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Multivascular networks and
functional intravascular topologies
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John P. Gounley5†, Anderson H. Ta1, Fredrik Johansson2,3, Amanda Randles5,

Jessica E. Rosenkrantz6, Jesse D. Louis-Rosenberg6, Peter A. Galie7,

Kelly R. Stevens2,3,4‡, Jordan S. Miller1‡

Solid organs transport fluids through distinct vascular networks that are biophysically and

biochemically entangled, creating complex three-dimensional (3D) transport regimes

that have remained difficult to produce and study.We establish intravascular andmultivascular

design freedoms with photopolymerizable hydrogels by using food dye additives as

biocompatible yet potent photoabsorbers for projection stereolithography.We demonstrate

monolithic transparent hydrogels, produced in minutes, comprising efficient intravascular

3D fluid mixers and functional bicuspid valves.We further elaborate entangled vascular

networks from space-filling mathematical topologies and explore the oxygenation and

flow of human red blood cells during tidal ventilation and distension of a proximate airway.

In addition, we deploy structured biodegradable hydrogel carriers in a rodent model of chronic

liver injury to highlight the potential translational utility of this materials innovation.

T
he morphologies of the circulatory and

pulmonary systems are physically and evo-

lutionarily entangled (1). In air-breathing

vertebrates, these bounded and conserved

vessel topologies interact to enable the

oxygen-dependent respiration of the entire or-

ganism (2–4). To build and interrogate soft hy-

drogels containing such prescribed biomimetic

and multivascular architectures, we sought to

use stereolithography (fig. S1) (5), commonly em-

ployed to efficiently convert photoactive liquid

resins into structured plastic parts through lo-

calized photopolymerization (6, 7). Comparedwith

extrusion 3D printing, which deposits voxels in

a serial fashion (8–12), photocrosslinking can

be highly parallelized via image projection to

simultaneously and independently address mil-

lions of voxels per time step. In stereolithography,

xy resolution isdeterminedby the lightpath,whereas

z resolution is dictated by light-attenuating ad-

ditives that absorb excess light and confine the

polymerization to the desired layer thickness,

thereby improving pattern fidelity. In the ab-

sence of suitable photoabsorber additives, 3D

photopatterning of soft hydrogels has been lim-

ited in the types of patterns that can be generated

(13–16) or has required complex, expensive, and

low-throughput microscopy to enhance z reso-

lution via the multiphoton effect (17–19). How-

ever, common light-blocking chemicals used for

photoresist patterning or plastic part fabrication,

such as Sudan I, are not suitable for biomanu-

facturing owing to their known genotoxic and

carcinogenic characteristics (20). Therefore, we

hypothesized that the identification of nontoxic

light blockers for projection stereolithography

could provide a major advance to the architec-

tural richness available for the design and gen-

eration of widely used biocompatible hydrogels.

Here, we establish that synthetic and natural

food dyes, widely used in the food industry, can

be applied as potent biocompatible photoabsorbers

to enable the stereolithographic production of

hydrogels containing intricate and functional

vascular architectures. We identified candidate

photoabsorbers among food additives whose ab-

sorbance spectra encompass visible light wave-

lengths that can be used for biocompatible

photopolymerization. We initially sought to gen-

eratemonolithic hydrogels, composed primarily

of water and poly(ethylene glycol) diacrylate

[PEGDA, 6 kDa, 20weight% (wt%)], with a 1-mm

cylindrical channel oriented perpendicular to the

light-projection axis. The fabrication of even this

trivial design cannot be easily realized because of

the dilute nature of such aqueous formulations,

in which the low mass fraction of crosslinkable

groups and the requisite longer polymerization

times result in inadvertent polymerization and

solidification within the narrow void spaces that

were designed to be hollowperfusable vasculature

(figs. S2 to S4).

We determined that aqueous pre-hydrogel

solutions containing tartrazine (yellow food

coloring FD&C Yellow 5, E102), curcumin (from

turmeric), or anthocyanin (from blueberries) can

each yield hydrogels with a patent vessel (figs. S2

to S5). In addition to these organic molecules,

inorganic gold nanoparticles (50 nm), widely

regarded for their biocompatibility and light-

attenuating properties (21), also function as an

effective photoabsorbing additive to generate

perfusable hydrogels (fig. S4).

To understand how these photoabsorbers

affect the gelation kinetics of photopolymeriz-

able hydrogels, we performed photorheological

characterization with short-duration light ex-

posures, which indicate that these additives cause

a dose-dependent delay in the induction of photo-

crosslinking (figs. S2D and S4E). Saturating light

exposures that extend beyond the reaction termi-

nation point demonstrate that suitable additives

did not ultimately interfere with the reaction be-

cause hydrogels eventually reached an equivalent

storage modulus independent of the additive

concentration (figs. S2D and S4E). We selected

tartrazine as a photoabsorber for further studies.

In addition to its low toxicity in humans and

broadutility in the food industry (22), we observed

that this hydrophilic dye is easily washed out of

generated hydrogels (70% elutes within 3 hours

for small gels), resulting in nearly transparent

constructs suitable for imaging (fig. S2E). Some

tartrazine may also be degraded during poly-

merization, as tartrazine is known to be sensitive

to free radicals (23). Submerging gels in water

or saline solution to remove soluble tartrazine

also flushes the vascular topology and removes

unreacted pre-hydrogel solution. In contrast to

tartrazine, curcumin is lipophilic and does not

wash out in aqueous solutions; anthocyanin has

a peak absorbance far fromour intended 405-nm

light source, requiring high concentrations for

suitable potency; and gold nanoparticles are

physically entrapped and make transmission or

fluorescence microscopy impractical (fig. S4E).

We assessed whether this materials insight

could similarly impart new architectural freedoms

tomore-advanced photoactivematerials. Photo-

absorber additives are necessary and sufficient

to enable vessel construction in thiol-ene step-

growth photopolymerization (24) of hydrogels

and in a continuous liquid interface production

(6) workflow for the generation of hydrogels (fig.

S5). We observed strong lamination between ad-

jacent fabricated layers and a rapid response

of the patterned hydrogel tomechanical deforma-

tions (fig. S6). This facile generation of soft

hydrogels with patent cylindrical vessels oriented

orthogonal to the light-projection axis sug-

gests an extensive design flexibility toward the

generation of complex vascular topologies, and
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the optical clarity of resultant hydrogels implies

imaging methodologies suitable for characteri-

zation and validation of fluid flows.

Next, we investigated the ability to form

hydrogels containing functional intravascular

topologies. We first explored chaotic mixers:

intravascular topologies that homogenize fluids

as a result of interactions between fluid flow

streams and the vessel geometry (25, 26). Where-

as macroscale static mixers have found broad

utility in industrial processes (27) because of their

unparalleled efficiency, translation of intravascular

static mixers into microfluidic systems has been

difficult to implement, owing to their complex

3D topology. To this end, we generated mono-

lithic hydrogels with an integrated static mixer

composed of 3D twisted-fin elements (150 mm

thick) of alternating chirality inside a 1-mm

cylindrical channel. We applied laminar fluid

streams to the static mixer at a low Reynolds

number (0.002) and observed rapid mixing per

unit length (Fig. 1A) and as a function of fin

number (fig. S7). The elasticity and compliance of

PEG-based hydrogels (fig. S6) enabled the facile

generation of a 3D functional bicuspid venous

valve (Fig. 1B).We observed that the valve leaflets

are dynamic, respond rapidly to pulsatile antero-

grade and retrograde flows, and promote the for-

mation of stable mirror image vortices in the

valve sinuses (Fig. 1B and movie S1) according to

established mappings of native tissue (28, 29).

Solid organs contain distinct fluid networks

that are physically and chemically entangled,

providing the rich extracellular milieu that is

a hallmark of multicellular life. The ability to

fabricate such multivascular topologies within

biocompatible and aqueous environments could

enable a step change in the fields of biomaterials

and tissue engineering. A first objective is the

development of an efficient framework to design

entangled networks that can provide suitable

blueprints for their fabrication within hydrogels.

Separate vascular networks must not make a

direct fluid connection or they would topolog-

ically reduce to a single connected network. We

find that mathematical space-filling and fractal

topology algorithms provide an efficient para-

metric language to design complex vascular blue-

prints and a mathematical means to design a

second vascular architecture that does not inter-

sect the first (Fig. 2). We demonstrate a selection

of hydrogels (20 wt %, 6-kDa PEGDA) contain-

ing entangled vascular networks based on 3D

mathematical algorithms (Fig. 2, A to D): a helix

surrounding an axial vessel, 1° and 2° Hilbert

curves, a bicontinuous cubic lattice (based on a

Schwarz P surface), and a torus entangled with

a torus knot. Perfusion with colored dyes and

micro-computed tomography (mCT) analysis de-

monstrate pattern fidelity, vascular patency, and
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Fig. 1. Monolithic hydrogels with functional intravascular topologies.

(A) Monolithic hydrogels with a perfusable channel containing

integrated fin elements of alternating chirality. These static

elements rapidly promote fluid dividing and mixing (as shown by

fluorescence imaging), consistent with a computational model of flow

(scale bars, 1 mm). (B) Hydrogels with a functional 3D bicuspid

valve integrated into the vessel wall under anterograde and

retrograde flows (scale bars, 500 mm). Particle image velocimetry

demonstrates stable mirror image vortices in the sinus region

behind open valve leaflets.
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fluidic independence between the two networks

(Fig. 2, A to D, and movie S2).

We sought to evaluate the efficiency of inter-

vascular interstitial transport by measuring the

delivery of oxygen from a source vessel to per-

fused human red blood cells (RBCs) flowing in

an adjacent 3D topology. We tessellated the en-

tangled helical topology shown in Fig. 2A along

a serpentine path while maintaining the inter-

vessel distance at 300 mm (Fig. 2E). Perfusion of

deoxygenated RBCs [oxygen partial pressure

(PO2) ≤ 40 mmHg; oxygen saturation (SO2) ≤

45%] into the helical channel during ventilation of

the serpentine channel with humidified gaseous

oxygen (7 kPa) caused a noticeable color change

of RBCs fromdark red at the inlet to bright red at

the outlet (Fig. 2, E and F). Collection of perfused

RBCs showed significantly higher SO2 and PO2
relative to deoxygenated RBCs loaded at the

inlet and negative control gels ventilated with

humidified nitrogen gas (Fig. 2G and fig. S8).

Although this serpentine-helix design demon-

strates the feasibility of intervascular oxygen trans-

port between 3D entangled networks, we sought

to introduce additional structural features of

native distal lung into a bioinspired model of

alveolar morphology and oxygen transport. In

particular, the realization of 3D hydrogels that

contain branching networks and that can sup-

port mechanical distension during cyclic ventila-

tion of a pooled airway could enable investigations

of the performance of lung morphologies derived

from native structure (30) and could provide a

complete workflow for the development and ex-

amination of new functional topologies. Over the

past several decades, alveolar morphology has

been approximated mathematically as 3D space-

filling tessellations of polyhedra (31–34). However,

the translation of these ideas into useful blue-

prints has remained nontrivial because of the

need for efficient space-filling tessellations and

an ensheathing vasculature that closely tracks

the curvature of the 3D airway topography. Our

solution is to calculate a 3D topological offset of

the airway (moving each face in its local normal

Grigoryan et al., Science 364, 458–464 (2019) 3 May 2019 3 of 7

Fig. 2. Entangled vascular networks. (A to D) Adaptations of mathematical

space-filling curves to entangled vessel topologies within hydrogels

(20 wt % PEGDA, 6 kDa): (A) axial vessel and helix, (B) interpenetrating

Hilbert curves, (C) bicontinuous cubic lattice, and (D) torus and (3,10) torus

knot (scale bars, 3 mm). (E) Tessellation of the axial vessel and its

encompassing helix along a serpentine pathway. The photograph is a

top-down view of a fabricated hydrogel with oxygen and RBC delivery to

respective vessels. During perfusion, RBCs change color from dark red

(at the RBC inlet) to bright red (at the RBC outlet) (scale bar, 3 mm). Boxed

regions are magnified in (F) (scale bar, 1 mm). (G) Perfused RBCs were

collected at the outlet and quantified for SO2 and PO2. Oxygen flow increased

SO2 and PO2 of perfused RBCs compared with deoxygenated RBCs perfused

at the inlet (dashed line) and a nitrogen flow negative control (N ≥ 3

replicates, data are mean ± SD, *P < 2 × 10−7 by Student’s t test).
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Fig. 3. Tidal ventilation and oxygenation in hydrogels with vascularized

alveolar model topologies. (A) (Top) Architectural design of an alveolar

model topology based on a Weaire-Phelan 3D tessellation and topologic offset

to derive an ensheathing vasculature. (Bottom) Cutaway view illustrates the

model alveoli (alv.) with a shared airway atrium. Convex (blue) and concave

(green) regions of the airway are highlighted. (B) Photograph of a printed

hydrogel during RBC perfusion while the air sac was ventilated with O2 (scale

bar, 1 mm). (C) Upon airway inflation with oxygen, concave regions of the

airway (dashed black circles) squeeze adjacent blood vessels and cause RBC

clearance (scale bar, 500 mm). (D) A computational model of airway inflation

demonstrates increased displacement at concave regions (dashed yellow

circles). (E) Oxygen saturation of RBCs increased with decreasing RBC flow

rate (N = 3, data aremean ± SD, *P < 9 × 10−4 by Student’s t test).The dashed

line indicates SO2 of deoxygenated RBCs perfused at the inlet. (F) Elaboration

of a lung-mimetic design through generative growth of the airway, offset

growth of opposing inlet and outlet vascular networks, and population of branch

tips with a distal lung subunit. (G) The distal lung subunit is composed of a

concave and convex airway ensheathed in vasculature by 3D offset and

anisotropicVoronoi tessellation. (H) Photograph of a printed hydrogel containing

the distal lung subunit during RBC perfusion while the air sac was ventilated

with O2 (scale bar, 1 mm). (I) Threshold view of the area enclosed by the dashed

box in (H) demonstrates bidirectional RBC flow during ventilation. (J) Distal lung

subunit can stably withstand ventilation for more than 10,000 cycles (24 kPa,

0.5 Hz) and demonstrates RBC sensitivity to ventilation gas (N2 or O2).
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Fig. 4. Engraftment of functional hepatic hydrogel carriers. (A to C)

Albumin promoter activity was enhanced in hydrogel carriers containing

hepatic aggregates after implantation in nude mice. Data from all time points

for each condition are shown in (B) [N = 4, *P < 0.05 by two-way analysis of

variance (ANOVA) followed by Tukey’s post-hoc test]. Cumulative bio-

luminescence for each condition is shown in (C) (N = 4, *P < 0.05 by one-way

ANOVA followed by Tukey’s post-hoc test). Error bars indicate SEM. GelMA,

gelatin methacrylate. (D) Gross images of hydrogels upon resection (scale

bars, 5 mm). (E) (Left) Prevascularized hepatic hydrogel carriers are created

by seeding endothelial cells (HUVECs) in the vascular network after printing.

(Right) Confocal microscopy observations show that hydrogel anchors

physically entrap fibrin gel containing the hepatocyte aggregates (Hep)

(scale bar, 1 mm). (F) Hepatocytes in prevascularized hepatic hydrogel

carriers exhibit albumin promoter activity after implantation in mice with

chronic liver injury.Graft sections stainedwithH&Eshowpositioning of hepatic

aggregates (black arrows) relative to printed (case, anchor) and nonprinted

(fibrin) components of the carrier system (scale bar, 50 mm). (G) Hydrogel

carriers are infiltrated with host blood (gross, H&E). Carriers contain

aggregates that express the marker cytokeratin-18 (Ck-18) and are in close

proximity to Ter-119–positive RBCs (scale bars, 40 mm).
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direction) and have the new surface serve as the

template on which a vascular skeleton is built.

With this approach, we developed a bioinspired

alveolar model with an ensheathing vasculature

from 3D tessellations of the Weaire-Phelan foam

topology (35) (Fig. 3 and fig. S9). Although the

fundamental units of the Weaire-Phelan foam

are convex polyhedra (fig. S9), 3D tessellations

can produce a surface containing both convex

and concave regions reminiscent of native alveolar

air sacs (30) with a shared airway atrium sup-

porting alveolar buds (Fig. 3A). We extended

the manifold air surface in the normal direc-

tion, removed faces, and ensheathed edges in

a smoothed polygonal mesh to form a highly

branched vascular network (containing 185 vessel

segments and 113 fluidic branch points) that

encloses the airway and tracks its curvature

(fig. S9B).

We printed hydrogels (20wt%, 6-kDa PEGDA)

patterned with the alveolar model topology at a

voxel resolution of 5 pl and a print time of 1 hour

(Fig. 3B). Cyclic ventilation of the pooled airway

with humidified oxygen gas (10 kPa, 0.5Hz) led to

noticeable distension and an apparent change

in the curvature of concave airway regions (fig.

S9C). Perfusion of deoxygenated RBCs at the

blood vessel inlet (10 to 100 mm/min) during

cyclic ventilation led to observable compression

and RBC clearance from vessels adjacent to con-

cave airway regions (Fig. 3, B and C). By observing

dilute RBC streams at the early stages of per-

fusion, we also discerned that the cyclic com-

pression of RBC vessels—actuated by the concave

airway regions upon each inflation cycle—acts as

switching valves to redirect fluid streams to

neighboring vessel segments (movie S3). We im-

plemented a simplified 2D computational model

of airway inflation (fig. S9D), which predicts an-

isotropic distension of the airway and compres-

sion of adjacent blood vessels, corresponding to

local curvature (fig. S9E). In addition, analysis

from a 3D computational model supports an-

isotropic distension of the concave regions of the

airway during inflation (Fig. 3D). Despite the

volume of the alveolar model hydrogel (0.8 ml)

being <25% of that of the serpentine-helix model

(3.5 ml), we measured similar oxygenation ef-

ficiencies for the two designs (Fig. 3E). Our data

suggest that branching topology, hydrogel dis-

tension, and redirection of fluid streams during

ventilation may boost intravascular mixing and

allow faster volumetric uptake of oxygen by the

well-mixed RBCs. Vascular constriction during

breathing has been previously described as an

important fluid control mechanism in the mam-

malian lung (36), and here we provide a means

to actualize these ideas in completely defined

and biocompatiblematerials andwithin aqueous

environments.

To extend this work toward a coherent ap-

proximation of scalable lung-mimetic design, we

must consolidate the location of the vascular

inlet, vascular outlet, and air duct, such that dis-

tal lung subunits can be populated on the tips

of multiscale branching architecture. Therefore,

within a given computational bounding volume,we

first derive a branching airway (Fig. 3F). Next,

the centerlines of inlet and outlet blood vessel

networks are grown 180° opposite each other

across and topologically offset from the airway,

and the blood vessels traverse down to the tips of

all daughter branches. The final step is to pop-

ulate the tips of each distal lung with an alveolar

unit cell (Fig. 3G andmovie S4) whose ensheath-

ing vasculature (containing 354 vessel segments

and 233 fluidic branch points) itself is an an-

isotropic Voronoi surface tessellation along a

topological offset of its local airway (fig. S9, F

and G).We found that hydrogels (20 wt %, 6-kDa

PEGDA) could withstand more than 10,000 ven-

tilation cycles (at 24 kPa and a frequency of

0.5 Hz) over 6 hours during RBC perfusion and

while switching the inflow gas between humidi-

fied oxygen and humidified nitrogen (Fig. 3, H

to J). Color-filtered views of the early stages of

RBC perfusion (Fig. 3I) indicate that ventilation

promotes RBC mixing and bidirectional flows

within selected vessel segments near the mid-

point of the distal lung subunit (movie S4).

We use our custom stereolithography appa-

ratus for tissue engineering (SLATE) to demon-

strate production of tissue constructs containing

mammalian cells (figs. S1, S10, and S11 andmovie

S5). Lung-mimetic architectures can also be pop-

ulatedwith human lung fibroblasts in the bulk of

the interstitial space and human epithelial-like

cells in the airway (fig. S12), which could facilitate

the development of a hydrogel analog of a lab-

on-a-chip lung design (37). Finally, we subjected

primary humanmesenchymal stem cells (hMSCs)

to SLATE fabrication (with mixtures of PEGDA

and gelatinmethacrylate) and show that the cells

within cylindrical fabricated hydrogels remain

viable and can undergo osteogenic differentia-

tion (fig. S13D). In related multiweek perfusion

tissue culture of hMSCs with osteogenic differ-

entiation media, osteogenic marker–positive

hMSCs were visible throughout the gel (fig. S14).

These studies indicate that SLATE fabrication

supports rapid biomanufacturing, can maintain

the viability of mammalian cell lines, supports

the normal function and differentiation of pri-

mary human stem cells, and provides an ex-

perimentally tractablemeans to explore stem cell

differentiation as a function of soluble factor

delivery via vascular perfusion.

We next sought to establish the utility of this

process for fabricating structurally complex and

functional tissues for therapeutic transplanta-

tion. In particular, the liver is the largest solid

organ in the human body, carrying out hundreds

of essential tasks in a manner thought to be

dependent on its structural topology. We created

complex structural features in hydrogel within

the expanded design space imparted by SLATE

to assemblemultimaterial liver tissues. Bioprinted

single-cell tissues andbioprintedhydrogel carriers

containing hepatocyte aggregates were fabricated

(Fig. 4, A to C). The albumin promoter activity

of tissue carriers loaded with aggregates was

enhanced by more than a factor of 60 compared

with that of implanted tissues containing single

cells (Fig. 4, B and C). Furthermore, upon gross

examination of tissues after resection, hydrogel

carrier tissues appeared to havemore integration

with host tissue and blood (Fig. 4D). Despite the

improved utility of hepatic aggregates over single

cells, aggregate size puts substantial architectural

limitations on 3D printing because aggregates

are larger in size than our lowest voxel resolution

(50 mm). To accommodate these design con-

straints, we built a more advanced carrier that

can deliver hepatic aggregates within natural

fibrin gel, has a vascular compartment that can

be seeded with endothelial cells, and incorpo-

rates structural hydrogel anchors to physically,

rather than chemically, retain the fibrin gel and

facilitate remodeling between the graft and host

tissue (Fig. 4E and fig. S15). Microchannel net-

works were seeded with human umbilical vein

endothelial cells (HUVECs) because our previous

studies demonstrated that inclusion of endothelial

cords improved tissue engraftment (38). We then

evaluated whether optimized bioengineered liver

tissueswould survive transplantation in a rodent

model of chronic liver injury. After 14 days of

engraftment in mice with chronic liver injury,

hepatic hydrogel carriers exhibited albumin pro-

moter activity indicative of surviving functional

hepatocytes (Fig. 4F). Immunohistological char-

acterization revealed the presence of hepatic

aggregates adhered to printed hydrogel com-

ponents that stained positively for the marker

cytokeratin-18 (Fig. 4, F and G). Further charac-

terization through gross examination and higher-

magnification images of slides stained with

hematoxylin and eosin (H&E) indicated the pres-

ence of host blood in explanted tissues. Immu-

nostaining using a monoclonal antibody against

Ter-119 confirmed the erythroid identity of cells in

microvessels adjacent to hepaticmicroaggregates

in explanted tissues (Fig. 4G, right). This work

provides an approach to address long-standing

design limitations in tissue engineering that have

hindered progress of preclinical studies.

We have identified readily available food dyes

that can serve as potent photoabsorbers for bio-

compatible and cytocompatible production of

hydrogels containing functional vascular to-

pologies for studies of fluidmixers, valves, inter-

vascular transport, nutrient delivery, and host

engraftment.With our stereolithographic process,

there is potential for simultaneous and orthog-

onal control over tissue architecture and bio-

materials for the design of regenerative tissues.
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