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ABSTRACT 

A label-free, highly reproducible, sensitive and selective biosensor is proposed using anti-

apolipoprotein B 100 (AAB) functionalized mesoporous few-layer reduced graphene oxide and 

nickel oxide (rGO-NiO) nanocomposite for detection of low density lipoprotein (LDL) 

molecules. The mesoporous rGO-NiO composite formation on indium tin oxide conductive 

electrode has been accomplished via electrophoretic technique using colloidal suspension of rGO 

sheets and NiO nanoparticles. This biosensor shows good stability obtained by surface 

conjugation of antibody AAB molecules with rGO-NiO matrix by EDC-NHS coupling 

chemistry. The defect-less few layer rGO sheets, NiO nanoparticles (nNiO) and formation of 

nanocomposite has been confirmed by Raman mapping, electron microscopic studies, X-ray 

diffraction and electrochemical techniques. The synthesized rGO-NiO composite is mesoporous 

dominated with a small percentage of micro and macroporous structure as is evident by the 

results of Brunauer–Emmett–Teller experiment. Further, the bio-conjugation of AAB with rGO-

NiO has been investigated by Fourier transform-infrared spectroscopy studies. The kinetic 

studies for binding of antigen-antibody (LDL-AAB) and analytical performance of this biosensor 

have been evaluated by impedance method. This biosensor exhibits an excellent sensitivity of 

510 Ω (mg/dL)-1 cm-2 for detection of LDL molecules. This biosensor is sensitive to 5 mg/dL 

concentration of LDL in a wide range of 0-130 mg/dL. Thus, this fabricated biosensor is an 

efficient and highly sensitive platform for the analysis of other antigen-antibody interactions and 

biomolecules detection. 

 

Keywords: Label-free, Impedance spectroscopy, Mesoporosity, Reduce graphene oxide, Nickel 

oxide nanoparticles, Low density lipoprotein 
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1. INTRODUCTION 

There is increased interest towards the search of new smart nanomaterials including those based 

on graphene for biomedical applications1. The reduced graphene oxide (rGO), owing to its 

interesting electrochemical, electronic and functional properties, has been found to have a wide 

range of applications including field effect transistors, nanoelectronic devices and point-of-care 

biosensors.2-7 Extremely high specific surface area of rGO and its reduced functional groups can 

be advantageous for enhancing the loading of biomolecules (DNA, sRNA, antibody, proteins 

etc.)8 indicating it as an excellent candidate for development of electrochemical biosensors.7 The 

transition from insulating GO to semiconductor rGO can be accomplished via chemical or 

thermal process resulting in increased electrical conductivity over several orders of magnitude. 

The rGO bears definite amount (8 atomic percent) of residual oxygen bonded with 

approximately 20% sp3 hybridized carbon atoms allowing the possibility of chemical bonding 

with biomolecules using covalent coupling such as  amide linkage.9 

The reduction of functional groups (-COOH, -OH, and -CHO ) at GO is directly linked 

with the electronic properties such as electrical conductivity and mobility of electrons due to 

increased sp2 fraction that may lead to improved sensitivity and response time of a biosensor.10-12 

Zhou et al.  fabricated an electrochemical biosensor based on rGO conjugated with glucose 

oxidase and alcohol dehydrogenase wherein rGO sheets and found greater electrocatalytic 

activity for hydrogen peroxide and β-nicotinamide adenine dinucleotide.13 Jung et al. reported a 

GO based immuno-biosensor for detection rotavirus using fluorescence resonance energy 

transfer between GO sheets and gold nanoparticles for the development of point-of-care 

biosensor.14 Though the available functional groups in rGO may facilitate conjugation of 

biomolecules, the electrochemical conductivity is currently a limitation for development of 

Page 2 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 
 

efficient biosensors.14 To solve this problem, rGO can be electrophoretically deposited with 

nanostructured metal oxides (NMOs) wherein the NMOs can be used to obtain the improved 

electrochemical reactivity.15-19 The NMOs encapsulated rGO sheets can be stabilized via mutual 

electrostatic interactions between negatively charged graphene layer and the positively charged 

NMOs resulting in uniform thin film of rGO sheets.20 This unique nanohybrid structure may 

offer several advantages such as reduced agglomeration of oxide nanoparticles and higher 

electrical conductivity.15 

 There is a significant interest in the development of multifunctional materials for 

fabrication of point-of-care devices.21-26 Depending on the type of application, many 

nanomaterials including those of metals, polymers and metal oxides have been incorporated in 

rGO sheets. The application of rGO-NMOs in biosensors, solar cells, photocatalysis, 

electrochemical is widely explored due to its synergistic effect.27, 28 The NMOs can perhaps be 

distributed on rGO surface or between the rGO layers leading to new nanocomposites with 

enhanced mechanical, catalytic, and electrochemical properties.29-31 For example, TiO2–graphene 

composite was used for hydrogen evolution from water photocatalytic splitting while the SnO2-

graphene was utilized for highly improved cycling process and lithium storage.32, 33 NMOs can 

act as spacer preventing restacking of the rGO sheets and the pseudocapacitance of these NMOs 

combined with the double layer capacitance of rGO may enable fast and reversible reactions for 

electrochemical applications16-19. Song et al. have fabricated a non-enzymatic glucose biosensor 

based on CuO/graphene composite wherein sensitivity and limit of detection of this biosensor 

has been improved.34 The application of TiO2/graphene nanohybrid was reported for rapid 

detection of acetylcholinesterase and glucose.35, 36 And the nanostructured nickel oxide (nNiO) 

has been explored for composite formation with rGO sheets in order to improve the biosensing 

characteristics. Recently, nanoparticles, nanorods and hollow spheres of NiO were employed for 
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electrochemical biosensing and energy storage.37, 38 The rod-shaped NiO was found to be an 

excellent material due to its environmental stability and its characteristic not to degrade on 

immobilization of biomolecules, make it an important material  for biosensor.39, 40 The binding of 

biomolecules on nNiO is important for obtaining enhanced sensitivity, limit of detection and 

response time. The integration of nNiO with rGO sheets may provide an interesting interface for 

effective carrier transport with significantly reduced carrier scattering. With dominant 

mesoporous feature of rGO-NiO composite and due to its large pore volume, it can used for 

holding antibody molecules with increased loading capacity. The enhanced loading of 

biomolecules can directly influence the sensitivity by binding increased number of target 

molecules and holding of the antibodies into the pores may result in enhanced stability of a 

biosensor. In addition to this, rGO-NiO offers highly balance electron and hole mobility resulting 

into the superior performance for the biosensing application.41 The rGO may facilitate wrapping 

of nNiO leading to the formation of smooth and uniform film that offers a suitable surface for the 

antibody attachment.20 With these properties, the mesoporous functional rGO-NiO composite is 

a new platform for real time monitoring of lipid molecules in human blood samples.  

We demonstrate the fabrication of a label-free, sensitive immunosensor using a 

mesoporous rGO-NiO composite. The surface immobilization of bovine serum albumin (BSA) 

and anti-apolipoprotein B 100 (AAB) on the surface of rGO-NiO composite was conducted by 

conjugation EDC-NHS coupling chemistry. The mesoporosity, morphological shape, size, and 

distribution of nNiO on rGO sheets were confirmed by Brunauer–Emmett–Teller (BET) and 

electron microscopic studies. The rGO-NiO based immunosensor has been utilized for the 

detection of low density lipoprotein (LDL) molecules in human serum samples by 

electrochemical impedance technique.  
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2. EXPERIMENTAL SECTION  

2.1 Chemicals. Graphite powder flakes (99.99, wt%) were procured from Aldrich Sigma, USA. 

Low density lipoprotein (MW: 3500 kDa), anti-apolipoprotein B 100 (MW: 515 kDa), bovine 

serum albumin (BSA), N-hydroxysuccinimide (NHS) and N-ethyl-N0-(3-dimethylaminopropyl 

carbodiimide) (EDC) were purchased from Sigma Aldrich, USA. Di-ionized water was from 

Millipore water purification system. 5 mg of lyophilized powder of LDL was mixed with 1 mL 

deionized water containing 150 mM NaCl of pH 7.4 and 0.01% EDTA. Solution of BSA (2 

mg/mL) was prepared in 50 mM phosphate buffered saline (PBS) of pH 7.4 containing 150 mM 

NaCl. Anti-apolipoprotein B 100 (AAB) solution (1 mg/mL) was prepared in PBS (50 mM) 

solution of pH 7.4 containing NaCl (150 mM).  

2.2 Electrode fabrication. The rGO was synthesized using modified Hummer’s method as 

reported in literature.42 The Ni(OH)2 nanorods powder was synthesized using chemical route and 

annealed at 700 °C to form nanostructured NiO.43 The chemically synthesized rGO-NiO 

nanocomposite was deposited onto indium tin oxide (ITO) coated glass substrate via 

electrophoretic deposition (EPD) technique.42 We first prepared well-dispersed colloidal 

solutions of NiO nanorods (0.6 mg/mL) and rGO (5 mg/dL) in acetonitrile by ultrasonication 

(40W, 0.25 A) for about 4 h. For EPD, 300 µL of this stock solution of rGO sheets and 300 µL 

of nNiO were dispersed in 10 mL of acetonitrile and sonicated for 30 min to form colloidal 

suspension. Then, this mixture suspension was used for EPD in a two electrodes glass cell. To 

obtain surface charge on the NiO modified rGO sheets, 10−5–10−4 mol of Mg (NO3)2.6H2O was 

added into the suspension as an electrolyte during EPD. The Mg2+ ions adsorbed by rGO sheets 

provided an adequate positive surface charge resulting in enhanced deposition rate at the anode 
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(ITO) while platinum acted as cathode. On application of electric field (potential: 67 V for 5 

min), the positively charged nNiO were grafted to negatively charged rGO sheets via 

electrostatic interaction and at same time these nNiO grafted rGO sheets were deposited onto 

ITO substrate (size: 0.25 cm2 sheet resistance; 30 Ω cm−1). We investigated the surface 

electrokinetic potential using zeta potential studies for nNiO, rGO sheets and rGO-NiO in 

acetonitrile solvent. The zeta potential was obtained as +10.0 mV for nNiO dispersed in solution 

indicating that these were positively charged (Fig. S1 a, Supporting Information). The negative 

zeta potential (-19.4 mV) of rGO sheets, indicating that presence of the various negatively 

charged groups on the basal and edge plane offered strong electrostatic interactions with 

positively changed nNiO (Fig. S1, b). After nNiO incorporation, the zeta potential of rGO sheets 

was decreased to -14.5mV (Fig. S3, c). With Mg2+ ions, the negatively charged rGO-NiO sheets 

were uniformly deposited on ITO electrode on application of applied voltage. Subsequently, the 

fabricated electrode (rGO-NiO/ITO) was removed from the cell and washed with de-ionized 

water followed by drying at 100oC. 

2.3 Preparation of biosensor. Schematic 1 shows the fabrication of a biosensor and antibody 

immobilization on the surface of rGO-NiO electrode for detection of LDL molecules. For 

antibody immobilization, 20 µL of AAB solution was uniformly spread on the rGO-NiO 

electrode surface and kept in a humid chamber for about 6 h and subsequently stored at 4ºC. The 

covalent bond formed between -COOH groups of the rGO-NiO sheets and the –NH2 groups of 

AAB via strong amide bond (CO-NH). The surface of rGO-NiO electrode was used to treat 

EDC-NHS solution in which EDC (0.2M) worked as a coupling agent and NHS (0.05M) worked 

as an activator. The EDC-NHS coupling chemistry was utilized for the activation of –COOH 

groups on rGO sheets. BSA was spread on the surface of AAB/rGO-NiO to block the non-

Page 6 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 
 

specific active sites on electrode. The BSA-AAB/rGO-NiO immunoelectrode was then washed 

with phosphate buffered saline (PBS) and stored at 4ºC, when not in use.  

 

3. RESULTS AND DISCUSSION 

3.1 Brunauer–Emmett–Teller analysis. Brunauer–Emmett–Teller (BET) analysis was 

performed for rGO-NiO powder to measure its specific surface area. The rGO-NiO matrix 

exhibits a specific surface area of 134.3 m2/g. The nitrogen adsorption-desorption isotherm and 

pore size distribution of rGO-NiO are shown in Figure 1a. The results of BET studies (Table S1) 

show calculated total pore volume of micro, meso and macropores distributed with total pore 

volume of about 0.3383 cc/g. The pore size distribution shown in the inset of Figure 1a shows 

that the rGO-NiO is found to be mesopores dominated with a small percentage of micro and 

macropores. The average specific pore size calculated by the Barrett-Joyner-Halenda (BJH) 

method is about 10.08 nm that supports the pore size distribution curve. This porous structure 

may be due to the high surface area of the rGO-NiO. The high BET surface area of this 

mesoporous structure and accessible pore volume help towards efficient attachment of the 

reactant species on electrode for improved electrochemical activity. Decoration of the 

mesoporous structure with small percentage of micro and macropores connected to the external 

particle surface of rGO-NiO with several functional groups are beneficial for controlled 

release/delivery and biosensing application. 

3.2 Raman spectroscopic studies. Raman spectroscopy is a non-destructive tool that can be 

used to investigate the ratio of sp2/sp3 bonding, layers of graphene sheets and study of the nature 

of sp2 domains of graphene derivatives. Raman studies were conducted for nNiO and rGO-NiO 

at 25 oC as shown in Figure 2b. The Raman peak at 484 cm-1 of nNiO is due to one phonon (1P) 

Page 7 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 
 

transverse optical (TO) mode (curve i) that confirms the existence of nNiO in the sample (curve 

i). Another peak at ~1090 cm-1 is due to two-phonon 2LO (longitudinal optical) mode. The 

spectra for rGO-NiO (curve ii) shows two distinct peaks at 1344 cm-1 and 1581 cm-1 are as 

attributed to disorder (D-band) and graphitic (G-band). The D-band is associated with defects, 

vacancies and distortions which measure the sp3 bonding in rGO sheets while G-band linked 

with the sp2-hybridized carbon-carbon bond arises due to first order scattering of E2g mode.44 

The intensity of D-band is 200 times less as compared to that of G-band indicating less defect 

content in rGO sample. The intensity ratio (ID/IG) of the prepared rGO-NiO composite calculated 

as 0.66 and is mainly due to existence of the unrepaired defects that are present after the 

elimination of oxygen moieties from reduced GO. A broad and intense peak seen at 2707 cm-1 

(called 2D-band) corresponds to the double-resonance process due to two-phonon intra-valley 

scattering whose intensity is much less as compared to G peak of the bulk graphene. The 

presence of 2D-peak reveals that the prepared rGO is multilayered. The ratio of I2D/IG found to 

be as 0.73 may be attributed to recovering of sp2 C-C bonds (graphitization) in graphitic 

structure. The average crystallite size was calculated as 12.6 nm using Eq.1. 

                                                                                                           (1) 

where λl is the wavelength of the laser in nm, while ID and IG are the intensities of D and G 

bands, respectively.45 The number of atomic layers of rGO sheet can be correlated with the peak 

position of G-band in the rGO spectra using the relation46 

 ωG = 1581.6 + 11/(1 + n1.6) (2) 

where, ωG is the band position in wavenumbers, and n is the number of layers present in the 

sample. It has been found that the layers of thus synthesized rGO are about 4. The intensity maps 
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of the ‘D’, ‘G’ and ‘2D’ bands have been shown in Figure 2(a, b), respectively. Image (a) shows 

optical mapping of the various peaks present in the rGO-NiO composite. In image (b), the bands 

(‘D’, ‘G’ and ‘2D’) found for rGO-NiO composite can be distinguished by individual colour 

difference. The presence of G-, D-, and 2D- peaks indicates blue, green and sky colours, while 

nNiO refers to the red colour. The intensity for G-peak is found to be low and is shown by red 

circle. The low intensity for red colour mapping is overlapped with green colour indicating 

nNiO. In the intensity map a large amount of sky and blue colour are seen and overlapped each 

other as is evident by Raman spectra. 2D and 3D optical profilometric images are shown in 

Figure 2(c and d) in order to confirm the thickness of the rGO-NiO matrix deposited onto ITO 

electrode. Figure 2(c and d) clearly shows that rGO sheets are interconnected with each other on 

ITO surface. The average thickness of deposited rGO-NiO is estimated as 281 nm (Fig. S2, 

Supporting Information).  

3.3 FT-IR studies. Fourier transform infrared (FT-IR) studies confirm the immobilization of 

antibody on rGO-NiO film (Fig. 1c). The infrared peak found at 538 cm-1 in both spectra 

corresponds to vibration bending of Ni-O. The absorption bands seen at ~1000–2500 cm−1 

correspond to the O–C=O symmetric and asymmetric stretching, and C–O stretching vibrations 

due to adsorption of CO2. The absorption peaks found at 1714 and 1400 cm-1 may be responsible 

for C=O stretching and N-H (amide) bending of carboxyl groups in rGO, respectively (spectra i). 

The peak at 1585 cm-1 is due to N-H stretching while the peak observed at 1245 cm-1 is due to C-

N (amine) stretching vibration. A peak observed at 2177 cm-1 is due to C≡C stretching. Some 

additional peaks seen at 3349 and 3757 cm-1 are due to presence of amide A and amide II 

(overlapping with O-H stretch). The peak observed at 2843 cm-1 is assigned to C-H stretching. 

The intense peaks observed at 3531 and 3775 cm-1 are due to amide II and O-H starching at 

antibody immobilized rGO-NiO surface (spectra ii). Srivastava et al. explained that the 
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carboxylic (-COOH) groups at rGO can be utilized to bind with –NH2 groups of the antibodies 

and confirmed by X-ray photoelectron spectroscopy.42  

3.4 X – Ray diffraction studies. X-ray diffraction (XRD) studies (Fig. 1d) were used to 

investigate the crystalline structure of rGO (i) and rGO-NiO (ii). A broad peak appears at 2θ 

position of 25.7º due to (002) reflection plane that indicates presence of rGO. The interlayer 

spacing of rGO is estimated to be as 0.68 nm (FWHM=12.2º) for the crystallographic plane 

(002) using Debye-Scherrer Eq.2 

                                                                                                                         (2) 

where β002 is the full width at half maximum (FWHM) and d002 is the interlayer spacing. The 

interlayer spacing of rGO is higher than that of pristine graphite (0.34 nm) due to the available 

oxygen functional groups at rGO sheets. In the XRD pattern (ii), the different crystallographic 

planes such as (111), (200), (220), (311) and (222) confirm the formation of nNiO [JCPDS Card 

No. 78-0423]. The relative peak for plane (200) is found to be dominant. The intensity ratio 

between two planes (111) and (200) of nNiO is calculated as 0.71, which is much lower than that 

of bulk NiO (1.45), indicating preferred crystallization along the plane (200). The curve (ii) 

shows the presence of all crystallographic planes that are observed separately in both synthesized 

materials. These results confirm the graftation of nNiO with rGO sheets. 

 

3.5 UV-visible spectroscopic studies. To confirm the electronic structure of the synthesized 

rGO (a) and nNiO (b) and rGO-NiO (c), UV-visible studies were conducted using a source 

having slit width of 2 nm (Fig. S3, Supporting Information). The absorption is found to increase 

from 400 nm and the maximum absorption seen at 266 nm is due to π-π* transition of aromatic 

C-C bonds of rGO. Srivastava et al. have shown that reduction of the functional groups in rGO 
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results in improved electronic behaviour compared to graphene oxide (GO).42 The band gap of 

rGO is calculated to be as ~3.0 eV by Tauc equation which is lower as compared to GO (4.0 eV). 

The maximum absorption peak in nNiO (curve b) observed at 316 nm is due to intra-3d 

transition of Ni++ in the cubic structure of nNiO. An intense peak observed for rGO-NiO at 254 

nm and blue shift from rGO absorption peak reveals the formation of rGO-NiO composite. This 

phenomenon perhaps occurs due to close conjugation of the rGO and nNiO resulting into the 

rapid electron transfer and increased transition energy as reported in literature.47 The observed 

increase in absorption intensity for the rGO-NiO composite can be attributed to electronic 

coupling of electronic states between NiO and rGO.47  

3.6 Microscopic studies. The shape, size and structure of synthesized nNiO, rGO sheets and 

rGO-NiO were observed (Fig. 3) by field emission-scanning electron microscopy (FE-SEM). 

Image (a and b) shows that the NiO has elongated hexagonal structure (Fig. 3). The elongated 

NiO molecules appear to form nanorods structure having size less than 200 nm. Some of the NiO 

nanoparticles appear to be hexagonal. Image (c and d) shows overview of the rGO sheets that are 

deposited on ITO electrode (Fig. 3). It is clear that these rGO flakes are folded and wrinkled, and 

agglomerated flakes are stacked due to π-π interactions among the individual sheets with lateral 

sizes ranging from nanometers to microns. A clear and high magnification image (e) shows the 

edges and basal planes of rGO sheets. The higher magnification was used to distinguish the 

individual rGO sheets (image e). Image (f and g) shows distribution of the NiO nanorods on rGO 

sheets. The rGO sheets covered with NiO nanorods may be due to opposite charges as is evident 

by zeta potential studies (Fig. S1) indicating that the rGO sheets can be used as platform for 

decoration of nNiO. The decoration of NiO nanorods on rGO surface can be clearly seen from 

higher resolution images (h) and (i). The image (i) shows a tendency to attach of NiO nanorods 

with the edges of rGO sheets. 
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The elemental analysis of nNiO and rGO-NiO was conducted using energy-dispersive X-

ray (EDX) analysis. The EDX spectra confirms the existence of Ni (image b) and O2 elements 

(Fig. S4, a) in nNiO sample. In spectra (b), the presence carbon due to functional groups in rGO-

nNiO matrix. For quantitative EDX analysis, the weight percentage of nickel and oxygen are 

found to be 80% and 20%, respectively, in nNiO sample (image c). In rGO-NiO, an additional 

40% carbon weight percentage appeared due to the functional groups like −OH, C=O, C−O−C, 

C−O−OH etc. in rGO sample (image d).  

Figure 4 shows the transmission electron microscopic (TEM) images of chemically 

synthesized rGO sheets, nNiO and rGO-NiO composite. The randomly oriented NiO nanorods 

with low aspect ratio ~5 reveal elongated nanostructure (image a). The high resolution image of 

NiO nanorods is shown in image (b). The lattice fringes of the nNiO indicates highly crystalline 

in nature (image c), however, the moire fringes are also seen in nNiO sample. The spacing of 

lattice fringes for (200) plane is found as 0.20 nm revealing anisotropic growth of the nNiO 

along (200) direction. In image (d), the rGO planar sheets are observed clearly indicating higher 

surface-to-volume ratios and morphological 2-dimensional structure of rGO sheets is well 

maintained. The thick and thin layer of rGO sheets are shown in image (d). With incorporation of 

rGO sheets, the nNiO decreases their agglomeration (image e) and image (f) shows its high 

magnification image. In electron diffraction pattern of rGO sheets (inset of image d), two planes 

(002) and (004) can be observed due to crystalline structure of rGO, which is also supported by 

the results of the XRD studies.  

Electrochemical characterization. The cyclic voltammetric (CV) studies have been conducted 

on rGO, mesoporous rGO-NiO and after antibodies functionalized electrodes using [Fe(CN)6]
3-/4- 

as a redox couple at scan rate of 30 mV/s in a potential range of -0.7 to +0.7 V (Fig. 5i). The 

rGO-based electrode shows well-defined oxidation and reduction peaks due to redox 
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conversation of [Fe(CN)6]
3-/4- indicating that the electrode follows the Nernst equation. The 

peak-to-peak potential separation (ΔE) for rGO is estimated as 0.24V for rGO electrode. This 

potential separation (ΔE) is found to be increases to 0.33 V for mesoporous rGO-NiO electrode. 

This may be due to positively charged nNiO which can attract more negatively charged electrons 

from bulk solution.48 The oxidation current for mesoporous rGO-NiO electrode is found to be 

several times higher (516 µA) than that of the rGO electrode (118 µA). The nNiO grafting onto 

rGO sheets improves its electrochemical properties due to its synergistic effect. Liu et al. 

observed that incorporation of the zirconium oxide onto graphene enhanced its electrochemical 

properties due to fast and reversible redox reactivity.49 After antibody conjugation with rGO-

NiO, current decreases to 388 µA indicating that the antibody immobilized electrode is found to 

be less conductive compared to rGO-NiO electrode due to inherent insulating properties of 

antibodies. This confirms that the mesoporous feature of rGO-NiO surface can facilitate the 

antibody loading via covalent interactions. On addition of BSA, the oxidation current decreases 

due to insulating nature of BSA molecules that block the non-specific sites on electrode surface. 

Thus, the mesoporous rGO-NiO composite is an ideal material for immunosensing. CV studies 

of the rGO-NiO based immunoelectrode were conducted as a function of scan rate [10-100 

mV/s]. The oxidation peaks are shifted to the positive direction and the reduction peaks potential 

are shifted to the negative direction with increasing scan rate (Fig. S5). The peaks current are 

observed to be higher with increased scan rate indicating diffusion controlled process for a redox 

reaction. The diffusion co-efficient is found to be maximum for mesoporous rGO-NiO electrode 

(7.9 × 10-5 cm2/s) compared to rGO electrode (3.77 × 10-6 cm2/s). However, on AAB and BSA 

immobilization on rGO-NiO surface decreases the diffusion co-efficient to 4.3 × 10-5 cm2/s and 

2.9 × 10-5 cm2/s, respectively. 
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The impedance is a complex resistance encountered when the current flows through 

resistors and capacitors or inductors circuit. The interfacial properties of electrode such as charge 

transfer resistance and capacitance can be investigated using this method. The Nyquist plot can 

be used for quantification of the relative change in charge transfer resistance. The interfacial 

parameters including Rct (charge transfer resistance) and Cdl (double layer capacitance) in 

Nyquist plot of impedance analysis can be obtained from real ) and imaginary ) 

impedance as a function of frequencies. The frequency associated with Rct and Cdl can be 

calculated using Eq.3 

(3) 

where,   is the time constant and  is the maximum frequency. The potential for impedance 

measurements was optimized. The observed impedance spectra of rGO-NiO electrode are shown 

Figure 5ii as a function of potential (0–0.1 V). At low frequency region, the charge transfer 

resistance of rGO-NiO electrode is found to increase with increasing potential. This indicates 

that electron transfer kinetics of the redox conversation at low frequency can be controlled by 

applied potential or polarization potential. Thus, 0.1 V has been optimized for biosensing. 

Figure 5iii shows the EIS spectra obtained for various electrodes. A higher value of 

charge transfer resistance was observed in case of rGO electrode (5 kΩ) compared to rGO-NiO 

composite electrode (1 kΩ). The available functional groups at rGO perhaps obstruct the electron 

transfer due to redox conversation resulting in higher impedance signal. On the other hand, nNiO 

embedded rGO results in improved conduction properties that may introduce electron conduction 

path for electron transfer from bulk electrolyte solution to ITO electrode resulting in lower 

impedance signal. Introduction of nNiO on rGO sheets results in improved conductive nature of 

electrode which may influence the biosensing characteristics. Further, it has been found that the 
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charge transfer resistance increases on modification of electrode surface by antibody (AAB) and 

BSA. The AAB on the surface of rGO-NiO electrode forms a protein layer due to strong co-

valent interactions, which provide hindrance to the electron transfer from bulk solution leading to 

higher impedance signal (2 kΩ). The bulky protein BSA further blocks the non-specific site at 

electrode surface resulting in higher charge transfer resistance. The effect of incubation 

temperature for immunological reaction between the immobilized AAB on rGO-NiO electrode 

and LDL molecules has been investigated (Fig. 5iv). The EIS spectra were monitored by varying 

temperature from 25 to 45 °C at a bias voltage of 0.05V. A maximum response for Rct occurred 

at an incubation temperature of 25 °C. Thus, an incubation temperature of 25°C to investigate the 

biosensing performance. The biosensor was tested as a function of pH (4.5 to 8). This biosensor 

shows a higher charge transfer resistance value at pH 7.0 as shown in Figure S6 and this pH 

value of PBS solution was chosen for biosensing.   

3.7 Low density lipoprotein detection. The impedance of the electrode/solution interface 

varies when a detectable target analyte is captured by a specific probe. It can thus be utilized to 

detect the change in impedance signal. The EIS is known to be a label-free operation and it does 

not require any tagging reagents. The impedimetric response of this label-free biosensor was 

obtained by varying LDL concentration (0–130 mg/dL) in PBS solution containing [Fe(CN)6]
3-/4- 

mediator. During Faradic impedance measurements, various concentrations of LDL solution 

were added into the electrochemical cell at a constant potential (0.1V) and temperature (25 ˚C). 

The equivalent circuit of the electrochemical impedance system is shown in Fig. 6a (inset). The 

Rct value (indicates electron-transfer kinetics of redox couple at the electrode interface) of this 

biosensor is found to increase with increasing LDL concentration [0-130 mg/dL]. At the rGO-

NiO electrode surface, a layer formation of LDL molecules due to their specific binding of 

immobilized AAB may attributed to hinder the generated electrons from redox couple.  
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A plot between Rct value and LDL concentrations has been shown in Fig. 6b. A 

calibration plot (Fig. 6b, inset) of Rct value and logarithm of LDL concentration (0-130 mg/dL) is 

shown in the inset of Figure 6b. The regression equation for this biosensor is Rct(Ω) = log[0.38] 

kΩ - log [0.81] kΩ mg-1 dL × log [LDL (mg/dL)] with a correlation coefficient of 0.998. The 

sensitivity of this biosensor is calculated to be as 510 Ω (mg/dL)-1 cm-2 with a wide detection 

range of 0-130 mg/dL. The limit of detection (LOD) has been estimated according to IUPAC 

definition using the 3σb/m criteria, where m is slope of the calibration graph and σb is the 

standard deviation of the blank signal. This fabricated biosensor can be used to detect a low 

concentration of LDL (LOD: 0.07 mg/dL) compared to other reported biosensors for 

quantification of LDL molecules [Table S2]. The LOD may be responsible for incorporation of 

nNiO to rGO sheets which improved the loading capacity of immobilized AAB due to its 

mesoporous structure for detection of low concentration LDL in PBS. This biosensor can be used 

to detect higher concentration of LDL (more than 100 mg/dL) after which the sensor response 

becomes saturated. This biosensor was tested with real serum samples containing LDL 

molecules by EIS studies as shown in Fig. 6c. With increasing the concentration of LDL in serum, the 

Rct was found to increase. A comparison plot for real and standard LDL samples is shown in Fig. 6d. The  

absorption of LDL molecules on the surface of sensor by their specific interaction between antibody-LDL 

molecules that obstructs the charge transfer from redox reactions in PBS results in enhanced Rct. Table 1 

summaries the Rct values obtained for the this biosensor using real and standard LDL concentration with 

relative standard deviations (RSD). With low RSD’s for each concentrations measurements leading to 

high performance of the rGO-NiO composite in this biosensor. These results indicate that the biosensor 

can be used to detect LDL concentration in human serum samples in a physiological range of human 

serum samples (<129 mg/dL).  

The LDL molecules contain a hydrophobic core of cholesteryl ester that is coated with 

phospholipids, cholesterol and apo-protein. The negatively charged LDL molecules (isoelectric 
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point of LDL is about 5.4 at pH of 7.0) due to coating of phospholipids may repel electrons 

generated from redox reaction of [Fe(CN)6]
3-/4- resulting in increased the charge transfer 

resistance. The biosensing characteristics of fabricated rGO-NiO based bioelectrode along with 

those reported in literature are summarized in Table S2. Figure S7 shows a transient plot for 

monitoring impedance with detection time in presence of LDL (30 mg/dL) molecules. The 

impedance is found to be maximum in 100 s, this may be due to that the intrinsic property of 

mesoporous rGO-NiO composite platform. For stability, the EIS measurements were conducted 

using the fabricated biosensor in presence of LDL molecules with an interval of 7 days (Fig. 7a 

and b). Figure 7a shows the overlays of EIS curves and calculated Rct values as a function of 

number days. The response of this immunosensor decreased to 90.3 % of initial response (Rct) 

after 35 days. A low RSD (4%, mean=1.69, n=5) of this fabricated biosensor indicates an 

excellent stability. This may be assigned to strong covalent interactions of AAB on functional 

mesoporous rGO-NiO composite. The reproducibility studies were conducted by repeating the 

experiment with four different biosensors that prepared under similar conditions. These 

electrodes show an average standard deviation of 4% (Fig. 7c). This confirms that a good 

reproducibility of the biosensor was achievable for the detection of LDL molecules. 

To determine selectivity, the effect of analytes including free cholesterol, total cholesterol 

and triglyceride for this sensor was investigated using EIS technique. The EIS curves and 

corresponding Rct values are shown in Fig. 8a and b, respectively. With LDL molecules, the 

biosensor shows a high Rct value as compared to the response of sensor without LDL molecules 

indicating absorption of LDL molecules on the sensor surface. In presence of the free and total 

cholesterol molecules, this sensor did not any significant change in its response. However, a 

minor change (7.1 %) was observed in case of triglyceride molecules. An average standard 

deviation of 6.5% with exposing different interferents indicates good selectivity of this sensor. 
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4. Conclusions 

We have fabricated a label-free, low cost, reproducible and sensitive biosensor for routine 

quantification of LDL molecules. A mesoporous defect-less rGO-NiO composite has been 

utilized to conjugated antibody (AAB) via co-valent amide bond (CO-NH) which has been 

investigated by FT-IR analysis. The spectroscopic Raman mapping studies reveals the 

confirmation of the defect-less, functionalization and few-layers (about 4-layers) of rGO sheet in 

synthesized composite. The shape, size and morphology of nNiO and rGO sheets have been 

studied by electron microscopy. The specific surface area (134.3 m2/g) of the synthesized rGO-

NiO composite by BET analysis and the pore size distribution indicates the presence of 

mesopores compared to micro and macropores. The rGO sheets provide a suitable platform for 

the distribution of nNiO which improve the diffusion co-efficient and heterogeneous electron 

transfer resulting in higher sensitivity and selectivity of this biosensor. This biosensor shows fast 

detection time (100 s), a lower limit of detection (0.07 mg/dL) and can be used to detect a minute 

concentration of LDL molecules. The mesoporous structure and available functional groups of 

rGO in this biosensor shows excellent stability and reproducibility. The efforts should be made 

to utilize this platform for detection of other biomolecules such as VLDL and cholesterol. This 

mesoporous rGO-NiO based biosensor has a high potential for the point-of-care diagnostics 

application. 

Supporting Information 

Zeta potential investigations for nNiO, rGO sheets, and rGO-NiO composite, thickness 

measurement of rGO-NiO composite by optical profilometry, UV-visible studies, energy-

dispersive X-ray studies for elemental confirmation, scan rate studies for fabricated 

immunoelectrode, study for biosensor activity at different pH, a transient plot for detection time 
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with impedance, and tables for pore size distribution from BET data, and comparison of this 

biosensor with reported literature. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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Figures 

 

Schematic 1. The functionalization of rGO-NiO composite with antibody for detection of low 

density lipoprotein. 
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Figure 1 The N2 adsorption and desorption isotherms of rGO-NiO, inset shows the pore size 

distribution curve of rGO-NiO composite (a), Raman (b) and FT-IR (c) studies of fabricated 

films and XRD studies of rGO and rGO-NiO composite (d). 
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Figure 2 Spectroscopic Raman mapping rGO-NiO composite. Image (a) is simple optical 

micrograph of nNiO with rGO sheets and (b) the colourful intensity image of various peaks (D, 

G, and 2D). (c) 2D and (d) 3D optical profilometric image of rGO-NiO composite.  
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Figure 3 FESEM images of NiO nanorods (a and b), FESEM image of rGO sheets (c, d and e), 

rGO-NiO composite (f and g), and high resolution image of rGO-NiO composite (h and i).  
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Figure 4 TEM images of NiO nanorods (a and b), atomic scale image of NiO nanorods (c), TEM 

image of rGO sheets (d), inset of (d) showing selected area electron diffraction pattern of rGO, 

rGO-NiO composite (e), and higher resolution image of rGO-NiO composite (f).  
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Figure 5 CV of various electrodes at 30 mV/s in PBS at pH 7.0 containing 5 mM of [Fe(CN)6]
3-

/4- as a redox species (i), EIS spectra of rGO-NiO electrode as a function of potential (ii), EIS 

measurements of various fabricated electrodes (iii) and EIS spectra of rGO-NiO based 

bioelectrode as a function of temperature (iv). 
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Figure 6. EIS response study of the biosensor as a function of LDL concentration at 0.1 V (a) 

and the plot between the Rct value and LDL concentration (b), inset shows its logarithm plot of 

sensor calibration. (c) EIS response of fabricated biosensor as a function of LDL concentration 

5-130 mg/dL in blood serum samples and (c) comparison plots of the Rct values with LDL 

concentrations for real and standard samples. 
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Figure 7. (a) The fabricated immunosensor has been tested for 35 days and electrochemical impedance 

spectra in presence of LDL molecules (60 mg/dL) and (b) the plot between obtained Rct values verses 

number of days. (c) The plot for immunosensors responses with number repeated electrodes. 
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Figure 8. (a) The EIS spectra for selectivity studies of the fabricated biosensor. The concentration of free 

cholesterol, total cholesterol, and triglyceride were set to 150 mg/dL. These interfering molecules were 

mixed with 90 mg/dL of LDL molecules. (b) Corresponding Rct values plot with different interferents. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. The sensor performances for quantification of real and standard LDL concentrations. 

LDL concentration 

(mg/dL) 

Value of Rct obtained with 

standard solution (Ω) 

Value of Rct obtained 

with serum sample (Ω) 

% RSD 

5 1220 1260 2.28 

15 1330 1360 1.58 

30 1620 1610 0.44 

60 1850 1890 1.51 

90 1990 1920 2.90 

130 2100 1940 5.60 
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