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Abstract
A biodegradable microvessel scaffold comprised of distinct parenchymal and vascular
compartments separated by a permeable membrane interface was conceptualized, fabricated,
cellularized, and implanted. The device was designed with perfusable microfluidic channels on the
order of 100 µm to mimic small blood vessels, and high interfacial area to an adjacent
parenchymal space to enable transport between the compartments. Poly(glycerol sebacate) (PGS)
elastomer was used to construct the microvessel framework, and various assembly methods were
evaluated to ensure robust mechanical integrity. In vitro studies demonstrated the differentiation of
human skeletal muscle cells cultured in the parenchymal space, a 90% reduction in muscle cell
viability due to trans-membrane transport of a myotoxic drug from the perfusate, and microvessel
seeding with human endothelial cells. In vivo studies of scaffolds implanted subcutaneously and
intraperitoneally, without or with exogenous cells, into nude rats demonstrated biodegradation of
the membrane interface and host blood cell infiltration of the microvessels. This modular,
implantable scaffold could serve as a basis for building tissue constructs of increasing scale and
clinical relevance.

1. Introduction
A major factor impeding the clinical translation of tissue-engineered constructs that include
cells in combination with various biomaterial substrates is the limited size of functional
tissue that can be produced. More specifically, preventing cell death at the center of thick
constructs during in vitro culture and in the initial phase post-implantation will require
readily perfusable microvessels, due to the limited diffusion distance of oxygen and the slow
physiological rate of new blood vessel growth [1–4]. A support system, such as integrated
microvessels, and a strategy for graft-host vascular integration are needed to sustain large
viable engineered tissues with demanding oxygen and nutrient requirements, such as muscle.
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Recent advances in photolithography, 3D printing, and 3D sacrificial molding technologies
have recapitulated functional, vascular-like structures in both degradable [1, 2, 5, 6] and
non-degradable [7–10] materials. However, previous microfluidic devices focused on the
vascular compartment [7, 11–13] and/or required non-degradable materials such as
poly(dimethyl siloxane)(PDMS) [7, 14–16]. Previous studies have not yet demonstrated a
robustly perfusable, implantable scaffold that enables vascular—parenchymal transport via a
degradable interface.

Scaffolds with pre-formed microvasculatures derived from cultured cells (endothelial or
progenitor) can integrate with host blood vessels [4] and accelerate the functional integration
of skeletal muscle grafts in vivo [3]. However, vascular integration after in vivo implantation
required a period of several days to weeks, both for decellularized small intestinal
submucosa (SIS) [3] and porogen-leached polymers such as poly(L-lactic acid) (PLLA) and
poly (lactic-co-glycolic acid) (PLGA) [17, 18]. This timeframe is too long to allow survival
of complex tissue constructs with high metabolic requirements; these will require immediate
perfusion, as is the state of the art for large plastic and reconstructive allografts [19].

As an alternative to decellularized tissue and polymers with randomly structured pores (e.g.,
PLGA sponges), scaffolds with engineered microvasculature could enable host-graft
vascular integration both at the micro-scale and, with scale-up of inlet and outlet, allow
immediate perfusion by direct anastomosis to host arteries and veins. Moreover,
biomaterials from the class of a polyol sebacate polymers, which includes PGS [20, 21],
could be fabricated into mechanically competent framework of compartments and semi-
permeable interfaces, in contrast to hydrogels, which by comparison are generally weaker,
or thermoplastic polymers (e.g., PLGA), which by comparison are generally too stiff.

Poly(glycerol sebacate) was strategically designed to combine rubber-like elasticity,
strength, and rapid biodegradation by surface erosion to enable rapid tissue remodeling and
repair [22, 23]. Biocompatibility of PGS was shown for all cell types found in muscle,
including cardiac [24–30], and skeletal [31], myocytes and endothelial cells [11, 23, 32, 33].
Moreover, mechanical properties and biodegradation rate of members of the polyol sebacate
family can be controlled by varying monomer composition [34], curing time [26], and
curing temperature [35]. Moreover, PGS can be precisely fabricated to achieve high aspect
ratio features (150 µm height, 30 µm width) and 3D scaffold architectural structures by
combining Si wafer micromolding [28] with semi-automated layer-by-layer alignment and
bonding [29]. However, while previous studies have shown meso-scale muscle fiber
development on 3D porous PGS scaffolds, a perfusable, implantable multi-compartmental
PGS scaffold has not been previously demonstrated.

In the present study, a biodegradable scaffold with parenchymal and vascular compartments
separated by a permeable membrane was fabricated from PGS. Scaffolds were cellularized
and characterized with human skeletal muscle cells and endothelial cells in vitro, then
implanted with and without cells in vivo. Analyses of trans-membrane transport, membrane
biodegradation, and host blood cell infiltration of the microvessels were performed to
evaluate the suitability of this scaffold as a framework to support large engineered tissues.

2. Materials and Methods
2.1. Design

The microfluidic device base (µFD base) had a simple design, with 250 µm inner diameter
inlet and an outlet channels, a 4 cm2 square central area comprising 150 parallel
microchannels, and a boat-shaped footprint (Figure 1). Arrays of ~100 µm diameter posts
were placed at 250 µm intervals at the inlet and outlet in order to provide structural integrity
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[36] and help distribute flow (Figure 1 B1). Long, transitional entrance and exit regions [37]
further aided in the distribution of flow to all of the central channels (Figure 1 B2). The
central channels, each 2 cm long, 100 µm wide, and 100 µm high, were separated by 30 µm
wide ribs (Figure 1 B3). This design considered both 2D (in-plane) fluid flow and trans-
membrane (out-of-plane) area available for transport to an adjacent parenchymal space in
the context of a device with a sufficiently large working area to allow for the generation of
reliable replicates for in vitro and in vivo studies. Dimensions of the inlet, outlet, and central
channels were selected to be within the size range of natural vasculature [38]; flow rate was
empirically selected to maintain steady channel filling and perfusion. Overall, our channel
dimensions were similar to those in a recently reported device [7] that was designed based
on mathematical modeling, made of PDMS and glass, and used to create an endothelial cell-
based microcirculatory network.

2.2. Scaffold fabrication
Etched Si wafers (100 mm diameter, 1 mm thick, WRS Materials, San Jose, CA) were used
as molds for the PGS µFD base. Wafers were coated with hexamethyldisilazane and UV
exposure was applied through a 20,000 dpi Mylar mask transparency, the design for which
was laid out using L-Edit software (Tanner, San Jose, CA) [31]. Wafers were then
developed, rinsed, dried, oxygen plasma (OP) treated, and hard baked. Exposed Si was then
etched to a target depth of 150 µm using an inductively coupled plasma etcher (STS-ICP,
Newport, UK); the photoresist was stripped, and wafers were cleaned in a Piranha bath (1:1
H2SO4: H2O2), rinsed and dried. Wafers were then subjected to isotropic etch (STS RIE,
Newport, UK) to smooth sidewalls and corners [28]. After another OP treatment and Piranha
clean, wafers were stored until use. To facilitate PGS molding, wafers were spin-coated with
a sacrificial layer of maltose (70% w/v in DI water) [28] and then post-baked and stored
with desiccant at room temperature (RT) until use.

The PGS pre-polymer was synthesized by reacting a 1:1 molar ratio of glycerol and sebacic
acid under heat and vacuum [22, 28]. The PGS µFD base was micromolded by volumetric
casting and curing of the pre-polymer in the etched Si wafer in a vacuum oven (165°C, 40
mTorr) [28]. To provide a thin PGS membrane to cover the µFD base, pre-polymer (50% w/
v in ethanol) was cast on an unpatterned maltose coated Si wafer followed by heating and
vacuum curing. The PGS µFD base and membrane were peeled off the wafers, subjected to
graded ethanol washes (of up to 50% v/v in DI water to remove unreacted oligomer), and
rinsed. Narrow slits were cut at the inlet and outlet of the µFD base to allow in-line insertion
of coated silica inlet and outlet tubing for device perfusion (200026-10M, TSP250360,
Molex Connector Group, Wooster, OH).

To assemble closed channels from a µFD base and a membrane, three bonding methods
were explored: (i) OP, (ii) 3-aminopropyltriethoxysilane (APTES), and (iii) PGS solvent
bonding. For OP bonding, a membrane cured for 8 h was OP-treated (100 W, 120 s) and
held in contact with a µFD base cured for 16 h. For APTES bonding, a membrane cured for
8 h was OP-treated, sprayed with APTES (5% w/v in DI water), heated for 20 min at 80°C,
and held in contact with an OP-treated µFD base cured for 16 h. For PGS solvent bonding, a
thin layer of PGS pre-polymer (25% w/v in ethanol) was heated on an unpatterned Si wafer
for 30 min at 110°C and transferred by dip-coating to the patterned side of a µFD base cured
for 14 h. Next, a membrane cured for 6 h was held in contact with the dip-coated µFD base,
and the resulting composite device was re-cured for an additional 2 h. To provide
parenchymal chambers, four PDMS gaskets (8 mm inner diameter, 6 mm high) were
attached to the PGS membrane above the central microvessels using silicone adhesive
(3140, Dow Corning, Midland, MI). Prior to use with cells, assembled devices were
autoclave-sterilized (121°C for 30 min on a wet cycle).
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2.3. Scanning electron microscopy (SEM)
The SEM analysis was as previously described [31]. Briefly, full-thickness cross-sections of
specimens were harvested from the central region of the microvessel scaffold, dried, sputter
coated with gold-palladium, and imaged using a S3500 Hitachi SEM (High Technologies
America).

2.4. Mechanical testing
Mechanical testing was similar to our previous studies [26, 28]. Dry full-thickness cross-
specimens were prepared from the central region of the scaffold using a dog-bone punch
(gauge length 5 mm, width 2 mm) oriented in parallel to the microvessels. Samples were
mounted on a mechanical tester (ELF 3200 Bose, Framingham, MA) fitted with a 250 g load
cell (Sensotech, Inc., Columbus, OH) and strained to failure at 2% strain/s. Effective
stiffness was calculated from the slope of the stress–strain curve between 1% and 10%
strain; ultimate tensile stress (UTS) and the first strain-to-failure (εf) were also calculated
from the stress-strain curve.

2.5. Flow testing
A syringe filled with phosphate buffered saline (PBS) was attached to the device inlet, an
empty syringe was attached to the device outlet, and the device was subjected to
unidirectional flow using a push-pull syringe pump (PHD RS485, Harvard Apparatus).
Devices were tested at flow rates of 10 µL/min and 100 µL/min for up to five days; any
detachment between the two layers indicated by macroscopic visual observation was
considered as failure of the bond. Flow visualization studies were done in the same setup,
using 50% v/v eosin-Y DI water (HT110280, Sigma, St. Louis, MO) or fluorescently labeled
10 µm diameter microspheres at 0.1% (w/v) in PBS (18140, Polysciences, Warrington, PA).
Images were recorded using a Zeiss Axiovert 200M epifluorescence microscope equipped
with a video camera (Sony, XCD-X710).

2.6. In vitro studies
Adult human skeletal muscle derived cells (hSkMDCs) [39] were obtained from Cook
Myosite Inc. (CMI, Pittsburgh, PA). The hSkMDCs were expanded in growth medium
(MB-2222, CMI) according to manufacturer’s instructions. The PGS membrane was pre-
treated by pipetting 400 µL of 10 µg/mL fibronectin (F0895, Sigma, St. Louis, MO) into
each of the four upper chambers and incubating overnight at 37°C, after which passage 5
hSkMDCs were seeded (5 × 104 cells and 400 µL of growth medium per chamber). After 24
h, the hSkMDCs growth medium was replaced with differentiation medium (MD-5555,
CMI) and microvessel perfusion was initiated. A syringe filled with differentiation medium
was placed on the push-pull pump and attached to the inlet of the device via a gas exchanger
(508-005 Cole Parmer silicone rubber tubing, 50 cm long, 2.16 mm OD, 1.02 mm ID, and
0.67 mm wall). Unidirectional push-pull flow was established at 10 µL/min, and the system
was placed in a standard cell culture incubator. The medium in the syringes was replaced
every two days. After five days, full thickness specimens were harvested, one from each
chamber, using an 8 mm diameter dermal punch (P850, Acuderm, Ft. Lauderdale, FL).
Glass coverslip cultures of hSkMDCs provided controls.

In other studies, the microvessel perfusate was supplemented with 50 µM doxorubicin
(DOX) (2252, TORIS Bioscience, Bristol, UK), a drug with known myotoxic side effects
[40, 41], while hSkMDCs were cultured in the parenchymal space. Microvessel perfusion
without DOX served as one set of controls while petri dish cultures of hSkMDCs provided a
second set of controls. After five days of culture, hSkMDCs viability was examined using
three commercial kits according to manufacturers’ instructions. For the CellTiter-Glo™
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assay (G7570, Promega, Madison, WI), hSkMDCs cultures were incubated for 10 min at RT
with a reagent that produced a fluorescent signal proportional to the amount of ATP present
and assessed using a SpectraFluor Plus (Tecan, Research Triangle Park, NC). For the Live/
Dead assay (L3224, Molecular Probes, Eugene, OR), hSkMDCs cultures were incubated for
45 min at RT with 4 µM calcein-AM and 2 µM ethidium homodimer, then imaged using a
Zeiss Axiovert 200M epifluorescence microscope. Apoptosis was detected after fixing
specimens in 10% neutral buffered formalin (NBF), embedding in paraffin, and sectioning
to 5 µm, using the terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling
(TUNEL) assay (4828-30-BK, R&D Systems, Gaithersburg, MD).

In other studies, microvessels of devices were seeded with human umbilical vein endothelial
cells (HUVECs) after culturing hSkMDCs in the parenchymal space. The HUVECS (ATCC
PCS-100-030) were expanded in basal medium (ATCC PCS-100-030) containing
endothelial cell growth kit-BBE (ATCC PCS-100-040). Passage 4 HUVECs were infused
into the microvessels (1.2 × 107 cells per 300 µL) using a push-pull pump at 25 µL/min.
Specimens were cultured statically overnight; to minimize evaporative loss, medium was
added to a well created by a PDMS gasket to create a thin layer of fluid over the entire top
surface of the device.

2.7. In vivo studies
Immunodeficient rats (n=8 males, 8 weeks old, 200–250 g, NIH RNU, Charles River) were
used following the guidance of the NIH and an Institutional Animal Care and Use
Committee. Microvessel scaffolds were implanted at two sites, subcutaneous (SC) and
intraperitoneal (IP), in four experimental groups: (i) SC without cells, (ii) SC with
exogenous cells, (iii) IP without cells, and (iv) IP with exogenous cells, and there were four
to six replicates per group. In groups (ii) and (iv), hSkMDCs were seeded in the
parenchymal space and cultured in differentiation medium for three days, then HUVECs
were seeded in the vascular space and incubated overnight, as described in Section 2.6. In all
four groups, 8 mm diameter, full thickness discs of the microvessel scaffold were die-
punched, subdivided into halves or thirds, and implanted. The SC implants were inserted
without fixation into dorsal pouches, while IP implants were fixed onto the mesentery of the
small intestine using a single loose suture made of 6-0 prolene. One rat was euthanized after
one day due to a post-operative complication, four rats with SC and IP implants were
euthanized after 1 week, one rat with IP implants was euthanized after 2 weeks, and two rats
with SC implants were euthanized after 4 weeks.

2.8. Histological analyses
At the conclusion of in vitro cultures, full-thickness specimens were harvested from devices
using a dermal punch; in vivo explants were harvested en-bloc following euthanasia.
Specimens designated for histological staining were fixed in 10% NBF, embedded in
paraffin, and sectioned to either 20 µm or 5 µm, for in vitro or in vivo studies respectively.
Specimens designated for immunostaining and cryosectioning were fixed in 10% NBF,
embedded in Tissue Tek O.C.T. compound, sectioned (20 µm), rinsed, and permeabilized in
Triton X-100 (Sigma), 0.2% (v/v) in PBS for 0.5 h. Fluorescein isothiocyanate (FITC)-
phalloidin conjugate was used to detect F-actin (Sigma P5282; 1:200 dilution factor (df)).

For in vitro studies, hSkMDCs were immunostained for F-actin, desmin, and sarcomeric α-
actin, and HUVECs were immunostained with von Willebrand’s Factor (vWF). The primary
antibodies were: anti-human sarcomeric α-actin antibody (Sigma A7811; 1:200 df), anti-
human desmin antibody (Dako Clone D33; 1:200 df) and anti-human vWF (Sigma F3520;
1:200 df). After incubating with a fluorescein-conjugated secondary IgG antibody (1:200
df), specimens were rinsed, incubated in mounting medium with DAPI (Vector laboratories
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H-1200), cover-slipped, and imaged using a MICF-Nikon 1AR Ultra-Fast Spectral Scanning
Laser Confocal Microscope.

For in vivo studies, the primary antibodies were monoclonal anti-rat CD31 antibody (Abcam
ab7388; 1:200 df), which provided marker for host rat endothelial cells, and anti-human
human specific nuclear antigen antibody (MAB1281; Millipore, Temecula, CA, 1:200 df)
which provided a marker for exogenous human cells. Other specimens were paraffin-
embedded and stained with hematoxylin and eosin (H&E). To assess thickness of the PGS
membrane interface, regions of interest above individual microchannels were defined using
Image-J, and thickness was calculated as measured area divided by width and expressed as
percent of thickness at time-zero for at least six microchannels within representative samples
from each group.

2.9. Statistical analyses
Multi-way analysis of variance was performed in conjunction with Tukey’s post hoc test
using SPSS version 21.0. Values of p <0.05 were considered statistically significant.

3. Results
3.1. Structural and mechanical characterization of assembled scaffolds

A PGS µFD base was replica-molded off an etched silicon wafer and tightly bonded to a
PGS membrane to create a closed microfluidic device as shown schematically and in
micrographs in Figure 1 and Figure 2A–F. Structural and functional (mechanical and flow)
testing were used to select the best bonding technique for “microvessel scaffolds” assembled
using three different methods: OP, APTES and PGS solvent bonding (Figure 2, Table 1,
Supplemental Data 1, Supplemental Videos 1–3). Seamless bonding, as assessed by cross-
sectional SEM, was found only in the PGS solvent bonding group (compare Figure 2F with
Figures 2B and 2D). The SEM analyses also showed that feature sizes of the microchannels
were consistent with the dimensions of the etched Si wafer (depth of ~100 µm, height of
~100 µm deep, and rib width of ~30 µm), while the thicknesses of the µFD base and
membrane were respectively ~175-to-185 µm and ~100-to-120 µm.

Scaffolds in the PGS solvent bonding group did not fail over five days of perfusion at lower
and higher flow rates of 10 and 100 µL/min (Table 1), in contrast to the OP and APTES
bonding groups where most of the devices failed at the lower rate within 4 h. The UTS was
higher for PGS solvent bonding group than either OP or APTES bonding (Figure 2G). Stress
versus strain curves revealed a single failure point for the PGS solvent bonding group,
indicating that the µFD base remained firmly bonded to the membrane until failure, whereas
serial failure of first the µFD and then the membrane in the OP and APTES groups
suggested their bonds were less robust (Supplemental Data 1). Effective stiffness was higher
for PGS solvent and APTES bonding than for OP bonding (Figure 2H). The initial value of
failure strain was in the range of 0.4 to 0.5 and was similar for all three bonding methods
(Figure 2I). Based on SEM imaging and flow and mechanical test data, PGS solvent
bonding was used for scaffold assembly in all further studies.

Flow visualization studies using tracer dyes and microsphere particles showed flow patterns
resembling plug flow, without aggregation or adherence of particles to channels walls
(Supplemental Videos 1–3).

3.2. In vitro studies
In vitro studies of hSkMDCs differentiation in the parenchymal compartment, trans-
membrane transport of a myotoxic drug, and seeding of HUVECs into the microvessels are
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shown schematically in Figure 3 and results are demonstrated in Figures 4–6. In all cases, in
vitro studies were carried out in an incubator-compatible circuit, using a syringe pump
connected to a gas exchanger to perfuse the microvessels, while hSkMDCs were cultured in
four parenchymal chambers on top of the membrane.

Over five days of culture, the hSkMDCs fused into multi-nucleated myotubes (Figure 4C).
Elongated cell structures were demonstrated by F-actin staining (Figure 4A) and
differentiation was demonstrated by immunostaining for desmin (Figure 4B) and sarcomeric
α-actin (Figure 4D). While hSkMDCs cultured on PGS scaffolds were less elongated and
exhibited less developed sarcomeres than control cultures on glass coverslips (Figures 4E–
H), the scaffolds clearly supported human myocyte growth and differentiation.

Trans-membrane transport was demonstrated by about 90% reduction in hSkMDCs viability
in the parenchymal compartment due to transport of a myotoxic drug (DOX, 578 Da) from
the perfusate within the vascular compartment. The CellTiter Glo kit (Figure 5A), Live/
Dead staining (Figure 5C) and TUNEL assays (Figure 5G) all demonstrated high numbers of
dead and apoptotic hSkMDCs, and H&E stain revealed loss of cell integrity (Figure 5F)
when the perfusate contained DOX. In contrast, hSkMDCs viability as assessed by these
same indexes was high when the perfusate did not contain DOX (Figures 5 A, B, E). The
CellTiter Glo kit also showed about 90% reduction in viability for hSkMDCs cultured in
Petri dishes using medium that contained DOX (Figure 5A).

Another study demonstrated the feasibility of seeding microvessels with HUVECs, albeit
without optimization of cell concentration, adhesion or spreading (Figure 6). Presence of
HUVECs was demonstrated by vWF immunostaining (Figure 6 B1, C1); however, the cells
appeared rounded and were sparsely distributed at the bottoms of the channels. Co-staining
with vWF and F-actin confirmed that HUVECs were located in the microvessels while
hSkMDCs were located in the parenchymal space (Figure 6 B, C).

3.3. In vivo studies
Scaffold biodegradation in association with microchannel vascularization were clearly
demonstrated in vivo, one week after implanting full-thickness punches of scaffolds without
or with exogenous cells into nude rats (Figure 3 and Figure 7). Initial wet weights,
thicknesses, and surface areas of the implants were about 5-to-7 mg, 300 µm, and 0.35-
to-0.50 cm2, respectively.

Interfacial membrane degradation was quantified (Figure 7K) by comparing H&E stained
cross-sections of the four groups of one-week implants to initial (time-zero) implants. There
were significant effects of time and presence of exogenous cells on membrane
biodegradation at both sites. In the group where degradation was most rapid, membrane
thickness was reduced to 39% of its initial value within one week. At later time points (two
and four weeks), implants could not be found and were presumed to have completely
biodegraded.

The cells within the microvessels of one-week explants (Figure 7C–E) were determined to
be host cells by immunostaining for rat CD31 (Figure 7 G–J); a CD-31 stained normal rat
microvessel provided a positive control (Figure 7F). The H&E and CD-31 staining patterns
showed consistent trends from group to group, with IP implants with exogenous cells
exhibiting the most rapid membrane biodegradation and vascularization (Figure 7 I–K).
Erythrocytes were present in the microvessels of IP implants with exogenous cells, as shown
in a representative H&E stained longitudinal section (Figure 7L).
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4. Discussion
Biomaterial microfabrication by Si-based micromolding [13], additive manufacturing [42],
and layer-by-layer assembly [29] holds promise for tissue engineering and regenerative
medicine. Toward building tissues with integrated vasculatures, we designed and fabricated
a scalable unit comprised of adjacent microvessel and parenchymal compartments,
demonstrated spatially organized cell populations and inter-compartmental transport in
association with microvessel perfusion in vitro, and confirmed biodegradation of the
membrane interface in association with host blood cell infiltration of the microvessels in
vivo.

The design of our microvasculature allowed 2D (in-plane) perfusion in a pattern resembling
plug flow while also providing a higher area for trans-membrane (out-of-plane) transport
than previously reported designs based on successive generations of bifurcating
microchannels [9, 13]. More specifically, our transport area was 77% for 100 µm high × 100
µm wide channels with center-to-center spacing of 130 µm, whereas in a recent report [9]
the transport area in the area of the smallest channels fabricated (200 µm high × 200 µm
wide with center-to-center spacing of 400 µm) was lower (50%). It will be interesting to
directly compare microvessel scaffolds fabricated by Si-based micromolding and additive
manufacturing, and find ways to combine these promising bioMEMS technologies.

Continuous microvessel perfusion under standard in vitro culture conditions for five days
was made possible by a mechanically stable bond between the two device layers. Only the
chemical cross-linkage created by PGS solvent bonding (dip-coating a µFD base into a
solution of a pre-polymer and then bringing the base into contact with a membrane followed
by vacuum curing) yielded a robustly perfusable device, in contrast to OP, previously shown
to bond two layers of PGS scaffolds not used for perfusion [27] and APTES, previously
shown to bond polymer membranes to PDMS or glass [43].

In vitro studies showed that perfusing the microvessels with DOX had cytotoxic effects on
hSkMDCs in the parenchymal space [40, 41]. While the current interfacial material may
eventually need to be replaced with something more permeable, and drainage or lymphatics
need to be added [5] the present findings showed trans-membrane transport in the context of
a fully degradable device. In vitro studies also demonstrated differentiation of hSkMDCs
cultured on scaffolds, but cells were less elongated and sarcomeres less developed than
controls cultured on glass coverslips suggesting that myogenesis remained incomplete under
the conditions tested. Consistent with findings previously reported for PDMS microdevices
[7], our study of PGS microdevices highlighted the need to remove un-crosslinked oligomer
(sol). More specifically, perfusion caused hSkMDCs death when microvessel scaffolds were
not pre-treated with ethanol, and this problem was resolved by pre-incubating device
components in ethanol prior to cell culture. Interestingly, cytotoxicity was not previously
observed in our studies of PGS scaffolds that were neither pre-treated in ethanol nor
perfused [28, 29].

In vivo studies showed degradation of the interfacial membrane, suggesting the approach
may eventually be used enable direct contact between cells of different types organized in
adjacent device compartments. Membrane degradation was associated with host blood cell
infiltration of the microvessels and, in the fastest degrading group–IP implanted scaffolds
with exogenous cells– membrane thickness was reduced to 39% of its initial value over one
week. Possible explanations for why the presence of exogenous cells was associated with
faster membrane biodegradation and more extensive graft-host vascular integration include
release by exogenous cells of enzymes such as lipase that can degrade PGS [42] and/or
hypoxia-inducible-factor-1alphạ which can induce the release of pro-angiogenic growth
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factors [4]. The inflammatory response to the surgical wound and foreign materials (i.e.,
human cells and/or PGS) appeared to be minimal in our immunocompromised hosts.

Rapid biodegradation of the scaffolds by surface erosion can be attributed to their small
mass, high surface-to-volume ratio geometry, and the polymer curing conditions (high
temperature, short duration), as compared to other in vivo studies of PGS implants [44–46].
It will be interesting to selectively control the rates of degradation of the individual scaffold
components by using biomaterials with various chemical compositions, processing
conditions, and geometries.

Further work is needed to improve the scaffold’s capacity for exogenous cell delivery.
Human SkMDCs were not detectable in one-week explants, presumably due to their
detachment from the scaffold in association with the implantation process; in the next
prototype device, a porous scaffold will be integrated into the parenchymal space in an effort
to increase muscle cell retention. Although host-derived vascular structures were present in
one-week explants, further work can be done to improve the attachment and distribution of
exogenous endothelial cells, including microchannel pre-treatment with fibronectin and
device rotation during cell seeding which enabled 3D endothelialization of 100 µm × 200
µm rectangular channels made of PDMS [7].

5. Conclusion
We conceptualized, fabricated, cellularized, and implanted a mechanically robust,
elastomeric, biodegradable microvessel scaffold with distinct vascular and parenchymal
compartments separated by a permeable membrane. The microvessel scaffold supported the
in vitro cultivation of hSkMDCs in its parenchymal space. Trans-membrane transport was
proven by inducing death of parenchymal hSkMDCs by perfusing a myotoxic drug through
the microvessels. Substantial biodegradation of the membrane in association with host blood
cell infiltration of the microvessels occurred within one week of device implantation in vivo.
Together, these findings demonstrate an implantable, scalable unit that can be populated
with exogenous and/or host cells in a spatially organized manner and, with further
development, may address the clinical need for a large engineered tissue grafts with a
readily perfusable, integrated microvasculature.
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Figure 1.
Fabrication of PGS scaffolds from silicon wafers. (A) Assembly of a microfluidic device
(µFD) base and thin membrane; (B) simplified schematic of the micropatterned wafer.
(Insets A1 and A2) patterned and unpatterned wafers. (Insets B1–B3) light micrographs of
µFD base showing transition from inlet posts to inlet channels (B1), transition from inlet
region to central channels (B2), and central channels (B3). Silicon appears blue; maltose
appears red; cured PGS appears orange, and PGS pre-polymer appears green. Scale bars:
100 µm.
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Figure 2.
Structural and mechanical properties of assembled scaffolds. (A–F) SEM images of
scaffolds assembled by three methods (A, B) OP, (C, D) APTES and (E, F) PGS solvent
bonding, which showed seamless binding (arrow) between the µFD base (above) and
membrane (below). (G, H, I) Ultimate tensile stress (G), effective stiffness (H), and first
strain-to-failure (I). Scale bars: (A, C, E) 100 µm, (B, D, F) 20 µm. Data are mean +/− SE.
*Significant difference between groups.
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Figure 3.
Experimental designs. For some in vitro studies, human skeletal muscle derived cells were
seeded in parenchymal spaces while microvessel perfusate was supplemented with a
myotoxic drug (Doxorubicin); in other in vitro studies, microvessels were seeded with
human umbilical vein endothelial cells. For in vivo studies, full-thickness punches of the
scaffolds with or without both cell types were implanted subcutaneously or on the mesentery
of the small intestine in nude rats.
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Figure 4.
Skeletal muscle cell differentiation on microvessel scaffolds. Confocal images of hSkMDCs
(A–D) in the parenchymal space and (E–H) on glass coverslips; immunostaining for (A,E)
F-actin (green), (B,F) desmin (red), (C,G) F-actin merged with desmin, with nuclear
counterstain (blue), and (D,H) epifluorescence images after immunostaining for sarcomeric
α-actin. Arrows point to a multi-nucleated cell. Scale bars: (A–C, E–G) 10 µm; (D, H) 5 µm.

Ye et al. Page 16

Biomaterials. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Trans-membrane transport of a myotoxic drug from the microvessels to the parenchymal
compartment. (A) Cell Titer-Glo™ viability data for four groups: (i) hSkMDCs on dish; no
DOX in medium, (ii) hSkMDCs on scaffold; no DOX in perfusate; (iii) hSkMDCs on dish;
DOX in medium, and (iv) hSkMDCs in scaffold; DOX in perfusate. (B, C) Epifluorescence
images after live-dead staining of hSkMDCs in group ii (B) or group iv (C); live cells appear
green, dead cells appear red. (D–G) Histological cross-sections of from group ii (D,E) and
group iv (F,G) after staining with H&E (D,F) or TUNEL (E,G). Arrows (G) point to
apoptotic nuclei. *Significant difference due to culture system (dish or scaffold);
**Significant difference due to DOX. Scale bars: (B–C), 50 µm; (D–G), 25 µm.
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Figure 6.
Human umbilical vein endothelial cell seeding in microvessels of scaffolds with hSkMDCs
cultured in parenchymal spaces. (A) 3-D confocal reconstruction; (B, C, Insets B1-C1)
epifluorescence images of longitudinal sections (B, B1); and cross-sections (C, C1) after
staining with von Willebrand’s factor (red); F-actin (green) and nuclear counterstaining
(blue); PGS appears blue-purple. Scale bars: (A) 100 µm; (B and C) 50 µm; (B1 and C1) 20
µm.

Ye et al. Page 18

Biomaterials. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Membrane biodegradation and microchannel vascularization in vivo. Initial (time-zero)
implants are compared to explants in five groups: (A) Time-zero (B,C) one week
subcutaneous (SC) explants without (B) or with (C) exogenous cells, (D,E) one week
intraperitoneal (IP) explants without (D) or with exogenous (E,G) cells. (A-E,L) light
micrographs of cross-sections (A-E) and a longitudinal section (L) stained with H&E.
Confocal micrographs of a native blood vessel (F) and microvessels from SC scaffold
without (G) or with (H) cells and IP scaffold without (I) and with (J) cells immunostained
for anti-rat CD31. (K) membrane thickness expressed as % of initial; data are mean +/−
SD. 1Significant effect of time; 2Significant effect of exogenous cells. (A) Red arrows show
the membrane; (L) black arrows show red blood cells; (F–J) CD31 (and PGS) are red; cell
nuclei are blue. Scale bars: (A–E) 50 µm; (G–L) 25 µm.
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