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The development of mankind

Introduction

development of available functional materials. As human

“Research Center for Functional Materials,
(NIMS), 1-1 Namiki, Tsukuba 305-0044, Ibaraki, Japan.

E-mail: SONG.Jingwen@nims.go.jp

bGraduate School of Frontier Sciences, The University of Tokyo, 5-1-5 Kashiwa-no-ha,

Kashiwa 277-8561, Japan

‘Research Center for Materials Nanoarchitectonics, National Institute for Materials
Science (NIMS), 1-1 Namiki, Tsukuba 305-0044, Japan.

E-mail: ARIGA.Katsuhiko@nims.go.jp

Graduate School of Pure and Applied Sciences, University of Tsukuba,
1-1-1 Tennodai, Tsukuba 305-8577, Ibaraki, Japan

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

Bio-gel nanoarchitectonics in tissue engineering

*b,c

Jingwen Song, 2 ** Wenyan Lyu, 2 ®© Kohsaku Kawakami €229 and Katsuhiko Ariga
Given the creation of materials based on nanoscale science, nanotechnology must be combined with
other disciplines. This role is played by the new concept of nanoarchitectonics, the process of construct-
ing functional materials from nanocomponents. Nanoarchitectonics may be highly compatible with appli-
cations in biological systems. Conversely, it would be meaningful to consider nanoarchitectonics research
oriented toward biological applications with a focus on materials systems. Perhaps, hydrogels are promis-
ing as a model medium to realize nanoarchitectonics in biofunctional materials science. In this review, we
will provide an overview of some of the defined targets, especially for tissue engineering. Specifically, we
will discuss (i) hydrogel bio-inks for 3D bioprinting, (ii) dynamic hydrogels as an artificial extracellular
matrix (ECM), and (iii) topographical hydrogels for tissue organization. Based on these backgrounds and
conceptual evolution, the construction strategies and functions of bio-gel nanoarchitectonics in medical

applications and tissue engineering will be discussed.

social life has become larger and more diverse, social
demands have increased dramatically. For example, functional
materials have been developed to confront many problems
such as energy production,' energy storage,” various sensing,’
environmental protection,* carbon neutrality,” device develop-
ment,® drug delivery,” regenerative medicine,® pathogen
control,® and cancer treatment.'® Most of them do not rely on
the inherent performance of the material itself. The key to the
expression of advanced functions is the control of sophisti-
cated structures that extend to the nanoscale. The develop-
ment of the concept of nanotechnology has clarified this
trend. It has made it possible to observe'’ and manipulate?
structures at the atomic and molecular levels. Nanotechnology
has allowed us to elucidate scientific phenomena and prin-

has been accompanied by the
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Fig. 1 Outline of the nanoarchitectonics concept and approach.

ciples at the nanoscale. Given the creation of materials based
on nanoscale science, nanotechnology must be combined with
other disciplines. This role is played by the new concept of
nanoarchitectonics,"® the process of constructing functional
materials from nanocomponents. It can be called a post-nano-
technology concept.’* The ultimate goal of nanoarchitectonics
is to construct functional materials systems with many func-
tional units, such as biological systems."”

While Richard Feynman proposed nanotechnology in the
mid-20th  century,’® Masakazu Aono initiated
architectonics at the beginning of the 21st century."”
Nanoarchitectonics combines various processes that have been
mainly formulated in the field of materials science, with the
aim of architecting functional materials systems from nano-
units such as atoms and molecules (Fig. 1)."® It selects and
combines atomic and molecular manipulation, chemical/
physical material creation and transformation, self-assembly/
self-organization, arrangement/organization by external fields

nano-
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and forces, nano- and micro-fabrication, biochemical pro-
cesses, etc. to architect functional materials.’® Thus, unlike
self-assembly,®® which is based on simple equilibrium,
nanoarchitectonics is suited to creating asymmetric and hier-
archical materials structures.”’ Nanoscale processes are
subject to uncertainties such as thermal fluctuations, stochas-
tic distributions, and quantum effects. Therefore, functional
materials systems are built in such a way that effects are har-
monized.>® The form in which functional molecules are orga-
nized hierarchically and the mode in which they work symbio-
tically with thermal fluctuations is similar to those of biofunc-
tional systems.?® Therefore, the ultimate goal of nanoarchitec-
tonics is to construct advanced functional systems like biologi-
cal systems and to architect materials systems that interact
with biofunctional systems. For example, exploration of func-
tional systems based on bio-gels would be a good research
target.

Nanoarchitectonics is a methodology for architecting func-
tional materials systems from atoms and molecules. Since all
materials are in principle made of atoms and molecules, the
methodology of nanoarchitectonics applies to all materials. It
is an integrative concept that can be likened to the theory of
everything in physics** and can be called the method for every-
thing in materials science.”® The endeavor of nanoarchitec-
tonics will provide new insights and deeper thinkings in the
field of materials chemistry in general. In fact, research
studies advocating nanoarchitectonics are being conducted in
a wide range of fields, not only in fields related to chemistry®
and physics,?” but also many related to biology and bio-chem-
istry.”® Nanoarchitectonics is expected to contribute to many
areas, including those related to basic bio-chemistry,> biosen-
sing,®® drug delivery,® cell control,>* and therapeutic areas.*
Nanoarchitectonics may be highly compatible with appli-
cations in biological systems. Conversely, it would be meaning-
ful to consider nanoarchitectonics research oriented toward
biological applications with a focus on materials systems.

The methodology of nanoarchitectonics is not about
launching an entirely new concept. Rather, it is an integration
of existing fields. Therefore, there are many examples of

Katsuhiko Ariga received his
Ph.D. degree from the Tokyo
Institute of Technology in 1990.
He joined the National Institute
for Materials Science (NIMS) in
2004 and is currently the leader
of the Supermolecules Group
and a senior scientist with
special missions of the Research
Centre for Materials
Nanoarchitectonics (MANA),
NIMS. He has also been
appointed as a professor in The
University of Tokyo.

Katsuhiko Ariga

Nanoscale, 2024, 16,13230-13246 | 13231


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00609g

Open Access Article. Published on 13 June 2024. Downloaded on 1/23/2026 12:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

research that have characteristics of nanoarchitectonics even if
they do not advocate nanoarchitectonics. From this perspec-
tive, we will consider how conventional technologies can con-
tribute to nanoarchitectonics. The point is to assemble
rational three-dimensional (3D) structures from nano-units
such as atoms, molecules, and ions. One methodology is to
organize two-dimensional (2D) structures and then assemble
them into an organized 3D functional structure.*® Functional
integration in biological systems is the rational integration of
functional molecules based on various membrane structures.
Therefore, organizing functional molecules intrinsically into
2D systems such as thin films may be one of the best strategies
of nanoarchitectonics for creating highly functional materials.
On this basis, building 3D structures is a suitable way to create
materials for bio-applications. Typical methodologies are the
Langmuir-Blodgett (LB) method®® and layer-by-layer (LbL)
assembly.’” These methods are rational methods for building
functional structures from two to three dimensions, but they
only synthesize structures at the thin-film level. They are not
always suitable as methods for building macroscopic
materials.

A methodology for creating well-defined structures in two
or three dimensions from molecules or ions is the synthesis of
metal-organic frameworks (MOFs)*® and covalent organic
frameworks (COFs).>® In this case, crystal structures with
precise pore structures are formed. 3D precise structures can
be made, but with a few exceptions,*® most are rigid structures.
Also, large structures at the level of animal experiments are
not always possible. In addition, there are many other meth-
odologies to create 3D structures by supramolecular assem-
bly. Among them, gel creation is a methodology that incor-
porates a large amount of solvent molecules to form macro-
scopic structures using only a small amount of constituent
molecules.*” The characteristic feature of this method is that
it produces very soft structures due to the large amount of
solvent. Hydrogels in which the solvent material is water
molecules are particularly suitable for biological applications.
When considering biological applications through 3D
nanoarchitectonics, it is useful to consider gels as target
materials.

First, a brief look at some recent examples of gel research
shows that gels, which are already widely studied materials,
are also being investigated for controlling fundamental physi-
cal properties, such as mechanical properties are controlled
through structural design, while the order and disorder charac-
teristics are regulated using physicochemical procedures.*?
This indicates that there remains ample room for nanoarchi-
tectonics to contribute to the field of gels as well. Mayumi, Ito,
and co-workers are investigating gels with sliding ring struc-
tures.”® Recently, they found that moderate cross-linking of
poly(ethylene glycol) hydrogels led to parallel orientation of
the chains during elongation and rapid and reversible strain-
induced crystallization.** The resulting toughness was an
order of magnitude greater than that of covalently crosslinked
poly(ethylene glycol) homogeneous gels. Sekine and Nankawa
examined carboxymethylcellulose nanofiber hydrogels formed
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by solid-liquid phase separation.”®> Kubota discussed supra-
molecular-polymer composite hydrogels as multi-network
hydrogels in his recent review.’® The design of this compo-
site hydrogel can rationally integrate the stimulus-response
of the supramolecular gel with the stiffness of the poly-
meric gel. Yamanaka and co-workers investigated the
adsorption of silica, polystyrene, and titania particles onto
polyacrylamide and polydimethylacrylamide hydrogels.”” The
van der Waals force was again found to be a strong
enough driving force for particles absorbed on the surface
of polymer hydrogels in water. Supramolecular polymer-
based hydrogels typically exhibit highly ordered structures,
which are stable and in a thermodynamic equilibrium
state. Recently, Xing, Yan, and their co-workers prepared
long-range disordered biomolecular glasses using amino
acid and peptide nanoarchitectonics. These glasses demon-
strate biocompatibility, biodegradability, and biorecyclability,
surpassing the properties of currently used commercial
glasses and plastic materials.*®

In addition to the basic studies of physical properties,
several advanced applications have been reported. Li, Gao, and
co-workers discussed in a recent review flexible sensors based
on biohydrogels of bacterial cellulose as natural biomass.*’
Potential applications include human-machine interfaces,
wearable medicine, and bionic intelligent robotics. Masud,
Hossain, Kaneti, and co-workers developed k-carrageenan
hydrogel-coated mesoporous gold electrodes.’® These were
useful for the chronocoulometric detection of microRNA. Lu,
Gu, and co-workers developed a conductive polymer hydrogel
strain sensor that exhibited both extreme strain and negligible
hysteresis.>® It was created by a micro-phase semi-separated
network design of the polymer and a fabrication technique
that combined 3D printing and continuous freeze-thawing.
The technology could be directed toward stretchable electronic
skin and intelligent robotic systems. Hydrogels are ideal
materials for human-machine interfaces because of their
mechanical and chemical similarity with biological tissues. A
recent review reported by Yuk et al. provided a comprehensive
discussion of functional modes, design principles, and future
applications of hydrogel interfaces for human-machine inte-
gration.”® Kai, Yu, Huang, and co-workers also discussed the
correlation between hydrogel properties and device perform-
ances in their recent review.> This is to provide a perspective
on current challenges and future directions for the develop-
ment of flexible electronics using environmentally responsive
hydrogels.

For example, properties such as stiffness, pore size, viscoe-
lasticity, nano- and microarchitecture, degradability, ligand
presentation, and stimulus responsiveness can be widely
modulated in hydrogels. Therefore, applications in the bio-
medical field are quite promising. The review by Cao, Zhang,
and co-workers discussed the rational structural and func-
tional design of hydrogels utilizing materials engineering to
influence cell signaling cascades and fates.”® Cheng, Yue, and
co-workers proposed an antibiotic-free strategy to combat
implant-related infections by using biodegradable and cyto-

This journal is © The Royal Society of Chemistry 2024
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compatible hydrogel coatings.>® Duan, Guo, and co-workers
developed a photo-crosslinked multifunctional antimicrobial
adhesive hemostatic hydrogel dressing based on polyethylene
glycol monomethyl ether modified glycidyl methacrylate func-
tionalized chitosan, methacrylamide dopamine, and zinc
ions.”® This is intended to kill drug-resistant bacteria and
promote wound healing. Guo and co-workers developed a self-
healing hydrogel based on quaternized chitosan, oxidized
dextran, tobramycin, and polydopamine-coated polypyrrole
nanowires, with good electrical conductivity and antioxidant
activity.>” This is aimed at burn wound repairment. Qi, Shen,
Hu, and co-workers developed a hydrogel with melanin nano-
particles loaded on a polysaccharide matrix composed of
biguanide chitosan and oxidized p-glucan for efficient healing
of bacterially infected diabetic wounds.’® This wound dressing
material could be a new option for the treatment of diabetic
wounds. Fu, Zhu, Fan, and co-workers developed a gel that is
conducive to diabetic chronic wounds.?® They encapsulated
gelatin microspheres containing insulin and celecoxib. The gel
was prepared using phenylborate-grafted polyvinyl alcohol and
chitosan. Showing dual-response temperature-sensitive shape
self-adaptation to glucose and matrix metalloproteinase-9,
Zhao, Yang, and co-workers hybridized collagen-based natural
hydrogels with protocatechuic acid aldehyde for their ability to
regulate macrophage heterogeneity.®® Useful for promoting
angiogenesis and diabetic wound healing, He, Shen, and co-
workers developed a novel glycyrrhizic acid-based hybrid
hydrogel dressing with intrinsic immunomodulatory pro-
perties.®" This hybrid hydrogel, which also focuses on promot-
ing rapid healing of diabetic wounds, is composed of an inter-
penetrating polymer network with excellent injectability and
mechanical strength. Zhu, Fan, and co-workers developed an
injectable hydrogel based on Tiz;C, MXene nanosheets coated
with hyaluronic acid-grafted-dopamine and polydopamine.®*
This could be applied to diabetic wound healing in combi-
nation with mild photothermal stimulation. Guo and co-
workers designed a cross-linked multifunctional adhesive
hydrogel based on sodium alginate, gelatin, and protocate-
chuic aldehyde, with ferric ions added.®® The developed revers-
ible adhesive hydrogel dressing can be served as a versatile
tissue sealant.

As described above, gels, especially hydrogels, have been
studied in many fields. They can be used for various purposes
because they can incorporate multiple components of
nanoarchitectonics. They have many advantages, such as the
ability to freely control their mechanical properties through
solvent content and internal nano- and micro-structures. As
can be seen from the examples, many efforts are being made
for practical applications in the biomedical field. Perhaps,
hydrogels are promising as a model medium to realize
nanoarchitectonics in biofunctional materials science. In this
review, we will provide a more detailed overview of some of the
more narrowly defined targets, especially for tissue engineer-
ing, and look at the utility of hydrogel design and synthesis
(nanoarchitectonics  from molecules and  polymers).
Specifically, we will discuss (i) hydrogel bio-inks for 3D bio-

This journal is © The Royal Society of Chemistry 2024
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printing, (ii) dynamic hydrogels as an artificial extracellular
matrix (ECM), and (iii) topographical hydrogels for tissue
organization. In detail, hydrogel bio-inks stand out for the
rheological properties of initial extrudability and printability
as inks, as well as their self-supporting and shape mainten-
ance abilities after being used to construct hydrogel scaffolds.
Additionally, by regulating the printing formulation or pro-
grams, hydrogel bio-inks loaded with cells or growth factors of
interest can be readily customized to accomplish the spatio-
temporal distribution which has great potential for artificial
3D tissues or organs, etc. In dynamic hydrogels, the emphasis
shifts to mechanical properties that dynamically respond to
environmental stimuli such as pH, temperature, light, or bio-
chemical signals. Dynamic hydrogels undergo reversible
changes in stiffness or degradation rates to provide a suppor-
tive matrix that can remodel and adapt to cell activity, facili-
tating cell migration, proliferation, and differentiation.
Topographical hydrogels rely on surface patterning and nano/
micro-scale features to influence cell behaviors. They have
precise spatial cues that mimic the native tissue microenvi-
ronment and guide cell adhesion, alignment, and organiz-
ation. Based on these backgrounds and conceptual evolutions,
the construction strategies and functions of bio-gel nanoarchi-
tectonics in medical applications and tissue engineering will
be discussed.

2. Hydrogel bio-inks for 3D
bioprinting

3D bioprinting technology is expected to achieve scalable bio-
fabrication of structurally complex and functionally powerful
tissue simulations for the study and amelioration of human
diseases. Bio-ink materials for 3D printing must present two
main roles: first, as raw materials, they can be used to manu-
facture structured constructs and second, as downstream cell
induction niches, they can support cell growth, proliferation,
and function. Hydrogels are ideal bio-ink materials that can
maintain high cell viability and can also combine with tra-
ditional biological growth factors strategies to guide cell phe-
notype and fate.

Conventional hydrogels exhibit a homogeneous structure,
which as bio-inks for 3D printing will restrict cell growth and
mobility as well as impede the diffusion of oxygen and nutri-
ents, thus hindering cell viability, infiltration, and prolifer-
ation. Seymour et al. constructed microgel-based composite
granular 3D printing inks composed of UV-cross-linkable
gelatin methacryloyl (GelMA) microgels and sacrificial gelatin
microgels (Fig. 2A).** After UV cross-linking and heat melting,
crosslinked GelMA scaffolds remained, but gelatin was
removed and left behind continuous void space. The void frac-
tion could be readily controlled by the proportion of the
gelatin microgel within total composite inks. Experiments of
the rheological characteristics assessed that the total concen-
tration of microgels impacted the printability and shape
maintenance, which were independent of the ratio of

Nanoscale, 2024, 16,13230-13246 | 13233


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00609g

Open Access Article. Published on 13 June 2024. Downloaded on 1/23/2026 12:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

A - Microgel preparation based on
| complex coacervation method

Polycation
(GelMA)
Crosslinkable
GelMA Microgel
Polyanion
Sacrificial
gelatin Microgel
Polycation
(gelatin)
Depth High GelMA:Gelatin Microgel Ratio
B el
Surface ) “ = .
(0-50 pm)
Within Construct
(75-150 pm)

3D printing of composite microgel inks

View Article Online

Nanoscale

Formation of GelMA scaffolds with void space

1 UV crosslinking
of crosslinkable microgel

=

2 Melting and removing
of sacrificial microgel

Low GelMA:Gelatin Microgel Ratio Void fraction 1

of hydrogel

A 4

Cell T
infiltration

Fig. 2 Schematic of the preparation process and cellular effect of a microgel-based composite granular 3D printing hydrogel with void space. (A)
Schematic of preparing 3D printing scaffolds by using UV-crosslinkable gelatin methacryloyl (GelMA) microgels and sacrificial gelatin microgels. The
scaffold can create void spaces by melting the sacrificial gelatin microgel at 37 °C. (B) Cell infiltration was promoted with an increased void fraction
of 3D-printed constructs, which was controlled by the proportion of sacrificial gelatin microgels.

GelMA : gelatin microgel inks, so the printability was
decoupled from the void fraction. Furthermore, it also demon-
strated that the interstitial void space of printed scaffolds was
beneficial for human umbilical vein endothelial cell (HUVEC)
growth and infiltration, which was positively associated with
the void fraction (Fig. 2B). Therefore, this work could provide a
new insights into bioprinting and tissue engineering appli-
cations through fabricating microporous GelMA microgel inks
with advanced printability and shape maintenance.
Therapeutic growth factors delivery often requires higher
than normal doses, which can cause unwanted side effects.
Freeman et al. established a novel 3D printed composite
scaffold with distinct spatiotemporally distributed growth
factors, which could be used as an implant for angiogenesis
and bone defect healing.®® Two kinds of alginate/methyl-
cellulose-based bioinks respectively containing vascular endo-
thelial growth factor (VEGF) and bone morphogenetic protein-
2 (BMP-2) were incorporated to fabricate the composite
printed construct to achieve the above-mentioned tissue regen-
eration (Fig. 3A). It had been demonstrated that the spatial dis-
tribution of VEGF with decreasing load from the center to per-
iphery within the implant was more conducive to vascular
infiltration than the implant loading with homogeneously dis-
tributed VEGF, which could be credited to the cell migration
chemotactic effect. Moreover, peripherally distributed BMP-2
with a slow-release profile, achieved by the addition of nano-
particles LAPONITE® due to electrostatic attraction, was
assessed as more favorable for new bone formation than
BMP-2 with fast release in implants. Furthermore, the whole
was greater than the sum of the parts, and thereby the compo-

13234 | Nanoscale, 2024, 16, 13230-13246

site growth factor delivery system with both VEGF and BMP-2
was also applied to bone defect healing. It had been proved
that the composite implant could not only enhance angio-
genesis more significantly compared to the VEGF gradient-
only loaded hydrogel but also promote bone regeneration and
maturation with little heterotopic bone formation (Fig. 3B),
which was mainly attributed to appropriate growth factor
release  kinetics and non-supraphysiological dosages.
Therefore, the composite growth factor loaded system dis-
played in this work provides some new inspirations in bio-
hydrogel designs and precisely controlled tissue regeneration,
such as the spatiotemporal synergetic technique and con-
trolled release strategies of multiple growth factors under the
auxiliary of nanoparticles.

In addition to the above examples, there are diverse appli-
cations of hydrogels for 3D bioprinting. Properties such as bio-
compatibility with shear viscosity reduction, adequate yield
strength, and fast self-healing are desired in hydrogel inks for
3D bioprinting. The searches of gel structures for this purpose
are underway from various viewpoints. Zhang et al. developed
novel self-healing pre-crosslinked hydrogel microparticles of
chitosan methacrylate/poly(vinyl alcohol) hybrid hydrogels.®®
Using this ink, they directly printed a series of biomimetic
constructs with very high aspect ratios and delicate microstruc-
tures. It was possible to fabricate constructs easily and ver-
satilely with excellent shape fidelity at organ-related scales,
such as blood vessels, human ears, and rat femurs.
Bioprinting by digital light processing (DLP) is advantageous
for the biofabrication of structurally complex tissues. Wang
et al. used a method of selective enzymatic digestion of hyalur-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Schematic of the construction method and biological regeneration effect of 3D printing composite hydrogel scaffolds loaded with distinct
spatiotemporally distributed growth factors. (A) The 3D printing hydrogels with spatial gradient distribution of BMP2 and VEGF based on the PCL
framework as a support material were built and transplanted. (B) The spatial differential distribution of two kinds of growth factors within 3D printing
constructs proved more advantageous for promoting angiogenesis and bone regeneration.

onan methacrylate for DLP bioprinting.®” The molecular clea-
vage approach provided a tissue-matched structure without
loss of structural complexity and fidelity. With this method,
stem cell-derived NGN2-accelerated progenitor cells (SNaPs)
differentiated into neurons and astrocytes. They exhibited
strong electrophysiological and other brain-like properties.
With further optimization, the molecular cleavage strategy was
expected to be applied to tissue engineering, which has been
difficult to realize.

Kim et al. used bioink made from silk fibroin for DLP-3D
bioprinting in tissue engineering applications.®® Mechanical
and rheological properties could be adjusted by varying the
content of the silk fibroin-based bioink. The bioink allowed
the construction of very complex organ structures such as the
heart, blood vessels, brain, trachea, and ears with excellent
structural stability and reliable biocompatibility. It was particu-
larly noteworthy that this approach only used naturally derived
polymers. Recently, four-dimensional (4D) printing has
emerged as a next generation biofabrication technology. Kim
et al. reported a 4D bioprinting system based on DLP and a
photocurable silk fibroin hydrogel, containing two or more
cell types.®® Using this 4D bioprinting system, tracheal
mimetic tissues consisting of two types of cells were produced.
When implanted into a damaged rabbit trachea, the implant

This journal is © The Royal Society of Chemistry 2024

spontaneously integrated with the host trachea. Both epi-
thelium and cartilage formed at the predicted site. This raised
the possibility of using this system for tissue engineering and
biomedical applications.

The above illustrates the usefulness of hydrogels as bioinks
for 3D bioprinting. Their mechanical and biocompatibility
properties are important parameters. The target organs and
biological tissues are diverse. The phenomena are intricate
and complex, but the underlying polymer chemistry and physi-
cal chemistry are based on prior knowledge. In other words,
the design and synthesis of optimal hydrogels using such
knowledge leave a variety of grounds for the contribution of
nanoarchitectonics.

3. Dynamic hydrogels as an artificial
ECM

In living organisms, cells constantly interact with the highly
dynamic ECM and remodel it. This process promotes various
cell behaviors and fates, including growth, proliferation,
migration, differentiation, and apoptosis. In addition to intrin-
sic thermodynamic remodeling, the degradation of biological
polymers and the dissociation/recombination of force-induced

Nanoscale, 2024, 16,13230-13246 | 13235
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physical crosslinks, which are two orthogonal external sources,
also play roles in the dynamic characteristics of biological
polymer networks in the natural ECM. Hydrogels are widely
used as tunable biomimetic 3D cell culture matrices. Dynamic
hydrogels can change their structures and properties under
environmental stimuli. The formation of these hydrogels is
usually achieved through physical interaction or chemical
cross-linking, building a 3D network nanoarchitectonics that
has the capacity to swell in water and respond to external cues.
Moreover, dynamic hydrogels comprise reversible bonds like
hydrogen bonds, ionic interactions, or dynamic covalent
bonds, so that the hydrogel can have reversible structural
changes, which provides it the applications for self-healing,
adaptation and responsiveness to environmental cues. Some
hydrogels show fast responses to stimuli such as temperature,
PH, light, and ionic strength. As a result, dynamic hydrogels
can be assembled from building blocks that adapt to cell
activities when living cells are introduced. However, the natural
ECM is very complex, and designing the physical and chemical
properties of hydrogels to precisely manipulate their dynamic

Photopolymerization

+
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interactions with cells remains challenging. Therefore, design-
ing a 3D hydrogel matrix with adjustable dynamic character-
istics to reproduce the spatiotemporal hierarchy of ECM
dynamics is of great significance in comprehending the
relationship between the natural ECM and cell behaviors.

To explore the dynamic correlation between the natural
ECM and cell behaviors, researchers are committed to develop-
ing dynamic cell-adaptive hydrogels cross-linked by dynamic
reversible bonds. Yang et al. investigated the indispensable
role played by the dynamic property of 3D hydrogels based on
supramolecular crosslinks in guiding cell behaviors and fates
(Fig. 4).”° Hydrogels with similar reaction equilibrium con-
stants but distinct kinetic constants were prepared through
host-guest reversible interactions between the mono-acryloyl
B-cyclodextrin (ac-p-CD) and hyaluronic acid chains (HA)
equally grafted with adamantane (ADA) or cholic acid (CA)
prior to photo-initiated polymerization, and were termed
HA-ADA and HA-CA, respectively. Consistent with the higher
dissociation kinetic constants of the HA-ADA hydrogel, it also
exhibited faster stress relaxation than the HA-CA hydrogel as
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Fig. 4 Schematic of the preparation principles and cell behavior of dynamic hydrogels with distinct stress-relaxation time. (A) The dynamic hydro-
gels were prepared based on host—guest complexation, and different guest molecules were used to build dynamic hydrogels with different dis-
sociation rate constants. A cell encapsulated in the dynamic hydrogel with a large dissociation rate constant was found more conducive to cell
spreading and mechanosensing. (B) The importance of precise conjugated sites and robust binding strength of cell-adhesive ligands of RGD peptides

in cellular spreading and mechanosensing is emphasized.
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verified through rheological experiments. In addition, human
Mesenchymal Stem Cells (hMSCs) cultured within the
HA-ADA-cRGD (RGD is the abbreviation for arginylglycylaspar-
tic acid) hydrogel presented extensive stellate spreading and
intensive cellular mechanotransduction and osteogenic differ-
entiation, while hMSCs within the HA-CA-cRGD hydrogel
exhibited a round morphology and weak mechanosensing and
adipogenic differentiation (Fig. 4A). In addition, the precise
conjugated sites and robust binding strength of cell-adhesive
ligands of RGD peptides also played a vital role in cellular
spreading and mechanosensing (Fig. 4B). The above-
mentioned cellular behaviors and multi-cell assembly
impacted by the dynamics of hydrogels involved the concerted
action of cell-matrix interactions, cell-adhesive ligand p1 integ-
rin, and cytoskeletal mechanotransduction. Altogether, higher
dynamics of the ECM could provide the cell membrane more
local space freedom to explore and recruit cell-adhesive
ligands of the ECM, and activate intracellular downstream
mechanical signaling pathways better.

The collective behavior of cell and tissue patterns are also
controlled by the mechanical properties of the ECM, for
example, the viscosity, elasticity, viscoelasticity, fluidity, and so
on. Among these features, how the viscoelasticity of the ECM
affects the collective cell’s organization from the spatial and
temporal aspects remains not very well studied. Elosegui-
Artola et al. explored and illustrated the effects driven by the
passive viscoelasticity of the ECM on the spatiotemporal organ-
ization of encapsulated collective cells using alginate hydrogels
(Fig. 5).”* Through coordinating the formula of alginate poly-
mers and calcium crosslinker concentration, hydrogels with
varying stress relaxation times were prepared, with indepen-
dent control of the stiffness (Fig. 5A). Compared with elastic
matrices, epithelial cell spheroids cultured within viscoelastic
hydrogels were experimentally validated to show morphologi-
cal instability (rapid growth, formation of finger-like protru-
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sions, and spherical symmetry breaking) (Fig. 5B), and higher
cellular mechanotransduction involved the activation of Racl
signaling pathways, and facilitation of epithelial-to-mesenchy-
mal transitions (EMTs), which was recognized to promote
tumor growth and metastasis (Fig. 5C). Moreover, a compu-
tational simulation and prediction model was created. The cal-
culation formulas of three variables of the matrix that could be
used to recapitulate tissue organization within hydrogels were
considered in the model - the scaled fluidity and passive
mechanical relaxation time and the scaled cell proliferative
capacity — and they were in concert to design a phase diagram
to predict cell patterning. Based on formulations, the compu-
tational model simulated that decreased viscosity of the ECM
could lead to tissue growth and instability, which was
validated by the above-mentioned experiments. Besides, the
model predicted cell motility, tissue proliferation, and
increased stiffness of the matrix independent of viscoelasticity
or elasticity, and all these also could contribute to tissue
growth and instability. Definitely, these predictions were sub-
stantiated by related experiments. To prove the universal appli-
cability of the model, the intestinal organoids culturing experi-
ment was performed and indeed verified that the viscoelasti-
city of ECM promoted tissue growth and morphological
changes.

Natural fiber matrices are critical components of the ECM,
and the effects of programmable and remodelable assembly of
a 3D fibrous hydrogel scaffold on cellular behavior have yet to
be investigated. Davidson et al. fabricated reassembled norbor-
nene-modified hyaluronic acid (NorHA) fibrous hydrogel
assemblies by photocrosslinking the resuspension solution of
fragments produced from mechanical disruption of the prepre-
pared electrospun fiber (Fig. 6).”> The hydrogels were found to
possess excellent physical properties of shear-thinning and
self-healing before photocrosslinking, which is conducive to
the potential of application in extrusion printing constructs.
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Fig. 5 Schematic of a hydrogel with adjustable viscoelasticity and stiffness in spatiotemporally controlling the collective cell patterning. (A)
Hydrogels with varying viscoelasticity and stiffness can be independently controlled by coordinating the formula of alginate molecular weight and
crosslinker concentration. (B) The viscoelasticity and elasticity of hydrogels synergistically drove organoid morphogenesis. (C) The molecular mecha-
nism behind the symmetry breaking of organoids encapsulated in the viscoelastic hydrogel.
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Fig. 6 Schematic of the process of creating reassembled fibrous hydrogels by using fragments of electrospun fiber mats. The study demonstrated
that fibers in low-density fibrous assemblies, cells exerting contraction forces could recruit more fibers, leading to increased fiber alignment, greater

reduction in hydrogel volume, and higher cell density.

Moreover, the features of strain-stiffening and strain-induced
fiber alignment had been detected after photocrosslinking,
and both features were dramatically demonstrated in the low-
density (20%) fibrous assemblies compared to those of
median (50%) and high (75%) density hydrogels. After encap-
sulating and culturing cells within varying fibre density hydro-
gels, the low-density fibrous assemblies were found to exhibit
more extensive and more pericellular fiber recruitment, more
reduction of volume, higher cell density, and compressive
moduli under the cellular mechanical forces than median and
high-density hydrogels. Due to the spatial distribution of
matrix fibers being converted from the initial isotropic orien-
tation into an organized alignment consistent with a micro-
scale hydrogel geometry under cell contraction, the cell-laden
fibrous assemblies were proposed to have the utility of micro-
tissue fabrication. Furthermore, the hydrogel system could

13238 | Nanoscale, 2024, 16,13230-13246

also be utilized to fabricate programmable biohydrogels via
printing technology or photolithography methods, which were
enabled by the shear-thinning induced extrudability and
photocrosslinking of fibrous assemblies, respectively.

As seen in the examples above, the physical and structural
cues of ECMs are diverse. Hydrogels are frequently used as syn-
thetic ECMs for 3D cell culture. In addition to the examples
described above, various other examples of studies have been
reported. Lou et al. reported an interpenetrating network (IPN)
hydrogel system based on dynamically covalently cross-linked
HA and collagen 1.”® The stress relaxation of IPN hydrogels can
be tuned by the component HA. The modulation was based on
the affinity of the HA cross-linker, the molecular weight, and
the concentration of HA. The resulting viscoelastic hyaluro-
nan-collagen IPN hydrogels mimicked well the microenvi-
ronment of the ECM, where mechanical cues in 3D cell culture

This journal is © The Royal Society of Chemistry 2024
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could direct the function and fate of stem cells. Bone marrow-
derived hMSCs are promising cells for regenerative therapies,
and ex vivo expansion is necessary to obtain clinically useful
cell numbers. Killaars et al. used hydrogels containing allyl
sulfide cross-linkers and radical-mediated addition-fragmenta-
tion chain transfer processes at different time points.”*
Hydrogels containing hMSCs were softened in situ. The effects
of short- and long-term mechanical stimuli on epigenetic
modification of hMSCs were quantified. Epigenetic remodel-
ing was persistent, suggesting that memory may be retained in
neural progenitor cell (NPC) culture in 3D hydrogels. This was
an attractive strategy to increase the number of stem cells
needed for therapeutic purposes. How the properties of the 3D
material affect the maintenance of NPC stem cells in the
absence of differentiation factors has been less well explored.
Madl et al. found that stem cell maintenance did not correlate
with initial hydrogel firmness in the range of physiologically
appropriate firmness.”> Conversely, hydrogel degradation cor-
related with and was necessary for the maintenance of NPC
stemness. This finding suggested that matrix remodeling
without cytoskeletal tension generation was one strategy to
maintain cellular stemness in 3D.

Zhang et al. investigated the mechanosensing behavior of
human mesenchymal stem cells using a thermosensitive elec-
trospun microfiber crosslinked hydrogel.”® The ability to
switch in situ from a rigid (37 °C) to a soft (25 °C) state in a
temperature-induced manner for a number of cycles was inves-
tigated. Cell proliferation, adhesion, mechanical threshold for
nuclear migration of YAP signals, and osteogenic differen-
tiation were enhanced compared to hMSCs grown under
normal culture conditions. This might be due to enhanced
mechanical feedbacks via dynamic mechanical interactions
between cells and 3D fibrous constructs. The influence of early
protein deposition on cell behavior in hydrogels had not been
well explored. Loebel et al. used biological orthogonal labeling
techniques to visualize early proteins within 1 day of culture in
a variety of hydrogels.”” The role of nascent proteins in cell
recognition of engineered materials had been reaffirmed and
had implications for in vitro cell signaling studies and tissue
repairment applications. However, there is still room for
further investigations in complex feedback mechanisms.
Intracellular biomacromolecules were dynamically reorganized
in response to signals. This is dynamic nanoarchitectonics in
living systems. Freeman et al. prepared hydrogels based on
peptide amphiphiles, which can have DNA chains that degrade
in response to chemical triggers, and investigated their super-
structural assembly behaviors.”® The hydrogels had the prop-
erty of degrading upon the addition of molecules or changes
in charge density and organizing into a superstructure of
entangled filaments. Experimental and simulation results indi-
cated that reversible superstructures were formed when the
large-scale dynamics of the supramolecular material was con-
trolled by the formation of strong non-covalent bonds that
could be broken from the outside. This dynamic supramolecu-
lar system allowed us to consider how changes in the structural
features of the hydrogel network modulate important phenoty-

This journal is © The Royal Society of Chemistry 2024
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pic changes in astrocytes associated with brain and spinal
cord injury and neurological diseases.

The natural ECM has a decisive influence on cell behavior.
Therefore, nanoarchitectonics of its artificial mimics is impor-
tant for cellular tissue engineering and regenerative medicine.
Hydrogels are very promising candidates, as seen in many of
the examples above. The development of an artificial ECM is
challenging due to the need for responses to the interaction/
feedback from cells. Therefore, it is necessary to analyze the
dynamic cell behavior and synthesize corresponding materials
and structures. In such cases, the dynamic nanoarchitectonics
approach is considered a powerful target.

4. Topographical hydrogels for tissue
organization

Topographical scaffolding plays a crucial role in the develop-
ment of epithelial organs and the solid vascular networks con-
necting them. In tissue engineering, the scaffold used is one
of the most critical elements. Biocompatible hydrogel based
topographical scaffold fabrications are expected to mimic from
the microscale of the native ECM to macroscale of tissue topo-
graphical structures.

The mechanism of fluid transport by multivascular net-
works and intravascular topographies has always been a very
challenging research topic as such complex 3D network chan-
nels are difficult to construct. Grigoryan et al. constructed poly
(ethylene glycol) diacrylate (PEGDA) hydrogels containing mul-
tivascular networks based on 3D stereolithography through
bottom-up LBL photopolymerization under the assistance of
innovative biocompatible photoabsorber additives, such as tar-
trazine (yellow food coloring FD&C Yellow 5, E102), curcumin
(from turmeric), or anthocyanin (from blueberries).”® 3D
monolithic hydrogels with the vessel wall integrated with a
functional bicuspid valve were fabricated, which could effec-
tively spontaneously control the open-state of anterograde
flows and the close-state of retrograde flows. Besides, entangled
vascular networks comprising two separated and non-intersected
channels also were established. When one of the channels was
oxygen ventilation and another was perfused human red blood
cells, respectively, vascularized alveolar and lung-mimetic
models were created and validated to extremely recapitulate the
functional intervascular oxygen transportation between the circu-
latory system and respiratory system. Furthermore, superior
therapeutic effects of the transplantation of compositive hydro-
gel carriers containing vascular networks and encapsulated hep-
atocytes in chronic liver injury were determined, so it was
revealed that the system had clinical application value.

The stem cell self-organization process that is fundamental
to organoid development has been difficult to control, which
leads to the lack of repeatability in most existing technology
for organoid culturing. Gjorevski et al. developed an external
control strategy based on photosensitive poly(ethylene glycol)
(PEG) hydrogels to confine the geometry of intestinal orga-
noids, and demonstrated the indispensable influence of a pre-

Nanoscale, 2024, 16,13230-13246 | 13239


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00609g

Open Access Article. Published on 13 June 2024. Downloaded on 1/23/2026 12:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

defined geometrical framework for the development of intesti-
nal organoids (Fig. 7A).*° The crypt-villus axis of intestinal
organoids mostly occurred at the localized position of cell
accumulation within the shape-confined organoids, which
involved greater spatial distribution in the activation of YAP
and Notch signaling pathways, thereby influencing the stem
cell fate by regulating Paneth cell localization and differen-
tiation (Fig. 7B), and ultimately mediating the formation of
crypt and villu domains (Fig. 7C). This pre-setting of organoid
geometry could make the whole development process of orga-
noids highly conservative, and there was no need to introduce
external biochemical gradients. Furthermore, it was also
demonstrated that the natural physiological structure of the
intestinal epithelium in vivo could be further simulated when
intestinal organoids were cultivated within the shape-confined
hydrogel scaffolds.

Similarly, in tissue engineering for muscle repair, scaffold
design also plays a critical role. The topographical hydrogel
scaffolds with conductivity that mimic the ECM are crucial for
skeletal muscle repair. Xue et al. created an anisotropic and
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conductive hydrogel scaffold by using gelatin methacryloyl
(GelMA) as the base hydrogel and silver nanowires (AgNW) as
the conductive dopant, employing a directional freezing tech-
nique to achieve the desired topographical scaffold for muscle
defect repair (Fig. 8).%' These topographical and mechanical
properties closely resemble those of the native muscle ECM,
enabling cell orientation through contact cues and electrical
stimulation. When transplanted into rats with muscle defects,
the electrically stimulated topographical hydrogel scaffold
showed a marked improvement in muscle reconstruction,
achieving muscle mass and strength restoration ratios of 95%
and 99% of normal levels, respectively. This finding presents
the potential of topographically optimized and conductive
hydrogel scaffolds in advancing muscle repair applications.

As seen in the above examples, cells and their tissues do not
have a uniform structure, and the corresponding gels require
topographic structural control. Various attempts have been
made, not limited to the above examples. Deshmukh et al
developed an acoustofluidic device that continuously patterned
mammalian cells within hydrogel fibers.®* Photopolymerizable
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Photopatterned organoid

Top view
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Fig. 7 Schematic of the geometry-driven deterministic organoid patterning of hydrogels. (A) Crypt formation of ISC colonies, which is indicated by
the occurrence of Paneth cells, could be artificially controlled precisely through embedding cells within the photopatterned hydrogel. (B) ISCs
encapsulated in the geometry-defined hydrogel were found to exhibit symmetry-breaking and epithelial patterning, which may arise from the spatial
differential distribution of YAP and Notch signaling. (C) Similar organoid patterning also occurred when ISCs were cultured on the hydrogels that

resemble the native intestinal mucosa.
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hydrogels were externally induced to undergo gelatinization by
light when the cells were placed under the influence of an
acoustic field. Muscle progenitor cells (myoblasts) could be pat-
terned in parallel lines within the hydrogel, mimicking the
structure of skeletal muscle. There, increased formation of myo-
tubes and spontaneous twitching of myotubes could be
observed. In addition, the anisotropy of natural tissues of other
cell types, such as tendons, ligaments, and neurons, could be
mimicked. Liu et al. reported a new technique called filament
optical biofabrication.®* This technique allowed for the rapid
fabrication of hydrogels consisting of a unidirectional network
of microfilaments with a diameter on the length scale of a
single cell. The formed microfilaments exhibit outstanding cell
induction properties in fibroblasts, tendon cells, endothelial
cells, and myoblasts. It is also possible to form multidirectional
microfilaments within a single hydrogel construct. Potential
applications of nanoarchitectonics in complex multicellular
tissue engineering constructs would be considered more. Ma
et al. reported an approach for versatile tissue engineering from
tendon to bone, utilizing calcium silicate nanowires and algi-
nate composite hydrogels as building blocks.®* 3D printing
technology and mechanical stretching post-processing were
integrated to create structures with significantly enhanced
mechanical properties ranging from nanoscale to submicron
and microscale. The composite hydrogels significantly
enhanced tissue regeneration of bone-to-tendon, especially
fibrocartilage transition tissue in vivo.

As is the case with many mammalian tissues, organisms
have specific cellular arrangements that allow for their unique
functions. Correspondingly, topographic controls such as the
patterning of hydrogels and their mixtures with the network
become important. Biological systems universally possess hier-
archical and topographic structural properties. Therefore, arti-

This journal is © The Royal Society of Chemistry 2024

ficial structures such as hydrogels must have a topographic
structure. The nanoarchitectonics methodology, which has
advantages in creating hierarchical structures, is expected to
be able to meet such demands.

5. Conclusions

Some of the above examples are reviewed and summarized.
These examples illustrate the utility of the concept of
nanoarchitectonics for research in the biological and medical
fields, especially in tissue engineering, using gels. For hydro-
gels as bioinks for 3D bioprinting, mechanical and biocompa-
tible properties are important parameters. The organs and bio-
logical tissues to which they are applied are complex systems,
but fundamentally they are controlled upon a combination of
known phenomena of polymer chemistry and physical chem-
istry. This is in common with the concept of nanoarchitec-
tonics, which is based on the harmonization of fundamental
processes and phenomena. Also, it is useful for cellular tissue
engineering and regenerative medicine to construct artificial
mimics of ECMs with nanoarchitectonics of gels, as they play a
decisive role in the behaviors of cells. During this process, the
interaction with cells is dynamic at the interfaces they come in
contact with. Interfacial nanoarchitectonics emphasizing
dynamic elements and nanoarchitectonics of soft materials
surfaces will be key. As shown in the last few examples, it is
not the cells themselves, but their specific arrangement and
organization that play a major role in the expression of func-
tion. Patterning technology that corresponds to the hierarchi-
cal structure of living organisms is required. A nanoarchitec-
tonics technique that favors the formation of hierarchical
structures can meet these requirements.
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Cells that perform biofunctions, their tissue bodies, organs,
and living organisms are structurally and functionally complex
systems. As a material that is compatible with these complex
systems, hydrogels are promising because of their ability to
manipulate various components, structures, and mechanical
properties. It is necessary to assemble unit molecules, polymers,
ions, etc. into macroscopic structures comparable to those of
cells and tissues. This is where the concept of nanoarchitec-
tonics has many opportunities to demonstrate its power.
Human beings have devised a variety of gels that can cope
with such complex systems through accumulated experience
and scientific knowledge. However, a more rational approach
requires the introduction of data processing methodologies.
The concepts of machine learning®> and materials informatics®®
are being used to select, design, and develop optimal materials.
There are also proposals to combine nanoarchitectonics and
materials informatics.®” A rational approach to large-scale pro-
duction is also needed. The development of such method-
ologies may also be achieved by supporting nanoarchitectonics
with artificial intelligence. The fabrication of optimal gel struc-
tures from nanoscale structural elements by nanoarchitectonics
will be useful for the development of tissue engineering bio-
medical materials at the practical level. The participation of new
technologies such as machine learning will also promote it.
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