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Abstract
Background: Due largely to the exponential increase in demand for replacement organs, tissue
engineering has become an area of increasing technological focus. One significant challenge for
the successful development of large-scale engineered tissue constructs is to ensure efficient
nutrient delivery throughout the bulk of the tissue. Therefore, it is necessary to develop a viable
method for vascularizing scaffolds so that engineered constructs can be immediately perfused
upon implantation.
Methods: Soft lithography was used to fabricate micro-scale channels into a porous silk scaffold.
Endothelial cells were seeded within these microchannels and cultured under static and shear
conditions for up to two weeks. Chemical and physical parameters were manipulated and
quantitative and qualitative measurements were gathered to determine optimal conditions for
channel endothelialization. Quantitative RT-PCR measured the expression of three genes
involved in cell remodeling and lumen formation.
Results: Cell growth was observed in all channel sizes using histological and
immunohistochemical analysis. After two weeks of culture, endothelial cells still expressed
proliferation markers predominantly in the shear culture flasks.
Conclusion: The results of this study demonstrate the ability of microchannels to prevascularize a
porous, biodegradable scaffold. After 14 days of dynamic culture conditions, the microchannels
supported endothelial cell proliferation and stable luminal structures.

Introduction
Due largely to the exponential increase in demand for replacement tissues, the field of
tissue engineering has become an area of increasing technological focus. A prominent obstacle in
successfully constructing large-scale tissue constructs is the ability to prevascularize engineered
tissues. Prevascularization is required to deliver oxygen and nutrients into the depths of the
tissue and promote immediate perfusion of host blood through the tissue upon implantation. The
current methods being used do not supply adequate oxygen and nutrient delivery into the
construct bulk, thereby limiting the size of engineered tissues. Without the ability to create a
tissue that closely mimics native tissue, implantation will be impeded and the field of tissue
engineering cannot progress.
The model used in this study is fabricated using soft lithography and can accurately
pattern silk scaffolds with micro-scale vascular networks and channels. The channel pattern is
imprinted on the surface of silk scaffolds, and the channels are enclosed by adhering a flat
scaffold onto the patterned scaffold. Endothelial cells are seeded within the channels prior to
closing and grown to confluence. The scaffolds are then placed in static and dynamic culture
systems and endothelial cell behavior is assessed quantitatively and qualitatively over a twoweek period.
This method of prevascularization of the scaffold allows precise control over the creation
of vascular networks through a tissue. In this way, scaffolds, and eventually tissues, can be built
such that adequate nutrient flow can be achieved throughout a large construct. By seeding
endothelial cells within the channels, lumen formation is promoted, and the creation of
physiologically relevant tissue engineered constructs can be achieved.

Significance

A recent estimate states that one in five people reaching the age of 65 will undergo some form of
tissue replacement therapy in their remaining life span [1]. Although there is great potential for
this treatment, engineering of large-scale tissues suitable to function in a physiologically relevant
context remains a distant goal. One of the major obstacles facing investigators is the inability to
generate tissues with long-term viability and function due to inefficient and uneven transport of
oxygen to the entire tissue. Therefore, finding a viable method of prevascularizing a tissue is
currently an active area of research [2]. Current methods of vascularizing tissue constructs are
imperfect and experience limited success. The most common setbacks to current techniques are
the time necessary to implement a vascular network within a scaffold, the extensive materials
and factors required to induce vascularization, and the limitations to the size of tissue that can be
vascularized. While small segments of skin, bone, and other tissues have been created, there are
still large obstacles in the creation of sizeable and useful tissues. Once a feasible method for
prevascularization is developed, the field of tissue engineering can progress towards the ultimate
goal of fully viable engineered tissue implantation.
A significant aspect of vascularizing tissue is being able to control the endothelial cell
growth within the vascular network. One outcome of research presented here is a better
understanding of the effect that physical and chemical parameters have on endothelialization.
This contribution is significant because it will facilitate the creation of fully functional largescale tissues that mimic the important requirements of living tissue and can be successfully
integrated in vivo. Once methods to create cellularized vascular networks become available, it
will be possible to create more physiologically relevant tissues that can more accurately mimic

the function of native tissues. This advance in technology will be significant to further develop
the field of tissue engineering and to eventually provide a more efficient contribution to organ
and tissue replacement therapies as treatment for numerous diseases. The approaches developed
in this proposal are applicable to any tissue type and are therefore widely practical.

Background

The maximum size of the engineered construct is defined by the maximum distance
across which gas and nutrient diffusion can occur. The proximity of any cell in the body to a
capillary is such that adequate diffusion can occur to sustain the cell and allow for normal cell
function and metabolism [2]. Therefore a large-scale engineered tissue construct must have an
extensive vascular network to sustain normal tissue function. Current attempts at engineering
large-scale tissues inevitably lead to the ‘donut effect’ in which the cells internal to the tissue do
not receive the necessary nutrients, leading to bulk necrosis and eventually tissue failure

[3]

. It has

been experimentally determined that the maximum distance through which sufficient oxygen
diffusion occurs in tissue is approximately 200µm, indicating that this is the limit to the thickness
of many engineered constructs [4][5]. This is not a relevant thickness for engineered constructs
geared for whole organ replacement, therefore a method for prevascularizing engineered tissues
is necessary before larger tissues can be constructed.
Methods for vascularizing tissue constructs have been an area of active research

[5]-[9]

. The

most commonly investigated approaches of inducing vascularization can be divided into three
groups: angiogenic growth factor delivery, co-culture of endothelial cells with the cell type of
interest, and prevascularization of the scaffold [4][6]. Both the incorporation of angiogenic factors
and the seeding of endothelial cells are methods that rely on the self-assembly of a vascular
network by endothelial cells and another cell type within a construct. These two approaches have
been experimentally achievable in small-scale tissues, but in general these methods are not
practical for functionally sized tissues [7]. Self-assembly occurs slowly and does not offer enough
spatial control over the vascular structures. The inclusion of angiogenic factors serves to promote

this assembly by providing native stimuli to the cells, but the timing and release of angiogenic
factors is difficult to control. In addition, the cells often undergo apoptosis before the
vascularization is complete, indicating that the process occurs too slowly [8]. As such, inclusion of
angiogenic factors is best used as enhancement with other methods [9]. For many applications, the
microvascular support network must be present at the outset to promote cell viability and
function. Therefore, the greatest promise for efficient vascularization of an engineered tissue
appears to be prevascularization of the construct.
Currently, there exist several promising methods of prevascularization, although none
have been completely successful. One of these methods relies on the state-of-the-art technique of
cell sheeting. By coating cell culture surfaces with a temperature-sensitive polymer such as
poly(N-isopropylacrylamide) (PIPAAm), the cells can be removed from the substrate as a single
sheet simply by lowering the temperature of the culture environment

[10]

. By obtaining an intact

sheets of cells, specific regions or channels on an engineered scaffold can be coated with these
cells. Research has shown that when two cell sheets are placed in a bilayer, significant cell
signaling occurs between the two layers [11]. These results led to a very recent study investigating
whether a vascular-like system can be created if endothelial cells are cultured between two
sheeted layers of cells [12]. While the results of this investigation revealed that a vascular network
can be created, this method is inefficient and does not provide adequate control over the vascular
patterns. In addition, native vascular systems are composed of three-dimensional tubes that pass
within tissues.
To obtain a vascular network that closely mimics native networks, researchers and
clinicians have also experimented with in vivo vascularization. In this method, an avascular
scaffold is inserted adjacent to a large vein or artery. Once embedded, biological processes within

the body ensure vascular integration of the tissue scaffold, which can then be removed and
implanted at the target site. This method is not practical, however, because it creates multiple
wound sites and biological integration of vascular tissue is a slow process [4].
Another approach to vascularization employs a modular
assembly method. This method involves the creation of
microtubes lined with endothelial cells and embedded within a
hydrogel. These microtubes can be used singularly or
combined in parallel to create macrotissues that are
simultaneously perfusable [4][13]. This method is potentially useful because it can be easily
scaled up to accommodate larger tissues. However, in the scale up, either the tubes will
become larger, thereby destroying the capillary-like nature of the vessels, or an
exponentially larger number of tubes will need to be incorporated, which becomes an
inefficient process. In addition, hydrogels have been shown to have poor mechanical
properties and therefore also impractical for large-scale use

[14][15]

.

Another promising technique for building vasculature into engineered tissues is
microfabrication. Microtechnology has emerged that can create closely controlled patterns to
create molds that simulate vascularization and mimic multiple different environments for the
growth of different cell lines in one culture (Figure 1) [17]. Microfabrication is a process by which
patterns can be etched into biomaterials that involves the use of silicon wafers and UV light
(Figure 3). The michrochannel pattern is printed on a transparency mask and placed over a
silicon wafer coated with a photoresist. UV light is applied to the pattern and areas of the silicon
wafer not protected by the mask are crosslinked. The uncrosslinked photoresist is etched away,
thereby transferring the pattern from the mask onto the photoresist . These patterns are covered

in polydimethylsiloxane (PDMS) polymer to create an exact replica of the desired pattern, and
then covered with another layer of the PDMS in order to create closed channels

[16]

. These sheets

with preexisting channels have the potential to be layered to create three-dimensional perfusable
scaffolds that can be attached to a single source for homogenous perfusion (Figure 2).
Microvascularization using microfabrication techniques is a new process and few attempts have
been successful. Most of the studies that have been conducted have created vascularized
scaffolds made of non-biodegradable polymers. In one such study, a three-dimensional scaffold
was created with an internal network of channels that mimicked native vascular branching. One
advantage to this system is that immediate perfusion can occur through the created network.
However, while it was shown that liquid could be perfused through the channels, the current
impediments to this approach are an even distribution of blood while minimizing the internal
resistance to blood flow. The vascular patterns are developed based on the fractal patterning of
the vascular network, the rheology of the blood flow and the necessary mass transfer of oxygen
[6]

. The microfabricated channels range in width from 35 µm to 5 mm, and current models have a

standard depth of 35 µm. The microfluidic vascular devices that are currently in use maintain
these dimensions. However, experimentation with the depth of the channels may allow better cell
seeding within the channels. Optimization of the microvascular networks will be necessary to
create a clinically relevant vascularization approach.
Few studies have been completed using scaffolds in which cells have been seeded. One
important study, however, seeded hepatocytes within the channels. The results demonstrated that
the system can support a highly metabolic cell type during extended culture

[19]

. This is

significant because even though the absence of endothelial cells within the model does not
present a physiologically accurate model, it reveals the potential of this microfabricated

prevascularization technique to accommodate cells and promote the necessary factors for
proliferation. Another study used PDMS, a non-biodegradable scaffold material, to create a
three-dimensional, implantable renal replacement device. The kidneys filtered waste efficiently
through high rates of blood filtration; therefore, the microfabrication system proved ideal
because multiple vascularized sheets can be layered to promote efficient transport through the
renal system [20]. These studies provide promising evidence for the potential of microfabrication
as a means to prevascularize tissue scaffolds. One drawback, however, is that the use of
biodegradable biomaterials has been limited. Microfluidic systems have been created in synthetic
polymers such as poly(glycerol sebacate) (PGS) [21][22] but these are synthetic systems.
Furthermore, PGS is known to degrade rapidly in vivo and the process by which it degrades is
unknown [23].
A more relevant material for tissue engineering applications is silk. The polymer is
natural and after careful processing, has been found to be nontoxic and easily manipulated into
any necessary shape and structure. Furthermore, silk can be chemically altered to specifically
change the ways in which the cells interact with the scaffold. Previous experiments have shown
that silk can be successfully used in tissue engineering to promote wound healing and bone,
cartilage, tendon and ligament tissue growth. Due to the controllable nature and the
biocompatibility of this biomaterial, silk is the optimal polymer to use in cell scaffolding
experiments [24]. In addition, one of the benefits to using silk is the ability to create
microchannels through a porous scaffold. The synthetic alternatives that are currently being used
do not contain pores through which cells can easily migrate and settle. Using silk, therefore,
provides additional benefits beyond the current available biomaterials. In addition, previous
studies have shown that upon contact with the PDMS, the biomaterial interface creates an almost

uniform layer through which cells cannot penetrate [18]. These open channels and the porous
sponge regions that compose the rest of the scaffold are conducive to co-culture systems. Few
studies have been completed using silk as a biomaterial for microfabricated prevascularized
channels [25], yet the inherent properties and workability of silk make it the optimal biomaterial
for this proposed model.
To further enhance the effectiveness of the prevascularized construct, endothelialization
of the channels within the scaffold will be critical. The proposed system is ideally suited for
endothelial cell seeding because if the channels are perfused with media, the cells lining the
channels may experience shear stresses similar to those experienced by native cells. Furthermore,
the dimensions of the channels will be conducive to lumen formation, the natural response of
endothelial cells [26]. Morphogenesis of vascular tubes, although not yet completely understood,
requires many different genetic and molecular signaling pathways. Multiple molecules, such as
small GTPases, cell surface receptors, and cell-matrix and cell-cell adhesion proteins are
necessary to complete the process. Likewise, the physical processes that must occur involve
cellular remodeling of the basal membrane and the intracellular support structures
Gene
Rac1
Laminin

eNOS

Function
cytoskeleton remodeling
apical polarity
basement membrane
remodeling
cell-adhesion mediated
signaling
provides nitric oxide to cell
acts as signal to remodel ECM

[27]

.

Upregulation Response
Shear stress
Remodeling signals
Vascular disruption
Remodeling signals
Shear stress

In this study, three critical genes within the angiogenic pathway were selected for
measurement, each being indicative of vascular tube formation and stabilization (Table 1). The

Rho GTPases are critical in regulating the
cytoskeleton response in remodeling
during angiogenesis, especially in response
to polarizing factors. These factors act as
molecular switches to direct the cell in the
correct orientation during cellular
reorganization [27][28]. One of these
GTPases, Rac1, is known to accumulate at
one pole of the cell, helping to direct actin rearrangement in the direction of desired movement
[28]

(Figure 4). Furthermore, Rac1 has been identified in another pathway that involves the basal

membrane protein laminin [29] [30]. Endothelial cells normally rest on a thin extracellular matrix
(ECM) called the basement membrane. In order for endothelial cells to form a new vessel, a
basement membrane must be secreted to stabilize and maintain the vessel wall

[31]

. Laminin α4,

one of the genes of interest here, is secreted by the endothelial cells as a large component of the
basement membrane. For endothelial lumen formation to occur, the cell must therefore be
actively secreting laminin in order to create a stable basement membrane.
The third gene of interest is endothelial nitric oxide synthase (eNOS). eNOS is known to
be upregulated when the endothelial cells experience shear stress. The scaffold model presented
here has open channels through which media will be dynamically circulated, thereby inducing a
flow across the endothelial cells. The cells may translate this stress as a need to reorganize to
luminal structures, for which nitric oxide, the product of eNOS, is necessary [32]. Previous studies
have reported significant upregulation of eNOS in response to shear stress as early as 1-3 hours
after the induced stress [33].

Little preliminary work has been done with endothelial cells in this type of a
prevascularized scaffold system, and the genes here were therefore selected based on previous
studies with similar aims and research into the critical steps of lumen formation. The goal for this
experiment is to observe, both quantitatively and qualitatively, endothelial cell behavior within
the micro channels and to assess whether factors such a dynamic culture, surface
functionalization, and channel dimensions affect lumen formation.

Hypothesis and Specific Aims

The objective of this research was to enhance critical aspects of a current method of
prevascularizing engineered tissue. Preliminary results have shown that open microchannels
support a confluent layer of endothelial cells. Once these channels are closed, cell confluency
reduces significantly. We adjusted the physical and chemical aspects of the microfabricated
channels in an effort to promote endothelization and lumen formation in the closed channels. The
channels were varied in dimension and functionalization, and subjected to different culture
conditions: static and dyamic.
The central hypothesis of this proposal is that optimized physical and chemical aspect of
the microchannels will result in improved endothelialization and lumen formation.

To test the validity of this hypothesis, we have generated these Specific Aims:
Aim 1: To assess the effect of channel dimensions on endothelialization and lumen
formation.
This aim will establish a favorable channel depth and width that will be assessed by
extent of endothelialization and the retention of phenotype of the endothelial cells.

Aim 2: To assess the effect of culture condition, static or dynamic, on the extent of
endothelialization and lumen formation.
By determining the extent of endothelialization and maintained proliferation of the
cells within the channels at each time point, we will be able to establish optimal
culture conditions with the vascularization model.

Aim 3: To assess the effect of chemical functionalization of the scaffolds on the extent
of endothelialization and lumen formation.
The outcome of this aim will establish whether laminin or fibronectin is a more
beneficial functionalization protein.

This approach to prevascularization is innovative because it uses a novel technology
to create precise vascular patterns within a porous tissue construct. By mimicking native
vascular patterns rather than inducing uncalculated spontaneous vascularization of an
engineered tissue, the final construct will have great physiological relevance as an artificial
tissue. We expect the outcome of the research to optimize the state-of-the-art method of
vascularization that will supply the tissue engineering field with a new, viable method to
create an artificial construct that can mimic native tissue and therefore provide a better option
for implantable tissues.

Methods

Channel pattern design: LayoutEditor (Jürgen Thies,
Germany) was used to create a pattern of lines of varying
widths (25µm, 50µm, 75µm, 100µm, 200µm, 300µm). The
lines were spaced 100µm apart in sets of 5, with 200µm
between each set. A circle with diameter 15 mm was
arranged on top of the pattern so that each circle contained two full sets of each line width
(Figure 5). This design was sent away to be transferred to a myar photomask (Advanced
Reproductions, North Andover, MA) and the photomask was then used to transfer the channel
pattern to an SU-8 photoresist via photolithography (photolithography and developing steps were
conducted by Lindsay Wray, supervising graduate student). Two channel depths were created:
33µm and 125µm. Poyldimethylsiloxane (PDMS) was poured over the photoresist and allowed
to cure at 60°C for four hours. Once cured, the pattern was punched into circles using a 5/8”
biopsy punch. Flat (i.e. no channels) PDMS molds were made by pouring PDMS into petri
dishes without patterns and, once cured, punched into circles using a 5/8” biopsy punch.

Aqueous silk solution preparation: Silk solution was prepared using previously described
methods [34]. Briefly, the sericin proteins in the silk were removed by boiling cocoons for 30
minutes in an aqueous 0.02 M Na2CO3 solution followed by thorough rinsing with DI water.
After overnight drying of the fibers, the silk was dissolved in 4 ml of 9.3 M LiBr solution per
gram of silk and allowed to dissolve at 60 °C for 2-4 hours. The resulting solution was dialyzed
in deionized water using Slide-a-Lyzer dialysis cassettes (MWCO 3500, Pierce, Thermo

Scientific, Rockford, IL) for 48 hours with six water changes after 1 hour, 3 hours, 6 hours, 12
hours, 24 hours, and 36 hours. The concentration was determined by weighing the solids after
drying, and the solution was diluted to 6% w/v aqueous silk.

Scaffold Preparation: A solution made of 1% silk and 0.035% polyethylene oxide (PEO) was
dispensed (130 ul) on to the PDMS molds. The solution was egassed to remove air bubbles and
allowed to dry overnight. The dried films were water-annealed for 12 hours to induce β-sheet
formation, thereby making the films insoluble [36]. The molds were pressed into 1.5 mm diameter
cylindrical wells and a 6% w/v silk solution was poured over the molds. Granular NaCl (size:
500-600µm) was added to each well at a ratio of 2 g NaCl to every 1 ml of silk solution. The
well plates were covered and the silk was cured for 48 hours, after which the plates were
immersed in water for 48 hours (water was changed twice) to leach out the NaCl. The scaffolds
were then extracted and cut to the appropriate size for each respective experiment: either 12 or
15 mm in diameter, and either 2 mm or 500 µm depth. Sterilization was achieved by storage in
70% EtOH for at least 12 hours, three rinses in PBS to remove the ethanol, and overnight UV
treatment prior to cell seeding.

Scaffold Seeding:
Cell Culture: Human microvascular endothelial cells (hMVECs) were cultured in growth media
(EGM-2 SingleQuots, #CC-4176, in EBM-2 base media, # 00190860, Lonza, Basel,
Switzerland) at 37°C. Cells were grown to confluence and passaged once before seeding onto the
scaffolds. Cells were seeded at P5-P8.

Cell Seeding: The sterile scaffolds were aspirated of all liquid and functionalized using either
200 µl of 10 µg/ml fibronectin solution (#356008, BD Biosciences, San Diego, CA) or 200 µl of
10 µg/ml laminin solution (#354259, BD Biosciences, San Diego, CA). After application, the
scaffolds were incubated at 37°C for 30 minutes. Cells were seeded onto the functionalized
scaffolds at a density of 1*106 cells/scaffold in 200 µl for 15 mm scaffolds, and 6.4*105
cells/scaffold in 150 µl media for 12 mm scaffolds, and allowed to adhere. After 3 hours, 4 ml
media was added to each scaffold and left in the incubator for 48 hours.

Scaffold Closing: To enclose the channels, blank scaffolds were adhered to the top of the
microchannel scaffolds. Fibrin, a known clotting factor, was used to adhere the two scaffolds
together. A fibrin solution was created by combining 1% fibrinogen solution (#341578, EMD
Biosciences, Gibbstown, NJ) and 100 U/ml thrombin solution (#T6884-100UN, Sigma-Aldrich,
St. Louis, MO) in a 5:1 volume ratio, and then applied to the scaffold containing the channels
and the blank scaffold placed on top. The scaffolds were then incubated for 30 minutes at 37°C
to allow the fibrin to set, and then 4 ml media was added and the scaffolds were left in the
incubator for 24 hours.

Experimental Culture Set-Up:
Static Open Culture Experiment:
Scaffolds were left at 15 mm diameter, but cut to 2 mm thickness. To observe whether
endothelial cells would line even the thinnest channels, the scaffolds were left uncovered so that
the line pattern existed as troughs through the scaffold. Both 33µ and 125µ scaffolds were used
to compare results. After 7 and 14 days, scaffolds were stained with Calcein AM (#L3224,

Invitrogen, Carlsbad, CA) according to protocol. Briefly, each scaffold was soaked with 1 mL of
2 µM solution Calcein AM stain and allowed to incubate for 30 minutes at 37°C then rinsed with
PBS. The scaffolds were observed using confocal microscopy. The excitation wavelength for
Calcein AM is 488 nm; the emission is between 510-550 nm. Unseeded scaffolds were also
imaged using SEM (Center for Nanoscale Systems, Harvard University, Cambridge, MA).

Closed Culture Experiment:
The scaffolds used in the closed culture experiments were cut to 12 mm diameter using a biopsy
punch, and cut to 0.5 mm thickness. The experiment was run in two separate stages: a two week
stage, with a seven day time point, and a four day stage, with sacrifices at days 1 and 2. When
combined, the data will provide an overlook of endothelialization across 1, 2, 4, 7, and 14 days.
The first experiment ran for two weeks with four experimental groups: 33µ versus 125µ
channels, and static versus spin flask culture system (Figure 6). All scaffolds were functionalized
with fibronectin. The spinner flask system was designed as previously described [37]. Briefly, four
steel wires were inserted into solid rubber stoppers (Fisher Scientific, Pittsburgh, PA) and placed
into 250 mL spinner flask bioreactors (#1965-80250, Bellco Glass, Vineland, NJ). Each steel
wire contained 2 or 3 scaffolds, separated by rubber tubing (#63010-007, VWR Scientific,
Radnor, PA) cut to 3 mm in length. The spinner flasks had two side arms to promote aeration; a
vented screwcap (#1965-00032, Bellco Glass, Vineland, NJ) was attached to each side arm, with
a sterile disposable filter unit, pore size 0.22µm, (Millex-GS #SLGS033SS, Millipore, Danvers,
MA). In the dynamic culture flasks, a magnetic stir bar was placed in the bottom and allowed to
turn at 60 rpm. Static culture flasks were identically assembled except that no stir bar was used.
Scaffolds were submerged in 250

mL of EGM-2 media and placed in an incubator at 37°C and 5% CO2. Once a week, 150 mL
media was replaced. The second experiment ran for four days with three experimental groups.
All scaffolds used contained the 33µ depth channels. Scaffolds were cultured in either static or
dynamic systems; within the dynamic system, half of the scaffolds were functionalized with
fibronectin and the other half with laminin (Figure 6). The scaffolds and spinner flasks were
arranged as described above. Scaffolds were sacrificed at 1, 2 and 4 days.
For each time point tested, 5 scaffolds were sacrificed for each condition. Three scaffolds were
immediately placed in lysis buffer to prepare for PCR; two scaffolds were immediately fixed in
formalin for histological analysis.

Analysis:
Real-Time RT-PCR: To analyze lumen formation and structural rearrangement, three genes were
selected: Rac1, eNOS, and laminin α4 (Hs01025984_m1, Hs01574659_m1*, Hs00935293_m1*,
Applied Biosystems, Carlsbad, CA). The hMVECs were harvested from the scaffolds by

chopping up the scaffolds with shears and immersing the reduced scaffold in lysis buffer
consisting of 1% β-mercaptoethanol. Total DNA was extracted using an Rneasy MiniKit
(#74104, Qiagen, Valencia, CA). The samples were stored at -80°C until further processing. The
RNA was reverse transcribed into cDNA using a High-Capacity cDNA Archive Kit (#4322171,
Applied Biosystems, Carlsbad, CA). RNA concentration was measured using the NanoDrop
2000 Spectrophotometer (Thermo Scientific, Rockford, IL) and to corresponding software. The
reverse transcription occurred using a PTC-100 Programmable Thermal Controller (MJ Research
Inc, Waltham MA) on a thermal profile running at 25°C for 10 minutes, followed by 37°C
conditions for 120 minutes. Samples were stored at -20°C. Real-time RT-PCR was performed
using an MX3000P Quantitative PCR machine (#401403, Stratagene, Santa Clara, CA). Two
technical replicates were included for each sample and GAPDH was used as the housekeeping
reference gene for each round of PCR. The amplification parameters used were one cycle of 2
minutes at 50°C, one cycle of 10 minutes at 95°C, and 50 cycles of 15 seconds at 95°C followed
by 1 minute at 60°C. The Ct value for each sample was determined as the cycle number at which
the intensity of the fluorescent signal was higher than a defined threshold. The Ct values for each
sample and each gene were normalized using the Ct value obtained for GAPDH. Each sample
was then compared to the control (static) samples to obtain a ΔΔCt value; the fold changes were
calculated as 2-ΔΔCt and these values were plotted.

Histology: Scaffold samples were chemically fixed using 10% neutral buffered formalin.
Samples were processed using a Tissue-Tek VAP E300 tissue processor and embedded using a
Tissue-Tek TEC embedder. A Leica RM2255 microtome was used to create 6µ or 20µ slices and

the slices were mounted on glass slides. The samples were stained with hematoxylin and eosin
(H&E) for histological observation.
Furthermore, sections of scaffold were sent to the Perinatal
and Developmental Pathology Laboratory at Women &
Infant’s Hospital (Providence, RI) for
immunohistochemical staining. To facilitate visualization
of the endothelial cells, anti-CD31 antibodies were used (DakoCytomation, Glostrup, Denmark).
CD31 is platelet endothelial cell adhesion molecule-1, (PECAM1), a cytoplasmic endothelial cell
marker. To determine whether the endothelial cells were still proliferating, anti-Ki67 antibodies
were used (DakoCytomation, Glostrup, Denmark). Ki67 is proliferation marker found in the
nuclei of the cell (Figure 7). Both immunohistochemical techniques were performed with an
avidin-biotin peroxidase system and binding was detected with 3,3’-Diaminobenzidine (DAB), a
brown stain. Hematoxylin was used as a counter stain.

Statistical Analysis: All data was expressed as means±standard error of the mean with n=3.
Values greater than 10 times outside of the variance were omitted. Two-tailed, unpaired t-tests
were used to assess statistical significance of results between groups. The analysis was
performed using GraphPad Software (La Jolla, CA). The confidence level was 95%; a value of
p<0.05 was determined to be statistically significant.

Results

Microscopy Analysis

Cell Seeding within Channels
A two week experiment was performed with open channels to determine the extent of
endothelialization different channel widths and depths. Scaffolds were stained with Calcein AM
and imaged at 7 and 14 days. After one week, the larger channel widths (100 µm, 200 µm, 300
µm wide) in the 33 µm deep channels supported confluent endothelialization. The cells
preferentially lined the channels rather than the bridges between channels and the cells
morphology was stretched and flat. In the 125 µm deep channels, the same general cell behavior
was observed; however there appeared to be more cells within the smaller channels as well.
After 14 days all the channels within 33 µm channel depth scaffolds contained endothelial cells
that lined the channels. The cells within the smallest 25 µm channels were arranged so that no
more than one or two cells spanned the width of the channels. The cells in the 125 µm-deep
channels did not stay contained within the predetermined channel pattern. In all channel sizes
there was only a faint adherence to the pattern; the cells seemed to be growing across the bridges
between the channels (Figure 8).

Pattern Retention with Channel Depth
The microchannel morphology was determined using scanning electron microscopy (SEM). As
is evident by the contrast between the two scaffolds, the retention of the pattern was much
greater with the 33 um-deep channels compared to the 125 um-deep channels. The 33 µm deep
channels visibly showed every channel width within the scaffold. Mild cracking was present,
either as a result of the technique or a result of the freezing preparation for the SEM (Figure 9A,

B). In the deeper 125 µm channels some of the larger channels remained, but highly disordered
and seemingly rearranged (Figure 9C). The smaller channels (25 µm – 100 µm) did not transfer
(Figure 9D), leaving the porous silk of the bulk scaffold accessible to cell migration, a likely
explanation for the pattern-less cell growth apparent after two weeks in the 125 µm channel
depth scaffolds (Figure 8).
In general, the 33 µm deep channels were visibly preserved for all of the channel widths. The
300 µm channels experienced some distortion as seen by histological cross sections.

Figure 9. SEM images of channels within the scaffolds for 33 µm and 125 µm channel depths. The 33 µm
channels appear to retain the channel pattern using the microfabrication technique (A, B), while the deeper
125 µm channels exhibit channel tearing and distortion (C, D) Panels A, B, D are at 75x magnification; panel
C is at 500x magnification.

Histology Analysis

Obstacles to Imaging
Histological analysis of the scaffolds was hindered by several processing and section artifacts
which may be related to the composition of the scaffolds. The processed silk scaffolds were hard
and unforgiving in the sectioning process. Specifically, we observed frequent separation of the
two layers of the scaffold where the construct is the weakest. This left many sections with either
a gap between the channels and the flat scaffold, or without a flat scaffold completely. This was
not ideal for observing the interaction of endothelial cells with enclosed channels.

Furthermore, the antigen retrieval method used to allow immunohistochemical analysis of the
formalin-fixed tissues was heat based and at a high pH (pH 9), which may have further damaged
the silk tissues. Indeed, the scaffold sections that underwent immunohistological staining have a
much greater degree of scaffold degradation.

H&E Staining
Routine histological analysis of H&E-stained sections readily revealed the presence of elongated
endoehtlial cells with flattened nuclei. Cells were mostly found in each of the channel sizes in
each of the given culture conditions. However, at the earlier time points, fewer endothelial cells
were noticed in the smaller (25 µm and 50 µm) channels. Once the cells had been allowed time
to proliferate in culture, the cells spread through all the channels, though more effectively in the
shear stress conditions (Figure 10). The endothelial cells formed linear aggregates and,
occasionally, small lumina between the two layers of the scaffold.

CD31 Endothelial Cell Marker
Due to fragmentation and contortion of the layers, resulting from fragility of the scaffold,
orientation and visualization of endothelial cells was difficult based on hematoxylin-eosin
stained sections. We therefore employed an immunohistochemical (IHC) analysis of the
endothelial cells using an antibody against the endothelial-cell-specific CD31 antigen.
Immunohistochemical analysis of selected slides using the anti-CD31 antibody in an avidinbiotin-peroxidase-based detection process (performed at Women & Infant’s Hospital)

significantly facilitated identification of the endothelial cells. Using this method, cells were
observed in the channels of each time point treated with this antibody (Days 0, 4 and 14). In
many sections, lumen formation of the endothelial cells was observed, as indicated by brown
circular structures (Figure 11A-C). Furthermore, the distinct staining of the endothelial cells
showed that cells either, single or in aggregates, were also observed within the bulk of the
scaffold (Figure 11D). This indicated migration of the cells through cracks in the surface of the
silk. Interestingly, the cells often formed into small vascular structures within the preexisting
pores of the silk scaffold. However, in view of the variable preservation of the scaffolds, we
cannot make definitive comparisons of the endothelial cell prevalence in the different conditions
using this method.

Interaction of Endothelial Cells with Fibrin
One observation in both the H&E stained sections and the anti-CD31 treated sections is the
particular abundance of endothelial cells within the peripheral fibrin and the fibrin layer between
the two sections of scaffold. Fibrin is a clotting factor and contains growth factors to induce
capillary formation and reorganization. The results shown here may suggest preferential

localization to the growth factor-rich fibrin glue. Figure 12 clearly shows overwhelming numbers
of CD31-positive cells around a mass of fibrin on Day 4 of culture.

Presence of Microscopic Crystal Structures
within the Scaffold
The presence of small, crystal-like
structures was observed on the side of the
channels not exposed to the cells (Figure
13). The crystals appeared to be minerallike or a product of silk degradation. The technique by which the scaffolds were made should
prevent this crystal build up in the scaffolds, so the origin of these crystals is not clear.

Ki67 Proliferation Marker
We performed immunohistological analysis of the proliferation marker Ki67 (performed at
Women & Infant’s Hospital) at selected time points and selected conditions. Sections taken from
Days 0, 1, 2, 7 and 14 all contained cells that are still actively proliferating. The proliferating
endothelial cells were indicated by brown staining of the nuclei, and appeared more rounded than
the non-proliferating (blue) endothelial cell nuclei. Due to loss of variable amounts of the sample
in processing, sectioning, and staining (including antigen retrieval), we cannot make comparative
analysis between the conditions. However, it is important to note that after two weeks, significant
cell proliferation was observed (Figure 13). This indicates that the endothelial cells were not only
lining the channels and retaining endothelial phenotype, but the cells were also still able to
multiply within the given culture conditions. Also of note, proliferating cells could be identified

in the fibrin layer in each of the time points, but especially at Day 0. Images from select samples
are shown in Figure 13; supplemental images are supplied in the appendix.

Figure 13. Ki67 proliferation staining at several time points (day indicated in top right corner). Brown arrows
indicate Ki67 positive, and therefore proliferating, nuclei; blue arrows indicate Ki67 negative nuclei. White
arrow indicates fibrin mass. Scale bars are 50 µm I or 100 µm (A, B, D-F).

RT-PCR Analysis

Gene Expression in Static and Spin Samples

The three genes of interest were characterized and compared between culture conditions and
culture time (Figure 14). Within the first 24 hours, eNOS and laminin expression in the spinner
flask samples remained equal to the static samples, with an upregulation in expression at day 2.
Laminin expression remained upregulated in spin samples through the remainder of the
experiment and by day 14 showed approximately a 50% increase over the static samples.
Expression of eNOS, however, rapidly decreased significantly by Day 7, with an upswing at day
14. Rac1 expression in the spin samples remained consistently lower than those in the static
samples throughout the entire culture time. In general, gene expression increased from Day 7 to
Day 14, supporting the Ki67 results indicating further cell proliferation at two weeks of culture
time.

Gene Expression in Fibronectin and Laminin Samples
Scaffolds were functionalized with one of two proteins: fibronectin or laminin (Figure 15). On
day 2, all genes had increased expression in the scaffolds functionalized with laminin. At the
other time points, cells on the fibronectin functionalized scaffolds had greater expression of the
genes of interest, with the exception of Rac1 on day 4. At this time point, cells seeded on laminin

showed significantly increased expression of Rac1 than those seeded on fibronectin.

Gene Expression in 33µm and 125 µm Deep Channels
The expression of all genes increased in both scaffold types between 7 and 14 days of culture
(Figure 16). While at Day 7, both laminin and Rac1 expression were greater in the scaffolds with
more shallow channels, seven days later all genes showed greater expression in the cells seeded
in the deeper channels (with eNOS showing a significant difference between expression levels).
This was consistent with both Calcein AM and SEM images taken of both scaffolds indicating
greater cell invasion and remodeling within the scaffold due to poor pattern retention of the
deeper channels.

Figure 16. Transcript levels of endothelial genes determined by PCR and normalized to GAPDH and static
control samples across two weeks of culture. Channel depths within the scaffold are compared for three genes
of interest at two timepoints. Data are shown as mean±standard error of the mean with n=3. Statistical
significance (p<0.05) is represented by *.

Discussion

In this study we determined whether the manipulation of physical and chemical parameters
within a preexisting prevascularized scaffold model would improve endothelialization within the
vascular channels. Experiments performed examined both qualitatively and quantitatively the
effects of these changes on endothelialization and lumen formation.

Histology

The standard hematoxylin-eosin staining in conjunction with the immunhistochemistry
performed on the scaffold sections indicated that endothelial cell growth within the closed
channels of the scaffold is possible. It appeared that the endothelial cells could easily grow
within the larger channel sizes (75 µm and greater), but it took a little longer to get into and line
the smaller channels. However, histology showed that it is in fact possible to get
endothelialization of all channel sizes. Unfortunately, this method of scaffold processing left the
scaffolds in variable conditions; in addition, few cells were found within the channels of the
scaffolds. These factors combined do not enable us to make direct comparisons between the
different channel dimensions.
One significant conclusion that can be made, however, is that with the anti-Ki67
immunohistochemistry, the channels still contain proliferating cells after 14 days in the scaffolds.
This is an important result to encourage the further use of this construct as a prevascularization
model. Though this system has not been widely used, this is the first study to show specifically
that cells are still replicating within the channels after prolonged culture.

Furthermore, using both traditional H&E staining and anti-CD31 immunohistochemistry,
endothelial cells were observed forming lumens as early as Day 0 of the culture. At Day 0, the
cells had already been in culture for two days, allowing cell adhesion, and the channels had been
closed for one day, allowing drying of the fibrin glue. It is clear that the endothelial cells are
retaining their phenotype and looking not only to line the channels but also to form closed tubes
within them. At day 14, these lumens are also observed, indicating that they are both stable
structures and possibly still being formed.

Gene Expression

Though few of the results from the PCR were statistically significant, the general trends
observed by the up- and down-regulation of the genes of interest can be discussed. Important to
note is that PCR measures gene expression based on mRNA concentration within the cells.
Increased or decreased expression of mRNA, however, does not confirm similar trends in protein
production. The translation process is independent, and actual protein concentrations within the
cells would have to be measured by protein analysis (i.e. Western blot). We compared our results
with PCR findings in other studies.
The expression of eNOS within the spinner flask scaffolds increases greatly at Day 2,
followed by an immediate, and significant, decrease in eNOS expression. We expected to see an
increase in eNOS expression within the spin samples because eNOS has been found to be highly
upregulated when cells experience shear stress. Due to the regular motion of the media in the
culture conditions, we had hoped to be inducing shear through the channels of the scaffold.
According to previous works, eNOS has been found to only be upregulated in response to

laminar flow, while remaining fairly constant when the cells are exposed to turbulent flow. This
has been suggested as a protective mechanism so as not to induce remodeling in the presence of
irregular blood flow [37]. It is possible, therefore, that media is flowing dynamically through the
scaffold, but not with a laminar flow profile.
The upregulation pattern of laminin also shows a spike in
expression at Day 2, followed by a slow decline in expression
(though still upregulated compared to the static control samples). This
pattern of laminin expression has been characterized previously in a
study performed at the Department of Pathology at Texas A&M University

[38]

. As shown in

Figure 17, laminin was found to be greatly upregulated 24-48 hours after induction of capillary
morphogenesis. The significance of this finding in our study indicates that the signals being
conducted through the cells in the scaffold direct basal membrane remodeling in a way that
occurs during native capillary formation.
Rac1 expression levels in the scaffolds experiencing dynamic conditions seem to
oscillate; however, expression is consistently far below that seen in the static scaffolds.
According to previous studies, Rac1 is activated by shear stress and the activation of this protein
is essential in gene expression leading to cellular remodeling

[39]

. Our results are not consistent

with these findings and might further indicate that the cells within the scaffold are not
experiencing shear stress due to media flow. In addition rac1 activation requires binding of the
high energy molecule guanosine triphosphate (GTP) [28]; in a low energy state, such as one
induced by nutrient deficiency, guanosine diphosphate, the low energy equivalent of GDP is
bound and Rac1 is inactivated. While these mechanisms may explain down regulation of Rac1

expression, they are not consistent with a higher expression in the static samples. Further testing
will be required to fully explain the results shown here.
When comparing between static and spinning culture systems, only laminin was
upregulated in the spinner flasks. We were expecting to see upregulation of other markers that
would indicate that vascular morphogenesis was occurring within the channels. However, the
results shown here indicate that the dynamic conditions of the spinner flasks did not have a
significant impact on lumen formation. One conclusion that can be drawn is that the cells within
the channels are still viable and expressing relevant genes after two weeks in culture. All the
genes show an upregulation from one to two weeks, indicating that the cells could still be
involved in cell migration and lumen formation.
No conclusions can be drawn between the different methods of scaffold functionalization
used here. Fibronectin and laminin are both proteins involved in endothelial cell-extracellular
matrix interactions, and therefore help endothelial cell adherence to the silk scaffold. The PCR
results show no regular pattern except upregulation of expression on Day 2 from cells seeded on
laminin. While upregulated laminin gene expression might be expected from cells seeded on the
laminin-functionalized silk, this hypothesis cannot be accepted or refuted based on the results
shown here.
The difference in gene expression between one and two weeks in the scaffold with
different channel depths is consistent with the SEM findings. Closer inspections of the scaffolds
showed that the 125 µm channels did not replicate cleanly, and large segments of silk were torn
from the surface. As shown in the confocal images at Day 14, this resulted in endothelial cell
growth into the scaffold without regard for the channels. PCR analysis confirms these results
because at Day 14, expression of all three genes is much greater in the scaffolds with deeper

channels. With scaffold invasion, the endothelial cells would have much more unobstructed room
for growth, and increased migration would result in upregulation of the genes involved in cell
remodeling.

Technical Results

Though increased expression in the deeper channels would seem to be a desired outcome,
it is clear from the SEM images that the 125 µm channels are not effectively produced using this
technique. Especially with the thinner channels, the silk gets stuck in the deeper patterns of the
mold and cannot resist the strain placed upon it when the scaffold is removed from the mold. The
33 µm deep channels show much better channel retention and retain shape within the histological
sections as well.
Unfortunately, the current methods of histological analysis do not allow direct
comparison between the different culture conditions. Not enough cells are present within each
section to allow quantitative analysis of cell growth and proliferation, and qualitative analysis
only shows that it is possible to get endothelialization within each channel size. It is
physiologically significant to note that endothelial cells were found within the narrowest
channels as well. Capillary vessels within the body range from about 5-12 µm in diameter, so to
create a construct that closely mimics native tissue, these small sizes would optimally be upheld.
In many of the 33 µm samples, migration of endothelial cells from the seeding surface to
the interior of the bulk scaffold was observed. The scaffold priming step that is performed is
meant to ensure that there is a solid layer between the surface of the channels on which the cells
are seeded and the interior of the scaffold. This was intentionally designed with the possibilities

of a co-culture construct in mind. Therefore, invasion of endothelial cells into the bulk is not
desirable. The silk priming step may have to be increased to create a thicker layer that will
hopefully be more difficult to penetrate.
Furthermore, the attraction of the endothelial cells to the fibrin used as glue may not be
ideal for this model. The goal is to have completely lined channels and the fibrin layer may be
too attractive as a source of growth factors to allow endothelial spreading into the channels.
Alternative methods to glue together the two scaffolds have been examined and collagen could
be a viable alternative to the fibrin glue.

Limitations

The biggest limitation of this study was the variability of intactness between the scaffold
samples, as a result of the processing technique for histology. Histology was useful as a proof
that endothelialization could occur, but it did not help determine what channel sizes were
optimal, or where the limit to channel dimension occurred. In addition, the genes selected for
observation in this study were chosen based on related previous works, but no directly similar
experiments have been performed. The genes chosen, therefore, may not have been the ultimate
indicators of lumen formation. Different genes will have to be explored before further
conclusions can be made.

Future Work

One of the physical parameters that were altered in this experiment was the culture
conditions of the scaffolds. In order to determine if the spinner flasks have the desired effect on
the interior of the scaffolds, it will be important to characterize the flow within the channels.
Further, different bioreactor systems can be used to create different flow profiles in the channels.
Bioreactors with a direct inlet and outlet to the scaffold have been used, and could be a useful
next step in this experiment.
As mentioned previously, comparing the adhesive properties, as well as the attractiveness
to cells, of fibrin and collagen glues may provide a better alternative within this system. Collagen
would be an easy replacement because like fibrin it is a natural protein that won’t have any
deleterious effects on the cells or the body.

Conclusion
The progress made in this research has established preliminary conditions to improve
endothelialization within microfabricated vascular channels in a porous silk scaffold. It is clear
from our results that cells can be maintained in culture for extended time periods while retaining
not only viability and endothelial phenotype, but proliferative abilities as well. While further
work will have to be done to determine conclusively the optimal combination of physical and
chemical factors to promote endothelialization and lumen formation, several conclusions can be
drawn from this work: the microfabrication process presents technical limitations to creating
deeper vascular channels through the silk scaffold; when comparing cell seeding using
histological processes, the shear spin conditions facilitate endothelialization within the smallest
channel sizes. Gene expression followed expected patterns, but there was no statistical difference
between conditions. To obtain a greater view of the endothelialization events within the
scaffolds, a larger range of parameters need to be explored.
Future development of this prevascularization model will enhance the control of
endothelial cell seeding and lumen formation within microchannels, and lead towards creating a
viable tissue engineering scaffold.

Appendix
P-Values for Statistical Significance
Static
vs. Spin
Day
D1

D2

D4

D7

D14

Fibrone
ctin vs.
Laminin
Day
D1

D2

D4

Within
33 µ
Fibrone
ctin
Spin
Day
D1 to

Gene
eNOS
Lam
Rac1
eNOS
Lam
Rac1
eNOS
Lam
Rac1
eNOS
Lam
Rac1
eNOS
Lam
Rac1

P Value
0.4879
0.7602
0.0036
0.04082
0.4693
0.0999
0.1043
0.3109
0.0002
0.0029
0.1703
0.0786
0.0027
0.0877
0.0963

Gene
eNOS
Lam
Rac1
eNOS
Lam
Rac1
eNOS
Lam
Rac1

P Value
0.3946
0.6455
0.4321
0.3601
0.2808
0.0726
0.3279
0.1746
0.0009 *

Gene
eNOS

P Value
0.0021 *

*

*
*

*

Day 14 Lam
Rac1
D7 to
eNOS
Day 14 Lam
Rac1
33 µ vs.
125 µ
Day
D7

D14

Gene
eNOS
Lam
Rac1
eNOS
Lam
Rac1

0.0785
0.8596
0.0594
0.3155
0.3688

P Value
0.651
0.2237
0.4718
0.0072 *
0.641
0.4307
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