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Hierarchical Hydrogel Composite Interfaces with Robust
Mechanical Properties for Biomedical Applications

Yuting Zhu, Qiang Zhang, Xiaoli Shi,* and Dong Han*

Cells sense and respond to a wide range of external signals, including chemical
signals, topography, and interface mechanics, via interactions with the
extracellular matrix (ECM), triggering the regulation of behavior and function.
The ECM can be considered a hierarchical multiphase porous matrix with
various components. Highly porous hydrogel-based biomaterials can mimic
the critical ECM properties, to provide mechanical support for tissues and to
regulate cellular behaviors, such as adhesion, proliferation, and differentiation.
Herein, based on micro/nanoscale-topography-coupled mechanical action,
recent advances in the fabrication and application of hydrogel composites

with tunable mechanical properties and topography in biomedicine are
summarized. In particular, recent findings showing that hydrogels with
specifically designed structures not only influence a range of cellular processes
and fit the needs of engineered tissues but also have pharmacological effects

are emphasized.

1. Introduction

The extracellular matrix (ECM) is a complex hierarchical net-
work composed of fibrous proteins; it influences a range of
cellular processes, such as adhesion, proliferation, and dif-
ferentiation. Biomimetic materials for the ECM hold great
promise in the field of biomedicine with wide applications in
drug delivery, would healing, and tissue engineering.!l In the
past few decades, extensive studies have shown that not only
does the composition of the ECM affect cell behaviors, but
mechanical properties also play key roles.>3! In particular,
substrates with a suitable stiffness and topography can have
regulatory effects on the physiological activities of cells and bio-
logical processes, including protein secretion, gene expression,
wound healing, and tissue regeneration.*"'% These changes are
mediated by mechanotransduction at the interface of materials
and cells.'l Accordingly, building biomaterials with hierar-
chical networks that mimic the properties of the native ECM
is important for investigating cellular physiology. However,
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conventional scaffolds have many limita-
tions with respect to ECM simulation;
they do not approximate the complex
architecture of native tissues or provide
mechanical stimuli to induce the forma-
tion of tissue-like structures.'” Accord-
ingly, the development of materials with a
robust micro/nanoscale surface with suit-
able mechanical properties is still a major
goal in the field of biomedicine.
Hydrogels are attractive candidates for
ECM mimics because they are multiphase
matrixes composed of a hydrophilic
polymer with a high water content and
are highly porous, similar to the native
ECM.®l The 3D networks of hydrogels
not only provide good anchor sites for
cells, but also deliver biologically relevant
chemical and physical signals to facilitate
efficient cell proliferation and differen-
tiation. By crosslinking approaches, hydrogels can be prepared
with tunable physical properties, high biocompatibility, and
responsiveness to stimuli for wide uses in biomedicine.'*1]
The rational design of hydrogel networks to produce well-
defined biomaterials with good mechanical properties and
topography may improve the ability to mimic native tissues.
Here, based on micro/nanoscale-topography-coupled
mechanical action, we review recent progress in the fabrication
of hydrogel composites with tunable mechanical properties and
topography for applications in biomedicine. We focus on the
development of hydrogels with designed structures in tissue
engineering, as we believe that they can not only influence
a range of cellular processes and fit the needs of various engi-
neered tissues, but also have pharmacological effects on cells.
We further highlight various methods to prepare hierarchical
hydrogel composite interfaces with robust mechanical properties
and review some of the most recent and impressive applications
of these hydrogels in biomedicine. Additionally, we evaluate
emerging trends in the physical regulation of cell reprograming.
Finally, future challenges related to the development of the next
generation of hierarchical hydrogel composites are discussed.

2. Response of Cells to Robust Mechanical
Hydrogel Interfaces

Since mechanotransduction and interactions at the interface
between materials and cells play crucial roles in the regula-
tion of cell behaviors and the genotype-to-phenotype relation
ship, mechanical properties are important parameters in the
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design of hydrogels for biomedical applications.l'® In recent
years, substantial efforts have been made to determine the
relationship between cell functions and the mechanical prop-
erties of hydrogels. For instance, the widely used polyacryla-
mide (PA) hydrogels with desired stiffness not only affect cell
spreading, adhesion, and proliferation, but also can induce
stem cell differentiation into various cell types (0.1-1 kPa for
neurogenic cells, 8-17 kPa for myogenic cells, and 25-40 kPa
for osteogenic cells), providing a great value in relative tissue
engineering.l>!7:18 Cells adhered to stiff hydrogels experience
a higher elastic modulus in their plasma membrane with a
better organized actin cytoskeleton and promote faster prolif-
eration and slower migration compared to soft hydrogels. The
mechanical feedback on the effect of matrix remolding at the
interface between cells and hydrogels result in determining
the key molecular pathways on cell fates. Also, Huck et al. have
found that the cell behaviors are also related to the nature of
the hydrogels with different porosities.®] However, Engler and
co-workers revealed that the local force at the cellular mecha-
nosensing scale via myosin contraction of cells led to the
hydrogel stiffness that can regulate the cell behaviors indepen-
dently (Figure 1a).1% Later, Han's group proposed a loading-rate-
sensing theory to explain how the cells sense ECM mechanical
cues and revealed that the stiffness, pore size, and patterns
which affect the effective spring constant of the hydrogel always
contribute to the loading rate of integrin-ligand bonds and thus
determine the cell functions (Figure 1b).'! At the genetic level,
Cooper-White and co-workers revealed that the mechanical
relative mammalian target of rapamycin (mTOR) signaling
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plays a critical role in regulating cell fate which is related to the
substrate stiffness. Modulating mechanosensitive microRNAs
(miRNAs) of miR-100-5p and miR-143-3p could change mTOR
pathway activity, which results in the regulation of the human
mesenchymal stem cells (hMSCs) fate (Figure 1c).12%]

Elasticity and viscosity are important mechanical character-
istics of substrates and their timely feedback on mechanical
stimulation plays key roles in cell fate determination. More
important, the ECM of various human tissues such as brain, liver,
and adipose tissues is viscoelastic and exhibits significant stress
relaxation to avoid damage from external forces (Figure 1d).21-24
An adaptable hydrogel with appropriate modulus and stress
relaxation properties may effectively mimic complex biological
tissues.”’! Ishihara and co-workers reversed the proliferation
cycle of cells to G1 phase through the modulation of the storage
modulus (G’) of the poly(vinylalcohol)-based hydrogel, to improve
differentiation signal sensitivity which can achieve highly effi-
cient, lineage-restricted differentiation of stem cells for rapid
tissue repairing.??l More interesting finding by Anseth and co-
workers is that hMSCs can retain the past mechanical informa-
tion and enough mechanical dosing mediated by a poly(ethylene
glycol)-based photodegradable hydrogel can influence future cell
fate decisions regardless of the changing of mechanical environ-
ment (Figure 1e).2’] This provides a favorable basis for the trans-
plantation of in vitro cultured tissue into body.

These findings highlight the importance of mechanical prop-
erties and inspired the development of logical hydrogel designs
for biomedical applications. Simple mechanical regulation of
biomimetic hydrogels not only changes the physiological state
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Figure 1. a) Schematic diagram of the mechanism about how cells dynamically deform substrates via myosin contractions. Reproduced with permis-
sion.l’l Copyright 2014, Nature Publishing Group. b) A schematic of the cell-integrin—~ECM protein system and the contractility subject to integrin—-ECM
protein bonds on substrates induced by myosin with different effective spring constants, stiffnesses, pore sizes, or pillar lengths. Reproduced with
permission.[' Copyright 2015, American Chemical Society. c) Proposed model of the regulatory effects of substrate stiffness and miRNA signaling on
mTOR pathway activity and hMSC differentiation. Reproduced with permission.?%l Copyright 2014, Nature Publishing Group. d) Hypothesis for how
the initial elastic modulus and stress relaxation properties of matrixes regulate cellular behaviors. Reproduced with permission.?2 Copyright 2016,
Nature Publishing Group. e) Immunocytochemistry of PPARy (green) and osteocalcin (OCN) (red) in hMSCs after 7 days on soft hydrogels with
various mechanical doses on past physical environments (tissue culture polystyrene (TCPS)) and staining for alkaline phosphatase (ALP) in hMSCs
with mechanical dosing on TCPS before culture on soft hydrogels. Reproduced with permission.?”} Copyright 2014, Nature Publishing Group.
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of cells, but also promotes the efficacy of some drugs. Han's
group demonstrated that the stiffness can influence the sen-
sitivity of breast cancer cells to targeted therapy and modulate
the expression of mechanically related mRNA expression.[?8:2°]
Moreover, they revealed that the soft PA hydrogel with larger
pores can reduce the sensitive response of breast cancer cells to
lapatinib because of the decreased adhesion of 4 integrin.%
This provides a reference for antitumor drug screening in vitro
and treatment of mechanically related diseases in vivo.

3. Hierarchical Hydrogel with Robust Micro/
Nanoscale Interfaces

Unique structures and functions in nature have inspired bio-
logical research for centuries, and a deeper understanding of
these structures and functions can contribute to progress in the
field of biomedicine.l'3132] However, it is challenging to mimic
innate tissues, which are intrinsically hierarchical micro/nano-
structures with nonuniform mechanical properties.’¥ Sub-
strates with multiscale topography are designed to resolve this
issue; the topography leads to variation in localized mechanical
properties and associated micromechanical changes result in the
manipulation of focal adhesion formation for the regulation of
cell behaviors and functions (Figure 2a).3*3%l For instance, Han's
group developed a scaffold by mixing gold nanoparticles with
collagen and the formative localized stiffness could efficiently
regulate the assembly of intercalated discs through the 1 inte-
grin-mediated ILK/p-AKT/GATA4 pathway.’”) However, this
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method is relatively simple and has narrow application range. In
recent years, many fascinating hydrogels with micro/nanotopo-
graphy have been developed using various technologies, such as
photolithography, micromolding, and 3D bioprinting.
Photolithography is commonly used to induce the gelation
of polymer solutions through a patterned photomask, which
enables the formation of hydrogels with desired shapes. Com-
plex multiscale topographies can be created by a combination
of photolithography and micromolding technology. Hydrogels
prepared with micro/nanotopography not only influence cell
adhesion, spreading, and migration, but can also induce cells
to form different patterns or to differentiate into desired cell
types.3840 This is because nonuniform localized stiffness
caused by the topography of substrates leads to changes in the
actin cytoskeleton and mechanotransduction, followed by focal
adhesion rearrangement, thus resulting in changes in cellular
behaviors and cell fate.142] However, hydrogels with complex
biomechanical properties and 3D topographies are more suit-
able for practical applications than hydrogels generated by
conventional photolithography or micromolding. Then, ste-
reolithography technology has been developed to enable faster
hydrogel scaffold fabrication with easy changes in compositions
and structural parameters.I”® In particular, Wai and co-workers
developed an optical maskless stereolithography technology that
allows for in situ microfabrication and large-area patterning
which enable high-precision printing of poly(acrylic acid) ionic
hydrogel for biosensors and microstructures (Figure 2b).1*
Hydrogels created by stereolithography have complex 3D
mechanical interfaces, similar to those of natural tissues, and
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Figure 2. a) Proposed mechanism for how nanotopography influences the focal adhesion signaling pathway and differentiation of human neural stem
cells. Reproduced with permission.>*l Copyright 2013, American Chemical Society. b) Schematic of the optical maskless stereolithography system: UV light
illuminates the digital-mirror device (DMD) chip, and the generated optical pattern is projected on the photosensitive polymer to fabricate microstructures.
Reproduced with permission.[*}l Copyright 2015, Wiley-VCH. c) Different types of bioprinting tools: (i) in thermal inkjet printers, (i) in microextrusion
printers, (iii) in laser-assisted bioprinters. Reproduced with permission.[*!l Copyright 2014, Nature Publishing Group. d) Integrated tissue—organ printer
system consists of three major units: (i) 3-axis stage/controller, (ii) dispensing module including a multi-cartridge and pneumatic pressure controller,
(iii) a closed acrylic chamber with a temperature controller and humidifier. Reproduced with permission.l*”] Copyright 2014, Nature Publishing Group.
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facilitate the regeneration of tissue interfaces when implanted
into the body with encapsulated stem cells.

3D bioprinting is a fascinating technology that holds great
promise for the creation of complex composite scaffolds in
tissue engineering by the precise placement of hydrogels in a
layer-by-layer manner.** Some tissue-like cell-laden hydrogel
scaffolds fabricated by 3D bioprinting have excellent abilities
to repair damaged tissues and are useful for other biomedical
applications.*>#¢] The most commonly used technologies
for 3D bioprinting systems are inkjet (material viscosities:
3.5-12 mPa s7!), extrusion (material viscosities: 30 mPa s7! to
>6 x 107 mPa s7'), and laser-assisted printing (material viscosi-
ties: 1-300 mPa s7!) (Figure 2c).*

However, all existing technologies have great challenges with
respect to the efficient fabrication of large-scale (>200 pm) inte-
grated structures of cellladen hydrogels with free-form stable
shapes. To overcome these limitations, Atala and co-workers devel-
oped an integrated tissue—organ printer enabling the fabrication
of stable, human-scale tissue constructs of any shape based on
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multiple types of cells and hydrogels (Figure 2d).*”} This sub-
stantially extends the application of hydrogel materials in tissue
engineering and facilitates the fabrication of hierarchical hydrogel
composite interfaces with nonuniform mechanical properties that
are similar to the mechanical structure of natural tissues.

4. Conclusion

Increasing studies have demonstrated that the mechanical
properties of substrates influence cell behaviors and functions
independently of chemical compositions and biomolecules. The
key factor determining these applications is mechanotransduc-
tion at the interface of materials and cells. We refer to this as
interface mechanics, which includes not only the macroscopic
mechanics of the material itself, but also the microscopic
mechanics caused by the material topography, also known as
localized mechanics. In recent years, the development of mate-
rials and technologies has enabled us to fabricate 2D and 3D
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Figure 3. Recent exploration about the mechanical interfaces of nature tissues and relevant development of scaffolds for cell reprograming. Hierarchical
hydrogel composite interfaces with micro/nanoscale surface and robust mechanical properties stand as promising materials for biomedical applications.
Image for stiffness manupulation: reproduced with permission.l® Copyright 2014, Nature Publishing Group. Image for gene regulation: reproduced with
permission.% Copyright 2016, Wiley-VCH. Image for micromechanics of the tendon-bone insertion: reproduced with permission.*l Copyright 2014,
Nature Publishing Group. Image for micro/nanotopography: reproduced with permission.!*l Copyright 2015, Wiley-VCH. Image for hierarchical hydrogel:
reproduced with permission.l*®l Copyright 2016, Elsevier B.V. Image for mechanical property: reproduced with permission.*l Copyright 2015, Wiley-VCH.
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hydrogel scaffolds with a variety of mechanical properties. How-
ever, the ultimate goal is to build heterogeneous biomechanical
interfaces that resemble natural tissues (Figure 3).133454849] The
fabrication of hierarchical hydrogel composite interfaces with
robust mechanical interfaces has important implications for
biomedical applications.
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