
www.afm-journal.de

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000639 (1 of 48)

Review

Spatiotemporally Controlled Photoresponsive 
Hydrogels: Design and Predictive Modeling 
from Processing through Application

Hongyuan Zhu, Haiqian Yang, Yufei Ma, Tian Jian Lu, Feng Xu, Guy M. Genin,* 
and Min Lin*

Photoresponsive hydrogels (PRHs) are soft materials whose mechanical 
and chemical properties can be tuned spatially and temporally with relative 
ease. Both photo-crosslinkable and photodegradable hydrogels find utility 
in a range of biomedical applications that require tissue-like properties or 
programmable responses. Progress in engineering with PRHs is facilitated by 
the development of theoretical tools that enable optimization of their photo-
chemistry, polymer matrices, nanofillers, and architecture. This review brings 
together models and design principles that enable key applications of PRHs 
in tissue engineering, drug delivery, and soft robotics, and highlights ongoing 
challenges in both modeling and application.
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1. Introduction

Photoresponsive hydrogels (PRHs) with mechanical properties 
that change when illuminated with light are of technological 

interest because of their potential in appli-
cations such as tissue engineering,[1] drug 
delivery,[2] and soft robotics[3] (Figure  1). 
These soft, stretchable materials have 
high water storage capacity (up to 99% 
by volume), are often biocompatible, and 
can be made with tunable mechanical and 
chemical properties.[4] Their hydrophilic 
properties enable storage and transport 
of a range of small molecules, ions, and 
biomacromolecules. Of particular value 
of hydrogels is the ability to incorporating 
components that endow them with respon-
siveness to stimuli such as stretch,[5] pH,[6] 

temperature,[7] electric fields,[8] magnetics field,[9] or, of course, 
light.[10] Light is particularly attractive because of its high spa-
tial and temporal controllability and because it can act noninva-
sively and at a distance.

Four aspects of PRHs can be tuned to tailor their mechanical 
properties: their photochemistry, their polymer matrix, their filler, 
and their architecture (Figure 1). A range of photochemical reac-
tions can be used to develop PRHs, including photo-crosslinking, 
photodegradation, photoisomerization, photocaging, and 
phototuned molecular crosslinking.[11] Among these, photo-
crosslinking, and photodegradation are the most studied because 
they directly increase or decrease the crosslink density in polymer 
matrices through light irradiation through the inclusion of spe-
cific photosensitive compounds (PSCs). Polymer matrices can 
be chosen to tune the mechanical properties, biocompatibility, 
biodegradability, and hydrophilicity of a PRH. Nanoscale filler 
materials can enhance the stiffness and toughness of PRHs. 
The architecture of PRHs, especially at the microscale, can be 
adjusted to tune the heterogeneity and mechanics of PRHs.

Recent progress in controlling and utilizing the mechanical 
properties of PRHs for engineering purposes has been pos-
sible in large part due to the development of theoretical tools. 
Progress in understanding the photochemical processes under-
lying the synthesis of these polymers has led to a rapid growth 
in the field, as summarized in.[12] With this understanding 
now mature, theoretical tools have begun to be brought to 
bear. These tools enable optimization of the photochemistry, 
polymer matrices, nanofillers, and architecture of PRHs for 
specific applications. This review brings together a broad range 
of such models and the associated design principles for PRHs, 
as well as successes and challenges associated with key applica-
tions of PRHs such as tissue engineering, drug delivery, and 
soft robotics. The review begins in Section 2 with a summary of 
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design principles for PRHs, including principles for choosing 
photochemistry, monomers and macromers, composite mate-
rials, and architecture. Section  2 further highlights trends in 
PRH design, including near infrared (NIR) induced photo-
chemistry, nanocomposites, and 3D printing. Existing theories 
and models for predicting the mechanics of photo-crosslink-
able, photodegradable hydrogels, and PRH-based composites 
are summarized in Section  3. In Section  4, applications of 
PRHs in three frontier fields (tissue engineering, drug delivery, 
and soft devices) are summarized. The review concludes in 
Section 5, with perspective on challenges in the mechanics of 
PRHs, and on novel technologies that are on the horizon.

2. Design Principles for Tuning the Mechanical 
Properties of PRHs
The mechanical properties of PRHs can be controlled by tuning 
1) PSCs, 2) prescribing polymer matrices, 3) adding nanofillers, 
and  4) altering their architecture. PSCs enable temporal con-
trol over the mechanical properties of PRHs through light 
irradiation-determined addition or elimination of covalent 
bonds. Tuning the composition of polymer matrices and nano-
fillers extends the stiffness and toughness ranges of PRHs. 
Advanced fabrication techniques enable spatial control of the 
architecture and mechanics of PRHs. This section describes 
how these factors constitute design variables for PRHs, and the 
principles underlying design choices.

2.1. Photochemistry of PSCs in PRHs

PSCs in PRHs translate light energy into initiation energy for 
downward crosslinking or cleavage reactions, a process called 
photochemical transformation, with the aim of further altering 
network connections and tuning mechanical properties.[13] A 
rich diversity of PSCs exist, but the vast majority are not useful 
to many biological applications because they are excited by 
ultraviolet light, which may be harmful to cells and has low 
tissue penetrability.[14] Therefore, there is growing interest in 
new PSCs excited in the NIR range (Figure 2A). In this section, 
we introduce conventional single-photon-excited PSCs that 
have found utility for photo-crosslinking and photodegradation, 
then discuss two promising NIR technologies that can modify 
the excitation wavelength of PRHs to the NIR region will be 
discussed.

2.1.1. Photo-Crosslinking

Photo-crosslinking is the light-driven generation of polymer 
branches based on one of two photopolymerization mecha-
nisms: chain growth radical propagation reactions, and step 
growth radical propagation reactions.[10a] Both of these can be 
controlled though the addition of photoinitiators into the reac-
tion systems.[15] The chain growth reaction involves the growth 
of radical species by radical addition to a carbon–carbon double 
bond, generating a new radical at the end of a polymer chain.[16] 
The most widely used monomers for chain growth are (meth)
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acrylates. This reaction system can be easily implemented, and 
the composition of precursors is commercially available. How-
ever, it suffers some inefficiencies, such as oxygen inhibition 
and messy networks.[17] In contrast to chain growth working on 
repeated single steps, step growth involves two alternate steps. 
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For example, the thiol-ene reaction is an alternation between 
thiyl radical propagation across the ene functional group and 
the abstraction of a hydrogen radical from thiol by the carbon-
centered radical.[17a] Step growth reaction is considered free 
of oxygen inhibition and more controllable and biocompat-
ible than chain growth.[17a] Chain growth and step growth are 
often considered in separated reaction systems. However, thiol-
acrylate polymerization is a mix-mode process of step growth 
and chain growth, where thiols could serve as co-initiators and 
chain–transfer agents simultaneously.[18]

Both chain growth and step growth polymerizations do 
not respond to light exposure without photoinitiators, which 
absorb photons from light and then generate radicals to initiate 
the subsequent radical polymerization processes. Meanwhile, 
a high concentration of photoinitiators could be harmful to 
cells. Thus, the photoinitiator is the key factor determining 
both the absorption wavelength and cytocompatibility in 
photopolymerization systems. Generally, photoinitiators can 
be divided into two types according to their reaction mecha-
nisms, namely, “cleavage” type (type I) or hydrogen abstraction 
type (type II).[13,19] Type I photoinitiators usually have only one 
molecular component, which is capable of forming initiating 
radicals upon intramolecular bond cleavage on absorption of 

light. Type II photoinitiators are composed of two molecular 
compounds, and radicals are generated by hydrogen abstraction 
from hydrogen donors to a molecule in triplet states excited 
by light.[13] Next, widely accepted biocompatible photoinitia-
tors (Figure  2B) grouped into these two types will be briefly 
introduced respectively. For more details regarding the design, 
reaction mechanisms, and applications of other photoinitiators, 
readers are referred to other excellent reviews.[13,15a,19,20]

I2959 (2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-
1-propanone) is the most widely used type I initiator, and 
possesses the best cytocompatibility among UV initiators 
(cytocompatible at concentration <18 mmol L−1).[21] Its absorption 
spectrum is 250–370 nm, and it has a very low initiating efficiency 
at 365  nm excitations.[21a] There are other water soluble type I 
photoinitiators applied in cell culture, such as I651 (2,2-dimethoxy-
2-phenylacetophenone, DMPA) and I184 (1-hydroxycyclohexyl 
phenyl ketone).[21a,22] However, they show much more cytotoxicity 
than I2959. Recently, lithium acylphosphinate (LAP) has been  
proposed as a promising alternative, which has a broader absorb-
ance spectrum up to the visible region (270–405 nm) with a rea-
sonable cytocompatibility (<2.2 mmol L−1).[23]

Compared with type I, type II photoinitiators can be consid-
ered advantageous because they require lower excitation energy 
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(i.e., longer excitation wavelength) than type I photoinitiators.[19] 
The most popular type II initiator is eosin Y, which belongs to the 
family of xanthene dyes and has a wide visible absorption spec-
trum from 400 to 600 nm.[24] Eosin Y usually couples with amines 
or thiols to initiate radical polymerization.[24b,25] Camphorqui-
none (CQ) is another widely used type II initiator, which is cyto-
compatible at a concentration of <0.6 mmol L−1.[26] It absorbs 
both UV region (250–350 nm) and visible region (400–500 nm) 
light.[27] Camphorquinone itself can initiate photopolymeriza-
tion, but only at a low rate. Therefore, like eosin Y, co-initiators  
(e.g., amines and cyclic acetals) are also added to accelerate the 
initiation.[26a,28]

Besides these commonly used initiators, there are other 
potential initiators being explored for biomedical applications 

(e.g., VA-086[29] and HABI[30]) and novel higher initiation 
efficient photoinitiation systems are continuously being 
developed.[13,15a] In addition to tuning the mechanical 
properties of hydrogels, photopolymerization based on these 
biocompatible photoinitiators could also be used to conjugate 
biomolecules on polymer networks, which could provide attach-
ment points for bioactive molecules and cells.[31]

2.1.2. Photodegradation

In contrast to photo-crosslinking, photodegradation is a reverse 
process to decrease the stiffness of PRHs. At the molecular 
level, hydrogels can be rendered photodegradable through 
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Figure 2. A) Absorption wavelength distribution and B) reaction schemes of widely used biocompatible photosensitive compounds. When photo-
responsive hydrogels are irradiated with light, photoinitiators can trigger photo-crosslinking, while photolabile moieties can trigger photodegradation. 
The absorption wavelengths of these photosensitive compounds are located mainly in the ultraviolet and visible regions. To achieve light control in 
biologically benign regions (600–1000 nm), NIR excitation techniques based on two-photon absorption and upconversion nanoparticles have been 
developed.
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the incorporation of specific photolabile moieties into the 
macro molecular precursors that comprise the gel network.[32] 
After gelation by addition reactions (e.g., radical polymeriza-
tion, Michael-type conjugations, and click reactions), these 
photoactive moieties reside in the network backbone and can 
be cleaved irreversibly upon light (with appropriate wave-
length) exposure.[32a,33] Through this process, light is employed 
to cleave bonds within the hydrogel, ultimately resulting in 
reduced elasticity and even erosion of hydrogels. Such systems 
afford opportunities for innovative experiments to better under-
stand how hydrogel degradation influences the desired material 
properties, as well as offering unprecedented spatiotemporal 
control of the network structure in real time.[34]

Due to versatile modifications and the well-known photolysis 
mechanism, ortho-nitrobenzyl (ONB) and its derivatives are 
the most intensively studied photolabile functionalities.[34b] 
Upon exposure to UV light, the ONB group will degrade via 
a photo-induced intramolecular hydrogen extraction to produce 
an aldehyde and a carboxylic acid (Figure  2B).[34b] Substituent 
modifications on the aromatic ring or at the benzyl position are 
widely utilized to redshift the photocleavage wavelength and 
improve photocleavage efficiency.[34b] The most commonly used 
ONB derivate is dimethoxy nitrobenzyl, in which two meth-
oxyl groups are introduced to the aromatic ring. It has a longer 
absorption wavelength (λmax  ≈ 350  nm) than the ONB parent 
(λmax  < 300  nm) and provides reasonable absorbance even at 
420 nm.[34a]

Besides ONB, coumarin and its derivatives have also been 
investigated (Figure  2B).[34c] Compared to the ONB system, 
coumarin systems are more bioinert. Cleaving product of cou-
marin is alcohol which is less reactive than aldehyde or ketone 
produced from cleaving ONB.[33a,34c,35] In addition to good 
biocompatibility, coumarin has much larger one-photon and 
two-photon absorption (TPA) cross sections than ONB.[36] The 
library of coumarin derivatives has been expanded to over 1000 
different chemical structures.[34c] Impressively, its absorption 
wavelength could be shifted to 470–500 nm by specific chemical 
modifications.[37] Despite wide applications in photodegradable 
hydrogel design, photolabile moieties have also been explored 
for application in the photocaged gelation of hydrogels.[34a,38]

2.1.3. NIR-Induced Photochemistry

As discussed above, most photosensitive moieties work in the 
UV region (170–400  nm) by a single-photon absorption pro-
cess. However, UV light is problematic for biomedical appli-
cations due to its limited tissue penetration capability and 
potential damage to cells. Compared to UV light, NIR light is 
better suited to biomedical applications, especially for trans-
dermal applications.[18c,39] The spectrum of NIR falls within a 
region called the “therapeutic window” (i.e., 600–1000  nm), 
which facilitates deep tissue penetration and minimizes photo 
damage.[40] Another limitation of all single-photon excitation 
is the optical attenuation in the PRHs, which leads to limited 
thickness and nonuniformity of the crosslinked/degraded 
layer.[41] Therefore, replacing UV light by NIR is attractive for 
fabrication of biomimetic extra cellular matrix (ECM).[42] Cur-
rently, there are two main technologies to realize NIR-induced 

photochemical reactions, namely TPA,[43] and rare earth mate-
rial-based up conversion (UC),[14,44] both of which have aroused 
wide interest in PRH engineering.

TPA: One approach to realize NIR-sensitivity of hydrogels 
is based on TPA technologies. The excitation wavelength of 
PSCs mentioned above is measured under single-photon exci-
tation. Besides, these PSCs can also be excited by absorbing a 
pair of photons with energy half of the single photon instan-
taneously at the high intensity excitation of a focused laser 
(Figure  3A).[43,45] The energy difference between the ground 
state and excited state of a molecule is covered by the sum of 
the pair of photons; thus, the excitation wavelength of TPA is 
nearly double that of single photon absorption.[45] Based upon 
this excitation mechanism, TPA has a square dependence on 
light intensity, while single-photon absorption is usually linear 
to light intensity.[45] PSCs in both photopolymerization[43,46] 
and photodegradation[32a] could be excited at the NIR region by 
TPA. A typical experimental setup for the fabrication of PRHs 
based on TPA is presented in Figure  3B. It is mainly com-
posed of i) an ultrafast pulsed laser, ii) a scanning system, iii) 
beam focusing optics, iv) a beam intensity control with a beam 
shutter, and v) a computer with control software.[47]

To achieve two-photon photopolymerization (TPP), an ini-
tiator should have enough TPA cross section, high initiation 
efficiency, low cytotoxicity, and sufficient water solubility.[47,48] A 
few of the aforementioned initiators have been proved suitable 
for TPP. For example, I2959 has been demonstrated suitable 
for TPP at around 515  nm.[49] Xanthene dyes (e.g., eosin Y) 
can initiate radical polymerization at 860 and 1028 nm by two-
photon absorption.[25a,50] However, due to the small TPA cross 
section of these initiators, the efficiency of TPP based on these 
initiators is limited. Therefore, there is an urgent need to 
explore novel initiators that suitable for TPP with good water 
solubility and biocompatibility. So far, cycloketone-based ini-
tiators (e.g., P2CK, E2CK, G2CK) have been explored to meet 
these requirements, and they have been proved to possess 
comparable cytocompatibility to I2959 and high initiation effi-
ciency, which are suitable for both hydrogel fabrication and 
biomolecule conjugation.[48,51] Based on TPP technologies, 3D 
hydrogels could be constructed into complex microstructures 
at a sub-micrometer resolution, and they could allow cells to 
adhere and migrate into the microstructures (Figure 3C).[51a]

Regarding two-photon-induced photodegradation, both 
the PSCs mentioned above (o-nitrobenzyl and coumarin) 
can be stimulated by two-photon excitation, which are 
often explored simultaneously with single-photon-excited 
photodegradation. For example, Anseth and co-workers devel-
oped a nitrobenzyl-based photodegradable hydrogel that was 
found to be two-photon susceptible at 740  nm. This could be 
used to construct arbitrary 3D features on the micrometer 
scale.[25a,32a,52] The eroded and arginine-glycine-aspartic acid 
(RGD) functionalized channels in hydrogels allowed guidance 
of axon growth and cell migration (Figure  3D). A coumarin-
based photodegradable hydrogel also has been found to be 
two-photon excitable from 720 to 860 nm, with the highest deg-
radation at 740 nm by TPA.[33a]

Two-photon technology can not only substitute the UV or 
visible excitation by NIR, but also provide the spatial control 
that is needed for 3D patterning with high spatial resolution 
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on a nanoscale.[53] However, there are several limitations of 
two-photon absorption technology: i) it requires a focused laser 
beam with high intensity, ii) most two-photon initiators are 
hydrophobic, iii) time-consuming spot-by-spot curing process. 
These limitations restrict its broader application and fabrication 
size (typically under 1 mm3).[54]

UC Nanoparticles: Another method for fabricating PRHs 
by NIR light is based on lanthanide-doped upconversion 

nanoparticles (UCNPs). UCNPs could transfer NIR light into 
UV–vis light and thus control the aforementioned photochem-
ical reactions.[55] Compared to the virtual intermediate state 
(lifetime <1  ps) in two-photon absorption, UCNPs have abun-
dant real excited sates (lifetime ≈1 µs–1 ms), which make mole-
cule excitation from lower energy photons much more efficient 
than TPA.[56] The excitation light intensity required by UCNP-
assisted photochemistry is several orders of magnitude lower 
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Figure 3. Two-photon absorption (TPA) techniques for NIR-engineering PRHs. A) Schematic energy-level diagram of TPA. A molecule at ground state 
(g) could be excited to excited state (f) by simultaneously absorbing two photons with energy E1, E2, (E1 could equal to E2). After excitation, the molecule 
relaxes to lowest vibronic level (r), and then returns to the ground state by radiative or irradiative pathways. B) Typical setup for two-photon PRH fabrica-
tion. Reproduced with permission.[47] Copyright 2018, Royal Society of Chemistry. C) Woodpile scaffold fabricated by two-photon photopolymerization. 
Reproduced with permission.[51a] Copyright 2017, Elsevier. a) Scanning-electron microscopy images of a scaffold. b) Fluorescence image of the scaf-
fold and seeded cells. D) 3D channels for cell culture fabricated by two-photon degradation. Reproduced with permission.[25a] Copyright 2011, Nature 
Publishing Group. a) Confocal images of a 3D structure (scale bar: 100 µm). b) Fluorescence image of a channel with seeded cells (scale bar: 100 µm).
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than that for simultaneous two-photon absorption.[57] Thus, 
continuous-wave NIR laser diodes with a large beam diameter 
(e.g., several cm) can trigger photoreactions on macroscopic 
samples, while TPA can only be accomplished within a few 
micrometers by a pulse laser.

The excitation wavelength of UCNPs is determined by the 
sensitizer incorporated in them. Among various rare earth 
ions, Yb3+ ion is a commonly used sensitizer in UCNPs due 
to its narrow absorption band and broad absorption cross sec-
tion around 980  nm.[58] For example, a Yb3+/Tm3+ ion pair 
is usually used to generate ultraviolet to blue light, while a 
Yb3+/Er3+ ion pair is used to generate green to red light.[59] A 
schematic energy level diagram of a Yb3+/Er3+ ion pair is shown 
in Figure  4A, where the high energy states of Er3+ ions are 
excited by energy transfer from excited Yb3+ ions.[60] Recently, 
Nd3+ ions have been proposed as an alternative sensitizer for 
Yb3+. Using Nd3+ ions as a sensitizer can maintain upconver-
sion emission intensity while generating much less heat due 
to three factors: the higher absorption cross section of Nd3+ at 
808 nm compared to that of Yb3+ at 980 nm; the high Nd3+-Yb3+ 
energy transfer efficiency; and the low absorption of water at 
808 nm.[61]

There have been a few well-established examples of UCNP-
assisted NIR-induced photochemistry for PRH engineering 
(e.g., photopolymerization,[41,62] photocleavage,[63] photoisomeri-
zation[64]) (Figure  4B). In these applications, UCNPs could be 
used to tune the physicochemical properties of hydrogels by 
either 3D encapsulation or planar lithography as a secondary 
light source. Their advantages in terms of penetration depth and 
cytocompatibility have been demonstrated. For the 3D encapsu-
lation of UCNPs in resin precursors, there has been evidence 
of ultradeep curing applications, which could realize hydrogel 
gelation beyond 13.7 cm.[41] Recently, Li et al. grafted photoini-
tiators on surface of UCNPs, which could initiate both thiol-
ene and acrylate photopolymerization at a relatively low NIR 
intensity (around 20 W cm−2) within limited time (30 min).[65] 
Moreover, a 3D resin fabrication method with sub-micrometer 
resolution has been proposed recently based on focus laser-
excited UCNPs, which demonstrated that UCNPs could be 
used for 3D fabrication at a micrometer scale similar to the 
two-photon excitation method (Figure 4C).[54a] For planar lithog-
raphy, NIR-triggered photocleaving strategies have been used to 
release cells and proteins and adhere them to substrates. These 
techniques show advantages in terms of tissue penetration in 
comparison to traditional single-photon excitation strategies 
(Figure 4D).[66] Recently, Yan et al. demonstrated a method for 
the NIR-controlled differentiation of mesenchymal stem cells 
(MSCs) on an upconversion substrate by detachment of UV-
cleavable polymers on the substrate. They showed that MSCs 
could be differentiated into adipocytes or osteoblasts by adjust-
ment of the NIR irradiation. This provided a new way to pro-
duce NIR-controlled cell behaviors (Figure 4E).[67]

However, in comparison to widely accepted single-photon 
excitation methods, the use of UCNP-based NIR sensitive 
materials to engineer the mechanics of PRHs is still rare. This 
is likely due to low conversion efficiency and requirement of 
high NIR irradiation dose, which leads to a long tuning time or 
high heat generation. For example, cleavage of an Ru complex 
using an UCNP-assisted method requires a 25 W cm−2 974 nm 

laser, whereas analogous cleavage at an excitation of 520  nm 
requires only a thousandth lower power (2–6 mW cm−2).[63b] 
Thus, highly efficient UCNPs, which could be excited by a low-
power laser and produce less heat might be more suitable for 
achieving NIR-controlled hydrogels.

2.2. Polymer Matrices of PRHs

Polymer matrices of hydrogels are crosslinked hydrophilic 
polymer networks. These networks, especially their type, cross-
link density, molecular weight, and concentration, are the 
main determinant of PRH mechanics. Polymers in PRHs can 
be natural or synthetic.[68] Natural polymers have the advan-
tages of inherent biocompatibility and abundant sites for 
chemical modifications, whereas synthetic polymers have the 
advantages of bio-inert properties and highly designable phys-
icochemical properties.[68] Chemically grafted (meth)acrylates, 
norborene, thiols, or other functionalities could provide these 
polymers with photo-crosslinkable sites, and chemically incor-
porated photolabile sites on these polymers could provide 
photodegradability for PRHs. Hence, this section provides a 
brief introduction of the properties and chemical modification 
of these polymers for corresponding photochemical reactions. 
A statistical plot of the Young’s modulus against the polymer 
concentration for various polymer matrices mentioned in the 
literature (Figure 5) shows that Young’s moduli of PRHs gen-
erally increase with polymer concentration, and that existing 
polymer matrices could cover a large stiffness range from 1 to 
100 kPa below a limited concentration (e.g., 30 wt%).

2.2.1. Natural Polymer Derivatives for PRHs

Natural polymers extracted from animal tissues are attractive 
for biological applications because many are inherently bio-
compatible. Specifically desirable natural polymers include pol-
ypeptides such as fibrin,[69] collagen,[70] gelatin,[71] Matrigel,[72] 
and silk fibroin;[73] and polysaccharides such as hyaluronic acid 
(HA),[74] alginate,[75] chitosan,[76] cellulose,[77] and chondroitin 
sulfate.[78] However, these natural polymers lack specific func-
tional groups for photo-crosslinking and photodegradation, 
and therefore must be modified chemically for use in PRHs. 
Suitable chemical modifications include grafting of thiols, 
carbon double bonds, or photolabile moieties to endow them 
with photosensitivity. Additional modification is needed for 
PRHs that are to be used as cell scaffolds to ensure adequate 
cell binding sites. In this section, we discuss two natural poly-
mers that have been modified successfully for use as PRH cell 
scaffolds: gelatin, which is a polypeptide, and HA, which is a 
polysaccharide.

Gelatin, a hydrogel “generally recognized as safe” by the US 
food and drug administration (FDA),[71] is a polypeptide mix-
ture hydrolyzed from collagen, the most abundant protein of 
mammalian ECM.[68] It is particularly attractive for cell culture 
and tissue engineering because of its accessible functional poly-
peptides, including the RGD sequence for cell attachment, and 
its biodegradability by matrix metalloproteinases (MMPs).[79] 
However, for use as a PRH, gelatin must be modified with by 
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Figure 4. Upconversion nanoparticle (UCNP)-assisted NIR-engineering of PRHs. A) Schematic energy-level diagram of an Yb3+/Er3+ ion pair. Repro-
duced with permission.[59] Copyright 2015, Royal Society of Chemistry. B) Schematic of UCNP-assisted NIR-induced photochemistry. Reproduced with 
permission.[55] Copyright 2017, Royal Society of Chemistry. C) UCNP-assisted 3D fabrication. Reproduced under the terms of the CC-BY License.[54a] 
Copyright 2018, the Authors. Published by Nature Publishing Group. a) Schematic of the experimental setup. b) Luminescent voxel formation in 
resin-contained UCNPs under CW NIR light illumination. c) Scanning electron microscopy image of a 3D polymer microstructure obtained by UCNP-
assisted 3D fabrication. D) NIR-controlled cell adhesion using UCNPs. Reproduced with permission.[66a] Copyright 2014, American Chemical Society. 
a) Schematic illustration. b,c) Fluorescence images of NIR light-induced cells released on substrate with b) and without c) UCNPs (scale bar: 100 µm). 
E. NIR-controlled differentiation of MSCs using UCNPs. Reproduced with permission.[67] Copyright 2018, Wiley-VCH. a) The matrix was modified by 
two distinct polymers: P1, which is (ONB-PEG), and P2, which is (RGD-PEG). P1 is photocleavable and can block interaction between cells and the 
substrate, while P2 can anchor the cells. NIR irradiation could trigger UCNP-assisted detachment of P1, and change cell–matrix interactions. b) Immu-
nofluorescence imaging of markers for osteogenic (RUNX2, green) differentiation under matrix with various NIR irradiation doses (scale bar: 50 µm).
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covalent grafting of photo-crosslinkable functional groups such 
as methacryloyl, acrylamide, norborene, and styrene groups.[71]

Gelatin methacryloyl (GelMA) is the most investigated gel-
atin derived photo-crosslinkable monomer.[80] The degree of 
functionalization, polymer concentration (usually 5–20 wt%), 
photoinitiators, and light exposure are designable variables that 
can be varied to obtain a desired modulus of elasticity of GelMA-
based PRHs.[71] Beside acrylates, thiol and ene functionalities 
can also be added to gelatin to form photoclick hydrogels.[23c,d,81] 
For example, Lin and co-workers prepared norborene function-
alized gelatin (GelNor), which could be photo-crosslinked with 
thiol-containing linkers (dithiothreitol, or PEG-tetra-thiol).[81] In 
another work, they prepared a norbornene and heparin dual-
functionalized gelatin (GelNor-Hep) scaffold for investigating 
behaviors of hepatocellular carcinoma cells.[23c] Recently, Tytgat 
et  al. grafted norbornene and thiols onto gelatin (GelNor and 
GelSH) to form a photoclick cell scaffold, which has similar 
biocompatibility but better adipogenic differentiation potential 
than GelMA.[82] Apart from photo-crosslinkability, gelatin deriv-
atives have also been endowed with photodegradability either 
by introducing photocleavable crosslinkers [35] or by directly 
incorporation of photolabile moieties in their strands.[83]

HA, a polysaccharide in animal ECM that is composed of 
alternating units of [β(1,4)-d-glucuronic acid-β(1,3)-N-acetyl-
d-glucosamine], plays an important role in cellular signaling, 
wound repair, morphologies, and matrix organization.[68,84] HA 
is a biocompatible substance that can degraded within days 
by hyaluronidase in the body.[74] Similar to gelatin, HA must 
be modified to endow it with photo-crosslinkability. This has 
been achieved through the grafting of methacrylate (MeHA),[85] 
glycidyl methacrylate (GMHA),[86] maleimide (MAHA),[87] nor-
borene (NorHA),[88] and thiol groups (HASH).[89] All of these 
hyaluronic acid-based hydrogels show good cytocompatibility. 
However, in comparison with gelatin, HA lacks adhesion sites; 

thus, adhesion polypeptides, such as RGD, need to be grafted 
onto HA for it to be effective for cell culture.[68]

Hydrogels based on these natural polymers show the advan-
tages of biodegradability and abundant sites for chemical 
modifications. However, they also have limitations, such as 
large batch-to-batch variations. Reducing these batch-to-batch 
variations is essential for expanding the use of these natural 
polymer based PRHs.

2.2.2. Synthetic Polymers Derivatives for PRHs

Although natural polymers are attractive for supporting cell 
activities such as migration, proliferation and differentiation, 
they are limited because of batch-to-batch variation, immu-
nogenic risk, and weak mechanical properties.[31a] Instead, 
synthetic polymers can provide hydrogels with better-defined 
mechanical properties, bioactive factors, and degradation 
kinetics.[90] Synthetic polymers, such as polyacrylamide 
(PAAm), poly ethylene glycol (PEG), poly vinyl alcohol (PVA) 
are frequently investigated polymers for constructing photo-
crosslinkable or photodegradable hydrogels.[3d,68,91]

PAAm hydrogel is a crosslinked network consisting of 
acrylamide monomers and small amounts of crosslinkers 
(e.g., bis-acrylamide, ethylene glycol dimethacrylate).[92] Both 
the acrylamide monomers and crosslinkers could be involved 
in free radical polymerization, which could be controlled by 
exciting photoinitiators. Thus, PAAm hydrogel is a typical 
photo-crosslinkable hydrogel.[93] Initiator ammonium persul-
fate (AP) and accelerator tetramethylethylenediamine (TEMED) 
is a commonly used initiation system for crosslinking PAAm. 
This initiation system could also slowly trigger polymerization 
without light irradiation, while UV irradiation would accel-
erate its initiation process.[94] The abundant amide groups on 
PAAm could be further chemically modified for specific func-
tions (e.g., collagen for cell adhesion).[93] PAAm hydrogels have 
advantages such as high stretchability, good biocompatibility, 
and simple synthesis.

PEG, referred to as poly ethylene oxide (PEO) when it has a 
high molecular weight above 20 000, is a commonly used syn-
thetic polymer for biomedical applications owing to its simple 
and clear chemical structure, good hydrophilicity, bio-inert-
ness, and programmable biochemical and biophysical proper-
ties.[95] The traditional PEG monomer has only two hydroxyl 
groups at its two ends, and the internal chemical component is 
–[CH2–CH2–O]n–, which contains neither biological recognition 
sites nor active sites for chemical modification.[96] Thus, tradi-
tional PEG hydrogels are usually constructed by chain-growth 
of di-(meth)acrylated monomers (i.e., PEGDA, PEGDMA).[25c,97] 
Recently, PEG with four or more arms has been developed, 
which could not only be crosslinked by the modification of 
(meth)acrylates for chain growth and the modification of thiol-
ene groups for step growth.[25b,90,98]

Besides photo-crosslinkable hydrogels, PEG-based 
macromers can also be used to construct photodegradable 
hydrogels. For example, Kloxin et  al. grafted a nitrobenzyl 
ether-derived acrylated moiety onto PEG-bis-amine to form a 
photocleavable macromer (PEGdiPDA), which could be fur-
ther used to form photolabile networks by redox-initiated free 
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Figure 5. Polymer concentration-dependent Young’s modulus plot for 
PRHs with a range of polymer matrices. Data are from reports on gelatin-
derived,[23c,d,80a,c–e,g–i,81] hyaluronic acid (HA)-derived,[85a–e,g,h,86–88] polyacryla-
mide (PAAm)-derived,[94] poly ethylene glycol (PEG)-derived,[25c,97b,98b,d,f] and 
poly vinyl alcohol (PVA)-derived [51b,c] PRHs. The measured shear mod-
ulus (G) in these references is transformed into Young’s modulus (E) by 
E = 2(1+ν)G, where ν is Poisson’s ratio, which was assumed to be 0.5.
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radical polymerization.[32a] In a similar case, Yanagawa et  al. 
designed a photocleavable crosslinker (NHS-PC-4armPEG) for 
the construction of photodegradable hydrogels, which could 
form photodegradable networks by activated ester reactions 
with amino-4arm PEG or gelatin.[33b] Tamura et al. constructed 
photodegradable hydrogels by a click reaction, strain-promoted 
azide-alkyne cycloaddition (SPAAC), where photocleavable 
crosslinker DBCO-PC-4armPEG could react with azide-mod-
ified gelatin to form a gel.[33c] Besides modifying the small 
groups at the end of PEG chains, biomacromolecules can also 
graft onto PEG to form hydrogels with much more complex 
functionalities. For example, Du and co-workers photo-
crosslinked a DNA grafted PEG acrylate and formed self-assem-
bling microhydrogels with high shape programmability and 
controllability.[99] These studies demonstrate the great potential 
of PEG for designing diverse PRHs.

PVA is another widely studied synthetic polymer with excel-
lent biocompatibility and water solubility. Pure PVA can be 
used to form hydrogels crosslinked by physical entanglements 
through freezing and thawing methods.[100] However, these 
hydrogels are mechanically weak and do not respond to light. 
To realize light controllability and covalent crosslinking, special 
functional groups need to be modified on PVA, such as meth-
acrylate,[78,101] glycidyl methacrylate,[102] and thiol-ene function
alities.[51b,c,103] PVA could surpass PEG due to its hundreds of 
hydroxyl groups, which could be chemical modified by photo-
crosslinkable functionalities and adhesive ligands, while PEG 
can only provide less than eight moieties for substitution.[51c]

2.3. PRH-Based Nanocomposites

Although the photochemistry, structure, and composition of a 
polymer matrix can be tuned to alter the mechanical proper-
ties of PRHs, the ranges of stiffness and toughness achievable 
by these methods are still limited. A favored approach to devel-
oping properties beyond this range, seen throughout nature in 
materials such as wood, bone, and nacre[104] and seen in stiff-
ening and strengthening of engineering polymers,[105] is the 
addition of a stiff and strong nanoscale phase to the polymer 
matrix. The resulting nanoparticle–polymer composites can 
show greatly enhanced stiffness, maximum elongation, and 
toughness.

Reinforcement phases added to PRH’s that have at least one 
dimension in the nanoscale are termed “nanofillers.” These 
include “0D” nanoparticles, 1D nanofibers, and 2D nanosheets. 
Nanofillers are incorporated into PRHs either covalently or 
noncovalently [106] through dispersal in precursor solution of 
the matrix before gelation. The nanofillers themselves do not 
contribute to the photosensitivity while the matrix hydrogel 
enables photosensitivity. Property enhancement can be tuned 
by the type, concentration, and surface properties of reinforce-
ment and fillers. Besides changing the mechanical properties of 
PRHs, nanofillers can also affect the viscosity of pre-gel precur-
sors and the optical properties of PRHs, and endow PRHs with 
conductivity.[107] The nanofillers have effects on the optical prop-
erties and photosensitivity of the matrix hydrogel that are not 
yet well characterized and that are typically overcome through 
empirical experimentation.[108]

In addition, nanofillers can inadvertently endow PRHs with 
biotoxicity. This section thus begins with a short section on the 
biotoxicity concerns that surrounding nanoparticles. It then 
continues to describe successes and challenges associated with 
reinforcement of PRHs, including photo-crosslinkable hydro-
gels, by four different types of nanofillers: carbon, cellulose, 
clay, and metallic. A broad range of PRH-based nanocompos-
ites has been developed (Table 1).

2.3.1. Biotoxicity

Nanofillers must be biocompatible in biomedical applications 
because biodegradation of PRH-based nanocomposites through 
hydrolysis, enzymatic action, and other PRH aging processes 
can lead to release of these nanofillers into the body. Many nat-
ural hydrogels are stiffened by fully biocompatible nanofillers. 
For example, cellulose nanofibers are biocompatible nano-
fillers for pectin hydrogels in plant cell walls with no known 
biotoxicity,[109] and isolated cellulose fibers and nanocrystals 
have no established biotoxicity except through inhalation.[110] 
Clay nanoparticles (CNPs), similarly, have minimal toxicity 
in vivo but can be toxic in powder form when handled for 
processing.[111]

However, several nanofillers, especially carbon-based nano-
fillers, can have surface energy sufficiently high to serve as the 
cores of so-called biocoronas and can thus serve as the cores 
of relatively stable accumulations of biomolecules with phys-
icochemical characteristics that are hard to predict and that 
can become toxic.[112] The particles themselves can be toxic to 
cells and tissues both near the site or a PRH and far from it.[113] 
Exposed nanofillers can become toxic when internalized into 
cells via passive transport or active endocytosis[114] and when 
delivered into tissues through blood circulation.[115] Although a 
science of understanding and predicting these effects is devel-
oping,[112] doses that are safe for humans are not established 
clearly and evaluation must be done on a case by case basis.

For the case of metal nanoparticles, biotoxicity varies strongly 
with composition, shape, size, and structure.[116] The gold and 
silver nanoparticles discussed below do show cellular toxicity at 
sufficiently high concentration and duration of exposure.[117]

However, despite much progress in understanding funda-
mental mechanisms of biotoxicity by nanoparticles,[118] FDA 
approvals of nanoparticles continue to be issued on an ad hoc 
basis. The FDA’s own center for devices and radiological health 
has an office of science and engineering laboratories, with 
researchers who weigh the benefits of a new material against 
the risks associated with nanoparticles interacting with human 
cells.[119] Thus, the choices and concentrations of all nanofillers 
need to be carefully selected and tested for in vivo biosafety 
when used for developing PRH-based nanocomposites for 
bioapplications.

2.3.2. Carbon/PRH Nanocomposites

Carbon nanomaterials (e.g., graphene, carbon nanotube, CNT) 
are promising reinforcement fillers for polymer due to their 
stiffness, toughness, density, conductivity, biocompatibility, 
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and commercial availability. For example, monolayer graphene 
has a Young’s modulus near 1 TPa, an intrinsic strength of 
130 GPa, a density of only 2 g cm−3, and good electrical conduc-
tion and biocompatibility.[120] Because of surface energy factors 
described in detail in Section 3.3, addition of very small quanti-
ties of nanofillers can increase stiffness by amounts that would 
seem to be outside of thermodynamic limits for conventional 
engineering composite materials. For example, incorporating 
only 4  mg mL−1 of carbon nanomaterials into hydrogels can 
increase the stiffness of up to 16-fold.[121]

Graphene is a 2D atomic-layered sheet that consists of a hex-
agonal honeycomb lattice of strong CC bonds[105b,122]. It can 
be obtained by either top-down techniques (e.g., Hummers’ 

method, chemical vapor deposition) or bottom-up approaches 
(e.g., surface-assisted polymerization and cyclodehydroge
nation).[122a] Graphene-derived functional nanomaterials, 
including mono/multilayered graphene, graphene oxides (GO), 
reduced graphene oxides (rGO), show advantages such as large 
surface area, abundant functional chemical groups, controllable 
conductivity, and good mechanical properties.[122a] However, 
graphene is difficult to disperse in water due to high surface 
energy,[123] which hinders its utilization in hydrogels.

In contrast, GO, with abundant oxygen-containing func-
tional groups (e.g., –OH, –COOH), can be distributed at 
5 mg mL−1 in water.[108a,c,124] PRHs doped with GO at or below 
this safe concentration have been shown to be noncytotoxic to 
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Table 1. Summary of data for PRH-based nanocomposites.

Fillera) Polymer matrix Young’s modulus Fractured strength Ref.

Carbon

GO (0 4 mg mL−1) PAAm (6–15 wt%) 8–127 kPa – [121]

GO (0–4 mg mL−1) PEGDA (6–12 wt%) 8–38 kPa – [121]

GO (0–5 mg mL−1) PAAm (35 wt%) + gelatin (5%) 75–187 kPa 260–330 kPa [126]

GO (0–2 mg mL−1) GelMA (5 wt%) 8–24 kPa – [124a]

GO (0–0.5 mg mL−1) GelMA (20 wt%) + PEGDA (15 wt%) 105–137 kPa – [124c]

GO (0–4 wt%) PEGDA (70 wt%) 10–400 MPa 1–10 MPa [127]

rGO (0–5 mg mL−1) GelMA (7 wt%) 1.8–22.5 kPa – [108c]

GO/rGO (0–6 mg mL−1) PAAm (8 vol%) 18–54 kPa – [124b]

GO/MeGO (0–3 mg mL−1) GelMA (8 wt%) 1.9–6.5 kPa 11–116 kPa [108a]

Ca2+ induced GO network PAAm 5.3–31.6 kPa 100–510 kPa [128]

CNT (0–5 mg mL−1) GelMA (5 wt%) 9–32 kPa – [108b]

CNT (0–1 mg mL−1) GelMA (5 wt%) 12–24 kPa – [129d]

CNT (0–1 mg mL−1) GelMA (5 wt%) 14–59 kPa – [129b]

Cellulose

CNC (0–5 wt%) PEGDA (50 wt%)+DiGlyDA (50 wt%) 52–133 MPa 6–7.5 MPa [108d]

CNC (0–1.27 wt%) PEGDA (70 wt%) 8–12 MPa 5.5–6.8 MPa [139c]

CNC (0–0.7 vol%) PEGDMA (10 wt%) 32–61 kPa – [138]

NFC (0–0.5 vol%) PEGDMA (10 wt%) 43–157 kPa – [300a]

NFC (0–0.7 vol%) PEGDMA (10 wt%) 150–300 kPa 219–633 kPa [137]

CNC (0–1.4 vol%) PEGDA (30 vol%) 8–31 kPa 65–375 [136]

Clay

MMT (0–10 wt%) PAAm (20 wt%) 133–208 kPa 101–176 kPa [146]

MMT (0–0.5 wt%) PAAm (50 wt%) 200–500 kPa 37–95 kPa [145]

Laptonite (1–4 wt%) PAAm (10 wt%) 2–9 kPa 4–110 kPa [144]

Laponite (0–7 wt%) PNAGA (10–30 wt%) 33–182 kPa 67–1166 kPa [149]

Laptonite (0–10 wt%) PEGDA (10 wt%) 24–38 kPa 0.14–3.7 MPa [148]

Metal

AgNP (0–100 × 10−3 m) PHEMA (60 vol%) 28–38 kPa – [152a]

AuNR (0–0.5 mg mL−1) GelMA (7 wt%) 3.8–4.7 kPa – [108e]

AuNR (0–1 mg mL−1) GelMA (10 wt%) 2.7–3.5 kPa – [152b]

AuNR (0–1.5 mg mL−1) GelMA (5 wt%) 0.4–1.2 kPa – [152c]

a)GO: graphene oxide, rGO: reduced graphene oxide, MeGO: methacrylated graphene oxide, CNT: carbon nanotube CNC: cellulose nanocrystal, NFC: nanofibrillated cellu-
lose, MMT: montmorillonite, AgNP: silver nanoparticle, AuNR: gold nanorod, GelMA: gelatin methacryloyl, PAAm: polyacrylamide, PEGDA: poly ethylene glycol di-acrylate, 
PEGDMA: poly ethylene glycol di-methacrylate, PNAGA: poly N-acryloyl glycinamide, PHEMA: poly hydroxyethyl methacrylate.
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fibroblasts,[108a,124a] cardiac cells,[108c] myoblasts,[124b] and stem 
cells.[124c] Therefore, GO has been used much more that gra-
phene as a hydrogel nanofiller.[125]

Examples include that of Cha et al., who explored the incor-
poration of GO and methacrylated graphene oxides (MeGO) 
into GelMA and found that GO would aggregate at high con-
centration (3  mg mL−1), while MeGO remains stably dis-
persed, which results in higher stiffness and fracture strength 
of MeGO/GelMA at a high doping content.[108a] A similar GO/
GelMA hybrid hydrogel was synthesized by Shin et al., and was 
demonstrated to support cellular spreading and alignment in a 
3D environment.[124a] In another work, Shin et al. directly incor-
porated rGO into GelMA and found a significant improvement 
in electrical conductivity and mechanical properties.[108c] They 
found that cardiomyocytes on an rGO/GelMA matrix show 
better biological activities (e.g., viability, proliferation, matura-
tion, and spontaneous beating rate) in comparison to pristine 
GelMA hydrogels.[108c] Unlike Shin et  al., Jo et  al. proposed to 
reduce GO in a prepared GO/PRH composite through a mild 
chemical reduction to avoid aggregation of rGO in aqueous 
solutions.[124b] They found that a small addition (6 mg mL−1) of 
GO into PAAm could increase its Young’s modulus from 18 to 
54 kPa, and reduction of GO in the GO/PAAm did not change 
the Young’s modulus significantly.[124b] Yan et  al. used GO to 
enhance the mechanical properties of gelatin/PAAm double 
network hydrogels and showed that the composite hydrogels 
are not only stiffer and stronger, but also show a large hysteresis 
loop, softening phenomenon, and self-recovery properties.[126] 
Through systematic experiments, Jang et al. demonstrated that 
different types of polymer matrix (PAAm or PEGDA), polymer 
concentration, and different fillers (GO or MeGO) could signifi-
cantly affect the mechanical properties of the resulting com-
posite hydrogels.[121] Shin et  al. incorporated GO into UV-cur-
able PEGDA hydrogels, and showed that GO could significantly 
improve the mechanical strength and reduce the gas perme-
ability of the hydrogel.[127] Cong et  al. demonstrated that the 
mechanical properties of GO/PRHs could be further improved 
by Ca2+-induced crosslinks of GOs.[128] The increasing concen-
tration of Ca2+ would gradually improve the maximum elonga-
tion of the hybrid hydrogels (from 160% to 1100% of original 
length), while the fracture strength would be maximum at an 
optimum calcium content (Figure 6A).[128] GO/PRHs nanocom-
posites have also been used as bioinks for 3D bio printing.[124c]

CNTs are a 1D nanomaterials, which are effectively rolled-up 
graphene sheets. CNTs have either a single- or multiple-layer 
structure, namely, single-walled nanotubes (SWNTs) and multi-
walled nanotubes (MWNTs).[95a,105b,120b] The outer diameter 
of SWNT s ranges from 0.6 to 2.4  nm, while that of MWNTs 
ranges from 2.5 to 100  nm.[95a] Similar to GO, CNTs have a 
strong effect on the stiffness of a hydrogel, have good water 
dispersibility at 5  mg mL−1, and additionally have electrical 
conductivity.[108b,129] PRHs doped with CNTs below 5 mg mL−1 
are noncytotoxic for fibroblasts,[129b] cardiac cells,[108b] and 
myoblasts.[129c,d]

Examples of application of CNTs include that of Shin et al., 
who developed photo-crosslinkable CNT/GelMA composite 
hydrogels, and demonstrated stiffness enhancement while 
maintaining the porosity, biocompatibility, and biodegrada-
bility are maintained of the PRH.[129b] Only 0.5  mg mL−1 of 

CNTs increased the compressive modulus of GelMA hydrogels 
from 10 to 30 kPa.[129b] In a later work, it was demonstrated that 
stiffening by CNTs was maximum at 3 mg mL−1, and that fur-
ther addition of CNTs decreased the stiffness of the hydrogel 
composite due to reduction of UV light penetration by the 
CNTs.[108b] Moreover, the CNT/GelMA composite could signifi-
cantly improve the electrophysiological functions of myocardial 
tissues due to its excellent mechanical integrity and electrical 
conductivity.[108b] Ramón-Azcón et  al.and Ahadian et  al. pro-
posed a dielectrophoretical method to align CNTs within 
GelMA hydrogels.[129c,d] The GelMA with aligned CNTs main-
tains a higher Young’s modulus and electrical conductivity than 
that with random CNTs.[129c,d] Further, engineered myofibers on 
aligned CNT/GelMA showed more maturation and contractility 
than myofibers on random CNT/GelMA and pristine GelMA, 
especially after electrical stimulation.[129c,d]

We note, however, that while CNTs are not cytotoxic in 
the in vitro studies reported above, they and other fullerenes 
have been shown to be cytotoxic in a range of other studies, 
and can be deadly to an organism.[130] Although certain cells 
can withstand interaction with CNTs, pathological processes 
that can be initiated that affect how cells interact with their 
microenvironments,[131] and protein biocoronas can lead to 
pathological interactions between CNTs and human blood 
platelets.[132] We reiterate that because of such issues associ-
ated with the unknown fate of nanofillers as these nanofilled 
PRHs degrade, no carbon nanofilled PRHs are currently FDA 
approved, and much work needs to be done before their safety 
can be ensured. This is an important, ongoing direction for 
future investigation.

2.3.3. Cellulose/PRH Nanocomposites

Cellulose is a naturally 1D, stiff (tensile modulus ≈ 58–220 GPa) 
and strong (tensile strength ≈7.5–7.7  GPa) material, which is 
formed through multiscale structures.[104c,133] Long chains 
of β-1,4-linked d-glucose rings gather into microfibrils, and 
microfibrils stack into cellulose through H-bond and van 
der Waals interactions.[134] Cellulose is easy to access due to 
its many sources, such as plants, bacteria, and sea animals 
(e.g., tunicates).[134a,135] Nanoscale cellulose fibers (diameter 
<100  nm) can be obtained by biosynthesis (e.g., bacterial cel-
lulose, BC), acid hydrolysis from cellulosic fibers (e.g., cellulose 
nanocrystal, CNC), or mechanical peeling from plant materials 
(e.g., nanofibrillated cellulose, NFC).[104c,125,134a] Nanocellulose 
has advantages, such as low density (around 1.5 g mL−1), highly 
dispersible content (up to 1.4 vol%) in water, good biodegra-
dability, renewability, and high optical transparency, which is 
becoming an increasing utilized nanofiller for PRHs.[104c,134a]

For example, Yang et  al. prepared added CNCs into 
I2959-initiated PEGDA (Figure  6B).[136] Compared to neat 
PEGDA hydrogel, the CNC/PEGDA composite hydrogel exhib-
ited a significant improvement in the Young’s modulus (from 
7.5 to 31 kPa), fracture strength (from 99 to 375 kPa), and fracture 
strain (from 650% to 1300%) with a CNC loading of 1.4 vol%.[136] 
In a similar work, Khoushabi et  al. incorporated NFC into 
I2959-initiated PEGDMA.[137] They showed that 0.7 vol% NFC 
could increase the hydrogel’s stiffness from 40 to 150 kPa and 
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Figure 6. Reinforcement of PRHs by nanoparticle fillers. A) Photographs and tensile stress–strain curves of a graphene oxide (GO)-doped poly-
acrylamide (PAAm) hydrogel, where Ca2+ is used as the crosslinker of GO sheets. The composite hydrogel is much more ductile and stiff than an 
undoped PAAm hydrogel. Reproduced with permission.[128] Copyright 2013, Wiley-VCH. B) Photographs and tensile stress–strain curves of a cellulose 
nanocrystal (CNC)-doped PAAm hydrogel. With increasing CNC nanofiller content, the composite hydrogels increased in Young’s modulus and frac-
ture strength. Reproduced with permission.[136] Copyright 2013, American Chemical Society. C) Photographs and compressive stress–strain curves of 
a clay nanoparticle-doped poly N-acryloyl glycinamide (PNAGA) hydrogel. The clay nanofiller increased the compressive modulus and strength of the 
hydrogel. Reproduced with permission.[149] Copyright 2017, American Chemical Society. D) Preparation of GelMA-coated gold nanorods (G-GNRs)/
GelMA hydrogels. TEM image and photographs of G-GNRs in solution, and Young’s moduli of G-GNRs/GelMA hydrogels at various concentrations 
of G-GNRs. Reproduced with permission.[108e] Copyright 2017, Wiley-VCH.
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the fracture strain from 62% to 72% in compression experi-
ments.[137] Moreover, the swelling ratio and crosslinking kinetics 
would also change after doping with NFC.[137] This work also 
showed that the degree of enhancement varies with the mole-
cular weight of PEGDA.[137] Through 10 million compression 
cycles, Khoushabi et  al. showed that NFC/PEGDMA-based 
PRHs are softened in the first cycle and then remain constant 
while the modulus of neat PEGDMA hydrogel is maintained 
throughout cyclic loading.[138] They also claimed that the extent 
of softening could be tuned by the swelling degree of the 
matrix.[138] Based on CNC/PRH nanocomposites, inks for 3D 
printing have also been developed.[108d,139] For example, Pala-
ganas et al. developed a photocurable CNC/PEGDA ink for ste-
reolithography (SL), and the printed nanocomposite hydrogel 
structures showed a high degree of repeatability, fidelity, and 
mechanical integrity of complex design.[139a] Utilizing the local 
and anisotropic swelling behavior of directionally oriented cel-
lulose fibrils, Gladman designed an NFC/clay/PAAm compos-
ited photocurable ink for direct ink writing.[139b] Combined with 
a theoretical framework, the curvature of the printed bilayer 
structure in swelling could be precisely controlled, and dynamic 
architectures responding to hydration could be designed.[139b]

2.3.4. Clay/PRH Nanocomposites

Clays are hydrous aluminum silicates, often with substantial 
iron and magnesium, and have been used to reinforce hydro-
gels.[140] Clay minerals can be exfoliated into 2D CNPs through 
treatments such as ion exchange and the use of polymeric exfo-
liating agents.[141] Common clay nanofillers included natural 
montmorillonite and synthetic hectorite.[141] These CNPs are 
efficient reinforced fillers for hydrogels, not only due to their 
excellent mechanical properties (e.g., Young’s modulus of 
montmorillonite could be 5–250 GPa [142]), but also due to their 
multiple strong physical and chemical interactions with poly-
mers (e.g., covalent bond, hydrogen bonding, electrostatic inter-
actions, coordination bonds, and hydrophobic interaction).[121] 
CNPs are also highly hydrophilic and disperse well in water 
well at relatively high concentration (e.g., at 13 wt% Laponite 
XLS (Na0.7[Si8Mg5.5Li0.3O20(OH)4]) in water).[143]

The most widely investigated photo-crosslinkable hydrogel 
reinforced by CNP is PAAm. Xiong et  al. investigated 
mechanical enhancement by two kinds of hectorite CNPs, lap-
tonite RDS and laptonite RD, on PAAm gels and found that 
the resulting nanocomposites to have high extensibility at 
breakage, exceeding 4000%, with laponite RD having better 
gelation than laponite RDS.[144] Helvacıoğlu et  al. investigated 
the mechanical properties of PAAm-based composites nano-
filled with two kinds of montmorillonite, namely sodium mont-
morillonite (NaMMT) and organically modified montmoril-
lonite (OrgMMT).[145] The optimal composite hydrogel with the 
highest equilibrium swelling ratio and compressive modulus is 
that with 0.5 wt% OrgMMT loading.[145] Gao et al. synthesized 
a montmorillonite (MMT)/PAAm composite hydrogel with self-
healing ability, high toughness, and high fracture elongation 
(up to 11 800%).[146] However, these clay/hydrogel nanocompos-
ites showed remarkable hysteresis, which implies decreasing 
mechanical properties of hydrogel under cyclic loading. Thus, 

Su et  al. proposed grafting chitosan onto MMT to enhance 
MMT-PAAm interaction and achieve lower hysteresis.[147] The 
chitosan-treated MMT/PAAm composite showed 237%, 102%, 
and 389% improvement of tensile strength, fracture elongation, 
and energy at breaking in comparison to a composite without 
chitosan.[147] Other polymer matrices (e.g., PEGDA) could also 
be reinforced by CNPs.[148] Some researchers are also designing 
inks for 3D printing using clay/PRH composites. For example, 
Zhai et  al. developed a UV-curable laponite XLG doped poly 
N-acryloyl glycinamide (PNAGA) hydrogel (Figure  6C). They 
showed that laponite XLG can significantly improve the vis-
cosity of the pre-gel solution and the mechanical properties of 
PNAGA when the addition content is more than 7 wt%.[149] The 
composite hydrogel is a suitable ink for extrusion printing and 
constructing bioscaffolds for bone defects.[149]

2.3.5. Metal/PRH Nanocomposites

Noble metal (e.g., Au, Ag) nanoparticles are attractive nano-
fillers for hydrogels because of their good mechanical proper-
ties (e.g., Young’s modulus and yield strength of Au nanowires 
are around 70 and 3.5–5.6  GPa [150]), biocompatibility, high 
electronic conductivity, resistance against electrochemical 
degradation, unique optical properties, and bioactivities (e.g., 
antibacterial, antiinflammatory).[106,151] Compared to the afore-
mentioned filler materials, metals have much higher density 
(Au 19.3 g cm−3, Ag 10.5 g cm−3). Thus, the upper volume limit 
(usually less than 0.1 vol%) for metal nanoparticles suspended 
in aqueous solution is much lower than those of the aforemen-
tioned nanofillers.

However, even minimal addition of metal nanoparticles 
could improve mechanical properties and functionalities of 
PRHs.[108e,152] For example, Xu et al. developed an Ag nanopar-
ticle-loaded porous PHEMA hydrogel by a photocuring reaction 
and found that the compressive modulus of the porous hydro-
gels increases from 28 to 38 kPa with 100 × 10−3 m (≈0.1 vol%) 
of Ag nanoparticles as nanofiller.[152a] This Ag nanofiller further 
endowed the PRHs with antibacterial properties and resistance 
to foreign-body reactions. Zhu et al. incorporated Au nanorods 
(34  nm long and 25  nm wide) into GelMA and found that 
Au nanoparticles increase the hydrogels stiffness from 3.7 to 
4.7 kPa at a content below 0.5 mg mL−1 (≈0.0026 vol%), and fur-
ther provided it with the ability to be printed.[108e] The Au nano-
filler furthermore endowed the GelMA with electrical conduc-
tivity sufficient to enable culture of cardiac cells (Figure 6D).

2.4. Architectural Design Techniques for PRHs

Material architecture, including micro and nanoscale structural 
features such as pores,[153] fibers,[154] cellular structures,[155] and 
stiffness gradients,[156] can be tuned to govern the macroscale 
properties of a structure. Architected materials are observed in 
nature in structures such as honeycomb,[157] vascular tissues,[158] 
and the tendon-to-bone attachment.[159] These strategies 
have also been widely used to construct metamaterials.[155,160] 
To realize these complex structural features in PRHs, var-
ious manufacturing methods have been developed, such as 
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templating,[153,161] electrospinning,[162] phase separation,[163] and 
printing.[164] Templating by salt, porogens, or emulsion is a 
simple and efficient method of constructing porous structures 
in hydrogels; however, it has some limitations. It is difficult to 
control the pore size and shape or to completely remove the 
templates. Moreover, it is hard to form a multiscale structure 
in one sample.[161] Electrospinning is a feasible approach to 
form fibers with diameters down to several hundred nanom-
eters from polymeric solution or melts, but it is difficult to 
form stable 3D structures and control the spacing between 
fibers.[162,165]

Printing of PRHs has emerged as an effective way of forming 
more complex structures than is possible by templating, elec-
trospinning, or phase separation. Compared to other fabrica-
tion methods, it has the advantages of large scalability (from 
tens of nanometer to several centimeter), high resolution, fast 
fabrication, and relatively little labor.[3b,165,166] Among the broad 
range of printing techniques and inks available for PRH-based 
materials (Table 2), two classes of printing methods have been 
adopted widely: light-based printing, and ink-based printing.[167] 
Light-based printing methods include photomask-, laser-, and 
projection-based lithography. These techniques directly pattern 
a photo-crosslinkable hydrogel or photodegradation hydrogels 
using specified light dosages on different positions of the sam-
ples. Ink-based printing techniques include inkjet and extru-
sion based printing. In these approaches, photo-crosslinkable 
hydrogels are used in the form of printable inks. Details of 
light-base printing and ink-based printing are elaborated upon 
in the following two subsections.

2.4.1. Light-Based Printing

In light-based printing, PRHs can form specific structures or 
elastic heterogeneities by selectively crosslinking or degrading 
through precisely patterned light exposures.[3b,168] Light-based 
printing methods are categorized according to the manner of 
forming patterns; they include photomask-based lithography, 
laser-based lithography, and projection-based lithography. 
These techniques can be used to create 3D structures in a layer-
by-layer manner, which is also known as SL.

In photomask-based lithography, light passes a photomask 
with patterned transparence[169] or a moving photomask,[170] 
which determines the irradiation doses on PRHs and thus con-
trols hydrogel elasticity. Patterning PRHs by photomask-based 
lithography is the most widely used method for designing a 
2D substrate with spatial mechanical heterogeneities due to 
its simple and low-cost preparation process.[171] Thus, diverse 
PRHs based on different photochemistry have been fabricated 
through photomask-based lithography for a range of applica-
tions. For example, Gramlich et  al. showed that elasticity and 
various peptides could be sequentially patterned on a same 
substrate by orthogonal thiol-ene chemistry.[88] Mehta et  al. 
created a composite hydrogel with stiff, sinusoidal-patterns 
by using photomasks, which displayed more tissue-like 
mechanical properties than uniform hydrogels.[172] Samorezov 
et  al. created mechanical patterns on dual ionic- and photo-
crosslinkable hydrogels by photomasking, which could spatially 
control the cell attachment and proliferation.[173] In addition, 

photodegradation and uncaged gelation chemistry could also 
be applied to create spatial elasticity patterns by using a simple 
photomask.[170c,174] Furthermore, taking advantage of wave-
length-dependent photo-crosslinking and photocleavage reac-
tions, Radl et  al. showed that switchable patterns on polymer 
networks could also be prepared by using photomasks.[175] 
Despite its wide application, photomask-based lithography also 
has limitations, such as the requirement of additional labor and 
time cost for the preparation of photomasks, and the complex 
processes for creating multilayer structures.

Alternatively, laser-based lithography is a mask-free strategy 
in which a computer-aided design (CAD)-controlled focal 
laser beam scans the PRHs and then selectively crosslinks or 
degrades the beam-scanned position.[176] The spot size, power, 
and scanning speed of lasers are key factors that determine the 
resolution. Scott et al. developed a two-color irradiation scheme 
for laser-based lithography in which one wavelength could ini-
tiate photopolymerization, and the other independent wave-
length inhibited the photopolymerization by trapping radials 
instantly.[176b] This approach could enhance the spatial control 
over the photopolymerization.[176b] Despite the advantages at 
high resolution and controllability of photopolymerization, 
laser-based lithography is a highly time-consuming method for 
large-area patterns due to its point-by-point fabrication process.

Projection-based lithography employs a virtual mask 
sequence (created by either a digital micromirror device 
(DMD)[170d,177] or a liquid-crystal display[33b,178]) to create light 
exposure patterns. Compared to traditional liquid-crystal dis-
play-based projection, DMD-based projection offers much 
more fabrication flexibility and higher process speed, which 
has attracted wide interest recently.[179] The DMD chip consists 
of millions of micro-mirrors that can modulate light beams 
to generate optical patterns that are the same as computer-
designed patterns.[179] The size and resolution of projected light 
patterns can be tuned by a lens.[180]

Based on the aforementioned light-based printing tech-
niques, SL holds potential for developing 3D structures and 
elastic heterogeneities. The strategy is to stack 2D printed 
patterns in a layer-by-layer manner using techniques such as 
photomask-based SL,[181] laser-based SL,[139a,182] and projection-
based SL[80i,179,180,183] (Figure  7A). To control the thickness of 
each printed layer, the light penetration depth of bioinks is 
always a critical consideration in SL, which may be controlled 
through tuning the light absorbance of hydrogel precur-
sors (e.g., adding pigments, nanofiller or tuning concentra-
tion of initiators).[54b,184] To optimize patterning resolution, 
curing kinetics are usually tuned by radical quenchers, such as 
TEMPO.[177c]

Efforts to improve resolution and printing speed focus on 
improvements to SL devices and techniques. Tumbleston et al. 
developed a technique called continuous liquid interface pro-
duction (CLIP) that used projection-based SL printing.[185] In 
this technique, oxygen inhibition is cleverly utilized to create 
a “dead zone” (persistent liquid interface) that can realize syn-
chronous ink renewal, light exposure, and platform movement 
instead of the discrete steps in traditional methods, which 
improved printing efficiency to enable printing of hundreds 
of millimeters in height per hour.[185] Zheng et  al. developed 
large-area projection microstereolithography (LAPµSL), which 
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Table 2. Summary of bioinks and printing parameters for designing PRHs.

Printing methoda) Bioink properties Printing parameters

PSCs Polymer matrices Additives Young’s 
modulus

Excitation 
wavelength

Light intensity Fabrication 
time

Minimal feature 
size

Ref.

2D photomask I2959 (0.05 wt%) MeHA(3 wt%) – 2.3–100 kPa 320–500 nm 10 mW cm−2 120–240 s 25–500 µm [291–292]

I2959 (0.05 wt%) PAAm (8.5–16 wt%) – 1–240 kPa 365 nm 3.9 mW cm−2 270 s – [170a]

SCQ (0.9 wt%) StG (30 wt%) – 50–500 kPa 488 nm 100–400 mW 
cm−2

300–500 s 20 µm [26]

Eosin Y 
(9.7 × 10−4 wt%), 
TEOA (0.97 wt%)

MeHA (5 wt%) – 0.5–1.5 kPa Visible light – 1500 s 21 µm [169a]

ONB PEGdiPDA(2.5–8.2 wt%), 
PEGA(6.8–10 wt%)

– 2–32 kPa 365 nm 10 mW cm−2 300–720s 2 µm [32a,170c,174b]

ONB NHS-PC-4armPEG 
(12–22 wt%), Amino-

4armPEG (0–9.6 wt%), 
Gelatin (0–5 wt%)

– 0–10 kPa 365 nm 30 mW cm−2 300 s 20 µm [33b]

I819 (0.5–4 wt%), 
ONB

PETMP/TMPMP/HDT; 
vinyl-NBE

– – Cure:420–450 nm, 
Degrade:250–470 

nm

3.63 mW cm−2

82.1 mW cm−2

800 s 4 µm [175]

2D projection ONB PEGdiPDA (4.3–10 wt%), 
PEGDA (2.9–35 wt%)

– 13.9–220.8 kPa UV – 720 s 0.25 µm [177b]

ONB NHS-PC-4armPEG 
(1.2–10.8 wt%), NHS-

4armPEG (0.96–8.6 wt%), 
Amino-4armPEG (10 wt%)

– 3.5−23 kPa 365 nm 125 mW cm−2 7.2 s 1.4 µm [178b]

ONB DBCO-PC-4armPEG
Matrigel (0–0.05 wt%) 
azide-gelatin (2.5 wt%)

– 0–1 kPa 365 nm 156 mW cm−2 30 s 10 µm [33c]

SL photomask I2959 (0.5 wt%) GelMA (5 wt%) – – UV 2.9–
6.9 mW cm−2

20 s xy: 100 µm
z: 150 µm

[181]

SL laser I2959 (0.5 wt%) PEGDA (20 wt%) 4.73–503 kPa 325 nm – – xy: –
z: 100 µm

[182a]

I2959 (0.5 wt%) PEGDMA (20 wt%) – 12 kPa 325 nm – – xy: –
z: 100 µm

[182b]

I2959 (0.3 wt%) Pluronic F127DA (1 wt%) – 165 kPa 355 nm 200 mW cm−2 1 s mm−1 xy: 135 µm
z: 50 µm

[176c]

LAP (0.75 wt%) PEGDA (75 wt%) Cellulose 
(0–1.2 wt%)

26 MPa 405 nm 250 mW cm–2 – xy: 140 µm
z: 50 µm

[139a]

SL projection I2959 (1 wt%) GelMA (10–15 wt%) HMBS 
(0.1 wt%)

CaCO3

0–800 kPa UV 50 mW cm−2 20 s per layer xy: 200 µm
z: –

[177c]

I2959 (1 wt%) PEGDA (20–100 wt%), 
GelMA (0–15 wt%)

HMBS 
(0.1 wt%)

CaCO3

– – – 12 s per layer xy: 200 µm
z: –

[179]

LAP (0.5 wt%) PEGDA (20 wt%) – – UV 2.7 mW cm−2 2.6 s per 
layer

xy 10.8 µm
z: 500 µm

[180]

LAP 
(0.3–0.45 wt%)

GelMA (2.5–10 wt%), 
GMHA (0–2 wt%)

– 3–5 kPa 365 nm 88 mW cm−2 – xy –
z: 200 µm

[183]

Eosin Y (7–28 × 
10−4 wt%), TEOA 

(0.1–0.4 wt%)

GelMA (10–20 wt%) – 4.4–14 kPa Vis 48.6 mW cm−2 120 s per 
layer

xy 50 µm
z: 200 µm

[80i]

Inkjet I2959 (0.05 wt%) PEGDMA (10–20 wt%) – 36–396 kPa UV 4.5 mW cm−2 600s xy: –
z: 18 µm

[191a]

I2959 (0.05 wt%) PEGDMA (10 wt%), 
GelMA (1.5 wt%)

– 30–70 kPa UV 4.5 mW cm−2 600s xy: –
z: 18 µm

[191c]
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combines a spatial light modulator with a coordinated optical 
scanning system.[104a] This technique is scalable for manufac-
turing and can form hierarchical 3D topologies on photocurable 
materials with feature sizes that vary from tens of nanometers 
to several centimeters.[104a]

2.4.2. Ink-Based Printing

In contrast to light-based printing, ink-based printing methods 
form patterns based on the shapes of the jets or extrusions from 
the printing nozzles.[3b,168,186] These methods are not only suit-
able for photocurable materials but also for precursors of other 
crosslinking mechanisms (e.g., thermal and ionic crosslinking). 
Ink-based printing can integrate several different types of mate-
rials in one structure through integration of multiple printing 

nozzles.[168] Two approaches to ink-based printing exist: inkjet 
printing and extrusion printing.[186] In inkjet printing, droplets 
of ink are jetted onto a substrate to form desired patterns.[187] 
The droplets can be generated by either thermal or piezoelectric 
printing nozzles and are cured after the deposition of each 
layer.[166,188] To prevent clogging of the nozzle, inks must have 
low initial viscosity (1–30 mPa s−1) and, for cases in which cells 
are printed, low cell density (<106 cells mL−1).[189] The droplet 
volume, viscosity surface tension, and density must be con-
trolled to tune droplet formation.[187b] Its resolution (typically 
20–250  µm) is often lower than that of lithographic processes, 
and depends on droplet volume and the contact angle of the ink 
substrate.[187b] Early inkjet printing was developed for physically 
crosslinked hydrogels, such as collagen, alginate, and fibrin.[190] 
Droplet-based printing for PRHs was developed more recently. 
For example, Cui et  al. developed a 3D inkjet printing system 
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Printing methoda) Bioink properties Printing parameters

PSCs Polymer matrices Additives Young’s 
modulus

Excitation 
wavelength

Light intensity Fabrication 
time

Minimal feature 
size

Ref.

Eosin Y
TEOA

Pluronic F127DA (20 
wt%), PEGDA (10 wt%)

– – 460 nm – – xy: 117 µm
z: 24 µm

[192]

Extrusion I2959 
(0.097 wt%)

di-MAAm (0–7.8 wt%), 
NIAAm (0–7.8 wt%)

Cellulose 
(0.73 wt%),  

Clay 
(9.7 wt%)

20–1200 kPa UV – xyz: 150 µm [139b]

I2959 (0.1 wt%) GelMA (10 wt%) Gellan Gum  
(1 wt%), 

PLA 
(0–5 wt%)

25–50 kPa 320–500 nm 6 mW cm−2 0.13 s mm−1 xyz: 500 µm [196b]

I2959 
(0.1–0.2 wt%)

PEGDA (10–30 wt%) Alginate 
(10–15 
wt%)

5.3–74.6 kPa 365 nm 245 mW cm−2 0.17–0.33 s 
mm−1

xy: 800 µm
z: 600 µm

[196a]

I2959 (0.05 wt%) MeHA (2–6 wt%)
GelMA (6–12 wt%)

– 4.2–13 kPa 365 nm 2 mW cm−2 – – [297]

I2959 (0.3 wt%) GelMA (15 wt%) Pluronic 
F127  

(40 wt%)

– UV 5 mW cm−2 0.1–1 s mm−1 xyz: 30 µm [91b]

I2959 (0.5 wt%) GelMA (15 wt%) – 1.5–2.6 kPa UV 3.95 mW cm2 0.15 s mm−1 xyz: 500 µm [80e]

I2959 
(0–0.05 wt%) or

LAP 
(0–0.05 wt%)

MeHA (0–5 wt%), or 
GelMA (0–5 wt%), or 
PEGDA (0–5 wt%), or 

NorHA (0–2 wt%)

– 3–4 kPa 320–390 nm
400–500 nm

10 mW cm−2

15 mW cm−2

9000 s mL−1 xyz: 60 µm [197]

LAP (0.05 wt%) MeHA (2 wt%), CSMA 
(5 wt%), HA-pNIPAAm 

(10–20 wt%)

– 0.134–4.45 kPa 365 nm 6.09 mW cm−2 0.12 s mm−1 xy: 620 µm
z: 200 µm

[195b]

LAP (0.05 wt%) Pluronic F127DA 
(0–20 wt%), MeHA 

(0.1–0.5 wt%)

Pluronic 
F127 

(0–20 wt%)

1.42–24.1 kPa 365 nm 6.09 mW cm−2 0.6 s mm−1 xy: 700 µm
z: 110 µm

[195a]

VA-086 GelMA (5–20 wt%) – 3–14 kPa 365 nm 4 mW cm−2 0.08–0.2 s 
mm−1

xyz: 150 µm [80b]

a)LAP: lithium acylphosphinate, ONB: ortho-nitrobenzyl, SCQ: sulfonyl camphorquinone, MeHA: methacrylate hyaluronic acid, NorHA norborene modified hyaluronic acid, 
PAAm: polyacrylamide, StG: styrenated gelatin, GelMA: gelatin methacryloyl, PEG: poly ethylene glycol, PEGA: PEG-monoacrylate, PEGDA: PEG-diacrylate, PEGdiPDA: 
PEG-di photodegradable acrylate, NHS-PC-4armPEG: N-hydroxysuccinimide-terminated photocleavable tetra-arm PEG, DBCO-PC-4armPEG: dibenzocycloctyl-terminated 
photoclevable tetra arm-PEG, PETMP: pentaerythritol tetra(3-mercaptopropionate), TMPMP: trimethylolpropane tris(3-mercaptopropionate), HDT: 1,6-hexanedithiol, vinyl-
NBE: (2-nitro-1,4-phenylene)bis(methylene)acetate, HMBS: 2-hydroxy-4-methoxy-benzphenone-5-sulfonic acid, UV absorber.

Table 2. Continued.
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Figure 7. 3D printing methods for PRHs. A) Representative light-based printing techniques. a) Fabrication of patterned hydrogel structures by photo-
mask-based stereolithography (scale bar: 2 mm). Reproduced with permission.[181] Copyright 2013, Wiley-VCH. b) Fabrication of a multilayer cell-laden 
hydrogel by laser-based stereolithography (scale bar: 1 mm). Reproduced with permission.[182a] Copyright 2010, Royal Society of Chemistry. c) Fabrication 
via digital micromirror device (DMD)-projection-based stereolithography and SEM images of microstructured wells (scale bar: 2 mm). Reproduced 
with permission.[179] Copyright 2012, Wiley-VCH. B) Representative ink-based printing techniques. a) Inkjet printing of cell-loaded photo-crosslinkable 
hydrogels and the resulting even cell distribution within the hydrogels (scale bar: 100 µm). Reproduced with permission.[191c] Copyright 2015, Springer. 
b) Extrusion printing of photo-crosslinkable hydrogels by three different fabrication strategies (pre-, post-, in situ photo-crosslinking) with fibers printed 
by an in situ photo-crosslinking strategy (scale bar: 500 µm). Reproduced with permission.[197] Copyright 2017, Wiley-VCH.
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with simultaneous photopolymerization capability based on 
a modified commercial printer (Figure  7Ba), which is suitable 
for PEGDA-, PEGDMA-, and GelMA-based precursors.[191] To 
accelerate the curing process and keep the printed shapes, Biase 
et  al. developed a Pluronic F127 diacrylate-based ink for inkjet 
printing, which adopted a tandem crosslinking mechanism of a 
rapid temperature-controlled gelation followed by photopolym-
erization.[192] In these applications, it is difficult to form a second 
layer for 3D structure with inkjet printing because the physical 
properties of the solidified surface are distinct from those of the 
substrate.[168] Despite this drawback, inkjet printing shows some 
advantages, such as the fact that it is mask-free, noncontact, and 
capable of generating small volume (1–100 pL) droplets.[187b,191a]

Extrusion printing continuously extrudes inks to generate 
a hydrogel filament (typical diameter of 150–300  µm) from 
the nozzle to the substrate by piston or screw.[189] Extrusion 
printing can tolerate inks with a larger range of viscosity that 
cover a much broader range of materials.[3b,168] The viscosity of 
extruded inks determines the parameters of printing processes 
and the shape fidelity after printing.[193] Aqueous solutions of 
photo-crosslinkable polymers usually have a low initial vis-
cosity and limited crosslinking kinetics that limit their shape 
fidelity; Hence their use should be combined with other strat-
egies such as adding guest–host bonding,[194] adjustment of 
temperature,[80b,195] or incorporation of viscous components (e.g., 
alginate, clay, gellan gum) for higher viscosity.[139b,196] As an alter-
native to these material-dependent strategies, Ouyang et al. pro-
posed a “in situ” crosslinking strategy suitable for most PRHs, 
which allows light penetrating the printing head to crosslink the 
hydrogels immediately prior to deposition (Figure 7B).[197] It was 
shown that this strategy was suitable for a wide category of non-
viscous bioinks, including aqueous solution of MeHA, GelMA, 
PEGDA, and NorHA without any modification of their prop-
erties. Additionally, it preserved a high shape fidelity and cyto-
compatibility.[197] Extrusion-based printing can print inks with a 
wider range of viscosity (0.03 to 60 000 Pa s) and cell density (up 
to 108 cells mL−1) than jetting-based printing techniques. Despite 
these advantages, extrusion printing also has challenges, such as 
a relatively lower printing resolution.[164c,188]

3. Mathematical Models for Predicting 
Elasticity of PRHs
Emerging mathematical models have been critical to developing 
advanced PRHs, and promise to guide further developments. 
Integration of models with novel quantitative experimental 
techniques such as network disassembly spectrometry[198] and 
isotopic labeling disassembly spectrometry[199] have helped with 
the development of a continuously expanding library of PRHs. 
This section summarizes the state of the art for modeling of 
photo-crosslinkable hydrogels, photodegradable hydrogels, and 
PRH-based nanocomposites.

3.1. Modeling the Elasticity of Photo-Crosslinkable Hydrogels

Hydrogel formation by photo-crosslinking begins by irradi-
ating a precursor solution to develop a polymer network in 

aqueous solution that can be crosslinked and extended until 
all monomers are consumed. The process involves two steps: 
phase transition (pre-gel) and stiffening (post-gel). The kinetics 
of these two steps determines the time evolution, architecture, 
and mechanics of the hydrogel. This section describes the three 
classes of models that are critical to understanding how the 
mechanics of these PRHs develop over time: i) models of how 
the degree of monomer conversion evolves over time as a func-
tion of reaction conditions; ii) models of how the relationship 
between the topology of the polymer network affects the degree 
of conversion; and iii) models of how hydrogel mechanics 
arises from the topology of the polymer network (Figure  8). 
These three classes of models link the four variables to pre-
scribe the temporal evolution of conversion, network topology, 
and network mechanics, and thus define the spatiotemporal 
evolution of the mechanics of photo-crosslinkable hydrogels.

3.1.1. Time Evolution of Photopolymerization

Photopolymerization develops over time as a result of the for-
mation of radicals that drive formation of a polymer backbone. 
These kinetics are affected by factors such as optics, stoichiom-
etry, diffusion, oxygen, and temperature, and involve three basic 
sub-processes: initiation, propagation, and termination.[200] 
A set of population balance equations can be established for 
describing these processes, and each process is governed by a 
rate coefficient. Type I initiator-induced photopolymerization 
can be described by the following equations[201]

A fRhv → ⋅  (1)

R RMkp⋅  → ⋅  (2)

RM M RM mm
kp 1⋅ +  → ⋅ ≥  (3)

RM RM RM Rm n
k

m n
t⋅ + ⋅  → +  (4)

where A represents the initiator, R represents the cleaved spe-
cies of the initiator, M represents monomers, and represents a 
molecule in the radical state.

Determination of these rate coefficients is difficult and inac-
curate due to complicated behaviors of radical polymerization 
systems and complex reaction conditions.[200] Thus, in most 
models, rate coefficients are fitting parameters for experimental 
data. Population balance equation-based kinetic models for 
photopolymerization have been helpful to understand reac-
tion systems of photoinitiated thiol-ene polymerization,[202] 
copolymerization;[203] controlled radical polymerization,[204] and 
in understanding the roles of oxygen,[205] light intensity,[206] 
and diffusion[207] in photopolymerization systems. However, 
accounting for all possible processes in photopolymerization 
kinetics is cumbersome, and kinetic parameters are tedious 
to quantify, making these models hard to use in engineering 
practice.

To simplify these complex processes, Cabral et al. proposed 
a coarse kinetic model in which the whole photopolymerization 
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process is represented by a single conversion constant.[184c] In 
combination with the Lambert–Beer law, the coarse kinetics 
model has been effective for understanding and controlling 
frontal kinetics in lithographic applications a range of condi-
tions including photobleaching and photodarkening,[184c,208] 
heat generation and thermal diffusion,[209] mass diffusion,[210] 
temperature,[211] and 3D printing.[184b]

3.1.2. Topology of Polymer Network

Momomer population balance equations yield information 
about concentrations of chemical species but not about their 
structures. Moreover, these equations can be hard to solve 
due to a nearly infinite number of equations. To track network 
topology evolution, various numerical techniques have been 
proposed: i) statistical models,[212] ii) kinetic-derived methods 
(e.g., method of moments,[213] numerical fractionation tech-
nique (NFT),[214] and convolution methods [215]), and iii) first 
principles techniques (e.g., Monte-Carlo[216] and molecular 
dynamics simulation [217]).

Statistical models, including the treelike model (Flory/Stock-
mayer),[218] the cascade theory (Gordon),[219] and the recursive 

model (Macosko/Miller)[212a,220] are classical methods for under-
standing the relationship between the crosslinks in polymer 
networks and the degree of polymerization. All theories are 
based on the following assumptions regarding ideal polymer 
networks: i) functional groups have equal reactivity and ii) 
cyclization reactions (i.e., intramolecular reactions) are negli-
gible. They provide same critical criteria (gel point) of conver-
sion for various types of reactive groups based on the concept 
of “infinitely large molecules.” For example, a homopolymeri-
zation system of monomers with f functional groups reaches 
the gel point when its conversion reaches αc = 1/(f − 1). These 
theories also provide equivalent results regarding the distribu-
tion of molecular size and crosslinks. Combined with kinetic 
models based on rate equations, these statistical models 
show powerful predictive abilities regarding the evolving 
topology of ideal polymer networks.[38a,212b,221] For example, 
Reddy et  al. developed a modeling framework for thiol-vinyl 
photopoly merization based on combined kinetic and statistical 
approaches, which can predict the molecular weight, crosslink 
density, and stiffness of gels crosslinked by either step growth 
or chain growth.[212b]

Kinetic-derived methods track the detailed molecular states 
of monomers or polymers based on the population balance 
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Figure 8. Basic principles for modeling the elasticity of photo-crosslinkable hydrogels. There are three tandem relationships underlying the evolution 
of mechanics in photo-crosslinkable hydrogels: the irradiation time-dependent degree of conversion (DoC), DoC-dependent network topology, and 
network topology-dependent elasticity. Theoretical methods have been developed for each relationship. From left to right, adapted with permission. [206] 
Copyright 2018, Elsevier.[215a] Copyright 2017, Wiley-VCH.[199b] Copyright 2016, American Association for the Advancement of Science.
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equations of these species during polymerization processes. 
The method of moments, one of the most widely applied 
kinetic-derived methods, is a simplified method of solving pop-
ulation balance equations in terms of the nth order moment 
(Qn)[222]

Q r Pn
n

r

r

0
∑ [ ]=

=

∞

 (5)

where r represents the length of a polymer chain, and [Pr] is the 
concentration of the polymer with the length of r. Through this 
method, the average chain length and dispersion of polymer 
chains can be predicted. Based on the method of moments, 
Teymour and Campbell developed a dynamic polymer model 
based on “numerical fractionation,” which numerically sepa-
rates polymer populations into a series of subdistributions with 
similar size.[214a] This technique provides an approach for com-
puting the gel point and gel fraction and finds applications in 
various photopolymerization systems.[214b,223] A variant exists 
that provides a reasonable estimation of rate constants for cycli-
zation.[224] Kryven and co-workers proposed a related convolu-
tion-based calculation method for solving population balance 
equations, which also proved to be an efficient approach for 
predicting evolving topology.[215a,225]

Although statistical and kinetic-derived methods can pre-
dict crosslink concentrations, they cannot predict other key 
structures such as densities of loops that arise within polymer 
networks as a result of this crosslinking. Because these struc-
tural properties influence the mechanical properties of polymer 
networks,[199b] they are a focus of research involving Monte-
Carlo and molecular dynamic simulations. Gillespie established 
a Monte-Carlo method based on the instantaneous reaction 
probabilities of chemical events capable of handling polymer 
network development.[226] By adding the position information 
of species on lattices, a kinetic gelation modeling for free rad-
ical polymerization can be developed, which is used to predict 
the structures of developed polymer networks and capture of 
radicals and reaction-diffusion.[216a,b,227] Johnson and co-workers 
developed a Monte-Carlo simulation method based on a purely 
topological perspective, ignoring spatial information about 
polymers and junctions and only counting special topological 
structures in the networks).[198,199,228] This approach shows good 
agreement with the results of experiments (network disas-
sembly spectrometry, isotopic labeling disassembly spectrom-
etry) and with kinetic graph theory predictions.

Another widely used computer simulation method for pre-
dicting hydrogel mechanical properties is molecular dynamics 
simulation. Molecular dynamics simulation is based on the 
motion of atoms obeying classical mechanics laws.[229] In com-
parison with the stochastic principles of Monte-Carlo models, it 
is a deterministic technique.[230] Molecular dynamics simulation 
have been used to investigate the effects of various parameters 
(e.g., degree of polymerization, chain rigidity, temperature, pre-
cursor topology) on the network structures (e.g., connectivity, 
dangling chains, pendants, looped structures, nanosized cavi-
tation, amorphous and crystalline structures) created during 
crosslinking.[231] It can also be used to investigate the mechan-
ical properties (e.g., stress–strain curve, extensibility, tensile 
strength) of polymer networks under stress.[232]

3.1.3. Elasticity of Polymer Networks

Numerical techniques for predicting topological structures 
such as crosslinks, primary and high-order loops, and dangling 
chains in photopolymerization systems are effective, but cannot 
predict the elasticity of the resulting hydrogel. The issue is that 
the mechanical responses of these materials arise from a com-
bination of both the mechanics and structure of the constitu-
ents. This is a well-studied subject in mechanics, with a range 
of classical network elasticity theories such as affine/phantom/
junction affine theories available. These presume that loops are 
negligible, and can be summarized by the following equation[233]

G C p h C p k T, ,0 0 Bν µ( ) ( )= −   (6)

where C0 is initial polymer concentration; kB is Boltzmann’s 
constant; T is the absolute temperature; ν is number density 
of elastically effective chains; μ is number density of elastically 
effective crosslinks; h is an empirical parameter, which is equal 
to 0 for an affine model, 1 for a phantom model, and 0 < h < 1 
for a junction-affine model.

Sakai and co-workers adapted this relationship between 
elastic modulus and the degree of completion for disordered 
polymer networks[233]

G C p h C p g C, ,0 0 1 0ν µ( ) ( ) ( )= −   (7)

where g1 is a monotonic function of C0 and p denotes the con-
nectivity probability. The variation of C0 with respect to the con-
nectivity probability (G/G0 − p) falls onto a single master curve, 
where G0 is the elastic modulus at p = 1. However, this relation 
still remains limited to a network without loop defects.

Johnson and co-workers identified an important role for 
loop defects in polymer network elasticity through integrated 
rheology, disassembly spectrometry and a modified phantom 
network theory called the “real elastic network theory”).[199b] 
They found that, for crosslinked “A2 + Bf” monomers, classical 
phantom network theories need to be modified as follows[199b]
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where ν0 is the total number density of polymer strands in the 
gel (loop and nonloop); nl,f is the average number of loops per 
junction; and af, bf, cl,f are constants determined by the func-
tionality number of B monomers (f) and loop order (l)
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However, a full description of the elasticity of photo-crosslink-
able hydrogels is still lacking, and multiscale mathematical 
models that serially connect chemical reactions, polymer net-
work topologies represent an important need to guide the design 
of photo-crosslinkable hydrogels. Several promising approaches 
are under development. Kizilel’s kinetic models for photopolym-
erization based on the numerical fractionation method are excel-
lent but do not consider the mechanical properties of polymer net
works.[203a,214b,223b] Wen’s kinetic gelation model based on Monte 
Carlo methods could predict the evolution of network structures 
in free-radical polymerization, but has yet to be validated with 
experimental data.[216a,b,227]. Wu et  al. incorporated mechanical 
loading and nonlinear viscoelasticity into a photopolymerization 
model of PEGDA, which could capture the evolving properties 
of curing polymers.[234] Recently, our group investigated the role 
of the photochemical properties of initiators and side reactions 
(thiol-Michael addition) in the final elasticity of a thiol-acrylate 
hydrogel.[235] These efforts are all based upon simple synthetic 
polymers with clear chemical properties. Models for complex 
synthetic or natural polymers remain a critical need.

3.2. Modeling the Elasticity of Photodegradable Hydrogels

In photodegradation, light triggers the scission of photolabile 
linkages in polymer network, softening or even eroding the 
hydrogel. The network formation of a photodegradable hydrogel 
can be realized by many different chemical strategies, including 
radical reactions,[32a,175] Michael-type reactions,[236] click 
chemistry,[25a] and NHS chemistry.[25a,33b] Different chemical 
strategies obey different kinetic rules; thus, it is a challenge to 
establish a single unified model for predicting the crosslinking 
of all photodegradable hydrogels.

However, photodegradation of hydrogels does obey some 
similar principles. Similar to photo-crosslinkable hydrogels, 
the elastic modulus of photodegradable hydrogels is linked to 
their crosslink density, which is determined by photochemical 
kinetics. Thus, as in photo-crosslinkable hydrogels, photo-
degradable hydrogels display a tandem relationship between 
photochemical kinetics, network topology, and mechanical 
properties. Because of a lack of experimental characterization 
of how network topology arises during the synthesis of these 
materials, these tandem relationships are difficult to model and 
are usually simplified into a first-order exponential equation 
linking mechanics to light irradiation dosage directly [32a]

G t G C t C e k t/ /0 0
app( ) ( )= = −  (12)

where G is the shear elastic modulus, G0 is the initial shear 
elastic modulus, C(t) is the concentration of uncleaved 
photolabile moieties after an exposure of time t, C0 is the ini-
tial concentration of uncleaved photolabile moieties, and kapp is 
the apparent rate of degradation. Here, kapp is dependent on the 
quantum yield (φ), molar absorptivity (ε), incident irradiance 
(I0), and wavelength of light (λ)
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where NA is Avogadro’s number, h is Planck’s constant, and c is 
the speed of light.

Anseth and co-workers found this relationship suitable not 
only for nitrobenzyl but also for coumarin-based photodegrad-
able hydrogels.[32a,33a] Griffin and Kasko found that kapp could 
be increased by decreasing the amount of aryl ether on ONB or 
changing the functionality on benzylic site.[237]

A number of extensions to this relationship have been 
proposed (Figure 9). Lee et  al. analyzed the effects of the sol-
vent environment and polymer molecular weight on the 
photocleavage kinetics of ONB quantitatively.[32b] Tibbitt et  al. 
extended this model framework to model changes in material 
properties and mass loss in photodegradable hydrogels by con-
sidering the release of cleavage products and light attenuation 
in the materials.[238] Yanagawa et al. also characterized the effect 
of light attenuation on the degradation depth of photodegrad-
able hydrogels by the simple Beer–Lambert law.[33b] Based on 
Tibbitt’s model, Norris et al. added diffusion of photoabsorbing 
species based on a series of mass-action equations and showed 
that the diffusion of absorbing species could play a signifi-
cant role in determining the final state of photodegradable 
hydrogels.[239]

In comparison to extensively investigated models of photo-
crosslinkable hydrogels, models for photodegradable hydrogels 
are less developed. Many features of the gel formation process 
remain unclear, as do effects of environmental factors on the 
degradation kinetics of photolabile groups.

3.3. Modeling the Mechanics of PRH-Based Nanocomposites

The field of homogenization theory has produced remark-
ably accurate methods to bound and estimate the mechanical 
responses of most engineering composite materials.[240] Unfor-
tunately, standard techniques fail to capture the mechanics 
of PRH-based nanocomposites, as will be illustrated below. 
The key issues are that the surface energy and surface area 
of nanoscale reinforcing particles are high compared to those 
particles used in standard engineering composites, and that 
the polymeric matrix itself can be reconfigured and locally 
crystallized by interactions with the nanoscale reinforcement, 
including effects of nucleation and confinement.[241] The sur-
face area effect is well known: for a filler particle of Young’s 
modulus Ef, radius r, and surface energy γ, that is subjected to 
an engineering strain ε in one direction, the ratio of surface 
energy to strain energy is
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For γ on the order of 1 J m−2,[242] E on the order of 100 GPa, 
and ε on the order of 0.01, this is ≈600 nm/r, meaning that sur-
face energy terms, not accounted for by classical homogeniza-
tion theories, can become dominant for reinforcement at the 
nanoscale.

Computational approaches to estimate the mechanics of 
polymer-based nanocomposites exist which cover the range of 
scales from the molecular scale to the macroscale.[243] At the 

Adv. Funct. Mater. 2020, 30, 2000639



www.afm-journal.dewww.advancedsciencenews.com

2000639 (23 of 48) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

molecular scale, MD models are effective for local interactions 
over very short timescales, but are ineffective for timescales 
associated with physiological loadings and photopolymeriza-
tion.[243] Standard continuum models treat materials as con-
tinuous throughout their volume and ignore molecular and 
atomic structures.[244] Integration between these approaches is 
typically required, often by developing cohesive laws or by con-
sidering interphases that arise between matrix and filler.[245]

MD relates nano to microscale mechanical properties of a 
material to its molecular-level arrangement, thereby enabling 
short-range modeling of molecular interactions with nano-
fillers.[246] MD has been used to provide a molecular-scale 
analysis to evaluate the mechanical performance of the inter-
face between nanofillers and the polymer matrices in various 
nanocomposites, such as surface-functionalized carbon fiber/
epoxy[245b,c,247] and graphene/polyethylene.[248] However, key 
challenges are that MD simulations typically reach timescales 

that are short compared to those of processes relevant to the 
physiological applications that underlie important applications 
of PRHs, and that they typically reach lengthscales that cannot 
account for effects of heterogeneity and disorder in PRHs.

For these reasons, continuum models continue to serve as the 
mainstay of efforts to understand and predict the mechanical 
properties of PRHs. A broad range of continuum homogeni-
zation models exist that take information on the structure and 
composition of a PRH, potentially along with coarse-grained 
molecular-scale interactions between nanofillers and the PRH, 
and yield an estimates of macroscopic mechanical properties.[240]

3.3.1. General Estimates and Bounds of Composites

The simplest continuum models combine only information 
about the mechanical properties and volume fractions of the 
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Figure 9. Development of models for the elasticity of photodegradable hydrogels. In 2009, a simple exponential function was introduced to express 
the irradiation time-dependent elastic moduli of photodegradable hydrogels. Adapted with permission.[32a] Copyright 2009, American Association for 
the Advancement of Science. Optical attenuation and mass loss were incorporated into models for optically thick hydrogels in 2013. Adapted with per-
mission.[238] Copyright 2013, Wiley-VCH. Models accounting for degradation byproduct diffusion were developed in 2017. Adapted with permission.[239] 
Copyright 2017, Wiley-VCH.
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components of a composite, without any information about 
interactions or structure. Upper bounds on composite modulus 
(Ec) are often approximated by the Voigt estimate (arithmetic 
or “rule of mixtures” average, EVoigt), and lower bounds by the 
Reuss estimate (harmonic average, EReuss).[249] In one dimen-
sion, for a two-phase composite, these estimates are

E E Ef m1Voigt ϕ ϕ( )= + −  (15)

E E Ef m

1 1
1

1

Reuss

ϕ ϕ( )= + −  (16)

where Ef is the Young’s modulus of filler, Em is the Young’s 
modulus of the matrix, and φ is the volume fraction of filler. 
The Voigt estimate is often reasonable for fibrous composites 
and particulate reinforced composites with a percolated rein-
forcement network, and the Reuss estimate is typically most 
reasonable for very small particulate volume fractions.[249] 
For composites with reinforcement and matrix that have 
no structure, the tighter Hashin–Shtrikman bounds are 
applicable.[240b,250]

Despite their ability to capture the monotonically increasing 
relationship between the Young’s modulus of a composite and 
the volume fraction of fillers, these estimates are typically poor 
for nanocomposites, for particulate or short fiber composites 
with higher volume fractions, and for composites with differing 
types of reinforcement. For lower volume fractions of particu-
late reinforcement, the Hashin–Shtrikman lower bound often 
provides a reasonable estimate.[251] As does the Mori-Tanaka 
estimate, the latter based upon the classical Eshelby solution 
for the elastic field of an ellipsoid included within an infinite 
matrix,[252] but modified to account for the far-field strain to 
consider the interactions between fillers.[253]

Modifications of these approaches can predict the rise 
of mechanical stiffness as volume fractions approach the 
percolation threshold.[254] At lower concentrations, reinforce-
ment particles have minimal interactions, and their stiffening 
effects can be predicted by considering them in isolation; at the 
percolation threshold, reinforcement begins to deform nearly 
in registry with the surrounding matrix, and the mechanical 
contributions of contiguous reinforcement and matrix add in 
parallel.[255] Percolation phenomena can be accelerated by inter-
actions among reinforcement,[255a] a phenomenon that has 
been observed in nanocomposites.[256]

Improvements to these traditional approaches have been 
made by considering of the interfacial effect. The earliest 
models for these effects are those that were developed for sem-
icrystalline polymers, and are based upon models for laminated 
multiphase composite solids.[257] For example, rubbers could 
undergo phase transition induced by fillers and show distinct 
mechanical properties, which could be solved by a four-phase 
model considering the filler/matrix interface.[258] Further, the 
computational models have been applied to consider the sce-
nario where particles draw so close that they create interphases 
with distinct mechanical properties,[259] and a wide range of con-
tinuum homogenization models exist to account for compos-
ites that contain multiple classes of reinforcing particles.[251b,260] 
Approximate methods such as shear lag approaches have been 

applied, many of which approximate elastic fields around single 
fibers encased in concentric cylindrical shells of matrix.[261] 
These have been applied to CNT/polymer nanocomposites [261c] 
and cellulose/polymer nanocomposites,[104c] and have been 
modified to consider crystallization of polymers at the inter-
faces of nanotubes.[262]

However, many challenges still exist when applying these 
general estimates and bounds to a PRH composite. In the 
simplest of cases, the hydrogel is a three-phase composite of 
polymer backbone, filler, and solvent; as in models of bone,[251c] 
the equations should be adjusted to account for the fact that 
three phases exist, and that the filler replaces only solvent when 
added to the PRHs.

To illustrate the challenges with applying conventional 
homogenization theory to PRHs reinforced with nanoparticles, 
we plot several sets of data against the Voigt and Reuss esti-
mates and the Hashin–Shtrikman bounds (Figure 10). Because 
such strong contrast exists between the moduli of typical filler 
and the moduli of PRHs, the bounds are almost perpendicular 
to each other at low volume fraction, and occupy much of the 
graph even with the vertical axis on a log scale; note that the 
bounds do eventually converge at a volume fraction of 100%. 
However, even with this very broad range, the bounds are 
informative.

The first observation of note is that the data do not in gen-
eral follow the Mori-Tanaka estimate and Hashin–Shtrikman 
lower bound, as data for particulate reinforced or short fiber 
reinforced composites typically do. Only in the case of one of 
the three datasets from the literature on clay particulate rein-
forced nanocomposites approaches these; all other data for 
carbon nanotube, cellulose, clay particulate, and metal particle 
reinforced PRHs rise towards the upper bound, with several 
data sets exceeding the upper bound. One possibility is that the 
short fiber or plate-like nature of the filler particles contributes 
to this rapid rise, but this can be shown to be incorrect by com-
paring the data against the Halpin–Tsai equations, an estimate 
that works well over a broad range of concentrations.[263] The 
version used is that of Nielson,[264] and is specialized to the case 
of short fibers of aspect ratio A = 2l/d
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where Ec is the equivalent modulus of the composite, Ef is the 
modulus of the filler, Em is the modulus of the matrix, ϕ is the 
volume fraction of the filler, and φmax = 0.82 is the maximum 
volume fraction of fibers for random packing. Although efforts 
have been made to special this to nanofilled composites,[265] the 
simple two-phase model suffices for evaluating the problem at 
hand. For the relatively stiff fillers under consideration, η ≈ 1. 
Through these estimates, the cellulose data (Figure 10B) can be 
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explained as arising from the fibrous nature of the filler, with 
aspect ratio taken as 20. However, the surface energy effects 
clearly dominate for all other filler.

3.3.2. Computational Simulations

Aside from analytical solutions, finite element analysis (FEA) pro-
vides complementary information by solving the basic equations 
in micromechanics without significant simplifications. Two main 
steps need to be done in most of the FEA in determining the 
equivalent mechanical properties of nanocomposites. The first is 
to define an representative volume element (RVE) large enough 
to statistically represent a heterogeneous material such that the 
equivalent properties could be independent of boundary condi-
tions.[259] The second is to calculate the effective mechanical prop-
erties of this RVE by simulation the detailed mechanical behavior 
of an element containing one or a few inclusions.[266] A recent 
example for utilizing FEA in graphene/polymer nanocomposites 
proved that the matrix modulus play an active role in stiffening 
due to modulus-mismatch dependent strain field distribution.[267]

Attempts have been made to use micromechanics to consider 
the atomic microstructures of nanofillers. The space frame 
structure where atoms and molecular bonds are described as 
nodes and nanoscale beams has proven to be useful to some 

extent to replace MD on the bottom scale in multiscale simu-
lations. It has successfully explained how the linear elastic 
behavior of nanocomposites is related to the volume fraction of 
nanofillers [268] and the aspect ratio of nanotubes.[261c]

Despite the various theoretical tools developed for nano-
composites, the challenges remain: i) the surface effects of 
nanoscale reinforcement can cause recrystallization effects 
that require a combination of multiscale analyses to predict. 
ii) Combination between kinetic-dependent PRH elasticity and 
composite micromechanics is needed to establish for more 
accurate predictions of curing time-dependent mechanical 
properties of PRH-based nanocomposites.

4. Programming of PRHs: Applications  
and Opportunities
The programmable mechanical properties of PRHs on both 
spatial and temporal scales provide abundant potential applica-
tions. Specifically, photo-crosslinkable hydrogels are attractive 
and widely used materials because light-controlled sol–gel tran-
sition processes endow them with the advantages of the easy 
formation of almost arbitrary shapes and of upwardly adjust-
able mechanical properties. These are often used to construct 
complex structures and guide the geometry of other materials. 
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Figure 10. Relationships between the ratio of Young’s modulus of nanocomposite (Ec) and matrix (Em) and volume fraction of fillers (ϕ) for different 
nanocomposites. A) Carbon nanotube filled PRHs.[108c,129b,d] B) Cellulose reinforced PRHs.[108d,138,139c] C) Clay particulate reinforced PRHs.[144,145,148] 
D) Metal particle reinforced PRHs.[108e,152a,c] The dots are representative experimental data obtained from the literature. The estimates and bounds 
shown are two-phase homogenization results for a PRH matrix (Em = 1 kPa, νm = 0.49) reinforced by rigid spherical inclusions (Ef = 1 TPa, νf = 0.3), 
where νm and are Poisson’s ratios of matrix and filler, respectively. In many cases, predicted stiffening rises above thermodynamic limits for conven-
tional composites due to surface energy effects such as recrystallization that arise from nanofillers.
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Photodegradable hydrogels are emerging materials that can 
result in erosion and downwardly adjustable mechanical prop-
erties in a formed structure, which could be used to sculpt chan-
nels and pore structures, release cargos and soften the matrix. 
Both photo-crosslinkable and photodegradable hydrogels have 
contributed significantly to recent advances in biomedical appli-
cations. The following section will provide an overview of three 
widely investigated applications of PRHs: tissue engineering, 
drug delivery, and soft devices. A list of particularly promising 
applications is presented in Table 3.

4.1. PRHs in Tissue Engineering

The goals of tissue engineering include efforts to cultivate 
biomaterials with ECM-like properties that elucidate cell–
ECM interactions, establish in vitro organ models, and enable 
repair and regeneration of tissues in vivo.[4,164b,269] Among 
the many materials available in tissue engineering, hydrogels 
are receiving much attention due to their soft and tissue-like 
mechanical characteristics, biocompatibility, degradability, high 
water content, and tunable physicochemical properties.[270] 
PRHs show great superiority to other hydrogels in terms of spa-
tiotemporal control and ease of the shape formation process, 
which are great advantages in tissue engineering applications.

4.1.1. PRH-Based Cell Culture Platform

During the past two decades, the idea that matrix stiffness 
could significantly affect cell behaviors (e.g., adhesion, prolif-
eration, differentiation, migration, apoptosis) for cells either 
growing upon a 2D substrate or in a 3D matrix has been sup-
ported by a range of evidence.[31a,91a,270a,271] However, some chal-
lenges remain in this field, such as identifying which other 
factors co-determine cell fate with matrix stiffness,[272] how to 
mimic the spatiotemporally changing mechanical properties of 
native ECM,[3e,31b] and how to investigate the cell–ECM interac-
tion in a high-throughput way.[273] PRHs are ideal biomaterials 
to solve these problem due to their tissue-like mechanical prop-
erties, and the fact that they are easy to process and show excel-
lent spatiotemporally controllability. Here, recent advances in 
PRH-based cell culture platforms will be briefly summarized.

Temporally Varied ECM Elasticity: In vivo, native ECM is con-
stantly renewed by cells, which show temporally changed elas-
ticity in various (path-)physiological process (e.g., embryonic 
development, healing, aging, cancers).[274] To study the complex 
dynamics of cell–ECM interaction processes, model systems are 
established by controlling material properties in multiple time 
scales. These in vitro experiments show that the time scale of 
ECM elasticity is a crucial factor for various cell behaviors.[275] 
PRHs with temporally increasing or decreasing elasticity can be 
used as an active mechanical signal to regulate cell behaviors, 
which may reveal the role of the dynamic mechanical microen-
vironment on cells. Hence, in this part, temporal strategies for 
tuning ECM elasticity based on PRHs and the cell responses to 
these active signals will be introduced.

Stiffening Strategies: ECM stiffening is a common phenom-
enon that occurs in amounts of (patho-)physiological processes, 

such as embryogenesis,[276] fibrogenesis,[98b,169b] and tumorigen-
esis.[277] For example, fibrosis of murine lung leads to a sixfold 
increase in tissue stiffness in comparison to normal tissue.[169b] 
The elastic moduli of PRHs can be stiffened across several 
magnitudes within only a few minutes, which provides a pow-
erful tool for studying cell behaviors in stiffening ECM at var-
ious time scales.

Sequential crosslinking of PRHs is a commonly used time-
dependent stiffening strategy, in which hydrogels are stiffened 
by the reactions of either remaining monomers or newly added 
monomers in photopolymerization systems. For example, with 
thiol-Michael addition and I2959-initiated photopolymeriza-
tion, Guvendiren and Burdick designed a stiffened 2D MeHA 
hydrogel with a stiffness ranging from 3 to 30 kPa and observed 
the short-term and long-term effects of stiffening on MSC 
behaviors (Figure 11A).[278] It was proved that cells maintained 
low spreading when seeded on a soft substrate for 1 day, while 
subsequent stiffening would increase cell spreading, traction 
force, and motility within 4 h.[278] During 14 days of culture, the 
substrate was stiffened at different culturing times (1–7 days), 
and the adipogenic/osteogenic population would increase 
with culturing time on a soft substrate.[278] Through a similar 
strategy of using LAP as an initiator, Caliari et  al. constructed 
a stiffenable 2D MeHA hydrogel with a stiffness ranging from 
1.75 to 33.0  kPa for hepatic stellate cells.[279] Similar to MSCs, 
the spreading area of hepatic stellate cells also increased rap-
idly (within 24 h) after stiffening.[279] During 14 days of culture, 
delayed stiffening (6-day culture on soft substrates) increased 
YAP/TAZ nuclear translocation, and alpha-smooth muscle actin 
(α-SMA) fiber assembly compared to that with early stiffening 
(1-day culture on soft substrates).[279] These findings indicate 
that a delayed stiffening strategy could accelerate the myofi-
broblast differentiation of hepatic stellate cells.[279] The role of 
time scale in changing ECM elasticity is also being investigated 
in 3D cell cultures. For example, through LAP-initiated thiol-
norborene PEG hydrogels with elastic moduli ranging from 
0.24 to 13 kPa, Anseth and co-workers observed the morphology 
and fibroblast phenotype variation of valvular interstitial cells 
(VICs) in a 3D environment.[98b] After 3 days culturing on soft 
substrates (0.24  kPa), the ECM stiffened within a few second 
to 1.2 or 13  kPa, and a decrease of α-SMA expression was 
observed in comparison with cells in a soft environment, which 
is counter to observations of VICs on 2D substrates.[98b]

Softening Strategies: As a reverse process of stiffening, sof-
tening or degradation of ECM also has profound (path-)physi-
ological significance, especially for diseases such as cardiac 
dysfunction,[280] osteoarthritis,[281] and destructive lung dis-
eases.[282] Photodegradable hydrogels, the mechanical prop-
erties of which could be predictably manipulated with light 
intensity, wavelength, and irradiation time, provide a softening 
even erodible environment for cells. This further affects the 
cell behavior dynamically, which could guide the modelling of 
ECM-softening related (path-)physiological processes and help 
us understand the mechanical cues in ECM.

Anseth and co-workers fabricated a photodegradable PEG 
hydrogel platform based on ONB and redox-initiated radical 
polymerization, which could be softened by one- or two-photon 
irradiance.[32a] Based on this temporally controlled platform, 
they could manipulate the behaviors of various cell types at 
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Table 3. Typical applications based on PRHs with various mechanical properties.

PSCsa) Polymer matrix Additives Fabrication techniques Young’s modulus Applications Ref.

Cell culture

I2959 MeHA, DTT RGD – 3–30 kPa MSC culture [278]

LAP MeHA, DTT RGD – 1–33 kPa Hepatic stellate cell culture [279]

LAP PEG8NorB, PEG8SH RGD – 0.2–12 kPa VIC culture [98b]

o-NB PEGA, PEGdiPDA Fibronectin Photomask 7–32 kPa VIC culture [52]

o-NB PEG4DIFO3, 
Peptide-di(azide)

RGD Photomask, TPA 0–5.1 kPa 3T3 fibroblast culture [25a]

o-NB PEG4DBCO, PEG8NBA YIGSR TPA 0–3.6 kPa ESMN culture [283a]

o-NB PEGA, PEGdiPDA RGD Photomask, TPA – MSC culture [32a]

o-NB PEGA, PEGdiPDA RGD Photomask 2–10 kPa MSC culture [174b]

o-NB PEGDA, PEGdiPDA RGD DMD projection 12–220 kPa MSC culture [177b]

Organ model

LAP GelMA, GMHA – Stereolithography 3.5–4.5 kPa Liver model [183]

I2959 PEGDA – Extrusion printing 5–75 kPa Aortic valve model [196a]

I2959 MeHA, GelMA – Extrusion printing 4–13 kPa Aortic valve model [297]

I2959 GelMA, Pluronic F127 – Extrusion printing 1–20 kPa Vascularized tissue model [91b]

I2959 GelMA, PLA VEGF, PDA, BMP2 FDM, Stereolithography – Vascularized bone model [298]

Implant

I2959 PVAMA, CSMA – Electrospun – Cartilage repair [78]

I2959 PEG8NB, PEGDT – Stereolithography – Cartilage repair [299]

I2959 PEGDMA NFC – 40–160 kPa Nucleus pulposus replacement [300a]

I2959 PEG4A, dextran, gelatin – – 2–60 kPa Nucleus pulposus replacement [300b]

Eosin Y PEGDA, HA – – 60–110 kPa Soft tissue restoration [39c]

o-NB PAAm, oNB-PAMPS – – Around 664 kPa Gastrointestinal tract stents [301]

Drug delivery

LAP GelMA Abaloparatide – – Repairing bone defects [310]

I2959 GelMA, chitosan Angiogenic growth 
factor

– – Angiogenesis [311]

I2959 PEGDA Penicillin, streptomycin – – Treat urothelial diseases [312]

I2959 CTS-g-GMA, PEGDA Bone ash, amoxicillin – 20–30 MPa Treat gastric ulcer [313]

I2959 PEGDA SDF1-GPVI – – Treat cardiovascular ischemic 
disease

[314]

I2959 MeHA MSN, DOX – – Sonodynamic therapy [315]

I2959 MeHA SiO2, Fe3O4, DOX – – Targeted cancer therapy [316]

I2959 PEGDA Ropinirole HCl Inkjet printing – Oral dosage forms [317b]

DPPO PEGDA 4-aminosalicylic acid, 
paracetamol

Stereolithography – Oral dosage forms [317a]

o-NB PEG4bicyclononyne, 
PEGdiazide

Fluorescein Photomask – Drug release [320]

o-NB PEG-Peptide DOX – 0.2–20 kPa Drug release [319]

Coumarin Hydrogelator Cytarabine – – Drug release [318]

Conductors

AP PAAm NaCl Laser cutter 3–400 kPa Ionic conductor [324]

AP PAAm NaCl Laser cutter – Ionic skin [325a]

AP PAAm LiCl Laser cutter – Ionic cable [327]

AP PAAm LiCl Mold 12 kPa Touch panel [325e]

AP PAAm NaCl – – Capacitive sensor [325b]
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desired time points and spatial positions.[25a,52,283] In such a 
special case, MSCs were cultured in a 2D microenvironment 
based on this photodegradable hydrogel (Figure  11B).[283b] 
MSCs were cultured on a stiff substrate (10  kPa) initially for 
various culture times (1–10 days), and then the substrate was 
stiffened in situ (to 2 kPa), and culturing was continued for up 
to 10 days.[283b] It was observed that cells could remember the 
previous stiff substrate by activation of YAP and RUNX2, while 
softening the substrate would reverse the activation of these 
two factors. However, the reversibility by the softening strategy 
decreased with the culture time on a stiff substrate.[283b] This 
study showed that PRHs could block inherent complications 
(trypsin treatment and stiff-to-soft substrata passage) in conven-
tional experimental designs and revealed the role of mechanical 
dosing in cell behaviors. In addition to PEG, HA could also 
enable photodegradation through modifying with ONB func-
tional groups.[284] Interestingly, after a first softening step by 
UV irradiation, the MeHA-based hydrogel could initiate stiff-
ening by the photopolymerization of pendant methacrylates.[284] 
When this strategy was applied, the hydrogel showed a revers-
ible change in elasticity (14.8–3.5–27.7 kPa).[284] MSCs were cul-
tured on this reversible system (initially stiff on day 0, stiff-soft 

on day 1, soft-stiff on day 3); it was found that cell morphology, 
spreading, and nuclear/cytoplasm localization of YAP/TAZ 
could change reversely according to the reversible system.[284]

Spatially Varied ECM Elasticity: Besides heterogeneities in 
time scale, native ECM elasticity also shows great heterogenei-
ties in spatial scale. Elasticities of different tissues vary by sev-
eral magnitudes, and even within the same organ, the elasticity 
is not uniform.[285] For example, the elastic moduli in human 
tissues show gradients in osteochondral tissues,[286] blood ves-
sels,[287] and skin layers.[288] PRHs could provide spatially con-
trolled ECM elasticity through printing-based photochemistry, 
which opens opportunities for creating new tissue scaffolds 
with mechanical properties closer to those of native niches 
and understanding the effects of ECM’s mechanical properties 
on cell behaviors.[3e,189a,289] There have been many cell culture 
studies based on PRH-based ECM with spatial heterogeneous 
mechanical properties, such as “durotaxis” studies,[26a,290] high-
throughput cell mechanotransduction studies[169a,170a,273c,291] 
and subcellular elastic-heterogeneity studies[174b,292] (Figure 12). 
Although there have been many studies on cell culturing on 
mechanical heterogeneous substrates, their conclusions are 
still not in agreement due to unclear mechanisms behind these 
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PSCsa) Polymer matrix Additives Fabrication techniques Young’s modulus Applications Ref.

AP PAA, PEGDA Fe3O4 – 7–36 kPa Strain sensor [325d]

AP PAAm, PDA rGO – – Cell stimulator [326a]

I2959 PEGDA, PEGDMA Na2SO4, Na2HPO4 Mold – Ionic circuits [326b]

I2959 PAAm, Ca2+ PAA Au nanowires DMD photolithography – Wearable pressure sensor [325c]

riboflavin PAA, AETA SiO2–SO3−Na+ Stereolithography 0.8–120 kPa Conductors [323b]

Sensors

AP MEO2MA, OEGMA NFC – 4–10 kPa Temperature sensor [329b]

DEAP PAAm, PVA PCCA, PBA – – Glucose sensor [329c]

I2959 PEGDA CNT, DNA Mold – Implantable chemical sensor [330]

Actuators

I2959 PAAm, Ca2+ alginate – Stereolithography 14–84 kPa Camouflaged gripper, robots [334]

I2959 PEGDA, Fe3+ PAA NaOH, EDTA Stereolithography 4–32 kPa Gripper [335]

I1173 PEGDA – Mold – Walking devices [333]

Robotics

AP PAAm LiCl Mold – Electronic fish [321a]

DMPA NIPAAm, PAAm, 
PEGDA

Fe3O4 Photomask – Swimmer [337]

I2959 PEGDA, GelMA CNT Photomask 37–651 kPa Batoid-fish like robot [338]

a)AP: ammonium persulfate, BMP2: bone morphogenetic protein 2, CNT: carbon nanotube, CTS-g-GMA: chitosan-grafted-glycidyl methacrylate, DEAP: diethoxyaceto-
phenone, DMD: digital micromirror device, DMPA: 2,2-dimethoxy-2-phenylacetophenone, DPPO: diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide, DTT: dithiothreitol, 
DOX: doxorubicin, ESMN: embryonic stem cell-derived motor neuron, FDM: Fused deposition modelling, GelMA: gelatin methacryloyl, GMHA: glycidal methacrylate-
hyaluronic acid, GPVI: glycoprotein VI, LAP: lithium acylphosphinate, NFC: nanofibrillated cellulose, MeHA: methacrylated hyaluronic acid, MEO2MA: 2-(2′-methoxy-
ethoxy)ethyl methacrylate, NIPAAm: poly(N-isopropylacrylamide), OEGMA: oligo(ethylene glycol)methacrylate, o-NB: ortho-nitrobenzyl, PAA: poly(acrylic acid), PAAm: 
poly(acrylamide), PAMPS: poly(2-acrylamido-2-methylpropane sulfonic acid), PBA: phenylboronic acid, PCCA: polymerized crystalline colloidal array, PDA: poly(dopamine), 
PEG: poly(ethylene glycol), PEGA:, PEG-monoacrylate, PEGDA: PEG-diacrylate, PEGdiPDA: PEG-di photodegradable acrylate, PEG4DIFO3: PEG-tetra cyclooctyne, PEG-
4DBCO: PEG-tetra dibenzylcyclooctyne, PEG8NBA: PEG-octa nitrobenzyl-azide, PEG8NorB: PEG-octa norbornene, PEG8SH: PEG-octa thiol, PLA: poly(lactide), PVA: 
poly(vinyl alcohol), RGD: Peptide sequence containing Arg-Gly-Asp, rGO: reduced graphene oxide, SDF1: stromal cell-derived factor 1, TMSPMA: 3-(trimethoxysily) 
propyl methacrylate, TPA: two-photon absorption techniques, VIC: valvular interstitial cell, VEGF: vascular endothelial growth factor, YIGSR: Peptide sequence containing 
Tyr- Ile-Gly- Ser-Arg.

Table 3. Continued.
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Figure 11. Cell culture platforms based on PRH with temporally controlled elasticity. A) A representative matrix-stiffening strategy for PRHs 
used in cell culture. Reproduced under the terms of the CC-BY License.[278] Copyright 2012, the Authors. Published by Nature Publishing Group. 
a) Schematic of the sequential crosslinking process in methacrylated hyaluronic acid (MeHA). b) Rheology profiles over the course of the hydrogel 
formation process. c) Atomic force microscopy estimates of the Young’s moduli of MeHA substrates at various DTT concentrations (scale bar: 
100 µm). d) Fluorescence images of MSCs cultured on MeHA substrates (soft, soft-to-stiff, stiff) for 1 and 2 days. e) Distributions of cell areas 
when cultured on the static and dynamic substrates in (d). B) Representative softening strategy for PRHs used in cell culture. Reproduced with 
permission.[283b] Copyright 2014, Nature Publishing Group. a) Schematic of the softening of a photodegradable hydrogel. b) Young’s moduli of 
photodegradable hydrogel at various light exposure doses. c) Cell responses (nuclear co-localization of YAP and RUNX2) to mechanical dosing 
on stiff hydrogels.
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observed phenomena; therefore, there is a need for further 
research in this area. For example, through DMD-projection-
based photolithography, Norris et  al. created a 2D substrate 
with sub-micrometer elastic gradients using photodegradable 
hydrogels.[177b] They observed that MSCs could congregate in 
the softest region of the gel, which was converse to the conclu-
sions reached by other studies.[290b,293]

Outlook: The range of PRH materials that are available for 
probing mechanobiology is broad, but, as described above, 
many conflicting results need still to be resolved. Additionally, 
the viscoelastic aspect of ECM remodeling is an open frontier: 
although it is well known that cells change the elastic and vis-
coelastic responses of their ECM over time,[294] the study of 
how these factors affect cell mechanobiology is in its infancy, 
and few options exist to adapt hydrogel viscoelasticity over 
time.[75,295] Doing so with high spatial control represents an 
important open frontier.

4.1.2. PRH-Based Organ Models

Natural tissues and organs are complex and multiscale hybrids 
of cells and materials. Reconstructing native-tissue-like organ 
models in vitro is a promising solution for exploring the under-
lying mechanisms of (patho-)physiological processes, screening 
drugs, and cultivating novel drug delivery systems.[164c,296] How-
ever, traditional organ models are mostly limited to 2D cell 
culture or simple 3D cell spheroid culture, which lack the struc-
tural complexity and cell diversity seen in native tissues. Based 
on advanced 3D bioprinting technologies, novel organ models 
have emerged for exploring almost all the organ systems of 
the human body.[164c] In these studies, PRHs have been proved 
to be efficient ingredients in inks for these 3D bioprinting 
technologies, which allow the precise deposition of multiple 
types of cells and provide a mechanically diverse environment 
for these cells. For example, Ma et  al. built a 3D biomimetic 
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Figure 12. Cell culture platforms based on PRHs with spatially heterogeneous elasticity. A) Representative cell migration study based on mechanically 
patterned substrates. Reproduced with permission.[290b] Copyright 2013, Wiley-VCH. a) Three different strengths of stiffness gradients (step, patho-
logical, and physiological), and b) velocities of mesenchymal stem cells (MSCs) migrating along these gradients. c) Kernel density estimation of cell 
velocities on the three stiffness gradients. B) High-throughput cell behavior study based on mechanically patterned substrates. Reproduced under the 
terms of the CC-BY License.[169a] Copyright 2015, the Authors. Published by Nature Publishing Group. a) Orthogonal gradients of both stiffness and 
fibronectin concentrations produced by lithography. b) Statistical results of osteogenic staining of MSCs on orthogonal gradient hydrogels. c) Statis-
tical results of adipogenic staining of MSCs on the orthogonal gradient hydrogels. C) A representative study showing cellular responses to subcellular 
elastic heterogeneity arising on mechanically patterned substrates. Reproduced under the terms of the CC-BY License.[174b] Copyright 2016, the Authors. 
Published by National Academy of Sciences. a) MSCs on mechanically patterned hydrogel surfaces with various stiff-to-soft ratios. Black indicates stiff 
regions, and white indicates soft regions. b) Dependence of cell morphology (cellular circularity) on substrate composition for substrates with various 
percentages of stiff regions and a range of patterns.
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liver model by a DMD-SL printing technique based on photo-
crosslinkable hydrogels (GelMA and GMHA) with multiple 
cells (hepatic cells, vein endothelial cells, adipose derived stem 
cells) (Figure 13).[183] Compared to 2D monolayer culture and 3D 
culture of only hepatic cells, the 3D liver model show improve-
ments in both phenotype and functionality, which could be 
used in drug screening and disease modeling.[183] PRHs have 
also been used to construct trileaflet aortic valve models [196a,297] 
and vascularized tissue models,[91b,298] which open avenues 
for fundamental studies of (path-)physiology processes, drug 
screening, and multicellular tissue regeneration.

4.1.3. PRH-Based Implantable Biomaterials

As seen in various cell platforms and organ models, PRHs 
show tunable chemical and physical properties, biocompat-
ibility, facile fabrication, and precise spatiotemporal controlla-
bility. Thus, PRHs are being further explored for implantation 
into the body for tissue support, replacement or aesthetic 
surgery (e.g., cartilage repair,[78,299] nucleus pulposus replace-
ments,[300] soft tissue restoration,[39c] and stents in gastrointes-
tinal tract [301]) by either implantation of constructed structures 
or direct injection into the body.

Articular cartilage is a vulnerable tissue that lacks the ability 
to self-repair due to its avascular-nature-determined insufficient 
mass transport.[302] Traditional surgeries (e.g., autografting, 
microfracture technique and autologous chondrocyte transplan-
tation) present drawbacks, such as limited donor availability, 
high cost, uncertain prognosis, and low clinical efficacy.[162a,303] 
Recently, several novel implantable biomaterials based on stim-
uli-responsiveness (especially PRHs) have been proposed as an 
available strategy for cartilage repair.[304] For example, Coburn 
et  al. proposed recapitulating the fibrous collagen network of 
native ECM and constructed low-density, fibrous scaffolds by 
electrospinning photo-crosslinkable hydrogels (I2959-initiated 
PVAMA and CSMA).[78] The nanofiber scaffolds could enhance 
chondrogenic differentiation of MSCs in vitro and chondrogen-
esis in vivo, suggesting their potential application in cartilage 
repair.[78] In another work, Aisenbrey et  al. designed a hybrid 
scaffold for repairing cartilage defects, which was constructed 
using an SLA printed support structure and an injected photo-
crosslinkable hydrogel (I2959-initiated norbornene-8armPEG 
and PEG-dithiol) (Figure 14A).[299] The defect chondral tissues 
that filled the hybrid scaffold showed significantly less damage 
under either cyclic loading or free swelling than untreated 
defect tissues, which indicates that the hybrid scaffold is a 
potential therapy approach for treating cartilage defects and 
degeneration.[299]

Nucleus pulposus (NP) is the core of the intervertebral disc, 
the degeneration of which causes pain and disability.[300] PRHs 
are considered potential materials for NP regeneration due 
to their similarities to NP and spatiotemporal controllability. 
Schmocker et  al. made the first attempt to cultivate photo-
crosslinkable hydrogel (NFC/PEGDMA nanocomposite) mate-
rials for NP replacement.[300a] A surgical probe consisting of a 
cannula and optical fiber was used for injecting and irradiating 
the hydrogel.[300a] After implantation of the composite hydrogel, 
disc height was re-established, indicating that this method is 

promising for nucleus pulposus regeneration.[300a] Gan et  al. 
evaluated an interpenetrating network (IPN) of photo-crosslink-
able acrylated 4arm PEG (PEG4A) and dextran and gelatin 
for nucleus pulposus regeneration (Figure  14B).[300b] The IPN 
hydrogel was injected into the nucleus pulposus cavity and then 
irradiated by a minimally invasive illumination device.[300b] It 
was found that the IPN hydrogel could support long-term cell 
retention and survival in rat intervertebral discs.[300b]

Adipose tissue restoration has gained increasing attention 
because it is related to aesthetic surgeries and disease (e.g., 
congenital defects, trauma, surgical resections) treatments.[305] 
Commercially available soft tissue fillers (e.g., collagen, HA, 
PMMA) have the disadvantages of high cost, foreign body 
reaction and inflammation, shape distortion, and the need for 
repeated injections.[305] Thus, novel soft fillers based on PRHs 
for adipose tissue restoration have been developed recently. 
For example, Hillel et  al. designed an injectable and photo-
crosslinkable PEGDA-HA composite hydrogel for soft tissue 
restoration.[39c] The hydrogel could be injected into the dermis 
and then massaged into the desired shape, and finally be cured 
by a transdermal photo-crosslinking method (Figure  14C).[39c] 
The implanted hydrogel could maintain its volume for a long 
time (up to 59% after 9 months), and its properties (elas-
ticity, persistence, and reversibility) could be tuned for special 
applications (e.g., superficial dermal injections, deep tissue 
injections).[39c]

4.2. PRHs in Drug Delivery

Drugs, which are usually bioactive molecules (e.g., polysaccha-
rides, proteins, nucleic acids, and small chemical molecules), 
can lose therapeutic activity due to biodegradation or changes 
in environmental factors (e.g., pH, temperature). Moreover, 
they can cause strong side effects, severe pain or overdosing 
due to frequent administration and sharply increased drug 
concentration shortly after administration.[306] Thus, there is a 
growing need to develop controlled drug delivery systems to 
improve drug therapeutic efficiency.[306] These drug delivery 
systems should have high loading efficiency, and should protect 
drugs from breakdown. They should have biocompatibility and 
be able to provide on-demand, dose-controlled release only at 
desired sites.[306a,307] PRHs are desirable materials to construct 
such drug delivery systems because they can not only load and 
protect the drugs, but also release drugs at desired times and 
sites in a noninvasive manner.[269,307,308] Thus, PRH plays a cru-
cial role in the development of personalized drug delivery sys-
tems. In particular, photo-crosslinkable hydrogels could be used 
to construct vehicles with complex structures at various scales. 
On the other hand, photodegradable hydrogels could provide 
precise spatiotemporal control for drug release. Regarding 
these two types of hydrogels, the role of PRHs in drug delivery 
systems is introduced in the following section.

4.2.1. Photo-Crosslinkable Hydrogels for Drug Vehicle Construction

According to various routes of administration (e.g., ocular 
delivery, buccal delivery, pulmonary delivery, systemic delivery, 
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oral delivery, transdermal delivery, vaginal delivery, and surgical 
implantation) and different drug dosing for each individual, 
the vehicles for drug delivery need to be designed into dif-
ferent structures from nano to macroscale.[306a,309] Fabricated 

PRHs have showed versatile adaptation for various drug vehicle 
designs.

A widely adopted strategy for drug delivery is noncova-
lently embedding drugs into a photo-crosslinkable hydrogel 
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Figure 13. Hepatic triculture model constructed from multiple cell-loaded PRHs. Reproduced with permission.[183] Copyright 2016, National Academy of 
Sciences. A) Schematic of fabrication processes a) and fluorescence images b) of a printed triculture hepatic model. In green are human-induced pluri-
potent stem cell (hiPSC)-derived hepatic progenitor cells (HPCs), and in red are supporting cells (scale bar: 500 µm). B) Gene expression a), albumin 
secretion levels b), and urea secretion levels c) of the hepatic model. Results showed more mature gene expression and better anabolic and catabolic 
functionality of hiPSCs–HPCs in the printed triculture models than in other culture conditions.
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Figure 14. Implantable biomaterials based on PRHs. A) PRH-based 3D-printed hybrid scaffold for cartilage defect repair. Reproduced with permission.[299] 
Copyright 2018, Wiley-VCH. a) Design and application of the hybrid scaffold. After a 3D printed support structure was placed in the defect, a cell-
laden photo-crosslinkable hydrogel was injected into the support structure and polymerized via light. b) Representative histological images of stained 
sulfated glycosaminoglycans in empty and scaffold-filled porcine chondral defects under either free swelling or dynamic strain loading after 4-week 
culture. Here, * means the position of the defect or scaffold (scale bar: 100 µm). c) Semiquantification of the width of degenerated tissue in empty and 
scaffold-filled defects under free swelling (solid) and dynamic strain loading (striped). These results indicate that the PRH-based scaffold could prevent 
degeneration of cartilage adjacent to a defect. B) PRH-based nucleus pulposus (NP) regeneration strategy. Reproduced with permission.[300b] Copyright 
2017, Elsevier. a) Schematic showing a nucleus pulposus cell (NPC)-laden photo-crosslinkable precursor of an interpenetrating network (IPN) hydrogel 
injected into the NP cavity and then crosslinked by a minimally invasive illumination device. b) Representative hematoxylin and eosin stained tissue 
of the untreated (control) and cell-laden hydrogel-treated (IPN Opt + NPC) porcine disc degeneration model at 12 weeks after implantation (scale 
bar: black is 2000 µm, blue is 100 µm). c) Histological score obtained from untreated (control), cell-laden hydrogel (IPN Opt + NPC), hydrogel only 
(IPN Opt), and cell only (NPC + PBS) groups at 12 weeks after implantation. Results demonstrate that the photo-crosslinkable IPN hydrogel facilitated 
regeneration of porcine degenerative NPs. C) PRH-based soft tissue restoration strategy. Reproduced with permission.[39c] Copyright 2011, American 
Association for the Advancement of Science. a) Schematic showing transdermal photo-crosslinking of injected PEGDA–HA hydrogels. b) Magnetic 
resonance imaging (MRI) of implanted PEGDA–HA hydrogels in human abdominal skin at days 0 and 84. c) Persistent height of the implanted hydrogel 
with various compositions, showing effectiveness of this photo-crosslinkable hydrogel in the restoration of soft tissue.



www.afm-journal.dewww.advancedsciencenews.com

2000639 (34 of 48) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2020, 30, 2000639

to prolong the release time. For example, Ning et al. designed 
an injectable abaloparatide (drug for treating postmenopausal 
osteoporosis)-loaded GelMA hydrogel that could prolong drug 
release by slowly biodegrading and showed that sustained 
release of abaloparatide from GelMA could promote the 
healing of damaged bones (Figure 15A).[310] Similar strategies to 
realize sustained release of drugs could also be used in angio-
genesis,[311] the treatment of urothelial diseases,[312] treatment 
of gastric ulcers,[313] and treatment of cardiovascular ischemic 
disease.[314] In another way, photo-crosslinkable hydrogels could 
also be used to coat nano/microparticles or fabricate nano/
microgels for target delivery. For example, Ding et  al. devel-
oped MeHA-coated and doxorubicin (DOX)-loaded mesoporous 
silica nanoparticles (MSN) for sonodynamic therapy (SDT) 
(Figure 15B).[315] Their results showed that MeHA shells would 
be degraded by hyaluronidase in a tumor environment, and 
subsequent ultrasound treatment could not only trigger SDT 
but also promote DOX release from MSN.[315] Yu et  al. fabri-
cated a DOX-loaded nanogel with endosome membrane compo-
nents (EM-NG) from MeHA-coated SiO2/Fe3O4, which showed 
an ability to target cancer and better therapeutic efficiency than 
bare DOX-loaded HA nanogels.[316]

In addition, in combination with 3D printing techniques, 
photo-crosslinkable hydrogels could also be used to con-
struct more complex and personalized medicine.[309,317] For 
example, Wang et  al. explored the feasibility of constructing 
a drug-load tablet by stereolithography, and showed that the 
release profile of the tablet is dependent on the initial compo-
sition rather than the environmental pH (Figure 15C).[317a] In 
a similar work, Clark et al. prepared Ropinirole HCl (drug for 
Parkinson’s and restless legs syndrome)-loaded PEGDA phar-
maceutical tablets by a UV-curing inkjet printing technique, 
and showed that the tablets could release Ropinirole HCl 
by Fickian diffusion and could be used in solid oral dosage 
forms.[317b]

4.2.2. Photodegradable Hydrogels for Programmable Drug Release

Photodegradable hydrogels can also be used to design novel 
drug delivery strategies. In these hydrogels, drugs can be 
loaded through either covalent tethering or physical entrap-
ment and hydrophobic absorption, and then released by light-
triggered cleavage of pendants or disruption of hydrogels.[318] 
Recently, Zhao et al. reported a novel photodegradable hydrogel 
formed by hydrophobic interactions of a four-arm star polymer, 
poly(ethylene glycol)-b-poly(γ-o-nitrobenzyl-l-glutamate), 
which is capable of self-healing and is injectable simultane-
ously. They showed that UV irradiation could trigger cleavage 
of o-nitrobenzyl and then disrupt the hydrophobic crosslinks 
in this photodegradable hydrogel, and drugs could then be 
released and kill cancer cells efficiently.[319]

Beside single photodegradation-based drug release 
approaches, orthogonal chemistries facilitate drug release strat-
egies with unprecedented complexity. For example, Ruskowitz 
et  al. designed a degradable hydrogel that incorporates multi-
stimuli (light, chemical reductant, enzyme)-sensitive compo-
nents, which could release tethered therapeutics from the gel 
following Boolean logics (YES, OR, and AND) through different 

input combinations (Figure  15D).[320] They showed that light 
first could trigger the release of drugs by a mask-defined pat-
tern, and then a chemical reductant could sequentially release 
all the remaining pendant drugs.[320] Such sequential delivery 
strategies that provide additional control of drug release are 
expected to improve disease treatment.

4.3. PRHs in Soft Robotics

Conventional devices and robots based on stiff and dry mate-
rials (e.g., metal, silica, elastomer) are unsuitable for biomedical 
applications due to their low biocompatibility, high resistance 
to deformation, limited stretchability, easy erosion in complex 
chemical conditions in vivo, and high cost.[321] Thus, there is 
a growing trend to develop flexible materials for soft device 
designs or human–machine interface construction.[160b,322] 
PRHs are soft, stretchable, biocompatible, and smart mate-
rials, which not only could be responsive to stimuli (e.g., 
light, stress, humidity) themselves, but also could be used to 
realize complex structures in combination with 3D printing 
techniques, and multiple functionalities by combination 
with various other functional materials (e.g., cells, magnetic 
nanoparticles, electrical conductors). Thus, PRHs (especially 
photo-crosslinkable hydrogels) are favored functional and base 
materials in the fabrication of soft devices and soft robotics.

4.3.1. PRH-Based Conductors

Electrical conductors are common materials not only widely per-
sisting in living tissues (e.g., brain, heart, and muscle) but also 
artificial devices (e.g., batteries, fuel cells, and capacitors).[322a] 
Traditional artificial conductors are based on metal and car-
bons, which have distinct mechanical properties with living tis-
sues. Thus, in most bioelectronic applications (e.g., electronic 
skins, implantable or wearable biosensors, artificial tissues, soft 
robotics), a bridging interface is needed to connect biological 
tissues and electronic devices and minimize their mechanical 
property gap.[105a,322b] Conductive hydrogels, which are synthe-
sized by combining hydrogels with conductive materials (e.g., 
ions, carbon, metal, conductive polymer), are fantastic mate-
rials to serve as the bridging interface because they are not 
only electronically conductive but also soft, stretchable, and tra
nsparent.[124b,322b,323] Compared to other conductive hydrogels, 
PRH-based conductors have the advantages of simple fabrica-
tion, precise patterning, and real-time controllability. So far, 
PRH-based conductors have shown versatile functionalities 
in various electronic devices, such as electrical actuators,[324] 
mechanical sensors (e.g., touch, pressure, bend, stretch),[325] 
bioelectrodes,[326] and signal conduits.[327] Water soluble ionic 
species are the most common conductive materials in PRH-
based conductors. For example, Keplinger et  al. developed 
high-voltage frequency-tolerant, stretchable, and transparent 
ionic conductors based on the incorporation of NaCl ions into 
a UV-cured PAAm hydrogel (Figure  16A).[324] By sandwiching 
into two layers of dielectric elastomer, the PRH could expand 
under applied voltage, which could be further utilized in a class 
of devices (e.g., loudspeaker).[324]
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Figure 15. Drug delivery strategies based on PRHs. A) Prolonged drug release strategy based on abaloparatide-loaded GelMA hydrogels. Reproduced 
with permission.[310] Copyright 2019, Wiley-VCH. a) Schematic for in vivo treatment of bone defect by loaded GelMA hydrogels. b) SEM image of dried 
abaloparatide-loaded GelMA hydrogels (scale bar: 10 µm). c) In vitro drug release profiles of the hydrogels. B) Methacrylated hyaluronic acid (MeHA)-
coated mesoporous silica nanoparticles (MSN) used for ultrasound treatment. Reproduced with permission.[315] Copyright 2017, Royal Society of 
Chemistry. a) Schematic of targeted delivery and synergic sonodynamic therapy and chemotherapy of tumor by doxorubicin-loaded MSN–HA (DOX@
MSN–HA). b) TEM images of MSN and DOX@MSN–HA (scale bar: 50 nm). c) Drug release profile of DOX from DOX@MSN and DOX@MSN–HA 
without hyaluronidase and sonication. C) 3D printed oral dosage form based on PEGDA hydrogel. Reproduced with permission.[317a] Copyright 2016, 
Elsevier. a) Laser-based stereolithography platform for manufacturing drug-loaded tablets. b) Photograph and SEM image of 4-aminosalicylic acid 
(4-ASA)-loaded PEGDA hydrogel. c) Drug release profile of 4-ASA from printed tablets under dynamic pH conditions. D) Sequentially triggered release 
strategy based on multiple stimuli, namely light- and chemical-induced cleavage in hydrogels (scale bar: 1 mm). Reproduced with permission.[320] 
Copyright 2019, Royal Society of Chemistry.
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Beside the ions, electronic conductive materials could 
also be incorporated into PRHs to form soft conductors. For 
example, Yin et al. incorporated Au nanowires (diameter 3 nm, 

length 0.9–10 µm) into a photo-crosslinkable PAAm and Ca2+-
crosslinked PAA double-network hydrogel (Figure  16B).[325c] 
In this work, DMD projection-based photolithography was 

Figure 16. Electrical gauges based on PRHs. A) A NaCl containing ionic conductive PAAm hydrogel and its applications. Reproduced with permission.[324] 
Copyright 2013, American Association for the Advancement of Science. a) Construction and working principles of an electrical actuator formed by 
ionic hydrogels and dielectric elastomer. b) Expanded area of the electrical actuator under varying applied voltages on electrodes. c) A transparent 
loudspeaker generated from the electrical actuator. B) Gold nanowire (Au NW)-filled conductive PAAm hydrogel and its applications. Reproduced with 
permission.[325c] Copyright 2018, Wiley-VCH. a) Working principles of a pressure sensor based on the conductive hydrogel. Pressure drives inner-rib and 
between-rib contact of Au NWs in the hydrogel sensor, reducing the resistance of the conductive hydrogels. b) Representative current responses and 
pressure sensitivities of the pressure sensors. c) Photographs of a wearable pressure sensor constructed from the conductive hydrogel.
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used to pattern microribs onto the PRH electrode, which 
could change the conductivity by pressure-induced in-rib and 
between-rib contacts of Au nanowires.[325c] The patterned PRH 
electrode could be used to construct various wearable pressure 
sensors.[325c]

4.3.2. PRH-Based Sensors

Sensors transform an input signal into another more quanti-
fiable signal. PRH-based sensors can detect input signals in 
two ways.[328] The first is based on the fact that the mechanical, 
electrical, or optical properties (e.g., swelling/deswelling, shape, 
electrical conductivity, transparence) of PRHs can change 
according to environmental parameters (e.g., pH, temperature, 
electrical field, strain, chemical species).[328,329] The second is 
that PRHs can also serve as protection for sensitive compo-
nents for implantable sensors. For example, Lee et al. incorpo-
rated an NIR fluorescence nanosensor into photo-crosslinked 
PEGDA hydrogels for chemical detection in marine organ-
isms (Figure  17).[330] The nanosensor is composed of DNA-
wrapped SWNT, which changes the NIR fluorescence (intensity 
quenching and wavelength shift) in response to riboflavin 
binding.[330] PEGDA hydrogel, as an implantable material, can 
maintain the fluorescence signal of nanosensors and protect 
nanosensors from erratic movement in the bodies of moving 
marine organisms.

4.3.3. PRH-Based Actuators

Actuators are transducers that translate input stimuli (e.g., 
electrical, thermal, optical, magnetic, or biological signals) 
into mechanical action, which is a vital component for accom-
plishing various functions (e.g., moving and grasping).[331] Rigid 
material-based actuators are limited due to their bulky and geo-
metrically fixed nature.[332] Thus, various soft materials (e.g., 
hydrogels, shape-memory polymers, elastomer) have emerged 
for the development of soft actuators. Compared to other soft 
materials, PRHs are both smart and hydrophilic, which are 
especially suitable for the construction of actuators in aqueous 
environment.

In addition to application of the aforementioned conduc-
tive PRHs as electrical actuators, PRHs could also be used to 
construct actuators triggered by other signals (e.g., humidity, 
osmotic pressure, hydraulic pressure, and swelling). For 
example, Lv et  al. fabricated a humidity-responsive hydrogel 
film by photopolymerization-fabricated PEGDA, which could 
function as a walking actuator on a rough ratchet substrate 
driven by water vapor (Figure  18A).[333] Yuk et  al. developed a 
soft hydraulic actuator based on a double-network hydrogel 
consisting of photo-crosslinkable PAAm and Ca2+-crosslinked 
alginate (Figure 18B).[334] The structures of the actuator are con-
structed by an SL printer.[334] The performance of the actuator 
could be tuned by mechanical properties and the supplied 
water volume.[334] The actuator showed advantages at high 

Figure 17. Implantable sensor for marine organisms based on PRHs. Reproduced with permission. [330] Copyright 2019, American Chemical Society. 
A) Design schematic for implantable hydrogel sensors for physiological monitoring of marine organisms. B) Photograph of the fluorescent hydrogel 
sensor, which consists of DNA-wrapped SWNTs and PEGDA (scale bar: 0.5 mm). C) In vitro tests of the sensor showing that the fluorescent signal 
of the hydrogel sensor decreases with step increases in riboflavin concentration. D) Overlay of brightfield and fluorescence images of a fluorescent 
hydrogel implanted beneath the skin of Galeus melastomus (scale bar: 20 mm).
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optical and sonic transparence as well as high actuation force 
and speed, which could be used to camouflage hydrogel actua-
tors and robots in water.[334] Valentin et al. showed that different 
Fe3+ concentrations could drive the actuation of a PEGDA–
PAA double-network hydrogel through ionic crosslinking and 
swelling, which could be utilized to control the bending and 
twisting actuation (Figure  18C).[335] The photo-crosslinkable 
properties of PEGDA enable 3D printing of the hydrogel, 
which could pattern the hydrogel into complex freestanding 
structures.[335]

4.3.4. PRH-Based Robotics

Robots, which are autonomous integrals of various devices 
(sensors, actuators, power/signal conductor, controls, and 
power systems) that can carry out a series of complex tasks 
(e.g., grasping, sensing, locomotion, and communication), 
are applied in many contexts (e.g., manufacture, aerospace, 
clinics).[336] In contrast to conventional rigid material-based 
robots, soft robots based on PRH-based soft components 
show larger scale flexibility, deformability, and environmental 

Figure 18. Actuators based on PRHs. A) Humidity-driven actuator based on photo-crosslinked PEGDA hydrogel films. Reproduced with permission.[333] 
Copyright 2017, Wiley-VCH. When water vapor is applied to the film, the upper side absorbs the water and swells, which induces bending of the film. 
When water evaporates, the film is gradually stretched, which leads the device to move forward. B) Hydraulic hydrogel actuator fabricated from photo-
crosslinkable PAAm hydrogels. Reproduced under the terms of the CC-BY License.[334] Copyright 2017, the Authors. Published by Nature Publishing 
Group. Inflation by water influx triggers the originally straight hydrogel to bend into a circle, and withdrawal of water restores its straight shape.  
C) Ion-responsive composite hydrogel based on photo-crosslinkable PEGDA and PAA hydrogels. Reproduced with permission.[335] Copyright 2019, 
Royal Society of Chemistry. Cations (Fe3+) trigger the crosslinking of anionic polymer chains (PAA), which results in contraction of the hydrogels. The 
mismatched contraction of the ion-responsive layer (PEGDA) and non-ion-responsive layer (PEGDA–PAA) could result in bending or twisting actuation, 
which can further be used to design grippers (scale bar: 5 mm).
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adaptability, and have generated much attention recently. For 
example, based on an ionic conductive PRH actuator, Li et  al. 
designed an electronic fish (Figure  19A).[321a] An integrated 
onboard system was used to provide power and remote con-
trol of the electronic fish.[321a] The soft robotic fish showed 
advantages of high mobility, environmental tolerance, and 
long endurance, the design principle of which could be poten-
tially extended to other soft robots.[321a] In another example, 
Huang et  al. developed a self-folding, magnetically powered 
microswimmer with complex body plans, reconfigurable shape 
and controllable motility based on a magnetic nanoparticle 
(MNP)-doped PRH (Figure  19B).[337] Photopatterning, mag-
netic alignment, and NIR heating could provide programing 
methods for morphology and motility characteristics of the soft 
micromachine.[337]

Living cells could also be incorporated into these PRH-based 
robots for self-actuating movement. For example, inspired by 
the movement of batoid fish, Shin et  al. developed a bioin-
spired soft robotic system, which integrated self-actuating car-
diac muscles on a multilayered (PEGDA-CNT/GelMA) and Au 
electrode-incorporated scaffold (Figure 19C).[338] A stiff PEGDA 
hydrogel (651  kPa) was used to provide a mechanically stable 
structure, and a soft CNT/GelMA composite hydrogel (37 kPa) 
served as a cell culture substrate for creating the actuation.[338] 

The CNT/GelMA layer could be driven by contraction in the 
direction of aligned cardiomyocytes on its surface, and the 
beating behaviors of cardiomyocytes could be controlled by 
electrical stimulation through Au electrodes.[338] This proof-of-
concept study has potential applications in point-of-care sample 
analysis and regenerative medicine.[338]

5. Conclusion and Outlook

In this review, we have presented recent progress in the control 
and utilization of spatiotemporally varied mechanical proper-
ties of PRHs. Through the design of photochemistry, polymer 
matrices, nanofillers, and architecture, the mechanical proper-
ties (e.g., elasticity, toughness, stretchability) of PRHs can be 
tuned for applications in tissue engineering, drug delivery, 
and soft devices. Theoretical frameworks and mathematical 
models now exist for PRH design. However, despite the afore-
mentioned achievements in the design and application of 
mechanical properties of PRHs, there remain challenges and 
opportunities in this field.

First of all, despite the useful insights that theoretical models 
have provided that have helped us understand the mecha-
nisms of photo-crosslinking, photodegradation, and nanofiller 

Figure 19. Robots based on PRHs. A) Soft electronic fish with PRH-based components. Reproduced under the terms of the CC-BY License.[321a] 
Copyright 2017, the Authors. Published by American Association for the Advancement of Science. a) Design of the robot fish muscle, composed of an 
ionic hydrogel and dielectric elastomer. b) Tilted view showing the entire construction of the electronic fish. B) Soft microswimmers fabricated from 
PRHs (scale bar: 2 mm). Reproduced under the terms of the CC-BY License.[337] Copyright 2016, the Authors. Published by Nature Publishing Group. 
a) The soft microswimmer was fabricated by photopatterning of magnetic hydrogel. b) A moving microswimmer driven by rotating uniform magnetic 
fields (scale bar: 5 mm). C) Bioinspired soft robot constructed from cell-loaded PRHs. Reproduced with permission.[338] Copyright 2018, Wiley-VCH.  
a) Construction scheme showing the layer-by-layer structure of the bioinspired soft robot. b) Photograph and SEM image showing the patterns of 
PEGDA and CNT/GelMA hydrogels on the robot. c) Photograph showing the cell-actuating robots at over a contraction cycle.
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enhancement in PRHs, there is still a major gap between theo-
retical calculations and practical engineering of PRHs. Environ-
mental conditions (e.g., light intensity, oxygen, temperature, 
pH) and chemical compositions (e.g., photoinitiators/photola-
bile moieties, polymer matrices, nanofillers) of PRHs affect the 
chemical kinetics, topologies, and mechanical properties of PRH 
networks. Existing models can only explain the roles of one or 
several factors of PRHs. Thus, there is still a lack of integrated 
mathematical models that consider these factors simultaneously. 
These fundamental problems hinder the precise fabrication of 
PRHs. Designing of PRHs calls for more integral, accurate, and 
efficient mathematic models based on in-depth knowledge of 
the formation–structure–property relationships in PRHs.

Second, for in situ control of the mechanical properties of 
PRHs within the human body (e.g., injectable filler for soft 
tissue restoration), NIR excitation techniques are superior to 
traditional UV–vis excitation in terms of tissue penetration 
and minimization of photo damage. However, the efficiency 
of existing NIR excitation techniques for PRHs, such as two-
photon absorption-based or UCNP-assisted photochemistry, is 
still too low for clinical applications. Thus, developing a more 
efficient NIR excitation technique is also a promising direction 
in the fabrication of PRHs.

Third, high resolution mechanical patterns and complex 3D 
structures of PRHs rely on advanced fabrication techniques. 
Improvements in these fabrication techniques require advances 
in not only precision, efficiency, reliability, and biocompatibility, 
but also the chemical and physical properties of the inks (e.g., 
biochemical cues, crosslinking kinetics, swelling characteris-
tics, light absorption properties, mechanical properties).[182b,339] 
Thus, how to ideally design inks for 3D printing based on 
PRHs will continue to be a topic of importance.

Finally, novel chemical mechanisms (e.g., orthogonal chem-
istry, photocage, photoisomerization) are expanding the library 
of PRHs, which could either improve the original mechanical 
properties of PRHs or endow PRHs with desirable properties 
(e.g., reversible responses to light, multi-mode crosslinkability/
degradability). These developments in chemical reactions 
would benefit the design of multi-stimuli-responsive cell cul-
ture platforms and drug release strategies.

Engineering and utilizing PRHs with tailored mechanical 
properties will continue to be important to tissue engineering, 
drug delivery, and soft devices. Addressing the aforementioned 
challenges in engineering and utilizing PRHs calls for crossdis-
ciplinary approaches across mechanics, engineering, chemistry, 
biology, and medicine.
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