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constructs could be fixed initially, but then
transformed in response to an internal or
external trigger.[2,3] They would provide an
ideal platform for the generation of active,
energy-consuming systems through the
encapsulation of cells and active materials.[4–6] Ideally, the interface itself would
form a useful, dimensionally confined
material, with optical, plasmonic, or signaling properties.[7–10] This sculpting of
liquids can be realized by the formation,
assembly, and jamming of nanoparticle
surfactants (NPSs), where polar nanoparticles (NPs) and nonpolar polymer
chains bind at the interface between the
two immiscible liquids.[11–13] The thermodynamic drive to reduce interfacial area
in these systems jams the NPSs into a
percolating, 2D, elastic particle layer that
locks in the shape of the system, rendering it mechanically metastable.[14–17] The pressure difference, ΔP, acting across a liquid–liquid interface with principal
curvatures, κ1 and κ2, at any given point in these structures
is balanced not simply by the oil–water surface tension, gow
but by anisotropic surface stresses, σ1 and σ2, such that ΔP =
σ1κ1 + σ2κ2.[18] This ability of the NPS layer to support anisotropic surface stresses (i.e., the case in which κ1 ≠ κ2) gives rise
to macroscopic, 3D, nonequilibrium, all-liquid constructs.[19,20]

Liquids lack the spatial order required for advanced functionality. Interfacial
assemblies of colloids, however, can be used to shape liquids into complex, 3D objects, simultaneously forming 2D layers with novel magnetic,
plasmonic, or structural properties. Fully exploiting all-liquid systems that
are structured by their interfaces would create a new class of biomimetic,
reconfigurable, and responsive materials. Here, printed constructs of water
in oil are presented. Both form and function are given to the system by
the assembly and jamming of nanoparticle surfactants, formed from the
interfacial interaction of nanoparticles and amphiphilic polymers that bear
complementary functional groups. These yield dissipative constructs that
exhibit a compartmentalized response to chemical cues. Potential applications include biphasic reaction vessels, liquid electronics, novel media for the
encapsulation of cells and active matter, and dynamic constructs that both
alter, and are altered by, their external environment.

Nature harnesses soft materials to build active, reconfigurable,
dissipative systems, where function is derived from the bulk,
the interface, and the coupling between structure and chemical cues. Adapting these concepts for our own technological
needs requires the development of a new class of materials.
These materials would capitalize on the inherent mobility and
transport characteristics of liquids, yet would permit flow by
tailored pathways.[1] The spatial location of the phases in these
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Figure 1. Printing of water in oil using 2D NPS assemblies. a) Schematic of the 3D printing of NPS-stabilized aqueous threads in a silicone oil.
b) Schematic of the interfacial assembly of NPSs and the elastic films they form. c) An aqueous spiral, 6.8 cm long, thread thickness 100 µm, in silicone
oil. d) Time-lapse showing a 13.5 cm long spiral 0, 10, 60, and 120 min after printing. [NP] = 1 mg mL−1, [PDMS-NH2] = 5% w/w. All scale bars, 2 mm.

The resulting structures are adaptive, almost indefinitely
reconfigurable, and can continuously change or evolve in
response to perturbations.
For this study, a commercially available 3D printer was modified to extrude threads of water in a high-viscosity (ηe ≥ 10 000 cSt)
silicone oil (Figure 1a). The aqueous phase was injected at
flow rate, J = 0.01–0.4 mL min−1 through print heads (needles) with internal diameters of 0.159, 0.26, or 1.6 mm (gauges
30, 25, and 14, respectively). To draw the water into a thread,
the print head is moved through the oil at a sufficiently high
velocity, ve = 100–4000 mm min−1, such that viscous stresses
acting on the drop overcome surface tension (capillary number,
Viscous stress ηe v e
⪆ 5) (see Sections S1, S2, and S4,
Ca =
=
Surface tension γ ow
Figures S1–S4, Supporting Information).[21] The high viscosity
of the oil also acts to retard the break-up of the thread into
droplets, as well as retarding the collapse of fully 3D structures
to allow for further manipulation.[22]
We first discuss a minimal system as a proof-of-concept.
Deionized water, with pH adjusted to 6 using 1 m HCl, containing
20 nm diameter carboxylic acid-functionalized nanoparticles was
extruded through a needle immersed in silicone oil containing
5% w/w mono-aminopropyl-terminated poly(dimethylsiloxane)
(PDMS-NH2). The nanoparticles and PMDS-NH2 bind electrostatically at the oil–water interface (Figure 1b), forming
elastic assemblies of nanoparticle surfactants (NPSs) that
stabilize nonequilibrium liquid shapes.[23–25] In the absence
of an adsorbed NPS layer, a thread of radius, r, will break up
αηer
into droplets on a timescale, τ =
≈ 1–10 s, where r is the
γ ow
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thread radius, and the numerical factor, α, is of order 10 and
depends on the viscosity difference between the two liquids.[26–29] If the NPSs assemble such that they form a percolating, elastic network within this timescale, then long-lived
tubules form, which are kinetically trapped in the desired
shape.
These all-liquid constructs have three characteristic length
scales: ≈20 nm, ≈100 µm, and ≈10–100 cm, corresponding
to the thickness of the NPS layer, the diameter of the printed
thread, and its length, respectively. The viscous oil acts to focus
the flow of the aqueous threads, resulting in them being up to
an order of magnitude smaller than the internal diameter of
the capillary used to produce them.[21,26] This allowed the controlled generation of threads with diameters of 10–1000 µm
(Figure 2a, see also Sections S1 and S2, Supporting Information). Under ambient conditions, the length and diameter of
thin threads (diameter ≈ 200 µm) remains constant for ≈6 h
(Figure 1d; Video S1, Figures S5 and S6, Supporting Information). Beyond this time, diffusion of water away from the
threads results in surface stresses being concentrated into folds
in the NPS film,[30] resulting in a rapid decrease in thread dia
meter. Thicker threads maintained a constant diameter for several weeks (Section S3, Supporting Information).
This lifetime can be easily varied (and greatly extended)
by the inclusion of lower-diameter threads (Figure S7, Supporting Information) that dissolve more rapidly than their larger
counterparts, or by direct injection of water into the threads.
Importantly, dissolution of the internal aqueous phase does not
in general destroy the NPS assembly. Dyeing the encapsulated
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Figure 2. 3D-printed all-liquid systems. a) Three aqueous threads in oil of varying diameter. b) High magnification image of a 40 cm long spiral.
Scale bar, 1 mm. c) Composite microscopy image of an extended, sigmoidal structure. Scale bar, 2 mm. d) A branched structure, Scale bar = 2 mm.
e) A bubble rises through a slowly sedimenting coil, each frame separated by 15 min. f) A 2-cm-long aqueous helix. Scale bar, 2 mm. g) A spiral and
coil connected by a continuous thread and, inset, a highly branched structure. Na-fluorescein (2 mg mL−1, aqueous solution) has been injected to
clarify features. Scale bar, 2 mm (inset, 0.5 cm). (a,b) [PDMS-NH2] = 5% w/w, [NP] = 1 mg mL−1. (c) [CP] = 7.5% w/w, [NP] = 5 mg mL−1. (d,f) [CNC]
= 1 mg mL−1, [CP] = 7.5% w/w. (e,g) [CP] = 7.5% w/w, [NP] = 5 mg mL−1. (g, inset) [PDMS-NH2] = 7.5% w/w [CNC] = 1 mg mL−1. Print head speeds,
flow rates, and needle gauge included in the Supporting Information (Figure S9, Supporting Information).

aqueous phase shows that the NPS films can persist for several months (Figure S8, Supporting Information). Polymerization or gelling of either of the phases, or crosslinking the NPS
assembly, would render the structures stable indefinitely; however, the generation of similar structures, in which one phase is
solidified, granular, or gelled, is already achievable by existing
methods.[31–35] As such, our focus in this work is to emphasize
the novel properties of our printed liquids.
The formulation of the aqueous inks was optimized by
varying aqueous ionic strength[13] and buffer concentration,
polymer structure and concentration, and particle concentration. Printing liquid threads in a 5 × 10−3 m MES buffer
solution at pH 5–6.5, so as to maximize charge of both
the amine and the carboxylic acid groups, results in more
rapid assembly of nanoparticle surfactant films (Section S4,
Figure S10, Supporting Information). We have tested monofunctional PDMS-NH2 and difunctional H2N-PDMS-NH2, as
well as a poly[dimethylsiloxane-co-(3-aminopropyl)-methylsiloxane] random copolymer (CP) (see the Experimental
Section). The presence of multiple functional groups on the poly
mers gives rise to cross-linked NPS films and, hence, tunable
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mechanical properties of the constructs.[11] Typically, increasing
polymer concentration results in prints with fewer defects,
more consistent thread diameters, and reduced structural evolution after printing (Figure S11, Supporting Information), in
agreement with recent results on NPS assembly kinetics.[12,36]
For silica particle concentration, cp < 0.5 mg mL−1 stable prints
were not formed. A roughly linear increase in thread diameter
was observed over a broad range of particle (0.5–10 mg mL−1,
Figures S12 and S13, Supporting Information), emphasizing the
interplay between the characteristic timescale of particle adsorption, τ (which is expected to approximately vary as τ ∼ cp)[37] and
the shape evolution of the thread prior to interfacial jamming.
Nanoparticles of effectively arbitrary composition can be
used, as long as the functional groups on the particle surface
are complementary to those of the functional polymer.[23,25]
Carboxylic acid-functionalized gold nanoparticles (Au-NPs,
Figure 3a) also formed stable printed liquids, providing opportunities to exploit the plasmonic or catalytic properties of
Au-NP assemblies.[9] To date, the most robust liquid prints
were produced with carboxylated cellulose nanocrystals (CNC),
which form CNC layers at the oil–water interface extremely
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Figure 3. Mechanical properties of all-liquid structured systems. a) An aqueous thread of diameter ≈ 160 µm ageing over the course of 7 h. Scale bar,
2 mm. [Si NP] = 5 mg mL−1, [CP] = 7.5% w/w. b) A gold nanoparticle-stabilized spiral. An aqueous solution of NaCl (5.0 m) is injected at the inner
terminus of the spiral, and the resulting flows and aggregation after 5 and 15 min are shown. Scale bar, 2 mm. [Au NP] ≈ 1.25 mg mL−1, [CP] = 7.5%
w/w. c) An aqueous spiral wrinkling in response to its container being tilted and then leveled. Scale bar, 2 mm. [Si NP] = 5 mg mL−1, [CP] = 7.5% w/w.

rapidly.[38] This leads to more uniform tubule diameters (compare Si-stabilized Figure 2d with CNC-stabilized Figure 2g) and
smaller ballooning of the ends. We are currently adapting the
inertial jetting methods of Liu et al.[38] and Toor et al.[24] to generate CNC- and silica-stabilized prints in low viscosity systems.
We further note that our printing technique requires only that
an elastic layer form at the interface more rapidly than thread
break-up occurs. We therefore expect that a wealth of materials including BslA protein,[39] polyelectrolyte–polyelectrolyte
complexes,[40,41] and fumed silica[20,42] could be applied to our
liquid–liquid printing method.
The range of liquid structures that can be generated by this
printing technique is rather broad (Figure 2). The objects produced need not be planar (Figure 2e,f). Initially, the structures
were printed as free-floating objects in silicone oil. The high viscosity of the oil results in a sedimentation velocity of ≈1 mm h−1
(Figure 2e; Video S4, Supporting Information) allowing for
extensive manipulation on the experimental timeframe.

Adv. Mater. 2018, 30, 1707603

Y-branched structures could be produced additively (Figure 2d).
More complex structures could then be formed from these
building blocks (Figure 2g).
The mechanical properties of the printed liquids are derived
from both the mechanical properties of the NPS assembly and
the surface tension of the NPS-laden oil–water interface.[17,43]
The surface energy of the system, while a source of controversy for nanoparticle-laden interfaces, contains contributions
from both the oil–water surface tension and the interactions
between NPSs,[44,45] the latter of which becomes particularly
significant when the NPS assembly is jammed. Diffusion of
water out of the threads results in a hoop stress that acts on
the NPS assembly (Figure 3a). The Young’s modulus of the
nanoparticle assembly, E, measurements of which vary between
10−2 and 102 GPa,[46,47] far exceeds its bending modulus, B.
It is therefore energetically favourable for the assembly to
buckle out of plane in response to this hoop stress, meaning
the compressive modulus of the printed structures themselves
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are governed by B rather than E. The wavelength of the wrinkles, λ, shown in the region in the dashed square in Figure 3a
is related to the density difference between the two liquids,
1

Δρ ≈ 20 kg m−3, and the bending modulus, B, by

 B 4
,
λ = 2π 
 ∆ρ g 

where g = 9.8 m s–2.[48,49] λ was obtained by image analysis of
393 wrinkles to be 34 ± 6 µm, giving a bending modulus for
the silica NPS assemblies of B = 41 ± 32 kT, comparable to lipid
bilayers and nanoparticle monolayers.[46,50] The stability of the
macroscopic structures is maintained even after injection of high
ionic strength solutions of NaCl (5.0 m) have caused the aggregation of the particles in the bulk aqueous phase (Figure 3b).
We have also demonstrated the ability to flow aqueous dyes
through the liquid threads without damaging the structures
(Figure S14, Videos S2 and S3, Supporting Information). The
threads can recover from extensive plastic deformation. Tilting
a dish containing a printed spiral (Figure 3b) gives rise to
sharp kinks with a characteristic separation of 0.47 ± 0.17 mm
(Figure S17, Supporting Information). Leveling the container
applied a time-reversible stress due to the high viscosity of the
oil, resulting in a steady relaxation of the kinks and eventual
recovery of the structure of the spiral after 12 min (Figure 3b;
Video S5, Supporting Information).

The internal dynamics of our reconfigurable, printed liquids
are coupled to the evolution of the macroscopic structure itself,
which is, in turn, coupled to its internal environment. Motivated by the resemblance of these constructs to vasculature, we
have examined specific chemical cues for spatiotemporal control over vasoconstriction. Aqueous solutions containing varying NaOH concentration and a fluorophore (Na-fluorescein,
2 mg mL−1) were injected into the printed liquids (Figure 4a,b).
The introduction of the NaOH disrupts polymer–NP binding,
resulting in NP desorption from the interface.[12] At lower
[NaOH] (0.1 × 10−3 m), only a limited amount of material can be injected into the structured in the absence of a
second pump applying a negative relative pressure before
the wall yields. Dye molecules then travel through the structure via diffusion (Figure 4a). By contrast, at high [NaOH]
(1.0 m), the disruption of the stabilizing NPS layer drives
liquid into the structure, promoting further break-up of the
thread (Figure 4b; Video S6, Supporting Information). The
resulting narrowing of the channels then drives liquid to the
(lower pressure) extremes of the tubes. Motivated by this
feedback between local internal conditions and structure, we
printed a branched structure (Figure 4c). Nile Blue dye (2 mg mL−1)
was injected into one of the arms of the device. Injection of

Figure 4. Evolution and alteration of the internal environment of the threads. a) Injection of a solution of NaOH (0.1 × 10−3 m) and Na-fluorescein
(2 mg mL−1) results in the dye penetrating ≈3 mm of the structure, with further motion occurring through diffusion. b) Injection of an aqueous solution
of NaOH (1.0 m) and Na-fluorescein (2 mg mL−1) results in the rapid collapse of the structure and accelerated flow of the dye through the structure.
[CP] = 10% w/w, [Si NP] = 5 mg mL−1. c) A branched structure is manipulated by first injecting Nile Blue, a pH-responsive dye. An aqueous solution
of NaOH (1.0 m) is then injected into the other two arms of the branched structure, resulting in the piecewise narrowing of those two arms, and a
change in color (to red) of the dye. [CP] = 7.5% w/w, [CNC] = 1 mg mL−1.
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NaOH (1.0 m) into the other two arms resulted in the construction of two branches of the structure, but not the third, while
the increase in pH in the central chamber is shown by the
red color of the Nile Blue dye. Notably, the branches were not
destroyed by this process; instead, fine control of the structure
of each branch can be achieved by regulating the local pH and
buffer concentration.
In summary, a 3D printer has been used to generate bicontinuous, all-liquid systems that are shaped into complex structures by a functional, interfacial assembly of nanoparticle surfactants. They are responsive to their external environment,
amenable to repeated reconfiguration, possess a tunable lifetime, and exhibit a compartmentalized response to chemical
cues. We envisage applications as a novel medium for the
encapsulation of cells and active matter, vessels for biphasic
chemical synthesis and chemical separations, and all-liquid
electronics. More importantly, we view these structures as a
new class of adaptive, reconfigurable system whose behavior is
coupled to its internal and surrounding environment.

filter to remove noise and applying a Sobel edge detection filter to
identify thread edges, the intensity signal was averaged over a linewidth
of 10 pixels to further reduce noise. Thread diameters are given as the
mean of 100–200 individual segment measurements, calculated for each
frame. Wrinkle wavelengths were obtained from 10 pixel thick intensity
profiles by filtering out high-frequency noise using 2 pixel wide Gaussian
filter. Peaks were identified in the resulting signal using the peakutils
module. The algorithm was applied to ten frames, each spaced by 1 min,
observed at the onset of wrinkling, with intensity profiles measured at
21 points on the thread in each frame.
Surface Tension Measurements: Dynamic surface tension measurements
were obtained by fitting the profile of a pendant drop of aqueous NP
dispersion, immersed in 5 cSt silicone oil (Sigma Aldrich, USA) that
contained functional polymer, to the Young–Laplace equation. Droplet
profiles and fitting was performed using Krüss DSA25 Drop Shape
Analyzer, with surface tensions calculated using the DSA Advance software.

Experimental Section

Acknowledgements

Sample Preparation: Aqueous dispersions of 20 nm diameter
carboxylic acid functionalized silica NPs were obtained from
Microspheres Nanospheres. Carboxylic acid-functionalized, PEG 5000coated gold NPs, diameter 20 nm, were obtained from Sigma Aldrich,
with particle concentration estimated by assuming an optical density of
50 is equal to ≈2.6 mg mL−1. Dispersions of carboxylic acid-functionalized
cellulose nanocrystals, length 100–150 nm, diameter 9–14 nm,
were obtained from Blue Goose Biorefineries. All NP dispersions
were used without further purification and diluted to the required
concentration using either deionized water or a 5.0 × 10−3 m buffer
solution of 4-morpholineethanesulfonic acid (MES) in deionized water.
The resulting diluted dispersions of nanoparticles in buffer solution were
then further dispersed by hand shaking. MES hydrate (>99.5%) and
MES sodium salts (≥99%) were obtained from Sigma Aldrich. The pH
of the dispersions was adjusted using 1.0 m NaOH or HCl directly prior
to printing, and the dispersions were placed in an ultrasonic bath for
30 min prior to use to minimize the number of residual aggregates.
Mono-aminopropyl terminated poly(dimethylsiloxane) (PDMS-NH2)
with a molecular weight, Mw = 2000 g mol−1, was purchased from Gelest
and used as obtained. Di-aminopropyl terminated poly(dimethylsiloxane)
(NH2-PDMS-NH2), Mn = 2500 g mol−1, and poly[dimethylsiloxane-co(3-aminopropyl)methylsiloxane] CP were obtained from Sigma Aldrich
and used as obtained. Dispersions of functional polymers were made by
mixing the appropriate volumes of functional polymer in 60 000, 10 000,
and 500 cSt silicone oil (Sigma Aldrich, USA) and dispersing at 70 °C for
at least 24 h prior to use, inverting the vials intermittently. Dispersions
were then transferred to a glass crystallization dish immediately prior to
printing and used within 24 h.
Printing: Water-in-oil threads were produced using a commercially
available QidiTech 3D printer, with the print heads replaced by a 30,
25, or 14 gauge (internal diameter = 0.159, 0.260, and 1.600 mm,
respectively) stainless steel needle attached to a syringe pump. GCode
for print head trajectories was generated using a Python script with
commands relayed to the 3D printer using ReplicatorG. Lateral print
head velocities were 0.1–4.0 m min−1. Aqueous dispersions were
injected at 0.01–0.4 mL min−1, depending on the desired thread
thickness.
Image Analysis: Kink segmentation lengths were measured manually
using ImageJ. Wrinkle wavelengths and thread diameter as a function of
time were measured using a Python script written using the scikit-image
module. Thread diameters were obtained by using a 3–7 pixel median
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