical tests and cell culture
experiments to assess its potential use in soft tissue engineering.
2. Results and Discussion
Many scaffold fabrication techniques previously reported have resulted in an uneven distribution of
cells within the construct [13–15]. In the case of most in vivo tissue, a network of vascularization
offers a maximum nutrient diffusion distance of about 200 μm, which is most likely the reason why
most successful tissue engineered applications have resulted in the growth of tissues with cross
sections less than 500 μm from the external surface of the scaffold [17,26]. In this study, we report on
the feasibility of using a new scaffolding design strategy named scaffold sheet tissue engineering. The
concept behind this new approach involves the use of thin (~200 μm) strong and compliant scaffold
sheets in combination with a layer-by-layer approach to form stratified 3D constructs without the
issues of uneven cell distribution or the potential loss of cell characteristics seen in 2D cell-sheet
tissue engineering.
The morphology of the CUPE scaffold sheets were fabricated according to Scheme 1A-E, and were
verified using SEM and NIH ImageJ analysis software. Figure 1 presents SEM images of a single
porous CUPE scaffold sheet and multiple scaffold sheets stacked and crosslinked (or
post-polymerized) together. The scaffold sheets produced from this technique displayed an overall
scaffold thickness of 179.16 ± 8.16 μm, porosity of 86.60 ± 3.05%, and interconnected pore size
78.04 ± 13.59 μm (Figure 1A). The pore sizes created from this technique were limited to less than
150 μm due to restrictions in the depth of the machined aluminum mold. The above parameters,
however, can easily be adjusted by changing the mold dimensions, polymer: salt ratio, and porogen
size to fit the needs of a specific application. The images shown in Figure 1B and C represent the
cross-sections of two and four scaffold sheets crosslinked together, respectively, showing the ability to
stack multiple layers together to form one continuous construct. This layer-by-layer technique opens a
way to fabricate complex heterogeneous porous scaffolds with different porosities, pore sizes, pore
shape, and interconnectivity amongst each layer while maintaining a porous interface to accommodate
for specific cell types in the regeneration of multi-cellular tissues such as skin, blood vessels, liver,
pancreas, and cartilage where the compartmentalization of different cell types is necessary [27–29].
Figure 1. Representative SEM image cross-sections (a) single CUPE 1.2 scaffold sheet
(scale bar = 150 μm), (b) two CUPE 1.2 scaffold sheets crosslinked together (scale bar =
300 μm), and (c) 4 CUPE 1.2 scaffold sheets crosslinked together (scale bar = 600 μm).
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Early efforts in tissue engineering have mainly focused on the use of biodegradable synthetic
polymers, such as polylactic acid (PLA), polyglycolic acid (PGA), polycaprolactone (PCL), and their
copolymers, to support ECM production. Unfortunately, these previous materials have been limited in
their success due to their lack of strength and elasticity causing a mismatch in compliance [30–35].
Biodegradable elastomers, such as poly (octamethylene citrates) (POC), poly (glycerol sebacate)
(PGS), and more recently crosslinked biodegradable photoluminescent polymer (CBPLP) have
received much attention recently as materials for vascular tissue engineering due to their elastic nature
and excellent cell/tissue compatibility [36–45]. However, these materials lack the sufficient strength
when fabricated into porous scaffolds. In an effort to add strength while maintaining elasticity, we
have recently reported on the synthesis and characterization of a novel biomaterial, CUPE, which
combines the elasticity of polyesters with the strength of polyurethanes. A simple doping of a urethane
group into the POC network resulted in films with a 10-fold increase in tensile strength, while
maintaining a soft and elastic nature [25].
A comparison between the mechanical properties of POC and CUPE scaffold sheets are shown in
Figure 2. A significant increase in the peak tensile stress (160.67 ± 24.48 kPa to 377.12 ± 36.87 kPa)
and elongation at break (149.09 ± 12.78% to 195.29 ± 11.80%) was observed when CUPE was used as
the material for scaffold sheet fabrication. The enhanced mechanical properties from the addition of
HDI into the POC pre-polymer can be explained due to the increased hydrogen bonding between the
urethane groups, which are not present in the POC scaffolds, to produce higher peak tensile strength
while preserving the elasticity of the material.
Figure 2. A comparison between single POC and CUPE 1.2 scaffold sheets. All scaffolds
were post-polymerized at 80 °C for 4 days followed by 120 °C for 1 day under vacuum.
(a) Effect of scaffold material on the peak stress. (b) Effect of scaffold material on
elongation at break. ** p < 0.01; N = 6.

Figure 3A presents a photomicrograph of a single CUPE 1.2 scaffold sheet, and a scaffold sheet
rolled around a Teflon rod. All CUPE scaffold sheets fabricated in this study were soft, elastic, and
showed 100% recovery after deformations with the ability to be folded and rolled into any desired
shape without kinking. Based on the stress-strains of the scaffold sheets, the tensile strength, initial
modulus, and elongation at break were calculated. As shown in Figure 3A, the stress-strains curves
were characteristic of elastomers with no yield point in any of the scaffold mechanical tests. Multiple
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scaffold sheet stress-strain curves produced single breaks indicating that the individual sheets were
bonded together through the post-polymerization process (Figure 3C).
Figure 3. (a) Photograph of a single CUPE 1.2 scaffold sheet (left) and CUPE 1.2 scaffold
sheet rolled onto a Teflon rod (right). Typical tensile stress-strain curves of (b) single
CUPE 1.2 scaffold sheets post-polymerized under different reaction conditions and (c)
multiple CUPE 1.2 scaffold sheets post-polymerized at 80 °C for 4 days followed by
120 °C for 1 day under vacuum.

The compliance mismatch between the scaffold and host tissue is a biomechanical problem that has
been cited to inhibit the successful integration of the construct with native tissue, and ultimately results
in implant failure [27]. Thus, the ability to engineer the appropriate scaffold mechanical properties to
suit a particular application plays an important role in the success of the implant. One advantage in the
CUPE scaffold sheet design is that the mechanical properties can be controlled through a variety of
options such as the post-polymerization condition, pre-polymer chemistry, and the number of scaffold
layers. The mechanical properties of single CUPE 1.2 scaffold sheets post-polymerized under different
reaction conditions are summarized in Table 1. As the post-polymerization time and temperature were
increased, a significant increase in the peak stress, initial modulus, and suture retention strength was
observed with a corresponding drop in elasticity. A significant increase in the peak stress was observed
from 2 days at 80 °C to 4 days at 80 °C (150.25 ± 17.38 to 294.54 ± 38.30 kPa, respectively). The
same trend was also displayed as the post-polymerization temperature was increased from 80 °C to
120 °C.
Table 1. Mechanical properties of single CUPE 1.2 scaffold sheets (thickness
179.16 ± 8.16 μm; porosity 86.60 ± 3.05%; pore size 78.04 ± 13.59 μm) post-polymerized
under different reaction conditions.a
Post-polymerization
Condition

Peak Stress
(kPa)

Initial Modulus
(MPa)

Elongation at Break
(%)

Suture Retention
(N)

80°C-2
80°C-4
120°C-1

150.25 ± 17.38
294.54 ± 38.30
377.12 ± 36.87

0.07 ± 0.01
0.15 ± 0.02
0.21 ± 0.02

230.63 ± 9.25
212.08 ± 9.68
195.29 ± 11.80

0.07 ± 0.01
0.10 ± 0.01
0.12 ± 0.01

a

Values are given as the means standard deviation. N = 6.

Although the elongation at break was sacrificed with the harsher post-polymerization conditions,
single CUPE 120 °C-1 scaffold sheets showed a maximum peak stress of 377.12 ± 36.87 kPa with an
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elongation at break of 195.29 ± 11.80%, which is close to the elasticity and elongation of native
vessels [46]. In the case of in vivo tissue engineering, the elastomeric nature of the CUPE scaffolds can
permit the transmission of dynamic mechanical stimuli exerted by the cardiovascular system. The
increase in mechanical properties from the harsher post-polymerization conditions was contributed to
an increase in the crosslinking density of the resulting material to create a stronger and stiffer scaffold.
By varying the post-polymerization conditions, the mechanical properties of the scaffold sheets can be
tuned for the intended application.
The effects of the pre-polymer isocyanate concentration on the resulting construct mechanical
strength were also evaluated (Figure 4). A significant increase in the scaffold peak stress and initial
modulus with a corresponding decrease in elasticity was observed as the pre-polymer HDI
concentration was increased. However, no difference was observed in peak stress for CUPE 1.5 and
CUPE 1.8 scaffold sheets (p > 0.05). In addition to the pre-polymer compositions, the effects of the
number of stacked scaffold sheet layers on the mechanical properties were determined. As the number
of stacked scaffold sheet layers was increased, an increasing trend in the peak stress was observed.
However, the results also showed that the number of stacked scaffold sheets had no effect on the
construct initial modulus or elongation at break (Figure 4B and C). By increasing the number of
scaffold layers, the CUPE scaffold sheet design strategy can potentially meet the mechanical surgical
requirements of implantation.
Figure 4. (a) Tensile peak stress, (b) initial modulus, (c) elongation at break, and (d) suture
retention strength of multiple scaffold sheets fabricated using different CUPE HDI ratios.
All scaffolds were post-polymerized at 80 °C for 4 days followed by 120 °C for 1 day
under vacuum.
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The suture retention strength is a crucial factor in the fabrication of tissue engineering scaffolds as it
directly relates to the success of the construct during the implantation process. In these experiments,
both an increase in the pre-polymer HDI concentration and number of scaffold sheets resulted in
higher suture retention strengths (Figure 4D). Although, the suture retention strength for single CUPE
1.2 scaffold sheets were relatively low (0.12 ± 0.01 N), CUPE 1.8 scaffold sheets, when stacked into
4 layers, were close to the accepted adequate suture retention strength of 1.8 N [47].
3T3 cell adhesion and proliferation were quantitatively assessed using the MTT assay. Results
indicated that a larger number of cells attached and proliferated to the CUPE scaffolds when compared
to that of POC scaffolds at all time points. However, no significant difference in cell growth was
observed when comparing the CUPE scaffolds to that of PLLA control scaffolds (Figure 5). Future
studies will involve the in vitro cell compatibility using other cell lines such as human aortic
endothelial and smooth muscle cells to evaluate the cell compatibility of the CUPE scaffold sheets for
multi-cellular applications.
Figure 5. A comparison of 3T3 fibroblast growth and proliferation on single PLLA, POC,
and CUPE 1.2 scaffold sheets over a 5-day incubation time period. MTT absorption was
measured at 570 nm. N = 6.

Although we understand that chemically bonded scaffold sheet constructs may not relate to cell
culture bonded constructs, a quick screen to fabricate tissue interlocked constructs was performed to
assess the feasibility of the approach. The layer-by-layer fabrication process depicted in Scheme 1F-H
was evaluated using 3T3 fibroblast cell culture to bond individual scaffold sheets. H&E stained crosssections of cell seeded scaffolds show that cells attached and proliferated along the exterior with an
even distribution throughout the interior of the scaffold (Figure6A). The photomicrographs shown in
Figure 6B present the H&E stained cross-sections of two scaffold sheets stacked together and allowed
to culture over a two-week time period. The scaffold layers were shown to have bonded between the
interfaces of each scaffold layer through ECM production by the seeded cells. These results provide
evidence that the scaffold sheet design can potentially be used to combine multiple seeded scaffold
sheets to produce a stratified construct.
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Figure 6. Photomicrographs of H&E stained CUPE 1.2 cross-sections after 2 weeks of cell
culture. (A) Single scaffold sheet. (B) 2 scaffold sheets were shown to have bonded
together using 3T3 fibroblasts (scale bar = 100 μm).

3. Experimental Section
All chemicals, cell culture medium, and supplements were purchased from Sigma-Aldrich (St.
Louis, MO, USA), unless mentioned otherwise, and used as received.
3.1. Crosslinked urethane-doped polyester (CUPE) pre-polymer synthesis
CUPE pre-polymers were synthesized in two distinct steps similar to previously published
methods [25]. The first step involves the synthesis of a POC soft segment, which is chain extended by
1,6-hexamethyl diisocyanate (HDI) in the second polyurethane synthesis step. Briefly, a POC
pre-polymer was first synthesized by reacting a 1:1.1 monomer ratio of citric acid and 1,8-octanediol,
respectively, in a three-necked round bottom flask fitted with an inlet and outlet adapter at 160 °C
under a constant flow of nitrogen [36]. Once all the monomers had melted, the temperature of the
system was lowered to 140 °C, and the reaction mixture was allowed to continue for 60 minutes to
create the POC pre-polymer. The POC pre-polymer was then purified by drop-wise precipitation in
deionized water. The undissolved pre-polymer was collected and lyophilized for 48 hours to obtain the
pre-POC soft segment.
In the second step, chain extension was achieved by dissolving pre-POC in 1,4-dioxane (3 wt %),
and the resulting solution was allowed to react with HDI in a clean reaction flask under constant
stirring at 55 °C using stannous octoate as a catalyst (0.1 wt %). Various CUPE pre-polymers were
synthesized using three different molar feeding ratios of the pre-POC:HDI (1:1.2, 1:1.5, and 1:1.8
which are referred to as pre-CUPE 1.2, pre-CUPE 1.5, and pre-CUPE 1.8, respectively). The reaction
was terminated upon the disappearance of the isocyanate peak located at 2267 cm-1, which was
determined by FT-IR analysis.
3.2. CUPE scaffold sheet fabrication
CUPE scaffold sheets were fabricated using a particulate leaching technique and according to the
procedures illustrated in Scheme 1. Briefly, a pre-CUPE solution was mixed with sieved sodium
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chloride salt (99% purity) with an average pore size in the range of 50–106 μm in a (1:9) polymer to
salt ratio by weight (Scheme 1A). The polymer solution was mixed thoroughly with the salt until a
viscous paste was formed. The resulting slurry was cast onto an aluminum mold machined to have a
cavity approximately 200 μm deep (Scheme 1B), and then placed in a laminar flow hood overnight for
solvent evaporation. Once the solvent was removed, the scaffold sheets were post-polymerized in an
oven maintained at 80°C (Scheme 1C) for predetermined times to crosslink the pre-CUPE into CUPE.
Next, the salt in the scaffold was leached out by immersion in deionized water for 72 hours with water
changes every 12 hours (Scheme 1D). Finally, the scaffolds were lyophilized for 36 hours to remove
any residual water.
Scheme 1. A schematic representation of the scaffold sheet fabrication process and
scaffold sheet tissue engineering design. (a) Pre-crosslinked urethane-doped polyester (preCUPE) is mixed with sieved salt (50–106 μm). (b) The resulting polymer/salt slurry is cast
into an aluminum mold (~200 μm deep). (c) The polymer filled aluminum mold is placed
in an oven for predetermined times for post-polymerization to crosslink the polymer.
(d) After post-polymerization, the salt is leached from the scaffold by immersion in water.
(e) Next, the scaffold is lyophilized to remove any trace amounts of water. The result is a
thin (~200 μm thick), soft, and elastic CUPE scaffold sheet. (f) The sterilized CUPE
scaffold sheets are seeded with cells. (g) Multiple cell-seeded CUPE scaffold sheets are
stacked together and allowed to culture. (h) The bonded scaffold sheets produce a threedimensional multi-layered construct through a layer-by-layer technique.

POC and PLLA scaffold sheets were also fabricated as described above to serve as a control. To
study the effects of the post-polymerization conditions, single scaffold sheets were placed in an oven
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maintained at 80 °C for 2 days (80 °C-2), 80 °C for 4 days (80 °C-4), and 80 °C for 4 days followed by
additional post-polymerization at 120°C under vacuum for 1 day (120 °C-1). To study the effects of
the number of scaffold layers, multiple pre-CUPE scaffold sheets were stacked together and postpolymerized at 120 °C-1. To study the effects of the HDI ratio on the resulting constructs, pre-CUPE
1.2, pre-CUPE 1.5, and pre-CUPE 1.8 were used to fabricate scaffold sheets and post-polymerized at
120 °C-1.
3.3. CUPE scaffold sheet characterization
To view the cross-sectional morphology, CUPE scaffold sheet samples were freeze-fractured using
liquid nitrogen, sputter coated with silver, and examined under a Hitachi S-3000N scanning electron
microscope (SEM) (Hitachi, Pleasanton, CA, USA). Image J analysis software was used to determine
the scaffold sheet thickness. To characterize the scaffold geometries, 3 random locations were selected
and a total of 30 measurements were recorded. The dimensions reported are expressed as the
means ± standard deviation.
The scaffold porosity was measured using the Archimedes’ Principle similar to previously
published methods [48]. Briefly, a density bottle was used to measure the density and porosity of the
scaffold using ethanol (density ρe) as the displacement liquid at 30°C. The density bottle filled with
ethanol was weighed (W1). A scaffold sample of weight WS was immersed into the density bottle, and
the air trapped in the scaffold was evacuated under vacuum. Next, the density bottle was supplemented
with ethanol, filled, and weighed (W2). The ethanol-saturated scaffold was removed from the density
bottle, and the density bottle was weighed (W3). The following parameters of the scaffold were
calculated: the volume of the scaffold pore (VP), the volume of the scaffold skeleton (VS), the density
(ρS), and the porosity (ε). The following formulas for the volume-mass index (VP/VS) were used [48]:
VP = (W2 - W3 - WS) / ρe
VS = (W1 - W2 + WS) / ρe
ρS = WS / VS = WSρe / (W1 - W2 + WS)
ε = VP / (VP + VS) = (W2 - W3 - WS) / (W1 - W3)
The porosity of single scaffold sheets was recorded, and the results are reported as the means ±
standard deviation (N = 6).
Tensile mechanical testing was conducted according to ASTM D412A standard on a MTS Insight 2
fitted with a 10 N load cell (MTS, Eden Prairie, MN, USA). Briefly, scaffold sheet strips
(10 mm length × 2 mm width) were pulled at a rate of 500 mm/minute and elongated to failure. Values
were converted to stress-strain and the initial modulus was calculated from the initial gradient of the
resulting curve (0–10% elongation). The results are presented as the means ± standard deviation
(N = 6). The suture retention strength was obtained similar to previously reported methods [49].
Briefly, one end of a CUPE scaffold sheet sample (10 mm length × 5 mm width) was fixed with the
stage clamp of the tester, and the other end was connected to the opposite clamp through the suture
material (5–0 Prolene, Ethicon, Piscataway, NJ, USA). The suture was placed 2 mm from the end of
the sample. The measurement was performed using a 10 N load cell, and pulled at a rate of 8 mm/min
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until failure. The load at rupture was recorded (N), and the results are reported as the means ± standard
deviation (N = 6).
3.4. In vitro cell culture attachment and proliferation
Cell compatibility of the CUPE scaffold sheets was evaluated in vitro using both quantitative and
qualitative methods using NIH 3T3 fibroblasts (ATCC) as model cells. A quantitative assessment of
the cell proliferation was performed using a Methylthiazoletetrazolium (MTT) cell proliferation and
viability assay kit. CUPE 1.2, PLLA, and POC scaffold sheet samples were cut into cylindrical discs
(7 mm in diameter) and sterilized in 70% ethanol for 3 hours. After incubation in ethanol, the samples
were exposed to UV light for 30 minutes, and washed with phosphate buffered saline (PBS). The cells
were cultured in Dulbecco’s modified eagle’s medium (DMEM), which had been supplemented with
10% fetal bovine serum (FBS) and 1% penicillin streptomycin. The culture flasks were kept in an
incubator maintained at 37 °C, 5% CO2, and 95% relative humidity. The cells were allowed to grow to
the fourth passage, trypsinized, centrifuged, and suspended into media to obtain a seeding density of
1 × 105 cells/mL. MTT Assay analysis was performed at 1, 3, and 5 days of culture. At the predetermined time point, the assay was conducted as per the manufacturer’s protocol. Briefly, the old
media was aspirated, and each sample was washed with PBS to remove any loosely attached or dead
cells. Next, 100 μL of 3-(4,5-dimethylthiazol-2yl)-diphenyltetrazolium bromide solution was then
added to the samples, and allowed to incubate for 3 hours. At the end of the incubation period, the
mixture of the MTT solution and incomplete media was aspirated and replaced with 100 μL of MTT
solvent. Dissolution of the formazan crystals was facilitated by constant agitation of the well plate on
an orbital shaker for 20 minutes. The absorbance was measured with an Infinite 200 microplate reader
(Teacan Group Ltd., Switzerland) at 570 nm, with a reference wavelength of 690 nm, within
30 minutes of MTT solvent addition.
To feasibility of the scaffold sheet tissue engineering design strategy was evaluated according to the
procedure described in Scheme 1. CUPE 1.2 scaffold sheet strips were prepared for cell culture as
described above. Cells were seeded on both sides of the scaffold sheets at a density of 1 × 106 cells/mL
(Scheme 1F). After 1 day of culture, the scaffold sheets are stacked together (Scheme 1G), and
allowed to culture for a two-week time period with media change every third day. After 2 weeks, the
cells were fixed with the addition of cold methanol for 10 minutes and dried under vacuum. Scaffolds
were then embedded in a liquid gelatin-sucrose solution, placed under vacuum for 30 minutes, and
frozen at -20°C. Cross-sections of the scaffold were cut at 10 μm and hematoxylin and eosin (H&E)
stained to visualize cell penetration, growth throughout the scaffold, and scaffold sheet bonding
(Scheme 1H).
4. Conclusions
We have explored the feasibility of a new tissue engineering strategy, named scaffold sheet tissue
engineering. Porous, strong, and thin CUPE scaffold sheets were prepared using a particulate leaching
technique to fabricate complex 3D scaffolds and bonded together either chemically or through cell
culture using a layer-by-layer approach. In the chemically bonded procedure, single scaffold sheets
were crosslinked together to show the potential in creating complex 3D constructs fabricated from
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individual layers composed of different morphologies. Unlike cell-sheet tissue engineering, the
scaffold sheet tissue engineering cell bonded design implies that cells will be seeded on a thin scaffold
sheet, which may provide a suitable environment similar to the natural extracellular matrix, and
subsequently bonded together to potentially form multi-cellular stratified tissues. When stacked
together, CUPE scaffold sheets displayed mechanical properties adequate for immediate implantation
in potential applications for in vivo tissue engineering. Cell culture experiments show the
cytocompatibility of the scaffold sheets, and the potential of the individual layers to be bonded
together using the deposited cellular ECM. Future work will focus on using the scaffold sheet design
to compartmentalize different cell types on various scaffold layers in the construction of multi-layer
tissues (e.g. blood vessels), and to study the cell-cell communication between scaffold layers.
Acknowledgements
This work was supported in part by the American Heart Association Beginning Grant-in-Aid Award
(to J.Y.), award R21EB009795 from the National Institute of Biomedical Imaging and Bioengineering
(NIBIB) (to J.Y.) and NIH R01 GM074021 (to L.T).
References and Notes
1.
2.

Langer, R.; Vacanti, J.P. Tissue engineering. Science 1993, 260, 920–926.
Sachlos, E.; Czernuszka, J.T. Making tissue engineering scaffolds work. Review: the application
of solid freeform fabrication technology to the production of tissue engineering scaffolds. Eur.
Cell Mater. 2003, 5, 29–39; discussion 39–40.
3. Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518–524.
4. Yang, S.; Leong, K.F.; Du, Z.; Chua, C.K. The design of scaffolds for use in tissue engineering.
Part I. Traditional factors. Tissue Eng. 2001, 7, 679–689.
5. Santos, M.I.; Fuchs, S.; Gomes, M.E.; Unger, R.E.; Reis, R.L.; Kirkpatrick, C.J. Response of
micro- and macrovascular endothelial cells to starch-based fiber meshes for bone tissue
engineering. Biomaterials 2007, 28, 240–248.
6. Liu, X.; Ma, P.X. Phase separation, pore structure, and properties of nanofibrous gelatin scaffolds.
Biomaterials 2009, 30, 4094–4103.
7. Misra, S.K.; Ansari, T.I.; Valappil, S.P.; Mohn, D.; Philip, S.E.; Stark, W.J.; Roy, I.; Knowles,
J.C.; Salih, V.; Boccaccini, A.R. Poly(3-hydroxybutyrate) multifunctional composite scaffolds for
tissue engineering applications. Biomaterials 2009, 31, 2806–2815.
8. Boldrin, L.; Malerba, A.; Vitiello, L.; Cimetta, E.; Piccoli, M.; Messina, C.; Gamba, P.G.;
Elvassore, N.; De Coppi, P. Efficient delivery of human single fiber-derived muscle precursor
cells via biocompatible scaffold. Cell Transplant 2008, 17, 577–584.
9. Costa-Pinto, A.R.; Salgado, A.J.; Correlo, V.M.; Sol, P.; Bhattacharya, M.; Charbord, P.; Reis,
R.L.; Neves, N.M. Adhesion, proliferation, and osteogenic differentiation of a mouse
mesenchymal stem cell line (BMC9) seeded on novel melt-based chitosan/polyester 3D porous
scaffolds. Tissue Eng. A 2008, 14, 1049–1057.
10. Vacanti, C.A.; Bonassar, L.J.; Vacanti, M.P.; Shufflebarger, J. Replacement of an avulsed phalanx
with tissue-engineered bone. N. Engl. J. Med. 2001, 344, 1511–1514.

Materials 2010, 3

1387

11. Marcacci, M.; Berruto, M.; Brocchetta, D.; Delcogliano, A.; Ghinelli, D.; Gobbi, A.; Kon, E.;
Pederzini, L.; Rosa, D.; Sacchetti, G.L.; Stefani, G.; Zanasi, S. Articular cartilage engineering
with Hyalograft C: 3-year clinical results. Clin. Orthop. Relat. Res. 2005, 96–105.
12. Poh, M.; Boyer, M.; Solan, A.; Dahl, S.L.; Pedrotty, D.; Banik, S.S.; McKee, J.A.; Klinger, R.Y.;
Counter, C.M.; Niklason, L.E. Blood vessels engineered from human cells. Lancet 2005, 365,
2122–2124.
13. Vesely, I. Heart valve tissue engineering. Circ. Res. 2005, 97, 743–755.
14. Ishaug-Riley, S.L.; Crane, G.M.; Gurlek, A.; Miller, M.J.; Yasko, A.W.; Yaszemski, M.J.; Mikos,
A.G. Ectopic bone formation by marrow stromal osteoblast transplantation using poly(DL-lacticco-glycolic acid) foams implanted into the rat mesentery. J. Biomed. Mater. Res. 1997, 36, 1–8.
15. Goldstein, A.S.; Juarez, T.M.; Helmke, C.D.; Gustin, M.C.; Mikos, A.G. Effect of convection on
osteoblastic cell growth and function in biodegradable polymer foam scaffolds. Biomaterials
2001, 22, 1279–1288.
16. Martin, I.; Padera, R.F.; Vunjak-Novakovic, G.; Freed, L.E. In vitro differentiation of chick
embryo bone marrow stromal cells into cartilaginous and bone-like tissues. J. Orthop. Res. 1998,
16, 181–189.
17. Papenburg, B.J.; Liu, J.; Higuera, G.A.; Barradas, A.M.; de Boer, J.; van Blitterswijk, C.A.;
Wessling, M.; Stamatialis, D. Development and analysis of multi-layer scaffolds for tissue
engineering. Biomaterials 2009, 30, 6228–6239.
18. L'Heureux, N.; Paquet, S.; Labbe, R.; Germain, L.; Auger, F.A. A completely biological tissueengineered human blood vessel. FASEB J. 1998, 12, 47–56.
19. Yamato, M.; Utsumi, M.; Kushida, A.; Konno, C.; Kikuchi, A.; Okano, T. Thermo-responsive
culture dishes allow the intact harvest of multilayered keratinocyte sheets without dispase by
reducing temperature. Tissue Eng. 2001, 7, 473–480.
20. Nishida, K.; Yamato, M.; Hayashida, Y.; Watanabe, K.; Maeda, N.; Watanabe, H.; Yamamoto,
K.; Nagai, S.; Kikuchi, A.; Tano, Y.; Okano, T. Functional bioengineered corneal epithelial sheet
grafts from corneal stem cells expanded ex vivo on a temperature-responsieve cell culture surface.
Transplantation 2004, 77, 379–385.
21. Shiroyanagi, Y.; Yamato, M.; Yamazaki, Y.; Toma, H.; Okano, T. Urothelium regeneration using
viable cultured urothelial cell sheets grafted on demucosalized gastric flaps. BJU Int. 2004, 93,
1069–1075.
22. Hasegawa, M.; Yamato, M.; Kikuchi, A.; Okano, T.; Ishikawa, I. Human periodontal ligament
cell sheets can regenerate periodontal ligament tissue in an athymic rat model. Tissue Eng. 2005,
11, 469–478.
23. Yang, J.; Yamato, M.; Nishida, K.; Ohki, T.; Kanzaki, M.; Sekine, H.; Shimizu, T.; Okano, T.
Cell delivery in regenerative medicine: the cell sheet engineering approach. J. Control. Release
2006, 116, 193–203.
24. Nerem, R.M.; Seliktar, D. Vascular tissue engineering. Annu. Rev. Biomed. Eng. 2001, 3,
225–243.
25. Dey, J.; Xu, H.; Shen, J.; Thevenot, P.; Gondi, S.R.; Nguyen, K.T.; Sumerlin, B.S.; Tang, L.;
Yang, J. Development of biodegradable crosslinked urethane-doped polyester elastomers.
Biomaterials 2008, 29, 4637–4649.

Materials 2010, 3

1388

26. Vunjak-Novakovic, G.; Freed, L.E. Culture of organized cell communities. Adv. Drug Deliv. Rev.
1998, 33, 15–30.
27. Yang, J.; Motlagh, D.; Webb, A.R.; Ameer, G.A. Novel biphasic elastomeric scaffold for smalldiameter blood vessel tissue engineering. Tissue Eng. 2005, 11, 1876–1886.
28. Hutmacher, D.W. Scaffolds in tissue engineering bone and cartilage. Biomaterials 2000, 21,
2529–2543.
29. Ryu, W.; Min, S.W.; Hammerick, K.E.; Vyakarnam, M.; Greco, R.S.; Prinz, F.B.; Fasching, R.J.
The construction of three-dimensional micro-fluidic scaffolds of biodegradable polymers by
solvent vapor based bonding of micro-molded layers. Biomaterials 2007, 28, 1174–1184.
30. Kim, B.S.; Nikolovski, J.; Bonadio, J.; Smiley, E.; Mooney, D.J. Engineered smooth muscle
tissues: regulating cell phenotype with the scaffold. Exp. Cell Res. 1999, 251, 318–328.
31. Zund, G.; Hoerstrup, S.P.; Schoeberlein, A.; Lachat, M.; Uhlschmid, G.; Vogt, P.R.; Turina, M.
Tissue engineering: A new approach in cardiovascular surgery: Seeding of human fibroblasts
followed by human endothelial cells on resorbable mesh. Eur. J. Cardiothorac. Surg. 1998, 13,
160–164.
32. Mooney, D.J.; Mazzoni, C.L.; Breuer, C.; McNamara, K.; Hern, D.; Vacanti, J.P.; Langer, R.
Stabilized polyglycolic acid fibre-based tubes for tissue engineering. Biomaterials 1996, 17,
115–124.
33. Watanabe, M.; Shin'oka, T.; Tohyama, S.; Hibino, N.; Konuma, T.; Matsumura, G.; Kosaka, Y.;
Ishida, T.; Imai, Y.; Yamakawa, M.; Ikada, Y.; Morita, S. Tissue-engineered vascular autograft:
Inferior vena cava replacement in a dog model. Tissue Eng. 2001, 7, 429–439.
34. He, W.; Yong, T.; Teo, W.E.; Ma, Z.; Ramakrishna, S. Fabrication and endothelialization of
collagen-blended biodegradable polymer nanofibers: Potential vascular graft for blood vessel
tissue engineering. Tissue Eng. 2005, 11, 1574–1588.
35. Van der Giessen, W.J.; Lincoff, A.M.; Schwartz, R.S.; van Beusekom, H.M.M.; Serruys, P.W.;
Holmes, D.R.; Ellis, S.G.; Topol, E.J. Marked inflammatory sequelae to implantation of
biodegradable and nonbiodegradable polymers in porcine coronary arteries. Circulation 1996, 94,
1690–1697.
36. Yang, J.; Webb, A.R.; Pickerill, S.J.; Hageman, G.; Ameer, G.A. Synthesis and evaluation of
poly(diol citrate) biodegradable elastomers. Biomaterials 2006, 27, 1889–1898.
37. Yang, J.; Webb, A.R.; Ameer, G.A. Novel citric acid-based biodegradable elastomers for tissue
engineering. Adv. Mater. 2004, 16, 511–516.
38. Wang, Y.D.; Ameer, G.A.; Sheppard, B.J.; Langer, R. A tough biodegradable elastomer. Nat.
Biotechnol. 2002, 20, 602–606.
39. Poirier, Y.; Nawrath, C.; Somerville, C. Production of polyhydroxyalkanoates, a family of
biodegradable plastics and elastomers, in bacteria and plants. Biotechnology NY 1995, 13, 142–150.
40. Bettinger, C.J.; Bruggeman, J.P.; Borenstein, J.T.; Langer, R.S. Amino alcohol-based degradable
poly(ester amide) elastomers. Biomaterials 2008, 29, 2315–2325.
41. Pego, A.P.; Poot, A.A.; Grijpma, D.W.; Feijen, J. Physical properties of high molecular weight
1,3-trimethylene carbonate and D,L-lactide copolymers. J. Mater. Sci. Mater. Med. 2003, 14,
767–773.

Materials 2010, 3

1389

42. Pego, A.P.; Poot, A.A.; Grijpma, D.W.; Feijen, J. Copolymers of trimethylene carbonate and
epsilon-caprolactone for porous nerve guides: Synthesis and properties. J. Biomater. Sci. Polym.
Ed. 2001, 12, 35–53.
43. Younes, H.M.; Bravo-Grimaldo, E.; Amsden, B.G. Synthesis, characterization and in vitro
degradation of a biodegradable elastomer. Biomaterials 2004, 25, 5261–5269.
44. Amsden, B.; Wang, S.; Wyss, U. Synthesis and characterization of thermoset biodegradable
elastomers based on star-poly(epsilon-caprolactone-co-D,L-lactide). Biomacromolecules 2004, 5,
1399–1404.
45. Yang, J.; Zhang, Y.; Gautam, S.; Liu, L.; Dey, J.; Chen, W.; Mason, R.P.; Serrano, C.A.; Schug,
K.A.; Tang, L. Development of aliphatic biodegradable photoluminescent polymers. Proc. Natl.
Acad. Sci. USA 2009, 106, 10086–10091.
46. Lee, S.J.; Liu, J.; Oh, S.H.; Soker, S.; Atala, A.; Yoo, J.J. Development of a composite vascular
scaffolding system that withstands physiological vascular conditions. Biomaterials 2008, 29,
2891–2898.
47. Huynh, T.; Abraham, G.; Murray, J.; Brockbank, K.; Hagen, P.O.; Sullivan, S. Remodeling of an
acellular collagen graft into a physiologically responsive neovessel. Nat. Biotechnol. 1999, 17,
1083–1086.
48. Yang, J.; Shi, G.; Bei, J.; Wang, S.; Cao, Y.; Shang, Q.; Yang, G.; Wang, W. Fabrication and
surface modification of macroporous poly(L-lactic acid) and poly(L-lactic-co-glycolic acid)
(70/30) cell scaffolds for human skin fibroblast cell culture. J. Biomed. Mater. Res. 2002, 62,
438–446.
49. Lee, S.J.; Oh, S.H.; Liu, J.; Soker, S.; Atala, A.; Yoo, J.J. The use of thermal treatments to
enhance the mechanical properties of electrospun poly(epsilon-caprolactone) scaffolds.
Biomaterials 2008, 29, 1422–1430.
© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).

