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Programmable hydrogels are defined as hydrogels that are able to change their properties and functions
periodically, reversibly and/or sequentially on demand. They are different from those responsive
hydrogels whose changes are passive or cannot be stopped or reversed once started and vice versa. The
purpose of this review is to summarize major progress in developing programmable hydrogels from the
viewpoints of principles, functions and biomedical applications. The principles are first introduced in
three categories including biological, chemical and physical stimulation. With the stimulation, pro-
grammable hydrogels can undergo functional changes in dimension, mechanical support, cell attach-

ment and molecular sequestration, which are introduced in the middle of this review. The last section is
focused on the introduction and discussion of four biomedical applications including mechanistic studies
in mechanobiology, tissue engineering, cell separation and protein delivery.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

An important law of natural selection is that survival is depen-
dent on the ability to change and adapt to environmental condi-
tions. Otherwise, living beings are eliminated through selection. For
example, dinosaurs had been powerful vertebrates for millions of
years on the earth; however, they disappeared from this planet as
they failed to adapt to the changes of their ecosystem [1]. In
contrast, a variety of small animals have the capabilities to survive
because they can make diverse changes when necessary. For
instance, octopuses and squids living in the undersea realm are
skilled in color or pattern change for their protection from preda-
tion [2]. These outcomes of natural selection demonstrate the sig-
nificance of change and adaptation that have become a
fundamental guideline for researchers to explore novel materials.

Hydrogels are hydrophilic polymer networks that are formed
through crosslinking of monomers or polymer chains via covalent
bonds and/or noncovalent interactions such as hydrogen bonding,
electrostatic interactions, host-guest complexation and their com-
binations. These covalent and noncovalent interactions are usually
stable with the ability against environmental assaults to maintain
the structural or functional integrity of hydrogels. While this sta-
bility is critical for various biomaterials (e.g., contact lenses),
hydrogels are often required to change their functions to meet
special needs as exemplified and discussed herein.
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Passive hydrolysis is the simplest and most straightforward
strategy used to change the properties of hydrogels. A typical
example is degradable poly(ethylene glycol) (PEG) hydrogel [3—5].
Younes et al. synthesized poly (ether ester) block copolymers using
PEG and poly(lactic acid) (PLA) [6]. The copolymeric PEG/PLA
matrices can be hydrolyzed under physiological conditions for the
degradation of PLA. When this polymer is functionalized with
dimethacrylate, it can form degradable PEG hydrogels that can
undergo changes in swelling ratio, mesh size and storage modulus
[3—5]. In addition to synthetic polymers, natural biopolymers
including proteins, polysaccharides and DNA have been widely
used to synthesize degradable hydrogels [7—9]. However, passive
hydrolysis is difficult to control once it is started.

Great attention has been paid to explore hydrogels whose
functional changes can be controlled. This research area has been
inspired not only by the natural selection of living beings, but also
the biological mechanisms observed at the molecular and cellular
levels. For example, the growth of new blood vessels (i.e., angio-
genesis) is a multi-stage procedure, each step of which requires
different signaling molecules whose spatial-temporal copresence
can lead to the cancellation of their functions in cell regulation [10].
Thus, in such a case, it is desirable to develop hydrogels that can be
used to control the release time, dose and order of different
angiogenic signaling molecules, which is difficult to achieve with
passive hydrolysis, dissolution or swelling. There are two ways of
controlling the functional change of hydrogels. One is a one-shot
switch, which means that functional properties unidirectionally
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change for one single time but the functional change is hard to
repeat and/or reverse. A typical example is the gel-sol transition for
hydrogel dissolution [11]. The other is a periodic, reversible or
sequential change of one single or multiple functions. Hydrogels
that change in the second way are defined as programmable
hydrogels. This review is focused on the introduction of program-
mable hydrogels in principles, functions and biomedical
applications.

2. Principles

Both internal and external factors need to be considered for the
development of programmable hydrogels. Internal factors are co-
valent bonds and/or noncovalent interactions and external factors
are environmental stimuli that are applied to trigger internal fac-
tors. The change of programmable hydrogels depends on how
polymer chains, structures or their functional side groups are
responsive to environmental stimulation. Internal and external
factors can be rationally combined for the development of a diverse
array of hydrogels to change periodically, independently and/or
sequentially in functional structures and properties. In this review,
the principles will be introduced from the viewpoint of environ-
mental stimulation. Environmental stimuli are classified into three
categories including biological, chemical and physical stimuli
(Table 1). Instead of introducing all stimuli, this review will focus on
those commonly used in the development of programmable
hydrogels or those with great potential for this development.
Moreover, some of these stimuli are often converted from one to
another to achieve one change. In such a situation, the introduction
will be focused on the first stimulation that is the driving force for
the initiation of the change.

2.1. Biological stimuli

Hydrogels have been widely studied for biological and
biomedical applications. Thus, hydrogels in response to biological
stimuli have been extensively explored in the biomaterials com-
munity. Both biomacromolecules and small metabolites can in
principle function as biological stimuli to induce the programmable
change of hydrogels.

2.1.1. DNA and aptamer

While nucleic acids are genetic materials in the living systems,
they have been recently used as building elements to develop a
variety of synthetic materials [9]. Nagahara and Matsuda reported
the first study to replace chemical crosslinkers with double-
stranded DNA helices to synthesize a polyacrylamide hydrogel
[12]. The ability to use double-stranded DNA as a crosslinker to
develop hydrogels has been confirmed by many other research
groups [13—19]. Notably, a double-stranded DNA helix can interact
with a third strand that has the ability to displace one original
strand of the helix. This procedure is called strand displacement
and migration [20,21]. Thus, DNA can be used as not only a

Table 1
Representative stimuli for potential development of programmable hydrogels.
Stimuli Examples References
Biological DNA and aptamer [19,27]
Protein and peptide [34,35]
Enzyme [40,44]
Small metabolite [48,16]
Chemical Redox, ions, pH [60,68,72]
Physical Temperature, light, mechanical [79,86,88,92,96,103]

force, electric field, magnetic field

crosslinker but also a triggering molecule to reverse the DNA
crosslinker. In the presence of a third DNA strand, the DNA cross-
linker can be dissociated through competitive DNA hybridization
via strand displacement [19]. As a result, the hydrogel can undergo
structural and functional change owing this variation of cross-
linking density in the presence of a triggering DNA from a gel to a
solution [17,19].

DNA not only recognizes its complementary sequences, but also
non-nucleic acid molecules with rational discovery and design.
Tuerk, Gold, Ellington and Szostak have developed a technology
called systematic evolution of ligands by exponential enrichment
(SELEX) [22,23], through which nucleic acid aptamers can be
identified from DNA/RNA libraries to recognize a variety of mole-
cules ranging from proteins to small chemicals with high affinities
and specificities [24]. Nucleic acid aptamers are small and struc-
turally stable with little immunogenicity. In addition, different from
other affinity ligands such as antibodies, aptamers are chemically
synthesized using standard solid state phosphoramidite reactions.
It minimizes the batch-to-batch variation and improves the
reproducibility of hydrogel systems. Aptamers have been used to
functionalize hydrogels using different methods. For instance,
aptamers with Acrydite can be chemically conjugated to the
hydrogel matrix during free radical polymerization [25,26].
Aptamers can also be chemically or physically integrated onto the
surface of particles that are physically mixed with a pre-gel solution
to form particle/hydrogel composites [27—29]. It is important to
note that nucleic acid aptamers have features of both ligands and
single-stranded oligonucleotides and can recognize both target
molecules and triggering complementary sequences (CSs) [30,31].
Thus, rationally designed aptamers that can be used as either a
crosslinker [16,17] or a functional side group of a hydrogel [25,26]
can undergo a structural change in the presence of target molecules
or CSs [27,32,33]. Worthy of noting is that DNA hybridization and
aptamer-target recognition both have very high specificity. Thus, it
is in principle feasible to incorporate an unlimited number of
aptamers as functional side groups into one hydrogel to recognize
different targets and/or their triggering DNA sequences for a
diverse array of programmable changes, which cannot be easily
achieved using any other ligands [28].

2.1.2. Protein and peptide

Proteins and peptides have also been studied either as func-
tional crosslinkers or functional side groups. Miyata et al. pioneered
the development of antigen-responsive hydrogels with grafted
antigens and corresponding antibodies [34]. The interactions be-
tween grafted antigens and antibodies allow for the formation of
hydrogel through polyvalent antigen-antibody binding. As molec-
ular recognition is controlled by physical forces, the bound two
proteins can be exchanged with any of their free forms. Indeed the
presence of free antigens in the surrounding of the antigen-
antibody hydrogel can replace the antigens grafted to hydrogel
network through binding competition [34]. Moreover, stepwise
exposure of the hydrogel to free antigens can induce pulsatile
change of the hydrogel in volume. Similar to the antibody systems,
grafted peptides can be replaced by free peptides [35].

While both DNA and proteins/peptides can be used as stimuli to
program the change of hydrogels, it is also important to emphasize
that these two families of biomolecules are different in system
design and working efficiency. When a triggering DNA is applied to
stimulate a DNA duplex, the length of this triggering DNA can be
extended to form more base pairs with its target DNA than the
displaced DNA duplex [36]. Thus, molecular competition is ther-
modynamically favorable for the triggered dissociation of the
duplex. In contrast, free proteins and peptides are the same as
grafted counterparts without favorable priority in molecular
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competition. Thus, a very large amount of free proteins or peptides
have to be used to induce a change [34,35].

2.1.3. Enzyme (e.g., MMP and DNase)

Enzymes play essential roles in many biochemical reactions. The
human body has various enzymes and these enzymes can be used
as triggering elements for the development of enzyme-responsive
hydrogels. To develop these hydrogels, the substrates of enzymes
need to be incorporated into hydrogels either as pendent groups or
crosslinkers [37]. Notably, the hydrogels should possess the prop-
erties to allow enzymes to get access to the incorporated substrates.
Depending on whether the substrates are incorporated into the
hydrogels as crosslinkers or functional side groups, enzymatic re-
actions will lead to either changes in bulk properties or side groups
[38].

Matrix metalloproteinases (MMPs) are an important family of
proteases that are responsible for the degradation of most extra-
cellular matrix (ECM) proteins through MMP-catalyzed hydrolysis
of peptide bonds during organogenesis or the development of
human diseases [39]. Specific peptide domains have been incor-
porated into PEG hydrogels so that inert synthetic PEG hydrogels
can be converted into MMP-responsive PEG hydrogels for dynamic
change [40]. In addition to synthetic hydrogels such as PEG, peptide
domains can be applied to functionalize natural polymers (e.g.,
hyaluronic acid) for the development of MMP-responsive hydrogels
[41]. MMPs come from either the cells incorporated into the
hydrogels or the microenvironment of the hydrogels, which de-
pends on the requirement of an application.

DNases are enzymes with the ability to catalyze the hydrolysis
of phosphodiester bonds of DNA [42,43]. Exonucleases cleave res-
idues at the end of DNA molecules whereas endonucleases cleave
phosphodiester bonds in the middle. Some of them cut DNA mol-
ecules without discrimination whereas others are very sequence-
specific. DNases have been used to induce dynamic changes of
DNA-functionalized hydrogels [44]. It is important to note that
similar to MMP-responsive hydrogels, the accessibility of DNA
incorporated into the hydrogels to DNases is critical to determine
the sensitivity of the change. When DNA is tethered on the hydrogel
surface, it would be easier for DNases to approach DNA [44]. In
contrast, for the DNA molecules inside a hydrogel, the hydrogel
chains may protect them from DNase degradation [45].

2.1.4. Small metabolite (e.g., glucose and ATP)

Glucose is an important metabolite as it is a source of energy of
the body. The concentration of glucose in the blood stream peri-
odically goes up and down following the pattern of meals every
day. Thus, glucose can be a good candidate as a triggering molecule
for the development of programmable hydrogels. Three types of
glucose-responsive hydrogels have been developed by using phe-
nylboronic acid (PBA) [46,47], concanavalin A (Con A) [48] and
glucose oxidase (GOD) [49—51]. PBA and its functionalized poly-
mers can form reversible covalent complexes with two hydroxyl
groups of glucose [46,47]. PBA exhibits two states including the
uncharged and charged states in equilibrium. In the presence of
glucose, this equilibrium can shift more favorably towards the
charged phenylborates through the PBA-glucose complexation, as
the complexation between the uncharged PBA and glucose is very
unstable in aqueous solutions [47]. When the concentration of
glucose increases in the surrounding of a PBA-functionalized
hydrogel, the amount of borate anions increases and that of the
uncharged form decreases. Resultantly, as borate ions have higher
hydrophilicity than the uncharged form, the solubility of polymer
chains increases with the increase of the glucose concentration.
Ultimately, the presence and absence of glucose can cause a sharp
change in swelling and de-swelling of the PBA-functionalized

hydrogels [46]. Con A is a lectin. It can bind to many sugar moi-
eties [52]. In comparison to many other sugar moieties, Con A binds
to p-glucose more strongly. Notably, Con A is a homotetramer with
four binding sites for sugar moieties [53]. In the active state, Con A
can induce the formation of hydrogel when mixed with polymers
displaying glucose moieties via polyvalent complexation [48,54].
However, molecular binding is reversible. The presence of free
glucose can replace the glucose moieties displayed by polymer
chains. It leads to the dissociation of polyvalent Con A-polymer
complexes and the gel-solution transition of the hydrogel [54]. Con
A can be used by itself in the synthesis of hydrogels. However, the
passive dissociation of Con A from the hydrogel system in the
absence of glucose can weaken the sensitivity of the hydrogel to the
environment. Thus, Con A has been chemically conjugated to the
hydrogel component via different chemical reactions such as car-
bodiimide reaction to immobilize Con A to the hydrogel matrix,
which restricts the loss of Con A and improves the sensitivity of
hydrogels to glucose [54,55]. Glucose oxidase (GOD) is an oxido-
reductase that can catalyze the transformation of glucose to glu-
conolactone that further hydrolyzes to gluconic acid [49,50]. As the
ultimate product of this enzymatic reaction is gluconic acid, the pH
microenvironment of a hydrogel with GOD will decrease in the
presence of glucose. If the hydrogel has components responsive to
low pH, the hydrogel can undergo glucose-triggered pH-responsive
changes [51]. Depending on the functional components or groups
in the hydrogel matrix, the hydrogel can change its state of pro-
tonation, molecular substitution or phase. The pH-responsive
hydrogels will be discussed in more details in section 2.2.

Adenosine triphosphate (ATP) and its derivatives are important
small molecules in the metabolism as they are not only used as a
direct source of energy but also signaling molecules to regulate cell
behavior [56—58]. Studies have shown that cells can release ATP or
its derivatives [56], which can interact with the receptors of the
same cell releasing this metabolite, neighboring cells, or even both
for signal transduction pathways [56—58]. From the viewpoint of
biomimicry, it is possible to develop programmable hydrogels that
can mimic this natural phenomenon for cell regulation or drug
delivery. An important example in this research direction is to
apply anti-ATP aptamer to functionalize hydrogels [16]. When the
aptamer binds to ATP, its conformational structure is changed.
Thus, when a double-stranded DNA helix with this aptamer and its
complementary sequence is used to crosslink hydrogel chains, the
presence of ATP can cause the dissociation of this helix [32]. As a
result, the state of the hydrogel is changed from gel to solution [16].
It is also possible to conjugate the aptamer as a functional side
group of the hydrogel matrix [59]. In this scenario, the overall
structure of the hydrogel matrix does not change whereas the side
functional groups of the hydrogel change their binding state in the
presence of ATP or its derivatives. The key difference of these two
ATP-responsive hydrogels is that the former hydrogel loses its
integrity during the change and the latter does not have to sacrifice
the integrity.

2.2. Chemical stimuli

2.2.1. Redox

Reduction-oxidation reactions (Redox) are chemical reactions
involving the change of the oxidation states of atoms. A chemical
bond in its reducing state can crosslink polymer chains whereas its
reduction leads to the dissociation of the chains. A very typical
example of Redox is the conversion of disulfide (S—S) bonds into
thiols [60,61]. The Prestwich group developed disulfide cross-
linked hyaluronan (HA) hydrogels by mixing thiol-modified HA
macromers and exposing the polymer solution to air and/or
hydrogen peroxide [60,61]. When the formed hydrogel is in contact
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with dithiothreitol (DTT), disulfide bonds can be reduced to form
thiols. Resultantly, the disulfide cross-linked hydrogels can switch
from gel to solution. Disulfide cross-links can also be cleaved using
natural reductants such as glutathione (GSH) and cysteine [62].
Notably, the formed thiol groups can be reversibly oxidized to form
disulfide bonds. Similar to the disulfide bonds, the diselenide
(Se—Se) bonds can be used as crosslinkers for the synthesis of
hydrogels [63]. The diselenide bonds are oxidized to seleninic acid
in an oxidizing environment with reactive oxygen species (e.g.,
hydrogen peroxide) and reduced to selenol in a reducing environ-
ment with reducing agents (e.g., GSH) [64,65]. It is important to
point out that the Se—Se bonds have lower bond energy (172 kJ/
Mol) than the S—S bonds (240 kJ/Mol) [66]. Thus, it is easier to
cleave the Se—Se bonds.

2.2.2. lons

Polymer chains can be crosslinked together by multivalent ions
to form hydrogels. A typical example is alginate hydrogels [67].
Alginate consists of guluronic acid (G) and mannuronic acid (M)
units, both of which have a carboxyl group. The carboxyl groups
and bivalent cations such as Ca®* can form egg-box-like junctions
[68,69]. When alginate hydrogels are incubated in an environment
with monovalent cations (e.g., Na'), bivalent cations can be
replaced by the monovalent ions [69]. This ion exchange can lead to
the partial dissolution of alginate hydrogel or at least significant
swelling. Moreover, chelating agents such as citrate can compete
against carboxyl groups to acquire bivalent ions from the hydrogel
networks, which can cause the complete dissolution of the
hydrogels [70]. This procedure is reversible when the swelling
alginate hydrogels are incubated in an environment with bivalent
cations. Thus, by switching the treatment of alginate hydrogels
with different cations or chelating agents, alginate hydrogels can be
programmed to change their structures and functions. Pectin is
another interesting natural polysaccharide. It has a branched
structure. Similar to alginate, pectin forms hydrogels with the egg-
box-like junctions in the presence of bivalent or trivalent cations
and the functions can be reversed quickly by monovalent cations
[71].

2.23. pH

pH-responsive polymer chains change mainly through two
mechanisms [72]. One is protonation and the other is the cleavage
of acid-labile chemical bonds. Protonation relies on the presence of
pendant acidic or basic groups such as carboxyl, sulfonic, phos-
phate, pyridine and tertiary amines [72]. These functional groups
accept protons at low pH whereas releasing protons at high pH.
Depending on their sensitivity to the pH range, hydrogels made of
these functional groups are classified into pH-responsive acidic
hydrogels and pH-responsive basic hydrogels [72]. They undergo
ionization with pH change, which will ultimately lead to structural
and functional changes of hydrogels. Acidic hydrogels with acidic
functional groups are negatively charged at high pH through proton
release. Basic hydrogels with basic functional groups are positively
charged at low pH through proton acceptance. During the switch of
the state of charge, ionization will cause the hydrogels to swell or
shrink. In addition to protonation, cleavage is also important to the
development of pH-responsive hydrogels. Cleavage depends on the
degradation of pH-labile bonds used for the synthesis of the
backbones, crosslinkers or pendant groups of hydrogels [72].
Commonly studied pH-labile bonds include acetal/ketal, hydra-
zone, orthoester, imine, etc. [72] For instance, the Frechet group
applied an acetal crosslinker to synthesize a microgel, showing that
this microgel was degraded faster at pH 5.0 than at pH 7.4 [73].
Different from either protonation or cleavage, polymer-conjugated
PBA and salicylhydroxamic acid (SHA) can be used to synthesize

programmable hydrogels through reversible covalent bonds that
are formed or broken based on the environmental pH values [74].
Another type of pH-responsive hydrogels can be made of i-motif
structure that forms with cytosine-rich DNA sequences. The i-motif
structure is a four-stranded complex that has two anti-parallel
based-paired parallel-stranded duplexes [75]. This structure is
stable at low pH but is unstable at high pH. This feature can be
applied to develop fast pH-responsive programmable hydrogels
[76,77]. I-motif-cross-linked hydrogels undergo reversible transi-
tion repeatedly when pH changes between acidic and basic con-
ditions [76,77].

2.3. Physical stimuli

2.3.1. Temperature

The solubility of thermo-responsive polymers in aqueous solu-
tions can remarkably change with the variation of temperature.
Some of them dissolve in an upper critical solution temperature
(UCST) process and others dissolve in a lower critical solution
temperature (LCST) process [78]. The change of their solubility
depends on the function of temperature versus the concentration.
A typical example of thermo-responsive polymers is poly(N-iso-
propylacrylamide) (PNIPAAm) [79]. It exhibits an inverse solubility
upon the increase of the temperature above LCST [80,81]. At a
temperature lower than LCST, water and the amide groups form H
bonds and the ordering of water through isopropyl groups
considerably increases. It leads to the significant decrease of both
the enthalpy and the entropy of mixing [79]. In contrast, at a
temperature higher than LCST, the entropy term of mixing domi-
nates the enthalpy term. It results in a positive free energy, which
causes the dehydration and precipitation of PNIPAAm [79]. PNI-
PAAm can be synthesized in the form of either single chains or
cross-linked hydrogels. The methods used for the synthesis of
single chains can be simply tuned to developed cross-linked PNI-
PAAm hydrogels by the addition of a crosslinker into the reaction
solution. PNIPAAm can also be functionalized by the addition of
other monomers into the reaction solution or physically mixed
with other macromolecules without significant interference with
its overall thermosensitivity [79].

2.3.2. Light

Light has been widely studied as an external physical stimulus
for controlling the behavior of hydrogels. The irradiation of light is
easy and non-invasive to apply. It does not need direct contact and
can be delivered remotely. The whole light spectrum has a broad
range from UV to near infrared. Depending on the wavelength, the
depth of penetration ranges from a few microns to several centi-
meters [82—84]. UV and visible light have been vastly studied for
topical use on the skin and infrared has been employed in the in-
ternal tissues or organs. Importantly, light allows stimulation
within a defined location at a macroscopic level in general. A variety
of functional groups can respond to light through the mechanisms
of photocleavage, photoisomerization and photodimerization,
including o-nitrobenzylester, azobenzene, coumarin, etc. [85—89]
For instance, Luo and Shoichet synthesized a photolabile poly(-
ethylene glycol) hydrogel with a nitrobenzyl protected moiety [87];
and Fomina and co-workers developed a photodegradable polymer
that contained a quinone-methide-based backbone protected with
o-nitrobenzyl photo-sensitive groups [89]. Upon the exposure to
light, these functional groups can undergo rapid photolysis and
degradation.

2.3.3. Mechanical force
The mechanical behavior of hydrogels is determined by the
crosslinking density, the molecular weight of polymer chains and
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the amount of water inside the hydrogel [90]. Nearly all hydrogels
exhibit the combinatorial behavior of elasticity, flow and molecular
motion. Thus, hydrogels are considered as viscoelastic materials
[90]. However, for most hydrogels, when a mechanical force is
applied to produce a small strain, the hydrogel exhibits rubber-like
elastic behavior, i.e., responding to external mechanical forces with
reversible deformation and recovery [91]. The elastic modulus of
hydrogels depends on the crosslinking densities of the polymer
network and the polymer concentration. However, beyond a small
percentage of their initial length, hydrogels can rupture easily [91].
To solve this problem, hydrogels with a semi-interpenetrating
network (IPN) have been studied [92]. The IPN consists of two or
more networks that are not covalently bonded together. For
instance, polyacrylamide and sodium alginate have been integrated
to form a hydrogel hybrid with an IPN structure [92,93]. This
hydrogel exhibits resilience and rubber-like behavior. The hydrogel
hybrid can be stretched to 2 to 17 times of their original length and
subsequently recover [92,93]. The hydrogel hybrid can deform and
recover their original morphology even after 20 times of cyclic
loading and unloading treatment [92]. Thus, mechanical force can
be used as a physical stimulus to control the properties of rationally
designed hydrogels.

2.3.4. Electric field

It has been widely studied to apply an electric current in vivo in
laboratory experiments and clinical applications such as neuro-
pharmacology and transdermal drug delivery [94]. Similar to other
physical stimuli, it is easy to control various parameters such as the
magnitude of current, duration of each electric pulse and intervals
between electric pulses [94]. Thus, using electric fields as a physical
stimulus has attracted significant attention in the development of
programmable hydrogels. The hydrogels that are responsive to
electrical stimulation are mostly prepared from negatively charged
polyelectrolytes [95]. The application of an electric field to poly-
electrolyte hydrogels can produce a stress gradient in the hydrogel
[96], change local pH values [97,98], and/or generate electroos-
mosis of water [99,100]. Moreover, polyelectrolyte hydrogels can
erode under an electric field [94,95]. These hydrogels are usually
made of two soluble polymers that interact with each other
through H-bonds or ionic bonds, or two oppositely-charged poly-
mers [94,95].

2.3.5. Magnetic field

Magnetic nanoparticles or microparticles can be either physi-
cally dispersed or chemically crosslinked in hydrogels [101]. In the
presence of external magnetic fields, magnetic particles can pro-
duce two important effects. One is hyperthermia that is governed
by the transformation of magnetic energy to heat [102]. The other is
the macroscopic motion of magnetic particles driven by the mag-
netic fields [103,104]. As the temperature in a magnetic hydrogel
system can increase [105], any thermo-responsive hydrogels can in
principle be developed into magnetic field-responsive hydrogels.
The advantage of magnetic field-responsive hydrogels is that the
effect of temperature variation on their functional changes can be
remotely controlled. Moreover, as magnetic particles can move
towards one direction or change the direction of motion in the
presence of a fixed or alternating magnetic field, the dimension of
hydrogels can be changed to shrink and swell [101].

3. Functions

When hydrogels are subject to environmental stimulation, their
functional structures and properties change in different or coherent
ways. As this review focuses on biomedical applications, functional
changes will be mainly discussed in the following four aspects

including dimension, mechanical support, cell attachment and
molecular sequestration (Fig. 1), which are more relevant to
biomedical applications.

3.1. Dimension

Hydrogels provide a three-dimensional space for anything that
resides inside or interacts with the hydrogels. Thus, the change of
the dimension in volume, pore space and/or shape is important to
various hydrogel-based applications [106]. As hydrogels contain a
high concentration of hydrophilic polymers compared to the sur-
roundings, an osmotic pressure is produced between the inside and
the outside of hydrogel [107]. Thus it is thermodynamically favor-
able for water to enter the network of hydrogel. The penetration of
water molecules into the hydrogel network leads to the increase of
the hydrogel volume (i.e., swelling) and the decrease of the poly-
mer concentration, which in turn decreases the osmotic pressure.
As the polymer chains in the hydrogel network are connected by
crosslinkers, the ability of the polymer chains to disperse in the
space is restricted by the chemical and/or physical bonds between
the chains and the elastic deformation of the polymer chains [106].
With the increase of the swelling, the elastic forces resulting from
deformation will increase significantly. The balance between the
osmotic pressure and the elastic forces determines the ultimate
swelling pressure or degree. When the swelling pressure reaches
zero, the swelling reaches equilibrium and the volume does not
change. If the swelling pressure is positive, hydrogel will further
swell. Otherwise, hydrogel will shrink if the swelling pressure is
negative. In addition to the osmotic pressure and the elastic forces,
the swelling pressure or degree is determined by the charge of
polymer chains and the concentration of electrolytes in the
hydrogel system [108]. By modulating the swelling pressure via
different parameters such as crosslinking density, charge density,
chain length and chain distance, one can modulate the dimensional
change of hydrogel. For example, magnetic hydrogels have been
developed by dispersing magnetic particles into the hydrogel
network [101]. These hydrogels can be triggered by an external
magnetic field. When magnetic particles are attracted to magnets,
the polymer chains will be driven to aggregate. It produces an
attraction force against the swelling pressure, which leads to
shrinkage of the hydrogel volume and pore size. The dimensional
change of a hydrogel material does not necessarily have to be
macroscopically homogeneous. By changing the swelling pressure
at different locations of a hydrogel material, one can differently
change the dimensions of hydrogel in volume, pore space and/or
shape (Fig. 1a) [109]. With the dimensional change, other functional
properties may change simultaneously. For example, the perme-
ability of solutes can either increase or decrease, depending on
whether the hydrogel swells or shrinks.

3.2. Mechanical support

Mechanical support is an important function of hydrogels. The
ability to control the mechanical behavior of hydrogels has received
great attention. The mechanical behavior can be characterized in
shear rheometry, tension, compression and local indentation [110].
For instance, shear rheometry is often measured to examine the
change of the storage and loss moduli of hydrogels since hydrogels
are intrinsically viscoelastic with time-dependent deformation
owing to fluid flow in the interstitial space of hydrogels.

A cross-linking PEG diacrylate macromer with two nitrobenzyl
groups has been applied as a crosslinker to synthesize a photo-
cleavable hydrogel [88]. Upon light exposure, the crosslinkers un-
derwent cleavage (Fig. 1b). It led to a significant decrease in the
storage modulus. Depending on whether light exposure was
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continuous or alternate, the storage modulus decreased continu-
ously or sequentially [88]. Resultantly, the hydrogel was pro-
grammed by light to soften in functional support of the live cells.
Hydrogels can also be stiffened via sequential crosslinking with the
principles of Michael addition reaction and free radical polymeri-
zation (Fig. 1b) [111]. In addition to the unidirectional softening or
stiffening, hydrogels can be developed to switch alternately be-
tween the soft and stiff states. For instance, in a hybrid collagen/
alginate hydrogel system, the alginate component was used to
manipulate the mechanical property of the hybrid hydrogel by the
alternate exposure to Ca®* and citrate [112].

3.3. Cell attachment

It is easier for cells to adhere and grow on hydrophobic sub-
strates than on hydrophilic surfaces. Thus, controlling the hydro-
phobicity and hydrophilicity at the substrate-cell interface is an
effective method to regulate cell binding [113,114]. Takezawa et al.
and Okano et al. independently developed a thin PNIPAAm
hydrogel film on the culture dishes to regulate the state of cell
attachment (Fig. 1c¢) [113,114]. At 37 °C, PNIPAAm dehydrates to
become hydrophobic, which allows for cell attachment and growth.
At a temperature lower than LCST, PNIPAAm fully hydrates and
become hydrophilic, which leads to cell detachment.

Most hydrogels are biologically inert without cell binding sites.
Thus, it is often important to functionalize hydrogels with func-
tional moieties for cell attachment. Natural adhesion proteins (e.g.,
collagen) found in the extracellular matrix (ECM) can be used alone
or incorporated into hydrogel for cell binding [ 115]. However, while
these adhesion proteins provide cells with the binding sites similar
to the natural ECM, their uses may be limited by denaturation
during the synthesis of hydrogels or fast degradation [116,117].
Small adhesion peptide sequences derived from the adhesion
proteins have also been widely applied to functionalize hydrogels
for cell adhesion. The small peptides have advantages such as easy
synthesis through chemical routes, easy conjugation to polymer
chains and little immunogenicity. However, peptides often require
circularization and multimerization to achieve sufficient stability
and binding affinity [116]. It is particularly important to emphasize
that most peptides bind to target cell receptors with very high
dissociation constants at the pM levels that indicate very low
binding affinities [118]. In contrast, nucleic acid aptamers can bind
to target molecules with very low dissociation constants from nM
to pM [119]. When these biomolecules are used to functionalize
hydrogels, their states can be modulated to regulate the outcomes
of cell binding. A cell-binding resistant hydrogel can be activated by
light to display reactive functional groups that can further react
with cell adhesion biomolecules for cell binding [87]. Using this
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method, the immobilization of biomolecules in the hydrogel can be
spatially controlled for cell binding. This method can be tuned to
conjugate a caged biomolecule into the hydrogel [85,86]. Once
triggered by light, the caging groups are removed and the cell
adhesion molecules are exposed to the cells for binding. This
method can be further tuned by using sequential and/or reversible
chemical reactions to present and release cell adhesion molecules
[120,121].

Different from those strategies that are based on chemical
conjugation and bond cleavage, specific and competitive molecular
recognition can be applied to control the display of cell binding
biomolecules. One example is the display of the RGD peptide via
peptide-peptide interactions. By using a pair of acidic and basic
leucine zipper domains, the cell-binding RGD peptide and the
shielding PEG can be reversibly displayed on cell culture dishes to
regulate cell binding and release [35]. Compared to this peptide-
based competition, nucleic acid-based hybridization has more di-
versity in binding control [122—125]. Wang and co-workers applied
nucleic acid aptamers to develop three types of hydrogels for the
control of cell adhesion (Fig. 1c) [122,123,125]. The forms of
aptamers include conjugated active aptamer [125], conjugated
inert aptamer [122], and hybridized active aptamer [123]. In the
first two forms, the conjugated aptamers can reversibly change
their active and inert conformational structures through hybridi-
zation with complementary sequences [122,125]. In the third form,
the hybridized aptamer is not subject to activation or inactivation
but it is released and replenished for cell binding to the hydrogel
[123]. Similar to this third form, the DNA-antibody conjugate can
also be displayed and released on the hydrogel through DNA hy-
bridization to regulate cell binding and release [124].

3.4. Molecular sequestration

Hydrogels are inherently a porous material. On one hand, the
pores allow molecules to be absorbed into the hydrogel networks;
on the other hand, the absorbed molecules may leave from the
pores easily [126—128]. To stably sequester molecules of interest,
the pore size needs to be tuned to decrease after molecule ab-
sorption. It can in principle be realized by controlling the density of
hydrogel chains and the length of crosslinkers. However, there is a
limit for the decrease of the pore size [129]. Moreover, in numerous
biomedical applications such as tissue engineering and regenera-
tive medicine, the small size will negatively affect other properties
such as cell infiltration and nutrient transport. Instead of
decreasing the pore size, researchers have developed another
strategy for molecular sequestration based on molecular recogni-
tion (Fig. 1d).

Heparin is a highly sulfated linear polysaccharide that can bind
proteins with cationic residues (e.g., lysine) with medium to high
affinity (as indicated by Kp of 1078 to 1072 M). Great effort has been
made to apply heparin to functionalize hydrogel for protein
sequestration based on electrostatic heparin-protein interactions,
which is similar to heparan sulfate that is an important component
discovered in the natural extracellular matrix (ECM) in sequestra-
tion of soluble signaling molecules [130]. While heparin is very
powerful in developing protein-sequestering hydrogels, a few is-
sues need to be borne in mind for using it to develop programmable
hydrogels. Firstly, heparin binds to a diverse array of proteins
without high specificity. Secondly, as heparin-mediated protein
binding is mainly limited to positively charged molecules owing to
the dependence on electrostatic interactions, heparin may not be
able to sequester neutral or negatively charged proteins in the
hydrogels. Thirdly, as a natural polymer, heparin has batch-to-batch
variation in molecular weight and molecular weight distribution,
which is often overlooked but important to determine the

reproducibility of manufacturing high-quality hydrogels. Fourthly,
when heparin binds to a certain protein, it is hard to regulate this
molecular sequestration except the use of heparinase for the po-
tential of developing programmable hydrogels.

Peptide-mediated molecular sequestration may solve some of
the issues associated with heparin such as binding specificity and
reproducibility [118]. Based on crystallographic analysis, site-
directed mutagenesis studies and phage display selection, func-
tional peptides can be identified for recognition of target proteins
[118]. Once peptides are defined, they can be chemically synthe-
sized. It limits the issues related to reproducibility or endotoxin
contamination that is often a problem for biologics purified from
animal tissues. Many peptides interact with their target proteins
mainly through hydrophobic interactions. For instance, a single16-
mer peptide identified from ay-Macroglobulin in binding trans-
forming growth factor-p (TGF-B) includes 12 hydrophobic amino
acids [131]. However, as peptides are smaller and their binding to
target proteins are mainly based on hydrophobic interactions, the
binding affinities of most peptides against proteins are low at the
UM level [118]. Moreover, while peptides are not the same as
heparin in binding to a variety of molecules promiscuously, the
binding specificity of peptides can still be an issue. For instance, the
single16-mer peptide identified from a-Macroglobulin binds both
(TGF-B) and platelet-derived growth factor (PDGF-BB) is virtually
identical while these two proteins do not share any significant
sequence identity [131]. Moreover, the regulation of peptide-
protein binding would be hard except the use of an identical pep-
tide sequence at a high concentration to compete the initially
bound peptide [35].

Nucleic acid aptamers may offer an opportunity to address the
aforementioned issues of molecular sequestration for the following
reasons. Firstly, in principle, aptamers can be selected against target
proteins with binding affinities and specificities comparable to or
even higher than antibodies [24,132—134]. It is particularly
important to emphasize that aptamer selection has been signifi-
cantly advanced. An important advance is the development of
aptamers with modified nucleotides at the 5-position with hydro-
phobic aromatic moieties (i.e., SOMAmers) [132,133,135]. As these
aptamers have protein-like side chains, their binding affinities have
been tremendously increased from the nM to pM level [132,135]. It
is also important to note that as aptamers bind targets with high
specificities, multiple aptamers can be integrated into one hydrogel
for independent sequestration of multiple proteins simultaneously.
Secondly, truncated aptamers have lengths mainly ranging from 20
to 40 nt. Thus, it is easy to synthesize aptamers with the standard
solid-state oligonucleotide synthesis method without batch-to-
batch variation or biological contamination. Thirdly, aptamers can
be chemically integrated into hydrogels without the concern about
possible denaturation as by nature nucleic acids are stable in
various harsh chemical conditions. Fourthly, as single-stranded
oligonucleotides, nucleic acid aptamers can bind to not only
target proteins but also their complementary sequences by nature.
Worthy of emphasizing is that it is easy to add a non-essential
nucleotide tail to either 3’, 5’ or even both ends of an aptamer,
with which the complementary sequences can bind the aptamer
more easily to compete against the target protein [27,28,36]. It will
allow for the convenient regulation of aptamer-mediated molecu-
lar sequestration.

Wang and co-workers have systematically studied the func-
tionality of aptamers as pendent groups of hydrogels for protein
sequestration [25—29,36,136]. In the first study, PDGF-BB and its
aptamer were incorporated into a polyacrylamide hydrogel with
free radical polymerization [25]. The sequestration efficiency of the
aptamer-functionalized hydrogel was ~90% whereas the native
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hydrogel was ~30%. While the data clearly showed that nucleic acid
aptamers could sequester PDGF-BB in the hydrogel, it was also
found that the efficiency of aptamer incorporation into the
hydrogel was ~90%. Increasing the initial aptamer amount further
decreased the incorporation efficiency [136]. This issue is impor-
tant as the free aptamers will neutralize the freed proteins. It is also
important to note that proteins have different sensitivity to free
radicals. To avoid protein denaturation resulting from free radicals,
they applied aptamers to functionalize particles, washed the par-
ticles and incorporated the aptamer-functionalized particles into an
agarose or poloxamer hydrogel [27—29]. However, both methods
regardless of the involvement of free radicals or particles require
the simultaneous incorporation of proteins and aptamers (or
aptamer-functionalized particles) into the hydrogels during the
synthesis of the hydrogels. To develop an off-the-shelf protein-
sequestering biomaterial that would be ideal in real-world appli-
cations, it is necessary to decouple the synthesis of biomaterials
from the loading of proteins. To achieve this goal, the same research
group developed an aptamer-functionalized superporous hydrogel
for protein sequestration [26,59,136,137]. In this method, aptamers
and monomers were first polymerized to form the superporous
hydrogel without proteins. After the formation of the superporous
hydrogel, the hydrogel was thoroughly washed to remove unreac-
ted molecules and catalysts. After the washing, the hydrogels were
loaded with fresh proteins, which could be facilitated by the
dehydration of hydrogels [26,136]. As protein loading was decou-
pled from hydrogel synthesis, the procedure of hydrogel synthesis
did not affect the protein bioactivity. Importantly, the results
showed that the hydrogel functionalized with high-affinity
aptamers could sequester 99.7% of loaded PDGF-BB, which means
that only 0.3% of loaded PDGF-BB was washed away from the
superporous hydrogel during the 24-h washing incubation [26]. It
clearly shows the power of nucleic acid aptamers in molecular
sequestration in highly permeable porous hydrogels.

4. Applications

Programmable hydrogels could be developed with the afore-
mentioned principles and stimulated to undergo functional
changes for various promising applications. To limit the scope of
the following discussion, four applications will be presented and
certain case studies closely relevant to these applications will be
discussed, including mechanistic studies in mechanobiology, tissue
engineering, cell separation and protein delivery.

4.1. Mechanistic studies in mechanobiology

Hydrogels have been widely studied to understand fundamental
mechanisms in mechanobiology, particularly cell-ECM interactions,
primarily because hydrogels exhibit structural and mechanical
similarities to human tissues [138—140]. However, most hydrogels
were historically developed as static substrates to study cell-ECM
interactions. This characteristic is different from the nature of dy-
namic changes that are an inherent characteristic of the ECM and
can be easily found during many developmental and disease pro-
cesses such as embryo development, inflammation and cancer
progression [141,142]. Therefore, there is a great need to develop
programmable hydrogels whose mechanical properties can be
changed under control to mimic these biological processes for basic
studies.

A hydrogel can change its stiffness from a stiff state to a soft state
and vice versa. These changes can be programmed using various
stimuli as described in section 2 such as ions, pH, light, temperature
and biomolecules (e.g.,, DNA). The convenient way of changing
stiffness is to control the crosslinking density of hydrogels.

Photolabile crosslinkers have been incorporated into the hydrogel
network as the backbone [88] in addition to being used as pendent
groups [87]. Upon sequential on-and-off light exposure, the
degradation was triggered to start and stop (Fig. 1b). As a result, the
storage modulus of the hydrogel decreased sequentially (Fig. 2a)
[88]. Moreover, as expected, the degree of decrease in storage
modulus could be controlled by the variation of exposure time and
light intensity [88]. By inducing the degradation of the hydrogel,
the cell morphology could be changed from a rounded shape to an
elongated shape (Fig. 2a) [88], which also indicates the possible
change of mechanotransduction pathways. Mechanotransduction
can also be achieved by regulating the density of RGD peptides
conjugated to the hydrogel. Anseth and co-workers further showed
that upon the removal of RGD peptides from the hydrogel in the

a
1 E
0.8 Light Light Light
Off Off Off
E\Do 0.6
G 0.4 a %0
e -
0.2 "I Tl‘m'mr:: ]

0
0 100 200 300 400 500 600 700
Time (s)

b 10°1
Radical

3 | polyme
L Addition-only

| polymerisation

\

catio
risatior
iIsaton

@, G" (Pa)
S,

So

107'f °* Gel point

3
‘ 1 1 1 1 1 J
0 10 20 30 40 50 60

Time (min)

Fig. 2. Sequential cleavage and crosslinking of hydrogels. (a) Light-mediated sequen-
tial cleavage for hydrogel softening. F: rounded shape of a cell in the hydrogel without
light treatment; G: elongated shape of a cell in the hydrogel with light treatment (from
ref. [88] with permission). (b) Sequential polymerization for hydrogel stiffening (from
ref. [143] with permission).



Y. Wang / Biomaterials 178 (2018) 663—680 671

presence of human mesenchymal stem cells (MSCs), the production
of glycosaminoglycans (GAGs) could be increased by four times
within approximately 10 days [88]. These studies demonstrated
that programmable hydrogels are a promising tool for under-
standing cell interaction with dynamic microenvironment and cell
differentiation in a three-dimensional space.

In addition to reducing the stiffness of a hydrogel sequentially, it
is possible to increase the stiffness of hydrogels via sequential
crosslinking. Burdick and co-workers applied a Michael addition
reaction and photo-initiated free radical polymerization to regulate
the stiffness of hyaluronic acid hydrogels (Fig. 2b) [111,143].
Following these two reactions, the value of the Young’s modulus
was doubled quickly [111]. Later studies further showed that step-
wise light exposure led to the sequential increase of stiffness [143].
The traction force could be increased by one order of magnitude
within 4 h after hydrogel stiffening, during which the average cell
area was increased by nearly three times [143]. In addition to
examining this short-term cell response to the change of the stiff-
ness, the same research group also examined the long-term cell
response, finding that the responses of differentiating and undif-
ferentiated human MSCs to mechanical changes were different.
Undifferentiated rather than differentiating cells responded to
mechanical changes more favorably [143]. Moreover, the results
suggest that later stiffening is beneficial for adipogenic differenti-
ation and earlier stiffening is beneficial for osteogenic differentia-
tion [143].

These aforementioned studies have demonstrated that pro-
grammable stiffening or softening of hydrogels can be achieved for
basic understanding of cell response to the microenvironment by
integrating reactive functional moieties into pendent groups or
crosslinkers in the presence of live cells. However, during the
softening or stiffening procedure, other properties of hydrogels are
changed simultaneously. For instance, during the secondary
crosslinking or triggered degradation, it is inevitable to change the
pore size of the hydrogel. When cells are cultured in a three-
dimensional space, molecular transport will definitely change
with the change of the pore size. It may be another factor that may
affect cell response to the microenvironment during the change of
matrix stiffness. Moreover, while sequential and unidirectional
softening or stiffening can be programmed to understand cell
behavior in a dynamic microenvironment [88,143], a further in-
depth understanding of cell behavior may be achieved by using
reversible programmable hydrogels [112].

4.2. Tissue engineering

Programmable hydrogels hold great potential for tissue engi-
neering applications. A typical example is to develop a
temperature-programmed hydrogel surface using PNIPAAm to
engineer functional cell sheets (Fig. 1C). This seminal work was
initially started in 1990 by two research groups [113,114].

Takezawa et al. mixed PNIPAAm and collagen to prepare a ho-
mogenous solution, which was uniformly casted on the dish surface
to form a thin hydrogel film for the culture of human dermal fi-
broblasts at 37 °C [113]. In the presence of collagen, the PNIPAAm
hydrogel coating allowed the cells to attach and grow on the
PNIPAAm-coated culture surface. After the cells reached the con-
fluency, the cell sheet was detached and floated from the surface in
15 min without cell-cell dissociation when the temperature was
shifted from 37 °C to 15°C.

Instead of coating pre-synthesized PNIPAAm on the dish surface,
Okano and co-workers directly grafted the PNIPAAm coating onto
the dish surface [114]. (Strictly speaking, this hydrogel coating is
more similar to a polymer brush system.) The measurement of
contact angles showed that the hydrophobicity of the grafted

surface reversibly changed from the hydrophilic state to the hy-
drophobic state when the temperature was shifted from 10°C to
37°C and vice versa. While they did not use any specific cell
adhesion molecules (e.g., collagen), the degree of cell attachment
and growth on the PNIPAAm-grafted surface was the same as that
on the traditional dishes. Moreover, nearly 100% of the cultured
cells were detached from PNIPAAm-grafted surface when the
temperature was shifted from 37 °C to 4 °C whereas less than 10% of
the cells were detached from the control dish.

These two pioneering studies clearly show that it is promising to
regulate a programmable hydrogel for the reversible cell
attachment-detachment control in tissue engineering, while there
is a difference between these two studies in terms of the necessity
of using collagen, which presumably resulted from the release of
free PNIPAAm in Takezawa’s work. Following these two studies, a
variety of thermo-responsive hydrogel/coating systems have been
developed [144]. Basic mechanisms for cell detachment have also
been studied, showing that the change of cell morphology is
important during the cell detachment procedure [144]. More
importantly, after over ten years of effort, the engineered cell sheets
were developed into grafts for in vivo implantation [145,146].

Nishida, Okano and co-workers harvested human corneal
epithelial stem cells and seeded these cells onto a PNIPAAm surface
[146]. Different from their initial study [114], before seeding the
epithelial stem cells, a mitomycin C-treated 3T3 feeder layer was
plated on the PNIPAAm surface [146]. After the epithelial cells grew
to confluency on the feeder layer, they were able to further grow
into a multilayered epithelial sheet that had three to five cell layers
with basal cells, flattened middle cells and polygonal superficial
cells [146]. This cell sheet had a much higher light transmission in
comparison to the tissue-engineered constructs growing with
fibrin gels and amniotic membranes. Importantly, when the
multilayered cell sheet was placed over the bare corneal stromain a
rabbit model, it could quickly and stably adhere to the stroma
without the need of suturing. Moreover, the implanted corneal
sheet stayed at the initial location throughout the entire experi-
ment up to six months [146].

Based on this compelling animal study, Nishida, Okano and co-
workers initiated the first clinical application of cell sheets for
corneal surface regeneration (Fig. 3a) [145]. The cell source of the
cell sheet was the patient’s own oral mucosal epithelia cells. The
cell sheet was directly implanted onto the stromal bed without
sutures. Following the surgery, the cell sheet was covered with a
contact lens for protection and frequently treated for hydration
with artificial tears. Within one week post transplantation, the
corneal surface was completely reepithelialized. Stromal vascular-
ization gradually appeared on the peripheral region of the cornea.
Importantly, corneal transparency could be maintained during the
14 month of observation [145].

In addition to corneal tissue engineering, this PNIPAAm-based
cell sheet engineering approach was also studied for ex vivo engi-
neering of many other tissues such as heart and liver [147,148]. This
approach has a key advantage over other tissue engineering stra-
tegies. It is scaffold-free, involving no synthetic polymers that may
cause acute or chronic inflammation in vivo before full degradation.
However, the growth of the cell layers in the cell sheet was not
uniform [146]. Some locations had more layers than others. The
cells in different locations exhibited different morphology [146].
Moreover, the same research group later claimed that it is difficult
to isolate autologous stem cells from an adult tissue because of
their low number and capacity to differentiate into target cells,
which affects the long-term success of implantation [149]. The use
of induced pluripotent stem cells may offer a promising method to
solve the problem of cell source [149,150]. Besides the cell source
issue, whether other mechanisms may negatively affect the long-



672 Y. Wang / Biomaterials 178 (2018) 663—680

a before surgery

0 1:5

14 months after surgery

b 1200 -

(0]

o

(e
1

Number/mm?
EN
(@]
(@]

o

1:1

Molar ratio of CS to aptamer

1st

Catch Release

Fig. 3. Reversible cell attachment and detachment for tissue engineering and cell
separation. (a) Corneal reconstruction with tissue-engineered epithelial sheets
cultured on the PNIPAAm surface. Pictures of corneal surface before surgery and
covered by the tissue engineered cell sheet 14 months after surgery (from ref. [145]
with permission). (b) CS-programmed aptamer-functionalized surface for reversible
cell attachment and detachment (from refs. [161,123] with permission).

term success of implantation remains unclear. An in-depth under-
standing and discussion of the function of the cell sheets after
implantation will advance the future design of novel cell sheets
with better quality. It is also important to note that when multiple
cell sheets are constructed together to form thick three-
dimensional tissues, the cells would face the problem of hypoxia
and limited transport of nutrients and wastes. It is a common
challenge currently faced by all tissue engineering methods, i.e.,

how to vascularize the large-dimension engineered tissues [151].
4.3. Cell separation

Advances in proteomics and bioinformatics have demonstrated
great potential for the discovery of more and more specific cell
biomarkers [152,153]. A cell type would be identified with a specific
affinity ligand that binds the corresponding cell surface biomarker.
This specific ligand-biomarker recognition can be applied to the
separation of a defined cell population (e.g., circulating cancer cells,
cancer stem cells, or differentiated stem cells) from a heteroge-
neous cell mixture, which is an essential part of clinical diagnosis
and basic research [154,155].

Ligand-functionalized surface has already been studied for cell
separation. For example, antibody-conjugated microbeads have
been applied to magnetic-activated cell sorting [156]. Antibody-
functionalized microfluidic systems have also been studied for
the isolation of rare circulating cancer cells in a single step from the
whole blood without pre-labeling, pre-dilution, or any other pro-
cessing steps [157]. However, while strong and specific antibody-
cell binding is beneficial to cell separation, it may turn on intra-
cellular signaling cascades or even induce the death of cells
[158,159], causing the failure of the downstream cell analysis or
cell-based tissue engineering or implantation. Different from these
studies, the Murthy Group developed an alginate-based hydrogel
surface to catch and release cardiac fibroblasts for potential tissue
engineering applications [160]. The cell-catching function was
regulated by alternating Ca®* and chelating reagents (e.g., citrate).
One concern with this hydrogel system is that alginate molecules
may be continuously attached on the cell surface after cell sepa-
ration owing to the multivalent ligand-receptor interactions. Thus,
it is critical to develop novel programmable hydrogels and methods
for the recovery of viable and ideally intact cells.

Nucleic acid aptamers hold great potential for the development
of programmable hydrogels for reversible catch and release of live
cells. Before studying the function of the hydrogels, Wang and co-
workers examined nonspecific cell binding on a solid glass sur-
face [44,161]. The cells were found to nonspecifically bind the
naked glass and silanized glass with a very high density [44]. This
observation is consistent with some studies [ 162—165] but different
from others showing that only aptamer-functionalized metal and
glass surfaces induced cell attachment whereas naked control
surface did not [166—168]. The difference of the results from those
studies is unclear. Wang and co-workers further found that when
the glass surface was coated with polyacrylamide or PEG hydrogels,
the nonspecific cell binding was significantly inhibited with
~5—10cellsy/mm?® [44,161]. In contrast, when aptamer-
functionalized hydrogel was coated on the glass surface, aptamers
could induce specific cell binding to the surface with over
1000 cells/mm? [44,161]. These results demonstrate that rationally
designed hydrogels could inhibit nonspecific cell binding and that
aptamers could allow for the specific binding of target cells to
hydrogels.

During cell separation, it is equally important to release target
cells noninvasively after the cells are captured on the surface of a
device. Two methods can be applied to treat aptamer-
functionalized hydrogels. The first method is to treat the hydro-
gels with nucleases [44]. In the presence of endonucleases, 99% of
the captured cells could be released within half an hour and 98% of
them remained viable [44]. However, while nucleases can be used
to trigger the cleavage of aptamers for cell release, it is important to
note that aptamers need to be chemically modified against nucle-
ases in real-world cell separation applications since aptamers need
to maintain high stability during the procedure of cell separation. In
this case, nuclease-mediated degradation may not be an
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appropriate principle for cell separation. The second method is to
treat the hydrogels with triggering sequences complementary to
aptamers (Fig. 1C) [161]. Wang and co-workers initiated the first
study of using complementary sequences (CS) to inactivate the
binding functionality of aptamers in the study of a hydrogel-based
artificial extracellular matrix in 2011 (Fig. 3b) [161]. The cell density
decreased significantly from 800 to 30 cells/mm? when the molar
ratio of CS to aptamer was 1:1. Alternatively, the same research
group applied primary and secondary CSs to program the hydrogel
surface for cyclic aptamer display and displacement [123]. In this
work, the binding function of the aptamer was not inactivated
whereas the aptamer changed its hybridization partner to leave
from the hydrogel surface. As a result, the captured cells were
released from the hydrogel surface with 99% efficiency and 99%
viability. Importantly, the hydrogel could be programmed to
repeatedly catch and release the cells (Fig. 3b) [123]. These con-
cepts have been confirmed by later studies [122,124,169].

While the aforementioned studies have suggested that cells
could be captured and released noninvasively from an aptamer-
functionalized programmable surface for cell separation, all of
them were focused on the monovalent display of aptamers on the
hydrogel surface and cell catch and release in a static condition. To
enhance cell catch particularly in a dynamic flow condition, it is
important to develop polyvalent aptamers on the hydrogel surface.
Wang and co-workers applied hybridization chain reaction [170] to
tether polyvalent aptamers on the hydrogel surface [171,172]. The
results showed that the display of polyvalent aptamers on the
hydrogel surface led to the catch of more cells within a shorter
period of time in both static and dynamic flow conditions [171,172].
Moreover, the cells could be released from the polyvalent aptamer-
functionalized hydrogel surface with triggering CS [172].

It is important to note that while significant progress has been
made in developing aptamer-functionalized hydrogels as pro-
grammable materials for reversible cell catch and release, all of the
previous studies were carried out in a clean environment without
biofluids such as the blood, cell culture media or liquids with a
complicated cell population. Moreover, cells would have the incli-
nation to spread and secret ECM with membranous protrusions
after binding to a surface [171,122]. It could cause nonspecific cell
binding to any surface at a later stage, which was seldom reported
and discussed in the literature but could be a significant issue for
cell separation if the cells reside on a surface for a long period of
time before the treatment with the cell releasing solution. It is also
important to note that aptamer-mediated cell attachment and
detachment on programmable hydrogels hold potential for not only
cell separation but also tissue engineering applications [123,161].

4.4. Protein delivery

Proteins are promising drugs for the treatment of various hu-
man diseases. Numerous antibodies have recently been approved
by FDA for systemic drug delivery in treating human diseases [173].
However, many proteins (e.g., growth factors) would cause severe
side effects due to their broad biodistribution in non-target tissues
and high potency of cell stimulation [174]. Therefore, polymeric
delivery systems, particularly hydrogels, have been extensively
studied to achieve localized and controlled protein release
[175-177].

Davis and Langer pioneered the development of hydrogels for
protein delivery in the 1970s [126—128]. However, owing to the
high permeability of hydrogels, these initial attempts failed to
demonstrate effective protein sequestration for controlled protein
delivery. Decrease of the pore size has been proposed and studied
to reduce the fast release of proteins [128], which remains a major
strategy today. However, while the concentration of monomers or

crosslinkers can be increased, the threshold pore size of normal
hydrogel networks is at the level of tens nanometers [178]. Thus,
attention has been paid to the development of affinity-based
hydrogels with peptides, heparin and metal ions for the delivery
of proteins or proteins with tags, which has been well discussed in
the literature [118,179—182]. To avoid significant overlap with the
literature and redundancy, the following discussion will be focused
on the application of nucleic acid aptamers as binding, sensing and
triggering elements to develop programmable hydrogels in sus-
tained and triggered protein release (Fig. 4).

The first study showing sustained protein release from aptamer-
functionalized hydrogels was reported in 2010 by Wang and co-
workers (Fig. 4a) [25]. Polyacrylamide hydrogel and anti-PDGF-BB
aptamer were used as a model in this work. In the presence of
the aptamer, the initial 24 h burst release was decreased from ~70%
to ~10%. After this fast release, ~6% of PDGF-BB was slowly released
in the next 6 days. On average, 1% was released each day. A first-
order diffusion-reaction model was also developed. The experi-
mental results were consistent with the modeling analysis.
Following this work, the same research group developed aptamer-
functionalized in situ injectable hydrogels [29] that can be deliv-
ered in vivo to fill tissue defects of any geometry with minimal
surgery. Three aptamer derivatives were developed with different
binding affinities by sequence mutation. The cumulative release
exhibited a pseudo-linear relationship with the log scale of Kp of
these aptamers. These early studies clearly demonstrate that
aptamers can mediate the sustained release of proteins from
hydrogels. However, those hydrogel systems have numerous
shortcomings such as the production of free radicals during the
formation of hydrogels, the low loading amount of proteins, the low
bioactivity of proteins and the inability of incorporating live cells
with proteins.

To solve these problems, Wang and co-workers synthesized off-
the-shelf aptamer-functionalized superporous hydrogels with the
average pore size of 50—100 um [136,183]. Because the superb
capability of solution absorption, the loading amount of proteins
was increased from the initial picogram level to nanogram and
microgram levels. Even with the increase of the protein loading
amounts and pore sizes, aptamers could mediate the sustained
release of proteins. In the presence of high-affinity aptamer, only 3%
of 2 ug PDGF-BB was released in two weeks [ 183]. In the presence of
low-affinity aptamer, 60% was gradually released during the same
period of time. The ability of aptamer in mediating the sustained
protein release was also confirmed in the VEGF release study
showing that 25% of VEGF was released in two weeks [136]. Many
protein release studies reported in the literature did not show
protein bioactivity before the animal experiments. While animal
studies are important to evaluate the functionality of a protein
delivery system, a simple in vitro examination of protein bioactivity
with intact proteins as control would help design and understand
protein delivery systems. Moreover, as biomaterials can more or
less cause inflammation that can stimulate a variety of bioactivity in
the implantation location [184], failure to demonstrate the bioac-
tivity of released proteins increases uncertainty about whether the
biological effects come from inflammation or the delivered pro-
teins. In comparison to intact stock VEGF (10 ng/mL), the released
VEGF from the aptamer-functionalized superporous hydrogels at
day 14 could maintain approximately 60% bioactivity based on the
cell tube formation assay [136,185]. VEGF is very fragile and often
difficult to maintain its bioactivity in traditional polymeric systems
[186]. For instance, Gu and coworkers showed that VEGF bioactivity
was decreased to ~15% after 10 days of in vitro release [187]; and
Ekaputra and coworkers showed that VEGF bioactivity was
decreased to ~5% after 7 days of in vitro release [188]. This big
difference between the reported data demonstrates that aptamer-
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Fig. 4. Aptamers as pendent groups for sustained and programmed protein release from hydrogels. (a) Protein dissociation for sustained release. al: schematic illustration; a2:
experimental results. Adapted from refs. [25,29] with permission. (b) Sequential release of single or multiple proteins. CS: complementary sequence. Aptamers can not only bind
target proteins but also sense their triggering CSs. b1: schematic illustration; b2: Release of one protein for two times (green arrow: CS triggering); b3: programmed release of two
proteins. Adapted from refs. [27,28] with permission. (c) Integration of external (e.g., light) and internal triggers for self-programmed protein release. Adapted from ref. [137] with
permission. (d) Integration of two internal triggers for metabolite-regulated self-programmed protein release. Two aptamers are used in this hydrogel system. One (green arrow)
binds the target protein and senses the triggering CS (blue arrow). The other (purple arrow) senses the metabolite for triggering initiation of the protein-bound aptamer. Adapted
from ref. [59] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

functionalized superporous hydrogels are a promising protein de-
livery system to load a large amount of proteins with high protein
bioactivity. In addition, the superporous hydrogels can be used as a
cell carrier owing to their large pore size and the loaded proteins
can enhance the survival of the carried cells in the hydrogels
[136,185].

While aptamer-functionalized hydrogels can release proteins in
a sustained manner for various therapeutic applications, it is also
desirable to develop protein delivery systems that can release the
right protein drug at the right time in the right dose. To satisfy this
requirement, it is important to program the releasing function of
aptamer-functionalized hydrogels. As aptamers can hybridize with
their CSs and change the functional conformations, CS can be used
as a triggering element to program protein-bound aptamers in
hydrogels [27,28,36,183].

Sullenger and co-workers for the first time applied CS as an
antidote to control the function of an anticoagulant aptamer in the
blood through the aptamer-CS hybridization [30,31], which was
confirmed by a later study using the anti-thrombin aptamer in an
aqueous solution [189]. Mi and Tan and their co-workers applied
nucleic acid aptamers as a crosslinker to synthesize a responsive
gel-sol transition system, which could be converted into solutions
once triggered [16,17]. However, none of these elegant studies
showed a protein release profile. Notably, as the gel-sol transition
would cause an indiscriminate release of loaded cargoes, the gel-sol

transition system may not satisfy the release control of multiple
proteins. It may also cause the abrupt loss of mechanical integrity of
hydrogels, which is beneficial for biosensing applications [190] but
problematic for biomedical applications such as protein delivery
and tissue engineering.

Wang and co-workers applied aptamers as pendent groups
rather than crosslinkers to develop programmable hydrogels and
provided the direct evidence of pulsatile protein release from the
hydrogels (Fig. 4b) [27,28,36,183]. Since aptamers are pendent
groups, protein release is independent of other properties (e.g.,
mechanical integrity) of the programmable hydrogels. It is also
important to note that while aptamers can be used as both cross-
linkers and functional side groups, the amounts of aptamers
needed to synthesize or functionalize a hydrogel is tremendously
different in these two different strategies. The amount of aptamers
for crosslinking has to be overwhelmingly high to ensure the suf-
ficient crosslinking density and to resist high swelling of hydrogels.
In contrast, aptamers used as functional side groups may only need
a small amount to fulfill a requirement. Thus, the amount of trig-
gering CSs used for these two different situations would be
different. In their initial attempts, aptamers were applied to func-
tionalize the microparticle surface and the microparticles were
dispersed in the hydrogel [27]. The treatment with CS led to peri-
odically pulsatile PDGF-BB release during a 25 day release test [27].
The efficiency of triggered PDGF-BB release could be tuned by
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varying the length and composition of CS [36]. The study also
showed that while a longer CS is supposed to favor protein release
thermodynamically, it is not the case kinetically [36]. It may result
from the slower diffusion of the longer CS in the hydrogel and the
higher steric hindrance, which is different from the triggering sit-
uation in aqueous solutions. These factors may decrease the
sensitivity of triggered release. With this concern in mind, the same
research group directly conjugated aptamers to the superporous
hydrogels. With the presence of the large pores, the CS-triggered
hydrogel could release ~5% of loaded PDGF-BB within 30 min
whereas ~02.% was released in 24 h from the untriggered hydrogel
[183]. Moreover, the periodic exposure of the hydrogel to the CS
treatment led to sequential PDGF-BB release at pre-determined
time points [183]. However, all of these studies focused on the
sequential release of single proteins, which can also be achieved by
using other chemical, physical or biological stimuli. To further
demonstrate the advantage of aptamer-functionalized hydrogels,
two aptamers were integrated into one hydrogel system [28]. VEGF
and PDGF-BB could be sequentially and specifically released from
the dual aptamer-functionalized hydrogel [28], which is chal-
lenging to achieve using traditional responsive hydrogels that
would simultaneously release multiple proteins without differen-
tiation. However, while the concept of sequential protein release
was approved, it is important to note that CS was used as an
external molecular trigger. To develop a self-programmed hydrogel,
it is desirable to incorporate aptamer and CS into one hydrogel.

Wang and co-workers further integrated aptamer and CS into
one hydrogel that was developed to mimic step-wise molecular
recognition pathways observed in live cells or tissues [59,137]. As
CS is initially incorporated into the hydrogel, CS functions as an
internal molecular trigger and has the ability to get access to
neighboring aptamers for self-programmed protein release control.
The first attempt was made by using sequential photoreaction and
hybridization (Fig. 4c) [137]. CS was conjugated to the hydrogel
with a photolabile group. After the hydrogel was exposed to light,
the immobilized CS was freed to approach the protein-bound
aptamer. Subsequently, the CS-aptamer hybridization led to the
release of the aptamer-bound protein. Periodic light exposure led to
sequential protein release and cell migration at pre-determined
time points [137]. As an ideal protein release system is able to
release protein drugs in response to the variation of metabolic ac-
tivity, a second attempt was made to recapitulate the procedure of
cellular signal transduction to control protein release in response to
a small metabolite through sequential displacement and hybridi-
zation reactions (Fig. 4d) [59]. Totally four biomolecules including
two aptamers, a dual-functional CS and a protein were incorpo-
rated into a two-compartment hydrogel. In the presence of aden-
osine, the anti-adenosine aptamer changed its conformation to free
the aptamer-bound CS. The freed CS subsequently hybridized with
the protein-bound aptamer to form a new nucleic acid duplex,
which led to protein release. Protein release from the same
hydrogel was periodically stimulated for four times [59]. While
adenosine and PDGF-BB were used as a model in this work, the
concept is in principle suitable for any metabolites (e.g., glucose)
and proteins (e.g., insulin).

There are a few advantages of using aptamers to develop pro-
grammable hydrogels. Firstly, aptamers have high affinities and
specificities in binding target proteins, which cannot be easily
compensated with any other ligands except antibodies. Thus, in
principle, it is possible to incorporate many aptamers into a
hydrogel based on a certain need for sustained release, triggered
release or their combinations. Secondly, aptamers can change their
functional conformations in the presence of rationally designed CSs
that are either used as external triggering molecules or incorpo-
rated into the hydrogel together with aptamers as a biomimetic

internal triggering intermediate. This function is the key for the
development of programmable hydrogels. Based on the currently
available knowledge, it is challenging or virtually impossible for
antibodies to fulfill this requirement. Thirdly, aptamers bind both
proteins and CSs with high affinities and specificities. Thus, the
entire programmable system has strong and specific aptamer-CS
and aptamer-protein interactions. This dual binding fidelity en-
sures the high accuracy of control. Fourthly, in addition to the
incorporation of multiple aptamers for controlling the release of
multiple proteins, programmable hydrogels can be further func-
tionalized with multiple cell-binding aptamers to expand the di-
versity of programmable hydrogels. It is important to note that
there is a common concern with the stability of nucleic acid
aptamers in the body fluids that contain various nucleases. While
this concern is reasonable, the nuclease degradation of aptamers
within the hydrogel is significantly different from that in aqueous
solutions or on the hydrogel surface even if aptamers are not
chemically modified. Aptamers exhibit reasonable stability once
chemically incorporated into the hydrogel network. Moreover, even
if their stability does not reach the expectation, they can be
chemically modified to achieve high stability [191]. Because of
these advantages, aptamer-functionalized hydrogels have recently
attracted more and more attention in the field of biomaterials
[192,193].

5. Conclusion and outlook

The definition of programmable hydrogels is given in this re-
view. Moreover, programmable hydrogels are introduced from the
viewpoints of principles, functions and biomedical applications.
While it is obvious that great progress has been made in this
research area, there are several issues that need to be considered
for future advances.

The ability to achieve spatiotemporal control of a change would
be ideal, which has been proposed and discussed in the literature
for many years. However, most if not all programmable hydrogels
undergo changes at the macroscopic level. That is the change of the
entire bulk of the hydrogel. One may suggest applying high-focus
stimuli such as light to achieve spatial control to spare the unsti-
mulated regions of the hydrogel. Indeed two-photon techniques
have high spatial resolution; however, it would be challenging to
apply such a stimulus for most real-world applications (e.g., protein
delivery) by triggering a three-dimensional space via a few microns
by a few microns. It would be particularly challenging to differen-
tiate the extracellular space from the randomly distributed cells in a
three-dimensional hydrogel in vitro or tissue in vivo. Thus, the
development of programmable hydrogels that can be spatiotem-
porally controlled remains a challenge. The integration of multiple
external and internal triggering events for one functional change
has provided a potential solution to address this question [59,137].
However, more work is needed to enrich such a new research di-
rection for the advanced development of programmable hydrogels
that are responsive to coherent or sequential stimuli at both
macroscopic and microscopic levels. As a result, a local small-scale
change in a bulk hydrogel will not affect the overall properties of
the hydrogel. This requirement for spatiotemporal control also
suggests a need to explore novel methods for real-time and in-situ
examination of temporal and local variation of properties and
functions of programmable hydrogels.

Functional changes are often coupled together. For instance,
when the pore size of a hydrogel is increased or decreased, it will
cause the change of not only the permeability but also mechanical
properties and ligand density. These changes will further affect cell
attachment and protein release. The ability to decouple these
simultaneous changes would help better understand basic
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behavior of cells or develop more effective strategies for treatment
of diseases. Moreover, the effectiveness of functional changes is
often a non-linear function of time. It decays with the times of
stimulation. This situation is reasonable as the change in a hydrogel
is either directly or indirectly related to concentration. For instance,
the protein amount in the hydrogel decreases after each pulsatile
release [59]. As the release is a function of the concentration
gradient, the following release would decrease with the triggering
times and cycles. This issue may also hold true to other functional
changes such as the decrease or increase of stiffness. These con-
cerns with functional changes need to be considered when pro-
grammable hydrogels are designed for biomedical applications,
particularly those requiring very frequent and periodic changes
(e.g., insulin release for treatment of diabetes).

Programmable hydrogels have been studied for various
biomedical applications as exemplified herein. These promising
applications may be tuned for other areas. For instance, the prin-
ciple for programmable catch and release of proteins and cells can
be applied to reversible catch of nano- or micro-particles [194]. It is
also possible to integrate two or more than two programmable
hydrogels into one multifunctional programmable hydrogel for one
application such as the development of cancer cell homing, killing
and releasing hydrogel [195], stem cell homing and differentiating
hydrogel, and 4-D cell culture hydrogels [196,197]. However, it is
important to note that most programmable hydrogels are currently
studied in an in vitro environment. When they are used to help
understand certain basic biological mechanisms or to separate
target cells from a cell mixture in vitro, their current functions may
fulfill the requirements. However, if they are developed for in vivo
applications such as protein delivery, cell homing and tissue engi-
neering, numerous technical challenges need to be considered. For
instance, the penetration of light, triggering molecules or metab-
olites into hydrogels through the dense tissues or the circulation
needs to be examined systematically, which needs to be addressed
in the future.
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