
Methods 64 (2013) 292–298
Contents lists available at ScienceDirect

Methods

journal homepage: www.elsevier .com/locate /ymeth
Visual optical biosensors based on DNA-functionalized polyacrylamide
hydrogels
1046-2023/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ymeth.2013.08.021

⇑ Corresponding author.
E-mail address: liujw@uwaterloo.ca (J. Liu).

1 These two authors contributed equally to this work.
Imran Khimji 1, Erin Y. Kelly 1, Youssef Helwa, Michael Hoang, Juewen Liu ⇑
Department of Chemistry and Waterloo Institute for Nanotechnology, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
a r t i c l e i n f o

Article history:
Available online 23 August 2013

Keywords:
DNA
Hydrogels
Aptamers
Biosensors
Fluorescence
a b s t r a c t

Biosensors are devices that can provide quantitative or semi-quantitative analytical information about
target molecules, where molecular recognition is based on biomolecular interactions. In recent years,
DNA has emerged as a useful molecule for biosensor development since DNA can not only recognize
its complementary strand, but also metal ions, small molecules, proteins and cells utilizing DNA aptamer
technology. Converting DNA binding events into useful biosensors often require sensor immobilization.
Among the various materials for sensor immobilization, hydrogels are particularly attractive. Hydrogels
are crosslinked hydrophilic polymer networks that undergo swelling in water. In a gel, DNA immobiliza-
tion can take place in 3D, allowing for high DNA loading capacity. Hydrogels are transparent, offering low
optical background. The gel volume is affected by many environmental parameters such as temperature,
pH, ionic strength, and solvent composition. In this paper, we present a concise summary of recent devel-
opments in DNA-functionalized hydrogel biosensors for visual detection. Detailed methods for immobi-
lizing DNA biosensors in monolithic polyacrylamide gels and gel microparticles are supplied.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Immobilized biosensors

Biosensors are analytical devices that can measure the concen-
tration of target analytes based on a biological recognition reaction.
In recent years, the market for biosensors has grown significantly,
mainly driven by the medical and environmental applications. A
biosensor contains at least two components, one for target binding
and the other for signal transduction. For most practical applica-
tions, a third component is needed to immobilize biosensors for
device incorporation and ease of handling. While many surfaces
and materials have been developed for biosensor immobilization,
including gold [1,2], carbon-based materials (e.g., graphite, graph-
ene, and carbon nanotubes) [3–5], and silica or glass [6], we will
focus our discussion on hydrogels. Hydrogels are crosslinked
hydrophilic polymer networks that swell in water [7–15].
Compared to many other types of materials, immobilization in
hydrogels occurs in 3-D, allowing a high loading capacity of sensing
molecules. At the same time, hydrogels have good optical transpar-
ency convenient for visual detection. Since hydrogels are prepared
in solution, they can be readily made into different forms including
monoliths, thin films, and micro/nanoparticles, each showing
different cargo loading capacity and releasing properties [16]. For
example, gel micro/nanoparticles are useful for drug delivery while
gel films are ideal for making smart surface coatings, and mono-
lithic gels are easy to handle, observe, and to incorporate into
devices.
1.2. Stimuli responsive hydrogels

Hydrogels swell significantly in water. The amount of retained
water or swelling is influenced by environmental conditions, such
as temperature, pH, salt, light and electric field [17]. Therefore,
smart hydrogels have been designed to sense these stimuli based
on gel volume change. A commonly cited example is the poly
N-isopropylacrylamide (pNIPAm) hydrogel that shows tempera-
ture-dependent volume change [18,19]. At low temperature, the
water–polymer interaction is strong and the gel is highly swelled.
Beyond a lower critical solution temperature (LCST), the hydrogen
bonds between the polymer and water start to break and the gel
collapses to interact with itself through the hydrophobic interac-
tions [20]. In addition to the gel volume change, if the crosslink
is disrupted, a gel-to-sol transition is produced. Finally, various
optical responses might be introduced into the gel, where the gel
is used as a matrix for immobilization. These stimuli responsive
gels are highly attractive for various applications including con-
trolled drug release, sensing, switchable cell culture substrates
and for flow control [21–26].
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1.3. Chemically responsive hydrogels

For many bio-related applications, it is desirable to have hydro-
gels that can detect metal ions, small molecule metabolites, nucleic
acids, and proteins. An example is insulin release from hydrogels in
response to glucose concentration change for treating diabetes. To-
wards this goal, biomolecular interactions need to be introduced
inside the hydrogels [27–30]. Many previous works have employed
peptides, protein enzymes and antibodies for molecular recogni-
tion. For example, Miyata and co-workers respectively attached
IgG and its antigen to polymer chains. These functionalized poly-
mers formed a hydrogel crosslinked by antibody-antigen interac-
tions [27], which swelled in the presence of free antigens since it
can reduce the crosslinking density.
1.4. DNA for molecular recognition

In the past three decades, various new technologies have en-
abled the application of DNA as a platform for molecular recogni-
tion [31–37]. For example, DNA oligonucleotides and even whole
genes can be routinely synthesized and various chemical modifica-
tions can be added at designated positions. With polymerase chain
reaction (PCR), many methods have been developed to select DNA
aptamers that can bind to essentially any molecule of choice [38–
40]. DNA has many advantages compared to proteins for designing
stimuli responsive hydrogels. DNA has higher stability compared
to proteins. While DNA can also be heat denatured, it can be re-
natured at lower temperature. In contrast, protein denaturation
is usually irreversible. Many aptamers can rival antibodies in bind-
ing affinity and specificity (especially for small molecule targets),
but aptamers have less batch-to-batch variations. Finally, since
the structure of DNA is highly predictable, many rational design
strategies can be employed to for biosensor development.
1.5. DNA attachment

Hydrogels can be made up of pure DNA [41,42]. From the ana-
lytical chemistry standpoint however, such gels are very expensive
and unlikely to have good sensitivity. Sensing gels are more often
prepared by attaching DNA to synthetic polymer backbones. In this
paper, we only describe DNA covalently attached to the gel matrix,
while DNA entrapment will not be discussed. Two methods are of-
ten used to attach DNA. First, amino-modified DNA reacts with a
monomer or a polymer containing a reactive succinimidyl ester
to form an amide bond (Fig. 1A). This reaction takes place either
before or after gel formation, allowing DNA distribution within
the gel or only to the gel surface, respectively. In the second
Fig. 1. The two types of conjugate chemistry for covalently attaching DNA to hydrogel. (A
backbone. (B) Copolymerization of acrydite-modified DNA into polyacrylamide. Reprodu
method, acrydite-modified DNA is directly incorporated via co-
polymerization during gel formation (Fig. 1B). An acrydite DNA
has a similar reactivity as free acrylamide monomers, allowing a
high incorporation efficiency [43]. While the field of DNA-function-
alized hydrogels began in 1996 [44], most of the developments
have occurred in the past ten years [45–48]. In this article, we only
provide a concise review of recent developments in visual detec-
tion using DNA-functionalized hydrogels. Detailed protocols for
preparing monolithic gels and gel microparticles are also supplied.
2. DNA-functionalized hydrogels as biosensors

2.1. Sensing based on gel–sol transition

By crosslinking a hydrogel using reversible DNA hybridization,
it is easy to design sensors based on gel-to-sol transition. One of
the first systems reported by Nagahara and Matsuda involved
two different polymers, each with a different DNA sequence at-
tached [44]. Gel is formed with a linker DNA and can be disrupted
upon heating (Fig. 2A). Although this system could in principle de-
tect the linker DNA, it is unlikely to be practically useful since a
very high concentration of linker DNA is required to form a gel.
For example, to achieve 1% of crosslinking density it usually re-
quires �1 mM linker DNA. The linker DNA can also be removed
by adding a complementary target DNA to induce gel dissolution.
However, the dissolution kinetics is often quite slow since it takes
a long time for the target DNA to diffuse into the gel [49–51].

Fast responding gels were prepared when an aptamer was used
as crosslinker by Tan and co-workers (Fig. 2B) [52]. Without aden-
osine, the aptamer acted as a stable crosslinker to hold the gel
together. Addition of adenosine induced aptamer folding to break
the crosslink. Since adenosine is a small molecule, its diffusion into
the monolithic gel was much faster. For example, 2 mM adenosine
completely dissolved the gel within 15 min. By crosslinking the gel
using a pH-sensitive DNA I-motif, the gel can be disrupted within a
minute by adding base [53]. Dual response was also possible by
crosslinking the gel with two types of aptamers and effective gel
dissolution was achieved only when both target molecules were
present [54].

To facilitate visualization of the gel-to-sol transition, red gold
nanoparticles (AuNPs) are often entrapped in the gel [52,53]. In
addition, Yang, Tan and co-workers entrapped amylase within a
cocaine aptamer crosslinked hydrogel [55]. In the presence of
cocaine, amylase was released due to hydrogel dissolution to
convert amylose into glucose, resulting in a colorless solution in
the presence iodine. Otherwise an intense blue color was observed
due to the amylose/iodine interaction. Since amylase is highly
) Amino-modified DNA reacts with a polymer containing a succinimidyl ester on the
ced from Ref. [46] with permission from The Royal Society of Chemistry.



Fig. 2. Schemes of gel transition to the sol state upon destabilization of linker DNA by heating (A) or by adding the target analyte of the aptamer embedded in the linker DNA
(B). The adenosine aptamer sequence and gel linkages in (B) are also shown.

Fig. 3. Hydrogel volume change by DNA hybridization. (A) The hairpin opens up
after adding the cDNA, causing the gel to expand and the volume to increase. (B)
The gel shrinks when the cDNA is added.
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active, the gel does not have to completely dissolve to show a
strong color effect; even 2 lM cocaine can be visually detected.

Using the same systems, Yan et al. fabricated a gel with
entrapped glucoamylase using aptamers as crosslinker [56]. Gluco-
amylase is also an enzyme that can break down amylose. Upon
addition of target molecules, the gel breaks down and releases
the enzyme to produce glucose, allowing for a quantitative readout
using a personal glucose meter (PGM). Detection limits of 1.6, 4.4
and 7.7 lM cocaine were achieved in buffer, urine and blood
samples, respectively. Another feature of this system is the high
stability; refrigerated hydrogels were still viable after 3 months
of storage.

A switchable sol–gel transition was created by Willner and
co-workers in the presence of K+[57]. When free K+ was intro-
duced, G-rich DNA attached to polymer chains formed G-quadru-
plex to crosslink the gel. Addition of 18-crown-6-ether removes
K+ from the gel, reverting the system back to the sol state. As
low as 0.1 mM K+ was enough to induce gel formation in 100 s,
after which 75 lM of the crown ether was sufficient to revert the
gel back to the sol state.

In addition to using aptamers, the Yang group recently used
DNAzymes as a crosslinker to create a gel [58]. This DNAzyme
cleaves its DNA substrate in the presence of Cu2+ [59,60]. AuNPs
were pre-trapped within the gel, resulting in a reddish colour.
Upon the addition of Cu2+, catalytic cleavage was induced, allowing
the AuNPs to fully disperse in the buffer. This results in a visible
color change. Cu2+ concentrations as low as 10 lM could be
detected in 1.5 h. This system also represented high selectivity,
showing negligible AuNP release when 1 mM of other metal ions
were added.
2.2. Sensors based on gel volume change

The gel-to-sol transition is easy to visualize. At the same time,
controlled release for sensing and for biomedical applications has
also been realized [61–63]. One disadvantage is that the gels can-
not be easily regenerated after dissolution. To address this, a num-
ber of smart gels with volume change have been reported.
Murakami and Maeda employed DNA strands with each of the
ends labeled with an amino group to permanently crosslink the
gel (but not through hybridization) [64]. The DNA can fold into a
hairpin (Fig. 3A), resulting in compact gels due to the short DNA
end-to-end distance. The addition of the cDNA resulted in the
formation of a rigid ds-DNA and gel expansion. If the linker DNA
did not have any initial secondary structure, gel shrinkage upon
hybridization to the cDNA was observed [65]. The change of the
gel volume is quite small (only �20%) [66,67]. To increase the
sensitivity of detection, interferometry and gel photonic crystals
have been reported [68,69]. Another way to control gel swelling
is shown in Fig. 3B, where the gel is mainly crosslinked by
conventional bis-acrylamide. Hybridization of DNA establishes
more crosslinking points and thus shrinks the gel [66]. In a detailed
study, Gao et al. tuned gel swelling kinetics by changing the length
of cDNA that would compete with the linker DNA [66]. At the same
time, increasing the crosslink density decreases the swelling rate,
whereas destabilization of the linker at a temperature close to
the DNA melting point increases the swelling rate.

Wang and Li reported detection of avian influenza virus using
quartz crystal microbalance (QCM) sensor [70]. A gel was formed
by linking the influenza aptamer with a cDNA and was immobi-
lized onto a QCM. If the H5N1 virus was introduced, it would com-
pete with the cDNA to bind with the aptamer, swelling the gel and
causing a signal on QCM. In just 30 min, a detection limit of 0.0128
HA unit could be achieved. Another approach was used by the
Zhong and Tan groups to produce a hydrogel that contracted in
the presence of visible light, but swelled under UV [71,72]. This
was achieved by using an azobenzene modified DNA. Under visible
light, crosslinking occurs via hybridization of the complementary
strands, causing the gel to contract. Exposure to UV disrupts the
DNA hybridization, allowing the gel to swell.
2.3. Immobilization of optical sensors

In most of the previous examples, the DNA components in gel
bare some level of mechanical roles to support the gel–sol
transition or volume expansion. One drawback of using DNA as a
crosslink to observe gel mechanical property is the high concentra-
tion of DNA required. For example, a 4% hydrogel has a monomer
concentration of �560 mM acrylamide. Therefore, even 0.2%
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crosslinking would require 1 mM of DNA. For bioanalytical chem-
ists using DNA as a probe, the normal concentrations are in nM
or low lM. Using high concentration of DNA not only increases
the cost but also reduces sensitivity. To solve this problem, we
use the gel matrix only for sensor immobilization and the DNA is
used to generate optical signal.

To demonstrate the concept, we immobilized Hg2+ binding DNA
in the gel (Fig. 4A). These DNA strands are rich in thymine (Fig. 4B)
[73]. In the presence of Hg2+, the aptamer adopts a hairpin config-
uration that produces strong green fluorescence with SYBR Green I
[74]. Furthermore, through careful tuning of the gel charge, the
detection limit was improved [76]. It needs to be noted that the
gel can enrich Hg2+ since the DNA has high affinity for mercury,
allowing visual detection of just 10 nM Hg2+ (Fig. 4C). The immobi-
lized sensor also allows for regeneration, protection of DNA from
nucleases and drying for long-term storage. A similar system was
adapted to detect lead using a guanine-rich DNA, allowing visual
Fig. 4. Hg2+-binding DNA functionalized hydrogel for Hg2+ DNA. (A) A weak orange fluo
form, resulting in strong green fluorescence. (B) The DNA sequence used and resulting
addition of various concentrations of Hg2+. Hydrogel microparticle characterization usin
bar = 40 lm. (F) Size distribution of the gel beads. Reprinted with permission from Refs

Fig. 5. (A) DNA templated AgNC synthesis producing both red and green emitters. Adding
emitter. (B) Schematics of immobilizing AgNCs in hydrogels. (C) Photograph of immobili
[81]. Copyright 2013 Elsevier.
detection of 20 nM Pb2+ [75]. In addition to using DNA staining
dyes, DNA-functionalized AuNPs were also used to stain the gels
for visual DNA and ATP detection [77–79].

Recently it was discovered that fluorescent gold and silver
nanoclusters (AgNCs) can also be used to detect Hg2+ [80]. The
DNA sequence in Fig. 5A can bind Ag+ and form two types of AgNCs
emitting red and green fluorescence, respectively. Some of the red
emitter can be converted to the green one upon exposure to Hg2+

[81,82]. We attributed this conversion to the oxidation of the red
emitter to the green oxidized form. After immobilizing the DNA
in hydrogel, its ability to form AgNC was maintained (Fig. 5B).
Addition of Hg2+ still resulted in the green fluorescence in the gel
(Fig. 5C). In this case, DNA is used only as the template for produc-
ing and stabilizing the fluorescent AgNCs. It is the intrinsic prop-
erty of the AgNC to be responsible for the selective detection of
Hg2+. Willner and co-workers also prepared DNA-based hydrogels
that can produce yellow and red emitting AgNCs [83].
rescence is observed following addition of SG. Addition of Hg2+ causes a hairpin to
hairpin configuration in Hg2+. (C) A photograph showing fluorescence change after
g optical microscopy under transmission light (D) and fluorescence mode (E). Scale
. [73] and [84]. Copyright 2010, 2012 American Chemical Society.

Hg2+ can further induce the conversion from red to green and the quenching of red
zed sensor in the presence or absence of Hg2+. Reprinted with permission from Ref.
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In most of the examples reviewed above, monolithic gels were
prepared, and the reaction kinetics were quite slow due to the long
diffusion distances. Typically, 1 h or longer is required for detec-
tion. The signaling kinetics can be improved by preparing hydrogel
microparticles [84,85]. Using the same DNA in Fig. 4B, hydrogel
microparticles for Hg2+ detection were prepared with an inverse
emulsion polymerization method. The gel beads were spherical
(Fig. 4D), with most being in the size range from 10 to 50 lm
(Fig. 4F, black bars). By calculating the mass percentage, the aver-
age size was around 30 lm (red bars). After staining the DNA using
SYBR Green I, a fluorescence signal was obtained using blue light
excitation (Fig. 4E), and the fluorescent particles co-localized with
the image obtained using the transmission mode, suggesting the
DNA was inside the gel. Quantitative kinetic measurements
confirmed that the kinetics for signal change took place in a few
minutes for such gel beads.
3. Experimental methods

In this section, we describe the detailed methods for preparing
DNA-functionalized monolithic hydrogels and hydrogel micropar-
ticles. In particular, conditions for polymerizing hydrogel micro-
particles are more stringent.
3.1. Materials

The DNA sample was purchased from Integrated DNA Technol-
ogies (Coralville, IA). The sequence of the Hg2+ binding DNA is
(acrydite-5-CTTCTTTCTTCCCCTTGTTTGTTG). The same method
can be used to immobilize other DNA sequences. For such short
oligonucleotides, standard desalting purification is sufficient. The
chemicals for gel preparation are quite standard in molecular
biology work, which are the same for carrying out polyacrylamide
gel electrophoresis. 40% acrylamide:bis-acrylamide = 29:1 gel
solution, N,N0-methylenebisacrylamide, acrylamide powder, Span
80, ammonium persulphate (APS), and N,N,N0,N0-tetramethylethyl-
enediamine (TEMED) were purchased from VWR. Mercury perchlo-
ride and other metal salts were obtained from Sigma–Aldrich.
Sodium nitrate and tris(hydroxymethyl)aminomethane (Tris) were
purchased from Mandel Scientific (Guelph, Ontario, Canada).
10,000� SYBR Green I in dimethyl sulfoxide (DMSO) was from Life
Technologies.
3.2. Synthesis of DNA-functionalized monolithic hydrogels

Preparation of polyacrylamide gel is a routine practice in many
laboratories. The typical gel volume ranges from �5 to over 30 mL.
For DNA immobilization, however, even our monolithic gels are
just below 0.1 mL, requiring slightly different formulation and
procedures. The commercial gel stocks typically contains 40%
acrylamide:bis-acrylamide (19:1 or 29:1). It is important to protect
them from light exposure. For long-term storage they can be
placed in a 4 �C refrigerator. We typically use a round-bottom
96-well plate to mold the gels. Other types of containers can also
be used, such as those with flat bottoms or with different shapes.
In a typical reaction, the following chemicals are mixed following
this order: water (204 lL), gel stock (30 lL, 40%), Tris nitrate buffer
(30 lL, pH 8.0, 0.5 M), NaNO3 (15 lL, 2 M), and acrydite-modified
DNA (6 lL, 0.5 mM). At this moment, the sample is ready to be ini-
tiated for polymerization. The initiator mixture is freshly prepared
by weighing 20–50 mg of APS powder in a weighing boat. Water is
directly added to the boat to make 10% (w/w) APS solution. To this
APS solution, TEMED is added to make a final concentration of 5%
APS. To the above gel solution, 15 lL of the initiator mixture is
added and after a brief vortex, the samples are quickly transferred
into a 96-well plate with each well containing 70 lL solution.

The above protocol is for preparing 4 gels and more gels can be
prepared by increasing the volume of the reagents. However, if
more than 10 gels are to be made, it is suggested to prepare them
in two or more batches (e.g., add the initiator separately) to avoid
gel formation before transferring the sample to the 96-well plate.
In the formulation, note that the effect of buffer is to maintain a
high pH since polymerization does not readily occur at low pH.
The Tris buffer can also be replaced by HEPES buffer. We found that
adding salt is helpful for gel formation and NaNO3 can also be
replaced by NaCl for most applications. To prepare Hg2+ sensitive
gels, we refrained from using NaCl to minimize the potential
interference from Cl�. Here the final gel concentration is 4%, a good
concentration for handling. At higher than 8%, the gel becomes
very brittle and easy to break. On the other hand, if below 3%,
the gel is very soft and cannot maintain a well-defined shape.

The gels are polymerized for 1 h at room temperature. Longer
time incubation causes drying of the gels and should be avoided.
To take the gels out of the wells, we typically add a few drops of
water as a lubricant. The gels need to be thoroughly washed to re-
move all the impurities including free monomers, initiators, salts
and free DNA. This can be achieved by soaking the gels in a large
volume of water (typically 50 mL Milli-Q water for 10 gels). After
soaking for 4–10 h, the water is discarded and fresh water is added.
After soaking for three times, the gels are ready to be used.

3.3. Hydrogel microparticles

Polyacrylamide hydrogel microparticles are prepared using the
inverse emulsion polymerization method [84–86]. First, a gel stock
is prepared by dissolving acrylamide (9 g) and N,N0-methylenebis-
acrylamide (1 g) in a total volume of 50 mL. Note that it takes a
long time to fully dissolve bisacrylamide since our concentration
approached its solubility limit. Sonication helps for the dissolution
process. In a typical reaction, 3 mL of the gel stock is added to a
20 mL scintillation vial and Tris buffer (pH 8.3, final 25 mM) is
added. A final of 2 lM acrydite-modified DNA is also added. The
concentration of DNA can be adjusted to fit the need of sensor
design. Then 3 mL cyclohexane is added as the oil phase and span
80 (200 lL) is added to as the surfactant. At this moment, a clear
separation of the bottom aqueous phase and the top oil phase
should be observed and the yellow span 80 stays at the interface.
A fresh sample of APS is prepared (33% w/w, e.g., dissolve 75 mg
APS in 150 lL water) and 24 lL of it is added to the aqueous phase.
The vial is then cooled on ice for 5 min and purged with nitrogen
for 2 min to remove oxygen. After capping the vial, the inverse
emulsion is formed under a stirring rate of 800 rpm for 5 min. At
this moment, 24 lL of TEMED is added to start the polymerization
reaction, which is allowed to continue for 4 h under 800 rpm stir-
ring. Afterwards, the stirring is stopped and the emulsion phase
separates to allow removal of the top cyclohexane layer. For every
100 lL of the aqueous phase, 1 mL of ethanol is added to dissolve
it. After 10 min of soaking in ethanol, the solution is centrifuged
for 5 min at 15,000 rpm and the ethanol is removed. The gel beads
are soaked in 1 mL of water for 5 min and washed by centrifuga-
tion. This washing process is repeated 4 times in water to remove
unreacted monomers and initiators. Finally, the gels are dispersed
at a concentration of 10 mg/mL (considering only the dry mass of
the gel). Since it is more difficult to prepare hydrogel microparti-
cles, the effect each variable is presented below.

3.3.1. Effect of pH
With 3 mL aqueous phase, it is expected to harvest �3 g gel

beads if the polymerization reaction proceeded normally. Some-
times, the gel could swell more if more water is provided, giving



I. Khimji et al. / Methods 64 (2013) 292–298 297
more than 3 g gels. We used the gel weight to quantify the effect of
various variables in this synthesis process. First, it is very impor-
tant to carefully adjust the pH. The yields are extremely low (e.g.,
�3%) if only water was used (pH �6). High yield is achieved when
25 mM Tris buffer (pH 8.3) or HEPES (pH 7.6) is included in the
aqueous phase (Fig. 6A).

3.3.2. Nitrogen purging
Normally, when we prepare monolithic gel, no nitrogen purging

step is carried out. However, the yield is much lower if the nitrogen
purging step is omitted for making hydrogel microparticles
(Fig. 6B). The main effect herein is to remove oxygen which is a ter-
minator for radical polymerization.

3.3.3. Gel percentage
In the above protocol, �20% gel is prepared and a similar yield

can be obtained with a 10% gel. However, the gel yield is much
lower at 6.7% or below (Fig. 6C). For a comparison, high quality
monolithic gels can be formed even at 4%.

3.3.4. Effect of APS and TEMED
Note that higher APS and TEMED concentrations produce a fas-

ter reaction and some temporary light orange color. High yield is
achieved with greater than 24 lL of both and the yield falls rapidly
when the volume of the two is below 16 lL (Fig. 6D). Note that we
keep the volume ratio of these two at 1:1 in our tests. It is also
important to use freshly prepared initiators.

3.3.5. Effect of span 80
With 3 mL of the aqueous phase and 3 mL of cyclohexane, an al-

most complete reaction is achieved with 200 or 300 lL span 80,
while the yield drops by half when 50 lL span 80 is used (Fig. 6E).

3.3.6. Reaction time
The gel yield reaches a plateau at around 1 h after adding

TEMED (Fig. 6F). Charged hydrogels can also be synthesized by
incorporating a fraction of charged monomers such as allylamine
for cationic gels and 2-acrylamido-2-methyl-1-propansulfonic acid
(AMPS) for anionic gels. It is important to ensure that the pH is still
within the optimal range with the charged monomers.
Fig. 6. The obtained gel weight from 3 mL aqueous phase synthesis under various co
concentration in the aqueous phase. (D) Volume of catalyst/initiator. The APS solution is 5
adding TEMED.
3.4. Hg2+ detection

In a typical experiment, each gel is soaked in 1 mL of buffer A
(20 mM NaNO3, 10 mM HEPES, pH 7.6) containing Hg2+ or other
metal ions. Larger volumes of the sample can also be used to in-
crease sensitivity. For example, we tested up to 50 mL Hg2+ con-
taining water samples. To observe fluorescence, 2 lL of 250�
concentrated (500 lM) SYBR Green I is then added. The mixtures
are soaked for 1 h at room temperature on a shaker. A long time
is required due to the slow diffusion kinetics and long diffusion
distances in the monolithic gels. The gels are excited with a hand-
held UV lamp at 365 nm at a distance �10 cm from the gels. UV
protection goggles are used for visual observation. The fluores-
cence can be recorded using a commercial digital camera (Canon
PowerShot SD 1200 IS). For quantitative analysis, the gels are im-
aged with a gel documentation system (Alpha Innotech FluorChem
FC2). The excitation wavelength is at 365 nm and the emission was
collected using a green filter. The gel fluorescence can also be
quantified using a fluorescence microplate reader by exciting at
480 nm and scanning the emission wavelength.
4. Conclusions

In summary, we have provided a concise review of DNA-func-
tionalized hydrogels as biosensors and focused on the recent devel-
opments in visual sensors. It is clear that hydrogels serve not only
as a simple substrate for DNA immobilization, but it also provides
numerous other possibilities through reagent entrapment,
controlled release, analyte enrichment and DNA protection. These
features are not readily available for most other types of substrates
commonly used for biomolecular immobilization. We only
reviewed polyacrylamide gels in this work but there are many
other types of gel forming materials such as silica-based gels which
are also very popular for interfacing with DNA sensors [87–89].
DNA itself is a polymer and it is actually possible to prepare hydro-
gels made of pure DNA. Therefore, interfacing DNA with synthetic
polymers to make hydrogels is not too far of a stretch. We
described detailed protocols to prepare monolithic hydrogels and
hydrogel microparticles. We believe these will serve as a useful ba-
sis for further development of this field for advanced applications
nditions. (A) pH. (B) Nitrogen purging the samples for 2 min. (A) Gel monomer
0%. (E) The volume of Span 80 added. (F) Gel yield as a function of reaction time after
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in biomedical diagnosis, controlled drug release, in vivo sensing
and environmental monitoring.
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