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of cells lacking MTM1 to rewire mitochon-
drial morphology under limited nutrient 
availability reduces their viability. Thus, 
this work identifies an endosome-ER-mito-
chondrion axis whereby MTM1 activity on 
endosomes modulates ER morphology by 
reducing membrane contact sites, which in 
turn affects mitochondrial morphology and 
the cellular response to starvation.

It remains unknown how MTM1 and 
endosomal PI(3)P levels are regulated by 
nutrient status. It is also unknown how 
this endosome-ER-mitochondrion axis in-
tersects with autophagy. In the cell types 
studied by Jang et al., autophagy was not 
altered by MTM1 loss of function. However, 
it has previously been reported that MTM1-
deficient mice have impaired autophagy in 
skeletal muscle (15). Because autophago-
somes can arise from ER or mitochondrial 
membranes, it is possible that the changes 
to the structure and function of these or-
ganelles induced by MTM1 mutations could 
have downstream effects on autophagy. It 
is also unknown whether MTM1-induced 
changes in ER morphology could affect 
other organelles. Jang et al. report increased 
lipid droplet biogenesis during starvation 
when MTM1 is absent. Presumably this is 
because lipid droplets originate from tubu-
lar ER microdomains, as do peroxisomes 
(14), suggesting that peroxisomes could sim-
ilarly be affected. In addition to modulating 
mitochondrial fission, ER tubules regulate 
endosome fission. Thus, endosomal effects 
on ER morphology could feed back onto the 
morphology of endosomes themselves. The 
ER is a central hub of organelle communi-
cation. However, endosomal signaling lipids 
have been identified as an important mech-
anism for engineering ER shape, which re-
lays nutrient information to distant mito-
chondria and lipid droplets. j
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ELECTRONICS

Multiple pathways to 
stretchable electronics
Stretchable conductors expand the interfaces with 
biological structures

By Tarek Rafeedi and Darren J. Lipomi

T
he aim of stretchable electronics is 
often to integrate complex multifunc-
tional devices with biological struc-
tures (1–3). To achieve this, devices 
need to conform to and deform with 
the body’s anatomy (e.g., skin, inter-

nal organs, blood vessels, and nerves) while 
maintaining their electronic function (e.g., 
monitoring changes in a biological milieu or 
supplying stimulus to it). On page 1222 of this 
issue, Zhao et al. (4) report a device that can 
reliably interface with biological substrates 
while being stretched. Their work demon-
strates a platform for fabricating elastic bio-
electrodes based on microcracked conductive 
films. The authors apply four different bio-
compatible materials to this platform, creat-
ing a library of biosensors and stimulators.

Solids are deemed stretchable if they con-
siderably deform (strain) under applied force 
(stress) and return to their original shape 
when the force ceases. Further, the ability of 
materials to stretch while retaining their elec-

tronic function is intimately related to their 
structure. The mechanical and electronic 
properties of a certain material arise from 
the precise arrangement of its atoms or mole-
cules and the types of bonds formed between 
them, be they metallic, covalent, electrostatic, 
or van der Waals. Changing the atomic spac-
ing or bond strength through the application 
of mechanical stress usually affects electronic 
properties. Thus, the key to stretchable elec-
tronics lies in materials and device layouts 
that can accommodate large strain in ways 
that do not hinder charge transport.

Many approaches have been explored to 
combine conductivity and stretchability, of-
ten following the motifs of making a conduc-
tor stretchy or making an elastomer material 
conductive. Superimposing these properties 
involves engineering them such that they do 
not, or only minimally, interfere. There are 
four broad strategies that have been used to 
make stretchable devices for biomedical ap-
plications, two of which are used by Zhao et 
al. (see the figure).

The first approach is to incorporate a con-
ductive filler in an insulating elastomeric car-
rier (5, 6). Conductive fillers that have been 
used successfully include metallic particles 
(e.g., nanospheres, liquid metal droplets, and 
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Four approaches to stretchable electronics
There are four approaches to generating stretchable electronic materials: conductive fillers, conductive 
polymers, patterned interconnects, and strain-cracked films. Each approach or a combination of approaches 
can allow the generation of stretchable devices that have biomedical applications. 
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nanowires), conductive polymers, carbon 
nanotubes, and graphene (7–9). A common 
downside of this approach is the reduced ten-
sile strength and fracture strain limit when 
high amounts of filler are used. Filler parti-
cles can act as nucleation points for fracture 
in the host elastomer. These cracks grow with 
repeated stretching, leading to failure. If the 
filler content is lowered, however, the electri-
cal resistance of the composite will increase 
and become variable with stretching. These 
challenges can be overcome by optimizing 
the filler fraction and its particle distribu-
tion and by using lower-rigidity, smaller, or 
folded conductors (6, 7). Zhao et al. used this 
approach to compose highly stretchable, con-
ductive substrates using silver nanowires.

The second approach is the synthesis of 
intrinsically conductive and stretchable poly-
mers. A large subset of such polymers are 
p-conjugated polymers (CPs) (10). In this 
type of polymer, a pattern of alternating sin-
gle and double covalent bonds extends along 
the polymer chains. This arrangement gives 
rise to semiconducting behavior and can be 
rendered conducting by oxidation or reduc-
tion. A key development in the history of 
CPs was the incorporation of saturated side 
chains, which confer solubility. Forming solu-
tions of CPs allows for facile deposition us-
ing a variety of techniques (e.g., spin-casting, 
drop-casting, and blade-coating). Large de-
formations of CPs are generally not reversible 
owing to the unraveling of crystalline regions 
at high strains. Hence, CPs are usually depos-
ited on an elastic substrate or are chemically 
cross-linked to provide a restoring force (11).

Another class of polymer-based conduc-
tors is ionic hydrogels. These are cross-linked 
polymer networks that retain an electrolyte 
solution. These polymers can maintain high 
amounts of stretchability and softness while 
being conductive to ions. Recent research has 
demonstrated the promising applications of 
this class of material in bioelectronic inter-
faces and artificial organs (12).

The third approach is the patterning of 
springlike structures (e.g., wrinkled, buckled, 
or serpentine configurations) using materials 
of intrinsically high rigidity—i.e., metals and 
semiconductors—onto elastomer surfaces (1, 
3, 13). Generally, stretchability of the pattern 
is conferred by its ability to fold in on itself 
or protrude out of the stretching plane. Thus, 
the direction of stretchability is restricted by 
the pattern’s orientation. Because the stiff-
ness of the rigid conductor and elastomer 
substrate is mismatched, this approach calls 
for specialized methodologies and fabrica-
tion skills to design the elastomer substrate 
and adhere the electronics to it. Its major 
advantage, however, is that it can produce ro-
bust circuits that closely resemble commer-
cially printed circuit boards.

The fourth approach, highlighted by Zhao 
et al., is the use of microcracked films. They 
used a laminate of strain-fractured plates of a 
rigid conductor and an auxiliary conductive 
composite film containing vertically oriented 
wires. When the structure is stretched, the 
cracks in the rigid films expand, yet the ver-
tically oriented wires preserve connectivity 
between the cracked plates. There have been 
other applications of this deliberate fracture 
and bridging strategy for conformal biologi-
cal electrodes (14, 15); what differentiates this 
work is the breadth of possible applications 
afforded by the range of materials used.

The main challenge in applying cracked 
films to stretchable devices is that electrical 
resistance is not invariant to strain. That is, 
when the material is strained, the cracks ex-
pand, leaving tortuous paths for the charge to 
flow, which increases the in-plane electrical 
resistance. To overcome this limitation, Zhao 
et al. integrate orthogonal conductive path-
ways using conductive fillers—making the in-
plane conductivity invariant to strain. These 
microcracked conductors can be applied 
conformally to a biological substrate while 
maintaining a constant contact area by ex-
panding the preformed cracks. This constant 
and conformal contact ensures that electrical 
signals from and to the electrode-anatomy in-
terface remain intact. To demonstrate these 
effects, the authors report a variety of appli-
cations, including in vivo neurostimulation 
of a mouse sciatic nerve and in vitro electro-
chemical sensing of pH and select chemical 
compounds. They demonstrate that, in the 
stretched state, the bioelectrodes operate with 
unvarying fidelity.

The approach of Zhao et al. embodies the 
moniker of stretchable electronics, which is 
often used loosely and perhaps imprecisely in 
the field. Almost anything can be stretched, 
but many materials are destroyed in doing 
so. Their approach acknowledges the damage 
caused by strain and exploits it to a positive 
effect—creative destruction. j
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Engineering 
time-controlled 
immunotherapy
Designer lymphocytes 
expand the dynamic 
range of possibilities for 
treating disease

By Emanuel Salazar-Cavazos and 
Grégoire Altan-Bonnet

 I
mmunotherapy harnesses the immune 
response to treat diseases, from can-
cers to autoimmune disorders. The 
boundaries of clinical immunotherapy 
for cancer have been pushed by the 
development of cancer-killing T cells 

that target tumors, therapies that block 
immune checkpoints to rearm cytotoxic T 
cells, and the optimization of engineered 
chimeric antigen receptor (CAR) T cells 
(1). But there remain limitations when im-
mune functions that have evolved to clear 
fast-invading pathogens are repurposed to 
eradicate slow-growing tumors. On pages 
1186 and 1227 of this issue, Allen et al. (2) 
and Li et al. (3), respectively, present syn-
thetic biology-based strategies to further 
improve cancer immunotherapies. Rather 
than being limited by “natural” immunol-
ogy (using leukocytes, antibodies, and cy-
tokines), these studies expand the scope of 
immune responses elicited by CAR T cells 
against diseased tissues.

Current CAR T cell therapies involve 
ex vivo engineering of patient T cells to 
express CARs that recognize specific mol-
ecules on the surface of tumors, before 
they are injected into patients. However, 
immune responses develop over long time 
scales (>1 week), such that immunothera-
pies that are optimized for short-term 
cellular responses (e.g., killing of tumor 
cells) may not achieve long-term systemic 
solutions (e.g., eradication of tumors) (4). 
Indeed, postinjection interventions to in-
crease CAR T cell activity are limited be-
cause immune perturbations and synthetic 
circuits that allow precise control of cell 
functions over time and in clinical set-
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