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a b s t r a c t

Hydrogels, microgels and nanogels have emerged as versatile and viable platforms for sustained protein
release, targeted drug delivery, and tissue engineering due to excellent biocompatibility, a microporous
structure with tunable porosity and pore size, and dimensions spanning from human organs, cells to
viruses. In the past decade, remarkable advances in hydrogels, microgels and nanogels have been ach-
ieved with click chemistry. It is a most promising strategy to prepare gels with varying dimensions owing
to its high reactivity, superb selectivity, and mild reaction conditions. In particular, the recent develop-
ment of copper-free click chemistry such as strain-promoted azide-alkyne cycloaddition, radical medi-
ated thiol-ene chemistry, DielseAlder reaction, tetrazole-alkene photo-click chemistry, and oxime
reaction renders it possible to form hydrogels, microgels and nanogels without the use of potentially
toxic catalysts or immunogenic enzymes that are commonly required. Notably, unlike other chemical
approaches, click chemistry owing to its unique bioorthogonal feature does not interfere with encap-
sulated bioactives such as living cells, proteins and drugs and furthermore allows versatile preparation of
micropatterned biomimetic hydrogels, functional microgels and nanogels. In this review, recent exciting
developments in click hydrogels, microgels and nanogels, as well as their biomedical applications such as
controlled protein and drug release, tissue engineering, and regenerative medicine are presented and
discussed.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels, microgels and nanogels with excellent biocompati-
bility, a microporous structure with tunable porosities and pore
sizes, and dimensions spanning from human organs, cells to viruses
have emerged as a most versatile and viable platform for sustained
protein release, targeted drug delivery, and tissue engineering [1e
7]. In the past decade, various physical and chemical cross-linking
strategies have been developed to fabricate hydrogels, microgels
and nanogels [8e10]. The physical hydrogels (e.g. thermosensitive
hydrogels, stereocomplexed hydrogels, and ionically crosslinked
hydrogels), though formed under particularly mild conditions, are
typically weak and exhibit poor long-term stability in tissues [9,11e
13]. In contrast, chemical hydrogels, formed from photo-

polymerization and enzymatic cross-linking for example, are
generally characterized by better stability, durability, and me-
chanical properties [14,15]. It should be noted, however, that
chemical hydrogels often require use of an initiator or enzyme that
might introduce potential toxicity concerns. In addition, they may
suffer from low specificity, leading to unwanted cross-reactions
with drugs, proteins and cells.

In recent years, click chemistry due to its high reactivity, superb
selectivity, and mild reaction conditions has appeared as a most
promising strategy to prepare hydrogels with varying dimensions
and patterns (Scheme 1). The unique bioorthogonality of click re-
action renders thus formed hydrogels highly compatible with
encapsulated bioactives including living cells, proteins and drugs.
For example, hyaluronic acid (HA) hydrogels developed via
copper(I)-catalyzed azide-alkene cycloaddition (CuAAC) have been
used as drug reservoirs and cell scaffolds [16]. Bisphosphonate-
functionalized dextran nanogels crosslinked via CuAAC achieved
significant localization in both femur and spine, and provided a
possible anti-osteoporotic effect towards bone disease [17]. In
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particular, recent development of copper-free click chemistry such
as strain-promoted azide-alkyne cycloaddition, radical mediated
thiol-ene chemistry, DielseAlder reaction, tetrazole-alkene photo-
click chemistry, and oxime reaction renders it possible to form
hydrogels, microgels and nanogels without use of potentially toxic
catalysts. Anseth et al. reported that cell-laden hydrogels could be
formed from azide functionalized PEG and difluorocyclooctyne
(DIFO) functionalized peptide without a copper catalyst [18].
Notably, the biochemical properties of hydrogels could be manip-
ulated with precise spatiotemporal control using photo-initiated
thiol-ene reactions to introduce new biomolecules into the
hydrogel network.

In this review, exciting developments in click hydrogels, micro-
gels andnanogels, aswell as their applications for controlled protein
and drug release, tissue engineering, and regenerative medicine are
presented anddiscussed. It is remarkable tonote that in less than ten
years since the first report, click hydrogels have become a unique
and versatile family of biomaterials that provide new opportunities
to guide cell phenotypes and function and to control drug and pro-
tein release. In particular, recent development of clickmicrogels and
nanogels has further offered versatile platforms with varying di-
mensions for controlled drug release, and (stem) cell culture and
management in 3D scaffolds. There are several excellent reviews on
the synthesis of biomaterials including polymers, dendrimers and
hydrogels via click chemistry [19e24], but none have focused on
click hydrogels, microgels and nanogels. Here, we first give an
overviewon thedevelopmentof click andpseudo-click strategies for
the fabrication of different types of hydrogels (Table 1). Then,
preparation and biomedical applications of click microgels and
nanogels are presented. Finally, spatiotemporal incorporation of
biological cues in hydrogels via click chemistry to construct 3D
biomimetic micropatterned scaffolds is discussed.

2. Copper(I)-catalyzed azide-alkyne (CuAAC) click hydrogels

Since the first reports in 2002 by Sharpless and Meldal [25,26],
the copper(I)-catalyzed azide-alkyne (CuAAC) click reaction has

been viewed as ideal for chemical synthesis, drug discovery, bio-
conjugation, and biochemistry due to its fast reaction rate, high
efficiency, excellent regiospecificity and bioorthogonality [20,27e
30]. In particular, alkynes and azides are not present in nature,
which renders CuAAC reaction compatible with different drugs,
proteins and cells. The reaction kinetics of CuAAC is fast under
physiological conditions and typically yields gels within a few
seconds to tens of minutes. The first click hydrogels were reported
in 2006 by Hilborn et al. from azide and alkyne functionalized
poly(vinyl alcohol) (PVA) [31]. The hydrogels were formed with
high gel fractions and elastic moduli ranging from 2 to 18.8 kPa
using copper sulfate and sodium ascorbate as catalysts. Hawker
et al. prepared PEG hydrogels from diacetylene- and tetraazide-
functionalized PEG via a CuAAC click reaction [32]. Interestingly,
these click hydrogels showed significantly higher tensile strength
(up to 2.39 MPa) and strain compared to photochemically cross-
linked hydrogels, likely due to the more efficient click reaction. In
addition, additives such as carbon black, 4-phosphonooxy-2,2,6,6-
tetramethylpiperidyloxy nitroxide and titanium dioxide nano-
particles had little influence on hydrogel formation, supporting that
CuAAC click reaction is specific and tolerant of other matters in the
reaction mixture. Yang et al. designed and fabricated RGD func-
tionalized PEG hydrogels based on tetraacetylene PEG and diazide-
functionalized RGD peptides using CuSO4 and sodium ascorbate as
catalysts [33]. The gelation time ranged from 2 to 30min depending
on polymer concentration, temperature and catalyst concentration.
The results showed that an increase of RGD peptide concentration
from 0.54 to 2.7 mM in hydrogels led to significantly enhanced
attachment and proliferation of primary human dermal fibroblasts.
Liskamp et al. obtained enzymatically degradable PEG hydrogels
from an alkyne-functionalized star-shaped PEG and protease-
sensitive diazide-functionalized peptide [34]. These hydrogels
were degradable in trypsin and plasmin, and their swelling ratio
and storage modulus could be tailored by polymer concentration,
molecular weight, and architecture (4- vs. 8-arm PEG). Biodegrad-
able hydrogels were also developed from azide-functionalized PEG
and alkyne-functionalized poly(trimethylene carbonate) (PTMC) or
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Scheme 1. Preparation and potential biomedical applications of click hydrogels, microgels and nanogels.
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