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ABSTRACT 

 A new approach for the one-pot synthesis of reduced graphene oxide-dendritic Pd 

nanoparticle (rGO-nPd) hybrid material and the development of biosensing scaffold for the 

amperometric sensing of H2O2  and total cholesterol in human serum are described. In situ 

reduction of both graphene oxide (GO) and PdCl4
2-

 in acidic solution was achieved with Zn to 

yield rGO-nPd hybrid material. The oxygen containing functionalities of GO were reduced by 

the liberated atomic hydrogen in 20 min. The formal potential of Zn/Zn
2+

 and PdCl4
2-

/Pd couples 

favor the facile reduction of PdCl4
2-

.
 
The in situ produced Pd nanoparticles behave like hydrogen 

sponge and increase the local concentration of atomic hydrogen. Biosensing platform for H2O2 

and cholesterol in human serum and butter sample was developed using the hybrid material. 

Amperometric sensing of H2O2 at 0.2 nM level without any redox mediator or enzymes in neutral 

pH is demonstrated. The cholesterol biosensing platform was developed by integrating 

cholesterol oxidase and cholesterol esterase with the hybrid material. The biosensor is highly 

sensitive (5.12 ± 0.05 μA/μMcm
2
)
 
and stable with a fast response time of 4s; it could detect 

cholesterol ester as low as 0.05 µM (S/N=3). The biosensor is successfully used for the analysis 

of total cholesterol in human serum and butter. 

Keywords 
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1.  Introduction 

The design and development of amperometric sensing and biosensing platforms for the 

quantification of bioanalytes such as H2O2, one of the reactive oxygen metabolites, in cellular 

environment and cholesterol, uric acid, etc. in biological fluids is of great interest in biology and 

biomedicine. H2O2 has dual role in the physiological system and it has been considered as a 

“necessary evil” (Rhee et al., 2006; Dröge et al., 2007; Sevanian et al., 1985). It involves in the 

normal function of cell signaling and it is a killing agent released from immune cell. However, 

its abnormal generation causes the oxidative stress and is associated with ageing, cancer and 

Parkinson’s and Alzheimer’s diseases (Li et al., 2011). The precise quantification of H2O2 in 

cellular environment is of broad interest for the diagnosis and monitoring of the diseases. On the 

other hand, cholesterol and its fatty acids esters are the primary constituents of all mammalian 

cells, and is also precursor for the biosynthesis of steroid hormones, vitamin D and bile acids 

(Myant et al., 1981).
 
The undesired accumulation of cholesterol in serum leads to serious life 

threatening diseases like coronary heart diseases, cerebral thrombosis, myocardial infarction, 

hypertension and atherosclerosis. The normal concentration of total cholesterol in serum for a 

healthy person should be less than 200 mg/dL (<5.17 mM). The borderline high value of total 

cholesterol is defined as 200-239 mg/dL (5.17-6.18 mM) and the high value is above 240 mg/dL 

(≥6.21 mM) (Motonaka et al., 1993). The colorimetric methods have been traditionally used for 

the sensing of these bioanalytes. The poor sensitivity, selectivity and reliability of these 

conventional methods demand for alternative procedures or sensing devices for the 

quantification of the analytes without compromising the sensitivity and selectivity. The 

electrochemical methods are of great interest and received significant attention in the biosensor 



4 

 

and bioelectronic industries. The transducers based on metal nanoparticles are known to have 

enhanced sensitivity, selectivity and fast response time towards H2O2 and other metabolites 

(Safavi et al., 2007; Karam et al., 2008; Hrapovic et al., 2008; Yang et al., 2006; Lu et al., 2008). 

Among these, Pt and Pt-based alloys have been widely used in the past and good sensitivity and 

low detection limit have been achieved (Hrapovic et al., 2008; Yang et al., 2006; Lu et al., 2008). 

One of the major concerns with the Pt-based catalysts is that they require high detection potential 

(>0.4 V vs Ag/AgCl), which actually invites interference due to coexisting other easily 

oxidizable analytes. As the biological fluids such as serum contains high concentration of other 

analytes, protein, etc., it is desirable to develop a sensing platform which can be operated at low 

potential for the measurement of H2O2, cholesterol, etc. The nanostructured Pd with suitable 

shape and morphology can be an ideal choice due to its high catalytic activity, high abundance 

and relatively cheaper than Pt.  

Synthesis of new multifunctional materials is of great interest in the development of 

biosensors and bioelectronic devices (Pumera et al., 2011; Wang et al., 2013; Lightcap et al.). 

The functional materials required for the development of such devices should have high 

electronic conductivity, mechanical strength, flexibility and good biocompatibility. The organic-

inorganic hybrid materials derived from one atom thick graphene or reduced graphene oxide 

(rGO) and metal/metal oxide nanostructures are very promising for biosensing and bioelectronic 

applications, as they can provide ideal environment for the redox proteins and enzymes (Raj. 

2013; Wang et al., 2013; Zan et al., 2013; Cui et al., 2013). The exceptional electronic 

conductivity, mechanical strength, biocompatibility, large accessible surface area and flexibility 

of rGO make it an excellent candidate in the development of biosensors (Raj et al., 2013; Wang 



5 

 

et al., 2013; Zan et al., 2013; Cui et al., 2013). The hybrid material of rGO and transition metal 

nanostructures is anticipated to show outstanding biosensing performance in terms of sensitivity, 

low detection limit, fast response time, etc. The metal nanostructures supported on the 

electronically conductive rGO sheets can efficiently catalyze the electrode reaction and hence 

high sensitivity and fast response time can be achieved (Zhu et al., 2010). The enhanced 

performance of the biosensors based on metal nanoparticles decorated rGO sheets has been 

recently documented in the literature (Tian et al., 2013; Artiles et al., 2011; Gutés et al., 2012). 

Traditionally, the rGO-metal nanoparticle hybrid materials are synthesized by two-step 

approach involving the reduction of GO to rGO and metal precursors to corresponding zero 

valent metals followed by the mixing of both rGO and metal nanoparticles under optimized 

condition (Fang et al., 2010). One of the major disadvantages in the two-step approach is the re-

stacking of the exfoliated individual rGO sheets. The hybrid materials have also been obtained 

by the reduction of metal precursors in the presence of rGO (Guo et al., 2010). Another 

interesting approach for the synthesis of rGO-metal nanoparticle is the in situ reduction of both 

GO and metal precursor in one-pot. The reducing agents capable of reducing both GO and metal 

precursors are critically required in this approach. The advantages of this approach is that the (i) 

unwanted restacking of rGO sheets can be avoided, (ii) uniform distribution of nanoparticles on 

the rGO sheets can be achieved and (iii) GO/rGO can function as a template for the growth of 

metal nanoparticles. The nature of reducing agent and the reaction conditions are known to play 

key role in controlling the reduction of oxygen functionalities of GO and regulating shape and 

morphology of the metal nanoparticles. The controlled reduction can yield anisotropic metal 

nanostructures. Various chemical methods with different reducing agents such as hydrazine, 
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sodium borohydride, ascorbic acid, metals, etc. have been used in the past for the reduction of 

GO (Guo et al., 2010; Yang et al., 2011; Jin et al., 2010; He et al., 2011; Barman et al., 2013; 

Prashant et al., 2010). Most of these methods are time consuming and involve toxic reducing 

agents and non eco-friendly solvents or hydrothermal conditions. The harsh reaction condition is 

known to introduce unwanted defects in the rGO sheets and severely alter the properties. 

Development of room temperature eco-friendly methods for the synthesis of rGO-metal 

nanoparticle hybrid materials for biosensing application is desired in order to retain the integrity 

of the individual components. 

Herein we describe a new eco-friendly method for the synthesis of catalytically active 

hybrid material based on rGO and Pd nanoparticles (nPd) and the development of sensitive 

amperometric sensing platform for the low potential detection of H2O2 and cholesterol ester. The 

rGO-nPd hybrid material is able to sense H2O2 at the potential of ~0.25 V, which is significantly 

lower than the traditional Pt-based catalyst. The cholesterol biosensing platform was developed 

by integrating the enzymes with the hybrid material. 

2. Material and methods 

2.1. Reagents and materials  

Graphite powder (<45 micron, >99.99%), H2O2 (30%), K2PdCl4, Nafion
®
 (5 wt % 

solution in lower aliphatic alcohol containing 15-20% water), cholesterol, cholesteryl stearate, 

uric acid (UA), ascorbic acid (AA), ethanol (99.9%), ChOx (from Streptomyces sp., 54 

units/mg), and ChEt (from Pseudomonas fluorescens, 13.16 units/mg) were obtained from 

Sigma-Aldrich and used as received. All other chemicals used in this investigation were of 
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analytical grade (99.9%). Phosphate buffer solution (PBS, 0.1 M) of pH 7.2 was used as 

supporting electrolyte for all voltammetric and amperometric measurements. All the solutions 

used in this investigation were prepared with Millipore water (Milli-Q system). Zn filings (≥ 

99%) of average size ~0.5 cm with thickness of ~1 mm were used in this investigation. 

2.2. Material Characterization  

FTIR measurements were performed with Perkin Elmer FTIR spectrophotometer RX1. 

KBr pellet were used to prepare the samples for FTIR measurements. Raman measurements were 

carried out with a HORIBA JOBIN YVON (France, model no. T64000) equipped with a peltier-

cooled CCD detector. The samples were excited with an air cooled argon ion laser of wavelength 

514.5 nm with power 120 mW. XRD analysis was carried out with Panalytical high resolution 

X’pert PRO X-ray diffraction unit using Ni filtered CuKα (λ = 1.54 Å). Powder samples were 

directly used for the XRD measurements. XPS measurements were performed with PHI 5000 

VersaProbe II scanning XPS microprobe (ULVAC-PHI, inc.) using the energy source Al (Kα, 

hν=1486.6 eV). The spectra were analyzed using casaXPS software. TEM measurements were 

performed with Analytical TEM (FEI-TECNAI G2 20S-TWIN) instruments operating at 200 kV. 

Energy-dispersive X-ray spectroscopic (EDX) measurement was carried out with FEI TECNAI-

G2-20S-TWIN instruments with EDAX-EDS attachments (Model No. 942409761751, Standard-

2). Carbon-coated copper grid (Pelco International, USA) was used for the sample preparation. 

All the voltammetric and amperometric measurements were carried out with CHI643B 

electrochemical analyzer attached to a Faraday cage/current booster (CH Instruments, Austin, 

TX). A two-compartment three-electrode cell with a glassy carbon electrode (GCE) working 

(0.07 cm
2
), a platinum wire auxiliary and Ag/AgCl (3 M KCl) reference electrodes was used in 



8 

 

all the voltammetric and amperometric measurements. Miniaturized biosensor was performed 

with disposable screen printed electrode (SPEs, Dropsens, Spain) with small volume (50 L) of 

electrolyte. The SPE is equipped with a carbon working (4 mm diameter), counter and silver 

reference electrodes. The SPEs were connected to the potentiostat using a DRP-DSC connector 

(Dropsens, Spain). 

2.3. Synthesis of GO and rGO-nPd  

GO was synthesized according to modified Hummer’s method (Hummer et al., 1958; 

Kovtyukhova et al., 1999) by the exfoliation of graphite. Briefly, 50 mL concentrated H2SO4 was 

slowly added to a mixture of graphite powder (1 g) and NaNO3 (1 g) in a 500 mL round bottom 

flask at 0 
°
C. Solid KMnO4 (6 g) was added to the reaction mixture at <5 

°
C and the mixture was 

stirred continuously for 1 hr at room temperature. Water (200 mL) was slowly added to the 

mixture and the stirring was continued for another 15 min. Then 30% H2O2 solution was added 

to the reaction vessel until the gas evolution was ceased. The resulting mixture was centrifuged 

in an ultra centrifuge to remove the unexfoliated graphite and oxidizing agents. The residue was 

then washed repeatedly with 5% HCl solution until the washing solution give negative test for 

the presence of sulfate ions with BaCl2 solution. The residue obtained after repeated washing 

was further washed with copious amount of Millipore water and dried in vacuum to get the 

yellow brown solid of GO.  

The rGO-nPd hybrid material was synthesized by the in situ reduction of both GO and 

Pd(II) in acidic solution using Zn. Typically, first GO (10 mg) was dispersed in 4 M H2SO4 (10 

mL) containing K2PdCl4 (1 mM) by ultrasonication for 30 min. Then, solid Zn fillings (1.0 g) 
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was slowly added to the reaction mixture and stirred vigorously for 20 min. During the addition 

of solid Zn fillings, the yellow brown color of the reaction mixture turned to black. The black 

colored rGO-nPd hybrid material was collected by centrifugation with an ultra centrifuge. The 

supernatant solution was colorless and it does not show any characteristic spectral band for the 

K2PdCl4, confirming the complete reduction of the precursor and adsorption of Pd nanoparticle 

on the surface of rGO. The rGO-nPd hybrid material was washed repeatedly with millipore water 

and dried at room temperature under vacuum. The amount of nPd in the hybrid material was 106 

mg/g. The hybrid material with different loading of nPd was obtained by changing the 

concentration of K2PdCl4 with same amount of GO (1 mg/mL of water).   

2.4. Fabrication of Biosensors 

GCE or SPEs were used as a conducting substrate for the development of biosensing 

platform (Scheme S1). The GCE was first polished to mirror finish alumina slurry and washed 

repeatedly with Millipore water followed by sonication in water for 10 min. The rGO-nPd hybrid 

material (1 mg) was mixed with 1 % (v/v) of ethanolic Nafion


 solution and sonicated for 5 min 

to get homogeneous dispersion. This suspension (5 µL) was drop casted on the cleaned GCE and 

dried at room temperature for 1 h. The dried electrode was subjected to electrochemical 

measurement and it was stored in PBS at 4 °C when not in use. For the biosensing of total 

cholesterol, the enzymes ChOx (10 mg) and ChEt (5 mg) were mixed with 10 µL 0.01 M PBS 

and stored at 4 °C. An aliquot of 5 µL of the enzyme mixture was drop casted on the rGO-nPd 

modified GCE and dried at 4 °C for 6 h. For the amperometric sensing of total cholesterol with 

SPEs, the working electrode of the screen printed strip was modified with rGO-nPd hybrid 
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material as in the case of GCE. The amperometric measurements using SPEs were performed 

with 50 L of 0.1 M PBS as supporting electrolyte. 

2.5. Sample preparation  

The serum samples were collected from B. C. Roy Technology Hospital, IIT Kharagpur 

for the analysis of total cholesterol. The serum sample was diluted to 10 times with PBS to avoid 

the matrix effect and used directly for amperometric measurements. Cholesterol from 

commercially available butter sample was extracted according to the literature procedure (Peña 

et al., 2001). Briefly, 7.5 g of the butter sample was mixed with 20 mL of 1 M KOH and 10 mL 

of EtOAc. The resultant mixture was refluxed for 30 min under constant stirring. The insoluble 

residue was rejected after centrifugation in an ultra centrifuge and volume was adjusted to 50 mL 

by EtOAc. This solution was directly used in the amperometric measurements of total cholesterol 

in butter sample.    

3. Results and discussion 

3.1. Synthesis of rGO-nPd hybrid materials  

The hybrid material was synthesized by one-pot approach at room temperature using Zn 

and mineral acid. Scheme 1 depicts the plausible mechanistic pathway for the reduction of GO 

and PdCl4
2- 

by metallic Zn in acid medium. Zn is capable of effectively reducing the oxygen 

containing functionalities of GO [Dey et al., 2012] at room temperature in 2 h (Figure S1) in the 

absence of PdCl4
2-

. However, in the presence of PdCl4
2-

, the reaction is highly facile and 

complete reduction of GO was achieved in 20 min. In the absence of Zn, PdCl4
2-

 could not 
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reduce GO, even after prolonged stirring, indicating the vital role of Zn in the reaction. The 

examination of the formal potential of Zn
2+

/Zn (-0.763 V) and PdCl4
2-

/Pd (+0.92 V) clearly 

indicates that Zn is thermodynamically capable of reducing PdCl4
2-

 to Pd instantaneously. It was 

observed from a control experiment (absence of GO) that Zn instantly reduces PdCl4
2-

 to Pd. 

Addition of Zn to the reaction mixture containing GO and PdCl4
2- 

in acidic solution, instantly 

reduces PdCl4
2- 

to Pd(0) and generate large amount of nascent hydrogen. It is well known that Pd 

is capable of absorbing hydrogen 900 times more than its volume (Weast et al., 1983-1984) and 

it can soaks up hydrogen like a sponge. The newly born nPd in the reaction mixture actually 

function as sponge for hydrogen and facilitates the reduction of oxygen containing functionalities 

of GO by increasing the local concentration of atomic hydrogen. As the presence of nPds 

essentially increases the local concentration of hydrogen, the complete reduction of GO was 

achieved in 20 min time. Moreover, it has been established earlier that the hydrogen intercalated 

Pd is a powerful reducing agent (Cheng et al., 1997). In the present case, either the in situ 

generated nascent hydrogen or the hydrogen intercalated Pd efficiently reduces the oxygen 

functionalities. The involvement of both routes cannot be ruled out. 

3.2. Characterization of GO and rGO-nPd  

To understand the progress of the reduction of GO, time-dependent FTIR spectral 

measurements were performed (Figure 1(a)). The spectra of GO shows the characteristic 

stretching frequencies for oxygen containing functional groups such as C=O (1720 cm
-1

), O-H 

(3410 cm
-1

), alkoxy C-O (1050 cm
-1

), epoxy C-O (1227 cm
-1

) and carboxylic C-O (1320-1210 

cm
-1

). Gradual decrease in the intensity of characteristic peaks corresponding to all oxygen 

functionalities was observed during the progress of the reaction. All the peaks for oxygen 
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functionalities completely disappeared within 20 min, confirming the reduction. It should be 

noted here that the reduction requires 2 h in the absence of PdCl4
2-

 (Figure S1 in the ESM).
 
The 

new peak observed at 1548 cm
-1

 is attributed for the skeletal vibration of the reduced GO 

(Nethravathi et al., 2008). The Raman spectra of GO show the D and G bands at 1370 and 1605 

cm
-1

, respectively (Figure 1(b)). The chemical reduction of GO is known to shift these bands to 

lower wave number and enhances the intensity ratio (ID/IG). As expected these bands shifts to 

1356 and 1586 cm
-1

 and ID/IG value increases to 1.14 from 0.88, indicating the chemical 

reduction process altered the structures of GO with a plenty of structural defects [Moon et al., 

2010]. The significant enhancement in the ID/IG ratio of rGO indicates the decrease in the 

average size of sp
2
 domain upon reduction of the exfoliated GO (Zhu et al., 2008; Stankovich et 

al., 2007). Moreover, in agreement with the earlier literature the Raman spectrum of rGO shows 

2D and S3 bands at 2730 and 2943 cm
-1

, respectively, confirming the better graphitization after 

reduction (Nethravathi et al., 2008; Wang et al., 2009). The XRD profile of GO shows a peak at 

2θ=10.5, corresponding to the (002) plane of GO (Figure 1(c)). After reduction this peak 

completely vanished and a new peak at 2θ=22.8 corresponding to (002) plane of rGO was 

observed, indicating the successful conversion of GO to rGO. The XRD profile of rGO-nPd 

shows signature for (111), (220), (200), (311) and (222) planes of Pd along with (200) plane of 

rGO (Figure 1C). The GO and rGO-nPd hybrid material were further characterized with X-ray 

photoelectron spectroscopic (XPS) measurements (Figure 2). The survey scan spectra of GO 

shows two peaks at 285.5 and 531.1 eV corresponding to the C 1s and O 1s electrons. On the 

other hand, survey scan spectra of rGO-nPd shows two new peaks at 335.8 and 341.0 eV along 

with the C 1s and O 1s electron (Figure S2). The deconvoluted C 1s spectra of GO show three 
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peaks centered at 284.6, 286.5 and 287.8 corresponding to the C=C/C–C, C–O/C=O and O–C=O 

functionalities (Lu et al., 2008), respectively (Figure 2(a)). However, a dramatic decrease in the 

intensity of C 1s peaks at 286.5 and 287.8 eV for the rGO-nPd hybrid material was observed, 

confirming the removal of oxygen functionalities (Figure 2B). The peaks centered at 335.8 and 

341.1 eV in the deconvoluted XPS spectra for Pd (0) are assigned for the Pd 3d3/2 and Pd 3d5/2, 

respectively (Figure 2(b), inset) (Lee et al., 2013). 

The transmission electron microscopic (TEM) measurement shows the presence of both 

nPds and rGO sheets. The nPds have dendritic structure with the branch width of ~50 nm. The 

magnified image shows that the dendritic nanostructures actually composed of small Pd 

nanocrystals (Figure 3(a), (b), (c)). GO/rGO in the reaction mixture actually functions as a 

template and favors the growth of dendritic Pd nanostructure. The high resolution TEM image 

shows the d-spacing of 0.23 nm (Figure 3(d)), corresponding to the (111) plane of face centered 

cubic lattice of Pd. The selected area electron diffraction image shows spotty pattern and are 

indexed to the (111), (220), (200), (311) and (222) planes of Pd (Figure 3(e)). The energy 

dispersive spectral profile confirms the presence of both Pd and C. The relative atomic 

percentage of Pd and C was 4.82% and 95.18%, respectively (Figure S3 in the ESM). The 

electrochemically accessible surface area of the nPd was estimated by cyclic voltammetry in 0.5 

M H2SO4 solution (Figure S4) according to literature procedure (Rand et al., 1971) and was 2.24 

cm
2
. The large surface area can be ascribed to the dendritic morphology of the particles and its 

wide distribution throughout the surface of rGO.          
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3.3. Amperometric sensing of H2O2  

The function of oxidase-based biosensors involves the quantification of enzymatically 

generated H2O2 during the enzymatic reaction. The amount of H2O2 generated is directly 

proportional to the concentration of the substrate in the sample. In order to evaluate the 

performance of the transducer based on rGO-nPd in the development of amperometric oxidase-

based biosensors, the voltammetric and amperometric response towards H2O2 was first 

examined. Figure 4(a) displays the voltammogram obtained for the oxidation of H2O2 on rGO-

nPd hybrid material-based transducer. A well-defined voltammetric response for the oxidation of 

H2O2 was obtained at ~0.25 V, which is significantly less positive than the conventional Pt or 

Pd-based materials (Table S1). The Pt-based materials are known to catalyze the oxidation of 

H2O2 at more positive potential (> 0.4 V) (Karam et al., 2008; Chakraborty et al., 2009). The 

voltammetric response of rGO-nPd electrode towards H2O2 is dependent on the loading of nPd. 

An observable increase in the peak current and negative shift in the peak potential was noticed 

while increasing the nanoparticle loading (Figure S5 in the ESM). Highest sensitivity was 

obtained at the loading of 150 µg/cm
2
. Further increment of nanoparticle loading does not 

increase the sensitivity (Figure S5).  

Figure 4(b) shows the amperometric response of rGO-nPd towards H2O2. The potential of 

the electrode was biased at 0.25 V and aliquots of H2O2 was injected at regular intervals. Linear 

increase in the current was observed upon the increasing the concentration of H2O2 from 0.1 mM 

to 17.9 mM and the dynamic range was 0.1 to 33.9 mM (Figure 4(c)). The sensitivity and 

response time of the electrode was 413.7 ± 0.1 μA/mMcm
2
 and 3 s, respectively. Interestingly 

the electrode could detect H2O2 as low as 0.2 nM (S/N=3) (Figure 4(c) inset). The high 
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sensitivity and low detection limit can be attributed to the large surface area and high catalytic 

activity of the hybrid material. The high electronic conductivity of rGO nanosheets and the 

superior catalytic activity of nPds facilitate the electron transfer kinetics for the oxidation of 

H2O2. 

 The coexisting electroactive bioanalytes such as urate (UA) and ascorbate (AA) are 

known to interfere the electrochemical detection of H2O2 as they generally undergo oxidation 

almost at the same potential as H2O2. In order to examine the interference, amperometric 

measurement was performed in the presence of the interfering bioanalytes. Interestingly, no 

amperometric signal was obtained for these analytes implying that they do not interfere the 

amperometric measurement of H2O2 (Figure 4(d)). Moreover, the amperometric signal for H2O2 

does not change in the presence of large excess of the interfereing analytes (Figure 4(d)). As 

Nafion
®
 was used as the binder in the preparation of rGO-nPd transducer, it effectively hinder 

the approach of negatively charged AA and UA by electrostatic repulsion.  

 

3.4. Biosensing of cholesterol ester  

The biosensing of cholesterol ester involves the use of bienzymes, cholesterol esterase 

(ChEt) and cholesterol oxidase (ChOx) and both the enzymes were integrated with the hybrid 

material for the development of cholesterol biosensor. ChEt hydrolyzes the cholesterol ester and 

ChOx catalyzes the oxidation of cholesterol in presence of O2. The enzymatically generated 

H2O2 was detected by the highly sensitive rGO-nPd electrode according to Figure 5(a). Stable 

amperometric response was obtained for every injection of cholesterol ester (Figure 5(b)); the 
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amperometric current linearly increases while increasing the concentration of cholesterol ester (5 

to 80 μM) (Figure 5(c)). The sensing platform shows the dynamic range from 0.005 to 0.14 mM. 

The biosensor could detect cholesterol ester as low as 0.05 μM (S/N=3) (Figure S6 in the ESM) 

and has the response time of 4 s. The sensitivity of the biosensor was 5.12 ± 0.05 μA/μM/cm
2
.  

The high sensitivity and fast response time indicate that the hybrid material and the enzymes are 

highly accessible to analyte in solution. The apparent Michaelis-Meten constant (KM
app

) and the 

maximum current obtained at saturated level of cholesterol ester (Imax) were obtained from 

Lineweaver-Burk plot and was found to be 1.95 mM and 0.14 mA, respectively. The KM
app

 value 

is lower than those of the literature (Yao et al., 1998; Guo et al., 2004; Singh et al., 2004); the 

lower KM
app

 value implies strong affinity of substrate to the enzymes presumably due to the 

hydrophobic nature of the substrate and the surface of the electrode, resulting in a facilitated 

enzymatic reaction. The biosensing response for cholesterol ester was also performed with the 

SPE with 50 μL of 0.1 M PBS. Stable and linear response was observed (Figure S7), 

demonstrating that the hybrid material can be used for the development of disposable biosensor.    

3.5. Stability and reproducibility of the biosensor  

The biosensor has very good operational and long-term storage stability. No significant 

change in the amperometric response was observed during continues operation of the biosensor 

(Figure S8(a)). The long-term storage stability of the biosensor was monitored for 15 days 

(Figure S8(b)). The biosensor was stored at 4 °C after each measurement. Only 2% decrease 

after 5 days and 7.2% decrease after 15 days in the initial amperometric current was observed. 

The reproducibility of the biosensor was evaluated by preparing five individual biosensors in 

different days at identical condition and the amperometric signal was measured. It was noticed 



17 

 

that the relative standard deviation (RSD) of the amperometric current was only 3% (Figure S9 

in the ESM), indicating the excellent reproducibility of the biosensor.     

3.6. Real samples analysis  

In order to evaluate the performance of the biosensor towards real samples, quantification 

of total cholesterol in serum and butter was performed. Five individual measurements were 

performed with each sample and the RSD was calculated from amperometric current. It was 

found that the RSD values are below 3.5%. In order to validate the results obtained with our 

biosensor, the quantification of total cholesterol was performed with traditional clinical 

procedures (Trinder method) (Trinder et al., 1969). It involves the use of the corresponding 

oxidase-based enzymes and color-indicating reagents. The change in the absorbance was 

monitored using spectrophotometer. As shown in Table 1, the results obtained with integrated 

biosensor are in close agreement with clinical results, authenticating the reliability of the 

proposed nPd-rGO-based biosensor.  

4. Conclusions 

We have demonstrated a new protocol for the synthesis of hybrid material based on Pd 

nanoparticles and rGO. Facile reduction of GO was achieved using Zn and Pd precursor. The in 

situ generated nPd essentially increase the local concentration of nascent hydrogen. The in situ 

generated atomic hydrogen and hydrogen intercalated nPd efficiently reduces GO to rGO. The 

as-synthesized rGO-nPd material has high electrocatalytic activity towards oxidation of H2O2 at 

the potential of 0.25 V, which is significantly lower than those of the existing electrocatalyst. 

The hybrid material-based platform is highly sensitive and it could detect H2O2 at sub-nanomolar 
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level without any mediator or enzyme. The biosensor has high sensitivity, stability and it does 

not suffer from the interference due to easily oxidizable electroactive analyte. The oxidase based 

cholesterol biosensor was developed using enzymes ChOx and ChEt. The rGO-nPd biosensor 

shows high sensitivity and very fast response time. The stability and reproducibility of the 

biosensor is outstanding. Practical application of the biosensor is demonstrated by the analysis of 

total cholesterol in human serum samples and butter. The rGO-nPd hybrid material is very 

promising for the development of biosensing platforms.  It is worth to point out here that the 

rGO-nPd hybrid material can also be used in the development of oxidase-based amperometric 

first generation biosensors for other metabolites such as lactate, glutamate, glucose, uric acid, 

etc.  
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Highlights 

 New method for the synthesis of rGO-Pd nanoparticle functional hybrid is 

developed. 

 Amperometric sensing of hydrogen peroxide with detection limit of 0.2 nM is 

achieved. 

 Biosensing of total cholesterol is demonstrated at 0.25 V without any 

interference. 

 Total cholesterol in human serum is quantified.  
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Figures, Scheme and Table 

Scheme 1 

Scheme illustrating the possible mechanism involved in the synthesis of rGO-nPd hybrid material. 
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Figure 1 

Time-dependent FTIR (a) and Raman spectra (b) and XRD profile (c)  obtained for GO (A) and 

rGO-nPd (B). 
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Figure 2 

C 1s XPS profile of GO (a) and rGO-nPd (b). Inset in (b) is the 3d signal of Pd. 
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Figure 3 

TEM (a,b,c) and  HRTEM (d) images and  SAED pattern (e) of rGO-nPd. 
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Figure 4 

Cyclic voltammetric (a) response of rGO-nPd electrode in the absence (1) and in presence (2) of 

H2O2 (2 mM) in PBS. Amperometric (b) response of rGO-nPd electrode towards H2O2. Aliquot of 

H2O2 was injected into the stirred supporting electrolyte (PBS, pH 7.2). Potential of the electrode 

was held at 0.25 V. Inset is the magnified version as indicated by arrow. Corresponding calibration 

plot is shown in (c). Inset in (c) is the amperometric response of the electrode for 0.2 nM H2O2. 

Amperometric (d) response illustrating the interference free sensing of H2O2. Ascorbate, H2O2, and 

urate (2 mM each) were injected at regular interval as indicated. rGO-nPd loading: 150 g/cm
2
. 
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Figure 5  

Figure (a) illustrating the biosensing of cholesterol ester with enzyme integrated rGO-nPd-based 

biosensor. Amperometric (b) response obtained for the sensing of cholesterol ester. Corresponding 

calibration plot is shown in (c). Other experimental conditions are same as in Figure 4. 
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Table 1 Biosensing of cholesterol (total) in human serum and butter samples. 

 

Sample  Sample Measured with Measured by  RSD 

    No.  rGO-nPd biosensor* clinical method  (%) 

     (mg/dL)  (mg/dL) or 

        Commercial value
§
 

Serum   1  130.0   130   3.45  

   2  111.6   122   1.51 

 

Butter   1  0.175
§
   0.18

§
   2.62 

    

RSD: obtained from five individual measurements of each samples 

* Average of five independent measurements 

§
 g/100g 

 

 

 




