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The bottom-up synthesis of highly complex functional materials from simple 
modular blocks is an intriguing area of research. Driven by the chemistry of supra-
molecular assembly, modules which self-assemble into intricate structures have 
been described. These hierarchically assembled systems extend beyond the indi-
vidual molecule and relies on noncovalent interactions in a directed self-assembly 
process. The intrinsic properties of the materials can be modified by exploiting 
the dynamic and specific unidirectional interactions among the building. This also 
allows the building of novel supramolecular structures such as hydrogels, micelles, 
and vesicles. These aqueous supramolecular networks belong to a novel category 
of soft biomaterials exhibiting attractive properties such as stimuli-responsiveness 
and self-healing properties derived from their dynamic behavior. These are impor-
tant for a wide variety of emerging applications. In this book, the latest literature 
describing the formation of dynamic polymeric networks through host–guest com-
plex formation will be summarized. These approaches carried out in the aqueous 
medium has unlocked a versatile toolbox for the design and fine-tuning of supra-
molecular self-assembled materials.

Preface
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Introduction

Xian Jun Loh

© Springer Science+Business Media Singapore 2015 
X.J. Loh (ed.), In-Situ Gelling Polymers, Series in BioEngineering,  
DOI 10.1007/978-981-287-152-7_1

The rapid growth of supramolecular chemistry has led to the development of novel 
materials which are built based on the theory of self-assembly on the molecular 
level. Whitesides and Grzybowski [1] defined self-assembly as “the autonomous 
organization of components into patterns or structures without human interven-
tion”. The idea of building up an ordered structure from a mass of disordered indi-
vidual subunits is immensely intriguing. From the building of order from disorder 
to the emergence of novel properties from self-assembled structures not observed 
in individual subunits, there are interesting scientific questions that draw research-
ers to this field. The science of supramolecular chemistry is intrinsically reliant 
on the connecting moieties, their specific association/dissociation and the thermo-
dynamics of the process. The bulk properties can be greatly affected by the indi-
vidual components, either having an environmental response, varied mechanical 
properties as well stability. Self-assembled built-up materials have been exten-
sively reported for several years, these exist in the form of vesicles, micelles and 
hydrogels.

Vesicles are molecular containers made up of a thin membrane encasing a vol-
ume. Vesicles have attracted great research interest as they are important building 
blocks resembling the cellular units that make up most organisms and are useful in 
chemistry, biology, and material science [2–4]. They have wide applicability and 
can be used as drug/gene delivery systems, for the study of the function of ion 
channels and also light-harvesting systems. Synthetic vesicles are typically derived 
from amphiphiles with different polar or hydrophilic head groups and hydrophobic 
tails. Polymeric micelles are yet another type of encapsulating agents that are built 
up from the self-assembly of amphiphilic polymers [5]. Polymeric micelles have 
been used in a variety of applications including purification of wastewater [6], 
templating agents for materials synthesis, biologically relevant nanobioreactors 
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[7], and as phase-transfer catalysts [8]. They have been widely investigated for 
their potential biomedical applications, particularly in drug delivery [9]. Micelles 
with their hydrophobic cores and hydrophilic coronas solubilize hydrophobic 
compounds, encapsulating them within the micelle core. Bulkier materials such as 
hydrogels can also be assembled from small molecules. Hydrogels are crosslinked, 
three-dimensional macromolecular network of hydrophilic copolymers. Hydrogels 
are widely used as wound dressings, soft contact lenses and soft tissue substitutes. 
Physical or chemical crosslinking of hydrogels have been described. Chemical 
crosslinks can take place with the incorporation of functional crosslinkers with 
more than two reactive groups. Physical crosslinks can be formed via hydrophobic 
interactions between polymer chains, host-guest complexation, metallo-mediated 
binding or electrostatic approaches.

The delivery of drugs requires scientific and engineering manipulation of bio-
logically active components into practically implementable therapeutic modalities. 
The most serious issue facing today’s healthcare industry is the ‘on-cue’ release of 
therapeutics to their designated target site in a safe, repeatable and patient-friendly 
manner. Conventional therapy is fraught with obstacles, this happens regardless of 
the route of administration. For example, the drug molecule could be degraded by 
enzymes in the stomach, be absorbed drug molecules across intestinal epithelium, 
cleared by the liver, be overwhelmed by the body’s natural immune system result-
ing in a short plasma half-life and nonspecific tissue distribution. These natural 
barriers are important for the upkeep of critical bodily functions and yet results 
in the dilution of the therapeutic efficacy of the injected drugs. It is therefore very 
important, in the field of drug delivery, to totally understand the limits of these 
barriers and develop new strategies to overcome them.

As a result, an alternative administration by daily intravenous infusion is usu-
ally used to increase the bioavailability of the drug. Nevertheless, intravenous 
injections raise the possibility of contamination at the localized site and systemic 
adverse reactions that might result from a sudden high dosage of drug, such as, 
in the instance of chemotherapeutic medications for the management of cancer. 
To eliminate this complication, regulated drug release systems such as emulsions, 
liposomes, biodegradable microspheres and micelles have been developed. Even 
though effective for the intake of hydrophobic medications, these types of prod-
ucts have a variety of shortcomings, for example poor stability in vivo, prerequi-
site of organic solvents for the loading of drugs and inferior drug encapsulation 
efficiencies. These limitations have restricted the utilization of these DDS for 
the delivery of delicate curative agents such as, peptides and proteins. The use of 
organic solvents denatures these beneficial peptides, removing these approaches as 
the preference delivery agents of beneficial peptides. The significance and devel-
opment of the peptides as therapeutic agents cannot be ignored. For instance, 
glucagon-like peptide-1 (GLP-1) is utilized for the management of diabetes, ghre-
lin for the management of obesity, gastrin-releasing peptide used in cancer treat-
ment options, defensin for antimicrobial use and growth factors used for wound 
healing applications. Nonetheless, peptide delivery in vivo continues to be compli-
cated due to their brief residence half-life. An optimum peptide treatment requires 
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a peptide delivery system that retains the bioactivity of the peptides while dis-
charging them at a regulated rate. Here, biodegradable injectable in situ gelling 
copolymers offer themselves as ideal peptide delivery agents.

1 � Outlook and Perspectives

There are many types of hydrogels, ranging from chemically-, physically- and 
supramolecularly-crosslinked hydrogels [10–22]. Of the different types of 
crosslinking techniques, supramolecular chemistry is of particular interest for 
the formation of in-situ gelling polymers. Although the chemistry for the synthe-
sis of the macrocycles has been discovered more than 100 years ago, the func-
tionalization and application of these macrocycles is still at its infancy. In recent 
years, there has been intense research in this direction, including the establish-
ment of standard protocols for the modification of these macrocycles. This has 
caught the interest of many researchers globally. The hydrophilic modifications 
of these macrocycles have led these materials to be utilized in the formation of 
supramolecular structures in the aqueous medium. These are inherently useful 
for biomedical targeted applications, particularly for drug and protein deliv-
ery. Indeed, a variety of hierarchical structures, such as hydrogels, micelles 
and vesicles, have emerged from the self-assembly of polymer chains brought 
about by host-guest interactions. Some of the studies have even made into the 
in vivo research settings, showing great promise for these materials. The devel-
opment of biocompatible supramolecular materials remains a big challenge as 
most of these materials have not been assessed for long term toxicity effects. For 
applications in the biomedical area, interactions of these supramolecular materi-
als with bodily fluids, ionic buffers and protein-containing solutions have to be 
further evaluated. The wide use of these materials requires a larger quantity of 
materials to be prepared. The scale up production of these materials remains a 
major challenge as most of the work is currently done at the intricate labora-
tory scale. Supramolecular host-guest polymeric materials have great potential 
to succeed at the biggest stage. Their ability to be manipulated by various stim-
uli, their ease of use by people of disparate technical backgrounds and potential 
wide applicability in different biomedical areas as sensors, drug delivery agents, 
cell supporting scaffolds and molecular switches make for exciting times for this 
unique class of materials in the coming few years.
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Abstract  In situ gelling polymer aqueous solutions undergo sol-to-gel transition 
through chemical and/or physical crosslinking. The criterion on sol and gel is an 
important issue, therefore, rheology of hydrogel have been discussed in detail. 
The in situ gelling system has been investigated for minimally invasive drug deliv-
ery, injectable tissue engineering, gene delivery, and wound healing. In this chap-
ter, in situ gelling systems and their various biomedical applications were briefly 
summarized.

Keywords  Injectable  ·  Rheology  ·  Physical crosslinking  ·  Thermogel  ·  Tissue 
engineering
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1 � Introduction

Hydrogels are hydrophilic macromolecular networks swollen in water or biologi-
cal fluids [1]. Wichterle and Lim [2] reported the pioneering work using hydro-
philic 2-hydroxyethyl methacrylate (HEMA) hydrogels in 1960. Recently, in situ 
gelling systems based on various natural and synthetic polymers have been widely 
investigated for biomedical applications due to effective encapsulation of cells 
and bioactive molecules, minimally invasive injection, and easy formation in any 
desired shape of defects, in addition to several advantages of typical hydrogels 
including high water contents similar to extracellular matrix (ECM), controllable 
physicochemical properties, and efficient mass transfer [3–5]. When hydrogels 
are prepared by covalent-crosslinking, they form permanent or chemical gels. On 
the other hand, when physical intermolecular association induces hydrogels, the 
hydrogels form physical gels and their formations are usually reversible.

2 � Chemical Hydrogels

Chemical hydrogels are 3D crosslinked networks that formed by new covalent 
bonds between water-soluble macromers. To use chemical hydrogels for bio-
medical application, chemical reactions should not damage incorporated biop-
harmaceuticals or cells. There are several chemical crosslinking methods such as 
redox-initiated polymerization, photopolymerization, classical organic reactions 
between functional groups, and enzymatic reactions.

Redox-initiated polymerization using ammonium persulfate (APS)/N,N,N′,N′-
tetramethylethylenediamine (TEMED) or APS/ascorbic acid has been used to 
encapsulate cells in poly(ethylene glycol) (PEG), oligo(PEG fumarate) (OPF), 
poly (lactide-co-ethylene oxide-co-fumarate) (PLEOF), chitosan derivatives, or 
carboxybetaine hydrogels [6–11]. In these systems, an increase of initiator concen-
tration led a decrease in the gelling time, however, it also affected the cell viability. 
Therefore, low cytotoxic free radical polymerization is needed to use this method 
for biomedical applications.

Photo polymerization of vinyl groups bearing polymers via ultraviolet (UV) or 
visible light irradiation with photoinitiators is one of most common and effective 
encapsulation methods for cell or bioactive molecules in biomedical applications. 
The hydrogel can be performed at physiological pH and temperature. Various 
photo initiators, such as 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl 1-pro-
panone (Irgacure 2959) [12–14], lithium acyl phosphinate (LAP) [15, 16], methyl 
benzoylformate (MBF) [17], or 2,2-dimethoxy-2-phenylacetophenone (DMPA) 
[18] have been used to produce UV sensitive hydrogels. UV-initiated free radical 
polymerization systems showed lower cytotoxicity then redox-initiated polym-
erization. However, UV-irradiation can damage cells, proteins, or tissues; there-
fore, visible light inducible hydrogel systems have been developed. Exposure to 
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visible light is less-thermogenic yet causes less cell damage. In addition, visible 
light penetrating through human skin provided greater depth of cure than UV [19]. 
Riboflavin (vitamin B2) [20], eosin-Y [21, 22], or ruthenium (Ru (II))/sodium per-
sulphate (SPS) [23] have been used as a visible light initiator.

Crosslinking via reactions between functional groups present in the water-
soluble monomers or macromers produce hydrogels. Classical organic reactions 
between functional groups such as the Michael addition, click reaction, Schiff 
base formation, epoxide coupling, genipin coupling, and disulfide exchange 
reaction have been used to prepare hydrogels. The Michael addition of nucleo-
philes (amine or thiol group) to α,β-unsaturated carbonyl compounds or α,β-
unsaturated sulfones in water forms hydrogels. Various functionalized polymers, 
such as poly(ethylene glycol) (PEG) [24–26], poly(vinyl alcohol) (PVA) [27], 
N-isopropylacrylamide (NIPAAm) [28], and natural polymers [14, 29] have been 
crosslinked via Michael addition and formed hydrogels. The copper [Cu(I)] cata-
lyzed azide-alkyne cycloaddition is one of the most popular click chemistry reac-
tions. Macromolecular derivatives of PVA [30], PEG [31–33], NIPAAm [34], and 
polysaccharides [35] with Cu(I) as a catalyst have been used to prepare in situ 
forming hydrogels. However, cytotoxic problem of Cu(I) should be solved to use 
these click chemistry induced hydrogels for biomedical applications. Thus, Cu(I)-
free click reactions have been developed to be used as a tissue engineering scaf-
folds [36, 37]. The Diels-Alder reaction, highly selective [4 +  2] cycloaddition 
between a diene and a dienophile without a catalyst, is also known as a click type 
reaction. Diels-Alder click crosslinked PEG [38], NIPAAm [39], or hyaluronic 
acid (HA) [40, 41] based hydrogels have been investigated for tissue engineering 
applications.1

There has been an increased interest in the enzymatically crosslinked hydro-
gels that shows few side reactions since their high specificity for substrates. 
Horseradish peroxidase (HRP)/hydrogen peroxide (H2O2), transglutaminase (TG), 
phosphatase (PP), tyrosinase, or thermolysin catalyzed crosslinking provides in 
situ hydrogel formation of hydroxyphenyl propionic acid (HPA) functionalized 
8-arm PEG [42], thiol functionalized poly(glycidol) [43], Tetronic-tyramine (Tet-
TA)/gelatin-HPA (GFPA) [44], dextran-tyramine (Dex-TA) [45], alginate-g-pyr-
role [46], or protein polymers containing either lysine or glutamine [47]. These 
enzymatic crosslinks provide fast gelation.

3 � Physical Hydrogels

Heat, ions, inclusion complex, stereocomplex, and/or complimentary binding can 
induce a hydrogel formation by forming physical junctions via molecular entan-
glement, crystalline order, or intermolecular interactions. Hydrogels formed by 
physical association are called physical, reversible, and stimuli responsive hydro-
gels. These hydrogel systems should be biocompatible with a host as well as the 
incorporated bioactive agents.

Introduction to In Situ Forming Hydrogels for Biomedical Applications
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Polymers containing well balanced hydrophilic blocks and hydrophobic blocks 
can physically crosslink as temperature increases by forming associations of 
hydrophobic domains. PEG has been used as a hydrophilic block in most of the 
thermogelling systems. Thermogelling systems that show sol-to-gel transition at 
around physiological temperature have been widely developed for injectable bio-
medical applications. At low temperature, thermo-sensitive polymer aqueous solu-
tion is easy to mix with cells, drugs, and/or bioactive molecules, followed by an 
injection of the mixture to target site to form a hydrogel. The target site can be 
a subcutaneous layer for a protein drug delivery, a tumor tissue for an anticancer 
drug delivery, or a damaged defect for tissue regeneration. As thermogelling poly-
mers, (1) polyacrylates: NIPAAm copolymers and mono and dilactate substitute 
poly(2-hydroxypropyl methacrylamide), (2) polyesters: PEG/PLGA, PEG/poly(ε-
caprolactone) (PCL), and PEG/poly(ε-caprolactone-co-lactide) (PCLA) block 
copolymers, (3) poly(ester urethane) (poly(1,4-butylene adipate) (PBA)/PEG/PPG 
connected by hexamethylene disiocyanate, (4) natural polymer and its derivatives 
(chitosan/β-glycerol phosphate, chitosan-g-PEG, HA-g-PNIPAAm, (5) polyphos-
phazenes, (6) Pluronic® and its derivatives, (7) poly(trimethylene carbonate), and 
(8) polypeptides: elastin-like (VPGVG) polypeptide (ELP), silk-like (GAGAGS) 
polypeptides, polyalanine (PA), poly(alanine-co-phenylalanine) (PAF), 
poly(alanine-co-leucine) (PAL), etc. have been developed [48–61]. Polypeptide-
based thermogelling systems have several advantages compared with polyester-
based hydrogels. (1) During gel degradation, polypeptide thermogels maintain 
neutral pH since degradation products are neutral amino acids, while pH of poly-
ester thermogels decreases due to their acidic degradation products. Decrease in 
pH can be a problem for biomedical applications, since it can decrease cell viabil-
ity or protein drug stability. (2) Enzyme-sensitive degradation of the polypeptide-
based hydrogel systems provides a storage stability of the encapsulated material 
in vitro [62]. (3) Polypeptides have unique secondary structures including α-helix, 
β-sheet, triple helix, and random coil, allowing various nano-assemblies followed 
by sol-to-gel transition. These nano-assemblies can give unique nanostructures in 
the hydrogels. Thus, polypeptide-based hydrogels can provide biomimetic ECMs 
with various nanostructures that can affect proliferation and/or differentiation of 
encapsulated cells [3, 63].

Crosslinking by addition of ions provides reversible hydrogels. Alginate 
hydrogel formation using calcium ions can be carried out at mild condi-
tion of room temperature and physiological pH. Therefore, alginate gels have 
been used for encapsulating cells and protein drugs [64]. Salts in media also 
triggered MAX8 (VKVKVKVKVDPLPTKVEVKVKV-NH2) and HLT2 
(VLTKVKTKVDPLPTKVEVKVLV-NH2) peptides to fold into a β-hairpin confor-
mation that induced hydrogel formation [65].

Inclusion complexes between cyclodextrins (CDs) and guest molecules induce 
physical associations to form physical hydrogels. There are three subtypes of α-, 
β-, γ-CDs consisting of 6, 7, and 8 glucopyranose units, where the internal diam-
eter of the cavity are 5.7, 7.8, and 9.5 Å, respectively [66]. Different-sized guest 
molecules can selectively insert into the inner cavity of CD with proper diameter. 
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Sequential inclusion complexations were used to form an in situ hydrogel [67]. 
First, Pluronic®s were immobilized on the cellulose nanocrystal via interaction 
between PPG block of Pluronic® and β-CD on the nanocrystal surface, and then 
uncovered PEG blocks of Pluronic® were inserted into cavity of α-CD followed by 
in situ hydrogel formation.

Stereocomplexation between enantiomers by stereoselective van der Waals 
interaction have been used in the design of in situ hydrogel systems. Mixing two 
polymer aqueous solutions containing poly(L-lactide) (PLLA) block and poly(D-
lactide) (PDLA) block induces a stereocomplexed hydrogel. Stereocomplex 
of PLLA-PEG-PLLA, PDLA-b-cationic poly(carbonate)-PDLA (PDLA-CPC-
PDLA), and PDLA-PEG-PDLA triblock copolymers provided a thermosensitive 
antimicrobial hydrogel [68]. The 8-armed star block copolymers of PEG-(NHCO)-
(PDLA)8 and PEG-(NHCO)-(PLLA)8 were mixed to form stereocomplexed spon-
taneous hydrogel [69].

Complementary binding such as antigen/antibody interactions, ligand/receptor 
interactions, and base-pairing interactions between oligonucleotides can also form 
in situ hydrogels. Acrylamides attached either an antigen (rabbit immunoglobulin G; 
rabbit IgG) or its specific antibody (goat anti-rabbit IgG) formed semi-interpenetrat-
ing network hydrogel [70]. Gyrase subunit B (GyrB) was dimerized by the addition 
of the aminocoumarin antibiotic coumermycin, resulting in hydrogel formation [71]. 
Addition of increasing concentrations of clinically validated novobiocin (Albamycin) 
dissociated the GyrB subunits, thereby resulting in gel-to-sol transition. Multi-arm 
star shaped PEG functionalized with thymine and adenine self-assembled via base 
pairing of thymine and adenine to form a hydrogel [72]. The potential of this biologi-
cal hydrogel for targeted growth factor delivery and cell encapsulation was confirmed.

4 � Combining Chemical and Physical Crosslinking

Generally, physical hydrogels have the limitation of weak mechanical proper-
ties, thus, a combination of chemical and physical crosslinking has been used to 
overcome this weakness. Thiolated chondroitin sulfate (CS-TGA)/PEG diacrylate 
(PEGDA)/β-glycerophosphate disodium salt (β-GP) mixture formed hydrogel by 
Michael addition, disulfide bond forming, and temperature increasing to 37  °C 
[73]. The PNIPAAm-co-glycidyl methacrylate (GMA)/polyamidoamine (PAMAM) 
mixed solution was formed hydrogel by a physical and chemical dual-gelation [74].

5 � Hydrogel Rheology

The basic principles and different aspects of hydrogels have been covered in sev-
eral reviews [4, 75–77]. The mechanical properties of a hydrogel are important 
considerations for specific biological applications [78]. The free-standing ability 
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of the gel is an important consideration for cell growth scaffolds. The stiffness 
of hydrogels has been reported to direct the differentiation of different cell types 
[79–81]. For drug delivery, hydrogels should preferentially reduce in viscosity 
upon injection and undergo rapid recovery upon removal of the stress to form the 
drug release gel depot. This design principle has been the basis of several in situ 
thermogelling polymeric networks [5, 82–84]. Finally, rheological measurements 
allow for the understanding of the different gelation mechanisms which can be uti-
lized in the optimization of the properties of the hydrogels for tissue reconstruc-
tion and drug delivery applications.

The flow and strain properties of soft materials have been extensively investi-
gated since the 17th century. In the 1830s, scientists discovered that many materi-
als possess time-dependent mechanical properties under various conditions, which 
cannot be explained by the classical theory of Newtonian fluid. For example, in 
1835, Weber observed the phenomenon of elastic hysteresis when he studied the 
uranium filament. In 1865, Lord Kelvin discovered the viscosity behavior of zinc, 
and that its inner impedance was not proportional to the strain rate. Two years later, 
Maxwell proposed a model for viscoelastic materials having properties both of vis-
cosity and elasticity. The Maxwell model can be simply represented by the series 
connection of a purely elastic spring and a purely viscous damper. At the same time, 
scientists also found many fluids, which were all called non-Newtonian fluid later 
due to the nonlinear relationship between the shear stress and shear rate. Based on 
the known constitutive equation, people proposed the concept of stress relaxation 
time, suggesting the viscosity to be the product of the elastic modulus and the stress 
relaxation time. In 1874, Boltzmann developed the linear viscoelasticity theory, 
suggesting that the stress in a given time is not only related to the strain in the given 
time, but also dependent on its previous deformation. In 1940s, Reiner pointed 
out that in order to eliminate the Weissenberg effect (The Weissenberg effect is a 
phenomenon that occurs when a spinning rod is inserted into a solution of liquid 
polymer. Instead of being thrown outward, the solution is drawn towards the rod 
and rises up around it), a stress proportional to the square of the spinning speed 
needs to be applied [85]. Almost at the same time, Rivlin’s study on the torsion of 
a rubber cylinder helped to solve the problem of Poynting effect [86]. The intrin-
sic significance of these two studies is to further apply the generalized approach 
regarding the nonlinear constitutive equation, which brought in flourishing progress 
in the field of rheology. With the advance in rational mechanics, from small defor-
mation theory to finite deformation theory, from linear theory to nonlinear constitu-
tive theory, from classical object model to microstructure theory, rheology rapidly 
advanced after 1965, moving from phenomenological theory, which describes phe-
nomena only into the ontology, which considers the internal structure. The term 
“rheology” was first coined by Bingham and Reiner in 1929 when the American 
Society of Rheology was founded in Columbus, Ohio [87]. This term was inspired 
by a Greek quotation, “panta rei”, “everything flows”. In the same year, Journal 
of Rheology started its publication. In 1932, the Committee on Viscosity of the 
Academy of Sciences at Amsterdam was founded, which was later renamed The 
Dutch Rheological Society in 1951. The British Society of Rheology was founded 
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as an informal British Rheologists’ Club in 1940. In the following years, Society 
of Rheology/Group of Rheology was founded in countries like Germany, Austria, 
Belgium, Sweden, Czech Republic, France, Italy, Israel, Japan and Australia. Many 
of these societies/groups became members of the European Society of Rheology 
later, greatly promoting the development of rheology. Basically, rheology is defined 
as the science of the deformation and flow of matter, thus it mainly focuses on 
the investigation of the time-dependent strain and flow properties of soft materi-
als under conditions like stress, strain, temperature, humidity and radiation [88]. 
Rheological parameters include the physic-mechanical properties of liquids and sol-
ids which describe strain and flow behavior. When external forces are exerted on the 
materials, strain can be measured and experimentally studied.

The viscoelastic properties of hydrogels can be determined by rheometry. The 
basics and theories of rheology, its measurements and the types of equipment can 
be found in several seminal publications [89, 90].

In rheology, the variable shear stress, τ, is defined as the ratio of the force F 
applied on a sample area A to cause the disruption of the material between the two 
plates. The strain, γ, is defined as the ratio of the deviation of x of the sample to the 
height of the sample, h or more simply defined as tan α. The velocity of the move-
ment at the applied force is controlled by the internal force acting within the material.

The mechanical properties of hydrogels are determined by small perturbation 
rheology experiments on hydrogels. When the hydrogel is subjected to a small 
perturbation, the material particles are displaced relative to each other result-
ing in strain. When external anisotropic forces are exerted on elastic bodies, they 
undergo elastic strain. A spontaneous full recovery of the original form of the 
material results when the external force is removed. On the contrary, the strain 
on viscous bodies is irreversible once external anisotropic forces are exerted. The 
input energy is transformed and this causes the material to flow. Hydrogel materi-
als are neither completely viscous nor elastic; instead it exhibits a behavior known 
as viscoelasticity. These small perturbations of the hydrogels are meant to ensure 
that the rheology experiment is carried out within the linear viscoelastic region 
(LVR) of the material, hence ensuring the measured properties of the hydrogels 
are independent of the magnitude of imposed strain or stress. In addition, the lin-
ear viscoelasticity region is when the magnitude and stress are related linearly. 
When small deformation is applied sufficiently slowly, the molecular arrange-
ments of the polymers are still close to equilibrium. The mechanical response is 
then just a reflection of dynamic processes at the molecular level, which go on 
constantly, even for a system at equilibrium (Fig. 1).

Small amplitude oscillatory shear measurements, creep and creep recovery tests 
are examples of small perturbation tests carried out on hydrogels. The principle of 
small amplitude oscillatory shear measurements is shown in Fig. 2.

By applying shear stress, a laminar shear flow is generated between the two plates. 
The uppermost layer moves at the maximum velocity Vmax, while the lowermost 
layer remains at rest. The shear rates of typical actions are summarized in Table 1.

Shear rate γ̇ =
dv

dh
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Fig. 1   Illustration of the linear viscoelastic region (LVR)

Fig. 2   Shear forces in rheology

Table 1   Examples of actions 
and the shear rate involved

Actions Shear rate/s−1

Spraying 104–105

Rubbing 104–105

Curtain coating 102–103

Mixing 101–103

Stirring 101–103

Brushing 101–102

Chewing 101–102

Pumping 100–103

Extruding 100–102

Levelling 10−1–10−2

Sagging 10−1–10−2

Sedimentation 10−1–10−3
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For controlled-strain rheometers, the shear strain that is a sinusoidal function 
of time, t, can be expressed as, γ(t) = γ0(sin ωt), where γ0 is the amplitude of 
the applied strain and ω is the angular frequency of oscillation (in rad s−1). The 
angular frequency is related to frequency, f, measured in cycles per second (Hz) 
whereby ω =  2πf. The shear stress resulting from the applied sinusoidal strain 
will also be a sinusoidal function, which can be expressed as τ(t) = τ0(sin ωt + δ) 
in which τ0 is the amplitude of the stress response and δ is the phase difference 
between the two waves.

On the other hand, for stress-controlled rheometers, the shear stress is applied 
as τ(t) =  τ0(sin ωt) and the resulting shear strain is measured as γ(t) = γ0(sin 
ωt + δ). For a purely elastic material, it follows from Hooke’s law that the strain 
and stress waves are always in phase (δ = 0°). On the other hand, while a purely 
viscous response has the two waves out of phase by 90° (δ = 90°). Viscoelastic 
materials give rise to a phase-angle somewhere in between (Fig. 3).

In small amplitude oscillatory shear measurements, the shear storage modu-
lus, G′, loss modulus, G″, and loss factor, tan δ, are critical hydrogel properties 
monitored against time, frequency and strain. An alternative approach to discuss 
the dynamic response of a viscoelastic material is by using complex notation to 
describe an applied sinusoidal strain, γ* = γ0 exp(iωt), whereby i =

√
−1, the 

complex stress can be expressed as τ* = τ0 exp[i(ωt + δ)]. From Hooke’s law, 
the complex modulus of the tested material is G*(ω) = τ*/γ* =  (τ0/γ0) exp(iδ). 
This expression can be resolved into an in-phase component and an out-of-phase 
component by a substitution of the Euler’s identity where exp(iδ) =  cos δ +  i 
sin δ. This gives G*(ω) =  G′ +  iG″ with G′ and G″ as the real (i.e. elastic or 
in phase) and imaginary (i.e. viscous or loss or out-of-phase) components of G*, 
respectively. The loss factor, tan δ, is defined as G″/G′. To re-emphasize, G′ meas-
ures the deformation energy stored during shear process of a test material which 
is characteristic of the stiffness of the material and G″ is representative of the 
energy dissipated during shear which is characteristic of the flow response of the 

Fig. 3   Principle of a small 
amplitude oscillatory shear 
measurement
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material. If tan δ > 1 (G″ > G′), the sample behaves more like a viscous liquid 
while, conversely, when tan δ  <  1 (G′  >  G″), the sample behaves more like an 
elastic solid (Fig. 4).

For gel samples, these parameters are often measured as a function of time, 
strain and frequency. Observation of the gelation process can be achieved by mon-
itoring the temporal evolution of G′ and G″. The linear viscoelastic region within 
which G′ and G″ are independent of shear strain can be determined by monitoring 
the moduli of the material as a function of the strain.

The behavior of the hydrogel at short and long timescales can be studied by 
measurement of the moduli of the material as a function of frequency. The fre-
quency dependence of the moduli is a critical hydrogel parameter since a single 
material can look quite solid-like (G′ ≫ G″) at a high frequency (short timescale) 
but behave much more liquid-like (G″  >  G′) at low frequency (long timescale). 
Gelation kinetics and final gel stiffness are critical material properties that directly 
impact the application of the material.

Besides small perturbation measurements, creep and creep recovery tests are 
also employed to investigate the time-dependent evolution of compliance. This 
aids in the critical understanding of the long-term viscoelastic behavior of hydro-
gels. Different mammalian cells exert different stress levels on the hydrogel scaf-
folds and they behave differently in response to the compliance of the gel material. 
In typical experimental setups, creep and creep recovery tests are performed con-
secutively. For this experiment, there is an instantaneous increase in the stress 
from 0 to τ1. This is kept constant from t0 to t1 in the creep phase to subject the 
material to a prolonged period of stress. Then the stress is completely removed 
in the subsequent recovery phase. The resulting strain is recorded as a function 
of time (t0 < t < t2) in both tests. The creep compliance is defined as J(t) = γ(t)/
τ0 which has a unit of reciprocal modulus (Pa−1). Within the linear viscoelastic 
region, the creep compliance is independent of applied stress and all J(t) curves 
obtained under various stresses should overlap with each other. Sometimes creep 

Fig. 4   Typical graph 
showing storage and loss 
modulus

Strain amplitude γ0
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compliance is compared to reciprocal shear modulus measured in small amplitude 
oscillatory shear tests in order to judge if the sample displays pure elastic behav-
ior. Figure 5 shows a typical example of creep strain curves and creep compliance 
curves of polystyrene at various stresses. In the linear viscoelasticity region, under 
different stresses of A and B, the creep compliance curves overlap each other. The 
curve induced by Stress C does not overlap as shown in Fig. 5, indicating that the 
linear viscoelasticity region has been exceeded.

In addition to the above-mentioned measurements, the flow properties of the 
hydrogels as well as their abilities to retain or recover their original form after 
experiencing shear flow or large strain are important factors to understand. Shear-
thinning and self-healing hydrogels are excellent candidates for injectable thera-
peutic delivery vehicles. Monitoring rheological behavior and structural evolution 
of these gels during and after flow can help evaluate encapsulated therapy reten-
tion and delivery during syringe injection and the ability of the material to stay 
localized after injection against possible biological forces in vivo (Fig. 6).

Inspired by our bodies’ ability to heal, self-healing materials have the ability 
to repair themselves when they are damaged. In the literature discussed in other 
chapters in this book, supramolecular chemistry as well as sample conditions 
were varied in order to examine whether gel rheological behavior is dependent on 
factors like polymer functionality sequence, polymer concentration, temperature 
and pH.

There could be situations where a test material has not been rheologically 
evaluated. This section focuses on the assessment of an unknown material. As a 

Fig. 5   Sample creep curves under different stresses

Fig. 6   Graph illustrating 
shear thickening and shear 
thinning
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general guide, this section should cover the general rheological characterization 
of the different unknown materials, however, it also requires certain amount of 
creativity on the part of the rheologist to design the most appropriate protocol. A 
point to note is that these recommended conditions could be independently used 
to further evaluate a materials’ rheological response. In all the experiments, it is 
important that the sample is well conditioned to a particular temperature before 
proceeding with the measurements.

Most of the time, the rheological properties of a viscoelastic material are strain-
independent up to a critical strain level. When the strain exceeds the critical level, the 
storage modulus of the material declines and a non-linear behavior is observed. The 
measurement of the strain amplitude dependence of the storage and loss moduli (G′, 
G″) is a usually the first step taken to characterize a material’s viscoelastic behav-
ior and to determine the pseudo-linear viscoelastic region (LVR) of the material. An 
oscillatory stress sweep (OSS) will give a general range of where the LVR is located. 
The range of the stress sweep should be tested over the allowable shear stress 
(torque ~1–10,000 μN m) range of the instrument. In future experiments, the shear 
stress range can be adjusted appropriately to collect only reliable data. As the allow-
able shear stress range is dependent on the geometry used, torque will be used as the 
controlled variable. The frequency should be set to a value of about 1 Hz (Fig. 7).

After the material’s LVR has been defined by a strain sweep, its structure can 
be further characterized using a frequency sweep at a strain below the critical 
strain. This experiment provides more information about the effect of colloidal 
forces and the interactions among particles.

In a frequency sweep, measurements are made over a range of oscillation fre-
quencies at a constant oscillation amplitude and temperature. Below the critical 
strain, the elastic modulus G′ is often nearly independent of frequency, which is a 
characteristic of a structured or solid-like material. On the other hand, frequency-
dependent elastic modulus is a characteristic of a more fluid-like material.

Fig. 7   Graph of an 
oscillatory stress sweep
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These measurements have been used to determine the sol-gel properties of ther-
mogelling polymers. Jeong et  al. studied the sol gel behavior of thermogelling 
polymers with this approach [91]. The frequency sweep test showed that the sol 
and gel phases of the PEG-PAF grafted chitosan (CS-g-(PAF-PEG)) aqueous solu-
tion were characterized by fluid-like behavior and solid-like behavior (Fig. 8). At 
10 °C, the elastic modulus and loss modulus of the aqueous polymer solution were 
proportional to ω2.1 and ω1.1, respectively, indicating a typical viscoelastic fluid-
like phase of the sol [92–94]. In addition, the loss modulus was greater than elastic 
modulus at 10 °C. At 37 °C, the elastic modulus was greater than the loss modu-
lus by an order of magnitude at 37 °C. The elastic modulus was nearly independ-
ent of frequency, whereas the loss modulus slightly decreased as the frequency 
increased in the investigated frequency range of 0.1–10  rad  s–1. In the solution 
state, the thermogelling system showed viscous fluid-like behavior with G″ > G′ 
and a frequency-dependent modulus, whereas in the gel state, G′ > G″ and G′ was 
independent of the frequency.

Next, it is important to determine if the material requires pre-treatment (such 
as pre-shearing) before measurements. This can be determined from the pseudo-
viscosity profile of the material. Pre-shearing will determine a zero-time of shear, 
thereby eliminating any structure history prior to loading. This is done by perform-
ing a continuous flow test under the broad torque range. The data can be viewed as 
viscosity versus torque/stress and converted to viscosity versus shear rate.

Most food formulations, cosmetics, pharmaceuticals and paints are structured 
fluids, containing droplets of an immiscible fluid or particle suspended in a liq-
uid matrix. The viscosity of the liquid matrix in the dispersions plays an impor-
tant role on the flow properties of the material. When there are repulsive forces 
between particles they do not settle rapidly, forming a network structure, which 
stabilizes the suspension. The delicate network structure can be destroyed by 
shearing, resulting in decreased fluid viscosity.

Most structured fluids do not obey a simple linear relationship between applied 
stress and flow (Newtonian fluid behavior). Most of these materials have viscosi-
ties, which decrease with increasing stress. Such an observation is known as shear 
thinning which becomes progressively significant as the volume concentration of 
solid particles increases.

Fig. 8   Frequency sweep 
test in the sol (10 °C) and 
gel (37 °C) phases of the 
CS-g-(PAF-PEG) polymer 
aqueous solution (6.0 wt%). 
Reproduced with permission 
from [91]
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Another aspect that has to be ascertained is the stability of the material prop-
erties over the time of testing. For this experiment, an oscillatory time sweep of 
about 15 min, with oscillation shear stress/torque within the LVR and a frequency 
of 1 Hz can be carried out. The material can be pre-sheared at a shear rate beyond 
the 1st Newtonian plateau determined in the previous step. The experiment is 
allowed to run and a plot of modulus against time is obtained. The point where the 
modulus plateaus off is judged to be the minimum time required for the recovery 
of the material structure. This was applied by Moura et al. to understand the gela-
tion kinetics and gel properties upon crosslinking the hydrogel. Both the compo-
nents G′ and G″ moduli, was monitored. Figure 9 shows the time sweep profiles 
of elastic (G′) and viscous (G″) moduli near the gel point for pure chitosan solu-
tion (A) and for 0.10 % (B) and 0.15 % (C) genipin concentration networks. At 
the beginning, G″ was larger than G′, which was expected because the samples 
were still in a liquid state and, thus, viscous properties dominated. As the solutions 
began to turn into a gel-like state due to the formation of the cross-linked network, 
both moduli increased. However, the rate of increase of G′ (ΔG′/Δt) was higher 
than that of G″ because the elastic properties started to dominate. This difference 
in the rates leads to a G′ and G″ crossover. The time required to achieve this cross-
over is, as mentioned above, the gelation time. From the figure, it is can be seen 
that higher genipin concentrations lead to lower gelation times. It should also be 
stressed that the gelation time decreases from about 8 min to about 2 min when the 
genipin concentration is increased from 0 to 0.15 %.

The creep test probes the time-dependent nature of a sample. Creep and recov-
ery tests allow the differentiation between viscous and elastic responses when the 
viscoelastic material is subjected to a step constant stress (creep) and then the 
applied stress is removed (recovery). A standard creep experiment provides criti-
cal parameters such as zero shear viscosity (ηo) and equilibrium compliance (Jeo), 
which measures the elastic recoil of a material.

After a sample is allowed to creep under load, the material’s elastic behavior 
can be obtained by abruptly relieving the imposed stress and measuring the extent 
the sample recovers. A creep/recovery test can be carried out as follows.

•	 First, standard temperature conditioning and pre-shearing beyond the 1st 
Newtonian plateau is performed.

•	 The sample is then equilibrated for a set time necessary to obtain a stable struc-
ture as determined earlier in the judgment of the material stability.

•	 Next, for the retardation step, a shear stress is again selected from within the 1st 
Newtonian plateau and performed for about 15 min or enough time for slope to 
be constant.

•	 Then the recovery of the sample is affected by setting the shear stress to zero 
and duration for the sample to recover is examined.

During the creep test, the stress causes a transient response, including the elastic 
and the viscous contributions. By following the recovery phase after the release 
of the applied stress, one can separate the total strain into the instantaneous elastic 
part, the recovered elastic part, and the permanently viscous part.
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Fig. 9   Dynamics of 
elastic, G′, and viscous, G″, 
moduli near the gel point, 
at 1 Hz (a, pure chitosan; 
b and c, 0.10 % (w) and 
0.15 % (w) genipin chitosan 
concentration network, 
respectively). The gelation 
time is determined as the time 
at which G′ and G″ intersect 
each other. Reproduced with 
permission from [95]
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Viscoelastic creep data can be presented by plotting the creep modulus (con-
stant applied stress divided by total strain at a particular time) or the strain, as 
a function of time. Gradinaru et  al. studied the creep response of thermogelling 
poly(isopropyl lactate diol)-based polyurethane hydrogels [96].

Figure  10 shows the curves that represent the viscoelastic response at an 
applied stress of 5 Pa for the three hydrogels obtained at 37 °C, in a creep test fol-
lowed by recovery. The creep curves comprise three parts: the instantaneous strain, 
the retardation strain, and the viscous strain. When the applied stress is removed, 
the recovery process starts, and first the instantaneous strain is recovered, then the 
retardation one, and finally remains the viscous part. The high elasticity of the 
hydrogels can be observed, where the reached strain after the stress of 5 Pa was 
applied for 60 s is very high, and the recovered strain represents 52 % from the 
maximum value reached by the strain in the creep test.

Changes in modulus of thermogelling polymer aqueous solutions can be deter-
mined by dynamic rheometry (Fig. 11).

•	 First, standard temperature conditioning at the lower solution temperature and 
pre-shearing beyond the 1st Newtonian plateau is performed.

•	 The sample is then equilibrated for a set time necessary to obtain a stable struc-
ture at the lower temperature as determined earlier in the judgment of the mate-
rial stability.

•	 Next, the material is subjected to a temperature ramp at a fixed stress and a 
fixed frequency rate.

•	 The point at which the elastic and loss modulus intersects is defined as the gel 
transition temperature.

Jeong et al. reported poly(alanine-co-leucine)-poloxamer-poly(alanine-co-leucine) 
(PAL-PLX-PAL) aqueous solution [62]. As the temperature increased, the polymer 
aqueous solution underwent sol-to-gel transition at 20−40 °C in a polymer con-
centration range of 3.0−10.0 wt%. The sol-gel transition of the polymer aqueous 

Fig. 10   Creep (open 
symbols) and recovery (full 
symbols) curves for the 
poly(isopropyl lactate diol)-
based polyurethane hydrogels 
at 37 °C when a stress of 
5 Pa was applied for 60 s. 
Reproduced with permission 
from [96]
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solution was investigated by the test tube inverting method. The aqueous polymer 
solution (1.0 mL) was put in the test tube with an inner diameter of 11 mm. The 
transition temperatures were determined by a flow (sol)-no flow (gel) criterion 
with a temperature increment of 1  °C per step. Each data point is an average of 
three measurements. Changes in modulus of the polymer aqueous solutions were 
investigated by dynamic rheometry. The aqueous polymer solution was placed 
between parallel plates of 25 mm diameter and a gap of 0.5 mm. To minimize the 
water evaporation during the experiment, the plates were enclosed in a water-satu-
rated chamber. The data were collected under a controlled stress (4.0 dyn/cm2) and 
a frequency of 1.0 rad s–1. The heating rate was 0.5 °C/min.

The phase diagram of PAL-PLX-PAL aqueous solutions determined by the test 
tube inverting method is shown in Fig. 11. Aqueous solutions of PAL-PLX-PAL 
undergo sol-to-gel transition as the temperature increases in a concentration range 
of 3.0–10.0 wt%. The sol-to-gel transition temperature decreased from 38 to 23 °C 
as the concentration increased from 3.0 to 10.0 wt%. At concentrations lower than 
3.0 wt%, the viscosity of the polymer aqueous solution increased as the tempera-
ture increased; however, it was not large enough to resist the flow when the test 
tube was inverted, and thus they were regarded as a sol state. At polymer concen-
trations higher than 10.0 wt%, the polymer aqueous system formed a gel in a tem-
perature range of 0–60 °C.

Fig. 11   a Phase diagram 
of the poly(alanine-co-
leucine)-poloxamer-
poly(alanine-co-leucine) 
aqueous thermogelling 
solutions determined by the 
test tube inverting method. 
b Storage modulus (G′) and 
loss modulus (G″) of the 
poly(alanine-co-leucine)-
poloxamer-poly(alanine-
co-leucine) aqueous 
thermogelling solutions as a 
function of temperature and 
concentration. The legends 
are the concentrations of 
the polymers in water. 
Reproduced with permission 
from [62]
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Sharp increases in both the storage modulus (G′) and loss modulus (G″) of 
PAL-PLX-PAL aqueous solutions were observed as the temperature increased 
(Fig.  11). G′ and G″ are an elastic component and a viscous component of the 
complex modulus of a system, respectively. When G′ is greater than G″, the sys-
tem is considered to be a gel, and the crossover point was defined as the sol-to-gel 
transition temperature. The sol-to-gel transition temperatures defined by the test 
tube inverting method coincided with those defined by dynamic mechanical analy-
sis of G′ and G″ within 2 to 3 °C. By varying the polymer concentration, not only 
sol-to-gel transition temperature but also modulus of the gel could be controlled. 
The control of gel modulus (G′) has a significant effect on 3D cell culture as well 
as the differentiation of the stem cell. In the case of chondrocytes, the modulus of 
300–2,500 Pa showed a cytocompatible microenvironment for proliferation of the 
cells. The gel prepared from 10.0 wt% aqueous solution of PAL-PLX-PAL formed 
a gel with a G′ of 380  Pa at 37  °C, thus being recommendable as a 3D culture 
matrix for chondrocytes.

By raising the temperature above the gelation temperature, the time required 
for the gelation can be determined. Nair et  al. demonstrates the thermogelation 
of chitosan-ammonium hydrogen phosphate solution determined as a function of 
time using oscillatory rheometers [97]. The viscosity of the chitosan–ammonium 
hydrogen phosphate solution was found to increase after 8 min and showed a sig-
nificant increase within 15 min of incubation at 37 °C, demonstrating the sol-gel 
transition (Fig. 12).

6 � Biomedical Applications

In situ forming hydrogels have been increasingly studied for various biomedical 
applications such as drug delivery, gene delivery, wound healing, tissue engineer-
ing, and microfluidics [83, 98–105]. To use hydrogel systems as drug or gene 
delivery systems or tissue regeneration matrices, (1) drugs, genes, and/or cells 

Fig. 12   Variation of 
viscosity of chitosan-
ammonium hydrogen 
phosphate solution with 
time as measured using an 
oscillatory rheometer at a 
fixed frequency of 1 Hz and 
fixed temperature of 37 °C. 
Reproduced with permission 
from [97]
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were dispersed in the polymer solution, (2) injected subcutaneously or directly to 
the defect area, (3) then polymer solutions turn into hydrogels via chemical and/or 
physical crosslinks (Fig. 13).

“Tetrazole-alkene” photo-click chemistry induced hydrogel of 4-arm PEG-
methacrylate (PEG-4-MA) and PEG-4-tetrazole (PEG-4-Tet) showed sustained 
release of proteins (cytochrome c, γ-globuline, and recombinant human interleu-
kin-2) without losing their bioactivities [37]. PLGA-PEG-PLGA thermosensi-
tive hydrogel with PEG/sucrose and a zinc acetate-exenatide complex (Zn-EXT) 
showed decreased initial burst and promoted late stage of release of EXT, a glu-
coregulatory peptide drug for type II diabetes [106]. Nanoscale liposomal poly-
meric gels (nanolipogels; nLGs) showed sustained delivery of both IL-2 and 
TGF-β inhibitor and this system enhanced anti-tumor activity against subcuta-
neous and metastatic melanomas (Fig.  14) [107]. Therapeutic contact lenses of 
poly[HEMA-co-acrylic acid-co-acrylamide-co-N-vinyl 2-pyrrolidone-co-PEG 
(200) dimethacrylate] [poly(HEMA-co-AA-co-AM-co-NVP-co-PEG200DMA)] 
loaded with ketotifen fumarate, a drug that relieves and prevents eye itching, 
irritation, and discomfort associated with seasonal allergies, showed a dramatic 
increase in ketotifen mean residence time and bioavailability up to 26 h [108]. A 
poly(HEMA) based hydrogel containing the ocular drug (DMSA) loaded micelles 

Polymer solution

+ Cells 
& bioactive molecules 

+ Drugs 
or genes 

In-situ formed physical
and/or chemical hydrogels 

(a)

(c)

(b)

Fig. 13   a As injectable drug or gene delivery systems, drugs or genes were dispersed in the pol-
ymer solution and then injected to form in situ hydrogel depots. b As injectable tissue regenera-
tion matrices, cells and bioactive molecules were mixed with polymer solutions and then injected 
to the defect area. c Injected solutions to the target sites form in situ hydrogels via physical and/
or chemical crosslinking
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(silica shell crosslinked methoxy micelles; SSCMs) was developed as a potential 
therapeutic contact lens material for long term treatment of ocular disease [109]. 
In vitro release of DMSA from SSCM embedded hydrogel system was observed 
over a month. Multiple model drugs of low steric hindrance molecules (LSH) and 
high steric hindrance molecules (HSH) loaded in the Agarose and Carbomer 974P 
based hydrogel was suggested as a promising spinal cord injury repair system 
[110]. LSH released almost completely in 1 day, whereas HSH released only 40 % 
at day 1 and sustained released during 7 days in vitro. In vivo release was more 
rapid than in vitro but release pattern was similar with in vitro. LSH can be drugs 
for short-term neuroprotection purposes, while HSH can be drugs for long-term 
neuroregeneration approaches. Anticancer drug of Paclitaxel (PTX) loaded PEG-
PCL-PEG (PECE) hydrogel showed steady release of PTX for up to 20 days in 
vitro and prevented recurrence of breast cancer [111]. Another anticancer drug of 
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Fig. 14   a nLGs were formulated from lyophilized liposomes loaded with biodegradable PLA-
PEG-PLA diacrylate, acrylated-CD-TGF-β inhibitor complex, and IL-2 cytokine. After loading, 
photopolymerization of the polymer and acrylated-CD induced gel formation. b Simultaneous 
release of IL-2 and TGF-β inhibitor released from co-loaded nLGs. c Tumor area growth versus 
time. Reproduced from [107]
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Doxorubicin release-profile from the hexamethylene diisocyanate-Pluronic® F127/
HA composite hydrogel was almost zero-order release during 28 days [73]. This 
system also showed antitumor efficacy and therapeutic effects in animal study.

HA and fibrin hydrogels with plasmid DNA (pDNA)/PEI polyplexes loaded 
through the caged nanoparticle encapsulation were able to deliver genes in vivo 
without aggregation [112]. Oxidized alginate hydrogels loaded with DNA/PEI 
nDNA were shown to achieve sustained release in vitro and achieve enhanced 
revascularization in vivo [113]. Alginate hydrogels conjugated with various RGD 
densities for siRNA-mediated knockdown of eGFP demonstrated that increasing 
RGD density resulted in significantly higher knockdown of the targeted protein 
[114]. Nanostructured micelles-containing PEG based hydrogels that encapsulated 
cationic bolaamphiphile/DNA complexes and human mesenchymal stem cells 
(hMSCs) showed higher gene expression efficiency in hMSCs than the PEI/DNA 
complexes [24]. A CD-based supramolecular hydrogel system with supramolec-
ularly anchored active cationic copolymer/pDNA polyplexes was able to sustain 
release of pDNA up to 6 days [115]. Hydrogel stiffness can also be used to modu-
late migration and gene delivery rates; stiffer gels result in slower release rates of 
encapsulated polyplexes and decreased cell populations, spreading, and transfec-
tion [116].

Hydrogels have been used for wound healing as moist wound dressing mate-
rials. Hydrogels not only keep the wound moist, but also help proliferation of 
fibroblasts to recover defects. Rutin-conjugated chitosan-PEG-tyramine hydro-
gels showed enhanced dermal wound healing efficacy and tissue-adhesive prop-
erty [117]. Fibroblasts encapsulated PEG-L-PA hydrogels significantly improved 
in vivo wound healing rate than controls of PBS treated or cell-free PEG-L-PA 
hydrogel treated group [118]. Treatment of dextran based hydrogels on burn 
wound promoted neovascularization and skin regeneration [119]. The PECE 
hydrogel was treated to the full-thickness skin incision wounds and accelerated 
wound healing compared to untreated controls [111]. In situ forming hydrogels 
also can be used for prevention of postoperarive adhesion [120]. When biodegrad-
able and thermoreversible PCLA-PEG-PCLA hydrogel treated onto the peritoneal 
wall defect, postoperative adhesion significantly reduced.

In situ hydrogel systems have been used for tissue engineering. For tissue engi-
neering, usually patient-derived healthy cells are expanded in vitro, mixed with 
polymer solutions and bioactive molecules, and then inject into a defect area to 
form a hydrogel in situ. Fibronectin- and NT-3-functionalized silk hydrogels that 
triggered axonal bundling [121] and self-assembling peptide hydrogel of RADA16-
IKVAV (AcN-RADARADARADARADAIKVAV-CONH2) that accelerated cen-
tral nervous system brain tissue regeneration [122] were developed as neural 
tissue engineering systems. Thermosensitive PNIPAAm-O-phosphoethanolamine 
grafted poly(acrylic acid)-PNIPAAm hydrogel showed potential as an osteogenic 
matrix [123]. Mixture of chondroitin sulfate succinimidyl succinate (CS-NHS) and 
freeze-thawed bone marrow aspirate formed hydrogels and showed potentials as 
a meniscus repair system [124] or an articular cartilage regenerative matrix when 
rhBMP-2 localized within the hydrogel [125]. Thermoresponsive and various 
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terminal groups modified PNIPAAm brushes were fabricated for improving cell 
adhesion and cell sheet harvest [126]. Specifically, carboxyl-terminated PNIPAAm 
brush surface most enhanced cell adhesion and cell sheet harvesting. (L/DL)-
PA-Pluronic®-(L/DL)-PA thermogel showed a higher population of nanofibrous 
structures as the L-Ala content increased and chondrocytes cultured in these ther-
mogels expressed higher chondrogenic markers compared to commercially avail-
able MatrigelTM (Fig. 15) [3].
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Fig.  15   a Nanofibrous interior morphology of (L/DL)-PA-Pluronic®-(L/DL)-PA thermogel. 
Expression of chondrogenic markers of (b) sulfated glycosaminoglycan (sGAG) and (c) type II 
collagen. MatrigelTM was used as a control for 3D chondrocytes culture. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) is compared as a house-keeping gene. Reproduced from [3]
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For the successful tissue regeneration, we need to better understand cell-matrix 
interactions. Stem cells can be differentiated into specific lineages through the 
interaction between cell and biological cues or between cell and physical cues 
[127]. Physicochemical properties of photodegradable PEG based hydrogels could 
be dynamically controlled by light [9]. Crosslinking density of hydrogel decreased 
via photodegradation and facilitated spreading or migration of embedded cells. In 
addition, MSCs showed enhanced chondrogenesis when cell adhesive sequence of 
Arg-Gly-Asp-Ser (RGDS) was photocleaved from hydrogels. Neurogenesis, myo-
genesis, and osteogenesis of stem cells on 2D gel surface were controlled by vary-
ing stiffness of the hydrogel surface from 0.1–1 kPa, 8–17 kPa, and 25–40 kPa, 
respectively [128]. Three-dimensional culture of mesenchymal stem cells in 
RGD-modified alginate hydrogels also showed stem cell differentiation is corre-
lated to the hydrogel stiffness [129]. Briefly, adipogenesis or osteogenesis was pre-
dominantly occurred in 2.5–5 kPa or 11–30 kPa microenvironments, respectively. 
However, cell morphology remained spherical regardless of modulus. MSCs cul-
tured in matrix metalloproteinase (MMP) degradable hydrogels showed high 
degrees of cell spreading followed by osteogenic differentiation, while remained 
spherical and underwent adipogenesis in non-degradable hydrogels [14]. MSCs 
can be induced various differentiation through the interactions between cells and 
small functional groups in hydrogels [130]. Specifically, phosphate or alkyl groups 
in PEG hydrogel induced osteogenesis or adipogenesis, respectively. Human adi-
pose derived stem cells (hADSCs) encapsulated in PEG hydrogels with multifunc-
tionalized α-CD nanobeads regulated stem cell fate [131]. Ultimately, the alcohol, 
hydrophobic methyl group, and phosphate-substituted α-CD nanobeads stimulated 
chondrogenic, adipogenic, and osteogenic differentiation, respectively.

7 � Conclusions and Prospectives

In situ forming chemically and/or physically crosslinked hydrogels under mild 
conditions have been developed for various biomedical applications. Injectable 
hydrogel systems are minimally invasive and patient friendly. We can decrease 
injection frequency for better patient compliance by developing novel sustained 
drug delivery systems. Cells or bioactive molecules are easy to mix with poly-
mer solutions and these mixtures are in situ and easy to form the 3D microen-
vironments into any desired defect shapes. For successful designing of an in situ 
gelling system for a specific biomedical application, several points should be 
carefully understood. (1) Different crosslinking type gives different degradation 
products and release-profiles of incorporated drugs. (2) Porosity and pore size 
of hydrogels can affect to cell viability, proliferation, and/or drug release profile. 
(3) Initiators, catalysts, or residual monomers can lead cytotoxicity. During radi-
cal polymerization, produced radicals not only can react with the vinyl group in 
monomer but also can damage cellular macromolecules. (4) Reactive functional 
groups of polymers can give side reactions with incorporated bioactive molecules 
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or cells. These side reactions might induce immunogenicity and damage cells or 
the efficacy of drugs. (5) Residual enzyme after enzymatic crosslinking also can 
provide unexpected reactions with incorporated protein drugs. (6) Development 
of various hydrogel-based drug delivery systems with non-modified original drug 
is one of the best ways to produce the improved versions of biologics. Biobetters 
can advance the efficacy, pharmacokinetic parameters, and safety profile of drugs 
than original biologics or Biosimilars (subsequent versions of off-patent biolog-
ics with demonstrated physicochemical similarity). In addition, Biobetters can 
also improve patient compliance due to a reduced rate of side effects and enhanced 
convenience. (7) Sustained-release systems without initial burst release should be 
considered. The charge interaction or the inclusion complex formation between 
polymer and drug can improve these problems. (8) Incorporated drugs or cells 
should be stable during the implantation period. Acidic degradation-products 
released from polyester-based hydrogels raise the local acidity inside and around 
the hydrogels, which lead an inflammatory response and a decrease of cell via-
bility or drug stability. (9) For tissue regeneration application, ECM mimicking 
design of the hydrogel system is a key factor. Polypeptides have unique second-
ary structures of α-helix, triple helix, β-sheet, or random coil, etc. Different 
combinations of polypeptide-based hydrogel systems allow various nanostruc-
tures in the hydrogels that affect proliferation and/or differentiation of encapsu-
lated cells. (10) Duration of in situ formed hydrogels should be adjusted to match 
with drug release profile or tissue regeneration rate. (11) Macromers should be 
selected based on application route. NIPAAm copolymer has been used for “cell 
sheet” (a tissue-like cellular monolayer) development that already showed suc-
cessful applications to human clinical studies. However, in vivo application of 
PNIPAAm hydrogel still has limitation on the toxicity of the residual monomer. 
(12) Gel modulus, degradability, functional groups can affect stem cell fate. Soft 
gel improves neurogenesis or adipogenesis, while stiff gel enhances osteogenesis. 
Degradable or non-degradable hydrogels induces osteogenesis or adipogenesis, 
respectively. Phosphate groups or alkyl groups can stimulate osteogenesis or adi-
pogenesis, respectively.

Challenging design of hydrogels with these understands and considerations 
about various hydrogel systems will advance the development of smart bioactive 
in situ gelling hydrogels for specific biomedical applications.

Also, study of flow properties of liquids is important for pharmacists working in 
the manufacture of several dosage forms, such as simple liquids, ointments, creams 
and pastes. The flow behavior of liquids under applied stress is of great relevance in 
the field of pharmacy. Flow properties are used as important quality control tools to 
maintain the superiority of the product and reduce batch-to-batch variations.

The clinically approved systems by using Pluronics/alginate (Guardix-SG) 
and chitosan/glycerol phosphate (BST-CarGel) based thermal gels are interest-
ing examples. Alginate and Pluronics form interpenetrating network (IPN) by 
adding calcium salt, where it forms a temperature sensitive gelling system. The 
system was successfully applied as an antiadhesive agent after the surgery. BST-
CarGel was applied for articular cartilage repair on the microfractured treatment. 
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Compared with current microfracture treatment, the BST-CarGel system improved 
the repair by successfully holding the cells/stem cells released from the microf-
ractured site. Both systems are already on the market. Another system is Regel®, 
which was a pionieering system of biodegradable thermogelling system. The bio-
compatibility was good as evidenced by passing phase I clinical trial. However, 
the paclitaxel loaded Regel® (Oncogel) was stopped for further investigation 
[132]. When a patient is diagnosed as a solid tumor, he/she immediately wants 
surgery instead of waiting till the tumor size decreases by using the sustained 
release of the anticancer drug from the in situ formed gel. Therefore, the treatment 
was narrowed down for inoperable tumor such as inoperable esophageal cancer. 
However, compared with current treatment of anticancer drug combined with radi-
otherapy, the additional treatment by using Oncogel did not significantly improve 
the patient. Above cases studies suggest that the patient-oriented development of 
an in situ gelling system is very important.
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Abstract  Poly(organophosphazenes) as a new type of biodegradable polymers 
have been exploited as carriers for various drug delivery systems due to versatil-
ity of molecular structures and easily modulated physico-chemical properties. 
Thus, biodegradable thermogelling poly(organophosphazenes) are expected to be 
very promising biomaterials as injectable systems with minimal surgical interven-
tion for drug delivery and tissue engineering applications. The key advantage of 
thermosensitive hydrogels based on poly(organophosphazenes) over other thermo-
sensitive polymers is the ease of tuning the hydrogel properties by use of differ-
ent compositions of side groups or through variations in co-substituent ratios. A 
variety of poly(organophosphazene) thermogels have been developed with desir-
able hydrophobic-hydrophilic balance, controllable degradation rate and suitable 
mechanical properties with respect to different applications. This chapter covers a 
comprehensive summary of the recent developments in this field of study, includ-
ing polymer design, property assessment and potential biomedical applications.

Keywords  Poly(organophosphazene)  ·  Thermogels  ·  Drug delivery  ·  Biodegradable  ·  
In vivo

1 � Introduction

Hydrogels as a potential controlled drug delivery system and biomedical device 
has been extensively studied over the past decade [1]. One of the more recent 
trends is the in situ formation of stimuli-sensitive hydrogels, which can undergo a 
simple reversible phase transition (sol-gel transition) with response to the external 
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stimuli such as temperature, pH, light, electromagnetic radiation and biomolecules 
[2–6]. Among the stimuli-sensitive hydrogels, the in situ forming hydrogels from 
reverse thermogelling biodegradable polymer aqueous solutions have attracted 
considerable interest, because pharmaceutical agents or cells can be premixed with 
specific thermogelling polymers as an aqueous solution (sol state) before admin-
istration but immediately transform to standing gels as a sustained drug delivery 
depot after injecting into a target site.

Reverse thermogelling polymers used to act as an effective injectable thermogel 
usually possess block architectures and a balanced structure of hydrophobicity and 
hydrophilicity. As temperature increases, the association of the polymers occurs 
due to increased hydrophobic interactions to show a temperature-sensitive sol-to-
gel transition at a critical temperature, namely, lower critical solution tempera-
ture (LCST). Typical reverse thermogelling polymers include poly(N-substituted 
acrylamide)-based block copolymers [7–11], poly(vinyl ether)-based block copol-
ymers, poly(ethylene oxide) (PEO)/poly(propylene oxide) (PPO)-based block 
copolymers [12–17] and PEG/polyester block copolymers [18–23]. The represent-
ative structures of each class are shown in Fig. 1. In most cases, PEG was used 
as a hydrophilic block. All the themogelling hydrogels formed from the amphi-
philic block copolymers mentioned above exhibit a sol-gel phase-transition in the 
physiological conditions in a tunable manner and have been intensively studied in 
recent years.

Although thermosensitive hydrogels formed from aqueous solution of 
poly(N-isopropylacrylamide) (PNIPAM), poly(2-ethoxyethyl vinyl ether)-
b-poly(2-methoxyethyl vinyl ether) (PEOVE-b-PMOVE) and poly(ethylene 
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-PEO) 
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Fig. 1   Chemical structures of some temperature-sensitive block copolymers
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(PluronicTM), have been reported to use for drug delivery and tissue engineering, 
most of these materials suffer from non-biodegradability, non-biocompatibility, 
toxicity, and poor mechanical properties [4, 20, 24, 25]. To address this issue, bio-
degradable reverse thermogelling polymers based on polyester and PEG, such as 
poly(ethylene glycol)-b-poly(L-lactic acid)-b-poly(ethylene glycol) (PEG-b-PLLA-
b-PEG), were developed. [18, 20–23]. These novel thermogelling polymers exhibit 
multiple desired functionalities as ideal materials for injectable in situ forming 
hydrogels, including good biocompatibility, tunable drug release and degradation 
rate, improved mechanical properties and capability of encapsulating various drugs. 
However, the acidic degradation products from the polyester may cause tissue 
necrosis or irritation around the implant site as well as denaturation of the incorpo-
rated biopharmaceuticals. Therefore, there is still room for improving the current 
block copolymer hydrogels to meet the physiological and practical requirements.

As an alternative, poly(organophosphazenes) have been gaining significant atten-
tion in the biomedical field, because they can offer a number of crucial advantages 
for biological research and biomedical applications [26–28]. High molecular weight 
poly(organophosphazenes) are inorganic backbone polymers with an essentially 
linear backbone of alternating phosphorus and nitrogen atoms and two organic or 
organometallic side groups linked to each phosphorus atom [29–31]. Therefore, 
the polymer properties can be precisely tailored through changes in the side groups 
to optimize properties for specific biomedical applications. For example, hydro-
phobic poly(organophosphazenes) with fluoroalkoxy or aryloxy side groups have 
been evaluated as bioinert biomaterials for use in prosthetic blood vessels, artificial 
heart membranes, artificial heart valves, dental filling materials and soft denture lin-
ers [32–34]. On the other hand, a growing number of poly(organophosphazenes) 
have been designed specifically to be hydrolytically sensitive as biodegradable 
materials. Unlike polyesters, poly(organophosphazenes) can hydrolyze into non-
toxic products, like phosphate, ammonium ion and free organic side groups, with 
near-neutral pH values [35]. The organic side groups of the hydrolytically sensi-
tive poly(organophosphazenes) range from amino acid ester (1) [36–40], dipeptides 
(2) [41–44], depsipeptides (3) [45–47], to other benign or physiologically essential 
molecules (4–6) [48–54]. Several examples are shown in Fig. 2.

The objective of this chapter is to provide a comprehensive summary 
of the preparation and application of biodegradable reverse themogelling 
poly(organophosphazenes), including polymer design, property assessment and 
potential biomedical applications.

2 � Design of Biodegradable Thermogelling 
Poly(Organophosphazenes)

By far the largest effort to construct biodegradable thermogelling 
poly(organophosphazenes) has been reported by Song and coworkers. The gen-
eral molecular structures of these poly(organophosphazenes) consist of a short 
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hydrophilic α-amino-ω-methoxy-poly(ethylene glycol) (AMPEG) segment with a 
molecular weight range of 350–750 Da and amino acid esters (such as Isoleucine 
ethyl ester [IleOEt] and leucine ethyl ester [LeuOEt]) [55–62], dipeptides (glycyl-
glycine and glycylglycine ally ester) [63–67], depsipeptide (ethyl-2-(O-glycyl)gly-
colate and ethyl-2-(O-glycyl)lactate) [57, 60, 66–69] and oligopeptides (such as 
GlyPheLeuEt and GlyPheIleEt) [70] as both hydrophobic and hydrolysis-sensitive 
moieties. Examples of the molecular structures of biodegradable thermogelling 
poly(organophosphazenes) are shown in Table 1.

2.1 � Synthetic Procedures

Several different synthetic routes are available for the synthesis of 
poly(organophosphazenes) [91–96], but the major method for the biodegradable 
thermogelling poly(organophosphzenes) involves a ring-opening polymerization 
followed by macromolecular substitution reactions as shown in Scheme 1 [55–63, 
65, 66, 97, 98]. The thermal ring-opening polymerization of a commercially avail-
able cyclic trimer, hexachlorophosphazene (7), gives a high molecular weight 
poly(dichlorophosphazene) (8), which is an organic-soluble, reactive macromo-
lecular intermediate with chlorine atoms that can be replaced with various organic 
nucleophiles (9–11).
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The significant difference between poly(organophosphazenes) and other poly-
mers from the synthetic point of view lies in the introduction of side groups 
after the polymer backbone is assembled. Thus, this macromolecular substitu-
tion allows the introduction of side groups that may not survive a polymeriza-
tion reaction. Also, properties can be controlled by use of different compositions 
of side groups or through variations in co-substituent ratios [99]. For example, 
poly(organophosphazenes) bearing isoleucine ethyl ester (IleOEt) and α-amino-
ω-methoxy-poly(ethylene glycol) with molecular weight of 350 (AMPEG350), 
NP[(IleOEt)x(AMPEG350)2-x]n, one of the typical structures of the biodegradable 
thermogelling poly(organophosphazenes) [61, 68], are synthesized by introducing 
the first nucleophile (IleOEt) while the progress of the reaction is being monitored 
by NMR techniques. After complete reaction of the first nucleophile, an excess of 
the second nucleophile (AMPEG350) is added to complete the halogen replace-
ment. The composition of the final products can be easily and precisely controlled 
by using different feeding ratio of IleOEt and AMPEG350, leading to a series of 
NP[(IleOEt)x(AMPEG350)2-x]n with x from 0.87 to 1.45. In addition, three or four 
co-substituents can be introduced into the same poly(organophosphazene) in order 
to finely tune the properties as shown in Table 1. Therefore, the mechanical prop-
erties, biodegradability, and LCST can be controlled by varying the co-substitu-
ents, which will be discussed in the following sections.

The biodegradable thermogelling poly(organophosphazenes) have a molecu-
lar weight of about several 104  kDa, much lower than the molecular weight of 
poly(alkoxy or aryloxyphosphazenes) which are usually above a million kDa 
[100, 101]. The reason is that the introduction of amino side groups involves the 
release of hydrogen chloride. Although a strong base such as triethylamine is 
used in order to remove the hydrogen chloride generated, the released hydrogen 
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Scheme 1   Synthetic route of poly(organophosphazenes)



44 X. Liu

chloride may still be able to coordinate to the backbone nitrogen atom and decom-
pose the polymer backbone, leading to a decreased molecular weight [50, 52]. 
Nevertheless, the biodegradable thermogelling poly(organophosphazenes) still 
have much higher molecular weight than most of currently used biodegradable 
thermogelling block copolymers, which will give poly(organophosphazenes) more 
flexibility in molecular structure design over other polymer systems.

Another interesting and unique feature of the synthesis of 
poly(organophosphazenes) is that reaction conditions on polymers can be stud-
ied and optimized by using small molecules, cyclotriphosphazenes, as model 
compounds, due to its structural similarity with polyphosphazene, but more well-
defined molecular structures [44, 49, 53, 102]. This model study will provide bet-
ter understanding of more complicated and challenging reactions carried out later 
on polymer side groups. Therefore, a series of thermosensitive cyclotriphospha-
zenes bearing various amino acid and PEG segments were synthesized and their 
properties, such as LCST, degradation rate and ability as drug release carriers, 
were studied [59, 103–106]. However, no thermogelling behaviour was observed 
for all of the thermosensitive trimers. Examples of thermosensitive cyclotriphosp-
hazenes are shown in Table 2.

2.2 � Thermosensitivity and Thermogelling Behaviour

The temperature-based responsive behavior of poly(organophosphazenes) were 
found by using several different functional side groups as shown in Fig.  3. The 
first thermosensitive poly(organophosphazene) exhibiting LCST in aqueous 

Table 2   Thermosensitive cyclotriphosphazenes N3P3(NHCHR1COOR3)3(R2)3

Notes Bz Benzyl

Hydrophobic  
substituent

(R1) (R3) Hydrophilic  
substituent (R2)

TLCST 
(ºC)

References

Glycine H Et O(CH2CH2O)2CH3 >100 [59]

Bz O(CH2CH2O)2CH3 10.5 [59, 105]

O(CH2CH2O)7CH3 65.5 [59, 105]

Aminomalonic acid COOEt Et O(CH2CH2O)7CH3 95.0 [59]

l-Aspartic acid CH2COOEt Et O(CH2CH2O)2CH3 47.5 [59, 105]

O(CH2CH2O)7CH2CH3 21.5 [59]

O(CH2CH2O)7CH3 83.0 [59, 105]

Bz O(CH2CH2O)7CH3 42.5 [59, 105]

O(CH2CH2O)11CH3 69.0 [59, 105]

O(CH2CH2O)16CH3 78.5 [59, 105]

l-Glutamic Acid (CH2)2COOEt Et O(CH2CH2O)2CH3 30.0 [59]

O(CH2CH2O)7CH3 73.0 [59]
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media derived from polymers containing alkyl ether with varying chain length 
(12) [107–109]. However, chemical crosslinking by gamma radiation or ultravio-
let irradiation was necessary in order to form thermo-responsive hydrogels. Later, 
an amphiphilic graft poly(organophosphazene) containing PNIPAM as hydro-
philic segments and amino acid ester as hydrophobic parts with LCST 32.6  ºC 
was synthesized (13) [110–112]. Above its LCST, nanoparticles from the aggre-
gation of self-assembled micelles were formed, which showed the potential as 
injectable carriers for the delivery of hydrophobic compounds. Furthermore, the 
authors report that the poly(organophosphazenes) do not degrade significantly 
during the time-frame of the release experiments, which may limit their biomedi-
cal applications in human body [112]. Continued efforts to develop thermosensi-
tive poly(organophosphazenes) led to the discovery of a series of cyclic trimers 
[59, 103–106] and polymers [55, 58, 62, 113, 114], a) bearing mono-methoxy-
poly(ethylene glycol) (MPEG) and amino acid (14) or depsipeptide ester as shown 
in Tables 2 and 3. All the cyclic trimers and polymers showed a LCST in range 
of 21.5–98.5 ºC, depending on the kinds of amino acid, length of MPEG and the 
mole ratio of the two substituents. The effect of salts, solvents, and surfactants 
on the LCST was studied in detail [15, 58, 114]. Nevertheless, no formation of 
reverse thermogelling hydrogels was reported from both cyclic trimers and poly-
mers mentioned above, which exhibited sol-precipitation behavior upon exposure 
to an increased temperature.

The ability to impart a reverse themosensitive response sol-gel transition as a 
function of temperature in poly(organophosphazenes) was first developed by Song 
and coworkers with a typical structure of 15, NP[(IleOEt)x(AMPEG350)2-x]n  
[61]. Typically, an aqueous solution of 15 with a concentration of 10 wt% exhib-
ited four-phase transitions with temperature gradually increasing: a transpar-
ent sol, a transparent gel, an opaque gel, and a turbid sol as illustration in Fig. 4. 
As x increased from 0.55 to 1.13, the LCST of 15 decreased from 74 to 37  ºC, 
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Fig. 3   Examples of thermosensitive poly(organophosphazenes)
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indicating that the more hydrophobic composition of the polymers offers the lower 
LCST. In addition, it was found that polymers with more hydrophobic amino acid 
esters side groups exhibited stronger gelation properties [68]. It is interesting and 
noteworthy that a small change in the structure can develop a large change in the 
transition temperature. For example, the only difference between 16 and 17 is 
the terminal amino acid, leucine and isoleucine. However, they showed remark-
able difference both in gelation temperature (15 and 32  ºC) and viscosity (56.1 
and 73.5 Pas) [70]. Therefore, the gelation properties of the gels can be easily con-
trolled by changing the composition of substituents, the chain length of AMPEG 
and the type of amino acid esters. The authors proposed that the formation of 
hydrogel is due to the hydrophobic interaction between the side chain fragments of 
amino acid esters, acting as a physical junction in the aqueous solution [68].

Besides the molecular structure, the sol-to-gel transition properties are also 
affected by several other factors, such as salts, pH, and blending. For example, 
the association temperature (Tass) and the temperature at the maximum viscos-
ity (Tmax) of poly(organophosphazene) thermogels shifted to lower temperature in 
the presence of inorganic salts, such as NaCl, KCl, NaBr, and LiCl, while the gel 
strength was greatly augmented as well by increasing the density of physical junc-
tions. In contrast, organic salts dramatically increased the gelation temperature, 

Fig.  4   Demonstration photograph of the sol-gel transition of polymer 15 in aqueous solution 
observed as temperature gradually increased. Reproduced with permission from Ref. [51]
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which is attributed to hydrophobic interactions between the tetralkyl groups of 
organic salts and the non-polar side groups of the polymers, leading to ioni-
zation of the side groups [56, 71, 88]. Furthermore, the gelation property of 
poly(organophosphazenes) also depends greatly on pH. As the pH decreased from 
7.4 to 3.9, the Vmax (the viscosity of the polymer solutions at Tmax) of a neutral poly-
mer significantly decreased and the Tmax of the polymer increased [68, 89]. This is 
due to a change in hydrophilic-hydrophobic balance by protonation in amine groups. 
On the other hand, the opposite trend was observed when carboxylic acid groups 
were present in a thermogelling poly(organophosphazene). This is due to the fact 
that the acidic polymer becomes almost completely neutral at lower pH due to the 
protonation of carboxylic acid groups [88, 89]. Moreover, gelation behavior, as well 
as the physical properties of thermogelling poly(organophosphazenes), can be also 
controlled by adjusting the hydrophobic-hydrophilic balance after polymerization 
through the blending of polymers [57, 75, 86]. By blending polymer 15 and [NP(Ile
OEt)1.07(GlyLacOEt)0.02(AMPEG550)0.91]n with a blend ratio of 3 to 1, a transparent 
hydrogel with Tmax at 37 ºC and good gel strength (Vmax > 200 Pas) was achieved, 
which could be effectively utilized as a locally injectable hydrogel. On the contrary, 
none of each component exhibited efficient viscosity at 37 ºC individually [57].

2.3 � Biodegradability and Hydrolysis Mechanism

Poly(organophosphazenes) have long been found to be sensitive to hydrolysis by 
incorporating hydrolytically sensitive side groups as illustrated in Fig. 2, of which 
amino acid containing poly(organophosphazenes) resulted in many biodegrad-
able materials for various biomedical applications [36, 45, 116–125]. Thus, one 
of the main reasons for understanding the mechanisms of hydrolysis of biodegrad-
able poly(organophosphazenes) is to study the possible toxic intermediates or end 
products formed during hydrolysis.

Studies have shown that degradation rate of thermosensitive 
poly(organophosphazenes) can be controlled over periods of days to months 
by using different hydrophobic moieties, such as amino acid, depsipeptide 
and dipeptide, adjusting length of PEG segments and varying the co-substit-
uent composition. Poly(organophosphazenes) containing glycine ester and 
MPEG, for an instance, showed a decreased degradation rate in the order of 
methyl > ethyl > benzyl esters [58]. Polymers substituted with α-amino acid esters 
hydrolyzed faster than that with β-amino acid ester. Also, a more rapid hydroly-
sis occurred in both acidic and basic buffer solutions than in the neutral solution 
[58]. Additionally, degradation rate can be accelerated significantly by either 
incorporating depsipeptide ethyl esters or switching from MPEG to AMPEG seg-
ments [60, 68, 90, 113]. The polymers with depsipeptide ethyl esters had half-lives 
of less than 10  days at pH 7 and 37  ºC, while the polymers without depsipep-
tide ethyl ester, had a half-life over 40  days [60]. On other hand, the half-lives 
of [NP(GlyOEt)0.94(AMPEG350)1.06]n at pH 5, 7.4 and 10 were 9, 16 and 5 days, 
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respectively, which are almost 2.5 to 4 times faster than that of the MPEG-based 
polymers [113].

Therefore, the hydrolytic degradation of these thermosensitive 
poly(organophosphazenes) has been explained in terms of carboxylic acid-
catalyzed degradation mechanism as shown in Scheme  2 [58, 68, 74, 89, 90]. 
Initially, free carboxylic acid groups are generated by hydrolysis of amino acid 
ester or depsipeptide ester. Then, these resultant carboxylic acid groups can attack 
the same or an adjacent phosphazene chain to induce phosphorus-nitrogen skel-
etal cleavage. This mechanism explains the faster degradation rate of depsipep-
tide ester bearing poly(organophosphazenes), because it has been reported that 
depsipeptide ethyl ester is more hydrolytically labile than amino acid ethyl ester 
[37, 38], resulting in more rapid release of free carboxylic acid. This mechanism 
was also proved by the comparison of the degradation behavior of neutral and 
acidic poly(organophosphazene) gels bearing carboxylic acid group [74, 89]. The 
accelerated hydrolysis rate of the thermogelling poly(organophosphazenes) was 
observed in the order of without carboxylic acid and depsipeptide  <  depsipep-
tide  <  carboxylic acid both in vitro and in vivo [74], indicating the carboxylic 
acid-facilitated degradation. The poly(organophosphazene) bearing only IleOEt 
and AMPEG550, [NP(IleOEt)1.16(AMPEG550)0.84]n, maintained 89  % of its 
original molecular weight after 45  days in the physiological conditions. In con-
trast, the molecular weight of the polymer containing carboxylic acid, [NP(IleO
Et)1.25(GlyGlyOH)0.30(AMPEG550)0.45]n, was rapidly decreased to 38  % of the 
original molecular weight after 3  days. Hence, these biodegradable thermogel-
ling poly(organophosphazenes) hold great potential as an injectable biodegradable 
hydrogel for biomedical application with controllable degradation rate.
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Scheme 2   Hydrolysis mechanism for thermosensitive poly(organophosphazenes)
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3 � Applications of Biodegradable Thermogelling 
Poly(Organophosphazenes)

Biodegradable thermogelling poly(organophosphazenes) have been widely used 
in various biomedical applications. According to the discussion in the previous 
sections, one of the advantages of this system over other currently used thermo-
gelling polymers as injectable in situ forming hydrogels lies on their convenient 
tunability of properties depending on different applications by adjusting the type 
of hydrophobic moieties, the length of hydrophilic segments and the compo-
sition of substituents. Also, post modification of poly(organophosphazenes) 
backbone is possible by introducing additional functional groups during the 
macromolecular substitution, which will render the biodegradable thermogelling 
poly(organophosphazenes) more flexibility in designing multifunctional thermo-
sensitive hydrogel. In this section, applications of the reverse thermogelling sys-
tem based on poly(organophosphazenes) for drug delivery, bioimaging and tissue 
engineering will be reviewed.

3.1 � Delivery of Antitumor Drugs

A new drug delivery system (DDS) based on biodegradable thermogelling 
poly(organophosphazenes) was developed for intratumoral delivery of chemother-
apeutic agents in order to provide drug localization within the tumor and divert 
the drug from non-target organs to reduce toxicity and increase efficacy (Fig. 5). 
Hydrogels formed from poly(organophosphazenes) bearing hydrophobic IleOEt 
and hydrophilic AMPEG550 along with hydrolysis-sensitive GlyLacOEt (18) 
were found to be excellent solubilisers of hydrophobic antitumor drug, doxoru-
bicin, compared with that in phosphate buffered saline (PBS, 0.01  M, pH 7.4) 
[80]. The aqueous polymer solution with doxorubicin showed a sol-gel transition 
at physiological conditions. The release of doxorubicin from the hydrogel system 
was significantly sustained over 20 days. The anticancer efficacy of the released 
doxorubicin was constant over a prolonged period of times for more than 30 days, 
when the P388D1 mouse lymphoblast cell line was evaluated. In another study, the 
doxorubicin-loaded hydrogels based on the same poly(organophosphazenes) (18) 
was evaluated on the human gastric cancer cell line, SNU-601 for their antican-
cer efficacy [76]. A sustained release was observed from the formulation of 10 % 
w/w of hydrgel and 0.6 % w/w of doxorubicin with 40 and 90 % released over 
5 weeks in vitro and in vivo. The hydrogel mass was well retained over 7 weeks 
and exhibited excellent local tumor control with a slight initial burst when used 
intratumorally. In addition, the anticancer efficacy of doxorubicin load in the 
same hydrogels was also evaluated using the human gastric cancer cell line, 
HSC44Luc within Balb/c female nude mice [84]. The suppressive effects of dox-
orubicin-loaded hydrogels on tumor growth were evaluated by means of in vivo 
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bioluminescence, a more sensitive method for measuring tumor load. The study 
showed tumor growth was suppressed much more effectively among mice treated 
with polymer gel loaded with a dose of doxorubicin (30 mg/kg) compared with 
those given intravenous doxorubicin (15 mg/kg). The results indicated that local 
intratumoral delivery of doxorubicin with a large dose can be performed by using 
poly(organophosaphazenes) thermogels, while restricting its biodistribution to 
tumor tissue and reducing systemic exposure and toxicity. 

Another widely used antineoplastic drug is paclitaxel. It has been shown to 
exhibit a significant activity against various solid tumors. However, due to its 
hydrophobicity, paclitaxel shows very poor solubility in water and has hypersensi-
tivity reactions associated with its formulation, containing ChremophorTM EL and 
ethanol [126]. Therefore, an injectable DDS based on poly(organophosphazenes) 
thermgels was developed for the local delivery of paclitaxel. Paclitaxel-loaded 
hydrogel based on polymer 18 was injected into six-week-old female Balb/c nude 
mice with the HSC44Luc human gastric cancer cell line [87]. The study showed 
that a hydrogel combined with paclitaxel (15 mg/kg) was a more effective treat-
ment for peritoneal carcinomatosis than PBS or hydrogel alone in a mouse model. 
Although a paclitaxel solution had a similar antitumor effect, sever side effects 
were observed with a higher drug load (30 mg/kg). Furthermore, both human colo-
rectal cancer cell line, DLD-1, and humane gastric cancer cell line, SNU-601 were 
also used to evaluate the antitumor efficacy of paclitaxel-loaded hydrogel (18). 
The in vitro and in vivo release of the formulation with 0.6 % w/w drug and 10 % 
w/w hydrgel were found to be 40 and 90 % of the dose over 4 weeks with a sus-
tained manner [83]. The local tumor was well controlled for 42 days with a slight 
initial burst when used intratumorally. Therefore, a poly(organophosphazene) 
hydrogel mixed with anticancer drug, paclitaxel may be a safe and effective treat-
ment for patients with peritoneal carcinomatosis.

Several other anticancer drugs were also evaluated for their effect on the prop-
erties of thermogels, release profile, antitumor efficacy in both in vitro and in vivo. 
The polymer solution of 18 can dramatically enhance the solubility of antican-
cer drug, 5-fluorouracil from 3.39 mg/ml in PBS (pH 7.4, 4 ºC) up to 34.26 mg/
ml [66]. An increased Tmax and a decreased Vmax were observed for the 5-fluo-
rouracil loaded hydrogel. According to the study, the release mechanism of 
5-fluororacil from poly(organophosphazene) hydrogels was only a diffusion-con-
trolled drug release. Besides, a prolonged release profile can be achieved by using 
poly(organophosphazenes) with higher content of AMPEG, due to the hydro-
philic interaction between 5-fluorouracil and AMPEG segments. Additionally, 
polymer 18 was also used to enhance the bioavailability of the antitumor drug, 

P N P N

NH(CH2CH2O)11CH3

NHCH(CH(CH  )3 CH2CH3)COOEt

NHCH(CH(CH3)CH2CH3)COOEt

NHCH2COOCH(CH3)COOEt

n

(18)

P N P N

NH(CH2CH2O)11CH3

NHCH(CH(CH3)CH2CH3)COOEt

NHCH(CH(CH3)CH2CH3)COOEt

NHCH2CONHCH2COOH

n

(19)

Fig. 5   Chemical structures of thermogelling poly(organophosphazenes) for drug delivery
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2-methoxyestradiol [77]. A 10 % polymer solution significantly increased the sol-
ubility of 2-methoxyestradiol by about 104 times compared to that of PBS solu-
tion. In the in vitro release study, the release mechanism of 2-methoxyestradiol 
was mainly dominated by diffusion, hydrophobic interaction, and surface ero-
sion of the matrix. The in vivo antitumor activity of 2-methoxyestradiol-loaded 
hydrogels was evaluated by using MDA-MB-231 cell in six-week-old Balb/c 
nude female mice. It was found that the hydrogel loaded with 15 mg/kg 2-meth-
oxyestradiol showed the improved antitumor over 4  weeks and antiangiogenic 
activity relatively to the original formulation. Similar studies were also conducted 
on another anticancer drug, silibinin, using thermosensitive hydrogels based on 
polymer 18 as matrix [78]. The aqueous solution of polymer 18 enhanced the sol-
ubility of silibinin (0.0415  g/ml) up to 2,000 times, compared with that of PBS 
(84.55 mg/ml). In the in vitro degradation study, about 80 % of the hydrogel was 
degraded in pH 6.8 media in a month, which was faster than the hydrogel in pH 
7.4 with 40 % degradation over 4 weeks. In the in vivo anticancer activity evalua-
tion, the silibinin-loaded hydrogel with a drug concentration of 10 mg/kg showed 
the inhibition effect of cancer growth for 40 days just with a single intratumoral 
injection. Hence, thermosensitive hydrogel based on poly(organophosphazenes) 
exhibit the diversity and feasibility on several different anticancer drugs as an effi-
cient injectable local DDS.

In contrast to the drug release formulation formed by physical mixture between 
polymer solution and drugs, a poly(organophosphazene)-drug conjugate hydrogel 
has been developed as an improvement for locally controlled delivery of cancer 
therapeutics [63, 64, 84]. An additional functional group, through which a target 
anticancer drug can be conjugated in the post modification onto polymer, can be 
easily introduced on poly(organophosphazene) backbones during macromolecular 
substitution reaction. In this way, improved solubility of hydrophobic drugs, desir-
able pharmacokinetics, and enhanced antitumor activity can be achieved. Also, 
multidrug resistance (MDR) will be overcome through slow drug release and an 
enhanced permeation and retention (EPR) effect because of the accumulation of 
the polymer-drug conjugate within solid tumors [127, 128]. For example, the dox-
orubicin-poly(organophosphazene) conjugates were synthesized through the con-
jugation of doxorubicin with free carboxylic acid on polyphosphazene backbone 
(19) [63]. The resultant conjugates aqueous solution exhibited a sol-gel transition 
at body temperature by tuning the hydrophilic-hydrophobic balance through the 
composition of co-substituents. Based on the in vivo antitumor activities of the 
locally injected conjugate, the conjugate hydrogel (44.5 mg/kg) showed effective 
tumor growth inhibition for a prolonged period over 28 days, indicating the active 
doxorubicin was released slowly and effectively accumulated locally in the tumor 
sites. In addition, polymer 19 was also utilized to form poly(organophosphazene)-
paclitaxel conjugate by a covalent ester linkages between paclitaxel and carboxylic 
acid on polymer backbone [64]. The conjugates showed a faster degradation and 
release profile in acidic condition (pH 6.8) than in neutral condiction (pH 7.4). The 
internalized poly(organophosphazene)-paclitaxel conjugate by tumor cells will be 
released intracellularly after exposure to lysosomal enzymes or lower pH (4.0–6.5) 
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in the endosomes and lysosomes. From the in vivo antitumor activity studies, the 
conjugate hydrogels were shown to inhibit tumor growth over 20 days, which was 
more effectively and longer than paclitaxel and saline alone.

3.2 � Human Growth Hormone Delivery

Human growth hormone (hGH) used for growth stimulation and cell repro-
duction is one of the major protein drugs for treatment of short stature caused 
by growth hormone deficiency and growth failure due to Turner syndrome or 
chronic renal failure [129]. However, due to its poor absorbability in the gastro-
intestinal tract and short half-life in vivo, a daily administration by injection is 
necessary, leading to poor patient compliance and renal toxicity [130]. In order 
to solve the problems associated with the current hGH release systems, such 
as low loading efficiency, high initial burst release, protein aggregation, dena-
turation and inflammation [131], an injectable and biodegradable thermogel 
based on poly(organophosphazenes) loaded with polyelectrolyte drug complex 
has been developed and investigated for its controlled and sustained delivery of 
hGH to improve patient compliance [69]. The aqueous solution of polymer 18 
containing polyelectrolyte complex formed between poly-L-arginine (PLA) and 
hGH showed a sol-gel transition at 37 ºC. In the in vitro release study, all poly-
electrolyte complex loaded hydrogels exhibited a slower release rate than the 
hydrogels with hGH alone. Zinc increased the released amount of hGH from 
hydrogels for both in vitro and in vivo studies. The single administration of the 
hydrogel loaded with polyelectrolyte complex in male Sprague-Dawley rats 
with a dose of 1.1 mg/kg, resulted in sustained release of hGH for 5 days. For 
the purpose of more prolonged hGH release profile in human body, a dual ionic 
interaction system was developed by introducing carboxylic acid groups in 
poly(oganophosphazene) side groups (structure 19) [85]. A positively charged 
polyelectrolyte complex was formed between hGH and protamine sulfate, the 
size of which can be adjusted by using varying ratio of each component. Later, 
an additional ionic interaction between the positively charge polyelectrolyte 
complex and anionic poly(organophosphazenes) was induced in the thermosen-
sitive hydrogels. The resultant hydrogels suppressed the initial burst release of 
hGH and extended the release period in vitro and in vivo. In the in vivo effi-
cacy study, a significantly increased growth rate for 7  days was observed by 
single injection of polyelectrolyte complex loaded anionic hydrogel, compared 
to daily injection of hGH solution. The results showed that the introduction 
of additional ionic interaction between polyelectrolyte complex and polymer 
matrix highly improved the bioavailability of hGH and an increased released 
manner.

As an alternative method, the release period of hGH can be efficiently increased 
by forming polyelectrolyte complex with cationic poly(organophosphazene) 
hydrogels. The positive charge can be introduced by modification of carboxylic 



54 X. Liu

acid groups on poly(organophosphazene) backbone through covalent linkage. 
Protamine was conjugated to polymer 19 by an amide linkage [67]. The aqueous 
solution of the cationic polymer conjugates formed a gel at 37  ºC regardless of 
hGH presence. The release studies showed that the hGH loaded hydrogel based 
on poly(organophosphazene)-protamine conjugate had a prolonged release period 
and the initial burst release was significantly suppressed. In the in vivo pharma-
cokinetic and pharmacodynamic studies, an elevated plasma level of hGH was 
induced by a single administration of hGH-loaded hydrogel until 5 days as well 
as an increased plasma level of insulin-like growth factor-1 until 13 days. With the 
same concept, polyethylenimine (PEI) was also conjugated on polymer 19 to form 
cationic poly(organophosphazene)-PEI conjugates [86]. However, it was reported 
that a single administration showed equivalent efficacy with only four days’ daily 
administration of hGH solution alone.

3.3 � Long-Term Magnetic Resonance Contrast Platform

Poly(organophosphazene) thermogels have been utilized as a novel platform for 
a long-term imaging system, such as magnetic resonance imaging (MRI) due 
to their injectability, biodegradability, localizability, and sustainability [79, 81, 
82]. Thus, it is not compulsory for the intravenous administration of the contrast 
agents every time due to the short half-life of the agents in vivo when a medical 
imaging diagnosis or a theragnosis is performed. A thermosensitive and magnetic 
hydrogel comprising cobalt ferrite (CoFe2O4) nanoparticles as contrast agents 
and hydrogels based on polymer 18 was designed for long-term magnetic reso-
nance imaging [81]. The magnetic hydrogel showed extremely low cytotoxicity 
and adequate magnetic properties for use in long-term MRI. Approximately 70 % 
weight loss of the magnetic hydrogel was observed over 28 days in vitro. In the 
in vivo study, the applicable potentiality as a long-term MR contrast platform was 
successfully estimated over 4–5  weeks. Later, a long-term theranostic hydrogel 
based on polymer 18, but with longer AMPEG segment, specifically designed for 
solid tumors was developed by cooperating both cobalt ferrite nanoparticles and 
paclitaxel [82]. The resultant hydrogel had an approximately 70 % weight loss at 
the twenty-eight day. About 71.16 ± 13.34 % of paclitaxel and 93.68 ± 1.06 % 
of iron in the theranostic hydrogel were released in vitro. In the in vivo test of 
the theramostic hydrogel in solid tumor-bearing nude mice, the increase of tumor 
volume was suppressed between the second and third week. Simultaneously, the 
long-term MR imaging was also accomplished for the same periods. In addition, 
the same magnetic hydrogel but with a different anticancer drug, 7-ethyl-10-hy-
droxycamptothecin, was used as MRI-monitored long-term therapeutic hydrogel 
for brain tumors [79]. The hydrogel can be injected into the area of brain tumor 
stereotactically within a very small-sized pin hole to minimize the drawbacks of 
surgical treatments.
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3.4 � Gene Delivery

Localized release of plasmid DNA or polymer/DNA complexes was performed 
by using biodegradable thermogelling hydrogels of poly(organophosphazenes) as 
release matrices. The complexes between galactosylated chitosan-graft-polyeth-
ylenimine (GC-g-PEI) were loaded within the thermosensitive hydrogels based 
on polymer 18 as a hepatocyte targeting gene delivery system [72]. The hydro-
gel loaded with GC-g-PEI/DNA complexes showed low cytotoxicity and higher 
transfection efficiency than PEI/DNA complexes only. The in vivo distribution 
study showed the specific accumulation of the released GC-g-PEI/DNA com-
plexes in the liver, indicating better hepatocyte targeting and gene delivery. On the 
other hand, a low molecular weight PEI grafted poly(organophosphazenes) with 
a cleavable ester linkage formed a polyplex with siRNA of cyclin B1 with the 
size of 100  nm [132]. The polyplex aqueous solution underwent a sol-gel tran-
sition at physiological conditions. The polyplex-protected siRNA exhibited the 
enhanced stability up to 30 days in the presence of serum, compared with naked 
siRNAs, which showed degradation after 1 h. The release mechanism of the poly-
plexes was dominated by both dissolution and degradation of the polyplex hydro-
gel. The results showed an in vivo antitumor effect via cyclin B1 gene silencing 
for 4 weeks with only a single injection, indicating the polyplex hydrogel as an 
alternative siRNA carrier for many diseases that require localized and long-term 
therapy [132].

3.5 � Tissue Engineering

Biodegradable thermogel formed from polymer 15 was employed to entrap islets 
of Langerhans in an artificial pancreas [73]. A prolonged insulin secretion in 
response to basal glucose concentration was observed from the rat islets entrapped 
in the hydrogel compared to free rat islets and islets entrapped in other types of 
polymer gels. The rat islets in the hydrogel showed higher cell viability and insu-
lin production over a 28-day culture. The studies indicated that the thermosensitive 
injectable, biodegradable matrix from poly(organophosphazenes) can be used with 
several cell types as culture matrix. In addition, the hydrogels based on polymer 
15 was also employed to entrap primary rat hepatocytes, cultivated as spheroids 
in order to examine differentiation morphology and enhanced liver-specific func-
tions [133]. In a 28-day culture period, the spheroidal hepatocytes entrapped in 
the gel maintained a higher viability and produced albumin and urea at constant 
rates, indicating the potential application of poly(organophosphazene) hydro-
gel as a three-dimensional cell system for bioartifical liver devices and bioreac-
tors. Furthermore, an injectable, thermogelling poly(organophosphazene)-RGD 
conjugate was developed for the enhancement of mesenchymal stem cell osteo-
genic differentiation [65]. The conjugate was synthesized by attaching RGD on 
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the carboxylic acid groups on polymer 19 through an amide linkage. The rab-
bit mesenchymal stem cells (rMSCs) on the conjugate hydrogels were shown to 
express markers for all stages towards osteogenesis, indicating the beginning of 
the maturation process. Both significantly high mineralization level for calcium 
contents and high expression of collagen type I were detected after 4th week. Thus 
the authors suggested that the poly(organophosphazene)-RGD conjugate holds a 
promise for cell delivery material to induce osteogenic differentiation for bone tis-
sue engineering.

4 � Dual Crosslinkable Biodegradable 
Poly(Organophosphazenes) Thermogels

One of the important aspects of poly(organophosphazenes) over other polymers 
lies on the ease of control of final properties by either introducing additional 
functionalities during macromolecular substitution reactions or secondary 
modification of side groups on the backbone. Thus, properties can be finely 
tuned with respect to different applications. Examples of biodegradable ther-
mogelling poly(organophosphazenes) with additional functionality are shown 
in Table 4.

Chemically crosslinkable thermogelling poly(organophosphazenes) containing 
multiple thiol groups (20) shown in Fig.  6 were synthesized as injectable mate-
rials for biomedical applications [134]. In addition to the thermogelling behav-
iour of the polymer aqueous solution at body temperature, the gel strength can 
be further improved by the crosslinking of thiol groups with crosslinkers, such as 
divinyl sulfone and PEG divinyl sulfone under physiological conditions to form 
dual crosslinked hydrogels. The chemically crosslinked thermogel exhibited both 
enhanced storage modulus and decreased swelling ratio due to the increased 
crosslinking density. In the in vivo degradation study, the physically crosslinked 
gel degraded faster, compared to the dual crosslinked gels. Also, the gel strength 
can be controlled through the crosslinking degree. As a result, this chemically 
crosslinkable thermogel system has a unique advantage on degradability adjust-
ment, tunable gelation properties, and controllable chemical and physical hydrogel 
network. Another dual crosslinkable poly(organophosphazene) hydrogel, contain-
ing acrylate groups (21) with improved structural properties was developed by the 
use of star-shaped multi-thiol crosslinkers, such as eight arm PEG thiol, compared 
with linear dithiol, PEG dithiol [139]. From FE-SEM, dual crosslinked hydrogel 
showed a sponge-like microporous structure with a relatively non-uniform pore 
size distribution in the matrix. The gels obtained by the physical and chemical 
crosslinking with star-shaped eight-arm thiols showed superior gel properties com-
pared to gels with linear thiols. Through the nature of the crosslinking molecule 
and crosslinking density, the mechanical properties, swelling behaviors, three-
dimensional inner networks and degradation rates can be controlled. Based on 
the similar concept, self-crosslinkable polymer blending system between polymer 
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20 and 21 was investigated [135]. Thus, the leaching problems caused by the use 
of crosslinkers with low molecular weight can be avoided. However, a prolonged 
crosslinking time up to 4 h was observed for the polymer blending system, com-
pared with the use of small crosslinkers (40 min).

Beside the further crosslinking with multi-thiol containing crosslinkers, the 
thermosensitive hydrogel bearing acrylate or methacrylate side groups can be 
crosslinked upon UV radiation under mild conditions, resulting in the formation 
of compact three-dimensional networks with properties of mechanically suitable 
strength and controllable biodegradation for injectable biomedical applications 
[136]. The hydrophobic interaction developed between the hydrophobic IleOEt 
and methacrylate in polymer 22 facilitated the rapid dual crosslinking accom-
plishment of the photo-crosslinking at 37  ºC, leading to a fully crosslinked gel 
in 5 min of exposure. The resultant dual crosslinked hydrogels showed improved 
mechanical properties with several folds from the in vivo degradation stud-
ies. The reported methacrylate-based system is more attractive compared to the 
thiol-based system because of its long-term stability and no crosslinker needed. 
Furthermore, the amount of photoinitiator, intensity of UV light, and time of 
exposure used were much less compared to the other reported photo-crosslinking 
systems. Later, another rapid photo-crosslinkable thermoresponsive injectable 
poly(organophosphazene) hydrogels were investigated by the presence of acrylate 
functional groups on the polymer backbone (21) [138]. Photocrosslinking was 
accomplished with even shorter UV exposure time, which was 120 and 180 s for 
in vitro and in vivo studies, compared with methacrylate-based system (5  min) 
owning to the higher reactivity of the acrylate double bond. Thus, the rapid pho-
tocrosslinking in the acrylate containing hydrogel enabled this system to be suit-
able for developing the carrier material for biomedical applications to avoid the 
possible damage of loaded cells or bioactive components from long UV expo-
sure. The in vivo degradation study showed that the degradation rate of the dual 
crosslinked hydrogels was mainly affected by the type and degree substitutions of 
the side groups [137]. The incorporation of depsipeptide and long PEG chains as 
in polymer 23 accelerated the polymer degradation. The rate of polymer degra-
dation in the initial period was depended on the degree of crosslinking, and later 
on the amount of depsipeptide and PEG chain lengths in the polymer networks. 
These results suggested that the mechanical property and degradation rate of the 

P      N P N

NH(CH2CH2O)11CH3

NHCH(CH(CH3)CH2CH3)COOEt

NHCH(CH(CH3)CH2CH3)COOEt

NHCH2CH2SH
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P       N P N

NH(CH2CH2O)11CH3
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Fig. 6   Functional biodegradable thermogelling poly(organophosphazenes)
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dual crosslinked hydrogels can be tuned to the desired extent and may find wide 
application, where the gel property and degradation rate are needed to tightly regu-
lated [137].

5 � Summary

Poly(organophosphazenes) with the ability of sol-gel transition at body tem-
perature in aqueous solution have been reviewed. The general molecular 
structures of these poly(organophosphazenes) consist of a short hydrophilic 
poly(ethyleneglycol) segment and amino acid esters, such as isoleucine ethyl ester 
and leucine ethyl ester. The properties of the resultant hydrogels can be simply 
controlled by adjusting the composition of cosubstituents or incorporating other 
functional side groups. These biodegradable thermosensitive hydrogels with 
controlled biodegradability, suitable mechanical strength, and biocompatibility 
exhibit tremendous potential as drug delivery carriers or tissue engineering matri-
ces in bon in vitro and in vivo applications. While poly(organophosphazenes) lag 
behind many more established polymers for drug delivery application in terms of 
on-the-market applications, but most of other thermogelling copolymers are also 
at developmental research stage. Therefore, poly(organophosphazenes) are still 
competitive in this field, but a practical reality of this biomaterial require the close 
cooperation of chemists, chemical engineers, and medical experts on both long-
range fundamental research and workable medical device investigation.
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Abstract  This review summarizes the recent progress on the synthesis and 
application of covalently crosslinked hydrogels prepared using atom trans-
fer radical polymerization (ATRP) technique. ATRP has been employed as an 
effective means to synthesize well-controlled polymeric materials with narrow 
molecular weight distributions, compositions, chain-end functionalities, and 
macromolecular architectures. These ATRP-processed materials include not only 
linear polymer chains but also various branched architectures such as star, gra-
dient, and graft copolymers with a very high grafting density. The techniques 
can be successfully used in water under homogeneous or heterogeneous condi-
tions opening new avenues for the preparation of hydrogels and other networks, 
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1 � Introduction

Hydrogels are hydrophilic polymer networks that can be swollen in water. Special 
features of hydrogels include their three-dimensional (3D) physical structure, good 
mechanical property, high water content, tunable chemical composition and func-
tionality. These advantages attract significant commercial attention to hydrogel 
materials for a broad number of applications including super-absorbents, polymer 
catalysts, tissue scaffolds, biomedical implants and biomedicines [1–4]. In addi-
tion, hydrogels can be easily hybridized with various inorganic materials, such as 
clays, silica, fullerenes, carbon nanotubes and graphenes, to achieve specific prop-
erties and functions.

The hydrogels are hydrophilic polymer network that can be crosslinked via 
either physical interactions or covalent bonds. Physically crosslinked hydrogels 
have been prepared based on various physical interactions, including hydrogen 
bonds, crystallization, hydrophobic interactions, stereo-complexation, sol-gel 
transition, host-guest interactions and aggregation. The physical hydrogels ben-
efit from the ability to participate in reversible degradation into the corresponding 
precursors under appropriate conditions. Alternatively, polymer networks based on 
covalent chemical bonds are prepared by chemical crosslinking reactions [5–10]. 
The most common strategy among the various chemical crosslinking reactions 
employed to prepare covalently crosslinked hydrogels, is the use of radical copo-
lymerization of hydrophilic monomers and crosslinkers in water or polar solvents. 
The polymerization of crosslinkers connects multiple linear primary chains into 
one branched molecule with high molecular weight. Gelation occurs when the sys-
tem changes from a viscous liquid (sol) to an elastic gel.

Over the last two decades, the field of polymer chemistry has witnessed 
an explosive development of a number of procedures for conducting a 
controlled/“living” radical polymerization (CRP) [11, 12]. CRP allows for synthe-
sis of various types of functional polymeric materials and provides the capability 
of designing polymers with controlled molecular weight and molecular weight dis-
tribution (MWD), in addition to controlled chemical composition, chain-sequence 
distribution, site-specific functionality and predeterminable topology [11, 13–16]. 
Various CRP techniques, including atom transfer radical polymerization (ATRP) 
[17–23], nitroxide mediated polymerization (NMP) [24–26] and reversible addi-
tion fragmentation chain transfer (RAFT) [27–30] polymerization, have been 
applied in the copolymerization of monomers and crosslinkers to synthesize either 
soluble branched polymers or insoluble polymer networks.

This review summarizes the recent progress on the synthesis and application 
of covalently crosslinked hydrogels prepared using ATRP techniques. Section  2 
briefly covers the fundamentals of the ATRP mechanism with particular empha-
sis on the recent progress to understand the structure/reactivity relationship and 
the development of new ATRP conditions that decrease the amount Cu catalyst. In 
Sect. 3, theoretical gel points and experimental gel points based on vinyl conver-
sions are described. Emphasis focuses on understanding of the gelation process in 
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ATRP and the influence of various experimental parameters on the experimental 
gel points. Section 4 discusses the development of aqueous ATRP in both homog-
enous and biphasic heterogeneous media. Sections 5–7 discuss the preparation of 
hydrogels and nanogels by ATRP and their applications, particularly as biomateri-
als. Section 8 summarizes the development of one-component supersoft gels using 
ATRP. Supersoft materials are as soft as hydrogels but contain no solvent and will 
never dry. It is followed by a brief section providing some conclusions.

2 � ATRP Fundamentals

The rapid development of CRP techniques over the last two decades has resulted 
in the synthesis of various types of hydrophilic polymers with predeterminable 
molecular weights, distributed functionalities, and controlled architectures tailored 
for an expanding number of applications. All CRPs proceed through the same 
radical intermediates as conventional radical polymerization (RP) and therefore 
exhibit similar chemo-, regio- and stereo-selectivities [12]. However, in contrast to 
conventional RP, a fundamental feature of all CRPs is that the reactions are based 
on creation of a dynamic equilibrium between a low concentration of propagat-
ing radicals and a large amount of dormant reactivatable species. Specifically in 
ATRP, the dormant species, predominately in the form of alkyl halide initiators 
(R–X) and the corresponding macromolecular species (P–X) [31] periodically 
react with transition metal complexes in their lower oxidation state (activators) to 
intermittently form propagating radicals and deactivators in their higher oxidation 
states (Scheme 1). Thus, ATRP is a catalytic process and is kinetically controlled 
by the persistent radical effect (PRE) [32–34] in which every radical–radical ter-
mination leads to an irreversible accumulation of deactivator and shifts the equi-
librium towards the dormant species consequently decreasing the probability 
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of termination reactions. ATRP is different from NMP, which is another PRE-
regulated reaction that requires a stoichiometric amount of mediating agent (e.g., 
nitroxides) to cap all dormant chains. ATRP allows use of sub-stoichiometric 
amounts of metal catalysts because the catalytic process employs a halogen atom 
(or pseudo-halogen group) as the capping group [35–40].

2.1 � Structure/Reactivity

Equilibrium constants in an ATRP depend on the reaction medium, the struc-
ture of the initiators, monomers and catalysts. Generally speaking, the ATRP 
equilibrium constants (KATRP) increase strongly with solvent polarity by better 
stabilization of the more polar Cu(II) species thereby decreasing the deactiva-
tion rate. The activation rate constants (kact) are significantly affected by the 
structure of the N-containing ligands [41] and the alkyl halide initiators [42]. 
In contrast, the deactivation rate constants (kdeact) are usually very high and 
may approach diffusion control limits (kdeact  >  107  M−1  s−1). They are less 
influenced by the structure of the involved reagents than the activation rate 
constants. Figures 1 and 2 show how kact varies with the ligand structure and 
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Fig.  1   Effect of ligand structures on ATRP activation rate constants (kact) with ethyl 2-bro-
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Chemical Society [41]
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selected alkyl (pseudo)halides. The range of kact spans over six orders of mag-
nitude and an examination of the structure of the ligands shows that the general 
order of Cu complex activity for ligands is: tetradentate (cyclic-bridged) > tet-
radentate (branched)  >  tetradentate (cyclic)  >  tridentate  >  bidentate ligands. 
Bridged cyclam (Cyclam–B), tris(2-dimethylaminoethyl)amine (Me6TREN) 
and tris(2-pyridylmethyl)amine (TPMA) are among the most active while 
2,2′-bipyridine (bpy) and pyridineimine are the least active. The nature of the 
nitrogen atoms in the ligands also plays a role in the activity of the Cu com-
plexes and follows the order pyridine ≈  aliphatic amine  >  imine  <  aromatic 
amines. Generally, alkyl amines complex to Cu(II) more strongly than pyri-
dines. A C2 bridge between N atoms generates complexes with higher activi-
ties than those with C3 or C4 bridges. Steric effects around the Cu center are 
very important, with a Me6TREN catalyst complex being 10,000 times more 
active than the Et6TREN complex [41]. Electronic effects are also very impor-
tant and copper complexes formed with bpy containing two p-dimethylamino 
groups are 106 times more active than the unsubstituted ligand and a substi-
tuted TPMA, formed from three 3,5-dimethyl-4-methoxypuridine rings, is 103 
times more reducing than TPMA [43, 44].

The reactivity of different alkyl halides in ATRP depends on the structure of 
the alkyl group and transferable (pseudo)halogen. It is important to select a suf-
ficiently reactive species for an efficient ATRP initiation of the polymerization 
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of the selected monomer. Reactivity of alkyl halides follows the order of 
3° > 2° > 1°, in agreement with the bond dissociation energy needed for homo-
lytic bond cleavage. Also, radical stabilization is enhanced by the presence of a 
α-cyano group which is more activating than either a α-phenyl or ester group. 
Ethyl α-bromophenylacetate, which combines the activation effect of both benzyl 
and ester species, is the most active initiator and is >10,000 times more reactive 
than 1-phenylethyl bromide (PEBr) and >100,000 times more active than methyl 
2-bromopropionate (MBrP). The reactivity of alkyl halides follow the order 
I > Br > Cl and is higher than that of alkyl pseudohalides [42].

In ATRP, the dynamics of the exchange reactions may be even more impor-
tant than the overall values of the equilibrium constants. Radicals must be very 
quickly deactivated, and the value of kdeact should be as large as possible. This 
requires very rapid rearrangement of the catalyst complex from the L/Cu(II)–X 
to L/Cu(I) species, resulting from minimal reorganization of the complex, as 
accomplished with branched tetrapodal ligands. Figures 3a, b [31, 45] show the 
correlation of kact and kdeact with KATRP for various CuIBr/ligand complexes with 
a standard alkyl halide, ethyl 2-bromoisobutyrate (EtBriB), and for various ini-
tiators in the presence of a CuI/TPMA at 22 °C in MeCN. The equilibrium con-
stants increase as a consequence of a large increase in kact accompanied by a 
small decrease in kdeact. The ideal catalyst for ATRP of less reactive monomers, 
or when used at lower concentrations, should have a large value for KATRP (i.e., 
larger kact) but also preserve a very large value for kdeact. The values of equilib-
rium and rate constants in ATRP scale very well with the electrochemical activ-
ity of the complexes, as shown in Fig.  4 [31, 46]. A complex with a 300  mV 
more negative redox potential is ca. 100,000 times more reactive than the less 
reducing catalyst complex.

Fig.  3   a Ligands: 1 Cyclam-B, 2 Me6TREN, 3 TPMA, 4 BPED, 5 TPEDA, 6 PMDETA, 7 
BPMPA, 8 dNbpy, 9 HMTETA, 10 bpy, 11 N4[3,2,3], 12 N4[2,3,2]. b Initiators: 1 MClAc, 2 
BzCl, 3 PECl, 4 MClP, 5 EtCliB, 6 BzBr, 7 ClAN, 8 PEBr, 9 MBrP, 10 ClPN, 11 EtBriB, 12 
BrPN, 13 EBPA. Reprinted with permission from American Chemical Society [45]
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2.2 � New Developments for ppm Cu

ATRP procedures have evolved significantly since the seminal report in 1995 
[19] with continuous developments in normal ATRP and reverse ATRP [47, 48] 
resulting in simultaneous reverse and normal initiation (SR&NI) [35, 49] ATRP, 
activators generated by electron transfer (AGET) [36, 37] ATRP, activators 
regenerated by electron transfer (ARGET) [38–40] ATRP, initiators for continu-
ous activator regeneration (ICAR) [40] ATRP, zero-valent metals as supple-
mental activators and reducing agents (SARA) ATRP [31, 50–54], photoATRP 
[55] and electrochemical ATRP (eATRP) [56]. All these developments were 
supported by a constant motivation to ultimately develop ATRP into a powerful 
and robust technique applicable in different environments to a broad range of 
monomer species under facile polymerization conditions. Particularly, the recent 
progress on ARGET ATRP, ICAR ATRP, SARA ATRP and eATRP allows for a 
significant decrease in the amount of copper catalyst in the reactions, down to 
ppm levels, without sacrificing control over the polymerization. The low amount 
of added Cu catalysts is continuously regenerated either by a reducing agent, 
e.g., in ARGET ATRP and SARA ATRP, or by radicals decomposed from con-
ventional radical initiator in ICAR ATRP, or by electric potential in eATRP to 
compensate for the unavoidable low fraction of radical termination reactions. 
The initial addition of excess amounts of reducing agents and radical initiators 
can even consume the inhibitors and limited amounts of air in the system before 
activating the Cu(II) species simplifying the steps of monomer purification and 
deoxygenation procedures.

Therefore, the steady progress in understanding ATRP procedures has 
allowed ATRP to become a robust controlled polymerization technique 
employed by numerous material scientists, and non-polymer specialists, to 
carry out their own polymerizations in a facile setup to produce the materials 

Fig. 4   Correlation between 
KATRP and redox potentials 
of different ATRP active 
CuBr2/L complexes in MeCN 
at 25 °C. Reprinted with 
permission from American 
Chemical Society [46]
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of interest for their specific needs. Since its invention, ATRP has been broadly 
applied to the preparation of well-defined polymers with controlled chemi-
cal compositions, molecular weights and MWDs, chain sequence distributions, 
functionalities and topologies.

3 � Networks and Crosslinking in ATRP

Radical polymerization of monovinyl monomers with divinyl crosslinkers has 
been broadly used for synthesis of various branched copolymers and gels. During 
the copolymerization, incorporation of a free crosslinker unit into the growing 
chain generates a pendant vinyl group which is consumed via its reaction with a 
propagating radical to produce a crosslinkage. The molecular weight and/or size 
of the branched polymers increase rapidly with the progress of intermolecular 
crosslinking reactions, and finally reach an “infinite” value with the formation of 
a polymeric network (gel). The transition from sol to gel is defined as the “gel 
point”. It is evident that accurately predicting the gel point in a polymerization 
reaction is critical when the synthesis is targeting either a soluble branched poly-
mer or an insoluble gel.

In the 1940’s, Flory and Stockmayer developed a statistical mean-field theory 
(FS theory) for an ideal polymer network based on two assumptions: (1) equal 
reactivity of all vinyl species and (2) absence of intramolecular cyclization reac-
tions. The FS theory pointed out that the theoretical gel point should occur when 
the weight-average number of crosslinking units per primary chain reached unity 
[57, 58] Eq. 1, derived from the FS theory, indicates that the theoretical gel point 
(pc) based on the conversion of vinyl groups is determined by the concentration 
of primary chains [PC]t at time t, the initial concentration of divinyl crosslinker 
([X]0), and the polydispersity of primary chains (Mw/Mn) [59]

The theoretical gel point based on the FS theory provides important guide-
lines for experimental designs seeking to obtain branched polymers and gels, 
although the assumptions, particularly the “no intramolecular cyclization” 
assumption, are not completely valid during the experiments [8, 60–62]. When 
soluble branched polymers are targeted during the polymerization of mono-
mer and crosslinker, the reaction should be stopped before the critical gel 
point (pc) in order to exclusively obtain soluble sols. Based on Eq. 1, several 
strategies are applicable in order to delay gelation in a system and push gela-
tion to higher conversion, including: (1) increasing the initial primary chain 
concentration [63–67] e.g., using more initiator or chain transfer agent; (2) 
using initiators with high initiation efficiency; [68] (3) using less crosslinker; 
and (4) stopping the reaction at lower monomer conversion. Furthermore, 

(1)pc =

√

[PC]t

2[X]0

1

Mw
/

Mn
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intramolecular cyclization reactions could be enhanced by performing the 
copolymerization under dilute conditions [69] in a selective solvent and/or in a 
confined space [70] e.g., emulsion, which usually delays and prevents macro-
scopic gelation and produces microgels.

Highly branched polymers and/or gels with inhomogeneous structures are 
formed during most conventional RP reactions due to the intrinsic limitations of 
the RP method, which include slow initiation, fast chain propagation, and exclu-
sive radical termination reactions [5, 8, 71–73]. Due to the slow initiation, pri-
mary radicals are slowly but continuously generated in the system, resulting in 
formation of a very dilute polymer solution at the beginning ([PC]t ~ μM). Thus, 
based on Eq. 1, a conventional RP reaction with bulk condition ([M]0 = 10 M), 
1  mol% of crosslinker ([X]0 =  0.1  M) and Mw/Mn =  2 for the primary chains 
should gel at very low conversion, e.g., pc = 0.16 %,. However, the experimen-
tal gel point based on monomer conversion in conventional RP is typically 1 or 
2 orders of magnitude larger than the predicted value. This is mainly due to an 
excluded volume effect of polymer chains in dilute conditions and a significant 
contribution of intramolecular cyclization reactions (Scheme 2) [5, 8, 74]. At the 
beginning of the polymerization, the polymer chains formed in the reaction con-
tain numerous pendent vinyl groups, but seldom overlap with each other because 
of the extremely low polymer concentration. Consequently, most of the pendent 
vinyl groups are consumed via intramolecular cyclization reactions, producing a 
less-swollen nanogel with highly crosslinked domains. As the reaction proceeds, 
the number of these nanogels increases and radicals generated later in the reaction 
connect these preformed overlapping nanogels into a macroscopic heterogeneous 
network [5, 8, 59].

Conventional RP

ATRP

Monomer conversion
Polymer concentration

Polymeric nanogel Nanogel clusters(Dilute) Gel (concentrated)

Branched copolymer Gel (concentrated)(Dilute)

Scheme 2   Different gelation processes in conventional RP and ATRP. Reprinted with permis-
sion from Elsevier [59]
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In contrast to conventional RP, ATRP has several advantages that allow the 
preparation of more homogeneous polymer networks, due to the fast initiation 
and reversible deactivation reactions. Fast initiation reactions, relative to propa-
gation reactions, result in a quick conversion of all initiators into primary chains 
and a nearly constant number of growing primary chains throughout the polym-
erization (Scheme  2). The dynamic equilibrium between a low concentration of 
growing radicals and a significantly higher fraction of dormant species ensures 
a slow but steady chain growth providing even incorporation of vinyl groups 
(from monomers, crosslinkers and pendent vinyl groups) into the polymer chains. 
Therefore, the branched sols and/or gels synthesized by an ATRP process have a 
more homogeneous structure than the polymers synthesized by a RP method at 
similar concentrations of monomers and crosslinkers [75]. In addition, the chain-
end functionalities are preserved in the branched polymers and/or gels synthesized 
by ATRP, and can be further used for chain-end modification and chain extension 
reactions [76, 77].

Several research groups have exploited ATRP [78–82] as well as other CRP 
[75, 77, 83–87] of monomers and crosslinkers to study the gelation kinetics and 
synthesize soluble branched polymers. All these studies indicate a deviation of 
experimental gel points from the theoretical values, which is generally believed 
to be due to the unavoidable intramolecular cyclization reactions (both primary 
and secondary cyclizations) that consume pendant vinyl groups, but have no con-
tribution to an increase in the molecular weight of the polymers. For instance, 
in an ATRP system with high initiation efficiency and good control over the 
dispersity of primary chains (low Mw/Mn), no gelation was observed when the 
initial molar ratio of crosslinker to initiator was less than 1, even under bulk con-
ditions with complete conversion [80, 81, 88]. This result indicates that at least 
half of the vinyl groups in the crosslinker were consumed via intramolecular 
cyclizations.

The extent of cyclization reactions occurring during the copolymeriza-
tion can be controlled by adjusting the initial concentration of reagents. For 
instance, during the ATRP of methyl acrylate (MA) and ethylene glycol dia-
crylate (EGDA) at fixed molar ratios of monomer, crosslinker and initiator, sim-
ply diluting the system, via addition of more solvent, dramatically postponed, or 
even prevented, the experimental gel point at higher monomer conversion, i.e., 
longer reaction time, than the value based on FS theory [89]. On the other hand, 
enhanced intramolecular cyclization can also be a practical method to produce 
soluble branched polymers when copolymerizing, or even homo-polymerizing, 
multivinyl crosslinkers. Since low-cost multivinyl crosslinkers are readily avail-
able, radical polymerization of crosslinkers represents a facile method to pro-
duce soluble (hyper)branched polymers. Common methods employed to avoid 
macroscopic gelation, include the use of (a) dilution, (b) high concentration 
of initiators, and (c) high concentration of transfer agents. Recently, a novel 
method named deactivation-enhanced ATRP was reported [90–92] that produced 
soluble cyclized polymers through homopolymerization of divinyl crosslinker by 
forming and keeping a high ratio of Cu(II) to Cu(I) in the reaction medium to 
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significantly decrease the kinetic chain length of a propagating radical during 
one activation/deactivation cycle.

Although intra-molecular cyclization has been well documented as the 
probable reason for delayed experimental gelation, it remains a challenge to 
quantify the degree of cyclization, primary due to the complicated structure 
of the branched polymers and the multiple pathways in the kinetics. However, 
very recently, two reports partially addressed this issue by designing a spe-
cific crosslinker [93] and/or polymerization system [94]. A disulfide-based 
divinyl crosslinker was used for RAFT copolymerization with methyl meth-
acrylate (MMA). The interesting observation was that the disulfide crosslinker 
that participated in primary cyclization reactions showed different NMR shifts 
from the crosslinkers that reacted in inter-molecular reactions. The distin-
guished NMR shifts resolved in the spectrum was used to quantify the amount 
of primary intra-molecular reactions, although secondary cyclization are still 
elusive.

4 � ATRP in Water and Formation of Water Soluble 
Polymers

Water is a safe, inexpensive and environmentally benign solvent that has been 
broadly used in industrial scale processes for conventional solution RP of hydro-
philic monomers and for biphasic heterogeneous-mediated polymerizations of 
hydrophobic monomers (oil-in-water) and hydrophilic monomers (water-in-oil). 
Therefore it was highly desirable to develop conditions that allowed conducting 
ATRP in aqueous media [95–100].

4.1 � Homogeneous Aqueous ATRP

Several groups have reported the ATRP of hydrophilic monomers (Scheme 3) 
in aqueous systems [24, 95, 97, 100–109]. However, in many cases, the level 
of control over the ATRP reactions was limited, leading to production of 
materials with broad MWD, significant tailing to low molecular weight, low 
initiation efficiency and loss of chain-end initiating groups [102, 103, 107]. 
There are several challenges associated with conducting an ATRP in water. 
First, the larger ATRP equilibrium constant in aqueous media generates a high 
concentration of radicals and consequently increases the rate of termination 
reactions. Second, the partial dissociation of halide ion from deactivator com-
plex leads to loss of deactivator and inefficient deactivation of propagating 
radicals. Third, certain Cu(I)/L complexes disproportionate in water. Fourth, 
the potential hydrolysis of carbon-halogen bond diminishes chain–end 
functionality.
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To overcome these issues, conditions were intentionally developed that allowed 
ATRP in water to be performed: (a) creating a high ratio of Cu(II)/Cu(I), (b) using 
a high overall concentration of copper catalyst, (c) using excess of halide salts [95, 
97, 110] (d) selecting a ligand, such as TPMA with significant Cu/TPMA stability 
in water [111] and (e) using chlorine as the chain end rather than bromine [42, 45] 
to reduce the concentration of radicals, and to minimize the loss of deactivator and 
polymer chain ends. Very recently, a few reports have demonstrated the preserved 
chain-end halide functionality for successful chain extension with another polymer 
block in a second batch reaction [97, 108].

The first well controlled ATRP of oligo(ethylene oxide) methacrylate (OEOMA) 
in water was reported in which excess amount of halide salts were intentionally 
added to suppress the dissociation of Cu(II) deactivators [11, 95]. In another report, 
a Cu(0) powder and large amount (10,000 ppm) of Cu(II) was generated by pre-dis-
proportionation of CuBr/Me6TREN in water before addition of monomer and ini-
tiator for the ATRP of N-isopropyl acrylamide (NIPAM), N,N-dimethyl acrylamide 
(DMA), oligo(ethylene oxide) acrylate (OEOA) and 2-hydroxyethyl acrylate (HEA) 
monomers [108]. The polymerization showed well controlled polymer chain struc-
ture with preserved bromine chain-end functionalities.

Alternatively, ATRP has been successfully conducted in organic solvents that 
dramatically decrease the KATRP equilibrium constants as compared to those in 
pure aqueous systems. The organic solvents suitable for the ATRP of hydrophilic 
monomers are largely determined by the solubility of the monomers and the pro-
duced polymers in the solvent. Several organic solvents, including dichloroben-
zene [112], anisole [113], toluene [114], DMF, DMSO, alcohols [115–118] and 
their mixtures [119] have been successfully applied to the synthesis of neutral 
hydrophilic polymers of PHEMA, PDMAEMA and POEOMA (Scheme 3). When 
charged monomers are used in the ATRP for direct synthesis of charged polye-
lectrolytes, the choice of organic solvents becomes more limited and sometimes, 
water becomes an essential co-solvent, together with organic solvents including 
alcohol [120–122] DMF [123] DMSO and pyridine, to dissolve the polyelectro-
lytes and achieve a homogenous system.
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4.2 � ATRP in a Heterogeneous Oil–in–Water System

The interest in applying ATRP to aqueous dispersed media arose soon after the 
invention of ATRP. Initial attempts at conducting an ATRP in aqueous dispersed 
media, in particular, emulsion media were reported in early 1998 [124]. CuBr/bpy 
was used as catalyst and sodium dodecyl sulfate (SDS) was used as surfactant 
for ATRP of MMA at 60–80 °C. In spite of the relatively high polymer yield, the 
MWD was broad, indicating a poorly controlled polymerization. These initial 
failures were due to the problems associated with the partitioning and poisoning 
of the catalysts in the aqueous phase but stimulated extensive research on deter-
mining the feasibility and criteria required for a well-controlled ATRP in aqueous 
dispersed media [125–130]. In other words, the multiphase nature of aqueous dis-
persed media added new requirements to identify appropriate ligands, surfactants 
and even initiation methods to conduct a well-controlled ATRP. For instance, the 
chosen ligands should be highly hydrophobic since the Cu(II) species are usually 
more soluble and less stable than Cu(I) species in water. A hydrophobic ligand 
can complex with Cu(II) and minimize migration of deactivators into the aqueous 
phase, which was the main reason of the loss of control and excess termination in 
the initial experiments. A further consideration is that all the Cu/ligand complexes 
must be fully soluble in the monomer, unlike bulk or solution processes where het-
erogeneous catalysts are commonly used. The chemical structures of hydrophobic 
ligands reported to be successfully applied in ATRP in aqueous dispersed systems 
are shown in Scheme 4.

The choice of surfactants for ATRP in aqueous dispersed system is also criti-
cal. A good surfactant for a controlled ATRP in aqueous dispersed media should 
not only provide a stable dispersed system throughout the polymerization, but also 
have minimal interference in the equilibrium between the radicals and the dormant 
species. Therefore, anionic surfactants showed little success in ATRP since they 
interact with ATRP catalysts, especially the Cu(II) complexes. To date, non-ionic 
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surfactants with hydrophilic lipophilic balance (HLB) values close to 14, such as 
commercially available polyoxyethylene(20) oleyl ether (Brij 98) were success-
fully applied to a controlled ATRP in aqueous dispersed media. Okubo et al. also 
reported the use of Tween 80 [131] and poly(vinyl alcohol) (PVA) [132] as non-
ionic surfactants for ATRP. Cationic surfactants, such as cetyltrimethylammonium 
bromide (CTAB), have also been used successfully for a controlled ATRP as well 
as preparation of stable latex particles [133]. The chemical structures of these sur-
factants are also illustrated in Scheme 4.

Another critical issue related to a controlled ATRP in aqueous dispersed media, 
in addition to the selection of proper ligands and surfactants, is the initiation tech-
nique. The biphasic nature of heterogeneous media precludes freeze-pump-thaw 
or vigorous N2-bubbling to completely remove the oxygen from the reaction 
medium. As a result, any ATRP formulation with an initial addition of air-sensitive 
Cu(I) species could lose part of the Cu activator before initiating polymerization 
[134]. This issue is more pronounced in miniemulsion because it is very difficult 
to prevent oxygen diffusing into the samples during the ultrasonication proce-
dure that is necessary for preparation of the submicron monomer droplets prior to 
polymerization [135]. Thus, ATRP techniques that start from air-stable Cu(II) spe-
cies in the formula are desirable for conducting ATRP in aqueous dispersed sys-
tems. For instance, conducting a reverse ATRP of n-butyl methacrylate (nBMA) in 
an aqueous dispersed system using a water-soluble initiator (V-50), a nonionic sur-
factant (Brij 98), and a hydrophobic ligand (dNbpy) provided a controlled minie-
mulsion polymerization, as indicated by a linear increase of molecular weight 
with monomer conversion and a narrow MWD [134]. In another study, Simms and 
Cunningham reported a successful reverse ATRP of nBMA in miniemulsion using 
a cationic emulsifier, CTAB, at 90 °C with EHA6TREN as ligand and VA-044 as 
thermal initiator [133]. A loading of CTAB as low as 1 wt%, relative to monomer, 
provided sufficient colloidal stability, i.e., a concentration considerably lower than 
that required when a nonionic surfactant, Brij 98, was used.

The successful development of SR&NI [49, 136, 137] ATRP, AGET [36, 138–
143] ATRP and ARGET ATRP [144–146] significantly expanded the number 
of ATRP procedures that can be used in aqueous dispersed systems. The recent 
development of super-hydrophobic ligands with longer alkyl chains significantly 
decreased the partitioning of Cu(II) complexes in water and allowed the amount 
of catalyst to be as low as 50 ppm Cu while maintaining control in miniemulsion 
ATRP [145, 146]. In addition to the synthesis of linear and branched polymers, 
crosslinked latex particles containing degradable disulfide crosslinks were also 
prepared in miniemulsion by using SR&NI ATRP [147]. The efficient degrada-
tion of the latex particles into homopolymers, upon the addition of tri(n-butyl)
phosphine reducing agent, was monitored by dynamic light scattering (DLS) 
measurements. When reactive surfactants with dual reactive sites were used, the 
polymerization provided direct methods to introduce surface and core functionali-
ties into the nanoparticles for advanced applications [148, 149].

Most of the early reports of successful ATRP in aqueous dispersed media employed 
miniemulsion systems, since an ideal miniemulsion system has no mass transport 
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between different droplets, indeed the miniemulsion system behaves as a mini-bulk 
system. In contrast, conducting a successful ATRP in a classic emulsion system is 
not straightforward because of the ineffective transport of hydrophobic catalysts 
from monomer droplets to polymerizing particles through aqueous phase. Instead, a 
two-step seeded emulsion polymerization was more practical than a classic emulsion 
polymerization since the catalysts can be confined to the seed particles [131]. In 2006, 
an effective two-step ab initio ATRP emulsion system was reported [138] in which an 
emulsion was formed by adding pure monomer to an ongoing microemulsion ATRP 
[141]. This ab initio emulsion method (Scheme 5) ensured that all ATRP initiators, 
catalysts and a small amount of monomer were encapsulated into microemulsion 
micelles in the absence of any high shear environment. After activating the catalyst 
and initiating the reaction, the rest of the pure monomer was fed to the polymerization 
system. During the polymerization, monomer diffused from monomer droplets to the 
polymerizing particles containing the catalyst, thereby mimicking a “normal” emul-
sion system. This procedure avoids the need to transport catalysts through the aque-
ous media during the polymerization and therefore facilitates a controlled ATRP in the 
active latex particles. The surfactant concentration was efficiently decreased to ~2 wt% 
(~10 wt% vs. monomer) by decreasing catalyst concentration and changing the ratio 
of the monomer added to the microemulsion stage and the monomer added afterwards 
to form the emulsion. A controlled emulsion ATRP was obtained, leading to the syn-
thesis of polymers with narrow MWD (Mw/Mn = 1.2–1.4). In addition, copolymeriza-
tion of monomers and divinyl crosslinkers in the microemulsion ATRP stage led to the 
direct synthesis of hairy nanoparticles in one-pot [139].

4.3 � ATRP in an Inverse Water–in–Oil System

ATRP in inverse miniemulsion [150] and microemulsion [151] polymerizations 
has been applied to the production of water-soluble POEOMA homopolymer 
and copolymers. The first successful ATRP in inverse miniemulsion described 
the synthesis of stable nanoparticles of well-controlled water-soluble POEOMA 
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Ascorbic 
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Scheme 5   Schematic illustration of a seeded emulsion ATRP using a continuous two-step pro-
cedure. Reprinted with permission from Springer [135]
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with Mw/Mn < 1.3 [150, 152]. When a hydrophilic divinyl crosslinker is used as 
comonomer, the prepared water-dispersible nanogels possess several useful fea-
tures, including the preserved halide initiating groups for further chain extension 
and latex modification, relatively narrow MWD of the degraded product (linear 
primary chains), and more homogenous nanogel structure with better swelling 
properties and degradation behavior [153, 154]. These crosslinked nanogels pre-
pared by ATRP in inverse heterogeneous systems have been applied to encapsu-
lation and delivery of various hydrophobic drugs [153] carbohydrates [154] and 
siRNA molecules [155]. Detailed discussion of the nanogels prepared by ATRP in 
inverse miniemulsion will be presented in Sect. 6.

5 � Hydrogels Prepared by ATRP

Hydrogels are three-dimensional crosslinked networks of hydrophilic polymers 
possessing unique properties such as tunable chemical and physical structure, 
good mechanical properties, high water content, and biocompatibility [1, 2]. These 
unique properties offer great potential for the use of hydrogels as the material of 
choice for various applications in the field of regenerative medicine, tissue engi-
neering, drug delivery, and bio-nanotechnology [156]. Recently, several efforts 
have been made to develop advanced hydrogels as microfluidic biomaterials for 
tissue scaffolds [157] inverse opal for photonic crystals [158] and biosensors for 
sensing and detection applications [159]. Hydrogels are generally prepared from 
hydrophilic polymer matrices that are crosslinked through physical or chemical 
crosslinking [4, 160]. Physical crosslinking utilizes supramolecular association 
typically through hydrogen bonds, crystallized domains, ionic interactions, hydro-
phobic interactions, stereo-complexation, host-guest interactions, and temperature-
induced sol-gel transitions. These physically crosslinked gels feature the absence 
of toxic crosslinkers and provide reversible degradation into the corresponding 
precursors upon application of external stimuli. In contrast, chemical crosslink-
ing is a more versatile method that allows for the synthesis of a stable crosslinked 
gel network through the formation of new covalent bonds. Well-defined organic 
reactions such as click-type reactions as well as various polymerization methods 
such as free radical polymerization and step-growth polycondensation in the pres-
ence of various crosslinkers have been explored. Recently, ATRP has been utilized 
for the construction of well-defined crosslinked nanomaterials in the presence of 
crosslinkers. This section describes how ATRP, as a single polymerization method 
or in combination with other methods, has been utilized for the development of 
advanced hydrogels, including thermoresponsive hydrogels, nanostructured hybrid 
hydrogels, and degradable hydrogels.

Thermoresponsive hydrogels can swell or deswell in response to changes in 
temperature, thus undergoing a volume change at low critical solution tempera-
ture (LCST) in water. Above the LCST, the hydrogels are hydrophobic and expel 
water; below the LCST, they are hydrophilic and absorb water [161, 162]. Due 
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to concerns on potential cytotoxicity of poly(N-substituted acrylamide)s, poly-
methacrylates with pendant oligo(ethylene oxide) units, i.e. POEOMA, present 
a promising alternative for the preparation of thermoresponive materials [163]. 
POEOMA-based polymers exhibit tunable LCST between 20 and 90  °C simply 
by varying the composition of the POEOMA with different numbers of EO units 
in the side chains [164]. One desirable characteristic for the development of ther-
moresponsive hydrogels is the ability to rapidly respond to changes in temperature 
thereby providing fast deswelling or volume change.

One limiting factor for generation of rapid thermoresponsiveness is the forma-
tion of an impenetrable hydrophobic “skin layer” on the surface of the material; 
this skin layer delays the release of water from the core of the hydrogel, which 
contributes to a slow LCST transition from hydrophilicity to hydrophobicity of 
thermoresponsive polymers [165–169]. Rapid response is achieved by allowing 
fast water release from the gel matrix, and preventing formation of skin layers on 
the surface of hydrogels caused by LCST transition of the thermoresponsive poly-
mers. The use of ATRP techniques for the preparation of hydrogels has resulted 
in the preparation of materials that demonstrated rapid deswelling kinetics with 
higher swelling ratio at a temperature above LCST of the hydrogels, compared to 
counterparts prepared by conventional RP [170]. The rapid thermoresponsiveness 
of ATRP gels is attributed to the formation of homogenous and uniform networks. 
In contrast, FRP leads to non-uniform crosslinking [171]. Taking advantage of 
this, several approaches utilizing ATRP have been explored to enhance the release 
rate of water from thermoresponsive hydrogels (Fig.  5). A grafting strategy, uti-
lizing incorporation of dangling polymeric chains from the thermoresponsive 
network of crosslinked hydrogels, was reported. The resulting hydrogels exhibit 
thermoresponsive properties which can be customized by changing grafting den-
sity, grafting chain length, and chain composition [178].

Strategies utilizing disulfide-thiol degradation chemistry have also been 
explored. Star-shaped macromolecular pore precursors, with degradable disulfide 
crosslinked cores and hydrophilic poly(ethylene oxide) (PEO) arms, were incorpo-
rated into the gel network. The cleavage of disulfide linkages generated thermore-
sponsive porous hydrogels with efficient water-release channels, suppressing skin 
layer formation, thus facilitating the release of water molecules [178]. Evaluation 
of these hydrogels from a biomedical perspective takes advantage of the fact that 
the porous thermoresponsive hydrogels are non-cytotoxic and exhibit enhanced 
release of encapsulated model drugs, suggesting potential application as effective 
tissue scaffolds.

Two approaches utilizing polymerizable POEOMA-based nanogels as multi-
functional crosslinkers have been reported for the development of nanostructured 
hybrid hydrogels. The polymerizable crosslinked nanogels were prepared by post-
polymerization modification of carboxylic acid (COOH)-functionalized nanogels 
with methacrylate groups. The methacrylate-functionalized nanogels were used as 
multi-functional crosslinkers for a photo-induced FRP of dimethacrylates [173] or 
thiol-ene polyaddition with hyaluronic acids having pendant thiols [174] yielding 
hydrogels covalently embedded with nanogels domains.
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The development of several degradable hydrogels utilizing ATRP technique has 
also been reported; they include preparation of acidic pH-responsive hydrogels 
based on thermoresponsive poly(N-isopropylacrylamide-co-5,6-methylene-1,3-
dioxepane) [175], redox-responsive hydrogels based on thiol/disulfide-function-
alized star polymers [176, 179] and radical-responsive gels based on a dynamic 
covalent trithiocarbonate cross-linkers [177].

6 � Nanogels by ATRP

Nanogels are a class of crosslinked hydrogels confined to nanometer-sized parti-
cles. In addition to displaying properties typical for hydrogels, nanogels have tun-
able size varying from submicron to tens of nanometers in diameter with large 
surface area, suitable for multivalent bioconjugation, and an interior network for 
incorporation of therapeutics. Because of these advantageous properties, they 
hold great promise as effective polymer-based drug delivery systems [180, 181]. 
Several methods have been proposed for the preparation of nanogels incorporat-
ing both chemical and physical crosslinkages. As described in a recent review, 
typical methods include photolithographic, micro-molding, and microfluidic meth-
ods, as well as aqueous homogeneous gelation and heterogeneous polymerization 

Fig. 5   Illustration of approaches utilizing ATRP to enhance the release rate of water from ther-
moresponsive hydrogels, including a grafting strategy [178] and b disulfide-thiol chemistry to 
generate nanopores [172]. Reprinted with permission from American Chemical Society
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methods [160]. Furthermore, ATRP techniques have been utilized to develop 
unique methodologies to synthesize and fabricate well-defined nanogels.

Nanogels can be prepared by inverse miniemulsion polymerization, an water–
in–oil (W/O) process consisting of dispersions of aqueous droplets, includ-
ing water-soluble monomers and difunctional crosslinkers, in organic media 
with the aid of oil-soluble surfactants. Polymerization occurs in the aqueous 
droplets upon addition of water-soluble initiators and yields colloidally-sta-
ble crosslinked hydrophilic nanogels [182]. Conducting an ATRP in inverse 
miniemulsion has been reported. This method enables the preparation of well-
defined degradable nanogels crosslinked with disulfide linkages, which exhibit 
reduction-responsive degradation through disulfide-thiol exchange reactions. 
This methodology provides nanogels which possess a number of unique fea-
tures specifically targeted toward drug delivery applications [183]. First, the 
incorporation of reduction-responsive degradability in the presence of cellular 
glutathione (GSH), a tripeptide containing cysteine with a pendent thiol group, 
facilitates biodegradation, enabling the enhanced release of encapsulated bio-
molecules including anticancer drugs, carbohydrate drugs, and protein drugs 
while ensuring the removal of the original device after the release of drugs in 
the body. Second, the retention of high chain–end functionalities enable further 
chain extension to form functional block copolymers, and facile bioconjuga-
tion with cell targeting agents such as peptides, proteins, and antibodies. Third, 
facile cellular internalization of the nanogels through clathrin-medicated endo-
cytosis was confirmed through laser confocal fluorescent microscopy (LCFM) 
and flow cytometry experiments. Indeed, this methodology is so versatile that 
it has been utilized to synthesize other advanced functional nanomaterials; 
including thermoresponsive degradable magnetic microgels for hyperthermia 
applications [184] green florescent protein loaded nanogels for protein-polymer 
hybrids [106, 185] dual-responsive surfactants for functional nanocapsules [148] 
and OH-functionalized nanogels for nanostructured hybrid hydrogels [176]. 
Similarly, the ATRP technique has additionally been explored for inverse micro-
emulsion [186] dispersion [187] and precipitation polymerizations [188].

Self-assembled micellar aggregates based on amphiphilic block copolymers 
(ABPs) resulted in formation of a broad range of materials that show promise as 
tumor-targeting nanocarriers [189, 190]. However, retaining colloidal stability 
of physically aggregated micelles upon dilution remains a challenge. Dilution, far 
below critical micellar concentration during circulation in the body, causes the 
micelles to destabilize or dissociate, which in turn leads to premature release 
of encapsulated drugs. Covalent crosslinking has been explored as a strategy to 
improve the in vivo stability of micelles by converting aggregates to crosslinked 
micelles or nanogels [191]. In this procedure, two reactive functional groups of 
ABPs and/or external crosslinkers react to form new covalent crosslinks in the shell 
or core of the micelles, endowing the micelles with enhanced colloidal stability. 
However, the use of permanent crosslinks hampers the controlled release of encap-
sulated drugs [192]. Recently, stimuli-responsive degradation has been explored as 
a smart response platform to synthesize degradable nanogels crosslinked with labile 



88 H. Gao et al.

crosslinks such as photo-cleavable coumarin dimers, acid-labile acetal, hydrazine, 
and imine linkages, and disulfides [193–195]. A general approach involves the use 
of multifunctional crosslinkers bearing cleavable linkages [196, 197]. In contrast, 
in situ formation of disulfide linkages as new cleavable crosslinks can be incorpo-
rated by using ABPs with pendant disulfide linkages [198]. In the presence of cata-
lytic amounts of reducing agents, pendant disulfides on polymer chains undergo 
thiol-disulfide exchange reactions to generate crosslinked micelles with new labile 
disulfide crosslinks, affording enhanced colloidal stability [199]. This approach 
is advantageous in that the synthesis of triblock copolymers consisting of a mid-
dle block having pendant disulfide linkages allows for the development of disulfide 
degradable interlayer-crosslinked micelles with enhance colloidal stability as well as 
rapid drug release [200]. After injection, the newly-formed disulfide crosslinks are 
cleaved in the presence of excess thiols (preferably, glutathione in living cells), caus-
ing the crosslinked micelles to dissociate, and thus enhancing the release of encapsu-
lated drugs in targeted cells.

7 � In Situ Formed Hydrogels

In certain clinical settings where surgical implantation of a macroscopic hydrogel 
is an overly invasive procedure and may lead to undesired patient complications, 
the use of injectable or in situ formed physically crosslinked hydrogels provide 
a minimally invasive therapeutic technique [201–205]. Physically crosslinked 
hydrogels are more suitable for in situ gelation as chemical crosslinking may 
cause localized cytotoxicity and cell damage due to the use of reactive chemical 
compounds and residual organic molecules. Injectable hydrogels are also ben-
eficial in that the precursor aqueous polymer solutions can be easily mixed with 
bioactive molecules such as drugs, proteins, genes, DNA, or cells prior to injec-
tion allowing for facile drug loading. Subsequent injection of the solution forms a 
macroscopic hydrogel in situ, which can act as a tissue scaffold or facilitate local 
delivery of active compounds.

The precise control over polymer microstructure afforded by ATRP has pro-
moted its use to engineer block copolymers with stimuli-responsive hydrophilic 
blocks which respond to temperature and/or pH for formation of injectable hydro-
gels suitable for biomedical applications. Block copolymer based injectable 
hydrogels characteristically follow a micellar gelation mechanism. Linear stimuli-
responsive amphiphilic block copolymers or doubly hydrophilic block copolymers 
can exist as micellar aggregates or free polymer chains in solution. Physical gela-
tion is then triggered through a change in solubility of the initially dissolved poly-
mer upon external stimuli such as an increase in temperature, which changes the 
solubility of one polymer block inducing the self-assembly of the polymer chins 
to form micellar structures. At sufficiently high polymer concentration, micellar 
coronas can overlap, thus inducing long range order in the polymer solution and 
physical gelation. This gelation mechanism is most common for linear AB type 
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diblock copolymers, which have a critical gelation concentration of approximately 
20  wt% in solution [206]. Alternatively, stimuli-responsive triblock copolymers 
such as ABA or BAB triblock copolymers, where the A block is hydrophilic 
and B block hydrophobic can be used to reduce the critical gelation concentra-
tion. Gelation of ABA triblock copolymers is also caused by an overlap of micel-
lar coronas, although a lower polymer concentration may be used as the micellar 
aggregates formed are typically larger than those from AB diblock copolymers. 
BAB triblock copolymers however, can undergo gelation via an additional inter-
micelle bridging mechanism. Micellar aggregates formed from BAB triblocks 
require folding of two B hydrophobic blocks into one micelle core, which can be 
energetically unfavorable and, some B blocks can exist as dangling blocks in solu-
tion, which can form bridges when incorporated into other micelles (Fig. 6).

A series of BAB triblock copolymers, utilizing 2-methacryloyloxyethyl phos-
phorylcholine (MPC) as the central hydrophilic block, have been studied for pro-
duction of in situ formed hydrogels [207–210]. MPC contains a phosphorylcholine 
functional group, which when incorporated into coatings makes the surface resist-
ant to protein adsorption and cellular adhesion without negatively impacting cell 
viability [211–214]. The central MPC block was synthesized from a difunctional 
ATRP initiator, and then subsequently chain extended with pendant amine-con-
taining methacylates, for example 2-(diethylamino)ethyl methacrylate (DEA) a 
class of pH and temperature responsive monomers. These MPC–containing tri-
block solutions with approximately 10 wt% polymer formed physical gels at body 
temperature and neutral pH. Release of encapsulated molecules could be enhanced 
at acidic pH’s due to dissolution of the gel as the polymer becomes protonated 
[207, 208]. Alternatively, MPC was copolymerized with NIPAM, a well-known 
thermo-responsive monomer with a LCST transition ≈32  °C. The P(NIPAM-
b-MPC-b-NIPAM) copolymers underwent gelation at a lower polymer content 
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Fig. 6   Illustration of in situ gelation of well-defined thermoresponsive block copolymers
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(≈7 wt%) as PNIPAM undergoes a sharp thermo-response [210]. When a difunc-
tional initiator containing a dynamic disulfide linkage was used, the synthesized 
P(NIPAM-b-MPC-ss-MPC-b-NIPAM) copolymers formed thiol and temperature 
responsive gels. Physical gelation was triggered by an increase in temperature, 
while the physically crosslinked gel could be permanently degraded/dissolved 
upon exposure to a reducing agent such as glutathione, making the thiol-respon-
sive injectable hydrogel a suitable anticancer drug delivery depot [209]. In addi-
tion to incorporating thiol-responsive gel dissolution, injectable thermoresponsive 
hydrogels from BAB copolymers have been designed to incorporate light trig-
gered [214] or enzyme catalyzed [215] gel-sol transitions to enhance delivery of 
encapsulated compounds. Recently, a phosphorylated BAB triblock copolymer 
was demonstrated to be an effective scaffold for bone tissue engineering. The 
copolymer was synthesized through consecutive ATRP of tert-butyl acrylate and 
NIPAM, followed by hydrolytic cleavage of the esters in the acrylate block to gen-
erate a central hydrophilic poly(acrylic acid) block. O-phosphoethanolamine was 
conjugated to the central A block to enhance mineralization and mimic naturally 
occurring hydroxyapatite in healthy bone structures [216]. Building on the concept 
of BAB triblocks, ABC triblock [217, 218] and CBABC pentablock copolymers 
[219–221] with various distributed chemical functionalities have also been synthe-
sized and shown to form hydrogels in situ. The presence of a third monomer can 
introduce additional stimuli-responsive properties and alter the critical gelation 
concentration.

Multi-arm star (nBAn) block copolymers with central hydrophilic A blocks 
and stimuli-responsive B blocks possess lower critical gelation concentrations 
than linear analogues due to extra chain entanglement and inter-micelle bridging 
[222, 223]. Conveniently, one of the primary advantages of ATRP over competing 
CRP techniques is the ease with which multifunctional initiators can be prepared. 
A 3-arm star diblock copolymer with a MCP core and various AMA arms was 
found to form physically robust free standing gels at lower polymer concentrations 
than comparable BAB triblock copolymers [224]. Depending on the ratio and type 
of AMA monomer used, both thermoresponsive and pH responsive behavior was 
observed. In another study, AMA was used as the core forming segment in a 4-arm 
star copolymer, and gelation and gel dissolution was also found to be pH and tem-
perature dependent [225].

Due to concerns over potential cytotoxicity of poly(N-substituted acrylamide) 
and poly(amino methacrylate), methacrylates with pendant ethylene oxide units 
(OEOMA) have been investigated as a class of promising alternative monomers 
to synthesize polymers with high biocompatibility and thermoresponsive behav-
ior. A series of 4-arm star diblock copolymers containing OEOMA segments were 
synthesized from a PEO macroinitiator. By tuning the ratio of different OEOMA 
monomers, the LCST response of the arms occurred below body temperature, 
allowing for the formation of biocompatible free standing gels in various buffer 
solutions and cell culture media [226, 227].

Enhanced gel degradation can also be incorporated through the use of bio-
degradable polymers. A 4-arm diblock copolymer containing a biodegradable 
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hydrophobic poly(ε-caprolactone) (PCL) segment was synthesized by ring open-
ing polymerization (ROP) followed by ATRP of hydrophilic OEOMA. The (PCL-
b-POEOMA)4 star block copolymers formed micelles at room temperature, and 
underwent a sol-gel transition below body temperature, demonstrating the ability 
to form an injectable hydrogel with a biodegradable core [228]. The rate of drug 
release can then be tuned through diffusion of active compounds through the gel 
as well as the degradation rate of the PCL chains. In addition to multi-arm star 
block copolymers, polymers with grafted stimuli-responsive chains can be used to 
form hydrogels with low critical gelation concentrations due to extra chain entan-
glement from dangling chains [229].

8 � One-Component Supersoft Gels

Hydrogels in a swollen state are very soft materials with moduli in a range of 
1 kPa. However, they become much harder after water evaporation. Thus, it would 
be very desirable to develop hydrogel-like single-component materials that would 
never dry. Such materials should act as supersoft elastomers.

Bulk polymers in a glassy state are hard materials with moduli in the range of 
1 GPa. Above their glass transition temperature they soften and eventually flow. 
This depends on the molecular weight and nature of the polymers, i.e. entangle-
ment MW. If the chains are slightly crosslinked they form rubbers or elastomers 
with typical moduli in the range of 100–1,000  kPa. Such crosslinked polymers 
can swell and, depending on degree of crosslinking, can reach softness typical for 
hydrogels. But after they dry, moduli return to the original values.

A new concept has been recently introduced to dilute a loose network of poly-
mer chains not with a solvent (water) but with multiple short covalently attached 
unentangled side chains. In such a case, they could never evaporate and would 
provide a permanent non-leachable diluent that would reduce the moduli to a value 
of ca 1 kPa, forming a new class of stable supersoft elastomers [230, 231].

Scheme  6 illustrates two routes for the preparation of such supersoft elasto-
mers. The left pathway relies on formation of bottlebrush macromolecules with 

Scheme 6   Two pathways to supersoft elastomers
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very densely grafted side chains [15, 16]. Such molecular brushes typically have a 
backbone with DPbb ca. 300–5,000 and correspondingly the same number of short 
side chains with DPsc ca. 20–100. Brushes with the longest backbone may exhibit 
plateau in the range 1 kPa and after slight crosslinking form permanent supersoft 
elastomers that cannot flow (as shown in Fig. 7). The alternative pathway is graft-
ing side chains from a loose network backbone, containing initiating sites.

As noted above supersoft elastomers can be prepared with permanent chemical 
crosslinkage but can also be formed by physical crosslinking, as in thermoplastic 
elastomers. Figure  8 presents a structure consisting of 3 arm stars bottlebrushes 
that can phase separate to form such a network and also the resulting mechanical 
properties of the thermoplastic network. Each arm of the star had a methacrylate 
backbone of DPbb = 300 grafted with soft PnBA with DPsc = 35. Each arm was 

Fig. 7   Mechanical properties of supersoft elastomers with modules in the range of 1 kPa. The 
material obtained from loose crosslinking of bottlebrushes. Reprinted with permission from 
American Chemical Society [231]

Fig. 8   Supersoft elastomer network formed via physical crosslinking and the resulting compli-
ance data. Reprinted with permission from Elsevier [232]



93Designing Hydrogels by ATRP

chain extended with poly(octadecyl methacrylate) with DPODMA = 360, leading to 
overall 8 wt% content of crystallizable outer segments. The resulting modulus of 
the physically crosslinked material was in the range of 1 kPa [232].

Similar materials were prepared by grafting from a loose network [233]. First, 
four-arm star-like polymers, poly(trimethylsilyloxyethyl acrylate), were synthe-
sized and cross-linked to form a relatively uniform polymer gel network. Then, 
short PnBA side chains were grown from the initiating sites placed along the net-
work backbone via atom transfer radical polymerization. These soft side chains 
act as low molecular weight diluent that swelled the cross-linked network forming 
supersoft materials with shear modulus less than 5 kPa, depending on the length 
and fraction of grafted side chain were formed. Such supersoft elastomers could 
be considered as materials appropriate for intraocular lenses, wound-healing or tis-
sue engineering, and also ionic conductors [230].

9 � Conclusions

ATRP and other CRP methods provide excellent tools for controlling polymer 
architecture. The procedures can not only provide linear chains but also branched 
architecture such as stars, graft copolymers with a very high grafting density, like 
bottlebrushes, and eventually well defined networks. These techniques can be suc-
cessfully used in water under homogeneous or heterogeneous conditions opening 
new avenues for the preparation of designed hydrogels and other networks, includ-
ing functional materials, responsive, injectable and also supersoft elastomers suit-
able for multiple bio-applications.
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Abstract  Rapidly aging societies, demands for improved organ functions and repair 
of damaged tissues has led to the use of synthetic materials in different parts of our 
body. Traditional covalent chemistry has served us well in terms of the design of 
materials. The future of soft biomaterials demands the ease of synthesis, multi-func-
tionality and efficacy. Supramolecular hydrogels are the next-generation materials to 
enter the biomedical arena. These materials are three-dimensional entities built from 
crosslinking agents which bond non-covalently (via hydrogen bonds, π-π stacking 
and van der Waals interactions) to produce fibers and crosslinking among fibers. The 
properties of these materials are vastly different from their covalent counterparts and 
the exciting developments are summarized in this review.

Keywords  Supramolecular  ·  Dynamic systems  ·  Host-guest  ·  Biomaterials  ·  
Hierarchical self-assembly

1 � Introduction

According to the classical explanation of the Nobel Laureate Jean-Marie Lehn, 
supramolecular chemistry is the chemistry of molecular assemblies (supramolecu-
lar system with specific structure and functionality) formed through the intermolec-
ular interactions among two or more chemical species [1, 2]. Polymeric hydrogels 
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can be categorized in numerous ways depending on the type of polymer and their 
structural characteristics. Chemically crosslinked hydrogels are formed by polymer 
chains linked permanently by non-reversible covalent bonds. This causes the hydro-
gels to be brittle, at times opaque and not having the self-healing property when the 
network is disrupted. These covalent bonds can be made using various reactions 
such as Michael type addition, Schiff base formation, thiol-ene photopolymeriza-
tions, free radical photopolymerisation, enzyme-triggered reactions and “click” reac-
tions. Chemical crosslinking can be modulated in order to sufficiently modify the 
mechanical properties of hydrogels and it has been frequently used when tough and 
stable hydrogels are desired. Unlike traditional chemistry which relies on covalent 
interactions, supramolecular chemistry focuses on weaker and reversible non-cova-
lent interactions between molecules. A supramolecular polymer can be defined as an 
ordered array of repeating units of monomeric building blocks formed by reversible 
and directional non-covalent interactions [3, 4]. Supramolecular polymers can form 
through various intermolecular interactions such as hydrogen bonding, metal-ligand 
complexation, hydrophobic forces, van der Waals forces, π-π interactions and elec-
trostatic effects, together with their synergetic interactions. Important concepts that 
have been demonstrated by supramolecular chemistry include molecular self-assem-
bly, folding, molecular recognition, host-guest chemistry, mechanically-interlocked 
molecular architectures, and dynamic covalent chemistry. Highly complex func-
tional materials can be built from seemingly simple modular blocks. Supramolecular 
chemistry offers possibilities whereby modular structures self-assemble into intri-
cate structures. The extension of these systems beyond the level of the individual 
molecule relies on several key non-covalent interactions leading to a directed self-
assembly step. Here, we can observe the development of structures from the pri-
mary molecular level to the secondary polymeric level and further to the tertiary 
networked structure. This network structure is the classical example of a hydrogel 
structure [5–7]. While offering the dynamic modulation of the intrinsic properties of 
the materials, these materials can also be assembled into novel supramolecular struc-
tures such as hydrogels, micelles and vesicles [8]. In this review, we will highlight 
several examples of how the supramolecular hydrogels are prepared through hydro-
gen bonding, ionic and associative interactions, host-guest complexation and metal-
ligand complexation. These interactions have extremely high biomedical relevance 
as will be explained in the review. The literature reviewed here is not meant to be 
exhaustive but rather meant to be a primer of this research area.

2 � Preparation of Supramolecular Hydrogels

2.1 � Hydrogen Bonding

Hydrogen bonding is one of the main driving forces that direct the self-assembly 
of molecules, and it plays important roles in numerous biomedical applications. 
In particular, hydrogen bonding serves as the basis for the formation of a large 
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class of supramolecular hydrogels which have desirable properties such as sen-
sitivity to the environment, facile formation processes and an almost universal 
mode of attachment. Here, we will discuss the role of hydrogen bonding on the 
different peptides and polymers that can form supramolecular hydrogels. It is well 
known that peptides can self-assemble through hydrogen bonding [9, 10]. With 
self-assembly, the molecules will either co-assemble in a random manner or self-
sort to form an aggregated structure. With growing applications in drug delivery 
and tissue engineering areas, there exists a need to control the manner in which 
the molecules self-assemble. The use of peptides as hydrogelators in the forma-
tion of the hydrogel can potentially improve the biocompatibility of the hydrogel 
as peptides occur naturally in the human body, making it more suitable for any 
biomedical application than any other synthetic materials. Morris et al. has devel-
oped a pH-based system that is able to control the self-sorting of naphthalene-
functionalized dipeptide hydrogelators to form self-assembled networks in water 
[11]. By hydrolysing glucono-δ-lactone (GdL) to gluconic acid, they were able 
to gradually modify the pH level in the system, leading to the formation of the 
hydrogels. The pH triggered methodology introduced in this paper utilizes kinetic 
self-sorting, which ensures that a self-sorted local energetic minimum is reached 
due to its fast formation. The advantage of this technique is that it enables the 
preparation of complex structures that would otherwise be difficult to achieve by 
conventional chemical reactions. Responsive photo-luminescent dipeptide gels 
were reported by Bardelang and colleagues [12]. Quantum dots (QD) have been 
extensively explored for bioimaging applications [13, 14]. The incorporation of 
QDs into hydrogels has previously been used for the development of materials 
for sensing and drug delivery applications [15]. Here, QDs were incorporated into 
soft supramolecular materials, and with the use of ultrasound, QD-gel nanocom-
posites were prepared. In a typical experiment, the mixture of dipeptide with hex-
ane suspensions of CdSe/ZnS QDs covered with trioctylphosphine oxide (TOPO) 
as surface ligands forms gels in minutes with the use of ultrasound (Fig.  1a–c). 
The gels are luminescent under UV light and can revert into the sol state by the 
application of heat. The ability of these small peptides to generate supramolecular 
hydrogels demonstrates great promise for biological applications for which QDs 
have also shown a great potential such as biochemical sensing. In another report, 
Yang et  al. reported the use of enzymes as a tool to regulate both the formation 
and the dissociation of self-assembled nanostructures and its subsequent transi-
tion into a supramolecular hydrogel [16]. This work utilised a kinase/phosphatase 
switch to regulate the pentapeptidic hydrogelator, Nap-FFGEY by controlling its 
phosphorylation and dephosphorylation. When the kinase is added to Nap-FFGEY, 
the self-assembling property of the hydrogel is disrupted. But with addition of a 
phosphatase, the self-assembling property of the hydrogel is restored (Fig. 2). The 
in vivo study done showed that with the subcutaneous injection of the phosphate 
in the mice, a supramolecular hydrogel is able to form. Given its biocompatibil-
ity, this suggests the possibility of using minimally invasive methods to introduce 
the hydrogel into the body as well as a better and more precise way to control 
the hydrogel. Other self-assembled peptide hydrogels have been investigated for 
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the attenuation of hematoma and the possibility of providing a therapeutic effect 
in a spinal cord injury model [17]. Peptide hydrogels have also been used for the 
encapsulation of neural cells for up to 5 months, showing good viability [18].

In a similar way, some polymers can form a supramolecular hydrogel through 
H-bonding. Light as a gelation trigger is favoured due to the ease of control and 
convenience of usage. Peng and colleagues created a hydrogel by mixing dextran 
functionalized with acrylate-modified o-nitrobenzyl moieties (Dex-AN) and dithi-
olated poly(ethylene glycol) (DSPEG) via a Michael addition between the acrylate 

Fig.  1   a Structure of dipeptide 1 and hexane solution of green-light emitting CdSe/ZnS QDs 
with TOPO as surface ligands before (b) and after (c) application of ultrasound. a–c Reproduced 
with permission from Ref. [12]

Fig. 2   Scheme of 
enzyme-switch-regulated 
supramolecular hydrogel 
reproduced with permission 
from Ref. [16]
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and thiol groups [19]. The hydrogel that was formed from the components is light 
sensitive and decomposes upon irradiation as a result of the photo-labile moiety 
being cleaved. In this experiment, a green fluorescent protein (GFP) was used as 
a model protein and hence it can be seen that the GFP was released from hydro-
gel and migrated into the solution. The use of such hydrogels could be extended 
for the delivery of bioactive molecules due to its unique properties. In order to 
fabricate hydrogel with greater sensitivity, Chen and coworkers developed a novel 
strategy to fabricate supramolecular hydrogel microspheres with diameters of 15 
to 105 μm using a microfluidic device from the hydrogelator shown in Fig. 3 [20]. 
The hydrogelator as shown in the figure is synthesized using 1,2,4,5-benzene tet-
racarboxylic acid and 4-hydroxy pyridine. High temperatures are used to form the 
droplets and allowed to cool to promote the self-assembly of the hydrogelator. The 
encapsulation ability of the hydrogel microspheres allows unstable or toxic bio-
molecules to be transported safely. With each microsphere fabricated uniformly, 
there exists the possibility to improve drug-loading and release kinetics.

2.2 � Ionic and Associative Interactions

The formation of hydrogels through ionic interactions is possible when ionic liquids 
are in the presence of gelators. The presence of polymer chains with positive and 
negative charges at the end results in the attraction of opposite charges, thus leading 
to the gelation of the ionic liquids to form ionic-liquid supramolecular gels. These 
gels have attractive properties that include high mechanical strength and stimuli-
responsive capabilities. With these enhanced properties, hydrogels formed through 
electrostatic interactions have found roles in applications in various areas such 
as microfluidics, drug delivery and artificial organ fabrication [21–23]. Interesting 
work done on such hydrogels include the development of fluoride-responsive fluo-
rescent hydrogel which was embedded with CdTe quantum dots (QDs) by Zhou and 
coworkers [24]. The hydrogel, namely DC5700-QDs, was prepared by electrostatic 
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gel microspheres
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interactions of ammonium cations and carboxylate anions. Upon treating DC5700-
QDs with fluoride, a highly fluorescent hydrogel formation was observed. For 
comparison, other anions solutions such as carbonate, sulphate, chloride and bro-
mide was also added to DC5700-QDs, but no hydrogel was formed, confirming the 
unique gelation effect of the fluoride anion. DC5700-QDs with fluoride added was 
characterized by FT-IR and steady-state fluorescence emission. This material exists 
as a gel when it is below 68 °C, while above this temperature, it exists in sol state. 
This work is particularly useful due to the large number of applications of fluoride, 
especially in the biomedical and dental field [25, 26]. Besides studying the applica-
tions of ionic supramolecular hydrogels, much has been dedicated to the investiga-
tion of the synthesis and characterization of novel ionic supramolecular hydrogels. 
One major area of the structures that has been of great interest is the rod-coil block 
copolymer assembly, which has unique assembly characteristics. Due to these char-
acteristics, the copolymers enable the organization of functional materials, such as 
π-conjugate polymers, into supramolecular assemblies. Huo and coworkers describe 
in their paper the synthesis process, as well as the characterization results of a coil-
rod-coil triblock copolymer [27]. This polymer, which showed unique aggregation 
behaviour in a solution, was designed from oligo(p-phenylene ethynylene) (OPE) 
and polystyrene (PS), polystyrene–oligo(p-phenyleneethynylene)–polystyrene 
(PS–OPE–PS) through a novel approach that omitted the α-position substitutes into 
OPE blocks during the linking of the units. This method has many advantages as 
compared to more conventional methods, for example circumventing the solubility 
problems of the OPE blocks, allowing for the generation of longer OPEs, as well 
as increasing the tendency of parallel aligned OPE assembly formation. The strong 
π-π stacking interactions of rigid aromatic segments results in the distinctive gela-
tion capability of the gel.

2.3 � Host-Guest Complexation

A host-guest complex is an interesting structure where the ‘host’ is a molecular 
structure that resembles the shape of a ring, with the central cavity playing an 
essential role of hosting other “threads” of polymer. The “thread” polymer, which 
is often referred to as the ‘guest’, resides in the cavity in the host as a result of 
the host-guest interaction. For the formation of supramolecular hydrogels, cyclo-
dextrins (CD) and cucurbit[n]urils (CB) are commonly used as the host mol-
ecule [5, 28–33]. Lin and coworkers used the reaction between cucurbit[8]uril 
(Q[8]) and a chitosan derivative, N-(4-diethylaminobenzyl)chitosan (EBCS) 
to form a supramolecular hydrogel [34]. Characteristics of the Q[8]/EBCS gel 
were noted, such as the thermosensitivity of the gel, as proven by repeated sol-
gel transitions. Upon heating to 50 °C, a clear gel-to-sol transition was observed, 
indicating weak non-covalent host-guest interactions. With regards to pH, when 
the gel has higher pH value, supramolecular assembling was hindered due to the 
increase in electrostatic repulsion. On an interesting note, gelation does not occur 
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between  Q[8]  and chitosan due to the absence of diethylamino group. The gel 
also showed cross-linked network structure with many cavities, shown by images 
obtained using scanning electron microscopy. The drug release property of the 
hydrogel across different pH was also studied. Results showed that drug release 
is significantly slower in gels with a lower pH, compared to those at a higher pH. 
This implies that the rate of release of selected protein can be varied based on dif-
ferent pH media. Possible explanations for the slower release include the higher 
concentration of ammonium cations, which boosts the electrostatic interactions 
and enhances the structure. Hence this demonstrates that the Q[8]/EBCS gel is 
a possible pH-sensitive drug carrier. In another work, Appel and coworkers used 
cucurbit[8]uril (CB[8]) as host molecules to form reversible cross-links of multi-
valent copolymers with high binding constants leading to formation of a supramo-
lecular hydrogel [35]. Two types of polymers involved were viologen (MV) and 
2-naphthoxy (Np) derivatives. The supramolecular hydrogels were then prepared, 
by first adding equal amounts of the two polymers, after which CB[8] was added. 
An interesting point to note is that the colourless clear solution turns bright red 
upon the addition of CB[8], with simultaneous formation of hydrogel observed. 
The high association of functional polymer was due to the presence of CB[8], that 
holds onto the two polymers in its cavity, thus forming a network in the gel. The 
work then moved on to characterise the gel that was formed in terms of its rheo-
logical properties. The hydrogel pore size was controlled by the amount of CB[8] 
that was added into the solution. As more CB[8] was added, the gel was observed 
to have smaller pores in scanning electron microscopy images. Higher concentra-
tions of CB[8] in gels appear to form a hydrogel that is a darker shade of red. 
This unique gel thus could have industrial applications that need such controlled 
viscosity or smart hydrogels. Using the same concept, self-assembled hydrogels 
with extremely high water content and tunable mechanical properties were pre-
pared from cellulose derivatives [36]. These hydrogels are easily processed and 
the simplicity of their preparation, their availability from inexpensive renewable 
resources, and the tunability of their mechanical properties are distinguishing for 
important biomedical applications. The protein release characteristics were inves-
tigated to determine the effect of both the protein molecular weight and polymer 
loadings of the hydrogels on the protein release rate. Extremely sustained release 
of bovine serum albumin is observed over the course of 160 days from supramo-
lecular hydrogels containing only 1.5 wt% polymeric constituents. CD is used as 
another popular host molecule. In a recent report, Hou and coworkers copolymer-
ised modified gelatin with PLA-PEG-PLA under UV light illumination, which 
was later added to α-CDs in order to obtain a new biodegradable gel (Fig. 4) [37]. 
The gel was observed to have good elasticity and appears opaque in water, in con-
trast to being transparent in DMSO. This new hydrogel was then characterised 
using techniques like thermal gravimetry analysis in order determine interactions 
between the host and guest molecules. It was found that the gel has a two-step 
thermal degradation process, the first being the decomposition of α-CDs, and the 
second step being the decomposition of the guest polymer. The increased decom-
position temperature suggests that the structure of the hydrogel is stabilized by the 
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interaction of these host-guest molecules. The swelling ratio of the gel was then 
investigated and it was shown that the swelling ratios of hydrogels increases with 
the increasing content of modified gelatin, due to the hydrophilic nature of gela-
tin. Connected pores were observed in the hydrogel, which could be used for cell 
adhesion and growth which are important in tissue engineering.

2.4 � Metal-Ligand Complexation

The incorporation of metal ions within supramolecular gels can enhance the prop-
erties of the polymeric hydrogels and increase their utility. Metal complexes can 
be used as organogelators to develop hydro- and/or organogels by virtue of their 
rich optical, electronic, redox, or magnetic properties which increases the stabil-
ity of metal complexes in common organic solvents, and also imparts new physi-
cal and chemical properties to the resulted supramolecular gels. Metal ligand 
ions incorporated in polymeric hydrogels can lead to the formation of ordered 
2D and 3D structures with increased complexity and functions, which can serve 
many functions such as the separation of heavy metal ions or creating new nano-
structures. Another added advantage of this approach is that they provide self-
assembled superstructures with specific physiochemical properties of metal ions. 
In recent work, Zhang et  al. incorporated a ruthenium-(II)tris(bipyridine), which 
is a metal complex in a hydrogelator [38]. The hydrogelator demonstrates self-
assembly in water and is able to form nanofibers at low concentrations hydrogels 
over a range of pH. The optical images together with the emission spectrum of 
the hydrogel in water at pH 7 show the fluorescent ability of the hydrogel upon 
excitation (Fig. 5). It was discovered that lower pH values decrease the solubility 
of the complex and hence favours formation of the hydrogel. The hydrogel turns 

Fig.  4   Preparation route of biodegradable CD-based supramolecular hydrogels. Reproduced 
from Ref. [37]
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into a solution with oxidation, suggesting that a redox change of the ruthenium(II)
tris(bipyridine) center of the complex induces a transition of the self-assembly of 
the complex in water. The incorporation of a metal complex with a hydrogelator 
helps to explore the possibility of prearranging the self-assembly motif prior to 
self-assembling. This work demonstrates the use of this material as a multipurpose 
hydrogelator and could potentially find application in live-cell imaging. In another 
work, Peng et  al. reports a reversible gel-sol/sol-gel transition in poly-(acrylic 
acid) (PAA) aqueous solutions triggered by the redox state of ferric ions conju-
gated with photo-reduction and oxidation (Fig. 6) [39]. When Fe(III) ions in the 
PAA hydrogel containing citric acid are reduced to Fe(II) by light irradiation, the 
PAA hydrogel dissolves into a soluble state. The PAA solution can be recovered 
to the homogeneous hydrogel again by oxidating Fe(II) to Fe(III). This reversible 
transition can be observed visually and can be repeated, provided there is enough 
citric acid. The photochemical or electrochemical control to this transition will 
be a convenient method. With irradiation by stimulated sunlight, homogeneous 
hydrogel of PAA + Fe(III) was dissolved into solution. This process is reversible 
with exposure to oxygen in dark for 5 days. The redox-responsive hydrogel is also 
promising as a unique material that can encapsulate and localize bioactive mol-
ecules and cells within the gel matrix.

In a study by Shen et al., a series of experiments were conducted on structurally 
similar bile acid derivatives (BAs) to test the effects of concentration and molar 
ratio of BAs to Mn+ on the gelation properties. It was reported that metal ions 
like Ca2+, Au3+, Mg2+and Ag+ could trigger the self-assembly of most BAs. It 
was also observed that irradiation of light facilitates the formation of Au NPs in 
Ba-Au3+. Ba-Ag+ hydrogel systems were found to have a temperature sensitive 

Fig. 5   a Optical images of hydrogel formed by 3 (0.8 % w/v) in water at pH = 7 under normal 
light, UV (long wavelength) light, and polarized light. b Emission (excited at 470 nm) spectrum 
of the hydrogel in (a). Reproduced from Ref. [38]
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reversible gel-sol state transition, with pH showing considerable effect on both 
BA-Ag+ and Ba-Au3+ systems. The rheological behavior indicated that irradiation 
helps to increase the strength of the gels. Moreover, photo-reduction was found 
to be a more simple and environment friendly method in comparison with using a 
reducing agent such as NaBH4. The systems studied here provide a general strat-
egy for incorporating AuNP or AgNPs, thereby opening up the possibility of cre-
ating effective chemo-sensing platforms, catalytic and anti-bacterial functional 
materials by exploiting the interesting properties of metal NPs and hydrogels.

2.5 � Low Molecular Weight Hydrogels

Given the constraints of covalent bonds found in traditional polymer gels, low 
molecular weight hydrogels are increasingly sought as alternative replacements. 
These gels are made of small constituent molecules that self-assemble in water 
to form nanofibers that have the ability to entrap water and subsequently form 
a 3D network. Low molecular weight hydrogels have been attractive mate-
rials due to their biocompatibility and responsiveness to external stimuli such 
as temperature, pH, and mechanical force, as well as the simplicity of the gel 
preparation. In addition, these gels serve as biomaterials for biomedical applica-
tions as they undergo gel-sol phase transitions, which allow for the release of 

Fig.  6   a Switching gel-sol-gel transition in PAA (20 wt%)  +  Fe(III) (0.02  mol/L)- citrate 
(0.04 mol/L) aqueous system at pH 4.0 and room temperature. b Schematic illustration of the 
gel-sol transition in the PAA + Fe(III)-citrate aqueous system switched by photoreduction and 
oxidation. c Left: PAA  +  Fe(III) gel 3  days after preparation. Center: the gel irradiated for 
12 min at the center part. Right: the same gel after exposure to oxygen for 5 days. Reproduced 
from Ref. [39]
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the encapsulated drug. Thus, some areas of applications that have been explored 
include bioactive substance delivery and the regulation of enzymatic activity. In 
particular, low molecular weight hydrogels have been widely employed in vari-
ous applications [40]. Cell targeting by the drugs is desirable as it serves to fur-
ther enhance the effectiveness of drug delivery systems. With this, Ikeda et  al. 
have demonstrated the possibility of incorporating cell sensing and targeting 
property into supramolecular hydrogel capsules (SH-capsule) [41]. By assem-
bling the PSA-cleavable additive with the hydrogen capsule, responsiveness of 
SH-capsule to the prostate-specific antigen (PSA) was achieved. This allowed 
the SH-capsule to detect the prostate cancer cells through the PSA released from 
them, which diffused into the developed capsule to cause cleavage of the addi-
tive. Consequently, the hydrophilic fragment that was released from the cap-
sule could target the prostate cancer cell via a plasma membrane-associated 
glycoprotein targeting ligand known as DUPA (2-[3-(1,3-dicarboxypropyl)
ureido]pentanedioic acid), which was previously attached to the fragment. This 
success in sensing and targeting the prostate cancer cells can provide valuable 
knowledge on the applications of supramolecular hydrogels in regulating the 
release of bioactive substances and in tissue engineering. Apart from functioning 
as effective drug delivery systems, the numerous properties of the low molecu-
lar weight hydrogels also means that biomaterial can be tailor-made for differ-
ent applications. This was done by Qiu and co-workers, where photo-sensitive 
spiropyran, D-Ala-D-Ala (a dipeptide residue which is responsive to the antibi-
otic vancomycin) with D-alanine and 1,3,3-trimethyl-2-methyleneindoline were 
assembled [42]. They found that the hydrogel formed disassembled within 5 min 
upon exposure to high-pressure mercury lamp of 500 W with cut-off wavelength 
below 400  nm. Addition of vancomycin hydrochloride on the gel surface also 
successfully induced the gradual transition from the gel to solution phase. The 
lack of the response of hydrogel incorporated with L-Ala–L-Ala to vancomycin 
hydrochloride illustrated that the hydrogel has assimilated the specific ligand-
receptor interaction property. Thus, a hydrogel with dual response has been cre-
ated which can provide insight to further development of such hydrogels tailored 
to different applications. Low molecular weight hydrogels can also be used as 
barriers to control the release of bioactive substances. This was illustrated in the 
study done by Komatsu and his co-workers, where they demonstrated that the 
phosphate-type hydrogelator formed from HO-(CH2)8-Fum-Glu-(O-cyclohexyl)2 
responded to four stimuli: temperature, pH, Ca2+ and light (Fig.  7) [43]. This 
meant that any of the four stimuli was able to cause a gel-sol phase transition 
that could control the release of the bioactive substances. This work was also 
further extended to the development of four fundamental logic gates (AND, OR, 
NAND and NOR) which were intended for regulating the release of these bioac-
tive substances. For instance, the OR logic gate could take inputs from UV light 
and heat, and hence the presence of either one would be able to induce the gel-
sol phase transition. Such an invention of intelligent supramolecular soft mate-
rials will be very useful in the applications of environment-sensitive actuators, 
tissue engineering and controlled-release systems.
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Anions which are bonded on the supramolecular hydrogel surface can also 
act as the growth center for biomineralization. Low molecular weight hydrogels 
have also found applicability in aiding bone repair, a burgeoning area of medi-
cal science given significant increases in average lifespan. The significance of 
bone repair has encouraged Shi et al. to study the technique of promoting growth 
of biominerals, which can be used as artificial bone material [44]. In the study, 

Fig. 7   Controlled release of bioactive substances by supramolecular hydrogel 1 (as a logic-gate 
barrier) and photogel 2 (as a holding matrix) and fine-tuning of the release function through a 
combination of AND logic gate operation and UV light stimulation. a Photographs displaying 
a supramolecular hydrogel gate composed of AND logic gate gel 1 and photogel 2 containing 
vitamin B12 in a 1  cm cell before and after the AND input; the logic scheme is also shown. 
b Corresponding time courses for the release of the bioactive substances (vitamin B12, FITC-
insulin, and FITC-BSA). c Photographs showing the supramolecular hydrogel gate holding vita-
min B12 before and after application of UV light and the AND input and then after application 
of UV light subsequently; the combinatorial logic scheme is also shown. d Corresponding time 
courses of the vitamin B12 release. e Truth table for the combinational logic circuit. (a–e) are 
reproduced with permission from Ref. [43]
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a supramolecular hydrogel that consisted of N,N′,N′-tris(3-pyridyl)-trimesic 
amide was formed. The nitrogen heterocyclic ring and amide groups presented 
in the gel were chosen to function as the biomineralization active sites where 
the growth of the biominerals could begin. The role that the supramolecular 
hydrogel played was evident in their tests, as they proved that the immersion 
of the hydrogel into the aqueous Na2CO3 solution followed by CaCl2 solution 
led to the formation of CaCO3 while only layered structured calcite CaCO3 was 
observed in the absence of the hydrogel-Na2CO3 composite matrix. A similar 
trend was also observed for the calcium phosphate-hydrogel composite, where 
nanoplate-like calcium phosphate was found to have enclosed the hydrogel 
scaffold surface. With the results from their study, Shi et  al. have successfully 
demonstrated that, while the conventional sites are carboxylate groups binding 
Ca2+, amide and pyridyl groups binding PO4

3− can also be used as biominer-
alization active sites. Furthermore, the biodegradability of the hydrogel devel-
oped in this study suggests that it can be useful for the advancement of organic 
matrices which display high affinity for mineral ions and allow for clearance 
from the body. Studies have also been conducted in the area of thermally respon-
sive supramolecular hydrogels, where the changes in temperature can elicit 
a phase-change response in the gels, allowing them to serve various purposes. 
For example, Yamaguchi and his co-workers have constructed supramolecular 
nanomeshes from glycolipids and adapted them to regulate the rotary motion 
of F1-ATPase [45]. In the experiment, a microbead unit was attached to the 
F1-ATPase and also embedded in the sol/gel (Fig. 8). Being thermally respon-
sive, nanomeshes were formed at low temperature which trapped the micro-
bead that serves as a physical hindrance to the rotary motion and switch off the 
ATPase motion. Conversely, a high temperature can destroy the nanomeshes and 
switch on the ATPase motion. The advantage of such regulating system would be 
beneficial in the future investigation on the use of matrices to control the micro-
biomachines that are powered by biological motors.

Fig. 8   Schematic illustrations of the on/off switching of F1-ATPase rotation by entanglement of 
the stimuli responsive supramolecular hydrogel fibers (nanomeshes). To clearly show the compo-
nent of rotary motor, F1-ATPase is represented enlarged. The figure is reproduced with permis-
sion from Ref. [45]



120 E. Ye et al.

2.6 � Other Methods

Apart from their various conventional formations, supramolecular hydrogels 
have also found use as novel hybrid materials. With the incorporation of other 
substances, the hybrid materials formed possess significantly enhanced inherent 
characteristics that could potentially aid in serving their purposes. To name a few, 
supramolecular hydrogels have been successfully hybridized with enzymes, sil-
ica particles, and even metal ions to create functional materials that work as drug 
release substances, fluorescent probes and more. One of the significant finds with 
regards to hybrid hydrogels resulted in the creation of a novel cancer diagnosis 
system. Compared to conventional methods, which require expensive equipment 
and long procedures, the spermine and spermidine hybrid hydrogel detection sys-
tem developed by Ikeda et al. is desirable due to its simple and quick process [46]. 
The hydrogel therein was formed through the encapsulation of a cationic fluo-
rescent dye, which served as a probe, in an inorganic anionic layered host, mont-
morillonite. This host was then embedded in a supramolecular hydrogel matrix, 
which served to intensify the fluorescence emitted by the probe upon the detection 
of spermine. This resulted in a change in the intensity of the fluorescence, which, 
along with the shift in the emission peak, allowed for the direct detection of the 
substances with only the naked eye. With this, rapid and relatively uncomplicated 
detections can be achieved with the sensitivities at levels almost within the range 
required for clinical usage. In addition to their potential uses in cancer diagno-
sis, hybrid supramolecular hydrogels have also been discovered to be effective in 
functioning as photo-responsive materials that serve many purposes in localizing 
bioactive molecules and more. By incorporating a stimulus-responsive molecule 
into a small molecule that serves as a constituent of the final hybrid hydrogel, 
supramolecular hydrogels that respond to stimuli can be achieved. In particular, 
photo-responsiveness is an attractive quality in the gels due to its ability to exert 
spatially and temporally controlled remote input to achieve the desired effects. 
Matsumoto et  al. created a hybrid supramolecular hydrogel by making use of a 
photo-switching module, which replaced the gelator’s spacer units to effectively 
cause the central hydrogel-network to assemble and/or diassemble through the 
photo-isomerization of the module [47]. This resulted in pseudo-reversible gel-sol 
and sol-gel transitions that could be achieved through light stimuli. Such a prop-
erty allowed for the exertion of photo-control over the release of substrates, where 
sustained release of longer than 10  h could be accelerated to rapid releases of 
approximately 10 min through gel-sol transitions induced by the presence of UV 
light. Through the same transitions, photo-controlled starting and stopping of bac-
teria and enzymatic motion could also be achieved, the latter through tethering to 
nanobeads. Thus, this hydrogel is a novel method to control or localize bioactive 
molecules through light stimuli, and could hence serve as a unique biomaterial. 
Besides studying various potential uses of the supramolecular hydrogels, research 
has also been devoted to developing novel approaches that seek to improve cur-
rent fabrication procedures. For example, Wang et  al. reported a new method to 
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create polyoxometalate-based (POM-based) supramolecular hydrogels that could 
potentially play important roles in optics, medicine, catalysis, as well as magnet-
ism [48]. They made use of the dispersion of POM-based building blocks in cer-
tain solvents to create the even hybrid gels. To achieve this, POMs were modified 
through the exchange of their counter ions with cationic surfactants, resulting in 
the formation of surfactant-encapsulated (SEP) POM complexes. This allowed for 
hybrid self-assemblings as the surface properties of the inorganic clusters were 
largely improved. With these properties, grafting into both organic and inorganic 
matrices was also made possible, and the SEPs could also be used to fabricate 
organogels. Thus, through appropriate selections of particular solvents and SEPs, 
POM-based hybrid supramolecular hydrogels could be fabricated. In addition, the 
relationships between the properties of the gelators and the alkyl chain density, 
alkyl chain length SEP, as well as the shape of the POM were investigated, and 
the authors have concluded that the formation of the hybrid gels was due to the 
effect of the electrostatic interaction and solvents. This research could hence serve 
as basis for the development of organic-inorganic hybrid gels through complexes 
with similar structures to SEPs in hydrophobic environments.

Schubert et  al. reported the synthesis of poly(methyl methacrylate) based 
copolymers with different amounts of terpyridine units in the side chain [49]. 
The addition of transition metal ions, Fe (II) or Zn (II), was used to trigger supra-
molecular crosslinking in diluted solutions. It was found that the stability of the 
metal-terpyridine complexes affects the physical properties of the gel concentra-
tions. The dissolution of the gel could be accomplished by the addition of a strong 
competing ligand to obtain the soluble phase. Another report focuses on poly(vinyl 
chloride) crosslinking in organic solvent using a variety of transition metal ions, 
leading to an increase in the polymer molecular weight [50]. In another report, 
the gelation of the amphiphilic quaternary ammonium oligoether-based ionic liq-
uid with water is presented [51]. The thermoreversible ionogels have high ionic 
conductivity (up to 60 mS cm−1), and storage moduli above 105 Pa. Upon heating, 
these gels melt with melting points ranging from 20 to 53 °C. These properties can 
be easily tuned in a broad range by varying the aqueous (and/or inorganic salts) 
concentration in the ionogels. The observed gelation phenomenon is purported 
to occur via the formation of a hydrogen bonded network between water and the 
ionic liquid.

Weck et  al. reported the preparation of complementary hydrogen bonded 
cross-linked polymer networks based on two distinct hydrogen bonding recogni-
tion motifs [52]. The hydrogen bonding recognition units were based on either 
three-point cyanuric acid-2,4-diaminotriazine or six-point cyanuric acid-Hamilton 
wedge interactions. The polymer scaffold, which was functionalized with cyanu-
ric acid functional groups, was cross-linked in 1-chloronaphthalene through com-
plementary interchain hydrogen bonding interactions. These gels are thermally 
reversible and possess tunable mechanical properties that are controlled by the 
molecular structure of the cross-linking agent. In related work by the same group, 
side-chain-functionalized polymers containing hydrogen bonding and metal coor-
dination sites were synthesized [53]. The crosslinking of these polymers can be 
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achieved through hydrogen bonding or metal coordination or simultaneously using 
both interactions through the addition of small molecule cross-linking agents. 
The hydrogen bonding motifs utilized for reversible cross-linking are similarly 
based on cyanuric acid residues hydrogen bonded to 2,4-diaminotriazine-based 
crosslinking agents. The metal coordination motifs are based on palladated SCS 
pincer complexes coordinated to bispyridine cross-linking agents. The rheology of 
the polymer networks from a free-flowing liquid to a highly elastic gel can be con-
trolled and the mechanical properties of the gel can be tuned by varying the tem-
perature and ligand displacement agents.

3 � Conclusion

This review provides a snapshot of the different types of supramolecular hydro-
gels and their associated potential biomedical applications. The different types of 
interactions that drive the formation of these hydrogels have their own advantages 
in relation to their application as biomaterials. Hydrogen bonds are important to 
the body. For example, the double helix structure of DNA is held by hydrogen 
bonds. The folding of proteins, which is necessary for proper protein function, is 
also governed by hydrogen bonds. The similarities of the peptide hydrogel systems 
with the naturally occurring systems make them highly attractive for bioapplica-
tions. Host-guest complexations for the formation of hydrogels are attractive due 
to their ability to be “unlocked” by chemical triggers. This has multiple advan-
tages. On the one hand, such a material can be expected to have multi-stimuli, on 
the other hand, these systems offer ease of assembly due to the high binding con-
stants of such systems. On another aspect, with such numerous useful properties, 
low molecular weight hydrogels are likely to be widely used in various biomedi-
cal applications. For instance, they can be used to target specific cells and deliver 
drugs concurrently. They can also provide a platform to promote the growth of 
bone mineral. The ease of mixing low molecular weight components for the for-
mation of a hydrogel could be a clinically attractive option. Recent developments 
on hybrid materials have uncovered numerous applications that hybrid hydro-
gels can serve. Through acting as a complement to the embedded substances by 
enhancing their natural properties, such hybrid supramolecular hydrogels could 
possibly be highly applicable in raising the effectiveness of the current substances 
used. The progress of supramolecular soft biomaterials has vast potential in the 
landscape of medical care. This area of research is one to watch for the future.
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Abstract  This chapter looks into the hierarchical structures of peptide sequences 
and hydrogels constructed with physical solution assembly in an attempt to dis-
cuss the fundamental properties of peptide hydrogels and the molecular foun-
dations. Peptide hydrogels are great candidates in the ever-growing field of 
biological and medical applications due to their ease of synthesis and customiz-
able molecular and material features. The natural cytocompatibility and degrada-
bility of peptides make peptide hydrogels great candidates for cell encapsulation 
and drug delivery. There is immense potential in using new peptide molecules to 
make new hydrogel materials with both designed properties as well as unantici-
pated, excellent properties.

Keywords  Peptides  ·  Injectable  ·  Drug delivery  ·  Cell encapsulation  ·  Tissue 
engineering

Within the increasingly expansive field of polymer hydrogels is the subset of 
peptide hydrogels. Peptides in nature and biology are critical for structure and 
function and involved in every bodily process from cell reproduction and tissue 
generation to simple enzymatic reactions. In the design of synthetic peptides, 
the scientist and engineer has twenty one natural amino acids in addition to a 
large and growing number of man-made amino acids to choose from for mol-
ecule formation. This amino acid toolbox provides for an almost limitless array 
of characteristics and function in new molecules and hydrogel materials. Amino 
acid attributes can include more traditional characteristics, such as hydrophobic-
ity, polarity, or charge, or more exotic functionality such as the ability to cross-
link with specificity in a “click” ligation reaction [1–9]. Therefore, these inherent 
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amino acid characteristics are taken full advantage of in creating a rich library of 
peptide hydrogel sequences with drastically varied chemistries.

The piece-by-piece amino acid chemical connection during peptide synthesis, 
combined with the range of amino acid properties, gives peptide hydrogels tunable 
characteristics and capabilities for a multitude of chemical, material or biological 
uses. After molecular peptide synthesis, many peptide hydrogels are constructed 
with solution assembly mechanisms and can be made in situ with the introduction 
of the proper trigger, or change in environment, such as changes in temperature, 
pH, or ionic concentration. [1, 2, 6, 10–18]. While the starting peptide sequences 
are straightforward to synthesize, the resulting structures after triggered molecular 
assembly can take on secondary, tertiary or quaternary structures like peptides and 
proteins in nature.

There are many different types of peptide hydrogels presently being researched, 
from those created from short peptide sequences that exist as conjugates with 
other synthetic polymer constructs [11, 14, 15, 19–27] to hydrogels made from 
high molecular weight, protein-like molecules [17, 28–35]. The focus in this 
chapter will be mainly on shorter peptide sequences that can be triggered in situ 
to form higher order structure and, consequently, form supramolecular, physical 
hydrogels [10, 13, 36–38]. These sequences are shorter than typical proteins, and 
their solution self-assembling capabilities to form higher order, intra- and inter-
molecular structures can result in a variety of hydrogels with beneficial and inter-
esting material properties such as shear-thinning capabilities for injectable solid 
behavior for therapy delivery [1, 13, 20, 36, 39–45].

Peptide hydrogel structural hierarchy sets them apart from synthetic polymer 
hydrogels. Peptides, and their resultant shapes after folding and intermolecular 
assembly, are categorized by four different levels of structure: primary, second-
ary, tertiary, and quaternary. With adaptable and precise synthesis methods, pep-
tide structures have the ability to achieve naturally-inspired structures such as 
those observed in known protein crystal structures as well as completely new, de 
novo designed structures by proper design of a peptide sequence. Starting with 
a designed sequence, peptides can be constructed faithfully into a final, desired 
structure and function. Additional functional groups or amino acids can be added, 
exchanged, or removed from a known natural or designed sequence to change the 
final material structure, the kinetics of intermolecular assembly, the material prop-
erties or other behaviors (e.g. biological properties) of the resultant peptide hydro-
gel. The molecular assembly processes designed into peptide hydrogels readily 
can be made to be efficient, fast, and easily modified based on the desired hydro-
gel performance environment. From synthesis to assembly, a considerable amount 
of organization of intermolecular and intramolecular interactions is needed. Each 
structure and its final properties as a hydrogel is defined and affected by these 
interactions.

Regardless of final hydrogel structure, the driving forces of peptide assem-
bly into hierarchical structures and materials are physical, non-covalent interac-
tions such as hydrogen bonding and π-stacking, hydrophobic and van der Waals 
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interactions, as well as electrostatic interactions. In aqueous solutions, all of the 
above interactions have been used, primarily in concert, in bringing peptides 
together and to hold the assembled structure together after assembly and gela-
tion [11, 14, 15, 22, 25–27, 33, 34, 46–48]. Change of the pH, ionic concentra-
tion, or temperature of a solution can be used to trigger the solution assembly of 
the peptide sequences. These changes force single molecules to intramolecularly 
fold into desired secondary structures, such as β-sheets or α-helices, and/or col-
lections of molecules that begin intermolecularly assembling to form local nano-
structure such as nanofibrils or nanotubes. The entire process results in a hydrogel 
with quaternary structure (i.e. hydrogel network structure) organization [1, 2, 6, 
10–18, 26, 28, 29, 31, 34–36, 48–50]. This chapter explores the formation of pri-
mary and secondary structures with small peptides as well as resultant, physical 
hydrogels and underlying peptide tertiary and quaternary (i.e. hydrogel network) 
structure.

1 � Primary Structures

Primary structure is first order peptide structure—the amino acid linear sequence. 
The diversity in the natural amino acids as well as numerous synthetic, non-natural 
amino acids allows for a great and constantly growing number of possibilities of 
primary sequences. Linked together with amide bonds between the carboxylic acid 
and amine ends of neighboring amino acids, peptides are predominantly linear in 
architecture although chemistry can be designed to make branched peptides, par-
ticularly when peptides are combined as a hybrid with other organic molecules. 
For example, peptide primary structure can also be seen in hybrid polymer-peptide 
or aliphatic hydrocarbon conjugates that can introduce new architecture and other 
characteristics (e.g. peptide amphiphiles that exhibit branches or helical behavior 
[11, 14–16, 19–27, 33, 51–55]; or polymer-peptide conjugates that have star or 
branched architecture [17, 18, 28–35, 56–62]). However, the focus here will be on 
linear peptide architecture.

Previously, the synthesis of peptidic materials was seen as a cumbersome and 
expensive method that lacked the precision of other polymeric synthesis methods 
[3, 10, 13, 16, 18, 33, 36–38, 63]. Synthesis of peptides has quickly advanced 
with cheaper methods, larger yield quantities, greater precision, and more adap-
tive equipment and methodology. There are two main pathways of creating a 
large number of customized peptide sequences, (a) engineered/recombinant DNA 
synthesis or (b) synthetic solid phase peptide synthesis (SPPS) [1, 13, 18, 20, 33, 
36, 39–45, 64, 65]. These methods are preferred to traditional methods because 
of the yield, automation, and time saved when compared to manual organic 
synthesis.

Recombinant DNA peptide synthesis refers to the use of introducing modified 
DNA to a host, typically E. coli, to subsequently produce the designed peptide 
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sequence [11, 14–18, 22, 25–27, 33–37, 46–48, 56, 60, 66]. Recombinant synthe-
sis is advantageous when one desires to synthesize a longer sequence. Typically, 
using SPPS to produce sequences with greater than 40 amino acid residues is dif-
ficult and requires synthesis by parts where the separate molecule parts are synthe-
sized separately with additional reactions [3, 19–21, 23, 24, 26, 37, 42, 61, 67, 68]. 
Additionally, one can synthesize large amounts of peptide easily with recombinant 
methods, a main advantage with recombinant DNA for peptide production over 
solid phase peptide synthesis. The DNA sequences required to prescribe specific 
amino acids in a peptide chain are known and established for the natural amino 
acids and are constantly being discovered and engineered for non-natural amino 
acids. To begin making a peptide sequence, the desired DNA sequence is con-
structed with primers, reproduced to create thousands of copies, and introduced 
to plasmid DNA, which transfers the designed DNA sequence to E. coli colonies. 
The colonies take up the plasmid DNA and begin producing the desired peptide 
sequences. Numerous research groups using recombinant DNA peptide synthe-
sis have investigated the many possible different molecular products that produce 
hydrogel materials after assembly [32, 45, 48, 68, 69].

The other method of peptide synthesis is commonly known as solid phase 
peptide synthesis (SPPS). This method is synthetic and allows for more straight-
forward incorporation of noncanonical amino acids than with recombinant DNA 
[20, 23, 26, 29, 37, 43, 70–73]. Additionally, the synthesis process can be done 
by automation through machine or by hand. The convenience of using a machine 
is the automated process of many repeat steps for longer peptide sequences. The 
ease of use allows for a greater number of novel peptide sequences to be created. 
Synthesis begins with a resin support made of small, porous polymer beads that 
are functionalized so that the amino acid attaches with an amide bond. The func-
tionalization of the bead depends on the protection group used for the attaching 
amino acids and cleavage conditions [74]. Amino acids are added sequentially 
onto the solid phase-supported growing sequence, c-terminus to n-terminus. To 
ensure only one coupling reaction per amino acid, the n-terminus of each amino 
acid added to the reaction vessel has one of two possible protection groups, flu-
orenylmethyloxycarbonyl chloride (Fmoc) or tert-butyloxycarbonyl (Boc). 
Traditionally, Boc was the protection group, but the need for hydrogen fluo-
ride (HF) in the final cleavage step brought about the Fmoc group for protection 
[74, 75]. The system is washed after each coupling step to get rid of unattached 
amino acids, and then the n-terminus of the growing peptide chain is depro-
tected for the next amino acid. After the desired sequence is created, the resin and 
attached amino acids go through filtration to get rid of unwanted amino acids with 
the peptide sequence ultimately cleaved from the resin. As mentioned before, HF, 
an acid, is needed in the cleavage step for Boc protected synthesis, while a base 
such as piperidine is needed for Fmoc protected synthesis. Because of the sequen-
tial definition of amino acids by either synthesis method, peptide hydrogels can be 
readily designed with different characteristics by specifically altering the primary 
sequence. This primary structure design can affect directly the solution conditions 
in which the peptides intermolecularly assemble, the nanostructure formed by the 
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peptides after assembly, as well as hydrogel properties such as the solution condi-
tions desired for encapsulated payload release.

There are also hybrid molecules produced through traditional organic or poly-
mer chemistry methods with desired peptide primary sequences attached to poly-
mers, hydrocarbon chains, or even other peptide chains as conjugates. One of the 
most common sequences used as a conjugate is the three amino acid sequence of 
RGD (arginine, glycine, aspartic acid), used because of its ability to trigger cell 
adhesion, a desired feature for cell-hydrogel constructs [2, 4, 6, 8, 10, 36–38]. 
Because RGD works as an integrin-binding site, there are many variations of 
this three amino acid sequence, as well as other integrin-recognized amino acid 
sequences, that can be synthesized [1, 2, 6, 36, 41, 43–45]. RGD does not cre-
ate hydrogels itself; rather, RGD is incorporated into other polymer sequences 
that go on to create hydrogels through physical assembly or chemical reactions. 
While RGD is used biologically to imitate RGD found naturally, there are peptide 
sequences that are used for non-natural, non-hydrogel purposes. Taking advantage 
of the structure, solution conditions, and availability of peptides, many groups are 
using peptide sequences and resultant higher order structure to direct the synthe-
sis, growth and organization of non-peptide, disparate materials, such as graphene, 
metallic nanoparticles, or silica dioxide [76–78].

With the ease of synthesis, there are a vast number of the possible combinations 
and permutations of natural and non-natural amino acids with varying sequence 
lengths. The length of a peptide sequence affects many of the characteristics of the 
hydrogel created. Shorter peptide sequences will generally assemble faster inter-
molecularly with less defective assembly than longer sequences that can coil and 
entangle during assembly. Mono- [20], di- [79, 80], and tri-peptide [17, 26, 36, 40] 
sequences that are created as supramolecular gelators tend to be made of amino 
acids with naturally hydrophobic or polar but uncharged functional groups [11, 
34–37, 40]. Some mono-, di- and tri-peptide sequences retain the Fmoc protec-
tion group at the end of the n-terminus, which is observed to be an integral part 
in hydrogel formation with π-stacking from the aromatic rings. A change in pH 
[20, 40, 42, 57, 59, 61] to force hydrophobic collapse or the addition of enzymes 
[3, 16, 26, 33, 47, 63] can be used to induce hydrogelation. Figure 1 shows two 
di-peptides used in combination to create three different hydrogels and the TEM 
images of the fibrils formed [80].

When triggered, short amino acid sequences form long fibril networks of pep-
tides to form hydrogels. The peptides generally start as primary structures solu-
ble in solution, but then self assemble intermolecularly into higher order structures 
and hydrogels [1, 29, 31, 33–35, 48, 50, 64, 65, 81, 82]. In order for longer 
sequences to self-assemble, longer peptide sequences generally have both hydro-
phobic, uncharged amino acids, while also including hydrophilic and polar groups 
to help drive secondary bonding as well as hydrophobic collapse of sequences. 
The trigger for longer sequences to intermolecularly assemble into higher order 
structures will usually be a change in pH, temperature or ion concentration 
although many other stimuli have been designed and will be discussed later in 
the chapter. The properties and applications of these higher order structures will 
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be discussed in greater detail further on with quaternary structures. Figure 2 is an 
example from the Hartgerink group, showing fibril formation and hydrogel forma-
tion [50]. First, the primary order peptide structures assembled into fibrous qua-
ternary structures. Gelation is triggered with the introduction of multivalent ions, 
inducing interfibrillar assembly. The barely entangled or branched fibril structures 
between the short sequence peptide hydrogels of Fig. 1 is visibly different from 
the longer sequence fibrils after gelation in Fig. 2.

Fig. 1   Top dipeptide structure (I) and bottom peptide structure (II) and a combination of the two 
shown with TEM and with inset to better show local fibril structure. The scale bar is 200 nm. a I 
alone, b II alone, c combination of I and II [80]

Fig.  2   Dimers and folding mechanism of primary peptide sequences. TEM images show 
E(QL)6E from the Hartgerink group a before gelation and b after gelation with Mg2+ [50]
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2 � Secondary Structures

Secondary structures in peptides display a specific conformation of the peptide 
chain. The two main secondary structures are the α-helix and the β-sheet. For both 
structures, there has been extensive research to define, dictate, and predict struc-
tural and folding behaviors of primary sequences of peptides [36]. Before a trig-
gering event for secondary structure formation (i.e. intramolecular folding), the 
unfolded peptide sequence may be a random coil, lacking specific three-dimen-
sional structure. Figure 3 shows the secondary order structures discussed in this 
chapter and their potential quaternary order structures [36].

As indicated by the name, α-helices form a unimolecular helix when triggered 
to fold. Figure 3b shows an external model of an α-helix and Fig. 4 shows a top 

Fig.  3   Basic secondary structures a beta strands; extended peptide chains held together by 
hydrogen bonds shown in orange between CO and NH groups in the peptide backbones, and 
resultant beta-sheets formed by several or more beta strands (actually an example of quaternary 
structure). b An α-helix with orange hydrogen bonds along the length of the helix and a coiled 
coil quaternary structure made of two alpha-helices. c A proline helix that goes on to form a col-
lagen helix with other proline helices [36]

Fig.  4   Diagram of typical alpha helical heptad organization for coiled-coil formation and the 
protection of hydrophobic residues at a and d for two coiled-coils. a CD data proving alpha helix 
confirmation (two minima at 208 and 222 nm) for the peptide at 37 °C (solid line) when cooled 
to 37  °C from 85  °C (dotted line); 85  °C (broken line) shows typical random coil behavior. b 
Shows TEM of the resultant larger fibril organization with higher magnification to show stria-
tions [13]
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down view of the helix. Each turn of an α-helix is 3.6 amino acid residues. The 
α-helical structure is held together by hydrogen bonds between backbone CO and 
NH functionalities along the helix, holding the helix together tightly, and creat-
ing a fairly rigid secondary structure [13, 36]. A common helix design for gelation 
involves helices that are composed of amino acid heptads labeled abcdefg, where 
the first and fourth amino acids are typically hydrophobic while the remaining 
amino acids are polar [10, 13, 34]. This design places the hydrophobic residues 
alternatingly 3 or 4 residues apart along the chain, giving the helix a hydropho-
bic face that winds around the surface of the helix. The exposed hydrophobic face 
after helix formation is one of the driving forces for higher order structure forma-
tion and gelation. This driving force is discussed further in the quaternary structure 
section, as helices collapse into what are called coiled-coils and, ultimately, into 
fibrils and hydrogels (cf. Figs. 3b and 4) [13, 34]. Certain amino acids are more 
likely to be found in α-helices such as lysine, glutamine, glutamic acid, or alanine 
[1, 44]. α-Helices can be left or right-handed [36] and can be modified with addi-
tional functional groups [1]. For example, the Woolfson group uses peptide cus-
tomization to functionalize α-helices with “sticky ends” designed to link helices 
together to propagate longer fibrils upon self-assembly [1, 10, 12, 13].

The other dominant secondary structure is the β-strand that can further hydro-
gen bond together to form β-sheets. Strictly speaking, the strand is the intramo-
lecular secondary structure while interstrand sheet formation is a quaternary 
structure. β-Sheets have a distance of 4.7 angstroms between each neighboring 
strand, since hydrogen bonds form laterally between the CO and NH functional-
ities of opposite β-strand backbones, as shown schematically in Fig.  3a. Just as 
there are certain amino acids primarily associated with α-helices, hydrophobic and 
aromatic amino acids such as phenylalanine, valine, and isoleucine are associated 
with the formation of β-sheets [13, 36, 44, 83]. The presence of hydrophobic resi-
dues in a β-sheet can create hydrophobic faces that build up as β-sheet formation 
occurs, causing the β-sheet fibrils to collapse forming hierarchical fibrillar and 
fiber nanostructures, further examined later in quaternary structures [28].

Another variation of the β-sheet is the β-hairpin formed by two β-strands held 
together by short amino acid sequence known as a β-turn. The Schneider and 
Pochan groups created the family of MAX β-hairpin structures that intramolecu-
larly fold and intermolecularly assemble into nanofibrils with a hydrophobic core. 
Figure  5 shows an example of the β-hairpin structure from the group’s flagship 
MAX1 peptide sequence that collapses to protect hydrophobic valines when trig-
gered [28, 49]. The hairpin collapse throughout the solution creates a bilayer fibril, 
where hydrogen bonds between carboxyl and amine groups of opposing amino 
acid backbones stabilize the parallel structures (dotted lines in the Fig. 5 [28, 49]).

Figure 6 shows AFM images of two very similar primary sequences that appear 
similar after quaternary structure formation and gelation, but one forms α-helices 
while the other forms β-sheets [44]. Beyond the most common α-helices and 
β-sheets, there are other secondary structures that are less observed in peptide 
hydrogels [19, 34, 36]. One example is the polyproline helix seen in Fig.  3c, a 
common secondary structure observed in collagen materials and hydrogels [84].
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A benefit of peptide synthesis is that one can easily fine tune amino acid con-
tent (i.e. primary structure) of peptides to customize final molecular conformations, 
gelation times, or other molecular interactions. This allows the creation of an array 
of peptides with minute differences in sequences but vast differences in final proper-
ties. Characterization is important to understanding the secondary structures formed 
by individual peptides and, consequently, the higher order structures that are formed 
during gelation. To confirm and characterize second order structure, two spectro-
scopic methods, circular dichroism spectroscopy (CD) and Fourier-transform infra-
red spectroscopy (FTIR) are frequently used. Both methods examine light absorption 

Fig.  5   A diagram of a beta-hairpin molecule, showing the hydrogen bonds (dotted lines) that 
stabilize the folded conformation between carboxyl and amide groups [28]. On folding, the 
hydrophobic, valine side chain-rich face collapses together with a neighbor to form a bilayered 
fibril cross-section. The hairpins also hydrogen bond with neighbors to form fibrils that branch 
and entangle with physical crosslinks as indicated by the arrows in the Cryo-TEM image [49]

Fig.  6   AFM micrographs on negatively charged mica of freshly prepared a α-helix forming 
AEAKAEAK solution and b β-sheet forming FEFEFKFK. Alanine based peptide sequence to 
phenylalanine changes folding properties. Both form secondary structures that go on to create 
fibrils into a higher order structures [44]
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by molecular bonds to identify the presence of random coils, α-helices, or β-sheets. 
Figure 4 shows CD measurements with typical α-helical characteristics (two minima 
at 208 and 222 nm) when the peptide is at 37 °C (solid line) or when cooled to 37 °C 
from 85 °C (dotted line). The broken line demonstrates the sequence exhibiting ran-
dom coil behavior at 85 °C [13, 39]. Figure 7 shows CD data with an FTIR inset of 
the Schneider and Pochan groups’ MAX1 along with varying ratios of its stereoiso-
mer DMAX1 [85]. The FTIR inset confirms β-sheet structure that was not clear in the 
CD due to a racemic mixture of both D and L peptide stereoisomers, which eliminates 
clear CD signal. The inset shows clear absorption at 1,615 and 1,680 cm−1 indica-
tive of β-strand behavior. These spectroscopy methods are used for confirming and 
analyzing secondary structures, but as the peptide sequences go on to form desired 
intermolecular structures, microscopy and rheology techniques are required. These 
techniques for examining quaternary structures are discussed later in the chapter.

Most of the peptide hydrogels that currently exist exhibit a specific secondary 
structure before and during gelation. While there are many secondary structures 
available, only those that are able to induce intermolecular assembly into qua-
ternary structure formation are important to the formation of peptide hydrogels. 
In current peptide hydrogels, the secondary structure utilized most frequently in 
peptide hydrogel design is the β-sheet due to its propensity to form fibrillar inter-
molecular nanostructure and, thus, entangled and branched fibrillar networks for 
hydrogel formation. The examples presented herein contain hydrogels of both 
major secondary structures but focus mostly on β-sheet constructions.

3 � Tertiary Structures

Tertiary structures, like primary and secondary structures, are observed within sin-
gle peptide chains. Unlike primary or secondary structures, tertiary structures can 
exhibit primary and/or secondary structures all within the same molecule. Tertiary 

Fig.  7   Left CD spectra of 1  wt% hydrogels containing (from top to bottom) pure DMAX1, 
3:1DMAX1:MAX1, 1:1DMAX1:MAX1, 1:3DMAX1:MAX1, and pure MAX1. The inset 
shows the IR spectra of 1:1DMAX1:MAX to prove beta-strand behavior. Right 1  wt% 
1:1DMAX1:MAX1gel as a TEM and b AFM images, with insets of average fibrillar widths. 
Scale bar is 100 nm [85]
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structures are stabilized by a wide variety of intramolecular interactions in addi-
tion to hydrogen bonding and hydrophobic interactions. These bonds, including 
salt-bridges or disulfide cysteine bonds, can also be covalent bonds unlike primary 
or secondary structures [16, 33, 51]. Figure 8 shows a protein example of tertiary 
structure from the serpin family of proteins naturally found in the body [86]. In 
the diagram there are visible α-helices, one of which is highlighted in purple, and 
there are β-strands highlighted in red and blue all within the same molecule.

While there are many proteins that exhibit tertiary order in their globular, 
functional form, in peptide hydrogels currently there are very few tertiary order 
structures. Inspirations for some synthetic globular proteins come from naturally 
occurring tertiary structures such as bovine serum albumin, β-lactoglobulin, or 
ovalalbumin [18, 56, 58, 60, 62]. Assembling globular proteins into quaternary 
structures for hydrogels are examined later in the chapter. As the field of peptide 
hydrogels grows and more complex sequences are created, there may be more ter-
tiary order structures for peptide hydrogels on the horizon [87].

4 � Quaternary Structures

While previous sections described molecular structures peptide sequences can 
adopt before interacting with other sequences, the actual peptide hydrogel network 
itself has an intermolecular quaternary structure. When exposed to the proper trig-
gers in solution, the previously mentioned primary, secondary, and tertiary struc-
tures create quaternary structures. The solution triggers include, but are not limited 
to, changes in pH [19, 37, 42, 61, 67, 68] or ionic concentration [45, 48, 68]. The 
desired hydrogel characteristics and properties dictate the solution and triggering 
conditions sought for gel formation as peptide sequences fold and assemble into 

Fig. 8   Serpin molecule with 
tertiary order. β-strands are 
represented by arrows with 
visible α-helices throughout 
the entire protein as well as 
disordered, random coils and 
turns that connect the areas 
of more regular secondary 
structure [86]
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the network quaternary structure. The dominant peptide hydrogel network quater-
nary structure is the peptide nanofibril.

Fibrils and fibrillar structure are critical for peptide hydrogel formation; the 
entanglement and branching of fibrils define the quaternary structures of most 
peptide hydrogel networks. The fibrils formed during gelation can be well-defined 
nanofibrils alone that entangle or branch. Nanofibrils can also hierarchically assem-
ble into larger fibrils or fibers to form a network. Non-covalent crosslinking is a 
critical attribute of physical peptide hydrogels. As the fibrils develop, natural entan-
glement of the fibrils with themselves as well as physical crosslinking of hydro-
gen bonds along the backbones of the fibrils and hydrophobic interactions between 
fibrils, form networks of the peptide hydrogel. The kinetics of the hydrogel forma-
tion can affect fibril widths and branching as well as ultimate hydrogel properties.

The kinetics of β-sheet fibril formation and growth can be strongly affected 
by the hydrophobic interactions of the constituent amino acids. [17, 37, 41, 42, 
48]. The hydrogen bonding and hydrophobic collapse during β-sheet formation 
and gelation can form homogeneous fibrillar nanostructures with a hydrophobic 
core [28, 50, 72] or can lead to hierarchical assembly of nanofibrils into fibers of a 
wide variety of length scales [65, 88, 89]. For peptide sequences that assume other 
secondary structure before fibrillar growth, such as α-helices, hydrophobic col-
lapse can also cause a rather specific intermolecular interaction to form supramo-
lecular structure. For α-helices, two or more helices can collapse together to form 
what are known as coiled-coils [90–93]. Figure 4 demonstrates how two α-helices 
would interact to form a coiled-coil by burying their hydrophobic faces [19, 37, 
41, 72]. The number of helices that come together in fibril formation to form the 
coiled-coil dictates the width of assembled fibrils. As mentioned previously, the 
α-helices can be functionalized with sticky ends, altering the mechanical strengths 
of the overall hydrogel [1, 10, 12, 13].

There are fewer tertiary structures that go on to form peptide hydrogels. One 
group of molecules that form tertiary structures is synthetic globular proteins. 
While forming hydrogels, some globular proteins will aggregate to create a par-
ticulate gel whereas others form fibrils, usually rich in β-sheet, that entangle into a 
hydrogel network [18]. As with the folding characteristics of secondary structure, 
the gelation of proteins can be triggered by temperature, ionic concentration, or 
pH [18, 56, 60, 66]. While there may be less of a definite hydrophobic surface to 
facilitate peptide collapse for fibril formation, hydrophobicity is still the main driv-
ing source for aggregation and gelation after a trigger event as seen in Fig. 9 [18].

Changing the peptide primary structure itself can alter the kinetics and struc-
ture of fibril formation. With gelation/peptide folding and assembly dependent on 
the peptide charge and hydrophobicity, faster gelation kinetics can be realized by 
reducing the overall charge of the peptide sequence. For example, the Schneider 
and Pochan groups substitute a single glutamic acid for a lysine forming a slightly 
less charged MAX8 hydrogel, rather than the MAX1 hydrogel shown in Fig. 10 
[73]. This change greatly increases the speed of hydrogel formation as compared 
to MAX1 in identical solution conditions. An increase in the rate of intramolecular 
folding leads to a faster intermolecular assembly with more branched fibrils and 
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more fibrillar entanglements overall in the quaternary structure. The consequently 
stiffer hydrogels formed more quickly than more highly charged MAX1 networks 
show affects on the distribution of encapsulated payloads. The faster gelation pre-
vents heavier items, such as cells, from sinking due to gravity before the fibril-
lar network finishes gelation, as seen in Fig.  10 [73]. The fibrillar network and 
resultant molecular diffusion properties within the gel do not change significantly 
between peptide gels because the method of fibrillar growth does not change [51]. 
One can also change the solution peptide folding and assembly triggering condi-
tions in order to change the amount of branching of the gel, which changes the 

Fig. 9   Different pathways to form a globular protein hydrogel; a tertiary structure as it gels into 
a hydrogel with quaternary structure [18]

Fig. 10   Left Rheology data showing the storage modulus of 0.5 wt% MAX8 (I) during initial 
gelation, (II) as MAX8 undergoes steady-state shear, it becomes liquid like, (III) when shear 
ceases, the gel immediately displays solid like behavior with G′ > 250 Pa and quickly recovers 
original storage modulus. Right a MAX1 after a single substitution difference for reduced overall 
charge is known as b MAX8. The reduced charge leads to faster kinetics and gelation time for 
MAX8, as evidenced by the effects of gravity on encapsulated MSCs [73]
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number of physical crosslinks of the gel, ultimately affecting the stiffness of the 
MAX hydrogel created [73, 94, 95]. The Schneider group has also looked at sub-
stituting all l-amino (left handed) acids for d-amino acids (right handed), thereby 
reversing the natural chirality of MAX1 [85]. The assembly kinetics and mechani-
cal stiffness of the hydrogel were found to depend on the chirality of the peptide. 
Combining equal amounts of MAX1 and its stereoisomer resulted in a racemic 
hydrogel that was an order of magnitude stiffer than the individual stereoisomer 
gels. Clearly, there is ample opportunity to alter quaternary structure in peptide 
hydrogels through new primary structure design in peptide molecules.

Methods that help to visualize the hydrogel intermolecular quaternary struc-
ture include microscopies such as transmission electron microscopy (TEM), cryo-
TEM, scanning electron microscopy (SEM), and atomic force microscopy (AFM). 
TEM, SEM, and cryo-TEM can image at higher resolutions than light microscopes 
and routinely image nanostructure of hydrogel networks. TEM and SEM use dried 
samples while cryo-TEM uses vitrified samples at cryogenic temperatures to pre-
serve a sample in a hydrated state. TEM images of fibrillar nanostructure can be 
seen in Figs. 1, 2, 4, and 5 [13, 50, 80, 85]. Hydrogel fibrils taken with cryo-TEM 
can be seen in Fig. 5 [49]. AFM uses a mechanical nanoprobe to scan along the 
surface of a sample, obtaining information with regards to the surface topography 
and nanostructure. Figure 7 shows a nanostructure comparison of the same sample 
obtained with both TEM and AFM image [85].

Rheology is an important technique to identify if a hydrogel network is pre-
sent and to measure properties such as mechanical rigidity and timing of gelation. 
Unlike the other characterization techniques, which examine the static structure of 
the hydrogel, rheology subjects the hydrogel to shear forces in order to better under-
stand bulk gel mechanical properties and structure such as gel stiffness, flow proper-
ties, assembly time and overall network structure. For the same peptide sequences, 
the solution conditions and peptide concentration can cause drastic differences in 
gelation time and ultimate gel properties. A simple example of the utility of rheol-
ogy is shown in Fig. 8 [86]. MAX1 peptide is assembled with the same peptide con-
centration but different salt concentration in Fig. 11a showing clear differences in 
gel stiffness as indicated by different storage moduli, G′, when hydrogelation occurs 
with a higher salt concentration in solution. The higher the salt concentration, the 
faster the intramolecular folding and secondary structure formation and the faster 
the intermolecular quaternary structure hydrogel network formation. Consequently, 
the faster the assembly, the more crosslinks in the gel and the stiffer the final net-
work. This observation is only possible with rheology during and after the gelation 
process. In Fig. 11b, the stiffness (G′) and viscous properties (G″ or loss modulus) 
are measured for a MAX1 gel versus frequency in order to gain insight into the 
material properties relative to time scale of shear applied to the gel [28]. Rheology 
is a critical tool to defining quaternary structures and ultimately peptide hydrogel 
properties. Yan et al. have defined and examined the importance and uses for rheol-
ogy to better understand peptide hydrogels as the field expands [38].

An exciting property of some physical peptide hydrogels due to the entangled 
and branched nanostructure is the ability of the solid gel to flow like a liquid when 
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under stress, otherwise known as shear-thinning. The property allows a gel net-
work quaternary structure to be set and then subsequently processed (i.e. injected 
from a syringe) to a secondary site. Rheology is an important tool in understand-
ing and confirming shear-thinning behavior. Many of these materials after the ces-
sation of shear are able to fully recover into solid hydrogel materials similar to 
the preshear state [37, 43, 72, 73]. The Pochan group studied at length the causes 
for shear-thinning behavior in β-hairpin peptide hydrogels and how the hydrogel is 
able to recover into a solid. The shear-thinning capability comes from the physi-
cal crosslinking, primarily the fibril branching present in the quaternary order. 
When the gel experiences shear forces, the fibril network can fracture, breaking 
the gel into domains that are able to move past each other. When shear forces 
cease, the gel domains come into contact with each other and immediately per-
colate to reform a gel network [72]. Figure 10 shows an example of rheology data 
for MAX8 where it first gels, then shear-thins under steady-state shear, exhibits 
solid properties directly after shear has ceased and ultimately recovers to preshear 
stiffness after a short amount of time. This property is critical in defining the prop-
erties of hydrogel-encapsulated payload constructs where one would like to know 
the exact properties of the construct, e.g. drug delivery profile [96] or encapsulated 
cell state, after in vivo injection [73, 97].

5 � Hydrogel Properties

Peptide hydrogels have many properties that allow for a wide range of possible 
applications from drug delivery to tissue scaffolding. In addition, the customiz-
able synthesis of peptide sequences for use as hydrogels allows for the tailoring of 

Fig. 11   Showing a difference in rheology data in for 2 wt% MAX1 in a a dynamic time sweep 
at 20 °C (circles) and at 37 °C (triangles), and b a frequency sweep at 37 °C showing G′ (filled) 
and G″ (empty) [28]
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hydrogel properties. Some of these supramolecular hydrogel properties, like cyto-
compatibility or customizable gelation conditions, are properties seen regularly in 
peptide hydrogels and are necessary for biomedical peptide hydrogel applications.

Like many other nature-inspired materials, peptides and proteins are often 
cytocompatible. This makes peptide hydrogels excellent candidates in provid-
ing growth conditions that mimic the natural, in vivo environment of cells. 
Cytocompatibility is a broad, general term that describes whether or not a cell is 
able to survive near, in, with, or on a peptide hydrogel. Many peptide hydrogels, 
regardless of structure and composition, have shown good cytocompatibility with 
many different cell lines such as mesenchymal stem cells (MSCs) [73, 97, 98], 
embryonic stem cells (ESCs) [84, 99], rat adrenal pheochromocytoma cells [100], 
or macrophages [101]. Many of these cell types have not only stayed alive while 
encapsulated, but also continued to grow and proliferate, indicating a high degree 
of cytocompatibility in the peptide hydrogels.

Self-assembly methods and the solid structure of hydrogels, combined with 
biological compatibility, leads to many biomedical applications specific to drug, 
cell, or molecule delivery. In addition, these materials are excellent candidates as 
scaffolding for tissue regeneration or for 3D cell growth environments. Drug, pro-
tein, and molecule delivery systems include targeted treatment for eradication of 
cancers [6, 55, 96], diabetes [43], and other illnesses [37, 38, 102, 103]. As the fol-
lowing examples will discuss, successfully encapsulated drugs and molecules are 
varied in size, hydrophobicity, charge, origin, and pH.

The Zhang group encapsulated biologically native proteins of varying charge 
and hydrophobicity to better understand diffusion kinetics through the Ac-
(RADA)4-CONH2 peptide hydrogels in vitro [103]. Using a single molecule 
approach, the kinetics showed potential for sustained release of proteins, where 
diffusion of the protein was dependent on size and not charge. The Schneider 
group also encapsulated proteins of varying charge and hydrophobicity in MAX8 
hydrogels, but instead examined bulk release after syringe delivery [104]. Unlike 
the Zhang group, the charge of the protein greatly affected the release and diffu-
sion profile, suggesting the importance of the native hydrogel environment for 
molecule encapsulation. Instead of looking at proteins, the Pochan group exam-
ined drug molecule release through encapsulation of hydrophobic curcumin, a 
derivative of the naturally occurring Indian spice turmeric [96]. In this study, the 
hydrophobic curcumin was encapsulated and protected from quick degradation 
in a mostly aqueous situation in the MAX8 peptide hydrogel. The encapsulated 
curcumin remained active after release well beyond its chemical stability half-
life of 8  h. In addition, the compound continued very low, sustained concentra-
tions of release over 2 weeks, enough for cancer cell eradication in vitro. Since 
many chemotherapeutics can be equally detrimental to healthy cells, this ability to 
release chemotherapeutic compounds locally and at low but effective concentra-
tions is advantageous for minimizing side effects while maintaining meaningful 
treatments.

Peptide hydrogels can be delivered into the body through several different 
methods, depending on the gel assembly mechanism and desired application of the 
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hydrogel. Peptide hydrogels can be introduced by injection [27, 33, 34, 45, 48, 68, 
72] or surgical placement [26, 29, 37]. While injection is a common delivery tac-
tic, most polymer material hydrogels being injected are liquids that are designed to 
be crosslinked covalently in vivo [45, 68]. This requires additional external stimuli 
to trigger gelation after injection. For example, a gel pre-cursor is injected, and 
gelation is then triggered using UV [105, 106], a crosslinking chemical, or infrared 
light [107]. Not only does external stimuli increase the possibility of contamina-
tion or side effects, these delayed crosslinking steps do not guarantee uniformity in 
gel structures or payload distribution. In the cases when peptides are injected as a 
liquid, usually a biological stimulus in vivo is used to cause desired secondary and 
quaternary structure formation i.e. gelation. These gelation stimuli include using 
body temperature [108], cell environments [15, 55], or native enzymes [109].

An alternative to liquid injection that is made possible by some physical pep-
tide hydrogels is the idea of an injectable solid. The Pochan and Schneider groups 
are able to take advantage of the structural organization of MAX gels to inject 
solids that have already assembled because the hydrogels have shear-thinning 
behavior and reheal at the cessation of shear forces. This advantage is the result 
of the physical crosslinking of the hydrogel nanostructures, causing the hydrogel 
to break up into smaller domains of intact gel when undergoing shear. Because 
the system is not chemically cross-linked, when shear forces cease, the nanofibrils 
remake physical crosslink contacts and do not need the introduction of another 
trigger to reform a hydrogel network. As a shear-thinning and rehealing hydrogel 
is injected through a syringe, only the hydrogel at the edges, along the surface of 
the syringe, experiences shear, leaving the rest of the hydrogel intact. This creates 
a plug flow of hydrogel [37, 41]. The resultant plug flow allows the hydrogel to 
protect payloads from shear and maintain the distribution and viability of cells, 
drugs, or proteins encapsulated within [29, 37, 41, 72].

Besides drugs and large molecules, peptide hydrogels are also used in the deliv-
ery of cells [41, 43, 45, 73, 96–99]. MSCs are encapsulated for injection in hopes 
of influencing or better understanding stem cell differentiation, with the goal of 
depositing the cells in a specific-cell type deficient area [73, 97, 98]. Instead of 
encapsulating cells for cell growth, the Hartgerink group cultures ESCs and their 
E2(SL)6E2GRGDS hydrogel separated by a permeable membrane [43]. The sep-
arated peptide hydrogels act as sponges, harnessing secreted growth factors and 
secretomes from ESCs. Then, the protein-infused peptide hydrogels are injected in 
vivo or used for tissue culture at a later time with concurrent release of or metabo-
lism of the infused ESC proteins.

In addition to delivery, peptide hydrogels are ideal for tissue scaffolding and 
3D cell growth environments. 3D environments can be used to provide a work-
ing model of systems within the body that may be hard to observe and difficult to 
mimic in vitro. Some of these systems include the culture of endothelial stem cells 
[31], blood vessel formation [63], chondrocyte development [11], and stem cells 
of many types [73, 98]. 3D environments also provide a more natural environment 
than 2D cell culturing methods with ability to control material details in 3D such as 
morphology and matrix stiffnesses [1, 61, 110–113]. Extracellular matrix (ECM) 
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mimetic 3D structures are also highly desirable to better understand the intricate 
physical networks that cells need for growth and replication. The inherent fibril-
lar network of the gels provides a similar ECM-like structure on which cells may 
anchor, as well as a hydrogel porous enough for growth factors and important bio-
chemical signals to diffuse through [11, 34, 35, 37, 114–117]. Some of the many 
encapsulated cell lines include MSCs [73, 98], endothelial cells [31], chondrocytes 
[118], or fibroblasts [99]. The Schneider and Pochan groups have successfully 
encapsulated MSCs in a 3D environment as seen in Fig. 10, showing homogenous 
distribution of cells with desired cell density and spacing—a feature unavailable in 
2D growth environments [73, 97]. Additionally, the 3D environment also provides 
the starting structure for the cells to deposit ECM [73, 97] with the opportunity to 
observe in vivo-like behavior recreated in the 3D peptide hydrogel construct.

Because of the nature-inspired origins of peptide hydrogels, the natural degra-
dation of peptide hydrogels is also an important property. This is a feature that 
is inherent in peptide hydrogels that is less characteristic in polymeric hydrogels. 
Because of the amino acid origins of peptide hydrogels, there is natural degrada-
tion [19, 98, 115] that occurs from enzymes secreted by the body in vivo, without 
major immune reactions [19, 37, 43, 61, 67, 68]. Macrophages and neutrophils are 
cells typically associated with an immune response in the body that are observed 
to have little or no reaction when cultured with hydrogels [70, 84, 101] or in vivo 
[84]. The interaction of enzyme with peptides to affect hydrogel properties is not 
surprising, since one of the possible triggers for self-assembly is the introduction 
of enzymes to linear peptides as seen by the Xu and Ulijn groups [26, 47]. In deg-
radation, however, instead of assembling short peptides into fibrils and hydrogels, 
the hydrogels are being broken down into smaller pieces through enzymolysis 
[115, 119, 120]. When designing the peptide sequences, specific segments that act 
as reaction substrates for enzymes such as MMP13 [119] or MMP2 [120] can be 
incorporated into the initial peptide synthesis.

The bulk of this chapter explained the hierarchical structures of peptide 
sequences and hydrogels constructed with physical solution assembly in an 
attempt to discuss the fundamental properties of peptide hydrogels and the molec-
ular foundations thereof. Peptide sequences can be categorized with primary, sec-
ondary, tertiary, and/or quaternary structures, spanning the molecular level through 
the hydrogel network. Peptide hydrogels are great candidates in the ever-grow-
ing field of biological and medical applications. Not only are peptide sequences 
easy to synthesize, the synthesis process allows for customizable molecular and 
material features such as peptide length, amino acid substitution, gelation time, 
mechanical properties (e.g. stiffness), or functionalities for cell targeting or encap-
sulations. The natural cytocompatibility and degradability of peptides make pep-
tide hydrogels great candidates for cell encapsulation, 3D growth environments, 
tissue scaffolding, and injectable payload delivery. Peptide hydrogels are not 
only able to successfully encapsulate cells, but also able to encapsulate proteins 
and drugs of varying charge, size, or hydrophobicity. Unlike traditional liquid-
based delivery systems that rely on gelation after injection while simultaneously 
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delivering encapsulated payloads, some peptide hydrogels can be injected as solids 
without need of external stimuli or interactions to reform into a solid similar to the 
preinjected material. It is clear that the future is bright for the discovery of new 
peptide molecules to make new hydrogel materials with both designed properties 
as well as unanticipated, excellent properties.
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Abstract  This chapter describes some recent research in the field of supramolecular 
polymeric hydrogels. Eight examples are discussed that represent a small view of 
the plethora of these advanced functional materials. The examples described herein 
exhibit tunable physicochemical properties that allow for adjustment towards tar-
geted applications in the biomedical field, including protein immobilization, tissue 
engineering, drug delivery, and dermocosmetics. The highly adaptive supramolecular 
polymeric hydrogels are likely to have a bright future as materials for medicine.

Keywords  Supramolecular  ·  Hydrogen bonding  ·  Ionic bonding  ·  Metal  
complexation  ·  Adaptive materials

1 � Introduction

Polymeric hydrogels consist of three-dimensional networks of crosslinked 
macromolecules that entrap large amounts of water. A common scheme of clas-
sification distinguishes physical and chemical hydrogels, depending on the 
thermodynamic and kinetic strength of chain crosslinking [1]. Chemical chain 
connection can be considered irreversible on experimental timescales; it is either 
achieved by covalent bond formation between functionalized precursor polymer 
chains, including Schiff-base formation [2–4], Michael-type addition [3, 5], and 
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‘click’ chemistry [6], or by radical crosslinking copolymerization of suitable 
monomers and crosslinkers [2, 7, 8], both resulting in permanent polymer net-
works, as illustrated in Fig. 1a. Due to the irreversibility of chain connection, the 
mechanical properties of chemical gels are determined by their crosslinking den-
sity and chain flexibility [9]. Many materials, such as polymeric adhesives [10], 
artificial lenses [11, 12], and cements [13], require gels to be stable and tough; 
this is achieved by dense crosslinking. However, dense crosslinking also entails 
gel brittleness [14] and turbidity [15]. A decisive downside of covalent hydro-
gels is that extensive mechanical stress can cause irreversible bond breakage in 
chemical gels, impairing their utility.

The drawbacks of chemical gels are overcome by physical gels. In these mate-
rials, chain crosslinking occurs by transient and reversible supramolecular asso-
ciation, as illustrated in Fig. 1b. As a result, the interchain junctions continuously 
break and rearrange on experimental timescales; this causes the transient bonds 
to be susceptible to shear, decreasing the stability of the hydrogels [16]. This 
dynamic characteristic leads to two unique abilities of gels: shear-thinning [16] 
and self-healing [17, 18]. At shear-thinning, physical hydrogels display decrease 
of their viscosity upon application of stress. This effect makes them suitable for 
implantation via syringe, whereafter they can regain their original properties; it 
also allows them to be processed to obtain desired shapes in materials engineering. 
In self-healing, disrupted supramolecular bonds exhibit a tendency to reassociate 
upon contact. This effect allows the hydrogel to restore its original mechanical 
strength after damage; it also allows fusion of two independent gel fragments to a 
new composite [19]. As a complement to self-healing, another feature of supramo-
lecular hydrogels is that they can be disintegrated by external stimulation, includ-
ing change of pH [20, 21], temperature [22, 23], or solvent composition [24], 
thereby degrading them to their precursor polymers or building blocks. Because of 

(a) (b)

covalent
crosslink

supramolecular
crosslink

Fig. 1   Schematic structures of a permanent, chemically crosslinked and b transient, physically 
crosslinked polymer networks
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these characteristics, physical hydrogels are suited for a plethora of applications as 
functional smart materials [25–29].

Physical chain crosslinking can be achieved by two different approaches. In 
one approach, junctions are formed directly between precursor polymer chains by 
mutual reversible association of suitable moieties on the polymer backbone [30, 
31]. In another approach, supramolecular junctions are formed by chain associa-
tion mediated by an additional linker [32, 33]. To realize these different strategies, 
different crosslinker motifs have been reported, including those based on hydrogen 
bonding [34, 35], metal complexation [36, 37], or ionic interaction [38, 39]. These 
different motifs have specific pros and cons, depending on the desired application 
of the hydrogel. For example, applications in the medicinal sector, such as tissue 
engineering [40, 41] or drug delivery [42, 43], are impaired by chain crosslinking 
through metal complexation, because many metal ions are toxic [44, 45]. Instead 
hydrogels used for these purposes are better crosslinked by hydrogen bonding or 
ionic interactions. However, hydrogels crosslinked by metal complexation find 
various use in other areas, including application as superabsorbers [46], optical 
devices [47, 48], soft semiconductors [49, 50], or fuel cells [51, 52].

Several starting materials can be used to prepare supramolecular polymeric 
hydrogels, including biopolymers, synthetic polymers, or hybrids of both. Many 
biomolecules, such as alginate [53–55], gelatin [56–58], or chitosan [59–61] can 
form hydrogels even without chemical modification of the polymer. In addition, 
these materials are biocompatible, bioavailable, biodegradable, and cheap. This 
makes them ideal candidates for applications in the medicinal sector. However, a 
downside of biopolymers is their batch-to-batch variation [62–64], entailing vari-
ation of the physical properties of gels that are formed from them. To avoid this 
problem, synthetic polymers like polyethylene glycol [65–67], polyhydroxyethyl-
methacrylate [68–70], and polyglycerol [71–73] can be used to substitute biopol-
ymers. In their native form, these polymers are incapable of forming hydrogels. 
Thus, suitable chemical modification must be applied to use them for this pur-
pose. This approach often entails increased costs and a high workload to prepare 
the hydrogels, but it introduces the advantage that chemical modification can be 
applied in a custom and versatile principle, thereby tailoring the precursor poly-
mers in rational materials design. In another approach, hybrid gels that consist of 
biopolymers and synthetic polymers combine the utility of both [74–76].

The topic of supramolecular polymeric hydrogels is a wide field. In this chap-
ter, we summarize some recent work on the formation, characterization, and appli-
cation of hydrogels crosslinked by hydrogen bonding, metal complexation, or 
electrostatic interaction. The selected examples represent a cross-section of the 
recent research and development on physical polymeric hydrogels for biomedical 
applications. We emphasize on different approaches using biopolymers, synthetic 
polymers, or hybrids of both. A special focus is on the physical–chemical features 
and the resulting macroscopic properties of these functional materials in biotech-
nological applications.
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2 � Hydrogels Crosslinked by Hydrogen Bonding

The most important supramolecular interaction in Nature is hydrogen bonding. In 
biomolecules like dsRNA and DNA, two single strands are assembled by comple-
mentary base pairing, thymine–adenine, guanine–cytosine, and uracil–adenine, to 
form helixes. Even though a single hydrogen bond is rather weak, with binding 
energies of 10–65 kJ mol−1 [77], multiplicity of this interaction along with π–π 
stacking makes DNA double helixes stable against disintegration in water. The sta-
bility of DNA helixes is also increased by the ability of nucleobases to form sec-
ondary hydrogen bonds to one another [16, 34].

A typical form of hydrogen-bonded hydrogels found in Nature is those based 
on polysaccharides like cellulose [78–80], starch [26, 81], and agarose [82, 60]. 
In contrast to DNA, where hydrogen bonds link purine and pyrimidine bases, the 
bonds in polysaccharide-based physical networks connect hydroxy groups of the 
sugar units. In the case of cellulose, these interactions are so strong that with-
out any prior modification, cellulose is not water soluble at room temperature. 
Thus, cellulose has been partly alkylated by etherification of the hydroxy groups 
to increase its solubility in water [83, 79]. The most abundant alkylated cellulose 
derivatives are methyl, ethyl, hydroxyethyl, and hydroxypropylmethyl cellulose. 
When solutions of these polymers are heated above certain temperatures, depend-
ing on the level of cellulose alkylation, hydrogels are obtained. The gelation mech-
anism involves hydrophobic interaction between the alkylated hydroxy groups: 
at low temperature, cellulose chains are hydrated, whereas at high temperature, 
water is repelled from the chains, and the alkylated hydroxy groups interact with 
one another to form a hydrogel. This sol–gel transition can also be achieved by 
addition of salts: the solvation of a salt is a competing reaction to polymer–water 
hydrogen bonding, thereby removing water from the hydrated polymer chains and 
entailing physical polymer crosslinking and hydrogel formation.

Alkylated derivatives of cellulose have applications throughout our daily lives, 
such as those as thickening agents in food industry, emulsion stabilizers in sham-
poos, and humectants in pharmacy [78, 3]. Inspired by these widespread applica-
tions, cellulose derivatives have also been tested for biomedical applications, but 
hydrogels based solely on hydrogen bonding turned out to degrade too fast for these 
areas of use. Therefore, blends of modified cellulose and polymers like synthetic 
polyvinyl alcohol [84, 85] or natural hyaluronic acid [86, 87] have been investigated.

Shoichet and coworkers used a blend of methylcellulose (MC) and hyaluronic 
acid (HA) to form hydrogels [87]. The aim of this effort was to design a hydrogel 
that can be injected into the spinal cord. To achieve this goal, five criteria must be 
met. First, the material has to gel suitably fast to prevent spreading of the hydro-
gel outside the target area. Second, injection of the hydrogel has to be minimally 
invasively. Third, the material should not be cell adhesive, thereby preventing for-
mation of scar tissue due to decreased migration of fibroblasts into the gel [88]. 
Fourth, the hydrogel should be degradable to make further surgical interventions 
obsolete. Fifth, the material has to be biocompatible to avoid immune reactions. 
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To comply with these requirements, the authors prepared different blends and 
investigated them in vitro with a view to their gelation mechanisms, degradation 
profiles, and cell adhesion characteristics. In addition to these in vitro studies, the 
authors also investigated the injectability, biocompatibility, and therapeutic effi-
cacy of these gels in vivo. The blends used were composed of 2  % hyaluronan 
and 7 % methylcellulose, whereby one of these polymers was modified with ace-
tic hydrazide to investigate the effect of free carboxyl groups in the formation of 
the HAMC hydrogel. This composition of HAMC was found to gel rapidly and 
was therefore used for all further experiments. The two blends were compared to 
hydrogels composed of 7 and 9 % MC only.

The first experiments comprised gelation studies and characterization of the 
hydrogels by rheology. As a simple test, inverted-tube experiments were used to 
determine the gelation time. HAMC took 2 min to gel in this assessment, whereas 
the 9 % MC hydrogel took 10 min. The modified HAMC needed 20 min for gela-
tion, such as the hydrogel with 7 % MC. As this type of gelation is affected by tem-
perature, solutions of MC, HAMC, and modified HAMC were also investigated by 
rheology with a constant frequency at increasing temperature, showing that HAMC 
does gel at 18 °C, whereas the other samples gel between 27 and 32 °C, as shown 
in Fig.  2a. In addition to these gelation studies, the authors probed the result-
ing hydrogels in view of their thioxotropic response. This was done because the 
HAMC hydrogel should later be applied to the host via syringe; thus, the viscosity 
was measured as a function of increasing and decreasing shear stress, producing 
a thioxotropic loop of the materials. Whereas the viscosities of the MC hydrogels 

Fig.  2   Mechanical characterization of hydrogels based on hyaluonic acid and methyl cellu-
lose. To investigate the mechanical characteristics of these hydrogels as a function of increas-
ing temperature from room temperature to body temperature (37  °C), Shoichet and coworkers 
probed the gels using a rheometer with a cone-plate geometry at 1 Hz. The degradation of the 
gels was investigated in artificial cerebral spine fluid (aCSF) medium at 37  °C by the weight 
loss. a Temperature-dependence of the elastic (G′) and the viscous (G″) part of the complex shear 
modulus of 7  % MC (circles), 9  % MC (squares), HAMC (triangles), and acet-HAMC (dia-
monds) (filled symbols represent G′, open symbols represent G″). b In vitro degradation of 7 % 
MC (filled circles), 9  % MC (filled squares), HAMC (open triangles), and acet-HAMC (open 
diamonds) in aSCF medium determined by dry mass over time. Reprinted from Shoichet et al. 
[87]. Copyright 2006 Elsevier
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ranged over seven decades, the viscosities of the HAMC hydrogels spanned over 
four decades only, representing faster recovery from the applied stress.

In addition to mechanical studies, in vitro tests were conducted on the same 
samples to observe cell adhesion and degradation of the material. To qualitatively 
assess cell adhesion on HAMC, fibroplasts were cultured on macrogel specimen. 
Shoichet and coworkers observed formation of cell clusters with little spread on 
the surface of the gel; this finding indicates that the cells prefer to adhere to them-
selves rather than to the material. To conclude the in vitro experiments, the degra-
dation was investigated in artificial cerebral spine fluid (aCSF) at 37 °C, showing 
that after 14  days of incubation, HAMC and 7  % MC were almost completely 
degraded (~90 %), whereas acet-HAMC and 9 % MC were eroded to ~65 %, as 
illustrated in Fig. 2b. These observations suggest that the hydrophobic interactions 
of the acetyl groups of the modified HAMC and the methyl groups of MC delay 
the erosion of the hydrogels.

The biocompatibility of the HAMC hydrogel was investigated by injection in 
both injured and uninjured rats. As a control experiment, Shoichet and cowork-
ers also injected aCSF. 28 days later, these experiments revealed that the HAMC-
treated rats showed no signs of scar formation, arachnoiditis, or syringomelia. 
Also, no cord compression or increased severity of the injury was observed. The 
injection site at the dura was sealed better and thicker than that in the control 
group with no accumulation of HAMC residue. Furthermore, Shoichet and col-
leagues investigated rats towards immune reactions that could have been caused 
by the hydrogels; HAMC-treated rats showed significantly fewer inflammatory 
cells than the control group, as compiled in Table 1.

In conclusion, Shoichet and coworkers designed a fast-gelling hydrogel that 
can be applied via syringe in a minimally invasive fashion. The hydrogel is bio-
compatible, not cell adhesive, and has the ability to support healing after lesion of 
the dura. In more recent publications, Shoichet and collaborators investigated this 
hydrogel as a scaffold for cell transplantation [89] and drug delivery [90], thereby 
pushing the applicability of this system towards use in treatment of injuries in the 
spinal cord.

Despite their numerous advantages, the mechanical strength of HAMC hydro-
gels is too low for applications like tissue engineering. To overcome this short-
coming, Zhang and coworkers prepared tough physical hydrogels based on a 

Table  1   Quantative histological data of artificial cerebral spine fluid (aCSF) and hydrogels 
based on hyaluronic acid and methyl cellulose (HAMC) injected into rats

Adopted from Shoichet et al. [87]. Copyright 2006 Elsevier

aCSF HAMC

Cavity volume (mm3) 52.1 ± 20.1 36.6 ± 6.0

Lesion area at epicenter (%) 75.4 ± 8.6 71.5 ± 8.7

Number of aptotic cells 38.8 ± 10.56 38.9 ± 7.99

Inflammatory cells (µm2) (3.79 ± 1.39) × 105 (2.42 ± 0.35) × 105
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blend of poly(vinyl alcohol) (PVA) with cellulose and compared them to chemi-
cally crosslinked gels of the same composition [91]. The physical gels were pre-
pared by repeat freeze–thaw cycles, whereas the chemical gels were prepared 
by addition of epichlorohydrin to crosslink their hydroxy groups. The hydrogels 
were characterized with a view to their morphology, structure, and properties. 
With the help of differential scanning calorimetry (DSC), Zhang and colleagues 
could show that the melting point and the heat of melting of the physical gels 
both increase with their PVA content, as shown in Fig.  3a; this result indicates 
enhancement of the thermal stability of the gels. The covalent hydrogels exhibit 
an amorphous character, which is attributable to breakdown of the crystalline 
structure of PVA due to chemical crosslinking; this can also be seen by the degree 
of crystallinity in these gels, which is 10 % lower than in the physical hydrogels. 
To get more insight into the structure of these hydrogels, wide angle X-ray dif-
fraction was measured. These experiments reveal that the physical hydrogels 
partly crystallize in the crystal plane of cellulose II, whereas the chemical hydro-
gels do not exhibit any diffraction pattern, as shown in Fig. 3b. These two results 
suggest that the structure of the physical hydrogels exhibits a dense packing with 
crystalline domains of cellulose, whereas the chemical gels exhibit an amorphous 
structure with no residual structural characteristics of the precursor polymers.

Scanning electron micrographs show regular pore structures in the physical 
hydrogels. The pore size and density can be tuned by the number of freeze–thaw 

Fig. 3   Investigation of the melting and structure of gels based on PVA and cellulose by a dif-
ferential scanning calorimetry (DSC) and b wide angle X-ray scattering (WAXD). a DSC ther-
mograms of physical (a–c) and chemical (d–f) hydrogels. The PVA content decreases from a to 
c and from d to f, respectively. b WAXD patterns of cellulose–PVA hydrogels: (a) PVA; (b–d) 
physical hydrogels; (e–g) chemical hydrogels; (h) cellulose. The PVA content increases from b 
to d and from e to g, respectively. Reprinted from Zhang et al. [91]. Copyright 2008 Wiley VCH
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cycles during the gel preparation, leading to smaller and denser pores at higher 
numbers of cycles. By contrast, the chemical hydrogels are less regularly struc-
tured, leading to a more porous structure; the average pore size is proportional 
to the PVA content of the gels. Zhang and coworkers argue that the PVA content 
controls the amount of water absorbed by the hydrogel and therefore expands the 
pores.

To investigate the mechanical properties of the hydrogels, they were probed by 
frequency sweeps in shear rheology. The physically crosslinked gels exhibit plateau 
moduli of 2–3 kPa, as shown in Fig. 4a, indicating that the polymer chains develop 
strong intra- and intermolecular hydrogen bonds if they are subjected to repeat 
freeze–thaw cycles; this also indicates reduction of the free volume between the 
chains, resulting in denser hydrogels. The chemical hydrogels exhibit elastic plateau 
moduli that are a decade less than that of the physical crosslinked gels, indicating 
high amounts of water within the chemical gels. This hypothesis is supported by 
swelling experiments: the porous structure of the chemical gels allows for maxi-
mum degrees of mass-swelling in the range from 3,000 to 7,000 %, depending on 
the content of PVA incorporated, as illustrated in Fig. 4b. By contrast, the physically 
crosslinked hydrogels exhibit maximum mass-swelling degrees of only 1,000  %, 
independent of their composition, as also illustrated in Fig. 4b; this finding can be 
explained by the dense structure of these gels that impairs penetration of water.

In conclusion, Zhang and coworkers demonstrated the preparation of hydrogels 
with strong interactions between cellulose and PVA chains, resulting in high stor-
age moduli and strength. These materials show interesting properties to be used 

Fig.  4   Characterization of physical and chemical hydrogels based on PVA and cellulose by 
a  shear rheology and b their maximum swelling degrees. a Frequency dependence of the stor-
age modulus, G′(ω), of chemically (circles, diamonds, nabla) and physically (square, triangle, 
star) crosslinked hydrogels. b Comparison of the equilibrium swelling degrees, S %, of the same 
physical and chemical hydrogels. The swelling percentage of CP31 (ratio of cellulose to PVA of 
3:1), CP11 (ratio of cellulose to PVA of 1:1), and CP13 (ratio of cellulose to PVA of 1:3) were 
determined by weighting the swollen gel and comparison to the dried gel. Reprinted from Zhang 
et al. [91]. Copyright 2008 Wiley VCH
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in material sciences, since the swelling degree is too low for application in the 
medicinal sector.

The examples from the groups of Shoichet [87] and Zhang [91] are based on the 
use of biopolymer blends. Whereas natural hydrogels based on biopolymers that are 
crosslinked by hydrogen bonding are well known, successful synthetic approaches to 
prepare such hydrogels are rare. To overcome this limitation, Meijer and coworkers 
reported about tunable hydrogels based on poly(ethylene glycol) (PEG) chains that 
are end-group functionalized with ureidopyrimidinone (UPy) [92]. UPy is a self-
complementary AADD–DDAA quadruple hydrogen-bonding motif (A = hydrogen-
bond acceptor, D = hydrogen-bond donor). Meijer and coworkers were able to form 
hydrogels from these materials by dissolving dried polymers in an isotonic water 
solution at 70 °C and cooling it down to room temperature. In dilute solution, the 
polymers aggregate to form isolated nanofibers, as shown in Fig. 5a. With increasing 
concentration, these nanofibers form a transient network, as also shown in Fig. 5a. 
This process is tunable by the length of alkyl spacers between the UPy motif and the 
PEG chain. When the chain length of PEG is increased and the overall number of 

Fig. 5   Formation and characterization of hydrogels based on poly(ethylene glycol) (PEG) chains 
that are end-group functionalized with ureidopyrimidinone (UPy). a The process of hydrogel for-
mation of Upy-modified PEG by hierarchical assembly of different structural units at 50 °C, com-
prising single chains, micelles, and fibers. (i) Upon cooling or increase of concentration, a soft 
hydrogel forms. (ii) Formation of supramolecular crosslinks after 16–24 h. (iii) Bundling of fib-
ers, leading to phase-separating domains. b Rheological measurement (left axis) and DSC (right 
axis) showing the thermal collapse of a UPy-PEG10-kDa hydrogel (G′: storage modulus, G″: loss 
modulus, ΔH: enthalpy). c Rhodamine B release from fresh and aged hydrogels depending on the 
chain length of the polymer used to form the hydrogels (red PEG 6 kDa, blue PEG 10 kDa, green 
PEG 35 kDa). Reproduced from Meijer et al. [92]. Copyright 2012 Wiley VCH
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functional groups is decreased, the system shows an intriguing property: in rheology, 
these systems display a sol–gel transition at 40 °C, which can also be observed by 
micro-DSC, as compiled in Fig. 5b. When cooling the solution back to room tem-
perature, the reformed hydrogel exhibits weaker mechanical strength than before 
heating, or the system does no longer form a hydrogel at all. After 24 h of relaxation, 
however, the original properties are restored. Meijer and colleagues argue that this 
property is similar to self-healing based on the reorganization of hydrogen bonds, 
but it takes the system long times to regain its initial mechanical properties. In addi-
tion to rheology, the authors investigated solutions of these polymers by static and 
dynamic light scattering at 20 °C to measure diffusion coefficients. Three different 
coefficients were observed, indicating three different structures present in the hydro-
gels: micelles, fibers, and single chains, which are resolved only when the samples 
are heated to 50 °C.

To investigate the erosion of the hydrogels, macrogel samples containing rho-
damine B were probed in a flow chamber under a confocal microscope. This 
experiment shows that hydrogels formed from short PEG chains (6 kDa) release 
rhodamine B six times slower than hydrogels formed from long chains (35 kDa), 
as illustrated in Fig.  5c. When using 24-h aged hydrogels, the release is also 

Fig. 6   Schematic of the implantation of a PEG–UPy hydrogel into kidneys of rats and localiza-
tion of the gel in the kidney capsule with subsequent release of anti-fibrotic growth factor pro-
tein BMP7. (i) Introduction of a small pocket after loosening of the kidney capsule (Kc). (ii) 
Implantation of a hydrogel without any biorelevant additives in the Kc. (iii) Implantation of a 
bioactive hydrogel. The schematic representation illustrates the release of BMP7 (orange dots) in 
the kidney. The left picture shows an actual kidney indicating where the hydrogel (H) is located. 
Modified from Meijer et al. [92]. Copyright 2012 Wiley VCH
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slower compared to a freshly prepared hydrogel, as also shown in Fig.  5c. To 
conclude these in vitro experiments, cyano-fluorescent proteins were encapsulated 
in the same hydrogels. The release of these proteins shows that hydrogels based on 
long PEG chains (20 kDa) have a slower release than gels based on short chains 
(10  kDa). The variation of the alkyl-spacer length also influences the release of 
the proteins; the longer the spacer, the slower the delivery. With these results in 
hand, Meijer and coworkers conducted in vivo studies on rats. These studies were 
performed with a gel loaded with a bone morphogenetic protein (BMP7) that was 
injected underneath the kidney capsule of rats, as shown in Fig. 6. Seven days after 
implantation, the hydrogels were completely eroded and the kidneys were exam-
ined by histology. The amount of myofibroplasts was estimated, showing no signs 
of any immune reaction towards the hydrogel.

With this latter work, Meijer and coworkers introduced the first synthetic pol-
ymeric hydrogel based on supramolecular crosslinking of UPy-modified PEG. 
These materials are biodegradable, non-immunogenic, and tunable. In a follow-
up publication, Meijer and coworkers investigated the rheological properties in 
greater detail and exploited this system further, primarily in view of application for 
protein delivery into kidneys [93].

3 � Hydrogels Crosslinked by Metal Complexation

A hydrogel based on metal-complexation crosslinking is formed when ion com-
plexes interconnect polymer chains that are functionalized with suitable ligand-
moieties. Depending on the metals and ligands used, the resulting coordinative 
bonds can exhibit binding energies of up to 400 kJ mol−1 [77]; as a result, this 
interaction allows for the design of hydrogels that exhibit stabilities ranging 
from very labile to covalent-like [33]. Hydrogels formed by metal–ligand com-
plexation most commonly base on ions such as Mn, Fe, Co, Ni, Cu, Zn, Ru, Ag, 
Cd, Os, Ir, and Pt in their low oxidation states (+2 or +3). In a seminal series 
of work, Schubert and co-workers investigated the characteristics of differ-
ent metal ions using terpyridine-modified polymers as the ligands, showing that 
Fe-crosslinked gels are thermally less stable than Ru-crosslinked gels [94]. In 
addition to terpyridine, other ligands such as benzimidazolpyridines [95, 96], 
bipyridines [97, 98], or catechols [99, 100], have been applied to prepare gels. 
The use of toxic transition metal ions like Ag, Cu, or Cd limits the use of these 
gels to applications in materials science. For more demanding biomedical appli-
cations, biologically inert metal ions or ions that are already present in the human 
body, including Mg, Ca, Fe, Zn, Pt, and Au, must be used [45, 101].

The most prominent example of a biopolymer hydrogel based on crosslinking 
by metal complexation is alginate. It is a polysaccharide composed of mannuronic 
and guluronic acid in three different fashions: blocks of guluronic acid, blocks 
of mannuronic acid, and alternating blocks of both. A hydrogel is formed when 
multivalent ions are added to a solution of algic acid in water, interacting with its 
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carboxy groups. The stiffness and degradability of the resulting hydrogel depends 
on the ratio of guluronic to mannuronic acid and on the amount of metal ions used 
[102]. Materials based on alginate are employed for diverse applications such as 
emulsifiers and gelling agents in food industry [103, 104], shear-thinning agents 
in the textile and paper industries [105], and in pharmaceutical industry for wound 
treatment [106] and dental impression [107]. Recent research has focused on the 
ability of alginate hydrogels to accelerate regeneration of mineralized tissues [108], 
in addition to recent applications as vessels for drug delivery [109] and as extracel-
lular matrixes [110].

For the preparation of alginate-based hydrogels, calcium ions find predominant 
use as the crosslinking agent, whereas the preceding homologue, magnesium, is 
considered to be a non-gelling ion for alginate [111]. Groll and coworkers investi-
gated the possibility to form alginate hydrogels with magnesium ions, supplementing 
a new alginate-based biomaterial [112]. For this purpose, different types of alginate 
were used, differing in the ratio of guluronic and mannuronic acid, in their respec-
tive block lengths, and in the composition of the blocks (plain guluronic, plain man-
nuronic, or alternating); the magnesium concentration was also varied, leading to a 
toolbox ranging from 0.5 to 8 wt% alginate concentration and ion concentrations of 
10–400  mmol  L−1. Investigation of alginate solutions that are supplemented with 
magnesium ions in shear rheology for 24 h at a constant frequency of 1 Hz showed 
that hydrogels form on timescales longer than 10 min when an alginate batch that has 
an even distribution of mannuronic and guluronic acid is used. The next step was to 
investigate the impact of different ion concentrations at a constant alginate concen-
tration of 5 wt%. At ion concentrations below 50 mmol L−1, no gels form, whereas 
at concentrations above 50  mmol L−1, hydrogel formation occurs on timescales 
from 800 min at 50 mmol L−1 down to only 2 min at 400 mmol L−1, as shown in 
Fig. 7. A simplistic expectation is that the elastic moduli of the hydrogels increase 
with increasing concentration of magnesium ions, but this is not observed: at magne-
sium ion concentrations above 100 mmol L−1, the elastic moduli of the gels slightly 
decrease and reach a maximum between 1,300 and 1,800 Pa, as also illustrated in 
Fig. 7. Groll and coworkers argue that at this threshold, a maximum concentration is 
reached. In this state, the helical structure of the polymer chains is disturbed, favoring 
formation of larger aggregates, which causes inhomogenous network formation; this 
effect has also been observed before in other metal-complexing systems [113, 114].

In addition to the concentrations of alginate and ions, temperature plays a cru-
cial role for the formation of alginate-based hydrogels. To investigate this effect, 
the gelation was monitored at 15, 25, and 40 °C, showing that hydrogels prepared 
at lower temperatures have higher elastic moduli than hydrogels prepared at higher 
temperatures. Groll and colleagues argue that the formation of gels commences 
slowly at low temperature due to hindered diffusion of metal ions into the hydro-
gel, which leads to a more ordered microstructure with a higher degree of elasti-
cally effective crosslinks.

To conduct the preceding investigations, Groll and coworkers purchased three 
different types of alginates. The experiments were carried out with an alginate 
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batch that had a close-to equal ratio of guluronic to mannuronic acid. To investi-
gate the impact of the different acids, the experiments were repeated using alginate 
batches composed of either more guluronic or more mannuronic acid. This assess-
ment shows that gluronic acid has a higher affinity towards magnesium ions than 
mannuronic acid, because hydrogels could be formed at lower concentrations of 
ions and alginate than with batches of alginate containing higher contents of man-
nuronic acid, which did not form gels at all.

For biomedical applications, hydrogels should be biodegradable. Therefore, 
hydrogels of the latter kind were stored within water, and the time of hydrogel 
erosion was measured. In these tests, hydrogels crosslinked by magnesium ions 
display full dissolution on a timescale of 2.5–5  h, depending on the concentra-
tion of alginate. Increasing the concentration of magnesium ions does not increase 
the stability of the hydrogels towards dissolution in water, but it increases their 
short-term elastic modulus. Groll and coworkers argue that the weak interaction of 
magnesium ions with the alginate chains and the slow exchange of these ions lead 
to an increased osmotic pressure; this causes gel swelling and finally rupture of 
the hydrogel. To overcome the fast degradation of the gel, hydrogels were treated 
with a calcium-ion solution, leading to additional crosslinking on the surface of 
the hydrogel; after 24 h in aqueous medium, the hydrogels treated with calcium 
did not dissolve. SEM micrographs of a magnesium-crosslinked hydrogel show a 

Fig. 7   Investigation of the elastic shear modulus, G′, during formation of alginate–magnesium 
hydrogels along with the gelation time, tg, depending on the concentration of precursor solutions 
of alginate, calg, and crosslinking magnesium ions, cMg. Open circles represent the elastic shear 
modulus after 24 h, whereas filled circles represent the gelation time as a function of the amount 
of Mg2+ added to 5 wt% alginate (left) and the amount of alginate supplemented by 100 mmol 
L−1 of Mg2+ (right). The marked areas show concentrations where no gel formation is observed. 
Reprinted from Groll et al. [112]. Copyright 2012 RSC Publishing Group
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porous structure, whereas the calcium-treated hydrogels have a porous structure 
in the core only, along with a much smoother surface, as shown in Fig. 8. This is 
because the calcium ions induce collapse of the pores at the surface of the hydro-
gel, resulting in a denser structure that prevents diffusive escape of the crosslink-
ing ions from the core of the gel.

In conclusion, Groll and colleagues showed that alginate hydrogels can be 
formed by complexation with magnesium ions. Tuning the composition of the 
hydrogels changes their elastic modulus and stability towards dissolution in water, 
making this material a promising candidate for applications in the biomedical sector.

A common method in the design of synthetic hydrogels is to mimick Nature. 
There are many approaches to follow this idea, such as mimicking favorable prop-
erties like bone structure for lightweight but stable materials or utilization of unfa-
vored effects like the adherence of mussels on almost any surface. This adherence 
has been widely investigated and it has been shown that mussels possess byssal 
threads that allow them to physically attach to surfaces [115–118]. The surfaces of 
these threads carry catechol units that can complex to Fe3+ ions. The strength of 
this complexation depends on the surrounding pH. Whereas pH values ≤5 entail 
formation of weak monocatechol complexes, pH ≥ 8 promotes formation of bis- 
and tris-complexes with a much higher equilibrium constant [119], as shown in 

Fig. 8   Investigation of the structure of Mg–alginate hydrogels by Cryo SEM. The micrographs 
display Mg–alginate gels without (a, a′) and with (b, b′) Ca–alginate outer layer. Reprinted from 
Groll et al. [112]. Copyright 2012 RSC Publishing Group



165Polymeric Supramolecular Hydrogels as Materials for Medicine

Fig.  9. Upon adherence to a surface, mussels excrete preassembled thread cells 
at a pH of 5–6; upon contact with seawater (pH ≈  8), the stability constant of 
the complexes increases from the mono to the bis- and tris-complex. As a result, 
hydrogels interconnected by these tris-complexes exhibit high extensibilities, 
hardness, and most importantly self-healing [120].

Based on this model, Waite and coworkers reported a hydrogel complexed by 
dihydroxy-phenyalanin (dopa) modified PEG and Fe3+ ions [121]. Dopa is a metal-
complexing ligand, exhibiting a modestly lower force needed to rupture the metal-
dopa bond than a covalent bond, but it possesses the ability of self-healing [117]. 
This feature renders this motif attractive for use in supramolecular hydrogels. To 
pursue this goal, Waite and coworkers modified 4-arm PEG with four dopa function-
alities. Upon mixing with iron ions (dopa:Fe = 3:1) at pH = 5, a green-blue fluid 
evolved that formed a sticky purple gel after increase of the pH to 8. At pH = 12, 
a red elastomeric gel was formed. UV–vis absorbance and Raman spectroscopies 
could show that upon increase of pH, higher-ordered complexes are formed. When 
comparing spectra taken of the native mussel cuticle to that of the triscatechol com-
plex, both complexes show the same bands with almost same intensities. Probing 
the systems by dynamic oscillatory shear rheology showed that the elasticity of the 
systems decreases with increasing pH; the elastic modulus ranged from 30  Pa at 
pH 5 to 1,000 Pa at pH 12, as compiled in Fig. 10a. For comparison, a covalently 
crosslinked hydrogel was prepared by addition of sodium periodate to the modified 
4-arm PEG, forming a covalent C–C bond between two catechol moieties. Probing 
the physical and the chemical hydrogels by shear rheology shows almost the same 

Fig. 9   Schematic of the adherence of mussels on surfaces by formation of catchol complexes. 
(1) Production and storage of byssal thread cells at pH 5 through monocatechol complexes. 
(2)  Release of the threads from the ventral grove (indicated by the white dashed line). 
(3) Formation of bis- and triscatechol complexes in the byssal threads after exposure to seawater 
(pH 8). Reprinted from Waite et al. [121]. Copyright 2011 National Academy of Sciences of the 
United States
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elastic modulus at high frequencies, as shown in Fig.  10b. After applying high 
strain to the gels, the physical hydrogel regained its elastic modulus within minutes, 
whereas the chemical hydrogel was damaged irreversibly, as illustrated in Fig. 10c; 
this observation indicates the ability of the catechol-based hydrogels to self-heal.

To investigate the degradability of the hydrogel, an EDTA solution (pH 4.7) 
was added, fully dissolving the gel after 1 h of exposure. Apart from the degrada-
bility of the hydrogel, it could be shown that Fe3+ ions do not oxidize the catechol 
functionalities, which would lead to covalent crosslinking.

With this work, Waite and coworkers were able to form a hydrogel mimicking 
the effect that byssal threads of mussels use to adhere on surfaces. The system is 
based on modified PEG, allowing possible applications in the fields of engineering 
and biomedicine.

Fig. 10   Mechanical properties of polymeric hydrogels based on catechol-functiomalized PEG 
at different pH and comparison of a chemical and a physical hydrogel, assessed by their elastic 
(G′) and viscous (G″) shear moduli. a Frequency-dependent loss (G″) and storage (G′) moduli of 
gels at pH 5 (green), pH 8 (blue), and pH 12 (red) (G′: circles; G″: triangles). b Comparison of 
physically (red) and chemically (black) crosslinked hydrogels. c Recovery of stiffness and cohe-
siveness after tearing by shear stress (same color code as in b). Modified from Waite et al. [121]. 
Copyright 2011 National Academy of Sciences of the United States
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4 � Hydrogels Crosslinked by Ionic Interactions

Ionic interactions between polymer chains provide an alternative to covalent 
crosslinking due to their high binding constants and the unique swelling proper-
ties of the resulting hydrogels [122, 38]. Gels can be obtained through these inter-
actions by combining cationic and anionic polymers, with the ability to be fully 
degraded by change of pH [123, 124] or salt concentration in the medium [125]. 
A well-investigated example is chitosan, a polycationic copolymer composed of 
2-acetamido-2-deoxy-d-glucopyranose and 2-amino-2-deoxy-d-glucopyranose. 
It can be obtained by alkaline deacetylation of chitin, one of the most abundant 
biopolymers and main component of the exoskeleton of crustaceans and insects. 
Chitosan arose interest due to its biocompatability, biodegradability, and high nat-
ural abundance in form of chitin [126, 61]. Hydrogels based on chitosan have been 
investigated for topical ocular applications [127], wound healing [128], implanta-
tion [129], and injection [130].

An example of an anionic polyelectrolyte is xanthan. It is composed of a cellu-
lose backbone that has a negatively charged trisaccharide side chain on every other 
glucose unit; this side chain is composed of α-mannose, α-glucoronic acid, and 
β-mannose with a pyruvic acid diketal moiety located on the terminus of the side 
chain [131]. Expressed by Xanthomonas campestris, a bacterium found on cabbage 
plants, xanthan is the first biopolymer produced on an industrial scale, serving for 
applications as food additive [132], in oil recovery [133], and in cosmetics [134].

In the mid 1990s, Dumitriu and coworkers reported a polyionic hydrogel 
based on chitosan and xanthan [135]. Since then, numerous publications and 
patents were released, pushing the applicability of this system from immobiliza-
tion of enzymes to dermocosmetics [136–140]. However, little was known about 
how the composition of the precursor polymers influences the properties of these 
hydrogels. To close this gap, Dumitriu and coworkers investigated the swelling 
properties, microstructure, and mechanical traits of chitosan–xanthan hydrogels 
[141]. Mixing aqueous solutions of anionic xanthan and cationic chitosan forms 
hydrogels in a multistep process: after mixing, a common solution-pH value is 
established, causing structural changes of the polymer chains. The next step is for-
mation of ionic interactions of the ammonium moities of chitosan with the carbox-
ylate functions of xanthan. These two steps lead to phase separation, often referred 
to as coacervation [142]. In one phase, often called the coacervate phase, the poly-
mers are concentrated, whereas the other phase is a dilute phase. In the coacervate 
phase, water molecules orient towards the polymer chains, leading to formation of 
hydrogen bonds. In the dilute phase, water molecules are not orientated. A hydro-
gel is formed when all water molecules have formed hydrogen bonds between the 
polymer chains, provided that the polymer chains are distributed properly, as com-
piled in Fig. 11. Dumitriu and coworkers investigated the effect of coacervation on 
the properties of these hydrogels by quantification of their viscolelastic properties 
and swelling degrees.
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At first, Dumitriu and collaborators investigated the swelling of hydrogels 
composed of a high and a low molecular-weight chitosan with different coacer-
vation times before the preparation of the gels, spanning from no time of coac-
ervation over 4–24  h. The lower molecular-weight sample with no coacervation 
time showed a high mass-swelling degree of 4,000 %, indicating weak association 
between the polymer chains. After 4 h of coacervation, the mass-swelling degree 
was smaller, 1,250 %, whereas the mass-swelling degree of the sample with high 

Fig.  11   Schematic representation of the formation of xanthan and chitosan polyelectrolyte 
hydrogels through mutual ionic interaction. When chitosan and xanthan are mixed, a common 
pH is established, and the polymer chains associate to each other. These first two steps are rapid 
processes, followed by slow phase separation that is referred to as coacervation. In the coacer-
vation step, water molecules orient in between the polymer chains and form hydrogen bonds. 
When all surrounding water molecules are oriented in this fashion, a polyelectrolyte hydrogel is 
obtained. Reprinted from Dumitriu et al. [141]. Copyright 2004 Elsevier
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molecular-weight chitosan decreased from 3,000 to 2,500 %; this trend progressed 
with the gels prepared after 24 h of coacervation time, with mass-swelling degrees 
of 250 % in case of the low molecular-weight chitosan and 1,000 % in case of the 
high molecular-weight chitosan, as compiled in Fig.  12a. Dumitriu and cowork-
ers explained this observation by assuming slower diffusion of the longer polymer 
chains, resulting in a less ordered hydrogel compared to the material composed of 
shorter polymer chains. As a consequence, water molecules can penetrate the less 
ordered network easier, causing these gels to exhibit higher swelling degrees.

In addition to the internal structure of the gels, the swelling degree of ionic 
hydrogels depends on the pH of the swelling medium. To investigate this inter-
play, Dumtriu and collaborators probed a gel composed of high molecular-weight 
chitosan in view of its swelling characteristics as a function of pH. The swelling 
degree increases as a function of the pH from 3.5 to 5.8, explainable by gradual 
deprotonation of the ammonium moieties in the chitosan polymer, thereby screen-
ing the ionic interactions between xanthan and chitosan. Similarly, at pH ≤ 2, the 
degree of swelling is higher due to protonation of the carboxy moieties in the xan-
than polymer, which also attenuates ionic interactions between xanthan and chi-
tosan, as shown in Fig. 12b.

With the help of shear rheology, Dumitriu and coworkers investigated the for-
mation of coacervates of a low and a high molecular-weight chitosan and xanthan. 
In the beginning, both systems showed a steep slope of the storage modulus as a 
function of time, indicating progressive formation of ionic interactions between the 
polymer chains that can still diffuse easily in the solution. This is followed by per-
colation to a gel state as a consequence of orientation of water molecules toward 
the polymer chains, resulting in a rigid network structure that entails hindered dif-
fusion of the polymer chains; in this period, the slope of G′ as a function of time 
decreases, but even after 24 h, the elastic part of the shear modulus, G′, does not 

Fig.  12   Investigation of the swelling degree of polyelectrolyte hydrogels based on chitosan 
and xanthan depending on the composition, coacervation time, and pH. a Effect of the molec-
ular weight and coacervation time of chitosan on the swelling charateristics of the resulting 
polyelectrolyte hydrogels. b Influence of pH on the swelling of the gel. Swelling degrees were 
determined by comparison of the mass of dried hydrogels with the mass of the swollen gels. 
DA represents the degree of acetylation of chitosan in mol%. CH79 (79 %) and CH71P (71 %) 
represent the degree of deacetylation of chitosan in mol%. Modified from Dumitriu et al. [141]. 
Copyright 2004 Elsevier
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reach a plateau. This effect has been reported before for physical hydrogels based 
on biopolymers [143, 144]. The G′ values of the high molecular-weight chitosan 
are lower during the whole experiment, with a final value of 950  Pa, compared 
to the low molecular-weight chitosan with a final value of 1,550 Pa, as shown in 
Fig. 13. Dumitriu and colleagues interpreted this observation by less efficient for-
mation of elastically effective crosslinks in hydrogels prepared from high molec-
ular-weight precursors than in hydrogels prepared from low molecular-weight 
precursors, without further explanation as to why this is.

To check for history-dependence of the gel mechanical properties, Dumitriu 
and coworkers compared rheology experiments on freshly prepared hydrogels (no 
coacervation time) to experiments on hydrogels prepared after 24 h of aging of the 
coacervates. Whereas the swelling degree of these hydrogels decreases during the 
aging process, the storage modulus increases; this observation can be explained 
by assuming formation of more homogenous networks during the ageing period, 
which increases the number of elastically effective crosslinks in the constituent 
polymer networks. This observation agrees with a postulate of Meijer and cow-
orkers, who hypothesized that supramolecular polymer networks show self-repair-
ing of network defects and thus evolve into more homogenous and mechanically 
stronger networks with time [145, 146].

To conclude the rheological probing of the coacervates and the hydrogels, 
Dumitriu and coworkers demonstrated their linear viscoelastic response to increasing 
strain. For this purpose, both freshly prepared and aged hydrogel samples, all based 
on low molecular-weight chitosan, were probed, and the data were fitted to a first-
order approximation of the Kronig–Kramers equation as modified by Tschoegl [147]. 
Dumitriu and colleagues could show that the viscoelastic modulus increases with the 
time of preparation of the hydrogels, which is again addressable to formation of a 
denser network. The coacervate exhibits a viscoelastic modulus of 2 kPa, whereas the 
freshly prepared hydrogel displays a modulus of 9 kPa. The hydrogel prepared after 
24 h of coacervation has a modulus of 12 kPa, as shown in Fig. 14. The values of G″ 
calculated with the Kronig–Kramers equation comply to the recorded G″, showing 
that the mechanical spectra lay in the linear viscoelastic domain.

Fig. 13   Time-dependent 
evolution of the storage 
modulus of polyelectrolyte 
hydrogels formed from 
different molecular-weight 
chitosan precursors during 
coacervation. DA represents 
the degree of acetylation of 
chitosan in mol%. Modified 
from Dumitriu et al. [141]. 
Copyright 2004 Elsevier

MW: 1,000,000 g mol-1; DA: 17%
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Dumitriu and coworkers finished their study with a structural analysis of the 
hydrogels by preparing hydrogel beads that were investigated by SEM. The beads 
exhibit fibrillar porous structures with pore sizes of 100–250 nm and fiber diam-
eters of 1–10  µm. In previous publications, Dumitriu and Chornet observed the 
diffusion of immobilized enzymes out of similar chitosan–xanthan hydrogel beads 
[138]. This observation can be explained by the porous external and internal struc-
ture of the beads, as illustrated in Fig. 15a, b.

With this latter work, Dumitriu and coworkers investigated the formation, the 
physical–chemical properties, and the structural characteristics of chitosan–xan-
than based polyelectrolyte hydrogels. They could show the dependence of the 
mechanical and swelling characteristics of the gels on to the length of the precur-
sor polymer chains and the pH value during gel probing. Microstructural investi-
gation of gel beads revealed a porous fibrillar structure, which makes this system 
interesting for biomedical applications such as those in drug delivery.

Implants based on hydrogels might someday replace the need for invasive 
surgery. A delicate example of invasive surgery is the epineural suture of nerves 
after traumatic lesions. The outcome of these surgeries are disillusioning: often, 
little or no functional recovery of the nerves can be obtained. In the worst case, 
transplanted nerve tissue that is needed to close gaps between the nerve stumps 
is rejected by the body and forms neuroma at the donor site [148]. To solve this 

Fig.  14   Linear dependence of the storage (G′) and loss (G″) shear moduli of low molecular-
weight chitosan hydrogels as a function of strain (filled circles G′, empty circles G’″; triangles 
data calculated by the Kronig–Kramers equation). a Coacervate; b hydrogel prepared with-
out coacervation; c hydrogel after 24 h of coacervation. Reprinted from Dumitriu et  al. [141]. 
Copyright 2004 Elsevier
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problem, tubular hydrogels can be envisioned to serve as nerve conduits, making 
future surgeries obsolete [149, 150]. To realize this concept, several criteria have 
to be met: the material has to be biocompatible and biodegradable after the regen-
eration is complete, its mechanical stability has to be constant during the entire 
regeneration process, it has to be flexible with a Young’s modulus similar to that 
of the nerve tissue to avoid compression of the nerve, and the material has to be 
porous to allow for diffusive penetration of nutrients.

To pursue this goal, Gander and coworkers reported a hydrogel based on algi-
nate and chitosan that possesses the required characteristics to act as a nerve 
conduit [151]. Tubular hydrogels were prepared using a spinning mandrel and 
investigated in view of their physical–chemical characteristics as well as their 
porosity, probed by diffusive penetration of dextran as a model substance for 
biologically relevant nutrients and growth factors. At first, the hydrogels were 
investigated with respect to their swelling in PBS buffer at pH 7.4; for this pur-
pose, freeze-dried tubular gels were cut into 6-mm pieces that were immersed in 
the medium. After 20 min, the maximum swelling degree was reached: the outer 
diameter was swollen from 1.7 to 2.7  mm, whereas the inner diameter was still 
1.3  mm, as shown in Fig.  16b. The water content of the tubes was determined 
gravimetrically to be 83 wt%. This high water content indicates a porous micro-
structure. SEM micrographs could confirm this indication in the dried state of 
the hydrogel, as illustrated in Fig. 16a. In addition to these experiments, the dif-
fusivity of nutrients through the hydrogels was investigated with three differently 
sized fluorescein-labeled dextrans (4, 10, 20  kDa); for this purpose, the swollen 
tubes were filled with 5  g L−1 dextran solution, and the ends of the tubes were 
sealed. The amount of dextran that diffuses out of the conduit was determined 
fluorometrically, showing a dependence on the length of the dextran chains. The 
lowest molecular-weight dextran (4  kDa) showed the fastest diffusivity through 
the conduit wall: 35 % in 7 h. At higher size of the dextran probe, the diffusivity 
was slower: in case of 20-kDa dextran, only 2  % of the solution permeated out 

Fig. 15   Microstructures of hydrogels based on chitosan and xanthan. SEM micrographs of the 
porous inner (a) and outer (b) structure of hydrogel beads. Reprinted from Dumitriu et al. [141]. 
Copyright 2004 Elsevier
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of the conduit within 7 h, as shown in Fig. 16c. These experiments can serve as a 
model for the permeation of nutrients or growth factors through the conduit, which 
is dependent on their hydrodynamic radius. 20-kDa dextran exhibits a hydrody-
namic radius of 3.3 nm [152], which is similar to the radius of proteins. This simi-
larity indicates that the permeation of high molecular-weight proteins, cells, and 
immunoglobulins through the conduit wall is likely to be hindered, which could 
decrease the triggering of immune reactions during the regeneration. Growth fac-
tors and nutrients have a lower hydrodynamic radius and can permeate the wall of 
the nerve conduits easier, increasing the chance of regeneration of the tissue.

To supplement these assessments of diffusive permeability, rheological meas-
urements were performed on hydrogel films under a normal force of 3, 10, and 
30 N as a function of oscillatory shear strain. By inducing 3 and 10 N, no struc-
tural changes of the hydrogels could be observed. At 30 N, a high initial storage 
modulus was detected, which relaxed throughout the measurement, as shown in 
Fig. 17. The measurements were repeated on the same gel, showing that the initial 
storage modulus was lower than in the previous measurement. This observation 
indicates structural changes induced by the normal force. After relaxation times of 

Fig. 16   Structural characteristics, swelling degrees, and diffusive permeability of nerve conduits 
composed of alginate and chitosan. a SEM micrograph of the porous structure of a freeze-dried 
nerve conduit. b Diameter of the nerve conduit of two different batches of hydrogel of the same 
composition (circles outer diameter; triangles inner diameter). c Permeation of fluorescein-
labeled dextrans through the wall of a swollen alginate–chitosan hydrogel nerve conduit, as 
investigated by Gander and colleagues (FD-4 4.4-kDa dextran; FD-10 10-kDa dextran; FD-20 
20-kDa dextran). Reprinted from Gander et al. [151]. Copyright 2006 Wiley VCH
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>7 h in buffer, the increased stiffness was reversed, showing the transient nature of 
the hydrogel. The Young’s modulus of the hydrogels is 110 kPa, which is consid-
erably lower than the modulus of whole nerves (500–70,000 kPa) [153, 154]. This 
should preclude possible mechanical irritation after implantation of the nerve con-
duits in the surrounding tissue as well as on the nerve.

In conclusion, Gander and coworkers showed the preparation and physico-
chemical characteristics of tubular hydrogels based on chitosan and alginate for 
applications as neural conduits. This system shows mechanical characteristics that 
are suitable for implantation without irritation of the nerve and the surrounding tis-
sue. Furthermore, the walls of the conduit can most likely be penetrated by growth 
factors and nutrients, but they exclude cells, proteins, and immunoglubolins, 
which can trigger immune reactions that hinder regeneration of the neural tissue.

Another widely used biopolymer is starch, a polysaccharide composed of  
α-d-glucose units. Plants produce starch for energy storage; it is therefore one of 
the most abundant biopolymers on Earth. Starch arose interest in the biomedi-
cal sector due to its biocompatibility, degradability, and availability [155, 156]. 
However, unmodified starch is easily metabolized into saccharides under bio-
logical conditions, making chemical modifications necessary. A common way to 
functionalize starch is to chemically crosslink it with epichlorohydrin, along with 
further modification of the matrix by introduction of desired functionalities [157, 
158]. To avoid toxic crosslinking conditions, physical hydrogels based on starch 
have been investigated.

Cukierman and coworkers presented a matrix for drug delivery based on poly-
cationic starch (MS) and κ-carageenan (KC), an anionic polysaccharide based on 
sulfated α-d-galactopyranose units [159]. Investigation of the binding of the poly-
mer chains of a granular mixture of freeze-dried KC and MS and a hydrogel pre-
pared by solutions of both by FT-IR showed slight shifts of the C–N and of the 
sulfate bands, indicating formation of polyelectrolyte complexes in the hydrogel. 

Fig. 17   Mechanical properties of alginate and chitosan hydrogel nerve conduits, assessed by the 
shear-strain dependencies of the storage (G′ filled symbols) and the loss moduli (G″ open sym-
bols) as a function of the normal force during the measurement (inverted filled triangle 3N, filled 
diamond 10N, filled circle 30N). Reprinted from Gander et al. [151]. Copyright 2006 Wiley VCH
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Turbidity measurements of solutions of MS and KC exhibit a maximum at a 
composition of 1:1, suggesting that at this point equivalent quantities of both poly-
mers interacted with each other. The measurement could also prove that the for-
mation of the hydrogel is not dependent on the order of mixing. To conclude this 
investigation, the elemental compositions of the hydrogels were studied, showing 
an equivalent amount of nitrogen and sulphur.

For further analysis, hydrogels were prepared, freeze-dried, and ground 
to ≤ 100-µm particles. SEM micrographs in Fig. 18 show the irregular structure of 
a dried hydrogel particle. The Brunauer–Emmet–Teller (BET) area could be deter-
mined to be 0.58 m2 g−1, which agrees with the mean surface diameter of 91 µm 
observed by optical spectroscopy.

For oral drug release, tablets have to be prepared. To determine if the powder is 
suitable for this application, Cukierman and coworkers generated a compactabil-
ity profile of tablets prepared by different pressures, showing that adequate values 
of hardness could be observed even at low compression of the powder. Tablets pre-
pared from the granular mixture of freeze-dried KC and MS and the dried hydrogel, 
referred to as interpolyelectrolyte complex (IPEC), were used to investigate the swell-
ing behavior. The swelling test was composed of two steps: in the first step, the tab-
lets were immersed in 0.1 mol L−1 HCl for 2 h. In the second step, the medium was 
changed to phosphate buffer with pH 6.8 for additional 22 h. The swelling degree was 
calculated by weighting the sample in swollen and dry states. The granular mixture 
of KC and MS reached its maximum mass-swelling degree of 317 % after 30 min, 
and after 2 h the tablet was completely disintegrated. In the beginning of the swell-
ing experiment, the turbidity of the tablet increased, indicating the onset of erosion 
of the tablet. This observation has been reported before on unmodified starch as 
well as on carageenan [160, 161]. The tablet made of the ground hydrogel exhibited 
a mass-swelling degree of 380 % after the first part of the experiment, with a rapid 
increase of swelling during the first hour. After change of the medium, the swelling 
degree slowly increases, reaching an equilibrium mass-swelling degree of 742 % after 

Fig. 18   Structure of 
hydrogel particles based on 
starch and carageenan as 
determined by SEM. For 
this purpose, hydrogels were 
freeze-dried and ground 
to sub-millimeter sized 
particles. Reprinted from 
Cukierman et al. [159]. 
Copyright 2009 Elsevier
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24 h, as shown in Fig. 19. Cukierman and collaborators explained the high swelling 
degree with the composition of the hydrogel: MS has a degree of functionalization 
with ammonium moieties of 4 %, whereas KC has a degree of functionalization with 
sulfate moieties of 50  %. The hydrogels were prepared using equimolar amounts 
of functional groups, entailing a higher content of MS in the hydrogels than KC; 
this leads to formation of crosslinked domains that do not disentangle. The steady 
increase during the first hour of the experiment indicates that the polyionic complex is 
not influenced by the surrounding acidic medium.

To determine the applicability for oral drug delivery, the tablets were loaded 
with ibuprofen, a nonsteroidal anti-inflammatory drug, and investigated in regard 
of their drug release. The conditions were similar to the swelling experiments: 
during the first 2  h, the tablets were immersed within strongly acidic medium 
at pH 1, followed by 6 h of storage at pH 6.8 phosphate buffered medium. The 
granular mixture showed the same characteristics as in the swelling studies, 
releasing the drug completely within 2 h. Samples prepared of the dried hydro-
gel of 50 or 100 mg, each loaded with 50 mg of ibuprofen, showed slow release 
in the acidic stage that accelerated after change of the medium. After 6  h, the 
tablet composed of 50 mg hydrogel released all its drug content, whereas the tab-
let with 100 mg hydrogel needed 8 h for complete drug release, as illustrated in 
Fig. 20. The slow release in the acidic phase can be explained by the poor solu-
bility of ibuprofen in acidic media. Fitting the data of these release experiments 
to model predictions could show that the hydrogels release the drug with zero-
order kinetics.

In conclusion, Cukierman and coworkers presented a polyelectrolyte hydrogel 
system for drug delivery. The hydrogels can be formulated as tablets that can be 
loaded with drugs. The swelling degree and the release of ibuprofen with zero-
order kinetics could be shown.

Fig.  19   Comparison of the swelling degree of hydrogels based on starch and carageenan. 
Tablets were composed of either a freeze-dried polyionic complex (IPEC; diamonds) or a 
granular mixture of dried polymers (phys. mix.; squares). The swelling degree was determined 
by comparison of the mass of swollen gel to dry gel. Reprinted from Cukierman et  al. [159]. 
Copyright 2009 Elsevier
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5 � Conclusion and Outlook

The recent research in the field of supramolecular polymeric hydrogels is diverse; 
thus, the eight examples discussed in this chapter represent only a small view on the 
plethora of these advanced functional materials. All of the selected examples exhibit 
tunable physicochemical properties that allow for adjustment towards targeted appli-
cations in the biomedical field. This tunability permits the gels to have more than just 
one application in this area. For example, the chitosan and xanthan based hydrogels 
introduced and investigated by Dumitriu and coworkers have found several possible 
applications over the past years, including protein immobilization, tissue engineering, 
drug delivery, and dermocosmetics, and three related patents were claimed [139, 140, 
162]. Because of this adaptability towards target applications, supramolecular poly-
meric hydrogels will most likely have a bright future as materials for medicine.
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Abstract  The dynamic tissue environment presents spatial and temporal heterogene-
ity in the cellular and matrix composition. Oxidative stress and inflammation affect 
the mobilization of stem cells from the stem cell niche, survival and engraftment of 
exogenous stem cells, and are therefore important considerations when delivering 
cells in injectable hydrogels to the site of tissue injury. Strategies of anti-inflammation 
and/or anti-oxidative injury may be incorporated into multifunctional hydrogels to 
modify the tissue environment and help in the survival/engraftment of the transplanted 
cells. This could improve the outcome of the regenerative therapy by combined 
approaches utilizing hydrogels, microtechnologies and controlled release strategies. 
These advances in hydrogel design and related enabling technologies will continue to 
grow and aid in our future design of customized hydrogel delivery systems for healthy 
and injured/diseased tissues, and guide the development of future therapies.
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1 � Introduction

Stem cells represent an ideal cell source for applications in tissue engineering and 
regenerative medicine due to their ability to proliferate and differentiate to a wide 
variety of lineages for use in cellular therapies [1, 2]. Over the last decade, several 
advances have been made in isolation, expansion and differentiation of a variety 
of stem cell types. Immense efforts are ongoing to decipher the components of 
the ‘stem cell niche’ and the molecular mechanisms that regulate the self-renewal, 
proliferation, differentiation and migration of stem cells to become committed 
somatic cell types [3]. Undoubtedly, determining the specific niche components 
and deciphering the underlying mechanisms will allow researchers to better under-
stand stem cell behavior and to unravel the full therapeutic potential of stem cells. 
When applying stem cells for tissue regeneration, it is becoming increasingly 
important to also consider the dynamic complexity of the tissue environment, 
either in healthy or diseased state, and how these may affect the stem cell fate and 
functions. The level of oxygenation, oxidative stress, inflammation, complexity of 
cell populations and signaling events present in the site of tissue injury are likely 
to influence the stem cell engraftment and survival.

Recent advances in the field of biomaterials have provided synthetic three-
dimensional (3-D) extracellular matrices (ECM) with appropriate biophysical and 
biochemical signalling cues to probe changes in stem cell behaviours and func-
tions. For instance, it is now becoming possible to study the changes in stem cell 
behaviour in a well-controlled microenvironment. Specific ECM components and 
morphogenetic factors may be introduced into the microenvironment to influ-
ence the stem cell fate and functions. Additional tissue elements such as hypoxia, 
oxidative stress and even inflammation may also be added to the microenviron-
ment to interrogate the stem cell responses to these elements when they are being 
introduced into the tissue site of injury. Understanding the complex interactions of 
stem cells and the extracellular microenvironment would therefore provide impor-
tant information for the design and engineering of the next-generation biomaterials 
for delivery of stem cells to the tissue site of injury.

Among the biomaterials, hydrogels are most commonly used as scaffolds and 
substrates for stem cell culture and as carrier systems for delivery of stem cells 
because of their tunable tissue-like properties, controllability of degradation and 
release behavior, and adaptability in a clinical setting for minimally invasive sur-
gical procedures. Hydrogels may be made from natural and synthetic polymers. 
These highly-hydrated networks can be held together via physical or chemical 
crosslinks, can be made biodegradable, and responsive to specific stimuli such as 
pH and temperature, and can be engineered to deliver therapeutic stem cells and 
soluble factors in a sustained and controlled fashion.
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Several advances have been made in the hydrogel chemistry and modifications, 
coupled with microtechnologies for enhanced control of stem cell fate and func-
tions, and for improved stem cell delivery and therapeutic efficacy by augmenting 
stem cell functions and modulation of the tissue environment. This chapter will 
present an overview of stem cell characteristics, and how hydrogels aided with 
microtechnologies have advanced our understanding of stem cell biology towards 
application in cellular therapies. The second half of chapter presents some of the 
advanced multifunctional hydrogel systems for delivery of stem cells for tissue 
regeneration.

2 � Stem Cells

Stem cells, defined by their capacities for self-renewal and for differentiation 
into a wide variety of cell lineages, hold great promise for applications in tissue 
engineering and regenerative medicine. The hallmarks of stem cell self-renewal 
and differentiation are controlled by both intrinsic gene regulatory machinery 
and extrinsic microenvironment or niche, which collectively influence the cell 
fate decisions. Gene expression profiling across various types of stem cells have 
advanced our understanding of the core gene regulatory networks that defined 
‘stemness’ [4]. Extracellular matrix (ECM), soluble bioactive factors and neigh-
boring support cells make up the stem cell microenvironment or niche [5] that 
controls stem cell self-renewal and differentiation. Stem cells can be derived from 
two major sources—multipotent adult stem cells isolated from various adult tis-
sues [6] and pluripotent embryonic stem cells (ESCs) derived from inner cell mass 
of embryos [7].

2.1 � Adult Stem Cells

Adult stem cells present in most tissues of mature organisms are multipotent 
and serve to repair and regenerate tissues. Mesenchymal stem cells (MSCs) are 
multipotent adult stem cells that are capable of differentiating to different line-
ages including chondrocytes [8, 9], osteoblasts [10] and adipocytes [11], and 
have been identified in bone marrow [6, 12] as well as in other tissues including 
adipose [12, 13], synovium [14, 15], and periosteum [16]. In recent years, MSCs 
and mesenchymal progenitor cells have been differentiated and derived from 
human pluripotent stem cells including embryonic stem cells (ESCs) [17] and 
induced pluripotent stem cells (iPSCs) [18] and demonstrated application poten-
tial in tissue engineering and regeneration [19]. Importantly, MSCs also potently 
modulate the immune and inflammatory responses, improve cell migration and 
angiogenesis, and prevent fibrosis by expression of specific trophic factors [20]. 
As such, the role of MSCs in regenerative medicine has extended from merely cell 
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differentiation to expression of bioactive factors that modulate tissue and immune 
responses, and facilitate overall tissue regeneration. Although adult MSCs have 
shown great promise for autologous and allogeneic transplantations, these cells 
have limited differentiation capability and suffer age-related loss of stem cell func-
tions including proliferation and differentiation [21, 22].

2.2 � Embryonic Stem Cells

Embryonic stem cells are pluripotent and can differentiate to cell lineages of 
all three germ layers (ectoderm, endoderm and mesoderm) [7]. To date, several 
diverse cell types have been derived from hESCs, including cardiomyocytes 
[23, 24], endothelial cells [25, 26], chondrocytes [27–30], osteoblasts [31, 32], 
neurons [33, 34], keratinocytes [35], and hepatocytes [36]. Recent advances in 
stem cell biology have also enabled the generation of induced pluripotent stem 
cells (iPS) from somatic cells by defined factors [37]. Much of the current focus 
of research on both ESCs and iPSCs is to better understand the developmental 
pathways and underlying the molecular mechanisms in directing stem cell dif-
ferentiation to a particular lineage in a well-controlled manner for use in regen-
erative therapies [19, 38–41]. To shed light on mechanisms that control stem cell 
fate, synthetic stem cell microenvironments engineered by the use of biomateri-
als, in particular hydrogels were designed and engineered in vitro to model the 
stem cell niche in vivo [42–45].

3 � Hydrogels

Hydrogels have become a biomaterial of choice for stem cell work and have been 
used as substrates, scaffolds and encapsulants for stem cells [46, 47]. Hydrogels 
are natural or synthetic polymer networks that have high water-absorbing capacity 
and closely mimic native extracellular matrices [46, 47].

3.1 � Natural Hydrogels

3.1.1 � Chemical and Physical Modifications of Natural Polymers

Many chitosan-based thermogelling systems have been previously reported. These 
include combinations of chitosan and glycerol-phosphate, poly(ethylene glycol)-
grafted chitosan, poly(vinyl alcohol)/chitosan blended hydrogels [48–50]. Many 
different varieties of thermogels can be prepared, however, complicated multi-step 
reactions using organic solvents are not preferred as these materials may not be 
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very compatible for biomedical applications. Chitosan itself is also poorly water 
soluble under physiological conditions making it difficult to formulate for drug 
delivery applications. Simple mixing reactions or one-step chemical modification 
methods are ideal for clinical applications. For example, a chitosan-ammonium 
hydrogen phosphate (chitosan-AHP) blend was found to have thermogelling prop-
erties (Fig. 1) [51]. The preparation was simple as shown in the following. Chitosan 
was first dissolved in mild acetic acid solution. Following that, the chitosan solution 
was mixed with ammonium hydrogen phosphate solution to yield the thermogel.

Another simple formulation method relies on the modification of glycol chi-
tosan. Glycol chitosan is water soluble under physiological conditions due to gly-
col residues. Its chitosan backbone is the reason behind the non-cytotoxic and 
biodegradable nature of the material. A glycol chitosan-based thermogelling poly-
mer was recently prepared as a thermogelling polymer (Fig. 2) [52]. Here, selec-
tive N-acetylation of glycol chitosan was carried out in a mixed solvent of water 
and methanol. Acetic anhydride was added into the glycol chitosan solution for the 
acetylation of glycol chitosan. The polymer was treated with sodium hydroxide 
solution for the removal of the O-acetylated moieties and purified by dialysis.

Besides chitosan, naturally derived polymers such as hyaluronic acid can be 
chemically modified to form thermogels. For example, copolymers of NIPAAm 
and acrylic acid N-hydroxysuccinimide were first synthesized via free radical 
polymerization and then bonded to amine-functionalized hyaluronic acid (HA) 
to form a thermogelling polymer [53]. Other types of naturally derived polymers 
such as methyl cellulose have well-documented thermogelling effect as well [54].

Fig.  1   Photograph showing the thermogelation of chitosan–AHP solution. a Chitosan solu-
tion in 0.5  % acetic acid. b Chitosan–AHP solution (0.075  g of AHP added to 5  mL of chi-
tosan solution in an ice bath and stirred for 2 min followed by incubating at 37 °C for 4 min. c 
Thermogelled chitosan–AHP solution after incubating the chitosan–AHP solution at 37  °C for 
11 min. Reproduced with permission [51]. Copyright 2007, American Chemical Society
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3.2 � Synthetic Hydrogels

3.2.1 � Synthetic Gels Prepared by Ring-Opening Polymerization

Biodegradable polymers such as poly(ε-caprolactone) (PCL) and poly(lactic acid) 
(PLA) are typically synthetically prepared by ring-opening polymerization of 
lactones. The basic monomeric unit of PLA is lactic acid. In theory, the esterifi-
cation of lactic acid forms PLA and the reaction can be expected to be straight-
forward. However, this is an equilibrium reaction and it is difficult to remove the 
water produced by the esterification process completely. The bonds formed are 
easily hydrolyzed by the water molecules and the maximum attainable molecular 
weight is thus limited. This problem is solved by using a cyclic lactide. This lac-
tide undergoes a ring-opening polymerization to give PLA. As there is no water 
molecules produced in the course of the reaction, the molecular weights that can 
be attained are much higher than typical polycondensation reactions. Ring open-
ing polymerization has been used by Jeong et  al. to prepare thermogelling pol-
ymers. Using a telechelic dihydroxyl compound as the initiator, either a small 
molecule glycol or poly(ethylene glycol), many polyesters can be synthesized in 
this manner. In particular, polymers such as PCL, [55–59] PLGA, [59–67] and 
PLA [68, 69] have been reported. Poly(amino acids) have also been polymerized 
by ring-opening polymerization of N-carboxyanhydrides (NCA). To date, poly 
(l-Ala-co-L-Phe)-poly(propylene glycol)-poly (ethylene glycol)-poly(propylene 
glycol)-poly(L-Ala-co-L-Phe), poly(ethylene glycol)-poly(L-alanine-co-L-
phenyl alanine), poly-(ethylene glycol)-poly(D-alanine-co-D-phenyl alanine), 
poly(ethylene glycol)-poly(L-alanine-co-L-phenyl alanine) grafted chitosan have 
been demonstrated to have a thermogelation effect [70–73].

3.2.2 � Synthetic Gels Prepared by Radical Polymerization

Radical polymerization is the workhorse of many polymer chemists and has been 
used extensively to fabricate materials, which are easily scalable and also having 
multiple characteristics due to the different monomers in the polymer backbone. 
Typical monomers polymerized include N-isopropylacrylamide (NIPAAm) and 

Fig.  2   Synthesis scheme of glycol chitin. Reproduced with permission [52]. Copyright 2013, 
Elsevier
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poly(acrylic acid) (PAA) [74, 75] Liu et al. reported the free radical polymerization 
of PNIPAAm grafted to methylcellulose (MC) using ammonium persulfate and 
N,N,N′,N′-tetramethyl ethylene diamine as an initiator [76]. The sol–gel transition 
of the thermogels occurs within a minute with tunable transition temperature based 
on the composition of the copolymer. Recently, controlled radical polymerization 
techniques such as atom transfer radical polymerization (ATRP) have allowed for 
new block architectures as well as modulation of the thermogel behavior. Recently, 
Kitazawa et al. reported the synthesis of a thermosensitive triblock copolymer, con-
sisting of poly(benzyl methacrylate) as the terminal blocks and poly(methyl meth-
acrylate) as the middle block, by ATRP [77]. This polymer exhibits a thermogelling 
effect in an ionic liquid and shows an extremely high gelation temperature of 
above 100 °C. Abandansari et al. reports the synthesis of a pentablock polymer of 
PNIPAAm-PCL-PEG-PCL-PNIPAAm, which was synthesized by combining ring-
opening polymerization and ATRP [78]. Li et al. synthesized a class of thermogels 
for the delivery of cardiosphere-derived cells (CDCs) [79]. The hydrogels were 
based on a central polycaprolactone unit with flanking PNIPAAm, poly(2-hydrox-
yethyl methacrylate) and poly(dimethyl-γ-butyrolactone acrylate) (Fig.  3). Atom 
transfer radical polymerization was utilized for the fabrication of well-defined ther-
mogelling polymers. These polymer solutions formed semi-solid gels within 5 s.

3.2.3 � Synthetic Gels Prepared by the Formation of Poly(Urethane)S

The formation of multiblock copolymers with high molecular weights is the basis 
for the preparation of thermogelling copolymers with extremely low gelation 
concentrations. Typically, this is prepared by a one-pot reaction of poly(ethylene 
glycol) as the first block, poly(propylene glycol) as the second block, and a third 
block polymer of choice. Without the third block, the thermogelling effect is also 
observed [80]. However, based on the different requirements such as degradation 
stability, hydrophobicity of the block copolymer, and drug release profile of the 
thermogel, the third block can be used to tune the thermogel properties. Over the 
past 7  years, several blocks have been utilized including poly[(R)-3-hydroxybu-
tyrate] (PHB) [81–83], PLA [84], PCL [85, 86] poly(ethylene butylene) [87, 88] 
and poly(trimethylene carbonate) [89]. Recently, Park et  al. reported the synthe-
sis of thermogelling polymers with functional groups in the backbone to allow for 
bio-functionalization to enhance cell–materials interactions [90]. Here, an amine-
functionalized ABA block copolymer, poly(ethylene glycol)-poly(serinol hexam-
ethylene urethane) (ESHU) with one free primary amine group on every repeating 
unit was synthesized. The polyurethane unit functions as the hydrophobic block 
and PEG acts as the hydrophilic block. Serinol is a serine derivative with two 
hydroxyl groups and one amine group; the hydroxyl groups allow for conjugation 
with the isocyanate groups to form the urethane linkages and the amino group can 
be used for further functionalization. The amino group was first protected during 
the urethane formation. This protected amino group was reacted to form a bio-func-
tionalized ESHU with IKVAVS peptide which shows rapid thermogelling property.
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3.3 � Composite Hydrogels and Hybrids

Organic–inorganic hybrid hydrogels may be defined as a water-swollen cross-
linked polymer network impregnated with inorganic particles or nanostructures. 
While these materials have not been explored for stem cell culture, the presence of 
inorganic materials adds new properties to the hydrogel through different interac-
tions when they are entrapped within the hydrogel network. Such nanocompos-
ite structures have found applications in the areas of catalysis, stimuli-responsive 
drug release, biosensors, anti-bacterial, SERS, and many other technological areas 
[91]. The addition of these nanoparticles endow the one dimensional hydrogel 
with additional features for sensing and delivery applications.

Stimuli-responsive polymers undergo significant and reversible conformational 
changes in response to small changes in environmental conditions such as tempera-
ture, pH, light, ultrasound and magnetic fields. Hydrogels developed from those 
stimuli-responsive polymers can potentially be used in drug delivery since they 
are switchable and controllable in the transition from sol-gel states. This ‘switch’ 
can be applied as trigger for programming release of encapsulated biomolecules. 

Fig. 3   Synthesis of a difunctional polycaprolactone initiator and b hydrogel polymers by ATRP. 
Reproduced with permission [78]. Copyright 2011 Elsevier
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Heat can be generated by metal nanoparticles, this opens up a new approach for the 
development of new hybrid thermogelling systems with interesting properties as 
drug carriers. Metal nanoparticles also possess unique optical and electronic prop-
erties determined by their size, shape and composition. Gold, silver, copper or their 
alloys have attracted numerous attentions owing to their unique properties, such 
as size- and shape-dependent optical and electronic features, a high surface area 
to volume ratio, and surfaces that can be readily modified with ligands containing 
functional groups. The optical properties mainly relate to the interaction between 
light and the noble metallic nanoparticles, in such an interaction the coherent col-
lective oscillation of electrons in the conduction band induces large surface electric 
fields which greatly enhance the radiative properties when they interact with the 
resonant radiation. Xia et al. prepared nanocages, via the galvanic replacement of 
silver nanocubes with gold. These gold nanocages can be applied in bio-systems 
for imaging, photothermal destruction and drug delivery [92, 93]. Recently, Han 
et  al. reported the facile chemical synthesis method of well-defined gold nano-
crosses through anisotropic growth along both 〈110〉 and 〈001〉 planes [94].

The multiple branching was achieved by breaking the face-centered-cubic lat-
tice symmetry of gold through copper-induced formation of single or double twins 
(Fig.  4), and the resulting gold nanocrosses exhibited pronounced NIR absorp-
tion and were used for two photon luminescent imaging of cancer cells and pho-
tothermal destruction of cancer cells with very low power NIR laser irradiation. 
NIR light is very useful for biomedical applications since these wavelengths can 
penetrate biological tissues with relatively little attenuation or tissue damage. 
Programmed drug delivery was modulated by photothermal trigger through the 
combination of NIR-absorbing nanoparticles and thermally responsive polymers.

This smart system was first shown by Sershen et  al. using NIPAAM-co-
AAM (acrylamide) and gold-gold sulfide nanoparticles [95]. Light at 800 and 
1200 nm was absorbed by the nanoparticles and converted to heat. Interestingly, 
the nanoshell-composite hydrogels showed enhanced drug release and the multi-
ple bursts release effect of protein in response to repeated near-IR irradiation. In 
another work, Zhao et al. found that NIR at 980 nm can be used to induce sol-gel 
transition when loaded upconversion nanoparticles (UCNPs) into a photosensitive 
hybrid hydrogel. This novel system released large, inactive biomacromolecules 
such as protein and enzyme “on demand”, whereby the bioactivity was also pre-
served [96]. Unlike the plasmonic noble metals, some transitional metal nanopar-
ticles, such as iron, cobalt and nickel, exhibit excellent magnetic properties. By 
adjusting the sizes of these nanoparticles, the magnetic properties can be tuned 
from ferromagnetic to superparamagnetic. When the shape of these nanoparticles 
is changed into nanorod, the coercivity will be increased. A number of iron, cobalt 
and nickel nanoparticles have been synthesized with different size and shapes. 
These nanoparticles have been used for magnetic field induced hyperthermia, drug 
delivery and as contrast agents in magnetic resonance imaging (MRI) based on 
their excellent response to the external magnetic fields. Iron oxide nanoparticles 
can be loaded into a hydrogel to create a remotely activated hydrogel by mag-
netic induction. Kohane et  al. developed a ethyl cellulose-iron oxide composite 
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membrane based drug delivery system consisting of PNIPAAM hydrogel (Fig. 5) 
[97]. The engineered hybrid system was synthesized by co-evaporation to cause 
the entrapment of PNIPAAM and iron oxide nanoparticles to give a presumably 
disordered network. The obtained device enabled rapid, repeatable, and tunable 
drug delivery through the swelling and deswelling transition of PNIPAAM nano-
gel upon the application of an external oscillating magnetic field. Analysis with 
sodium flurorescein showed approximately 20-fold increase in flux when the 
device was turned “on” by exposure to an oscillating magnetic field, as well as 
consistent drug flux over four on-off cycles.
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Fig.  4   Structural analysis of gold nanocrosses. a Low-magnification TEM and b HRTEM 
images of a doubly twinned gold nanocross with D2h symmetry. The inset in a shows one set of 
SAED spots. c Low-magnification TEM and d HRTEM images of a singly twinned gold nano-
cross with C2v symmetry. The inset in c shows two sets of SAED spots, labeled with squares and 
circles. This image is reproduced from [94] with permission

Fig. 5   Schematic illustration 
of drug delivery from 
magnetically triggered 
cellulose-iron oxide particle 
hybrid membrane consisting 
of PNIPAAM-based nanogels 
(this image is enhanced and 
reproduced from [97] with 
permission)
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4 � Hydrogel Microenvironments for Construction  
of Stem Cell Niche

Hydrogels serve as well-controlled 3-D microenvironment systems for incor-
poration of biochemical and biophysical cues for presentation to stem cells in a 
spatiotemporally controlled manner, which allows researchers to deconstruct com-
ponents of the stem cell niche, and to decipher the underlying mechanisms that 
regulate stem cell proliferation, differentiation and migration [44, 45]. In recent 
years, new variables in hydrogel design, propelled by new tools and techniques, 
to incorporate the necessary cues and components to influence stem cell behavior, 
have greatly enhanced our understanding of the stem cell microenvironment, and 
its relevance for tissue regeneration [3].

4.1 � Hydrogels as ECM-Mimetic

The native ECM is a 3-D network composed of matrix proteins (e.g. collagen, 
fibrin, laminin) that provides structural support framework for anchorage of cells 
and naturally sequesters soluble factors. Hydrogels are highly-hydrated networks 
of natural or synthetic polymers which resemble the naive ECM, and are therefore 
ideal biomaterial scaffold for culture of stem cells [44]. Hydrogels can be derived 
from natural materials including collagen [98, 99], gelatin [100–102], fibrin [103], 
dextran [104], hyaluronic acid (HA) [105–107] and keratin [108]. Since native 
tissue ECM is likely to compose of many types of matrix proteins, hydrogels 
made from decellularized tissue matrix represent an attractive alternative [109, 
110]. However, the application of these natural hydrogels is often hampered by 
the batch variability and difficulty in the control of material properties includ-
ing degradation, mechanics and bioactivity. These limitations may be overcome 
through synthetic modification of these natural materials [100, 105] or the use of 
purely synthetic materials such as PEG that allow decoration of ECM ligands to 
mimic the native ECM and to support cell adhesion [111, 112]. Among the various 
hydrogels, HA-based hydrogels are commonly used for stem cell culture, and have 
been shown to support self-renewal and differentiation of hESCs [107]. In the 
use of synthetic hydrogels such as the PEG for stem cell culture, integrin-specific 
adhesion ligands can be incorporated to the hydrogel network, and differential 
integrin activation was demonstrated to modulate ESC fate decisions [113, 114].

4.1.1 � Matrix Architecture

Hydrogel network and matrix architecture is an important property that is required 
to ensure proper nutrient transport for optimal cell growth, and to allow space for 
cell movement and to generate cell-cell interactions [42, 44]. The native ECM is 
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composed of fibers that provide geometric and topographic signals to direct cell 
functions, cell-cell/matrix interactions, morphogenesis and structural organization 
in microscale. To this end, various approaches have been explored in the hydrogel 
design and engineering to influence stem cell fate and functions by tailoring the 
geometry, topography as well as porosity of the hydrogel.

It is well-known that cell shape and function are tightly-coupled [115, 116]. 
The change in cell shape is often accompanied not only by changes in the 
cytoskeleton assembly but also in cell functions through specific gene and protein 
expression. Apart from biochemical control of cell shape by the use of growth fac-
tors or actin-disrupting agents [117], biophysical strategies through stiffness con-
trol and micropatterning of hydrogel substrates have also proved efficacious in 
guiding stem cell differentiation [107, 118]. Using polyacrylamide hydrogels pat-
terned by photolithography that approximate the mechanical properties of soft tis-
sues, Lee and colleagues have shown that MSCs cultured in small circular islands 
show elevated expression of adipogenesis markers while cells that spread in aniso-
tropic geometries tend to express elevated neurogenic markers [119].

When the hydrogel mesh size is smaller than the size of cell or protein, the cell 
movement and nutrient transport are likely to be affected, but may be overcome by 
material strategies including alterations in crosslinking density or tunable degrada-
tion. At a higher level of modification, electrospinning is the technique that has 
recently been adopted to fabricate hydrogel nanofibers to mimic the 3D nanofi-
brous structure of the native ECM and to control the biochemical and biomechani-
cal properties [120, 121]. Hydrogel fibrous structure not only allows for improved 
cell movement and nutrient transport through increased porosity, but also exerts 
topographic control to influence cell fate, and presentation of anisotropic elasticity, 
which is important for certain tissues [122]. Other strategies to improve the poros-
ity of hydrogels include the use of stimuli-responsive microspheres [123], micro-
fibers [124] and gel systems [125] that may be dissolved in a controlled manner 
by specific changes in pH, temperature or exposure to enzymes. One example is 
the impregnation of cell-laden gelatin microspheres within the alginate hydrogel, 
which upon transfer to 37 °C, allowed the gelatin to be dissolved and released the 
cells into the spherical cavities created in the hydrogel bulk, creating space for fur-
ther cell growth within the matrix [123]. Lau and colleagues observed enhanced 
cell survival and hepatogenesis of murine iPSCs encapsulated in such micro-cavi-
tary hydrogel system [123].

4.1.2 � Matrix Mechanics and Degradation

In their native tissue environment, cells experience a wide magnitude of matrix 
stiffness, from soft (brain ~0.1 kPa) to stiffer (bone ~80 kPa) tissues, which dic-
tates several aspects of cellular functions [126]. The landmark study by Engler 
and colleagues [127] demonstrated that hMSCs cultured on 2-D polyacrylamide 
substrates of varying stiffness undergo lineage-specific differentiation to become 
cell types characteristic of tissues with the corresponding stiffness. A later study 
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showed that NSCs cultured on variable modulus substrates differentiate pref-
erentially into neurons on softer substrates and astrocytes on stiffer materials 
[128]. In addition to differentiation, matrix elasticity can influence stem cell self-
renewal. For instance, it was observed that 2-D soft substrates promote the ability 
of embryonic stem cells [129] and adult muscle stem cells [130] to self-renew in 
culture.

However, it is important to note that most studies of stem cell mechanotrans-
duction have been performed with 2-D substrate systems [128–130], which lacked 
the 3-D complexity of the naive tissue environment. How stem cells sense and 
respond to the mechanics of their 2-D or 3-D microenvironments can be very 
different, resulting in changes in cell functions. This disparity in cell functions 
have been shown in studies, where cells showed increased spreading and motil-
ity on stiff 2-D matrix, but were confined to the 3-D matrix that it must degrade 
or deform [131]. One of the major challenges in understanding mechanosensitiv-
ity within 3-D microenvironments is the ability to decouple the effects of matrix 
mechanics from that caused by crosslinking density and porosity, since increased 
mechanics is often caused by increased crosslinking density that results in 
decreased mesh size and permeability.

While the matrix composition and mechanical structure determine the stem cell 
proliferation and differentiation, the matrix degradation rate influences the cell 
migration, matrix deposition, remodelling and tissue morphogenesis [131]. A vari-
ety of different systems have emerged to better control gel degradation. Hydrogels 
can be designed to undergo hydrolytic or enzymatic degradation where the latter 
allows for biomimetic control over local degradation dictated by the amount of 
cell enzyme secretion and the susceptibility of the cross-linker peptide sequence. 
The importance of cell-mediated gel degradation has been shown in studies to pro-
mote stem cell growth and differentiation as well as in neotissue formation where 
rate of gel degradation should match the rate of cell growth and matrix deposition 
in neotissue formation. Light may also be used to control hydrogel degradation, 
where photodegradable networks can be created that can undergo reverse gela-
tion under cytocompatible conditions. These photodegradable hydrogels allow the 
greatest advantage of external control of degradation and in situ tuning of hydro-
gel mechanics. Seliktar and colleagues have used high-intensity pulsed laser light 
to photoablate guidance channels in transparent hydrogels to guide neural growth 
into the gel, which opens potential for treating nerve injuries [132].

4.2 � Growth Factors and Biomolecules

Morphogens have been known to regulate cell fate and tissue morphogenesis dur-
ing development [126] and represents the most potent and direct regulation of cell 
fate and function towards the lineage-of-interest [8, 133]. Many of these soluble 
factors are immobilized to the ECM framework via matrix-binding domains. The 
spatial distribution of factors with local and/or gradient concentrations, duration 
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and timing of exposure, and ligand presentation modulate the level of morphogen 
activity and cellular signaling to regulate cell fate and functions [126, 134].

Synthetic hydrogel systems enable delivery of morphogens in a spatiotempo-
rally-controlled manner that affects signalling. Direct encapsulation is the conven-
tional method of delivery in hydrogels, but limitations of this approach include 
poor control of release profiles. Often, there will a burst release profile, which 
may result in adverse cellular responses and tissue reactions [135]. One attractive 
approach to overcome this limitation is to incorporate into the hydrogels micro or 
nanoparticle delivery vehicles that may allow single or multiple growth factors to 
be released in a controlled and sustained fashion [101]. In order to further improve 
the growth factor stability and specificity, there are also efforts to identify the 
functional peptide domain sequences of growth factors, including those that bind 
to growth factor receptors and proteoglycans including heparin sulfate, as an alter-
native to the use of entire growth factor [136, 137].

In addition to the control of single or multiple growth factor release, spatial dis-
tribution of the growth factors within the 3-D hydrogel microenvironment could 
influence specific cellular processes. Wylie and colleagues used barnase-bastar and 
streptavidin-biotin binding pairs to immobilize sonic hedgehog (SHH) and ciliary 
neurotrophic factor (CNTF), respectively into modified agarose gel, thereby creat-
ing immobilized gradients of growth factors in distinct regions within the hydrogel 
microenvironment for guided cell migration and differentiation [138].

4.3 � Support Cells

Support cells play important roles in regulating the self-renewal, mobilization and 
differentiation of stem cells. Support cells can interact with stem cells by direct 
contact through receptors and gap junctions, and by paracrine secretion of growth 
factors to influence cell fate and functions. In adult tissues, such as the adult brain, 
it has been shown that the adult hippocampal NSC proliferation occurs in a vascu-
lar niche where there is endothelial component of the vasculature, while NSC dif-
ferentiation is promoted by contact with astrocytes [139]. The concept of support 
cells is perhaps best represented in vitro by the use of feeder cells [140] and feeder 
cell-derived matrices [141, 142] to support the self-renewal and pluripotency of 
hESCs.

In application of stem cells for tissue regeneration, support cells are often com-
mitted cell types that can be co-cultured with the stem cells to direct specific dif-
ferentiation [143, 144]. In this instance, hydrogels serve as a platform to control 
the interactions between the stem and support cells [145] and as a delivery system 
to enable delivery of multiple cell types for regeneration of complex tissues [146]. 
It has been shown in several studies that co-delivery of stem cells and support cells 
have synergistic effects in tissue regeneration [146, 147].
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5 � Microfabricated Hydrogels

Microtechnologies including microfluidics and micropatterning are fast-evolving 
technologies that have become an integral part of constructing stem cell micro-
environments using hydrogels. Besides modulating hydrogel micro-architecture 
(e.g. porosity) and composition by changing the polymer or cross-linking chemis-
try, hydrogels can be tuned by using microtechnologies to control their meso-scale 
structures. This allows one to reduce the feature size of the hydrogel structures 
being formed, which in turn translates to more precise control over the cell locality 
in 3-D space.

There are two general approaches to constructing a microfabricated cellu-
lar environment using hydrogels. A more simple approach is to first fabricate the 
hydrogel-based micro-structure before seeding cells onto it. For instance, hydro-
gel microwells are frequently constructed for the formation of ESC embryoid bod-
ies (EBs) with controllable sizes [148]. 3D projection stereolithography as well 
as two-photon laser scanning photolithography (TPLSP) have been used to gener-
ate hydrogel scaffolds of defined architecture, porosity and interconnectivity [149, 
150]. The advantage of decoupling hydrogel microfabrication from cell seeding is 
that we do not impose any restriction on the fabrication conditions (e.g. pH, tem-
perature). However, control over the positioning of cells is much poorer since cells 
are stochastically located within the hydrogel micro-architecture.

The more commonly used approach to have more control over cell locality 
in 3D space is to generate cell-laded hydrogel micro-structures. Cells are sus-
pended in the prepolymer before crosslinking is induced to “freeze” the cells in 
3D space. UV polymerization of poly(ethylene glycol) diacrylate (PEGDA) is one 
of the most commonly used method. UV light can be spatially directed at sub-
millimeter resolution onto a PEGDA solution impregnated with cells to induce 
crosslinking via photolithography [151] or TPLSP [152]. PEGDA-based hydro-
gels can be further modified to include bioactive active ligands, such as RGD 
peptides, to improve the bio-functionality or bio-compatibility of the hydrogels 
[151]. Photopolymerized hydrogels can also be used in conjunction with other 
microtechnologies to have an additional degree of control over the 3D multicel-
lular construct. Albrecht et al. used dielectrophoresis (DEP) patterning to control 
the relative positions of two or more cell types before immobilizing them in 3D 
space by photopolymerized PEG hydrogel [153]. Photopatterned hydrogels are 
often used to immobilize cells within microfluidic systems [154, 155]. In another 
example, a 3D network of carbohydrate glass is printed within cell-laded PEG 
hydrogels to serve as a vascular network, which can be independently populated 
with endothelial cells [156]. Other than PEGDA, a myriad of photopolymerizable 
hydrogels have been developed. Typically, these hydrogels are the polymerizable 
variants of common hydrogels, such as hyaluronic acid (HA) [157], polyvinyl-
alcohol (PVA) [158], and gelatin [159].
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What are the biological implications of using microfabricated hydrogels to fine-
tune the stem cell environment? Firstly, there is an overall improvement of mass 
transport to the cell-hydrogel construct due to a smaller diffusion distance [160]. 
Micropatterned hydrogels also offer protection from fluid shear stress in micro-
fluidic perfusion culture systems that are meant to augment mass transport [161]. 
One can also achieve better control over heterotypic cell-cell interactions by being 
able to position two or more different cells types at defined locations. For instance, 
patterning stellate cells together with ESC can enhance their hepatic differentia-
tion capacity [162]. In another configuration, tracks of cell-loaded fibrin hydrogels 
were patterned at different distances to investigate interactions between endothe-
lial cells and MSCs in vasculogenesis [145].

One of the most notable biological effects enabled by microfabricated hydro-
gels is perhaps the spatial patterning of stem cell differentiation by creating jux-
taposed differential 3D microenvironments. Qi et  al., encapsulated mouse EBs 
in spatially asymmetrical hybrid hydrogel, where half of the EB was exposed 
to gelatin and the other half exposed to PEG. Owing to the differences of the 
different hydrogel microenvironments in directing vascular differentiation, they 
could spatially direct vasculogenesis in the EBs [163]. Khetan and Burdick 
employed a different strategy to create an asymmetrical 3D hydrogel micro-
environments by performing UV photolithography on a primary HA hydrogel 
crosslinked by enzymatic reactions. Human MSCs could remodel and spread 
in areas that were not exposed to UV but remained rounded in UV exposed 
regions. This led to the spatially patterning of osteogenic-adipogenic differentia-
tion fates of the hMSCs [164].

6 � Complexity of Tissue Environment

The tissue environment is dynamic in nature and present spatial and temporal het-
erogeneity in the cellular and matrix composition, and this dynamics is highly 
impacted by the type and state of the tissue environment, whether in healthy or 
injured/diseased state [165]. The level of oxygenation and nutrient supply, oxida-
tive stress and inflammation present in the injured/diseased tissue environment are 
likely to affect the mobilization of stem cells from the stem cell niche as well as 
the survival and engraftment of exogenous stem cells, and are therefore important 
considerations when applying hydrogels to recruit or deliver stem cells to the site 
of tissue injury [165]. In this aspect, modifying the tissue environment by strate-
gies such as pre-conditioning, anti-inflammation and/or anti-oxidative injury may 
be helpful in the transplanted cell survival and engraftment. Modulating the cel-
lular processes and guiding the development of the neotissue formation in parallel 
with the changes of the tissue environment would be pivotal in determining the 
outcome of the regenerative therapy.
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7 � Advanced Hydrogel Systems for Stem Cell Delivery

To better tailor stem cell therapies to the dynamic complexity of the tissue envi-
ronment [165], whether in healthy or injured state, multi-phased and multi-func-
tional hydrogel systems are being developed for stem cell delivery [43, 44, 47].

7.1 � Multi-phased Hydrogels

The spatial organization of cells and biomolecules and the relative distribution in 
the hydrogel network are important in guiding the cellular processes including cell 
proliferation, differentiation and tissue morphogenesis towards the de novo forma-
tion of complex hierarchical tissue. Utilization of techniques including co-culture/
co-encapsulation of different cells [147], photopatterning [166], and multi-phased/
multi-layered hydrogel systems [167, 168] may aid in the spatially controlled 
organization of multiple cell types and bioactive molecules and facilitate the pro-
gress towards better organization and functionality of newly-generated complex 
tissue in vivo.

A notable study in this direction is the development of a three-layer PEG-based 
hydrogel to direct differentiation of single population of MSCs into multiple, 
spatially distinct phenotypes within the 3-D scaffold [167]. The three-layer PEG 
hydrogel with chondroitin sulfate and MMP-sensitive peptides in the top layer, 
chondroitin sulfate in the middle layer, and hyaluronic acid in the bottom layer, 
creates the zonal organization (superficial, transitional and deep zones) of the 
native-like articular cartilage. This study suggests the possibility of regenerating 
complex tissues from a single stem cell population by spatially varying the bioma-
terial composition to direct stem cell differentiation into multiple distinct pheno-
types. Other studies utilize bilayered hydrogel matrices for co-culture of stem cells 
with committed somatic cells to direct stem cell differentiation [169, 170].

Towards this end, design of multi-phased hydrogel systems that allow directed 
stem cell differentiation to multiple lineages or co-culture/co-encapsulation of 
multiple cell types or biomolecules may improve the spatial organization of the 
newly generated tissue in vivo.

7.2 � Multi-functional Hydrogels

During tissue injury, oxidative stress and inflammatory processes are always pre-
vailing, making the tissue environment at the injury sites highly unfavorable for 
the introduction of therapeutic cells including stem cells. Oxidative stress is asso-
ciated with increased production of oxidizing species including the production of 
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peroxides and free radicals that can damage all components of the cell, includ-
ing proteins, lipids and DNA. Inflammation involves the production of cytokines 
including tumor necrosis factor-alpha (TNF-α) and interleukin-1α/β, and recruit-
ment of inflammatory cells including monocytes and macrophages that are capa-
ble of secreting MMPs involved in matrix degradation. Both oxidative stress and 
inflammation can trigger cell death by mechanisms of apoptosis or necrosis, impli-
cating these processes as important considerations when delivering cells in inject-
able hydrogels to the site of tissue injury.

In view of these considerations, various strategies by means of functionaliza-
tion or loading of the hydrogel with anti-oxidants or anti-inflammatory agents and 
receptor blocking agents against oxidative stress and/or inflammation were devel-
oped [171–174]. A notable study in this direction is the development of thermo-
sensitive chitosan hydrogel conjugated covalently with glutathione, a well-known 
anti-oxidant peptide molecule [171]. This functionalized hydrogel with anti-oxi-
dant property are capable of scavenging reactive oxygen species (ROS) including 
oxygen radicals (superoxide and hydroxyl radicals) and was shown to enhance the 
survival of cardiomyocytes in the presence of hydrogen peroxide (H2O2) inducing 
oxidative stress [171]. Similarly, ferulic acid has been incorporated into the chi-
tosan-gelatin-glycerophosphate hydrogel [172] or poly (anhydride-ester) nanogel 
[173] to improve the ROS scavenging capacity. Although H2O2 induces oxidative 
stress, it has been used as oxidant in the oxidative coupling reaction in the enzy-
matically cross-linked material systems such as HA-Tyr and Gtn-HPA, and it was 
found that the HRP-catalyzed cross-linking mechanism utilizing very low amount 
of H2O2 in the oxidative coupling reaction preconditioned the NSCs encapsulated 
in 3-D Gtn-HPA hydrogel and enhanced the oxidative stress resistance and sur-
vival of these cells, which might be potentially applied for neural regeneration 
[100]. Some biopolymers also possessed natural antioxidant capability. One exam-
ple is the polymer pullulan, a carbohydrate glucan, known to exhibit potent anti-
oxidant capabilities, and was recently demonstrated in a study that pullulan-based 
hydrogels were effective in delivery of MSCs and enhanced survival and engraft-
ment in a high ROS environment in an ischemic excisional wound model in mouse 
[175].

Towards this end, the development of hydrogels that can modulate the tissue 
environment for enhanced survival and engraftment of the exogenous stem cells 
delivered, or even recruit endogenous adult stem cells to the tissue site of injury, is 
most likely to improve the outcome of the regenerative therapy.

8 � Conclusions and Perspectives

Hydrogel-based culture platforms, coupled with advanced hydrogel designs and 
fast-evolving microtechnologies, have the greatest potential in constructing com-
plex artificial stem cell microenvironments. Specific bioactive niche components 
may be incorporated into the microenvironment to modulate and manipulate stem 
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cell fate and function. Such components may be support cells and/or biomolecules 
and drugs that might affect stem cell fates (survival, self-renewal and differen-
tiation). Notably, with the advances in hydrogel chemistries and micropatterning 
techniques, we can now control the spatial organization of cells and biomolecules 
and study the cell-cell and cell-matrix interactions over space and time in a well-
controlled manner. Looking forward, defining the specific niche components 
present in the stem cell microenvironment and deciphering the underlying mech-
anisms will allow researchers to develop new therapeutics to enhance stem cell 
function and promote regeneration of injured or diseased tissues in vivo.

As mentioned, the tissue environment is dynamic in nature and present spa-
tial and temporal heterogeneity in the cellular and matrix composition, and this 
dynamics is highly impacted by the type and state of the tissue environment, 
whether in healthy or injured/diseased state. Oxidative stress and inflammation 
present in the injured/diseased tissue environment are likely to affect the mobiliza-
tion of stem cells from the stem cell niche as well as the survival and engraftment 
of exogenous stem cells, and are therefore important considerations when deliver-
ing cells in injectable hydrogels to the site of tissue injury. Looking forward, strat-
egies of anti-inflammation and/or anti-oxidative injury may be incorporated into 
multifunctional hydrogels to modify the tissue environment and help in the sur-
vival/engraftment of the transplanted cells. Modulating the cellular processes and 
guiding the development of the neotissue formation in parallel with the changes of 
the tissue environment would be pivotal in determining the outcome of the regen-
erative therapy.

Looking into the future, combined approaches utilizing hydrogels, microtech-
nologies and controlled release strategies will provide new insights into the mech-
anistic regulation of stem cell fate. These advances in hydrogel design and related 
enabling technologies will continue to grow and aid in our future design of cus-
tomized hydrogel delivery systems for healthy and injured/diseased tissues, and 
guide the development of future therapies.
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Abstract  The treatment of cancer requires several anticancer drugs targeting dis-
similar cellular mechanisms. These therapies require balance with the associated 
toxicity of the administered drug. The ideal drug delivery system should sustain 
high local concentrations at the tumor site while minimizing systemic drug lev-
els. Local cancer therapy depends on administration where targeted activity could 
possibly improve patient outcomes such as amplified local control and lowered 
metastatic potential. Combination anticancer treatments could also be improved 
with targeted therapies. OncoGel is a gel depot formulation of paclitaxel in ReGel. 
Oncogel has been studied in various in vitro setups. OncoGel has been shown to 
be able to physically target paclitaxel to the tumor site as well as reducing sys-
temic circulation. OncoGel has also shown enhanced efficacy as a stand-alone 
treatment as well as synergistic activity in combination therapies. Clinical studies 
in superficially-palpable tumors and esophageal carcinoma confirmed local pacli-
taxel release from OncoGel in patients. OncoGel’s ability to enhance present ther-
apies for esophageal and brain cancers will be discussed.

Keywords  Anti-cancer  ·  Thermogel  ·  Oncogel  ·  In vivo  ·  Clinical trials

1 � Introduction

The need for drug delivery systems to improve safety, efficacy and patient com-
pliance is well established. There exist various drug delivery systems such as 
microspheres, nano particles, as well as environmentally sensitive systems [1–3]. 
Thermosensitive polymers are a subset of environmentally sensitive polymers which 
undergo a phase transition (sol-gel) when subjected to a change in temperature. 
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Regel™ copolymers are biocompatible and biodegradable polymers which exhibit 
such reverse thermal gelation properties [4]. These polymers are triblock copolymers 
consisting of A-blocks made up of poly(lactide-co-glycolide) and B-blocks made 
up of poly(ethylene glycol) arranged in an ABA or BAB sequence, with a defined 
molecular weight and hydrophobic/hydrophilic balance. Modification in the hydro-
phobic/hydrophilic ratio of the polymer constructs, results in Regel™ being water 
soluble below room temperature and a gel at body temperature [4]. As Regel™ is 
a physically formed hydrogel, the sol-gel transition occurs within seconds, without 
any chemical modification of the constituent co-polymers [5]. The reversible gela-
tion behavior is presented in the phase diagram (Fig. 1), which illustrates the gela-
tion behavior at physiologically relevant temperature (37 °C). This forms the basis 
of the biomedical application of Regel™ copolymers as a potential drug carrier. The 
polymer is hydrolytically degradable and degrades into lactic acid and glycolic acid 
components after a period of time. Another significant aspect to be noted is the water 
solubility of the residual polymer which enables its diffusion from the injection site 
and subsequent elimination through the kidneys.

Oncogel (ReGel™/Paclitaxel) is a formulation of the chemotherapeutic intratu-
morally injectable drug Paclitaxel, developed by MacroMed Inc. (Salt Lake City, 
Utah, USA) for local treatment of solid tumors [5]. Paclitaxel is an anti-microtu-
bule agent which binds to tubulin-binding sites, causing mitotic arrest and apop-
tosis. Regel™ increases the solubility and stability of hydrophobic drugs such as 
paclitaxel, thus using the system (ReGel™/paclitaxel) ensures a sustained drug 
release for about 6  weeks. Oncogel is a drug delivery system which combines 
controlled release with physical targeting of the tumor site either via intra-lesional 
injection or direct placement into the tumor cavity after resection [6–8]. This poses 
an advantage over the systemic administration of paclitaxel as it provides con-
tinuous release of the therapeutic agent throughout the tumor irrespective of its 
vascular status. It is also established that Oncogel produces minimal on site toxic-
ity, which enhances its possibility of being used as a component of combination 

Fig. 1   ReGel phase diagram. 
Reproduced from Zentner 
et al. [4]
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therapies. Thus complimentary cancer based cellular mechanisms can be targeted 
by combining Oncogel with systemic chemotherapy or surgeries. Moreover, pacli-
taxel’s anti-neoplastic and radiosensitization activities can be exploited by com-
bining Oncogel with radiotherapy to increase efficacy of the cancer therapy [9, 
10]. The development of Oncogel is highlighted in Scheme 1.

2 � Non-clinical Safety and Efficacy Evaluation

Several non-clinical studies were performed to explore Oncogel’s anti-cancer activ-
ity and evaluate its biomedical applications. These included establishing its safety 
and tolerability Vis-a-Vis systemic administration of Paclitaxel and illustrating its 
localization within and around the tumor site. Emphasis was also laid on proving its 
efficacy as a standalone treatment and its tolerability in combination therapy [5].

2.1 � Safety Studies

Before targeting the primary cancer cells with Oncogel, it was necessary to estab-
lish local tolerability of the system in normal tissue. Various studies were con-
ducted on rats, dogs, pigs to evaluate the safety of Oncogel when delivered to the 
following tissues: skin (subcutaneous injection), central nervous system (CNS), 

Regel +
Paclitaxel

OncoGel Non-Clinical 
studies

Safety 
evaluation

Tissue 
studies

OncoGel as an anti-cancer 
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cancer)

In combination 
with surgery

In combination 
with radiation

In combination 
withTMZ

Scheme 1   Flowchart of the development of Oncogel
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intracranial and spinal cord and the pancreas [4, 7, 8, 11, 12]. The focus of the 
studies in rats and dogs was to determine the no adverse event level (NOAEL) and 
the maximum tolerated dose in normal tissues. The outcome of these local toler-
ability studies established that the dose-limiting toxicities (DLTs) were local in 
nature, so the need to consider systemic toxicity was eliminated while considering 
the starting dose. These studies propelled the research towards the clinical dose 
escalation studies of Oncogel as an anti-cancer agent in humans.

2.2 � Tissue Distribution Studies

After determining the DLT, it is necessary to carefully study the distribution of 
Paclitaxel following release from the Oncogel, in order to manage the potential addi-
tive toxicity and avoid further complications in the patient. An ADME (adsorption, 
distribution, metabolism, and excretion) study of paclitaxel was performed follow-
ing OncoGel’s intralesional administration to the MDA-MB-231 breast tumor xeno-
graft in mice. The study examined the distribution of radioactively labeled paclitaxel 
over a span of 42  days. Paclitaxel was reported to be localized within the tumor 
with minimal levels (<0.2 %) detected in the blood, tissues or urine. The elimina-
tion route was via feces, similar to the paclitaxel elimination following systemic 
administration. The distribution and concentration of paclitaxel in the surrounding 
tissues, derived from these studies are essential criteria to be considered when select-
ing Oncogel injection sites and its placement into a tumor cavity after a surgery [5].

3 � Development of Oncogel™ as a Potential Cancer 
Therapeutic Drug

After acquiring the preliminary information related to the distribution and safety 
of Oncogel™, it was necessary to evaluate its efficacy in animal models. Novel 
drug delivery methods were explored for efficient delivery of Oncogel™ to the 
tumor site. The feasibility of combining Oncogel™ with chemotherapy, radiation 
therapy and surgeries was also explored.

3.1 � Rat Model Studies

3.1.1 � Spinal Cord

Spinal column is the most common site of skeletal osseous metastases, with lung 
and breast lesions being the primary ones to metastasize [7]. As there are advances 
made in the diagnosis and treatment of the primary disease, the life span of a 
patient generally increases causing an increase in the frequency of treatment for 
symptomatic distant metastases.
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Local chemotherapy could potentially provide a new option in the treatment of 
metastatic disease, and the efficacy of Oncogel™ in delaying paresis was tested on a 
spinal metastases rat model [7]. The pre-treatment hind limb function was evaluated 
using the BBB (Basso-Beattie-Bresnahan) locomotor rating scale. Animals were 
injected with Oncogel™ 3.0 % and Oncogel™ 6.0 %, and their locomotive function 
was re-evaluated. All surviving animals’ demonstrated BBB locomotor scores of 21 
in all limbs, postoperatively. On the 10th day, the average BBB scores for the con-
trol, Oncogel™ 3.0 %, and Oncogel™ 6.0 % animals was 9.00, 16.80, and 16.86, 
respectively. Though, the histological analysis showed no evidence of toxicity to the 
spinal cord in any animal, Oncogel™ 3.0 % groups experienced transient decreases 
in hind limb motor function and took about 3 days to recover. The cause for this 
was attributed to the surgical technique employed during the intravertebral injec-
tions. Oncogel™ was found to increase the life-span of the rats as well. The median 
survival time for the control, Oncogel™ 3.0 %, and Oncogel™ 6.0 % animals was 
14, 18, and 18 days, respectively. However, there was no significant difference in the 
size of the tumor mass between the control and treatment groups at the time of histo-
logical analysis. Nevertheless, the delay in the onset of paresis led to the possibility 
of Oncogel™ increasing the quality of patient life.

The efficacy of Oncogel™ in a combination therapy along with surgery and 
radiotherapy was also evaluated in the spinal column metastases model, where 
Oncogel™ was injected into the tumor cavity during surgery. Surgery alone delayed 
the onset of paresis, but surgery +  Oncogel™ resulted in a higher median BBB 
score (21 vs. 19, P < 0.001) [8]. Also, Oncogel™ was found to prolong the time to 
loss of ambulation by 20 %. Oncogel™ was also used as an adjuvant to radiation 
therapy and it was observed that further improved hind limb function also increased 
the time for the loss of ambulation from 17 to 19 days. However, certain factors need 
to be considered when analyzing the results of this study. This study determined the 
efficacy of a single dose of Oncogel™ injection before the onset of deficits by using 
neurological assessment and not direct animal imaging. This leaves scope for further 
clinical and laboratory studies comparing the effects of Oncogel™ after the onset of 
deficits in motor function. Following the encouraging results of Oncogel™ being a 
safe and effective gel depot-based delivery system, another study was conducted to 
evaluate the efficacy of the local delivery of Paclitaxel in the treatment of intramed-
ullary spinal cord tumor (IMSCT) in rats challenged with a lethal dose of intramed-
ullary 9L gliosarcoma [13]. The outcome indicated that Oncogel™ was safe for 
intramedullary injection in rats in doses up to 5 μl of 3.0 mg/ml of paclitaxel but a 
dose of 5 μl of 6.0 mg/ml caused rapid deterioration in BBB scores. Oncogel™ at 
concentrations of 1.5 and 3.0 mg/ml paclitaxel given on both Day 0 and 5 improved 
BBB scores and the median survival in comparison to the controls.

3.1.2 � Glioma

Malignant gliomas are the most common type of primary brain tumor with relatively 
poor prognosis. The current treatment involves placement of Gliadel® wafers for the 
sustained release of carmustine [14]. The need to improve the efficacy of local drug 
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treatment by investigating new polymer carriers and pharmacological agents is well 
accentuated. Cellular proliferation inhibitors like paclitaxel are known to be effec-
tive against gliomas; however their systemic administration has been limited due to 
their poor penetration into the CNS. So, incorporating paclitaxel in a thermo-sen-
sitive polymer depot delivery system can enhance its efficacy in cancer treatment. 
The safety and potential synergistic effects of Oncogel™ on rats challenged with 
intracranial 9L glioma was demonstrated in a study which combined Oncogel™ 
with radiotherapy [15]. Oncogel™ was intracranially implanted into 60 animals and 
divided into placebo (ReGel™), XRT, Oncogel™ 6.0 mg/m or Oncogel™ with sin-
gle dose 20 Gy XRT. Animals treated with just Regel™ showed no increase in sur-
vival when compared to the controls but animals administered with Oncogel™ and 
XRT had a statistically significant increase in survival when compared to XRT alone 
(P = 0.0182). These results were further supported by another study which claimed 
the safety of 6.3 mg/ml of paclitaxel for intracranial injection in rats [16]. It was also 
established that combining Oncogel™ acts as a radiation sensitizer, thus, combin-
ing Oncogel™ treatment with radiation therapy is more effective than just the stand 
alone treatment.

Advancement in oncology research identified multiple signaling pathways to 
play a significant role in tumor progression. So, application of combination therapies 
which synergistically target different pathways could improve the efficacy of can-
cer therapies. Temozolomide (TMZ) is an alkylating agent shown to have improved 
survival in patients with glioblastoma [17]. Paclitaxel is a mitotic inhibitor which is 
effective against glioma in vitro and also makes the glioma cells sensitive to radi-
ation therapy. As TMZ and paclitaxel have different mechanisms of action, it was 
hypothesized that the combination of TMZ (oral and local) and OncoGel™ might 
have a better synergistic effect in a rodent model of gliosarcoma. Oncogel™ + TMZ 
in general prolonged survival and no signs of systemic or neurological toxicity were 
observed. The combination of OncoGel™ with oral or local TMZ resulted in 57 and 
100 % long term survivors, respectively, proving the local delivery of TMZ to be 
a better option of treatment. Since most of patients suffering from glioma undergo 
radiation therapy, the efficacy of Oncogel™ + TMZ + RT was also explored. The 
strong therapeutic effect of the treatment regimen involving this triple combina-
tion was indicated by the statistically longer survival (P < 0.0001) as compared to 
the combination of oral TMZ and XRT [18]. However, the ineffective correlation 
between animal model and human response was recognized and an attempt was 
made to increase the effectiveness of a drug delivery device by using computational 
models combining fluid transport and mass transport submodels [14]. The study 
attempted to bridge the gap between the rat model and the human tissue by using 
a simplified model to compare the paclitaxel distribution in the two systems. The 
therapeutic penetration distance from the injection site was found to be 1–2  mm 
(Fig.  2a). Though the rat and human brains have a similar penetration distances, 
the fraction of brain tissue exposed to therapeutic concentration of paclitaxel was 
reported to be higher in rats than humans.
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Though, simulations assuming sink conditions increases the effective therapeu-
tic distances, it is inaccurate to assume sink conditions in the brain tissue (Fig. 2b). 
Nevertheless the study managed to establish that the penetration pattern of pacli-
taxel was similar to Gliadel® wafers, with paclitaxel maintaining effective con-
centrations for more than 30 days where as Gliadel® wafers could do so only for 
4 days. They also reported that the convention in the brain tissue could prevent the 
formation of a stable drug concentration gradient.

An attempt was made to do the phase 1 and 2 dose escalation study clinical 
trials on subjects with recurrent glioma in a Protherics sponsored study in 2007. 
Though the predicted completion of study was 2010, it was terminated citing pro-
fessional reasons.

Fig.  2   Comparison of paclitaxel distribution between human and rat brain 30  days after 
implantation.a  Paclitaxel distribution in rat (right panel) and human (left panel) brain obtained when 
the solubility of paclitaxel in water is taken as the limiting factor for drug release form the polymer 
matrix from a 7 % filled cavity. b Paclitaxel distribution in brain tissue assuming sink conditions in the 
brain from a 7 % filled cavity. Based on the assumptions used in the simulation drug penetration dis-
tances can differ in about one order of magnitude. Only concentrations above the minimum effective 
concentration have been displayed to visualize effective therapeutic distances. The convection term in 
the diffusion-reaction equation has been left out because the focus of this data is the amount of drug 
remaining in the polymer matrix due to the slow diffusion of paclitaxel and the difference in pen-
etration scale between rat and human brains. Concentrations are given in mol/m3. Reproduced from 
Torres et al. [14]
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3.2 � Pig Model Studies

3.2.1 � Pancreatic Cancer

Patients diagnosed with pancreatic cancer often suffer from local complications such 
as pain and biliary or intestinal obstruction. Though chemotherapy and radiation 
are the common treatments administered, the prognosis of the patients still remains 
poor. With the development of better drug delivery systems, sustainable release of 
chemotherapeutic drugs is possible. However, local delivery of drugs requires an 
easily accessible tumor where the drug can be placed. While superficial tumors of 
the skin, breasts, and cervical cancers provide an easy injection site, solid, deep 
seated tumors require specialized equipment for accurate placement of Oncogel. The 
feasibility of endoscopic ultrasound (EUS) a guided injection of Oncogel was evalu-
ated in the porcine pig model. Oncogel was successfully injected into the tail of the 
pancreas using the EUS-guided fine needle [19] (Fig.  3). The procedure was also 
well tolerated and the blood samples indicated no presence of pancreatitis.

The gross and histological examination revealed a stable depot of Oncogel™ 
(Fig. 4), with no report of its extravasation out of the pancreas. The animals upon 

Fig. 3   Oncogel depot 
detected by ultrasound. 
Reproduced from Linghu 
et al. [19]

Fig. 4   Macroscopic view 
of the Oncogel depot. 
Reproduced from Linghu 
et al. [19]
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which euthanasia was performed in 14  days showed localized fibrotic tissue 
changes and a decrease in inflammation.

Another study reported that the concentration of paclitaxel varied with the dis-
tance, with the high concentrations in the areas with the depot and low concentra-
tions areas 10–30 mm from the injection site [11]. The study used a similar EUS 
guided injection of Oncogel™ and reported that the viscosity of the gel presented 
difficulties which could be overcome by using a threaded syringe and pressure 
tubing between the syringe and the EUS needle to increase the pressure. Though, 
the absence of pancreatitis, sclerotic or neurotic tissue formation indicates a good 
pancreatic tissue tolerability, further investigation is required to understand the 
possibility of long-term complications such as bone marrow suppression, neuropa-
thy, cardiotoxicity.

3.3 � Human-Clinical Trials

Pre-clinical studies of Oncogel™ established its cytotoxic potency and reported 
it to be localized within the injection site, thereby attenuating the systemic toxici-
ties. As the research progressed beyond animal model studies, phase one clinical 
studies were designed to evaluate the efficacy of Oncogel™ when administered 
intralesionally to superficially accessible solid tumor lesions in patients who had 
not undergone any other curative therapy [20]. The blood chemistry and the hema-
tology data was collected for 9 weeks following Oncogel™ injection. The tumor 
response was gauged from 3D images obtained from CT scan, ultrasound and 
MRI whereas caliper was used to obtain 2D measurements [5]. The main objec-
tive of this study was to identify the maximum tolerated dose (MTD) by observ-
ing the dose limiting toxicity (DLT) at various concentrations of Oncogel™. 16 
patients receiving 0.06–2.0  mg paclitaxel/cm3 tumor volume were under obser-
vation. Though Oncogel™ placement into the tumor was well tolerated at doses 
up to 2.0 mg paclitaxel/cm3 tumor volume, 8 patients were observed with adverse 
local response to Oncogel™ administration such as injection site pain, muscle 
spasms and erythema. However, even at the highest dose of Oncogel™, no DLTs 
were reported, confirming the non-clinical studies data about the localization of 
the Oncogel™ depot.

Efficacy analysis was also performed on the patients according to the modified 
WHO criteria by comparing the change from baseline of the tumor volume every 
4  weeks. 6 patients were reported to have a stable disease, and 8 patients were 
classified as having progressive disease. However, the significance of these results 
remains questionable due to the small sample size and varied tumor types (breast, 
lymphoma, malignant melanoma, etc.). On the other hand, the enrolled patients 
might have been previously exposed to paclitaxel or other therapeutic agents, 
which could cause them to be less sensitive to the Oncogel™. Thus, the results 
looked promising enough to continue with the clinical studies to achieve more 
reliable results.
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Tumors are generally treated using combination therapies such as chemother-
apy, radiation and surgery. Paclitaxel could be used as an adjuvant to any of these 
as discussed in the non-clinical studies, but it was reported that 18- to 24-h incu-
bation with paclitaxel was needed to sensitize the cancer cells to radiation [21, 
22]. Moreover, this sensitivity was only effective for a short period of time and 
declined rapidly after removal of paclitaxel [23]. Thus, Oncogel™ was found to 
meet this specification as it presented a sustained release of paclitaxel for a period 
of 6 weeks, which could increase the efficacy of radiotherapy.

3.3.1 � Esophageal Cancer

The number of annual deaths caused by esophageal cancer is estimated to be about 
300,000 [24]. The scenario is complicated by the fact that the 50 % of diagnosis 
is usually made when the disease is in its final stages. As the phase 1 studies illus-
trated the lack of any significant systemic circulation of paclitaxel, Oncogel™ was 
recognized as a potential alternative to the morbidity inducing treatment options 
like chemotherapy, radiotherapy and surgery. A multi-national US phase 2a dose 
escalation study was conducted to evaluate the efficacy of a dual therapy regi-
men (Oncogel™ + RT) on patients suffering from advanced esophageal disease 
without having undergone chemotherapy. Oncogel™ of varying concentrations 
(1.5, 3.1 and 6.3  mg/ml) was successfully injected using linear EUS guidance. 
Patients were subjected to 28 fractions of 1.8 Gy radiation 3 days after the injec-
tion. No dose limiting toxicities was observed and Oncogel™ did not add on to 
the risks of RT. The pharmacokinetics of paclitaxel was also uninfluenced by the 
presence of radiation. However, caution must be exercised while making the com-
parison since the study involved no cohort of patients undergoing only radiation 
therapy. The intratumoral concentration of Oncogel™ was reported to be 0.48, 
1.0, and 2.0 mg paclitaxel per cm3 of tumor [6, 12]. Peak plasma concentrations 
was related to the Oncogel™ concentration and ranged from 0.53 to 2.73 ng/ml. 
Oncogel™ was well tolerated in the body; 82  % of the patients (n =  11) were 
found to show an improvement in dysphagia over the study period. On a 5 point 
scale, 55 % had a two point improvement and three had a one point improvement. 
The efficacy results were positive; 2 patients were reported to have a progres-
sive response, whereas 6 patients were classified as having a stable disease and 
two under progressive disease. The biopsies collected at the end of week 11 were 
negative for 4 patients and two patients with stage 3 disease showed significant 
improvements and were considered for resection. The phase 2b study has tumor 
response as the primary end point, whereas the safety, survival and pathological 
complete response (pCR) of the tumor was the secondary endpoints. It designed a 
control group comprising of patients receiving standard of care-(5-FU), cisplatin 
and RT (chemo radiotherapy) and the treatment group consisted of patients with 
Oncogel™ and chemo radiotherapy. Though the combination of Oncogel™ plus 
chemo radiotherapy increased the number of adverse events, overall the therapy 
was well tolerated. But the overall response of the Oncogel™ treatment group was 
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12.5 % whereas the standard of care group had 20 % response. A clearer differen-
tiation between the two groups was provided by the pCR, where only 12.5 % of 
patients in the control arm experienced pCR as compared to 27.7 % response in 
the control group.

It is well established that systemic administration of paclitaxel increases the 
efficacy of chemo radiotherapy, thus the lack of significant improvement shown 
by this combined study was attributed to the localized delivery of paclitaxel in the 
form of an Oncogel™. Since Oncogel™ failed to show a significant improvement 
in the efficacy, it was terminated as a potential therapy for esophageal cancer in 
2010 [25].
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