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Conventional assembly of biosystems has relied on bottom-up techniques,
such as directed aggregation, or top-down techniques, such as layer-by-

layer integration, using advanced lithographic and additive manufacturing
processes. However, these methods often fail to mimic the complex three
dimensional (3D) microstructure of naturally occurring biomachinery, cells,
and organisms regarding assembly throughput, precision, material heteroge-
neity, and resolution. Pop-up, buckling, and self-folding methods, reminiscent
of paper origami, allow the high-throughput assembly of static or reconfigur-
able biosystems of relevance to biosensors, biomicrofluidics, cell and tissue
engineering, drug delivery, and minimally invasive surgery. The universal prin-
ciple in these assembly methods is the engineering of intrinsic or extrinsic
forces to cause local or global shape changes via bending, curving, or folding
resulting in the final 3D structure. The forces can result from stresses that
are engineered either during or applied externally after synthesis or fabrica-
tion. The methods facilitate the high-throughput assembly of biosystems in
simultaneously micro or nanopatterned and layered geometries that can be
challenging if not impossible to assemble by alternate methods. The authors
classify methods based on length scale and biologically relevant applications;

ones, there is a need to create integrated
biosystems that are similarly structured
from nano to macrolength scales.>® Like
naturally occurring biological systems, it
is also important that assembly and inte-
gration be achieved in a high-throughput
and parallel manner. Integration in this
context implies the incorporation of dif-
ferent materials and functionalities with
precise spatiotemporal characteristics.
Concerning material composition, biology
combines soft materials (e.g., protein gels
such as collagen), hard materials (e.g.,
inorganics such as hydroxyapatite), cells,
and fluids of varying viscosity (e.g., inter-
stitial fluid and blood plasma). In terms of
functionality, biology is replete with com-
plex 3D interconnected systems for fluid
flow, transmission of electrical signals,
growth, regeneration, and maintenance
of homeostasis, all of which require 3D
hierarchical synthesis, patterning, and

examples of significant advances and future challenges are highlighted.

1. Introduction

Biological structures ranging in size from molecular machines
such as the ribosome to organelles, cells, multicellular organ-
isms, organs, and the human body are exquisitely structured
with hierarchical precision and significant material heteroge-
neity in all three dimensions.? In order to mimic, sense, and
record signals, or to interface synthetic systems with biological

Dr. V. A. Bolafios Quifiones, H. Zhu, Prof. A. A. Solovey, Prof. Y. Mei
Department of Materials Science

State Key Laboratory of ASIC and Systems

Fudan University

Shanghai 200433, P. R. China

Prof. D. H. Gracias

Department of Chemical and Biomolecular Engineering

Johns Hopkins University

3400 N Charles Street, 221 Maryland Hall, Baltimore, MD 21218, USA
E-mail: dgracias@jhu.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adbi.201800230.

DOI: 10.1002/adbi.201800230

Adv. Biosys. 2018, 2, 1800230 1800230

assembly.”!

Many methods can be utilized for syn-
thesis, patterning, and assembly with var-
ying advantages and disadvantages. They
are broadly classified into bottom-up or top-down approaches.
Bottom-up approaches often rely on directed synthesis or
self-organization by aggregation.'>' These methods can be
utilized to create hierarchical assemblies with a wide range
of materials including organics, inorganics, and hybrids via a
variety of forces including covalent, ionic or hydrogen bonds
and van der Waals, hydrophobic, electrostatic or magnetic inter-
actions.'>1%] As we discuss in this review, aggregation can be
augmented by strain engineering to enable the assembly of
more complex structures composed of bent or folded molecules
and their aggregates.

Popular top-down methods include conventional layer-
by-layer photo, electron beam, or replica patterning using
additive or subtractive thin-film deposition techniques.!'’-21l
These techniques can be highly parallel and precise but are
inherently 2D; they typically involve the serial deposition or
removal of a material with a prescribed pattern transferred
using computer-aided design generated optical masks, pro-
grammed electron beam raster controls, or relief molds. Using
these techniques, it can be relatively easy to create inherently
planar structures but challenging to create entirely curvilinear
geometries.

(10f18) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The recent revolution of additive manufacturing has opened
up a range of techniques for nozzle-based deposition or stereo-
lithography. These methods enable customizable patterning with
low material costs but with limited material classes, spatial res-
olution, and throughput.?223 Additive manufacturing methods
have been utilized to print a range of biological materials
including gels and cells, but the integration of dissimilar classes
of materials such as metals, with polymers, and complex com-
ponents such as fluidic or pneumatic microchannels as would
be required for robots or biosensors can be challenging.?*?’]
Likewise, 3D nanoscale patterning techniques such as focused
ion beam milling have limited fabrication throughput and capa-
bilities for complex integration and assembly.2l

One emerging class of methods achieves this integra-
tion of biosystems by changing the shape of previously
synthesized molecules, films, sheets, or 3D printed struc-
tures by bending, curving, and folding. Reminiscent of the
ancient art of origami, these methods utilize either manual
or self-folding to create integrated structures with 3D form
and function. There are many review articles on molecular
and thin-film assembly approaches based on folding; the
reader is directed to several recent reviews on molecular
folding!?’74 and to reviews on static and reconfigurable
curving and folding of thin films.*>>¢ Here, we focus on
unifying assembly methods based on manipulation of shape
by bending, curving, and folding and on uncovering under-
lying principles across length scales from molecules to the
macroscale, with a focus on integrated systems of relevance
to biology and medicine.

We note that there are several important features of this
approach. First, the approach of shaping structures by strain
engineering is intellectually stimulating and inherently bioin-
spired. Many biological systems are assembled when intrinsic
or extrinsic forces shape their final structure by bending,
curving, and folding. Also, assembly approaches are observed
at a variety of length scales ranging from molecular to mac-
roscale. For example, proteins assemble their exquisite 3D
structures by folding. In this case, 3D assembly is driven by a
balance of intra and intermolecular forces (e.g., electrostatic,
hydrogen bonding, and hydrophobic effect) that bend and fold
the molecule into its final secondary and tertiary structures.>’!
In the cellular world, one of the widely observed assembly
processes in multicellular embryonic morphogenesis is the
bending, invagination, exvagination, and folding of the epi-
thelium.’%%9 In these processes, forces derived from differ-
ential swelling of either apical or basal portions of groups of
epithelial cell sheets cause spontaneous curving and folding
of tissues.[01%2 At a larger length scale, and as an example of
a naturally occurring dynamic process, the complex folding
and unfolding mechanisms of the wings of ladybird beetles
are associated with complex origami crease patterns.[°3¢4
Throughout the review, we provide examples of strain-engi-
neered systems associated with bending, curving, and folding
in biology and nature.

Second, forces required to bend, curve, and fold structures
can be applied during or after aggregative, planar, layered, or
additive patterning. This is evident in the naturally observed
spontaneous curving of phospholipid bilayers, where molec-
ular rafts aggregate with their nonpolar groups oriented away
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from the aqueous medium and curve up to balance aggre-
gation, bending, and surface energies.%¢>0] Assembly by
bending, curving, and folding can be applied to thin films that
have been patterned by photo, electron, ion beam, or imprint
lithography approaches.*>1:67l These lithographic patterning
approaches are well established for the microchip and micro-
fluidics industry, and they can enable highly resolved patterns
down to the nanoscale. For example, capillary forces have been
utilized to fold up polyhedra from precursor films that were
patterned by e-beam lithography with well-resolved features as
small as 15 nm.[%] More recently, shape change has also been
utilized with nanoimprint patterned thin films, which suggests
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that high-throughput nanomanufacturing of 3D structures
may be possible.®] Heterogeneous patterning can also endow
optical or electronic functionality into the curved or folded
structures. These features such as high-throughput assembly of
layered, functional, and nanostructured devices are advantages
over alternate 3D fabrication techniques such as 3D printing,
for example, which has limited 3D spatial resolution and is
a serial approach. Recently, the so-called 4D printing and 4D
biofabrication methods have been reported; these involve
the programmed and dynamical shape change of 3D printed
structures.’®73 The 4 in “4D” refers to the fourth dimension
reflecting a temporal change of the structure after 3D printing.

Third, origami-inspired assembly methods can be applied
to previously patterned and layered thin films to form tubular,
polyhedral, or complex 3D structures wherein fluidic or gas-
eous channels are integrated into the side walls.’®74 Since lay-
ering, patterning, and curvature are all present simultaneously
in many tissues such as the bladder, intestine, cartilage, blood
vessels, or mammary ducts,”>7°! origami assembly approaches
that permit the curving and folding of previously layered and
patterned thin films are highly relevant to tissue engineering.

Finally, strain-engineered methods also enable the creation
of integrated biosystems with compact form factors that permit
small overall sizes of relevance to smart dust sensors and
untethered miniature robots. This point is especially relevant
to devices composed of 2D layered materials that offer unique
physical and chemical properties but occupy large space due to
their planar geometry.’”-78]

We now describe these origami biosystems that are broadly
defined as integrated and functional devices, structures, or
platforms of relevance to biology and medicine that have been
created by local or global strain manipulation of precursors
resulting in bending, curving, or folding. We can classify ori-
gami biosystems based on relevance to biomolecular assembly,
biosensors, biomicrofluidics, cell/tissue engineering, drug
delivery, and biorobotics (Figure 1). These classes broadly
reflect the breadth of activity in origami biosystems and are
described in more detail below. In each case, bending, curving,
and folding of molecules, thin films, or 3D shapes enables their
structure and function.

2. Biomolecular Assembly

The 3D assembly process and resulting structure of com-
plex biomolecules exemplify the importance of curvature and
folding approaches seen in biology. The machinery in organ-
isms involves proteins and more complex biomolecules such
as the ribosome that often function only in specific 3D folded
states.l””) Many diseases such as cystic fibrosis and many neu-
rodegenerative diseases are thought to be caused by misfolded
proteins.® Since the total number of conformations that bio-
molecules, such as proteins, can adopt is enormous, nature has
evolved many advanced design concepts for efficient folding.
In the crowded cellular space where the cytosolic protein con-
centration can be as high as 400 g L7}, the balance between
aggregation and folding is indeed very delicate, and can be
the balance between life and death.®!) Consequently, natural
protein folding involves the exquisite design of funnel-shaped
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Figure 1. Schematic classification of origami biosystems. Biomolecular
assembly. Adapted with permission.3% Copyright 2015, Springer Nature.
Biosensors. Adapted under the terms and conditions of the Creative Com-
mons Attribution license 4.0.'"*] Copyright 2018, the authors, published
by Wiley-VCH. Biomicrofluidics. Adapted with permission.'’”2 Copy-
right 2012, The Royal Society of Chemistry. Cell and tissue engineering.
Adapted with permission.[?3%l Copyright 2018, Springer Nature. Drug
delivery. Adapted with permission.?*2 Copyright 2011, Wiley-VCH. Bioro-
botics. Adapted with permission.?34 Copyright 2016, Springer Nature.

potential energy surfaces that minimize folding errors and the
use of molecular chaperones that stabilize selected conforma-
tions and aid protein folding.[®?

Naturally occurring biomolecular folding is not just
restricted to proteins but also observed in other naturally
occurring molecular systems such as DNA, RNA, or hybrid
polynucleotide—protein structures. A classic example is chro-
matin that is an assembly where DNA wraps around his-
tone proteins to form nucleosomes and then larger curved
and folded geometries.[®3l The small final form and shape of
chromatin illustrates the usefullness of curving and folding
approaches in packaging structures in a small space while at
the same time providing accessibility to interactions with the
external environment.

Due to the observed exquisite nature of natural biomo-
lecular folding, a long-standing dream in macromolecular
chemistry has been to create synthetic molecules that would
mimic naturally folded biomolecules and fold up into specific
conformations.

2.1. Foldamers
The term foldamer broadly refers to oligomers or polymers
that fold into compact or conformationally ordered shapes

with primary and secondary structure.?”?8l A variety of syn-
thetic approaches have been utilized to manipulate the folding

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of molecular chains. For example, the manipulation of local
rigidity and stacking in synthesized molecular chains com-
posed of heterocycles with extended hydrazone and pyrimi-
dine sequences has allowed programming of molecules that
fold into helical shapes.®! Peptidomimetic foldamers consist
of modified amino acids that stabilize secondary structures
and fix specific portions of the molecule while mini-proteins
are short polypeptide chains, typically <40 amino acids in
length that can fold into 3D structures.?¥ In order to design
secondary structures, -peptide homopolymers can be utilized
to create sheets while o-peptides can be utilized to create sinu-
soidal or helical shapes. Due to the small size of mini-proteins,
there are fewer noncovalent (e.g., hydrophobic) interactions as
compared to proteins, and so they must often be stabilized by
covalent interactions and metal ion stabilization. Elsewhere,
vinylogous amino acids, oligosulfonamides, aedamers, and a
variety of oligomers have been utilized to fold molecules into
3D structures based on donor—acceptor interactions, H-bonds,
polar, and hydrophobic interactions.®%#8 Significant chal-
lenges exist in extending the complexity of synthetic foldamers

www.adv-biosys.com

beyond their secondary structure to more complex tertiary
structures and fine tuning the interactions to realize funnel-
shaped potential energy landscapes to minimize erroneous
side products.

2.2. Synthetic Folding DNA

As a consequence of the predictable hydrogen base pair binding
of nucleotides, complementary strands of DNA or RNA can be
designed to fold up into complex 3D structures via Watson—
Crick base pairing.?*%% As compared to foldamers that interact
by a variety of forces, DNA folding can be programmed and
consequently is amenable to design; i.e., the inverse problem
of designing precursor molecular strands that can fold into a
predictable final shape is more tractable. Synthetic folding
of single-stranded DNA structures can broadly be classified
into three methods (Figure 2). They include folding with all
short strands, folding with a long and several short strands,
and folding of a single long strand.’®%%%4 Each method has

N
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Figure 2. Major classes of DNA biomolecular assembly including a) the schematic illustration of the definitions. Reproduced with permission.’¥l Copy-
right 2017, AAAS. b) Complementary binding of short DNA strands to form DNA bricks. Reproduced with permission.l3® Copyright 2017, Springer
Nature. c) DNA origami involving binding and folding of one long and several short staple strands. Reproduced with permission.%! Copyright 2011,
AAAS. d) Single-strand DNA folding. Reproduced with permission. Copyright 2017, AAAS.
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its advantages and disadvantages concerning design, error
rates, fidelity, and the final size of the structure. For example,
DNA origami with a single long strand and several short
strands is more readily amenable to software design while
single long strand DNA folding is not. In contrast, single long
strand DNA has been shown to form some of the largest DNA
structures.® Recent trends point to future decreases in the
cost of DNA synthesis per base,*! which suggests increased
availability of assembled DNA origami structures for both basic
research and commercial applications. Additionally, recent
innovations in synthetic biology®®"! offer possibilities for bio-
molecular modifications of DNA strands as well as the incorpo-
ration of dynamic biomolecular circuits that could result in the
origami-inspired assembly of more complex and even dynamic
nucleotide and protein structures.

DNA origami enables precise molecular positioning and
assembly in a parallel manner. For example, it has been
reported that 100 trillion probe tiles bearing probe sequences
of 20 nucleotide long-single-stranded DNA could be fabricated
in one step and these tiles could be used to detect even single
molecular hybridization and label-free detection of RNA by
atomic force microscopy.”® Besides there is the possibility to
incorporate stimuli-responsive nucleic acid molecules such as
i-motifs and G-quadruplexes to enable reconfigurable origami
structures.”>-1% One of the significant challenges is to extend
the applicability of these structures to optical, photonic, and
electronic structures by functionalization with nanoparticles
and related functional components.'9271%] Other challenges
relate to the limited overall size of DNA assemblies; for
example, most origami assembled DNA structures have sizes
on the micrometer range or below in at least one dimension,
and defects plague the assembly of larger structures. Also,
while there have been some promising results, the stability and
applicability of DNA origami biosystems at high temperatures,
outside aqueous environments, and in charged aqueous sol-
vents needs more detailed investigation.[100107]

3. Origami Biosensors

The analysis of the properties of biological organisms and their
cellular and sub-cellular components with high spatial and tem-
poral resolution has resulted in the development of a range of
optical, electronic, and analytic biosensors.®®! Once cells are
broken apart or lysed, identification and analysis of biomol-
ecules can be efficiently carried out with existing biosensors, but
more recently there is a push to enable sensing of biomolecular
and/or electrical activity of entire organelles, cells, or organs
in-situ.1%11 One of the central challenges in this endeavor
is that organelles, cells, and organs are 3D, while many chip-
based biosensing platforms are 2D.'?l Hence, much informa-
tion is lost along the surface area of the cell not in contact with
the 2D sensor. Also, it can be very challenging if not impossible
to probe 3D spatiotemporal activity in-situ using 2D biosensors.
Indeed, as compared to 2D planar geometries, other 3D shapes
such as tubular biosensors can show enhanced sensitivity.['!3]
Advances in origami microfabrication methods have opened
avenues to produce geometrically complex structures with new
or improved intrinsic functionalities for biosensing in a truly

Adbv. Biosys. 2018, 2, 1800230

1800230 (5 of 18)

www.adv-biosys.com

3D manner. For instance, an initially conceived 2D structure
can be designed to fold towards the third dimension via specific
hinges in order to wrap few or even single cells* and poten-
tially organs. The biological sample can be detected or stimu-
lated using electrodes integrated into the origami structure.'”]
The folded structure could conceivably be also patterned with
specific magnetic, optical, or biochemical characteristics to
target a unique stimulus or measure a selected response of
the biosample in-situ and with high 3D spatiotemporal resolu-
tion.l"'%l Furthermore, the possibility to integrate these micro-
structures with other microcomponents on-chip has allowed
novel lab-on-a-chip prototypes to enable sensing with high spa-
tial resolution.

Origami biosensors can be broadly classified based on the
type of origami assembly principle and their detection modality
(Figure 3). Regarding the type of assembly technique, both
biomolecular origami or controlled bending of intrinsically
strained thin films can be used to create biosensors. With bio-
molecules, as discussed earlier, folding is driven by molecular
strain caused by strong and weak intermolecular forces such
as covalent, electrostatic, and solvent-mediated and dispersive
interactions. Among molecular folding structures, DNA ori-
gami structures have been utilized for biosensing primarily
due to their affinity and interactions with other nucleic acids.?!
For example, DNA origami has been used for biosensing
single mRNA molecules that were measured after binding
using atomic force microscopy.”® The high precision and 3D
curvature of DNA origami structures is also important for the
creation of tiny elements of biosensors such as nanopores with
sizes similar to biological pores in cell membranes!'”] or so-
called nanocalipers.[118119]

The force required for bending thin film origami biosensors
can be derived from the release of mismatch strain typically in
bilayers of biocompatible materials such as silicon oxide and
silicon dioxide that are deposited by vacuum-based thin-film
deposition processes such as thermal or e-beam evaporation or
sputtering. This approach has been utilized to assemble shell-
shaped (Figure 3a)l'™ or cylindrical biosensors (Figure 3b).[12%
An alternate assembly method utilizes wrinkling (Figure 3c)*2!
or buckling (Figure 3d)l"?2 of sensors (either unpatterned
or patterned), typically on prestretched or heat shrinkable
polymers.

Regarding detection modalities, origami biosensors can be
broadly classified based on the optical, electrical, or magnetic phe-
nomena used to measure the physical or chemical characteristics
of the biological sample and we describe these in detail below.

3.1. Optical Origami Biosensors

Light-matter interactions provide an attractive biosensing plat-
form to measure properties of samples via microscopy and
spectroscopy. Molecular origami provides an attractive means
to create static and reconfigurable biosensors due to high selec-
tivity for target molecules including ions, organics, cells, and
microorganisms. For example, DNA aptamers can be selected
based on high-throughput techniques such as SELEX (system-
atic evolution of ligands by exponential enrichment) to enable
high affinity binding to a variety of target molecules.l

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Origami biosensors. a) Self-folding multielectrode shell for recording spatiotemporal electrical responses from live cells. The electrodes on
the panels are individually addressable and the shell is transparent, allowing fluorescence imaging. Reproduced under the terms and conditions of the
Creative Commons Attribution license 4.0.1"] Copyright 2018, the authors, published by Wiley-VCH. b) Rolled-up microtube optical biosensor. Repro-
duced with permission.['? Copyright 2012, The Royal Society of Chemistry. c) Wrinkled biosensor. Reproduced with permission.[2!l Copyright 2014,
American Chemical Society. d) Buckled cage biosensor with integrated electrodes. The structure has dual functionality as both a culture template and
an electrophysiological biosensor of neural cells. Reproduced under the terms and conditions of the Creative Commons Attribution-NonCommercial-
NoDerivatives license 4.0.1221 Copyright 2017, the authors, published by PNAS.

Besides, it has been possible to create assemblies of noble
metal nanoparticles to create hot spots for surface-enhanced
Raman spectroscopy enhancement!'?>'2% or optical nanoan-
tennas that significantly enhance fluorescence.'?! DNA ori-
gami structures have also been used to create molecular rulers
based on fluorescence resonance energy transfer rulers'?’) and
super resolution microscopy.!'2®!

Apart from molecular origami biosensors, thin-film origami
has been used to create a range of curved folded biosensors
that can elicit new optical effects that are not readily available
in planar biosensors. For example, it has been observed that
higher order plasmon modes such as quadrupoles provide a
crucial advantage of gold patterned cubic versus 2D resonators;
these modes can enable low-loss narrow resonances that could
increase the sensitivity of plasmonic biosensors.[12%

Origami also provides new routes to guide light inside
microstructures for biosensing. For example, manual or
machine-assisted bending of optical fibers can be used to form
a u-shaped structure that presents a larger evanescent field at
the folded region due to scattering of light.'3¢132l Thus, the
transmitted light at the other end of the fiber is influenced by
the absorption of light from analytes near the surfaces of the
fiber at its u-shaped section and can be utilized for sensitive bio-
sensing. The additional inclusion of noble metal nanoparticles
can further enhance sensitivity. With this combined approach,
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Sai et al. have found a tenfold improved absorption after coating
a bent fiber with a monolayer of gold nanoparticles and could
be used to detect sucrose solutions, protein antibodies (anti-
Human Immunoglobulin G) via complementary bioreceptors,
alpha-fetoprotein, and Escherichia coli bacteria.l'30-132]

Rolled-up tubular microstructures based on the release
of prestrained nanometer thick membranes are a popular
approach to create cylindrical and tubular biosensors.[37133-13]
Light confined in the tube wall and propagating along its
azimuthal direction gives rise to optical resonances, which
emerge due to constructive interference of light recirculating
inside the closed loop of the origami-assembled microstruc-
ture. These optical resonances can be confined in a wide
variety of structures with circular symmetry, and are com-
monly referred to as whispering gallery mode (WGM) optical
microcavities.!3 Depending on the optical characteristics of
the microcavity, photoluminescence or transmission spectros-
copy is usually employed for biosensing, where the WGMs are
identified as sharp peaks in the optical spectrum. Rolled-up
tubular microcavities feature efficient confinement of WGMs
that is evidenced by high quality factors (Q) of up to 103, which
is a figure of merit for WGMs. Q is related to the sharpness of
the WGM and is defined as Q = A/AA, where A is the WGM
wavelength and AA is the width of the WGM peak in the optical
spectrum.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3b shows a scanning electron microscopy (SEM) image
of a rolled-up tubular microcavity. This type of structure features
wall thickness at subwavelength dimensions (i.e., smaller than
the WGM wavelength). As a result, a large proportion of the
WGM field intensity extends out of the tube wall and serves as
a probe of the medium in the vicinity of the tube wall. By moni-
toring changes in the spectral positions of the WGMs it is pos-
sible to quantify refractive index (RI) changes and consequently
label-free sensing of analytes medium adjacent to the microcavity
surfaces.120137.138] These sensors, often referred to as RI optical
biosensors, offer extremely high sensitivity as high as 880 nm
RIU! (RIU: refractive index unit) for phosphate-buffered-saline
(PBS) solution with different concentrations of glucose.[2%

As an alternative to the RI biosensing, Smith et al. have moni-
tored the Q factor of WGMs to detect single NIH 3T3 embry-
onic fibroblast mouse cells in rolled-up tubular microcavities.!3”]
They argue that gaps among consecutive windings in the tube
walls that occur during the rolling-up process act as optical
defects that strongly reduce the Q values. When a cell, with a
diameter of =15 um, exerts an outward mechanical force on the
tube walls, with typical diameters of 10 um, the gaps are reduced
in size, which results in enhancement of Q factors of about two
to ten times. Their proposed optical biosensor not only demon-
strates a method to detect single cells, but can also be used to
determine the mechanical interactions of single live cells.

In addition to tubes, strain engineering has also been utilized
to create shell-based sensors for imaging and spectroscopic anal-
ysis of the membranes of single cells. The so-called mechanical
trap surface enhanced Raman spectroscopy involves wrapping
a single cell with a self-folding bilayer patterned plasmonic
enhancing nanostructures.'' Then using confocal Raman
imaging, it was possible to map the lipid and protein moieties
on the surface of single cells with 3D spatial resolution.

3.2. Electrical and Magnetic Origami Biosensors

Electric and magnetic phenomena are often used to characterize,
record, and stimulate electrical properties of biological samples.
Origami methods allow the fabrication of electrical and magnetic
biosensors with interesting geometrical features and enhanced
sensing responses. For instance, flexible planar carbon electrodes
functionalized for the detection of glucose molecules show an
increased electrical response of up to 125% after being manu-
ally bent.'* In another example, origami has been employed to
bend planar microelectrodes that contain a nanoscale field-effect
transistor (nano-FET) tip at the folded-end of the electrodes. In
this way, the nano-FET tip acquired a free-standing character-
istic and could enter into single cardiomyocytes and record their
intracellular potentials and beating activities.'*7!

Rolled-up architectures have been widely used for bio-
sensing. One strategy consists of releasing prestrained
bilayers with integrated electrodes that self-assemble into 3D
microstructures with tailored functionalities.!'>*1] With this
approach, impedimetric biosensing was used to detect biosa-
mples ranging from HeLa or lymphocyte cells scales down to
DNA molecules.''31411492] The sensing performance of these
origami biosensors has been reported to be two to fourfold
enhanced as compared to their planar analogs due to higher
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electric fields and compactness among cells and electrodes
imposed by the tubular geometry.1!3141142] [t is important to
note that the hollow core feature of these tubular geometries
is advantageous to couple them with microfluidic compo-
nents, allowing their use as impedance-based flow cytometers
that are capable to detect single cells in real time and label
free.!13141142] Ger et al. have demonstrated a magnetic ori-
gami biosensor self-assembled by rolling up a magnetic film
that actively attracts cells containing diluted magnetite (Fe;O,)
nanoparticles.'*3] Further electrical, photonic, and magnetic
features could be potentially integrated on different sections
along these rolled-up microstructures,#1481 promoting them
as lab-in-a-tube biosensing devices.['!®1#] Elsewhere rolled-up
geometries based on polymers or rolled-up meshes have been
utilized for biosensing. Examples include, self-rolling gradient
crosslinked epoxy SU8 film coated with graphene,> and
rolled-up macroporous nanoelectronic networks and mesh
nanoelectronics for electrical biosensing.'>">? In addition to
rolled-up geometries, multifingered grippers patterned with
individually addressable electrodes have been used to trap even
single cells’¥l and measure electrical activity from few neo-
natal rat ventricular cardiomyocytes (Figure 3a).">! As reported
in the paper, by wrapping the cells with individually address-
able electrodes it is possible to gain significantly higher signal-
to-noise ratios as compared to planar sensors, but also enable
3D spatiotemporal activity of electrogenic activity.

Mechanical buckling origami approaches have also been
employed to fabricate self-assembled wrinkled electrodes with
multiscale features all the way from millimeter to nanometer
scales. These 3D electrodes are shaped by heat shrinking of
elastomeric substrates with previously patterned planar elec-
trodes.”2L134155] A direct consequence of the buckling process is
an increase of the surface area to volume ratio, which improves
the performance of these electrodes as biosensor units when com-
pared to their planar counterparts.'>® Figure 3c shows a top-view
SEM image of a wrinkle electrode with a miniaturized surface
area of about 84% after the shrinking process. These electrode
biosensors have been proved to be sensitive to DNA molecules
and glucose by employing electrocatalytic measurements.[121:15%]

Controlled compressive buckling offers an alternative
strategy to build 3D mesostructures with predetermined intri-
cate shapes that pop out from a 2D design.[*>122157-160] yan
et al. have used this approach to fabricate a 3D cage (made of
epoxy (SU-8)),l122 as depicted in Figure 3d. They integrated
a microelectrode on the outer surface of each leg of such 3D
cages by patterning gold micropads of 50 pm in diameter. The
final device was used as an electrical biosensor and a 3D cell
scaffold for growing neural networks of dorsal root ganglion
(DRG) cells. Through the integrated electrodes, they explored
the electrophysiological activity of the DRG neurons by electri-
cally stimulating them and then recording their action potential
responses in real time, which were consistent with the readings
reported for typical 2D electrode structures.

4. Origami Microfluidic Devices

Mimicking the complex microfluidic networks in biological sys-
tems is not only critical for lab-on-a-chip, organ-on-a-chip, and
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related high-throughput in vitro biosystems, but also for tissue
engineering and regenerative medicine.*1¢17163] For high-
throughput analysis, the integration of additional components,
like electrodes or optical waveguides, opens new functionalities
for bioanalysis.'#1%] Origami techniques can enable place-
ment of microfluidic channels and functional modules in 3D
architectures and curvilinear geometries. In organ-on-a-chip
applications, ' there is a need to replicate human vascular
networks in three dimension. One of the issues in conventional
microfluidics is that fluidic channels have a rectangular cross-
section while fluidic channels in the body have circular cross-
sections, and this can be mimicked in roll-up technologies.
Besides, origami approaches can enable curved and folded flu-
idic networks reminiscent of those in human organs, which is
an advantage over 3D printing that requires the use of sacri-
ficial materials and has limited resolution at small size scales
and in folded geometries.671%8] We discuss
major classes of origami microfluidics based

on their applicability for bioanalysis or
biomimicry.

Concerning bioanalysis, with the intro-
duction of microfluidic paper analytical
devices (UPADs),[16616% the control of liquids
in 3D was achieved by stacking 2D layers of
paper-based microfluidic platforms.['%1 In
these systems, the hydrophilic characteristic
of paper ensures liquid flow via capillary
action without the need of external pumps,
and fluid distribution is controlled by chan-
nels and reservoirs patterned on each paper
layer with photoresist or wax, which repel @0e e
liquids due to their hydrophobic character-
istics.”% Liu and Crooks have described a
method to assemble 3D uPADs based on
origami principles, where the stacking of
2D paper layers was achieved by sequences
of hand-folding of a single sheet of paper
without the need of alignment methods.[7!]
Other exciting origami biosystems have
been reported following this assembly
methodology where electrodes can be inte-
grated and are activated by the folding pro-
cess.['72718] Figure 4a shows a photograph
of an unfolded 3D uPAD device demon-
strating the distribution of four colored
solutions among nine paper panels that
are folded into the 3D microfluidic uPAD.
External clamps hold the assembled layers
tightly and drops containing 10 uL of solu-
tion added on the top layer diffuse for
5 min before the device is unfolded. The
microfluidic networks were patterned via
an inexpensive photolithography process
without the need of clean room facilities,
with reservoirs of 2.5 mm in diameter and
channels of 900 um wide and 100 um thick,
which was predetermined by the thickness
of the paper. They employed this 3D ori-
gami-assembled uPAD to flow and detect

g
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solutions containing glucose and bovine serum albumin
(BSA). Multiplexed analysis at different layers could be readily
achieved by unfolding the origami uPAD. Some reservoirs in
the paper layers were modified for specific colorimetric reac-
tions that were qualitatively interpreted by the naked eye or
quantified by image intensity analysis, achieving a detection
limit of 0.14 x 107 m for BSA.

Origami techniques can produce microchannels with
cross-sections and dimensional features that resemble biological
vessels and capillaries. Some examples include circular-
shaped (Figure 4b)!'*"l or irregular triangle-like (Figure 4c)[8
microchannels with wall thickness below 1 pm and self-assem-
bled via folding processes. Additionally, origami approaches
have been used to create wrinkled-up nanochannel networks
that are otherwise challenging if not impossible to produce
using traditional soft-lithography methods.37:187:188]

3 i
o200 OOe

iy

500 pm

Figure 4. Origami microfluidics. a) An unfolded 3D paper origami microfluidic device (3D-
UPAD). Reproduced with permission.l'”l Copyright 2011, American Chemical Society. b) Lab-
in-a-tube as a microfluidic channel for single-cell analysis. Reproduced with permission.'*"]
Copyright 2011, American Chemical Society. c) Self-folded triangular-shaped microchannels.
The inset is the corresponding SEM image of one end of the channel. Adapted with permis-
sion.['8] Copyright 2017, Wiley-VCH. d) Rolled-up integrated microfluidic dual-channel device
with PDMS fluidic layer and self-folding gradient cross-linked SU8 layer. Reproduced with per-
mission.” Copyright 2011, Macmillan Publishers Limited.
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These self-assembled microstructures can be adapted to work
with conventional (rectangular cross-section) microfluidic chan-
nels. 31201891 Accordingly, tubular microchannels, with their
built-in hollow feature, can be coupled to typical microchannels
whereby small volumes of glucose and PBS solutions (1-2 uL),[12!
or solutions with cells (Jurkat T lymphocytes 1.2 x 10° cells per
milliliter) flowed.'3] As shown in Figure 4b, these tubular micro-
tubes, with a diameter of =10 um and a wall thickness of =200 nm,
were also used as microchannels for pumping of cells with even
larger cross-section areas (up to 2.3 times larger).'3”! In this work,
cells were sucked in and out of the tubular microchannels by an
external capillary tip placed at one end of the tube. As we pointed
out in the previous section, the roll-up origami technology can
produce self-assembled tubular microstructures with func-
tionalized photonic or magnetic characteristics and integrated
electrodes, so that these microchannels can be explored as lab-in-
a-tube microfluidic biosystems.[116:149]

Origami is an appealing strategy to create out-of-plane curved
microchannels to mimic 3D microfluidic networks found in
nature such as leaves, tissues, and insect wings. Thus, manual

www.adv-biosys.com

has been utilized to create bent channels (300 x 300 um cross-
section) that facilitate fluid mixing.!®@ Other approaches to
fabricate curved 3D microfluidic platforms rely on strain engi-
neering principles. In one example, Jamal et al. used gradient UV
crosslinking of SU-8 films to create a swelling gradient in the film
so that it curved through a de-solvation process in water.”? PDM$S
microchannels were integrated onto the SU-8 films before self-
rolling the 3D microfluidic structures, with an overall PDMS/SU-8
thickness below 40 pm. Figure 4d exhibits a 3D curved microflu-
idic device created with this approach and used to flow fluorescein
(green) and thodamine B (red) in dual-channel devices.

5. Cell and Tissue Engineering

Tissues and organs are self-organized 3D micro to macrostruc-
tures many of which are curved and folded with large organ and
species diversity and sizes including millimeter to centimeter
wrinkles on hornbeam leaves, !l spinules of the dorsal skin of
some geckos with a spacing of around 400 nm,*9219% intestinal

rolling of 2D polydimethylsiloxane (PDMS) microfluidic devices  villi and gyri and sulci on the cerebral cortex (Figure 5a—d).[194-1%]

100 pm

50 um
=

Figure 5. Origami cell and tissue engineering. a—d) Naturally occurring curved and folded structures including hornbeam leaf, gecko skin, villi, and brain
folds. a) A photo of hornbeam leaves with blossom buds, (length, 5 cm). Reproduced with permission."®!l Copyright 2005, AAAS. b) SEM image of gecko
epidermal dome skin regions, with microbucklings between the dorsal regions. Reproduced with permission."®3 Copyright 2015, Elsevier. c) Video endoscopic
image of normal duodenal villi after water instillation. The villi are regular and ordered finger-shaped with fine patterns. Reproduced with permission.['*4l
Copyright 2004, American Society for Gastrointestinal Endoscopy. d) Segmented grey matter fold images from optimized value based management (VBM)
technology. Reproduced with permission.['®l Copyright 2001, Elsevier. e) Fluorescent and phase contrast images of Hela cells encapsulated in rolled-up tubes
during the cell division process. The green color indicates GFP tubulin and the red color H2B-mCherry. The scale bar is 15 um. Reproduced with permission.2'2
Copyright 2014, American Chemical Society. f) Dark field image of a self-folding cell encapsulation device, encapsulating yeast cells in thermoresponsive
hydrogel bilayers. Reproduced with permission.2'”} Copyright 2011, The Royal Society of Chemistry (RSC) on behalf of the European Society for Photobiology,
the European Photochemistry Association, and the RSC. g,h) Stem cell derived organoids. g) Dark field image of self-formed optic cup structures from 3D
cultured embryonic stem cells. Adapted with permissionl?'®l Copyright 2011, Springer Nature. h) Optical image of a human 3D brain microphysiological system
(BMPS) after 8 weeks of differentiation. Adapted under the terms and conditions of the Creative Commons Attribution license 4.0.22 Copyright 2015, the
authors. i,j) Cell culture on rolled-up and self-folded tissue scaffolds. i) SEM image of self-folding tissue scaffolds, with cells attached on both the inner and
outer walls of the scaffolds. Reproduced with permission.?2l Copyright 2010, Elsevier. j) Confocal image of endothelial cells in porous self-folded tubular tissue
scaffolds. The nuclei are stained blue and actin is stained green. Adapted with permission.?*¥l Copyright 2015, The Royal Society of Chemistry.
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The disruption or absence of folds in organs such as the brain can
have devastating developmental consequences. Examples of such
diseases include ulegyria (distortion of gyri due to the scarring
in the deep regions of sulcus)l"1% and lissencephaly (smooth
brain without gyral pattern).1°*?% In addition to the unique
folded shape of the 46 final structure, several key events in embry-
ogenesis themselves involve curving and folding driven by pro-
cesses such as apical contraction, apico-basal contraction, or basal
expansion of epithelial cell sheets. These processes cause invagi-
nation involved in gastrulation leading to the final structure of the
gut or neurulation resulting in the formation of the neural tube
that eventually differentiates into the brain and spinal cord.[62201]
Apart from intrinsic cellular changes, external forces or pressure
can also form folds in epithelia, which has been attributed as a
potential morphogenetic mechanism for formation of the folds in
the ciliary body of the avian eye.l2]

Hence, it is natural to investigate strain engineering pro-
cesses to develop tissue mimics for both in vitro studies and in
vivo tissue engineering. Also, when cells are cultured beyond
flat Petri dishes, notable differences arise including morpholog-
ical, growth rate, gene expression, and drug sensitivity.293-2%]
For example, decades ago it was shown that interferons, which
are immune modulators, are less efficient at inhibiting tumor
growth in 3D spheroids as compared to monolayer culture.?!%
Elsewhere, researchers observed significantly lower antiprolif-
erative effects of cancer drugs such as doxorubicin, paclitaxel,
and tamoxifen as well as differential gene expression profiles
in 3D models as compared to monolayer MCF-7 cancer cell
culture.?) These examples represent a small subset of a large
number of studies showing marked differences between 3D
and 2D cell culture models, and there is now an overwhelming
consensus that there is a need to create 3D platforms that more
accurately mimic cell behaviors in-vivo.l208.211]

Transparent rolled-up tubes based on strain engineered
thin films provide an attractive means to observe single-cell
behavior in confined spaces. In single-cell studies using both
transformed (Hela) cancer cells and nontransformed retinal
pigment epithelial cells (RPE1), spatial confinement had
dramatic consequences on mitotic progression and caused chro-
mosomal instability as compared to free cells (Figure 5e).[212213]
While there have been numerous studies on cell confinement
in conventional microfluidic channels, they have been done
predominantly in rectangular cross-sectioned microfluidic
channels made using planar photo or soft lithography. Rectan-
gular cross-sectioned channels feature inhomogeneous curva-
ture with flat surfaces and cornered edges that can alter cell
behavior and fluid flow.2'*253] This rectangular cross-section
is quite unlike the circular cross-section of vascular conduits
such as blood vessels in vivo,2*216 and these homogeneously
curved and round cross-sectioned fluidic channels are better
mimicked by rolled-up microtubes.

Elsewhere, cells have been encapsulated in thermore-
sponsive self-folding biodegradable polymers for potential
cell therapy applications (Figure 5f).*'7l In one report, the
authors claim that a rolled-up biodegradable hydrogel device
that encapsulates cardiac cells and supports viability could
potentially be delivered in a compact form via a catheter and
the devices would unroll and expose cells to the impaired
myocardium. 18]
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In addition to in vitro systems, curved and folded tissue con-
structs are being explored to create more anatomically accurate
tissue engineering models. Indeed, studies in stem cell tissue
morphogenesis show progressive curving following invagina-
tion of embryonic stem-cell-derived retinal epithelium to form
the optic cup shape after about 10 d in culture (Figure 5g).21%!
More recently, a number of studies have demonstrated the for-
mation of curved organoids in stem cell culture including a
self-organized kidney,??") and human brain microphysiological
systems (BMPS) (Figure 5h).22!l In BMPS, synaptogenesis,
neuron-to-neuron, and neuron-to-glial interactions increased
after eight weeks of differentiation. These curved and folded
organoids offer significant promise for investigating diseases,
toxicity, drug discovery, and regenerative medicine.[221-223]

Strain engineering based on self-rolling methods has been
used to create a variety of 3D curved tissue scaffolds. These
include single and multilayered rolls (Figure 5i,j)?242%1 and
vascular mimics.236-238 They highlight the advantages of
origami approaches such as facile layering of different cells and
matrix as is needed in several tissues including blood vessels,
the ability to leverage state of the art 2D patterning techniques
such as photopatterning, contact printing and soft-lithography,
and the ability for high-throughput fabrication of curved and
folded cellular geometries that can be hard to access by other
methods. Also cells cultured in curved geometries can display
dramatically different behavior as compared to flat structures.
For example, both basal and stimulated insulin production was
observed to be significantly higher from B-TC6 insulinoma cells
cultured in self-rolled tubes as compared to those cultured on
a flat substrate over a period of approximately two months.[23%
They highlight the need for origami cell culture systems, where
structures can be produced in a highly parallel manner with
micropatterns in curved and folded geometries. Besides, it has
recently been reported that cells themselves could potentially
fold structures based on cell traction forces.?3l This report
highlights the possibility to create complex hybrid cell-micro-
structure bionic devices and microtissues as well as to measure
cell traction forces.

6. Drug Delivery Biosystems

Drug delivery has evolved from powder or liquid formulations
to multifunctional complex shaped nanoparticles to patch-
based delivery systems aimed at enhancing tissue targeting,
enhancing bioavailability, and reducing side effects.?*%2*1] Ori-
gami can augment the capabilities of present-day drug delivery
systems by enabling stimuli-responsive folding, bending, and
curving of complex 3D shapes of importance in encapsula-
tion, retention, and release of drugs (Figure 6). Origami drug
delivery biosystems can be broadly classified into (a) self-
folding capsules that can encapsulate or release drugs either
permanently or when triggered by a stimulus such as pH,
temperature, or biomolecules, and (b) self-gripping patches.
It is noteworthy that there are also motile and reconfigurable
systems of relevance to drug delivery and these are discussed in
the following section on biorobotics.

Molecular folding can provide an attractive means to
create nanoscale static and reconfigurable nanostructures for
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Figure 6. Origami drug delivery systems. a,b) Self-folded spherical and polyhedral capsules.
a) Confocal microscopy image of self-folded spherical microcarriers composed of hydrogel
bilayers. Reproduced with permission.2>% Copyright 2012, Wiley-VCH. b) Optical fluorescence
image showing release of fluorescein in a helical spatial pattern. Reproduced with permis-
sion.[23 Copyright 2011, Wiley-VCH. c,d) Self-folded patches and theragrippers. c) Image of a
bilayer self-folding hydrogel patch releasing a blue dye on mucus. Adapted with permission. 2%l
Copyright 2006, Elsevier. d) Optical image of a doxorubicin loaded self-folded theragripper
gripping onto a clump of cells. Reproduced with permission.[2%4l Copyright 2014, Wiley-VCH.

delivery of drugs. For example, DNA origami drug delivery
vehicles have been utilized for delivery of doxorubicin to cancer
cells, and there are reports that these DNA origami based con-
jugates result in a greater reduction of tumor size over the same
time as compared to bare drug in in-vivo mice models.[242:243]
Self-assembly of short strands of DNA into polyhedra such as
icosahedra and tetrahedra has resulted in the development of
a range of drug carriers. In one report, siRNA-hybridized DNA
tetrahedra were shown to have longer circulation times in-vivo
as compared to the bare siRNA.?*l Several advantages of DNA
origami nanostructures for drug delivery have been noted.
These include the possibility for high drug loading, targeting
using aptamers, the slow degradation that reduces unintended
release, and tailored size/morphology.

At larger length scales, surface tension,**! stress,*%l or
swelling®”’! driven bending and folding have been used to
encapsulate a range of drugs and cells.2*¥2%] Regarding shapes,
a variety of configurations have been explored including oblate
spheroids, % tubes,?'7:%1 and polyhedra.?>?l These include per-
manently bonded polyhedral capsules sealed with biocompatible
polymers such as polycaprolactone (PCL)?*! or reconfigurable
structures composed, for example, of stimuli-responsive poly-
mers such as N-isopropylacrylamide.”>”! An attractive feature of
self-folding capsules is that they can be precisely patterned with a
range of pore sizes, densities, and patterns that can permit 3D spa-
tiotemporal release with unprecedented control. For example, as
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depicted in Figure 6b, chemical release profiles
in a helical spatial pattern can be realized and
such spatial chemoattractant patterns were
used to organize bacteria cells in a helix.?*2
Elsewhere, precise nanopores patterned on
self-folding polyhedra were utilized to package
cells for cell encapsulation therapy; the 3D pat-
terns permit higher diffusion of nutrients as
compared to planar membrane capsules while
offering the possibility for immunoisolation
based on size exclusion.2*2>4

Surface tension based microfolding of thin
films builds on principles involved in lipo-
somal self-assembly that results in curved
capsules for drug delivery, which can enhance
drug loading, bioavailability, and targeting.
For example, the solubility limit of trans-
porting amphiphilic and lipophilic drugs
such as acyclovir and insulin in the blood can
be overcome by liposomal capsules.[?5>2°]
Liposomes can also specifically target cell
membranes and release the drugs under spe-
cific stimuli such as pH,?*”! light, 1?8 or tem-
perature changes.*>2% Through this pro-
cess, vast amounts of drug can be delivered
to the targeted position, which can increase
the delivery efficiency dramatically. Thin film
capsules, like liposomes, can form sponta-
neously due to minimization of surface-free
energy but with the additional advantage that
they can be precisely patterned using planar
lithography approaches.

Drug delivery patches such as transdermal
or buccal patches offer the possibility for sustained release of
drugs over long periods of time. These patches typically con-
tain an adhesive and drug-eluting layer and can be applied for
local or systemic drug delivery. While transdermal and buccal
patches can be applied manually, there is a need for patches
for other regions of the body such as the gut and intestine
for delivery of drugs for a range of diseases such as diabetes,
hepatitis, and cancer. With this tight adhesion, the leakage of
drugs is reduced and the bioavailability is increased. In fact, the
amount of model drugs absorbed from intestinal patches can
be several fold higher than that from solution.l?®!l Self-rolling
bilayers have been used to create unidirectional patches for
drug release. These systems were composed of a self-rolling pH
responsive bilayer, mucoadhesive, and enteric coating.[26%263] In
order to enhance the gripping characteristics, more recently, so-
called multifingered therapeutic grippers or theragrippers have
been developed. Apart from the multifingered shape and sharp
tips, the theragrippers are composed of a stiff polymer coupled
with a swellable stimuli-responsive hydrogel so that it can grip
firmly into the mucosa. The theragrippers have been used for
delivery of dyes in vivo and drugs such as doxorubicin to cells
in in vitro culture. It was observed that a greater fraction of cells
died with a theragripper patch as compared to an unpatterned
bilayer patch.?%4 Still, significant challenges exist in design,
biocompatibility, biodegradability, and retention of thin-film
origami drug delivery systems.
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7. Origami Biorobotics

Origami approaches can enable the creation of complex 3D
robotic structures by utilizing hinges and smart actuators that
can bend and straighten out in response to wired inputs or
environmental stimuli.’®! Origami biorobots offer advantages
of a top-down assembly process starting from a flat, composite
layer/sheet that can have multiple degrees of freedom. Planar
technologies such as photolithography, rapid prototyping,
and additive manufacturing can be used to pattern the sheet.
Besides, rigid and soft materials can be included to adjust
the compliance and tune local stiffness to accomplish spe-
cific shape changes and tasks.’®) Other functional units can
be integrated into self-folded biorobots for locomotion, power,
and external communication. In many cases, origami bioro-
bots can resemble shapes and scaffolds of biological systems
and mimic functions optimized beyond the capabilities of hard
robots. For example, shape change can overcome obstacles and
apply smaller forces required for biomedical operations. Ori-
gami robots can include distributed pneumatic networks or
hydraulic actuators in combination with soft, conductive, and
optically transparent materials, providing new mechanisms for
their movement, control, and manipulation.l?®! Origami bioro-
bots can be broadly classified into shape-change bioimplants,
rolled-up micromotors, and folded grippers and sheets. These
are detailed below.

7.1. Origami Shape-Change Bioimplants

Dramatic changes in shape can occur during flat and deployed
states of origami that provide significant advantages for
packaging and deployment of implants.® For example, 3D
intracardiac magnetic resonance imaging imaging coils can
significantly enhance the signal-to-noise ratios as compared
to surface coils and researchers have demonstrated cath-
eter deployable basket and tetrahedron-shaped imaging loop
coils.l2%] Elsewhere, origami designs based on thermally acti-
vated shape memory alloys have been utilized for self-deploying
stent grafts.[?”] More recently, the shape change of 3D printed
structures also referred to as 4D printing, is being utilized to
personalize biomedical devices with a wide range of applica-
tions. For example, endoluminal stents have been 3D printed
based on digital models of the trachea using methacrylated
PCL and these structures can undergo an expansion based on a
shape memory effect.l268]

7.2. Tubular and Helical Micromotors

Human-made micromotors have been inspired by motile
cells such as bacteria that can effectively move at very low
Reynolds numbers at speeds greater than that enabled by
Brownian motion.?*-?71] Similar to biological systems, syn-
thetic micromotors represent a new class of human-made
chemo-mechanical systems, which convert local chemical
energy and/or energy of external fields into motion.*!l A
variety of different propulsion mechanisms of synthetic
micromotors have been reported including motion driven by
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self-electrophoresis, self-diffusiophoresis, interfacial surface
tension, fluid pumping, and bubble recoil. One popular class
of origami-inspired micromotors involves so-called tubular
microengines. These motors are fabricated by the release of
strain engineered 2D nanomembranes by selective etching of
an underlying sacrificial layer and can be composed of a range
of materials including soft polymers, hydrogels, metals, semi-
conductors, and ceramics.’7?72] In addition, by inclusion of a
catalyst such as platinum (Pt) only on the inside of the tube,
micromotors can be designed so that chemical decomposition
of fuel such as hydrogen peroxide takes place only inside the
tubular microcavity. This design results in bubble propulsion
and ultrafast speeds observed to be around ten times higher
than state-of-the-art self-electrophoretic and self-diffusiopho-
retic nano/micromotors.?”3] Besides, it has been observed that
tubular microcavities enable better control over bubble genera-
tion, reaction—diffusion processes, and gaseous oxygen super-
saturation during the decomposition of the hydrogen peroxide
fuel into oxygen and water.?’* Microtubes with the catalyst Pt
deposited on stimuli-responsive polymer bilayers were shown
to be capable of moving and progressively changing shape.l”?!
Regarding, functionality, rolled-up catalytic micromotors can
also be created with unique shapes such as sharp tapered ends
so that they can function as nano or microscale tools and pen-
etrate into even a single cell or into tissue (Figure 7a).>7¢277]
These and other examples demonstrate the applicability of
untethered externally powered and catalytic origami-based
micromotors for biomedical applications such as drug delivery
and minimally invasive surgery.?78-282

Apart from microtubes, other common externally propelled
micromotors include flagella inspired helical microrobots
capable of moving in wobbling or corkscrew motions.[283.284
The so-called artificial bacterial flagella have helical shapes
constituted, for example, with a soft magnetic head com-
posed of Cr/Ni/Au and a self-coiling InGaAs/GaAs/Cr tail.[2%]
Due to the helical shape, these micromotors can be moved
by rotating magnetic fields as opposed to field gradients,
which enhances applicability in vivo. In addition to motion of
microhelices on their own, they can also be coupled to larger
objects to aid in propulsion or steering. For example, mag-
netic microhelix hybrids have also been created and used to
capture, transport, and deliver immotile live spermatozoa to
an oocyte. 28

7.3. Flat Sheet, Buckled, and Gripper-Based Biorobots

Flat sheets can be patterned using self-folding hinges to create
multifunctional robots that can be deployed in a compact state
and unfold on entry into the body. An example is an ingest-
ible, controllable, and degradable origami robot designed for
noninvasive clinical interventions, such as removing swallowed
batteries or patching stomach wounds (Figure 7b).?%] The
robot consists of laminated biodegradable drug-eluting sheets
encapsulated in ice for robot delivery. The sheets also include
a heat-sensitive shrink film for self-folding. The origami design
was based on its ability to fold into a compact shape so that it
could be introduced into an ice capsule. In in-vitro studies, the
researchers observed that as the ice melted, the robot unfolded
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Figure 7. Origami biorobotics. a) SEM image of a rolled-up sharp self-propelled tool piercing
into a single paraformaldehyde fixed HeLa cell. Reproduced with permission.?’¢l Copyright 2012,
American Chemical Society. b) Origami inflatable robot composed of pig skin and self-folding
shape. Reproduced with permission.?#”] Copyright 2016, IEEE. c¢) Thermobiochemically
actuated microgripper with live excised L929 fibroblast cells retrieved in biopsy experiments
on a cell clump. Reproduced with permission.[?8°l Copyright 2009, The National Academy of
Sciences of the USA. d) Magnetically propelled multimodal locomotion of a soft robot across
a stomach phantom. Adapted with permission.?>l Copyright 2018, Springer Nature.

and adopted a flat state. When a neodymium magnet was incor-
porated, the structure could also be controlled and guided by
magnetic fields.

Elsewhere, free-standing buckled structures have been coated
with platinum to enable bubble propulsion, and it was shown
that the trajectory could be controlled based on shape.'?? Buck-
ling mechanisms can also induce variable stiffness in structures
of importance to biorobotics. An example is an origami struc-
ture composed of torsional shape memory alloy actuators that
can change from a flexible to stiff state via a buckling effect.[?88l

Another class of origami biorobots includes thermobiochemi-
cally actuated untethered microgrippers,?®”! of relevance to drug
delivery and minimally invasive surgery. They can be composed
either of biocompatible metals or biodegradable polymers and
hydrogels. For metallic grippers, controlled folding is a conse-
quence of the release of residual stress in bilayer metal hinges.
A thermosensitive polymer or wax layer can trigger folding so
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that grippers are flat outside the body and fold
only when reaching room temperature. These
grippers have been utilized in pig models for
biopsy and drug delivery264290.21] In these
experiments, a vial composed of tens to hun-
dreds of submillimeter-sized grippers was
deployed using endoscopes into the gastroin-
testinal tract including the esophagus, colon,
stomach, and bile duct. These grippers were
shown to be successful in biopsying tissue
from hard to reach places such as the bile
duct?® and achieve statistical sampling of
large organs such as the colon.?*! The biopsy
process was entirely biocompatible, and cells
retrieved were alive (Figure 7c), and it was pos-
sible to extract histological, cytological, and
genetic information from the samples. Also,
the use of thermal cues offers the possibility
for autonomous responses and researchers
have been investigating the development of
similar gripperlike structures that bend and
fold in response to pH*? or other biochem-
ical cues such as enzymes?%3l or even specific
DNA sequences.?%

One of the challenges in origami biorobots
is the ability to guide and move them in pre-
determined paths while displaying a range
of motions. Recently, external manipulation
has become a significant focus in origami
biorobotics. For example, a magnetically pro-
pelled curved robot made of thin silicon elas-
tomer (Ecoflex 00-10) with hard magnetic
neodymium-iron-boron particles was shown
to exhibit multimodal locomotion including
rolling, walking, jumping, and crawling.?”!
Magnetic micromanipulation coupled with
visual or wultrasound feedback has also
been utilized to move soft microgrippers to
achieve a range of tasks such as avoidance of
obstacles or pick and place.[?96:27]

8. Conclusions

In summary, origami-inspired curving and folding of mole-
cules and thin films provide significant new capabilities and
functionalities for biosystems. By leveraging planar patterning
processes and static or reconfigurable extension into the third
dimension, they enable the creation of truly 3D systems that
are critical for biological applications. Significant advances have
been made and discussed in this review that includes unprec-
edented and highly parallel 3D micro and nanofabrication of
complex structures; stimuli-responsive and multifunctional
drug capsules capable of delivering drugs with complex spa-
tiotemporal patterns; curved, tubular, and folded meshes for
biosensing; and biologically inspired folded tissue scaffolds and
compact miniature robots.

Future challenges exist. For example, the yield, precision,
and reproducibility of origami-synthesized structures need
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to be carefully measured and optimized. For in vivo applica-
tions, biocompatibility and biodegradability are critical for safe
implementation. In addition, some approaches such as remote
magnetic guidance or manipulation may prove challenging to
implement in the 3D human body and new large-scale mag-
netic platforms need to be developed. New strategies to harvest
energy in vivo need to be explored; in this regard, relatively
omnidirectional and electrically small antennas have been
fabricated using origami approaches.*2982% None of these
challenges seem insurmountable and it is clear that this multi-
disciplinary field involving scientists, engineers, and clinicians
holds significant future promise.
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