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Abstract

Vascularization is an important strategy to overcome diffusion limits and enable the formation of
complex, physiologically relevant engineered tissues and organoids. Self-assembly is a technique
to generate in vitro vascular networks, but engineering the necessary network morphology and
function remains challenging. Here, autofluorescence multiphoton microscopy (aMPM), a label-
free imaging technique, is used to quantitatively evaluate in vitro vascular network morphology.
Vascular networks are generated using human embryonic stem cell-derived endothelial cells and
primary human pericytes encapsulated in synthetic poly(ethylene glycol)-based hydrogels. Two
custom-built bioreactors are used to generate distinct fluid flow patterns during vascular network
formation: recirculating flow or continuous flow. aMPM is used to image these 3D vascular
networks without the need for fixation, labels, or dyes. Image processing and analysis algorithms
are developed to extract quantitative morphological parameters from these label-free images. It is
observed with aMPM that both bioreactors promote formation of vascular networks with lower
network anisotropy compared to static conditions, and the continuous flow bioreactor induces
more branch points compared to static conditions. Importantly, these results agree with trends
observed with immunocytochemistry. These studies demonstrate that aMPM allows label-free
monitoring of vascular network morphology to streamline optimization of growth conditions and
provide quality control of engineered tissues.

Keywords

autofluorescence; multiphoton microscopy; poly(ethylene glycol); self-assembly; vascular
networks

1. Introduction

3D engineered tissues generated from pluripotent stem cells are a powerful tool to model
human development and disease in a dish.[}] However, the size and complexity of these
tissues are currently restricted by the diffusion limit, which causes cells deeper than 200
um to experience insufficient nutrient and waste exchange, leading to cell death or
dysfunction.[2-4] Vascularization can improve mass transport and enable growth of thick,
complex engineered tissues.[>] Many approaches to generate vascular networks have been
demonstrated, including microfabrication,[6.7] sacrificial templating,[8] bioprinting,[3.9]
microfluidic devices,[1:10-12] and self-assembly.[13.14] Self-assembly relies on the self-
organization of endothelial and mural cells (i.e., pericytes and vascular smooth muscle cells)
into vascular networks. We recently demonstrated that poly(ethylene glycol) (PEG)
hydrogels engineered to mimic the extracellular matrix support self-assembled vascular
network formation.[7:10.15-17]

The relative simplicity of self-assembly makes it uniquely adaptable and scalable for
producing engineered tissue, but inherently lacks precise control over the final morphology
of the network. Thus, achieving the desired network morphology requires iteration between
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adjusting growth conditions and imaging the subsequent network morphology. However,
current methods to assess vascular network morphology are limited. Common
immunocytochemistry protocols only capture network morphology at a single time point and
use fixatives (e.g., formalin) that can distort vascular network morphology.[*8] Fluorescent
protein expression or live fluorescent dyes enable live-cell imaging, but some fluorophores
cause oxidative stress or phototoxicity,[*°] and such labels cannot be used in samples
destined for human transplant. We hypothesized that label-free imaging could be used to
visualize the morphology of vascular networks, which would avoid fixation, dyes, or labels.

Here, we demonstrate autofluorescence multiphoton microscopy (aMPM) of self-assembled
in vitro vascular networks. In this study, aMPM exploits the fluorescence of reduced
nicotinamide adenine dinucleotide and reduced nicotinamide adenine dinucleotide
phosphate, jointly referred to as NAD(P)H, which are endogenous coenzymes for metabolic
reactions in the cell.[2°1 aMPM, and more generally MPM, uses near-infrared excitation
wavelengths that are well suited to evaluate thick in vitro models due to reduced scattering
of the excitation wavelengths compared to confocal microscopy.[?1] Although NAD(P)H
fluorescence is weak compared to exogenous fluorophores, MPM has imaged NAD(P)H
across a wide range of in vitro and in vivo samples.[20.22] Here, MPM enabled quantitative
analysis of multiple relevant vascular network parameters, including vessel diameter, branch
point density, and network anisotropy (i.e., vessel alignment).

Additionally, we were interested in visualizing and determining the change in vascular
network morphology and interconnectivity in the presence of dynamic flow.[X] Fluid flow
plays a key role during in vivo blood vessel development, and dynamic flow has been
successfully applied in microfluidic devices to generate stable and perfusable vascular
networks via increased sprout formation, 2] capillary development,[23] and endothelial cell
migration.[24] We explored two bioreactors with distinct flow patterns: i) a recirculating flow
bioreactor, which generated recirculating flow in the basal media below the developing
vascular networks in each well (18 vascular networks per device); and ii) a continuous flow
bioreactor, which applied unidirectional flow that constantly refreshed the media in each
well (6 vascular networks per device). We believed that dynamic flow would induce the
formation of multiscale, interconnected vascular networks that are stable over time, like in
vivo vasculature.[23-25]

Our results confirm that human embryonic stem cell (ESC)-derived endothelial cells (ECs)
and primary human pericytes cultured in PEG hydrogels self-assemble into 3D vascular
networks under both static and dynamic flow conditions. aMPM monitored in vitro vascular
network morphology without fixation or labels and observed trends similar to standard
immunocytochemistry. Dynamic flow conditions improved the interconnectivity of self-
assembled vascular networks. Collectively, these results will impact efforts to vascularize
engineered tissue, screen angiogenic compounds for drug discovery and toxin identification,
[15.26] and understand vascular tissue development!27] and disease.[28]
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Results

2.1. Vascular Network Characterization

Vascular networks self-assembled in PEG hydrogels under static (Figure 1C) and dynamic
(Figure 1A-C) flow conditions. At day 6, EC (CD31* and VE-cadherin*) and pericyte
(PDGFRgA" and aSMA*) markers were expressed throughout the vascular network in all
culture conditions (Figure 2A; Figure S1, Supporting Information). Further, as tight
junctions are a standard feature of blood vessels, we also stained vascular networks cultured
under static conditions for the tight junction marker zonula occludens-1 (ZO-1) and the cell
adhesion molecule VVE-cadherin (Figure S2, Supporting Information).[2°] ZO-1 was
expressed in a punctate manner along the edges of each vessel, while VE-cadherin was more
uniformly expressed throughout the vessels. Notably, many ECs (CD31* cells) were also
suspended in the hydrogel and not integrated into the vascular networks. Scanning electron
microscopy (SEM) images of the vascular network showed pericytes wrapped around
apparent EC lumens (Figure 2B). A rendering of an aMPM volume showed the 3D
morphology of the vascular networks (Figure 2C).

2.2. Segmentation and Quantification of Vascular Network Morphology

2.3.

An image processing pipeline was developed to segment aMPM images of self-assembled
vascular networks. The pipeline (Figure 3) segmented free cells and the vascular network,
which has a low, spatially varying signal-to-background ratio (SBR). Segmentation and
removal of free cells was achieved based on their distinctive size and morphology (i.e.,
eccentricity and circularity) compared to the vascular network. The SBR of the vascular
networks was improved via a two-step procedure of contrast-limited adaptive histogram
equalization (CLAHE), which locally enhances contrast, followed by multiscale Hessian
filtering, which enhances vessel-like structures and suppresses background regions. The
performance of this pipeline was quantified using the Sgrensen-Dice similarity coefficient,
which assesses the correspondence of two binary masks. A representative comparison can be
seen in Figure S3B in the Supporting Information. Here, we compared masks generated
automatically through the image processing pipeline to their corresponding manually
segmented binary mask and found our pipeline yielded Sgrensen-Dice similarity coefficients
of 0.828, 0.834, and 0.844 across three representative mask pairs (automated and manual).
The masks generated from our pipeline were used to quantify the five morphological
parameters illustrated in Figure 4: vessel diameter, vascular density, branch point density,
free/networked ratio, and network anisotropy.

aMPM Quantification of Live Vascular Network Morphology

Dynamic culture conditions in both recirculating and continuous flow bioreactors induced
differences in vascular network morphology compared to the static condition (Figure 5A).
The image processing pipeline enabled measurement of quantitative morphological
parameters (Figure 5B-G). No change was observed in mean vessel diameter, vascular
density, and free/networked ratio between different culture conditions (Figure 5C-E). The
continuous flow bioreactor increased branch point density compared to static conditions
(Figure 5F). Both the recirculating flow and continuous flow bioreactors significantly
decreased network anisotropy compared to static conditions, and the continuous flow
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bioreactor significantly decreased network anisotropy compared to the recirculating flow
bioreactor (Figure 5G). The histogram of vessel diameters pooled across all aMPM data is
shown in Figure S4 in the Supporting Information.

2.4. Confocal Quantification of Fixed Vascular Network Morphology

The image processing pipeline was applied to images of immunocytochemistry and showed
similar trends to those observed using aMPM (Figure 6). No change was observed in mean
vessel diameter, vascular density, and free/networked ratio between different culture
conditions (Figure 6C-E). Both the recirculating flow and continuous flow bioreactors
significantly increased branch point density when compared to static conditions, and the
continuous flow bioreactor significantly increased branch point density compared to the
recirculating flow bioreactor (Figure 6F). The continuous flow bioreactor also significantly
decreased network anisotropy compared to static conditions (Figure 6G). The histogram of
vessel diameters pooled across all immunocytochemistry data is shown in Figure S4 in the
Supporting Information.

3. Discussion and Conclusion

Engineered tissues and organoids are restricted in size, function, and viability by diffusion-
limited mass transport.[3%] Nutrient and oxygen gradients due to limited mass transport can
cause undesirable phenotypic adaptations (e.g., for hypoxia or nutrient starvation) or cell
death (i.e., necrotic core formation).[3] Vascularization is an important strategy to improve
mass transport and enable large, complex engineered tissues and organoids.[?] Generally, this
is achieved through prevascularization, which involves generating a vascular network and
then seeding the cells necessary for the desired tissue type. Self-assembly is an established
method to generate in vitro vascular networks and relies on self-organization of endothelial
cells and mural cells into vessel-like structures when cocultured in a 3D environment.
[10.13,14,16,32] Oyerall, self-assembly is an attractive technique for generating vascular
networks because of its simplicity and scalability, which could enable high-throughput
generation of vascular networks. However, self-assembly inherently lacks control over the
network morphology, and there are no optimal culture conditions identified to date for
assembly of in vivo-like vascular networks. Here, we demonstrated aMPM, a label-free
imaging technique, to quantitatively evaluate vascular network morphology and applied this
label-free imaging technique to assess the effect of dynamic culture conditions on self-
assembled vascular network morphology.

First, we confirmed that ECs and pericytes self-assembled together to form vascular network
under static and dynamic flow conditions. Previous studies have shown that the cross-talk
between pericytes and ECs is vital for self-assembly of in vitro vascular networks.[331]
Standard immunocytochemistry markers for ECs (CD31, VE-cadherin) and pericytes
(PDGFRpB, aSMA) were imaged using confocal microscopy, which allowed us to visualize
the colocalization of ECs with pericytes along the vessel lumen. In addition, we observed
punctate expression of tight junction marker ZO-1 along the vessel walls, which suggests
that the vascular networks are still immature and lack barrier function (i.e., leaky vessels) at
day 6.[34-3¢] This is unsurprising, as early vascular remodeling and pruning processes were
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presumably involved during the formation of vascular networks, and the vascular network
did not mature fully during the time frame of these experiments.[3¢]

aMPM represents a novel method to visualize vascular network morphology without labels.
aMPM images of vascular networks in our study generally had low signal-to-background
ratios, which we attribute to the low quantum yield of NAD(P) H and limited amount of
cellular material that make up each vessel in the vascular network. Accurate segmentation of
the 2D maximum intensity projections (MIPs) was critical, since the parameters to quantify
vascular network morphology are extracted based on segmented MIPs. Our image
processing pipeline accurately segments the vascular networks by combining background
subtraction, local contrast enhancement using CLAHE, and multiscale Hessian filtering to
enhance vascular structures across scales and suppress background regions. Unlike
immunocytochemistry, aMPM offers the potential for real-time monitoring of network
formation. aMPM also avoids the need for exogenous fluorophores that may not be
appropriate for all tissue engineering applications (e.g., toxicology, quality control of
engineered tissue for therapy). Additionally, aMPM can extract cell-level information on the
health of the vascular network by exploiting redox imaging and fluorescence lifetime
imaging microscopy of endogenous fluorophores, NAD(P)H and flavin adenine
dinucleotide, which are involved in cellular metabolism.[20:22] This approach has been used
by a number of groups to assess the structure, function, and metabolism of engineered
tissues.[37] aMPM provides labelfree visualization of engineered tissues but includes some
limitations. First, cellular autofluorescence is weak, so substrate materials with low
autofluorescence are ideal (e.g., PEG hydrogels). Additionally, two-photon fluorescence of
NAD(P)H is generally limited to depths of ~500 um, but greater imaging depths could be
achieved with three-photon excitation.[38]

We quantitatively assessed the effect of static, recirculating flow, and continuous flow
conditions on vascular network morphology with both aMPM of live vascular networks and
confocal microscopy of fixed vascular networks. Notably, while some parameters extracted
from aMPM and confocal images had different absolute values (Figures 5 and 6; Figure S4,
Supporting Information), we observed similar trends across all morphological parameters.
We attribute the difference in absolute values to the dehydration and shrinkage of the PEG
hydrogel caused by the standard immunocytochemistry fixation process (4%
paraformaldehyde (PFA)).[28] The variability between experimental samples was inherent to
self-assembly and the culture process. We found that dynamic flow conditions induced
vascular networks with different morphology than those cultured in static conditions.
Specifically, we observed with aMPM that vascular networks cultured in the continuous flow
bioreactor showed significantly more branch points than samples in static conditions and
lower network anisotropy than samples in both static conditions and the recirculating flow
bioreactor. Together, these morphological differences could indicate the formation of a more
interconnected vascular network induced by the increased biomechanical stimulation
provided by the bioreactor.[12:35.39] |n contrast, the aMPM data showed that samples
cultured in the recirculating flow bioreactor had significantly lower network anisotropy but
no change in branch points from control. While additional studies are needed to understand
these differences in anisotropy, our results demonstrate that aMPM provides a valuable tool
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for quantifying how conditions such as varying flow profiles impact vascular network
formation.

Improvements in aMPM technology that increase imaging speed (e.g., two-photon light
sheet microscopy) would enable future studies to noninvasively monitor vascular network
formation.[4%] Additional improvements in image processing and analysis methods would
allow us to directly quantify 3D aMPM volumes rather than 2D M1Ps.[41] Lastly, more
bioreactors compatible with microscopy are needed to understand the role of biophysical
signaling on vascular network development.[42] Ultimately, this technology may be applied
to explore the link between vascular network morphology and the function and viability of
vascularized organoids.

4. Experimental Section

Cell Culture and Maintenance—Media Formulations—Essential 7 V (E7V) Medium

Cell Culture

Cell Culture

DMEM/F12 HEPES (Thermo Fisher Scientific, Madison, WI), L-ascorbic acid-2-phosphate
magnesium (64 mg L™1; Sigma-Aldrich, A8960-5G), sodium selenite (14 ug L™1; Sigma-
Aldrich, S5261), NaHCO3 (543 mg L™1), holo-transferrin (10.7 mg L™1; Sigma-Aldrich,
T0665-1G), insulin (20 mg L™1; Sigma-Aldrich, 19278), human recombinant FGF2 (100 ug
L1, and vascular endothelial growth factor A (VEGF-A; 50 pg L™1).

and Maintenance—Media Formulations—Pericyte Medium

The pericyte medium was prepared by adding 10 mL of fetal bovine serum (ScienCell
Research Laboratories, Carlsbad, CA) and 5 mL of pericyte growth supplement (ScienCell
Research Laboratories, Carlsbad, CA) into 500 mL basal medium (ScienCell Research
Laboratories, Carlsbad, CA).

and Maintenance—Endothelial Cell Differentiation and Pericyte Cell Culture

Endothelial cells were generated from H1 ESCs using a previously reported protocol with
some modifications.[1] Briefly, ESCs were cultured on Matrigel-coated plates (Corning,
New York) with E8 medium (Thermo Fisher Scientific, Madison, WI) and passaged with 0.5
x 1073 m ethylenediaminetetraacetic acid in 0.01 m phosphate-buffered saline without
calcium and magnesium (PBS). After 80-90% confluency, H1 ESCs were dissociated with
Accutase Cell Dissociation Reagent (Thermo Fisher Scientific, Madison, WI) for 4 min 30 s
at room temperature, and then split at a ratio of ~1:3 on Matrigel-coated plates (0.5 mg per
10 cm dish, Thermo Fisher Scientific). After culturing the cells for 2 d in ESBAC medium
(E8 medium with Activin A (25 ug L™1), BMP4 (5 pg L™1), and CHIR 99021 (1 x 1076 m)),
the cells were cultured in E7Vi medium (E8 medium with VEGF-A (50 pg L™1) and
SB431542 (5 x 10~® m; TGFginhibitor), but without TGF/1) for 4 d. At harvest (day 6),
differentiated ECs (CD34*, CD31") were isolated with CD34 microbeads by MACS bead
separation (Miltenyi Biotec, San Diego, CA). Isolated CD34"* cells were cultured on
Matrigel-coated plates in E7V medium (E8 medium with VEGF-A (50 ug L™1), but without
TGFpL) for one passage before cryopreservation. A portion of live, harvested CD34" cells
underwent flow cytometric analysis to verify that cells were >90% double positive for both
CD34 and CD31 surface markers.
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Primary human brain vascular pericytes (ScienCell Research Laboratories, Carlsbad, CA)
were cultured according to manufacturer’s instructions and maintained in pericyte medium
(ScienCell Research Laboratories). Pericytes were used within four passages for all
experiments.

PEG Hydrogel Fabrication

The synthetic PEG hydrogel formulation used for the encapsulation of ECs and pericytes
was adapted from previous publications in our laboratory.[10.16]

At day 6 of culture, ECs were detached using Accutase treatment for 3—4 min at 37 °C,
followed by 3-5 min centrifugation at 300 xg. Pericytes were detached using 0.25% trypsin
(ScienCell Research Laboratories) for 7-8 min at 37 °C, followed by 5 min centrifugation at
188 xg. ECs (3400 cells uL=1) and pericytes (1700 cells uL=1) were resuspended in
photoinitiator solution (0.1% 12959) in PBS and added 1:1 to a 2x PEG/peptide monomer
solution. The final solution was pipetted into 24-well transwell inserts (Corning Falcon, 1
pm pores, 40 pL per insert) and polymerized for 4 min under a UV lamp (365 nm, 5-10 mW
cm™2, UVP XX-15L, Fisher). The polymerized gels were then immersed in E7V medium
supplemented with 1x nonessential amino acids (Thermo Fisher Scientific) and 1x
Glutamax (Thermo Fisher Scientific) for the duration of the experiment (1 mL under
transwell, 200 pL in transwell).

Bioreactors for Dynamic Culture Conditions—Sterilization and Assembly of Bioreactors

The recirculating flow and continuous flow bioreactor top plates (CN Bio Innovations,
Welwyn Garden City, England) were i) immersed in 10% bleach for =30 min, ii) thoroughly
rinsed in deionized (DI) water to remove residual bleach, iii) immersed in 1% 7x detergent
(MP Biomedicals, Santa Ana, CA) and sonicated at 60 Hz for 15 min, iv) thoroughly rinsed
in DI water to remove residual detergent, v) immersed in DI water for 15 min with
sonication twice, vi) allowed to air dry, vii) sealed in autoclavable pouches, and viii)
autoclaved with a 45 min sterilization cycle followed by a 25 min drying cycle. After this
sterilization process, the bottom (nonsterile) and sterile top plates of the bioreactors were
assembled with sterile gaskets under sterile conditions and connected to air hoses and an air

pump.

Bioreactors for Dynamic Culture Conditions—Culturing Vascular Networks in Bioreactors

Encapsulated ECs and pericytes were allowed to self-assemble and stabilize in 200 uL E7V
medium for 1 d to allow for hydrogel swelling and to allow cells to stabilize and adhere to
their surrounding matrix. After 24 h, transwells were transferred to bioreactors for dynamic
flow or maintained as a static control (no flow). In the recirculating flow bioreactor, 1 mL
medium was added to all wells underneath the transwell (Figure 1A). In the continuous flow
bioreactor, 5 mL of E7V medium was added in the media reservoir (Figure 1B) with 1 mL
medium added to the culture well underneath the transwell. Air pumps (CN Bio Innovations,
Welwyn Garden City, England) derived the flow rate of 1 pL s~} underneath the transwell in
both bioreactors (Figure 1). The flow rate in the input/feed media reservoir in the continuous
flow bioreactor was adjusted to 0.006 puL s~1, which provided 0.5 mL of fresh medium from
the feeder reservoir to the center culture well each day (Figure 1B). In both the static
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condition and recirculating flow bioreactor, medium was replaced every other day during
culture. To avoid displacing the hydrogel, the medium inside the transwells in both
bioreactors was not changed. After day 6 of culture, these samples were assessed with one of
the following: i) autofluorescence multiphoton microscopy, ii) immunocytochemistry and
confocal microscopy, or iii) scanning electron microscopy (Figure 1C).

Immunocytochemistry and Confocal Microscopy—Immunocytochemistry

After 6 d of culture, PEG hydrogels with embedded ECs and pericytes were fixed with 4%
PFA for 2 h. Samples were then washed three times with 1x PBS for 5 min, followed by
blocking and permeabilization with 0.25% Triton X-100 plus 10% donkey serum (DS) in
PBS for 1 h, and then incubated in primary antibody solution (1% DS, 0.25% Triton X-100,
1% bovine serum albumin (BSA) in 0.01 m PBS) at the indicated dilutions overnight at

4 °C. Samples were washed three times with 0.01 m PBS for 30 min, incubated in secondary
fluorescent antibody solution (1% DS, 0.25% Triton X-100, 1% BSA in PBS) for 2 h at
room temperature, and then washed three times with 0.01 m PBS for 30 min. These fixed
vascular networks were kept intact and in PBS during confocal imaging.

Immunocytochemistry and Confocal Microscopy—Antibodies

Antibodies and their commercial sources were as follows: anti-CD31 (Agilent Technologies,
Santa Clara, CA; M0823, 1:200 dilution), anti- VE-cadherin (R&D Systems, Minneapolis,
MN; AF938, 1:200 dilution), anti-PDGFRg (Cell Signaling, 3169, 1:200 dilution), anti-
aSMA (Abcam, Cambridge, MA; ab124964, 1:200 dilution), anti-ZO1 (Thermo Fisher
Scientific; 40-2200, 1:100 dilution), donkey anti-rabbit Alexa-Fluor 568, donkey anti-mouse
Alexa-Fluor 488, and donkey anti-goat Alexa-Fluor 647 (1:200 dilution, Thermo Fisher
Scientific).

Immunocytochemistry and Confocal Microscopy—Confocal Imaging

A Nikon Al confocal microscope was used to image the vascular networks after
immunocytochemistry. Excitation wavelengths used were 488, 568, and 647 nm laser lines
with corresponding emission filters of 525/50, 595/50, and >700 nm (long-pass),
respectively. Volumes were acquired with either a 10x objective (NA 0.3, WD 16.0 mm,
Nikon) or a 20x objective (NA 0.75, WD 1.0 mm, Nikon). The pinhole size was 1.2 Airy
units. Theoretical lateral/axial resolution with the 10x objective was 700 nm/10.86 pm at
525 nm, 793 nm/12.31 um at 595 nm, and 953 nm/14.79 um at 715 nm. Theoretical lateral/
axial resolution with the 20x objective was 280 nm/1.74 um at 525 nm, 793 nm/1.97 um at
595 nm, and 953 nm/2.37 um at 715 nm. Calculation for axial resolution assumed sample
refractive index of 1.33.

Dimensions for 10x volumes were 1024 x 1024 x 60 pixels with a voxel size of 1.27 um x 5
um (lateral x axial). Final spatial dimensions for 10x volumes were 1273 pm x 1273 ym x
300 um (X, ¥, z). Dimensions of 20x volumes were 1024 x 1024 x 60 pixels with a voxel
size of 635 nm x 5 um (lateral x axial). Final spatial dimensions for 20x volumes were 637
um x 637 um x 300 um (x, ¥, 2). For visualization, MIPs were created for representative
volumes. For quantification, MIPs were created from volumes stained for CD31 and imaged
with the 10x objective.
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Autofluorescence Multiphoton Microscopy Imaging

A multiphoton microscope (Bruker/Prairie Technologies, Madison, WI) was used to image
the vascular networks. A Ti:Sapphire laser (Insight DS, Spectra-Physics, Santa Clara, CA)
was intensity modulated with an electro-optic modulator (ConOptics, Danbury, CT), tuned
to 750 nm, and coupled into an inverted microscope (Eclipse Ti-E, Nikon). A 20x air
objective (NA 0.75, WD 1.0 mm, Nikon) focused the light into the sample. The theoretical
lateral/axial resolution was 431 nm/2.66 pm at 750 nm. The calculation for axial resolution
assumed a sample refractive index of 1.33. Emitted autofluorescence was collected with a
bandpass filter centered at 440 (400-480 nm, Chroma, Bellows Falls, VT) and detected with
a GaAsP photomultiplier tube (Hamamatsu, Japan) in a non-descanned configuration. The
two-photon excitation/emission wavelengths were chosen to preferentially select for the
fluorescence of NAD(P)H.[22:43]

For imaging, each transwell insert was removed from a multiwell plate and a custom
stabilizing ring was fitted around the transwell. To minimize a mismatch in refractive index,
a small volume of medium (100-150 pL) was transferred from the well onto the bottom of a
35 mm glass bottom dish (MatTek, Ashton, MA) and the transwell was placed with its
porous membrane submerged in the medium.

3D volume mosaics were captured comprising either 3 x 5 x 50 or 4 x 4 x 50 frames (X, ¥, 2)
with each frame containing 512 x 512 pixels at a voxel size of 2.3 pm x 4 ym (lateral x
axial). Final spatial dimensions of total 3D volume mosaic after image fusion[44] (ImageJ)
were 1500 pm x 2550 pm x 200 pm and 2040 pm x 2040 pm x 200 pm (X, y; 2),
respectively. Pixel dwell time was 4.8 us and each frame was averaged eight times.

Image Processing and Analysis—Segmentation

The image processing workflow is outlined in Figure 3. Our goal was to accurately segment
the vascular network and quantify parameters of vascular network morphology. A maximum
intensity projection of each 3D volume mosaic in the zdirection was created and
background subtracted by first estimating the background by Gaussian blurring with a 200
pum x 200 um kernel and then subtracting the estimated background from the image.
Anisotropic diffusion filtering was applied to reduce noise in the image while preserving
edge features.[4%] The intensity of the vascular network varied over the maximum intensity
projection, so CLAHE was used to locally increase the contrast between vessels and
background (adapthisteq, MATLAB). This segmentation was refined to remove free cells
from the image. Briefly, each connected region in the segmented image was filtered to
remove regions containing less than nine connected pixels. For each remaining region,
circularity, C, and eccentricity, £, were calculated. Circularity is defined as C= 4 A/,
where A is the area of the region and Pis its perimeter. Eccentricity (E) measures the ratio of
major axis length to minor axis length of an ellipse. A threshold of C>0.5and £>0.9
allowed reliable segmentation of free cells vs the vascular network. The vascular network
was further enhanced using multiscale Hessian filtering.[46] Segmentation using Otsu’s
threshold (multithresh, imquantize, MATLAB) created a rough mask, which was refined
using active contour segmentation (activecontour, MATLAB) to create the final vessel mask.
Automatically generated masks were compared to manually segmented masks via the
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Sorensen-Dice coefficient for 7= 3 representative images (dice, MATLAB). Sorensen-Dice
coefficient was used to measure the similarity of two images and it ranged from 0 (no
overlap) to 1 (complete overlap).

Image Processing and Analysis—Quantification

Vascular network formation was quantitatively assessed by extracting the morphological
parameters depicted in Figure 4 and defined in Table 1. One value per MIP was extracted.
Each MIP was created from one mosaic volume as defined above.

These parameters were quantified from the final vessel masks using previously established
algorithms based on binary morphological operations as follows:

Active area. For aMPM, the active area was manually defined for each MIP. The
active area contains regions with vascular network formation, but excludes
inactive areas (i.e., areas in the MIP where no vessels have formed). Figure S3A
in the Supporting Information shows a representative MIP with the active area in
yellow and the inactive area in red. No dependence of the active area on culture
condition was found (not significant, analysis of variance (ANOVA), data not
shown). The MIPs for confocal microscopy did not contain inactive regions;
thus, for confocal quantification, the active area was defined as the entire image
area.

Vessel diameters. A Euclidean distance transform (bwdlist, MATLAB) was
applied to the complemented binary vessel mask (vessels = 0; background = 1).
Each pixel in the distance transformed image is the distance between that pixel
and the nearest nonzero pixel; thus, pixels along the centerline of each vessel
represent the radius of the vessel at that pixel. A skeleton of the final vessel mask
was created (bwmorph, MATLAB) and multiplied with the distance transformed
image to extract the vessel radii in pixels, which were converted to vessel
diameters in units of micrometers.

Vascular density. The area of the final vessel mask (all pixels of binary mask
summed together) was normalized by the active area (Figure S3A, Supporting
Information).

Brarnch point density. A skeleton of the final vessel mask was created (bwmorph,
MATLAB) and used to find the total number of branch points (bwmorph,
MATLAB) in each MIP. This number was normalized by the active area (Figure
S3A, Supporting Information).

Free/networked ratio. The number of free cells was extracted from the binary
mask generated during free cell removal, which selects for and removes free cells
based on area, circularity, and ellipticity thresholds. Free cells can be found as
single cells or arranged in small clusters of touching cells, so a standard
algorithm was applied to also separate touching cells: i) Euclidean distance
transform, ii) take complement, iii) H-minima transform, and iv) watershed
transform. The number of free cells, including cells split from clusters, was
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counted by standard morphological image processing (bwconncomp, MATLAB)
and normalized by the area of the final vessel mask.

. Network anisotropy. Network anisotropy quantifies the overall alignment of
vessels within a vascular network. The Fourier transform method is a validated
method to extract the network anisotropy from an image, and is described in
more detail elsewhere.[47] Briefly, the 2D power spectrum was calculated using
the skeleton image for each vascular network. The skeleton image allowed
assessment of the alignment of each vessel with every other vessel. Bandpass
filtering was used to exclude the DC component and high-frequency noise. The
power spectrum was then summed in 1° intervals, which captures the orientation
of structures within the image. Projecting this 360 element vector into 2D allows
us to form a second-rank orientation tensor. The network anisotropy is an angle-
independent metric of the overall alignment of all structure within the image, and
was calculated as follows: network anisotropy = 1 — A5/ 1, where A 5 and 14
are second and first eigenvalues of the eigendecomposition of the orientation
tensor, respectively.

. Hardware. All processing was performed using MATLAB (R2017b, 64-bit,
MathWorks, Natick, MA) on a 64-bit Windows 10 workstation with an Intel
Xeon quad-core processor (2.8 GHz, E5-1603) and 64GB of RAM.

SEM Imaging

Statistics

Hydrogels containing vascular networks were immersed in a buffered solution of 2% PFA in
0.01 m PBS for 20 min, and then immersed in 1.5% glutaraldehyde in freshly prepared 70 x
1073 m sodium cacodylate buffer, pH 7.4. The samples were then rinsed in 70 x 1073 m
sodium cacodylate buffer containing 2.5% sucrose and incubated at room temperature for 30
min. The dehydration was achieved by sequential immersion of samples in a graduated
series of ethanol in H,O and hexamethyldisilazane in 30%, 50%, 80%, and 95% ethanol.
The samples were left to dry on the sample holder and then gold sputter coated prior to
imaging with a scanning electron microscope (SEM LEO 1530).

Data were presented as individual data points along with their mean + standard error of the
mean. Final sample sizes used for aMPM quantification included /7= 6 replicates for static
and continuous flow bioreactor and 77 =5 replicates for the recirculating flow bioreactor.
Final sample size for confocal microscopy quantification included 7= 3 for all groups. One-
way ANOVA tests followed by Tukey’s honest significant difference test were performed
using MATLAB. Statistical significance was defined as £ < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overview of bioreactors and experimental workflow. Two bioreactors (CN Bio Innovations)
were used to create dynamic culture conditions during vascular network formation. A) The
recirculating bioreactor cultures up to 18 transwells simultaneously. Recirculating flow is

generated using a sequence of air puffs beneath the nonporous membrane at
each well. B) The continuous flow bioreactor contains six wells, each with i

the bottom of
ts own media

reservoir and waste chamber. Continuous, unidirectional flow is generated by the pumping
of media from the reservoir into the well, which expels waste media into the waste chamber.
C) H1 embryonic stem cell-derived endothelial cells (green) and primary human pericytes
(red) were seeded in a 2:1 ratio within a synthetic PEG hydrogel in a transwell insert.

Vascular networks were cultured in three conditions: static, recirculating, an

d continuous

flow. Both the recirculating and continuous flow bioreactors created flow beneath the
transwell at a rate of 1 pL s™1. Media in the static and recirculating cultures were changed

every 2 d, while media were constantly refreshed in the continuous flow bio
of culture, each vascular network was assessed with one of the following: i)

reactor. After6d

autofluorescence multiphoton microscopy, ii) immunocytochemistry + confocal microscopy,

or iii) scanning electron microscopy.
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Figure 2.
Characterization of self-assembled vascular networks. A) At day 6, vascular network

formation was characterized using standard fixation and immunofluorescence protocols. ECs
were labeled based on VE-cadherin (Cy5, white) or CD31 expression (green) and pericytes
were labeled based on PDGFRg (red). Samples were imaged in 3D with confocal
microscopy and displayed as MIPs. MIPs of CD31 and PDGFRg expression showed
colocalization of ECs and pericytes within vascular networks formed in all culture
conditions. Last column represents the magnified regions (20x magnification) of the merged
images from the fourth column. Scale bars: 300 um. B) Color-enhanced SEM images
showed the 3D vascular network at day 6, where ECs (red) and pericytes (grey) were
colocalized. Pericytes (white arrows) wrap around the EC lumen. Scale bar: 1 um. C)
Rendering of aMPM volume shows the 3D morphology of self-assembled vascular
networks. Scale bar: 400 pm.
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Figure 3.
Image processing for vascular segmentation of autofluorescence images. An image

processing workflow was used to enhance the vascular network before quantification of
morphological parameters: 1) A MIP was calculated from each 3D volume. 2) Background
subtraction was used to correct for variations in background intensity across the MIP. 3)
Anisotropic diffusion filtering was used to reduce noise while preserving edges. 4) CLAHE
improved local contrast in the MIP to allow better segmentation for free cell detection and
removal. 5) After segmentation, free cells were identified based on size, circularity, and
ellipticity thresholding. 6) Free cells were removed from the image. 7) Multiscale Hessian
filtering enhances vessel-like structures while suppressing other structures and noise in the
image. 8) The final vessel mask used for quantification was created with active contour
segmentation. 9.1) Final image was created by applying the final vessel mask to the
multiscale Hessian filtered image. 9.2) Skeleton was made from the final vessel mask and
used for quantification.
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Figure 4.
Visual representation of quantified morphological parameters. Vascular network morphology

was quantified by algorithms that operate on binary masks, which were generated from
maximum intensity projections of image volumes. This visual representation provides
intuition to aid in the interpretation of each of the following morphological parameters:
vessel diameter, vascular density, branch point density, free/networked ratio, and network
anisotropy. Specific definitions of how these parameters are calculated can be found in Table
1.
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Figure 5.

Quantitative morphological analysis of autofluorescence multiphoton microscopy data. A)
aMPM visualized the vascular networks without the need for fixation or exogenous
fluorophores. Representative MIPs of aMPM volumes show formation of 3D vascular
networks in all three conditions: static, recirculating, and continuous flow. Free, non-
networked cells are distributed throughout the hydrogel. Scale bar: 200 um. B) An image
processing and analysis pipeline was developed to quantify vascular network morphology
using MIPs of aMPM volumes. Representative processed MIPs demonstrate the

Adv Healthc Mater. Author manuscript; available in PMC 2019 July 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaushik et al.

Page 22

enhancement of vascular structures, removal of free cells, and suppression of background
noise. Segmentation was performed on processed MIPs to create a binary mask for
quantification. Scale bar: 200 um. C-G) Parameters extracted from binary masks of MIPs
quantitatively assessed the morphology of networks cultured under different culture
conditions. Mean vessel diameter (C), vascular density (D), and free/networked ratio (E), a
measure of cell integration into the network, were not significantly different across culture
conditions. Continuous flow significantly increased branch point densities (F), compared to
static culture, and lowered network anisotropy (G), compared to both static and recirculating
cultures. Recirculating flow induced formation of vascular networks with decreased network
anisotropy (G), compared to static culture. Data (/7= 6 for static and continuous flow
bioreactor and /7= 5 for the recirculating flow bioreactor) are plotted as individual data
points along with the mean + standard error of the mean and analyzed using a one-way
ANOVA followed by Tukey’s honest significant difference post hoc test. Statistical
significance is indicated by * for £< 0.05.
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Figure 6.

Quantitative morphological analysis of immunocytochemistry data. A) Immunofluorescence
and confocal microscopy were performed to visualize the vascular network by labeling
CD31, a marker of endothelial cells. Representative MIPs show vascular networks cultured
in three conditions: static, recirculating, and continuous flow. Free endothelial cells, i.e., not
integrated into the vascular network, are observed throughout the hydrogel. Scale bar: 200
pum. B) The image processing and analysis pipeline developed to quantify aMPM MIPs was
applied to confocal MIPs of fixed immunofluorescence samples. Representative processed
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MIPs demonstrate the enhancement of vascular structures, removal of free cells, and
suppression of background noise. Segmentation was performed on processed MIPs to create
a binary mask for quantification. Scale bar: 200 pm. C-G) Morphological parameters
extracted from confocal MIPs of fixed immunofluorescence samples. MIPs quantitatively
assessed network formation under three culture conditions. Mean vessel diameter (C),
vascular density (D), and free/networked ratio (E) were not significantly different across
culture conditions. Continuous flow significantly increased branch point densities (F),
compared to static culture and recirculating flow, and had lower network anisotropy (G)
compared to both static conditions. Recirculating flow induced formation of vascular
networks with increased branch point densities (F) compared to static culture. Data (17 = 3)
are plotted as individual data points along with the mean + standard error of the mean and
analyzed using a one-way ANOVA followed by Tukey’s honest significant difference post
hoc test. Statistical significance is indicated by * for < 0.05.
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Table 1.
Morphological parameters.
Parameter name Definition
Vessel diameter Distance across the lumen of each vessel averaged across all vessels per MIP
Vascular density Total vessel area divided by active area
Branch point density Number of branch points divided by active area
Free/networked ratio Number of free cells divided by vessel area
Network anisotropy 1 - ratio of the minor-to-major axes of the 2D angle distribution of vessels within the vascular network (0 = fully

random orientations; 1 = fully aligned)
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