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a  b  s  t  r  a  c  t

Regenerative  medicine  involves  interdisciplinary  biomimetic  approaches  for cell  therapy
and tissue  regeneration,  employing  the  triad  of  cells,  signals,  and/or  scaffolds.  Remarkably,
the field  of  therapeutic  cells  has  evolved  from  the  use  of embryonic  and  adult  stem  cells
to the  use  of  induced  pluripotent  stem  cells.  For  application  of  these  cells  in  regenerative
medicine,  cell  fate needs  to be carefully  controlled  via  external  signals,  such  as the  physi-
cal properties  of an  artificial  extracellular  matrix  (ECM)  and  biologically  active  molecules
in the form  of small  molecules,  peptides,  and  proteins.  It is  therefore  crucial  to develop
biomimetic  scaffolds,  reflecting  the nanoenvironment  of three-dimensional  (3D)  ECM  in
the body.  Here,  we  describe  in  situ-forming  injectable  hydrogel  systems,  prepared  using
a variety  of  chemical  crosslinkers  and/or  physical  interactions,  for application  in regener-
ative medicine.  Selective  and  fast  chemical  reactions  under  physiological  conditions  are
prerequisites  for  in situ  formation  of  injectable  hydrogels.  These  hydrogels  are attractive
for  regenerative  medicine  because  of  their  ease  of  administration,  facile  encapsulation  of
cells  and  biomolecules  without  severe  toxic  effects,  minimally  invasive  treatment,  and
possibly enhanced  patient  compliance.  Recently,  the Michael  addition  reaction  between
thiol  and vinyl  groups,  the  click  reaction  between  bis(yne)  molecules  and multiarm  azides,
and  the  Schiff  base reaction  have  been  investigated  for generation  of  injectable  hydrogels,
due to the  high  selectivity  and  biocompatibility  of  these  reactions.  Noncovalent  physi-
cal  interactions  have  also  been  proposed  as crosslinking  mechanisms  for in  situ  forming
injectable  hydrogels.  Hydrophobic  interactions,  ionic  interactions,  stereocomplex  forma-
tion, complementary  pair  formation,  and  host–guest  interactions  drive  the  formation  of  3D
polymeric  networks.  In particular,  supramolecular  hydrogels  have  been  developed  using
the host–guest  chemistry  of  cyclodextrin  (CD)  and  cucurbituril  (CB), which  allows  highly
selective,  simple,  and  biocompatible  crosslinking.  Molecular  recognition  and  complex  for-

mation  of supramolecules,  without  the  need  for additional  additives,  have  been  successfully
applied  to  the  3D  network
of  the art  of injectable  hyd
cell therapy  and  tissue  reg
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 formation  of polymer  chains.  Finally,  we  review  the  current  state
rogel  systems  for  application  in  regenerative  medicine,  including
eneration.
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1. Introduction

Regenerative medicine is the term for biomedical
approaches to improve, restore, or replace biological
functions of damaged tissues and organs, using cells,
physico-chemical factors, and/or engineered scaffolds [1].
These translational approaches include cell therapies,
immunomodulation therapy via infused cells, and tissue
regeneration or engineering using artificial organs and tis-
sues [1,2]. In recent years, engineered scaffolds have been
investigated widely as an artificial extracellular matrix
(ECM) to provide structural support and growth factors for
the spatiotemporal control of encapsulated cells [3]. The
ECM naturally consists of an interlocking mesh of fibrous
proteins and glycosaminoglycans (GAGs). GAGs are car-
bohydrate polymers, such as heparan sulfate, chondroitin
sulfate, and keratan sulfate, which are usually attached to
ECM proteins to form proteoglycans. Hyaluronic acid (HA)
is an exceptional non-proteoglycan polysaccharide. Col-
lagens are the most abundant protein in the ECM, while
elastin, laminin, and fibronectin are also important com-
ponents of the ECM. Cell-to-ECM adhesion is regulated by
cellular adhesion molecules (CAMs) of integrins that bind
cells to fibronectin and laminin in the ECM [4,5]. The cell
fate is regulated by external signals, such as cell–cell inter-
actions, the physical properties of the ECM, and growth
factors [6,7].

As an artificial ECM, synthetic scaffolds should pos-
sess appropriate mechanical properties, porous structures
that allow free diffusion of nutrients and wastes, and
degradability that matches the rate of cellular growth,

enabling spatiotemporal control of encapsulated cells. They
should be easily fabricated in a way that minimizes cell
damage and cytotoxic byproducts. A variety of synthetic
scaffolds have been developed for tissue engineering,
. . .  . . . . . . .  . . .  . . . . .  . . .  . . . . .  .  .  . . .  .  .  . . .  . . .  . . . . . . .  . . .  .  . . . . . . .  .  . . .  .  1983
 . .  . . . .  .  . . . . .  . . .  .  . . . . .  . . . . .  . .  .  .  . . .  .  . . .  . . . .  . . . . . . .  . . .  .  . . .  . . . .  .  . . 1983

including hydrogels [8,9], porous nanostructures [10–12],
and nanofibers [13,14]. In particular, hydrogels, three-
dimensional (3D) networks of crosslinked polymer chains,
have been widely investigated as promising artificial ECMs
for in vitro and in vivo tissue engineering applications
[15–17]. As schematically shown in Fig. 1, in situ-forming
cytocompatible hydrogels can be prepared using non-toxic
chemical crosslinkers, enzymes for biological crosslink-
ing, physical interactions such as hydrophobic interaction
and ionic interaction, and supramolecular chemistry. These
injectable hydrogels have many advantages for various
biomedical applications, including their ease of adminis-
tration, simple cell encapsulation, the minimally invasive
treatment, and the possibly enhanced patient compliance
[18–22]. In addition, injectable hydrogels can easily take on
a complex shape and can adhere to the surrounding tissues
during hydrogel formation. However, to our knowledge,
there are few in situ-forming hydrogels available for long-
term cell encapsulation, due to the absence of chemical
crosslinking systems that are completely biocompatible,
the narrow range of physiologically acceptable triggering
stimuli for physical crosslinking, and the low stability of
physically crosslinked hydrogels in the body [15,23]. Fur-
thermore, it is not easy to provide adequate growth factors
to cells encapsulated in hydrogels for their proliferation
and differentiation. To achieve this, cellular adhesion moi-
eties and/or growth factors should be introduced into the
hydrogel in a spatiotemporally controlled manner (Fig. 1).
The systematic investigation on the fate of cells encap-
sulated in the hydrogels over time is one of the most
important but currently unmet biomedical requirements

for the successful application of hydrogels to regenerative
medicine.

In this review, we describe various injectable hydro-
gel systems used in regenerative medicine, including cell
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F s used for in situ forming injectable hydrogels (left) and the interaction between
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Fig. 2. Schematic illustration of in situ hydrogel formation using Michael
addition [28], Copyright 2010.
ig. 1. Schematic representation of crosslinking mechanisms. Mechanism
ell  integrins or receptors and biomolecules conjugated to extracellular m

herapy and tissue regeneration. First, we review injectable
ydrogels prepared using non-toxic chemical crosslinkers,
mploying the Michael addition reaction between thiol and
inyl groups, the click reaction between bis(yne) molecules
nd multiarm azides, and the Schiff base reaction. Second,
e review injectable hydrogels prepared using enzymes

or biological crosslinking, such as hydrogen peroxidase
or the crosslinking of an HA–tyramine conjugate. Third,
e review injectable hydrogels prepared using physical

nteractions, such as hydrophobic interactions and ionic
nteractions, and external stimuli-responsive hydrogel sys-
ems, of which the formation is triggered by temperature
nd/or pH changes. Fourth, we discuss supramolecular
ydrogels prepared using host–guest chemistry involv-

ng cyclodextrin (CD) and cucurbituril (CB). Finally, we
escribe several examples of in situ-forming injectable
ydrogels applied in cell therapy and tissue regeneration,
ith a view to further clinical development.

. In situ-forming injectable hydrogels

.1. Injectable hydrogels prepared by chemical
rosslinking

.1.1. Michael addition for formation of injectable
ydrogels

Michael addition is the nucleophilic addition of a car-
anion or a nucleophile, such as thiols and amines, to an
,�-unsaturated carbonyl compound [24]. The reaction is
ighly selective under physiological conditions, without

nvolving toxic reagents and side products. Accordingly,
his reaction has been widely exploited for the prepara-
ion of injectable hydrogels for biomedical applications

Fig. 2). For example, the Michael addition reaction can
ccur between thiol and vinyl sulfone (VS) or aminoethyl
ethacrylate (AEMA). As a polymer backbone, synthetic

nd natural polymers have been used for the preparation

Reproduced with permission from Elsevier Ltd.
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Fig. 3. Schematic illustration of in situ hydrogel formation using click
chemistry [40], Copyright 2009.
Reproduced with permission from the Nature Publishing Group.

of hydrogels, such as poly(ethylene glycol) (PEG), collagen,
HA, and heparin [25–29]. Cells and biopharmaceuticals can
be encapsulated within such a hydrogel by simple mix-
ing with the polymer precursor solutions. ExtracelTM is
one of the typical injectable hydrogels created by Michael
addition between a thiol-modified carboxymethyl HA and
gelatin modified with diacrylated PEG [25,30–32]. The gela-
tion time can be controlled by changing the concentration
and the pH of the polymer precursor solutions. ExtracelTM

has been applied to drug delivery [30], post-surgical adhe-
sion barriers [31], and tissue engineering [25,32].

2.1.2. Click reaction for formation of injectable hydrogels
Click chemistry is a Cu(I)-catalyzed reaction between

azide and terminal acetylene groups, forming 1,2,3-
triazoles [33,34]. This reaction is widely employed
for biomedical applications, because of the high yield,
regiospecificity, absence of toxic byproducts, and rapid
reactivity under physiological conditions. Using click
chemistry, various hydrogels have been developed for drug
delivery and tissue engineering applications [35–38]. A
polymeric 3D network has been fabricated using a dipolar
cycloaddition reaction between the two types of deriva-
tives in the presence of a catalytic amount of Cu(I), at
room temperature. Recently, copper-free click chemistry
has also been developed using azide–alkyne cycloaddition

between difluorinated cyclooctyne (DIFO3) and azide, and
applied to in situ hydrogel formation (Fig. 3) [39,40]. Sim-
ple mixing of the polymer precursor solutions with a cell
suspension resulted in hydrogel formation via the highly
cience 39 (2014) 1973–1986

specific click reaction of azide with acetylene, encapsulat-
ing the cells. In addition, post-modification of the hydrogel,
on demand, was  performed by subsequent functionaliza-
tion of the remaining azide or acetylene group.

2.1.3. Schiff base reaction for formation of injectable
hydrogels

Injectable hydrogels can be prepared by a Schiff base
reaction between an amine group and an aldehyde group,
without additional chemical crosslinking reagents. The
residual functional groups within the hydrogel can be
used for covalent conjugation of therapeutic molecules
or additional crosslinking. HA, chitosan, dextran, chon-
droitin sulfate, and poly(vinyl alcohol) have been used for
the preparation of hydrogels via the Schiff base reaction
[41–45]. The gelation time and physical properties of these
hydrogels are dependent on the ratio of the amine and
aldehyde groups. Although the cells entrapped in these
hydrogels have been reported to maintain their normal
morphology, aldehyde groups can react with other amine
groups in biomolecules of cells in the body during the
crosslinking reaction.

2.1.4. Enzyme-mediated injectable hydrogels
Tyramine-conjugated polymers have been used for

in situ hydrogel formation in the presence of H2O2
and horseradish peroxidase (Fig. 4) [46–49]. The enzy-
matically crosslinked hydrogels can be prepared within
10 min, depending on the polymer concentration and the
enzyme/tyramine ratio. Polymer–tyramine hydrogels with
high elasticity have been used as drug delivery depot sys-
tems [46] and tissue engineering scaffolds [47–49].

2.1.5. Photo-crosslinked injectable hydrogels
Methacrylated polymers have been used for in situ

hydrogel formation by photo-crosslinking with a pho-
toinitiator (Fig. 5) [50]. The hydrogel precursor solution
is injected into the body and is then exposed to visi-
ble or ultraviolet (UV) light. Photo-crosslinking has also
been used to improve the mechanical properties and
stability of physically crosslinked hydrogels [51,52]. For
example, methacrylic acid was  introduced into thermosen-
sitive polymers or electrostatically crosslinked hydrogels.
The thermosensitive photopolymerized hydrogels demon-
strated improved mechanical properties. Nevertheless, the
practical applications of photo-crosslinked hydrogels are
limited due to the possible toxicity of photoinitiators, the
long exposure time, and the short penetration depth of light
sources [53,54].

2.2. Injectable hydrogels prepared by electrostatic
interaction

2.2.1. Alginate-based injectable hydrogels
Alginate is an anionic polysaccharide derived from

brown algae. This biopolymer is a common excipient in the
pharmaceutical industry. Alginate hydrogels are formed by

simple mixing of alginate solutions with divalent cations,
such as Ca2+, Mg2+, and Ba2+. Alginate-based hydrogels
have been widely used for drug delivery [61], cell ther-
apy [62,63], and tissue engineering [55–57]. They have
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Fig. 4. Schematic illustration of in situ hydrogel formation using an enzymatic crosslinking reaction with horseradish peroxidase (HRP) and H2O2 [46],
Copyright 2011.
Reproduced with permission from Elsevier Ltd.
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Fig. 5. Schematic illustration of in situ hydrogel f
eproduced with permission from the United States National Academy o

een used in clinical trials and are a component of FDA
pproved medical products [63]. The formation and the
echanical strength of alginate-based hydrogels can be

ontrolled by changing the concentration and the type of
ation added. For example, the rate of alginate hydrogel
ormation increased with increasing total calcium con-
ent in the case of CaCO3/d-glucono-�-lactone (GDL) and
aSO4/CaCO3/GDL systems [58]. The mechanical properties
f the alginate hydrogels were improved with increasing
lginate concentration, total calcium content, molecular
eight, and glucuronic acid content of the alginate. How-

ver, alginate hydrogels formed by ionic interaction are not
table in the body, because ionic molecules diffuse out from
he hydrogels into the body fluid [59,60]. In addition, the
ormation of alginate hydrogel is difficult to control, and
he hydrogel has poor cell adhesion [61]. To improve the
tability and mechanical properties of this type of hydro-
el, highly stretchable and tough alginate hydrogels have
een prepared by additional covalent crosslinking (Fig. 6)
62,63]. Furthermore, alginate hydrogel was prepared by
hoto-crosslinking of methacrylated alginate, which main-
ained enhanced mechanical properties for 4 weeks in mice
51]. An issue with alginate hydrogel is that this polymer

s naturally derived, and thus if it is not adequately puri-
ed, contaminants can lead to inflammation or immune
esponses. However, appropriately purified materials can
e successfully applied to biomedical applications [64].
n using photo-crosslinking [50], Copyright 1999.
s.

2.2.2. Chitosan-based injectable hydrogels
Chitosan is an alternating copolymer of

2-acetamido-2-deoxy-�-d-glucopyranose and 2-amino-2-
deoxy-d-glucopyranose derived from naturally occurring
chitin. Chitosan can form a hydrogel complex with
polyanionic molecules via electrostatic interaction [65].
Temperature- and pH-responsive chitosan-based hydro-
gels have been prepared with polyol-salts possessing a
single anionic head, such as glycerol-, sorbitol-, fructose-,
or glucose-phosphate salts (polyol- or sugar-phosphate)
[66–69]. The driving force behind hydrogel formation
includes hydrogen bonding, electrostatic interaction, and
hydrophobic interaction between chitosan and polyol-
phosphate salts. The chitosan solution remains liquid
at physiological pH and turns into a hydrogel at body
temperature. Drugs and cells can be easily entrapped
within the hydrogel by mixing them with the precursor
solution at low temperature prior to injection.

2.3. Stimuli-responsive injectable hydrogels

2.3.1. Temperature-responsive injectable hydrogels
Some polymers undergo solubility changes and phase
transitions in response to environmental temperature
[70,71]. This threshold is referred to as the lower
critical solution temperature (LCST) [72]. For example,
poly(N-isopropylacrylamide) (PNIPAAm) undergoes phase
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ical cros
Fig. 6. Schematic illustration of in situ hydrogel formation using chem
Copyright 2012.
Reproduced with permission from the Nature Publishing Group.

transition at temperatures above 32 ◦C in an aqueous
solution. Because the LCST of PNIPAAm is increased by
copolymerization with a hydrophilic polymer, in situ
gelation temperature can be adjusted to body tempera-
ture [70]. In addition, some amphiphilic polymers were
used for hydrogel formation, by micellar packing, in
response to temperature changes [73]. Linear and star-
shaped block copolymers, composed of central hydrophilic
polyethylene oxide (PEO) and terminal PNIPAAm, showed
a temperature-responsive behavior, forming relatively
strong injectable hydrogels [72]. Recently, biodegradable
temperature-responsive hydrogels were developed for
biomedical applications by combining non-biodegradable
PNIPAAm and biodegradable polymers [74–76]. The HA-g-
PNIPAAm conjugate forms a hydrogel network, exhibiting
reversible temperature-responsive solubility [75]. The
degradation rate, swelling ratio, and cytocompatibility of
the hydrogels can be controlled by changing the weight
ratio of PNIPAAm to HA for tissue engineering applications.

A PEO–PPO–PEO triblock copolymer, under the trade
name of Pluronic®, is one of the most commonly used
thermosensitive hydrogels for biomedical applications.

Dehydration and increasing hydrophobicity of the PPO
block with increasing temperature results in micelle
formation, which is the driving force for in situ hydro-
gel formation. This hydrogel formation is dependent
slinking and ionic interaction between alginate and calcium ions [62],

on the concentration and temperature of the polymer
precursor solution. Pluronic® with a different composi-
tion and molecular weight of copolymer has been used
for applications in drug delivery, gene delivery, tissue
adhesion prevention, and tissue engineering [77]. How-
ever, Pluronic® systems have the disadvantages of having
weak mechanical strength and being non-biodegradable.
Biodegradable PEG–PLGA–PEG also forms a thermore-
sponsive hydrogel similar to the PEO–PPO–PEO triblock
copolymer systems [78]. Despite the wide clinical exploita-
tion of PLGA based copolymers with FDA approval, they
are known to cause harmful side-effects to biomolecules,
cells, and tissues in some cases after they are degraded to
acidic monomers [79,80]. To alleviate these issues, porous
devices, microparticles, and hydrogels have been devel-
oped using this type of polymers [80].

2.3.2. Dual-responsive injectable hydrogels
The main disadvantage of physically crosslinked

thermosensitive hydrogels is their weak stability
and mechanical properties in the body. Accordingly,
dual-responsive hydrogels have been developed to alle-

viate these problems. For example, temperature- and
pH-responsive hydrogels have been developed using
PNIPAAm-based copolymers. PNIPAAm is copolymerized
with pH-responsive segments, such as poly(propylacrylic
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Fig. 7. Schematic illustration of in situ hydrogel formation in the 

eproduced with permission from John Wiley & Sons Inc.

cid) (PPAA), poly(N-isopropylmaleamic acid) (PNIPMAA),
nd poly(methacrylic acid) (PMAA) [81]. These synthetic
olymers are not only temperature responsive but also
ignificantly pH responsive due to the presence of carboxyl
roups. In addition, temperature- and pH-responsive
ydrogels have been prepared with multiblock copoly-
ers [82]. The pH-responsive sulfamethazine oligomers

SMO) have been conjugated to both ends of thermore-
ponsive poly(�-caprolactone-co-lactide)–PEG–poly(�-
aprolactone-co-lactide). The resulting SMO–PCLA–PEG–
CLA–SMO multiblock copolymer solution shows a
eversible sol–gel transition at pH 7.2 and body tem-
erature. The mechanism of hydrogel formation is the
ydrophobic interaction between SMO  and PCLA blocks.
hese temperature- and pH- (dual) responsive hydrogels
ave enhanced mechanical strength and prevent gelation
f the precursor solution in the needle during injection
nto the body. Other dual-responsive hydrogel systems
hat enhance the mechanical properties of physically
rosslinked hydrogels have also been developed using
hoto- and temperature-responsive hydrogel systems
83,84].

.4. Supramolecular injectable hydrogels prepared by
elf-assembly

.4.1. Self-assembling injectable hydrogels by
omplementary binding
Self-assembling hydrogels have been developed
sing various complementary bindings, such as

igand–receptor pairs [85–87], antigen–antibody pairs
88–90], and base-pairing interactions [91–93]. Because
e of cells using ligand–receptor interaction [85], Copyright 2003.

ligand–receptor pairs have an extremely high binding
affinity, the formation of a complex between a receptor
and a ligand can be used to drive formation of injectable
hydrogels. For example, a streptavidin–biotin pair has
been used for the preparation of injectable hydrogels
(Fig. 7) [85]. PLA–PEG–biotin microparticles have been
crosslinked with avidin to generate 3D porous matrices
that self-assemble at the injection site. In addition, mul-
tiple repeats of tryptophan-rich domains and proline-rich
peptide domains have been used for hydrogel formation
[86]. The amount of crosslinking protein affected the
hydrogel formation rate, as well as the physical strength of
the hydrogels. Moreover, growth factors could be added to
the hydrogel precursor solution to promote cellular func-
tions within the hydrogel. Antibody–antigen interaction
has also been used for the formation of an injectable 3D
network [88–90]. Simple mixing of antibody-conjugated
polymer and antigen-grafted polymer solutions can result
in hydrogel formation. Treatment with free antigen or
free antibody also affects the physical properties of these
hydrogels. In addition, self-assembling hydrogels have
been prepared using three complementary branched
DNA sequences [91–93]. However, the relative diffi-
culties in mass production and chemical modification
of biomolecules, as well as the potential safety issues
involved, should be addressed to expand the applications
of these hydrogels to regenerative medicine.
2.4.2. Self-assembling injectable hydrogels by host–guest
interaction of cyclodextrin

As an alternative to biological complementary bind-
ing pairs, self-assembling hydrogels have been developed
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Fig. 8. Schematic illustration of in situ hydrogel formation using
host–guest interaction of cyclodextrin [96], Copyright 2006.
Reproduced with permission from John Wiley & Sons Inc.

using host–guest interaction of the cyclodextrin (CD) fam-
ily (Fig. 8). CDs are series of natural cyclic oligosaccharides
composed of six, seven, or eight d-glucopyranoside units
(�, �, and �-CD). They have a hydrophobic inner cavity, by
which they can generate an inclusion complex with other
guest molecules, such as PEG, adamantane, and cholesterol
[94]. Recently, injectable hydrogels that make use of an
inclusion complex of CD have emerged as another series
of promising physical hydrogels that can be used in var-
ious biomedical applications [95–97]. PEG can penetrate
the inner cavity of �-CD to generate an inclusion com-
plex. Injectable hydrogels have been created by mixing
high molecular weight PEG and �-CD in aqueous solution
[95]. This type of hydrogel is reversibly thixotropic and
non-degradable high molecular weight PEG is not ideal for
in vivo applications. To improve the stability of the hydro-
gel, PEO–PPO–PEO was used to make a complex with �-CD.
�-CD and adamantane, and �-CD and cholesterol pairs have
also been investigated for the preparation of injectable
hydrogels [96,97]. However, CD-based hydrogels have an
intrinsic limitation in in vivo applications, due to the low
binding affinity of CD to guest molecules (e.g. K ∼ 102 M−1

for �-CD-PEG) and the low stability of the resulting hydro-
gels in the body [98].

2.4.3. Self-assembling injectable hydrogels by host–guest
interaction of cucurbituril

Cucurbit[n]uril (n = 5–8, 10; CB[n]), which is a hollowed
pumpkin-like symmetrical macromolecule, can form a
complex with acyl ammonium ion with exceptionally high
binding affinity and selectivity in aqueous solution (Fig. 9).
Accordingly, the CB–guest interaction has been exploited
as a useful tool for noncovalent conjugation, with neg-
ligible cytotoxicity, for biomedical applications [99]. The
cavity size of CB[n] and the length of the guest molecule for
hydrophobic interaction and hydrogen bonding are impor-
tant factors for the formation of a CB–guest complex. For
example, CB[8] forms a complex with two guest molecules,
an electron-deficient first guest, such as viologen, and an
electron-rich second guest, such as 2-naphthol [100]. Also,
CB[6] binds tightly to the protonated forms of diaminohex-
ane (DAH) and spermine (SPM) in order to make ultrastable

host–guest complexes [101], with a high binding con-
stant of 1010–1012 M−1, which is almost comparable to
that of streptavidin and biotin. In our previous study, the
host–guest interaction between CB[6] and DAH was used
cience 39 (2014) 1973–1986

as a selective crosslinking system for the preparation of
injectable hydrogels, without requiring additional reagents
and stimuli (Fig. 9) [101]. Supramolecular HA hydrogels
encapsulating cells can be prepared easily within 2 min by
simple mixing of CB[6]–HA and DAH–HA solutions in the
presence of cells. Interestingly, modular post-modification
of the hydrogel can be achieved using various “tags”
attached to CB[6], allowing control of proliferation and
morphology of the encapsulated cells [101]. We  have been
able to confirm the feasibility of CB[6]/DAH–HA hydrogels
with good mechanical stability, enzymatic degradability,
and negligible toxicity that are applicable to cell therapy
and tissue regeneration. For further in vivo applications,
the long-term safety of CB[6]/DAH–HA hydrogels should be
investigated carefully with the optimization of complicated
synthetic processes.

3. In situ-forming injectable hydrogels for
regenerative medicine

The field of regenerative medicine includes cell ther-
apy and biomedical approaches to tissue regeneration. Cell
therapy involves delivery of therapeutic cells to appro-
priate tissues for the treatment of diseases. Autologous
cell therapy is performed using cells from a patient, while
allogeneic cell therapy uses cells from donors. Tissue regen-
eration or engineering is performed using a triad of cells,
signaling molecules, and scaffolds for the repair and regen-
eration of damaged body parts. In addition to external
signals derived from the microenvironment, cell–cell inter-
action via transmembrane proteins is also important for
determining the cell fate [102]. 3D hydrogels have been
investigated extensively as a cell carrier and as an artifi-
cial ECM for the spatiotemporal control of cells by means
of an adequate supply of growth factors. Below follows a
detailed description of injectable hydrogels for use in cell
therapy and tissue regeneration.

3.1. Injectable hydrogels for cell therapy

Red blood cell injection, platelet transfusion, and bone
marrow transplantation are typical examples of cell-based
therapies. In general, the number of cells (from sev-
eral millions to hundreds of millions of cells) should
be injected to achieve effective cell therapy [103–105].
The delivery of cells with adequate carriers can extend
the duration of the therapeutic effect, which holds a
great advantage, particularly for patients suffering from
chronic diseases such as diabetes. Islet transplantation is
a promising therapy for the treatment of diabetes. Loss
and poor engraftment of islets are major obstacles for
islet therapy. P(NIPAAm-co-AA) has been investigated as
a thermoresponsive injectable cellular scaffold for islet
encapsulation. The viability of islets entrapped within a
P(NIPAAm-co-AA) hydrogel and the subsequent secretion
of insulin were improved markedly in comparison to those
of free islets [106]. In addition, insulin secretion was fur-

ther enhanced by the addition of glucagon-like peptide 1
(GLP-1) to the hydrogel [107]. Another injectable hydro-
gel system for islet encapsulation was  developed using
Michael addition between PEG-maleimides and dithiol
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eproduced with permission from the American Chemical Society.

rosslinkers containing protease-cleavable peptides. The
ydrogel was functionalized with an RGD peptide and/or
EGF to improve viability and engraftment of cells [108].

slet transplantation using VEGF-releasing PEG hydro-
els resulted in reversal of hyperglycemia in diabetic
odel mice. Glucose tolerance tests confirmed the nor-
oglycemia in the diabetic mice that had been treated
ith islets encapsulated in the VEGF-releasing PEG hydro-

els. Alginate micro-hydrogels loaded with bioactive glass
nd fibroblasts were also developed to deliver VEGF for
ong-term treatment of ischemia [109]. The bioactive glass
nhanced the endothelial cell proliferation and VEGF secre-
ion from fibroblasts in the alginate beads.

As an alternative to drug delivery, cells have been
enetically modified to produce and secrete therapeutic
iomolecules, such as cytokines, hormones, and pro-
eins. RGD-conjugated alginate was used to encapsulate
enetically engineered C2C12 myoblasts to secrete murine
rythropoietin (EPO) [110]. In vitro EPO secretion from cells
oaded in alginate microcapsules using RGD was higher
han that of the control group. In addition, subcutaneous
njections of cell-loaded hydrogels resulted in a relatively
igh EPO release, maintaining a high hematocrit level,
ith minimal inflammatory reaction. Photo-crosslinked

EG hydrogel has also been developed and used to
ncapsulate genetically engineered fibroblasts expressing
MP-2 for bone regeneration in bone-defect animal models
111]. Recently, we reported hydrogel optical waveg-
ides for in vivo cell-based sensing and therapy (Fig. 10).
EG-diacrylate was photo-crosslinked encapsulating opto-
enetic cells, which can be triggered by optical signals, to
ssess the nanotoxicity of quantum dots and to produce
LP-1 for the treatment of diabetes as model diagnostic and

herapeutic systems [112,113]. Photolabile hydrogels that
ontain a cysteine compound with a sulfhydryl protecting
roup was used to guide 3D cell growth and migration for

ell therapy [114].

Remarkably, gene expression was reported to be signif-
cantly higher in mesenchymal stem cells (MSCs) than in
ormal cells [115]. Transplanted allogeneic or xenogeneic
presence of genetically engineered mesenchymal stem cells. Also shown
ions [101], Copyright 2012.

stem cells have shown prolonged survival and even
engraftment in various tissues of host organisms, due to the
non-immunogenicity of MSCs [116]. Accordingly, geneti-
cally modified MSCs have been extensively investigated for
the treatment of intractable diseases [117–119]. The thera-
peutic gene was  packaged into a delivery vehicle, such as an
adenovirus, which was  then transduced into MSCs isolated
from the patient. In this approach, adequate cell carriers
can greatly reduce the number of cells needed for ther-
apeutic applications. We have previously reported in situ
formation and modular modification of CB[6]/DAH–HA
hydrogels [101]. For tissue engineering applications, the
supramolecular CB[6]/DHA–HA hydrogels were modularly
modified with a cyclic RGDyK peptide. After 2 weeks, the
number of NHDF human fibroblast cells in the hydrogel
increased 5-fold, consistent with the characteristic cell
adhesion and proliferation behaviors in the context of a
RGD environment. We  have also carried out in situ forma-
tion and modular modification of hydrogels under the skin
of mice by sequential subcutaneous injections of CB[6]–HA,
DAH–HA, and FITC–CB[6] [101]. We  confirmed the feasibil-
ity of supramolecular hydrogels as a 3D artificial ECM for
various genetically modified stem cell therapies.

3.2. Injectable hydrogels for tissue regeneration

The importance of tissue regeneration has increased
significantly with prolonged life expectancy [120]. Regen-
erated skin, cartilage, and bone are already clinically
available, and meaningful progress has already been
achieved for regeneration of bladder, liver, and heart tissue,
as well as spinal cord nerves [121–123]. Injectable hydro-
gels have been investigated widely as an artificial scaffold
for regenerative medicine. For example, in situ-forming
HA hydrogels were developed using the Michael addi-
tion reaction between thiol-group substituted HA (HA–SH)

and VS-modified PEG (PEG–VS) for cartilage repair [26].
Chondrocytes were homogeneously encapsulated within
the hydrogel by mixing the polymer precursor solu-
tions. The cells survived and proliferated for 3 weeks.
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Fig. 10. Schematic illustration of the hydrogel optical waveguide for in vivo optogenetic cell-based sensing and therapy [112]. Copyright 2013.

Reproduced with permission from the Nature Publishing Group.

Collagen type II and GAG accumulated in the hydro-
gels, reflecting the feasibility of using these hydrogels
for cartilage regeneration. Other injectable hydrogels pre-
pared by the Michael addition reaction were developed
using heparin–SH and PEG–diacrylate for primary hepa-
tocyte culture [28]. The encapsulated primary hepatocytes
showed enhanced hepatic function in rats. The expression
of albumin-, urea-, and liver-specific products were main-
tained at high levels for 3 weeks after cell encapsulation.
In addition, hepatocytes cultured within heparin-based
hydrogels containing hepatocyte growth factors exhib-
ited higher levels of albumin and urea production than
the cells entrapped within the hydrogel alone. Moreover,
dextran–tyramine conjugate and heparin–tyramine conju-
gate were co-crosslinked for application in chondrogenesis
[46]. Heparin interacts with ECM components and modu-
lates cell signaling by cell–matrix interaction. Heparin can
promote cell adhesion, proliferation, and differentiation.
Peptide-based hydrogels have also been developed using
click chemistry for cell delivery [124]. An RGD peptide was
functionalized using azide and four-arm PEG was modified
with acetylene, to fabricate injectable hydrogels by click
chemistry. Primary human dermal fibroblasts were then
encapsulated within the PEG–peptide hydrogels to assess
the feasibility of using this type of hydrogel for wound heal-
ing. The attachment and proliferation of the encapsulated
cells were markedly improved by increasing the RGD pep-
tide content in the hydrogels.

The precursor solution of the SMO–PCLA–PEG–
PCLA–SMO multiblock copolymer showed a reversible
sol–gel transition at pH 7.2 and body temperature [82].
Under physiological conditions, human MSCs and recom-
binant human BMP-2 protein were easily encapsulated
within the hydrogels. Subcutaneous injection of the

precursor polymer solution containing human MSCs and
BMP-2 resulted in formation of a hydrogel encapsulating
stem cells and bioactive molecules on the back of mice,
within 10 min. The hydrogel maintained its shape, and
the encapsulated human MSCs survived and proliferated
for up to 7 weeks. These pH- and temperature-responsive
hydrogels were able to enhance the mechanical strength of
the hydrogels and prevented the formation of the hydrogel
from the precursor solution during injection into the
body. Injectable polyurethane acrylate systems were also
developed using poly(propylene glycol) or biodegradable
poly(caprolactone diol) and hydroxyethyl methacrylate for
biomedical applications [52]. The mechanical properties of
the cured polymers were comparable to that of soft tissues,
exhibiting good biocompatibility in the dorsum of rats for
more than 4 weeks. Moreover, a two-component protein-
engineered physical hydrogel system was reported to
encapsulate various cell types, including PC-12 neuronal-
like cells, human umbilical vein endothelial cells, and
murine adult neural stem cells [86]. Multiple repeating
units of tryptophan- and proline-rich peptide domains
caused a sol–gel phase transition by hetero-assembly of
the peptide domains. The encapsulated neural stem cells
were induced to undergo self-renewal, differentiation, and
neurite extension within the hydrogels, forming 3D stable
networks.

Supramolecular hydrogels using host–guest interaction
of CD have also been developed for stem cell encapsula-
tion [125]. MPEG–PCL–MPEG triblock copolymers could
generate a complex with �-CD for tissue engineering
applications. ECV304 cells and bone marrow-derived
MSCs were encapsulated in the hydrogels with ease, and
they maintained their morphologies within the hydrogels,
demonstrating the feasibility of using these hydrogels for
further applications. On the basis of our previous work
[101], we  developed more advanced supramolecular HA
hydrogels as artificial scaffolds for controlled chondrogen-
esis of human MSCs, using mono-allyloxyCB[6]-conjugated

HA (monoCB[6]–HA), DAH–HA, and drug–CB[6] (Fig. 9)
[126]. Dexamethasone (Dexa) could be controlled-released
by the hydrolysis of ester-linkages in Dexa–CB[6] which
was  modularly introduced to CB[6]/DAH–HA hydrogels
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or effective chondrogenesis in the presence of TGF-�.
aken together, we confirmed the feasibility of using
upramolecular hydrogels as a 3D artificial ECM for cell
herapies and tissue engineering applications.

. Conclusion and perspectives

In this review, we  summarized a wide range of
njectable hydrogels that have been applied to regenerative

edicine, including cell therapy and tissue regeneration.
ach hydrogel system has its own advantages and disad-
antages in terms of applications in regenerative medicine.
njectable hydrogels prepared by chemical crosslinking
emonstrate good mechanical properties, but in vivo appli-
ations have been limited due to the possible cytotoxicity
f the reactive chemical crosslinkers. In contrast, injectable
ydrogels prepared by physical crosslinking can be formed
asily without reactive chemical reagents, but the hydro-
els have poor stability and mechanical properties in the
ody. Supramolecular injectable hydrogels are fabricated
y self-assembly of receptor–ligand pairs, complementary
airs, and host–guest pairs. We  have developed injectable
upramolecular HA hydrogels using strong and selective
ost–guest interaction between CB[6]–HA and DAH–HA,
hich demonstrated the feasibility of using these hydro-

els as tissue-engineered scaffolds for cell therapy and
issue regeneration.

The major challenges related to using in situ forming
ydrogels for regenerative medicine are the attainment
f 3D microenvironment of cells in the ECM with bio-
ompatibility, biodegradability, connected pores for active
utrient transport, and spatiotemporal control of cells
ith adequate growth factors. Engineering tissue func-

ions requires in-depth understanding of stem cell biology,
ell–cell communication, tissue dynamics, biomaterials,
hysicochemical processes, and bioengineering designs.
chieving all these requirements and integrating them into
ovel designs represent the main task confronting multi-
isciplinary tissue engineers.

As a next-generation regenerative medicine, organoids
ave been extensively investigated for new drug screen-

ng and therapeutic applications since 2010 [127]. For
xample, cerebral organoids have been generated suc-
essfully in a culture dish to model microcephaly
128,129]. This emerging field of organoids, developed
ia spatiotemporal control of stem cells by means of
ydrogels, will open the door to futuristic regenerative
edicine.
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