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Nanocomposite hydrogels based on carbon dots (CDs) and polymers have emerged as new materials with
integrated properties of individual components, leading to their important applications in the field of soft
nanomaterials. This perspective highlights recent advances in the development of nanocomposite
hydrogels from CDs and polymers. We review the preparation methods of nanocomposite hydrogels
based on CDs and polymers, and emerging applications of these nanocomposite hydrogels such as
environmental remediation, energy storage, sensing, drug delivery and bioimaging. We conclude with
the discussion of new research directions in the development of new type of nanocomposite hydrogels
based on CDs and polymers.
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1. Introduction

Hydrogels are three-dimensional (3D) networks of physically or
chemically cross-linked natural [1] or synthetic polymers [2],
which are inflated with a water medium [3,4]. Hydrogel is an
important type of soft materials with interesting applications in
tissue engineering [5], drug delivery [6], sensing [7], separation
and purification technologies [8], to name just a few. Conventional
hydrogels usually have poorly mechanical properties and limited
functions, which hampers the practical applications of the
hydrogels. The hydrogels with enhanced mechanical properties
and functions were achieved by new type of hydrogels such as
sliding hydrogels [9], double-network hydrogels [10] and nano-
composite hydrogels [11]. Recently, nanocomposite hydrogels with
enhanced functionalities were prepared to broaden the spectrum
of applications of hydrogels [12].

Nanocomposite hydrogels are made from the mixture of
nanoparticles (NPs) and polymers by the chemical or physical
interactions [13,14]. Nanocomposite hydrogels have collective
properties of polymers and NPs, which makes nanocomposite
hydrogels have interesting applications in the field of sensing [15],
actuator [16], biomedicine [17], separation and purification
technologies [18]. The nanocomposite hydrogels have been
successfully prepared by polymers and functional NPs, such as
metal/metal oxide NPs, polymeric NPs, silica NPs, semiconductor
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quantum dots and carbon-based nanomaterials (graphene oxide,
carbon nanotubes, CDs) [19].

In particular, nanocomposite hydrogels from polymers and
CDs attracted immense interest because of the excellent
properties of the CDs [20]. CDs are a type of emerging fluorescent
nanomaterials, mainly including graphene quantum dots (GQDs)
[21], carbon quantum dots (CQDs) [22] and carbonized polymer
dots (CPDs) [23]. Compared with other NPs, CDs have many
advantages, such as bright luminescence, ease of preparation and
surface-functionalization, good biocompatibility, low cost and
low toxicity. Nanocomposite hydrogels from CDs and polymers
are emerging materials with functional diversity due to collective
properties inheriting from the CDs and polymers. They have
attracted extensive attention in the past years due to their unique
properties and important applications in the multidisciplinary
research field such as sensing [24], drug delivery [25], bio-
imaging [26], supercapacitors [27] and environmental remedia-
tion [28].

Here, we highlight recent advances in the nanocomposite
hydrogels based on CDs and polymers. We start with the
preparation methods of nanocomposite hydrogels. Meanwhile,
we discuss the interactions between CDs and polymers. Next, we
outline the emerging applications of the nanocomposite hydrogels.
We conclude with the discussion of challenges and research
directions in the development of new types of nanocomposite
hydrogels based on CDs and polymers. This review highlights the
macroscopic hydrogels from CDs and polymers, and the micro or
nanogels from polymers and carbon NPs is the subject of recent
reviews [29].
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2. Preparation of nanocomposite hydrogels

There are mainly two types of methods to prepare the
nanocomposite hydrogels from polymers and CDs depending on
the interactions between the CDs and the network of polymers,
namely CDs attached to the polymer networks by supramolecular
interactions [27,30] and CDs attached to the polymer networks by
covalent interactions [20,31]. In this section, we will summarize
the current advances in the preparation of the nanocomposite
hydrogels from polymers and CDs.

Nanocomposite hydrogels can be easily prepared by gelation of
mixture of CDs and polymers triggered by supramolecular
interactions. The interactions between CDs and polymer chains
in hydrogels mainly include electrostatic interactions [32] and
hydrogen bonding [33]. Hydrogen bonding plays an important role
in the preparation of nanocomposite hydrogels [24,25,33-37]. For
example, nanocomposite hydrogels have been made from CDs
modified by polyethyleneimine (PEI) and microcrystalline cellu-
lose. The strong hydrogen bonding between PEI-CDs and cellulose
resulted in cellulose hydrogel with good fluorescence properties
[24]. Besides, electrostatic interaction was used to prepare the
nanocomposite hydrogels from the charged polymer and oppo-
sitely charged CDs [32,38,39]. For instance, nanocomposite
hydrogels were prepared by positively charged chitosan with
the negatively charged CDs (Fig. 1A). Because of the conjugated
aromatic structures from CDs, the chitosan/CDs hydrogel films also
possessed better UV-vis blocking properties in contrast to pure
chitosan hydrogel films with reduction of transmittance up to 20%
in the wavelength range of 300-600 nm [32].

Nanocomposite hydrogels based on CDs and polymers men-
tioned above are inherently physical hydrogels driven by the
supramolecular interactions. These nanocomposite physical
hydrogels mostly exhibited poorly mechanical properties, which
hindered their practical applications. To enhance the mechanical
properties, nanocomposite hydrogels have been prepared
by incorporating CDs into chemically cross-linked hydrogel
[40-43]. Absorption of the CDs into the chemical hydrogel network
is a facile way to prepare the nanocomposite hydrogels [27,44,45].
The supramolecular interactions between the CDs and hydrogels,
such as hydrogen-bonding and electrostatic interactions, allow CDs
to retain in the chemical hydrogel networks. For instance, nano-
composite hydrogels were prepared by immersing the dried cationic
polymer networks prepared by radical polymerization of
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[2-(acryloyloxy)ethyl]trimethylammonium chloride (AETA) in the
aqueous suspension of CDs (Fig.1B). These nanocomposite hydrogels
show stable fluorescence after five swelling-deswelling cycles
because of the strong electrostatic interactions between the
carboxylate groups of CDs and the ammonium groups of the
polymers [44]. Nanocomposite hydrogels were also prepared by in
situ polymerization of mixed solution of CDs and polymerizable
monomers [40-43,46-50] or polymers [30,51]. Recently, an
injectable nanocomposite hydrogel was prepared by photo-
polymerization of the aqueous solution of N-methacryloyl chitosan
and CDs. This hydrogel shows red fluorescence, good biocompati-
bility and low photobleaching properties [30]. Besides, nano-
composite hydrogel was prepared by in situ polymerization of
acrylamide (AM) in the suspension of CDs. This nanocomposite
hydrogel possesses the enhanced mechanical properties due to the
dual role of CDs acting as physical cross-linker and lubricant [40].

Nanocomposite hydrogels with CDs attached to the polymer
networks by supramolecular interactions attracted immense
interest because of the ease of their preparation and useful
properties, such as fluorescence [30,52], self-healing [35,53] and
biocompatibility [30,53]. However, CDs tended to phase-separate
from the hydrogel network, resulting in heterogeneous distribu-
tion of CDs in the final hydrogel network [48,54]. Moreover,
leaching of CDs occurred because of the relatively weak
supramolecular interactions [45,55]. Incorporating CDs in the
nanocomposite hydrogels by chemically interactions may over-
come the limitations above by providing homogenous distribution
and non-leaching of CDs in the hydrogel network. Nanocomposite
hydrogels were fabricated by polymerizable CDs modified by vinyl
groups and other monomers through normal radical polymeriza-
tion [20,21,56-58]. For example, nanocomposite hydrogel was
prepared by in situ polymerization of AM, acrylic acid (AAc) and
methacrylated CDs (Fig. 2A). The CDs behaved as both cross-linkers
and functional nanofillers in the hydrogels which exhibited
fluorescence, responsiveness to metal ions and relatively robust
mechanical properties [57]. Instead of using radical polymeriza-
tion, nanocomposite hydrogels were constructed by coupling
amino or carboxylic groups on the surface of CDs with phosphate,
carboxylic, aldehyde or amino groups on the polymer chains,
respectively [31,55,59-62]. For example, nanocomposite hydrogels
from alginate and CDs were prepared by amidation reaction
between the carboxylic groups of alginate chains and the primary
amine of the CDs (Fig. 2B). CDs were stable in the hydrogel without
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Fig. 1. (A) The procedure of preparation of chitosan-CDs nanocomposite hydrogel film by electrostatic interaction. Reproduced with permission [32]. Copyright 2014,
Elsevier. (B) The preparative process and chemical structure of the nanocomposite hydrogel from GQDs and chemical hydrogels by immersing method. Reproduced with

permission [44]. Copyright 2018, American Chemical Society.
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Fig. 2. (A) Preparative process of nanocomposite hydrogels by in situ polymerization of AM, AAc and methacrylated CDs. Reproduced with permission [57]. Copyright 2018,
American Chemical Society. (B) Reaction scheme of nanocomposite hydrogels from the CDs and alginate by chemical cross-linking. Reproduced with permission [55].

Copyright 2017, Royal Society of Chemistry.

any noticeable CDs leaching out from hydrogels when the
hydrogels were submerged in the aqueous solution [55].

3. Properties of nanocomposite hydrogels

Inheriting the fluorescent properties from CDs, nanocomposite
hydrogels from polymers and CDsusually have fluorescence. In
contrast to the fluorescent properties of CDs solution, the
nanocomposite hydrogels often have enhanced fluorescent prop-
erties in terms of fluorescent intensity and stability. For example,
the nanocomposite hydrogel exhibits higher fluorescence intensity
than that of the CDs solutions with the same concentration. The
enhanced fluorescence intensity resulted from the CDs stabilized
by the hydrogen bonding interaction between oxygen-containing
groups of the CDs and the carboxyl or hydroxyl groups of
nanocellulose fibrils, avoiding graphitic layer aggregation via
- stacking interaction [33]. The fluorescence of the nano-
composite hydrogel was more stable than CDs solution undergoing
long term UV irradiation. This enhanced photo-stability can be
attributed to the strong interactions between CDs and cellulose in
the hydrogel which avoided the PEI-CDs aggregation [24]. In
addition, the fluorescence of nanocomposite hydrogels shows
better stability under the acidic conditions than that of the
carboxylated CDs. The strong interactions between the carboxylate
groups of CDs and the ammonium groups in the polymer networks
will protect CDs from quenching at acidic condition [44].

Nanocomposite hydrogels also exhibit better mechanical
properties than pure hydrogels because CDs behave as physical
and chemical cross-linkers in the hydrogel networks. For example,
nanocomposite hydrogel from polyacrylamide and CDs possesses
the enhanced mechanical properties with the stretching ratio over
3700% and the fracture strength as high as 160 kPa due to the dual
role of CDs acting as physical cross-linker and lubricant [40].
Besides, compared with hydrogel without CDs, the elastic modulus
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of the fluorescent hydrogel was increased from 19.4 kPa to 63.7 kPa
due to the introduction of CDs as effective chemical cross-linkers
[57].

4. Emerging applications of nanocomposite hydrogels

Because nanocomposite hydrogels made from CDs and
polymers have collective properties of these two components,
including abundant surface groups and large specific surface area,
they have important applications in environmental remediation
and energy storage. An exemplary application of nanocomposite
hydrogels from CDs and polymers is separation and removal of
metal ions from solution of metal ions prepared in the laboratory
and natural water samples [28,31,38,39]. For example, nano-
composite hydrogels from CDs and agarose were used to remove
efficiently and selectively the lead ions in polluted water. After
adding nanocomposite hydrogels to polluted water, the Pb?*
concentration decreased from 100 nmol/L to 2.39 nmol/L, suggest-
ing their ability of Pb?* removal in contaminated water [28].
Recently, the porous carbon materials derived from nanocompo-
site hydrogels based on CDs and polyacrylamide have been used as
negative electrode materials for hybrid supercapacitors with good
performances (Fig. 3A). The carbon materials from nanocomposite
hydrogels have a specific capacitance for 468 F/g in alkaline
electrolytes [27].

Nanocomposite hydrogels based on CDs and polymers have
responsively optical properties inheriting from CDs, so they serve as
sensors that detect single heavy metal ion [24,51,59,63], organic
pollutants [33,64], laccase [54], nitrite [65], hypochlorite [66] and
reactive oxygen species (ROS) [41], to name just a few. Several recent
studies show that nanocomposite hydrogels are successfully used as
sensors to detect heavy metal ions [24,38,51,59,63]. For example,
nanocomposite hydrogels from CDs and agarose acted as sensing
platform for detecting heavy metal ions and the detection limit was
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Fig. 3. (A) The porous carbon materials derived from nanocomposite hydrogels based on CDs and polyacrylamide for negative electrode materials in hybrid supercapacitors.
Reproduced with permission [27]. Copyright 2018, Wiley. (B) Nanocomposite hydrogel film from agarose and CDs for optical sensor of metal ions. Reproduced with

permission [38]. Copyright 2015, American Chemical Society.
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Fig. 4. (A) The schematics of mechanochromic hydrogels for bulging pressure and contact force sensors. (B) The chemical components and structure of the double-layer
mechanochromic hydrogel. (C) The color change of the double-layer hydrogel triggered by different bulging pressures. Insets are the color of the central part of the hydrogel.
(D) The pictures of the double-layer mechanochromic hydrogel under different contact forces. Reproduced with permission [67]. Copyright 2019, Wiley.
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Fig. 5. Schematic illustration of nanocomposite hydrogels for visual monitoring of in vitrof/in vivo degradation of injectable hydrogel by real-time and non-invasive

fluorescence tracking. Reproduced with permission [30]. Copyright 2017, Elsevier.

found to be 1 pmol/L for Cr®", 0.5 nmol/L for Fe**, Pb?* and Mn?*, and
0.5 wmol/L for Cu?* (Fig. 3B) [38]. Notably, nanocomposite hydrogel
from CDs and polyacrylamide was prepared as the top layer of a
double-layer hydrogel which shows mechanochromic properties
(Figs. 4A and B). These nanocomposite double-layer hydrogels have
been used as bulging pressure and contact force sensors with
the sensing range from 1 kPa to 7 kPa and ON to 9 N, respectively
(Figs. 4C and D) [67]. Except for detecting single stimulus,
nanocomposite hydrogels which had ability of sensing multiple
stimuli were fabricated from lanthanide (Ln) ions, CDs and
polyacrylamide-co-polyacrylic acid. This hydrogel has the capacity
to optically respond to chemical and physical stimuli, including pH,
acetone vapors, transition-metal ions such as Zn?*, Ni?*, Mn?*, Cu?*
and Fe®", and temperature [57].

Nanocomposite hydrogels from CDs and polymers attracted
immense interest in biomedical field, because they are biocom-
patible, biodegradable, low-cost, low-toxicity and sustainable. An
exemplary application of nanocomposite hydrogels in biomedicine
is explored as drug delivery. Some important drugs such as
doxorubicin [25,61], 5-fluorouracil [26] and vancomycin [68] were
introduced into nanocomposite hydrogel networks by the

supramolecular interactions, which led to the formation of
anticancer and antibacterial drug delivery systems. The excellent
luminescence properties of CDs might be beneficial to track the
release and distribution of drugs [61]. In addition, nanocomposite
hydrogels have been used as injectable hydrogels [30,37,69]. For
example, the nanocomposite hydrogels were prepared from red-
emission CDs and chitosan. The CDs are introduced as fluorescent
indicator for the monitoring of degradation of hydrogels because
they have advantages such as low photobleaching, red fluores-
cence, good homogeneity and good biocompatibility. This red
fluorescent nanocomposite hydrogel was injected in mice for 288 h
to achieve tracking the degradation of injectable hydrogel visually
(Fig. 5). Based on the degradation profile of hydrogel in vitro, the
degradation behavior of hydrogel via subcutaneous injection in
vivo was depicted quantitatively by real-time and non-invasive
fluorescence tracking [30].

5. Conclusions

Nanocomposite hydrogels from CDs and polymers have
appealed to many researchers from different research fields. In
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this review, we have summarized their preparation methods into
two categories based on the interaction types between CDs and
polymers networks. Based on their specific properties, we have
summarized the emerging applications of the nanocomposite
hydrogels from CDs and polymers in the field of environmental
treatment, energy storage and biomedicine. We expect this review
will inspire the researchers to discover new hydrogels from CDs
and polymers, and to explore new applications to solve the vital
problems in chemistry, energy, environment and health.

Although the nanocomposite hydrogels from CDs and polymer
showed interesting properties, such as fluorescence and good
mechanical properties, these properties usually lack control over
the homogeneity and robustness. Future work should focus on the
prediction of properties of nanocomposite hydrogels by rational
design of CDs and polymers, optimizing the condition of gelation,
with the aid of computer simulation as well. The smart, or “living”
nanocomposite hydrogels should be explored by designing
suitable CDs and polymers and controlling the interaction between
them, which will expand the spectrum of applications of the
nanocomposite hydrogels.

Current researches are mostly limited in incorporating CDs to
improve the mechanical properties of polymer hydrogels. The
luminescent regulation of CDs with the aid of hydrogel networks
lacks studies, although it is important in the field of luminescent
nanomaterials and soft matters. In future studies, the fluorescent
regulation of nanocomposite hydrogels may be realized by control
over the aggregation of the CDs in the hydrogels network, in terms
of tuning various interactions between CDs and polymers, and
controlling the reactive groups, architectures, and condense
structures of polymers. Furthermore, it will be possible to prepare
multicolor fluorescent and even phosphorescent nanocomposite
hydrogels which are advantageous for nanocomposite hydrogels to
be used in bio-imaging, multi-responsive sensing and tissue
engineering.

Although nanocomposite hydrogels from CDs and polymers
have shown great potentials in biomedical applications, it is
desired to fabricate micro-tissues or -organs in these nano-
composite hydrogels by using microfabrication techniques, such as
microfluidics and 3D printing. In this case, using cell-laden
precursors of nanocomposite hydrogels, an organ-on-a-chip
platform can be constructed by microfabrication methods above.
Organ-on-a-chip platforms recapitulate the complex architectures
and functions of human organs, so they have important
implications in the disease models and drug screening.
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