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Figure 2.1 The multitissue interface model contained a collagen sphere tissue that was

fully anchored (100% surface area) to the surrounding collagen, which enhanced its

ability to resist contraction and maintain aabtrix tensional forces. (A, C) Schematic

diagrams and (B, D) boundary conditions for (A, B) homogeneous monodispersion and

(C, D) mutitissue interface culture formats. Monodispersion cultures involve
homogeneous distribution of cells within a surrounding coliipeih matrix.
Multitissue interface cultures are created
within a surroundingdel 1T col | agen .t.l.s.s.ue...c.ons.t.r.ud’t .

Figure 2.2 (A) Schematic diagram demonstrating interactions of a droplet with surfaces
having uniform wetting properties. (B) Biphilic surfaces with hydraphispots

surrounded by superhydrophobic regions used to form collagen or tissue spheres. The
superhydrophobic areas faciltate sphere formation, while the hydrophilic spots assistin
deposition and adhesion of spheres to the substrate. (C) Overviewtiebtiee sphere

formation process. Aliquots of neutralized oligomer solution in the presence or absence

of cells are deposited onto the hydrophilic spots of the biphilic surface. The surface is
subsequently placed into a humidified 37 °C incubator to indimieassembly of

collagen fibrils (polymerization). The rightmost photograph shows oligomer collagen
spheres with volumes of 15, 10.....andd4® ¢e¢L f

Figure 2.3 Tk method for producing collagen spheres was reproducible when using the
positive displacement pipet. Due to gravity, the collagen spheres became flatter as the
volume of the droplet was increased. (A) Representative goniometer images and
volumetric measuraents for oligomer spheres prepared at target volumes of 5, 10, and

15 L with matrix stiffnesses of 0 (water)
concentration). The goniometer images represent oligomer spheres (200 Pa) prepared at
designated volumes (scale bar = 1 mm). Target volume indicates the volume dpecifie

on the akdisplacement (Air) or positivdisplacement (Pos) micropipette. (B) Scatter

plot of measured oligomer sphere volumes and aspect ratios for all of the matrix stiffness
values. Data points represent a combination of 0, 200, and 1000 Pa olgphesss. .45

Figure 2.4 Sphere tissues within the multitissue interface model preventetedaited

contraction at all time points and densities, while the monodispersion tissue constructs
experienced an increase in rate and extent of contraction as cell density was increased.
Time-dependent contraction of tissue constructs prepared using (top) the
monodispersion format and (bottom) the multitissue interface method. Monodispersion
constructswvere prepared by seeding ®18°, 2.0x1(, or 5.x1(® ECFCs/mL within an

oligomer matrix (200 Pa). Multitissue interface constructs involved embedding an
oligomer sphere (200 Pa, x1®B, 2.6&1C, or&. IO ws ) pr
ECFCs/mL within a surrounding tissue consisting ofx@® ECFCs/mL withn an

oligomer matrix (200 Pa). Final tissue volumes were measured after 72 h of culture and
compared statistically wusing Tukeyds test.
(SIS0 01 TP 47
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Figure 2.5 Within the uncontracted tissue constructs (multitissue interface model,
BOTTOM), ECFC vessel formation increased with increasing ECFC density. On the

other hand, the contracted monodispersion tissue constructs contained smaler,
compromé ed vessel formation. Projections of
llustrating vessel network formation (green fluorescence, lectin) and type IV collagen
deposition (red fluorescence) following 3 days of culture in either (A) the
monodispersion forat or (B) the multitissue interface format. Confocal images were

taken within the tissue sphere of the multitissue interface format. Monodispersion
constructs were prepared by seeding ECFCs at specified densities within an oligomer
matri x ( 20 Multisaue in2rfabe cenktructs were prepared by embedding

an oligomer sphere (200 Pa, 5 eL) prepared
surrounding tissue consisting of 81%F ECFCs/mL within an oligomer matrix (200 Pa,

250 ¢L) . A fcultwe, the3818 BQFGs/mb Bphere demonstrated superior
vessel network formation relati.ve..t.d9 the o

Figure 2.6 The presence of ASC in the surroundisgué provided a significant boost

to ECFC vessel volume percentage within the sphere tissue compartment. Projections

of confocal i mage stacks (200 em thick) t
vessel network formation and basement membrane depo$ir various multitissue

interface constructs after 3 days of culture. E€fCapsulated oligomer spheres (200

Pa, xX1®* ECFCs/ mL, 5 eL) were embedded in oligc¢
seeded with either (A) no accessory cells, (B) ECFCs only, &J}sfonly, or (D) a

combination of ECFCs and ASCs. Tissue constructs were stained with UEAL lectin

(green fluorescence) and type IV collagen (red fluorescence) for visualization of ECFC

vessel networks and deposited basement membrane, respectively. That itise

bottom right in each panel contains quantified vessel morphology parameters and vessel
volume percentages. The vessel volume percentage increased significantly with the
presence of ASCs I n t he surrounding tiss
Supers r i pt l etters indicate statistically dif

Figure 2.7 Increasing ASC density in the surrounding tissue compartment resulted in

(TOP) an increas in ECFC vessel volume percentage within the sphere tissue
compartment and (BOTTOM) ECFC angiogenic sprouting across tissue compartments.

(A) Projections of <confocal i mage stacks |
formation and basement membranepakition within the tissue sphere for various

multitissue interface constructs after 3 days of culture. EE€R€EApsulated oligomer

spheres (200 Pax3* ECFCs/ mL, 5 eL) were embedded i
Pa, 250 ¢€L) seede &k1Qw0.2x1¥, oACHRIS calsimL.eTisguner 0. 1
constructs were stained with UEA1 lectin (green fluorescence) argm@atlV collagen

(red fluorescence) for visualization of ECFC vessel networks and deposited basement

me mbr ane, respect i vml(B).Qualifed vessel marphslogy= 150
parameters show that the vessel volume percentage as well as the percentage of
extensive vessel networks were positively
was used to compare groups. Superscript lettersatedistatistically different groups (p

< 0.05). ( C) Projection of confocal i mage

net wor k f ormati on at and across t he t i1 s s
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constructs were stained with phalloidin (green flsoence) and artype 1V collagen
(red fluorescence) for visualzation of cels and deposited basement membrane,
respectively. Sca.l.e..bar.s..=..15.0..s.m...55

Figure 2.8 Increasing the ASC densitytiie surrounding tissue compartment increased

the cellmatrix tensional forces, resulting in matrix and cellular alignment towards the

sphere tissue compartment. (LEFT) Schematic showing imaging areas with specified
distances from the sphere. (CENTER)jegction s of conf oc al i mage st e
outside the tissue sphere for various multtissue interface constructs after 3 days of
culture. ECFGencapsulated oligomer spheres (200 Pa, acellularx@fSECFCs/mL,

5 eL) were embeddedO iRapol250met) madeedee swi(tz
0.0x1(?, 0.1x1(F, 0.21(®, or 0.510 cells/mL. Tissue constructs were stained with

phalloidin (green fluorescence) for visualization of ASC orientation, and confocal
reflectance was used to visualize the collafjemi microstructure (red fluorescence).

Increasing the ASC density in the surrounding tissue increases the collective cell
mediated traction force, leading to tensioduced alignment of collagen fibrils.

Parallel alignment of collagen fibris appeardto positively correlated with the ASC

seeding density. Constructs with ®18° ASCs/mL vyielded higher alignment at

distances farther away from the sphere compared with the other groups. Scale bar = 150

e m. (right) Bar graphs displaying the alig
(green) for each reSPeCHVE grOUP. ... cuu e eeee e et e e e e 56

Figure 3.1 (A) ASOR and (B) VSOR were internalzed by different cel lines,
demonstrating the versatiity of the biosensor across cell types. Fluorescence images

after 20 min of incubation with AS®Cy5 (A) and VSORSFAM ( B) (20 &M ea
in different cell types cultured o0n63D gl a

Figure 3.2 ECFC cultured in 2D demonstrated an appropriate nespoVEGFR2 (A)
stimulation and (B) inhibition. (C) VEGFR signaling increased with downstream
activation of AKT. Simiarly, (D) VEGFR2 signaling decreased in response to an
inhibitor with additional downstream effects on the AKT pathway. fie@ mutiple x
monitoring of VEGFR2 and AKT phosphorylation in 2D culture. (A) FLIM images and

(C) quantitative analysis of VSOR and ASOR upon 20 ng/mL of VEGF stimulation. (B)
FLIM images and quantitative analysis (D) of VSOR and ASOR treated for 60 min with
10 nM of the inhibitor, Axitinib in ECFC. Quantitative analysis was conducted on three
cellular compartments: cell nucleus (nuc), receptor (rec), and cytoplasm (cyt) compared
to control (TOP). Scale bar = 20 um. n=3 biological replicates................c........... 65

Figure 3.3 ECFC cultured in 2D demonstrated appropriate cell signaling response to
insulin, an AKT promotor. AKT signaling increased, which resulted in an increase in
VEGFR-2 signaling. Reatime monitoring of ASOR and VSOR after-tiour of AKT
stimulation with 100 ng/mL insulin. (A) Fluorescence lifetime of VSOR (TOP) and
ASOR (BOTTOM) shows aninttial increase during the first 20 minutes, followed by an
oscillatory behavior for the remaining time period.) (BResults drawn from the
gualtative images were valdated by quantifying the relative change in fluorescence
ifetime in both the sensors. In the first 20 minutes, fluorescence lifetime of both sensors
increased, however the increase in ASOR (red lineg gr@ater than VSOR (blue line).
After 20 minutes, both sensors exhibited a decreasing oscillatory response. Data is
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representative of three independent biological and three technical replicates. Scale bar

Figure 3.4 ECFC cultured in 2D demonstrated appropriate cell signaling response to
honokiol, an AKT inhibitor. AKT signaling decreased, which decreased upstream
VEGFR-2 signaling. Reatime monitoring of ASOR and VSOR aftethbur of AKT
inhibition (treat ment voutsé FLIMOGages ah VIO®Rn o ki ol )
(top) and ASOR (bottom) showed an overall trend of decreasing fluorescence lifetime
for both sensors, although a noticeable increase in VSOR fluorescence lifetime wa
noted after 20 minutes. (B) Quantitative analysis showed a larger decrease in the
fluorescence lifetime of ASOR after Honokiol treatment, which was followed by a
relatively smaller decrease in the fluorescence lifetime of VSOR. VSOR showed
oscillating response starting from 20 minutes with a general decreasing trend. Data was
representative of three independent biological and three technical replicates. Scale bar

Figure 3.5 Cordcal images validated the presence of an intact, interconnected ECFC
vessel network. (a) Micro vessel network formed in 3D vasculogenesis model after 3
days of culture. Phalloidin (green) and Hoechst (red) stained for visualizatioraabihF

and nucleustespectively with (A) 10x objective, (B) 20x and (C) 60x objective. Scale
Dar = L L0.0 B 68

Figure 3.6 ECFQormed vessels successfuly internalized ASOR and VSOR after 30
minutes of incubate wi th 15 &M of each sensor. 101
vasculogenesis model from (A) the bright field mode, (B) the ASOR fluorescence
channel and (C) the VSOR fluorescence channel. Scale bar = 100.um............... 68

Figure 3.7 ECFC cultured in 3D demonstrated an appropriate response to \2HBFR
stimulation and (C) inhibition. (B) VEGFR signaling increased, with downstream
activation of AKT. Simiarly, (D) VEGFR2 signaling decreased in resporteean
inhibitor, with additional downstream effects on the AKT pathway. Rea
monitoring of VEGFR2 and AKT phosphorylation in 3D culture. FLIM images (A, C)
and quantitative analysis (B, D) for VSOR and ASOR in 3D vasculature during 60 min
of observéion: (A, B) Fluorescence lfetime of VSOR and ASOR increases upon 10
ng/mL VEGF stimulation. (C, D) Fluorescence lifetime of VSOR and ASOR decreases
within 10 min upon treatment with the inhibitor, Axitinib at 20 nM. Scale bar = 20 pm.
N=3 biologiCal reCAteS..........ciiiiiii 69

Figure 3.8 Endothelial cells within a zebrafish model demonstrated an appropriate
response to VEGFR (B) stimulation and (E) inhibttion. (C) VEGFR signaling
increased, with domstream activation of AKT. Similarly, (D) VEGFR signaling
decreased in response to an inhibitor, with additional downstream effects on the AKT
pathway. Reatime monitoring of VEGFR2 and AKT phosphorylation in live zebrafish:

(A) Sensor distribution inlive 5 dpf zebrafish larvae. FLIM images (B, E) and
guantitative analysis (C, D) of VSOR and ASOR in the vasculature (white box) of
zebrafish depicted in (A) during 60 min of observation. (B, C) Fluorescence lifetime of
VSOR and ASOR increases upon treathweith 100 ng/mL of the VEGF stimulant. (D,

E) Fluorescence lifetime of VSOR and ASOR decreases within 10 min upon treatment
with 100 nM of Axitinib. Scale bar = 20 um. n=3 biological replicates.................. 71
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Figure 4.1 Schematic of mediutfroughput confined compression device and tissue
densification mechanism (A) Mediuthroughput compression device, including- 48

well plate and 3D printed compressor head. Adafator facilitates integration with a

mechanical testing instrument, enabling user definttion of strain and strain rate. (B)
Customf abricated polyethylene foam platens (]
even and controlled fluid flow out of tissue construct during compression, resuling

densified collagedfibril MICroStrUCtUre...........oovveiiiiiieie e e e ] B

Figure 4.2 Schematic of custeabricated Tissue Tensioner for maintaining tissue
geometry and celhatrix tensional forces. To maintain lleeatrix tensional forces, the
device clamped onto the outer edge of the tissue construct in place, preventing cell
mediated tissue construct contraction. (A) One complete device, with a collagen tissue
in the middle chamber. (B) A frofiacing view (C) Dpview showing a Tissue
Tensioner with three 12 mg/mL tiSSue CONSLIUCTS...........vevviiiiiiiiiieii e, 80

Figure 4.3 Bar graph showing the thickness of the various groups of tissue constructs.

As collagen fibrii densitywas increased, there was increased resistance to matrix
deformation. Although not statistically significant, there was increased matrix

def ormation as time was increased. Compar e
letters indicate statisticallgifferent groups (p < 0.05). N=3....coiiiiiiiiiiiieeee 84

Figure 4.4 Increasing collagen fibril density of tissue constructs increased the tissue
constructs resistance to deformation. Projections of confocaéisiagks (50 pm thick)
llustrating vessel network formation within the densified tissue constructs after 3 and 7
days of culture. ECFCs and ASCs were encapsulated in oligomer tissue constructs and
densified to reach final densities of:2% ECFC/mL and 25 106 ASC/mL. ECFC

were transfected with TdTomato (red fluorescence). All cell populations were stained
with antivimentin (green fluorescence) and DAPI (blue fluorescence). White numbers
at the top of each image represent the average thickness fepdufic group. Scale

DA = 200 M.t 85

Figure 4.5 ECFC vessel formation was achieved within all tissues. As collagen fibril
density was increased, there was decreased (B) vessel volumatagecand (C) total

vessel length at 3 and 7 days. (D) Vessel diameters were not statistically different from
one another. (A) Projections of confocal image stacks (50 um thick) illustrating vessel
network formation within the densified tissue construdtera88 and 7 days of culture.

Scale bar =200 ym (B) Plot comparing the average vessel diameters of each group at 3
and 7 days. (C) Plot comparing the vessel volume percentage of each group at 3 and 7
days. (D) Plot comparing the total length of the vessekttures at 3 and 7 days. Scale

bar = 200 um. Comparisons made using two samg@esTs...............ccoeevieviiiennn, 87

Figure 4.6 At 3 days (A), the ECFC within the least dense matrices had the most vessel
segmentst the largest diameters (28um). At 7 days (B), the largest diameter vessel
segments were in the 20 mg/mL group, with the second largest being in the 12 mg/mL
group. Comparison of ECFC vessel diameter fractional distributions at (A) 3 days and
(B) 7 days at the specified collagen fibril densities (12, 20, and 40 mg/mL)......... 88
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Figure 4.7 At 3 days(A, C), there were more longer vessel segments (>100pm) in the 12
and 20 mg/mL groups. At 7 dayB,D), all groups contained a similar number of long
vessel segments (>100pm), with the denser group containing a larger fraction of long
vessel segments. Comparison of ECFC vessel segment length distributions at 3 days
(A,C) and 7 days (B,D) at the prapd inttial collagen fibril denstties (12, 20, and 40
mg/mL). (A-B) Plots showing the distribution of each vessel segment length. (C,D)
Plots showing the fractional distribution of vessel segment length...................... 89

Figure 4.8 At 3 days, there are more large volume segments (>A)0duthme 12 and

20 mg/mL groups. At 7 days, the 20 mg/mL group contains the greatest number of long
vessel segments (>4000Pm Comparison of ECFC vessel segment volume
distributions at 3 days (A,C) and 7 days (B,D) at the prepared initial collagen fibril
densities (12, 20, and 40 mg/mL). -@&) Plots showing the distribution of each vessel
segment volume. (C,D) Plots showing the fractional distribution of vessel segment

Figure 4.9 Qualtatively, ECFCs contracted the oligomer matrices to similar final
denstties. Scanning electron microscope (SEM) images of the ECFC vascularized tissue
constructs afte7 days of culture taken at (TOP) 1B0@nagnification and (BOTTOM)

300A magnification. CryeSEM was performed to visualize the dense collagen fibrils.

All groups contain a dense arrangement of collagen fibrils. Void spaces in the collagen
represent vascular tunnels carved out by ECFCs. $aale 50 pm............cccoeeeeneees 93

Figure 5.1(A) Schematic of the high throughput compression device. The compressor
was attached to a Test Resources mechanical testing device. Collagen matrices were
polymerzed in the wells of the 24 well plate. Using controlled strain, tissue constructs
were compressed, and flud was removed in a controled manner through the porous
polyethylene foam. To create tissue constructs with varying denstties, wells were filed
with different initial volumes of collagen. (B) Schematic showing the various groups
tested throughout the study. Full thickness wounds (including removal of the panniculus
carnosus) were created using a biopsy punch. Wound space was filed with the specified
treatment groups. (C) Overhead photograph of showing a 40 mg/mL collagen tissue
construct sutured INt0 the WOUNG............ooviiiiiiie e e 99

Figure 5.2Plastic compression of oligomer supports creation of dermalisubs with
graded microstructures similar to native rat skin. €3¥M images along the thickness

of native rat skin, oligomer dermal substitutes prepared at 4 mg/mL, 20 mg/mL, and 40
mg/mL, and Helicote. Scale bar = SUM.........ooiiiiiii e 104

Figure 5.3 The 20 mg/mL and 40 mg/mL groups resisted wound contraction at 14 days.
(A) Representative gross images of wounds taken at O, 7, and 14 days. At 7 days, the 4
mg/mL group has contracted significantly morarththe 20 mg/mL and 40 mg/mL
groups. This trend continues at 14 days; the 4 mg/mL group nears complete closure
while the 20 mg/mL and 40 mg/mL groups continue to resist complete contraction. (B)
Bar graph showing measured wound sizes for each group as7add 14 days. The
wound sizes are represented by an area normalized to the starting wound.sizel06
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Figure 5.4 Within the oligomer collagen groups, the rate of cell infitration appéared

decrease with increasing collagen fibril concentration. Over the duration of the 14 days,

all oligomer tissues persisted in the wou
Representative histological Il magepsatd Masson
and 14 days showing the center of the treatment (4x images) and the boundary (40x
images, yelow dashed line). Regarding the boundary images, on the right was the native

rat dermis. Scale bar: 200, .......oiiii e 111

Figure 5.5 High magnification i1images of <cel
showed a progression of infammation and revascularization in all samples. Notably,

high collagen density in the positive control and 40 mg/mmpias had decreased

infitrate, though more neutrophils were present. Other experimental groups showed
lymphocytes, fibroblasts, and new vessels forming. The commercial comparison shows
granulocytes lining the material, along with beginnings of a forepmy kpiant cell

response. Green: lymphocytes, red: vessels, orange: granulocytes, yellow: giant cell,

White: fIDIrOBIAST. ... e 113

Figure 5.6 As collagen concentration increases, there was detireasion of vessels.
Vessels appeared to subside within the 4 mg/mL at 14 days, while the 20 and 40 mg/mL
group contained persisting vessels. Confocal microscope images of each treatment
group at 7 and 14 days. To visualize blood vessels, excised tigsvestained with a

CD31 primary antibody (red) and DAPI (blue). At 7 days, the 4 mg/mL group appears
highly vascularized up to the surface of the tissue construct. Alternately, there is less
vascularization seen in the 20 and 40 mg/mL tissue constAicigl days, a decrease

in vascularization is observed in the 4 mg/mL group, while extensive vascularization is
observed in 20 and 40 mg/mL. The extent of the observed vascularization appears to be
collagen fibri density dependent. The 20 mg/mL group afpda have more
microvessels near the surface, while the 40 mg/mL has microvessels near the tissue
boundary. Scale bar = 200 M. ..o 115
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The «in provides protection and maintasnhomeostasjsmaking it essential for
survival Additionally, skin has thempressive ability to grow, as observed rhidren as
they grow into adultsHowever, skin functions are compromised in large skin defacts,
serious problem that can be fat@ihe gold standard treatment is to use an autologous skin
graft; however,due to donor site morbidity and limited availabilityyhenfull-thickness
defects surpas2% total body surface area (TBSA3kin substitutesare preferred
Unfortunately, current skin substitutes on the marlat slowto revasculare (2+ weeks)
have low graft survival ratgs50% take) andlead to significantscarring and contracture
Fortunately, a promising solution is to prevasculaezgineeed skin substitutesn vitro,
which has been shown to faciltate rapid tissue integration upon grafting by providing an
intact vascular net wor k that Hoeewed iclrrgnt c onne
approaches for prevascularizing tissue cows$sr require longin vitro culture times or
implement low extracellular matrix (ECM) density tissue constriict®th which are
problematic in a clinical setting. To address this, implemented a novel multtissue
interface culture model tdefine the degn parameterghat were essentidior rapid
vascularization of soft tissue construatsvitro. Here, we identified endothelial colony
forming cell (ECFC) density and maintenance of-oweltrix tensional forces as important
factors for rapidn vitro tissue vascularization (18% vessel volume percengdtgg3 days
of culture). We then appliedhese parameters to achieve rapidsitro vascularization of
denseoligomer tissue constructs (12, 20, and 40 mg/mL). We demonstrated, for the first
time, rapidin vitro vascularization at 3 days within dense matrices (ECM concentration >
10 mg/mL). Lastly, a rat fulthickness excisional wound model was developed to

determine theacellular densified oligomey 520 and 40 mg/mL) abilty to resist wound
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contraction ad faciltate a wound healing respor{secellularization and vascularization)
when grafted into wounds. Future work wil implement the vascularized, dense tissue
constructs into the developed a reffcagylon mod e |

treating wounds toreduce scarring and contractungtcomes
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CHAPTER 1. INTRODUCTION

1.1 Introduction

Skin serves as the organismal interface with the environment, offering protection
from infection and maintaining homeostasis (i.e., temperature and fluids). Furthermore,
skin demonstrates its remarkable abilty to grow while maintaining its funciisshown
when children grow into adulfd], [2]. While ful-thickness skin defects present known
challenges in adults, it is skin loss withwhidren, which occurs for a number of reasons,
including trauma, burns, oncologic resection, and congenital anomalies, that brings forth
additional complications as the child grows$e current gold standard of care for patients
suffering from fullthickness defects is to implement autograftdowever, i the
autagyrafted dermisdoes not contain enoudiood vesselsthese grafts arenot able tagrow
with the patient Additionally, when patients experience wounds that are too large (>20%
total body surface area), there is limited availability and donor site mdr®jditytherefore,
skin substitutes are needddhe current procedure for skin stitbges starts withsuturing
the skin substituténto the woundSinceskin substitute on the market angot vascularized,
they must be thoroughly vascularizddly t h e h afetwhishankepidgnmal layer
can be adddd]. Unfortunately, current skin substitutes on the market are slow to
revascularize (2+ weeks), sinaagiogenesiselated in-growth of vesselsmoves at a rate
of roughly 5pm/hf5]. Additionally, the time required for revascularization is prolonged
when thicker dermal substitutes are ug@derall, e current procedure for applying skin
substitutes is lengthy, requiring multiple steps aesuts in poor take rates (<50%),
scarring and cdracture, and growth limitatiof]i [9]. Clinical observations have
demonstrated that a vascularized tissue grows with a[l€Qjd [11]; therefore an
engineered skin replacement that is rapidly vascularized would adapt with a growing child.

Skin is the largest organ of the body and relies on its vascutatargply nutrients
to support its many functions he skin i.) protects internal organs from the outside world
(,e., chemicals, bacteria, physical), i.) regulates homeostatic processes (i.e.,
thermoregulation, fluid balance), and ii.) faciltates the sensatioour surroundings.

Addttionally, skin demonstrates its remarkable ability to grow with patients as observed in
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growing children.The e pidermis (0.07 mm to 0.6 mm thick) is the outermost layer of the
skin and is responsible for barrier function. This fagecomprised mostly of keratinocytes
and is characterized by layers of keratin supported by an underlying basement membrane.
The epidermis does not contain any blood vessels; therefore, the keratinocytes must receive
nourishment from blood vessels of thaderlying dermal layer. Thdermis (0.6mm to
3 mm) i s responsibl e for t h eonta;mikmany6c$ theme ¢ h a n
functional structures of the skin (i.e., glands, folicles, vasculature). These structures
receive their nourishment from theicnovasculature (capilaries). As one moves deeper
into the skin, the dermis transitions into thgpodermis (AKA fat or subcutiy, which
contains adipocytes (fat cells), fat, and is well vascularized. The vasculature in the
hypodermis are made up of arsrand veins and provide the bulk supply of blood to the
rest of the dermal vasculatu@verall, analyzing the hierarchical assembly of skin in terms
of structure and function highlights the importance of the vasculature when engineering
nextgenerationfull-thickness skin substitutes. The ideal engineered skin substitute should
contain ECM and cellular components associated with rapid vascularization to faciltate
rapid restoration of normal skin functions (i.e., barrier function, thermoregulationty abili
to grow).

At present, pediatric patients are treated the same as adults, which is problematic
when evaluating posiperative patient quality of life. Thgold standardor skin defects is
to treat the patient with an autologous split thickness skirt #aSG) that is taken from
another location on their body. STSGs contain the entire epidermis and only part of the
dermis, while a full thickness skin graft contains both the entire epidermis and dermis.
Oncethe skin grafis applied successfultake iek ont he gr aft 6s access t
stepwise occurrence of: i.) plasmatic imbibition, i.) vascular anastomosis, and ii.)
revascularizatigi?2]. When a skin graft is placed onto the wound, it inttially receives

nourishment from the wound plasma in a process knovpiaasiatic imbibition( idr i n ki n g

pl asmaoco) . ZAvw&2hoursyascular anadtomosiss obser ved, where

blood vessels grow into the graft and coni
networks are connected, the mode of graft cell nourishment transitions from plasmatic
imbibition to rormal (and more effective) capillariplood vessetliffusion. Around4-6

days aftegrafting the whole tissue isevascularizedThis threestep process determines
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graft takesuccessand precedes key regenerative processes suckeashelialization and
re-innervation.

Graft characteristics are an important determinant of successful outcomes in terms
of reducing scarring and contractidBTSGs may be used to cover large woubdsthey
are not ideal sincehey lack most of the mechanicaly stable derrajer. As such,
successful graft take stil resultssoarring/contracture outconj&s]i [15]. As mentioned
earlier, this is especially bad for childréecause scar tissue is dense and inelastich
hinders movementand dos not growWl4], [15]. As such, the aesthetically unappealing
scargesult in continual suffering bgrowing pediatric patientsvho experience painful
recurrence of wound openings. Alternately, an ideal approach would be to apply a full
thickness skin graft (FTSG) to the @atient
and dermal layers. Since it contains more of the mechanicaly stable dermal layer,
successful FTSG take results in reduced scarring/contracture outcomes. Conversely, since
FTSGs represent a mecemplete graft (than STSGs), their usage is limited tonadsuhat
encompass less than 2% of total body surface dteaefore,autologous graftsra not
sufficient due to limited availability and donor site morbifity These patients, especially
children, need a skin substitute that reduces the occurrence of scarring/contracture events.

While many skin substitutes are commercialy e (Tablel.1), thereis stil no
permanent skin substitute for children suffering from large skin deitite. current skin
substitutes on the market succeed in having i.) ideal handling characteristics, ii.) support
for barrier function, and ii.) inductions/conduction of neodermal regeneration, no
substitute on the market can grow with the pg@gnt[16]. Tissue engineered skin
substitutes replace the need for autologous grafts, and different @éyjdo address
various wound types/locations: epidermal, dermal, and depilermal substitutes.
Epidermal substitutes(AKA cultured epithelial autograftsEpicell, ReCe)l consist of
autologous keratinocytes (the predominant cell in the epidermis) that are harvested from
the patient, grownn vitro for three weeks, and subsequently applied onto the wound
sitg17]. While the use of an autologous cell source reduces immunogenicity, this approach
is hindered by long prep times (3 weeks), low success rates (<50%titee, fragility,
and scarring/contracture outcorfs [9]. In contrast,dermal substitutes(Integra®,

AlloDerm®, Matridern®) provide more mechanical integrityvhich reduceshe amount
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of scarring/contraction when compared to epidermal di&fsThese thick scaffolds are
comprised of type | collagen, the predominant ECM protein in the skin, and are either
acellular or cellular (allogenic fibroblasts). Dermal substitutest be paired with a STSG

to complete the graft and provide barrier function. However, unlike native dermis, the
dermal substitutes are not vascularized. Therefore, giidting thick dermal substitute s
(>1mm), clinicians must wait-3 weeks for the denal substitute to be sufficiently
vascularized before adding an STS® an epidermal substituten togl9], [20].
Prematurely adding thepidermal componemesults ingraft failure viatissue necrosis due

to insufficient accessto nutriefd$. As vessels grow into the dermal substitute, sotter

cell types, including fibroblasts, fibrocytes, and inflammatory cé&lse recellularization
processontributes to wound contractiq@l]. Despite the care and consideration taken for
this twostep approach, these transplants stil suffer from low success aates
scarring/contra@n[8], [9]. Lastly, dermo-epidermal substitutes (Apligraf, Orcel),
contain an allogenically cellularized epidermis (keratinocytes)aamechanicaly fragie
dermis (fibroblasts).Similar to the aforementioned skin substitutedjese stil require
remodeling, recellularization, amdsculazation by the host, which contribuseto wound
contractiofi22]. Furthermore this approach is expensive anaely{23]. In conclusion, the

overarching problenof commercially available skin substitutes are that theytiarely

(requiring multiple steg), ine ffe ctive (<50% graft take)anddo not grow with the patie nt
(due to scar tissue formatip8), [9]. We beleve these problems can be overcome by
creating skin grafts that i.) are sufficiently vascularized eonsist of an ECM thas il.)

biocompatible and ii.) mechanically stahle
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Tablel1l.1 Summary ocommercially available treatments flargeskin defects

Products ECM material Cellular component Indication Disadvantages
Dermal Substitutes
Alloderm Decellularized - Burns and full-thickness -May contain immunoFenic
human dermis wounds residual allogeneic cel
remnants
Matriderm Decellularized - Full-thickness burns -May transmit diseases

bovine dermis

Integra Collagen-GAG - Deep partial thickness  -Infection
sponge and full thickness burns  _Hematomas
-Seromas
Epidermal substitutes
Epicell - Cultured autologous Deep partial- and full-  -Fragile, requires dermal
keratinocytes thickness burns support
-Variable take rates
ReCell - Autologous, Reduce need for donor -ROOF IongitETin Fesults
highly-proliferative site in deep dermal
keratinocytes defects

Dermo-epidermal substitutes

Apligraf Acid-extracted, Allogenic keratinocytes  Ulcers (venous leg and  -Allogenic cell sources are
Bovine Type | and fibroblasts diabetic foot) eventually lost 1-2 months
Collagen after grafting

-Cannot treat full thickness
burns due to lack of
mechanical integrity

Our longterm goal is temploy advanced tissue fabricatidachniquedor creating
regenerative skin replacements tregtidly integrateand generate fully functional skin that
adapswith the growing patient This thesis focused on the design of the dermal component
with an empasis on deciphering mechanobiology mechanisms for promoting vessel
formation in vitro andin vivo. Important design requirements for tlisrmalcomponent
of the regenerative skin replacement inclutbcompatibilty, mechanical stabilty, and
rapid vasdalarization The regenerativedermalreplacementwill utiize type | collagen
which is advantageous sinca its fibrilar form, collagen determes the structural and
mechanical properties of siid]. Specifically, type | collagemligomeiic collagen will
be used Unlke other selfassemblng collagens, such as monomeric - telod
atelocollagens, ligomeric collagencontains intermolecular crosslinkisat result intissue
constructs  with improved mechanical integrity, polymerization times and
reproducibilityf 25], [26]. Furthermore, nike decellularized tissues or collagen sponges,
oligomeric collagemretainscell signaling proprties through iténherentcell and molecular
binding domainswithout the concern for immune rejectios such, the oligomer collagen
matrix offers a promising solution by providing a microenvironment where cells have
remaired viable andhaveresponéd to local matrix mechanophysical cues by displaying
attered morphology, cytomechanics, phenotype, and tissue morphofi2fes]. To
further enhance the mechanical integrity of the biomaterial, a densification process wil be
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employe@8], [29]. When oligomer collagen selassembles into a matrit consiss of
interconnected collagen fibris with interstitial fluid in between. Duringisdeation, a
confined compressiors used tocontrol fluid remowal from the tissue constructesulting

in tissue constructs resembling soft connective tissues in terms of collagen density, higher
order interfibril associations, and mechanical properti€be densification process
faciitates the creation of physiologically dense tissue constructs (40 mg/mL colagen
concentration) while maintaining the abilty teadiy encapsulate cells throughout the
ECM, a feat that is unachievablgithin top-down tissue engineering approach&se use

of confined compression to modulate fibri architecture and mechanical properties of the
engineered tissue without compromising C «
provides significant advantagesver conventional collagen processingechniques
Specifically, promiscuous exogenous crosslimg agents (i.e., glutaraldehyde,
dehydrothermal treatment, ultraviolet radiation, enzymatic crosslinkiage been used to
strengthencollagen tissue construst which have bee shown to induce cytotoxicity,
protein denaturation, inflammatiorandcan mask cell binding sitE89]i [33]. In addition

to the matrix componengndothelialcells (EC) will be addedor rapid vessel formatiorto
faciltate successful graft take amggowth with the patient Specifically, the ECs wil form
vessels via vasculogenesis, or the de novo formation of blood vessels. Here, ECs are
encapsulated within an extracellular matrpC(#), and these individual ECs migraterm
vacuoles coalescence into vessels, amdlentually mature/stabilize.Early in vitro
vasculogenesismodels primarily employed human umbilical vein endothelial cells
(HUVEC) due to theiraccessibiity and ease okmansiof34]. However, their mature
phenotyperesults in limited proliferative and vessébrming capacityand tends to regress
shortly (~48 hrs)after suspension within a 3D E(Bb]. Alternately, endothelial colony
forming cells (ECFCsilisplay high cloogenic and proliferative potential as well as robust
vessel forming capacfiy6]. When compared tBlUVECs ECFCs form a highereasity

of vessel networke vitro[37]. As such, to achieve rapid vascularization of the oligomer
tissue constructs, we wil encapsulate endotheadabny forming cells (ECFCs). This
pairing has been shown to form vessels that continue to persist after 2 weeks ofirculture
vitro[38]. Furthermore, gevious work in our lathasshown tlat matrix mechanophysical

features, like collagefibrii microstructure and stiffness, guides human vessel
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morphogenesis by ECFCs bathvitro andin vivo[38]i [40]. It hasalsobeen shown that
prevascularization of a tissue construct results in rapid anastomosis when grafted onto
animal$41]. While vascularizationof these tissue constructs has been achieved, the
employed ECMs are relatively legdgnse than physiologic skin (1300 mg/mL vs. 40
mg/mL)[42], [43]. As mentioned earlier, graft characteristisach as mechanical stability
are important for reducing scarring and contracture outcomes. Therefore, what is needed is
a method to vascularize physiologically dense tissue constructs.

Current research approaches aimed at prevascularizing skin sebstituitro are
slow (24 weeks) and do not employ mechanicaly stable ECMs. The majority of
approaches are either tdpwn or bottorrup. Topdown approaches implement
prefabricated scaffoldsuch as collagen sponges and decellularized $ishiae are seded
with EC444]i [48]. Due to the dense nature of these prefabricated s ftelis aggregate
at the periphery of the scaffolthd employ simulated angiogenesis to slowdscularize
the scaffold Unlike vasculogenesis, angiogenessighe formation of blood vessels from a
pre-existing vessel network. The dense aggregation of B@Esnablood vessel wall that
invaginates which initiates blood vessel sproutimgo the tissue construct. However, ECs
are typically seeded on one sidethe tissue construcso vessels must grow through the
entire thickness of the scaffold téully vascularize it.On the other hand, botteop
approachesmploy vasculogenesisiere, ECs are encapsulated within a soluble ECM that
is subsequently polymerized, holding ECs in their 3D confornjd@ipn [43], [49]i [51].
ECs are dispersed throughout the ECM and begin to individually form vessels via
vasculogenesis. As vessel networks form throughbettissue construct, they eventually
anastomose with one another, forming irterconnectedascular networkhroughout the
tissue constructAs such, employing vasculogenesis is favorable over angiogenesis since
vascularization concurrently occurs throagh the entirety of the tissue construct.
Although the vasculogenesapproach seems ideéthese approachessil implement low-
density ECMs(3-6 mg/mL collagen)that are more prone to tissue contractids. such,
current tissue culture methods are celhsitylimited: increased cell densities result in
tissue contraction. When tissues contract;roalrix tensional forceare lost resuling in

EC vessel regressifB?]. We believe that increasing the EC density while maintaining
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cellmatrix tensional forces will enhance vessel formation by bringing cells closer together

and providing mechanotransductive signaling cues for survival.

1.2 Organization of theis

This dissertation aims to show the process by which the critical design parameters,
specifically cellmatrix tensional forces and ECFC density, can be applied to modilate
vitro ECFC vessel formation within tissue construgta variety of ECM dergs Celk
matrix interactions have been identified as a critical design parameter for tissue
vascularizatiof89], [52], [53]. Specifically, not only can ECs sense the type oVEGut
theyalso sense the mechanical stiffness through their integrins using mechanotransduction
signaling pathways4]. Furthermore,when thecellmatrix interactions are unbalanced,
vessel formation is compromised. In the casanfibalance towardmatrix interactions, it
has beempreviously shown that increasing the ECM density inhibits vessel forf&2in
[55]i [58]. During vessel formation ECsmust degrade tlresurrounding ECM talear a
pathfor nascent vessel sprouting and branchifigerefore, when the ECM density is too
high, he ECM poses ahysical barrier to neovascularizatiorOn the other end of the
spectrum, when cells dominate thd-oeatrix tensional force balance, egiediated tissue
contraction is observ@gP]. As the cell density of a tissue culture is increased, so is the
cdlective traction forces within the tissue construct. When the collective traction force
within the tissue construeixceedds adhesion force to the well plate, the tissue construct
separates from the wall. Here, emkbdiated tissue construct contractis intiated cell-
matrix tensional forces are lpsind the encapsulated ECs regr&8¥e hypothesized that
maintaining these ceathatrix tensional forces under high cell density conditions would
provide ECFC with signaling cues for rapid and extensessel network formation.
Furthermore, we hypothesized that implementihgse design criteriaithin denser ECMs
(>10 mg/mL collagen concentration) will enable the rapid vascularizatiode adetissue
constructsn vitro, a feat that remains unachievegy increasing the ECFC density within
dense ECMs, the cathatrix tensional forces are more balanced, favoring vessel formation.
In Specific Aim 1, we defined the critical design parameters for rapidly vascularizing low
density tissue constructs (<1fhg/mL collagen concentration)in vitro. Here, the

multitissue interface model was proposed, and is the method used to maintanatcill
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tensional forcesin Specific Aim 2, we definedcell signaling within the rapidly formed
vessels created in Aim $pecific Aim 3 employed knowledge gained from Aims 1 and 2
to rapidly vascularize deffied oligomer tissues (>10 mg/mL collagen concentration).

Lastly, Specific Aim 4 details the development of a rat wound model that was used to
definewound healing response tersified oligomer tissue constructs.
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CHAPTER 2. IN-VITRO MULTI -TISSUE INTERFACE MODEL
SUPPORTS RAPID VASCULOGENESIS AND MECHANISTIC
STUDY OF VASCULARIZATION ACROSS TISSUE
COMPARTMENTS

2.1 Overview

Here, we detailed the development of a novel culture model that owescom
imitations of current tissue culture models and allowed us to achieve Specific Aim 1: To
define the critical design parameters for rapidly vascularizingdensity tissue constructs
(< 10 mg/mL collagen concentrationip vitro. The story begins witlthe goal ofrapidly
vascularizing less dense tissue constructs, because this range has been shown to faciltate
vessels formation. The novel tissue culture system we developed is the multitissue interface
model. Unlike conventional tissue cultures, the tmdue interface culture system
allowed the encapsulation of a high density of endothelial colony forming cells (ECFC)

( 029 cklibmL) within a tissue construct in absence of-pediated tissue contraction.

As such, celmatrix tensional forces were mtined and extensive vessel formation was
observed in 3 daysThis model enabled us to study ECFCs in a context that was not
previously possibleln this work, we determined that the critical design parameters for
vascularizing lesslense tissue constiisowas: i.) maintaining cethatrix tensional forces,

i.) increasing ECFC density, andii.) addition of adipose stromal cells (ASC) to the culture.
Defining the critical parameters for rapidly vascularizing thesedegse tissue constructs

set the foudation forrapid vascularization of a denser tissue consthaitmayserve as a
dermal substitute. As mentioned previously, vascularization is a key determingkin of
graft success. The sooner that the tissue constructs can be vascularized, thbebetter
patient outcome wil be. This work was published and featured as a spotlight application

in in theAmerican Chemical Society: Applied Materials and Interfaces

2.2 Introduction

A significant challenge facing tissue engineers is the design and functional
asembly of compl ex multitissue systems,

interface$59], [60]. Such systems are typically composed of multiple cell types arranged
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and organized with boundaries or within gradients of extracellular matrix (ECM)
components to perform specific functional r¢@d3. Moreover, incorporating functional
vasculature within such multitissue systems is essential to their scalabilityte tomdissue
survivability, and effective integration with host tissues upon implanf&@n It is now
recognized that a complex interplay lwochemical and biophysical cues is involved in

tissue morphogenef#8], and new design approaché support the construction and

optimization of vascularized tissueltissue

To create complex, vascularized tissmgineered constructs, the guiding
mechanisms of blood vessel formation, maturation, and stabiization must first be
understood. Neovascularization, as occarsivo during embryonic development and
throughout adult life, involves two primary processes, namely, vasculogenesis and
angiogenesj63], [64]. Vasculogenesigepresents thele novoselfassembly of vessel
networks by endothelial cell precursors, making it ideally suited for tissue engineering
strategies. Angiogenesis involves the sprouting and elongation of new vessels from pre
existing vasculature, a procescassary for faciltating functional anastomosis, or hook
up, between the vascularized tissue construct and the host vasculature.

A number of critical steps and mechanisms underlying vasculogenesis and
angiogenesis have been defined using various -tfilensional (3D)in vitro
vascularization models. For example, angiogenic capilary sprouting is observed when
endothelial cells (ECs) are cultured as a monolayer atop the surface of a 3D ECM
substratfs5] or sandwiched between substrate laj@§is [67]. Capillary sprouting also
occurs from aortic ring88], microvessel69], EC-coated microbeafi#)], or EC
aggregates/spherojdd], [72] embedded within substrates. Collectively, angiogenesis
involves invasion of physiologically relevant substrates, such as interstitial fibrillar type |
collagen or fibrin, by activated ECs ofigting vessels or monolayers; this requires limited
matrix proteolysis, proliferation, migration, and lumen formation and stabiliZ@8hnIn
contrast, in vitro models of vasculogenesis involve monodispersion of ECs or their
progenitors, where individual cells are homogeneously distributednvati3D substrate
(Figure 2.1A,B)[74]i [76]. Here, programmed events associated with vasculogenesis
include vacuole formation, vacuole coalescence to form multicellular lumens, and vessel

maturation and stabilizatipri7]. These 3Din vitro models, together with corroborating
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vivo evidence, show that vessel morphogenesis is modulated by a complex series of events
involving cellicell, cell TECM78.growth fact

While these 3Din vitro models have provided mechanistic insight into
vascularization processes, they are limited in their abilty to define critical design
parameters necessary foascularization of tissdengineered constructsn@ more
i mportantly, vascularization across tissue
contraction, which results from cellimatr.i
cell densities and/or lovnechanicaintegrity substratg52], [79]. Such contraction events
affect vessel morphogenesis outcomes by altering the mechanical boundary conditions of
the tissue constryé?], [80], compromising the overall vessel network morphology, tissue
histology, and scalabilty. Improved definition and standardization of critical design
parameters, including cell type, cell seeding density, medium composition, substrate
composition, substrate physical properties, and mechanical boundary conditions, are
neededd ensure robust and reproducible functional performance of vascularized tissue
engineered constructs for both research and clinical applda&dngd81].

The present study features a design approach that utiizes, for the first time, biphilic
wettabilty surfaces having hydrophili regions patterned onto a superhydrophobic
background to direct the formation of sph
celliTcollagen tissues <can be readily i nt e
multitissue interfacein vitro (Figure 2.1C,D). This approach enables independent
specification of e a cfibril EGMsaaduesidest call popuiatiosst 1t i a |
including type and density. This new culture model was applied to tesbthégs that
independent contr ol of cell T ECM and cell
mor phogenesis within a component tissue as
essential element of the design approach is the application of typadecoblgomers,
which represent a soluble collagen formulation thatasdiembles to form collagéibril
matrices with higheorder interfibri associations. As such, the supramolecular assembly
of oligomer s supports t hees wih e droddoange off col
structural and mechanical properties (specified by fibri density and matrix stiffness)
beyond those that can be achieved with conventional collagen monomers, atelocolagen,

and telocollagel@5], [39], [82], [83] Furthermore, embedding olgombased tissue
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spheres within an oligomdiased surrounding tissue faciitates the creation of a
tissuelitissue interface that maintains st a
which may be necessary to replicate certain physiological conditions.

Previously, oligomer collagefibrii matrices have been shown to provide the
necessary mechanobiological cues to induce and guide monodispersions of endothelial
colony forming cells (ECFCs) to form lumenized vessel networks stabilized by a basement
membrane botim vitro andin vivo[39], [40]. In the present work, the multitissue interface
method is applied to culture ECFCs at unprecedented densitis=h\tteccelerating vessel
morphogenesis to within 3 days. This culture model also demonstrates that the ECFC
density and crosstalk between ECFCs and adideseed stromal cells (ASCs) across a
tissueltissue interface pmpdtienyofthevasseinetadrk r ol e
morphology but also stabilization of vessels formed within and across tissue compartments.
Controling and optimizing relevant design features associated with multitissue interfaces,
specifically the structural and mechanideatures of the collagefibril matrix as well as
the cell compositon and density, may assist the development of vascularized tissue

interfaces for a diverse range of tissue engineering applications.
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Figure 2.1 The multitissue interface model cont&iha collagen sphere tissue thasfully

anchored (100% surface area) to the surrounding collagen, which edlitangkility to
resist contraction and maintain emlatrix tensional forceg¢A, C) Schematidiagrams and

(B, D) boundary conditions for (A, B) homogeneous monodispersion and (C, D)

multitissue

cultures ar e
celliTcollagen

2.3 Materials and Methods

matrix. Multitissue
embeddi ng
construct

2.3.1 Fabrication of Biphilic Surfaces with Spatially Nonuniform Wettability

inteface

a

interface culture formats. Monodispersion cultures involve homogeneous
distribution of cells within a surrounding collagéoril
created by
tissue

cell 1

Wettabilty. Superhydrophobic surfaceere fabricated on Si substrates using a

metatassisted chemical etching metf@t. The suface was first etched with 5% HF
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aqueous solution for 3 min to produce a hydreggminated substrate and then immersed

into an aqueous solution containing 4.8 M HF and 5 mM Agf®®» 1 min to create a

uniform layer of Ag nanoparticles. The surface wiased with water to remove surplus

Ag* and then immersed in an etchant composed of 4.8 M HF and 0204 fdr 30 min.

After etching, the Si substrate was washed repeatedly with water and immersed in diute
HNO3 (1:2 HNOg/deionized water) for 30 min to dislve the Ag catalyst. As a result of

this process, Si nanowires were grown uniformly across the substrate. To render the surface
superhydrophobic, the sample was silanized through immersion in a 1-h@tane
solution of 1H,1H,2H,2kHperfluorooctyltrichloosilane for 1 h followed by heat treatment
atD150 °C on a hot plate for 1 h. The static apparent contact angle aatf eofigle of

the asfabricated surface were measured tdd65° and <1°, respectively, using a ramnid

hart (Succasunna, NJ) model 53fhigmeter; while a spherical droplet was formed upon
deposition on the surface, these highly nonwetting characteristics prevented reproducible
attachment and positioning of droplets on the surface.

In order to faciltate the formation and adhesion of sphércollagen and
cellicollagen dr o p | -assited sunface ttréagments was fused ®© , | &
selectively create hydrophilic regions on the superhydrophobic background. An array of
dots (0.9 mm diameter dots with a certiecenter spacing of 4.5m) was generated on
the surface using a commercial gl@serengraving system (PLS6MW, Universal Laser
Systems, l nc., Scottsdal e, AZ;, 75 W, |l aser
to inscribe the desired pattern on the substrate by raséeningthe laser beam across the
surface at a speed of 0.2 m/s with 400 pulses per inch. The laser irradiation rapidly increases
the local temperature and removes the superhydrophobic swdatieg material,
generating hydrophilic dots to which droplets caact.

The biphilic surfaces were exposed to two different sterilization techniques,
including an autoclave (121 °C, 15 atm, 15 min) and 80% ethanol diuted #®QMiliater
(15 min). Surfaces that received the 80% ethanol treatment were rinsed thrieelen s
phosphatébuffered saline (PBS) and then-diied. Contact angle measurements of water
droplets (5 e€L) were taken before and after

in triplicate (n = 3), and the results were compared using adpiaiesst.
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2.3.2 Preparation of Type | Collagen Oligomers

Type | collagen oligomers were aadlubiized from the dermis of marketeight
pigs and lyophilized for storage as described previi®8Jy The oligomer formulation
was standardized on the basis of molecular composition as well as polymerizationycapacit
according to ASTM International standard F308B5]. Here the polymerization
capacity is defined by the matrix shear storage inads , GNj (in Pa), as
oligomer concentration in the polymerization reaction. Each collagen solution was diuted
with 0.01 N HCI to achieve the desired concentration and neutralzed with 10x PBS and
0.1 N NaOH to achieve pH 786]. Neutralzed solutions were kept on ice prior to

induction of polymerization by warming to 37 °C

2.3.3 Validation of Collagen Sphere Geometry and Reproducibility

Type | collagen oligomers were diuted in 0.01 N HCI and neutralized to stiffness
values of 0, 200, and 1000 Pa, which correspond to final oligomer concentrations of 0.0,
1.4, and 2.9 mg/ mL, respectively. Alisplacement (Pipetman, Gison Inc., Middleton,
WI) and positivedisplacement (Microman, Gilson Inc.) pipettes were used to dispense
oligomer at specified volumes of 5, 10, anc
surface, resulting in sphere formatidfiglre 2.2). For each experimental group, triplicate
spheres were formed (n = 3). Sphere volumes were measured from goniometer images, and
the sphere geometry was characterized by the droplet tbeiglidth aspect ratio (ImageJ,
NIH, Bethesda, MD):

-----

(1)

where Hsphere aNd Wsphere represent the height and width of the oligomer sphere,
respectively. An ideal sphere would have an aspect ratiq tifelamount of reduction

below 1 indicates the degreéspheredistortion
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Figure 2.2 (A) Schematic diagram demonstrating interactions of a droplet with surfaces
having uniform wetting properties. (B) Biphilic surfaces with hydrophilic spots surrounded
by superhydrophab regions used to form collagen or tissue spheres. The
superhydrophobic areas faciltate sphere formation, while the hydrophilic spots assist in
deposition and adhesion of spheres to the substrate. (C) Overview of the tissue sphere
formation process. Aligpts of neutralized oligomer solution in the presence or absence of
cels are deposited onto the hydrophilic spots of the biphilic surface. The surface is
subsequently placed into a humidified 37 °C incubator to induceassdfmbly of collagen

fibris (polymerization). The rightmost photograph shows oligomer collagen spheres with
volumes of 15, 10, and 5 €L formed on the

2.3.4 Cell Culture

Human ECFCs were isolated from umbilical cord blood and cultured as described
previousif87]. Low-passage human ASCs were grown acec
instructions (Ze+Bio, Research Triangle Park, NC). Both ECFCs and ASCs were
propagated in complete endothelial cell growth medium (EX;Monza, Walkersville,

MD) supplemented with 10% fetal bovine serum (HyClone, ThermoFisher Scientiffic,
Waltham, MA). Cells were grown andaintained in a humidified environment of 5% £0

in air at 37 °C. ECFCs and ASCs were used in experiments at passages between 8 and 13
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2.3.5 Preparation of 3D Morispersion and Mutissue Interface Tissue Constructs

For the monodispersion formafigure 2.1A,B), ECFCs were suspended in
neutralized oligomer ata density of 0.5%1Px1(f, or 51 c e | | s/ mL . The olig

suspension was aliquoted into aw& | | plate (250 eL/ well) and
at 37 °C for 15 min.
For the multitissue interface formatigure2.1C, D) , 5 €L aliquots o

suspension were pipetted onto the biphilic surfaces to create spheres, which were
polymerized for 10 min at 3adh foAtke. suridumding, t he
tissue was pipetted into 48e | | tissue culture plates at 2
oligomericell sphere was i mmediately pl ac
surrounding tissue was polymerized for 15 min at 37 °C. Dhenes of the sphere and
surrounding tissue microenvironment were selected such that the sphere was not in contact
with the wupper (liquidrtair interface) and
and highly repr oduc i bhdenechanoplysical properies aceossi nt e
the sphere surface area. All of the tissue constructs were cultured in complet€2 EGM
medium in an incubator (5% CQO37 °C) with dally medium replacements. All of the

experimental groups were tested in triplicate @).=

2.3.6 Assessment of Sphere and Overall Tissue Contraction

To monitor qualtative changes in the embedded sphere and tissue construct volume
as a function of cell seeding density and time, macroscopiigapimages of the 4@ell
plate were taken at 0, 243, and 72 h. The sphere boundary was identified in each image,
and the sphere crosectional area was calculated using ImageJ. After 3 days of culture,
tissues were rinsed thrice in PBS, fixed in 3% paraformaldehyde, and rinsed thrice again
in 1x PBS. Avolume displacement method was used to quantitatively measure the final
tissue volume. Triplicate wells containing tissue constructs, along with three empty wells,
were carefuly filed with PBS. Next, the supernatant (PBS) from each sample was weighed
ushg an analytical balance (BP 210 D, Sartorius, Elk Grove, IL). The known mass of the
supernatant and the density of water at 21.5 °C (0.9979 g/mL) were used to calculate the

supernatant volume, d{jpernatantwhich represents the volume in the well not qied
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by tissue. The volume calculated for the empty wells represents the total volume of each
well, Vel Subtracting upernatanfrom Vel gives a measure of tissue volume
() [ W (2
From intial tissue volumes, Vv o f 250 and 25é6ny and f or

multitissue interface methods, respectively, the final tissue volume percentages were

calculaed

2 p TP OQE WAL 06 B oR Q @3)

2.3.7 Immunostaining of 3D Tissue Constructs

Tissue constructs were fixed in 3% paraformaldehyde afteay8 df culture,
permeabilized with 1% Triton 400, blocked with 1% bovine serum albumin, and stained
with rabbit anthuman collagen type 1V (ab6581, Abcam, Cambridge, MA) overnight at
4 °C. The constructs then were rinsed with PBS and incubated witargeata b b i t T Al e x ¢
Fluor 633 conjugate (A&1070, Life Technologies, Carlsbad, CA) overnight at 4 °C. After
rinsing, constructs were counterstained with fluorescein isothiocyanate (Ebh{pated
Ulex europaeus agglutinin 1 (UEB lectin (L9006, SigmaAldrich, St. Louis, MO) and
phalloidin (A22283, Molecular Probes, Eugene, OR) to stain the endothelial cell membrane

and actin cytoskeletorrespectively.

2.3.8 3D Vessel Morphology Analysis

For 3D qualitative analysis, tissue constructs were imaged using amp@y
FluoView FV-1000 confocal system adapted to an inverted microscope (IX81, Olympus
Corporation, Tokyo, Japan). Image stacks were collected from one to three locations within
each of the three independent tissue constructs per experimental groupth&llimohge
files were imported into MATLAB (The MathWorks, Natick, MA) to create projections of
each stack. Confocal reflection microscopy was used to visualize the cdilagén
microstructurgg8.

For quanttéve vessel morphometric analysis, a confocal image stack
(635. 91 63 5).vwas colddled feom théissue spheravithin each ofthe three
independent tissue constructs per experimental gioup 3) Image files were imported

into Imaris (Bitplane, Carord, MA) for 3D reconstruction and analysis. Briefly, an
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isosurface was created and split into individual surface objects that were characterized by
a set of geometric parameters including sphericity, ellipticity (prolate or oblate), elipsoid
axis length and volume. Objects were thelassifiedasa quiescent celshortvessel, small
vessel networKSVN), extensive vessel netwofkVN), or other using the decision tree
Supplemental Figurd. Objects with viumes less than 2000 grwere regarded as debris

and not considered in the morphological profile analysis. The volumes of objects classified
as ashortvessel, SVN, and EVN were summed to calculate the total vessel volume, which

was used to calculate thressel volume perceageof the entire imaged volume.

2.3.9 Quantification of Alignment of Collagen Fibris and Cells.

Confocal reflection and fluorescence image volumes were used to determine the
collagen fibril and cell orientations, respectively. Image vosme( 1309 em | 436
em) were captured in such a way that their
of the sphere. Each image volume was then segmented into thirds lengthwise to determine
the orientation as a function of distance from thests u e 1 tissue interfa
direction was calculated using an ImageJ fast Fourier transform algorithm. The absolute
values of all orientation angles were then divided by 90 to create a normalized algnment
parameter with values of 0 and 1 reprdisgnorientations tangent (parallel) and normal
(perpendicular) to the sphere surface. Two image volumes within each of three replicate

constructs were analyzed

2.3.10 Statistical Analysis

Statistical analyses were performed using statistical analysis softwa®e Cary,
NC). Unless otherwise stated, comparisons were made usingaynanalysis of variance
(ANOVA) with a Tukey posthoc test. A critical global p value of 0.05 wsesd.

2.4 ResultsandDiscussion
2.4.1 Biphiic Surfaces Reproducibly Form Collagen and Tisspeeges

Superhydrophobic surfaces are characterized by a large water droplet contact angle
(>150°; sed-igure 2.2A) and low contact angle hysteresis (<10°), resulting in spherical

droplets that roll off the surface even when itiied at a very slight angle. In the present
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work, biphilic surfaces consisting of hydrophiic regions patterned onto a
superhydrophobic surface supported the highly reproducible formation of variously sized
tissue spheres composed of polymerized coldipeil matrices in the presence and
absence of celsFgure 2.2B,C). Patterning the superhydrophobic surface with small
hydrophilic spots was necessary to facilitate solution deposition and prevent free roling of
spheres. Spstwith a diameter of 0.9 mm preserved a high contact angle of greater than
150°, creating highly spherical tissue construct geometries

A full factorial experimental design was performed to quantify the effects of
oligomer matrix stiffness (as specified the oligomer concentration) and volume (5, 10,
or 15 e€L) on the tissue sphere geometry andc
volume, the measured sphere volume delivered by dlisplacement pipet was inversely
related to the collagefbril matrix stiffness (oligomer concentrationfrigure 2.3A). The
measured tissue sphere volumes for 1000 Pa oligomer, representing thevisgheassty
solution, were roughly 73%, 78%, and 84% of the specifigetavolumes of 5, 10, and 15
eL, respectivel y.-dsphdementupmpet dranfaticady inppoeed tthe v e
volume delivery accuracy and precision. In fact, when a posis@acement pipet was
used to create 1000 Pa spheres, the accuracy wase8®6 and the precision was 1.9%
or better for all volumes tested. Unlike-displacement pipettes, which use a compressible
deadair volume to move the fluid, positmdisplacement pipettes use an incompressible
piston to move the fluid. This directmtact enhances the accuracy and precision, especially
for viscous liquids. Finally, although gravity effects caused an inverse relationship between
the sphere aspect ratio and the measured volume, the sphere aspect ratios were greater than
0.8 for all volumes and matrix stiffness values testEdgre 2.3B). Taken together, the
results demonstrate that the olgomer tissue sphere volume and geometry can be

reproduced with high precision and accuracy
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Figure 2.3 The method for producing collagen sphenessreproducible when using the
positive displacement pipet. Due to gravity, the collagen spheresnbefiatter as the
volume of the droplet wasncreasd. (A) Represertive gonioneter images and
volumetric measurements for oligomer spheres prepared at target volumes of 5, 10, and 15
eL with matrix stiffnesses of 0O (water),
concentration). The goniometer images represent oligomer spl@@d$a) prepared at
designated volumes (scale bar = 1 mm). Target volume indicates the volume specified on

the airdisplacement (Air) or positivdisplacement (Pos) micropipette. (B) Scatter plot of
measured oligomer sphere volumes and aspect ratiod @frthé matrix stiffness values.
Data points represent a combination of 0, 200, and 1000 Pa oligomer spheres

2.4.2 Muli-tissue Interface Format Prevents @édidiated Tissue Contraction of High
CellDensity Tissues

A number of researchers, including our grodave shown that conventional
monodispersion cultures of ECs or their progenitors within type | collagen or fibrin
matrices undergo vasculogengd®, [40], [52], [53], [89] The extent of vessektwork
formation, as well as their maturation and stabilty, depends on specific microenvironment
conditions, including matrix composition and physical propdgis [40], [52], [90], [91]
medium compositid®2], type of EJ52], and addition of accessory c€fig], [91]. The
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extent of vessel formatiowas also shown to be postitively correlated with the EC seeding
densitf93]; however, seeding densities of1T¥ cells/mL or lawer are routinely used to
avoid tissue construct contraction. Tissue contraction depends on the combination of cell
density and tyg®2], matrix type &d associated physical properf@qi [96], and physical
boundary conditiofg9], [95]. Culture surface coating with glutaraldehyde,
polyethylenimine, or pol.-lysine may be applied tmprove construct adherence and
minimize contractiofb5], [97].

Here we evaluated both the conventional monodispersion format and the proposed
multitissue interface culture format on their abilitp maintain mechanical boundary
conditions and avoid tissue construct contractBigufe 2.4). In all of the experiments,

t he oligomer concentration was kept const
conventional monodispersion culture of ECFCs within this matrix formulation has been
shown to induce robust vessel formald8). The v ol umes ofD2tmméen s pher
height) and surrounding t D26 snmean heighty wevsee nvi r C
selected such that the tissue sphere was completely embedded within the surraswéng
microenvironment, ensuring uniform and hiog
and mechanophysical properties across the sphere surface area. As expected, for
monodispersion culturesFiure 2.4, top), the tissue construct contraction increased
significantly (p < 0.05) with increasing cell density, except for constructs prepared at the
lowest ECFC density (80 cells/mL), where contraction was not detected. Tissue
constructs prepared with x20¢ and 5x1(° cells/mL displayed densitglependent

contraction as early as 24 h, with final tissue volume percentages of 38.5 + 12.6% and 10.3

+ 12.1%, respectively, after 3 days of culture. In contrast, all of the constructs prepared
using the multitissue inter€e@ method maintained their starting tissue volumes regardless

of ECFC seeding densityFifure 2.4, bottom). Additionally, there was no statistically
significant change in the crosectional area of the embeddedhesig for any of the
experimental groups over the 3 day time peribigure 2.4). Notably, tissue sphere
embedment within a surrounding tissue matrix represents a variation of bilayered collagen
substrates in whictwo collagen matrices are polymerized consecutively, one on top of the
othe98]. Both approaches result in fusion tefo different tissue microenvironments to

create a tissue interface. Unlike the conventional monodispersion format, the multitissue
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ti ssuerTlt inediated tissumt er f a

contraction, representing a more controlled and physiologically relevant microenvironment.
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Figure 2.4 Sphere tissues within the mudisue interface model prevedicellmediated
contraction at all time points and densities, while the monodispersion tissue constructs
experiencd an increase in rate and extent of contraction as cell dewsigincreased.
Time-dependent contraction désue constructs prepared using (top) the monodispersion
format and (bottom) the multitissue interface method. Monodispersion constructs were
prepared by seeding &B5F¥, 2.0x1(, or 5.1® ECFCs/mL within an oligomer matrix

(200 Pa). Mulitissue interfacconstructs involved embedding an oligomer sphere (200 Pa,

5 ¢eL;

arr ows ) x1( R.exa or 8®1CP ECRCSHMLAQvithih a surrounding

tissue consisting of & ECFCs/mL within an oligomer matrix (200 Pa). Final tissue
volumes were measuredf t e r
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in the absence of any specified matcomponent, are routinely embedded within a
surrounding collagen matrix, creating amnvitro model of angiogene$#9]. Spheroid
formation is induced by culturing endothelial cells overnight within nonadherent
culturewar¢72], [100) Compar ed wi t h t he multitissue
interactions dominate within endotlalicell spheroids, and vasculogenesis is not observed.
Instead, vessels sprout and extend from the spheroid into the surrounding matrix,

mimicking angiogenedi9]

2.4.3 Muli-tissue Interface Cultures Enhance the Rate and Extent of Vessel
Morphogenesis and Stabilization

In the present study, we compared the two culture formats and obsiéfeszhces
at the tissue and cellular levels in terms of vessel morphogenesis. Although both formats
showed that the extent of vessel formation was posttively correlated with ECFC density,
dramatic differences in vessel network induction, morphology, stabliization were
observed; this is largely attributed to differences in the mechanical boundary conditions
(Figure 2.5). Consistent with our previous rep¢88], ECFCs cultured for 3 days at low
density (0.%1C° cells/mL) in a monodispersion format were round or vacuolated with
regional collagen type IV deposition associated with ECFC membr&igese(2.5A). As
the ECFC density increased, vacuolated dafied, forming increased numbers of small
vessel networks with type IV collagen deposition apparent along the length of the vessel.
Constructs containing X3 ECFCs/mL appeared to have the highest vedsabity
because of contraction of the tissue volume; however, the ECFCs remained round or
formed only short vessels with limited network interconnectiofrgyufe 2.5A). For
monodi spersion c u | teénsian ebalance is lg@ckly clastl Uponntiastier i X
contraction, which occurs when <collective
adhesive forces. As such, the matrixiinteg
vesseforming endothelial cells isaltered, compromising vessel elongation and
anastomosi s. Clearly, these results confir
necessary for induction of vasculogenesis as well as vessel morphdd€agsisn
addition, the number of vesdelrming networks, which depends on the ECFC density, is

an important driver for network connection or anastomosis
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Macro Lectin TypelV  Combined

>

Mono-dispersion Cell Density
(ECFC/mL, 1x10°)

v o)

Sphere Cell Density
(ECFC/mL, 1x109)

Figure 2.5 Within the uncontracted tissue constructs (multitissue interface model,
BOTTOM), ECFC vessel formation increasaith increasing ECFC density. On the other

hand, the contracted monodispersion tissue constructs @ahimaller, compromised

vessel fomaton.Pr oj ections of <confocal Il mage stacl
network formation (green fluorescence, lectin) and type IV colagen deposition (red
fluorescence) following 3 days of culture in either (A) the monodispersion format or (B)

the multitisue interface format. Confocal images were taken within the tissue sphere of

the multitissue interface format. Monodispersion constructs were prepared by seeding
ECFCs at specified densities within an ol
interfacec onstructs were prepared by embedding
prepared with ECFCs at a specified density within a surrounding tissue consisting of
0O0x1F ECFCs/ mL within an oligomer matrix (200C
the 510 ECFCs/mL sphere demonstrated superior vessel network formation relative to
the other groups.. Scale bars = 150 em
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Results observed with the multitissue interface model further support the concept
that both the number of vesgelo r mi ng n et w aix tkastiondoncds are eriticall ma t
to the overall vessel morphogenesis process. In this format, tissue sphere ECFCs showed
rapid, extensive vessel network formatidrig(ire 2.5B) that increased with ECFC seeding
density. Infact, ebensive multicellular vesselnetworks stabilized by type IV collagen were
apparent within only 3 days. This accelerated rate of vessel formation is at least 2 times as
fast as those in previous reports by our gr@8jpas well as other culture models involving
ECipericyt F7]. dhus wlrt moded dkely better recapitulates vivo
developmental vasculogenesis, which is said to occur in the span of between several hours
to a few dayg02].

Upon comparison of the enodispersion and multtissue interface formats at the
lowest ECFC density (0.5x40ECFCs/mL), the observed vessel numbers and
morphologies were similar, largely since ECs in the two formats experience similar
cellTmatrix t ensi on -dbnaity amiitissue intemiace ccaltarésr a s t
prepared with 21¢° or 5<1(° ECFCs/mL formed vessel networks that were longer and
more interconnected than those in the corresponding monodispersion cultures. We
postulate that this improved outcome may be attributethe fact that the multitissue
interface  model supports maintenance of the tissue geometry and the associated
cellTmatrix t e ns i o rrigute 2.98,omultitigssge. inteAface cuturesvn i n
prepared with 81(® ECFCs/mL fomed extensive, highly interconnected, and lumenized
vessel networks stabiized by a basement membrane, resembling capilary networks
(Supplemental Figur@) formedin vivo. It has been postulated that pemes/tor accessory
cells are required for stabilization of formed vessels by basement membrane dEpokition
However, the results obtained in the present study confirm our previous findings that
oligomer collagen matrices are sufficient to induce type IV collagen depobyidfCFCs
in the absence of accessory ¢88#, again emulating steps of vasculogenesis reported in
the quall103].
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2.4.4 Customizable Tissu@issue Interface: ASC Addition to Surrounding Tissue
Dramatically Improves ECFC Vessel Formation and Stabilization willigsue
Sphere

Recently, much attention has been focused on determining togssory cells,

such as pericytes, affectvessel morphogenesis and stabilization for bibtb andin vivo

tissue engineering strated@g], [104] [107].w Itis generally accepted that accessory cells

enhance vessel morphogenesis through not only paracrine signaling but afsto dir

cel | T c eldq], [109 Adcessoty cels also remodel and reorganize the substrate,
whi ch I n turn modul at es me c h1&0h oTp hstudyi ¢ a |
ECiraccessory celll interactions, researcher

accessory cells (i.e., pericytes, fibroblasts, ASCs, andimameow-derived mesenchymal
stromal cells) are concurrently and homogeneously monodispersestifistaatgr7], [91],

[110]. In the present study, we employed the multitissue interface model to determine the
extent of crosstalk between the twaidist tissue compartments. Specificaly, we defined
how ECFCs and ASCs, alone or in combination with the surrounding tissue
microenvironment, affect ECFC vessel formation within the embedded tissue sphere. For
these experiments, all of the tissue conssruegre prepared with embedded tissue spheres
containing %1 ECFCs/mL. ASCs were chosen as the accessory cells because of their
suitability for autologous cell therapies.

Qualitative evaluation of constructs cultured for 3 days indicated that ASCs, ECFCs,
and ASCs + ECFCs in the surrounding tissue enhanced ECFC vessel formation within the
tissue sphere relative to the control containing no accessory E@lsre( 26A T D) .
Although the quantified vessel volume percentages for the control (6.4 £ 2.1%) and ECFC
only (6.8 = 3.5%) groups were statistically simiar (p > 0.05), the EGRZ group
contained fewer quiescent cells and vessels that appeared slightly mordeelorigas
increase in the percentages of short vessels and small vessel networks and decrease in the
percentage of quiescent cells were captured by the new algorithm designed to quantify
identified categories of vessel morphologlig(re 2.6A, B). This quantification strategy

provided a vessel morphogenesis ffingerprir
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Figure 2.6 The presence of ASC in the surrounding tissueiged a significant boost to

ECFC vessel volume percentage within the sphere tissue compartmejatctions of
confocal i mage stacks (200 em thick) taker
network formation and basement membrane depositionvaioous multitissue interface
constructs after 3 days of culture. EGE@capsulated oligomer spheres (200 Fa05
ECFCs/ mL, 5 e€L) were embedded in oligomer
either (A) no accessory cells, (B) ECFCs only, (C) ASCs, onfy(D) a combination of

ECFCs and ASCs. Tissue constructs were stained with UEA1 lectin (green fluorescence)
and type IV collagen (red fluorescence) for visualization of ECFC vessel networks and
deposited basement membrane, respectively. The inset lbottioen right in each panel

contains quantified vessel morphology parameters and vessel volume percentages. The
vessel volume percentage increased significantly with the presence of ASCs in the
surrounding tissue, as d et eipt niettare dhdicates i n g
statistically different groups (p < 0.05).

A dramatic difference was observed in both the volume percentage and morphology
of vessels formed when ASCs were added to the surrounding tissue. Both the ASC and
ASC + EG-C groups induced the formation of highly interconnected and persistent vessel

networks Figure 2.6C, D). The vessel volume percentages for the ASC and ASC + ECFC













































































































































































































































