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ABSTRACT  

We performed oxygen plasma treatment on reduced graphene oxide (rGO) to improve its 

surface reactivity with respect to biomolecular interactions. Oxygen-plasma-treated rGO 

surfaces were employed as reactive interfaces for the detection of amyloid-beta (Aβ) peptides, 

the pathological hallmarks of Alzheimer’s disease (AD), as the target analytes. By measuring 

the changes in electrical characteristics and confirmation through topographic analysis, the 

oxygen-plasma-treated rGO sensors had enhanced surface functionality for better antibody 

immobilization and sensing performance, with a 3.33-fold steeper slope for the electrical 

responses versus analyte concentration curve (logarithmic scale) compared to the untreated.  

The elicited biomolecular reactivity of the rGO surfaces with the oxygen plasma treatment 

remained at 46–51% of the initial value even after aging for 6 h in ambient conditions. This 

phenomenon was also confirmed by pretreating the rGO surfaces with a blocking agent and 

subsequently subjecting them to antibody immobilization. Finally, the feasibility of the 

oxygen-plasma-treated rGO sensors as a diagnostic tool was evaluated with clinical samples 

of neural-derived exosomal Aβ peptides extracted from apparent AD patients and normal 

controls (NC). In contrast to the untreated sensors (p = 0.0460), the oxygen-plasma-treated 

rGO sensors showed a significant p-value in the identification of clinical samples of AD and 

NC subjects (p < 0.001). These results suggest that oxygen plasma treatment improves sensor 

performance without complicated fabrication procedures and should aid in the development 

of novel diagnostic tools based on carbon nanomaterials. 
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1. Introduction 

For the past few decades, carbon nanomaterials have been employed widely as biological and 

chemical interfaces for molecular detection. Graphene, a two-dimensional hexagonal network 

of carbon atoms, has attracted the most interest among the various carbon materials available 

since its discovery in 2004. Owing to the remarkable electrical properties and ease of surface 

modification and functionalization of graphene, it has been explored widely for developing 

electrical biosensors (Balasubramanian and Kern, 2014; Ohno et al., 2010; Schedin et al., 

2007). The use of reduced graphene oxide (rGO) has allowed for graphene-based biosensors 

to find wide applicability, owing to the numerous advantages of rGO, which includes its 

simple synthesis, large accessible surface area, and good biocompatibility. Several studies 

have reported that biomolecular interactions on the rGO surface can affect its inherent 

properties, and its charge may lead to geometric deformations or surface-charge effects 

(Balasubramanian and Kern, 2014; Kochmann et al., 2012). Consequently, biological 

interactions with different kinds of biomolecules such as DNA (Lu et al., 2009) and proteins 

(D.-J. Kim et al., 2013) as well as living bacteria (Hernández et al., 2014) may cause changes 

in the electrical characteristics of rGO. 

Of the various approaches that can be used for the surface modification of rGO-based devices, 

plasma-assisted surface treatment is a commonly used one. This technique is used widely 

with various polymers and carbon nanomaterials to modify their surface properties, for 

selectively etching the surfaces of such materials, and for removing any residual photoresist 

(Childres et al., 2011; Chirila et al., 2005; Mao et al., 2009). In particular, the use of an 

oxygen plasma allows the biocompatibility of a material to be modified while ensuring that 
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its bulk properties remain unchanged (Balazs et al., 2003; J.-Y. Lee et al., 2009). Yang et al. 

(Xue and Yang, 2007) reported the chemical modification of self-assembled monolayers of 

octadecyltrichlorosilane using an oxygen plasma treatment. This increased the density of the 

surface functional groups, thus resulting in greater surface functionalization and enhanced 

biomolecular recognition. 

In this study, we investigated the effects of the oxygen plasma treatment of rGO-based 

biosensors to enhance their sensing performance in biomolecular detection and to develop a 

clinical platform that would be applicable in AD diagnosis without the need for complex 

modification techniques (Y.-K. Kim et al., 2011; Jang et al., 2015) or a labeling process. As 

depicted in Fig. 1, the biological reactivity of the plasma-treated rGO sensors was compared 

with that of an untreated rGO sensor in the detection of target analytes, namely, amyloid-beta 

(Aβ) peptides. By measuring the change in the resistance of the sensors before and after 

interactions with the target analytes, the enhancement in the biological reactivity of the rGO 

surfaces could be evaluated. To begin with, we prepared rGO thin films on wafer-level SiO2 

insulating substrates using a simple and cost-effective deposition method; these films were 

used as the biological sensing interfaces. Then, an oxygen plasma treatment was performed 

on the rGO surfaces to modify their functionality. By controlling the radiofrequency (RF) 

power of the plasma and the duration of exposure, the optimal conditions for the oxygen 

plasma treatment of the rGO surfaces could be established without generating defects or 

causing the undesired etching of the rGO films. This was confirmed based on the changes in 

the thickness profiles of the rGO films as well as through electrical and chemical analyses. 

The oxygen plasma treatment of the rGO surfaces aided the covalent immobilization of 

antibody molecules on them. This could be visualized through topographic analyses 

performed using atomic force microscopy (AFM).  
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The changes in the electrical characteristics of the antibody-immobilized oxygen-plasma-

treated rGO sensors in response to target-specific recognition interactions were greater than 

those of the untreated sensor. It was also found that the improvement in the surface 

functionality of rGO with the oxygen plasma treatment diminished with aging. This 

phenomenon was also confirmed by subjecting the rGO sensors to a pretreatment with 5 M 

ethanolamine (ETA) as a blocking agent and then evaluating the biological reactivity of the 

sensors. Finally, the oxygen-plasma-treated rGO sensors were successfully used to 

distinguish between plasma samples collected from Alzheimer’s disease (AD) patients and 

those from normal control (NC) subjects based on the detection of Aβ peptides in the 

extracellular vesicles of neuronal cells. 

 

2. Experimental 

2.1 Deposition of rGO thin films and fabrication of rGO sensors 

The rGO thin films were prepared through a two-step process: deposition of GO and 

reduction of GO. A schematic illustration of the overall fabrication process is shown in Fig. 

2A-D. As was the case in our previous studies, the GO flakes were produced by the modified 

Hummers method and exfoliated under ultrasonication. The GO flakes were then dispersed 

using an ultracentrifuge and mixed with ultrapure Milli-Q water to obtain a GO solution with 

a concentration of 2.6 mg mL
-1

 (N. H. Kim et al., 2012). Next, GO films were formed by the 

meniscus-dragging deposition (MDD) technique on 4-inch SiO2 substrates (Fig. 2A). In order 

to deposit the GO thin films, a glass plate (127 × 127 mm
2
) was used after being cleaned with 

a piranha solution (H2SO4/H2O2= 3:1). The GO solution (100 μL) was dropped between the 

SiO2/Si substrate and the deposition plate, which was placed at a contact angle of 30 with 

respect to the substrate. A motorized stage (AL1-1515-3S, Micro Motion Technology) 
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allowed the deposition plate to be moved in order to spread the GO solution on the substrate 

at a constant speed of 20 mm s
-1

; this was done 20 times. After the GO thin films had been 

deposited, they were chemically reduced with hydriodic acid (HI) vapor at 80 °C for 3 h, 

resulting in the formation of rGO thin films. These rGO thin films were employed as 

biological sensing interfaces and were used to fabricate individual electrical devices using 

microelectromechanical systems (MEMS) techniques (Fig. 2B) (J. Kim et al., 2016). A 

photoresist (AZ GXR-601, AZ Electronic Materials) was spin-coated and developed to form 

etch masks. The photoresist-patterned rGO thin films were then fully etched in a reactive-ion 

etcher with an RF power of 300 W for 30 s in an O2 atmosphere. After the patterning of the 

rGO films, the lift-off process and photolithography were used to form gold electrodes to act 

as source-drain contacts (FIg. 2C). A gold layer (200 nm) was deposited with a Cr adhesive 

layer (50 nm) using an electron-beam evaporator. The substrate was cleaned with acetone, 2-

propanol, and methanol between each step. Next, the oxygen plasma treatments were 

performed using a microwave plasma asher (PP41, Plasma Finish) at output powers of 25, 50, 

and 100 W for 10, 20, and 30 s; the flow rate was 100 sccm (Fig. 2D). The individual rGO 

sensors had dimensions of 11.6 × 8.10 mm
2
 and included 14 rGO patterns (Fig. 2E), with 

each rGO pattern having the dimensions of 100 × 50 µm
2
 and gold electrodes as the source-

drain contacts (Fig. 2F). 

 

2.2 Measurement and characterization 

The thickness profiles of the rGO thin films subjected to the oxygen plasma treatment under 

different conditions were measured by AFM (XE-100, Park Systems, Republic of Korea), 

while the electrical characteristics were measured using a probe station (AP-8000, Unitek 

Corp., Republic of Korea) with a semiconductor analyzer (B1500A, Agilent Technologies, 
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USA). The chemical properties of the oxygen-plasma-treated rGO patterns were measured by 

Raman spectroscopy (inVia Raman Microscope, Renishaw, UK). The height profiles for the 

topographic analyses of the antibody-immobilized rGO surfaces were obtained in the tapping 

mode of AFM (Multimode V, Veeco, USA) using a cantilever tip (TESP, Bruker, USA). 

 

2.3 Surface functionalization 

Prior to surface functionalization with an antibody, the rGO sensors were washed with 2 mL 

of acetone, 2-propanol, methanol, and distilled water to eliminate any organic contaminants 

and subsequently dried with pure nitrogen gas. Next, the rGO sensors were pre-incubated in 

20 µL of a 1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide (EDC, 2 mM, Sigma Aldrich, 

USA) and N-succinimide (NHS, 8 mM, Sigma Aldrich, USA) solution diluted in 10 mM 

phosphate buffered silane (PBS) for 1 h at room temperature. Then, the sensors were 

incubated for 2 h at room temperature in a mixed solution of EDC (2 mM), NHS (8 mM), and 

the 6E10 monoclonal antibody (Covance, USA, 10 µg mL
-1

), in order to make the antibody 

molecules covalently bond on the rGO surfaces. ETA (10 mM, Sigma Aldrich, USA) was 

used to prevent undesired covalent bonding. The prostate-specific antigen (PSA) antibody 

(Fitzgerald, USA, 10 µg mL
-1

) was also immobilized on the rGO sensors using the same 

procedures for use as a negative control. 

 

2.4 Exosome isolation and exosomal Aβ protein preparation 

A total of 30 samples were obtained from AD patients (N = 15) and NC subjects (N = 15). 

All 30 subjects underwent clinical interviews, neurological examinations, detailed 

neuropsychological and laboratory tests, and 3T-MRI scans at Asan Medical Center, Seoul, 
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Korea. The AD patients fulfilled the diagnostic criteria for probable AD proposed by the 

National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer’s Disease and Related Disorders Association (McKhann et al., 1984). Further, the 

NC subjects fulfilled the following criteria: (1) no history of neurological or psychiatric 

disorders except for memory complaints; (2) normal cognition as measured by 

neuropsychological tests; (3) normal activities related to daily living; and (4) no structural 

lesions in the brain (Roh et al., 2011). The institutional review board of Asan Medical Center 

approved the study protocol and informed consent was obtained from each participant.  

The neural exosomes were derived from plasma samples by the ExoQuick precipitation 

method using a centrifuge (Huang et al., 2013; Peterson et al., 2015). The plasma samples 

(150 µL) were mixed with a recalcification reagent (50 µL), which was a mixture of 90 mM 

NaCl and 40 mM CaCl2. The recalcified plasma samples were then incubated with 5 µL of 2% 

thromboplastin-D (Fisher, USA) at room temperature. Next, the samples were centrifuged at 

10,000 g for 5 min using a centrifuge (WiseSpin CF-10, Daehan Scientific, Republic of 

Korea) to remove the debris, and the supernatants were mixed thoroughly with 50 µL of 

ExoQuick precipitation solution (System Bioscience, Inc., Mountain View, USA). After 

being incubated at 4 °C, the resultant exosome suspensions were centrifuged at 1500 g for 30 

m at 4 °C.  Each pellet was resuspended in PBS containing protease inhibitors (cOmplete 

Mini, EDTA-free, Roche Applied Science, USA). To the diluted exosome samples (150 µL), 

80 µL of 3% bovine serum albumin (BSA) was added, and the mixtures were incubated with 

the biotinylated mouse monoclonal antihuman GRIA2 antibody (MBS802121, MyBiosource, 

USA) for 1 h at 4 °C on a rotator. Next, 40 µL of 3% BSA and 20 µL of streptavidin-agarose 

resin (Thermo Fisher Scientific, USA) were added to the samples. After centrifugation at 250 

g (MICRO 17TR, Hanil Science, Republic of Korea) for 10 min at 4 °C, the supernatants 

were removed, and 40 µL of glycin-HCl (50 mM, pH 3.0) was added to the pellets, which 



 9 

were suspended using a vortex mixer for 10 s to detach the exosomes. The suspensions were 

centrifuged at 250 g (MICRO 17TR, Hanil Science, Republic of Korea) for 10 min at 4 °C, 

and the supernatants were removed. Finally, 4 µL of Tris-HCl (1 M, pH 8.6) was added for 

neutralization, and the pellets were resuspended in PBS (initial volume). 

 

3. Results and discussion 

3.1. Characterization of oxygen-plasma-treated rGO biosensors 

In order to fabricate the rGO sensors through MEMS techniques, first, highly uniform rGO 

thin films were prepared on 4-inch SiO2 substrates by the MDD technique and a subsequent 

chemical reduction process (N. H. Kim et al., 2012; Ko et al., 2014). Then, patterns were 

etched in the rGO films using a reactive-ion etcher, and Cr/Au pads to be used as contact 

electrodes were formed by the conventional lift-off technique. As our previous studies (J. 

Kim et al., 2016), the fabricated rGO sensors exhibited a sheet resistance of 9.32 kΩ sq
-1

 on 

average, with the chip-to-chip distribution being 2.3%. Next, the rGO sensors were treated 

with an oxygen plasma using a plasma asher, in order to enhance their surface functionality. 

The surface reactivity, which depended on the exposure conditions, was measured in the form 

of the relative changes in the electric resistance of the sensors using a semiconductor analyzer. 

In addition, the time-dependent characteristics of the rGO surfaces during biological 

interactions were also observed. 

To begin with, the effects of the oxygen plasma treatment of the fabricated rGO sensors on 

their mechanical and electrical properties were investigated (Fig. 3). The thicknesses of the 

rGO patterns after the oxygen plasma treatment under different conditions were measured 

using AFM. The thickness decreased gradually by 2–3 nm from the initial value after the 

oxygen plasma treatment under mild conditions (RF power of 25 W; exposure time of 10–30 
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s and RF power of 50 W; exposure time of 10 s). However, the thickness decreased 

significantly for RF powers greater than 50 W even when the exposure time was 20 s. An RF 

power of 100 W and exposure time of 30 s completely removed the rGO thin film. 

Considering that the thickness of the untreated rGO thin films was 8–10 nm (N. H. Kim et al., 

2012), it was concluded that an RF power of less than 50 W and an exposure time of 10 s 

were suitable for ensuring that the rGO patterns were etched without the films being removed. 

The change in the resistance, (Roxy-R0)/R0, was measured and found to vary with the oxygen 

plasma treatment conditions; here, Roxy is the resistance of the rGO patterns after plasma 

exposure under different conditions, and R0 is the resistance of the untreated rGO patterns. 

The changes in the thickness profiles corresponding to the changes in the resistance are 

depicted by the red blocks in Fig. 3. The resistance increased significantly after exposure at 

RF powers greater than 50 W for 20 s. Thus, the resistance was strongly dependent on the 

thickness profile of the patterns after etching. On the other hand, the rGO patterns plasma-

treated at RF powers lower than 50 W for 10 s exhibited an increase in resistance of only 3–

5%. This suggested that the oxygen plasma treatment should be performed at an RF power 

lower than 50 W for 10 s, so that the mechanical and electrical properties of the native rGO 

films are not adversely affected. 

A detailed comparison of the effects of the different conditions for the oxygen plasma 

treatment was performed through a chemical analysis. Raman spectroscopy was performed to 

characterize the rGO thin films exposed to the oxygen plasma under different conditions (Fig. 

S1). Scanning Raman spectroscopy yields insights into the nature and placement of defects 

on graphene surfaces and allows them to be visualized over large areas. Peaks attributable to 

the D band (~1350 cm
-1

) and G band (~1590 cm
-1

) appeared in the case of all the rGO thin 

films, regardless of the oxygen plasma treatment conditions. In principle, the ratio of the 

intensities of the D and G bands (ID/IG) is reflective of the defects, vacancies, or distortions 
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present in the sp2 domain of the rGO structure (Beams et al., 2015). In this study, it was 

observed that the ID/IG ratio increased slightly as the RF power for the oxygen plasma 

treatment was increased from 1.84 to 2.19, indicating that the damage caused to the films and 

the number of dislocations formed were insignificant. However, a small number of defects 

were introduced with the increase in the RF power. In contrast to previous studies on the 

plasma treatment of single-layered or few-layered pristine graphene thin films for improving 

their functionality (Nourbakhsh et al., 2010), in the present study, the oxygen plasma 

treatment of multilayered rGO thin films did not significantly affect their surface chemistry 

or lead to their oxidation. Instead, only their mechanical properties were affected, with the 

properties being dependent on the respective etching profiles. 

 

3.2 Evaluation of biological functionality and sensing performance for the target-

analyte detection 

To evaluate the effects of the oxygen plasma treatment on the biomolecular sensing ability of 

the rGO sensors, Aβ peptides, one of the pathogenic hallmarks of AD, were used as the target 

analytes. Aβ peptides are small molecules consisting of only 36–43 amino acids and prone to 

cleavage with the formation of larger and insoluble plaques, such as neurotoxic oligomers or 

fibrils, that cause neuronal dysfunction and cell death, which are strongly associated with AD 

progression (Murphy and LeVine, 2010; O'Brien and Wong, 2011). Therefore, quantification 

of Aβ peptides may characterize disease state and can play a major role in clinical diagnosis 

of AD. Several efforts have been made to detect the synthetic target analytes with various 

biosensors at the laboratory stage; however, most clinical analyses with human-derived 

samples of AD were limited to conventional methods such as commercial enzyme-linked 

immunosorbent assay (ELISA) kits (Table S1). In this study, we tried to conduct target 
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analyte detection with both synthetic and clinically relevant samples by using the rGO-based 

biosensors compared to previous studies.  

In order to detect the target molecules, the rGO sensors were functionalized with the specific 

antibody, and the target analytes were introduced on the sensors to allow for the specific 

binding interactions. The changes in the resistances of the oxygen-plasma-treated and 

untreated rGO sensors before and after these interactions were measured and compared. The 

monoclonal 6E10 antibody, which recognizes the first 1–16 amino acid residues of human 

Aβ peptides, was immobilized on the rGO surfaces through incubation with coupling agents. 

Fig. 4A shows a comparison of the changes in the electric resistances and surface topologies 

of the untreated and oxygen-plasma-treated rGO sensors after antibody immobilization. The 

gray blocks in FIg. 4A represent the changes in the resistances, (Rab - R)/R, of the oxygen-

plasma-treated rGO and untreated rGO sensors; here, Rab is the resistance of the rGO sensors 

after antibody immobilization and R is the initial resistance of the rGO sensors before surface 

functionalization. The oxygen-plasma-treated rGO sensors showed a 13.9% increase in 

resistance after antibody immobilization, while the untreated rGO sensor showed an increase 

of only 3.53%. In addition, Fig. S2 shows the changes in the resistance of the sensors, (Rab-

R)/R, caused by the immobilization of the antibody on the rGO surfaces. These results 

indicated that antibody immobilization was affected by the conditions used for the oxygen 

plasma treatment. The resistance of the untreated rGO sensor and those of the rGO sensors 

treated with an oxygen plasma under mild conditions (i.e., at 25 W for 10, 20, 30 s) increased 

by 3.53%, 3.56%, 4.02% and 4.66%, respectively, after antibody immobilization. Further, the 

rGO sensors plasma treated at RF powers of 50 W and 100 W for 10 and 30 s exhibited 

increases in resistances of 13.9 and 22.9%. These results implied that while mild oxygen 

plasma treatment conditions reliably preserved the rGO films, they did not significantly 



 13 

functionalize the surfaces of the films when compared to that of the untreated rGO sample. 

Given that the loss in the inherent characteristics was minimal and the enhancement in the 

surface functionality with respect to biomolecules was of the desirable level, the optimal 

conditions for the oxygen plasma treatment were determined to be an RF power of 50 W and 

an exposure time of 10 s. 

The results of the topographic analyses of the untreated and oxygen-plasma-treated rGO 

surfaces can be seen in the inset images in Fig. 4A. The surface topologies of various 

nanobiomaterials and molecules on diverse substrates have been analyzed previously using 

AFM (H. Lee et al., 2016). Based on the results of previous studies, the measured size of the 

antibody molecules was assumed to be 7–9 nm, as determined using an image-processing 

software, Image Pro Plus (Media Cybernetics, Inc., Silver Spring. MD). This allowed for a 

quantitative examination of the functionalized antibody molecules on the rGO surfaces 

subjected to the oxygen treatment under different conditions. The untreated (N = 16, Fig. 4A, 

left inset) and oxygen-plasma-treated rGO surfaces (N = 16, Fig. 4A, right inset) were 

analyzed, and the numbers of antibody molecules were determined to be 119 ± 20.25 and 218 

± 26.1 per unit area, respectively, over an area of 5 µm × 5 µm. The wrinkles on the surfaces 

of the rGO films were deliberately excluded from the analysis. The results of these surface 

density measurements of the antibody molecules confirmed that the functionality of rGO was 

enhanced after the oxygen plasma treatment. 

Next, Aβ1-42 peptides (Sigma Aldrich, USA) were diluted in a 10 mM PBS solution and 

introduced on the untreated and oxygen-plasma-treated rGO sensors to test for target-specific 

recognition by the functionalized antibody; the negative control was also tested similarly. Fig. 

4B shows a plot of the change in resistance, (Rrec-Rab)/Rab, as a function of the concentration 

of the target analytes on a logarithmic scale; here, Rrec is the resistance measured immediately 
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after the target-specific recognition of the peptides on the antibody-functionalized rGO 

surfaces. The changes in the resistance of both the untreated and the oxygen-plasma-treated 

rGO sensors exhibited a linear relationship with the analyte concentration from 100 fg mL
-1

 

to 1 ng mL
-1

. Compared to the slope of the curve in the case of the untreated rGO sensor, that 

of the curve for the oxygen-plasma-treated rGO sensors was 3.33 steeper.  

Further, the PSA antibody (10 µg mL
-1

, Covance, USA) which exhibits non-binding 

specificity to target analytes, was immobilized on the oxygen-plasma-treated rGO surfaces as 

a negative control. Then, the Aβ1-42 peptides were introduced on the sensors in a similar 

concentration. On estimating the slope of the curve corresponding to the nonspecific binding 

interactions, no significant interaction between the nonspecific antibody and the target 

analytes was observed in the case of the oxygen-plasma-treated rGO sensors. These results 

confirmed that the oxygen plasma treatment increased the reactivity and hence the degree of 

functionalization of the rGO surfaces, allowing for enhanced interactions between the 

functionalized antibody molecules and the target analytes. 

 

3.3 The aging behavior of oxygen-plasma-treated rGO sensors 

It is well known that a plasma treatment of a material increases its wettability and results in 

functional groups being bonded to its surface. However, surface modifications performed 

through plasma treatments are not permanent and the effects of the modification gradually 

weaken with time; this phenomenon is defined as aging (Everaert et al., 1995; Gerenser et al., 

1985; Yun et al., 2004). It has been suggested that the diffusion and reaction of free radicals 

or the reorientation of polar surface groups results in the thermodynamically favorable 

orientation of functional groups on the surfaces of plasma-treated materials (Bodas et al., 

2008; Murakami et al., 1998). To confirm these time-dependent recovery characteristics from 
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the perspective of the biological reactivity of the modified surfaces, we monitored the 

changes in the resistance of the plasma-treated rGO surfaces subjected to antibody 

immobilization and target-specific recognition interactions after they had been aged for 

different durations in dry air. The rGO sensors were stored and exposed to air at room 

temperature immediately after the oxygen plasma treatment for 0, 3, 6, 9, and 24 h. Fig. 5A 

shows that the biological reactivity with respect to antibody immobilization and target-

specific recognition diminished with an increase in the aging time. The resistance after 

antibody immobilization decreased drastically by 44% after aging for 6 h but remained 

constant thereafter. In addition, the resistance after target-specific recognition interactions 

with the Aβ peptides also decreased by 51% after aging by 6 h. In order to support the studies 

of the enriched functionality on rGO surfaces and the time-dependent behavior of oxygen 

plasma treatment on rGO surfaces, the rGO surfaces were pretreated with 5 M ETA in order 

to chemically block their active sites before antibody immobilization. ETA is commonly used  

as a blocking agent after protein coupling by covalent bonding with remaining reactive 

functional groups (Balcer et al., 2003; Frederix et al., 2004). The changes in the resistance, 

(RETA-R)/R, of the rGO sensors subjected to the ETA pretreatment are shown in Fig. 5B; here, 

RETA is the resistance of the rGO sensors after the ETA treatment and R is the initial 

resistance of the sensors before functionalization. The oxygen-plasma-treated rGO sensors 

showed a response 1.68-fold higher than that of untreated rGO. The changes in the resistance, 

(Rab-RETA)/RETA), of the untreated and oxygen-plasma-treated rGO sensors after sequential 

antibody immobilization were 2.59% and 7.17%, respectively (Fig. 5C). Fig. S3A shows the 

surface topologies of the ETA-pretreated rGO surfaces after antibody immobilization. The 

particles with the particular size were counted as 61 ± 19.76 ea in a limited area of 5 µm × 5 

µm (N = 16). In comparison with the results with the untreated and oxygen-plasma-treated 

rGO sensors, the number of counted particles summarized in Fig. S3B and the tendency was 
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clearly seen among different conditions of rGO surfaces. These results indicated that, when 

the rGO surfaces were pretreated with the blocking agent (ETA) in a high concentration, the 

ETA molecules occupied the active sites on the rGO surfaces, thus hindering the sequential 

immobilization of the antibody molecules. Thus, the changes in the resistances of both the 

untreated and the plasma-treated rGO sensors in response to antibody immobilization were 

lower after the ETA pretreatment. Next, the effects of the ETA pretreatment and subsequent 

antibody immobilization on the plasma-treated rGO surfaces aged for different durations 

were also investigated. Fig. S4 shows that the change in the resistance, (RETA-R)/R, after the 

ETA blocking treatment decreased gradually from 24.7% to 15.2% after aging for 24 h while 

that after antibody immobilization decreased significantly by 35.8% after aging for 6 h. Fig. 

5D shows a comparison of the extent of antibody immobilization on the plasma-treated rGO 

surfaces whether oxygen plasma treatment with the blocking agent with aging. 

These results confirmed the following two facts: the binding functionality of the rGO 

surfaces, resulting from covalent bonding, was improved by the oxygen plasma treatment, 

and the enhancement in the reactivity decreased with aging in dry air at room temperature. 

The plasma-treated rGO sensors formed a greater number of covalent bonds with the 

antibody molecules. Consequently, they exhibited enhanced sensing performance with 

respect to the target analytes as compared to the untreated rGO sensor. This strategy of 

surface modification by packing an antibody on the reactive surfaces increased their 

sensitivity with respect to the detection of the target analytes. Meanwhile, several studies 

have used contact-angle measurements and chemical analysis to show that the surface energy 

of oxygen-plasma-treated materials exhibits time-dependent recovery behavior. Morra et al. 

(Morra et al., 1990) reported that the hydrophobicity of an oxygen-plasma-treated 

polydimethylsiloxane surface returned after aging for different durations at different 

temperatures. They monitored the change in the hydrophobicity at room temperature over a 
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period of 6–19 h. In addition, a previous study in which epitaxial graphene was subjected to 

an oxygen plasma treatment under mild conditions also found that the characteristics of the 

plasma-treated sample returned to their initial state within 24 h (Shin et al., 2010). In this 

regard, the fact that that the biological reactivity of the plasma-treated rGO sensors returned 

to its initial state after 6–9 h was within expectations and suggested that the plasma-treated 

rGO sensors should be used immediately after the plasma treatment, in order to ensure that 

they exhibit enhanced sensing performance. 

 

3.4 Test of sensor with human-derived exosomal samples for clinical application 

To determine the feasibility of using the oxygen-plasma-treated rGO sensors for clinical 

diagnosis, we extracted neural-derived exosomal Aβ peptides from the AD and NC samples 

and used the sensors for distinguishing the peptides. As shown in Fig. 6a, the neural-derived 

exosomes were isolated from human plasma using ExoQuick-based precipitation and 

centrifugation (Fiandaca et al., 2015; Mitsuhashi et al., 2013). The extracted exosomes were 

lysed with an radioimmunoprecipitation assay buffer to release the Aβ peptides from the 

inner membrane. Generally, plasma samples from AD patients contain larger quantities of Aβ 

peptides and their aggregates than do those from NC subjects (Villemagne et al., 2013). The 

prepared exosomal Aβ peptides were incubated with the rGO sensors for 30 m to ensure 

specific binding interactions with the antibody molecules on the rGO surfaces. 

When identical AD and NC samples were introduced on the untreated and plasma-treated 

rGO sensors, the changes in the resistance of the plasma-treated rGO sensors in response to 

the AD and NC samples were 4.28% and 1.55%, respectively; in comparison, the untreated 

rGO sensor showed resistance changes of 2.14% and 1.70% in the case of the AD and NC 

samples, respectively (Fig. 6B). The changes in the resistance in response to the AD and NC 

samples in the case of the oxygen-plasma-treated rGO sensors were significantly different (p 
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< 0.001), in contrast to the case for the untreated rGO sensors (p = 0.0460). This result 

indicated that the oxygen-plasma-treated rGO sensors exhibited good performance in the 

clinical identification of AD and NC subjects based on the detection of target analytes. 

Finally, a number of AD (N = 15) and NC samples (N = 15) were introduced on the oxygen-

plasma-treated rGO sensors, in order to confirm the determination of the status of patients. 

Fig. 6C shows the cross-sectional comparisons of the statistical analysis. The changes in the 

resistance, (Rrec-Rab)/Rab, resulting from the interaction with the exosomal Aβ peptides 

derived from the AD subjects were distributed and depended on the samples; however, the 

changes were greater (1.75–7.09%) than those in the case of the NC samples (0.02–1.79%). 

We could also confirm the selectivity of the rGO sensors in a negatively controlled 

environment by immobilizing a PSA antibody instead of the 6E10 antibody. The resistance 

changed by only 1.69% in the case of the negatively controlled rGO sensors. The results 

obtained in the case of the NC samples and the negative control might be attributable to the 

nonspecific binding or undesirable adsorption of the biomolecules in question. 

 

4. Conclusion 

Oxygen plasma treatment is a simple and efficient approach for enhancing the biological 

reactivity of rGO surfaces. In this study, the optimal conditions for subjecting rGO surfaces 

to an oxygen plasma treatment without causing a loss in the inherent properties of the 

prepared rGO films were determined. Based on the changes in the resistance caused by 

antibody immobilization and the target-specific recognition of Aβ peptides, it was confirmed 

that plasma treatment increased the sensitivity of the rGO surfaces with respect to biological 

interactions. The electrical response of the rGO sensors after antibody immobilization and the 

slope of the curve representing the target-specific interactions of the rGO surfaces were 

enhanced by 3.94 and 3.33 times, respectively. Further, the effects of the oxygen plasma 
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treatment were found to be time dependent. In addition, the rGO surfaces were pretreated 

with a blocking agent on the functional groups, in order to elucidate the phenomenon. The 

obtained results implied that the increment in the biological functionality was time dependent, 

as is the case for the surface modification resulting from an oxygen plasma treatment. Finally, 

samples taken from AD and NC subjects could be identified successfully using the oxygen-

plasma-treated rGO sensors as a diagnostic tool for statistical analysis. These results 

suggested that using an oxygen plasma treatment for modifying the rGO surfaces enhanced 

their biomolecule-sensing performance without requiring additional complex procedures such 

as nanoparticle-conjugated labeling and that this surface-modification method should aid in 

the development of novel diagnostic tools based on carbon nanomaterials. 
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FIGURE LEGENDS 

Fig. 1. Schematic representation of the enhancement of biological reactivity on rGO 

surface with oxygen plasma treatment for antibody immobilization and specific recognition 

between the target and antibody. The rGO sensor relying on relative changes of electric 

resistance allow detection of molecular interactions on the surfaces.  

Fig. 2. (A)−(D) schematic illustration of fabrication process (A) deposition of rGO thin 

film on Si/SiO2 substrate by using the MDD method. (B) rGO patterning with 

photolithography (C) Au pads formation by lift-off technique (D) additional oxygen plasma 

treatment on rGO surfaces. (E) Photographs of a fabricated rGO sensor including 14 arrays of 

rGO patterns and (F) an optical image of a rGO pattern. (the scale bar is 100 µm.) 

Fig. 3. (A) The effect of oxygen plasma treatment with different exposure conditions of (A) 

a thickness profile (black symbol and line) and (B) resistance changes (Roxy-R)/R0 compared 

to initial values (R0) (red block).  

Fig. 4. Comparison of biological reactivity between the untreated and plasma treated rGO 

surfaces by measuring (A) resistance change (Rab-R)/R before and after immobilization of 

monoclonal 6E10 antibody on the surfaces and topographic analysis for counting the number 

of immobilized antibodies with a particular size (7~ 9nm). The inset AFM images (5×5 µm
2
) 

with antibody-immobilized surface of the (left) untreated and (right) oxygen-plasma-treated 

rGO sensors (The scale bar is 1 µm.) (B) Responses of resistance changes versus 

concentration of Aβ42 peptides on the logarithmic scale; target-specific antibody oxygen-

plasma-treated (red symbols) and untreated (blue symbols) rGO sensors and for negatively 

controlled rGO sensors (black symbols). The calibration lines are fitted by linear relation 

between resistance changes (Rrec-Rab)/Rab and logarithmic concentration. 
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Fig. 5. Comparison of biological reactivity between the untreated and plasma treated rGO 

surfaces by measuring (A) resistance change (Rab-R)/R before and after immobilization of 

monoclonal 6E10 antibody on the surfaces and (B) (Rrec-Rab)/Rab of target-specific 

recognition of 100 pg mL
-1

 Aβ peptides. (C) The resistance changes of antibody 

immobilization and sequential target-specific recognition via plasma treated rGO sensor with 

different aging time. 

Fig. 6. (A) schematic diagram of sample preparations for neural-derived exosomal Aβ 

peptides and molecular interactions on surface of rGO sensor. (B) enhancement of sensing 

performance for discrimination of neural-derived exosomal Aβ peptides of human samples of 

AD and NC with comparison between untreated and plasma treated rGO sensors. (C) 

Comparison of ΔR/R responses by target-specific recognition with Aβ peptides in neural-

derived exosomes isolated by human samples of AD (N = 15) and NC (N = 15) and negative 

control with 10 mM PBS buffer solution only. (* significant at p < 0.05, *** significant at p 

< 0.001) 

Highlights  

> Oxygen plasma treatment improved the biological functionality of reduced graphene oxide (rGO) biosensors. 

> The effects of oxygen plasma treatment on rGO biosensors were investigated. 

> Oxygen-plasma-treated rGO biosensors showed 3.33-fold greater responses in target specific recognition. 

> Identification of Alzheimer’s disease patients and normal control was performed by use of exosomal samples. 

> The oxygen-plasma-treated rGO biosensors showed the feasibility of a diagnostic tool for Alzheimer’s 

Disease. 
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