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Natural tissues are composed of diverse cells and extracellular materials whose
arrangements across several length scales—from subcellular lengths' (micrometre)

tothe organ scale? (centimetre)—regulate biological functions. Tissue-fabrication
methods have progressed to large constructs, for example, through stereolithography®
and nozzle-based bioprinting**, and subcellular resolution through subtractive
photoablation®®. However, additive bioprinting struggles with sub-nozzle/voxel
features® and photoablation s restricted to small volumes by prohibitive heat
generationand time'°. Building across several length scales with temperature-sensitive,
water-based soft biological matter has emerged as a critical challenge, leaving large
classes of biological motifs—such as multiscalar vascular trees with varying calibres—
inaccessible with present technologies™". Here we use gallium-based engineered
sacrificial capillary pumps for evacuation (ESCAPE) during moulding to generate
multiscalar structures in soft natural hydrogels, achieving both cellular-scale (<10 pm)
and millimetre-scale features. Decoupling the biomaterial of interest from the process
of constructing the geometry allows non-biocompatible tools to create the initial
geometry. As an exemplar, we fabricated branched, cell-laden vascular trees in
collagen, spanning approximately 300-pm arterioles down to the microvasculature
(roughly ten times smaller). The same approach can micropattern the inner surface
of'vascular walls with topographical cues to orient cellsin 3D and engineer fine
structures such as vascular malformations. ESCAPE moulding enables the fabrication
of multiscalar forms in soft biomaterials, paving the way for a wide range of tissue
architectures that were previously inaccessible in vitro.

Anever-expanding toolkit of printing technologies can build complex
3D shapes® ranging from the nanoscale* to architectural scales®. Yet
only avery small subset of these processes function in environments
suitable for cells and natural extracellular matrices (ECMs) or yield
scaffoldsfit for cell culture. Emerging technologies such as two-photon
lithography can print complex 3D shapes with hydrogels'®, but not with
natural ECMs and are limited to tailored materials, small print volumes
and ultralow throughput. To tackle the present bottleneck inengineer-
ing multiscalar biological structures, we sought to develop moulding
approaches for a range of natural ECMs (such as collagen and fibrin).
Moulding can copy 3D shapes into soft natural ECMs starting from
complex moulds, independent of how those moulds were originally
formed”, unlike bioprinting approaches that build shapes fromscratch.
As such, successful templating strategies would expand the range of
3D-printing processes (including non-biocompatible processes) used
for the fabrication of biological structures. Sacrificial-template-based
moulding of soft ECMs has been extensively explored with both
soft’®? and rigid templates®, but no single approach can mould both

cellular-scale (<10 pm) and millimetre-scale 3D features. Sacrificial
gel printing'® does not produce micrometre-scale resolution, sharp
cornersor abruptly changing geometries owing tonozzle-based deposi-
tionand the fragility, surface tension and slow kinetics inherent to the
printing inks. Photolithographic templating methods® that achieve a
broad range of in-plane dimensions canmould 2.5D geometries (with-
out overhangs) but not free-form 3D structures. Fundamentally, the
challenge stems from the competing mechanical requirements: rigid
templates that mould small features with high geometric fidelity are
difficult to remove without destroying the surrounding soft biological
material (especially for free-form 3D moulds), whereas soft templates
such as sacrificial gels that are easily removed do not replicate sharp
microscale features faithfully.

Ga as asacrificial template

We reasoned that galliumis anideal templating material to copy mul-
tiscalar biological structuresinto natural ECMs because: (1) its melting
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Fig.1| Capillary pumps for sacrificial moulding. a, Gallium filaments (150 pm
diameter) are assembled into aPDMS device and collagenis polymerized in

the central gel region. Subsequently, galliumis melted and one exposed
filamentsectionissevered (right reservoir in schematic), creating ageometric
asymmetry. Removing the native oxide raises the surface tension, causing
theliquid plug to evacuateto the side withlower Laplace pressure.b, When
100 mM NaOH s used for evacuation, the entire length is evacuated

rapidly (roughly 1 min) but often breaks the liquid plug into several pieces.
Controlled, gradual evacuationis observed with20 mM and 10 mM NaOH
(seeSupplementary Videos 2-5); arrows indicate when NaOH solution was
added. Inset shows the cylindrical cavity visualized with coloured beads. ¢, The
Laplacian pressure across aninterfaceis determined by the surface tension (y)
and the principal curvatures (r). When a high-surface-tension droplet is

point (about29.8 °C) is near cell-culture temperatures, enabling its use
asbothaninjectableliquid®>**and aresilient solid casting material®, as
well as alow-viscosity liquid* for demoulding in the presence of natural
ECMs and (2) its tunable surface oxide? enables the use of capillary
forcesinthe demoulding process, conferring both spatial controland
the ability to evacuate complex features hierarchically (as Laplacian
pressure is inversely proportional to the feature size). The surface
oxide of galliumis amphotericandis removed by both acids and bases;
however, the high concentrations typically used (about1MHClor1M
NaOH)¥ degrade natural ECMs rapidly. From the Pourbaix chart of the
gallium-water system?®, we posited that milder bases will gradually
remove the surface oxide without affecting natural ECMs and would
drive controlled capillary pumping of liquid gallium in water-based
environments, including hydrogels. Furthermore, Gais dislodged easily
from hydrogel surfaces, in contrast to polydimethylsiloxane (PDMS)
surfaces (see Methods), making oxide removal with milder bases practi-
cal (Supplementary Fig.1and Supplementary Video 1).

We then assembled gallium filaments (150 pm diameter) to span
6-mm-wide chambers and polymerized collagen around the filaments
(Fig.1a). On melting Ga (see Methods) and removing its surface oxide
with NaOH (high interfacial tension state), the geometric asymmetry
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physically constrained, the resulting differences in capillary forces cause
directional flows. Inthe presence of geometric asymmetries (I), for example,
narrowing towards one direction, capillary pumps drive liquids against this
narrowing. Surface-tension gradients (II) cause similar movement in the
absence of any geometric variations. Aliquid droplet exiting an opening (l1I)
experiences lower curvature at the exit, forcing complete evacuation.d, ESCAPE
stepsareas follows: theintended design s fabricated using any process (I) and a
Ga castismade through replicamoulding (Iland I1I). Soft ECMs are polymerized
around the solid Ga cast (IV). Finally, capillary pumps are used to extract

Ga (liquid) without disturbing the soft material (V). e, On Garemoval, cells
areseeded into the Stanford-bunny-shaped cavity. The image shows a
depth-coded projection of cell nucleilabelled with DAPI. Scale bar,100 pm.

between the two filament ends causes a Laplacian pressure difference
that drives unidirectional capillary flow. At NaOH concentrations of
100 mM (Fig.1b and Supplementary Video 2) or 50 mM (Supplementary
Video 3), liquid Garapidly extracts itself from the gel (typically <1 min).
Abrupt surface-tension changes lead to inconsistent evacuation, at
times fragmenting the liquid plug into several pieces. With 20 mM and
10 mM NaOH, however, gradual surface oxide removal allowed liquid
gallium to consistently evacuate as one non-fragmented plug (Sup-
plementary Videos 4 and 5); the resulting conduit in the collagen gel
is visualized with coloured beads (Fig. 1b, inset). To assess the dimen-
sional stability of collagen, we performed second-harmonic generation
(SHG) imaging of preformed collagen cavities exposed to NaOH. Sharp
boundaries and dimensional accuracy were preserved after 30 min
exposure to NaOH concentrations of 20 mM NaOH or lower (Extended
DataFig.1a-c), but substantial dimensional changes and edge blurring
were observed at 50 mM. At 100 mM NaOH, the gel boundaries could
notbeidentified clearly. Furthermore, SHG imaging revealed that the
fibrillar architecture of bulk collagen was not substantially altered at
NaOH concentrations up to 20 mM (30 min exposure) but was affected
at50 mM and higher (Extended Data Fig.1d,e). Therefore, we typically
use 10 mM or 20 mM NaOH in further experiments.



Theoretical considerations

We next consider the theoretical factors for efficient unidirectional
capillary pumping of liquid gallium (Fig. 1c). Pure gallium (without
its native oxide) exhibits an approximately 180° contact angle in
water-based environments owing to its high surface tension® (about
708 mN m™). The local Laplace pressure at the gallium-water interface
is 2y/r,inwhich yis the interfacial tension and ris the principal radius
of curvature. Laplace pressure differentials result from geometric
asymmetries® (case lin Fig. 1c), surface-tension gradients (case II)
or from a droplet exiting a constricted region (case IlI; a special case
of I). In cases I and 11, liquid plugs undergo unidirectional flow when
constrained by rigid walls that counter the forces exerted by gallium.
When surrounded by soft gels, the internal pressure of gallium can
dominate, allowing it to form a spherical droplet, deforming the gel
(termed elastocapillarity®>?) and entrapping itself (Supplementary
Fig.2a). To be effectively rigid and prevent Ga entrapment, the elastic
modulus of the surrounding material must exceed 3y/r (Supplementary
Fig. 2b; full derivation in Supplementary Information); natural ECMs
aresofter than this threshold for values of rbelow the capillary length
of gallium (Supplementary Fig. 2c). Thus, in contrast to surrounding
matrices such as PDMS (modulus on the order of MPa), to evacuate
galliumreliably from within soft ECMs (moduliapproximately 100 Pa),
thelowest Laplacian pressure is maintained outside the structure being
evacuated (as in case Ill of Fig. 1c). In practice, this is achieved with a
bulb of gallium at the collecting end of the mould.

Exemplar topologies

The ESCAPE moulding process for forming 3D structures in ECMs is
illustrated in Fig. 1d using the Stanford bunny design (see Methods for
process details and Supplementary Information and Supplementary
Fig.3forthegeneral design principles). First, theintended structureis
designed and printed (stepI) and anegative mould is made with a soft
elastomer (step Il). Here we used acommercial two-photon direct-write
systemto form the mould (Extended DataFig.2a) and crosslinked PDMS
around it to form negatives (Extended Data Fig. 2b); note that ESCAPE
is agnostic to how the mould and negative are fabricated. Liquid gal-
liumis filled and solidified in the elastomer cavity and subsequently
removed (or selectively etched) to generate the cast (step Ill). The gal-
lium cast is then assembled into a device (Extended Data Fig. 2c) and
the desired ECM is polymerized around it (step IV). Finally, gallium is
liquified and evacuated using capillary forces (step V); phase-contrast
images of the millimetre-scale Stanford bunny cavity are in Extended
DataFig.2d. The empty cavity was used as a3D cell-culture substrate in
which human endothelial cells (ECs) were seeded to form a confluent
lining to illustrate the final biological form of interest. Depth-coded
projections of the cellnucleiareinFig. 1e (top view) and Extended Data
Fig.2e (front view); Extended Data Fig. 2f shows cellular proteins F-actin
(cytoskeleton) and VE-cadherin (cell-cell junctions). To evaluate pat-
terning fidelity, we compared the collagen cavity (before cell seeding)
with the original design (see Extended Data Fig. 2g) and observed that
fine features such as the ear tips (about 50 pm) and the overall 3D body
shape (about1 mm) were accurately replicated.

Topologies such as tubes that split and remerge (for example, top
designinExtended DataFig. 3a) provide adistinct challenge for ESCAPE,
as liquid gallium must break at each loop to be extracted (Extended
Data Fig. 3b). Gallium was found to break reliably if the Laplace pres-
sure of the collecting droplet (far left) is lower than the driving Laplace
pressure. This is critical for evacuating topologies with closed loops
inwhich the Laplace pressure decreases at junctions as one principal
curvature approaches 0. Even dead-ended sections are evacuated reli-
ably in hydrogels (in contrast to non-porous surrounding materials)
asNaOH reaches the terminal sections of dead ends through the bulk
(Extended Data Fig. 3c and Supplementary Video 6).

ESCAPE is compatible with other hydrogels, including fibrin and
agarose (see Extended Data Fig. 3d,e and Supplementary Videos 7-9).
We next sought to understand whether gallium exposure would lead
to subsequent cytotoxicity to cells cultured after gallium removal.
To assess this, we cultured human ECs in direct physical contact with
gallium droplets for 4 days (Extended Data Fig. 3f). A live/dead assay
(see Methods) showed no increased cell death and, furthermore, the
cells grew directly on top of gallium (Extended DataFig. 3g). Therefore,
any potential traces of gallium remnant from ESCAPE (if present post
long-termwashing; see Methods) is expected to be non-cytotoxic. Post
ESCAPE, collagen surfaces showed Garesidues <0.2% (atomic concen-
tration) through energy-dispersive spectroscopy (EDS) and about 0.2%
areal coverage through scanning electron microscopy (SEM) imaging
(see Supplementary Fig. 4 and Methods).

To demonstrate the versatility of ESCAPE, we focus on vascula-
ture as a use case, as the multiscalar diversity of vascular forms is a
well-established fabrication challenge™. First, we developed a theo-
retical framework for capillary pumping in hierarchical vascular net-
works (Supplementary Information and Supplementary Fig. 5). Scaling
relationships for capillary pressure, network impedance, evacuation
flowrates and velocities show that natural branching laws favour liquid
gallium evacuation through ESCAPE.

To establish a comparative baseline with standard needle mould-
ing approaches for forming linear blood vessels®, we cultured ECs
under flow in150-um-sized ESCAPE-moulded tubes (see Extended Data
Fig.4a,band Methods). The functionality of these vessels as measured
by the endothelial barrier to transmural leakage is shown in Supple-
mentary Fig. 6 (see Supplementary Video 10 and Methods). In smaller,
60-pum-sized vessels, fewer ECs are necessary to cover the vessel (Fig. 2a
shows maximum projections of half a vessel). To assess the smallest
vessels regions that are reliably covered by ECs, we designed a device
tapering from 150 pmto 20 um (about the size of an EC insuspension).
ECs completely cover sections larger than 25 um (Extended DataFig. 4c)
but coverage was incomplete at around 20 pm—the typical limit for
seeding ECs in our devices.

In sinusoidal vessels (see Extended Data Fig. 4d and Fig. 2b), cells
uniformly cover and align along both the linear and curved sections.
Vessel architectures with symmetric (Fig. 2c) and asymmetric branching
withdead ends exhibit uniform cell coverage (Extended Data Fig. 4e,f).
We fabricated a design with a 150-um parent vessel branching into
three daughter vessels that each bifurcate and rejoin, and with cali-
bres based on Murray’s law***5; see Extended Data Fig. 4g and design
considerations in Supplementary Information and Supplementary
Fig.3d. The final vessel diameters closely match the intended design,
withminor reductions from EC-generated contractile forces (Extended
Data Fig. 4h,i). Gallium was evacuated successfully even with added
constrictions in the smallest vessels (Extended Data Fig. 4j).

Complex interlocking geometries cannot be moulded in a single
mould nor be printed in one pass with anozzle, whereas multicompo-
nent moulding and multipass printing result in interface defects. To
make such traditionally ‘non-mouldable’ geometries such as an over-
hand knot achievable with ESCAPE, we designed thin continuous walls
supporting the entire geometry (Extended Data Fig. 5a) while simulta-
neously ensuring that the wall thickness prevents high-surface-tension
Gafromfilling the supports (Extended Data Fig. 5b). The original knot,
printed knot design, PDMS negative and Ga cast are shown in Extended
DataFig.5c-f. The overhand knot formed in collagen can be endotheli-
alized, demonstrating the ability of ESCAPE to generate topologically
complex features (Fig. 2d and Extended Data Fig. 5g,h).

Aswellas overall vessel architecture, ESCAPE allows high-resolution
control of vascular forms. To demonstrate this, we fabricated vascu-
lar malformations or spherical blebs extending from the cylindrical
wall with varying offsets (Fig. 2e and Extended Data Fig. 6a). ESCAPE
produces smooth collagen surfaces (without large ridges; Extended
Data Fig. 6b) and sharp boundaries (collagen SHG slice in Extended
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Fig.2|Endothelialized structures—vessel topologies and fine features.

a, 60-pm cylindrical vessel. Scale bar, 50 pm. b, Sinusoidal vessel. Scale bar,
200 pm. See designin Extended DataFig. 4. Close-ups show the curved and
linear regions. Scalebars, 50 pm. ¢, 150-um vessel that bifurcates into two
equally sized daughter vessels. Scale bar,200 pm. Zoomed-in sections show
the branchingjunction. Scale bar,100 pm.d, Geometries such asan overhand
knot (100 pm diameter; see Extended Data Fig.5) canberealized with the
GaESCAPE moulding approach. Scale bars,100 pm. e, Vascular malformations

Data Fig. 6c¢). Furthermore, ESCAPE enables tuning EC alignment
within blood vessels—a well-established factor of vascular health and
physiology**—whichis challenging to achievein 3D structuresin natural
ECMs. Weintroduced periodic microscale topographical cues (10-um
ridges) lining the vessel at various angles 6 (Fig. 2f and Extended Data
Fig. 6e) that control cell alignment precisely (histograms and images
arein Extended Data Fig. 6f,g; see Methods).

Vascular trees

To highlight the fabrication of hierarchical architectures, we designed
arange of branching vascular forms. First, we fabricated a five-level
hierarchical tree witha tentimesreductionin vessel calibre, for which
each level consists of a parent branching into two dead-ended and
one through branch (Fig. 3a and Extended Data Fig. 7a-c). The vessel
calibres post cell seeding closely follow the original design (Extended
DataFig.7d). Next, we designed abranchingtreein which every vessel
bifurcatesintoidentical vessels, branching fromoneinletinto 32 per-
fusable outlets (Fig. 3b and Extended Data Fig. 7e,f; see cell alignments
in Supplementary Fig. 7).

The previous vascular trees with calibres obeying Murray’s law are
orderly in a manner that natural vessels rarely are. We developed a
custom version of the space colonization algorithm®*® to design more
life-like vasculature (see Methods). Briefly, N virtual cells distributed
randomly in abounded space attract the growing branches of a tree
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consisting of spherical blebs offset from the cylindrical vessel. Full device
scalebar,200 um. Close-up projections scale bar,100 pm. See volumetric views
inExtended DataFig. 6d.f, Microscale texture to orient ECs can be projected
ontheblood-vessel designs to control cell alignment as well as the overall
vessel geometry.Images show the cross-section of the texture and asection

of the vessel with grooves oriented at 8 = 45° (see Extended Data Fig. 6e-g).
Histogram shows the alignment of actin filamentsin the cell. Scale bar, 50 pm.

until the branches come within a predefined distance (called vessel-
cell distance (VCD)). Supplementary Fig. 8 shows dead-ended trees
designed to nourish a4 mm x 4 mm area generated using distinct
design parameters that control the number and density of vessels,
their tortuosity and overall alignment. Here we fabricated a design
(N=1,000,VCD =100 pm) that terminatesin 99 dead-ended branches
(seeFig.3c,d, Extended Data Fig. 8a,b and Supplementary Video 11);
close-ups show branching regions and dead ends. Next, we synthesized
avascular tree inwhich theboundary to be vascularizedis progressively
expanded (to simulate organ growth) and fabricated the final design
(see Fig. 3e and Extended Data Fig. 9a,b). As well as these mostly pla-
nar branching architectures, ESCAPE can create fully 3D hierarchical
branching vascular trees following Murray’s law, as shown in Fig. 3fand
Extended Data Fig. 9c-h (see Methods).

Tissue architectures

As well as multiscalar vasculature, ESCAPE is applicable to other
organotypic forms and engineered tissue architectures. Figure 4a
shows an epithelial-cell-lined 3D ductal geometry with open lumens,
designed to mimic natural epithelial branching (see Extended Data
Fig.10a,b). Next, we focused on a general design motif pervasive in
many natural tissues in which independent networks weave through
each other in proximity but never come in direct contact. Specifi-
cally inspired by the coordinated architecture of the lymphatic and
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blood-vessel networks®, we designed a dead-ended lymphatic net-
work woven into a perfused, branching blood network (see Fig. 4b).
To align the two distinct networks, we incorporated support struc-
tures that registered these Ga pieces at their ends, outside the gel

the Gacast.d, Tilescan of the cell nuclei after cell seeding. Scale bar, 250 pum.
The close-upimages show portions of the device in which dead-ended sections
comenear each other and other regions of branching. Scale bar,100 um. e, Tile
scanofamarginal growthtree (cell nuclei) designed to fit asector of acircle,
with aligned vessels. Scale bar, 250 pm. Inset, Ga cast. f, 3D branching vascular
networks following Murray’s law generated with ESCAPE. The design on the left
shows four levels of branching starting fromasingle inlet to 16 perfused outlets
ina4 x4 grid. Inset, Ga cast. 3D volume (right) shows the cell nuclei colour-coded
by zvalue.Scalebar,200 pm.

region (Extended Data Fig. 10c,d; see Methods). Following ESCAPE
and seeding the separate regions with blood and lymphatic ECs,
confluent enmeshed dual 3D networks are formed (see Fig. 4c,d,
Extended Data Fig. 10e-g and Supplementary Video 13). Next, to
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b, Design of enmeshed blood (perfused) and lymphatic (dead-ended) networks
and theresulting Ga cast. ¢, Cell nuclei colour-coded by zposition showing
theinterwoven 3D geometry. d, Volumetric 3D view of the enmeshed

regions showing all the cells (F-actin) and lymphatic cells (labelled by Prox1);
corresponding DAPlimages arein Extended Data Fig. 10f. e, Design of twisted
cardiac and vascular bundles and corresponding Gacast. f, The cardiac regions

demonstrate the potential of ESCAPE in organizing a metabolically
demanding tissue, we designed twisted pairs of 3D muscle bundles
nourished by nearby vascular conduits (see Fig. 4e and Extended
Data Fig. 11a,b). We first studied the contractile functionality of the
cardiac bundles (maximally packed with 90% human-induced pluri-
potent stem-cell-derived cardiomyocytes (iPSC-CMs) and 10% cardiac
fibroblasts (CFs); see Methods) alone without the ECsin the vascular
conduits (Extended Data Fig.11c,d). On electrical stimulation, the car-
diacbundles contract, straining the surrounding matrix and affecting
the flow profiles in the nearby vascular conduit, visualized by the flow
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are maximally packed with iPSC-CMs (90%) and CFs (10%). The vascular conduits
arelined by aconfluent monolayer of ECs. The depth-coded DAPlimage shows
thehelical cardiac bundles and vascular conduits. Scale bar,200 pm. g, Tile
scans and close-up images of the coiled section showing all cells, hUVECs (UEA
lectin) and iPSC-CMs (TTN-GFP); corresponding DAPlimages arein Extended
DataFig.11i. Note that regions marked by arrowheads show alarge drop in
signal owingto the cell-dense cardiac regionin the light path. Scale bars,

100 um. h, Phase-contrastimages focusing onboth the cardiac bundle and
the endothelialized vesselin the view, along with corresponding TTN-GFP
and mRuby fluorescence images. Scale bar, 100 um. Cardiac contractions
displacethetracer beadsaddedtothe vascular channel as visualized through
akymographrecordedalongapath (see Supplementary Video 16).

of beads (see Extended Data Fig.11e-g and Supplementary Videos 14
and 15). On subsequent endothelialization of the vascular conduit
(Fig. 4f,gand Extended Data Fig.11h,i), cell-dense 3D cardiac bundles
with integrated vasculature are generated that feature contractile
function (Fig. 4h and Supplementary Video 16).

Summary and conclusion

Biological functionis closely tied to multiscalar forms that have largely
remained challenging to engineer in natural materials. Here we present



a powerful new means to fabricate multiscalar shapes using gallium
ESCAPE moulding. To aid the design process, we developed basic
guidelinesto form casts and extract them through capillary forces; in
the future, gallium ESCAPE simulations caninclude efficient capillary
withdrawal as a design metric. The ability to now achieve both micro-
scale control of geometry as well as build hierarchical constructs opens
new opportunitiesinthe generation of an expansive set of organotypic
designs and tissue architectures with built-in multiscalar vasculature.
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Methods

Materials

PDMS was prepared by mixing Sylgard 184 base with the curing agent
at10:1ratio (SYLGARD 184 Silicone Elastomer Kit, Dow), degassed
and cured in an oven at 60 °C for more than 2 h (typically overnight).
Gallium was used as purchased (50-g tubes, CAS 7440-55-3, Luciteria
Science). Solutions of NaOH were prepared by serial dilution from
a 5N solution (Sodium Hydroxide 5N, #S5256-500, Thermo Fisher
Scientific) with ultrapure water (Milli-Q, Direct-Q UV Remote Water
Purification System, MilliporeSigma). Collagen gels (2.5or 4 mg ml™)
were prepared from high-concentration 8-11 mg ml™ rat tail collagen|
stocks (#354249, Collagen I, High Concentration, Rat Tail, Corning)
based on a general protocol for forming 3D collagen gels*°. Briefly,
collagen was buffered with a 10x reconstitution buffer (10x RB is
made of 2.2 g sodium bicarbonate and 4.8 g HEPES in 100 ml distilled
water) and 10x DMEM (#D2429, Sigma-Aldrich), titrated to a pH of 9
with 1M NaOH and diluted with phosphate-buffered saline (PBS) to a
final concentration (2.5 or 4 mg ml™), all in anice bucket. This pre-gel
solution was injected into chambers as desired and left to polym-
erize overnight at room temperature (RT) in a humid atmosphere
to prevent evaporation. Fibrin gels were formed by first dissolving
fibrinogen from bovine plasma (#F8630, Sigma-Aldrich) at aconcen-
tration of 5 mg ml™ in DPBS (#14287080, Thermo Fisher Scientific) at
37 °Cand sterile filtering (0.2-um filter). The fibrinogen solution was
mixed with thrombin (#T4648, Sigma-Aldrich) at a ratio of 0.1U of
thrombin per mg of fibrinogen and immediately injected into desired
regions and left to clot. Agarose gels were formed by dissolving 5% w/v
of ultralow-gelling-temperature agarose (#A5030, Sigma-Aldrich)
in PBS at 60 °C. Before injection, the devices were cooled (optional)
and agarose was injected into the devices as the solution was cooling.

Cell culture

Human microvascular blood ECs (dermal hMVECs; #CC-2813, Lonza)
were cultured and maintained in Microvascular Endothelial Cell
Growth Medium-2 (EGM-2MV media: EBM-2 basal media (Lonza) sup-
plemented with the MV2 BulletKit). Human umbilical vein endothe-
lial cells (hUVECs; #C2519A, Lonza) were cultured and maintained in
EGM-2media(Lonza). h(MVECs and hUVECs were used at passages 4-6.
LifeAct-Ruby-hUVECs (mRuby-hUVECs) were generated and described
in a previous study* and cultured in EGM-2 media. Human epithelial
cells (colorectal adenocarcinoma cells, Caco-2; ATCC) were cultured
and maintained in a medium containing DMEM/F-12 (#11320033,
Thermo Fisher Scientific) supplemented with 10% FBS (#F0926, Fetal
Bovine Serum, Sigma-Aldrich) and 1% v/v penicillin-streptomycin
(Invitrogen). Dermal lymphatic ECs (pooled human dermal microvas-
cular ECs; mixed population of blood and lymphatic ECs, #CC-2516,
Lonza) was used as the source of lymphatic ECs. Lymphatic ECs
(Prox1-positive) were cultured and maintained in EGM2-MV and were
used at passages 4-6. Human ventricular CFs (#CC-2904, Lonza) were
cultured and maintained in Cardiac Fibroblast Growth Media (FGM-3;
#CC-4526,Lonza) and used at passages 4-7.iPSC-CMs were differenti-
ated from an iPSC line (PGP1 parent line subclone with green fluores-
cent protein (GFP) tagged to endogenous titin (TTN)) manipulating
the Wnt signalling pathway using previously reported methods**.
Briefly, iPSCs under monolayer culture (RPMImedium with B27 minus
insulin; Thermo Fisher Scientific) were first Wnt-activated using 12 pM
CHIR99021 (#4423; Tocris Bio-Techne) on day O for 24 h and then
Wnt-inhibited using 5 uM IWP4 (#5214; Tocris Bio-Techne) on day 3 for
48 h.Onday9, cells were switched to culture in RPMImedium with B27
withinsulin (Thermo Fisher Scientific) and underwent metabolic selec-
tiononday1lin4 mMsodium DL-lactate inglucose-free RPMI(Thermo
Fisher Scientific) for 4 days. After metabolic selection, iPSC-CMswere
replated onto fibronectin-coated 12-well plates (10 ug ml™ fibronectin;
#356009; Fisher Scientific) and maintained in RPMI supplemented with

B27withinsulinfor atleast 2 weeks (day 30+) before use in experiments.
All cells were maintained at 37 °C in 5% CO, in humidified incubators.

Antibodies and reagents

Anti-VE-cadherin (F-8,1:500 dilution) was from Santa Cruz (#sc-9989,
Santa Cruz). Anti-VE-cadherin (D87F2, 1:500 dilution, #2500S) and
Anti-E-cadherin (24E10,1:1600 dilution, #3195S) were from Cell Signal-
ing Technology. Phalloidin conjugated with Alexa Fluor 488 (#A12379),
phalloidin conjugated with Alexa Fluor Plus 555 (#A30106) and phal-
loidin conjugated with Alexa Fluor Plus 647 (#A30107) were purchased
fromInvitrogen/Thermo Fisher and prepared asa DMSO stock solution
(about 66 pM) and used at 1:1,000 dilution. Anti-Prox1 (#102-PA32,
1:500 dilution of 0.5 mg ml™ stock) primary was from ReliaTech. Ulex
Europaeus Agglutinin (UEA lectin) DyLight 649 (1:250 dilution) was
from Vector Labs (#DL-1068-1). Anti-mouse and anti-rabbit secondary
antibodies with Alexa Fluor Plus 488, 555 and 647 (#A32790, #A32773,
#A32733) and DAPI (#D3571) were from Invitrogen/Thermo Fisher and
used at1:1,000 dilution. LIVE/DEAD Viability/Cytotoxicity Kit for mam-
malian cells was purchased from Invitrogen/Thermo Fisher (#1L3224)
and used following the manufacturer’s recommended protocol.

Gaadhesion experiments

12-mm-wide holes were punched out of approximately 0.25” thick slabs
of PDMS. PDMS pieces and glass coverslips were then plasmacleaned at
100 Wfor30 s (EMS Quorum1050X, Electron Microscopy Sciences) and
bonded together to form wells. For PDMS-Ga adhesion experiments,
the internal surfaces of the wells were coated with freshly mixed 10:1
PDMS (monomer:crosslinker) and cured at 100 °C for atleast 1 h. For
PDMS-agarose adhesion experiments, a layer of freshly prepared 5%
w/vofultralow-gelling-temperature agarose (#A5030, Sigma-Aldrich)
in PBS was added to the bottom of the wells, sealed with tape to pre-
vent evaporation and gelled at 4 °C for 1 h. Beads of liquid Ga (about
3 mm) were added to wells with freshly prepared PDMS or agarose gels,
respectively, and left overnight to form an oxide layer and stabilize their
interface with the underlying substrate. When low concentrations of
NaOH (10 mM) was added to stabilized liquid Ga droplets on agarose
substrates, the Ga droplets quickly formed spheres and were easily
dislodged (<10 s) on tilting. However, with 10 mM NaOH exposure,
Gadroplets on PDMS substrates lost the oxide layer and turned shiny
in the same period (as previously described**) but remained adhered
(Supplementary Fig. 1and Supplementary Video 1). To quantify the
adhesionbetween Gaand PDMS, these wells with stable liquid Ga drops
were filled with different concentrations of NaOH, covered with aglass
coverslip and flipped. When the oxide layer was fully removed and the
hanging droplets of liquid Ga detached from the PDMS, they formed
spheres and dropped down (see Supplementary Video 1); the time to
detachis quantified in Supplementary Fig. 1b. Overall, Ga adheres to
PDMS much more strongly than water-based gels and requires high
concentrations of NaOH (about1M) to detach from PDMS in minutes.

Gafilament fabrication

150-pum-diameter cylinders were designed ina computer-aided design
(CAD) software package (SolidWorks, Dassault Systémes) and printed
on pre-treated silicon substrates. To prepare silicon substrates for
printing, they were plasma cleaned at 100 W for 30 s (EMS Quorum
1050X, Electron Microscopy Sciences) and left overnightinavacuum
desiccator with 20 pl of 3-(trimethoxysilyl) propyl acrylate (#475149
Sigma-Aldrich, MilliporeSigma). The design was printed on the treated
silicon substrate using a commercial two-photon direct laser writing
system (Photonic Professional GT, Nanoscribe) witha25x objective with
the photoresist IP-Dip (Nanoscribe). The printed parts were cleanedin
polyethylglycolmono ether acetate (PGMEA; #484431, Sigma-Aldrich)
for 30 mintoremove uncured resistand rinsed withisopropanol (IPA),
followed by Novec 7100 (3M Company) and left to dry for more than
2 h. To make the printed mould non-adhesive in subsequent steps,



the part was plasma cleaned for 100 W at 30 s and silanized for3hina
vacuumdesiccator with trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(#448931, Sigma-Aldrich). The negative copy of the shape was formed
by polymerizing PDMS around the structure. Gallium was melted at
45°Cand injected into the cylindrical void, after which it was solidi-
fied and extracted from within the PDMS to form a free-standing Ga
filament.

Gafilament evacuation

Tofirst test the ESCAPE process with linear Gafilaments, the filaments
were assembled into a PDMS device consisting of a 6-mm-wide cham-
ber (Fig. 1a). The PDMS devices with chambers were fabricated from
negative moulds (designed in SolidWorks) and printed commercially
(Protolabs). PDMS chambers and glass coverslips were plasma cleaned
at100 W for 30 s and allowed to cool briefly, after which they were
bonded together after placing the Ga filaments to span the chamber.
The devices were left to sit overnight at RT and were cleaned with
ethanol. To prepare the internal surface of the PDMS chambers for gel
attachment, the assembled chambers were treated with a 0.5 mg ml™
solution of dopamine hydrochloride in tris-buffered saline (diluted
from 10x Tris Buffered Saline, #T5912, Sigma-Aldrich, and adjusted
toapH of 8.5with a5 N NaOH solution) for 1 h. After this, the devices
were rinsed in deionized water, followed by 50% ethanol (in deion-
ized water) and ethanol and left to dry in a vacuum chamber for 2 h.
Alternatively, the chambers could be treated with poly-L-lysine (PLL)
followed by glutaraldehyde to promote collagen binding, as described
previously®. After surface treatmentand drying, 2.5 mg ml™ collagen
pre-gel solution was prepared as described in the ‘Materials’ section
andinjectedinto the gel chambers and left to polymerize overnight at
RT ina humid environment. The next day, until gallium evacuation, to
prevent any evaporation of water from the gel, PBS was added to the
reservoirs at both ends of the chambers. To begin evacuation, devices
were placed on a hotplate (Benchmark) set to 32 °C; the melting of Ga
filaments can be observed typically within 2-5 min. Then the extra PBS
previously added to the end reservoirs were removed and replaced with
NaOH solution of the desired concentration; the right reservoirs were
filled with more liquid to create a pressure head for NaOH solution to
reachtheevacuatingend.Images were captured every 2 s (Canon EOS
6D Mark Il with macro lens Canon EF 180mm f/3.5L Macro USM) and
made into a time-lapse at 30 frames per second (FPS). For the 10 mM
NaOH conditioninFig. 1b, fresh10 mM NaOH solution was added once
atthe 11-min mark to re-establish the pressure head.

SHG characterization of collagen

To study the dimensional stability of collagen cavities on exposure
to NaOH solutions, needle-moulded collagen gels were first formed.
4 mg ml™ collagen gels (as described in the ‘Materials’ section) were
polymerized in surface-treated PDMS chambers (see the ‘Ga filament
evacuation’section for the treatment procedure) around 160-pm-sized
needles (that were pre-soaked in 0.1% bovine serum albumin solution
for1h; prepared from#A2058, Bovine Serum Albumin, Sigma-Aldrich).
Following overnight gelling, the needles were removed, leaving cylin-
drical conduits of 160 um diameter (Extended Data Fig. 1a). The two
reservoirs connecting the cylindrical channel were filled with a total
volume of 75 pl of PBS (control), 10 mM, 20 mM, 50 mM or 100 mM
NaOH solutions withapressure head to cause flow through the channel
and placed onahotplate at 32 °Cfor 30 min. Following this, the devices
were removed andrinsed in PBS three times. Collagen architecture was
analysed through SHG images that were obtained with aLeica TCS SP8
MP Multiphoton Microscope equipped witha tunable (680-1,300 nm)
fslaser (InSight DeepSee, Spectra-Physics) set to 885-nm excitation.
The SHG signal was recorded with the HyD-RLD two-channel detector
(non-descanned detection) with the SHG 440 filter cube (BP440/20 nm
and BP 483/32 nm filters) using the HC FLUOTAR L 25%/0.95 and HC
APO LU-V-110%/0.3 waterimmersion objectives. The dimensions of the

vessel were measured using ImageJ; first, the central slice of the volu-
metric stack wasidentified and the lumen size was measured from the
centralslice. For bulk collagen intensity measurement (Extended Data
Fig.1d), 5-mm-wide circular wells were punched out of approximately
1-mm-thick PDMS sheets that were then bonded to a glass coverslip.
25 ul of 4 mg ml™ collagen was added to each well and polymerized
overnightas described previously, forming approximately 1-mm-thick
collagengels. These gels were submerged in different concentrations
of NaOH for 30 min at 32 °C, after which they were rinsed in PBS and
imaged. Averaged intensity profiles in Extended Data Fig. 1b and bulk
average collagen SHG intensity in Extended Data Fig.1d were computed
using MATLAB (MathWorks).

General ESCAPE process

First, the intended geometry was designed using constructive solid
geometry usinginteractive CAD tools (SolidWorks) or procedural CAD
modellers such as OpenSCAD (http://openscad.org/) and Blender 2.91
(Blender Foundation). The geometries were designed on the basis of the
design criteriadescribed inthe Supplementary Information. A version
of the original Stanford bunny model (http://graphics.stanford.edu/
data/3Dscanrep/#bunny) was downloaded from https://github.com/
dcoeurjo/VolGallery/tree/master/Stanford-bunny and used for Fig.1d,e
and Extended Data Fig. 2. For generating theinitial moulds in this work,
atwo-photon direct laser writing system (Photonic Professional GT,
Nanoscribe) was used with a 25x objective with the photoresists IP-Dip
andIP-S (Nanoscribe). Following the approachin the ‘Gafilament fabrica-
tion’section, the printed moulds were cleaned, surface treated with tri
chloro(1H,1H,2H,2H-perfluorooctyl)silane and PDMS was crosslinked
around the mould to make the negative structure. For most designs, a
PDMS monomer to crosslinker ratio of10:1was used (except for some 3D
designs, such as the Stanford bunny design and 3D branching vascular
network design, in which a20:1ratio was used to make a softer PDMS).
The gallium cast was formed by placing molten gallium on top of acav-
ity, forming a sealed enclosure and applying and releasing vacuum.
In designs with small features, on releasing vacuum, the PDMS nega-
tive with infilled gallium was placed on a hotplate and more pressure
was applied manually for liquid gallium to reach the smallest regions
(see Supplementary Information and Supplementary Fig. 3 for adiscus-
sion of the criteria). The excess gallium was then removed with a wipe
soaked in ethanoland the PDMS negative withinfilled gallium was cooled
to 4 °C, after which the supercooled liquid Ga was brought in contact
with a crystalline structure to initiate solidification. The solid gallium
cast was typically separated from the PDMS negative by peeling the
PDMS after solidifying the Ga cast. Indesigns such as the overhand knot
(Fig. 2d), 3D hierarchical tree (Fig. 3f), orthogonal networks (Fig. 4b)
and cardiac bundles (Fig. 4e), in which the PDMS negative cannot be
removed without deforming the solid Ga cast, the PDMS negative was
etched using a selective etch. A 1:4 ratio of 1 M tetrabutylammonium
fluoride (TBAF) in tetrahydrofuran (#216143, Sigma-Aldrich) toacetone
was used to etch PDMS; acetone was used as asolvent because of its low
swelling index and also because the combination of TBAF and acetone
yielded a high etch rate®. The duration of the etch was typically under
anhourandwas timed on the basis of the size of PDMS to be etched. The
Gacastwasrinsedin ethanoland thenleft todry. Typically, Ga casts were
assembled into PDMS devices with chambers to hold the soft gel. PDMS
chambers and glass coverslips (24 mm x 30 mm, No. 1, #48393-092,
VWR) were cleaned in a plasma asher (EMS Quorum 1050X, Electron
Microscopy Sciences) for 30 sat 100 W and left to cool for 1-2 min. The
PDMS devices were bonded to the glass coverslips with the Ga cast inside
and lefttobond overnight. The assembled chambers were treated with
0.5 mg ml™ dopamine hydrochloridein tris-buffered saline for 1 h, rinsed
in deionized water, followed by 50% ethanol and ethanol and left todryin
avacuumdesiccator for 2 has described in the ‘Ga filament evacuation’
section. After this, the soft gel material of choice (agarose, collagen or
fibrin) wasinjected into the gel chambers around the Ga cast and left to
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gel following the description in the ‘Materials’ section. PBS was added
tothe devices to prevent evaporation of the hydrogels post gelling. To
evacuatethe Gacast, the PDMS devices were placed onahotplate at 32 °C
tofirst melt the Ga cast. The process was monitored continuously using
astereo microscope (ZEISS SteREO Discovery V20 Motorized Stereo
Microscope, Carl Zeiss). Typically, 10 mM NaOH was used to remove
the surface oxide of gallium (unless noted otherwise); afluidic pressure
head was created fromthe retractingend to the collectingend to ensure
that NaOH solution reached all parts of the devices through the bulk
interstitial space to remove the surface oxide of gallium. The pressure
head was restored (approximately every 10-15 min) with fresh NaOH
solutionto ensure flow through the gel interstitial space. After complete
gallium evacuation, the gallium droplets collected in the reservoirs
were removed and the gels and reservoirs were washed with PBS three
times. Afterinspecting the devicesin the stereo microscope, fresh PBS
wasaddedto the reservoirs witha pressure head to ensure flow through
the cavities and the gels, after which the devices (soaked in PBS) were
stored at4 °C overnight. At this stage, allNaOH is considered to be fully
washed out from the gel; the measured pH is the same as that of PBS.

General device seeding and culture

The PDMS devices with the soft gels after gallium evacuation through
ESCAPE were stored with PBSin the reservoirs at4 °C. The night before
cell seeding, the devices were brought to RT and the PBS was removed
from the reservoirs and the gel regions. 50 pl of fresh cell-culture
media depending on the intended cell type (for example, EGM-2MV
for hMVECs) was added to each media reservoir. The devices were
then transferred toarockerinside a tissue culture incubator (humidi-
fied; 37 °Cwith 5% CO,) for atleast 4 h (typically overnight). Onthe day
of cell seeding, cells were lifted from cell-culture dishes with 0.05%
trypsin/EDTA (Gibco) and centrifuged at 200 g for 4 min. Cells were
thenresuspendedin the growthmedium at adensity of1x10° cells mI™
(counted with ahaemocytometer). Intotal, 50-70 pl of cell suspension
was added across the two reservoirs for the cells to flow into the gel
conduits; devices were occasionally flipped and turned for cells to
reach different parts of the conduits (over the course of about 5 min),
after which the devices were stored in the incubator for 15-30 min for
the cellsto attach. Following this, the excess cell solution was removed
from the reservoirs and 50 pl of cell-culture media was added to each
reservoir and the devices were placed on arocker in the incubator.
Culture medium was changed daily and the devices were observed
through a bright-field microscope for cell confluence; typically, full
confluence was achieved 2-3 days after seeding.

Immunofluorescence and microscopy

Devices containing cell-lined vessels and cavities were fixed with
a4% paraformaldehyde (Electron Microscopy Sciences) in PBS for
15-30 min. Devices were then washed with PBS and permeabilized with
0.15% Triton X-100 (Sigma-Aldrich) for 15-30 min at RT in the presence
of apressure head to ensure that solution reached all areas of the device.
Thedevices werethenblocked with 3% BSA for1hatRT (or overnight at
4 °C).Thedevices were then washed in PBS thrice and primary antibod-
ies and phalloidinin 3% BSA (at the respective dilutions stated in the
‘Antibodies and reagents’ section) were added to the device and left
overnightat4 °C. Next, the devices were washed two times in PBS and
freshPBSwas added tothe device ports andleftat4 °Cinthe presence
of afluidic pressure head for 2 h. The solution was then replaced with
thesecondary antibodiesin 3% BSA and stained overnightat4 °C. The
next day, the devices were washed three times in PBS and cell nuclei
were marked with DAPIfor1 h, after which the devices were washed in
PBS.Immunofluorescenceimages of the devices were obtained using
aLeica TCS SP8 MP multiphoton microscope with the HC FLUOTAR
L 25%/0.95 and HC APO L U-V-110%/0.3 water immersion objectives.
Tile scans were controlled and obtained at constant laser intensity
using the LAS-X software (Leica). Images were adjusted uniformly for

contrast and brightness using Image]J. Image) was also used to generate
composite images, z projections, depth-coded images and stitch tile
scans. 3D volumetric views of the vascular malformation (Extended
Data Fig. 6d) were generated with Imaris 9.7.2 (Oxford Instruments).
Bright-fieldimages (Extended DataFigs. 2b,d, 5e and 6b) were acquired
using a Nikon Eclipse TE200 microscope. SEM images were acquired
with aField Emission Scanning Electron Microscope Zeiss Supra 55VP
(Carl Zeiss); before SEM imaging, samples were optionally surface
coated with Au/Pd using a Cressington 108 sputter coater.

Comparing ESCAPE in porous hydrogels versus non-porous
materials

To compare the effectiveness of the ESCAPE process in conduits in
hydrogels and non-porous materials, we used the design of a vessel
that branches into two daughter vessels, one of which is dead ended
(Extended Data Fig. 3a, bottom). Ga casts were formed as previously
described and assembled into PDMS devices with chambers to hold
the gels. 5% agarose was used as the porous gel and PDMS was used
as the non-porous material. Gallium evacuation was performed with
10 mMNaOH inthe agarose gel. Because gallium adheres to PDMS more
than water-based gels, and with PDMS being more hydrophobic, a high
concentration of NaOH (100 mM) was used for switching the surface
tension of gallium.

Live/dead assay

The effects of culturing cellsin direct contact with gallium were evalu-
ated by adding roughly 5-mm-sized droplets of galliuminto the centre
ofthe wellsinasix-well plate. Culture mediawas added and pre-warmed
inthese wells, following which hMVECs and hUVECs were seeded at low
confluence (about 20%) and cultured for 4 days. Cell-culture medium
was changed once 2 days after cell seeding. The live/dead assay was
performed usingthe cell viability kit (see the ‘Antibodies and reagents’
section) following the recommended protocol and imaged from the
top using the Leica TCS SP8 MP Multiphoton Microscope.

Characterization of Garemnants—EDS analysis and particle
counting

Amould geometry with four vertical posts (see Supplementary Fig. 4a)
was used to generate collagen structures (4 mg ml™) using the full
ESCAPE process. The solvent in these hydrated collagen samples was
gradually switched out from PBS to ethanol (through soaking in 25%,
50%,70%,80%and 90% ethanol intermediates for 30 min each). Finally,
the samples were left overnightin pure ethanol and then critical point
drying was performed (SAMDRIManual Critical Point Dryer, tousimis).
Collagen surfacesindirect contact with Gabefore Ga evacuation were
inspected post-ESCAPE for Garesidues through EDS analysis (Phenom
ProX Desktop SEM with EDS; Thermo Fisher Scientific) with an accel-
erating voltage >10 kV. Elemental maps showed spherical residues
to Ga (Supplementary Fig. 4b) on exposed collagen surfaces corre-
sponding to 0.18% (atomic concentration) through regional analysis
(Supplementary Fig. 4c). Toaccount for environmental contaminants
that potentially underreport the amount of Ga, we carried out spot
analysison Garesidues (thatideally must report100% Ga). These spots
reported 69.8% (atomic concentration) Ga; the remaining fraction is
considered as contaminants (Supplementary Fig. 4d,e). Second, to
calibrate for noise in measurements that potentially result in over-
reporting the amount of Ga, we carried out spot analysis on collagen
surfaces that were never in contact with Ga and found 0.10% (atomic
concentration) Ga. Using these two calibrations, the adjusted Garesi-
dueis 0.11% (atomic concentration). Insummary, the total Garesidues
are measured as 0.11% (atomic concentration; corrected) or 0.18%
(atomic concentration; uncorrected) as measured through EDS. Next,
13 samples were analysed through SEM imaging and particle counting
(Image)). The microscale particulates covered 0.2% of the total imaged
area (Supplementary Fig. 4f).



Diffusive permeability measurement

Linear vessels (150 pum diameter) were fabricated using the general
ESCAPE process in 4 mg ml™ collagen. For the cell-lined vessel group,
hMVECs were seeded into the channels and cultured for 3 days until a
confluent monolayer was formed. A group of empty vessels (that is,
without ECs) was prepared simultaneously as the control. Both groups
of devices were cultured on a rocker inside a tissue culture incubator
(humidified; 37 °C with 5% CO,) before the vascular barrier measure-
ment. To assess the vascular barrier function of ESCAPE-fabricated
vessels, a previously reported protocol to measure diffusive perme-
ability was used™. Briefly, devices were removed from the rocker and
brought to an environment-controlled confocal microscope (humid-
ified; 37 °Cwith 5% CO,). The vessel was aligned in bright field such that
the entire width of the vessel was visible near the bottom of the imag-
ing area and alarge portion of the bulk gel on one side was visible on
top. Focus was adjusted to the widest region of the vessel and 50 pl of
70-kDa fluorescent dextran (Dextran, Texas Red, #D1830, Thermo
Fischer Scientific) diluted to12.5 pg mi™ in PBS was added to one of the
media ports. Fluorescent dextran flowing through the vessel and dif-
fusing into the gel region were imaged in each frame (150 frames; 5-s
interval between frames; see Supplementary Video 10). The vessel was
manually segmented for each device to then define the vessel and bulk
gel areain MATLAB. The diffusive permeability coefficient was then
calculatedas By = (2r/I,) % inwhichristheradius ofthe vessel, /,isthe
fluorescentintensity inthe vessel region and/is the fluorescent inten-
sity inthe bulk gel region (Supplementary Fig. 6). Compared withempty
collagen vessels (that is, with no cell lining; control) with mean
P, =51.6 x10° cms™, cell-lined vessels had substantially reduced dif-
fusive permeability P, =12.2 x10° cm s (or stronger vascular barrier),
as measured across 15 devices per condition.

Quantifying actin alignment

Fromthe volumetricimages of the vessels, the central slice was identified
inImageJ and the maximum z projection of one half of the vessel was
obtained. The maximum z projection of the entire vessel was used when
asingle image slice did not separate the entire imaged region into two
clear halves. The following automated approach was used to quantify the
overallalignment of actin filaments in the vessels with the topographi-
cal cues (Fig. 2f, Extended Data Fig. 6e-g and Supplementary Fig. 7).
The F-actin channel of the maximum z-projection images were loaded
in MATLAB and a 20-pm-long structuring element (angle iteratively
varied from 0° to 360° in 1° increments) was used to perform a mor-
phological opening of theimage. From the central part of the vessel, the
pixelsintheactinimage with a high degree of alignment were automati-
cally estimated from the morphological opening intensities. The peak
alignment direction was recorded from these regions and a polar
histogram was generated to highlight the orientation of the actin
bundles.

Deterministic branching vascular tree designs

The branching tree with five hierarchical levels with two dead-ended
branches and one through branch at each level (Fig. 3a) was designed
procedurally in OpenSCAD such that Xr" is conserved, in which the
exponentn =3inideal Murray’s law. For the design in Fig. 3a, an expo-
nentofn=2.96 was used to demonstrate that n canbe varied in design
easily. The fully perfusable branching tree design in Extended Data
Fig.7e withoneinletand 32 outlets and the 3D branching tree (Fig. 3f)
with oneinlet and a 4 x 4 array of outlets were generated using the
Blender Python API (Blender Foundation). The vessel calibres were
based on the ideal Murray’s law exponent n =3.

Design of space colonization trees
Computationally designed vascular trees were generated on the basis of
our customimplementation of the space colonization algorithm**in

Blender with the Python API. Briefly, aset of Nvirtual cells (or attractors)
were randomly distributed withinaspecific boundary. For the resultsin
Supplementary Fig. 8, the boundary was defined tobea4 mm x 4 mm
squareregion. The starting node of the tree was defined to be near (or
inside) thisboundary. The treeis grown iteratively such thatall the cells
are ‘nourished’, that s, within a predefined VCD from the branches of
the vascular tree; this is analogous to living cells being within a diffu-
sionlengthaway fromblood vessels in natural tissues. In eachiteration,
virtual cellsthat are within a predefined distance of influence (DOI) but
notnourished by the vascular tree (thatis, not within VCD from any of
the branches of the tree) attract the node closest to them. Cells out-
sidethe DOl aretreated tobetoo fartoinfluencethetree growth. New
segments of the tree are added from all of the nodes attracted by cells
towards the average direction of all cells attracting that specific node
(the growth vector); random noise and tortuosity factor are optionally
added to the growth vector in this step of the algorithm to make the
vessel segments tortuous. Step size is the spacing between the nodes
during the tree growth. This process is continued until all of the cells
are within VCD from the tree (or a maximum number of iterations is
reached) andyields atree skeleton. The generated tree skeletonis auto-
matically cleaned to remove single segment branches. After clean-up,
thetree skeletonissized accordingto natural scaling laws law starting
with the terminal branches of the tree; for example, in Supplementary
Fig. 8, the terminal branches are designed to have a radius of 25 pm
and all parent vessels are sized such that £r*is conserved. The vascular
tree fabricated using ESCAPE (Fig. 3c,d and Extended Data Fig. 8) was
generated with the following parameters: 4 mm x 4 mm boundary,
N=1,000 cells,DOI=1,000 pm, VCD =100 pm, step size = 50 um, radius
ofterminal vessels =25 um; Supplementary Video 11 shows the growth
of the tree through the different iterations.

In the above examples, the overall boundary was fixed throughout
theiterations. Tosimulate organ growth, the boundary of the vascular
tree canbe expanded eachiterationas desired, at a defined growthrate
(called marginal growth). The marginal growth tree designin Extended
DataFig.9aand Fig. 3e was generated using the sector of a circle (with
sector angle 53.1°) astheboundary but whose radius was grown at arate
of12.5 pmeachiteration, up toa maximum radius of 4 mm. Virtual cells
were added at auniform areal density as the boundary was expanded.
The marginal growth tree was generated with the following parameters:
total N=10,000 cells, DOI=1,000 pum, VCD =150 pm, radius growth
rate =12.5 um per iteration, step size = 50 pm and radius of terminal
vessels =25 pum.

Gallium evacuation rates during ESCAPE in large vascular trees

Space colonization vascular trees were fabricated as described in the
‘General ESCAPE process’ section. In large vascular tree designs, dur-
ing the evacuation of gallium with the ESCAPE process, liquid gallium
flowing out fromall of the terminal branches is collected through one
centralroot vessel, forexample, in the designs in Fig. 3d. Toinvestigate
whether the gallium evacuation during the ESCAPE process was limited
by the flow rates through this central vessel, the evacuation of this
tree was compared when 20 mM NaOH and 100 mM NaOH solutions
were used (Extended DataFig. 8c,d). When exposed to high concentra-
tions of NaOH, the surface oxide at all branches is removed, causing
all of the terminal branches to evacuate at once, as opposed to amore
directional evacuation at lower concentration. This experiment shows
that liquid gallium evacuation is not limited by the flow rate of liquid
exiting through the parent vessel but by how many terminal branches
are actively pumped out simultaneously (Supplementary Video 12).

3D applications of ESCAPE—vascular networks, orthogonal
networks and cardiac bundles

In 3D architectures such as the overhand knot (Fig. 2d), 3D hierarchi-
cal tree (Fig. 3f), orthogonal networks (Fig. 4b) and cardiac bundles
(Fig. 4e), narrow walls were projected onto the substrate to make the
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designs mouldable to generate the PDMS negative (see Extended
DataFigs.5,9,10 and 11). In general, the supporting walls are made to
bethinner thanthe smallest feature of the design such that apressure
threshold can be found so that Ga can be selectively injected into the
desired portions of the PDMS negative and not the thin walls. In these
designs, onsolidification of the Ga cast, the PDMS negative is selectively
etchedtorelease the Gacast,asdescribedinthe ‘General ESCAPE pro-
cess’section. Inthe overhand knot and 3D hierarchical tree examples,
ECs are seeded into the channels, cultured under flow and imaged as
described previously.

Inthe orthogonal network design, the Ga castincludes the interwo-
ven lymphatic and blood networks and an extra Ga supporting struc-
ture to register the pieces together (Extended Data Fig.10c,d). In this
device, an external PDMS structure ensures that the collagen gel is
added only in the central portion of the structure featuring the two
networks, thatis, the supporting arcis designed to fall outside the gel
region. The port connected to the lymphatic inlet and the two ports
connected to extreme ends of the blood network are isolated fromeach
other using agarose (5% w/v of ultralow-gelling-temperature agarose;
#A5030, Sigma-Aldrich) asasealant. This scheme allows us to generate
completely distinct and orthogonal cavities with ESCAPE. For cell seed-
ing, the lymphatic ECs were first lifted from culture dishes (suspension
density approximately 1x 10° cells ml™) and seeded into the dead-ended
lymphatic network, as described in the ‘General device seeding and
culture’section. These devices were transferred to theincubator (static
culture) for 4 hfor the lymphatic ECs to attach to the collagen gel. Blood
ECs (hMVECs) were subsequently lifted from culture dishes, brought
into suspension (density approximately 1x 10° cells ml™) and seeded
into the blood network. These devices were returned to theincubator
and cultured on arocker oriented such that flow is directed along the
blood network.

The cardiac bundle design incorporates two noteworthy features
(Extended DataFig.11a,b): first, alignment tabs are used at the extreme
endsofthe device toregister the Ga pieces corresponding to the cardiac
regions and the nearby vascular conduit. Second, the tubes gradually
taperatthe ends downto 70 pm diameter (shown onthe right), so that
cardiac cells can be intentionally brought to clog at the right ends to
maximally pack cardiac cells. The Ga cast was evacuated as per the gen-
eral ESCAPE process; here, again, the alignment tabs fall outside the gel
region. The cardiac regions of these devices were first seeded with a cell
suspension containing a mixture of iPSC-CMs (90%) and CFs (10%) ata
combined cell density 0f2.22 x 10° cells mI™. At this cell density, the cells
clogat the tapered ends and backfill to form maximal packing densities
throughout the cardiacbundle region (Extended Data Fig.11c). These
cardiac-only devices were cultured in media containing high-glucose
DMEM (Fisher Scientific) supplemented with10% FBS (MilliporeSigma),
1% penicillin-streptomycin, 1% non-essential Amino Acids (Fisher Sci-
entific), 1% GlutaMAX (Fisher Scientific), 5 uM Y-27632 (#1254; Tocris
Bio-Techne) and 0.033 mg ml™ aprotinin (MilliporeSigma). Aprotinin
and Y-27632 were removed from culture media after 1 day and media
wasreplaced daily. To generate devices with both cardiac bundles and
EC-lined vasculature, cardiac cells were seeded first as described above.
After 1day of culture, the media was changed to EGM2-MV and the
devices were placed ontherocker for atleast4 hto prepare the vascular
conduits for EC seeding. mRuby-hUVECs were seeded onto the vascular
conduits at a cell suspension of 1 x 10 cells mI™. The smaller size and the
lower cell suspension density prevented the ECs from clogging (unlike
theiPSC-CMsinthe cardiac portions) and getting packed throughout
the vascular conduits. These devices were returned to the rocker with
EGM2-MV as the maintenance media for two further days for the ECs
to form a confluent monolayer. Live imaging was performed for both
sets of devices using4x and10x objectives on a Nikon Eclipse Ti micro-
scope (Nikon Corporation) in an environment-controlled chamber

(humidified; 37 °C with 5% CO,). Devices were electrically stimulated
using 20-V waveforms (Extended Data Fig. 11e) generated with an
lonOptix C-Pace EP cell-culture stimulator (IlonOptix) and delivered
using platinum wires (#EP1330; Sigma-Aldrich CVS10 replacement
platinum wire; MilliporeSigma) immersed in the two furthest media
reservoirs. Cardiac contractions were recorded at aframerate of 30 FPS
(Supplementary Video 14). To study the effect of cardiac contractions
on the flow through the vascular conduit, 5 pl of beads were added at
1:1,000 dilution (Polybead Dyed Microsphere Kit -1 pum; #16906-1, Poly-
sciences) to one of the vascular mediareservoirs to create asmall pres-
sure head. Kymographs (position-time maps) were generated along
specific paths in the acquired videos (30 FPS frame rate) with ImageJ
to map the flow of tracer beads (Extended Data Fig. 11g and Fig. 4h).

Data availability

The main data supporting the findings in this study are available in
the main text, methods and Supplementary Information. Other data
generated or analysed are available from the corresponding authors
onrequest.

Code availability

Blender/Python code used to computationally generate vascular trees,
OpenSCAD codeto generate CAD designs and MATLAB code to analyse
images are available from the corresponding authors on request.
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Extended DataFig.1|Characterization of the dimensional stability

and architecture of collagen gels on exposure toNaOH. a, Tostudy the
dimensionalstability of featuresin collagen, we polymerized collagen gels
around acupuncture needles (160 um diameter; see Methods). After
polymerizing collagen, we withdrew the needle and added different
concentrations of NaOH to the reservoirs ensuring flow through the channel
and placed devices on ahotplate maintained at 32 °C for 30 min. b, Post NaOH
treatment, we imaged these collagen gels using SHG imaging. Until 20 mM
NaOH treatment, the dimension of the channel closely matched the size of the
acupuncture needles and the quantification of the collagen intensity showed
clearboundaries (see arrows). After 30 min exposure to 50 mM NaOH, the gels
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lost their structuralintegrity, leading to broadening of the features. Gels treated
with100 mM NaOH did not show clear edges and dimensions of the channels
could notbe measured (not shown here). ¢, Quantification of the channel
dimensions post-exposure to different concentrations of NaOH for 30 min
(mean +s.d. across five devices per concentration). d, Collagen architecture
post30-minexposure to NaOH as observed through SHG imaging of bulk
collagengels (regions shownare 100 pm x 100 um). e, Collagen intensity
changesinresponseto different concentration of NaOH post 30-min exposure
normalized with respect to the PBS control (mean +s.d. across 18 measurements
fromsix devices per concentration).
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Extended DataFig.2|3D cavitiesin collagen. a, Printed Stanford bunny. DAPI, F-actinand VE-cadherin. g, Comparison of 3D design (sections shownin

b, PDMS negative. ¢, Solid Ga cast.d, Cavity in collagen. e, Depth-coded white) and the fabricated cavity (collagen SHG signal). Scale bars,200 um (a,d);
projection of cell nuclei post cell seeding. f, Confocalimage projections of 100 um (e, f).
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Extended DataFig. 3| Capillary pumping (Ga ESCAPE) in different materials.
a, Design of bifurcations for making Ga casts. b, Ga can be evacuated in soft
materialssuch as collagen. Onremoving the Ga cast, the empty cavity canbe
filled with cells or other materials; here the branching conduits are filled with
coloured beads for visualization. ¢, Geometries with both flow-accessible
conduitsand dead ends canberetracted at once. Critically, this differs from
using Ga as asacrificial material with non-porous surrounding materials

(for example, PDMS) without interstitial flow, inwhich dead-ended branches
aresevered during evacuation.d, Retraction process works in other soft
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cellsindirect contact with Ga does notresultin cell toxicity. g, Cellsgrow on top
of Ga (probably on the native oxide layer) when cultured on dishes containing
Gadroplets. Scale bars, 100 pm. Dead cells could be seen occasionally (marked
by white arrowheads ontheright) atthe contactlinebetween Gaand the culture
dish, which—we posit—is from theincreased mechanical movement of the
interfaceatthe contactline.
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Extended DataFig. 4 |Endothelialized vessels. a,150-um-diameter cylindrical
vesselseeded with ECs. Scale bar,200 pm. b, Close-up of the vessel showing
F-actinand VE-cadherin (scale bar,100 pm) and the cross-section (scale bar,

50 um). ¢, Tapered vessel with calibre decreasing from150 pm to 20 pm. Scale
bar,200 pm. Close-up multiphotonimages show collagen and the cell nucleiin
asingle plane. Corresponding confocal maximum projections show that cells
line the vessels uniformly until the cavity is comparable in size to the cell nuclei
(scalebars:left, 25 pm; right, 10 um). d, Sinusoidal vessel design and fabricated

device.Scalebar,200 pm. e, Bifurcating vessel with one dead-ended branch
and maximum projections of the fabricated device (f; scale bar,200 pm). The
close-upimages show the perfused and dead-ended sections. Scale bars,100 pm.
g, Two-level branching Murray design. Ga cast (h) and immunofluorescence
images (i). Scale bars, 200 pm (tile scan); 100 um (close-up image).j, The two-
level branching design with narrow constrictions in the smallest branches (j)
and the fabricated device (k; scale bar, 200 pm). Close-up images show four
constricted sections (scale bar, 50 um).
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Extended DataFig. 6 | Fine control of vascular structures—vascular
malformations and microgrooves to control cell alignment. a, Tilted-angle
SEMimages of the printed vascular malformation design. Scale bar,200 pm.
Close-up images show spherical blebs with different offsets. Scale bar, 20 um.
b, Phase-contrastimage of the collagen device seen fromtop of the blebs. The
fabrication process yields high-resolution smooth spherical blebs (shown by
thearrowhead). ¢, SHG slice of collagen (averaged) through onebleb structure

before cell seeding. Scale bar, 50 pm. d, 3D volumetric views of the different
spherical blebs. e, Design of a cylindrical vessel with no orientation cues and
fiveregionstoalign cells progressively from 90°to 0° (along thelength of the
vessel). f, Orientation histograms of the cells (F-actin) at different regions of
thevessel. g, Half vessel maximum projections of DAPI, F-actin and VE-cadherin
atdifferent vessel regions. Scale bar, 50 pm.
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tree.b, Tilescan of the vascular tree showing the cell nuclei and F-actin. Scale determined by how the surface oxide isremoved (spatially) and not limited by
bar, 250 um. ¢, Time-course images of the Garetraction process with 20 mM the evacuationrate of liquid Ga through the central root.

NaOH (see Supplementary Video12).d, When high concentrations of NaOH are
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Extended DataFig. 9 |Marginal growth and hierarchical 3D vascular trees.
a, Design generated through marginal growth (in which the boundary is grown
iteratively; see Methods), the corresponding PDMS negative and the Ga cast.

b, Tilescan of the marginal growth tree showing F-actinand DAPI. Scale bar,
250 um. ¢, Hierarchical 3D vascular tree design branching fromone inlet to

16 outlets, with the branches sized per Murray’s law. The projected thin support
wall (10 pm thick) makes the printed 3D structure mouldable, thatis, PDMS can
be polymerized around this structure and removed. Subsequently, when liquid
Gaisinjectedinto the mould, it preferentially fills the branching vascular

VE-cadherin DAPI F-actin

structure (all features >10 pm) but not the narrow wall yielding a cast of the
intended design. d, Photographs of the gallium cast as viewed from the top and
whentilted. e, Tilted (volumetric) view of the cell nuclei of the endothelial
monolayer through SHG imaging as viewed from the array of outlets; colour
denotes the vertical position. Scale bar, 300 pm. Maximum projections of
theinlet (f), the first bifurcation (g) and aquadrant of outlets (h) showing
DAPI, VE-cadherin and F-actin. Scale bars, 100 pm. The insetsin hshow the
corresponding regionsinatitled volumetric view. The regions showninf,gand
hare markedinthe full deviceimage (e) as*, **and *** respectively.
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Extended DataFig.10|Applications—epithelial buds and orthogonal
(blood and lymphatic) networks. a, Maximum projection of the 3D epithelial
budgeometry (E-cadherin).Scale bar,100 um.b, The close-up images show the
cellnucleiand F-actin ataslice through asingle bud. Scale bar, 20 pm. ¢, Design
ofthe 3D, enmeshed blood and lymphatic networks and supporting structures.
Theenmeshed architecture requires thin supportwalls (20 pm thick) projected

onto the substrate to make the design mouldable. The Ga pieces corresponding
totheblood and lymphatic network are aligned with respect to each other
through asupportingstructure (outside the device/gel region).d, Ga cast.

e, Maximum projections of the device. Scale bar, 300 pm. Volumetric (f) and
close-up projections (g; scale bar, 100 um) of the enmeshed parts of the device
(seeFig.4b-d).
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Extended DataFig.11|Cardiacbundles with vasculature. a, Design consists
of helical cardiac bundles maximally packed with iPSC-CMs (90%) and CFs
(10%) twisted along with aligned vascular channels separated by 150 pm. Thin
supporting walls projected onto the substrate (14 pm) are used to make the
design mouldable. Tabs at the right end hold the cardiac and vascular portions
ofthe Ga cast together at the ends of the cast. b, Ga casts of the twisted cardiac
and vascularregions. ¢, To study the effectiveness of maximally packing cells
inthe cardiac portions, devices were filled with a mixture of iPSC-CMs (90%)
and CFs (10%) inthe cardiac portions alone and the vascular regions were left
empty. Depth-coded projection of the cell nuclei. Scale bar,200 pm.d, iPSC-CMs
areconfined tobundlesand the cellsinthe bulk are CFs, as seenin the maximum
projectionimages. Scalebars,100 pm. e, Voltage waveforms used for 1-Hz

electrical stimulation and a close-up of the biphasic pulse. f, Phase image of the
deviceregionshowingthe cardiac bundle and the vascular channel withbeads
(notinfocus).Scalebar,100 pm. g, On the addition of tracer beads into the
vascular conduit, the displacement of particles can be tracked along specific
pathsinthe form of kymographs (see Supplementary Video15). The beads
appear asblack spots forming traces that show the baseline flow rate from the
pressure head and the impact of cardiac contraction at different stimulation
frequencies. h, Maximum projections of the devices containing both cardiac
cells (inthe cardiac portions) and a confluent layer of ECs in the vascular
conduits. Scale bar,200 um. i, Close-up images showing the cell nuclei of
regions marked inhand correspondingto Fig.4g.Scale bars, 100 pm.
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