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Introduction
Some heavy metals (e.g. Fe, Zn, Cu, Co, Mn, and Mo) in small 

quantities are nutritionally essential for the maintenance of human 
metabolism [1]. However, heavy metals are also very toxic and non-
biodegradable; hence they can readily be accumulated in an ecological 
system to induce irreversible pollution or in human body to cause 
adverse health effects [2]. A number of methods including coagulation 
and precipitation [3], ion exchange treatment [4], membrane filtration 
[5], and electrochemical technologies [6] have been developed to 
early detect and remove toxic heavy metals from environments, but 
limited success has been achieved to date due to their less efficiency 
and further generation of toxic sludge or other waste products. 
Additionally, these methods require expensive equipment and involve 
time-consuming and laborious procedures. Alternatively, adsorption 
offers many potential advantages for removal of toxic heavy metals 
over other methods, thanks to its flexibility in design and operation, 
high-quality treated effluent, reversible nature for multiple uses, and 
many commercially available adsorbent materials, such as activated 
carbon [7], zeolite [8], clay [9-13], sawdust [14], bark [15], biomass 
[16], lignin, chitosan and other polymer adsorbents [17]. 

Compared to conventional adsorbent materials above, hydrogel-
based adsorbents recently have attracted special attention to their highly 
potential for effective removal of heavy metals [18]. Hydrogels usually 
have physically well-defined three-dimensional porous structures 
and chemically-responsive functional groups, which enable to readily 
capture metal ions from wastewater and to release and clear these metal 
ions from the hydrogels upon changes in aqueous solution conditions 
[19]. The hydrophilic character of hydrogel adsorbents enable to form a 
flexible network of polymer chains, which allows metal ions to quickly 
penetrate into the network with water and to form stable complexes 
with functional groups [20]. 

Significant efforts have been invested in the removal of heavy 
metals from whole environments using a wide range of hydrogels 
functionalized by carboxylic acid, amine, hydroxyl, or sulfonic 
acid groups, which are able to form complexes with toxic metal 
ions [21]. Functional chemical groups are generally introduced to 
the hydrogel matrix using copolymerization [20], grafting [22], 
semi-interpenetrating polymer network (semi-IPN) [23], and IPN 
technologies [24]. However, most of hydrogels are able to bind to all 
metal ions and thus lack ability to specifically and selectively bind and 
removal certain metal ions of interesting. To date, very limited studies 
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have been reported for addressing selective removal of heavy metal 
ions using controllable functionalized hydrogels. In an effort to fill this 
gap, this review will solely focus on the development and testing of 
three types of hydrogels for selectively removing toxic heavy metal ions 
from environmental in a controlled manner. Finally, recent advances 
and future aspects of functionalized hydrogels will also be discussed. 

Protein or DNA-Functionalized Hydrogels 
It is well known that certain heavy metal ions can form specific 

complexes with biomolecules containing nitrogen, sulfur, and oxygen 
to introduce toxicological effects on nervous system (Hg2+, Pb2+, As3+); 
the kidneys or liver (Cu2+, Cd2+, Hg2+, Pb2+); or skin, bones, or teeth (Ni2+, 
Cu2+, Cd2+, Cr3+) [25,26]. Motivated by specific interactions between 
protein/peptide/ligand and metal ions, Fraccis’s group reported an 
efficient chemical synthesis method to produce a hybrid protein-
polymer hydrogels using N-and C-termini of pea metallothioneins 
(PMTs) proteins as cross-linker. The hybrid hydrogels exhibited 
unique and controllable structural and mechanical properties, strongly 
depending on the folding state of the proteins [27]. The PMTs proteins 
can specifically bind to trace heavy metal ions (Hg2+, Cd2+, Zn2+, 
Cu2+ ions) [28]. As shown in Figure 1a, toxic metal ions can bind to 
PMTs protein, and led to chain contraction. Following isolation, 
the bound metal ions can be removed from the hybrid hydrogels by 
chelators, which allow reusing the hydrogels and the hydrogels become 
expansion. The dynamic volume change of the hybrid hydrogels were 
also characterized in the presence of a series of metal ions as shown 
in Figure 1b and 1c. Upon exposure to 100 mM solutions of Hg2+, 
Cd2+, Zn2+, Cu2+, and Co2+ ions, the swollen hydrogels underwent large 
reductions in volume, as expected from the condensation of protein 
cross-links around the metal ions. The volume recovery of the hybrid 
hydrogels was almost 100% after removing bound metal ions by 
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chelators. However, in the presence of Ca2+, Mg2+, and Mn2+ that are 
common ions in drinking water, all of the hybrid hydrogels underwent 
minimal contraction, suggesting that PTMs have little binding affinity 
to Ca2+, Mg2+, and Mn2+ ions. This selectivity makes the hybrid 
hydrogels more appropriate for the removal of very small quantities 
of heavy metal contaminants from saline water. Compared to hybrid 
hydrogels, hydrogels using poly(ethylene glycol) (PEG)-dialdehyde 
(PEG-DA) as cross-linker did not produce an apparent size change in 
response to any ion (Figure 1c), indicating that the binding selectivity 
was solely due to the protein component. 

Mercury is a highly toxic and bioaccumulative heavy metal that 
causes serious human health problems even at low concentrations [29]. 
It is thus important for the development of novel materials to effectively 
remove Hg2+ from various systems. A number of studies have shown 
that hydrogels can remove Hg2+, but these hydrogels are not selective for 
binding to Hg2+ [30]. Many fluorescence-based sensors can selectively 
detect Hg2+ as color changes being detected by the naked eyes [29,31]. 
However, immobilization of these sensors at a high concentration 
has not been demonstrated in most case, rendering it difficult to 
effectively remove mercury at the same time. Thus, the detection 
and removal of Hg2+ have to be performed by separate tasks in most 
systems. Recently, Liu’ group reported a re-generable polyacrylamide 
hydrogels-based sensor functionalized with a thyminerich DNA, which 
offers ultrasensitive detection and effective removal of Hg2+ from water 
simultaneously [32]. The DNA sequence, the binding and fluorescence 
signal generation between DNA and Hg2+ were shown in Figure 2a. 
The acryl modified-DNA was copolymerized with acrylamide to form 
hybrid hydrogels. DNA-functionalized polyacrylamide hydrogel could 
interact with SYBR Green I to produce yellow fluorescence in the 
absence of Hg2+. However, in the presence of Hg2+, the hybrid hydrogel 
could produce green fluorescence (Figure 2b). The reaction between 
DNA and Hg2+ was based on Hg2+ binding with thymine base pairs as 
shown in Figure 2c. The selectivity was tested by incubating the DNA-

functionalized gels with various metal ions, but only Hg2+ produced a 
green fluorescence, suggesting that the high selectivity of Hg2+ by the 
DNA is well maintained within the hydrogel matrix. The removal of 
Hg2+ from water was achieved by using DNA-functionalized hydrogels, 
leading to dramatic concentration decrease for Hg2+ from 1 μM to 
~30 nM within 6 h. Interestingly, for hydrogels prepared without 
the DNA, similar kinetics of Hg2+ removal was also observed, which 
can be explained by the ability of polyacrylamide to bind Hg2+ via 
the amide nitrogen in Figure 2d. The fact that Hg2+ removal is almost 
independent of DNA while still retaining the lowest detection limit 
of 10 nM Hg2+ suggests that the acrylamide gel matrix has high Hg2+ 
adsorption capacity while the DNA has a strong Hg2+ binding affinity. 
Such a combination offers a high sensitivity for Hg2+ detection and a 
cost-effective capacity for Hg2+ removal at the same time. Additionally, 
most of DNA-functionalized hydrogels can be regenerated for reuse 
after removal of Hg2+, dry for storage, and then rehydration.

Temperature-Swing Hydrogels
Tokuyama’s group had developed thermo-responsive gel 

adsorbents composed of Poly (N-isopropylacrylamide) (PNIPAM) 
(primary component) and a chelating or an ionic component 
(secondary component) for capturing heavy metals in a solution by 
temperature-swing adsorption [33,34]. The temperature-swing (TS) 
adsorption means the control of the adsorption and desorption of 
metal ions by changing the temperature. Although the TS method 
shows the benefit for controlling the adsorption and desorption of 
heavy metals, the hydrogels exhibit relative low adsorption capacity 
for metal ions. This could be due to that the secondary component 
was introduced in a very limited amount as compared to primary 
component of NIPAM, in order to maintain the gelation and thermo-
sensitivity of copolymeric hydrogels. Recently, they developed a novel 
temperature-swing solid-phase extraction (TS-SPE) technique for 
removal heavy metals without secondary component [35]. As shown 
in Figure 3, metal ions in an aqueous solution first formed complex 
with an extractant. Then, the metal-extractant complexes (or micelles) 
were adsorbed onto the PNIPAM hydrogel through hydrophobic 
interactions at temperature above lower critical solution temperature 
(LCST). Finally, the metal-extractant complexes were desorbed from 
the hydrogels after temperature was reduced to a value below the LCST. 
They demonstrate that using TS-SPE technique, PNIPAM hydrogels 
can adsorb and desorb Cu (II) ions reversibly upon the temperature 
changes back and forth between 10 and 40oC. The amount of adsorbed 

b c

a

b  c

protein
crosslink

chelator

M2+

unbound PMT: expanded metal-bound PMT: contracted

cysteines

after M2+ after chelator loading
(mg/cm3)

Hg

Cd

Zn

Cu

Mn

Co

Ca

Mg

Cd+

initial state   + metal  ion   + chelator

N

NC C

polymer
backbone

0        20      40       60       80      100
percentage of initial volume

1.45+0.08

2.22+0.41

1.33+0.23

1.88+0.17

0.02+0.01

1.09+0.22

0.01+0.00

0.00+0.00

0.00+0.00

Figure 1: (a) Conformation contracted as PMT cross-linkers bound to metal 
ions, and chain expended after a chelator treatment; (b) Images of protein or 
PEG-DA cross-linked hydrogels show changes in size upon exposure to 100 
mM solutions of Cd2+, Cu2+ and Ca2+ ions and changes after chelating using 
EDTA; (c) The volume contraction (blue bars) and recovery (red bars) of the 
hydrogels in response to adsorb and desorb metal ions. [28]. Reprinted with 
permission from ref. 28. Copyright (2008) American Chemical Society.

a)

b)

c) d)

5’
Acryl-CTTCTTTCTTCCCCTTGTTTGTTG

CTTCTTTCTTC CTTCTTTCTTC

GTTGTTTGTTC GTTGTTTGTTC
C
C

C
C

SYBR
Green l

SYBR
Green l

SYBR
Green l

Green fluorescenceYellow fluorescence

ll
Hg2+

Hg2+

ll

2
N N N

N N

O O

O

O

O

O O O

O

NH Hg

R R R

H3C H3C CH3

Hg2+

+ 2H+ + 2H+
Hg2+

NH2

Gel Gel Gel

HN   Hg   NH
2

Figure 2: (A) DNA sequence of acrydite-Hg-DNA and fluorescence signal gen-
eration for Hg2+ detection; (B) DNA-functionalized polyacrylamide hydrogel and 
interaction with Hg2+ and SYBR Green I produces a visual fluorescence signal; 
(C, D) Chemical reaction schemes of Hg2+ binding with thymine base pairs (C) 
and polyacrylamide in hydrogel (D) [32]. Reprinted with permission from ref. 
32. Copyright (2010) American Chemical Society.
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Cu (II) ions increased as temperature, and the maximum adsorption 
was achieved at a temperature above the LCST.

Crown ethers-Functionalized Hydrogels
Crown ethers, the first generation of synthetic host compounds, 

have a remarkable ability to recognize specific metal ions such as K+, 
Ba2+, Cs2+ and Pb2+. When the size of ions matches the cavity size of the 
crown ether, the ions can be specifically captured by the crown ether 
receptor, forming a stable “host-guest” complex [36]. But, most of 
crown ethers-functionalized hydrogels were used for detection, instead 
of removal, of metal ions [37]. Recently, Chu’s group has developed a 
novel polymeric Pb2+ adsorbent, which is prepared by incorporation 
of benzo-18-crown-6-acrylamide (BCAm) as metal ion receptor into 
the thermo-responsive PNIPAM hydrogels [38]. As ion-signal recptor, 
BCAM is highly selective to Pb2+ ions. As compared to pure PNIPAM 
hydrogels, the adsorption Pb2+ ions into P(NIPAM-co-BCAm) 
hydrogels exhibited a strong temperature dependence. The “swollen-
shrunken” structural change of P(NIPAM-co-BCAm) networks 
triggered by environmental temperature has large influence in the 
formation of BCAm-Pb2+ complexes. In Figure 4, at temperature lower 
than the LCST, the copolymer networks swollen, which makes it easier 
for the cavities of crown ethers to capture the guest ions, so that the 
P (NIPAM-co-BCAm) hydrogels exhibited higher adsorption capacity 
for Pb2+ ions. On the other hand, at temperature higher than the LCST, 
the networks shrunk and the cavities of crown ethers were close to each 
other. As a result, electrostatic repulsions among the ions affected the 
formation of stable BCAm-Pb2+ complexes inside the matrix, leading to 
a smaller adsorbed amount of Pb2+. The smart hydrogels can not only 
be used as adsorbents for removal of lead ions from water, but also be 
able to conveniently release the absorbed heavy ions as a response to 
external stimuli. 

Conclusions and Perspective
Development of novel hydrogels used for selective detection and 

removal of toxic heavy metal ions has recently attracted considerable 
attention important in environments and living systems. The 
advantages of hydrogels include the simplicity of synthesis, ease of 
applicability, abundance of raw materials, and availability of functional 
groups. Intensive studies have been reported to detect heavy metal ions 
using hydrogels, but few studies have been conducted to remove heavy 
metal ions from targeted systems. With the understanding of specific 
interactions between heavy metal ions and hydrogels, future research 
direction could focus on the development of biomacromolecule-
conjugated hydrogels. Such hybrid hydrogels possess great potentials 
for selectively bind to and effectively remove ions. Most importantly, 
the sequence of protein and DNA can be readily tuned to generate 
diverse binding affinity to specific metal ions. Additionally, stimuli-
responsive polymeric hydrogels are alternative promising materials 
to specifically capture-release heavy metal ions in a controllable way 
upon changes in external stimulus such as temperature, pH, electric 
field, and chemicals.
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