A Tissue-Like Printed Material

Gabriel Villar, Alexander D. Graham, Hagan Bayley*

48

Living cells communicate and cooperate to produce the emergent properties of tissues. Synthetic
mimics of cells, such as liposomes, are typically incapable of cooperation and therefore cannot
readily display sophisticated collective behavior. We printed tens of thousands of picoliter aqueous
droplets that become joined by single lipid bilayers to form a cohesive material with cooperating
compartments. Three-dimensional structures can be built with heterologous droplets in
software-defined arrangements. The droplet networks can be functionalized with membrane proteins;
for example, to allow rapid electrical communication along a specific path. The networks can
also be programmed by osmolarity gradients to fold into otherwise unattainable designed
structures. Printed droplet networks might be interfaced with tissues, used as tissue engineering
substrates, or developed as mimics of living tissue.

ells in living tissues communicate with
‘ each other in a controlled manner. As a
consequence, tissues display the emer-
gent properties that distinguish them from col-
lections of independently functioning cells. The
reproduction of similarly sophisticated behavior
in a synthetic system would be of scientific and
technological value but is not feasible with ex-
isting artificial membrane platforms. Of the var-
ious classes of structures containing artificial
bilayers, liposomes resemble cells most closely,
but the controlled insertion of specialized mem-
brane proteins such as gap junctions (/) would
be required to join liposomes and form a cohe-
sive, cooperative system.
Lipid-coated aqueous droplets in oil adhere at
their interfaces to form stable bilayers (2—5), which
can be functionalized with membrane proteins.
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Small two-dimensional (2D) networks of drop-
lets connected in this way have been shown to act
cooperatively as light sensors (3), batteries (), or
simple electrical circuits (6). Further, the droplets
can release their contents to bulk aqueous solu-
tion after a change in pH or temperature (7-9).
Droplet networks are therefore a promising plat-
form for the construction of complex functional
devices. However, functional networks have been
limited to small groups of droplets assembled by
manual (5-7) or mechanical (/0) manipulation,
microfluidic means (3, 11, 12), or external fields
(13-15). Larger assemblies have been constructed
by packing droplets into microfluidic containers
(16, 17), but their complexity is limited by the
uncontrolled filling process.

We automatically printed tens of thousands
of heterologous picoliter droplets in software-
defined, 3D millimeter-scale geometries. The
resulting macroscopic material is cohesive and
self-supporting and consists of distinct aqueous
compartments partitioned by single lipid bilayers.
Printing can take place in bulk oil or within oil

drops that reside in aqueous solution. The bi-
layers can be functionalized with membrane pro-
teins to allow electrical communication along a
specific route. Printed droplet networks can also
be programmed by osmolarity gradients to fold
after printing into various designed geometries
not accessible by direct printing. Three charac-
teristics distinguish printed networks from other
shape-changing materials such as the bimetallic
strip or hydrogels patterned to undergo non-
uniform volume changes under external stimuli
(18, 19): droplet networks are readily printed,
they consist of compartments that can communi-
cate through membrane proteins, and their folding
is driven by internal differences in osmolarity. The
latter characteristics make the folding behavior of
droplet networks closely analogous to the nastic
movements exhibited by certain plants (20, 21).
Printed picoliter droplet networks constitute a
defined synthetic platform for sophisticated col-
lective behaviors (Fig. 1A) and might be devel-
oped for medical applications (22).

Our strategy was to eject aqueous droplets
(fig. S1 and supplementary text S1) within a bath
of lipid-containing oil that was mounted on a
motorized micromanipulator, so that a droplet
network was built up in horizontal layers (Fig.
1B). The construction of droplet networks raises
challenges that preclude the use of a commer-
cially available printer (supplementary text S2),
which we addressed with a specially designed
system (23) (figs. S2 to S8 and table S1). A net-
work is defined in horizontal cross sections one
droplet thick (Fig. 1C), and a custom computer
program (23) accordingly synchronizes the mo-
tion of the oil bath with the ejection of droplets
from two droplet generators to construct the de-
sired network (Fig. 1D). We have printed pre-
cisely defined networks consisting of up to
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Fig. 1. Printed droplet networks. (A) Illustration of a printed droplet
network. (B) Schematic of the printing process. Two droplet generators
eject droplets, typically ~65 pl, of different aqueous solutions into a solution
of lipids in oil. The oil bath is mounted on a motorized micromanipulator.
The droplets acquire a lipid monolayer and form bilayers with droplets in the
growing network. (C) Horizontal cross-sections of a design for a 3D droplet
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Fig. 2. Droplet networks printed in bulk aqueous solution. (A) Sche-
matic of printing in aqueous solution. Aqueous droplets are ejected into a
drop of oil suspended in bulk aqueous solution. Excess oil can be removed
after printing by suction through a printing nozzle. (B) Micrograph of a
network printed in aqueous solution, viewed from above. A core of orange
droplets is surrounded by a shell of blue droplets, which contain the
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network with a branching structure (blue) embedded in a cuboid (gray). The
design comprises 20 layers of 50 x 35 droplets each; only alternate layers are
shown. (D) Network printed according to the design in (C). Scale bar, 5 mm.
(E) Schematic of a 3D design that consists of 28 layers of 24 x 24 droplets each.
(F) Three orthogonal views of a single network printed according to the design
in (E). Scale bar, 1 mm.

fluorescent dye pyranine. Scale bar, 400 um. (C) Horizontal sections of the
network in (B) obtained by confocal microscopy, showing the fluorescent
shell of droplets around the nonfluorescent core. The sections span ap-
proximately the bottom 150 um of the network. Scale bar, 400 um. (D)
Micrographs of three other networks printed in bulk aqueous solution.
Scale bars, 400 pum.
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~35,000 heterologous droplets ejected at a rate
of ~1 57! (Fig. 1, C to F).

Printed droplet networks are self-supporting
(Fig. 1, D and F), and a thermodynamic analysis
of the system indicates that stable networks can
be printed with at least several thousand layers
(23). The lattice of lipid bilayers also allows drop-
let networks to retain their shape under gentle
perturbation; each bilayer lends an effective
spring constant of ~4 mN m ' to connected drop-
lets, with a tensile strength of ~25 Pa (23) (figs. S9
and S10). We estimate that Young's modulus
of printed networks is on the order of ~100 to
200 Pa (23) (fig. S11), which is comparable to
the elastic moduli of brain, fat, and other soft
tissues (24).

We have shown (7) that droplet networks can
be stabilized in bulk aqueous solution by encap-
sulation within small drops of oil, for prospective
applications in synthetic biology and medicine.
Whereas those networks were created manual-
ly and therefore were limited in complexity, in
the present experiments, we demonstrated the
printing of encapsulated networks consisting
of thousands of droplets in designed 3D pat-
terns. This was achieved by printing inside an
oil drop suspended in aqueous solution (23) (Fig.
2A and supplementary text S3). Once printing
is complete, excess oil can be removed by suc-
tion through one of the printing nozzles. Encap-

g A -

sulated printed networks (Fig. 2, B to D) were
stable for at least several weeks and will there-
fore serve to expand the functions previously
demonstrated with simple encapsulated networks,
including communication with the aqueous sur-
roundings through membrane pores, and pH- or
temperature-triggered release of contents (7).

To establish whether membrane proteins
could be included in specific bilayers, we printed
a network in which only the droplets along
a defined pathway contained staphylococcal
o-hemolysin (oHL), in order to create an ionically
conductive route across an otherwise insulating
network (Fig. 3, A and B). To probe the network
electrically, a drop of buffer of ~500 um in di-
ameter containing aHL pores was manually
pipetted onto each of two Ag/AgCl electrodes
with agarose-coated tips. The drops were then
brought into contact with different parts of the
network, so that they formed bilayers with the
droplets on the network surface (Fig. 3A). When
the two large drops were placed on either end
of the oHL-containing pathway (Fig. 3B), we
measured a stepwise increase in ionic current
under an applied potential (Fig. 3C). After one
of the drops was separated and brought back
into contact with the network away from the
oHL-containing pathway (Fig. 3D), only tran-
sient currents were observed (Fig. 3E). When
this drop was separated from the network again

and replaced in its original position, a stepwise
increase in current was again observed (fig. S12).
Droplet networks in which no droplets contained
oHL showed negligible current flow, whereas the
current measured across droplet networks in
which every droplet contained oHL was similar
to that shown in Fig. 3C (fig. S12).

To interpret these results, we performed com-
putational simulations of the electrical behavior
of printed droplet networks (23) (fig. S13). The
electrical model was consistent with the mea-
sured currents exemplified in Fig. 3, C and E,
provided that most of the bilayers along the
oHL-containing pathway contained several pores
and the other bilayers in the network contained
none (supplementary text S4 and fig. S14), so
that the pathway presented an already established
conductive route through the otherwise insu-
lating network. The stepwise increase in current
in Fig. 3C was most likely caused by pore in-
sertions into the bilayers between the large elec-
trode drops and the pathway droplets, rather than
into bilayers within the printed network (supple-
mentary text S4). The current spikes in Fig. 3E
correspond to pore insertions into the bilayers
between the electrode drop newly placed away
from the pathway and insulating droplets in the
network, which transmit transient capacitive cur-
rents but do not permit a steady resistive current
(supplementary text S4). Based on these findings,

20 pA

Fig. 3. Electrically conductive pathway. (A) Schematic of part of a net-
work printed with an ionically conductive pathway. Only the green droplets
and the large drop contain aHL pores. The large drop is impaled with an
Ag/AgCl electrode. The magnified section illustrates the aHL pores in the
bilayers around the aHL-containing droplets. (B) Photograph of a printed
network with electrode-impaled drops placed on either end of the con-
ductive pathway. The green droplets contain aHL, whereas the other

droplets contain no protein. Scale bar, 500 um. (C) Stepwise increase in the
ionic current as measured in the configuration in (B), at 50 mV in 1 M KCl
at pH 8.0. (D) Photograph of the network in (B), after separating one of the
large drops and rejoining it onto the network away from the conductive
pathway. Scale bar, 500 um. (E) Selected portions of a single recording as
measured in the configuration in (D) at 50 mV, showing transient increases
in fonic current.
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we maintain that droplet networks can be printed
with protein pores in specific bilayers. The tol-
erance of printed networks to slight variations in
structure and in the number of proteins that insert
in each bilayer may be compared to the robustness
of living tissues to minor flaws. The printed net-
work presented here is functionally analogous
to a nerve axon in enabling rapid, long-distance
electrical communication along a defined path,
but it does not mimic an axon's mechanism of
signal propagation.

Finally, we explored a means for droplets in a
printed network to produce a designed macro-
scopic change in the network geometry through
cooperative action. Water permeates readily
through droplet interface bilayers even in the
absence of protein channels or pores, with a per-
meability coefficient of 27 + 5 um s~ (mean +
SD, n = 3 pairs of droplets joined by bilayers)
under the conditions of this study (fig. S15), con-
sistent with other permeability measurements
of droplet interface bilayers (25—27) and other
lipid bilayer systems (28). Consequently, two
droplets of higher and lower osmolarity joined
by an interface bilayer will respectively swell and
shrink until their osmolarities are equal (Fig. 4A).
By extension, water transfer within a network
composed of droplets of different osmolarities
will cause spontaneous deformation of the net-
work as long as adhesion between droplets is
maintained (Fig. 4B).
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Fig. 4. Self-folding droplet networks. (A) Schematic of two droplets of
different osmolarities joined by a lipid bilayer. The flow of water through
the bilayer causes the droplets to swell or shrink. (B) Schematic of a droplet
network that comprises two strips of droplets of different osmolarities. The
transfer of water between the droplets induces an overall deformation of
the network. (C) Photographs of a rectangular network folding into a circle
over ~3 hours. The orange and blue droplets initially contained 250 mM KCl

We found several prerequisites for droplet
networks to fold in a predictable way (see also
supplementary text S5). First, to prevent droplets
from being printed onto incorrect positions in
the network, the network must fold slowly as
compared to the printing time. Second, the swell-
ing and shrinking of the two droplet types in-
duces a stress between regions of connected
droplets that can cause the network to buckle in
an uncontrolled manner. This is analogous to
the buckling instability in tissues that grow at
inhomogeneous rates, such as certain leaves
(29) and flower petals (30). In certain cases, the
stress may instead cause connected droplets to
separate and thereby prevent the network from
folding further around the fracture zone (fig. S16).
These various problems can be solved through
judicious choices of printing rate, salt concen-
trations, and droplet size, and adjustments to the
network geometry (supplementary text S5). The
final geometry of the network is then determined
in a well-defined way by its initial geometry, the
distribution of the two types of droplets, and the
ratio of their osmolarities. Using a simple com-
putational model that allows us to predict the
folding behavior of a given droplet network (23)
(table S2), we designed droplet networks that
folded successfully.

In one experiment, we printed a network that
comprised two strips of droplets of different
salt concentrations, connected along their lengths

Osmosis

e
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(Fig. 4C). The network folded spontaneously in
the horizontal plane over ~3 hours, until droplets
at opposing ends of the network formed new
bilayers in a closed ring. We also programmed a
network to fold spontaneously out of the hori-
zontal plane to attain a geometry that would be
difficult to print directly. We printed a flower-
shaped network with four petals, in which the
lower layers had a higher osmolarity than the up-
per layers. The permeation of water from the up-
per into the lower layers induced a curvature
that raised the petals and folded them inward
(Fig. 4D and movie S1). The folded network was
self-supporting and approximated the geome-
try of a hollow sphere, with the originally upper
layer contained within a shell formed by the orig-
inally lower layer (Fig. 4E and fig. S17). The
evolution of the geometry of the network is in
good agreement with that of a simulated folding
network with similar initial conditions (Fig. 4E
and movie S2). We estimate the energy available
from the osmosis-driven flow of water to be on
the order of 1 pJ for this network (23), which is
comparable to the total energy of bilayer for-
mation in the network and is several orders of
magnitude greater than the energy required to lift
the droplets against gravity (23).

We have devised a means of printing, in
designed 3D geometries, a soft material com-
posed of aqueous microcompartments bound
together by lipid bilayers. The bilayers allow the

and 16 mM KCl, respectively. Scale bar, 250 um. (D) Photographs of a flower-
shaped network folding spontaneously into a hollow sphere. The orange and
blue droplets initially contained 80 mM KCl and 8 mM KCl, respectively. The
photographs cover a period of 8 hours. Scale bar, 200 um. (E) Frames from a
folding simulation of a network with a similar initial geometry to the network
in (D). Blue and red represent the lowest and highest initial osmolarities,
respectively, and white indicates the average of the two.
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compartments to interact directly through mem-
brane proteins or osmotic flows of water and
thereby enable the engineering of collective prop-
erties such as long-range electrical communica-
tion or macroscopic deformation. We used the
well-characterized oHL pore and simple salt so-
lutions to achieve cooperative action between
droplets in a printed droplet network. Additional
membrane proteins and their engineered forms
(5, 6) should allow printed networks to transduce
a wider range of signals, and stimulus-responsive
osmolytes might offer greater control of folding.
An interesting challenge is the integration of drop-
let networks with living organisms. The outer sur-
face of a printed network might be engineered to
interact in a designed way with a physiological
environment; for example, to deliver drugs upon
a specific signal (7—9). More sophisticated net-
works might be interfaced with failing tissues to
support their functions. Alternatively, cells could
be included inside the droplets during printing
for various applications, such as to immobilize
cells within a defined 3D dimensional scaffold
for tissue engineering (22).
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