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Arrayed Hollow Channels in Silk-Based Scaffolds Provide
Functional Outcomes for Engineering Critically Sized

Tissue Constructs

Jelena Rnjak-Kovacina, Lindsay S. Wray, Julianne M. Golinski, and David L. Kaplan*

In the field of regenerative medicine there is a need for scaffolds that sup-
port large, critically-sized tissue formation. Major limitations in reaching

this goal are the delivery of oxygen and nutrients throughout the bulk of the
engineered tissue as well as host tissue integration and vascularization upon
implantation. To address these limitations, the development of a porous scaf-
fold platform made from biodegradable silk protein that contains an array of
vascular-like structures that extend through the bulk of the scaffold was previ-
ously reported. Here, the hollow channels play a pivotal role in enhancing
cell infiltration, delivering oxygen and nutrients to the scaffold bulk, and
promoting in vivo host tissue integration and vascularization. The unique fea-
tures of this protein biomaterial system, including the vascular structures and
tunable material properties, render this scaffold a robust and versatile tool for
implementation in a variety of tissue engineering, regenerative medicine, and

disease modeling applications.

1. Introduction

Three-dimensional bioengineered tissues offer promise for the
replacement and regeneration of injured or diseased organs as
well as for in vitro modeling of human disease states and drug
treatment regimes. Analogues of a range of tissues, including
skin, bone, ligament, adipose, muscle, liver, and kidney among
others, have been developed in vitro, typically using polymer
scaffolds populated with appropriate cell types. However, the
size of these constructs is generally limited to several hundred
micrometers due to restrictions in achieving homogenous cell
distribution and exchange of nutrients, gases and waste in larger
constructs. This problem persists in vivo where large constructs
display poor host tissue integration and vascularization.l!l To
overcome oxygen and nutrient delivery limitations in regener-
ating tissues, attempts have been made to direct and expedite
the vascularization process using approaches that include angi-
ogenic growth factor delivery, in vitro and in vivo pre-vasculari-
zation and use of vascular-inductive biomaterials.?>] However,

Dr. ). Rnjak-Kovacina, L. S. Wray, J. M. Golinski,
Prof. D. L. Kaplan

Department of Biomedical Engineering
Science and Technology Centre

4 Colby Street, Medford, MA, 02155, USA
E-mail: david.kaplan@tufts.edu

DOI: 10.1002/adfm.201302901

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

on their own these approaches have dem-
onstrated limited clinical success and the
future outlook for vascularization strate-
gies will likely involve a coordinated com-
bination of these individual strategies.*
To this end, attempts are being made
to develop tissue engineering platforms
that augment traditional vascularization
approaches for supporting large tissue for-
mation and regeneration. These attempts
take a direct approach toward rapid vas-
cularization of tissue constructs by engi-
neering vascular-like conduits into the
scaffold.[c-11]

A promising approach employs micro-
fabrication techniques, such as soft lithog-
raphy, sacrificial molding, and modular
assembly, to build conduits that mimic the
structural hierarchy of blood vessels.[®7:12]
The effectiveness of these technologies
in vascularizing engineered tissues has recently been demon-
strated in a mouse model in which the vascular conduits sup-
ported in vitro pre-capillary formation and upon implantation
anastomosed with the host vasculature.'¥ These techniques,
however, result in constructs that are inherently limited to thin
(<1 mm) units. To build larger 3D constructs these units must
be bonded together and precisely assembled to ensure align-
ment of the vascular conduits.”'¥ The process of stacking the
layers has been demonstrated in the literature and is therefore
physically feasible but the question of practicality still needs to
be addressed.

In contrast, methods for building monolithic tissue con-
structs that contain vascular conduits without the need for
multi-layer assembly will be advantageous in terms of ease of
experimentation and clinical implementation. A number of
techniques have been developed to generate vascular-like struc-
tures within monolithic, 3D tissue constructs, including casting
scaffolds around stainless steel wires, !> laser piercing chan-
nels,®1% and use of sacrificial molding.*'7!8l These previous
reports, however, are limited with regard to fabrication effi-
ciency and versatility, biocompatibility and biodegradation
properties of scaffolding materials, scaffold porosity, and dem-
onstrated tissue formation and functionality.

Here, we report on a tissue construct platform that contains
an array of hollow channels in a porous, silk protein scaffold
that is capable of supporting large tissue formation. Previ-
ously we demonstrated the use a unique linear wire array that
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Figure 1. Cell infiltration in vitro. a) Scaffolds (height =15 mm; @ =12 mm) were seeded with 8 x 10° of human dermal fibroblasts, incubated for 24 h,
sliced down the center line along the axis of the hollow channels, and stained with calcein AM. b) Representative fluorescent images along the middle
of the unchanneled and channeled scaffold. Scale bars = 300 um. c) Representative cell infiltration analysis, which shows lower pixel grey value along
the length of the unchanneled scaffold compared to the channeled scaffold. d) Average pixel value for unchanneled (-) and channeled (+) scaffolds.
There was higher calcein AM staining in the channeled scaffold compared to the unchanneled scaffold (SD, ***p < 0.001, n = 4). e) Representative
images of unchanneled (—ch) and channeled (+ch) scaffold surfaces stained with calcein AM. Scale bar = 300 um.

efficiently and reproducibly builds small diameter channels
through the bulk of large (i.e., scaffold dimensions greater than
500 um) scaffolds and we showed the highly tunable material
properties of the resulting platform.'!l The versatility of this
platform stems from the unique linear wire arrays and the use
of silk, a cytocompatible, biodegradable protein polymer with
highly tunable physical and biological properties. In addition
to controllable mechanical and biodegradation properties, silk
has been demonstrated to support stabilization and controlled
delivery of a range of biological molecules thereby expanding
its versatility in engineering tissues.!"’)

In the present study, we report that the hollow channel arrays
play a crucial role in enhancing cell infiltration and oxygen and
nutrient delivery to the bulk of engineered tissues, and pro-
moting in vivo scaffold integration and vascularization. These
findings are significant in that they explicitly overcome the pri-
mary obstacles to building or regenerating large, complex tis-
sues. This technology has potential to advance the state-of-the-
art in the tissue engineering field toward the development of
relevant tissue constructs for regenerative medicine and tissue
modeling purposes.

2. Results

2.1. Hollow Channels Improve Cell Infiltration and Distribution
in Critically-Sized Scaffolds In Vitro

Cells were seeded on both surfaces of large silk scaffolds
(12 mm g, 15 mm height) in the presence or absence of an
array of 508 pm hollow channels and distribution of live (cal-
cein AM stained) cells was imaged along the scaffold length
(Figure 1a). Hollow channels improved cell infiltration into the
scaffold, resulting in even distribution of cells throughout the
construct length, while scaffolds without the hollow channels
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displayed areas with limited cell infiltration in the middle of the
construct (Figure 1b). The extent of cell infiltration was quan-
tified by measuring the gray value of green pixels along the
scaffold cross-section (Figure 1c). This image analysis revealed
that more cells infiltrated the channeled scaffolds, compared to
unchanneled scaffolds (Figure 1d). Interestingly, in the unchan-
neled scaffolds, more cells were observed on the scaffold sur-
face, forming a dense cell crust compared to the channeled
scaffold (Figure 1e).

2.2. Hollow Channels Help Overcome Oxygen and Nutrient
Delivery Limitations

To investigate the effect of the channels on oxygen diffusion
into the tissue construct, cells were seeded in large silk scaf-
folds (12 mm ¢, 4 mm height) in the presence and absence of
an array of 508 um diameter hollow channels. Cells were seeded
into the bulk of the scaffold with a fibrin hydrogel. To ensure
that hollow channels remained clear of the cells and hydrogel,
cell seeding was performed in the presence of the LWA, which
was removed following fibrin gelation (Figure 2a). Oxygen satu-
ration through the middle of the scaffold was determined at five
positions along the center axis, from the scaffold edge inwards
(Figure 2a). In addition to oxygen saturation, live cell distribution
and cell metabolism were monitored to account for differences
in cell number and distribution. No difference in cell metabo-
lism (Figure 2b) and cell distribution (Figure 2c and Supporting
Information, Figure Sla—c) were observed between channeled
and unchanneled constructs over a 28-day period under static
culture conditions. Acellular scaffolds maintained in cell culture
media under standard 20% oxygen cell culture conditions dis-
played =20% oxygen saturation (19.1 + 1.5% and 19.4 + 1.5% in
the absence and presence of hollow channels respectively). At
day seven post-seeding, higher (p < 0.05) oxygen saturation was
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Figure 2. Oxygen distribution within porous scaffolds seeded with human dermal fibroblasts. a) Schematic of cell seeding and oxygen probing device
and measurement set-up. b) Dermal fibroblasts cultured in unchanneled and channeled scaffolds over the course of 28 days were measured for meta-
bolic activity using the Alamar Blue assay. At each time point there was no difference in metabolic activity between the unchanneled and channeled
scaffolds (£ SD; n = 3). ¢) Cell distribution in channeled and unchanneled scaffolds between 2 and 6 mm along the scaffold centerline (where oxygen
saturation measurements were made) at day 7 and day 28 as determined by pixel analysis from calcein AM stained images. d) Oxygen saturation along
the scaffold centerline at day 7 and 28. The table indicates statistically significant differences in oxygen saturation between unchanneled and channeled
constructs at day 7 and day 28 (£ SD; *p < 0.05, **p < 0.01; n = 3). ) Cell distribution (day 7) between 2 and 6 mm along the scaffold centerline (where
oxygen saturation measurements were made) in channeled and unchanneled scaffolds cultured under static or perfusion conditions as determined
by pixel analysis from calcein AM stained images. f) Oxygen saturation along the scaffold centerline at day 7 in scaffolds cultured statically or with
perfusion. The table indicates statistically significant differences in oxygen saturation between unchanneled and channeled constructs in the static and
perfusion system (+ SD; *p < 0.05, **p < 0.01, ***p < 0.001; n = 3).
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recorded in channeled constructs compared to unchanneled
constructs in the middle of the construct (5 and 6 mm from the
edge), while at day 28 higher oxygen saturation was recorded
along the scaffold width in the channeled constructs (p < 0.01
at 2 mm and p < 0.05 at 3-6 mm) (Figure 2d). Overall, chan-
neled scaffolds displayed significantly higher average oxygen
saturation compared to unchanneled scaffolds at both day
seven (12.1 + 3.4% vs 6.4 + 3.0%) and day 28 (9.7% =+ 3.0% vs
3.8 £1.2%) (Figure S1d, Supporting Information).

The effect of channels on oxygen diffusion in the tissue con-
struct under perfusion culture was also investigated at day seven
post-seeding. No difference in cell distribution was observed in
channeled compared to unchanneled scaffolds, but more cells
were observed under perfusion culture compared to static cul-
ture (Figure 2e and Supporting Information, Figure S2a—c).
Under perfusion culture, the presence of channels improved
oxygen saturation along the width of the construct (p < 0.05
and p < 0.01) (Figure 2f), from 7.8 + 3.4% average oxygen
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saturation in unchanneled constructs to 14.1 + 1.7% average
oxygen saturation in channeled constructs (p < 0.01) (Figure S2d,
Supporting Information).

Nutrient delivery to cellular silk constructs was modeled by
imaging calcein AM (fluoresces green once processed by living
cells) diffusion into large, cell-seeded silk constructs (12 mm g,
6 mm height). At day 1 post-seeding, constructs were incubated
with calcein AM, either before (experimental, post-cut) or after
(control, pre-cut) slicing along the scaffold midline (Figure 3a).
Pre-cut control samples confirmed the presence of live cells
in the middle of both channeled and unchanneled constructs
(Figure 3b), while the post-cut experimental constructs mod-
eled calcein AM diffusion into the scaffold to reach cells in the
middle of the construct. After 45 min of calcein AM incubation,
calcein AM fluorescence was not observed in the unchanneled
scaffolds, indicating that calcein AM diffusion to the middle
of the scaffold was considerably limited. In contrast, calcein
AM fluorescence was observed surrounding the channels with

an average maximum diffusion distance
of 321.7 £ 13.5 um from the channel edge
(Figure 3c), indicating improved calcein AM
diffusion in channeled constructs.

2.3. Hollow Channels Improve Scaffold
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Figure 3. Diffusion of calcein AM into the scaffold bulk. a) Unchanneled and channeled scaf-
folds (height = 6 mm, o = 12 mm) were seeded with human dermal fibroblasts and cultured
statically. One group of scaffolds was cut down the centerline and stained with calcein AM
(control, pre-cut). Another group was not sliced down the centerline prior to staining with
calcein AM and therefore any positive staining in the experimental condition resulted from
diffusion of the calcein AM molecule into the bulk of the scaffold (experimental, post-cut).
b) Representative control samples showing presence of live cells in the middle of unchanneled
and channeled scaffold. c) Representative experimental samples showing calcein AM diffusion
into the middle of channeled, but not unchanneled scaffolds. Average distance of calcein AM
diffusion from the edge of the channels as determined by Image | analysis was 321.7 £13.5 um.

Scale bars = 300 um.
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construct integration and vascularization
using histological techniques. Silk scaffolds
elicited a typical host immune response upon
implantation, with no severe negative inflam-
matory response. Explanted scaffolds were
sectioned in two orientations: “side view”
and “top view” (Figure 4a). The presence of
hollow channels, regardless of channel diam-
eter improved cell infiltration into silk scaf-
folds (Figure 4b) as measured from cellular
areas in H&E stained scaffold sections. Cell
infiltration into silk scaffolds was observed
in side view cross-sections starting at both
scaffold surfaces and proceeding inwards
(Figure 4c). At week two, immune cells were
observed in all constructs, but by week four
the predominant cell type was dermal fibro-
blasts. The infiltrating cell front was observed
at each channel cross-section in 254 um-
and 508 pm-diameter channeled scaffolds
at week two and the hollow channels were
mostly filled with infiltrating cells by week
four (Figure 4c). In the top view of channeled
scaffolds at week four, dense areas of infil-
trated cells were observed in 254 pum scaf-
folds, with diameters spanning over 1 mm
in some areas, diameters much larger than

+ channels
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Figure 4. In vivo cell and tissue infiltration into unchanneled and channeled scaffolds. a) Schematic of experimental setup. Scaffolds were 8 mm in
diameter and 2 mm in height. Channeled scaffold contained either 254 pum diameter or 508 um diameter channels. Scaffolds were explanted after 2 and
4 weeks and histologically visualized in two configurations; “side view” slices show the length of the channels and “top view” slices show the circular
cross-section of the channels. b) The area of cell infiltration was analyzed and quantified from H&E stained images (+ SD; *p < 0.05, **p < 0.01; n=9).
c) In the “side view” (H&E), minimal cell infiltration was observed in the unchanneled scaffolds while in the 254 um and 508 um diameter scaffolds,
cells were present within the scaffold. At week 2, the location of the channels was visible (indicated by black arrows) while in weeks 4, channel location
was less visible in the 508 um scaffolds but still roughly visible in the 254 um scaffolds. d) In the “top view”, the unchanneled scaffolds showed minimal
cell infiltration while cell infiltration is clearly visible in the 254 um and 508 um diameter channeled scaffolds. In the 254 um scaffolds the infiltration
was roughly confined to the channels while in the 508 um scaffolds, cell infiltration was less confined to the channel.

the original hollow channels (Figure 4d). This indicates that cell
infiltrated through the hollow channels and radiated outwards
into the scaffold bulk. In 508 um scaffolds, cell areas infiltrating
through the channels connected to one another (Figure 4d).

At week two, both the 254 pm diameter and 508 um diameter
channeled explants displayed a higher level of vascularization
compared to unchanneled scaffolds, as indicated by red coloring
of the constructs and better attachment to the mouse subdermis
(Figure 5a). Masson's trichrome stain of scaffold cross-sections
showed scaffold remodeling by infiltrating fibroblasts, which
deposited collagen (blue) in scaffold areas with high cell density
(Figure 5b). Areas of high blood vessel density were observed
wherever infiltrating fibroblast cells were present, which was
more prominent in channeled, compared to unchanneled scaf-
folds (Figure 5b). The infiltrating blood vessels appeared to be
functional, as they were perfused with red blood cells (Figure 5b)
and the lumen wall stained positively for CD31 and o-SMA,
indicating mature and patent blood vessels (Figure 5c).

3. Discussion

To advance tissue engineering and regenerative medicine
therapeutics to the clinic, it is imperative that technologies

2192 wileyonlinelibrary.com
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are developed to improve cell infiltration, oxygen and nutrient
delivery and vascularization of critically sized engineered tis-
sues. We report on a silk-based scaffolding platform that
addresses this issue using an array of hollow channels span-
ning the construct (Figure 6).

Achieving high density and homogeneous cell distribution
throughout large porous scaffolds is challenging and a range of
scaffold processing techniques have been developed to increase
scaffold porosity, pore size and pore interconnectivity. The work
presented here shows that introduction of an array of vertical,
hollow channels into lyophilized silk scaffolds is a simple and
efficient means of significantly improving cell seeding into
large (12 mm g, 15 mm height) scaffolds. An array of 500 pm
diameter channels, spaced 1 mm apart significantly improved
delivery of cells into the scaffold bulk, resulting in a higher cell
density that was more evenly distributed throughout the scaf-
fold compared to the unchanneled silk scaffolds (Figure 1).

Inadequate delivery of oxygen and nutrients to and clearing
of waste products from cells is the primary obstacle in engi-
neering physiologically relevant, critically sized tissue equiva-
lents for both in vitro tissue modeling and in vivo tissue
replacement. Tissue equivalents thicker than several hundred
microns fail to integrate in vivo and are prone to necrosis at
the core of the construct, which can stimulate undesirable

Adv. Funct. Mater. 2014, 24, 2188-2196
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Figure 5. In vivo remodeling and vascularization of subcutaneously implanted unchanneled
and channeled scaffolds. a) Visual inspection of explanted scaffolds showed that the channeled
scaffolds were highly vascularized. b) Masson’s trichrome staining showed perfused blood
vessels (bright red) and scaffold remodeling (collagen deposition stained blue). Scale bar =
500 um in the first row and 100 um in the second row. c) Lumen structures stained positively
for CD31 and 0-SMA indicating that the vessels were endothelialized and mature (red arrows).
After four weeks of implantation the silk scaffold was still visible (green arrows). Scale bar =

50 um.
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Figure 6. The hollow channel platform is advantageous for engineering
tissue constructs in vitro and in vivo. Hollow channel platforms enhance
cell infiltration into the bulk of the scaffold during seeding. During cul-
ture, the channels improve delivery of oxygen and nutrients. The channels
direct in vitro prevascularization and improve in vivo host tissue integra-
tion and vascularization.
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inflammatory responses in the body.>”! Tech-
niques have been developed to address this
problem, including delivery of oxygen car-
riers (e.g., perfluorocarbon), delivery of vas-
cularization promoting factors such as VEGF
and in vitro construct vascularization with
endothelial cells.}] While these techniques
have been successful for small, simple tissue
constructs, it has yet to be shown whether
these techniques can provide the necessary
oxygen and nutrient delivery to large tissue
constructs in a fashion that is efficient and
clinically relevant. Introduction of an array
of hollow channels into silk scaffolds is a
simple, efficient, and reproducible means of
addressing oxygen and nutrient delivery
limitations in critically-sized constructs. We
demonstrate that the presence of an array
of 500 um diameter channels with 1 mm
spacing increases the amount of oxygen
delivered to cell-seeded constructs by 1.9-fold
at day seven and 2.6-fold at day 28 compared
to unchanneled constructs when seeded
under static conditions (Figure 2b—d and Sup-
porting Information, Figure S1). Decreased
oxygen saturation in both channeled and
unchanneled constructs at day 28 compared
to day seven is likely the result of increased
cellular density and therefore higher oxygen
demand by the constructs. However, it is
interesting to note that even though there
were no differences in cellular density and
distribution between channeled and unchan-
neled constructs at day 28, the oxygen satu-
ration in channeled scaffolds at day 28 was
higher than in unchanneled scaffolds at day
seven, pointing to the utility of hollow chan-
nels in efficiently delivering oxygen to cells.

When cultured under perfusion condi-
tions, channeled scaffolds displayed higher
oxygen saturation than unchanneled scaf-
folds, but the extent of the difference was less
than under static conditions (3.0-fold differ-
ence under static, 1.8-fold difference under
perfusion conditions) (Figure 2e,f and Supporting Information,
Figure S2). Even though perfusion culture resulted in higher
cell density and therefore higher oxygen demand, overall
oxygen saturation was higher in perfusion cultures compared
to static in both channeled and unchanneled scaffolds. These
data point to the complementary properties of perfusion cul-
ture and channels in delivering oxygen to critically-sized tissue
equivalents.

Nutrient delivery to channeled and unchanneled constructs
was modeled using calcein AM diffusion. Calcein AM is the
acetomethoxy derivate of calcein, which when transported
into cells fluoresces green as a result of acetomethoxy group
removal by intracellular esterases.l?l This molecule is valuable
in modeling nutrient delivery to cells as it is only fluorescent
once inside live cells. An array of 508 um diameter, 1 mm
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spaced channels enhanced calcein AM diffusion into critically-
sized constructs (Figure 3) and suggests that glucose and other
nutrients will be more accessible to cells at the core of critically-
sized constructs with the presence of hollow channels.

When critically-sized scaffolds or bioengineered tissue
equivalents are implanted in vivo, construct vascularization
often does not occur within a sufficient time frame to ensure
construct integration and remodeling.>*! We demonstrate here
that an array of either 254 um- or 508 um- diameter hollow
channels spaced 1 mm apart is sufficient to significantly
improve cell infiltration into acellular silk scaffolds implanted
subcutaneously in mice (Figure 4). The hollow channels were
the source of the improved infiltration as evidenced by large
dense cell areas corresponding to channel position (Figure 4c).
These dense cell areas had larger diameters compared to orig-
inal channels, indicating that host tissue could migrate into
the scaffold from the hollow channel space. This was particu-
larly obvious in 508 um diameter channels, where the cell
fronts infiltrating along the channel length joined each other
(Figure 4c). By week four post-implantation, the predominant
cell type infiltrating into silk scaffolds were dermal fibroblasts,
as evidenced by collagen deposition (Figure 5b). Fibroblast
infiltration into silk scaffolds was accompanied by high-density
vascularization, as the areas of high cell infiltration also dis-
played a high density of small-diameter blood vessels. These
vessels appeared functional, as they were consistently perfused
with red blood cells and expressed CD31 and o-SMA, markers
of functional, mature blood vessels (Figure 5c,d). The likely
mechanism of scaffold vascularization is by angiogenesis from
existing vessels, but future studies involving scaffold pre-vascu-
larization with endothelial cells and live imaging of perfused
vessels will offer more insight into the specific mechanisms
involved in this process. Moreover, we expect that pre-endothe-
lialization of the hollow channels prior to implantation will fur-
ther improve construct integration and vascularization. A com-
bination of endothelial and stromal cells is known to support
stable vascular network formation following implantation in
vivol?1-23l and arranging endothelial cells into vessel-like struc-
tures is expected to accelerate anastomosis to host vasculature,
as recently demonstrated by Baranski et al. using microtissue
molding approaches.!'*l We expect the presence of hollow chan-
nels and accelerated cell infiltration to impact the degradation
of implanted constructs. Silk degradation is directly related to
crystalline content, where higher [B-sheet content correlates
with slower degradation.?* In the present study we explored
the effect of hollow channels on scaffold integration and
implanted silk with a high p-sheet content (>45%), to exclude
degradation as a significant contributor to the outcomes. These
scaffolds can be tuned to encourage rapid (days) to slow (years)
degradation based on processing to control f-sheet content,
which would be a useful variable to study in future work where
tissue integration and regeneration are goals.

In the present study, scaffolds with dimensions greater
than several millimeters were assembled with a process that
involved freezing and lyophilization of the silk protein solution.
Lyophilized silk scaffolds are a promising biomaterial platform
for engineering a range of tissue equivalents due to their highly
tunable physical and biological properties, including con-
trol over pore size, pore morphology and porosity, mechanical

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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features, degradation rates, and ease of functionalization with
bioactive compounds.'* These silk scaffolds can be utilized
in lieu of other currently available lyophilized biomaterial con-
structs, including those prepared from synthetically-derived
degradable polymeric materials, such as poly(lactic-co-glycolic
acid), or naturally-derived materials such as collagen and chi-
tosan. Lyophilized silk scaffolds are assembled using an all-
aqueous process, making them amenable to functionalization
with bioactive agents such as extracellular matrix proteins and
chemokines, without loss of function and with the benefit of
stabilization. Further, lyophilized silk scaffolds do not require
any chemical cross-linking to confer stabilization, mechanical
strength and resistance to rapid degradation, and these systems
can be designed to function in vivo for days to years depending
on the mode of processing.[2*2¢]

We report the effectiveness of a simple hollow channel array
within a lyophilized silk scaffold for improving cell seeding effi-
ciency, oxygen and nutrient delivery and integration and vascu-
larization of critically-sized silk constructs. Detailed modeling
of optimal channel size and arrangement will further improve
the utility of this platform for development of critically-sized
tissue equivalents for tissue modeling and regenerative medi-
cine purposes. Further, while the proof of principle was dem-
onstrated in lyophilized silk scaffolds, this technology can be
compatible with a range of other silk-based material formats,
such as salt-leached sponges and gels, as well as other polymer
and protein systems, making it a highly versatile platform for a
range of biomedical engineering purposes.

The future outlook for vascularization of engineered tissue
constructs will likely involve a coordinated combination of a
variety of vascular promoting techniques including angiogenic
growth factor delivery, cell delivery, and vascular inductive
biomaterials.) Hollow channeled silk scaffolds are a prom-
ising platform for integrating these vascularization strategies
in a single construct. Silk has been widely investigated in the
vascular field, both as a vascular graft?’-?%l and in supporting
vascular-promoting cell types including mesenchymal stem
cells and endothelial cells.''?% Silk materials have been exten-
sively used for stabilization and controlled delivery of a range
of biological molecules,!" including slow release of VEGF and
promotion of angiogenesis by silk hydrogels.?") Hollow chan-
neled scaffolds offer unique control over cell and growth factor
presentation both through the use of cell compartmentalization
and silk walls surrounding the hollow channels, as we demon-
strated previously.l'!l This illustrates the utility of this silk-based
hollow channel platform for providing a promising means for
addressing the clinical need for holistic vascularization strate-
gies for engineered tissue constructs.

4, Conclusion

Porous silk scaffolds with arrayed hollow channels exhibit
favorable characteristics for engineering large tissue constructs.
Arrayed hollow channels overcome significant cell infiltration,
oxygen/nutrient delivery, and host tissue integration limita-
tions, which typically hinder large tissue construct engineering.
Additionally, the channel fabrication methodology is simple,
reproducible and highly tunable. Channeled silk scaffolds can
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therefore serve as a promising off-the-shelf product for a range
of regenerative medicine applications including treatment of
critically-size defects and provide a versatile platform for engi-
neering three-dimensional tissues in vitro.

5. Experimental Section

Silk Solution Preparation: Silk fibroin solution was prepared as reported
previously.?l Briefly, pure silk fibroin was extracted from Bombyx
mori cocoons by degumming the fibers in a boiling sodium carbonate
solution (0.02 m) for 30 min (Sigma-Aldrich, St. Louis, MO). The pure
silk fibroin was solubilized in aqueous lithium bromide (9.3 m)(Sigma-
Aldrich, St. Louis, MO) at 60 °C. The solution was dialyzed using Slide-
A-Lyzer Dialysis Cassettes (3500 MWCO, Thermo Scientific, Rockford,
IL) against deionized water until the conductivity of the dialysis water
was <10 mS cm™! (indicative of complete lithium bromide removal). The
concentration of the silk solution was determined by drying a known
volume of the solution and massing the remaining solids. This protocol
resulted in a 6-8% wt v silk solution. Silk solutions were stored at 4 °C.

Scaffold Assembly: Scaffolds were prepared according to previously
reported methods."l Briefly, linear wire arrays (LWAs) were built with
either 254 um or 508 um diameter wires (McMaster-Carr, Elmhurst,
IL) arranged into a grid pattern with T mm spacing between the wires.
The wires were secured in place by curing polydimethylsiloxane (PDMS)
around the base of the wires and placed into cylindrical molds (15 mm
@, 20 mm height). Silk solution (2-4% wt v'') was dispensed into the
cylindrical molds, frozen at —20 °C overnight and lyophilized, resulting
in a porous scaffold. The scaffold was made insoluble by autoclaving at
121 °C for 20 min to induce -sheet formation. Scaffolds were rehydrated
in water overnight. Using a biopsy punch, scaffolds were trimmed to
12 mm in diameter for in vitro studies and 8 mm in diameter for in
vivo studies. Upon removal from the LWA, the height of the scaffold was
trimmed using a surgical blade and a trimming device that positioned
the height of the blade to the desired scaffold thickness. Scaffolds
without channels were prepared in the same manner, but in the absence
of the LWA.

Cell Culture and Scaffold Seeding: Human dermal neonatal fibroblasts
(hDNFs) obtained from Lonza (Basel, Switzerland) were cultured in
Dulbecco’s Modified Eagle Medium (supplemented with 10% fetal
bovine serum, 1% antibiotic/antimycotic) (Life Technologies, Grand
Island, NY) and seeded at passage 5-8. For infiltration studies, the
LWA was removed prior to cell seeding; in all other experiments, the
channeled scaffolds were seeded with the LWA in place as previously
described."l LWA was removed 24 h after cell seeding. Cells were
seeded at 5-6 x 10% cells mm?3 in a volume of fibrin that filled the
entire void space of the scaffold. Fibrin was prepared by mixing human
fibrinogen (10 mg mL™") (EMD Millipore Chemicals, Billerica, MA) with
human thrombin (5 U mL™) (Sigma-Aldrich, St. Louis, MO) in a 4:1
volume ratio. Cellular constructs were maintained at 37 °C, 5% CO,
in fibroblast media supplemented with aminocaproic acid (2 mg mL™)
(Sigma-Aldrich, St. Louis, MO) to inhibit rapid fibrin degradation with
media changes every 2-3 days. For perfusion culture, samples were
cultured statically for two days and placed into a perfusion bioreactor
previously designed and tested in the lab.?2 Four samples were placed
into each bioreactor with media (60 mL). The rate of media perfusion
through each sample was 18 UL min~'. Perfusion culture was carried out
for four days with a media change on the second day.

Metabolic Activity: The relative number of metabolically active
cells within each scaffold was determined by the AlamarBlue (Life
Technologies, Grand Island, NY) assay according to the manufacturer’s
instructions. Scaffolds were washed with Phosphate Buffered Saline
(PBS) and incubated in fibroblast medium with 10% AlamarBlue reagent
for 2 h at 37 °C with 5% CO,. Following incubation, aliquots (100 L)
were transferred to black 96-well plates and quantified for fluorescence
intensity with a fluorescence plate reader using an excitation wavelength
of 550 nm and an emission wavelength of 590 nm. Acellular scaffolds
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and tissue culture wells were also maintained in culture medium
as above and were analyzed similarly as blank controls to adjust for
background fluorescence.

Cell Localization Imaging with Confocal Laser Scanning Microscopy:
Depending on the study, samples were sliced through the center either
laterally or longitudinally with a surgical blade. A trimming device
was designed in the lab to guide the blade through the middle of the
scaffold. The scaffold halves were submerged in calcein AM (2 uwm)for
45 min at 37 °C to stain live cells. For diffusion measurements, scaffolds
were incubated with calcein am prior to cutting the scaffold in half.
The scaffold halves were placed on a coverslip and imaged with a leica
DMIRE2 confocal laser scanning microscope (CLSM) with excitation
at 488 nm and emission at 500-520 nm (Wetzlar, Germany). Cell
distribution was analyzed from composite images spanning the length
of the scaffold using “Plot Profile” tool in Image | (National Institutes of
Health, Bethesda, MD), which reports average gray value at each point
across the image length.

Oxygen Profile Measurement: Oxygen measurements were taken along
the length of the scaffold through the center according to previously
reported methods.1*®l Briefly, a needle-type oxygen microsensor with a
flat-broken tip (Presens, Regensberg, Germany) underwent a two-point
calibration step according to the manufacturer’s protocol. The oxygen
sensor and the sample were placed into a specially designed positioning
device that could precisely position the oxygen sensor within the scaffold
using a micromanipulator. The tip of the probe was positioned at the
very edge of the sample and this was considered the starting point.
Before taking a reading, the probe was equilibrated for 30 s after which
the oxygen percent was measured using the Microx TX3 transmitter and
the manufacturer’s data acquisition software (Presens, Regensberg,
Germany). Readings were taken every 1 mm through the scaffold at
37 °C and 5% CO,. Readings were converted to % oxygen saturation by
a multiplication with 0.2095, which takes into account the temperature
and humidity of the incubator.

In Vivo Implantation: All procedures were conducted under animal
care protocols approved by Tufts Institutional Animal Care and Use
Committee. All animals used in this study were 4-6 week old BALB/c
female mice (Charles River Laboratories, Wilmington, MA). The
mice were distributed into three experimental groups (unchanneled,
254 um and 508 um channel diameter) each with two time points (week
2 and week 4). The mice were randomly assigned to the experimental
groups and silk scaffolds (8 mm @, 2 mm height) were subcutaneously
implanted in lateral subcutaneous pockets of each mouse under general
anesthesia of oxygen and isoflurane. At week 2 or 4 post-surgery, animals
were euthanized and the samples along with the overlaying tissue were
collected for histological examination.

Histochemistry: Samples were fixed with 10% neutral buffered formalin
(NBF) and embedded in paraffin following a series of xylene and graded
ethanol incubations. Samples were sectioned to 6 um thickness and
deparaffinized. Sections were either stained with hematoxylin and
eosin (H&E) (Sigma-Aldrich, St. Louis, MO) to visualize cell nuclei
and cytoplasm or Mason’s Trichrome (Sigma-Aldrich, St. Louis,
MO) to visualize collagen deposition. Deparaffinized sections were
immunoprobed for the expression of Platelet Endothelial Cell Adhesion
Molecule-1 (PECAM-1) also known as cluster of differentiation 31
(CD31) and alpha smooth muscle actin (0-SMA). Heat-induced antigen
retrieval was performed in 10 mw citrate buffer, ph 6.0 for 20 min using
a vegetable steamer. Sections were washed 3x for 2 min in PBS with
0.1% v/v Tween-20 (PBST). Endogenous peroxidase activity was blocked
by incubation with 3% (v/v) hydrogen peroxide in methanol for 20 min
at room temperature and sections were washed 3x for 2 min in PBST.
Non-specific protein binding was blocked with 2.5% horse serum (Vector
Labs, Burlingame, CA) for 20 min at room temperature. Samples were
incubated with polyclonal anti-CD31 antibody (1:10 dilution) (ab28364,
AbCam, Cambridge, England) or polyclonal anti-a-SMA antibody
(1:300 dilution) (ab5694, AbCam, Cambridge, England) for 1 h at room
temperature, followed by washing 3x for 2 min in PBST and incubation
with ImmPress Anti-Rabbit Ig (peroxidase) polymer detection kit (Vector
Labs, Burlingame, CA) for 30 min. Sections were washed 3x for 2 min in
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PBST and color developed with DAB substrate kit for peroxidase (Vector
Labs, Burlingame, CA) for 10 min at room temperature. Sections were
rinsed in tap water, counterstained with hematoxylin (Sigma-Aldrich, St.
Louis, MO) and embedded in dpx mountant for Microscopy-10 (Electron
Microscopy Sciences, Hatfield, PA).

Cell infiltration was quantified from three images of H&E stained
sections (4x magnification) per scaffold for total of nine scaffolds
per condition (unchanneled, 254 um and 508 pum channel diameter).
Outlines were drawn around cellular areas of each section using the
‘free hand selection tool’ in Image | (National Institutes of Health) and
total cellular area determined. Area of cell infiltration (%) was calculated
as (total cellular area/total section area) x 100.

Statistical Analyses: Data are expressed as mean * standard deviation
(SD). Statistically significant differences were determined by one-
or two-way analysis of variance (ANOVA) and Bonferroni post-test.
Statistical significance was accepted at p < 0.05 and indicated in the
figures as *p < 0.05, **p < 0.01, and ***p < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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