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1. Introduction

Computational models replicating the human body are
promising in shaping future medicine.[1] They can provide per-
sonalized diagnoses and therapeutic options without expensive
and time-consuming tests. Importantly, they promise to predict
disease course and patients’ response to treatment.[2] To develop
such a model, there is a need for significant quantities of biologi-
cal data from patients with multiple phenotypes and stages of

disease progression. Here, the goal is to
identify relevant variables that affect a cer-
tain physiological behavior as well as how
they influence each other. Building such a
database is challenging from both ethical
and medical perspectives, as it is not possible
to isolate the behavior of single organs in a
patient. Animal trials are also ethically disput-
able and often fail to accurately mirror
human physiology. One increasingly popular
approach to obtain the desired data is by
using wearable sensors, as they are inexpen-
sive and suitable for long-term recording.
This approach allows only for indirect meas-
urements of internal physiological parame-
ters, making it heavily dependent on
environmental factors and non-standardized
validation procedures.[3] Another emerging
method to record data for disease modeling
applications is tissue and organoid culture.[4]

By isolating distinct properties of individual
organs as well as observing disease progres-
sion at early developmental stages, tissue and

organoid culture offer promising avenues to tackle the aforemen-
tioned challenges. In addition, facilitating direct and long-term
monitoring of multiple physiological parameters from these sam-
ples to feed future computational models requires the development
of functional biointerfaces. The combination of organoid technology
with functional biointerfaces not only aids in understanding disease
mechanisms at a cellular level but also contributes to the refinement
and validation of computational models, thereby enhancing their
predictive power and clinical relevance.
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Studying the behavior of electroactive cells, such as firing dynamics and chemical
secretion, is crucial for developing human disease models and therapeutics.
Following the recent advances in cell culture technology, traditional monolayers
are optimized to resemble more 3D, organ-like structures. The biological and
electrochemical complexity of these structures requires devices with adaptive
shapes and novel features, such as precise electrophysiological mapping and
stimulation in the case of brain- and heart-derived tissues. However, conven-
tional organ-on-chip platforms often fall short, as they do not recreate the native
environment of the cells and lack the functional interfaces necessary for long-
term monitoring. Origami-on-a-chip platforms offer a solution for this problem,
as they can flexibly adapt to the structure of the desired biological sample and can
be integrated with functional components enabled by chosen materials. In this
review, the evolution of origami-on-a-chip biointerfaces is discussed, empha-
sizing folding stimuli, materials, and critical findings. In the prospects, micro-
fluidic integration, functional tissue engineering scaffolds, and multi-organoid
networks are included, allowing patient-specific diagnoses and therapies through
computational and in vitro disease modeling.
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The past decade has witnessed a revolution in cell culture tech-
nology, moving from traditional monolayer culture to organ-like,
organized 3D culture, also known as organoids.[5] Combined
with the discovery of the programmability of mature cells into
pluripotent cells,[6] researchers are now able to model human
development and diseases in a dish in a way closer to what occurs
in vivo. Not only does this reduce the need for animal testing,
whose applicability to humans and ethical implications are highly
debated, but it also offers the possibility of obtaining patient-
specific data in a fast, efficient, and high-throughput fashion.
For example, human-induced pluripotent stem cells (hiPSC)
derived from the skin could represent the genetic background
and disease mutation.[7] Several genetic diseases have been suc-
cessfully modeled using organoids in recent years. These include
cystic fibrosis,[8] hereditary multiple intestinal atresia,[9] alagille
syndrome,[10] and microcephaly.[11] Some studies have also
shown that organoids are promising candidates to model neuro-
degenerative diseases such as Alzheimer’s[12] and Parkinson’s
disease.[13] Moreover, organoids derived from mouse or human
tumors have been used to study different types of cancer, such as
colorectal cancer,[14] liver cancer,[15] and breast cancer.[16] A full
review covering the recent progress of organoids in disease
modeling and other applications can be found in a previous
article.[4]

Conventionally, organoids form 3D structures spontaneously
on top of or inside their extracellular matrix (ECM) materials,
resulting in uncontrollable final shapes. In contrast, engineered
3D scaffolds provide extracellular microenvironments that
mimic hierarchical tissue structures within spatially confined
physiological environments. Both organoids and engineered
3D tissues have been used in microphysiological systems or
organs-on-chips for disease modeling and high-fidelity studies
of physiology because both aspire to mimic enough of the cellu-
lar microenvironment to recapitulate both the physiology and
pathophysiology of interest. However, engineered tissues play
the more critical role within the pharma industry because of
the higher repeatability. Especially, genetic diseases such as
inherited cardiomyopathies[17] and Duchenne’s muscular dystro-
phy[18] have been successfully modeled in microphysiological
systems with controlled tissue geometries. The parameter space
in engineered tissues is constrained by design of the tissues and
cell populations.[19] On the contrary, the self-organization process
in organoids does not necessarily include all the spatial and tem-
poral cues nor cell demographics and chemistry, of the organ of
interest. For these reasons, organs-on-chips based on engineered
tissues are more amenable to computational modeling.

Most of the reported disease models using organoids and
engineered tissues are evaluated using microscopy techniques.
While this is sufficient for the visualization of important bio-
markers such as protein expression and cellular morphology,
to be able to use the obtained data for computational models
requires the recording of digital biomarkers through the incor-
poration of biosensors into the culture platforms. In this context,
electrophysiological properties such as action potentials, field
potentials, and synaptic activity are especially relevant, as they
can serve as biomarkers for neuronal or cardiac function. In addi-
tion to their relevance for clinical diagnosis, electrical signals can
also be used to stimulate electrically active organs for treating
several diseases. Some examples include arrhythmias,[20] heart

failure,[21] peri-/myocarditis,[22] Tourette disorder,[23] epilepsy,[24]

and hemiparesis.[25] Electrical connections are also necessary for
evaluating other critical physiological parameters from inte-
grated sensors, such as temperature, pH, and mechanical activ-
ity.[26] Thus, the successful modeling of diseases and treatments
in vitro requires the integration of electrical interconnects into
the respective culture platforms. However, conventional multi-
well plates and organ-on-chip platforms mainly allow for optical
analysis, which, despite essential, falls short for long-term moni-
toring due to potential phototoxicity.[27] They also lack the ability
to electrically stimulate samples and the high time resolution
required for recording fast cell firing signals. Traditional planar
microelectrode arrays (MEAs) are unsuitable for interfacing 3D
structures, as they are rigid and provide limited contact. Pillars
have been built into these MEAs,[28] potentially allowing for inter-
nal electrophysiological measurements within cell assemblies.[29]

However, the applied mechanical force may lead to tissue
damage. Hence, there is a need for flexible, ultrasoft, conformal
structures, which precisely guide the tissue growth into a desired
shape while also including electrical interfaces and other
biosensors to monitor relevant physiological parameters. In this
context, origami-on-a-chip technology offers a compelling
solution, as it offers the possibility to fabricate complex-shaped
scaffolds with minimal damage to the cultured tissue as well as to
easily integrate multifunctional components by using conven-
tional, planar microfabrication techniques. The combination
with 3D cell culture further facilitates high-density multipara-
metric physiological mapping and stimulation, which are espe-
cially relevant in both basic and clinical cardiology.[26]

Origami-on-a-chip involves transforming flat, 2D structures
into intricate 3D configurations.[30] This technology merges
the advantages of planar microfabrication with the versatility
of 3D interfacing. Compared with 3D printing, planar microfab-
rication has higher resolution, robustness, and stability. In com-
bination with ECM, 3D self-folding structures can be used as
scaffolds to guide cell growth and aggregation into complex
shapes. They are optimal for sensing purposes, as they provide
a conformal and tight contact with the biological sample, which
maximizes the signal-to-noise ratio. The conformation is also
crucial for organoid culture since they attach only partially to pla-
nar substrates, making it difficult to investigate spatiotemporal
electrophysiological behavior. Atomic force microscope-like
manipulation with a soft polydimethylsiloxan (PDMS) probe
may improve organoid-sensor contact but is still limited to a
small area and potentially increases mechanical stress to the
sample.[31] For these reasons, self-folding devices have made
advances in the fields of tissue engineering, single-cell, and orga-
noid analysis. In the following, the terms origami, self-folding,
and self-assembly will be treated interchangeably.

Since the first rolled-up tubes on a chip were reported,[32]

several self-assembly approaches have been demonstrated for cell
culture applications (Table 1). With the advances in organoid
technology, some origami-on-a-chip platforms have been
developed to interact with these larger and more complex 3D
structures. The platforms enable encapsulation and sensing
functionalities, such as electrical, thermal, chemical, and optical
sensing. A further advantage of origami-on-a-chip is that the
complex 3D shapes achievable via self-folding can serve as scaf-
folds to grow more geometrically complex cell assemblies, such
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Table 1. The 3D self-assembled devices reported for biological applications in the past two decades and their characteristics.

Stress-driving materials Sacrificial layer Shape Feature size Folding stimulus Sample type References

Cu/Cr/photoresist trilayer PVA Box 50–500 μm Temperature
change

L929 fibroblasts, crustacean
Triops, Artemia eggs

[34b]

Au/Cr bilayer Cu Cylinders, spirals,
and

bidirectionally
folded sheets

≈500 μm (estimated
from figures)

Spontaneous L929 mouse fibroblasts [38b]

SiO/SiO2 bilayer ARP-3510
photoresist

Tube 4–18 μm Spontaneous Yeast, embryonic fibroblast
mouse cells, mitotic
mammalian cells

[59]

PCL/poly(NIPAM) bilayer None Gripper ≈200 μm (estimated
from figures)

Temperature
change

Yeast [34c]

Si/SiGe bilayer SiO2 Tube 4–8.2 μm Spontaneous Neurites [41]

PSI/PCL bilayer None Tube 18–100 μm Swelling Yeast [49]

Differentially strained PDMS
bilayer

None Tube 100–2000 μm Shrinking HUVECs, SMCs, NIH/3T3 [36b]

Cells adhered to a parylene
plate coated with fibronectin

Gelatin Tube, box ≈50–100 μm Shrinking NIH/3T3, BAOSMCs,
BCAECs, HUVECs, primary
rat cardiomyocytes (CMs)

[55]

p(NIPAM-AA-BA)/p
(MMA-BA) bilayer

None Aggregated tubes ≈20 μm Swelling Yeast [37c]

PEG-based hydrogel bilayer None Spheres,
helices, tubes

≈100–1200 μm Swelling β-TC-6 cells [50]

GaAs/InGaAs bilayer AlAs Tube 2–5 μm Spontaneous Neurites [42]

Gelatin/copolymer of
hexanediol and fumaryl
chloride (PHF-Q)C bilayer

None Tube 10–20 μm Temperature
change

neural stem cells [34e]

SiO/SiO2 bilayer Cu/Ge Gripper, tube 10–300 μm Spontaneous Mouse fibroblasts, red blood
cells, neonatal rat ventricular
CMs, MDA-MB-231 breast
cancer cells, HPMECs,

VSMCs

[34a,40,43]

Silicon nitride (SiNx) film Si (111), Ge Tube ≈2.7–4.4 μm Spontaneous Neurites [38a]

Crystalline silicon
nanomembrane over PDMS
substrate

None Buckle-delaminated
channels

3.5 μm Shrinking Neurites [36a,53]

PCL/gelatin bilayer None Tube ≈130 μm (estimated from
figures)

Temperature
change

Yeast [34d]

Various bimetallic or oxide
layers

Cu Tube 15–225 μm Spontaneous Endothelial cells, astrocytes [60]

Graphene/PD/poly(NIPAM)
trilayer

Al Gripper 60 μm Temperature
change

Live breast cancer cells [34f]

Silk/parylene bilayer Ca–alginate Tube 40–80 μm Swelling Chinese Hamster Ovary
(CHO) cells, Human
empryonic kidney 293

(HEK) cells, cardiomyocytes,
neural cells.

[37a]

Mouse embryonic fibroblast
(MEF) clusters in ECM

None Tube, helix, sphere,
cube, tessellation

400–550 μm Shrinking MEFs, Caco-2, HUVECs [56]

p(OEGMA-DSDMA)/
P(AAm-BAC) bilayer

Na–alginate Gripper 4 mm Temperature
change

Human telomerase rrverse
transcriptaseþ human aortic

endothelial cells
(hTERT HAEC)

[47]
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as ventricular structures, which are essential to mimic the
behavior of the human heart.[33]

2. Development of Self-Folding Biointerfaces

Origami, or the folding process, is driven by differences in
material deformation in the multilayered constructs. Different
mechanisms have been developed to ensure highly parallel
and reproducible folding, with most utilizing strain mismatch
between layers of materials. The differences in material deforma-
tion have been generated by thermal expansion (Figure 1A),[34]

magnetic forces (Figure 1B),[35] shrinking (Figure 1C),[36]

swelling (Figure 1D),[37,49] or adjusting the deposition process
(Figure 1E).[38]

In the case of organoids, it is generally necessary to wait for the
spontaneous forming of 3D structures, which requires a
stochastic symmetry break. On the contrary, engineered tissues
enable the shape forming to be programmed and can replicate a
tissue with dimensional precision and repeatability.[39] One
important design goal for origami devices is to obtain free-
standing structures, which requires dissolving a sacrificial layer.
Photolithography is a powerful approach, as it allows patterning
the sacrificial layer for selective folding. An un-patterned
sacrificial layer allows complete release of self-folding structures,
which is helpful for surgical and implantation purposes
(Figure 2A).[34a,40] Patterned sacrificial layers allow the 3D devi-
ces to be partially attached to the substrate for stable observation
and electrical interfacing (Figure 2B).[38c] By sacrificial layer pat-
terning, lithography-based self-folding devices could be designed
as in vitro analysis platforms. In principle, any material that can
be dissolved or etched is a candidate for the sacrificial layer
underneath the foldable layers. However, interfacing with living
organisms demands specific material selection and folding
mechanisms. For example, the chosen materials must demon-
strate long-term stability and biocompatibility. The dissolution
of the sacrificial layer should also have low toxicity to enable cell
seeding before encapsulation. Finally, appropriate temperature
and pH ranges for the cell culture environment should be
maintained.

Despite the challenges mentioned earlier, researchers have
reported several approaches for biocompatible self-folding

devices in the past decade. Here, we categorized the methods
based on their folding stimulus, sacrificial layer materials, and
the integrations of additional functionalities such as electrical,
optical, and magnetic sensing. Other important design factors
include structure size and sample type, depending on their
targeted applications in individual or larger cell aggregates.

2.1. Folding Mechanisms and Stimulation

Themost commonmethod to induce folding is the dissolution of
a sacrificial layer under an intrinsically stressed structure. The
internal stress can be generated by combining two epitaxially
grown material layers with different lattice constants. During
deposition, the second layer will be mechanically strained to
match the lattice constant of the first layer. After being released,
the materials tend to relax toward their bulk lattice constants by
rolling up. Examples of this approach include bilayers of
Si/SiGe[41] and GaAs/InGaAs.[42] Another method is based on
a SiO/SiO2 bilayer deposited via electron beam evaporation
(Figure 2C,D). Here, the intrinsic stress is generated due to dif-
ferences in thermal expansion during evaporation and can be
controlled by tuning the parameters of the deposition process.[43]

It has been shown that varying the plasma frequency and the
temperature during the plasma-enhanced chemical vapor depo-
sition of a single silicon nitride layer can also induce the neces-
sary stress to create self-folding tubes. An advantage of this
approach is its compatibility with a broad range of substrates
and biocompatible sacrificial layers.[38a] Intrinsic stress can also
be induced in polymeric materials such as parylene C during
chemical vapor deposition and annealing.[44] Combining it with
a more temperature-stable material such as graphene thus leads
to rolling upon release from the substrate.[45]

Temperature control is another strategy to stimulate self-
folding. For temperature-triggered folding of a bilayer, one layer
would undergo deformation with temperature change while the
other remains undeformed. For example, researchers have
reported a bilayer composed of a biodegradable hydrophobic
polycaprolactone layer (PCL) and a thermoresponsive poly-
(N-isopropylacrylamide) copolymer with 1 mol% 4-acryloylben-
zophenone comonomer) (poly(NIPAM-ABP)) layer.[34c] The
structures started to curl and formed tubes when the

Table 1. Continued.

Stress-driving materials Sacrificial layer Shape Feature size Folding stimulus Sample type References

Graphene/parylene bilayer Ca–alginate Tube 10–100 μm Spontaneous Neurons, HUVECs, Human
umbilical artery smooth

muschle cells (HUASMCs)

[45a,c,d,
61a]

Metal/polymer multilayer Ge Tube ≈160 μm Spontaneous Stem-cell-derived cardiac
spheroids

[38c]

SiO/SiO2 bilayer þ paraffin
wax layer

None Gripper 15 μm Temperature
change

MDA-MB-231 cells [48]

Multilayer stack over pre-
strained PDMS substrate

None Pouch-shaped
“cage”

480–600 μm Shrinking Cortical spheroids [54]

Differentially cross-linked
SU-8 bilayer/gradient layer

Ge Gripper 400–600 μm Swelling hiPSCs-derived brain
organoids

[51]
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temperature decreased below the low critical solution tempera-
ture of poly(NIPAM-ABP) at 28 °C. Elevating the temperature
leads to complete unrolling of the tubes (Figure 3A). Gelatin
has also been demonstrated as active component, due to its bio-
degradable and temperature-dependent swelling properties
(Figure 3B).[34d] Box-shaped microcontainers were shown to fold
upon heating to 40 °C, a temperature low enough to provide a
stable environment for some living cells.[34b] The authors
designed the hinge with a trilayer of chromium, copper, and
photoresist for this structure. When the photoresist softened

with temperature rise, the intrinsic tension generated during
the chromium deposition process drives the folding.[46]

Further thermoresponsive materials include a graphene/poly-
dopamine/poly(NIPAM) trilayer,[34f] poly(oligoethylene glycol
methyl ether methacrylate-bis(2-methacryloyl)oxyethyl disulfide)
(p(OEGMA-DSDMA)),[47] and thermosensitive paraffin wax[48] to
induce self-folding (Figure 3C).

Another commonly used self-assembly method is based on
combining materials with swelling properties and rigid materi-
als, such as a silk fibroin protein and parylene C.[37a] Here, the

Figure 1. Methods to create general-purpose self-folding devices. A) Schematic illustration and scanning electron microscope (SEM) image of an
untethered microcontainer irreversibly folded via temperature change loaded with glass beads. B) Assembly steps of magnetic origami structures with
an external magnetic field. C) Fabrication of a tubular structure by using the shrinking force of a pre-stretched PDMS layer upon relaxation. D) PSI/PCL
micro-roll assembled due to the hydrolyzation of PSI, which produces a biodegradable water-swellable polymer. The image sequence shows the encap-
sulation of yeast cells. Scale bar is 100 μm. E) SEM images of SiNx microtube arrays formed after sacrificial layer etching due to internal stress generated
during the deposition process. (A) Reproduced with permission.[34b] Copyright 2008, Royal Society of Chemistry. (B) Reproduced under the terms of the
Creative Commons CC BY license.[35] Copyright 2021, The Author(s). Advanced Materials published by Wiley-VCH GmbH. (C) Reproduced with
permission.[36b] Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Reproduced with permission.[49] Copyright 2011, American
Chemical Society. (E) Reproduced with permission.[38a] Copyright 2014, American Chemical Society.
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micro-rolls fold upon immersion in a fluid such as cell culture
medium (Figure 3D). A system of self-folding tubes consisting of
a p(NIPAM-AA-BPA)/p(MMA-BA) bilayer has also been assem-
bled via pH-dependent swelling in an aqueous environment.[37c]

Another reported material combination is polysuccinimide (PSI)
and PCL. Here, the water-swellable properties of PSI emerge
from its hydrolyzation in a physiological buffer environment.[49]

Further swelling-based approaches involve polyethylene glycol
(PEG)-based hydrogels with different molecular weights[50]

(Figure 3E) and differentially cross-linked negative photo-resists,
SU-8 (Figure 3F).[51] One advantage of the latter method is that it

allows reversible folding via solvent exchange between acetone
and water, making it suitable for robotic applications.[52]

Finally, several research groups have reported self-folding
devices based on the shrinking of a flexible material after it is
released from a mechanically stretched state. For example,
buckle-delaminated microchannels were developed by deposit-
ing a crystalline–silicon nanomembrane over a PDMS substrate.
The combination was subsequently swollen using a solvent.
Finally, solvent evaporation led to a compressive strain in the
Si nanomembrane for channel formation (Figure 3G).[36a,53]

Similarly, researchers have used a mechanically pre-stretched

Figure 2. Encapsulation of single cells and cell aggregates inside spontaneously folded structures upon the dissolution of a sacrificial layer. A) Left:
illustration of an untethered single-cell gripper with a captured red blood cell. Middle: optical images of single-cell grippers after closing. Right: red
blood cell trapped inside a gripper. B) Live/dead assay performed on encapsulated (top) and nonencapsulated (bottom) cardiac spheroids, imaged
immediately after encapsulation (left) and after 1 h (right). C) Left: SEM image of the gold nanostar (GNS) coating inside the microgripper surface.
Right: overlaid SERS and optical image of trapped cells in GNS-modified microgrippers. D) Image sequence of a mouse embryonic fibroblast cell
(NIH/3T3) being inserted into a microtube resonator for detection. (A) Reproduced with permission.[40] Copyright 2014, American Chemical
Society. (B) Reproduced under the terms of the Creative Commons CC BY license.[38c] Copyright 2019, The Author(s). Published by American
Association for the Advancement of Science. (C) Reproduced with permission.[34a] Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (D) Reproduced with permission.[59b] Copyright 2011, American Chemical Society.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2024, 6, 2400055 2400055 (6 of 17) © 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advintellsyst.com


Figure 3. Biological samples trapped inside origami-on-a-chip platforms assembled via external stimuli. A) Reversible thermoresponsive PCL/poly(NIPAM)
gripper encapsulating yeast cells (dark fieldmicroscopy). B) Temperature-triggered encapsulation and release of yeast cells inside PCL–gelatin tubes. C) Bright-
field and fluorescence image of a live breast cancer cell encapsulated inside a functionalized graphene gripper. Scale bars: 10 μm. D) Time-lapse schematic and
optical images illustrating mammalian cell encapsulation within silk/parylene microtubes. Scale bars: 100 μm. E) Top: fabrication steps of swellable structures
based on differentially photo-cross-linked PEG bilayers. Bottom: bright-field images of cylindrical hydrogels with micropatterned holes and fluorescence image
of cylinders with photo-encapsulated fibroblasts labeled with calcein (green). Scale bars: 200 μm. F) SEM (right), bright-field (middle), and confocal (right)
images of 3D shell electrodes encapsulating brain organoids in a 3D shell microelectrode array (MEA). Scale bars: 100 μm. G) Top: confocal fluorescence
microscope images showing guidance of neuronal outgrowths by buckle-delaminated channels while excluding the neuronal cell body (indicated by arrows).
Bottom: 3D rendering of confocal images. Scale bars: 20 μm. H) Sequential images of cell-laden regular tetragon (left), regular dodecahedron (middle), and
cylindrical tube (right) self-folded by cell traction force. (A) Reproduced with permission.[34c] Copyright 2011, Royal Society of Chemistry. (B) Reproduced with
permission.[34d] Copyright 2015, American Chemical Society. (C) Reproduced under the terms of the Creative Commons CC BY license.[34] Copyright 2017, The
Author(s). Published by American Association for the Advancement of Science. (D) Reproduced under the terms of the Creative Commons CC BY license.[37a]

Copyright 2017, The Author(s). Published by Springer Nature Limited. (E) Reproduced with permission.[50] Copyright 2013, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (F) Reproduced under the terms of the Creative Commons CC BY license.[51] Copyright 2022, The Author(s). Published by American
Association for the Advancement of Science. (G) Reproduced with permission.[36a] Copyright 2014, American Chemical Society. (H) Reproduced under
the terms of the Creative Commons CC BY license.[55] Copyright 2012. The Author(s). Published by PLOS.
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PDMS layer to induce the folding of adhered structures upon
relaxation.[36b,54] Another mechanism for shrinking-driven fold-
ing is based on cellular intrinsic traction forces.[55] In this case,
cells adhered to parylene microplates coated with fibronectin
(Figure 3H). Upon dissolution of a sacrificial layer, the cells gen-
erated a traction force, which led to the self-assembly of different
3D structures. Mechanical compaction of the ECM during mes-
enchymal condensation can also lead to tissue folding via cell
traction forces.[56]

It is important to note that most of the folding mechanisms
mentioned earlier do not happen in the Cartesian coordinates.
The final self-folded 3D origami structures include not only
the formation of cylindrical tubes but also spheroids with high
sphericity or oblate spheroids. This is important since most
biological tissues, when expanding the spatial scale of measure-
ment, are a lopsided form of cylindrical or spheroid
coordinates.[57]

2.2. Materials for the Sacrificial Layer

One important design goal for origami devices is to obtain free-
standing structures, which require dissolving a sacrificial layer.
Just before dissolving a sacrificial layer, photolithographically
engineered scaffold patterns possess an internal stress. Then,
the removal of the sacrificial layer induces a deformation derived
from the internal stress to a free-standing structure, which allows
the programming of the folding time as well as many degrees of
freedom to fold. However, it is important that the release of the
engineered tissues from the abiotic substrate does not compro-
mise the structural integrity of the tissue.[58] A sacrificial layer
can be created using positive photoresist, which can be easily
removed by acetone to release the pre-strained layers.[59] A
SiO2 layer can also be applied,[41] as it can be etched using hydro-
fluoric acid. Other groups have reported sacrificial layers made of
semiconductors like silicon and germanium,[34a,38a,c,51] which
could be dissolved by KOH and H2O2, respectively. Cu or Cr
is a commonly used metal layer since it can be removed by
FeCl3

[38b] or chromium etchant.[60]

One disadvantage of the approaches mentioned earlier is that
the dissolution process is toxic for living organisms. In such
cases, cells could only be cultured after the structures have
folded. This reduces the success of encapsulation and limits
the potential to guide and control the growth of the cells in
the scaffolds, an essential feature for tissue engineering applica-
tions. Even though some authors have managed to seed cells
before the copper sacrificial layer is fully etched,[43a] meticulous
work is required to prevent contact between the cells and the cop-
per ions. In the case of larger cell spheroids, a micromanipulator
is needed to open the structures prior to encapsulation.[38c]

Some research groups have provided biocompatible materials
and processes for structure release. One example is poly(vinyl
alcohol), a water-soluble and biocompatible synthetic polymer.
Gelatin is another material explored as a biocompatible sacrificial
layer, as it can be dissolved when heated up to 37 °C.[55]

Researchers have also reported a calcium alginate sacrificial
layer, which can be quickly dissolved by EDTA solution. As long
as the EDTA concentration remains low, biological samples can
be seeded safely before the dissolution process.[37a,45c,d,61]

A further advantage of this method is that the structures fold
after some minutes of applying the EDTA solution, in contrast
with conventional etching methods, which takes hours.[40]

Self-assembly approaches that use other kinds of folding stim-
uli like temperature change or swelling usually do not require the
dissolution of a sacrificial layer and thus allow for encapsulation
before or during the folding process.[34c,37c,49] However, these
field-stimulated mechanisms usually do not allow for partial
detachment, which is achieved through selective etching or
patterning of the sacrificial layer in the desired situation. One
solution to this problem involves selective temperature-triggered
folding via directed heating of prestressed hinges using low-
power, commercial lasers.[62]

2.3. Functional Materials

Until now, we mainly focused on material properties for
structure-building purposes. In the case of analysis platforms,
providing more advanced, label-free functionalities is necessary
to automate and increase the amount of data that can be recorded
at a time. For example, Schmidt and coworkers integrated optical
microcavity resonators[63] into their cell encapsulation devices by
coating SiO/SiO2 bilayer tubes with ferroelectric Hafnium(IV)
oxide (HfO2).

[59b] The tubes were then successfully applied to
detect the presence of individual mouse embryonic fibroblast
cells by measuring shifts in whispering gallery modes.

Magnetic stimulation is used for folding actuation and micro-
robot locomotion to effectively manipulate encapsulated
samples. Ionov and coworkers added Fe3O4 nanoparticles into
their thermoresponsive microtubes.[37b] Schmidt and collabora-
tors used magnetic microtubes[64] and helical structures[65] made
of magnetic materials to guide immotile single sperm cells in
vitro via an external magnetic field (Figure 4A). This approach
could lead to an effective therapy for male infertility due to poor
sperm motility. Gracias and coworkers also incorporated mag-
netic materials into microgrippers to enable remote guidance
through narrow conduits and fixed tissue sections ex vivo with
an external magnetic field,[47,48] making their devices potentially
applicable in surgery and biopsy (Figure 4B).

Integrating electrically conductive materials into a self-
foldable platform is necessary for recording and stimulating elec-
trically active cells like cardiomyocytes or neurons. Compared to
optical methods such as calcium imaging, electrical recording
exhibits a superior temporal resolution and protects the samples
from cell damage due to prolonged light exposure. Furthermore,
electrical connections are imperative for obtaining digital data
from multiple sensors for computational modeling purposes.
Apart from this, electrical stimulation has been shown to play
an important role in the culture of electroactive cells such as
hiPSC-derived cardiomyocytes,[66] which makes electrodes rele-
vant for tissue engineering applications, by improving the matu-
rity of stem cells. Even though traditional 2D MEAs can achieve
this purpose, self-folding devices have shown to provide better
signal qualities due to their close contact and better sealing
(Figure 4C),[61a] as well of the possibility for high density 3Dmap-
ping.[38c] However, electrode integration into self-folding struc-
tures comes with several challenges. First, the most common
conductive materials are metals, which are not stretchable.
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Figure 4. Self-folding devices with added magnetic, electrical, and optical functions. A) Optical, SEM, and schematic images of motile sperm cell trapped
inside a rolled-up microtube with an incorporated magnetic layer for remote control. The blue arrow points at the sperm head, the red arrow points at the
sperm flagella. All scale bars are 10 μm except for the bottom bar (50 μm). B) Process of an untethered gripper capturing and excising cells from a cell
cluster. The gripper was guided by a magnetic field and actuated upon temperature increase. C) Left: phase-contrast images of flat and folded graphene-
based electrodes before and after neuronal cell encapsulation. Scale bars represent 100 μm. Middle: schematic illustrations of cell–electrode interface in
flat and folded states. Right: 3D reconstructed images of neuronal cell aggregates cultured on the flat and folded electrode. D) Top: SEM images of an
individually addressable, multielectrode self-folding shell. Bottom: confocal fluorescence microscopy image of captured cardiomyocytes within electrode
shells showing actin filaments (red) and cell nuclei (blue) with three electrodes wrapping around the cells (dashed white lines) and SEM picture of
captured cardiomyocytes after fixation. E) Top left: optical image of a cortical spheroid enclosed in a pouch-shaped framework designed for electrophys-
iological recording. Top right: confocal microscope image of the spheroid in a similar structure without microelectrodes or interconnections. Bottom:
schematic illustration of the microelectrodes’ positions across the spheroid’s surface and 3D plot of time latency associated with recorded field potentials.
F) Self-folding process of hinged 3D MoS2–Au–SU-8 photodetectors with interdigitated electrodes of different shapes. Scale bars are 1 mm.
(A) Reproduced with permission.[64] Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Reproduced with permission.[48]

Copyright 2020, American Chemical Society. (C) Reproduced under the terms of the Creative Commons CC BY license.[61a] Copyright 2023, The
Author(s). Advanced Functional Materials published by Wiley-VCH GmbH. (D) Reproduced under the terms of the Creative Commons CC BY license.[43a]

Copyright 2018, The Author(s). Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Reproduced under the terms of the Creative
Commons CC BY license.[54] Copyright 2021, The Author(s). Published by American Association for the Advancement of Science. (F) Reproduced with
permission.[71] Copyright 2019, American Chemical Society.
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Exposing them to strain can thus damage their conductivity, and
one must implement special strategies such as microcracking to
avoid this damage.[67] Second, precise and localized electrical
mapping is often crucial because several cardiac and neuronal
diseases are linked to action potential propagation.[68] For electri-
cal mapping, the electrodes need to be exposed only in particular
areas, and wholly passivated in the rest of the surface, which adds
a layer of complexity to the fabrication process. Thus, high-
quality dielectric materials with appropriate adhesion to the
metal layers must be integrated into the self-folding structures.
Finally, there are limitations regarding the maximum number of
channels per device and the connection possibilities with ampli-
fiers and other data processing hardware.

Despite the aforementioned challenges, plenty of materials
have been tested as bioelectronic interfaces, including metals
(Figure 4D),[38c,43a,51,54,69] conducting polymers,[51,59a] and
carbon-based materials.[61a,70] For self-folding devices, gold
remains the most common material for the cell-electrode inter-
face due to its inertness and high conductivity. A chromium layer
was often used to improve the adhesion to the substrate
(Figure 4E).[54] In addition, to reduce impedance and minimize
modulus mismatch between the recording device and the orga-
noid, conducting polymer coatings like poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS)[51] have been
used. A common disadvantage of most electrode materials is
their optical opaqueness, which makes them unsuitable for opti-
cal imaging techniques such as live-cell imaging.[38a] For that rea-
son, the use of transparent electrode materials is more
advantageous. In this context, a parylene/graphene heterostruc-
ture has been applied to stimulate and record electric signals
from rat hippocampal neuron assemblies, thanks to the high
conductivity, flexibility, and optical transparency of graphene.[61a]

Further works showed the incorporation of both conventional
metal electrode feedlines and graphene-based field effect transis-
tors to analyze the electrophysiology of cardiac spheroids.[38c] An
advantage of their approach is the superior spatiotemporal reso-
lution achieved by the high number of electrodes in a single tube.

In addition to graphene, other single-layer materials have been
integrated into self-folding devices. One example is MoS2, which
potentially allows for optoelectronic stimulation of cells in vitro
(Figure 4F).[71] Another desired feature of cell analysis platforms
is non-perturbative bioanalytical sensing in vitro, which can be
achieved through surface-enhanced Raman spectroscopy
(SERS). This has been achieved by Gracias and coworkers by
functionalizing the inner surface of micro-grippers with plas-
monic Au nanostars.[34a] Silver nanoparticles are another possi-
ble candidate for optical probes.[72] Aptamer-functionalized
capacitive biosensors may be a promising technology to intro-
duce the sensing capabilities of small molecules, proteins, and
cells into self-folding devices.[73] For the case of cardiac tissues,
incorporating piezoresistive components such as carbon black
and crack sensors into tissue analysis platforms may facilitate
a direct measurement of the mechanical contractility, which is
crucial for investigating drug-induced cardiac toxicity in vitro.[74]

Future devices are expected to provide a combination of multiple
functionalities. Pioneering work from Rogers and coworkers
demonstrated a multifunctional platform with integrated optical,
electrical, chemical, and thermal sensors to precisely monitor the
behavior of cortical spheroids.[54] The simultaneous monitoring

of all these physiological parameters directly from the organoid
or tissue in question provides essential data for feeding future
computational disease and developmental models.

2.4. Feature Size and Sample Type

Further essential properties of the self-folding devices, in addi-
tion to the materials, are shape and size. These properties must
be carefully optimized based on the study objective and biological
sample of interest. The correlation between the size magnitude
and specific application can be visualized in Figure 5A.
Lithography-based fabrication provides the advantage of adjust-
ing the feature size since the 3D shape and folding angle can be
easily controlled by 2D patterning and film thickness, respec-
tively. Theoretical models provide valuable tools for predicting
the morphology based on the geometry and material properties
of thin films. A well-established model to predict the curvature
radius of rolled-up bilayer tubes is Timoshenko’s bimorph beam
theory.[75] Even though this model was developed for bimetallic
thermostats, it can also be extended for other materials such as
polymeric films,[34d,37a,45c,76] and is given as

ρ ¼ d 3 1þmð Þ2 þ 1þmnð Þ m2 þ mnð Þ�1f g½ �
6ε 1þmð Þ2 (1)

where d ¼ d1 þ d2 is the total thickness of the bilayer,
m ¼ d1=d2 is the ratio of the bilayer thicknesses, n ¼ Y1=Y2
is the relative elastic modulus, and ε is the in-plane biaxial strain
between the two layers. The subscripts “1” and “2” denote the
first and the second material layer of the bilayer, respectively.
Analogous models exist for predicting the morphology change
of other strain-induced structures such as wrinkles and
helices.[77]

Self-folding devices can provide specific mechanical environ-
ments for mechanobiology studies.[78] For example, they can be
applied to control neurite outgrowth, which is crucial in wiring
the nervous system during development and regeneration
following trauma or disease.[79] Williams and coworkers used
micro-rolls of different material combinations to encapsulate
individual cortical neuronal axons and control their growth, thus
resembling the natural myelin present in the brain.[38a,41,42]

The typical diameter range for unmyelinated cortical axons lies
between 0.08 and 0.4 μm.[80] To encapsulate these axons, the
researchers achieved micro-rolls as small as 2.7 μm in diameter
(Figure 5B).

Single-cell analysis is important in deciphering cell heteroge-
neity in tissue and disease diagnostics, as larger samples often do
not accurately represent the behavior of individual cells.[40] While
eukaryotic cells normally range between 1 and 100 μm in diam-
eter, most animal cells are around 10–30 μm. For single-cell
manipulation and analysis, Schmidt and coworkers studied
the effects of spatial confinement on cellular behavior and func-
tion of yeast cells in tubes with diameters between 1.5 and 14 μm
(Figure 5C).[59a] Gracias and coworkers developed self-folding
untethered micro-grippers with sizes ranging from 10 to
70 μm in length (tip-to-tip when open).[40] These grippers could
be used for 3D optical mapping of intrinsic molecular signatures
on the membrane of single adenocarcinoma-derived epithelial
(MDA-MB-231) cells.[34a] Cells with more complex structures
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such as sperm cells can also be encapsulated and manipulated
using devices of a similar size scale. For this case, helical struc-
tures (length: ≈22 μm, pitch: ≈6 μm) have proved to be ideal
(Figure 5D).[65] Further studies on single mammalian cells using
self-folding devices showed that spatial constraints heavily
affected mitotic progression and could cause chromosomal insta-
bility (Figure 5E).[59c] Researchers also demonstrated the correla-
tion between scaffold and migration mode transitions for neural
stem cells entering a microtube (Figure 5F).[81]

The encapsulation of biological samples in the 100 μm range
consisting of multiple cells is also relevant. For stem cell culture,
50–600 μm sized wells are optimal for keeping stem cells undif-
ferentiated for long periods without the need for cell passag-
ing.[82] The aggregation of primary rat hippocampal cells and
cardiomyocytes were studied using micro-rolls of 50–80 μm
diameter. These micro-rolls featured pores whose size was opti-
mized for reagent diffusion and cell-cell communication while
keeping cells inside (Figure 5G).[37a,45c,61a] Micro-rolls of similar

A

B D F H J

C E G I

Figure 5. Correlation between the feature size of self-folding devices and their specific purpose, as well as some examples of biological samples with
corresponding sizes. A) Different biological applications represented with schematic illustrations ordered by their size scale. B) SEM image of cortical
neurons cultured at an intersection of several Si/SiGe tubes in a Si wafer. Scale bar: 10 μm. C) Optical microscope images of yeast cells encapsulated in
SiO/SiO2 microtubes with decreasing diameter from left to right. D) A remotely controlled magnetic helix carrying an immotile sperm and delivering it to
the oocyte for fertilization. E) Fluorescent and phase-contrast time-lapse images of a HeLa cell dividing inside a SiO/SiO2 microtube (Green Fluorescent
Protein (GFP)-labelled tubulin, green; H2B-mCherry, red). Scale bar: 15 μm. F) Left: differential interference contrast (DIC) and fluorescence images of a
neural stem cell (NSC) trapped inside a SiO/SiO2 microtube with different diameters. Scale bars: 10 μm. G) Immunocytochemical images of neuron-
laden graphene/parylene micro-rolls with 3 μm pores. H) Three cell types cultured in a rolled PDMS membrane, distributed in a fashion similar to blood
vessels. Red: endothelial cells (HUVECs); green: smooth muscle cells; blue: fibroblasts (NIH/3T3). I) HUVECs and HUASMCs co-cultured separately on
the inner and outer surfaces of a graphene/parylene micro-roll for small-artery mimicking. J) Optical micrographs of a multifunctional pouch-shaped
“cage” encapsulating three spheroids in a triangular lattice geometry. (A) Reproduced with permission.[41] Copyright 2011, American Chemical Society.
Reproduced under the terms of the Creative Commons CC BY license.[34a] Copyright 2017, The Author(s). Published by Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. Reproduced under the terms of the Creative Commons CC BY license.[37a] Copyright 2017, The Author(s). Published by Springer Nature
Limited. Reproduced under the terms of the Creative Commons CC BY license.[43b]Copyright 2020, The Author(s). Published by American Association for
the Advancement of Science.Reproduced under the terms of the Creative Commons CC BY license.[54] Copyright 2021, The Author(s). Published by
American Association for the Advancement of Science. (B) Reproduced with permission.[[34b]] Copyright 2008, Royal Society of Chemistry.
(C) Reproduced with permission.[59a] Copyright 2009, Royal Society of Chemistry. (D) Reproduced with permission.[65] Copyright 2016, American
Chemical Society. (E) Reproduced with permission.[59c] Copyright 2014, American Chemical Society. (F) Reproduced with permission.[81] Copyright
2015, American Chemical Society. (G) Adapted with permission.[45c] Copyright 2023, Royal Society of Chemistry. (H) Reproduced with permission.[36b]

Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (I) Reproduced with permission.[45b] Copyright 2023, Royal Society of Chemistry.
(J) Reproduced under the terms of the Creative Commons CC BY license.[54] Copyright 2021, The Author(s). Published by American Association for the
Advancement of Science.
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size were also used to investigate neural communications in
brain-like 3D cultures.[61a] The 3D spatiotemporal recording
from live cells was achieved using 52–170 μm (tip-to-tip) multi-
electrode gripper-shaped shells.[43a] In addition, the increased
size scales allow for the loading of larger samples such as crus-
tacean Triops (tadpole shrimp) embryos and Artemia (brine
shrimp) eggs.[34b]

The applications of origami-on-a-chip devices in tissue engi-
neering also necessitate larger sample sizes. One goal is to build
engineered tissue in vitro to recapitulate the structure and func-
tion of tissue in vivo. Engineered tissues can range in size from a
few hundred micrometers to several millimeters in diameter.
The specific size depends on factors such as tissue type, culture
duration, and vascularization strategy employed. For example,
vascularized neural and liver tissue constructs have been demon-
strated at multi-mm3 scales using a synthetic microfluidic vascu-
larization approach.[83] In contrast, when relying solely on
diffusion for oxygen and nutrient supply, tissue constructs are
limited to around 100–200 μm.[84] Self-folding devices provide
new strategies for building diverse 3D shapes and incorporating
multiple cell types and ECMs. Schmidt and coworkers developed
engineered microvasculatures to guide the growth of astrocytes
and lumen formation of endothelial cells. These microvascula-
ture constructs were created using porous tubes with varied
numbers of windings and hole sizes. The tube diameters in these
applications ranged between 15 and 225 μm. The bilayer tubes of
SiO and SiO2 are biodegradable by culturing them in culture
medium for five weeks, with the potential for in vivo implanta-
tion.[60] Jiang and coworkers patterned human umbilical vein
endothelial cells (HUVECs), smooth muscle cells (SMCs), and
mouse embryonic fibroblasts (NIH/3T3) in multilayered
PDMS tubes with a diameter of 100–2000 μm. This way, they
mimicked the physiological assembly of blood vessels and
medium-sized veins (Figure 5H).[36b] The 3D scaffolds of similar
size were also used to guide the growth of fibroblasts into differ-
ent geometries[38b] and to study the insulin secretion of islet β
(β-TC-6) cells.[50] Gracias and coworkers recapitulated small pul-
monary arteries by layering human pulmonary microvascular
endothelial cells (HPMECs) and aligned vascular SMCs in micro-
tubes with diameters ranging from 50 to 300 μm.[43b] Similarly,
20–200 μm diameter micro-rolls were used to mimic the laminar
structure of small arteries by co-culturing HUVECs and SMCs
across their walls (Figure 5I).[45b]

Like engineered tissues, organoids can vary significantly in
size depending on organ type, culture duration, and growth con-
ditions. While hepatic organoids achieve an average size of
250 μm after 14 days of culture,[85] brain organoids can reach
up to 4mm in diameter after two months of culture.[11] It is
important to note that organoid size can be highly variable even
within the same culture due to the stochastic nature of their
development.[5] Compared to conventional 2D devices, origami-
on-a-chip platforms provide a larger contact area, higher signal-
to-noise ratio, and a better mechanical stability for encapsulating
and analyzing 3D cell assemblies such as organoids and sphe-
roids. In addition, a surface coating to enhance cell attachment
is no longer required.[51] Cohen-Karni and coworkers reported a
self-rolled biosensor array to study cell-cell communication
within stem-cell-derived cardiac spheroids.[38c] The inner diame-
ter of the tubes was in the range of 160 μm. Rogers and his

collaborators used pouch-shaped multisensory “cages” to study
the spreading of coordinated bursting events across the surface
of ≈500 μm cortical spheroids. They also investigated the
processes arising from merging more than two spheroids in a
single cage (Figure 5J).[54] Electrophysiological recordings of
brain organoids ranging from 400 to 600 μm were carried out
using SU-8-based grippers with integrated electrodes by
Gracias and coworkers.[51] They demonstrated that the record-
ings from 3D shell electrodes were more sensitive to glutamate
stimulation compared to traditional 2D electrodes.

3. Future Perspectives

In the last decades, self-folding devices have provided novel cell
analysis, tissue engineering, and organoid analysis strategies.
Encouraging studies demonstrated the potential of the develop-
ment of novel multifunctional biointerfaces for 3D cell culture
with increasingly complex features.[54,86] For tissue engineering,
self-folding devices could guide cell growth to achieve more com-
plicated structures, such as ventricles. The self-foldable abiotic
interface with the cells can mimic the spatial, temporal, and
chemical dynamics thanks to their surface sufficiently coated
with ECM. Therefore, ideally, the synthetic materials used in
self-foldable interfaces should be replaced with natural polymers
or ECM itself via newly developed manufacturing methods.[87]

This is critical because not only the microscale scaffold but also
the boundary conditions at the nanometer-scale trigger cellular
function based on connections between the ECM and mechano-
transduction proteins such as integrins. Only then, a cell can find
a nanometer cue that it binds with, organize the cytoskeleton
appropriately, and transduce micron-scale nonspecific mechani-
cal cues (e.g., osmotic pressures).[88] This will be crucial in mim-
icking the structure and function of tissue in vivo. One limitation
in achieving enhanced complexity is the lack of diffusion, such as
vasculature, in current cell culture technologies.[89] Integration of
microfluidic perfusion systems could be beneficial to support
scalable and durable culturing.[90]

As the complexity of input and output systems for stimulation
and recording increases, more opportunities are opened to study
the behavior of two or more organoids simultaneously. This can
be done, for example, by connecting a cardiac organoid and a
brain organoid, either via electrodes or directly. Such a system
could simulate the electrophysiological response of the human
heart to neuronal stimulations and vice versa. Networks of
organoids could be interconnected to implement more complex
systems, so-called human-on-chips. Current studies showed a
combination of two different organoids into a single chip, such
as heart and liver[91] and heart and kidney.[92] Studies also dem-
onstrated the inclusion of multiple humanized constructs into a
single platform, including liver, cardiac, lung, endothelium,
brain, and testes organoids.[93] We believe that multifunctional
self-folding devices will be crucial for studying emerging
human-on-chip platforms while simultaneously facilitating the
interaction between the single constructs via integrated sensors
and actuators.

Origami-on-a-chip interfaces with both organoids and engi-
neered tissues could improve the treatment of developmental
and degenerative diseases. Tissues derived from patients’ cells
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could be used to predict patient-specific therapeutic responses.
Compared to clinical tests, in vitro disease modeling allows for
the direct recording of many more physiological parameters.
One example is cardiac contractility, which needs to be moni-
tored during drug therapies. Conventionally, physicians use
the end-systolic elastance as the key indicator of cardiac contrac-
tility, whose estimation represents a challenge from the clinical
perspective.[94] On the contrary, plenty of approaches have been
reported for cardiac contractility monitoring during in vitro drug
therapy tests through the integration of mechanical sensors into
the tissue culture platforms.[95] However, current drug screening
using patient-derived tissues can take months,[96] and there is a
high demand for efficient methods for timely decisions. For this
reason, it is imperative to develop computational models using
the data obtained from in vitro assays. A large biological databank
combined with state-of-the-art artificial intelligence could further
advance the development of the “bio digital twin,” a technology
that utilizes software models to replicate the human body and
predict diseases. This digital technology could allow therapeutics
testing in a quicker, safer, and cost-efficient manner compared to
clinical or lab-based tests.

The combination of origami-on-a-chip with organoids could
improve the knowledge of human physiology. Human brain
organoids could help to enhance the physiological understanding
of cognition, learning, and memory. For example, the human
brain is more efficient in decision-making and energy consump-
tion compared to computers.[97] Brain organoids interfaced with
computers via complex input–output networks represent an
excellent candidate for investigating human and machine intel-
ligence. This “organoid intelligence” field holds the potential to
improve the learning and decision-making capabilities of current
artificial intelligence models.

4. Conclusions

In this work, we reviewed the development of origami-on-a-chip
for interfacing with multi-scale biological samples, including
neurites, single cells, and organoids. We focused on the selection
of materials, as they are essential in the device’s properties and
functionalities. We also highlighted their important contribu-
tions to cell analysis and tissue engineering. We anticipate that
this technology will help bring cell culture technology closer to
replicating and investigating human development and diseases
in vitro by providing functional biointerfaces and tissue guiding
scaffolds. Combined with advances in biocomputing, these
platforms could have a significant impact on the medicine of
the future, allowing faster and more advanced computational
models to provide patient-specific diagnoses and therapies.
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