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A key aspect of living cells is their ability to harvest energy from the environment and
use it to pump specific atomic and molecular species in and out of their system—
typically against an unfavourable concentration gradient1. Active transport allows
cells to store metabolic energy, extract waste and supply organelles with basic
building blocks at the submicrometre scale. Unlike living cells, abiotic systems do not
have the delicate biochemical machinery that can be specifically activated to precisely
control biological matter2–5. Here we report the creation of microcapsules that can be
brought out of equilibrium by simple global variables (illumination and pH), to
capture, concentrate, store and deliver generic microscopic payloads. Borrowing no
materials from biology, our design uses hollow colloids serving as spherical
cell-membrane mimics, with a well-defined single micropore. Precisely tunable
monodisperse capsules are the result of a synthetic self-inflation mechanism and can
be produced in bulk quantities. Inside the hollow unit, a photoswitchable catalyst6
produces a chemical gradient that propagates to the exterior through the
membrane’s micropore and pumps target objects into the cell, acting as a phoretic
tractor beam7. An entropic energy barrier8,9 brought about by the micropore’s
geometry retains the cargo even when the catalyst is switched off. Delivery is
accomplished on demand by reversing the sign of the phoretic interaction. Our
findings provide a blueprint for developing the next generation of smart materials,
autonomous micromachinery and artificial cell-mimics.

Active transport allows cells to reside in a constant state of nonequilibrium. This condition powers advanced functionalities such as
motility10, sensing11 and autonomous self-replication12–14. Realizing synthetic analogues of these functionalities requires the design and creation
of precisely tuned micrometre-scale cell-mimics, such as lipid vesicles,
polymersomes4 and colloidosomes5, ideally in quantities sufficient for
assembly into a macroscopic material. Such synthetic analogues could
pave the way to life-like materials: machines made of micromachines15–18.
At a molecular scale, active transport can be carried out through
artificial protein pores, whereas modelling similar pores for colloidal transport is synthetically challenging19. With this goal in mind,
we have designed, built and tested inorganic cell-mimics comprising
single-channel capsules with fully tunable dimensions that control
non-equilibrium mass transport across their membranes at the micrometre and submicrometre scale.
The anatomy of our cell-mimics comprises three key components: a
semipermeable membrane, the result of a spontaneous ‘self-inflation’
process; a well-defined micropore for matter exchange; and an internal
phoretic pump activated by light. Here we describe how we developed
each of these components and how our whole design concept enables
the cell-mimics to perform active transport tasks that have so far been
confined to the realm of living cells.
Semipermeable membranes, serving as the basic scaffolds for fabrication of our cell-mimics, are achieved by self-inflation in which the

subtle interplay between internal osmotic pressure and surface tension
reshapes oil droplets into water-filled vesicle-like structures (Fig. 1a, b).
The semipermeable membrane, both a product and an active component of the self-inflation process, enables crucial dynamical control of
capsule size during synthesis.
Oil droplets, which consist of polyhedral oligomeric silsesquioxanes
(POSSs)20, are first nucleated in situ by the hydrolytic condensation of
3-(trimethoxysilyl)propyl methacrylate (TPM)21. When this reaction is
carried out at a pH between 9 and 11, growing oligomers phase-separate
into charge-stabilized oil droplets with a remarkably narrow size distribution (Extended Data Fig. 1). As condensation continues and more
siloxane bonds are formed, the cross-linking density of the POSS network gradually increases. The time elapsed from the nucleation of the
oil droplets, hereafter referred to as the age of the emulsion τ, has a
noticeable effect on the physicochemical properties of the emulsion
and is key to the self-inflation mechanism.
Exposure of the TPM POSS network to a strong base such as NaOH
promotes hydrolysis of the siloxane bonds and elimination of the
water-soluble species. The resulting charged silsesquioxane fragments
and their accompanying counter-ions give rise to an internal osmotic
pressure (Πi) that drives water molecules into the network. In a young
network, droplets readily dissolve as their weakly cross-linked networks
are degraded by the base until fully degraded, whereas old droplets with
highly cross-linked networks resist the attack from the base.

1
Molecular Design Institute, Department of Chemistry, New York University, New York, NY, USA. 2James Franck Institute, Enrico Fermi Institute, Department of Physics, University of Chicago,
Chicago, IL, USA. ✉e-mail: wtmirvine@uchicago.edu; s.sacanna@nyu.edu

220 | Nature | Vol 597 | 9 September 2021

a

c
Self-inflation

(ii)

H2O

(i)

(iii)

Πi

150
Cb (mM)

NaOH

Dissolution
Solid spheres
Inflated capsules

Ageing

100
50

Self-inflation

0

101

102
W (min)

103

b

W=0s

W = 10 s

W = 40 s

W = 80 s

W = 110 s

W = 120 s

Fig. 1 | Self-inflating droplets. a, Optical microscopy images showing a typical
self-inflating emulsion before (left) and after (right) exposure to NaOH. Scale
bars, 5 μm. The schematic summarizes the key steps of the self-inflation
process: (i) addition of a strong base to degrade the oil phase; (ii) swelling of the
droplets in response to the internal osmotic pressure Πi; and (iii) formation of a
vesicle-like structure. b, Optical microscopy images showing a time-lapse of

the droplets’ transformation into vesicles (Supplementary Video 1). Scale bar,
3 μm. c, State diagram showing the oil droplets’ behaviour as a function of the
concentration of the added base Cb and age of the emulsion τ at the time of
NaOH addition. The experimental conditions leading to self-inflation are
highlighted in the grey area. Error bars (±1 s.d.) of the data points are smaller
than the marker size.

Spontaneous inflation occurs in between these two main paths. In
this third and less intuitive scenario, water pockets nucleate, grow
and coalesce within each droplet22,23 (Fig. 1b, Extended Data Fig. 2,
Supplementary Video 1). This spontaneous self-inflation process,
driven by the internal osmotic pressure build-up, reshapes the droplets into monodispersed vesicles. The experimental conditions that
lead to self-inflation are captured by the state diagram in Fig. 1c, which
describes the emulsion’s behaviour upon addition of NaOH as a function of τ and the concentration of added base (Cb). Here, we can think
of τ and Cb as being proportional to the initial cross-linking density of
the network and the rate of degradation, respectively.
A counteracting external pressure Πe (tuned, for example, by changing the background concentration of NaCl in the system) can slow down,
halt or even reverse expansion of the self-inflating vesicles (Fig. 2a, b);
otherwise, self-inflating vesicles typically expand until they burst24.
Crucially, the membrane’s selective permeability makes this dynamical
control possible: water can flow through freely, but NaCl is not allowed
through25.
Once a desired vesicle size has been achieved, it can be permanently
fixed by ultraviolet (UV) irradiation (Extended Data Figs. 2, 3). This
polymerization step turns vesicles into solid microcapsules that can
be dried, transferred to other media and used as programmable delivery vehicles (Fig. 2c, d). The point and mode of failure of osmotically
compressed capsules, for example, can be designed by simply tuning
capsule size and shell thickness. The state diagram and images in Fig. 2e,
f show the microcapsules’ response to increasing values of Πe for various
capsule geometries26. The uniformity of the microcapsules’ mechanical
response indicates the monodispersity of the initial emulsion as well as
the controlled and reproducible nature of the self-inflation mechanism
(Extended Data Fig. 4).
Our TPM droplets can form through homogeneous nucleation or
heterogeneous nucleation, with the only difference being the presence
of solid particles to seed the nucleation. For example, Fig. 3a, b shows
that when polystyrene (PS) seeds are present in the system, the nucleation of TPM oil results in the formation of hybrid TPM–PS emulsions.
The PS spheres (one per oil droplet) remain trapped at the oil–water
interface during the inflation and polymerization process, resulting in

capsules with a single transmembrane PS inclusion27,28. As we show in
Fig. 3c,d, the micropore that connects the cell-mimic’s internal cavity
with the external environment is created by the selective removal of
such sacrificial PS particles29,30.
The inclusions are removed by washing the particles in tetrahydrofuran, which dissolves PS while leaving the rest of the capsule unaffected. Preparation of the initial emulsion by heterogeneous nucleation
with monodispersed PS as seeds ensures that each oil droplet traps only
one inclusion31. Following the three-step protocol shown in Fig. 3, we
can create uniform micropores with diameters ranging from 100 nm up
to 1.35 μm (Extended Data Fig. 5). Because each synthetic step in Fig. 3
is carried out in bulk with nearly quantitative yield, we can routinely
produce uniform single-hole microcapsules in gram-scale.
An internal phoretic pump, consisting of a solid photocatalyst
trapped inside the cell’s body (Fig. 4), harvests and uses chemical energy
from the environment to actively move cargo across the micropore.
The phoretic pump operates under blue light and in the presence of a
low background concentration of hydrogen peroxide, which serves as
fuel7. When the cell-mimic is illuminated, fuel decomposition by the
photocatalyst causes by-products to build up inside the cell, which in
turn sets a chemical concentration gradient across the membrane’s
micropore. Particles near the micropore are driven inside the capsule
by a net phoretic force that results from the particle–gradient interaction7, thereby allowing the capsule to capture microscopic payloads.
The geometry of the micropore (1) establishes a physical size cut-off
for particles captured by the cell8 and (2) provides an entropic bottleneck9 that retains the cargo inside the cell when the phoretic pump
is switched off.
For instance, a micropore of size D allows any particle of size d ≤ D
to be captured by the phoretic pump. When the pump is switched off,
however, the entropic energy barrier associated with particle diffusion
through a narrow channel kinetically traps only those particles with
d ≈ D, leaving the rest free to escape. This asymmetry provides the
cell-mimic with a self-sorting mechanism to target and extract specific
particles from complex mixtures.
Our cell-mimics also allow for an on-demand delivery mechanism.
When loaded, cells can be stored for several months without any
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Fig. 2 | Tunable mechanical properties. a, Optical microscopy image showing
a suspension of vesicles prepared as described in Fig. 1. b, Adding NaCl to the
sample generates a compressing osmotic pressure that shrinks the vesicles.
The change is reversible, and it follows a simple force balance (see Methods).
c, Polymerized vesicles do not shrink when salt is added. Instead, they fail when
the osmotic pressure exceeds the threshold limit Πmax set by their geometric
parameter (h/R)2, where h and R are the capsule’s shell thickness and outer
radius, respectively. d, Photograph showing a thick sediment of polymerized
vesicles before (left) and after (right) the addition of NaCl. When Πe ≥ Πmax, the
polymerized vesicles break, releasing their basic payload. The resulting change
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in the pH of the solution is captured by a pH indicator that turns the
supernatant pink. e, State diagram showing the mechanical response of solid
vesicles as a function of applied osmotic pressure Πe for various capsule
geometries. Error bars (±1 s.d.) of the data points are smaller than the marker
size. The red symbols correspond to the samples shown in c and f. The grey area
highlights the experimental conditions leading to mode 2 failure. f, Scanning
electron microscope (SEM) analysis of osmotically compressed capsules
reveals two main modes of failure: mode 1 (top) and mode 2 (middle). Capsules
with a sufficiently thick shell remain intact (bottom). Scale bars, 2 μm.
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Fig. 3 | Micropore fabrication. a–d, Optical (top) and SEM (bottom) images
showing the synthetic workflow that leads to the creation of single-channel
capsules with fully tunable dimensions (see also Extended Data Fig. 5). A
suspension of spherical PS seeds (a) promotes the formation of PS–oil hybrid
droplets through heterogeneous nucleation (b). The hybrid droplets are
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transformed into vesicles via self-inflation (c) (see also Fig. 1). During this
process, the PS seed remains trapped at the oil–water interface (c, white
arrows). UV polymerization fixes the vesicle (d), and a tetrahydrofuran washing
cycle selectively dissolves the PS, leaving a open channel (d, white arrows).
Scale bars, 2 μm.
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Fig. 4 | Active transport. a, Optical microscopy image showing the colloidal
model system used in the active transport experiments. It includes a cell-mimic
featuring an internal haematite pump, a passive cell (structurally identical to
the active cell except for the lack of the internal pump) and PS tracers.
b, Schematic illustrating the working principle of the cell-mimics. When
illuminated, the cell fills itself with tracers. The payload is retained when the
light is switched off, but it can be expelled by activating the cell at a lower pH.
c, Optical microscopy time-lapse demonstrating ingestion and expulsion of
tracers by a cell-mimic (Supplementary Video 2). d, Optical microscopy images

detectable cargo loss. The payload can be forced through the entropic
barrier and ejected by reversing the sign of the phoretic interaction.
This can be achieved by changing experimental conditions such as the
nature of the chemical gradient or the surface chemistry of the trapped
particles. PS and TPM nanoparticles, for example, are attracted to the
cell at pH 9 and repelled at pH 6 when H2O2 is used as fuel (Fig. 4b, c,
Supplementary Video 2).
The active transport mechanism efficiently captures solid particulates, emulsion droplets and bacteria (Fig. 4d, e) from various colloidal
suspensions. Furthermore, particles with different geometries and
compositions can be collected and then fused together in a composite
blend (Fig. 4f). Surprisingly, rod-like particles with one dimension
larger than the diameter of the micropore are also efficiently transported inside the cell, suggesting that the local gradient can actively
orient particles relative to the cell surface for uptake32. This is corroborated by Supplementary Videos 3 and 4, showing cell-mimics
capturing both soft Escherichia coli bacteria and rigid rod-like silica
particles33.
Together, our work introduces general and scalable design principles for fabricating minimal-ingredient abiotic cells, capable of
non-equilibrium transmembrane mass transport like living cells. At
the heart of the cell’s design is the synergy between an active element
that powers the cell from the inside and well-defined physical constraints imposed by the cell walls, allowing cell-mimics to ingest, process and expel foreign bodies. Further developments of this system
could include cellular communication, arising from material flowing
out from cells with negative phoretic pumps and into cells with positive
phoretic pumps, as well as multicellular organization, comprising distinct subunits with addressable composition, built to ingest, exchange,
detect and respond to their surroundings.

from Supplementary Video 4 showing a cell-mimic ingesting silica rods and
filling its internal compartment. The length of the rods is larger than the
diameter of the cell’s micropore. The SEM image (bottom) shows the colloidal
system used in the experiment. e, Optical microscopy image from
Supplementary Video 3 showing a cell-mimic capturing E. coli bacteria. f, After
being captured, the payload can be processed within the cell’s internal
compartment. For example, different tracers can be collected and then fused
together into a composite blend. Scale bars, 2 μm.
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Methods
Emulsion preparation
Self-inflatable emulsion droplets are prepared by adding 1.3 ml of NH3
(6 wt%) to 400 ml deionized water followed by one-shot addition of 4 ml
of TPM (98% from Sigma-Aldrich) under vigorous magnetic stirring
(~250 r.p.m.). In this mixture, monodispersed oil droplets nucleate and
grow over time, reaching a maximum size of about 2.8 μm. Although
the growth stops after about 1 h, the droplets’ internal composition
continues to change owing to condensation and cross-linking of the
constituent POSS (Extended Data Fig. 1). To halt the ageing process,
the reaction is quenched by adding 4 ml of Pluronic F108 (5 wt%) to
the mixture, followed by 4 ml of 1 M hydrochloric acid. After quenching, the droplets are carefully washed and resuspended in deionized
water for three cycles. Droplets with different ageing and cross-linking
density are simply obtained by collecting samples at different time
intervals during the growth process. Droplets carrying PS spheres
at the oil–water interface are prepared by heterogeneous nucleation
following a procedure adapted from ref. 31. Briefly, TPM oil is added
to deionized water (1:10 v/v) and hydrolysed under vigorous stirring
until a clear and homogeneous solution is obtained. Next, 12 ml of
this solution is added to a 50-ml vial containing 16 μl deionized water,
20 μl of NH3 (6 wt%) and 75 μl of a seed suspension consisting of negatively charged 1.1-μm PS spheres in water (PS content, 13.65 wt%). The
sealed vial is kept under constant slow rotation for 18.5 h to prevent
sedimentation and coalescence of the hybrid droplets. The resulting
emulsion is used without further purification. This protocol can be
applied to a wide range of PS sizes as long as the total PS surface area
in the mixture is kept constant.
Self-inflation
Self-inflation is initiated by adding the emulsion droplets to a NaOH
solution (typically 133.33 mM NaOH) at a volume ratio of 1:3. The inflation process can take seconds or minutes depending on the age of the
droplets and the concentration of the base. The resulting vesicles are
fixed by adding a photo-initiator (Darocur 1173, 0.1 v/v%) to the mixture
followed by UV irradiation for 25 min. The final product is cleaned by
centrifugation and resuspended in deionized water. When present,
PS inclusions are selectively removed by washing the product in pure
tetrahydrofuran and then transferred back to deionized water.
We mapped the droplets’ self-inflation behaviour by collecting and
testing emulsion samples at increasing ageing times. For each sample,
a small fraction is polymerized and characterized by SEM while the
remaining part is exposed to various amount of base. The morphological evolution of each sample is followed by optical video microscopy
(Extended Data Fig. 2b, Supplementary Video 1).
To further quantify the age of emulsion droplets, we measured the
contact angle formed by the oil droplets on a cleaned silicon wafer
using a tensiometer (Attension Theta Optical Tensiometer, Biolin Scientific). Macroscopic oil samples are obtained by coalescence of the
corresponding emulsion droplets (Extended Data Fig. 6).
The capsules used for the failure tests in Fig. 2e are prepared from
the same parent emulsion as follows. A 55-min-old emulsion is allowed
to inflate in 100 mM NaOH for 2 min and then divided into multiple
aliquots. The samples are then mixed in a 4:1 volume ratio with solutions containing increasing concentrations of NaCl and fixed by UV
polymerization. The resulting solid capsules are washed in deionized
water to remove the excess salt and characterized by SEM (Extended
Data Fig. 4).
Self-inflation model
We describe the self-inflation process using a simple model that balances osmotic pressure and surface tension in the forming vesicles.
The hydrolytic decomposition of the oil-phase by NaOH generates
hydrolysed species that remain trapped inside the droplet, giving rise

to an osmotic pressure Πi. This pressure is counterbalanced by the
droplet’s surface tension and, when salt is present, an external osmotic
pressure Πe. At equilibrium, this balance can be written as

 2γ 2γ 
+

 + Πe = Πi
R
 r
where γ is the oil–water surface tension and R and r are the external
and internal radii of the vesicle, respectively.
By fitting the model to the experimental data shown in Extended Data
Fig. 7, we obtained Πi and used its value to calculate the concentration
of soluble species inside the vesicle (N ≈ 1.2 × 10−16 moles). Assuming
that these species are hydrolysed TPM monomers carrying three Na+
counter-ions, we estimated that less than 1% of the initial oil needs to
be hydrolysed to inflate the droplet.
The experimental measurements shown in Extended Data Fig. 7
were performed on vesicles formed after exposing aged oil droplets
(τ = 55 min) to 100 mM NaOH for 2 min. The resulting vesicles were then
quenched in various NaCl solutions and polymerized for SEM analysis.
We assume that the volume of the oil and the number of hydrolysed species remain constant after the quenching. This is a reasonable assumption considering that NaCl does not react with the oil and the pH of the
samples is kept constant. The oil–water surface tension, γ = 16.7 mN m−1,
was measured by pendant drop tensiometry (Attension Theta Optical
Tensiometer, Biolin Scientific).

Phoretic pumps
The photoswitchable phoretic pumps consist of haematite microcubes
prepared via a sol–gel method as described previously6. The size of the
microcubes is carefully tuned to fit the size of the capsule’s micropore.
After the synthesis, the haematite suspension is washed in deionized
water and particles peptized in a tetramethylammonium hydroxide
solution (TMAH, 0.08 wt% in water; Sigma-Aldrich) to enhance colloidal
stability. When necessary, an ultrasonic bath is used to disperse any
remaining aggregate. To trap the microcubes inside the capsules, the
two species are thoroughly mixed for several hours by using a mechanical shaker. After this mixing process, haematite-containing capsules
are isolated through a sequential series of filtration and sedimentation
steps.
Active transport
A typical active suspension is prepared by adding 6.5 μl of H2O2 (30 wt%,
from Sigma-Aldrich) and 3.5 μl of TMAH (1 wt%) to a 65-μl suspension
containing both cell-mimics and tracer particles (for example, 750-nm
negatively charged PS). The mixture is loaded inside a flat capillary and
imaged using a Leica DMI3000 inverted microscope equipped with
a 100× oil immersion objective and high-resolution complementary
metal–oxide–semiconductor (CMOS) camera (Hamamatsu ORCA
Flash4.0 sCMOS). The phoretic pumps are activated using blue light
(wavelength λ = 430−490 nm) from an external light source (Leica
EL6000) optically coupled to the microscope. The pH at which the
diffusiophoretic interactions switch from attractive (ingestion) to
repulsive (expulsion) depends on the surface chemistry of the tracers and are determined empirically. For a detailed description of diffusiophoresis in haematite-based colloidal systems, we refer to ref. 7.
Tracers
Sulfate-functionalized negative PS beads are synthesized by
surfactant-free emulsion polymerization using potassium persulfate
as the radical initiator. Briefly, 35 ml of styrene monomer (pre-filtered
through aluminium oxide to remove inhibitors) is mixed with 340 ml
of deionized water in a three-neck round-bottom flask equipped with
a mechanical stirrer (250 r.p.m.) and a condenser. The reactor is then
purged with nitrogen for 30 min before increasing the temperature
to 60 °C. An potassium persulfate initiator solution (concentration
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35 mg ml−1) is then added to the reactor and the reaction is allowed to
proceed overnight. The resulting 750-nm PS beads are washed three
times in deionized water to remove salts and unreacted monomer. We
performed two additional syntheses using lower concentrations of
styrene monomer (15 ml and 10 ml) to produce 450-nm and 300-nm
tracers, respectively (Extended Data Fig. 8).
Silica rods are synthesized following ref. 33. A typical synthesis starts
by dissolving 1 g of 40k polyvinylpyrrolidone (that is, average molecular
weight 40,000) in an alcohol solution (1 ml ethanol, 10 ml pentanol and
0.5 ml deionized water). It is then followed by the addition of 0.1 ml of
0.18 M sodium citrate dihydrate solution to form a water-in-alcohol
emulsion and 0.15 ml of 28 wt% ammonia solution to create basic environment. Finally, 0.1 ml silica precursor (tetraethyl orthosilicate, 98%,
from Sigma-Aldrich) is rapidly injected, and the whole mixture is vigorously shaken for 30 s to homogenize. The reaction is then left undisturbed overnight to finish. The product is first washed with ethanol
to remove excessive ammonia and pentanol, then transferred back to
deionized water for experimental use. In the active transport experiments, we tested rods with aspect ratio 8.6 ± 1 and 7.8 ± 1.
Escherichia coli bacteria were received frozen in glycerol solution
(from Lara Mahal’s laboratory, New York University). The sample was
slowly warmed up to room temperature, diluted with deionized water
and immediately used for the trapping experiments.

Data availability
The data that support the findings of this study are available from the
corresponding authors on request.
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Extended Data Fig. 1 | Functional emulsions. a, Silsesquioxanes-based
emulsions form via hydrolytic condensation of functionalized trialkoxysilane
molecules (oil precursor). b, Monodispersed droplets nucleate upon the
addition of ammonia and grow over time until the precursor is fully consumed.
The cross-linking density of the newly formed oil-phase increases with the

emulsion age τ, which is defined as the time passed from the addition of
ammonia to the sample (nucleation). Ageing manifests with an increase of the
oil-air contact angle formed by oil droplets resting on a clean silicon substrate
(SEM images, right). c, The droplets can be fully cured by UV polymerization,
resulting in a suspension of solid microspheres. Scale bars, 1 μm.
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Extended Data Fig. 2 | Self-inflation process. a, b, Chemically induced
osmotic pressure Πi transforms primed emulsion droplets (a) into expanding
vesicles (b). The osmotic pressure is generated by charged monomers

produced by the reaction between NaOH and the TPM oil phase. c, Expanding
vesicles can be fixed via UV polymerization, resulting in solid capsules. Scale
bars, 2 μm.

Extended Data Fig. 3 | Full synthetic roadmap to self-inflating
microcapsules. a, b, The schematic shows an overview of the microcapsule
fabrication process and highlights key steps. NaOH can be added to the
emulsion droplets at any time τ during their ageing process (b). The droplets’

response, however, depends on both τ and the NaOH concentration, as shown
in Fig. 1c. Panels a and b are described in detail in Extended Data Figs. 1 and 2,
respectively.

Article

Extended Data Fig. 4 | Buckling behaviour. a–c, SEM images showing the
three characteristic responses that we observed during the osmotic stress
experiments in Fig. 2e. In Fig. 2, we refer to these responses as (a) intact, (b)

mode 2 and (c) mode 1. We studied 11 different capsule geometries each tested
against 9 different osmotic pressures. Within each sample, >90% of the
capsules responded in the same manner. Scale bars, 2 μm.

Extended Data Fig. 5 | Tunable micropores. SEM images of cell-mimics displaying micropores in a wide range of sizes. Scale bar, 2 μm.
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Extended Data Fig. 6 | Growth and ageing of TPM droplets. We characterize
the emulsions by measuring the diameter of the droplets and the oil–air
contact angle θ of the droplets on a silicon substrate. The graph shows a typical

emulsion behaviour where θ increases monotonically with the droplet age τ,
while their diameter reaches a maximum within 1 h from nucleation. Error bars,
±1 s.d.

Extended Data Fig. 7 | Quantitative model of self-inflation. The extent of the
inflation for a forming vesicle can be predicted by balancing osmotic pressure
and surface tension (solid line). The model is built assuming that the vesicle
have a constant volume of oil and a fixed number of molecular species inside
contributing to Πi. The experimental points are measurements of the vesicles

size at different external osmotic pressures Πe. Radii are measured by SEM after
polymerization and corrected for the relative density change (7% increase after
polymerization21). Πe is adjusted using NaCl. R0, radius of the oil droplets
measured before inflation. Error bars, ±1 s.d. Scale bars, 3 μm.
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Extended Data Fig. 8 | Ingestion of nanoparticles. Optical microscopy time-lapse showing cell-mimics ingesting 450 nm (a) and 300 nm (b) PS tracers. In both
experiments, the cell-mimic has a micropore of 1.1 μm. Scale bars are 1 μm.

