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We demonstrated an easy and efficient approach to producing amino-group-functionalized graphene (G-NH2) for highly sensitive 

DNA biosensing through intermolecular interaction. The nucleotide molecules prefer to anchor onto as-prepared G-NH2 surface rather 

than be immobilized on pristine graphene. The electrostatic interaction between the positive charges of ionized amino on G-NH2 and the 

negative charges of phosphate groups on nucleotide chains enabled label-free probe DNA to be immobilized on the G-NH2 surface. The 

electrochemical performance and quality variations during the preparation of G-NH2 and nucleotide immobilization processes were 

determined by electrochemical measurements and quartz crystal microbalance in situ, respectively. Results showed that complementary 

target DNA could be hybridized with probe DNA within the concentration range of 0.1 nM to 200 nM, and the detection limit was 0.8 

nM. Therefore, this kind of G-NH2 could be an alternative to DNA biosensing.

1. Introduction 

As a new nanomaterial, graphene has excellent electric properties 

and a large specific surface area 1. Theoretical research, 

preparation methods, and applications of graphene have been 

recently reported. The applications of graphene as biomaterials 

focus on the glucose oxidase or protein adsorption 2, DNA or 

aptamer immobilization 3, and cell adhesion 4. The 

functionalization and dispersion of graphene can be improved by 

covalent 5 and non-covalent methods 6 because of the 

hydrophobicity and assemblage of graphene. Graphene 

functionalized with amino 7, 8, carboxyl 9, and doping 

functionalization 10, has good biocompatibility 11 and biological 

detection characteristics 12-14. Graphene sheets functionalized 

covalently with the amino groups of poly-L-lysine, which 

provided a very biocompatible environment for attaching 

bioactive molecules7. Amino-functionalized graphene is prepared 

through the chemical modification of carboxyl groups introduced 

on the graphene surface followed by the deposition onto the gold 

nanoparticles and application on the adsorption of a catalyst 8.  

 

The self-assembly approach is an important and effective 

strategy for nanofabrication. It has been extensively used to 

produce more efficient and functional materials 15. Self-

assembled hybrid nanostructures with an appropriate design can 

deliver synergistic effects resulting in highly directed materials 16. 

Compared with chemical functionalization, self-assembly 

modification is simple, convenient, and with fewer defects.  

 

 

 

 

Graphene can be a promising building block in the 

hybridization with various nanoparticles (NPs). However, only a 

small number of examples of graphene NP hybrids through self-

assembly approaches have been reported. Fang et al. 

demonstrated the use of cationic polyelectrolyte poly 

(diallyldimethyl ammonium chloride) functionalized graphene 

nanosheets as building blocks in the self-assembly of graphene 

nanosheets and Au nanoparticle heterostructure resulting to an 

enhanced electrochemical catalytic ability 17. Also, the positively 

and negatively charged graphene nanoplatelets assembled 

together forming a multilayer structure due to coulomb attraction 

between opposite charges 18.  

 

The chemical method is mainly used to modify graphene by  

amino groups. Actually, it has some disadvantages, including the 

complicated reaction procedure, need for heating, and possibility 

of destruction of graphene surface 19, 20. However, the self-

assembling of the alkane molecules with short alkyl chains on 

graphene 21, such as tridecane (C13H28), tetradecane (C14H30), and 

pentadecane (C15H32), could result in the surface funtionality 

without destroying the properties of the bulk graphene. In 

consequence, layer-by-layer self-assembling technique 22 is used 

to fabricate the amino modified graphene that could be applied as 

the matrix of biosensors. The schematic of DNA immobilization 

and hybridization onto the surface of amino modified graphene 

(G-NH2) by the self-assembling method is summarized in 

Scheme 1. The method involved two steps, i.e., the formation of 

G-NH2 through the self-assembling approach and DNA 

anchoring. 
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Scheme 1. Schematic diagram of DNA immobilization/ 

hybridization onto the surface of G-NH2 via the intermolecular 

force. 

 

First, octadecyltrimethoxysilane (OTMS) self-assembles onto 

silicon wafers through the silicon-oxygen bonds between OTMS 

and silicon 23. In the case of Au substrates, 1-octadecanethiol 

(ODT) was used for self-assembly to form the Au-S bonds. 

Graphene bonds with the alkyl chain of OTMS through 

intermolecular force 24 and then alkyl chains of 1-octadecylamine 

(OTA) bonds with the graphene through the same bonding 

interaction. Finally, label-free DNA adheres to the surface of G-

NH2. 

2. Materials and methods 

 

2.1. reagents 

Octadecyltrimethoxysilane, 1-octadecanethiol, 1-octadecylamine, 

were purchased from Aladdin (Shanghai, China). Graphene was 

purchased from JCNANO Co. Ltd. (Nanjing, China). DNA was 

obtained from Beijing SBS Genetech Co. Ltd. (Beijing, China). 

The probe oligonucleotide sequences are  

Probe-DNA (P1, 30 mer): 5’-TTT TTT TTT TTT TTT TGT 

ACA TCA CAA CTA-3’ 

Total mismatch target DNA (TMM, 15mer): 5’-TGT GCC TAA 

GCC ATA-3’  

Complementary target DNA (MM0, 15mer): 5’-TAG TTG TGA 

TGT ACA-3’ 

 

2.2. Preparation of the self-assembled films of amino-group 

modified graphene  

Graphene and OTA were successively self-assembled with 

OTMS or ODT onto the silicon or Au wafers (See Scheme 1). 

The same self-assembling procedures were implemented, and 

ethanol was used as the solvent in the preparation of the self-

assembling solution. The treated wafers (2 cm × 2 cm) were 

immersed into the self-assembling ethanol solution (10 mL : 0.1 

mg/mL) for 2 h to 4 h, rinsed with Milli-Q H2O, and dried with 

the high-pure nitrogen. The self-assembled films of G-NH2 was 

fabricated and applied as the matrix for DNA immobilization and 

hybridization.  

 

2.3. DNA Immobilization/hybridization on the surface of G-

NH2  

In this study, the DNA solutions were created using phosphate 

buffer solution (PBS) at a pH of 7.4. DNA immobilization was 

performed in 1 µM P1 solution for 24 h. Before analysis, each 

sample was rinsed with PBS and Milli-Q H2O and then dried 

under flowing nitrogen. Finally, the G-NH2 immobilized with P1 

was immersed in 1 µM target DNA solution for another 24 h and 

then rinsed with PBS and Milli-Q H2O. 

 

2.4. Characterization 

Analysis of the surface electronic structure by X-ray 

photoelectron spectroscopy (XPS) was performed using VG 

ESCALAB HP photoelectron spectrometer equipped with the 

analyzer and the preparation chambers. X-ray source with power 

less than or equal to 100 W was used to record the spectra Al Kα 

(hυ = 1486.6 eV). Atomic force microscopy (AFM) was utilized 

to characterize the surface morphology of assembled nanofilms. 

Measurements were conducted in tapping mode by a Nanoman 

AFM (Veeco Metrology Group, USA) at ambient temperatures.  

 

2.5. Electrochemical measurements 

CHI600D series of the electrochemical workstation (Shanghai 

Chenhua, China) was used to test the self-assembly and DNA 

immobilization and hybridization processes. A conventional 

three-electrode cell was used, including an Ag/AgCl (saturated 

KCl) electrode as the reference electrode, platinum slides as the 

counter electrode, and Au film substrate as the working electrode. 

The electrochemical impedance spectroscopy (EIS) was obtained 

at a potential of –0.2 VMSE at a frequency range of 106 Hz to 10-2 

Hz with an AC amplitude of 5 mV. The spectra were then 

analyzed using the Zview2 software, which uses a non-linear 

least-squares fit to determine the parameters of the elements in 

the equivalent circuit. 

 

2.6. Quartz crystal microbalance measurements 

CHI440B series of electrochemical quartz crystal microbalance 

(QCM) (Shanghai Chenhua, China) was used to test the quality 

changes. QCM is a detectable change in nanogram quality, ultra-

sensitive instruments. The basic principle of measure is the 

inverse voltage effect and Sauerbrey equation [29, 30]: 

∆F = -[2f0
2/ (µq • ρq) 

1/2 A] ∆m                        (1) 

where ∆F is the frequency change, f0 is the natural frequency of 

quartz crystal, µq is the density of quartz (2.648 g·cm-3), ρq is the 

quartz shear modulus (2.947 × 1011 g·cm-1·s-2), A is the effective 

piezoelectric area, and ∆m is the mass change on the substrate. f0 

and A are QCM device-specific parameters, the research group of 

f0 using QCM is about 8.0 × 106 Hz, and A is 0.196 cm2, which 

can be calculated in this research group QCM curve of -1 Hz = 

1.34 ng. 
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3. results and discussion 

 

3.1. Chemical components of G-NH2 before and after DNA 

immobilization 

XPS was used to determine the chemical components of self-

assembling modified graphene before and after DNA 

immobilization (Fig. 1). The fits of C 1s contain four component 

peaks corresponding to the different chemical environments 

present in the sample. The peak at approximately 284.6 eV was 

assigned to C-C/C-H. The peak at approximately 285.6 eV is due 

to C-N, whereas the peak at approximately 286.1 eV has possible 

contributions from C-O (alcohol or ether). C-N groups should be 

from OTA bonded with graphene. Moreover, C-O groups could 

be observed in the OTMS and graphene. For the self-assembling 

modified graphene, the highest binding energy at 287.6 eV 

should be due to C=O (carbonyl) in graphene.  

However, the peak at 287.6 eV after DNA immobilization has 

two possible contributions, namely, from C=O in graphene or N-

C=O groups in the strands of DNA. In comparison with the 

content of the carbon-related groups in the amino modified 

graphene, the density of C-N groups substantially decreased from 

32.6 % to 15.2 %, whereas that of the C-O and C=O or N-C=O 

groups increased evidently. This increase indicates the variations 

of the chemical structures of the modified graphene after DNA 

binding. Only one peak could be fitted at 399.8 eV (-N-C=O), 

which is from OTA (Fig. 1 (b)). However, the other peak at 400.8 

eV is observed (Fig. 1 (d)) after DNA immobilization. It is also 

present in the strands of P1 along with the peak at 399.8 eV (C-

N/N-H groups). In addition, a clear signal of P 2p is observed in 

the sample after DNA anchoring (Fig. 1 (e)). Therefore, these 

results prove that P1 has been immobilized on the surface of the 

amino modified graphene through this feasible method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) C 1s, (b) N 1s spectra of nanofilm and (c) C 1s, (d) N 

1s, (e) P 2p and (f) S 2p XPS spectra of nanofilm immobilized 

with DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 AFM images of the silicon wafer (a) before and after being 

self-assembled with (b) OTMS, (c) graphene, and (d) OTA 

successively. 

 

3.2. Surface morphology of G-NH2 

To investigate the influence of the molecular self-assembly on the 

surface morphology of the silicon wafers, AFM images were 

detected and shown in Fig. 2. The surface of the bare silicon 

wafers is very smooth with an average roughness (Ra) of 0.24 nm 

(Fig. 2 (a)). After the self-assembling of OTMS, Ra slightly 

increased to 0.29 nm with a large amount of particles (Fig. 2 (b)). 

The graphene sheets appeared on the silicon wafer surface after 

the self-assembling of graphene, wherein Ra is approximately 

0.33 nm. The graphene sheets are approximately several hundred 

nanometers large with irregular shapes with a thickness of 

approximately 1.18 nm (Fig. 2 (e)). The surface morphology of 

the nanofilms (Fig. 2 (d)) had a significant change when OTA 

was self-assembled on the graphene surface. Moreover, the 

average surface roughness increased to 0.36 nm. 

 

3.3. Electrochemical properties of G-NH2 before and after 

DNA immobilization and hybridization 

The EIS has been extensively used as an effective and rapid 

method to measure the impedance value of the electrode surface 

during the process of the frequency variation 23, 24. EIS was 

applied to probe the variations of the amino modified graphene 

before and after single strand DNA anchoring and double-strand 

DNA hybridization, in which the solution-based 

phosphate buffered saline was explored as electrolytes.  

The semicircle portion observed at high frequencies 

corresponds to the electron transfer limiting process (Fig. 3). In 

the Nyquist diagram, the semicircle diameter of the 

electrochemical impedance spectroscopy equals to the electron 

transfer resistance (Ret) 
25. The spectra were analyzed using the 

software Zview2, which uses a nonlinear least-squares fit to 

determine the parameters of the elements in the equivalent circuit. 

These spectra were modeled with the Randles equivalent circuit 

consisting of solution resistance (Rs), charge-transfer resistance 

(Rct), and constant-phase element (CPE). The simulated Ret values 

of each stage during the self-assembling, DNA anchoring and 

DNA hybridization are listed in Table 1.  
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Fig. 3 Nyquist diagrams of (a) the self-assembling processes and 

(b) DNA immobilization and hybridization onto the surface of G-

NH2. Inset: nyquist diagrams of the Au film. 

 

Table 1 Ret values of each stage during the preparation processes 

of G-NH2 and DNA immobilization/ hybridization onto the 

surface. 

 

Each stage Ret (KΩ) 

Au film 0.26 

Au-ODT 9.79 

Au-ODT-G 1.70 

Au-ODT-G-OTA 2.58 

Au- ODT -G-OTA-P1 3.60 

Au- ODT -G-OTA-P1-TMM 4.20 

Au- ODT -G-OTA-P1-TMM-MM0 7.40 

 

After ODT was self-assembled onto the surface of gold 

wafers, the Ret value dramatically increased from 0.26 KΩ to 9.79 

KΩ (Fig. 3 (a)). This increase suggests that ODT acts as an 

insulating layer and causes the difficulty in the interfacial 

electron transfer 26. While graphene is self-assembled with ODT, 

the Ret value decreases gravely from 9.79 KΩ to 1.70 KΩ. Thus, 

the presence of graphene could improve the electron transfer 

because of the restoration of the graphitic network of sp2 bonds in 

graphene 27. After the self-assembling of OTA on the surface of 

graphene, the Ret value increased evidently from 1.70 KΩ to 2.58 

KΩ. This increase is attributed to the blocking interaction of OTA 

on the electron transfer 28. 

DNA immobilization and hybridization onto the surface of G-

NH2 was determined by EIS (Fig. 3 (b)). P1 strands could anchor 

onto the G-NH2 surface because of the electrostatic interaction 

between the negative charges of the phosphate groups in DNA 

strands and the positive charges of the amino groups in G-NH2. 

After 100 nM P1 was immobilized, the Ret value increased from 

2.58 KΩ to 3.60 KΩ. When 100 nM TMM was hybridized with 

P1, the variation of the Ret value is not apparent. This result 

suggests that TMM did not hybridized with P1 and that no 

substantially non-specific adsorption between TMM and P1 

exists. The Ret value continuously increased to 7.40 KΩ after 

MM0 was hybridized with P1, indicating the formation of 

double-helix strands between them.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Frequency shifts changes of the P1-DNA immobilization 

on G and G-NH2. 

 

3.4. Adsorbed amount of DNA immobilization and 

hybridization on G-NH2 

QCM is simple and cost effective. Thus, it has been extensively 

investigated as a transducer in hybridization based DNA 

biosensors for the detection of gene mutation 29, genetically 

modified organisms, 30 and diagnosis of virus 31. Fig. 4 

demonstrates the binding of DNA sequences with the graphene 

and G-NH2 films. DNA immobilization reached equilibrium 

within 30 min after the DNA was circulated into the flow cell for 

all samples. The systems were allowed to stabilize over 5 min to 

10 min periods, and no further significant changes were observed. 

After the stabilization stage, pure PBS was incubated into the 

system, which always led to a loss of some unbound DNA from 

the surface. After a few minutes, the aptamer adhesion level 

reached a new equilibrium. The ∆F values of the DNA 

immobilized onto the graphene and G-NH2 films are 18.63 and 

121.57 Hz, respectively. The DNA showed preference to 

immobilizing onto the G-NH2 film, which could be due to the 

high amount of amino groups on the G-NH2 film. 

A typical sensor diagram for the stepwise sensor fabrication 

and detection is shown in Fig. 5. The variation of the frequency 

shift of the quartz chip during the procedure of the self-

assembling of ODT, graphene, and OTA with the former one 

successively occurred (Fig. 5 (a)). A first ∆F = -91.5 Hz 

frequency shift change is found during the circulation of the 10 -3 

M ODT solution after 30 min, i.e., 122.61 ng. This result 

confirms the successful self-assembling of ODT on the gold 

surface. The circulation of 0.1 mg/mL graphene suspension into 

the system caused the decrease in the frequency of QCM chip 

(161.7 Hz, i.e., 216.68 ng). This result is further explained by the 

bonding of alkyl chains with graphene within 30 min. After the 

self-assembling of OTA on the graphene surface, the frequency 

shift decreased to 66.5 Hz, i.e., 89.11 ng. The continuous 

decrease of the frequency reveals the self-assembling processes 

of the small molecules and the intermolecular force. 

After the consummation of G-NH2, label-free P1 was 

immobilized on the surface. A 121.57 Hz frequency shift change 

occurred (i.e., 162.90 ng) during the circulation of a 200 nM P1 

solution after 40 min (Fig. 5 (b)). This result is attributed to the 

anchoring of P1 on G-NH2 because of the electrostatic interaction  
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Fig. 5 (a) Frequency shifts changes of the self-assembly 

processes and (b) Frequency shifts changes of the DNA 

immobilization and hybridization. 

 

between them. To probe whether or not a non-specific adsorption 

between the target DNA and the modified graphene exists, the 

TMM solution was circulated into the system. The circulation of 

the TMM solution caused only approximately 3.4 Hz drop in 

frequency within 40 min, thereby proving that a non-specific 

adsorption occurred between TMM and P1. At last, the 

circulation of the MM0 solution brought about the frequency 

decrease of 65.59 Hz, i.e., 87.89 ng, thereby indicating that the 

MM0 DNA successfully hybridized with P1 on the amino 

graphene surface.  

 

3.5. Efficiency of P1 immobilization on the G-NH2 film 

The G-NH2-modified quartz chip was incubated with DNA at 

various concentrations from 0.1 nM to 200 nM (Fig. 6 (a)) to 

evaluate the efficiency of the DNA. Using a stepwise increase in 

the P1 concentration, new equilibrium states associated with a 

particular oscillation frequency (∆F) were reached. The 

oscillation frequency observed after the equilibration of each step 

allows for a quantitative evaluation of the affinity constant (KA). 

If the oscillation frequency is plotted as a function of the DNA 

concentration, or as the linear version of the Langmuir isotherm, 

Ce/∆F versus Ce, then the affinity constant KA can be calculated 

(Fig. 6(b)). The obtained equation is Ce/∆F = (-0.23115) + (-

0.01363) Ce with a regression coefficient of 0.9984. Thus, KA is 

0.059 nM -1, and the saturated adsorbed amount of DNA is 73.37 

Hz.  

 

 

 

 

 

 

 

 

 

 

Fig. 6 (a) Frequency response profiles for the immobilization of 

the P1 at different concentrations of 0.1, 1, 10, 50, 100, and 

200 nM. (b) Linear calibration curve for the Ce/∆F versus Ce, 

where Ce is the concentration of the P1.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 (a) Frequency response profiles for the hybridization of 

MM0 at different concentration of 0.1, 1, 10, 50, 100, and 200 

nM and (b) Linear calibration curve for ∆F versus Log 

(CMM0/nM), where CMM0 is the concentration of MM0.  

 

3.6. Optimization of target DNA detection 

The G-NH2 modified quartz chip was incubated with MM0 at 

various concentrations from 0.1 nM to 200 nM (Fig. 7 (a)) to 

evaluate the efficiency of the DNA biosensor. Using a stepwise 

increase in the MM0 concentration, new equilibrium states 

associated with a particular oscillation frequency are reached. The 

oscillation frequency was observed after the equilibration of each 

step. If the oscillation frequency is plotted as a function of the 

MM0 concentration, or as the linear version of the Langmuir 

isotherm, ∆F versus log (Ce), the limitation of MM0 is obtained 

(Fig. 7 (b)). The obtained equation is Y = 2.676 + 27.568 logX (X 

= concentration of MM0-DNA; Y = ∆F), and the limitation of 

MM0 is 0.8 nM. The other test motheds were summarized in 

table 2, compared with other detection limit, this value is good, 

thereby indicating that G-NH2 is suitable for DNA biosensor.  

 

Table 2 Different test methods and the detection limit. 

 

 
Conclusions 

The self-assembling technology and intermolecular 

interaction approach were applied to fabricate the G-NH2 

sensitive layer for DNA biosensor. The variation of C 1s and N 

1s XPS signals during the procedure of the self-assembling could 

prove the close bonding of the small molecules and graphene 

onto the substrates. Moreover, the observation of P 2p signal of 

the modified G-NH2 after DNA immobilization indicates the 

feasibility of G-NH2 application as the sensitive layer for the 
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DNA biosensor. The similar change of the electrochemical 

properties and surface morphology of G-NH2 layer at the different 

stages were also be obtained by EIS and AFM. Herein, the 

bonding amounts of ODT, graphene, and OTA on Au substrates 

are 122.61, 216.68 and 89.11 ng, respectively, which was 

determined by QCM in situ. The detection limitation of MM0 is 

approximately 0.8 nM, which was deduced through the approach 

of the concentration titration. Therefore, G-NH2 prepared through 

this simple and feasible way could be used as the sensitive layer 

for DNA biosensor.  
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Scheme 1 Schematic diagram of DNA immobilization/ hybridization onto the surface of G-NH2 via the intermolecular force. 
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Fig. 1 (a) C 1s, (b) N 1s spectra of nanofilm and (c) C 1s, (d) N 1s, (e) P 2p and (f) S 2p XPS spectra of nanofilm immobilized with 

DNA. 
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Fig. 2 Two-dimensional AFM images of the silicon wafer (a) before and after being self-assembled with (b) OTMS, (c) graphene, and 

(d) OTA successively. 
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Fig. 3 Nyquist diagrams of (a) the self-assembling processes and (b) DNA immobilization and hybridization onto the surface of G-NH2. 

Inset: nyquist diagrams of the Au film. 
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Fig. 4 Frequency shifts changes of the P1-DNA immobilization on G and G-NH2. 
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Fig. 5 (a) Frequency shifts changes of the self-assembly processes and (b) Frequency shifts changes of the DNA immobilization and 

hybridization. 
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Fig. 6 (a) Frequency response profiles for the immobilization of the P1 at different concentrations of 0.1, 1, 10, 50, 100, and 200 nM. (b) 

Linear calibration curve for the Ce/∆F versus Ce, where Ce is the concentration of the P1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 13 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

14  |  RSC Advances, [2014], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7 (a) Frequency response profiles for the hybridization of MM0 at different concentration of 0.1, 1, 10, 50, 100, and 200 nM and (b) 

Linear calibration curve for ∆F versus Log (CMM0/nM), where CMM0 is the concentration of MM0.  
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The self-assembly method was used to prepare amino functionalized graphene and it was used in DNA 

biosensors. 
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