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The folding of tissues/organs into complex shapes is a common phenomenon that occurs in organisms
such as animals and plants, and is both structurally and functionally important. Deciphering the process
of tissue folding and applying this knowledge to engineer folded systems would significantly advance
the field of tissue engineering. Although early studies focused on investigating the biochemical signal-
ing events that occur during the folding process, the physical or mechanical aspects of the process have
received increasing attention in recent years. In this review, we will summarize recent findings on the
mechanical aspects of folding and introduce strategies by which folding can be controlled in vitro. Em-
phasis will be placed on the folding events triggered by mechanical effects at the cellular and tissue
levels and on the different cell- and biomaterial-based approaches used to recapitulate folding. Finally,
we will provide a perspective on the development of engineering tissue folding toward preclinical and
clinical translation.

Statement of significance

Tissue folding is a common phenomenon in a variety of organisms including human, and has been shown
to serve important structural and functional roles. Understanding how folding forms and applying the
concept in tissue engineering would represent an advance of the research field. Recently, the physical or
mechanical aspect of tissue folding has gained increasing attention. In this review, we will cover recent
findings of the mechanical aspect of folding mechanisms, and introduce strategies to control the fold-
ing process in vitro. We will also provide a perspective on the future development of the field towards
preclinical and clinical translation of various bio fabrication technologies.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering has many applications in regenerative
medicine, drug testing, and basic biology [1]. One of the major
challenges faced by tissue engineers is the construction of tis-
sues in vitro that can recapitulate the key structural features of
the corresponding tissues in vivo. During morphogenesis, cells self-
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assemble into complex tissues and organs with specialized forms
and functions through a process that is regulated by cues such
as morphogens [2]. During embryonic development, folding events
such as invagination and evagination are important morphogenic
processes that cause flat tissue to fold either inward or outward,
respectively, to produce a three-dimensional (3D) structure [3]. In
hollow vertebrate organs such as the stomach, intestine, and blad-
der, tissue folds such as rugae and villi form important structural
features. These folds, which primarily occur in the epithelial cells
of the mucosal layer, serve important functions such as increas-
ing the surface area for absorption in the intestine and facilitat-
ing the storage/passage of luminal contents by allowing stomach
expansion. Aside from vertebrates, folding also occurs in inverte-
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Examples of folding mechanisms
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Fig. 1. Examples of tissue folding mechanisms and strategies to engineer folding. (Reproduced/adapted with permission from [11] and [9]. For [11], Copyright (2018) National

Academy of Sciences).

brates and in plants. Some examples are the formation of the ven-
tral furrow during Drosophila gastrulation and the opening/folding
of conifer cones following hydration-induced shape-changes [4,5].
Hence, tissue folding not only serves important physiological func-
tions but also represents a crucial phenomenon in morphogenesis
and tissue movement.

Similar to origami structures that are made from flat sheets of
paper, tissue folding begins with a flat epithelium that undergoes
folding to generate complex 3D structures. Although early stud-
ies focused on investigating the biochemical signaling events that
occur during folding [6-8], the physical and mechanical aspects
have received increasing attention in recent years [9,10]. The gen-
eral consensus is that folding can be driven by two types of me-
chanical effects: those at the cellular level and those at the tissue
level [10]. Physical and mathematical models have since been de-
veloped to decipher the folding process and, more importantly, to
guide the design or engineering of folding using various cell- and
biomaterial-based strategies in vitro [9,11]. These strategies have
opened up opportunities to direct or recapitulate tissue morpho-
genesis for tissue engineering applications. In view of emerging re-
search on the engineering of tissue folding, we review the differ-
ent mechanical effects that result in tissue folding. The model or-
ganisms included in this review are humans and other vertebrates
such as mouse and chick that share similar folding morphologies,
along with insects (Drosophila) and plants (pine) that adopt dis-
tinctive folding forms either during development or in response
to environmental stimuli. This discussion will be followed by an
overview of various cell- and biomaterial-based strategies used to
engineer tissue folding. (Fig. 1).

2. General mechanisms of tissue folding

Tissue folding is a common morphological deformation process
that occurs in a wide range of organisms. Both the local-scale
effect that involves cells in and around the fold, and the more
global effect that involves single or multiple tissue layers, have
been shown to trigger fold formation. These two types of mech-
anism will be reviewed here.
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2.1. Folding caused by cellular-level effects

During morphogenesis, epithelial cells, which are originally flat
and typically polarized along their apical-basal axis in the form of
a physically contiguous sheet, fold into complex structures. At the
cellular level, folding can be triggered by events such as changes in
cell shape, rearrangements of cells/contacts, and alterations in cell
division [12]. Below, we will first discuss tissue folding as stimu-
lated by changes in cell shape, including apical and basal constric-
tion, that occur in various organisms. Next, we will review exam-
ples of rearrangements of cells/contacts and alterations in cell di-
vision, such as the shifting of cell junctions, intercalation of cells,
and clustering/constriction of localized cells.

A classic example of tissue folding is ventral furrow forma-
tion during Drosophila gastrulation. Gastrulation is the first major
morphogenetic event that occurs during Drosophila embryogene-
sis [13]. During ventral furrow formation, the furrow cells accumu-
late myosin on their apical surfaces to generate a gradient of con-
tractility, leading to pulsatile contractions and apical constriction
(Fig. 2A) [14-16]. This process depends on Rho guanine nucleotide
exchange factor 2 (RhoGEF2), which accumulates apically through
the action of Folded gastrulation (Fog) and T48 [17]. The expres-
sion of these factors is in turn regulated by the mechanosensitive
transcription factors Twist and Snail [18]. Following cell shorten-
ing and basal expansion, the constricted cells form a tissue inden-
tation along the ventral midline (ventral furrow), which later un-
dergoes invagination to stimulate the development of mesodermal
structures. Apical constriction also initiates bud formation during
lung branching in embryonic chickens and neural tube formation
in Xenopus [19,20]. However, apical constriction is not always cou-
pled with invagination. For example, salivary gland invagination
can be initiated even in the absence of apical constriction, by ap-
plying compressive forces through myosin [21]. The folding of the
Drosophila leg epithelium also depends on cell apoptosis, which
transiently pulls the apical surface inward [22]. This results in
myosin accumulation and apical constriction, both of which drive
fold formation. In some cases, as in mouse spinal neuroepithelium
folding, basal expansion and not apical constriction is the more
important mechanism [23]. Furthermore, basal constriction, rather
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Fig. 2. Folding caused by effect at the cellular level. A. Apical constriction during Drosophila gastrulation. Cross-sections (left) and apical surface (right) views of Drosophila
mesoderm cells during gastrulation. (Reproduced/adapted with permission from [16]) B. Contractile suprabasal tissue drives folding of the tooth placode. (Left) Images
showing different stages of embryonic molar tooth development. (Right) Summary of the proposed model for ectodermal placode invagination based on contraction of
superficial layer and bending of the noncontractile basal layer. (Reproduced/adapted with permission from [26]) C. Mouse villi emergence following cell cluster formation.
(Top) Emergence of Pdgfra+ cluster in mouse villi during development. (Bottom) Top panel: Images of Turing patterns predicted by simulation at different concentrations
of activator. Bottom panel: Images of experimental results obtained under treatment conditions that matched the Turing simulations: control (DMSO); 20 #M dorsomorphin
(BMP inhibitor); 10 ©M dorsomorphin (BMP inhibitor). (Reproduced/adapted with permission from [28]).

than apical constriction, represents an essential step of basal ep-
ithelial folding during the formation of midbrain-hindbrain bound-
ary in zebrafish [24]. Finally, the shifting of apical junctions in the
basal direction can deform neighboring cells that are connected via
adherens junctions [25]. This results in the collapse of the large
apical domains of the initiating cells, in turn leading to cell short-
ening and the creation of an apical invagination.

A topologically similar process that does not involve actin and
myosin has been observed in the early morphogenesis of ecto-
dermal organs such as the teeth and mammary glands of mice
(Fig. 2B) [26]. Following the emergence of a thickened epithelium
known as the placode, the contractile tissue of the superficial layer
undergoes horizontal contraction, bending the noncontractile basal
layer into a curve. The contractile tissue then forms a canopy of
elongated cells that intercalate when they converge at the center
of the invagination.

Another well-documented localized effect that produces folds
such as the intestinal villus and avian feather bud is localized cell
clustering. In the mouse intestine, epithelial Hedgehog (Hh) in-
duces the aggregation of sub-epithelial mesenchymal clusters in a
uniformly distributed array, which determines the pattern of the
villi [27]. Cells within these clusters express Patched1 and Glil
in a concentrated manner, as well as platelet-derived growth fac-
tor receptor o (PDGFRa), a receptor known to participate in vil-
lus development. The spatial distribution of the clusters is modu-
lated by bone morphogenetic protein (BMP) signaling. Consistent
with the Turing reaction-diffusion model, this cluster cell pattern
is affected by the availability of BMP inhibitors (activators) and lig-
ands (inhibitors) and can be simulated by a mathematical model
[28]. The emergence of feathers in chickens has also been shown
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to be mediated by another form of cellular self-organization [29].
In this case, dermal progenitors spontaneously aggregate due to
contractility-driven cellular pulling, causing the surface of the ep-
ithelial layer to buckle. This aggregation activates B-catenin signal-
ing to initiate follicle gene expression.

Finally, localized external constriction of the epithelium can
also trigger folding. During mammalian lung development, the air-
way epithelium develops a complex branched structure through
the sequential formation of new buds along the length of the
epithelial tube. The tip of the elongated tube bifurcates to form
daughter buds, similar to the creation of folds. This bifurcation is
regulated by the localized differentiation of airway smooth mus-
cle around the bud. As the airway epithelium grows, the smooth
muscle constrains the epithelial tube to develop fold-like struc-
tures [30].

2.2. Folding caused by tissue-scale effect

Many vertebrate tissues/organs are characterized by extensive
folding morphologies such as those in the brain, intestine, oviduct,
and stomach. The brain contains widespread grooves (sulci) and
ridges (gyri), whereas the stomach features rugae. A number of hy-
potheses have been proposed regarding the physiological mecha-
nisms underlying the generation of such folds, one of which is dif-
ferential growth between tissue layers [31 33]. In general, folding
or buckling can result from residual strain between layers with dis-
tinct mechanical stiffnesses, (elastic moduli) which grow or expand
at different rates [34]. In a mechanical system, the in-plane com-
pression of layered structures generates surface buckling through a
process known as mechanical or surface instability [35]. Unlike the
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cellular effects described in the previous section, multilayer tissues
induce various folding instabilities, and the folding pattern is de-
termined by macroscale tissue properties such as tissue thickness
and stiffness [36].

Let us consider the example of the brain. The convoluted struc-
ture of the human brain originates during gyrification, which itself
begins after the mid-gestation period [37,38]. The outer layer (cor-
tex) of the brain is made up of cell bodies and capillaries, and the
inner core consists mostly of the white myelinated sheaths of neu-
ronal axons. Brain folding, which occurs not only in humans but
in a range of primates as well, allows the packing of a large cor-
tex into a relatively small skull. Current hypotheses on the folding
mechanisms include gyrogenetic theories, which postulate that the
biochemical patterning of the cortex controls folding, the axonal
tension hypothesis, which proposes that axons in the white matter
beneath the cortex pull strongly interconnected regions together to
drive folding, and differential expansion of the cortex [39-41]. Un-
til now, no evidence of prepatterning has been found to support
the gyrogenetic theories. In contrast to the case of apical constric-
tion, despite the presence of axonal tension, this localized effect
alone is not sufficient to drive folding [42]. The hypothesis of dif-
ferential expansion of the cortex proposes that the outer layer of
the brain grows at a faster rate than the inner layer, generating
residual strains that drive instability and cortical folding (Fig. 3A)
[43]. Computational modeling has been used to simulate the pro-
cess and has successfully produced realistic folding patterns [44].
Moreover, biological data from the mouse cerebellum confirm that
cells in the outer layer indeed grow faster than those in the center.
The outer layer has also been shown to behave like a fluid, allow-
ing cells to move and change positions freely [45].

The intestine is another organ that shows large-scale folding
patterns. The previous section described how the aggregation of
sub-epithelial mesenchymal clusters in a uniformly distributed ar-
ray gives rise to villi in the mouse gut. In contrast, the formation of
villi in the chick gut emerges from the differential growth of tissue
layers (Fig. 3B) [31,46]. The sequential differentiation of the longi-
tudinal and circular smooth muscle layers restricts the expansion
of the growing endoderm and mesenchyme, leading to sequential
folding along two directions. Consequently, villi form in a stepwise
progression, wherein the mesenchyme and epithelium first develop
a longitudinal fold, followed by a zigzag pattern, and finally form-
ing individual villi. A quantitative computational model with spe-
cific biological parameters incorporated has been shown to reca-
pitulate the folding patterns observed in native tissue. In addition
to the villi pattern, the differential growth theory can explain the
formation of vertebrate intestinal loops and the hindgut [47,48],
which arise due to the different growth rates of the gut tube and
the anchoring mesenteric sheet. The number, size, and shape of the
loops can be predicted based on the measurable geometry, elastic-
ity of the layer, and relative growth rates of the tissues.

In Drosophila, localized cell effects such as basal relaxation and
lateral constriction contribute to the folding events in the wing
disk. However, a recent study showed that differential growth be-
tween layers can initiate folding from the apical surface [49]. It
has been possible to recapitulate the morphology of folding using a
computational model. These simulations could predict fold pertur-
bation in overgrowth and undergrowth mutants, which have been
experimentally validated [49].

Another form of the tissue-scale effect has been observed in
plants. Plants have evolved a multitude of 3D tissue shaping and
folding mechanisms, such as differential cell growth, turgor pres-
sure, cohesion forces, and osmotic swelling/shrinking [50]. Os-
motic swelling/shrinking is implemented by a wide variety of plant
species, a well-known example of which is the folding/opening of
pine cones due to changes in air humidity. The cell walls of plants
contain stiff cellulose fibrils surrounded by a pliant and flexible
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matrix. When the pine cone is subjected to drying, the upper side
of the scales, which has the cell walls with cellulose fibrils oriented
parallel to the cell axis, shrinks along a direction perpendicular to
the cell axis. In contrast, the lower side of the scales, which con-
tains fibrils arranged perpendicular to the cell axis, shrinks along
the axial direction. These two effects together bend the scales and
open the cone [51].

3. Strategies by which to engineer tissue folding in vitro

In vivo, tissue folding is a highly regulated and reproducible
process that occurs across different organisms, as demonstrated
by the examples above. Nevertheless, folding is difficult to re-
capitulate or control in vitro because it relies on simultaneous
changes and rearrangements of cell shape, and interaction be-
tween multiple tissue layers. For example, although in vitro cul-
tured brain organoids and stem cell-derived retinal epithelia can
reproduce microscale epithelial folding [52,53], control over the
size and shape of the folding is limited and the dimension of fold-
ing varies across organoids/cells. In theory, tissue engineers can
use a variety of fabrication approaches such as conventional 3D
printing and photolithography to generate different types of pat-
terned structures [54,55]. However, these approaches can neither
faithfully reproduce the morphological changes at the cellular level
nor achieve the mismatch (compressive) stress that triggers fold-
ing; these events not only drive physical folding but also initiate
many biochemical and mechanical signaling events important for
development [56]. To engineer tissue folding via a biomimetic pro-
cess, scientists have leveraged knowledge gained from the in vivo
folding process. This has been achieved by controlling both local-
ized and tissue-scale effects, such as by manipulating cells or de-
signing biomaterial-based scaffolds. Here, we will review these two
biofabrication strategies.

3.1. Engineering tissue folding by manipulating localized effects

During Drosophila gastrulation, apical constriction is typically
initiated by the activation of Rhol GTPase by RhoGEFs, which re-
sults in the activation of myosin and contraction of actin filaments
[57]. To mimic this activation in vitro and precisely define the
folding position, an optogenetic approach was proposed (Fig. 4A)
[58]. Specifically, the cryptochrome 2/cryptochrome-interacting ba-
sic helix-loop-helix 1 (CRY2/CIB1) protein heterodimerization sys-
tem was used to provide optogenetic control. A light-sensitive
protein domain (RhoGEF2-CRY2) and N-terminal domain of the
CRY2-binding partner CIB1 tagged with a plasma membrane an-
chor (CIBN::pmGFP) were engineered and expressed in Drosophila.
In the dark, RhoGEF2-CRY2 is localized at the cytoplasm, sepa-
rated from CIBN::pmGFP anchored at the plasma membrane. Un-
der localized photo-activation, CRY2 binds to the CIBN::pmGFP at
the plasma membrane to trigger the activation of Rhol and its
downstream effectors. With this approach, localized activation is
sufficient to induce apical constriction and myosin accumulation.
Pulsatile contractions result in tissue folding events that resemble
the endogenous folding process. This study illustrated the utility of
novel optogenetic approaches to guide tissue morphogenesis and
folding.

Apart from inducing tissue bending or folding via genetic ma-
nipulation, it is also possible to engineer tissue folding by leverag-
ing the natural behaviors of cells. For example, a 3D cell-patterning
approach inspired by the phenomenon of cell-mediated contrac-
tion of the extracellular matrix (ECM) was reported to engineer
folding (Fig. 4B) [9]. Adherent cells, such as fibroblasts, exert trac-
tion forces on the underlying environment, allowing them to mi-
grate, differentiate, and maintain tissue integrity [59]. This creates
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Fig. 3. Folding caused by effect between tissue layers. A. Differential growth between cortex and underlying white matter resulted in brain folding. Figure displayed various
simulations, images of rat, lemur, wolf, and human brain, as well as physical model of brain folding of different brain size and tangential expansion. (Reproduced/adapted

with permission from [44].

Copyright (2014) National Academy of Sciences). B. (Left) A simulation showing chick gut ridge-folds forming due to differential growth between endoderm and muscle
layers, followed by buckling into a zigzag pattern. Sections of corresponding chick guts labeled with DAPI (blue) and smooth muscle actin (SMA) (green) are shown below.
(Right) Circumference of the inner boundary of the muscle and endoderm. (Reproduced/adapted with permission from [31]).

strain and leads to the contraction of the matrices, as demon-
strated by previous studies that reported the shrinkage of cell-
laden collagen hydrogels over time. When cells are deposited onto
a free-floating collagen hydrogel, they contract the surface by
aligning the collagen fibers, creating compressive strain and pro-
ducing bending [9]. Furthermore, when cells are laid in predeter-
mined patterns on the top (apical) or bottom (basal) of a hydrogel,
they drive folding along the programmed trajectories. These obser-
vations are supported by the prediction of folding shapes by fi-
nite element models, which offer guidance for the design of folded
structures. As an example, a zigzag-shaped surface resembling the
guts of embryonic day 13-16 chicks was created by depositing cells
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in a pattern analogous to the Miura origami fold. To constitute
a functional tissue with multiple cell types, other cell types such
as endothelial and epithelial cells were added without interfering
with the folding trajectories, which was dominated by the major
contracting cell type (e.g. fibroblast). Interestingly, cell migration
was found to be biased along the incipient folds, suggesting that
tissue folding feeds back onto the behavior of patterned cells. This
technique was further developed to pattern cells onto hydrogels
using a photolithographic approach, and was used to mimic the
branch geometry of the kidney epithelial network by engineering
folding of the hydrogel and promoting cell orientation [GO0].
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Fig. 4. Engineering folding via manipulating localized effect. A. (Top) Schematic illustration of the CRY2/CIBN optogenetic system used for controlling plasma membrane
recruitment of the Rhol activator RhoGEF2 during early Drosophila embryogenesis and the experimental setup. (Bottom) Time-lapse recording of embryos showing light-
induced tissue folding. (Reproduced/adapted with permission from [58]) B. (Top) Traction force generated by mesenchymal cells on extracellular matrix could account for
strains that drive folding and schematic depicting how various types of folding could be generated in floating gels containing either isotropic or anisotropic cell cluster grids.
(Bottom) Top view and cross-sections showing that mesenchymal condensates drive folding of hydrogel resembling that of chick gut. Colored regions indicate location of

deposited cell clusters. (Reproduced/adapted with permission from [9])

C. (Top) Schematic showing how 3D printed cell-laden microbeam hydrogel generated contractile

forces to drive folding in packed microgels. (Bottom) 3D printed microbeam developed folding over time. (Reproduced/adapted with permission from [61]).

Based on a similar strategy, a 3D bioprinting method has also
been proposed to engineer folding [61]. Microbeams made from
cells and collagen I hydrogel were 3D printed within a growth
medium comprising packed polyacrylamide microgels (Fig. 4C).
The soft microgels provide mechanical support to the microbeams
while simultaneously facilitating deformations driven by cell con-
traction. Within the growth medium containing packed microgels,
the microbeams contract due to cell-collagen interactions. By vary-
ing the cell density, collagen concentration, microbeam diameter,
and the material properties of the surrounding medium, the mi-
crobeam can be controlled to exhibit one of the following be-
haviors: folding, breakup, or axial contraction. Using the Euler-
Bernoulli theory, the wavelength of and critical stress for folding
can be predicted. Similar to depositing cells on a free-floating hy-
drogel, this approach allowed the design and fabrication of struc-
tures comprising cells and ECM that could produce folding under
cell-generated forces. The results also suggest that both the intrin-
sic and extrinsic environments of the printed structure influence
folding behaviors.

3.2. Engineering tissue folding by recapitulating tissue-scale effects

As introduced earlier, tissue folding can be initiated by tissue-
scale effects that involve either single or multiple layers of tis-
sue. For example, local swelling behavior can induce morpholog-
ical changes in plants. Inspired by this, folding has been fabricated
by four-dimensional (4D) printing [62]. It is a process by which a
3D printed object is transformed into another structure under spe-
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cific conditions [63,64]. For example, composite hectorite clay hy-
drogel was encoded with localized, anisotropic swelling behavior
[63], which was in turn controlled by the shear-induced alignment
of cellulose fibrils during 3D printing such that the swelling be-
haviors along the longitudinal and transverse directions differed.
When immersed in water, the printed object exhibited plant-
inspired shape changes, yielding complex 3D morphologies such
as bending and twisting. Another reported 4D printing approach
utilized digital light to encode a temperature-responsive hydrogel
with spatially controlled growth (expansion and contraction) be-
haviors, which transformed the hydrogel into the prescribed fold-
ing structures [65]. Self-folding can also be induced by generating a
crosslinking gradient within the printed polymer (Fig. 5A) [64,66].
For example, a self-curved collagen hydrogel was achieved by in-
troducing a cell adhesive peptide into certain regions of a hydro-
gel to program the trajectories of stromal cell contraction, leading
to the formation of cornea-shaped curved stromal tissue (Fig. 5B)
[67]. It was recently demonstrated that programmed ferromagnetic
domains can be 3D printed in an elastomer composite containing
ferromagnetic microparticles aligned along the external magnetic
field applied during printing [68]. The resulting 3D printed struc-
ture exhibits rapid shape transformation in the presence of a mag-
netic field. This strategy could potentially be leveraged to engineer
tissue folding and attain eventual shape transformations in vivo.
Differential growth between tissue layers can also cause strain
and subsequent surface folding [69]. Typically, these tissues are
composed of a thin surface layer (film) overlaying thick tissue
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Fig. 5. Engineering folding via self-folding effect. A. Schematic of the 4D printing of self-folding hydrogel (AA-MA or HA-MA polymer with or without living cells). Instant
folding of printed film into tubes upon immersion of the crosslinked films in water, possibly due to the presence of a crosslinking gradient in the film. (Reproduced/adapted
with permission from [64]) B. Self-folding of collagen hydrogel achieved by introducing a cell adhesive C16G3RGDS peptide amphiphile (PA) in certain regions of the hydrogel
to program the trajectories of stromal cell contraction. (Reproduced/adapted with permission from [67]).

such as muscle (substrate). These film-substrate composite struc-
tures abound not only in biological but also engineering systems
such as flexible electronics, wearable devices, and superhydropho-
bic surfaces. Mismatch strains due to the expansion of the film or
shrinkage of the substrate can trigger various surface instabilities
such as wrinkling, creasing, and ridging [36,70,71]. Over the past
few decades, these instabilities have been studied systemically and
categorized using phase diagrams. The modes of instabilities have
largely been determined using properties such as stiffness of the
materials, adhesion energy between the film and substrate, and the
mismatch strain or compressive strain exerted on these structures
[36].

To recapitulate the mismatch strain required to initiate instabil-
ity, a number of engineering strategies have been proposed. First,
differential swelling of a gel can generate mismatch strain. For ex-
ample, bilayer elastomer gels (e.g. polydimethylsiloxane [PDMS])
with different stiffnesses can be fabricated to mimic the white
matter and cortical gray matter layers of the brain [40]. When
immersed in solvents (e.g. hexane), the composite gel would first
swell at the surface, causing the relative expansion to compress the
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outer layer. This will lead to the progressive formation of cusped
sulci and smooth gyri in the bilayer construct, mimicking the mor-
phology of the real brain. This method has been reported in a
number of studies due to its ease of fabrication and control of
material properties in a facile manner (Fig. 6A) [44,72-74]. Simi-
larly, a bilayer poly(ethylene glycol) (PEG) scaffold can exhibit self-
folding due to the differential swelling of two PEG layers of differ-
ent molecular weights in an aqueous solvent [75].

Aside from solvents, other stimuli that can trigger
swelling/deswelling in gels have been described. Poly(N-
isopropylacrylamide) (PNIPAM), a temperature-responsive hy-
drogel, coated on a rigid surface undergoes creasing in response to
changes in temperature [76]. By incorporating light-absorbing iron
oxide particles in the PNIPAM hydrogel, creasing can also be gener-
ated by illumination-induced heating [77]. A two-dimensional (2D)
hydrogel of PEG-based film containing ortho-nitrobenzyl (o-NB)
moieties has been shown to transform into folded 3D structures
after exposure to ultraviolet (UV) light, which induces a cross-link
density gradient in the gel [78]. A multi-stimuli responsive bilayer
structure consisting of PDMS coated with anthracene-containing
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polymer and disulfide-based diacrylate monomer also develops
wrinkled patterns upon combined stimulation with heat and
UV [79]. UV irradiation induces the formation of a double in-
terpenetrating network as the film. After heating at 80 °C to
promote thermal dilation of the structure, compressive stress can
be generated by cooling the system to room temperature, which
induces wrinkle formation. Electric fields can also be used to
trigger creasing in conductive polymers such as PNIPAM-based
polyanionic hydrogels that undergo electrically triggered changes
in volume [80]. Creases can be reversibly formed and eliminated
on the time-scale of a few seconds by switching on and off the
electric field.

Although stimulus-responsive mechanisms can effectively in-
duce folding and other instability patterns on demand, the admin-
istration of stimuli such as heat and electric fields can be unfavor-
able to living cells incorporated in the engineered tissue. Therefore,
a purely mechanical approach based on an elastic substrate that
generates compressive strain has been developed. Briefly, an elastic
substrate such as PDMS is prestretched either uniaxially or biaxi-
ally before a film is coated on top of it through either spin coating,
dip coating, or chemical vapor deposition [81,82]. The substrate is
later relaxed to induce compressive strain on the film, which ex-
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periences surface instability and evolves morphological patterns. A
phase diagram can be constructed with input parameters such as
applied compressive strain, film substrate stiffness ratio, and ad-
hesion energy between film and substrate to predict the instability
patterns in both theoretical studies and numerical simulations [36].
A critical requirement for such fabrication is an elastic substrate
that can provide the compressive strain, which is usually fulfilled
by adopting elastomers such as PDMS. However, these elastomers
typically do not have sufficient water permeability and degrad-
ability for engineering living tissue. Although hydrogels are pop-
ular biomaterials that can circumvent these issues, they are usu-
ally mechanically weak and have low stretchability. Our group re-
cently engineered a tough and exceptionally stretchable hydrogel
containing polyacrylamide (PAAm) and alginate, making it a good
candidate for the substrate [11]. We attached a cell-laden gelatin
methacrylate hydrogel film containing epithelial and stromal cells
to recapitulate the mucosa layer to a prestretched PAAm-alginate
hydrogel substrate. (Fig. 6B). Relaxation of the prestretched sub-
strate led to fold formation, which could be predicted by finite el-
ement modeling. In addition, the folded tissue could protect the
epithelium from damage during the folding-unfolding process, as
during stomach expansion and deflation. A more recent study re-
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ported that chemically crosslinked chitosan can serve as an elastic
substrate. After prestretching, the surface can be further physically
crosslinked to produce a film, which produces wrinkles after the
tension is released [83]. Finally, wrinkling can also be induced in
a single-layer hydrogel using the prestretching strategy [84]. When
a hydrogel consisting of both chemical (PAAm) and physical net-
works (polyvinyl alcohol [PVA]) is stretched, the networks deform
to the same extent, but recover differently after the stress is re-
moved. The contraction force generated from the elastic deforma-
tion of PAAm induces mass redistribution of the PVA, leading to
the formation of wrinkled hydrogels.

It is important to note that many examples of fabricated folded
structures are planar, but the folded tissues in biological systems
are usually curved, such as in the form of a tube. Although it is
possible to roll the planar structure into a tube after the folds are
produced, folded structures can be directly engineered on both the
interior and exterior surfaces of a silicon rubber tube by deposit-
ing Parylene N film on a stretched tube via chemical vapor depo-
sition prior to releasing the tension [85]. Similarly, a bilayer hy-
drogel (PNIPAM/clay/MXene)-elastomer (TPE) tube can be made to
mimic the wrinkled morphology of the inner wall of a blood vessel
through temperature-induced swelling and shrinkage of the hydro-
gel layer [86]. Such a stimulus-responsive folding design enables
flow regulation in a manner similar to physiological autoregula-
tion. A number of other examples show that folded film can be
fabricated on spherical materials using a similar strategy [87-89].
Nevertheless, these deposition methods are applicable only to cer-
tain materials and are often incompatible with living cells. There-
fore, further development in this direction is required. In addition,
simulation studies have shown that, aside from mismatch strains
and stiffness ratio, the curvature of the substrate also influences
the types and properties of the instability patterns formed [90].

4. Conclusion and future perspective

Tissue engineering can contribute to significant advances in tis-
sue replacement, disease modeling, and drug development. Given
that many tissues fold into complex shapes during morphogene-
sis and that the folds often assume important functions, it is cru-
cial to decipher and control the folding process in vitro. A number
of diseases such as stomach cancer and inflammatory bowel dis-
ease often necessitate the surgical removal of parts of the stom-
ach and intestine with folded features, and therefore, the implan-
tation of engineered tissue that recapitulates the folded features of
the native tissues/organs offers a potential therapeutic approach.
Over the past few years, the mechanisms that drive folding, par-
ticularly the physical and mechanical aspects, have been gradually
unveiled. This knowledge has effectively guided the development
of strategies to engineer tissue folding in vitro. In this review, we
summarized the mechanisms of tissue folding and strategies used
to engineer them. At the cellular level, it has been shown that con-
striction of the cell membrane drives fold formation in Drosophila.
Using an optogenetic approach, the localized activation of Rho1l GT-
Pase can be used to trigger apical constriction and folding. Local-
ized cell clustering in the form of Turing patterns or that induced
by contractility-driven cellular pulling can also precede the bio-
chemical signaling that initiates folding. Inspired by this, a 3D cell-
patterning approach was developed to recapitulate contractility-
driven folding via the contraction of deposited cells on a hydro-
gel. At the tissue level, instabilities induced by mismatch strain
between different tissue layers have been widely reported to drive
folding. Various bilayer biomaterial systems can be engineered to
recapitulate this phenomenon. Finally, the 3D shape-changes that
occur in plants can be reproduced using strategies such as 4D
printing and cell-driven curving of scaffold materials.
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These diverse bio fabrication approaches can contribute to tis-
sue engineering in the following aspects:

1 First, the engineered tissue/organ containing folded structures
can be used for tissue and organ repair and regeneration. In
the case of esophagus, for example, the folded structure helps
to close the lumen, attenuating reflux processes and allowing
the expansion of esophageal tissue to accommodate a large
food bolus. Previous studies have reported that a decellularized
esophagus scaffold, with the folded structure preserved using
a controlled perfusion process, has the potential to act as a hu-
man tissue substitute [91]. The construction of folded tissue us-
ing engineering principles offers an alternative to the use of de-
cellularized tissues and organs. In addition, self-folding hydro-
gels made through 4D printing and cell-driven contraction can
be used to engineer blood vessels or other curved or tubular
tissues/organs for use in regenerative medicine [64,66,67,92].

2 Second, the technology can be adopted to develop tissue/organ
models to study human diseases and perform drug screening.
Conventional in vitro 2D models such as epithelial cell mono-
layer cultures do not effectively reproduce human physiolog-
ical functions. For example, the monolayer culture of Caco-2
cells, which is a human colon epithelial cell line, cannot accu-
rately mimic the physiological functions of cell differentiation,
mucus production, and drug absorption as it lacks the unique
3D villi present in the intestine [93]. Therefore, a 3D tissue
model with folded structures, similar to those reported previ-
ously [93-95], can be fabricated by 3D cell-patterning or by in-
ducing surface instabilities to overcome the limitations of 2D
models, and more accurately represent human physiology.

3 Finally, scaffolds with parallel folded structures can induce cel-
lular alignments for tissue engineering. Several tissue types
such as muscle and neural tissue are characterized by a high
degree of cellular alignment, which enables the efficient trans-
mission of force and electrical signals. As micro- or nano-
fabricated surfaces containing wrinkled patterns or gratings can
promote cellular alignment during in vitro culture [81,96], the
adoption of engineering strategies to create parallel folded or
wrinkled structures can guide such alignments to mimic native
tissue architecture.

Despite the promising advances in the engineering of tissue
folding guided by theories, several key issues need to be overcome
before these technologies can be translated to preclinical or clinical
applications. Some of the approaches require materials (e.g. PDMS)
or stimuli (e.g. heat) that are incompatible with living, implantable
tissue. These techniques should be replaced with more cell-friendly
approaches. Moreover, only very few studies have reported the in
vivo performance of folded tissue. One study described the forma-
tion of a micro-scaled hollow tubule through a self-forming ap-
proach and demonstrated its ability to promote microcirculation in
vivo [66]. It remains to be seen whether the folded tissue gener-
ated by other approaches can maintain their shape after implanta-
tion and whether the materials used will induce any adverse im-
mune reactions in vivo. Given that multiple folding mechanisms
could come into play simultaneously [97], a multifaceted approach
that integrates both cellular-level and tissue-level effects would be
preferable. From a clinical perspective, there is currently no tissue
engineered product that can replace folded tissues/organs such as
stomach and intestine. The above-described strategies for engineer-
ing folding may prove useful for the fabrication of functional tissue
for regenerative medicine in the future.

Taken together, a collaboration between developmental biolo-
gists, biomechanical researchers, and tissue engineers could un-
cover more detailed mechanisms of folding and help develop
strategies to apply this knowledge to the engineering of folded
systems. Advances in the development of biomaterials and fabri-
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cation technologies will enable the use of engineered folded tissue
for biomedical applications to soon become a reality.
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