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of DNA. The bionic structure benefi ts the 
adsorption and hybridization of DNA. [ 3 ]  
The intermediate conductivity of electrode 
is sensitive to the change of conductivity 
introduced by trace DNA on the surface 
of electrode. On the contrary, this weak 
change is unobvious for the electrode with 
too high or low conductivity. As is well 
known, the conductivity of semiconductor 
silicon can be increased by adding certain 
impurities in minute quantities. Graphene 
oxide (GO) is a semiconductor and its con-
ductivity can be improved by doping nega-
tively charged molecules. [ 4 ]  Therefore, the 
conductivity of hydrogel containing GO, 
water and natural biomolecules would be 
very sensitive to negatively charged mol-
ecules, such as DNA, and this hydrogel 
could be developed as novel DNA bio-
sensor with high sensitivity. 

 Fish sperm DNA is a natural DNA 
extracted from fi sh sperm and could form 

hydrogel with GO. [ 5 ]  The GO/DNA hydrogel contains three 
components: GO, fi sh sperm DNA and water. Every component 
plays an important role in improving the sensitivity of DNA 
detection. GO is a semiconductor with intermediate conduc-
tivity compared with its reduced form (RGO) and most poly-
mers, [ 6 ]  which might produce a large conductivity change when 
trace DNA molecule was introduced. The hydrogel contains 
a large amount of fi sh sperm DNA molecules that could pro-
vide much higher biocompatibility than that of other chemical 
cross−linkers, which is advantageous for DNA hybridization 
in this bionic structure. The hydrogel also contains rich water 
that is similar to the natural environment for DNA hybridiza-
tion, which is also benefi cial to improving the hybridization 
effi ciency of DNA. In addition, the hydrogel has a large specifi c 
surface and high diffusivity of small molecules [ 7 ]  besides the bio-
compatibility. Therefore, it is a viable candidate for sensory and 
actuation applications. The sensitivity of biosensor is infl uenced 
by the conductivity of hydrogel which depends upon its thick-
ness and component. [ 8 ]  Conventionally, the hydrogel is simply 
coated onto the surface of classical electrodes, which makes the 
shape and thickness of hydrogel irregular and uncontrollable, 
respectively. One possible route is to form the hydrogel directly 
in a tube so that the shape would be fi xed and the thickness 
could be controlled as needed. The conductivity of hydrogel 
could be tuned by changing its component and thickness. 

 Herein, we reported a hydrogel electrode prepared from GO 
and fi sh sperm DNA ( Scheme    1  ). The mixed solution of GO and 
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  1.     Introduction 

 The extremely low detection limit of DNA biosensor is essen-
tial for its applications in medical diagnostics and genetic 
screening. [ 1 ]  The label−free detection of DNA by electrochemical 
method, without use of any specialized reagent, would greatly 
simplify the analysis technique and accelerate its implementa-
tion for rapid DNA sequencing and diagnostics. [ 2 ]  The design 
of electrode with a bionic structure containing rich water and 
biomolecules and tunable conductivity would play an important 
role in improving the sensitivity of electrochemical detection 
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fi sh sperm DNA in a cone bottom-centrifuge tube was heated 
to produce GO/DNA hydrogel. A copper wire was inserted into 
the cone bottom of centrifuge tube to form GO/DNA hydrogel 
electrode as the working electrode (Scheme S1, Supporting 
Information). This hydrogel electrode was successfully used to 
detect mitochondrial DNA mutation with high sensitivity and 
selectivity. The detection principle is that the impedance will 
obviously decrease after hybridization of complementary DNA 
(cDNA) with probe DNA (pDNA) immobilized on the GO/DNA 
hydrogel electrode, which is due to the higher conductivity of 
GO doped by double-stranded DNA (dsDNA) than that of single-
stranded DNA (ssDNA). The change of impedance is unobvious 
after pDNA hybrids with mismatched or non−complementary 
DNAs, which is due to the low hybridization effi ciency. There-
fore, mismatched sequences can be distinguished from perfectly 
matched cDNA by measuring the change of impedance. The 
hydrogel electrode has also been used to detect the real DNA 
samples from patients of ovarian cancer with satisfactory results.   

  2.     Results and Discussion 

  2.1.     Electrochemical Properties of Hydrogel Electrode 

 GO was synthesized from graphite by the modifi ed Hummers 
method as carried out in our previous work. [ 9 ]  The GO/DNA 
hydrogel in a centrifuge tube was prepared by simply heating 
the mixed solution of GO and fi sh sperm DNA at 95 °C for 
5 min [ 5 ]  and characterized well (Figure S1−3, Supporting Infor-
mation). Then GO/DNA hydrogel was used as working elec-
trode (Scheme  1 ). The negatively charged GO/DNA hydrogel 
is diffi cult to adsorb the negatively charged pDNA due to 

electrostatic repulsion. Therefore, cationic polymer polyeth-
ylenimine (PEI) was fi rst adsorbed to the GO/DNA electrode 
by electrostatic attraction, which resulted in the impedance 
increasing ( Figure    1  a). This indicates that the electrode was 
very sensitive to the adsorbate, which is of advantage to improve 
the sensitivity of electrode. At the same time, the impedance 
of GO/DNA hydrogel electrode increased with the hydrogel 
volume (or thickness) increasing (Figure  1 b and Table S1 in 
Supporting Information). Therefore, the conductivity of GO/
DNA hydrogel electrode can be tuned by its volume (or thick-
ness) to produce an optimal conductivity for improving the sen-
sitivity of electrode in the following DNA detection.  

 To build a simple model, the hydrogel electrode/electrolyte 
interface based on Randles equivalent circuit is divided into 
two physical regions: the bulk electrolyte solution, the electrode 
layer (including hydrogel, PEI and binding DNA). The respec-
tive components correspond to (1) R s , the ohmic resistance 
of the electrolyte solution; and (2) R, a parallel combination 
of the charge−transfer resistance R ct , Warburg impedance Z w  
and capacitance C d . Thus, R can also be quite sensitive to the 
adsorption of pDNA and following hybridization with cDNA. 

 pDNA (Table S2, Supporting Information) was adsorbed on 
PEI−modifi ed GO/DNA hydrogel electrode (PEI−hydrogel) by 
electrostatic attraction to produce pDNA/PEI−hydrogel elec-
trode. We have investigated the effect of pDNA concentration 
and hydrogel volume on the immobilization time of pDNA. The 
optimal immobilization time and pDNA concentration were 
about 30 min and 100 nM (Figure S4, Supporting Information), 
respectively. 100 nM pDNA concentration and 30 min of immo-
bilization time were used in following measurements. The 
high pDNA concentration and long immobilization time were 
advantageous to adsorb more pDNA molecules and blocked free 
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 Scheme 1.    Schematic of DNA detection by GO/DNA hydrogel electrode. (left) Schematic of the experimental set-up employed for the impedance 
measurement of DNA. (right) Schematic immobilization of pDNA and hybridization with cDNA on GO/DNA hydrogel electrode. GO: graphene oxide; 
PEI: polyethylenimine; ssDNA: single-stranded DNA; pDNA: probe DNA; cDNA: complementary DNA; dsDNA: double-stranded DNA.
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amino groups of PEI, which will guarantee that all cDNA would 
hybrid with pDNA in the following hybridization step instead 
of the adsorption though electrostatic attraction. A large drop in 
impedance was measured when cDNA was added into pDNA/
PEI−hydrogel electrode ( Figure    2  ). This result is due to the 
higher conductivity of GO doped by dsDNA and less secondary 
structure of dsDNA with respect to ssDNA, [ 10 ]  which is sup-
ported by the cyclic voltammetry data (Figure S5, Supporting 
Information). The largest impedance change was obtained at 
0.5 mL of GO/DNA hydrogel (Figure  2  and Table S3 in Sup-
porting Information). The result means that the hydrogel with 
too high or low conductivity was not sensitive to the change of 
conductivity introduced by DNA on the surface of electrode. 
The intermediate conductivity of electrode is very important to 
the sensitivity of hydrogel for DNA detector. Therefore, 0.5 mL 
of GO/DNA hydrogel electrode was used in the following meas-
urements. The hybridization effi ciency also depends strictly 
on hybridization temperature.  Figure    3   shows that resistance 
changes (ΔR) would increase with decreasing temperature. The 
result is reasonable because the melting temperature of DNA is 
about 57 °C and the dsDNA would separate into ssDNA when 
the temperature is close to its melting temperature. Therefore, 
the optimal hybridization temperature is 25 °C.    

  2.2.     Detection of DNA Mutation 

 We designed 4 pairs of different pDNA and cDNA sequences 
(Table S2, Supporting Information). 4 PEI−hydrogel electrodes 
were prepared and each electrode was immobilized with one 
of the pDNA and hybridized with its respective cDNA, respec-
tively. The impedances of all electrodes experienced obvious 
decrease after incubation with corresponding cDNA, and 
similar resistance changes (ΔR) could be observed (Figure S6, 
Supporting Information), indicating high universality of this 
hydrogel electrode for DNA detection. P1 and C1 were used in 
the following measurements unless specially mentioned. The 
impedance of pDNA/PEI−hydrogel electrode decreased with 
increasing concentration of cDNA ( Figure    4  a). The resistance 
change ΔR after hybridization is linear with the logarithm of 
cDNA concentrations (Figure  4 b) from 1.0 × 10 −20  to 1.0 × 
10 −9  M (ΔR = 0.41logC + 10.7, correlation coeffi cient of 0.99). 
The increase of resistance change ΔR for concentration higher 
than 10 −9  M is unobvious, indicating that the sensor became 
saturated. The detection limit of 1.0 × 10 −20  M (the signal-to-
noise ratio is 2) was lower than that of other graphene elec-
trodes (Table S4, Supporting Information). [ 11 ]  We also checked 
the background signal of GO/DNA hydrogel. The impedance 
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 Figure 1.    a) Impedance of GO/DNA hydrogel electrode before and after modifi cation with PEI. Inset: equivalent circuit used to model impedance data 
in the presence of redox couples. Rs, electrolyte solution resistance; R ct , element of interfacial electron transfer resistance; C, capacitance of the electric 
double layer between electrolyte and interface of electrode. b) Impedance of GO/DNA hydrogel with different volumes. Nyqiust curves were attained 
in 5.0 mM [Fe(CN) 6 ] 3–/4−  and 1.0 M KCl solution.

 Figure 2.    Impedance of pDNA/PEI−hydrogel with different volumes before (a) and after (b) hybridization with cDNA. The concentrations of pDNA 
and cDNA were 100 nM and 1.0 × 10 −9  M, respectively.
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values of pDNA/PEI-Hydrogel in cDNA solution (1.0 × 10 −20  
M) and blank solution are obviously distinguishing (Figure 
S7, Supporting Information). The result indicates that the GO/
DNA hydrogel electrode could be used to detect DNA without 
labelling by electrochemical impedance with a high sensitivity.  

 To explore the selectivity of pDNA/PEI−hydrogel electrode, 
target DNAs with varying number of mutations were designed 
(Table S5, Supporting Information). ΔR values decreased in 
the following orders: cDNA > one−base mismatch > two−base 
mismatch > three−base mismatch > non−complementary 

DNAs (Figure  4 c). Therefore, the identifi cation of cDNA, mis-
matched or non−complementary DNAs can be referred to the 
resistance change ΔR. Usually, it is easier to differentiate cDNA 
from muitiple-base mismatched DNA than from single-base 
mismatched DNA. However, in our hydrogel electrode system, 
single−base mismatched DNA showed 80% signal reduction 
compared with cDNA, indicating high selectivity of this elec-
trode for detection of single-base mismatch. The 80% signal 
reduction for one−base mismatch is lower than that of other 
electrodes. [ 12 ]  The high sensitivity and selectivity of hydrogel 
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 Figure 3.    a) Nyquist diagrams of pDNA/PEI−hydrogel electrode before (P1) and after (P1-C1) hybridization with cDNA at 25, 37, 45 and 52 °C. b) ΔR 
of pDNA/PEI−hydrogel electrode after hybridization with cDNA at 25, 37, 45 and 52 °C. The concentrations of pDNA and cDNA were 100 nM and 
1.0 × 10 −18  M, respectively.

 Figure 4.    Detection of mitochondrial DNA mutation 16223 C−T by electrochemical impedance. a) Nyquist diagrams of pDNA/PEI−hydrogel electrode 
before and after hybridization with cDNA with different concentrations. b) Calibration plot of ΔR for detecting cDNA. c) ΔR of pDNA/PEI−hydrogel 
electrode after hybridization with 1.0 × 10 −18  M cDNA, 1.0 × 10 −9  M one−base mismatched, two−base mismatched, three−base mismatched and 
non−complementary DNAs. (d) The stability of pDNA/PEI−hydrogel electrode. Data are the mean ± standard deviation of three different experiments. 
pDNA and target DNA sequences are listed in Table S5 (Supporting Information).
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electrode might be attributed to the bionic structure and tun-
able conductivity of hydrogel electrode. Moreover, the imped-
ances before and after hybridization were changed little even 
when the electrode was stored in refrigerator (4 °C) for 7 days 
(Figure  4 d). Therefore, the hydrogel electrode has a very high 
selectivity and stability. In addition, we also investigated the 
detection limit of this electrode for other two mitochondrial 
DNA mutations: 709G-A and 489T-C (Figure S8 and Table S6, 
Supporting Information). The similar detection limits were 
obtained, indicating universality of this hydrogel electrode for 
DNA detection.  

  2.3.     Confi rmation of DNA Hybridization in Hydrogel 

 In order to confi rm DNA hybridization in hydrogel, Hoechst 
33258, a DNA minor groove binder and electrochemically active 
dye, [ 13 ]  was added into hydrogel electrode before and after hybridi-
zation with different target DNAs. The linear sweep voltammetry 
(LSV) curves showed an anodic peak current (i pa ) resulted from 
the oxidation of Hoechst 33258 and the current increased with the 
DNA hybridization amount increasing because Hoechst 33258 
would bind to the minor groove of dsDNA ( Figure    5  ). A weak i pa  
of pDNA/PEI−hydrogel before hybridization might be resulted 
from the physical adsorption of Hoechst 33258 molecules on the 
surface of hydrogel or some existed fi sh sperm dsDNA.  

 The selective hybridization of target DNA with pDNA in 
the hydrogel electrode was further confi rmed by fl uorescence 
images. dsDNA strands can enhance the fl uorescence of Hoe-
chst 33258 considerably when it binds to the minor groove of 
dsDNA. [ 14 ]  pDNA before hybridization or after incubation with 
non−complementary DNA showed very weak fl uorescence and 
only some sporadically blue points were observed (Figure S9, 
Supporting Information). The blue area increases when the 
pDNA hybridizes with one−base mismatched DNA, which 
might be resulted from the formed part of dsDNA grooves. 
A largely blue fl uorescence area is observed when the pDNA 
hybridizes with cDNA. The fl uorescence signal of hydrogel 

before hybridization might be resulted from the physical 
adsorption of the dye molecules or the dye molecules binding 
to minor groove of fi sh sperm dsDNA. A little amount of fi sh 
sperm dsDNA might exist even though they were denatured at 
95 °C to prepare hydrogel. However, the fl uorescence images 
were focused on the surface of hydrogel. Therefore, the rela-
tive content of residual fi sh sperm dsDNA is lower and can be 
negligible. Of course, it needs more data to support the DNA 
hybridization on the surface of hydrogel. 

 We further used fl uorescein (FAM)-labeled pDNA and Cy5-
labeled target DNAs to investigate the hybridization (Figure S10, 
Supporting Information). The rugged hydrogel surface was pre-
pensely selected for easy focus with high contrast because there 
is too strong fl uorescence in smoothed surface (Figure S11, Sup-
porting Information). Green fl uorescence was observed for three 
hydrogels after FAM was excitated, which means that pDNA had 
been adsorbed on the surface of hydrogel. Compared with one−
base mismatched and non−complementary DNAs, cDNA after 
hybridization shows a strongly red fl uorescence when Cy5 was 
excitated. The overlapped images show that pDNA and cDNA 
are in the same place. At the same time, the concentration of 
residual cDNA in solution after hybridization is lowest than that 
of other target DNAs (Figure S12, Supporting Information), 
which means that much more cDNA had been hybridized with 
pDNA in the hydrogel. The result further indicates that the DNA 
hybridization would happen on the surface of hydrogel and is 
consistent with the result of electrochemical experiments.  

  2.4.     Detection of Real DNA Samples From Patients 

 The above result shows that the hydrogel electrode could 
detect the synthetic cDNA with high sensitivity and selectivity. 
Whether will it work well for the DNA from real samples? Mito-
chondrial DNA with high mutation rate and copy number in 
cancer cells is considered as an effectively molecular label for 
noninvasive diagnostics. [ 15 ]  Therefore, mitochondrial DNA of 
ovarian cancer was selected to test the GO/DNA hydrogel elec-
trode. Polymerase chain reactions were performed to amplify 
mitochondrial DNA. The products length is in the range of 
456–512 bp (Preparation of mitochondrial DNA, Supporting 
Information). Mutations (16223C−T, 709G−A and 489T−C) were 
confi rmed by DNA sequencing.  Figure    6   shows that the GO/
DNA hydrogel electrode worked well and the linear range was 
from 1.0 × 10 −9  to 1.0 × 10 −12  M with the detection limit of 5.69 
× 10 −13 , 5.25 × 10 −13  and 5.52 × 10 −13  M for the three mutations, 
respectively, even though it was higher than that of synthetic 
cDNA. Three corresponding DNA samples without mutations 
from healthy adult were used to test the selectivity of GO/DNA 
hydrogel electrode. The result shows that normally mitochon-
drial DNA had low ΔR values even though in relatively higher 
concentrations. The effect of DNA length on the sensitivity of 
GO/DNA hydrogel electrode was also investigated. The result 
shows that shorter DNA had higher sensitivity (Figure S13, 
Supporting Information). This is ascribed to the high hybridi-
zation effi ciency for short target DNA. Longer DNA has more 
intra−chain complementary region which could form hairpin 
structure, leading to less hybridization between the probe and 
target, which would result in weaker impedance change.   
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 Figure 5.    The LSV curves of hydrogel electrodes dyed with Hoechst 33258 
before and after hybridization with different target DNAs. The concentra-
tions of pDNA and target DNAs are 100 nM and 10 −9  M, respectively.
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  2.5.     Detection Mechanism 

  2.5.1.     Effect of PEI 

 Based on above results, the hydrogel electrode demonstrates 
high sensitivity and selectivity. Therefore, more explanations 
on the performance of this sensor are necessary. PEI would 
play an important role in improving the sensitivity of DNA bio-
sensor. The detection limit of the hydrogel electrode without 
PEI increased to 1.0 × 10 −16  M (Figure S14, Supporting Infor-
mation), which might be due to low adsorption of pDNA by 
electrostatic repulsion of negatively charged fi sh sperm DNA 
and GO in hydrogel. The zeta potentials of GO after addition 
of these components were used to support the adsorption and 
hybridization process ( Figure    7  ). The zeta potential of GO was 
−31.6 mV. After addition of denatured fi sh sperm ssDNA, 
it increased to –37.8 mV due to the adsorption of negatively 
charged fi sh sperm ssDNA on the surface of GO. When PEI 
was added, the potential increased to 30.9 mV due to the 
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 Figure 6.    Detection of 16223C-T, 709G-A and 489T-C mutations in real DNA samples. PCR fragments were amplifi ed from mitochondrial DNA of 
ovarian cancer patients. (a, d, g) Nyquist diagrams before and after hybridization with different concentrations of DNA. (b, e, h) Calibration plots of ΔR 
for detecting cDNA from ovarian cancer. (c, f and i) ΔR of pDNA/PEI−hydrogel electrode after hybridization with 1.0 × 10 −11  M DNA of patient, 1.0 × 
10 −9  M DNA of normal adult and non-complementary DNAs. Data are the mean ± standard deviation of three different experiments.

 Figure 7.    Zeta potential of the system after addition of each component. 
Data are the mean ± standard deviation of three different experiments. 
FS-DNA is fi sh sperm DNA.
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adsorption of positively charged PEI. After immobilization of 
pDNA and hybridization with cDNA, the potential decreased 
to −12.0 and −33.5 mV, respectively. Therefore, the positively 
charged PEI could increase the immobilization amount of 
pDNA by electrostatic attraction, which benefi ts the improve-
ment of sensitivity.   

  2.5.2.     p−Type GO Doped by Negatively Charged DNA 

 The electronic structure alteration of GO caused by doping 
negatively charged DNA molecules would also improve the sen-
sitivity of hydrogel electrode. [ 4 ]  Similar results were reported 
that tethering of ssDNA onto GO led to a 128% increase in the 
conductivity, partially attributed to the attachment of the nega-
tively charged DNA on the p−type GO; subsequent hybridization 
with cDNA increased the hole density, leading to a 71% increase 
in the conductivity. [ 16 ]  The transport through GO is dominated by 
positive charge carriers (holes). As such, GO possesses a higher 
mobility than p-type polymer and just in the range suitable for 
room temperature electronics. [ 17 ]  The result is similar to doped 
silicon that the conductivity of intrinsic silicon can be increased 
by adding certain impurities in minute quantities. Therefore, 
the conductivity of GO would be increased when minute DNA 
molecule was introduced, which would result in the conductivity 
of GO/DNA hydrogel increasing as shown in Figure  4 a. In the 
meantime, the atomic thickness of GO would provide a strong 
bonding to DNA molecules. The short DNA fragments would 
act as charge carriers with higher mobility and could increase 
the hole density, leading to higher conductivity. [ 18 ]  Our cDNA 
has 59 bases, and every base has a negative charge. Thus, every 
cDNA has 59 negative charges to dope GO. Therefore, the con-
ductivity of GO/DNA hydrogel increased obviously. Therefore, 
the high sensitivity of this sensor could also be attributed to the 
conductivity change of p−type GO doped by negatively charged 
DNA.  

  2.5.3.     Bionic Structure 

 The low detection limit of hydrogel electrode would be also 
ascribed to the bionic structure. The entrapment of fi sh 

sperm ssDNA and water in the hydrogel would result in a 
faster response or a faster diffusion of cDNA to pDNA. This 
hydrogel matrix provides an ideal environment for DNA and 
facilitates the hybridization of pDNA and cDNA. [ 19 ]  The kinetics 
of adsorption and hybridization was studied by recording the 
relative impedance in different hybridization time (Figure S15, 
Supporting Information). The hybridization rate constant (1.2 
× 10 −2  s −1 ) is higher than that (1.0 ~ 9.8 × 10 −3  s −1 ) of PEI−
modifi ed common electrodes, [ 20 ]  which might be ascribed to 
the bionic interface of hydrogel containing rich water and 
fi sh sperm ssDNA molecules. Fitting the impedance data also 
yields the characteristic hybridization time of 30 min. The time 
is shorter than that of the classical methods with radioactive 
and optical labelling (hours to days). [ 21 ]  Therefore, the bionic 
structure would benefi t the hybridization of DNA and improve 
the sensitivity of the hydrogel electrodes. The bionic strucute 
means that the hydrogel contains natural molecules fi sh sperm 
ssDNA and high water amount, which is similar to the envi-
ronment of DNA hybridization in biology. When the synthetic 
polymer polyvinyl alcohol (PVA) was used to replace fi sh sperm 
ssDNA ( Figure    8  a), the sensitivity of hydrogel was decreased. 
The result shows that it would be very important to improve the 
hybridization effi ciency with naturally biological molecules as 
the component to prepare hydrogel. The high water content is 
very important to improve the sensitivity of hydrogel electrode 
(Figure S16, Supporting Information). Thus, it could be con-
cluded that the hydrous circumstance would provide a nucle-
otide-friendly interface for probe immobilization and target 
hybridization.   

  2.5.4.     Tunable Conductivity 

 The volume or thickness of hydrogel would affect the imped-
ance of hydrogel (Figure  1  and  2 ). The hydrogel with a small 
volume would have a high conductivity. On the contrary, the 
hydrogel with a large volume would have a poor conductivity. 
The hydrogel with too high or too low conductivity is not sensi-
tive to the weak conductivity change introduced by trace DNA. 
In order to further understand the effect of hydrogel thickness 
on impedance, we also used traditional method to coat the 
hydrogel on the surface of classical gold (Au) and glass carbon 

 Figure 8.    Effect of hydrogel component on DNA detection. a) Nyquist curves of GO/DNA hydrogel and GO/PVA hydrogel before and after hybridiza-
tion with 1.0 × 10 −15  M cDNA. b) Nyquist curves of GO/DNA hydrogel and RGO/DNA hydrogel before and after hybridization with 1.0×10 −15  M cDNA.
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(GC) electrodes with a small thickness. The detection limit 
increased to 1.0 × 10 −17  M for both of Au and GC electrodes 
(Supplementary Figure S17). The high detection limit might 
be resulted from the high conductivity of hydrogel with a thin 
layer of hydrogel membrane. 

 The component of hydrogel would also affect the conduc-
tivity and sensitivity of hydrogel. GO and fi sh sperm DNA were 
displaced by RGO and PVA to prepare RGO/DNA and GO/
PVA hydrogels, respectively. Figure  8  shows that the impedance 
changes after hybridization of these two hydrogels are smaller 
than that of GO/DNA hydrogel and the detection limit of 1.0 × 
10 −17  M for RGO/DNA hydrogel (Figure S18, Supporting Infor-
mation) is higher than that of GO/DNA hydrogel, respectively. 
The result might be ascribed to the high conductivity of RGO 
and poor conductivity of PVA. Therefore, the conductivity of 
hydrogel would play an important role in improving the sen-
sitivity of sensor, and it is very convenient to tune the conduc-
tivity of hydrogel by controlling the component and thickness 
of hydrogel.    

  3.     Conclusions 

 Our work shows that the hydrogel electrode prepared from GO 
and fi sh sperm ssDNA with a bionic interface and tunable con-
ductivity has an extremely low detection limit for DNA detec-
tion and a considerable application potential. The preparation 
of hydrogel electrode is simple and the cost is low. Therefore, 
the hydrogel electrode would be developed as a disposable 
product in clinic.  

  4.     Experimental Section 
  Preparation of Hydrogel Electrode : GO was synthesized from graphite 

by the modifi ed Hummers method as carried out in our previous work. [ 8 ]  
RGO was prepared in ammonia with hydrazine hydrate as reducing 
agent. [ 22 ]  The preparation of GO/DNA hydrogel was based on the 
previous work of Shi et al. [ 5 ]  Namely, 0.25 mL of GO (6 mg/mL) and 
0.25 mL of fi sh sperm DNA sodium salt (10 mg/mL) were thoroughly 
mixed in a 2 mL of the cone bottom-centrifuge tube (clear microtubes 
MCT-200-C, Axygen), followed by heating at 95 °C for 5 min in a 
thermomixer to produce GO/DNA hydrogel. RGO/DNA hydrogel was 
prepared from 0.25 mL of RGO (2 mg/mL) and 0.25 mL of fi sh sperm 
DNA sodium salt (10 mg/mL) using similar to those presented above. 
321 µL of GO dispersion (7.8 mg/mL) was added into 179 µL solution 
containing 1 mg PVA, then the mix was vibrated vigorously for 10 s, 
followed by a 20 min sonication to prepare GO/PVA hydrogel. [ 23 ]  Then 
the lid of the tube was removed and the bottom was embedded with a 
copper wire of 4 centimeters (diameter is 1.0 mm) to produce hydrogel 
electrode (Scheme S1). 

  Impedance Measurements : Probe DNA (pDNA) and target DNA were 
dissolved in water to prepare a series of concentrations. 200 µL of PEI 
solution (1%) was added into the 2 mL of the cone bottom-centrifuge 
tube containing GO/PVA hydrogel. After 30 min, the PEI solution was 
pipetted out, and the hydrogel was rinsed with water for three times. 
200 µL of pDNA solution (100 nM) was dropped into the tube and 
incubated for 30 min at 4 °C. Excess pDNA was removed by washing 
with water for three times. Alternating current impedance measurements 
were carried out in phosphate buffered saline (PBS) (pH 7.4) using 
an electrochemical workstation (CHI660C, CH Instrument). 3.0 M 
KCl−Ag/AgCl was the reference electrode and a platinum wire was the 
auxiliary electrode. Then the pDNA−immobilized hydrogel electrode 

was hybridized with different target DNAs. 200 µL of target DNA with 
designed concentration and 500 µL of PBS were added to the hydrogel 
electrode and incubated for 30 min at room temperature. The hydrogel 
was rinsed with water for three times to remove the excess target DNA. 
The impedance of hydrogel after hybridization was measured again 
in PBS (pH 7.4). The AC voltage amplitude was 5 mV and the voltage 
frequencies ranged from 0.1 Hz to 10 5  Hz. P1 and C1 sequences 
selected as the delegates of pDNA and target DNA (Table S3) are used 
in all measurements unless specially mentioned P2, P3, P4 and probes 
for 709G-A and 489T-C.  
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 Supporting Information is available from the Wiley Online Library or 
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