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Biomimetic and Biologically Compliant Soft Architectures
via 3D and 4D Assembly Methods: A Perspective
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and Paul V. Braun*

Recent progress in soft material chemistry and enabling methods of 3D and
4D fabrication—emerging programmable material designs and associated
assembly methods for the construction of complex functional structures—is
highlighted. The underlying advances in this science allow the creation of
soft material architectures with properties and shapes that programmably
vary with time. The ability to control composition from the molecular to

the macroscale is highlighted—most notably through examples that focus
on biomimetic and biologically compliant soft materials. Such advances,
when coupled with the ability to program material structure and properties
across multiple scales via microfabrication, 3D printing, or other assembly
techniques, give rise to responsive (4D) architectures. The challenges and
prospects for progress in this emerging field in terms of its capacities for
integrating chemistry, form, and function are described in the context of
exemplary soft material systems demonstrating important but heretofore
difficult-to-realize biomimetic and biologically compliant behaviors.

synthetically. Studying structures found in
nature has motivated and will continue to
motivate the advancement of 3D fabrica-
tion strategies. Progress in this field has
seen tremendous growth in recent years
and structures that are made with relative
ease today, a few decades ago would have
seemed impossible. New developments,
particularly in the construction of architec-
tures made from soft materials or hybrid
structures containing both soft and hard
components are continuously emerging.
Creation of soft synthetic structures that
mimic the properties and functions of
biological materials or can interact with,
probe, and control living materials con-
tinue to drive research in this field.

Here, recent contributions from the

1. Introduction

Nature is full of fascinating examples of 3D structures with
intricate geometric and compositional complexity. These
structures provide organisms with properties and functions
that continue to be superior compared to what can be built

literature and our research are high-
lighted and the reports are used to high-
light opportunities and current needs
for advances in the chemistry of soft materials in the context
of their functional integration into 3D architectures of com-
plex form. The methods considered herein serve to highlight
a recent paradigm for heterogeneous integration—methods
of 4D fabrication exploiting directed assembly and printing to
construct complex functional composite material structures.
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Figure 1. Perspective overview, building biomimetic and biologically compliant structures of sophisticated structure and function requires the culmina-
tion of knowledge from many fields. a) Photographs of an orchid flower, Dendrobium helix, and sea jelly, Chrysaora fuscescens. b) Schematic of deforma-
tions seen in shape-morphing hydrogels. c) Schematic of 3D printed structures with biologically compliant chemistry, where the numbers illustrate
sequence of motion onto a filament. d) Example of 4D fabrication of polymer sheet into a 3D cube. e) Examples of the fabrication biomimetic structures
of a lotus flower and sea jelly. f) Examples of biomimetic and biologically compliant soft architectures that will be presented hererin. a) Left: Adapted
with permission.l52 Copyright 2016, Springer Nature. Right: Adapted with permission.[l Copyright 2019, Wiley-VCH. b) Adapted with permission.®
Copyright 2017, American Chemical Society. c) Adapted with permission.l?2l Copyright 2018, Wiley-VCH. d) Adapted with permission.[”] Copyright 2011,
Royal Society of Chemistry. e) Adapted with permission.®2l Copyright 2016, Springer Nature. f) Adapted with permission.?2 Copyright 2018, Wiley-VCH.

Using examples from the literature and our research, exem-
plary illustrations of such material-based hierarchies of scale
and function are shown in Figure 1. Our discussion will spe-
cifically highlight composite systems integrating soft materials
that demonstrate exemplary forms of biomimetic and biologi-
cally compliant behaviors, illustrating how design principles
can be developed to engender interesting attributes of both
form and function in such structures. Of interest to this discus-
sion are the ways chemistries for soft materials fabrication by
3D assembly/printing can be tailored to embed temporal (4D)
responses that can be actuated by various means—most notably
via mechanisms arising either autonomously in response to
physicochemical cues or in programmatic behaviors elicited by
the environments of their use.

In recent years, there has been much focus on the develop-
ment of 4D fabrication strategies. The central focus of these
methods is first building an object of simple geometric com-
plexity, then applying a stimulus to reconfigure the object into a
more complex form. This strategy has largely been discussed in
the field of 3D printing, where a simple, typically planar, geom-
etry is printed, and then a stimulus reforms this geometry into
one of higher complexity (i.e., 4D printing).l"?l This technique
has been applied to create many technologies and architectures
of sophisticated form and function, which has popularized its
use in fabricating 3D soft structures.>-!

This concept of first fabricating a simple geometric struc-
ture and then using a stimulus to transform it into one of
higher complexity has been applied to fabrication techniques
outside of 3D printing. One of the first iterations of this type
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of assembly was seen when a thin planar metal film was evap-
orated onto an elastomeric substrate. After this deposition and
subsequent cooling, the deposited film began to buckle out-
of-plane, forming a wrinkled microstructure.l®! Further itera-
tions of this technique have enabled remarkable control and
prediction of the buckling patterns”# and have been applied
to a number of applications (i.e., controlled wettability,?
reconfigurable optics,®1% and stretchable electronics).'l We
will discuss an extension of this type of assembly in a later
section.

Another method of 4D fabrication that has been widely used
is the self-folding of polymer films (i.e., soft origami)."”! This
type of assembly has been applied in many ways.®l A simple
iteration is the folding of polymer bilayers. In this method, two
polymers are combined and reacted to a stimulus. Each layer
responds differently to the stimulus and the bilayer bends into
a structure defined by its geometry and its mechanical proper-
ties.*15] Additionally, this 2D to 3D folding of planar polymer
films can be achieved through various top-down patterning
techniques.l'® One example of this type of patterning is the
deposition of ink onto planar polystyrene sheets.”l When irra-
diated with light, the ink heats the polystyrene, causing local-
ized contraction and transformation of its structure based on
the pattern the ink (Figure 1d). The fabrication techniques of
rolled-up nanotechnology!™® and bio-origamil® apply similar
principles to micro- and nanoscale architectures. An extension
of polymer folding is seen in the rapidly growing field of soft
robotics, where the controlled bending of polymer films is used
to grab, transport, and manipulate objects.[72°)

© 2022 Wiley-VCH GmbH
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Another interesting iteration of 4D fabrication is in the
assembly of stimuli-responsive micro-/nanoparticles and drop-
lets.l?] Inspired by the assembly of proteins, nucleic acids, and
other biomolecules found in nature, this method uses syn-
thetic particles and dynamic self-assembly to build and disas-
semble nanoscale and microscale structures. There are many
great reviews that summarize this growing field, which shows
promise in applications in controlling chemical reactions and
nanoparticle therapeutics.??

Aiding in the design and development of many of the
described 4D fabrication strategies is the use of computational
tools, such as finite element analysis (FEA).>23-20] These tools
allow researchers to predict precisely how the fabricated struc-
ture is likely to reconfigure upon triggering. This becomes
crucial in the design of sophisticated 3D geometries necessary
for the advanced applications described later in this perspec-
tive. The use of optimization tools (e.g., machine learning) has
recently shown promise in streamlining the design and fabrica-
tion process and is now being used to help construct custom-
ized and advanced structures.l”*?”l We strongly suspect use of
these optimization algorithms will continue to grow in popu-
larity, particularly, as these fabrication methods become ever
more utilized for industrial applications.

The abovementioned strategies of 4D fabrication have shown
tremendous potential in creating soft materials with the kinds
of complex form and function seen in biological systems. From
here on, we will focus specifically on the development of two
4D strategies: direct ink writing (DIW) and directed assembly
through compressive buckling. In particular, we want to show
the progress we have made on using these methods to mimic
the form and function of biological systems and show how
we can integrate these structures with living cells and tissues
to control their maturation and growth. We will discuss these
examples in the context of both opportunities and remaining
challenges of these methods. In the end, we will lay out spe-
cific challenges to and opportunities of 4D methods in future
technologies.

2. 3D/4D Printing of Soft Matter

3D printing is a ubiquitous method for rapidly designing and
fabricating soft materials for a myriad of applications,8-3%
including soft electronics,?Y sensors,*2 stimuli-responsive
actuators,®334 soft robotics,?>3”) and vascularized human tis-
sues.I3¥ One of the principal advantages of 3D printing is that
it enables planar and 3D architectures to be patterned with con-
trolled composition and structure across a range of length scales
spanning from hundreds of nanometers to 1 m or larger.*l Ink
chemistries are tailored to simultaneously satisfy requirements
for printability as well as the desired materials properties in
the final fabricated structure.?*##l Stereolithography, Digital
Light Processing, and DIW serve as important exemplars of
3D printing methods, each harboring specific advantages as
a means of 3D fabrication and having different requirements
to achieve high print speed and resolution.?8! Of these, DIW
enables a broad range of soft material chemistries including
hydrogels,3# polymer composites,** emulsions,*>*! and
elastomers,*! to be fabricated into biomimetic and biologically
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compliant designs. Recent advances in multimaterial core—shell
structures®® and multinozzle printheads>**>>% serve to further
enhance the programmable compositional and geometric com-
plexity that can be achieved by DIW.[2:36->1]

The ability to pattern stimuli-responsive soft materials has
ushered in a new patterning method, known as 4D printing,
in which the initially defined composition and shape in the
x—y-z dimensions evolves over time in response to external
stimuli.?*375253] One approach for the heterogeneous integra-
tion and patterning of soft composite structures that encode
the desired 4D temporal response is multimaterial DIW. This
intricate programming allows a material to selectively respond
to external stimuli either through a direct change in the mate-
rial properties in response to the stimuli or indirectly, through
a series of reactions catalyzed by the stimuli. It is this para-
digm of hierarchy and functional integration that we feel best
defines 4D printing as a distinct class of 3D fabrication. The
literature now describes some striking examples of 4D printed
structures that display dynamic forms of programmed func-
tionality.’”43+57] These include examples of shape reconfigura-
tion (e.g., Figure 1b) and other forms of dynamics in response
to external stimuli—humidity,*? temperature,’?*°8 light, 60
pH,®! osmotic forces,!®? electromagnetic fields,>*°3 and Aow!®4l
(e.g., Figure 1d)—with high selectivity due to their underlying
programming of chemomechanical properties.?*>%%1 Soft
materials can thus be printed with high spatial resolution in
the quiescent state, which respond “on demand.” Complex
responses, such as the directed evolution of an object’s mor-
phological shape (e.g., Figure 1b,d) or directed integration of
living cells (e.g., Figure 1c,f) have been demonstrated to date.
The desired response is achieved via carefully controlling the
ink chemistry and print path to encode anisotropic properties
that stem from their molecular to microscale structure, yet
manifest at the macroscope scales in 2D to 3D or 3D to 3D’
shape changes over time.

A particularly striking example of 4D printing involves
printing a cellulose-fibril-filled hydrogel ink in a planar bilayer
design, which folds into a complex 3D biomimetic orchid shape
upon swelling (Figure 1e).’? Mechanics models established a
deterministic print path to encode the desired stiffness and,
hence, swelling anisotropy needed to drive complex forms of
3D mean and Gaussian curvature. Through inverse design, soft
composite architectures can be pattered in planar motifs, which
subsequently “bloom” over time akin to the 3D hydronastic
shape transformations of a flower.’?l The use of osmotic forces
is not a limiting feature, since other mechanisms can be used
to elicit the gradients in properties required to drive bending,
twisting, and ruffling.3¢0%71 As recently demonstrated, this
approach can be extended to systems driven by thermally
induced phase transformations, embedded prestrains, shape-
memory materials, or selective wetting.[>3343:57.67]

The adoption of 4D printing as a tool to build intricate 3D
structures has grown tremendously in popularity. Along with
soft responsive hydrogels, this technique has been demon-
strated with other types materials, including rigid plastics,l*®%8l
polymer composites,#*69 elastomers,*>57 shape-memory
polymers,>%77 and biomaterials containing living cells and tis-
sues.’? This last example, 4D bioprinting, specifically has shown
tremendous promise in many healthcare applications.’>”

© 2022 Wiley-VCH GmbH
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The temporal aspect of this technique is either applied to mean
manipulating living organisms using stimuli-responsive archi-
tectures or using 3D printed structures to control the matura-
tion and growth of living cells and tissues.”3 The latter case is
the form of temporal response that we will target in the exam-
ples in the coming sections.

3. Directed 4D Assembly by Compressive Buckling

Directed assembly of complex 3D mesoscopic architectures by
compressive buckling represents another promising approach
for fabricating functional 3D structural forms of materials.*>7°]
Guided by analytical and numerical modeling techniques,
controlled compressive buckling drives the transformation
of photolithographically patterned planar thin-film materials
into diverse yet predictable 3D geometries.*”! In this context,
2D thin-film precursor structures are firmly bonded, via cova-
lent bonds, at selective anchor locations (which we refer to as
bonding sites) to a prestretched elastomeric substrates, the
stress relaxation of which induces compression imparted onto
the 2D precursors through bonding sites and drives the con-
trolled buckling and associated 2D to 3D transformation. The
directed 3D assembly approach maintains full compatibility
with advanced planar semiconductor technologies, works seam-
lessly with nearly all classes of thin film materials (e.g., semi-
conductors, polymers, and metals), applies to wide-ranging
characteristic length scales ranging from hundreds of nano-
meters to centimeters, and operates in a high-throughput,
parallel fashion.

The use of this technique in creating functional 3D struc-
tures has expanded in recent years.’®”8 Successful demon-
strations of directed 3D assembly have been applied to many
applications, including electronics/optoelectronics with uncon-
ventional form factors,?>”%l microelectromechanical systems,®*!
energy harvesters,®! cell scaffolds,”*#283 multifunctional inter-
faces to organoids, ¥ electronic microfliers,® microfluidic net-
works,”8l and many others.

Introducing 4D capability (i.e., temporal evolution) into the
directed 3D assembly enables appealing, additional control over
the morphology and functionality of the material system. One
evident advantage of the 3D structures developed by directed
assembly lies in the reversible control on the degree of 2D to
3D geometric change by simply stretching/releasing the under-
lying elastomeric substrate, which is a pristine form of 4D
shape evolution. Controlling other factors such as the degree
of prestrain or the number of axes in which compression is
applied (i.e., uniaxial, biaxial, equiaxial) can also affect the final
structure. Also, in many instances, the assembled structure has
different properties (i.e., electrical,”*%¢] magnetic,®”) biocom-
patibility,”® etc.) compared to the preassembled planar struc-
ture. Advances in design concepts further equip the directed
3D assembly approach with various 4D capacities of program-
mable temporal shape changes. For example, multistable
buckling mechanics enables morphable 3D mesostructures
to reversibly switch between multiple (e.g., two to four) 3D
geometries by changing the time sequence of stress relaxation
of a biaxially stretched elastomer substrate;”*#¥ incorporating
transient constituent materials and/or responsive materials
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(e.g., shape-memory polymers) into the 2D precursor struc-
tures leads to programmable shape changes in the resultant 3D
systems, as a form of 4D electronics;#>%) besides the 2D/3D
structures, shape-memory effects can be introduced to the elas-
tomeric substrates for “on-demand,” remotely triggered shape
morphing.?l Furthermore, modeling can provide detailed
designs for using strain release to guide the assembly of 3D
material mesostructures.2>7879.81.9091

When biologically compliant soft material chemistries are
interfaced with the 2D precursors prior to assembly, the assem-
bled structure can be used to support living cells. Early exam-
ples of this form of hierarchical 3D assembly illustrate the
functional integration of a 4D ink microstructure by DIW on
top of and in registry with the planar precursor of a single-crys-
talline Si 3D mesostructure (Figure 2a). Release of strain in the
supporting substrate drives the formation of nested and trun-
cated helical structures combining the functional chemistry
of a soft gel material in hierarchy with the morphology of the
silicon 3D mesostructure (Figure 2b). In combination, the fab-
rication methods make it possible to couple the compositional
and biologically compliant forms of function associated with
soft materials with those provided by state-of-the-art electronic/
photonic/optoelectronic materials. In the current work, the
control capacities of 4D fabrication provide a route to integrate
surface chemistries to support complex cellular assembly on a
supporting mesostructure scaffold embedding other forms of
function (vide infra)."®!

<
a Y
COOCHSI_
000

Figure 2. a) Schematic for integration of methacrylate ink on 3D meso-
structure via DIW, 1) ink adhesion surface treatment, 2) ink microstructure
by DIW on top of planar precursor, 3) ink UV cure on buckled mesostruc-
tured. b) Schematic (contact pads bound to substrate—orange, scaf-
fold—blue) and colorized scanning electron microscopy (SEM) images
(substrate—yellow, scaffold—blue, methacrylate gel—red) (scale bar =
200 um). a,b) Adapted with permission.®l Copyright 2017, Wiley-VCH.

© 2022 Wiley-VCH GmbH
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4. Biomimetic 4D Fabrication of Soft Materials

The ability to design and fabricate soft and living materials with
more complex 4D responses is an open challenge. Future pro-
gress will require the development of material systems whose
mechanics can support heretofore difficult-to-realize attributes
of dynamical performance (e.g., fast, reversible, large ampli-
tude motions). A grand challenge involves locally programming
the material response in an autonomic manner, which living
organisms demonstrate ubiquitously. Through the heteroge-
neous integration of dissimilar soft materials, we embodied
the desired physicochemical and mechanical properties nec-
essary to mimic flexural dynamics (i.e., the speed and type of
the motion) observed in Echinoderm and Cnidarian organ-
isms (“sea jellies,” Figure 3a—c).l% This example highlights the
development of broadly tunable ionotropic hydrogels that allow
construction of systems that replicate critical features of the
motions exhibited by these creatures. For example, two structur-
ally similar objects were 3D printed with different compositions
in targeted domains of the final biomechanically mimetic struc-
ture. Each composition was chosen to directly pattern gradients
of mechanical properties within the 3D printed objects. Specifi-
cally, we leveraged an ionotropic (alginate-based) composition

3D Printing of Biomechanic Mimics

www.advmat.de

for these hydrogels, adding targeted additives (e.g., polysaccha-
rides, nanoclays, and polyvalent anions and cations) in gradient
form to control print rheology, mass transport, and mechanical
properties within the distinct spatial domains of the patterned
objects. The rich compositional characteristics of these systems
allowed us to develop broadly tunable and robustly patternable
DIW inks. By developing these inks at two levels of design—
one to control the 3D shape evolution on immersion in water
and the other to provide a hierarchy of flexural rigidity—it is
possible to support a broad range of responses, as driven by
the local attributes of flow fields, created by the ionic gradients
programmed into the printed object (Figure 3a,b). This is most
directly exemplified in the forms adopted by the exumbrella
tentacles (Figure 3c) that, based on osmotic pressure differ-
ences created by the valency of the ion-binding agent, either
are flexible and curl upward (divalent—calcium, Figure 3cl) or
remain planar and extend outward (trivalent—iron Figure 3c2).
The anisotropies and the low moduli of the tentacles impart a
gradient condition to their flexibility as well, allowing it to move
dynamically in a current of water in a way that closely resem-
bles the natural creature it mimics.

Another strategy to achieve localized response of a soft mate-
rials is to combine the responsive polymers with hard thin-film

Multi-Material Integration

Printing Scheme Hydrated Structures
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I.Ca\02 sub® Fe2sub® CaZtop ' Fé? topl
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Multi-Material 3D Printing
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Gel heated by mesh
I heated by mesh_ e
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Figure 3. a) Schematic of two targeted biomimetic structures, where different colors highlighted in inset represent ink chemistries that dynamically
move in water and red represents soft polymer formulated for structural rigidity. b) Photographs of the as-printed structures and c) of the hydrated
structures (left scale bar = 35 mm, right scale bar = 8 mm). a—c) Adapted with permission.[l Copyright 2019, Wiley-VCH. d) Photographs of Joule
heating structure embedded into a thermoresponsive hydrogel before and after current is passed to raise gel temperature and cause contraction.
e) Photographs of segmented Joule heating mesh and of the mesh embedded into a hydrogel structure. f) FEA and the corresponding optical image
of the deformation of the segmented mesh hydrogel when one segment is heated. d—f) Adapted with permission.’? Copyright 2013, Wiley VCH.
g) Schematic of multimaterial 3D printing being used to create soft actuators capable of 4 different motion types. h) Schematic and photographs of
device consisting of stiff stripes printed on a soft inner tube that is subsequently pressurized to deform structure (scale bar = 2 cm). g,h) Adapted
under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).°% Copyright
2018, The Authors, published by Springer Nature.
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materials in the form of stretchable/flexible geometric layouts,
following mechanics models to afford each with the desired/pro-
grammable features of mechanical performance. The hard mate-
rial components can be fabricated using precise lithographic
techniques and tailored for properties (e.g., electrical, thermal,
etc.) that can interact with the soft material without altering its
chemistry. Here, we will show one example of this hybrid struc-
ture that will foreshadow some of the more sophisticated exam-
ples of this strategy that will appear later in this perspective.

In the example of interest, a stretchable Joule heating elec-
trode mesh is embedded into a thermoresponsive hydrogel
(Figure 3d).° When a current passes through the mesh elec-
trode, the temperature increases, causing the hydrogel to
undergo a lower critical solution temperature (LCST) phase
change that results in the hydrogel contracting. The mesh is
fabricated in a mechanically compliant geometry that allows it
to deform with the hydrogel without constraining its motion.
Due to the pure elastic mechanics of the electrode mesh and
the hydrogel, the driven strains of this actuator are fully revers-
ible, with the initial state recovered when the temperature of
the hydrogel returns below the LCST transition.

An advantage to this strategy is that the heating electrode
mesh can be patterned to localized regions of the hydrogel and
be independently addressed to impact its swelling behaviors to
effect programmable forms of flexural shape morphing.’? This
is illustrated by an exemplary hydrogel network with three sep-
arately addressable mesh segments embedded within a hemi-
spherical hydrogel shell (Figure 3e). Applications of current
to differentially heat the mesh segments make it possible to
locally drive flexural shape morphing of the hydrogel in distinct
programmable ways that are in turn quantitatively predicted by
a finite-element model of the device (Figure 3f).%

The ability to integrate materials with various mechanical prop-
erties seamlessly into a single structure has also been explored
extensively in multimaterial 3D printing.*>*%] In this field,
composite structures,>* the use of multiple nozzles,3¢°04
and hierarchical design principles*% have been used to create
functional materials with structures that mimic those found in
natural organisms. Here, we highlight one example, in which
silicone inks formulated to have different stiffnesses were used
to create biomimetic soft actuators.[® The inks were printed into
architectures that underwent programmed deformations based
on their pattern of soft and stiff silicone filaments. When pres-
surized, the architectures would deform in four distinct motions,
contracting, twisting, bending, or grabbing (Figure 3g). In one
example, a single layer of the soft silicone (Figure 3h, yellow
region) is first printed on top of a rotating cylindrical support and
then a stiffer silicone is printed in filaments that run parallel to
the first layer (Figure 3h, blue region). The presence of the stiffer
filaments constricts the motion of the architecture, resulting in
contraction of the material (Figure 3h). A similar approach of
integrating soft and stiff silicone inks is used to create actuator
structures with other motions.

Taken together, the results highlighted in Figure 3 suggest
an opportunity to develop even more empowering chemistries
for 4D fabrication that might provide transformations between
programmable states of shape and form. An extension of this
concept is to focus on chemical responses within soft polymers
that lead to local changes in the material structure.
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5. Development of Responsive Chemistries for
Efficient Photomechanical Transduction

Specifically, an area that would expand many applications in
4D assembly is to focus on materials that can be reconfigured
through interactions with light. There are many reviews that
describe photoresponsive chemistries!” and their use in 3D
fabrication methods.*>%%] Polymers can be made photoactive
by doping them with a compound that heats the material when
irradiated with light,!” causing a phase change that reforms
its shape. Photoactive polymers can also be made by adding
a chemical that will undergo an isomerization reaction when
light of a certain wavelength is absorbed (e.g., azobenzenes!!%
and spiropyrans!®»!%l) or they contain a photocatalyst that will
initiate a reaction that leads to the shape change.l921%3] Many of
these chemistries are not efficient when it comes to converting
light energy to mechanical work. We feel that there is a par-
ticular need to develop chemistries compatible with 4D fabrica-
tion techniques that are capable of efficiently converting light to
mechanical work.

Light in many ways would be an ideal stimulus for 4D
fabrication techniques, it has high spatial and temporal pre-
cision and provides the opportunity for rapid and localized
transformation of the material chemistry and structure using
a remote source (Figure 4a).'% Herein, we highlight two
exemplars from our past work that demonstrate such forms
of photoresponsiveness, and that we think illustrates the
broader prospects necessary to develop new polymeric sys-
tems capable of efficiently converting light energy to mechan-
ical work via coupled mechanisms of photo-chemomechan-
ical transduction.

In the first example (Figure 4b), the incident light initiates
a photocatalytic reaction cascade that induces a change in the
pH of the local aqueous environment in which the hydrogel
material is placed. This gradient in pH is harnessed to drive
the chemomechanical actuation of the material system.[0%
Through careful study of this system, and applying the quan-
titative features of the thermodynamic models that govern its
mechanical response, we can identify key features necessary
to create high efficiency photo-chemomechanical systems.[%?!
Namely, these features are to: i) rely on efficient and reversible
reactions; ii) use sustainable forms of mass transport within
the material; iii) minimize the resistance of inactive layers to
mechanical motion; and iv) to reduce the diffusion of reactive
species responsible for the mechanical work. To help achieve
these requirements, it is apparent that advances in 3D fabrica-
tion methods that are capable of heterogeneous integration of
functional components are necessary in developing such high-
efficiency material systems.

In the second example, light is used to form dynamic
and reversible cross-links within a polymer (Figure 4c).
Specifically, light alters the state of a spiropyran photoi-
somer polymerized within the structure. In one state, the
spiropyran is neutrally charged and shows little interaction
with metal ions also present in the polymer matrix. When
exposed to UV irradiation or heat, the spiropyran isomer-
izes to the charged merocyanine form and multiple mero-
cyanines coordinate to each of the metal ions present in
the matrix (Figure 4d). These metal-centered cross-links

© 2022 Wiley-VCH GmbH
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Figure 4. a) Schematic of localized deformation when light is irradiated onto a soft sample source. b) Reaction scheme of a photocatalytic chemistry
embedded into a soft hydrogel material that lowers the pH of the system, resulting in the reversible contraction of the soft hydrogel. b) Adapted with
permission.'2 Copyright 2017, Royal Society of Chemistry. c) Schematic of the photoisomerization of the spiropyran (SP) group into merocyanine
(MC), showing an example of how reversible light-induced cross-linking can affect a material’s mechanical properties. Adapted with permission.%l
Copyright 2019, American Chemical Society. d) Schematic of multicomponent hydrogels comprising photolabile chemistries. The hydrogel consists
of nitrobenzyl moieties with various labile bonds, X that will alter the degradation of the gel. The combination of hydrogels made with different labile
bonds allows proteins to be released from the gel both in sequence and in combination. Adapted with permission.l'®l Copyright 2020, American

Chemical Society.

significantly alter the mechanical properties of the polymer.
When measured, the polymer’s storage and loss modulus
increase by more than an order of magnitude as a result of this
photoisomerization.'%] Upon application of visible light,
the merocyanine converts back to the spiropyran form, and
the cross-links disappear.

Though neither of these first two examples are direct
applications of 4D fabrication, they illustrate reversible
light-responsive chemistries that are capable of performing
mechanical work within a soft material using a stimulus
external to the soft material. The concept of using remote
sources to manipulate soft materials, we think, could be trans-
formational in building future technologies at the biology/
material interface.

In line with this concept are the compelling ways in which
photodegradable hydrogels have been used in technolo-
gies to control living cells.'%1%] Popular in this field is the
use of nitrobenzyl or coumarin groups as the photolabile
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cross-linkers.'®® These groups will cleave when irradiated
with light and will soften the hydrogel as well as release cargo
trapped within its structure. In one example of these types of
polymers, nitrobenzyl moieties featuring four different types
of labile bonds (e.g., ester, amide, carbonate, and carbamate,
Figure 4d) were synthesized and their photolytic and hydro-
lytic properties were studied.1%! Of these four labile bonds,
the carbamate moiety showed the slowest rate of hydrolysis
and superior light responsiveness under physiological condi-
tions. More so, the combination of hydrogels cross-linked with
different types of labile bonds was used to show the release of
proteins both sequentially and in combination (Figure 4d). This
type of demonstration would have applications in many tech-
nologies including drug delivery,'% tunable cell scaffolds,/106111
and responsive biomaterials.'") The continued development
of soft material chemistries capable of photoreversible and 4D
structural change would enable the next generation of these
applications.
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6. Tuning Biological Compliance of 3D Printed Soft
Material Scaffolds to Control Cellular Response

Hydrogel materials have played an important role as substrates
for model cellular microcultures. Recent progress has made it
possible to use these materials as supporting scaffolds for the
complex 3D organization of cells.''3] Many methods are now
available that make it possible to pattern these materials with
a variety of 3D form factors, including electrospinning, 1]
electrohydrodynamic jet printing,® micromolding,™>" and
stereolithography."® These methods compliment chemical
approaches, both synthetic- and processing-based, that yield
architectures embedding varying forms of porosity and com-
positionally sensitive modifications of mechanical proper-
ties.” Our work in this area has focused on DIW because
of its exceptional ability to provide well-controlled 3D spatial,
geometric, and physicochemical cues in printed hydrogels that
can be further exploited to enhance cell migration, networking,
elongation/alignment, and more extended tissue mimetic
development.[120-122]

Following this motivation, we have specifically studied 3D
hydrogel scaffolds composed of poly(2-hydroxyethyl-meth-
acrylate) (pHEMA), a material that in many ways provides a

www.advmat.de

blank canvas for studies of cellular attachment and growth. As
prepared, pHEMA scaffolds demonstrate little activity toward
either the promotion or inhibition of cellular dynamics in cul-
ture.'2!l Tt is possible, though, to bias this innate agnostic quality.
Modifications of the ink chemistry to tune its mechanical and
physicochemical properties as well as the addition of specific
proteins, peptide-modified proteins, and composite fillers all
afford means to modulate growth compliance—to render sub-
strates purposefully between inhibitory and strongly promotive
states.”®121122] The character of these impacts is strongly cell-
type-dependent, although important general trends do emerge.

For instance, we found that by changing the homopolymer-
to-monomer (Mr) ratios in the ink before printing (Figure 5a),
we can prepare physicochemically distinct pHEMA gels
(pHH-1 through pHH-4)"?! that after subsequent modification
with poly-1-lysine (pLL), a common additive for increasing cell
growth compliance, can regulate cell growth properties. The Mr
ratio effects the physical cross-link density and the overall mesh
architecture and ultimately how pLL can bind (tenaciously
absorbing via multivalent intersegmental hydrogen bonding
interactions) to the 3D printed material (Figure 5b). The mesh
of the gel serves to directly modulate the spatial distribution of
cationic charge carried by the pLL.

Manipulation of Materials Mechanics to Tune Biological Compliance
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Figure 5. a) Schematic of the monomer ratio of the ink prior to printing and b) the resultant pHEMA gels that were printed (pHH-1-4), showing that
the differences in mesh densities effect the absorption of pLL protein (yellow spheres). c) Spatial light interference microscopy (SLIM) images of 3T3
fibroblast single cells (scale bar = 28 um). d) SLIM for representative cell culture region of 3T3 at 48 and 55 h (scale bar =100 um). e) 373 cells’ relative
motility data on pHH-2 and pHH-4 substrates (scale factor = 1.59 pixel um™). f) 3T3 relative motility and tracking quantification for glass (G), pHH-2,
(2), and pHH-4 (4) substrates. b—f) Adapted with permission.l'?!l Copyright 2016, Wiley-VCH.
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For optimum cellular growth, a balance must be kept
between migration and attachment, which are connected to
the elastic modulus and surface energy of the substrate. As
cross-linking density increased, so did the elastic modulus but
the surface energy, as measured by atomic force microscopy,
decreased.?!l Cell cultures seeded on these four mesh archi-
tectures showed differences in growth compliance and cellular
motility resulting from these physiochemical differences. We
tracked the attachment and motility of the 3T3 cells on pHH-2
and pHH-4 substrates (Figure 5e) and found that significant
levels of growth compliance were evidenced only on the pHH-2
substrate, where the 3T3 cells are seen to move within and
between cellular clusters. By contrast, the 3T3 cells tended to
be immobile and did not attach viably to the pHH-4 substrate,
resulting in a lack of formation of cellular networks. This dif-
ference in substrate behavior is further exemplified in the rela-
tive motility and tracking quantification data (Figure 5f), where
in general, the 3T3 cells had higher motility and stayed in the
field of view for shorter times on the pHH-2 substrates com-
pared to pHH-4 substrates. We also note in this work that the
behaviors of the E1 preosteoblasts were also tracked using the
same methodology and were found to have similar results on
the pHH-2 and pHH-4 substrates, indicating that the observed
behavior is not specific to one cell type. The differences in sub-
strate viability seen between these cell types directly correlate
with the behaviors found in cultures conducted on more com-
plex substrates. The physicochemical attributes of the inks are
directly exploited in the sections that follow to illustrate the

4 bHH4/PBS + LHi/PBS

=D

QATTIO . [STIY T oHH4/PBS + LHI/PBS
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unique ways that these 3D microcultures can guide the matura-
tion and motility of cells over time leading to their targeted 4D
behavior."2!]

The previous example, and current literature,'?¥l provide
strong guidance as to the mechanisms that can be exploited to
create programmable 4D behaviors of biologically compliant
architectures. More specifically, the broader body of this work
illustrates the tunable qualities that the incorporation of addi-
tives can confer to both the growth compliance and the mate-
rial mechanical properties. Alone, the use of protein surface
treatments makes it challenging to pattern features of cellular
integration and growth at fine hierarchical scales. The use of a
broader range of mechanical and physiochemical additives in
3D printable pHEMA inks, however, can enable 4D patterning
of more complex forms of growth compliance and cellular
integration.!??!

In one example, we used two pHEMA inks—the first one
affording little affinity for mediating cell attachment and a
second that as a result of a specific viscosity modifying agent
does so strongly. We printed a complementary sequence of ser-
pentine gel filaments supported on a base gel substrate com-
posed of each type of ink (Figure 6a).12? In the one case, we
used an ink closely related to the chemistry of those presented
in Figure 5. This ink is composed of a composite pHEMA gel
doped with Laponite, a smectite clay (LHi) (Laponite is a trade-
mark of the company BYK Additives Ltd.). Structures printed
with this ink were paired with those derived from a pHEMA
composition (pHH) with low cell viability. In cultures carried

e LHi/ culture media conditions

le

imaging ang

Figure 6. a) Schematic of pHH-4 films patterned with LHi filaments and incubated in phosphate-buffered saline (PBS) to induce cells to attach to the
regions with higher biological compliance. b) Live/dead cell assay of 3T3 fibroblast cells on the printed architecture where green represents living cells
and red represents dead cells (left scale bar = 600 um, right scale bar =150 pum). c) SLIM image of cellular attachment and migration 3T3 cells initially
with spherical cell moving and spreading on the LHi filaments after 48 h (scale bar =120 um). d) Macroporous 3D structure of a LHi scaffold as-printed
(scale bar = 3 mm) and e) X-ray microtomographic images after culturing E1 preosteoblasts in osteoconductive (OC) or non-osteoconductive (NC)
media (scale bar =3 mm). a—e) Adapted with permission.l?2 Copyright 2019, Wiley-VCH.
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out using 3T3 fibroblasts, two distinct cell attachment and
migration behaviors were found for both cell types. Irrespec-
tive of its placement (whether as the filament or substrate),
the Laponite/pHEMA composition always comes to dominate
within the culture as the preferred point for cellular attach-
ment and proliferation (Figure 6a, here shown as the filament).
Those cells contacting pHH regions initially exhibit poor
attachment and spherical morphologies and over time migrate
to the interface between the pHH film and LHi substrate. This
is exemplified in a live/dead cell assay (Figure 6b), where the
living cells (green) are almost exclusively on the LHi filament
and the dead cells (red) are present almost exclusively on the
pHH film. These features are also seen in excerpts taken from
spatial light interference microscopy (SLIM) data (Figure 6c),
which tracks cell responses on LHi-pHH substrates over
the first 48 h of time in culture. As seen in Figure 6¢, round
cell bodies are observed initially on the edges of the LHi fila-
ment, and then migrate to the LHi filament after 48 h. This
same trend holds when the filament and substrate chemistries
are reversed. These data strongly establish that 4D growth
compliance is effectively “self-directed” to LHi areas of the
scaffold.[?2]

The selective attachment and growth of cells illustrated in the
examples above are ones that are retained and dominate growth
on more complex 3D structures and as well as impact subse-
quent 4D development. For instance, when a macroporous
structure fabricated using an LHi composition is seeded with
E1 preosteoblast cells (Figure 6d) and subsequently cultured
in osteoconductive media, a cellular differentiation occurs that
results in strong on-scaffold localizations of biogenic minerali-
zation (Figure 6e). In this case, the white contrast in an X-ray
microtomographic images shows the formation of biogenic
apatite that occurs predominantly on the exterior walls of the
scaffold. The data further suggest that, at the scale of the scaf-
fold shown, the limitation of diffusion of species through the
internal macroporous structure inhibits cellular proliferation to
deep regions within it, but vascularization would sustain cells
more viably throughout the scaffold. It should be noted that
control cultures carried out in non-osteoconductive media do
not generate similarly mineralized scaffolds.??l Overall, these
examples show the control that has been developed through the
use of tailored materials chemistry for the 4D scaffolds.

In these examples, we show how cell adhesion and prolifera-
tion can be controlled by tuning the physiochemical properties
of the ink used in the 3D printed structure. Our strategy was to
control the homopolymer-to-monomer ratio of the ink, which
controls the physical properties of the ink, and then perform a
surface chemical modification over the entire structure using
poly-1-lysine. This combination of control led to the differences
in cell adhesion and migration seen in our printed structures.
There are many other examples in the current literature where
tuning the physiochemical nature of a biomaterial surface is
used to control cellular adhesion, proliferation, and differentia-
tion.'?4 The ability to modify material surfaces in this manner
has led to some remarkable developments in many applica-
tions.[1%’! The continued focus on developing surface chemical
modification strategies to locally tune the pattern and density of
modifying agents will continue to be an opportunity for future
research efforts.
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7. 4D p-Cellular Frameworks Fabricated through
Directed Assembly for Monitoring and Regulation
of Biological Tissue

Finally, we highlight portions of a broader body of collabora-
tive work that examines the use of mechanics to drive complex
forms of 3D assembly for 4D function. In an exemplary case, a
new material chemistry was examined to regulate cell interac-
tions occurring within a 3D mesostructured scaffold. Here, we
investigated the directed assembly of model multicellular struc-
tures associated with the peripheral nervous system—the dorsal
root ganglion (DRG)—using an arginine—glycine-aspartic acid
(RGD)-peptide-modified poly-p-lysine (RGD-PDL) to mediate spe-
cific integration with a 3D mesostructural scaffold (Figure 7a—).
This combination of 3D assembled structure and biocompat-
ibility produces a new form of mesostructure, which we will call
4D p-cellular frameworks (u-CFs)."®! This chemistry can be used
to broadly tune cellular attachment to the scaffold in ways that
mimic integrin-mediated binding to extracellular matrix pro-
teins. The larger results of this and several related studies estab-
lished that the RGD-PDL when used either as an additive to a
pHEMA ink for DIW or a subsequent ab(ad)sorption modifier
will direct multicellular assembly in model 4D microcultures.
The synthesis of RGD-PDL protein is reasonably straightfor-
ward and can be accomplished by using a bifunctional coupling
agent to conjugate cystine-modified RGD peptides (cyclic or
linear) to the ylysine amino groups of the PDL (Figure 7c).120!
DRG is a neuronal tissue comprising three main cell
types (here dissociated from explants of adult rats): 1) the
DRG neurons; 2) satellite glial cells; and 3) Schwann cells
(Figure 7a). We explored the reconstruction of DRG-like
structures from these cellular explants on 4D u-CFs, using
them to direct their organizations in ways that are not pos-
sible in traditional 2D microcultures.’® DRGs formed on
two exemplary designs for supporting U-CFs, one consisting
of single-crystalline silicon and the other an SU-8 epoxy
(both activated toward cell attachment using RGD-PDL,
Figure 7d-g). While the different material properties of the
substrates have little apparent effect on the cellular morphol-
ogies seen, the larger body of data suggest that marked sensi-
tivities to feature dimensions do exist. The ganglion-mimetic
structures grown on a minitable scaffold (Figure 7c) show all
three cell types of the explants after =45 days in culture. An
optical live-cell microscopy image of the latter culture sup-
ported on Si (Figure 7d) shows dense fibular bundles due to
axonal interconnections between different regions of the scaf-
fold. Calcein-AM live-cell staining (Figure 7e) affirmed the
robust viability of these cultures after this extended period
postexcision. Two representative images were taken of the
u-CFs with immunocytochemical (ICC) staining specific
to neurite (Figure 7f,g), where red represents microtubule-
associated protein, green shows glial fibrillary acidic protein,
and blue the nucleus. Due to the staining, a green halo (glial
satellite cells) is in evidence around the neuronal cell bodies
(red arrows in Figure 7f). Networks, mediated by glia, are
interconnected between both adjacent and opposite legs of
the u-CF, in contrast to the neurons that aggregate primarily
on (and around) its legs. It is notable that DRG-mimetic
organizations were not observed in concurrently conducted
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a) Adult rat dissection (scale bar =450 pm) and dissociation of dorsal root ganglia (DRG) with illustrated components and cell culture (scale

bar = 65 pm). b) Schematic of DRG directed growth on buckled mesostructured table array (open or closed top) cultured with DRG. c) Synthesis
of RGD-PDL protein. d) Optical phase-contrast microscopy image of buckled mesostructured table array (scale bar = 500 ym). e) Live culture with
calcein-AM stain of p-CF table array cultured with DRG (scale bar = 100 pm), f,g) fixed culture with immunocytochemical (ICC) stain (neurons—red,
glia—green, nuclei—blue) (scale bar = 150 pm and 400 pm). h) Schematic and i) optical image of cage mesostructure with eight integrated and
separately addressable electrodes for stimulation and recording (scale bar = 100 pm). j) Confocal fluorescence microscopy with immunostaining
(neurons—red:antiMAP2, glia—green: antiGFAP) of mesostructure cultured with DRG (scale bar = 100 pm). k) Electrical action potential spectrum
before (top left) and after (full—bottom left, magnified—right) electrical stimulation. a,b,d-g) Adapted with permission.®l Copyright 2017, Wiley-VCH.
c) Adapted with permission.l'?% Copyright 2017, American Chemical Society. h-k) Adapted with permission.[®¥l Copyright 2017, The Authors, published

by National Academy of Sciences USA.

2D controls, further illustrating the broader potential that 3D
(and 4D) scaffold designs may hold for mediating complex
forms of cellular network formation.®l

The work summarized above aided the design of a more
highly functional u-CF, one that allowed for the direct inte-
gration of high-precision and high-sensitivity electrophysi-
ological measurement capabilities for the monitoring of
the DRG-mimetic networks as they evolved over time in
culture. In this study, a u-CF design of a nested cage with a
table-top-like summit was fabricated, one that integrated a
series of TiN-coated Au microelectrodes that form the elec-
trode contacts with the cells (Figure 7h). The latter modifi-
cation promotes high-fidelity electrophysiological measure-
ments in vitro (Figure 7i). As before, an RGD-PDL film was
used to provide biological compliance to the u-CF scaffold
and promote attachment of the explant cells. The evolution
of DRG-mimetic multicellular organizations occurs progres-
sively with time, their presence being revealed again by direct
live-cell imaging studies and detailed assignments from ICC
staining (Figure 7j). Electrophysiological responses are not
seen promptly in this microculture but, instead, develop over

Adv. Mater. 2022, 34, 2108391
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time. An example of the latter, as measured after several days
in culture, is shown in Figure 7k. For seven days following
seeding and culturing DRG neurons, silent phase states (no
measurable signals) prevailed. Stimulating the neurons with a
biphasic periodic voltage (frequency: 100 Hz, amplitude: 10 V,
duration: 1 s) leads to capacitive charging in the electrode—
electrolyte double layer, and subsequent detection of current
spikes (bottom left frame of Figure 7k). Magnified views (right
frame) show that the spikes have a triphasic waveform, with
durations of =4 ms and amplitudes between 5 and 16 uVv
(values consistent with those found in more conventional elec-
trophysiological measurements).#’l

The pu-CFs discussed above illustrate a more general oppor-
tunity for the development of assembly-based methods of 4D
fabrication. There now exists a growing body of literature that
demonstrates the impactful foundations that 4D electronic scaf-
folds—specifically, as hierarchical devices with well-controlled
microelectrode distributions and diverse, precisely defined 3D
geometries—can contribute to enhance the control and regula-
tion of tissue formation and function across a variety of bio-
logical tissue.[82120]
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Figure 8. a) Optical image of a compliant, 3D multifunctional mesostructure framework (MMF), with 25 electrodes, as an interface to a neural spheroid
(top) and a FEA contour showing the strain across the 3D mesostructure and the neural spheroid (bottom). b) Circular microelectrode (Pt black, dia-
meter 50 um), U-ILED, thermal actuator and sensor (Au trace in a serpentine geometry), and electrochemical oxygen sensor (Pt Black, Au, and Ag/AgCl
as working, counter, reference electrodes, respectively). c) Optical image of a cortical spheroid enclosed in a 3D MMF designed for electrophysiological
recording. d) Confocal microscopy of the spheroid in a similar 3D mesostructure, made of a transparent polymer (parylene-C) without microelec-
trodes or interconnections; neurofilament (red), GFAP (green), Niss| bodies (magenta), 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (blue), and
autofluorescence from the parylene-C (blue). The dashed circles indicate the approximate positions of microelectrodes in a corresponding functional
system. e) 3D spatiotemporal mapping of spontaneous neural activity across the surface of a spheroid, with representative field potentials recorded
from all 25 microelectrodes in the system. f) Overlay plots of 30 spikes from channels 1, 2, and 4. a—f) Reproduced with permission.® Copyright 2021,
The Authors, published by AAAS. Reprinted/adapted from ref. [84]. © The Authors, some rights reserved; exclusive licensee American Association for
the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/
licenses/by-nc/4.0/. g) Optical image of a double-layer 3D microvascular system formed by mechanically guided assembly. The narrowest microfluidic
channel branches have widths of 10 um, comparable to the sizes of capillaries in human vasculature. h) Optical image of a geometrically irregular 3D
microvascular network by compressive buckling. i) Optical image of a 3D hybrid microfluidic and electronic system as an interconnected 4-by-4 double-
floor helical microfluidic array with integrated electronic sensors and actuators (e.g., U-ILEDs, heaters and thermistors, and electrodes). The soft, stretch-
able hybrid system was wrapped around a glass rod. g-i) Reproduced with permission.”8l Copyright 2021, The Authors, published by AAAS. Reprinted/
adapted from ref. [78]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/.

In another work, 3D multifunctional mesostructure frame-
works (MMFs) serve as compliant neural interfaces to cortical
spheroids, which are sub-millimeter-scale constructs of neural
cells, and can reproduce complex features of the brain in vitro
(Figure 8a).* These 3D MMFs are important platforms for
studies of neurodevelopment and neurological disease mod-
eling using cortical spheroids. Electrical, optical, chemical, and
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thermal interfaces to cortical spheroids demonstrate some of
the capabilities (Figure 8b). The 3D MMF can gently enclose
a cortical spheroid, guided by theoretical modeling and design,
for high-fidelity electrophysiological recording (Figure 8c,d).
The spreading of coordinated bursting events across the
surface of an isolated cortical spheroid (Figure 8e,f) and of the
cascade of processes associated with formation and regrowth
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of bridging tissues across a pair of such spheroids can be
spatiotemporally mapped by microelectrodes allocated in the
3D volumetric spaces, which represent some of the unique
capabilities of the 3D MMFs tailored for basic neuroscience
research.

Artificial microvascular structures represent another impor-
tant aspect of our efforts to advance 4D p-cellular frameworks
for interfacing with biological tissues. A recent work intro-
duces a directed assembly approach to fabricate complex 3D
microvascular structures, by compressive buckling, from 2D
microfluidic precursors and integrated devices which are pre-
pared using well-established procedures in 2D micro-/nano-
fabrication.”8] The resulting microchannels, reservoirs, and
valves can be constructed with feature sizes in the micro-
meter range (e.g., 4 im in channel width) using the trans-
parent elastomer poly(dimethylsiloxane). This 3D assembly
approach in 3D microfluidics offers capabilities in high-resolu-
tion features, large area coverage, diverse geometrical layouts,
and, as a unique feature, the ability to integrate active func-
tionality through embedded sensors and actuators. Figure 8g
demonstrates a double-layer 3D microvascular system formed
by mechanically directed assembly. An enclosed internal
cavity deterministically forms between the top and bottom
layers after compressive buckling. The 3D microfluidic struc-
ture features a three-level branching structure and a stepwise
change in the width of microchannel (from 100, to 30, to 10
and then back to 30 and 100 um). The narrowest microfluidic
channel branches have widths of 10 pm, comparable to the
sizes of capillaries in human vasculature. Additionally, geo-
metrically irregular 3D microfluidic architectures are fully
accessible through compressive buckling of the corresponding
2D shapes, e.g., a random 3D network in Figure 8h. Multi-
functional platforms that include components for sensing
and actuating fluid flows, light exposure, or thermal/elec-
trical stimuli create additional possibilities in 4D p-cellular
frameworks. Figure 8i shows a 3D hybrid microfluidic and
electronic system in the form of an interconnected 4-by-4
double-floor helical array of 3D microvascular networks with
integrated electronic components (micro-integrated-LEDs
(W-ILEDs), heaters and thermistors, and microelectrodes).
Integration of these high-performance electronic components
into complex 3D microfluidic architectures leads to systematic
microvascular networks with both fluid transporting and elec-
tronic sensing and regulating capabilities. The soft mechanics
and the open-framework geometries of these systems allow
for introduction of biological or nonbiological materials into
the open spaces as hybrid configurations that are relevant in
engineered tissues and artificial organs.

8. Conclusion: Challenges and Future
Opportunities

When taken together, the results presented above illustrate
some of the emerging capabilities that functional 4D material
structures—ones constructed by using increasingly sophis-
ticated methods of 4D fabrication—are providing and the
progress being made in research that exploits them in inter-
disciplinary contexts. The examples discussed here support
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what we hope is a useful overarching insight into the fron-
tier challenges that remain to be addressed in future work
to realize translations in technology or enabled new areas of
science that would be truly transformational. New advances
as might be made in the varying means of 4D fabrication—
having highlighted here several general approaches based on
additive and assembly based means of 4D patterning for func-
tional integration—and the enabling materials that support
them will unquestionably and in an enduring sense continue
to drive important forms of progress in material research. The
remarkable and accelerating reach of the work described in
the current literature strongly argues this point as well as any
metric might.

Still, there remains in our view a correlated opportunity to
deeply think through and innovate within the chemistry of
soft material composites and within 4D fabrication methods
to progress this field beyond current capabilities. To that end,
we want to offer specific challenges and opportunities currently
within this field.

8.1. Integrating Materials of Diverse Properties and Sizes into
Highly Functional Devices

In natural systems, soft responsive structural elements and
chemistries are often integrated seamlessly with other struc-
tures of much different mechanical, chemical, and even
optical properties. To give just a few common examples, con-
sider the muscular—skeletal system and the lens and iris of
the eye and associated musculature. It is the integration of
soft(er) and hard(er) sub-elements, dynamic and responsive
chemistries, and feedback systems (see an expanded discus-
sion in Section 8.3), across many length scales, that gives the
organism properties or functions that we are still just begin-
ning to understand how to mimic in synthetic systems. When
developing new 4D fabrication methods, we have little idea
how to integrate sensing, mechanical elements, actuating ele-
ment, and feedback directly into the final structures. Rather
we tend to build independent subelements, and then utilize
external engineering systems connected by wires or other ele-
ments. Topics such as multimaterial 3D printing, compliant
electronics, autonomous feedback systems are all promising
directions to explore hand-in-hand with innovations in 4D fab-
rication methods, however, this will only be the start to realize
devices which match the functionality of even simple biolog-
ical systems.

8.2. Development of Thermodynamically Efficient
Stimuli-Responsive Chemistries

The mechanisms that drive responsive soft material chemis-
tries are inherently inefficient when it comes to converting
the energy of the stimulus to mechanical work. Much of this
energy is lost as other forms of energy (e.g., heat, chemical reac-
tions, etc.). When efficiency is measured in these systems,!?
it is often less than 1% and far below the thermodynamic effi-
ciency of a simple electric motor. This inefficiency dramatically
limits the classes of applications possible using responsive
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soft chemistries either used in 4D fabrication methods or by
4D structures themselves.'”’] Tt remains a grand challenge to
develop soft chemistries that efficiently convert a stimulus’
energy to mechanical work. Targeting chemistries where
the energy of the stimulus goes directly toward changing the
mechanical properties of the system, whether that be initiating
a phase change within the material, or breaking or making
chemical bonds, has potential to produce more efficient actua-
tors than current approaches, where the majority of the input
energy goes into, for example, changing the temperature of a
material, and only a tiny fraction of the input energy goes into
doing mechanical work.

8.3. Development of Sensory Feedback Mechanisms within
Responsive Materials

One key aspect that defines most living organisms is their
ability to use and integrate inputs from their local environ-
ment and respond accordingly. Although there has been a
recent push toward developing synthetic systems which can
sense and respond,!'?! such capabilities remain largely absent
in 4D fabricated structures. A significant opportunity in this
space would be to develop soft architectures capable of taking
external stimuli as inputs and providing logical output(s) as a
response.

In conclusion, in such diverse fields as medicine, soft
robotics, unconventional form factor electronics, the ability to
construct complex 3D structural forms of materials which can
respond, actuate, and even evolve into different shapes based
on their environment will enable such materials to provide
greatly enhanced functional properties. Developing important
but heretofore difficult-to-realize forms of matter with such
advanced system level properties will require a sustained
and accelerating pace of progress in material chemistries of
all forms. The current perspective highlights one avenue of
such progress, that of the interplay of 3D and 4D designs for
materials as one way to engender capacities to integrate soft
materials in biomimetic and biologically compliant ways.
While the examples and discussion here are hopefully a useful
illustration, there is little doubt that there remain consider-
able opportunities to realize more impactful forms of progress,
most notably in developing more sophisticated approaches to
controlling the temporal evolution of a soft material structure’s
functional properties in response to the local environment.
The latter aspiration is one we hope to address more meaning-
fully in future studies.
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