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Vertical Integration of Cell-Laden Hydrogels with
Bioinspired Photonic Crystal Membranes

Yi Pei, Sayyed Hamed Shahoei, Yanfen Li, Peter J. Reece, Erik R. Nelson,

J. Justin Gooding, and Kristopher A. Kilian*

The native architecture of tissue segregates populations of cells through
nanostructured membranes of biopolymers (e.g., basement membranes)
which serve the dual purpose of providing scaffolding for cells and filtration
through size-exclusion. A multilayered approach to fabricate tissue scaffolds
where populations of encapsulated cells are separated by porous silicon
(PSi)-based photonic crystal membranes with nano- and microstructure

that mimics the basement membranes is reported here. The PSi films are
fabricated to display discreet photonic bandgaps such that remote optical
interrogation provides a specific resonance for each film. Through careful
control of surface chemistry, nanostructured PSi films are engineered to serve
as optical biosensors and biomolecule release reservoirs, where the optical
signature can report on these distinct functions remotely using a simple

light source. The promise of this approach is demonstrated as a “smart”
tissue scaffolding by monitoring matrix metalloprotease (MMP) activity from
encapsulated multilayered co-cultures of mesenchymal stem cells and human
microvascular endothelial cells, with concurrent attenuation of MMP activity
through release of angiogenic-modulating compounds. The integration of
optically registered biosensing and drug-release capabilities—within a multi-
layered hydrogel scaffold with multiple cell types—provides a new approach
to tissue engineering where dynamic bioactivity can be monitored remotely in
real-time.

A paradigm in tissue engineering is the
design of scaffolding that recapitulates
the architecture of native tissue for inte-
gration with live cells and restoration
of function.! A key structural aspect
of most solid tissues is the presence of
membranes that serve a dual function of
promoting cell adhesion and organiza-
tion, and for size-exclusion filtration to
modulate diffusion between compart-
ments. The integration of biopolymeric
membrane structures within tissue engi-
neering scaffolds has been demonstrated
through the development of fibrous mats
prepared via methods including electro-
spinning of matrix protein,??! layer-by-layer
deposition,®! 3D bioprinting,* or through
guiding the native tendency of cells to syn-
thesize matrix in vitro.P)

A challenge to the field of tissue engi-
neering is the inherent difficulty with
monitoring  cell-matrix  interactions
once the cell-laden scaffold is fabricated,
thereby necessitating cell fixation and sec-
tioning to evaluate integration of discreet
cell types within the scaffold materials. A
common strategy to address this challenge
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is labelling the cells with a fluorescent reporter to track inte-
gration using various live cell and tissue imaging approaches.[®
In addition, researchers have incorporated various sensing
materials within tissue-engineered materials to monitor cell
integration including fluorescence reporters,”#l nanoparticle
probes,”1% graphene films,'!l and electronic circuits.['213]
However, there are significant limitations to these approaches,
where cell division leads to loss of fluorescent signals, and
homogenous sensing materials suffer from lack of specificity
and limitations with remote transduction.

In this communication, we demonstrate a new approach
to tissue engineering where optically encoded thin films are
integrated with cell-laden hydrogel materials. Porous silicon
(PSi) photonic crystals are designed to emulate the nano- and
microarchitecture of membranes in biology, with distinct spec-
tral codes and complementary functionalities including: 1) bio-
sensing of cell-secreted enzymes, and 2) release of bioactive
compounds. These optical biomaterials are vertically integrated
via transfer printing with hydrogels containing mesenchymal
stem cells (MSCs) and human microvascular endothelial cells
(hMVECs) as a prototypical heterotypic multilayered tissue con-
struct (Scheme 1).

PSi shows broad potential as a material for application in
biotechnology and biomedicine,l'l with a number of important
characteristics for integration with biological systems, such as
biocompatibility,' biodegradability,'®! ease of fabrication,!”!
well-established chemical modification methods,["®1% porous
structure for drug and growth factor loading,?” and tun-
able optical properties.?!! PSi is fabricated by electrochemical
etching of single crystal silicon in hydrofluoric acid (HF) solu-
tion. Different PSi-based photonic crystals have been fabricated
including distributed Bragg reflectors (DBR),?223 resonant
microcavities,?#?] and rugate filters?®?l by programing the
current density during the electrochemical etching process. PSi
is sensitive to changes in the refractive index within the nano-
porous architecture, which has led to significant research in
using PSi materials for biosensing.?®!
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Scheme 1. a) The fabrication process and b) the structure of the multi-
layered 3D scaffold.
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Rugate filters were formed by electrochemical etching of
p-type silicon in ethanolic HF solution through a programmed
sinusoidal current density; etching parameters were optimized
to yield a film with average pore size of 60+/-20 nm (Figure S1,
Supporting Information) and a tunable film thickness from
hundreds of nanometers to tens of microns.?”! To ensure high
reflectivity of the stopband, we fabricated films with thickness
of 12-15 um. Importantly, this range of pore dimensions and
membrane thickness can be tuned to align with the average
pore diameter and thickness of basement membranes in many
tissues.?% Figure S2 in the Supporting Information shows
an example of thinner PSi films that can be fabricated. PSi is
rapidly oxidized in biological media and therefore needs to be
passivated with a suitable surface chemistry3!! Researchers
have developed numerous chemical modification strategies to
passivate PSi and to enable distal bioconjugation.l’?l Here we
performed hydrosilylation of 10-undecenoic acid, which has
a terminal carboxylic acid group that can be used for further
conjugation of biomolecules. Figure 1a depicts the derivatiza-
tion steps and Figure 1b shows spectra collected using Fou-
rier transform infrared spectroscopy (FTIR). Freshly etched
PSi surfaces are dominated by silicon hydride stretching
Si-H, (x = 1,2,3) at 2100 cm™!. Thermal hydrosilylation of neat
10-undecenoic acid leads to a decrease in Si-H, modes and
the appearance of C-H (=2930 cm™) and C=0 (=1714 cm™)
stretching modes indicating successful functionalization
(Figure 1Db). The terminal carboxylic acid groups were acti-
vated by ethyl(dimethylaminopropyl)carbodiimide (EDC)/N-
Hydroxysuccinimide (NHS) chemistry which leads to a shift in
the carbonyl C=0 stretch (1740 cm™) and appearance of suc-
cinimidyl C=0 stretching at 1815 and 1786 cm™!. To provide a
biorecognition interface for detection of matrix metalloprotease
(MMP) activity from cells, we used our previously reported
method of immobilization of gelatin hydrogel material within
the pore space,133 to serve as a substrate for secreted MMP-2
and MMP-9. Gelatin integration is indicated by the appearance
of amide I (=1643 cm™) and amide II (<1543 cm™) bands as
shown in Figure 1b. The PSi films were removed from the sub-
strate using a short sequence of electrochemical pulses to elec-
tropolish at the base before chemical modifications; mechanical
scribing at the perimeter led to release of the thin film.

The optical properties of the PSi films were assessed during
derivatization using reflectivity spectroscopy. Freshly etched
PSi rugate filters were constructed to have a high reflectivity
stopband in the “tissue-window” near-IR region toward remote
monitoring through integrated tissue scaffolds. Figure 1c shows
the rugate filter resonance at 748 nm, which shifts 36 nm to
784 nm after hydrosilylation of 10-undecenoic acid, and an addi-
tional 10 to 794 nm after EDC/NHS treatment. These shifts
indicate that air in the pore space is replaced by organic mate-
rial of a higher refractive index. After the sample is impreg-
nated with gelatin and dried, the stopband shows a large shift to
860 nm, suggesting that a considerable quantity of pore space is
occupied by gelatin. This is important for biosensing to ensure
sensitivity to MMP activity as the gelatin is digested within the
pore space leading to a blue shift in the resonance position.

To integrate the chemically modified PSi into a 3D scaf-
fold, we investigated a multilayer vertical integration approach
based on transfer printing.”’! To evaluate the versatility of the
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Figure 1. Chemical modifications of PSi. a) Scheme of modification steps. b) FTIR data of PSi after each modification step. c) Reflectivity spectra of

PSi rugate filter after each modification step.

approach, we chose to use two common hydrogels utilized for
tissue engineering: synthetic polyethylene glycol diacrylate
(PEGDA) for its tunable mechanical properties, and natural
collagen I for its ability to support cell attachment and growth.
PEGDA was made by acrylation of polyethylene glycol (PEG)
with a percentage derivatization of 87% (Figure S3, Supporting
Information). To encourage cell adhesion and interaction within
the PEGDA hydrogel matrix and better restore the native micro-
environment, the minimum binding sequence from fibronectin,
Arg-Gly-Asp (RGD), was conjugated to PEGDA through Michael
addition of the terminal/cysteine of Cys-Gly-Arg-Gly-Asp-
Ser (CGRGDS). At pH 8, the Michael addition reaction is
favored; however, we cannot discount the possibility of some
moderate ester hydrolysis within the hydrogel under these con-
ditions. CGRGDS peptide was made by solid-phase peptide
synthesis (SPPS) method and was verified by mass spectrom-
etry (Figure S4, Supporting Information). Based on our previous

To|

Collagen layer

b Cy3(MSCs) FITC(HMVECs) DAPI
-1

study, the presence of MSCs greatly increases tube formation of
hMVECs,3%] which has the potential to be utilized to help with
wound healing process. Therefore, we encapsulated both cell
types in the multilayered 3D scaffold with the expectation to
gain better understanding of the interactions between the cells.
The procedure for fabricating the multilayer scaf-
fold is shown in Scheme 1: 1) formation of PEGDA+RGD
gel layers with encapsulated cells on silanized coverslips;
2) transfer printing of freestanding PSi films to the gel; and
3) the casting of a second cell-laden hydrogel layer. Transfer
printing is a set of techniques for assembly of micro-/nanoma-
terials by modulating the physical adhesion between different
interfaces®®); subtractive transfer, as we used in our experiment,
is one type of transfer method that utilizes a stamp to selec-
tively pick up regions of a donor film.5”) In this way, additional
layers can be casted and PSi films transfer printed to reach the
desired architecture. Figure 2a shows a cross-sectional scanning
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Figure 2. a) Cross-sectional SEM image of the multilayered 3D scaffold. b) Fluorescence images of the different hydrogel layers (scale bar represents

100 um). c) Reflectivity spectrum of the multilayered 3D scaffold.
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electron microscope (SEM) image of a multilayer structure
consisting of PEGDA:PSil:Coll:PSi2:PEGDA, indicating the
successful fabrication of the photonic scaffold. The top and
bottom layers are PEGDA gels with a thickness of 15-20 pum.
The two PSi films are adjacent to PEGDA layers with a thick-
ness of 12-15 um. The thin layer in the middle is made of
collagen and has a thickness of about 3 um. Note that the thick-
ness of hydrogels can be readily tuned by adjusting the amount
of hydrogel solution applied, and silicon-based photonic films
can be fabricated with thickness ranging from hundreds of
nanometers to tens of microns. The apparent thickness of the
collagen layer is because of collapse during SEM vacuum con-
ditions; microscopy of the hydrated architecture demonstrates
comparable dimensions to the PEGDA hydrogels as shown in
Figure S5 in the Supporting Information. Prior to encapsula-
tion, the MSCs were treated with CellTracker Red CMTPX, and
the hMVECs were treated with CellTracker Green CMFDA in
order to visualize the cells in the layered structure. Fluorescence
images of the different hydrogel layers were acquired to verify
the encapsulation of cells and the correct spatial distribution
(Figure 2b). Fluorescence confirms cell viability in all layers;
MSCs are present in both top and bottom PEGDA hydrogel
layers while hMVECs only reside in the central collagen I layer.
This result demonstrates that cells can be effectively encapsu-
lated in different gel layers, interspersed between PSi films.
Our aim is to develop a multilayered tissue scaffold where
each film can be optically interrogated simultaneously. There-
fore, the two PSi films were engineered to display different
stopbands, one at 720 nm and the other at 820 nm. Reflectivity
spectroscopy reveals two distinct peaks corresponding to the
two different PSi films (Figure 2c), indicating that the signature
optical properties of both PSi films are successfully maintained
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and can be detected in one measurement. Moreover, the posi-
tions of the peaks are completely independent from each other,
providing the opportunity to use multiple PSi films for varied
functionalities (e.g., biosensing and drug release).

Several groups have demonstrated the use of PSi optical
structures for detecting the activity of protease enzymes.33383
To evaluate the utility of PSi sensors for in situ monitoring of
MMPs secreted from encapsulated cells, two PEGDA layers
containing MSCs and hMVECs were assembled on top of
the PSi sensor. Control samples were included with PEGDA
hydrogel layers without cells; experimental groups contained
encapsulated MSCs, hMVECs, and both MSCs+hMVECs. The
cells were cultured for 24 h and the reflectivity spectra of PSi
sensors were measured both before and after cell culture. The
blue shift in the stopband was calculated for each PSi sensor
at 24 h: AL = Ay, — Ayqpp, With AA > 0 indicating blue shifts.
To control for blue shifts caused by PSi oxidation in aqueous
environments and potential gelatin dissolution unrelated to cell
activities, the experimental group was normalized to the control
group: A2’1’101’malized = Aa’experimental - AA’control? with A)’normalized >0
indicating blue shifts associated with degradation of gelatin
corresponding to MMP activity. For MSCs alone or when co-
cultured with hMVECs, there is a blue shift AA,qmalized ON
the order of 5-15 nm, indicating a change in the pore space
refractive index, which suggests the presence of secreted active
MMPs (Figure 3a). However, hMVECs alone led to red shift
suggesting limited gelatinolytic activity and the domination
of endogenous release of other proteins that were physically
absorbed into PSi pores and increased the average refractive
index of the structure. We used gelatin zymography to verify
that the optical readout from the PSi films was on account
of MMPs. Conditioned media was collected from MSCs,
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Figure 3. a) Representative blue shift in spectra after gelatin digestion in PSi; normalized blue shift after 24 h culture with MSC, hMVEC, and
MSC+hMVEC. b,c) Gelatin zymography data of the conditioned media collected from MSC, hMVEC, and MSC+hMVEC after 24 h culture w/ and w/o
ANGII. Error bars represent standard deviation of 5 replicate measurements. *p-value 0.05 **p-value 0.001.
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Figure 4. a) Reflectivity spectra of PSi rugate filter before loading ANGII, after loading ANGII, and after ANGII release. b) ANGII release profile.
c,d) Effect of ANGII on hMVEC tube formation. €) Normalized blue shift after 24 h culture with MSC+hMVEC w/ and w/o ANGII. f) Blue shift of
PSi stopbands when cultured without cells, with MSC+hMVEC, and with MSC+hMVEC+ANGII. Error bars represent standard deviation of 5 replicate

measurements. *p-value 0.05.

HMVECs, and MSCs+HMVECs and then loaded on gelatin
zymography gels (Figure 3b,c). Consistent with the biosensor
results, we see the same trend in active MMP-2 secreted from
MSCs and MSCs+HMVECs, with lower activity from HMVECs
(Figure 3c). There was a very low level of MMP-9 under all
conditions (at detection limits) (Figures S6 and S7, Supporting
Information) that could not be quantitated.

Another attribute of PSi is the potential for sustained release
of drugs and other compounds.***!l To explore the use of PSi
films for biomolecule release, we loaded the angiogenic modu-
lator angiotensin II (ANGII) into a PSi film by wetting the pore
space with ethanolic solution (1 x 1073 m; 50% ethanol (v/v)),
followed by evaporation and drying. After treating the PSi with
ANGII, the reflectivity spectra show a significant red shift of
76 nm, indicating successful incorporation into the pores of PSi
(Figure 4a). The ANGII-loaded sample was placed in buffer at
37 °C and the concentration of ANGII released was monitored
over time by UV-Vis spectroscopy. Under these conditions,
ANGII shows an initial burst release from the PSi of =80%
within 60 min (Figure 4b). Concurrently, the reflectivity spectra
blue shifted 72 nm compared to the initial 80 nm red shift,
serving as an optical indication of drug release (Figure 4a). It
is reasonable to speculate that some ANGII remains confined
within the nanoporous architecture, and will slowly diffuse
from the thin film over prolonged times during passive oxida-
tion of PSi. Tuning the porosity and the surface chemistry will
allow engineering the drug release characteristics to match the
desired bioactivity.2% To investigate a functional outcome of the
ANGII release, we employed a model angiogenesis assay based
on endothelial tubulogenesis.*! Matrigel, a 3D hydrogel com-
monly used in tissue engineering, was formed on the surface of
ANGII-loaded PSi films. At all concentrations, ANGII inhibited
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tubulogenesis in hMVECs within the hydrogel (Figure 4c).
This is consistent with previous finding that ANGII can inhibit
vascular endothelial growth factor (VEGF)-induced hMVEC tube
formation by stimulating angiotensin type 2 (AT,) receptor.*!
Interestingly, when MSCs were co-cultured with hMVECs, we
see less inhibition of tubulogenesis suggesting proangiogenic
secretion from MSCs as observed previouslyl®! (Figure 4d).
Moreover, gelatin zymography shows that treatment of cells
with ANGII leads to a precipitous drop in secreted MMPs, par-
ticularly the active forms (Figure 3b,c). This observation is con-
sistent with the response of PSi sensor as shown in Figure 4ef.
Taken together, these results demonstrate that PSi films can be
used as bioactive molecule reservoirs to modulate the activity
and secretory profile of surrounding cells in the scaffold.

In summary, we have shown how PSi optical materials can
be vertically integrated with cell-laden hydrogel biomaterials
using a transfer printing approach. Tuning the thickness of dif-
ferent layers allow us to better mimic the native architectures of
multilayered tissue, and the photonic properties of PSi enable
real-time monitoring of cellular secretion from one film, with
simultaneous biomolecular release from the second film. In
this way, dynamic feedback mechanisms can be incorporated
into spectrally distinct thin films, to impart dynamic proper-
ties to surrounding populations of cells. We demonstrated this
concept by monitoring MMP release from mixed populations
of MSCs and hMVECs, with concurrent release of the angio-
genic peptide ANGII. This new approach will allow incorpora-
tion of any mixture of cell types, with virtually any soft biomate-
rial, with the integration of multiple spectrally distinct optical
films tuned for a range of functionalities including: growth
monitoring, biosensing, sequestration, and tunable molecular
release. This approach is expected to show wide versatility in
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tissue engineering for developing optically encoded dynamic
multilayered tissues.

Experimental Section

Materials: Reagents were purchased from Sigma-Aldrich unless
otherwise noted. Human MSCs (Lonza) tested positive for CD105, CD166,
CD29, and CD44, negative for CD14, CD34, and CD45 by flow cytometry.
Growth factor reduced basement membrane extract (matrigel) was
purchased from Trevigen. hMVECs were purchased from Cell Systems.
EGM-2 growth factor supplemented media was purchased from Lonza.

Cell Source and Culture: MSCs were cultured in low glucose
(1 g mL™), Dulbecco’s modified Eagle medium (DMEM) (10% FBS
and 1% penicillin/streptomycin), and hMVECs were cultured in EGM-2
media. Cells were passaged at =80% confluency and media was changed
every 3—4 days. Trypsinization of adherent cells involved dissociation in
0.25% Trypsin or 0.05% Trypsin followed by seeding at =5000 cells cm™2.

Solid-Phase Peptide Synthesis: CGRGDS peptide was synthesized
using Fmoc SPPS. N-terminal fluorenylmethyloxycarbonyl (Fmoc)
protected rink amide resin was deprotected in 20% piperidine in N’,N’-
dimethylformamide (DMF) and washed with DMF. Benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), and
N-methylmorpholine in DMF was added to three equivalents of amino
acid for 2 h at room temperature for each additional amino acid. Peptide
was cleaved by stirring in 95% trifluoroacetic acid (TFA), 2.5% H,0, and
2.5% triisopropylsilane (TIS) for 2 h and precipitated in cold diethyl ether
followed by lyophilization. Peptides were analyzed by mass spectrometry
(electrospray ionization (ESI)).

Porous  Silicon  Fabrication: Si  (100) wafers (p-type, B-doped,
0.005 ohm cm) were immersed in an electrochemical cell containing
1:1 aqueous HF (48%) and ethanol, with a platinum wire electrode and
steel electrode contacting the back. Rugate filters were etched using a
sinusoidally varying current density alternating between 370 and 430 mA
using a SP-200 BioLogic Galvanostat. After etching PSi was washed in
ethanol for three times, and then dried under nitrogen. For fabricating
free-standing PSi films, a short high current pulse was applied within the
etching cell.

PSi Chemical Modification: Hydrosilylation of neat undecenoic
acid, subjected to 5 times freeze—pump-thaw cycles under an argon
atmosphere, was performed in the presence of freshly etched PSi.
Terminal carboxylic acids were activated using 0.1 m EDC with NHS
in acetonitrile. Gelatin (Type A; from Procine skin) was dissolved in
distilled water to make a high concentration (200 mg mL™") solution.
Hundred microliter solution was casted on top of one PSi film and put
under 37 °C for 1 h for conjugation of gelatin. The sample was then
moved to 4 °C and let dry.

PEGDA Hydrogel Fabrication: PEG (10 000 molecular weight; T mmol)
was dried by codistillation with toluene followed by dissolution in
dichloromethane (DCM) and toluene (DCM:toluene 5:3). Triethylamine
and acryloyl chloride (3 mmol each) were added with stirring under an
inert atmosphere, and allowed to react overnight at room temperature.
K,CO; was added to the solution with stirring for 1 h. Afterwards, PEGDA
reaction solution was filtered, concentrated under vacuum, precipitated
in ether, lyophilized, and analyzed by nuclear magnetic resonance
(NMR) spectroscopy. PEGDA and CGRGDS peptide (mole ratio 1:1)
was then dissolved in 100 x 1073 m sodium phosphate buffer (pH = 8).
The solution was stirred at room temperature for 96 h for the completed
Michael addition. After the reaction was done, the polymer was washed
and concentrated by spinning in Amicon Ultra-4 10K Centrifugal
Filter Unit at 4000 g for 20 min. The polymer was then resuspended
in phosphate-buffered saline (PBS) to make to 15 wt% solution. To
make hydrogel films, 18 mm glass coverslips (Fischer Scientific) were
cleaned, dried, and activated by treatment with 3-(trimethoxysilyl) propy!
methacrylate 20% solution in ethanol with 0.3% glacial acetic acid. A
15 wit% solution of PEGDA+CGRGDS and 0.05% 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (UV Initiator) was aliquoted to
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the activated coverslip and applied to a hydrophobic (RainX) treated
glass microscope slide. This sandwich was placed in a UV crosslinker
(Spectronics) and subjected to UV light at an intensity of =5 mW cm™2
for 6 min. The coverslip was then lifted up by a pair of tweezers with
PEGDA gel attached to the surface.

Transfer Printing of PSi Film: PEGDA gel was used as a stamp and
the electropolished PSi film the “ink.” PEGDA gel was placed face down
onto the PSi film and a pair of tweezers was used to tap on the coverslip
in order to ensure a close contact between PEGDA gel and the PSi film.
The coverslip was then lifted with PEGDA gel attached to the surface
and PSi film attached to PEGDA gel.

Collagen Hydrogel Fabrication: Collagen stock solution from fish scales
(provided by Nathan Gabrielson, Materials Science and Engineering,
University of lllinois) was neutralized by 1 X 107 m NaOH when kept
on ice. The neutralized solution was then aliquoted on top of the PSi
film that was picked up by PEGDA gel layer. Another PSi film attached
PEGDA gel layer was then applied on top of the aliquot. The collagen
layer was allowed to gel for 30 min at 37 °C.

Encapsulation of Cells: For cell-laden hydrogel fabrication, MSCs
and hMVECs were trypsinized, pelleted, and resuspended in the gel
solution prior to polymerization. To confirm cell encapsulation, MSCs
were incubated for 30 min with CellTracker Red CMTPX and hMVECs
were incubated for 30 min with CellTracker Green CMFDA as per
manufacturer’s instructions prior to encapsulation. The labeled cells
were pelleted and excess cell tracker disposed of.

UV-Vis Spectra: The fixed samples were mounted on glass slides and
the reflectivity data were collected by a Zeiss Axio Observer D1 inverted
microscope with a 10x objective lens. The measurements were spatially
resolved and the spot size used was 0.5 mm. The spectra of five adjacent
spots on each sample were collected.

hMVEC Tubulogenesis Assay under the Influence of ANGII: PSi films
were loaded with different amount of ANGII and placed on the bottom
of a 24 well plate. Two hundred microliter of thawed reduced growth
factor matrigel (Trevigen) was coated on top each PSi film and allowed
to gel for 30 min at 37 °C. For hMVECs, only system 30000 hMVECs were
seeded per well in 500 pL of EBM-2 media with growth factors (Lonza).
For the coculture system, 30000 hMVECs and 30000 MSCs were seeded
per well in the mixture of 250 uL of EBM-2 media with growth factors
and 250 puL of low glucose DMEM. Unsupplemented EBM-2 media was
used as a negative control. After 8 h, tube formation was imaged using
a Rebel T3 Camera (Canon) at 25x and tube area quantified with image.

Gelatin Zymography: Culture medium was changed to medium without
serum 24 h prior to harvest. Conditioned medium was collected, spun
at 1000 rpm for 5 min to remove debris. Supernatant was concentrated
20 times using Amicon ultracentrifugal units (Millipore) according to
the manufacturer’s instructions. Resulting protein concentration was
determined by BCA assay and 10 pg of protein was separated on a gelatin-
impregnated polyacrylamide gel (Biorad). Gels were washed in Triton
X-100/Tris/CaCl2/ZnCI2 buffer briefly to renature proteins, followed by
incubation in the same buffer overnight at 37 °C to allow for degradation
of gelatin by matrix metalloproteinases. Gels were stained with Coomassie
Blue dissolved in methanol/acetic acid solution and destained with
methanol/acetic acid solution. Gels were imaged on a Gel Doc system
(Biorad) and quantified using Image Studio software (LI-COR).

Characterization Instrumentation: SEM was performed using a JEOL
6060LV General Purpose SEM and a Hitachi S4700 FEG SEM. Reflectivity
data were gathered using a Zeiss Axio Observer D1 inverted microscope.
PerkinElmer 100 serial FTIR spectrophotometer was used for infrared
spectra measurements on samples. NMR data were collected by using
Bruker Avance IIl 600 MHz Cryo NMR. MS data were collected by
using Waters Synapt G2-Si ESI/LC-MS. MSCs and hMVECs were imaged
using an INCell Analyzer 2000 (GE).
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