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Abstract

Despite advances in the investigation of nanoscopic mechanobiology 
and the development of macroscale mechanotransduction, methods 
capable of operating at the microscale remain limited. This Review 
describes the physical principles and engineering of microscale 
droplets, including liquid constructs and hydrated polymer (hydrogel) 
beads, which are emerging as versatile biointerfaces for mechanical 
measurement and mechanotransduction in living matter. The 
microscale compositions and mechanical properties of droplets 
recapitulate key aspects of cellular mechanical responses, enabling 
non-invasive mechanical detection. Furthermore, droplets can 
contain stimulus-responsive materials that enable the transduction 
of mechanical cues into diverse biochemical or bioelectrical 
outputs. Applications of microscale droplets include cellular force 
and viscoelasticity sensors deployed in intercellular or intracellular 
environments, as well as synthetic carriers for controlled drug release 
and the modulation of biological activities.
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properties of droplets, including flexoelectricity and tension-dependent 
changes in membrane capacitance, provide well-defined mechanosens-
ing mechanisms that convert mechanical deformation into electrical 
or chemical signals. Second, droplets can incorporate diverse sens-
ing and transduction materials in a miniaturized and confined man-
ner. Furthermore, the responses of droplet-based systems bridge a 
broad range of timescales. They can capture membrane events, such 
as ion-channel gating33, on the millisecond timescale; probe tissue 
mechanics at up to approximately 1 hour with magnetically actuated fer-
rofluid droplets34,35; and report residual elasticity over days to weeks by 
using hydrogel-based droplets36. However, droplet platforms have not 
been developed to span the full temporal range, which is constrained by 
a trade-off between material stability, actuation strength and readout 
sensitivity. Nonetheless, in many cases, droplets can act as devices at 
biointerfaces that detect specific mechanobiological events (Table 1) 
and convert these signals into downstream biochemical or electrical 
outputs.

Multiple droplets can be assembled into droplet networks with the 
support of droplet interface bilayers (DIBs)37–39. In these assemblies, 
DIBs stabilize droplet–droplet contacts while preserving compart-
mentalization, thereby enabling the formation of spatially defined 
architectures at high resolution40–43. Such bilayer interfaces are also 
well suited to support membrane-based electrical phenomena, 
including capacitance changes and flexoelectric coupling, thereby 
creating opportunities for mechanoelectrical signal transduction in 
multicompartment systems44. Beyond isolated droplets that primarily 
report local responses, DIB-based droplet networks may offer a useful 
framework for probing how mechanical perturbations are distributed 
across neighbouring compartments, opening opportunities to study 
intercellular mechanical communication in tissues. Droplet networks 
can also be patterned with defined geometries to reproduce tissue-like 
architectures38,39 and impose spatially organized mechanical gradients. 
This creates opportunities to investigate how such gradients regulate 
development, as well as to actively impose instructive mechanical 
cues to guide embryonic patterning and organoid morphogenesis45,46. 
In addition, such networks may support closed-loop coupling between 
sensing and actuation.

In this Review, we provide an overview of the biophysical mecha-
nisms of droplet-enabled mechanical measurement and mechanotrans-
duction, focusing on surface morphology, mechanosensitive membrane 
channels, flexoelectricity and capacitive signalling. We adopt a broad 
definition of ‘droplet’ (Box 1) to provide a comprehensive framework 
for discussion. We focus on the use of mechanoresponsive droplets as in 
situ biomechanical probes and droplet-based mechanotransduction for 
biotechnology. We also discuss examples involving synthetic cells and 
protocells, which provide mechanistic insights and design principles 
relevant to mechanotransduction in living systems and serve as model 
systems for future biological applications. Finally, we discuss the chal-
lenges and future directions in this emerging field, envisioning droplet 
systems as components of next-generation biointerfaces for decoding 
and programming the mechanics of life.

Biophysical basis of microscale droplets
The role of droplet morphology
The mechanical properties of biological tissues can be probed by 
directly observing the surface morphology of droplets. When a micro-
scale droplet is injected into the interstitial spaces between cells, the 
surrounding tissue constrains the droplet, causing it to deviate from 
its equilibrium spherical shape under uniform pressure; the changes in 

Key points

	• Microscale droplets provide cell-sized interfaces for measuring and 
transducing mechanical cues in biological and synthetic systems.

	• Droplet mechanosensing and mechanotransduction are enabled 
by biophysical mechanisms such as changes in droplet morphology, 
membrane-channel gating, membrane flexoelectricity and 
deformation-dependent capacitance.

	• Droplets can serve as both passive sensors and active probes for the 
measurement of biomechanical properties.

	• Droplets can convert mechanical cues into biochemical outputs.

	• Droplet networks offer a route towards multicompartment systems 
that couple mechanical sensing, signal transmission and actuation.

Introduction
Mechanical forces are integral to biological systems and can actively 
regulate cell behaviour. Examples include shear stress from fluid flow 
in vascular systems, which maintains vascular homeostasis1,2; tensile 
stress that mediates tactile sensation3; and osmotic pressure that 
regulates bacterial physiology4,5. These phenomena are mediated by 
two interlinked processes6: mechanosensation, by which cells detect 
mechanical stimuli, and mechanotransduction, by which these stimuli 
are converted into biological responses.

Various artificial systems, analogous to biological systems, have 
been developed to achieve mechanosensation and mechanotransduc-
tion. At the nanoscale, examples include DNA-functionalized artificial 
mechanoreceptors that can sense tensile force on cell membranes7 or 
transduce input forces into output signalling for tissue patterning8. 
At the macroscale, advances include iontronic skin mimics9–11; pie-
zoelectric, piezoresistive and triboelectric materials for wearable 
mechanosensors12–14; and ultrasound-based systems for localized 
mechanical stimulation for cancer15 and osteoarthritis16 therapies.

Bridging the gap between these nanoscale and macroscale 
approaches, artificial microscale droplets offer a unique, versatile 
platform for investigating mechanics and mechanotransduction at a 
biologically relevant mesoscopic scale. Broadly defined, droplets are 
small volumes of liquid or gel, including coacervates17,18, liposomes19, 
vesicles20, polymersomes21, proteinosomes22, colloidosomes23, water–oil 
emulsions24,25, and colloidal and granular gels26. Unlike nanoscale molec-
ular probes that report highly localized molecular forces or membrane 
events27,28, microscale droplets respond to and transduce mechanical 
signals over a cell-sized volume. Their miniature size has enabled 
droplets to be injected into cells (femtolitre–picolitre in volume, a few 
micrometres in diameter)29 or interstitial spaces (picolitre–nanolitre in 
volume, tens of micrometres in diameter)30,31, which allows the investi-
gation and modulation of cellular behaviour from a proximal location 
at the cellular scale32. Such cues are challenging to deliver internally by 
conventional external macroscale matrices, which function at the tissue 
scale and cannot therefore access subcellular environments and impose 
localized biochemical and mechanical effects.

In addition to their unique spatial attributes, microscale droplets 
possess several distinctive features that favour mechanical measure-
ments and mechanotransduction. First, the surface and interfacial 
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droplet morphology depend on local mechanical forces and material 
properties.

The forces acting on the droplet surface include the hydrostatic 
pressure inside the droplet Pi; the hydrostatic pressure from the sur-
rounding environment Pe; the local normal stress applied by the tissue 
at the droplet interface σ θ ϕ( , )nn , specified by polar and azimuthal 
angles θ and ϕ, respectively; and the capillary force generated by sur-
face tension γ along the interface that tends to restore a spherical shape 
(Fig. 1a). At each surface point, the capillary pressure follows the 
Young–Laplace equation P γH θ ϕΔ = 2 ( , ), where H θ ϕ( , ) is the local mean 
curvature at the droplet interface47. Accordingly, the mechanical 
equilibrium at the droplet surface can be described as48:

P P γH θ ϕ σ θ ϕ= + 2 ( , ) − ( , ) (1)i e nn

To decouple the forces acting on the droplet, the tissue normal 
stress σ θ ϕ( , )nn  is decomposed into two distinct components: an iso-
tropic term σnn

iso, representing the average uniform compression, and 
an anisotropic term δσ θ ϕ( , )nn , representing local deviatoric stresses. 
Therefore, σ θ ϕ σ δσ θ ϕ( , ) = + ( , )nn nn

iso
nn . Crucially, the isotropic tissue 

stress σnn
iso acts effectively as an addition to the external hydrostatic 

pressure and cannot be distinguished from Pe solely based on the droplet 
shape. To address this limitation, a reference spherical shape with radius 
Rref is defined by fitting the droplet geometry. This reference sphere 
corresponds to the hypothetical equilibrium state under purely iso-
tropic loads, in which δσ θ ϕ( , ) = 0nn . By definition49, the mean curvature 

H θ ϕ( , )ref  of a sphere is 
R

1

ref
. Substituting these isotropic conditions into 

equation (1) yields the equilibrium expression for the reference state:

p P P σ γH θ ϕ
γ

R
Δ = − + = 2 ( , ) =

2
(2)i e nn

iso
ref

ref

This equation demonstrates that the radius of the best-fit sphere, 
Rref, is determined by the combined effect of the pressure difference 

and the mean isotropic stress. By subtracting the isotropic reference 
state (equation(2)) from the full equilibrium (equation(1)), the 
unknown hydrostatic and isotropic terms can be eliminated and the 
anisotropic term of the normal stress50 can be obtained, which is 
exerted by the surrounding mechanical environment:









δσ θ ϕ H θ ϕ

R
( , ) = 2γ ( , ) −

1
(3)nn

ref

The surface curvature of a droplet embedded in tissue can be 
reconstructed using high-resolution imaging techniques, such as 
confocal microscopy, combined with computational image analysis50. 
Therefore, the measurement of the local curvature of the droplet can 
be used to quantify the anisotropic term of normal forces acting on the 
droplet from its surrounding environment.

Microscale droplets can contain mechanoresponsive materials, 
which can be used to perform externally actuated measurements of 
the dynamic mechanical properties of living tissues, such as local 
viscoelasticity. For instance, droplets made of ferrofluidic materials 
elongate under an applied magnetic field34,51. Such droplets can be 
injected into tissues and deformed by using externally controlled 
magnetic fields; imaging of the resulting morphological changes 
allows measurement of the viscoelastic properties of the surrounding 
tissue. The droplet deformation is set by the actuation force applied 
by the droplet, the restorative effect of the droplet surface tension 
and the viscoelastic resistance of the surrounding tissue52 (Fig. 1a). 
Such deformation can be quantified by using a generalized Maxwell 
viscoelastic model. In this framework, the droplet–tissue interaction 
is represented by two Maxwell branches with elastic parameters 
k k( , )1 2  and viscous parameters μ μ( , )1 2 , coupled in parallel with the 

droplet capillary stiffness K =
γ

Rd
6 , where γ and R are the surface ten-

sion and initial radius of the droplet, respectively. The branch stiff-
ness and viscosity parameters are related to the intrinsic elastic 
modulus Ei and viscosity ηi of the surrounding tissue through a 

Table 1 | Biophysical forces across cellular and tissue scales

Mechanical loads Typical sources, pathways and responses Characteristic scales

Tension (pulling) Cytoskeletal components and extracellular matrix–cell linkages on cell 
membranes165. Mechanochemical forces influence cell proliferation, 
differentiation, sorting and migration166,167

Force of 1–5 pN, approximately 11-nm step per myosin head 
upon muscle contraction168, at focal adhesion around 30 nN 
(fibroblasts) to 70 nN (cardiomyocytes)169,170

Compression 
(pressing)

Embryonic morphogenic movements induce the expression of transcription 
factors and restore protein signalling pathways, which influence growth and 
differentiation171,172. Pressure-induced membrane tension enables osmotic 
regulation through mechanosensitive channels173,174

Expression of Twist in Drosophila stomodeal cells has been 
shown to be controlled by compressive forces as small as 
approximately 60 nN (ref. 171). Effective Young’s modulus on 
the order of 50 MPa (ref. 175)

Shear (load 
tangential to a 
surface)

Fluid flow and cell movement generate tangential stresses on cell 
(extracellular) and organelle surfaces (intracellular). Fluid shear at 
the blood–vascular wall interface acts on endothelial cells, triggering 
biochemical cascades important for morphogenesis, homeostasis and 
pathogenesis in cardiovascular disease176–178

Approximately 10−2 to 10 Pa from blood flow in the human 
vascular system179

Bending (load that 
induces tension 
and compression 
on opposite faces)

Auditory signals have been hypothesized to be mediated by 
membrane-bending-induced flexoelectricity72,85. Acoustic stimuli are local 
deformations from a combination of tension and compression. At the cell 
surface, molecules unfold to mediate cell–cell and extracellular matrix–cell 
mechanosignalling180,181

The membrane’s bending modulus kb of lipid bilayers is 
small, around 10−21 to 10−19 J (ref. 175). Forces of 1–10 pN are 
required to unfold talin and integrin molecules on the cell 
surface180,181

Torsion (twisting)a Motor proteins, including bacterial flagellar rotors and ATPases. Flagellar 
motors directly drive cellular movement, and torsion catalyses ATP synthesis 
at the active sites of F-type ATPase182

Measurements of torque generated by flagella can reach 
4,000 pN nm−1, and ATPases and other molecular systems 
generate torques of 5–40 pN nm−1 (ref. 182)

aThe torsional mechanical loading is relatively underexplored regarding its effects at the cellular scale. Molecular-scale examples have been included for comparison.
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geometry-dependent scalar factor α, which is associated with the 
droplet deformation, such that k αE μ αη= , =i i i i. Therefore, the effec-
tive elastic modulus E  and viscosity η of the tissue are given by 
E E E= +1 2  and η η η= +1 2 . When the droplet is deformed by a time- 
dependent magnetic stress σ t( )mag , the evolution of its strain ε t( ) over 
time can be described by34




























ε t σ t

K
A e A e( ) = ( )

1
+ 1 − + 1 − (4)

t
τ

t
τmag

d
1

−
2

−
1 2

where τ =
μ
ki

i

i
 are the relaxation timescales of the two Maxwell branches, 

and A1 and A2 are weighting coefficients determined from the viscoelas-
tic parameters of the droplet materials. The time-dependent strain ε t( ) 
can be computed from the shape evolution of the droplet, typically 
estimated from the elliptical shape using the axis ratio ε = ( −1)b

a
2
3 , where 

b and a are the major and minor axes, respectively. By continuously 
monitoring ε t( ) through imaging and fitting to the above equation, the 
values of Kd, μi and ki can be extracted, which can be used to calculate 
the elastic modulus E and viscosity η of the surrounding biological tissue. 
This approach has enabled the use of microscale droplets to probe the 
mechanics of living tissues in a dynamic manner. For example, in early 
zebrafish embryos and tailbud tissues, fluorescent oil droplets were 
microinjected into the tissue, and their time-dependent shape deforma-
tions were quantified in vivo to extract spatially resolved viscoelastic 
properties34. A more detailed discussion of this method is provided in 

the section ‘Mechanosensitive droplets for in situ biomechanical 
probing’.

Surface-mediated mechanical measurement 
and mechanotransduction mechanisms
Mechanosensitive channels embedded in lipid membranes. One 
way to engineer mechanosensitive droplet systems is to incorpo-
rate mechanosensitive channels (MSCs) into lipid bilayers. MSCs are 
membrane proteins that respond to mechanical stimuli and convert 
mechanical forces into biochemical signals53,54 (Fig. 1b). MSCs include 
the bacterial mechanosensitive channels of large conductance (MscL) 
and small conductance55; the vertebrate TWIK-related arachidonic 
acid-stimulated K+ channel and TWIK-related K+ channel (TREK)56; 
and eukaryotic mechanosensitive channels, such as Piezo1 and Piezo2 
(refs. 57,58).

Two models could explain how force is transmitted to ion chan-
nels: the force-from-lipids (FFL) model and the force-from-tether 
(FFT) model59. In the FFL model, mechanical stimuli are transmitted 
directly through the lipid bilayer by membrane tension, thickness or 
curvature changes to activate the channel without the need for addi-
tional components such as the cytoskeleton or accessory proteins59–62. 
For example, MscL is considered inherently mechanosensitive and can 
be mechanically activated after purification and reconstitution into a 
lipid bilayer33,55,63,64. By contrast, the FFT model proposes that the pore-
forming subunit is activated by forces transmitted through associated 

Box 1 | Definitions and relevant terminology of microscale droplets
 

In this rapidly evolving field, terminology is frequently debated, 
and classification criteria could be overlapping or misleading183. 
Our Review adopts a physics and bioengineering lens to examine 
the broader applications of microscale droplets. Here, we present a 
consistent set of definitions to support clarity throughout this Review.

Vesicles are droplets bounded by a continuous lipid or polymer 
bilayer membrane that separates a lumen from the external 
environment. Vesicles that are bound by lipids are termed liposomes, 
and those bound by polymers are termed polymersomes21. 
Microscale liposomes comparable with the size of cells are termed 
giant unilamellar vesicles, whereas analogous liposomes with 
internal bilayer structures are termed multilamellar vesicles184. 
Together, these are soft, microscale structures that serve as cell 
mimics in the study of biological mechanotransduction.

Colloidosomes are droplets encapsulated by a colloid shell, 
typically cross-linked. Colloidosomes encased by protein–polymer 
conjugates are termed proteinosomes22,23. These systems have been 
used to demonstrate cytoskeleton-free mechanotransduction, as 
evidenced by the mimicry of phagocytosis118.

Coacervates are membraneless, polymer-rich droplets that 
can form through liquid–liquid phase separation of charged 
macromolecules185. They are useful in the assembly of artificial 
cytoskeletal networks important for mechanotransduction117.

Emulsions are dispersions of bounded fluids, typically water and oil, 
stabilized by surfactants or lipids, but they are distinct from vesicles, 
as the phases are necessarily immiscible24. Emulsions have enabled 
in vivo mechanosensing of osmotic pressure in embryonic tissue100.

Microgels are soft, hydrated polymer beads at the micrometre 
scale. Their porous nature enables dynamic swelling and shrinking, 

making them amenable to mechanoresponsive functions99, and 
they have been used as stress sensors embedded in living tissue99.

Droplet interface bilayers (DIBs) are bilayers that form at the 
interface between two monolayer-coated droplets186, supporting 
mechanoelectrical processes such as mechanosensitive channel 
gating69 and flexoelectricity44, thereby acting as a fundamental 
component of intercommunicating droplet networks39. DIBs form  
when droplets are deposited into a surfactant-containing or 
lipid-containing oil, in which amphiphilic molecules rapidly self- 
assemble at the droplet surface to form a monolayer coating. 
When two such droplets are brought into contact in the oil phase, 
a metastable bilayer forms between them. DIBs can also be made from 
biological membranes harvested from cells155. Here, bilayer refers to a 
membrane formed by two opposing layers of amphiphilic molecules. 
In this Review, alternative bilayer-based droplet platforms, such as 
giant unilamellar vesicles, are also included within droplet-based 
systems but differ from DIBs in that their bilayer encloses a single 
compartment rather than forming at a droplet–droplet contact 
interface in oil.

Multisomes are multicompartment droplet assemblies in which 
multiple inner aqueous compartments are enclosed within a single 
outer oil phase, enabling transfer into aqueous or air environments 
while preserving internal bilayer connections187.

Synthetic cells are engineered compartments that mimic 
selected properties of biological cells25. Synthetic tissues are 
patterned, communicating networks of synthetic cells that enable 
collective properties greater than the sum of their parts39,134. Hybrid 
tissues are synthetic tissues composed of both synthetic and 
living cells188.
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extracellular matrix components or intracellular cytoskeletal elements 
such as actin filaments and microtubules, as exemplified by the channel 
no mechanoreceptor potential C (NOMPC)65,66. These two models are 
not mutually exclusive. Channels such as Piezo may integrate both FFL 
and FFT mechanisms produced by local changes in membrane tension 
and curvature, as well as forces transmitted through the cytoskeleton.

A common strategy to incorporate MSCs into lipid bilayers is 
detergent-assisted reconstitution67, in which purified MSCs are solubi-
lized in detergent, mixed with artificial lipid membranes and inserted 
into bilayers as the detergent is removed (through dialysis, for exam-
ple). Another method is co-translational insertion using cell-free pro-
tein synthesis systems, in which MSC-encoding plasmids are combined 

with artificial membranes and cell extracts to enable MSC insertion 
during or after translation67,68. Once embedded, MSCs in droplets 
operate similarly to those in living cells: droplet deformation increases 
membrane tension, opening the channels and permitting ion transport. 
The resulting ion flux generates a transmembrane potential difference, 
which can be measured using patch-clamp techniques. The activation 
of MSCs can also initiate downstream chemical events, such as the 
translocation of a fluorescent dye and the activation of encapsulated 
reactions44,69–71. In this way, mechanical cues are transduced into elec-
trical, optical or biochemical signals, providing a foundation for using 
MSCs incorporated into droplets to enable mechanical measurement 
and mechanotransduction.

Membrane
tension

External actuation

Tissue stress
σnn (θ, φ)

Interfacial pressure
∆p = Pi–Pe

Surface tension y

Surface tension y

Magnetic 
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Cytoskeleton or
matrix protein

ba

c d

Membrane
polarization

+

+
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Fig. 1 | Biophysical mechanisms of droplet mechanical measurements and 
mechanotransduction. a, Droplet deformation under surrounding mechanical 
forces. At mechanical equilibrium, the droplet shape is determined by the 
balance between internal and external fluidic pressures (Pi and Pe, respectively), 
surface tension and local normal stress from the surrounding tissue (top). 
When droplet actuation is applied (for instance, a magnetic stimulus), droplet 
deformation is governed by a balance between the generated force, surface 
tension and reactive forces from the surrounding tissue (bottom). b, Mechanical 
stimuli can be transduced by membrane channels inserted in the lipid bilayer 

through membrane tension. Mechanical stimuli, including cytoskeletal forces, 
osmotic pressure and adhesion, can increase membrane tension and flatten 
membrane curvature, thereby opening tension-gated channels inserted in the 
lipid bilayer and enabling ion transport. c, Reorientation of dipolar lipids under 
curvature generates local flexoelectric polarization (cations and anions indicated 
by + and − signs, respectively). d, Mechanical compression and extension result in 
different DIB contact angles θ and θ′ and change the capacitive current (I) under 
an applied voltage (V) through inserted electrodes.
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Membrane flexoelectricity. The flexoelectric effect is a phenomenon 
in which an electrical polarization is induced by a mechanical strain gra-
dient, allowing the direct coupling of an applied force and an electrical 
response72. Unlike the piezoelectric effect, in which electromechanical 
coupling occurs through a shift in charge distribution in solids belong-
ing to non-centrosymmetric crystal point groups73,74, the flexoelec-
tric effect does not require such intrinsic asymmetry. Flexoelectric 
behaviours have been investigated in both solid-state structures75,76 
and soft materials77,78 such as liquid crystals72. Owing to its ubiquity 
in soft, membrane-bound systems at the microscale, it has long been 
recognized as an important electromechanical mechanism for the 
study of both biochemical pathways and protocells72,79.

For example, dipolar lipids can be analysed using the model of 
liquid crystal flexoelectricity. Because the lipids are cone shaped along 
their principal axis, flexoelectricity originates from the reorientation 
of lipids towards more energetically favourable alignments under 
curvature77 (Fig. 1c). Under bending, one face of the lipid membrane 
experiences tensile strain, thereby pulling the material apart, whereas 
the opposite face undergoes compressive strain, thereby pushing the 
material inwards. This generates a strain gradient across the mem-
brane, causing lipid reorientation and a net polarization along the 
radial axis of the curved deformation. The polarization generates a 
potential difference across the membrane, and a transient current can 
be measured as polarization changes over time44,72, as described by the 
polarization current density:

t
=

∂
∂

(5)
pJ

P

where Jp
 is the induced current density, P is the polarization density 

and t is time. Experimental and theoretical studies of flexoelectricity 
in lipid bilayers showed that the magnitude of flexoelectric polarization 
is inversely proportional to the radius of curvature of the membrane 
R, with the proportionality constant f  defined as the flexoelectric 
coefficient79,80, such that

f
R

= − (6)P

where the negative sign indicates that the polarization points towards 
the curvature centre. This relationship rationalizes the enhanced flexo-
electric response in soft, microscale droplets, in which large curvature 
changes increase the strain gradient across a bilayer81. Moreover, 
because the curvature elastic modulus of lipid membranes is small, 
they can sustain a relatively large curvature strain in comparison to 
other load conditions, such as tensile or compressive strains79.

In living systems, flexoelectricity and its converse, lipid reorien-
tation in response to an electric potential82,83, have been observed in 
diverse mechanosensitive and transduction processes. The examples of 
the involvement of biological flexoelectricity include bone remodelling84 
and auditory sensing85,86, and flexoelectricity has even been hypoth-
esized to mediate changes in the curvature of inner mitochondrial mem-
branes when oxidative phosphorylation processes are active79. General 
models have been developed to describe many other mechanoelectrical 
systems in biology87–89. For example, in the inner ear, the membranes 
of stereocilia bundles in human hair cells generate electrical polariza-
tions of up to 6 mV under patch-clamp recording when deflected by 
approximately 1 μm (ref. 85). In another example, patch-clamp studies 
of excised locust muscle membranes demonstrated that an oscillat-
ing pressure (345 Hz, 320 Pa peak) can elicit an alternating transmem-
brane current with a root mean square value of 9 pA90. This current has 

been hypothesized to arise from flexoelectric potentials that activate 
potassium BK and IK channels90. Interestingly, the converse flexoelectric 
effect can cause cell membrane twitching during an action potential83.

Finally, droplet-based models44, hair cell mimics44,91 and soft energy- 
harvesting devices92 inspired by these biophysical pathways have been 
experimentally studied. These studies suggest that the flexoelectric 
properties of lipid membranes can serve as a basis for mechanorespon-
sive droplet systems, providing a foundation for coupling these syn-
thetic droplets with biological systems, enabled by their soft microscale 
nature93. Despite these fundamental proof-of-concept studies, there 
have been no examples of droplet devices that harness flexoelectric-
ity or its converse effect for in vivo applications, suggesting much 
potential for future investigation.

Membrane capacitance. Another mechanical measurement approach 
for microscale droplets involves capacitive mechanotransduction. 
Bilayers are key mechanoresponsive units in biology, and DIBs, which 
are fundamental components of functional droplet networks39, are a 
practical model system for the study of mechanoelectrical droplet 
interactions. A DIB can be modelled as a dielectric layer with a capaci-
tance C  proportional to its area A94 (Fig. 1d). The compression of a 
droplet pair can dynamically alter the area of the DIB by altering the 
force balance at the triple-phase boundary (water–oil–water). Doing 
so changes its area, thereby modulating its capacitance, resulting in a 
capacitive current Icap under an externally applied voltage V 44.

Importantly, although flexoelectric and capacitive effects are both 
active in lipid bilayer membranes, they operate through different mech-
anisms and produce different signals, possibly allowing parallel sens-
ing. Flexoelectricity converts mechanical strain into electrical signals 
through a spontaneous polarization that depends on curvature. The 
capacitive current requires an external voltage and depends on changes 
in capacitance, primarily due to mechanically induced changes in the 
DIB surface area, with small contributions from changes in membrane 
thickness and the dielectric constant.

Under symmetric oscillations, the flexoelectric frequency aligns 
with the driving frequency, whereas the frequency of the capacitive 
current has been observed to be twice the driving frequency44,95. Theo-
retically, Icap can be derived under constant membrane thickness, 
electric potential drop across the membrane φ and specific capacitance 
Cs. Differentiating the expression for the total charge of the capacitive 
membrane with variable A results in









I φ C

dA
dt

= (7)cap s

By assuming the area of the spherical DIB is a quadratic function 
of the central displacement of the droplet bulge h, which depends on 
the droplet’s elastic strain, we may incorporate the form of symmetri-
cal oscillation h h ωt h= sin( ) +var 0 , where hvar is the amplitude of 
oscillation, ω is its angular frequency and h0 is the initial displacement, 
to yield

I πωφC h ωt h h ωt= 2 ( sin(2 ) + cos( )) (8)cap s var
2

0 var

Inclusion of the flexoelectric terms within the same derivation 
allows the separation of capacitive and flexoelectric contributions to 
the total membrane current Imem in terms of the flexoelectric 
coefficient f

I πω φC h ωt h h ωt hfh ωt= 2 [ ( sin(2 ) + cos( )) + 2 cos( )] (9)mem s var
2

0 var var
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Hence, by measuring the capacitive current induced by DIB bulging, 
it may be possible to indirectly probe oscillatory forces in the cellu-
lar microenvironment. Such forces are important because they are 
hallmarks of dynamic biological processes, including oscillatory 
shear stresses acting on vascular endothelial cells, which have been 
implicated in the pathogenesis of atherosclerosis96.

Implementation of microscale droplets
Mechanosensitive droplets for in situ biomechanical probing
Microscale droplets have emerged as powerful tools for measuring 
mechanical properties at intercellular and intracellular locations 
with high spatiotemporal resolution. Droplet systems generally oper-
ate in two modes: passive deformation (Fig. 2a), in which the static 
deformations of droplets map endogenous cell-generated forces, such 

as traction forces; and active probing, in which droplet-induced forces 
probe local mechanical properties, such as viscoelasticity.

Early studies of the passive mode used fluorocarbon oil droplets 
(4–80 µm in diameter) encapsulated in fluorescent phospholipid mon-
olayer membranes50. When injected into the interstitial spaces of living 
tissues, these spherical microscale droplets deform due to cellular 
stresses. For example, measuring the local mean curvature H θ ϕ( , ) of 
a droplet surface through confocal 3D image stacks (Fig. 2b) enables 
measurement of the cellular stresses exerted by tooth mesenchymal cells 
in living mandible explants (Fig. 2c), thereby laying the foundation for 
studying force-mediated developmental processes97.

However, the incompressibility of oil droplets limits their appli-
cation to the measurement of isotropic normal stresses generated in 
living tissues, including between living cells98. To address this issue, 
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deformation by cellular forces and its function as a passive probe. b, Droplet 
sensors interface with living cells, enabling non-invasive, spatiotemporal and 3D 
sensing of mechanical forces in cell networks by fluorescence confocal microscopy. 
Functionalized droplets and cells are mixed to form aggregates. The droplet surface 
topology is then obtained by 3D confocal microscopy and image analysis. c, Droplet 
mechanosensor (cyan, arrow) located at the boundary between epithelial cells 
(green) and surrounding cells in developing mandible tissue (red). Scale bar, 20 μm. 
d, Droplets as mechanical actuators in the active mode. e, A ferrofluid droplet (blue) 
in a material (red) characterized by viscosity η or elasticity (stiffness) E. Magnetic 
stresses σM and capillary stress σC deform the ferrofluid droplet into an ellipsoid with 
major and minor axes b and a. Effective 1D diagrams representing the combined 
system of the droplet within a Newtonian fluid or elastic material, characterized by 

viscous μ and elastic k elements, respectively. Kd, droplet capillary stiffness.  
f, Fluorocarbon-based ferrofluid oil droplet in hydrocarbon oil, without (‘off’) and 
with (‘on’) magnetic field. Scale bars, 100 μm. g, The hybrid mode of a droplet-based 
mechanosensor. h, Using a droplet to measure stiffness and 3D traction forces. The 
droplet (blue) is permanently magnetized along the x axis (white arrow). A sinusoidal 
twisting magnetic field applied along the y axis generates an oscillatory magnetic 
torque about the z axis. The applied torque (grey arrow) deforms the surrounding 
microenvironment, enabling local stiffness measurements. Subsequently, the 
droplet probe is softened via 405-nm ultraviolet (UV) illumination, allowing the 
quantification of 3D traction forces exerted by surrounding cells on the droplet. 
Panels b, c adapted with permission from ref. 50, Springer Nature America, Inc. 
Panels e, f adapted with permission from ref. 34, Springer Nature America, Inc. Panel h 
adapted with permission from ref. 103, AAAS.
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engineered polyacrylamide hydrogel droplets were developed as 
deformable stress sensors. Applications include injection of hydrogel 
droplets into 3D tumour spheroids to detect heterogeneous pressure 
distributions correlated with cell-shape anisotropy98. Despite the 
measurement capability of these droplets, the potential cytotoxicity 
of residual acrylamide monomers led to the development of more bio-
compatible alternatives. For example, elastic Arg-Gly-Asp-conjugated 
fluorescently labelled alginate microgels enable 3D displacement map-
ping and quantification of extracellular strain and traction forces99. 
These microgels have been validated in tumour-repopulating cell 
colonies and zebrafish embryos, demonstrating their capacity for 
dynamic stress quantification in living tissues.

Osmotic pressure is another key biomechanical regulator that 
can be detected by microscale droplets. Osmotic pressure sensors 
based on double-emulsion droplets (water-in-oil-in-water) have been 
developed100, with an outer diameter of 20–80 µm. They contain fluoro-
carbon oils for the water-permeable oil phase and high-molecular-weight 
polyethylene glycol in the inner aqueous droplet to control its osmotic 
pressure. Changes in the osmolarity of the external medium drive water 
flow through the oil shell, causing changes in droplet shape and vol-
ume. Fluorescent dyes in both the inner droplet and the oil layer enable 
high-resolution quantification of inner and outer droplet sizes using con-
focal fluorescence microscopy. These sensors have been microinjected 
into zebrafish blastomeres and the interstitial spaces of developing 
embryonic tissues to measure extracellular osmotic pressure in vivo.

For the active mode (Fig. 2d), magnetically responsive ferrofluid 
oil droplets have been used to apply mechanical stresses on demand 
while simultaneously measuring tissue response34. Upon exposure 
to a uniform magnetic field, a droplet elongates along the field direc-
tion. As discussed vide supra, one can extract the dynamic mechani-
cal properties of the local environment by tracking how the droplet 
deforms under sustained magnetic stress and recovers after its removal 
(Fig. 2e,f). Such magnetically responsive droplets (20–50 µm in diam-
eter) have been injected to quantify the viscoelastic properties of 
zebrafish embryos during development. The size range is limited 
because capillary stresses dominate magnetic stresses as droplet 
size decreases, making droplets smaller than this range difficult to 
actuate and quantify. Larger droplets can also be generated, even 
up to hundreds of micrometres, but at the cost of invasiveness and 
reduced spatial resolution due to averaging over larger, mechanically 
heterogeneous regions.

Building on this technique, these active droplet probes have 
been used to investigate tissue plasticity. By embedding magnetically 
responsive droplets in zebrafish tissues and actively deforming them 
with an external magnetic field, it is possible to quantify the strain 
threshold marking the transition from reversible viscoelastic behav-
iour to irreversible plastic deformation. Such studies show that plas-
ticity emerges when the applied deformation exceeds the cell–cell 
junction length, directly linking the onset of tissue plasticity to cell 
rearrangements within the foam-like cellular architecture101.

However, ferrofluid droplets are constrained by low magnetic actu-
ation forces, and stiffness values above 1 kPa are difficult to measure 
under typical experimental conditions51. This is because, as tissue stiff-
ness increases, the induced strain progressively decreases, making the 
resulting shape changes difficult to quantify reliably using imaging. 
In addition, oil droplets may separate during tissue morphogenesis, 
limiting long-term monitoring. The requirement for specialized equip-
ment, such as piezo stages, rotary motors and magnet arrays, further 
restricts broader applications36.

To address these limitations, thermoresponsive microgels have 
been developed and injected into target tissues36. The microgels remain 
compacted at tissue culture temperatures (37 °C) but swell upon cooling 
below their lower critical solution temperature (approximately 34 °C). 
The degree of this expansion is constrained by the mechanical stiffness 
of the surrounding environment and can be quantified by imaging 
the gel dimensions. Such microgels have been dispersed into mouse 
tumour tissues. After tissue harvesting, the samples were immersed 
in a phosphate-buffered saline bath to control temperature condi-
tions before the subsequent ex vivo measurement of tissue elasticity. 
This method makes it possible to probe local tissue elasticity at high 
spatial resolution. However, the inability to dynamically modulate 
temperature in vivo prevents real-time, in situ monitoring of disease 
progression.

More recently, fluorinated ferrofluid droplet systems have been 
advanced by extending the accessible timescale to approximately 
1 hour and improving calibration strategies35. In mouse stem-cell-
derived retinal organoids, magnetic droplets have been used to apply 
sustained stresses. Doing so enabled measurements over a broader 
time window, from seconds to tens of minutes, capturing mechanical 
responses relevant to organoid development. In addition, the applied 
magnetic stress was calibrated using viscous standards, thereby elimi-
nating the need to directly measure the ferrofluid magnetization curve 
and simplifying experimental implementation. The resulting creep 
response is well described by a scale-free power-law rheology. The 
similar exponents reported in this case and in atomic force microscopy 
measurements of cells102 suggest that the type of rheological behav-
iour may extend from the nanoscale to the microscale, a finding that 
links cell-scale mechanics to tissue-level dynamics.

Although these techniques have notably advanced the measure-
ment of mechanical force distributions in tissues, a major challenge 
remains: the simultaneous, co-located quantification of 3D traction 
forces and stiffness (Fig. 2g). Traction force measurements require 
a soft, deformable probe, whereas quantification of stiffness neces-
sitates a relatively rigid probe capable of exerting force. Achieving 
both properties simultaneously remains technically challenging. The 
challenges have been addressed by embedding biocompatible ferro-
magnetic cobalt-platinum microelements in Arg-Gly-Asp-conjugated 
stiff poly(ethylene glycol) droplets103 (Fig. 2h). The droplets act as 
magnetically driven stiffness probes that rotate rigidly under an oscil-
latory magnetic field, which are used to report the local mechanical 
environment. Upon ultraviolet exposure, the poly(ethylene glycol) 
microgel degrades and softens, allowing the quantification of defor-
mation and hence the measurement of 3D traction forces. These 
magneto-responsive droplets have been successfully applied to 
tumour-repopulating cell colonies and zebrafish embryos.

In addition, a photonic method based on whispering gallery modes 
has been developed to simultaneously measure local stiffness and inter-
nal anisotropic stress using droplet optical microcavities104. These 
droplets act as embedded mechanical sensors: upon deformation, 
spectral shifts in the whispering gallery modes occur—redshifts indicat-
ing expansion, and blueshifts indicating compression—enabling passive 
detection of anisotropic stress. To extract local stiffness, droplets are 
embedded in hydrogels and subjected to controlled external strains. 
Given the known droplet radius and the interfacial tension between 
the hydrogel and the droplet, the Young’s modulus of the hydrogel 
is inferred from droplet aspect ratio changes (measured by spectral 
shifts) in response to a known applied strain. This dual-sensing strategy 
has been applied to ex vivo brain tissue. By monitoring spectral shifts, 
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the anisotropic stresses within the tissue can be quantified. However, 
this approach is limited to measurements of the equilibrium stiffness 
(Young’s modulus) of biological materials under controlled ex vivo 
strain conditions; dynamic in vivo monitoring of biological tissues 
remains unexplored.

Droplet-based mechanotransduction for biotechnology
Droplets stand out for their ability to incorporate and compartmental-
ize biochemical components from the bottom-up26,105. A key goal is to 
endow droplets, often framed as synthetic cells or protocells, with the 
capacity for transduction—for example, converting mechanical inputs 
into biochemical, electrical or mechanical outputs, thereby converting 
force information into biosensing, drug delivery or soft microrobotic 
functions. Although these synthetic cell systems are at the proof-of-con-
cept stage and do not yet have direct applications in living tissues, they 
provide manageable platforms for studying how compartmentalized 
microscale droplets can sense, encode and transduce mechanical cues, 
thereby revealing mechanotransduction principles to guide the engi-
neering of droplet systems. For this reason, they are discussed here as 
simplified model systems that inform future applications in living cells 
and tissues.

We highlight three strategies that establish a chain from mechani-
cal stimulus to functional actuation: reconstituting cytoskeletal 
machinery within droplets, harnessing interfacial physics for mem-
brane remodelling and biomolecule transport, and integrating mecha-
nosensitive proteins and synthetic gene circuits to couple sensing with 
signal processing and output.

In living cells, mechanotransduction is closely linked to the 
cytoskeleton, which is a dynamic network of actin and other filaments, 
motor proteins and associated regulators106,107. Cytoskeletal elements 
can be reconstituted within droplet systems in attempts to mimic the 
perception and responses of cells to mechanical cues108,109 (Fig. 3a). For 
instance, purified actin networks have been introduced into microscale 
water-in-oil droplets with diameters of 4–30 μm (ref. 110) (Fig. 3b). 
Timelapse imaging revealed that actin filaments self-assembled into a 
single membrane-confined, ring-shaped bundle. In another example, 
actin filaments and myosin motors have been co-encapsulated within 
lipid vesicles, yielding synthetic compartments that undergo cell-like 
morphological transformations such as membrane blebbing, the 
formation of narrow membrane tubes (tethers) or the adoption of 
non-spherical, faceted morphologies111.

In addition to actin-based systems, microtubule networks have 
also been successfully incorporated into giant unilamellar vesicles109. 
The microtubule networks within a droplet could be further engineered 
to respond to external magnetic or electric fields to facilitate internal 
cargo transport. Beyond native protein-based cytoskeletons, efforts 
have also been expanded to engineer artificial cytoskeletal networks 
using synthetic building blocks such as polymers112, peptides113, 
DNA114,115 and small molecules116. An example of this approach involves 
amylose-based coacervates stabilized by a terpolymer membrane, in 
which a synthetic cytoskeleton is formed from polydiacetylene fibrils117 
(Fig. 3c). The fibrils self-assembled through electrostatic attraction 
between the negatively charged polydiacetylene filaments and the pos-
itively charged amylose-based coacervates, forming micrometre-sized 
cytoskeleton-like structures. These cytoskeletal mimics reduced the 
lateral movement (diffusivity) of the membrane component by up to 
sixfold relative to empty droplets and provided cell-like mechanical 
support with a Young’s modulus of 0.4 ± 0.2 kPa, comparable with 
that of HL60 cells (0.5 ± 0.1 kPa). These results highlight the potential 

of integrating synthetic cytoskeletal elements to endow droplets with 
enhanced mechanical properties, advancing their use as functional 
biomimetic systems.

In addition to cytoskeletal reconstitution, purely artificial droplet 
systems can exploit interfacial properties to achieve mechanotransduc-
tion (Fig. 3d). One example emulates cellular processes such as endo-
cytosis and exocytosis to enable targeted cargo loading and controlled 
release. In this approach, a water-in-oil magnetic Pickering emulsion 
(MPE) droplet was prepared using the spontaneous interfacial assembly 
of hydrophobic oleate-capped magnetite particles118 (Fig. 3e). These 
MPE droplets, with an average diameter of 500 µm, were dispersed in 
a mixture of water and dodecane. The addition of oleic acid to the oil 
phase induced aperture formation in the MPE droplets, decreasing the 
oil–water interfacial tension. This change facilitated the spontaneous 
ingestion of water-filled silica colloidosomes by the MPE droplets, 
mimicking cell-like phagocytosis. Once internalized, the colloidosomes 
could subsequently release their payloads into the aqueous interior 
of the MPE, providing a platform for controlled delivery, multistage 
catalysis and complex bioassays involving sequential biochemical 
reactions.

Building on this concept, another system has been developed that 
enables bidirectional cross-membrane cargo transport driven by inter-
facial energy119. In this system, unilamellar liposomes undergo dynamic 
wetting and dewetting transitions in response to changes in interfacial 
tension, mimicking primitive cell-like behaviour. These changes in 
interfacial tension, controlled by environmental cues such as sol-
vent evaporation, temperature shifts and osmotic pressure, enable 
the liposomes to internalize and transport biomolecules, including 
ions, DNA and enzyme substrates, providing a robust framework for 
advanced drug carriers.

A third strategy is to integrate mechanosensitive proteins and syn-
thetic circuits to couple environmental sensing directly with adaptive 
responses (Fig. 3f). For example, inspired by the directional touch sen-
sation of organisms, researchers have demonstrated that paired drop-
lets containing reconstituted MscL can detect the direction of applied 
force120. This occurs because ‘parallel’ compression predominantly 
stretches the 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) 
monolayers while reducing the inter-droplet bilayer area, thereby 
increasing bilayer tension above the MscL gating threshold. By con-
trast, ‘series’ compression allows the bilayer to expand and relieves 
monolayer tension, producing insufficient bilayer tension for channel 
opening. Thus, distinct tension profiles generated by membrane 
geometry alone enable directional mechanotransduction.

Building on purely physical sensing, researchers have also incor-
porated gene circuits into droplets to enable mechanotransduction. 
One such system consitituted droplets containing an Escherichia 
coli cell-free transcription–translation system capable of sensing 
osmotic pressure and generating adaptive responses121 (Fig. 3g). In these 
synthetic cells, the mechanosensitive channel MscL is reconstituted 
into the liposome bilayer membrane. When the external solution is 
made hypo-osmotic, membrane tension increases, the MscL opens 
and the otherwise membrane-impermeable inducer isopropyl-β-D-1-
thiogalactopyranoside (IPTG) diffuses into the lumen. IPTG then activates 
the lac repressor and a LacO1/σ28-controlled transcription–translation 
system, driving the expression of a Venus–MreB fusion protein, in 
which the bacterial actin homologue MreB is fluorescently tagged and 
assembles into a coronal layer at the inner membrane. This architecture 
demonstrates how osmotic–mechanical cues can be converted into a 
programmable gene-expression output, providing a design blueprint 
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for responsive synthetic biosensors that sense mechanical stress and 
report it through user-defined biochemical responses.

Similarly, a synthetic mechanosensitive signalling path-
way has been constructed within vesicle droplets by integrating 

phospholipase A2 (sPLA2) and MscLs122 (Fig. 3h). Upon external cal-
cium stimulation (uptake) through alpha haemolysin, sPLA2 induces 
lipid asymmetry, thereby activating MscLs to release the incorporated 
cargo. This biomimetic signalling replicates key aspects of cellular 
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are excluded from the surface of actin filaments (yellow region). This depletion 
volume leads to an attractive force between actin filaments because a reduction 
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the total free energy. c, Incorporation of polydiacetylene fibrils into coacervates. 
d, The use of interfacial physics to drive membrane remodelling and transport 
in response to mechanical deformation. e, Spontaneous internalization of cross-
linked, water-filled silica colloidosome (red) by larger water-in-oil magnetic 
Pickering emulsion droplets suspended in an oil continuous phase. Oleic acid 
induces aperture formation in the magnetic Pickering emulsion droplet, enabling 
artificial phagocytosis of the silica colloidosome. Encapsulated molecular 
payloads, represented by triangles, can then be trafficked and released on 
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circuit to couple mechanical sensing with signal processing and the functional 
output. g, Transition of a cell-free transcription–translation (TXTL) system from 
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cortex in response to mechanical and chemical cues. Scale bar, 50 μm. h, A 
synthetic mechanosensitive signalling pathway based on calcium influx activates 
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of large conductance (MscL) cascade, resulting in content release and potential 
control of downstream events. Panel b adapted with permission from ref. 110, 
Springer Nature Ltd. Panel c adapted with permission from ref. 117, Springer 
Nature Ltd. Panel e adapted with permission from ref. 118, Springer Nature Ltd. 
Panel g adapted with permission from ref. 121, American Chemical Society. 
Panel h adapted with permission from ref. 122, National Academy of Sciences.
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mechanotransduction, providing an environment-responsive 
molecular machine in biotechnology.

Outlook
Despite recent progress in the use of microdroplets for mechanical 
measurements and mechanotransduction, several challenges remain. 
First, current droplet mechanical sensors rely mostly on optical imaging 
to analyse droplet morphology. However, optical imaging of biological 
tissues is hindered by the scattering and absorption of light, which limit 
penetration depth123,124. As a result, these droplet sensors are restricted 
to superficial or otherwise optically accessible regions and cannot be 
applied in deep, multilayered or optically dense tissues125. This limita-
tion impedes the broader application of droplet sensors for real-time 
monitoring in living organisms.

It is therefore essential to explore additional detection strategies 
that can enhance signal readout and enable wireless, implantable 
platforms for continuous in vivo monitoring of physiological signals. 
Ultrasound-based methods are promising. Previous studies have dem-
onstrated the use of ultrasound for deep-tissue penetration and for 
quantifying stress in excised or in situ tumours125, although spatial 
resolution has remained limited26. Conversely, advances in ultrasound 
technology are making wireless, implantable droplet-based sensors 
a more realistic prospect. For example, reports on in vivo 3D ultra-
sound imaging of organs using genetically encoded gas vesicles126, 
ultrasound-mediated 3D printing in deep tissues127 and long-term 
bioadhesive ultrasound imaging devices128 have provided crucial con-
ceptual and technical foundations for developing ultrasound-mediated 
droplet devices for in vivo monitoring. Nonetheless, scaling these 
capabilities down to the microscale or subcellular scale remains a 
major technical challenge.

Beyond ultrasound, intriguing research has focused on improving 
optical transparency in living animals124. One approach adds molecules 
with a high refractive index into the aqueous phase of tissues, reducing 
the refractive index mismatch between tissues and surrounding media, 
thereby enabling deeper and clearer tissue imaging124. This approach 
may open a new avenue for microscale droplet mechanosensors capable 
of real-time in vivo detection.

Another future direction is to use droplets as active tools to regulate 
tissue development. Increasing evidence suggests that the mechanical 
microenvironment within organoids or tissues, particularly interactions 
between cells and extracellular matrices, has a critical role in guiding cell 
differentiation and tissue morphogenesis129–131. This suggests the poten-
tial of droplet systems to function not only as passive sensors but also as 
active mechanical actuators capable of delivering targeted mechanical 
stimuli to influence development132. In particular, the converse flexo-
electric effect may be harnessed to apply localized forces within soft, 
developing tissues such as organoids133 or embryos72.

A promising next step is the transition from individual drop-
lets to DIB-based networks with more complex, coordinated func-
tions134–136. Compared with isolated droplets, DIB-based networks 
provide well-defined droplet–droplet interfaces for testing whether 
mechanical perturbations propagate between compartments and 
whether such transmission is attenuated, amplified or blocked by 
network architecture137. This transition presents new opportunities 
for investigating tissue-level mechanotransduction138–140.

Moreover, a DIB-based network can be arranged into spatially 
defined patterns to establish mechanical gradients. Such architec-
tures may provide new matrix-like frameworks for modelling organoid 
development and, ultimately, for more precise mechanical regulation 

of tissue morphogenesis45,46. At a higher level of integration, droplet 
networks may combine mechanical sensing and actuation to achieve 
real-time, closed-loop control of the mechanical microenvironment141. 
Both biological nanopores and engineered nanofluidic channels, 
including synthetic polymer pores and DNA-based conduits33,142,143, can 
insert into DIBs to mediate controlled signalling between droplets144,145. 
In addition, studies in model DIBs may be extended to alternative 
bilayer structures. For example, giant unilamellar vesicles are also 
amenable to membrane protein reconstitution146 and to sensing stimuli 
such as salt concentration and temperature in aqueous conditions147, 
while acting as promising cell mimics148,149.

A key challenge in bringing such DIB-based droplet networks into 
physiological settings is that the DIBs are typically formed in oil phases 
that are not intrinsic to physiological environments134. Although buffer 
exchange can reduce bulk oil carryover and aid transfer into aqueous 
media, additional structural support is generally required to preserve 
network integrity. Strategies to provide such a supportive structure 
include the use of multisomes and hydrogel-based encapsulation. In 
multisomes, aqueous droplets are first assembled into a network and 
then encapsulated within a larger oil droplet dispersed in an external 
aqueous phase150,151. Another encapsulation-based strategy uses an 
agarose hydrogel as a supporting matrix, with lipid-containing oil 
compartments embedded within the matrix. After gelation, aqueous 
droplets are microinjected into these internal oil cavities to form lipid 
bilayers and generate communicating multicompartment structures152. 
More recently, jammed interconnected bilayer emulsions have been 
developed. Many bilayer-separated aqueous compartments are densely 
packed into a jammed droplet network, which shows mechanical 
stability in air and in aqueous environments153.

Beyond physiological deployment, another challenge is that 
droplet networks differ substantially from structures with native bio-
logical membranes154. Simplified lipid composition and the lack of a 
cytoskeleton may alter membrane mechanics and force transmission, 
limiting the ability of the networks to recapitulate mechanotransduc-
tion in living tissues. Biomimetic designs, including the use of total lipid 
extracts, such as from E. coli155, and the incorporation of asymmetric 
DIBs with independently defined leaflets156, may help bridge the gap.

The spatial coordination of tissues also requires precise droplet 
positioning, a task that will be furthered by advances in 3D droplet print-
ing157. Living cells can also be incorporated into droplets and printed 
into patterned networks158. For example, tissues derived from printed 
droplets with defined 3D geometries have been used to repair ex vivo 
brain tissue158. Moreover, 3D droplet printing holds promise for build-
ing physiologically relevant in vitro disease models with inherent 3D 
compartmentalization and heterogeneity—for example, to mimic 
the dynamic mechanical and biochemical changes that arise during 
tumour progression or fibrotic tissue remodelling159. Beyond precise 
positioning, magnetic guidance may provide additional opportunities 
for remote, on-demand dynamic regulation160. For instance, ferrofluids 
can be integrated into droplets, allowing magnetic fields to remotely 
manipulate droplet assemblies and dynamically separate and reform 
membrane interfaces161.

Droplets are not limited to mimicking natural cell functions; 
they can also possess non-natural properties. For instance, droplets 
with tailored iontronic contents exhibit unique electrochemical 
behaviours162–164, offering potential roles in tissue repair or as bio-
electronic actuators such as synthetic pacemakers42. This ability to 
transcend biological constraints expands the functional repertoire of 
synthetic cells and tissues towards new modes of mechanobiological 
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intervention. We envision that the future of droplet-enabled mechan-
ical measurements and mechanotransduction will drive advances 
in the understanding of the mechanical forces that shape life, while 
providing new tools to modulate the mechanobiological machinery 
for therapeutic purposes.

Published online: xx xx xxxx
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