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A label-free and effective aptasensor based on amino-

functionalized nanocomposite of graphene and plasma-

polymerized allylamine (G-PPAA) was developed for thrombin 

detection. Graphene was assemblied on the substrates, followed 

by the self-assembly of octadecylamine (OTA) to protect the 

graphene from etching by subsequent plasma irradiation. 

Afterward, PPAA was deposited onto the graphene surface with 

the self-assembled OTA, and the nanocomposite with amino 

groups was fabricated. The label-free thrombin aptamer was 

immobilized onto the amino-functionalized nanocomposite 

matrix through electrostatic interaction between the phosphate 

groups of aptamer and the amino groups in PPAA. The process 

was investigated by impedimetric detection and quartz crystal 

microbalance (QCM). The chemical compositions, surface 

morphology, and electrochemical properties were found to be 

dependent on the plasma conditions used in the polymer 

deposition. The amounts and kinetics of aptamer 

immobilization and thrombin detection were determined using 

QCM measurements. Relatively high affinity constant of 

aptamer immobilization and low detection limit for thrombin 

were achieved by using the G-PPAA film as the biosensor 

matrix. Results suggest that G-PPAA films can be applied in 

gene therapy and protein detection.  

1. Introduction 

Graphene is a promising material for application in various 

fields, such as catalysis,1 energy storage,2 and electrochemical 

biosensors,3 because it has high surface area, excellent conductivity,  
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high chemical stability, and low cost. The applications of graphene 

are  focused  on    protein  adsorption,4 DNA  immobilization,5,6 and 

cell adhesion.7 Graphene is hydrophobic and often forms 

agglomerates.8 Functionalization and dispersion of graphene could 

be improved by using covalent 9 and non-covalent methods.10 For 

example, a polyvinylpyrrolidone-modified graphene, which 

disperses well in aqueous solution, can be used as an 

electrochemical glucose biosensor.11 The protein concanavalin A 

was immobilized onto a self-assembled monolayer of multivalent 

tripodal molecules on single-layer graphene.12 In addition, aptamer-

conjugated graphene oxide (GO) was used as an affinity extraction 

and detection platform for analytes from complex biological 

media.13 Given the limited amount of biomolecules that can be 

bonded on a monolayered or modified graphene, various 

approaches, such as electrochemical,14 fluorescence,15 or other 

spectral techniques,16 are often applied to evaluate biomolecular 

adsorption of graphene. However, the adsorption kinetics and 

amount of biomolecules are difficult to investigate using only these 

methods.  

Aptamers, which are single-stranded oligonucleotides that can 

naturally fold into different three-dimensional structures, have the 

capability of binding specifically to a specific target.17-19 In 

comparison to antibodies, aptamers can be denatured and refolded 

multiple times without loss of activity because the aptamer binding 

function is largely dependent upon simple, stable secondary 

structural interactions.20,21 Aptamer-based biosensors, with 

specificity of biology reactions and high sensitivities of physical 

transducers, have gained attention in clinical diagnosis. 22,23 The 

biosensor, which unitilizes the immobilized DNA and RNA 

aptamers for the selection against several different protein targets, 

can simultaneously detect and quantify levels of individual proteins 

in complex biological mixtures.24 

Reports on the quantitative detection of molecules on 

graphene-related films have been pubilished. 25-29 Normally, 
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electrochemical, optical or piezoelectric measurements were used to 

determine the immobilized amounts of aptamer molecules on the 

sensitive layer. Quartz crystal microbalance (QCM) was used to 

determine DNA identification on a composite material, which 

consists of a sheet of graphene-on-Au (111) surface.30 A surface 

plasmon resonance (SPR) biosensor based on graphene-on-Au was 

investigated, and the results showed the high sensitivity of the 

biosensor.31  

Plasma-assisted polymerization of monomers containing 

amino groups, such as allylamine, propylamine, and 

propargylamine, show interesting properties for biomedical 

applications.32 However, allylamine is commonly utilized as organic 

precursor as well as a matrix of protein and DNA biosensors.33-26 

Quantitative analysis is conducted using the results obtained by SPR 

because of the high-affinity between the biomolecules and the 

plasma-polymerized allylamine (PPAA).37 For example, the 

mechanical properties of GO is enhanced by its chemical cross-

linking with PAH.38 The conductivity of GO increases after being 

modified with PAH films.39 GO-PAH nanofilms could be applied 

for laser-induced desorption/ionization of small molecules.40 

However, no exact quantitative analysis about the adsorption of 

biomolecules on the nanocomposite surface of graphene and plasma 

polymerized films has been conducted. Funtionlized modification of 

graphene is necessary to improve its bonding interaction with 

biomolecules as well as its adsorptive capability.  

 

 

 

 

 

 

 

 

 

 

Fig. 1. G-PPAA fabrication, aptamer immobilization on G-PPAA 

surface through electrostatic interaction strategy, and the 

mechanism of thrombin detection. 

In the present work, G-PPAA films were obtained under various 

plasma conditions. The chemical structure, surface morphology, and 

electrochemical properties of the films were investigated. 

Electrochemical techniques and QCM were applied to evaluate 

aptamer immobilization and thrombin detection on the surface of 

the G-PPAA nanofilms. As shown in Scheme 1, octadecylamine 

(OTA) self-assembled on the graphene surface that was assemblied 

on Au wafers, followed by the deposition of PPAA under various 

plasma conditions. Aptamer was subsequently immobilized onto the 

G-PPAA films because of the electrostatic interaction between the 

positive charges of –NH4
+ on the PPAA chains and the negative 

charges of –PO4
3- groups in the aptamer strands in aqueous solution. 

The fabricated aptasensor was used to detect thrombin molecules.  

2. Experimental  

2.1 Materials  

Graphite powder (325 meshes, 99.95% purity) was obtained 

from Alfa Aesar. Allylamine was purchased from Aladdin 

(Shanghai, China). Aptamer (5'-TCTCTCAGTCCGTGGTAGGG 

CAGGTTG GGGTGACT-3') and thrombin (molecular 

weight=30,600 Da) were purchased from Shanghai Biotech (China) 

and used as supplied. Bovine serum albumin (BSA) was obtained 

from Dingguo Biotech (Beijing, China). IgG and IgE were obtained 

from Solarbio (Beijing, China). All of the other reagents were 

analytical grade and used as received. Graphene was prepared by 

using Hummer’s method, 41 followed by dispersion in Milli-Q H2O.  

2.2 Methods 

2.2.1 Au slide and silicon wafer modification 

Au wafer was used as the working electrode in the 

electrochemical measurements. And silicon wafer was used in the 

measurements of AFM and XPS. Quartz chips with Au films for 

QCM measurements, Au and silicon wafers were cleaned using 

piranha solution (70% H2SO4/30% H2O2), followed by washing 

with Milli-Q H2O.  

2.2.2 Preparation of G-PPAA films by plasma polymerization  

     For the samples for the measurements of AFM and XPS, 

graphene was spin-coated directly onto the surface of the silicon 

substrates. For Au wafer used in the measurements of 

electrochemical impendence spectroscopy (EIS) and QCM, 

however, 1-octadecanethiol  (ODT) was self-assembled onto the Au 

surface following by the binding of graphene via the intermolecular 

interaction. Afterward, to avoid the decomposition of graphene in 

the plasma reactor and to enhance the compatibility between 

graphene and the polymeric films, OTA was self-assembled on the 

graphene surface and then dried using nitrogen gas.  

PPAA was deposited onto the graphene with self-assembled 

OTA under 5, 20 and 100 W plasma input power for various time 

periods using allylamine as the monomer gas. Plasma 

polymerization was performed on the HQ-2 PECVD system 

manufactured by the Institute of Microelectronics of the Chinese 

Academy of Sciences, China. The radio frequency generator was 

operated at 13.56 MHz. The gas flow rate was fixed at 10 sccm, and 

the pressure was kept constant at 0.1 Torr. The other details of the 

procedures involved are described in the literature.42 The G-PPAA 

films on quartz chips coated with Au films for QCM measurements 

were immersed in phosphate buffer solution (PBS) solution 

overnight to eliminate unbound monomer molecules or oligomers in 

the PPAA network.  
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2.2.3 Preparation of  solutions 

The aptamer, thrombin, and BSA solutions were prepared 

using the phosphate buffer solution (PBS) (pH 7.4), which was 

prepared by mixing 1/15 M Na2HPO4 and 1/15 M KH2PO4 in 

v(Na2HPO4):v(KH2PO4) = (8:2). The electrochemical measurements 

were performed in the presence of 5 mM K3[Fe(CN)6] /K4[Fe(CN)6] 

(1:1) mixture as a redox probe in PBS (pH 7.4, containing 0.1 M 

KCl). Aptamer was dispersed in PBS at a concentration of 1 µM, 

then deluted into different concentrations. Thrombin was dispersed 

in PBS at a concentration of 1000 ng/ mL. BSA solution was 

prepared by dispersing commercially available BSA in PBS at a 

concentration of 1 wt.%. All of the solutions were prepared 

immediately before the experiments and stored at −4 °C until use. 

2.2.4 Aptamer immobilization on G-PPAA and thrombin 

detection 

All of the G-PPAA films on quartz chips that were coated with 

Au films were mounted, and the film equilibration in PBS solution 

under a dynamic flow was monitored. When the  kinetics cuve did 

not show any clear vatiation, it indicated that the film was stabilized 

in the solution. Then, the the aptamer solution was circulated into 

the cell. Time-dependent measurements of aptamer uptake were 

conducted by measuring the changes in the frequency of QCM 

chips (∆F). When no further changes in the frequency were 

observed, aptamer immobilization was assumed to be complete, and 

the wet cell was rinsed with PBS to remove the excess aptamer 

molecules. BSA was subsequently circulated into the flow cell to 

reduce non-specific adsorption, followed by binding of thrombin. 

The changes in electrochemical properties of the composite 

electrode were detected using EIS, whereas the kinetics of the entire 

procedure was determined by QCM.  

2.2.5 Characterization 

The surface electronic structure was analyzed by X-ray 

photoelectron spectroscopy (XPS) using a VG ESCALAB HP 

photoelectron spectrometer equipped with an analyzer and 

preparation chambers. An Al Kα (hυ = 1486.6 eV) X-ray source 

with power ≤100 W was used to record the spectra. The surface 

morphology was determined using atomic force microscopy (AFM, 

Nanoscopy IIIa, USA). The samples for Fourier transform infrared 

(FTIR) spectroscopy were obtained by direct deposition of PPAA 

on Si wafer spin-coated with graphene. Each FTIR spectrum was 

collected by cumulating 512 scans at a resolution of 4 cm-1. 

2.2.6 Electrochemical measurements 

Electrochemical impedance spectroscopy (EIS) was performed 

using a CHI 660D electrochemical analyzer (Shanghai Chenhua, 

China). A conventional three-electrode cell was used, which 

included an Ag/AgCl (saturated KCl) electrode as reference 

electrode, platinum slides as counter electrode, and Au wafers 

deposited with PPAA and G-PPAA films as working electrode. The 

impedance spectra were collected at a potential of −0.2 VMSE in the 

frequency range of 1 MHz to 1 mHz, with an alternating current 

amplitude of 5 mV. The spectra were analyzed using Zview2 

software, which uses a nonlinear least-squares fit to determine the 

parameters of the elements in the equivalent circuit.  

2.2.7 QCM measurements 

AT-cut, 8 MHz quartz piezoelectric crystals (Shanghai 

Chenhua, China) (1.2 cm diameter, 0.5 mm thickness, and Au-

plated on both faces) were used to detect the aptamer 

immobilization and thrombin detection. The QCM measurement 

was performed at 9 V (direct current), and the frequency of the 

vibrating quartz was measured using a Topward high-frequency 

counter 1220 (Topward Electric Instrument Co., Ltd., Taiwan). The 

weight on the QCM was calculated using the Sauerbrey equation.43, 

44 Based on the Sauerbrey equation (Eq. 1), the shift of oscillation 

frequency (∆F) is proportional to mass change (∆m) on the quartz 

chip surface when the aptamer is integrated with the QCM system. 

             ∆F = -[ 2 f0
2 / ( µq • ρq )

1/2 A ] ∆m                 (1) 

where ∆F is the measured decrease in oscillation frequency, f0 

is the frequency of the quartz crystal prior to any mass deposition, 

which is 8.0×106 Hz, ∆m is the mass change (g) upon binding, A is 

the piezoelectricity active area on quartz crystal (0.196 cm2). 

Consequently, a 1 Hz change in oscillation frequency is equal to a 

1.34 ng change in mass. 

3. Results and Discussion 

3.1 Chemical components of G-PPAA 

The chemical structure of plasma-polymerized films is affected 

by the plasma conditions, which mainly involve plasma input 

power, irradiation time, or flow rate of monomer gas, used in film 

deposition.45 In the present study, the chemical properties of the G-

PPAA film prepared at various plasma input power and duration 

were investigated and characterized by FTIR and XPS. 

 

 

 

 

 

 

Fig. 2. FT-IR spectra of G-PPAA prepared at 5 W for (i) 5, (ii) 10, 

and (iii) 20 min and at (iv) 20 and (v) 100 W for 2 min. 

Fig. 2 shows the FTIR spectra of the G-PPAA nanocomposites 

prepared under various plasma conditions. The adsorption band at 

~3340 cm-1 indicates the presence of primary and secondary amines, 

and the weak multiple adsorption band at ~2900 cm-1 is attributed to 

CHx bond stretches. In addition, the broader band around 1650 cm-1 
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can be assigned to the bending of primary amine groups as well as 

the stretching of imine groups or C=C groups.46 XPS 

characterization was performed to distinguish these groups. The 

FTIR spectra of G-PPAA also indicate the presence of C-OH 

(~1365 cm-1) and C-O (~1060 cm-1),47 which could be attributed to 

graphene. FTIR spectra were normalized to obtain a semi-

quantitative estimation of the relative contents of the functional 

groups in the G-PPAA films by comparing the relative peak areas. 

Under the plasma input power of 5 W, the peaks related to primary 

and secondary amines groups (~3400 cm-1) were unchanged, 

whereas the peak areas at 1650 cm-1 slightly increased along with 

the weak peak at ~1365 cm-1. The plasma irradiation time showed 

no significant effect on the chemical structure of the plasma-

polymerized nanofilms. However, the areas of the three main peaks 

declined with increasing plasma input power. The multiple peaks of 

CHx at ~2900 cm-1 were very weak in all of the cases. This 

phenomenon is different from that of the pure PPAA films, which 

includes apparent CHx groups under both low and high plasma input 

power. Similar results were also found in the XPS spectra of C1s 

(Table 1), which were definitely related to the addition of graphene 

in plasma-polymerized films. 

Table 1 Atomic % of G-PPAA prepared under various plasma 

conditions.  

Sample C (%) N (%) O (%) 

5 W, 5 min 58.82 16.2 24.99 

5 W, 10 min 55.28 18.52 26.2 

5 W, 20 min 55.48 18.8 25.72 

20 W, 2 min 54.12 16.42 29.46 

100 W, 2 min 53.22 13.61 33.17 

The chemical compositions of the G-PPAA films deposited at 

5 W for various time periods, as well as at 20 and 100 W for 2 min, 

are summarized in Table 1. All of the nanofilms were rich in 

nitrogen. Oxygen was also observed in the G-PPAA 

nanocomposites, which was due to the following reasons: (i) 

oxygen contamination during plasma irradiation48 and (ii) the 

presence of oxygen in the pristine graphene.49 Under the same 

plasma input power (5 W), the concentration of carbon in the G-

PPAA film produced by the 10 min deposition was less than that in 

the G-PPAA produced by the 5 min deposition. After extending the 

plasma deposition time to 20 min, the carbon content was 

maintained at approximately 55.28% to 55.48%. Meanwhile, the 

concentration of nitrogen in the G-PPAA film increased from 

16.2% to 18.52% when the duration of plasma deposition was 

increased from 5 min to 10 min. No substantial variation in the 

nitrogen concentration of G-PPAA deposited for 20 min was 

observed thereafter. Moreover, the concentration of oxygen 

remained constant (~25%). As the input power changed from 5 W 

to 100 W, the concentrations of carbon and nitrogen in the G-PPAA 

films decreased, whereas that of oxygen substantially increased. 

This observation is mainly due to the decomposition of G-PPAA 

under high plasma input power, wherein more carbon and nitrogen 

atoms were irradiated and reacted with oxygen species to form gas 

molecules that were subsequently removed from the surface of the 

films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. C1s and N1s core-level XPS spectra and their corresponding 

peaks in the G-PPA films deposited at 5 W (5, 10, and 20 min), 

20 W (2 min), and 100 W (2 min). 

To analyze the variations in the functional groups found in the 

G-PPAA films, the peak-fitted C1s and N1s core-level XPS spectra 

are summarized in Fig. 3. In the C1s spectra of all of the G-PPAA 

nanofilms, the same fits mainly contain four component peaks, 

which correspond to the different chemical environments present in 

the sample. The peak at ~284.6 eV is assigned to CHx, which was 

very weak in the FTIR spectra. The peak at ~285.2 eV is due to 

C=C, whereas the peak at ~285.7 eV is possibly due to C-N 

(primary, secondary, or tertiary amine groups), C=N (imine), and C-

O (alcohol or ether). The peak at 287 eV is possibly due to C=O 

(carbonyl) and N-C=O (amide). A peak at ~283.8 eV was observed 

in the sample deposited at 5 W for 5 min. This peak separated into 

two parts (~284 and 283.3 eV) when the G-PPAA films were 

prepared for a long time at 5 W or at high input power. However, 

this peak, which should be assigned to the groups of –(C*H2-CH2)n 
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on the plasma polymer (Holm), was not found in the C1s of the 

pristine graphene and PPAA films.50, 51 The N1s core-level XPS 

spectra of the samples mainly consist of three components, which 

can be deconvoluted into C=N (~399.3 eV), C-N/N-H (~399.8 eV), 

and N-C=O (~401.3 eV). 

The contents of the functional carbon-related and nitrogen-

related groups in the G-PPAA surface were determined by their 

relative density in C1s and N1s, as well as in the atomic percent of 

C and N (Fig. 4). The C=C group content in the G-PPAA decreased 

from 7.1% to 3.0% in various durations of plasma deposition at 

5 W. However, the C=C group content increased up to 10.1% when 

high plasma input power was employed. Under plasma, the C=C 

bonds in allylamine could be irradiated and broken, leading to the 

formation of sp3 CH3 or sp3 CH2 groups in the polymeric 

structure.52 C=C bonds could also be produced when the hydrogen 

is lost through the transformation of sp3 CH3 or sp3 CH2 groups on 

polymer chains into sp2 configuration.53 These contradicting 

directions coexist in the plasma system, and they are dependent on 

the plasma conditions used. At low input power (5 W),  bonds in 

the C=C groups of allylamine are opened by the free radicals 

produced by the irradiation of plasma, leading to the deposition of 

polymeric films.54 As the plasma deposition continues, more 

allylamine molecules are polymerized into the polymeric structure 

with low C=C group density. By contrast, under high input power, 

the breakage of sp3 carbon groups dominates the system, indicating 

that more sp2 carbon groups are in the polymer chains.55 Compared 

with the C=N/N-C=O groups in the C1s core-level spectra whose 

content ranges from 25% to 33% in the G-PPAA films deposited at 

5 W, 18.7% at 20 W, and 8.2 % at 100 W [Fig. 4 (a)], the N-C=O 

group content in the N1s core-level spectra is less than 3.1%. The 

difference is attributed to the large amounts of C=O that originate 

from graphene or the oxidation of the PPAA films. Meanwhile, the 

difference between the C=N/C-N/C-O content in the C1s spectra 

and that of C=N/C-N/N-H in the N1s spectra was due to the high 

amino group content. 

 

 

 

 

 

 

Fig. 4. Relative intensity of functional (a) carbon-related and (b) 

nitrogen-related groups of G-PPAA deposited at 5 W (5, 10, and 20 

min), 20 W (2 min), and 100 W (2 min). 

3.2 Surface morphology of G-PPAA  

AFM images were obtained to investigate the effect of plasma 

input power on the surface morphology of the deposited G-PPAA  

(Fig. 5). The pristine graphene showed a smooth surface with an 

average roughness (Ra) of 0.33 nm (Fig. 5 (a)). After the deposition 

of PPAA on the graphene surface at 5 W for 5 min, the Ra of the 

material increased to 0.39 nm (Fig. 5 (b)); some nanoparticles 

formed during plasma irradiation. The surface morphologies of G-

PPAA prepared at 20 W for 2 min (Fig. 5 (c)) and at 100 W for 

2 min (Fig. 5 (d)) are very similar with that of G-PPAA deposited at 

5 W. This observation clearly indicates that a homogenous G-PPAA 

surface can be achieved at the optimal plasma condition. In this 

case, the effect of the surface morphology of G-PPAA on the 

adsorption of biomolecules could be neglected. 

 

 

 

 

 

 

 

 

 

Fig. 5 Two-dimensional AFM images of (a) the pristine graphene 

and G-PPAA films deposited at (b) 5 W for 5min, (c) 20 W for 

2 min, and (c) 100 W for 2 min.  

3.3 Electrochemical properties of G-PPAA before and after 

aptamer immobilization and thrombin detection 

EIS is an effective tool for monitoring the changes in the surface 

features of modified electrodes in the assembly process; EIS has 

been used to determine the adhesion of biomolecules, bacteria, or 

cells. The impedance spectra include a semicircle portion and a 

linear portion. The semicircle portion at high frequencies 

corresponds to the electron transfer process, whereas the linear 

portion at lower frequencies represents the diffusion process. The 

semicircle diameter is equal to the electron-transfer resistance, Ret.
56 

Fig. 6 shows the EIS of the PPAA and G-PPAA films deposited 

under 5, 20, and 100 W. The simulated value of Ret of PPAA are 

34.51, 76.23, and 94.86 KΩ. And Ret of G-PPAA are 29.75, 53.24, 

and 71.32KΩ. The results show that the Ret increases with the 

plasma input power used in the preparation of  PPAA and G-PPAA 

films increasing, indicating that the high electrochemical activity of 

the films deposited at the low plasma input power. Additionally, the 

smaller Ret value of G-PPAA  films hints its higher electrochemical 

activities due to the good electrochemical properties of the pristine 

graphene. 57 
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Fig. 6 Nyquist disgrams of EIS of (a) PPAA and (b) G-PPAA films 

deposited under 5, 20, and 100 W. 

Fig. 7 shows the EIS of the electrode at various stages.The 

simulated values of Ret for the different stages are also summarized 

in Table 2. For the Au electrode, which was self-assembled with 

ODT, the Ret value was 2.68 KΩ. When graphene was self-

assembled on ODT (Au-ODT-G), a much lower resistance of 

1.13 KΩ was found. This observation indicates that the presence of 

graphene could improve the electrical conductivity of the electrode. 

Ret of the composite electrode increased to 4.18 KΩ after the self-

assembly of OTA on the surface of the graphene. This phenomenon 

may be due to the generation of a surface with decreased 

conductivity on the self-assembled layer, which inhibited the access 

of the electrons to the modified surface. The value of Ret 

continuously increased to 29.75 KΩ after the deposition of PPAA 

on the graphene surface. This observation may be caused by the 

PPAA film insulation, leading to the slow transfer of electrons at 

the interface between the G-PPAA and the electrolyte solution.58 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Nyquist disgrams of EIS for (a) each stage of G-PPAA films 

deposited at 5 W on Au wafer self-assembled with ODT and (b) the 

immobilization of aptamer and the detection of thrombin on the 

surface of G-PPAA film. 

In aqueous solutions, the aptamer could be immobilized onto G-

PPAA surface because of the strong electrostatic interaction 

between the positive charges of the amino groups in the PPAA 

molecule chains and the negative charges of the phosphate groups in 

the aptamer strands. Given that no special conformation in the 

aptamer molecules was observed before bonding with proteins, the 

aptamer strands only covered the surface of the G-PPAA, thereby 

inhibiting the electron transfer and increasing the Ret value from 

29.75 KΩ to 41.84 KΩ. To eliminate the non-specific adsorption 

between thrombin and the G-PPAA surface, BSA was used for pre-

adsorption, which also increased Ret (5.23 KΩ). Aptamers exhibiting 

binding affinities to thrombin, and the folding motifs of the 

aptamers and their three-dimensional structures that bind to 

thrombin were elucidated by spectroscopic and NMR methods.59 

When an aptamer molecule is bonded with thrombin, the Ret value 

increased from 47.07 KΩ to 54.51 KΩ. This is attributed to the fact 

that an insulating layer on the surface and the transfer of redox 

couple [Fe (CN) 6]
3−/4− to the surface of Au film is prohibited.  

 

Table 2 Ret values of the composite electrodes at various stages 

during aptamer immobilization and thrombin detection. 

 
Stage Ret (KΩ) ∆Ret (KΩ) 

Au film 0.38  

Au-ODT 2.68 2.30 

Au-ODT-G 1.13 -1.55 

Au-ODT-G-OTA 4.18 3.05 

Au-ODT-G-OTA-PPAA 29.75 25.57 

Au-ODT-G-OTA-PPAA-Apt 41.84 11.09 

Au-ODT-G-OTA-PPAA-Apt-BSA 47.07 5.23 

Au-ODT-G-OTA-PPAA-Apt-BSA-Throm 54.51 7.44 

 

3.4 Amount of immobilized aptamer on G-PPAA films 

Film thickness, which is dependent on the deposition rate, is 

important in the adsorption of biomolecules on the surface of 

plasma polymers.60 Film thickness typically increases with 

increasing plasma irradiation time.61 The relationship between the 

adsorbed amount of aptamer molecules and the thickness of G-

PPAA films was evaluated. QCM measurement was performed to 

determine the adsorbed amount of aptamer on the G-PPAA films 

deposited at 5 W for various time periods (Fig. 8). The observed 

thickness values of the G-PPAA films under 5 W plasma 

depositions were 21, 45, and 69 nm for 5, 10, and 20 min, 

respectively. Studies on QCM-based biomolecular interaction were 

not performed on nanocomposite films prepared by plasma 

polymerization. QCM is a sensitive mass sensor, in which an 

increase in mass on the quartz surface causes a decrease in the 

oscillation frequency of the crystal.62  

Fig. 8 demonstrates the binding of aptamer molecules with the 

PPAA and G-PPAA films deposited at 5 W for different periods of 

time, 5, 10, and 20 min. For all of the samples, aptamer adhesion 

reached equilibrium within 30 min after the aptamer was circulated 

into the flow cell. The systems were allowed to stabilize over 

periods of 15 min to 20 min, 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 aptamers from the surface. After a few minutes, the 

aptamer adhesion level reached a new equilibrium. Herein, ∆m 

values were calculated from ∆F by according to the equation (1). 

The ∆m values of the aptamer molecules immobilized onto the 

PPAA films deposited at 5 W for 5, 10, and 20 min were 416.58, 
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535.67, and 790.04 ng, respectively. Additionally, the ∆m values of 

the aptamer molecules immobilized onto the G-PPAA films 

deposited at 5 W for 5, 10, and 20 min were 448.07, 677.17, and 

891.14 ng, respectively. It demonstrates the aptamer showed 

preference to adsorbing onto the thick films which was deposited at 

a long period of time. It mainly could be due to the larger space of 

the network and relatively high amount of amino groups on the 

thick films.37 Moreover, the amount of aptamer molecules 

immobilized on G-PPAA films are higher than that on PPAA films 

prepared at the same plasma condition. It clear shows that the 

presence of graphene could not only enhance the electrochemical 

activity of the plasma films but also improve the sensitivity of 

aptamer sensing.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Kinetic curves of the immobilization of aptamer on (a) PPAA 

and (b) G-PPAA films deposited at 5 W for 5, 10, and 20 min. 

 

 

 

 

 

 

Fig. 9 (a) Frequency response profiles for the immobilization of the 

aptamer at different concentrations of 0.1, 1, 10, 100, and 1000 nM. 

(b) Linear calibration curve for the Ce/∆F versus Ce, where Ce is the 

concentration of the aptamer.  

 

3.5 Efficiency of aptamer immobilization on the G-PPAA films 

The G-PPAA film deposited at 5 W for 20 min was used as the 

matrix for thrombin aptasensors. As shown in Fig. 9(a), the G-

PPAA-modified quartz chip was incubated with aptamer at various 

concentrations from 0.1 nM to 1000 nM to evaluate the efficiency 

of the aptasensor. Using a stepwise increase in the aptamer 

concentration, new equilibrium states associated with a particular 

oscillation frequency were reached. The oscillation frequency 

observed after 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 aptamer concentration, or as the linear 

version of the Langmuir isotherm, Ce/∆F versus Ce, then the affinity 

constant KA can be calculated [Fig. 9(b)]. The obtained equation 

was Ce/∆F = (-0.00208) + (-0.0014) Ce with a regression coefficient 

of 0.99932. Thus, Ka was 0.69 nM-1, and the saturated adsorbed 

amount of aptamer was 956.76 ng. 

3.6 Optimization of thrombin detection 

After the aptamer immobilization on the G-PPAA films, non-

specific adsorption was eliminated by BSA adsorption. Thrombin of 

different concentrations was subsequently incubated into the flow 

cell of the QCM. As for G-PPAA film, a linear relationship between 

∆F and the logarithmic values of thrombin concentrations was 

calculated to be in the range of 5 ng/mL to 1000 ng/mL (See 

Fig. 10), ∆F = 545.092 –731.083 lg (Cthrombin/ng/mL), with a 

correlation coefficient of 0.99044 (n=6). The limit of detection was 

estimated to be 5.57 ng/mL, i.e., 0.182 nM, which were close to that 

for the other thrombin-aptasensor by QCM.63, 64 

 

 

 

 

 

Fig. 10 (a) Frequency response profiles for the detection of 

thrombin at different concentrations of 5, 10, 50, 100, 500, and 

1000 ng/mL. (b) Linear calibration curve for ∆F versus l g 

(Cthrombin/ng/mL), where Cthrombin is the concentration of thrombin. 

3.7 The selectivity of the aptamer-based biosensor 

     To determine the selectivity of the aptamer-based biosensor, the 

other proteins (IgG and IgE) at the concentration of 100 ng/mL was 

tested under the same conditions as in the case of thrombin, 

compared with thrombin detection at a concentration of 10 ng/mL 

(Fig. 12). It was easily observed that all other proteins produce 

weak signal on the QCM crystals, though they have the 

concentration 10 times more than thrombin. The reason is that only 

thrombin can combine with specific aptamer sequence. 

 

 

 

 

 

 

Fig. 11  ∆F of the detection of 10 ng/mL thrombin, 100 ng/mL IgG,  

and 100 ng/mL IgE. 
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4. Conclusions 

A new aptamer sensor for thrombin detection was 

developed on an amino-functionalized nanocomposite film 

fabricated on graphene surface by plasma polymerization and 

self-assembly. The chemical compositions of the G-PPAA 

films were dependent on the plasma conditions, in which the 

plasma input power has a more important role. The presence of 

graphene could not only enhance the electrochemical activity 

of the plasma films but also improve the sensitivity of aptamer 

sensing. In addition, the electrochemical properties of the G-

PPAA films decreased because of the difficulties in electron 

transfer along the interface of the electrolyte and the composite 

electrode, which is due to aptamer immobilization. After the 

bonding of thrombin on the aptamer, the electrochemical 

activity increased because of the conformation change in the 

aptamer and the improved transfer channel of electrons. A high 

affinity constant Ka of aptamer bonding on the G-PPAA film 

was obtained, with the highest saturated adsorbed aptamer 

amount of 956.76 ng. Moreover, the limit of thrombin 

detection was approximately 5.57 nM, which is close to that of 

the other system. Easy preparation, high functionalization, 

quantitative biomolecule bonding, and good biocompatibility 

suggest that G-PPAA can be applied in gene therapy and 

protein detection. 
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