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Featured Application: The aptamer-functionalized DNA hydrogel will be a good candidate for
controlled protein delivery.

Abstract: With the simple functionalization method and good biocompatibility, an aptamer-integrated
DNA hydrogel is used as the protein delivery system with an adjustable release rate and time by
using complementary sequences (CSs) as the biomolecular trigger. The aptamer-functionalized DNA
hydrogel was prepared via a one-pot self-assembly process from two kinds of DNA building blocks
(X-shaped and L-shaped DNA units) and a single-stranded aptamer. The gelling process was achieved
under physiological conditions within one minute. In the absence of the triggering CSs, the aptamer
grafted in the hydrogel exhibited a stable state for protein-specific capture. While hybridizing with
the triggering CSs, the aptamer is turned into a double-stranded structure, resulting in the fast
dissociation of protein with a wise-stage controlled release program. Further, the DNA hydrogel
with excellent cytocompatibility has been successfully applied to human serum, forming a complex
matrix. The whole process of protein capture and release were biocompatible and could not refer to
any adverse factor of the protein or cells. Thus, the aptamer-functionalized DNA hydrogel will be a
good candidate for controlled protein delivery.
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1. Introduction

Protein drugs with uncontrolled dosage can usually cause severe side effects such as the incidence
of complications in normal tissues and organs, despite their outstanding treating function in different
types of human diseases [1]. To date, the localized and controlled release of protein drugs has been
achieved in many research studies. In the drug and gene release systems, hydrogels were widely
used as stimuli-responsive materials because of their responsiveness to external stimuli such as light,
temperature, pH, metal ions, or other molecules [2–5]. However, the big obstacle of hydrogel as a drug
release carrier is the fast and burst release of drugs due to its high permeability, which would give rise
to adverse influence in vivo [6].

Therefore, hydrogel functionalization has been extensively studied to improve the effectiveness
of its sustained release. The incorporation of different affinity ligands such as metal ion chelating
ligands [7], heparin or heparan sulfate [8–10], and streptavidin or biotin [11] into hydrogels have
been widely used to improve the affinity of hydrogels with protein drugs and overcome burst
release. For instance, Sakiyama–Elbert et al. have designed a heparin-based system to immobilize
neurotrophin-3 in the fibrin gel by non-covalent interaction to rein in the diffusion-based release of
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neurotrophin-3 [9]. In addition, the combination of DNA with some nanostructures has also been
getting a lot of attention [12–18]. Although those molecules can be used as a connector for many
biologics, many problems still exist, such as low specificity, low affinity, and high toxicity. In recent
decades, oligonucleotide aptamers, which are selected from DNA/RNA libraries by Systematic
Evolution of Ligands by Exponential Enrichment (SELEX), have been proven to have the capacity
to recognize any class of target molecules with high affinity and specificity [19]. Moreover, unlike
other affinity ligands, aptamer can be hybridized with complementary sequences (CSs). Therefore,
the reasonable design of CSs can adjust aptamer’s binding function, and induce the rapid dissociation
of protein–aptamer complexes [20–23].

Hence, aptamers were usually incorporated into hydrogels as affinity ligands to expand the
application of hydrogels in the field of controlled drug delivery [24–26]. For instance, a sustained-
release polyacrylamide (PAA) hydrogel system was achieved through using platelet-derived growth
factor–BB aptamer to reserve the protein drugs [20]. As reported in recent literatures, most aptamers
were usually functionalized into synthetic polymeric hydrogels such as PAA or polyethylene glycol
methacrylate (PEGMA) by radical polymerization [24,27–29]. The strict demands of the modified
process for aptamer−polymer hybrids and the toxicity of all kinds of initiators limit their application
in vivo in the biomedical fields. For instance, a hydrogel system that can release proteins via sequential
photoreaction and hybridization in a self-programming manner has been reported recently [30].
This hydrogel system may be tuned to control the release of other fragile bioactive substances such as
vaccines, viruses, or cells. However, the complicated and tedious synthesis steps of a photolabile linker,
photoresponsive DNA, and hydrogel limit their application. In our previous work, in order to simplify
the modification steps and control the spatial distribution of aptamers in hydrogel, an anti-thrombin
aptamer was functionalized into polyethylene glycol (PEG) hydrogel via UV light-induced thiol–ene
click chemistry [31], but the UV light may potential damage the cells or tissues.

In this work, we designed an aptamer-functionalized DNA hydrogel as the controlled protein
release carrier to solve the above problems. The three-dimensional DNA hydrogels were cross-linked
by the one-pot self-assembly of two kinds of DNA building blocks (X-shaped and L-shaped DNA units)
and a single-stranded DNA aptamer (S-DNA) via the hybridization of the respective “sticky ends”.
These pure DNA hydrogels were biocompatible, biodegradable, and easily fabricated via an efficient
Watson–Crick base pairing reaction [32–35]. The highlights of this work are that the gelation process
can be completed rapidly and accurately under physiological conditions, and the encapsulation can
be achieved in situ drugs; even living cells can be encapsulated in the gel. We expected that this
aptamer-functionalized DNA hydrogel could be used as a good controlled protein release carrier,
even in the presence of encapsulated live cells.

2. Materials and Methods

2.1. Materials

GoldView I nucleic acid dye was obtained from the Solarbio Science & Technology Co., Ltd (Beijing,
China). Graphite oxide was obtained from XF Nano (Nanjing, China). All of the oligonucleotides
were supplied by FASMAC Co., Ltd (Midorigaoka, Atsugi, Kanagawa, Japan). The sequence of the
aptamer modified with FAM used in this study is as follows: 5′-FAM-GGTTGGTGTGGTTGG-3′ [36].
Thrombin (TB) was obtained from Sigma-Aldrich (Shanghai, China). Murine macrophage cells (RAW
264.7 cells), a Live/Dead Assay Kit, and a Cell Counting Kit-8 were obtained from Sangon Biotech Co.,
Ltd (Shanghai, China). All of the other reagents were obtained from Sigma-Aldrich (Shanghai, China).
The TB buffer, which was used to dissolve TB, contained 30 mM of Tris-HCl (pH 7.2), 20 mM of KCl,
50 mM of NaCl, 3 mM of MgCl2, and 3 mM ofCaCl2. The DNA buffer that was used to dissolve DNA
contained Tris-HCl (10 mM, pH 7.4), 1 mM of ethylenediaminetetraacetic acid (EDTA), and 50 mM of
NaCl. The absorption medium and release medium contained Tris-HCl (50 mM, pH 7.2) and 50 mM of
KCl. Proteins and aptamers were stored at −20 ◦C prior to experimentation.
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2.2. Preparation and Characterization of X and L-Shaped DNA Building Units

In the typical experiment, an equimolar amount of a DNA strand of an X-shaped unit (X1, X2,
X3, and X4) and an L-shaped unit (L1 and L2) was separately solved into DNA buffer to obtain
final concentrations of 30 µM for all of the DNA strands. The final mixture was incubated at 95 ◦C
for 10 min, and then placed at room temperature for 2 h, resulting in the X and L-shaped DNA
structures. Then, gel electrophoresis was utilized to detect the formation of DNA building units.
A DNA sample (7 µL) was mixed with 6 × loading buffer (2 µL) and analyzed with 3% agarose gel at
90 V for approximately 40 min in 0.35 × TAE buffer [14 mM of tris (hydroxymethyl) aminomethane,
0.45 mM of ethylenediaminetetraacetic acid, and 7 mM of acetic acid, pH 8.0]. The bands were stained
with GoldView I nucleic acid dye, and then imaged with a GelDoc XR+ system (Bio-Rad, Hercules,
CA, USA).

2.3. One-Pot Self-Assembly of Aptamer-Functionalized DNA Hydrogel

For the preparation of aptamer-functionalized DNA hydrogels, a stock solution of the X and
L-shaped building units were used to prepare the DNA hydrogel. The molar ratio of X-DNA to L-DNA
was kept at 1:2. X-DNA (10 µL) at different concentrations of (400 µM, 500 µM, 600 µM, 700 µM,
and 800 µM), L-DNA (10 µL) at different concentrations of (800 µM, 1000 µM, 1200 µM, 1400 µM,
and 1600 µM) and S-DNA (1 µL) at different concentrations of (0 µM, 200 µM, 400 µM, 600 µM,
800 µM, and 1000 µM) were mixed at room temperature to rapidly form the aptamer-functionalized
DNA hydrogels within one minute. The tubes containing the mixtures were then inverted for 30 min.
The “sticky ends” (black lines) of X-DNA were complementary to those of L-DNA and S-DNA.
The details of the DNA sequences are shown in Table S1. The green part is the thrombin aptamer.
Here, FAM-labeled S-DNA was used to demonstrate the successful self-assembly process of S-DNA
with X-DNA. S-DNA with scrambled “sticky ends” was used as the control group. Then, the obtained
hydrogels were washed extensively by using DNA buffer and centrifuged (1500 rpm, 10 min) to wash
out the unreacted S-DNA. Finally, DNA hydrogel was observed by fluorescent microscope (Olympus
IX73, Pittsburgh, PA, USA).

2.4. Determination of Mechanical Properties of the DNA Hydrogel

The storage modulus and the loss modulus were obtained by using a dynamic mechanical
analyzer (DMA Q800, TA Instruments, New Castle, DE, USA). The frequency was changed from 0.1 Hz
to 10 Hz while keeping the amplitude at 25 mm. The hydrogel samples were cut into a cylinder with
height of 5 mm and a diameter of 10 mm for the determination of mechanical properties.

2.5. Aptamer-Functionalized DNA Hydrogel for Protein Capture

Hydrogel sample was incubated in 100 µL of absorption medium with protein to investigate
the ability of the DNA hydrogel to capture protein. Here, we used the TB aptamer as a model to
capture and release TB. The approach for detecting the concentrations of protein that were captured
and released was based on a graphene oxide-based fluorescence aptasensor [37]. The detection theory
was showed in Figures S1 and S2. This approach allowed the accurate characterization of the capture
and release properties of the aptamer-functionalized DNA hydrogels.

2.6. Aptamer-Functionalized DNA Hydrogel for Protein Release

The burst release experiments were detected in the absence of CSs. The hydrogel samples were
labeled as hydrogel with S-DNA, hydrogel with controlled S-DNA, and hydrogel without S-DNA.
Here, the controlled S-DNA should not bind to TB due to the different sequences with aptamer.
The release of thrombin was triggered through adding complementary sequences of aptamers (CSs).
The hydrogel samples that captured TB were incubated in 100 µL of release medium with different
concentrations of CSs (0 µM, 0.4 µM, 0.8 µM, 1.2 µM, 1.6 µM, and 2 µM). At predetermined time
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points, 1 µL of release medium was taken to detect the released thrombin concentration in the medium.
Except for the concentration of CSs, the strand length of CSs and the adding times of CSs, which also
had a significant influence on the ability of TB release, were carefully discussed in this work.

2.7. Cell Culture

Cell culture tests were performed with commercial murine macrophage cells (RAW 264.7 cells).
The DNA hydrogel (X-DNA 400 µM, L-DNA 800 µM, and S-DNA 200 µM) was placed in a 24-well
plate and then sterilized in 75% (v/v) ethanol for 150 min, followed by three rinses with sterilized
phosphate-buffered saline (PBS). Subsequently, the hydrogel was prewetted with culture mediums
for 120 min. After removing the culture mediums, 500 µL of a suspension of the RAW 264.7 cells
(1 × 105 cells well−1) was seeded on the hydrogel or culture plates directly as the control and cultured
under standard conditions. After incubation for 24 h, the cells on hydrogels or culture plates were
stained with the Live/Dead Assay Kit and then observed by using fluorescence microscopy. The Cell
Counting Kit-8 (CCK-8) was used to evaluate the cell proliferation on the hydrogels or culture plates
(control group) after culturing for one day, three days, five days, and seven days. Briefly, at each time
point, the culture mediums were removed, and the CCK-8 working solutions were added at 37 ◦C
for 120 min. Finally, the supernatant mediums were extracted to determine the cell quantity using a
Thermo scientific microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Statistical Analysis

Data were expressed as the mean ± standard deviation of five samples. Statistical significance
was determined by analysis of variance (single factor) with p < 0.05.

3. Results and Discussion

3.1. The Preparation of DNA Building Units

As illustrated in Figure 1, the X-DNA served as a building unit, which was assembled from
four single-stranded DNAs (ssDNAs), and each strand had a “sticky end” portion (marked in black).
The L-DNA was a linear duplex assembled through two ssDNAs that contained two “sticky ends”,
which were complementary to those of X-DNA. The S-DNA was an ssDNA, of which one side was a
“sticky end” (marked in black) and another side was a thrombin aptamer (marked in green). The “sticky
ends” of the S-DNA were also complementary to those of the X-DNA.
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Figure 1. Principle diagram of aptamer-functionalized DNA hydrogel formation. The X-shaped DNA
(X-DNA), L-shaped DNA (L-DNA), and single-stranded DNA aptamer (S-DNA) were cross-linked by
hybridizing their “sticky ends” (marked in black). The “sticky ends” of the X-DNA were complementary
to those of the L-DNA and S-DNA.
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Agarose gel electrophoresis was used to testify the formation of the X-DNA and L-DNA structure.
In Figure S3, X-DNA (lane 5) did not move as far as X1, X2, X3, and X4 (lanes 1, 2, 3, and 4, respectively).
Similarly, the L-DNA (lane 8) did not move as far as L1 and L2 (lanes 6 and 7, respectively). The results
indicated that X-DNA and L-DNA indeed formed as designed, and the pure single band that was
shown in lanes 5 and 8 demonstrated that the assembly processes were highly efficienct.

3.2. Fabrication of Aptamer-Functionalized DNA Hydrogel

The ideal molar ratio of the L-DNA to X-DNA was 2:1, where the initial DNAs were entirely
cross-linked and formed the most indurative network [38,39]. Next, 10 µL of X-DNA and 10 µL
of L-DNA with different concentrations were mixed with 1 µL and 200 µM of S-DNA to form
aptamer-functionalized DNA hydrogels. As shown in Figure S4, the solutions with different
concentrations of X and L-DNA have lost all their fluidity in a minute and seemed to be reaching a gel
state, which turned out to be the transformation of the sol-to-gel. Besides, the frequency-scanning test
was used to examine the mechanical properties of DNA hydrogels to further confirm the formation
of DNA hydrogels. As shown in Figure 2A, the loss modulus (G”) was significantly smaller than the
storage modulus (G’) in the whole process, which provided the obvious signal for the formation of gel.
The result indicated that pure DNA hydrogels assuredly came into being, which were self-assembled
from the DNA building blocks. The mechanical strength of the DNA hydrogel was enhanced along
with the enhancing concentration of the DNA building units. The rheological properties of the DNA
hydrogel with grafted S-DNA and without S-DNA that were shown in Figure 2B proved that there
was no significant difference between the hydrogel with S-DNA and the hydrogel without S-DNA.Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 15 

 

Figure 2. (A) The rheological property of DNA hydrogels with different concentrations (400 μM, 500 
μM, 600 μM, 700 μM, and 800 μM for X-DNA, the molar ratio of X-DNA and L-DNA is fixed at 1:2). 
(B) The storage and loss modulus of DNA hydrogel (X: 400 μM and L: 800 μM) with S-DNA or 
without S-DNA. (C) The SEM image of DNA hydrogel after freeze-drying (X: 400 μM and L: 800μM). 
(D) Fluorescent images of hydrogels (X: 400 μM and L: 800 μM) without S-DNA, with 
carboxyfluorescein (FAM)-labeled S-DNA, and with FAM-labeled S-DNA with scrambled “sticky 
ends”. 

3.3. Examination of Thrombin Load by Aptamer-Functionalized DNA Hydrogel 

To capture thrombin, the hydrogels were washed extensively using DNA buffer to eliminate 
non-cross-linked S-DNA, and then immersed in the absorption medium. As the incubation time 
increased, the TB molecules would penetrate into the hydrogel network and lead to the 
concentration decreasing of TB in buffer solution. The protein capture capability of the hydrogels 
could be obtained though detecting the change of TB concentrations in the absorption medium. As 
shown in Figure 3A, after 6 h of incubation, the DNA hydrogels with aptamers had an obviously 
higher thrombin capture capability (approximately 51%) than the DNA hydrogels without aptamers 
(approximately 13%) due to the specific bind of thrombin to the aptamer in the hydrogel. These 
results demonstrated that the hydrogels without aptamers had a very low protein capture capacity 
just because of the physical diffusion effect. As for the hydrogel assembled with aptamers, the 
capture capacity was determined mainly by the specific affinity between the aptamers and proteins, 
and secondly by the physical diffusion effect. This suggests that aptamers play a crucial role in 
capturing protein in the DNA hydrogels. 

Although the hydrogels without aptamers had a very low protein-capture capacity, the ability 
of the DNA hydrogel to capture thrombin by the physical diffusion effect is still very important. 
Since aptamers are integrated into hydrogel matrixes, TB has to firstly permeate through the DNA 
hydrogel networks, and then bind the aptamer embedded in the matrixes. In order to further 
understand the ability of the DNA hydrogel to capture thrombin, the two building blocks were 
investigated at different concentrations of X-DNA at 400 μM and L-DNA at 800 μM, X-DNA at 500 
μM and L-DNA at 1000 μM, X-DNA at 600 μM and L-DNA at 1200 μM, X-DNA at 700 μM and 
L-DNA at 1400 μM, and X-DNA at 800 μM and L-DNA at 1600 μM, respectively. The concentration 
of S-DNA was kept at 200 μM. As shown in Figure 3B, the higher concentration of DNA building 
units (X-DNA at 800 μM and L-DNA at 1600 μM) had a lower protein capture capacity. This could 
be explained by the higher concentrations of DNA units resulting in the more closely knit and 
higher cross-linked networks, which limited the diffusion of thrombin into hydrogel. As the 
concentration of DNA building units decreased, the TB loading amount of the hydrogel increased 
gradually. We performed p-value calculations for each pair, and showed that the last two data 
(X:500-L:1000 and X:400-L:800) are significantly different. Therefore, the hydrogel samples that were 

Figure 2. (A) The rheological property of DNA hydrogels with different concentrations (400 µM,
500 µM, 600 µM, 700 µM, and 800 µM for X-DNA, the molar ratio of X-DNA and L-DNA is fixed
at 1:2). (B) The storage and loss modulus of DNA hydrogel (X: 400 µM and L: 800 µM) with
S-DNA or without S-DNA. (C) The SEM image of DNA hydrogel after freeze-drying (X: 400 µM
and L: 800 µM). (D) Fluorescent images of hydrogels (X: 400 µM and L: 800 µM) without S-DNA,
with carboxyfluorescein (FAM)-labeled S-DNA, and with FAM-labeled S-DNA with scrambled
“sticky ends”.

In this work, the concentration of S-DNA was very low relative to that of X-DNA. The grafting
degree of S-DNA into hydrogel was calculated in Figure S5 and Table S2. It demonstrated that only
a few “sticky ends” of X-DNA had been consumed by S-DNA. Thus, the effect of S-DNA on the
mechanical properties of the hydrogel could be ignored. The inner morphology of the hydrogel was
characterized by SEM and provided here. The DNA hydrogel samples were freeze-dried as shown in
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Figure 2C; the freeze-dried hydrogel owned the interconnected pore structures, and the pore size was
about 10 µm to 50 µm, so that the protein could easily diffuse into or out of the hydrogel.

In order to examine whether the S-DNA could be assembled into a hydrogel, the FAM
(carboxyfluorescein)-labeled S-DNA and FAM-labeled S-DNA with a scrambled “sticky end” was
mixed with X-DNA and L-DNA. The formed DNA hydrogels were washed in DNA buffer to eliminate
non-cross-linked S-DNA, and observed by a fluorescent microscope. As shown in Figure 2D, the blank
control group formed a hydrogel only by X-DNA and L-DNA without adding S-DNA, and no
fluorescence was detected. The hydrogel with FAM-labeled S-DNA exhibited strong fluorescence
intensity. However, if the hydrogel was assembled from FAM-labeled S-DNA with the scrambled
“sticky ends”, no fluorescence was detected, too. This could be explained by the S-DNA with the
scrambled sticky ends not being complementary to that of the X-DNA. The results suggested that
the S-DNA with a complementary “sticky end” to X-DNA could be successfully assembled into the
hydrogel network through the base complementation pairing rule.

3.3. Examination of Thrombin Load by Aptamer-Functionalized DNA Hydrogel

To capture thrombin, the hydrogels were washed extensively using DNA buffer to eliminate
non-cross-linked S-DNA, and then immersed in the absorption medium. As the incubation time
increased, the TB molecules would penetrate into the hydrogel network and lead to the concentration
decreasing of TB in buffer solution. The protein capture capability of the hydrogels could be obtained
though detecting the change of TB concentrations in the absorption medium. As shown in Figure 3A,
after 6 h of incubation, the DNA hydrogels with aptamers had an obviously higher thrombin capture
capability (approximately 51%) than the DNA hydrogels without aptamers (approximately 13%)
due to the specific bind of thrombin to the aptamer in the hydrogel. These results demonstrated
that the hydrogels without aptamers had a very low protein capture capacity just because of the
physical diffusion effect. As for the hydrogel assembled with aptamers, the capture capacity was
determined mainly by the specific affinity between the aptamers and proteins, and secondly by the
physical diffusion effect. This suggests that aptamers play a crucial role in capturing protein in the
DNA hydrogels.

Although the hydrogels without aptamers had a very low protein-capture capacity, the ability
of the DNA hydrogel to capture thrombin by the physical diffusion effect is still very important.
Since aptamers are integrated into hydrogel matrixes, TB has to firstly permeate through the DNA
hydrogel networks, and then bind the aptamer embedded in the matrixes. In order to further
understand the ability of the DNA hydrogel to capture thrombin, the two building blocks were
investigated at different concentrations of X-DNA at 400 µM and L-DNA at 800 µM, X-DNA at 500 µM
and L-DNA at 1000 µM, X-DNA at 600 µM and L-DNA at 1200 µM, X-DNA at 700 µM and L-DNA at
1400 µM, and X-DNA at 800 µM and L-DNA at 1600 µM, respectively. The concentration of S-DNA
was kept at 200 µM. As shown in Figure 3B, the higher concentration of DNA building units (X-DNA
at 800 µM and L-DNA at 1600 µM) had a lower protein capture capacity. This could be explained by
the higher concentrations of DNA units resulting in the more closely knit and higher cross-linked
networks, which limited the diffusion of thrombin into hydrogel. As the concentration of DNA
building units decreased, the TB loading amount of the hydrogel increased gradually. We performed
p-value calculations for each pair, and showed that the last two data (X:500-L:1000 and X:400-L:800)
are significantly different. Therefore, the hydrogel samples that were formed by 400 µM of X-DNA
and 800 µM of L-DNA had the highest protein-capture capacity. In addition, in order to avoid wasting
more protein, this concentration was chosen for the next experiments in the following sections.

Except for the concentration of the DNA building units, the concentration of TB in the absorption
medium also affected the capture capability of the hydrogel. The hydrogel samples (assembled from
400 µM of X-DNA, 800 µM of L-DNA, and 200 µM of S-DNA) were respectively immersed into
100 µL of buffer solution with different concentration of thrombin (0.5 µM, 1 µM, 1.5 µM, 2 µM, 4 µM,
and 8 µM). After calculating, the molar ratio of TB to aptamers was respectively 0.25:1, 0.5:1, 0.75:1, 1:1,



Appl. Sci. 2018, 8, 1941 7 of 14

2:1, and 4:1. The results were shown in Figure 3C; the normalized capture was raised from 1 ± 0.11 to
4.23 ± 0.26, and the molar ratio of TB to aptamers increased from 0.25:1 to 1:1. We performed p-value
calculations for each pair, and found that when the thrombin concentration was raised continuously
from 2 µM to 8 µM (namely the molar ratio of TB to aptamers was raised continuously from 1:1 to 4:1),
there was no obvious change in the normalized capture of hydrogel. It could be explained when the
content of TB exceeded that of the aptamer, the aptamers in the hydrogel were consumed completely.
The results showed that when the molar ratio of TB to aptamers was kept at 1:1, the hydrogels reached
saturation capture and capture equilibrium. In addition, an obvious change in the normalized capture
with the different concentrations of thrombin was found in the range of 8 nM to 1 µM in both the
buffer and human urine-spiked samples. The limit of detection is as low as 80 pM. It is anticipated
that our thrombin capture system could be a promising tool for the clinical diagnosis of thrombin in
human urine.Appl. Sci. 2018, 8, x FOR PEER REVIEW  8 of 15 
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Figure 3. (A) The thrombin (TB) capture capabilities of hydrogels (X-DNA 400 µM, L-DNA 800 µM)
with or without aptamers at different incubation time. The concentration of S-DNA was fixed at 200 µM
(the volume is 1 µL). The molar ratio of TB to aptamers was kept at 2:1. (B) The capture capability of
two building blocks at different concentrations. For normalization, the capture capability of 800 µM
of X-DNA and 1600 µM of L-DNA (the control) is regarded as one. The concentration of S-DNA
was fixed at 200 µM (the volume is 1 µL) in the hydrogel. The molar ratio of TB to aptamers was
kept at 1:1. (C) The influence of the thrombin amount in the absorption medium on the TB capture
capability of the hydrogel (X-DNA 400 µM, L-DNA 800 µM). When the molar ratio of TB to aptamers
was 0.25:1, the capture capability was regarded as one. The concentration of S-DNA was fixed at
200 µM (the volume is 1 µL). (D) Relationship between the aptamer concentrations and the capture
capability of the hydrogels. The hydrogel’s capture capability without an aptamer (aptamer 0 nmol)
was represented as one (X-DNA 400 µM, L-DNA 800 µM). The concentration of TB was fixed at 7.5 µM
(the volume is 100 µL). The samples with obviously higher normalized capture than the control group
(the normalized capture = one) were noted with * (p < 0.05).

Another important factor that influenced the capture capacity of the hydrogel was the S-DNA
concentration. As shown in Figure 3D, with the increase of the aptamer assembling into the hydrogel,
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the protein-capture capability was raised obviously. The normalized capture of the hydrogel without
aptamers was regard as one. As the aptamers concentration increased from 0.19 nmol to 0.75 nmol,
the normalized capture was enhanced from 4.16 ± 0.31 to 14.48 ± 0.52. Since the amount of TB was
fixed at 0.75 nmol, with the amount of aptamer continuously increasing from 0.75 nmol to 0.92 nmol,
the normalized capture of the hydrogel was basically changeless. The thrombin in the loading medium
had been entirely loaded into the hydrogel. The results suggest that the specific bind of the aptamers
and thrombin was the primary impetus for thrombin capture.

Thus, by adjusting the three parameters, the thrombin-capture capability could be controlled
accurately, and it was better than a large proportion of the conventional protein carriers with low and
uncontrolled protein-loading efficiency [40,41].

3.4. Examination of Thrombin Release from Aptamer-Functionalized DNA Hydrogel

The hydrogel underwent thrombin release tests in the absence of CSs to examine the binding
ability between the aptamer and thrombin in the hydrogels. As shown in Figure 4A, more than 80% of
the thrombin was released from the hydrogel without S-DNA within 2 h. Similarly, the hydrogel with
controlled S-DNA also had the burst release phenomena in the first two hours. In contrast, only 10% of
thrombin was released from the S-DNA-functionalized hydrogels in 10 h. These results suggest that
aptamers dramatically reduce the burst release and result in the effective sequestration of thrombin in
the hydrogel.
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Figure 4. (A) Thrombin release from different hydrogels in the absence of the CSs. (B) Fluorescent
images of hydrogel (with FAM-labeled S-DNA) in the existence of 4′-(4-dimethylaminophenylazo)
(DABCYL)-labeled CS15 at different reaction times: (a) 5 min, (b) 2 h, (c) 4 h, and (d) 6 h. (e) Cumulative
release of TB at different reaction times. The molar ratio of complementary sequences (CSs) to S-DNA
was fixed at 1:1.

The controlled thrombin release property of hydrogel was detected in the existence of CSs.
A comparison of the interaction force between the aptamer–TB complex and the aptamer–CS duplex
was shown in Figure S6. The results showed that CS12 and CS15 could trigger the release of
TB, while CS8 could not. In order to prove the ability of the hydrogel to hybridize with the CSs,
the DABCYL ((4′-(4-dimethylaminophenylazo) benzoic acid)-labeled CS15 was designed as shown in
Table S1. When the CSs diffused into hydrogel network and hybridized with the FAM-labeled S-DNA,
the emission of FAM was quenched through DABCYL on account of the Forster resonance energy
transfer (FRET) effect [42,43]. Therefore, along with the hybridization of aptamers and CSs, the intensity
of fluorescence decreased with the increasing incubation time, as shown in Figure 4B(a–d). At the same
time, the dissociated TB from aptamers increasingly diffused out of the hydrogels, which resulted in
the concentrations of TB in the release medium increasing, as shown in Figure 4B(e). These results
demonstrate that CSs are able to penetrate rapidly into the DNA hydrogel to hybridize with aptamers
and lead to TB release.
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The dissociation rate of thrombin triggered by CS15 can be fitted to a theoretical dynamic model
in accordance with the relation between triggering time and thrombin concentrations. The fitting
formula is listed as follows:

ln
C∞ − Ct

C∞ − C0
= kt (1)

where C0 is the initial concentrations of thrombin without CSs, Ct is that at time t, and C∞ is that
when the reaction reaches equilibrium with CSs. Here, k is a rate constant that corresponds to the
dissociation rate of thrombin triggered through CSs. The effect of the concentrations of CSs on the rate
constants k of thrombin dissociation was researched. According to the fitting formula, the dissociation
rate corresponded to the slopes of the linear curves. The different concentration of CSs resulted in
different dissociation rate constants k. As shown in Figure 5A, when the molar ratio of CSs to aptamers
was 1:5, k was −0.2971. When the molar ratio of CSs to aptamers was raised to 1:1, k was reduced to
−0.8082, as shown in Figure 5E. Comparing the slopes of the curve (Figure 5F), we can conclude that
higher concentrations of CSs in the same release time will lead to a lower rate constant (i.e., higher
release capability).
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Figure 5. Dissociation dynamics of thrombin triggered by CS15 for different CSs to aptamer
ratios: (A) CSs:Aptamer = 1:5, (B) CSs:Aptamer = 2:5, (C) CSs:Aptamer = 3:5, (D) CSs:Aptamer
= 4:5 and (E) CSs:Aptamer = 1:1. (F) The concentrations of TB were calculated using the fitting
formula (i.e., In(C∞ − Ct)/(C∞ − C0) = kt) to get the rate constants (the slopes of the linear curves) of
thrombin dissociation.

To further understand the protein-releasing law regulated by CSs, the molar ratio of CSs to
aptamer, the length of CSs, and the time of CSs adding were carefully discussed in this work. As shown
in Figure 6A, through adjusting concentrations of the CS15, the release amount of the TB could be
controlled. The percentage of CSs that was diffused into the hydrogel was shown in Figure S7 and
Table S3. Along with the increasing CSs concentration (the molar ratio of CSs to aptamers was adjusted
from 1:5, 2:5, 3:5, 4:5, and 5:5), cumulative TB release increased from 30% to 81%. The thrombin binding
on an aptamer couldn’t be dissociated without the CSs (CSs = 0). As a result, thrombin could be
released only by the physical diffusion, and the cumulative release was approximately 15%. The results
were similar to those shown in Figure 5.

The amount of base pair obviously influenced the strength of DNA hybridization [44]. Therefore,
longer CSs resulted in stronger competition ability. As shown in Figure 6B, when the length of the CSs
was eight nucleotides, there was no significant difference compared to the control. It suggested that
the short CSs with only eight nucleotides couldn’t trigger the thrombin releasing from the aptamer.
When the chain length of CSs changed from eight to 12 nucleotides, the thrombin release amount was
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enhanced fourfold. When the length of CSs was completely complementary with the thrombin aptamer
(15 nucleotides), the thrombin release amount was increased approximately five times. These results
demonstrated that increasing the length of complementation DNA can promote thrombin separation
from aptamer–thrombin complexes.Appl. Sci. 2018, 8, x FOR PEER REVIEW  11 of 15 
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aptamer is fixed at 200 µM (the volume is 1 µL). The total release time was 6 h. Here, CSs:aptamer = 0
was represented as the control group. The experimental group with significantly higher cumulative
release than the control group is noted with *, (p < 0.05). (B) Effect of lengths of CSs on the
release amount of thrombin. The normalized release of TB triggered by CSs (bp 0) is regarded as 1.
The normalized release with obviously more than the CS (bp 0) is noted with *, (p < 0.05). (C) Profiles
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triggering times (0 h and 12 h).

In addition to the reasonable design of the CSs length, triggered release can be adjusted by
other factors (for example, the triggering time). As shown in Figure 6C, we applied CS15 to treat
the DNA hydrogel at hours 0 and 12. The total amount of the released thrombin over 0 h and 12 h
were approximately 31% and 51% (the molar ratio of added CSs to aptamers was fixed at 1:4 at each
adding time). The hydrogels without CS15 released approximately 14%. The accumulated release of
thrombin was approximately 31% for the first triggering (0 h), and approximately 17% for the second
triggering (12 h). It could be explained that the first release included two processes, namely the normal
physical diffusion of thrombin (14%) and triggered release by CSs (17%). However, for the second
release, the release process was only triggered by CSs. This was because most of the TB was bonded to
aptamers due to the TB–aptamer interaction force, and only a few TB was free to diffuse out of hydrogel.
The physical diffusion process can get an equilibrium within 5 h, as shown in Figure 6C. That’s why
we got the conclusion that the first triggering time contained 14% “normal physical diffusion” and
17% “CSs-triggered release”. Then, at subsequent triggering times, we attributed 17% of the release
only to a CSs-triggered release.

Thus, the release amount rests with the feeding amount of CSs. These results indicate that the
sequestration of thrombin can be a triggered release by CSs at a determined time point, and the release
content can be precisely adjusted through changing the CSs concentrations.

3.5. Application in Complex Matrixes

A complex matrix, human serum, was investigated for the practical application of the hydrogel
in the triggered release of thrombin. The hydrogel that captured the thrombin was immersed in
the human serum solution. The serum solution had been diluted 50 times before each experiment.
Then, we applied CSs to treat the DNA hydrogel at hours 0, 48, 96, and 144 with the molar ratio of
CSs to aptamers being 1:4 at each adding time. As shown in Figure 7, the amount of the released
thrombin in hours 0, 48, 96, and 144 were approximately 33%, 50%, 67%, and 84%, respectively. For the
first triggering time (0 h), the accumulated release of thrombin was approximately 33%. For each
of the remaining three trigger times (48 h, 96 h, and 144 h), the release amount of thrombin was
approximately 17% for each adding time. These results imply that this hydrogel shows a promising
feature for practical applications in complex matrixes.
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3.6. Cytocompatibility of the DNA Hydrogel

The proliferation and viability of the RAW 264.7 cells cultured on the hydrogel were researched
in vitro. With increasing culture time (Figure 8A), the RAW 264.7 cells gradually proliferated in the
DNA hydrogels and the culture plates without hydrogels (control group). The proliferation rate of
RAW264.7 cells on the surface of the DNA hydrogel was higher than that that of the control group.
Cell viability was also examined using a Live/Dead Assay Kit. As shown in Figure 8B, high cell
viability (green) was achieved on both the DNA hydrogel sample and the control group (without
hydrogel), but more cells were visible on the DNA hydrogel, indicating increased cell proliferation,
which was consistent with the cell proliferation results. Compared to the other synthetic polymer
hydrogel [45,46], the DNA hydrogel showed less cytotoxicity and a higher cell proliferation rate.
Thus, the DNA hydrogel that was constructed via the self-assembly of X-DNA, L-DNA and S-DNA
has excellent cytocompatibility and potential application in cell study.
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Figure 8. (A) Proliferation of the RAW 264.7 cells cultured on the surfaces of the DNA hydrogels and
the culture plates (without hydrogel). *p < 0.05. (B) Viability and morphology of the RAW264.7 cells
cultured on the surfaces of the culture plates (a) and DNA hydrogels (b) for 24 h (green cells are live,
and red cells are dead; the scale bar is 200 µm).
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4. Conclusions

In conclusion, the aptamer-functionalized DNA hydrogel was simply self-assembled from
X-shaped DNA, L-shaped DNA, and S-DNA, avoiding a tedious DNA−polymer hybrid modification
process. This hydrogel not only had a high protein-capture capacity, it also had a high retention rate
in the absence of triggering CSs. The big drawback (i.e., initial burst release) of traditional hydrogel
as a protein drug carrier could be resolved by using this aptamer-functionalized DNA hydrogel.
Meanwhile, CSs can be used for controlling the wise-stage release of thrombin in the desired time
from the hydrogels with designed concentration and dosage. The hydrogel was also workable in
complex matrixes such as human serum. Furthermore, in vitro studies showed that RAW 264.7 cells
cultured on the DNA hydrogel exhibited good proliferation and viability. This hydrogel will become a
potential platform for the controlled release of protein drugs, which can regulate the release rate at a
predetermined time point with excellent biocompatibility, and will facilitate the treatment of a mass of
human diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/8/10/1941/
s1. Figure S1: The detection mechanism of graphene oxide-based fluorescent aptasensor for thrombin protein.
Figure S2: The recovered fluorescence intensity influenced by adding TB with concentrations of (2, 4, 6, 8 and
10 nM) and the linear relationship between TB concentration (nmol L−1) and relative fluorescence value. Figure S3:
3% agarose gel electrophoresis analysis. Lane 1, 2, 3 and 4 were the single-stranded DNAs, X1, X2, X3 and X4,
respectively. Lane 5 was the X-DNA; lane 6 and 7 were the single-stranded DNAs, L1 and L2. Lane 8 was the
L-DNA. Table S1: The sequences and the strand length of all oligonucleotides. Figure S4: The DNA hydrogel
with different concentrations of X-DNA and L-DNA. (a) X: 400 µM, L: 800 µM; (b) X: 500 µM, L: 1000 µM;
(c) X: 600 µM, L: 1200 µM; (d) X: 700 µM, L: 1400 µM; (e) X: 800 µM, L: 1600 µM, respectively. The concentration
of S-DNA was fixed at 200 µM. Figure S5: Determination of the grafting amount of S-DNA by fluorescence
spectroscopy. The initial amount of added S-DNA was respectively at (A) 0.2 nmol, (B) 0.4 nmol, (C) 0.6 nmol,
(D) 0.8 nmol, (E) 1.0 nmol. Their fluorescence values were detected at 522 nm and the amount of grafted S-DNA
was calculated through the difference of fluorescence intensity between the supernatant and blank solution.
Table S2: The grafting degree of S-DNA. Figure S6: Comparison of the interaction force between the aptamer-TB
complex and aptamer-CS duplex. Figure S7: The percentage of CS15 diffused into hydrogel. The initial amount
of added CSs was at (A) CSs:S-DNA = 1/5, (B) CSs:S-DNA = 2/5, (C) CSs:S-DNA = 3/5, (D) CSs:S-DNA = 4/5,
(E) CSs:S-DNA = 1. The amount of S-DNA was kept at 0.2 nmol. Their fluorescence values were detected at 522 nm
and the percentage of CSs diffused into hydrogel was calculated through the difference of fluorescence intensities
between the supernatant and blank solution. Table S3: The percentage of CS15 that diffused into hydrogel.
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