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� A novel ferrocene-functionalized

reduced graphene oxide based

electrode.

� Ease of preparation by drop-casting

of Fc-modified graphene and chito-

san mixture.

� Well-defined and exploitable ferro-
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� Sensitive enzymeless detection of

hydrogen peroxide at low potentials.

� Enzymatic Sensitive detection of
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a b s t r a c t

A novel ferrocene-functionalized reduced graphene oxide (rGO)-based electrode is proposed. It was

fabricated by the drop casting of ferrocene-functionalized graphene onto polyester substrate as the

working electrode integrated within screen-printed reference and counter electrodes. The ferrocene-

functionalized rGO has been fully characterized using FTIR, XPS, contact angle measurements, SEM and

TEM microscopy, and cyclic voltammetry. The XPS and EDX analysis showed the presence of Fe element

related to the introduced ferrocene groups, which is confirmed by a clear CV signal at ca. 0.25 V vs. Ag/

AgCl (0.1 KCl). Mediated redox catalysis of H2O2 and bio-functionalization with glucose oxidase for

glucose detection were achieved by the bioelectrode providing a proof for potential biosensing

applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Graphene derivatives are widely used as modifiers of conven-

tional electrodes such as glassy carbon [1,2] and screen-printed

carbon [3,4] electrodes to prepare electrochemical (bio)sensing

devices. Drop casting [5], adsorption [6] and electrodeposition [1]
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are the most popular modification methods. However, modifying

such surfaces with graphene derivatives undergoes a complex

process and would potentially add summative effects to the un-

derlying electrodes [7]. The observed electrochemical behavior is

indeed hard to understand since graphene own contribution is not

clear due to exposed areas of underlying electrodes.

Alternatively, using graphene as a “standalone” electrode ma-

terial is highly regarded to fully exploit the graphene high con-

ductivity. The “freestanding” graphene films are accessible via

numerous approaches including spin coating, vacuum filtration,

pressing graphene aerogel or hydrogel, chemical vapor deposition

and screen and inkjet printing [8e15]. Since the electrode perfor-

mances are intimately related of the ink composition, searching for

inks with suitable properties remains a challenging research task.

Until now, using a graphene oxide (GO)-based ink is still the

dominant strategy for the preparation of graphene films thanks to

its good dispersibility in a large variety of solvents. However, some

of these solvents are toxic and some others need long time to dry

while aqueous dispersion requires surfactants that may need a

further removal step because of their insulating character [15].

Given the insulating nature of GO [16] reduction using hydrazine

[8], thermal annealing [14], electrochemical reduction [3] or laser

irradiation [5] is primordial to regenerate the graphene

conductivity.

So far, many applications of graphene in physics have been

devised [17] but applications in chemistry, biochemistry and bio-

sensing still need development. Despite the huge number of re-

ported electrochemical sensors based on graphene materials [18],

screen-printed graphene electrodes (SPGE) have been only used for

the detection of small biologically relevant analytes. In fact, ascor-

bic acid (AA), dopamine (DA) and uric acid (UA) can be sensitively

and selectively detected by SPGE [19]. Moreover, these electrodes

were used for the sensing of b-nicotinamide adenine dinucleotide,

AA, UA and DA [13]. Still, electrochemical biosensors are difficult to

achieve without the adequate electronic mediator.

Ferrocene is the most used organometallic compound in the

design of electrochemical sensors thanks to its good electro-

chemical behavior [20]. However, there are a limited number of

reports on ferrocene-modified graphene electrodes. Although drop

casting or electrodeposition of ferrocene-functionalized graphene

using covalent or non-covalent methods onto glassy carbon elec-

trodes is interesting [21e24], these methods inherently suffer from

several problems such as the lack of fabrication control. Graphene/

ferrocene composite carbon paste electrode [25] and 1-(4-bromo-

benzyl)-4-ferrocenyltriazole/ionic liquid-modified graphene paste

electrode with renewable surfaces have been prepared [26]. How-

ever, to the best of our knowledge, no ferrocene-functionalized

graphene ink for the preparation of graphene “standalone” elec-

trode has been reported.

Thus, this work proposes a new functionalized rGO electrode for

(bio)sensing application. The [1þ2]-cycloaddition of newly pre-

pared u-azidodiethyleneglycol-a-ferrocenylcarboxylic acid ester

(agFc) and reduced graphene oxide nanosheets yielded highly

water dispersible agFc-rGO nanosheets as schematized in Fig. 1a.

The agFc-rGO mixed with chitosan (CS) forms an excellent elec-

troactive carbon ink for the electrode preparation (Fig. 1b). The new

material has been fully characterized using spectroscopic tech-

niques, electron microscopy, contact angle measurements and cy-

clic voltammetry. The electrodewas used to mediate redox reaction

of H2O2 andwhen it is biofunctionalized with glucose oxidase it can

serve to detect glucose.

2. Experimental

2.1. Materials and methods

Diethylene glycol (>98%), tosyl chloride (>99.5%), sodium hy-

droxide (>99%), HCl (37 wt.%), sodium azide (98%), ferroce-

nylcarboxylic acid (97%), dimethylaminopyridine (DMAP) (99%),

dicyclohexylcarbimide (DCC) (99%), phosphate-buffered saline

(PBS) tablets, chitosan, hydrogen peroxide (30%), glucose oxidase

(from Aspergillus niger), glucose, silica gel 60 mesh, aluminum TLC

plates and all used solvents were of analytical grade purchased

from SigmaeAldrich and used as received. Graphene oxide

(5 mg mL�1) solution was purchased from Angstron Materials (OH,

USA). Deionized water (>18.2 MU cm) used for all the aqueous

preparations was produced bymeans of a Milli-Q, Millipore system.

Cyclic voltammetry (CV), differential pulse voltammetry (DPV)

and chronoamperometry (CA) were recorded using a PC-controlled

Metrohm Autolab PGSTAT 302N electrochemical workstation in

0.1 M PBS solution as supporting electrolyte. Electrochemical

impedance spectroscopy (EIS) measurements were performed in a

0.1 M KCl solution containing 5.0 mM [Fe(CN)6]
4/3� with a fre-

quency ranging from 100 kHz to 0.1 Hz using an Autolab M204

equipped with FRA32 module. Experiments were designed and

data collected using Nova® v 1.10 software.

All inks used for the screen-printing of electrodes were pur-

chased from Acheson Industries (Germany). A sequential method

was used to deposit a graphite-based ink, an Ag/AgCl ink then a

insulating ink on a polyester substrate (Autostat HT5 polyester

sheet, McDermid Autotype, U.K). After the deposition of each layer,

a drying process followed by keeping the polyester substrate at

120 �C for either 45 min (graphite) or 30 min (Ag/AgCl and insu-

lator). Moreover, two kinds of masks were used: one having a blank

working electrode to be used for agFc-rGO electrode preparation

and the other containing a working electrode to print SPCE with a

3 mm diameter.

SEM and (S)TEMmicrographs were recorded using a FEI Quanta

650 FEG Environmental scanning electron microscope and high-

resolution FEI Magellan 400L XHR, respectively. Energy-dispersive

X-ray spectroscopy (EDX) was recorded using Oxford Instruments

Xmax 20 mm2. Mid-infrared spectra were acquired with a Varian

670-IR spectrometer equipped with a DTGS (deuterated tryglicine

sulfate) detector. The spectral resolution used for all experiments

was 4 cm�1 using attenuated total reflection (ATR) mode. Infrared

spectra were recorded in the range of 4000�600 cm�1.

X-ray photoelectron spectroscopy (XPS) measurements were

performed with a Phoibos 150 analyzer (SPECS GmbH, Berlin,

Germany) in ultra-high vacuum conditions with a monochromatic

aluminum Ka x-ray source (1486.74 eV). The energy resolution as

measured by the FWHM of the Ag 3d5/2 peak for a sputtered silver

foil was 0.58 eV. X-ray diffraction (XRD) measurements were per-

formed on a Siemens D-5000 X-ray diffractometer with graphite

monochromatized CueKa radiation. Patterns were recorded over

the 2q range of 10e80� at 40 kV and 40mA. Easy drop contact angle

measuring instrument was used to perform contact angle of the

prepared electrodes.

2.2. Preparation of reduced graphene oxide (rGO) and ferrocene-

functionalized reduced graphene oxide (agFc-rGO) nanosheets

To reduce graphene oxide, 2 mL of commercial GO were mixed

with 8 mL of deionized water to obtain a 1 mgmL�1 solution. Then,

0.5 g of NaOHwas added and themixturewas refluxed for 1 h. After

cooling to room temperature (RT) and centrifugation of themixture

for 30 min, the supernatant was removed, 10 mL of ultrapure water

and 1.25 mL of cc. HCl were added and the mixture was refluxed
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again for 1 h. After cooling to RT, the mixture was separated by

repeated centrifugation and washed with water and acetone,

affording rGO which was further dried in the oven overnight at

60 �C.

rGO (5 mg) and N-methylpyrrolidine (NMP) (5 mL) were placed

in a 10 mL Schlenk flask fitted with a condenser. The mixture was

treated with an ultrasonic bath for 1 h. After the mixture was

bubbled with nitrogen for 15 min, 150 mg of agFc were added. The

mixture was then heated at 160 �C for 24 h under N2 atmosphere.

The solution was allowed to cool to RT then the modified graphene

was separated by repeated centrifugation and washed with

acetone.

2.3. Preparation of agFc-rGO electrode

An amount of 0.2 mg of agFc-rGO was introduced into 50 mL of a

CS solution and the mixture was sonicated for 1 h. Then, 5 mL of the

resulting solution were spread evenly onto the PET in the working

electrode area and allowed to dry at RT. This protocol is used in the

entire work unless otherwise indicated. For the fabrication of

glucose biosensors, 10 mL of the enzyme GOx (20 mg mL�1) dis-

solved in PBS were casted onto agFc-rGO layer and was dried at RT.

A third layer of a 5 mL-CS solution was added and let to dry. The

biosensors were stored at 4 �C when not in use.

2.4. Electrochemical measurements

All electrochemical measurements were carried out in triplicate

by immersing the modified agFc-rGO electrode in 2 mL of N2-

saturated PBS (0.1 M, pH ¼ 7) as the supporting electrolyte. For all

the experiments, the CV curves were measured at a scan rate of

100 mV s�1 for potential range comprised between �0.1 and 0.7 V.

For chronoamperometry, the electrocatalytic detection of H2O2 was

obtained by applying a potential of þ0.6 V for 250 s. The DPV was

performed by scanning in the potential range comprised between

0.0 andþ0.4 V (step potential 10mV,modulation amplitude 25mV,

scan rate 100 mV s�1). After each addition of H2O2 or glucose, the

cell solution was stirred for 60 s. All electrochemical experiments

were carried out at room temperature.

3. Results and discussion

3.1. Preparation and characterization of reduced graphene oxide

The reduction process for the commercial GO sheets was per-

formed in a 2-stepmild thermal annealation using NaOH and HCl to

avoid the incorporation of nitrogen/boron or additional alcohols

into the graphene structure as when hydrazine or sodium boro-

hydride are used [27,28]. Removal of the abundant hydroxyl and

epoxide functionalities was confirmed by FTIR analysis (Fig. 2). In

fact, IR spectrum (a) related to GO shows the presence of various

oxygen functional groups i.e. nOeH at 3500e3000 cm�1, nC]O at ca.

1730 cm�1 and nCeO at 1000e1200 cm�1 and sp2-hybridized C]C

vibrations. In contrast, the IR spectrum (b) of rGO shows that the

intensity of the hydroxyl large band at ~3000e3500 cm�1 and the

CeO band at ~1050e1150 cm�1 are much lower. The persistence of

the carbonyl band at ~1750 cm�1 originated from ketones or qui-

nones as these are stable in basic conditions.

To further explore the composition of the materials, we

resorted to XPS (Fig. 3aeb). The deconvoluted C1s XPS spectrum

shows two large peaks at 284.8 and 286.7 eV corresponding to the

contributions from C]C and CeO of hydroxyl and epoxide func-

tionalities, respectively. Two other small shoulders, appearing at

287.4 and 288.5 eV, are attributed to C]O double bond compo-

nents of carboxyl and ketone functionalities. The chemical

removal of oxygenated functionalities from the GO was confirmed

by the decrease of the ICeO/ICeC ratio, which varies from 1.12 to

0.51.

Fig. 1. a) Schematic method for the preparation of agFc-rGO and b) Preparation of agFc-rGO electrode by drop-casting of agFc-rGO/chitosan composite onto the PET substrate pre-

integrated in electrochemical cell formed by screen-printed reference and counter electrodes.
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TEM of rGO showed evidences of typical multilayer graphene

sheets with wrinkled structures (Fig. 3ced). The contact angle

measurements of GO and rGO were evaluated to be 20.9� and

98.3�, respectively (Fig. S1, ESIy). Apparently, such a hydrophobic

surface of rGO was the result of the obvious loss of oxygenated

groups in GO after reduction. Furthermore, X-Ray diffraction

patterns support the reduction of GO by the shift of the diffraction

peak from 2q ¼ 18.7� (d ¼ 0.47 nm) to 2q ¼ 28.5� (d ¼ 0.31 nm),

suggesting the reestablishment of the conjugated graphene

network (Fig. S2).

3.2. Preparation of the ferrocene-functionalized rGO

3.2.1. Preparation of agFc-rGO

The agFc compound was synthetized in few straightforward

steps using a procedure adapted from literature [29]. To prepare the

mono-azidodiethyleneglycol, a DMAP-catalyzed Steglich esterifi-

cationwas used to introduce the ferrocene group (Scheme S1, ESIy).

Refluxing rGO and agFc in NMP for 24 h yielded highly water-

dispersible agFc-rGO nanosheets as illustrated in Fig. 1a via a

cycloaddition between the nitrene, formed from the alkylazide

decomposition, and the carbonecarbon double bonds from rGO.

3.2.2. Analysis by FTIR and XPS spectroscopy

To further assess the functionalization of rGO, IR spectroscopy

showed the appearance of new vibrational modes related to the

agFc compound such as CeN and CeO bands at ~1050e1150 cm�1

and an hyperchromic effect on the band located at ca. 550 cm�1

related to the Ring-Tilt of torsional vibration of ferrocene [30]

(Fig. 2d). Moreover, the disappearance of the azide stretching

band at ~2100 cm�1 is in favor of the agFc and rGO coupling reac-

tion [31]. Stronger proofs come from the XPS, in fact the wide scan

survey of binding energy shows the presence of nitrogen (N1s at

~401 eV) and iron (Fe2p at ~711 and ~725 eV) that can be ascribed

to the aziridine and the ferrocene moieties, respectively (Fig. S3).

Small amounts of iron oxide (FeOx) are observed at ~709 and

~723 eV and are due the degradation of ferrocene under harsh

conditions of the coupling reaction (Fig. 4a) [32].

Furthermore, more in-depth analysis of the carbon XPS signal

shows the increase of contribution from CeO and CeN in agFc-rGO

comparatively to that from CeO in rGO, the ratio increased to 0.62

from 0.51, which allowed us to conclude the successful incorpora-

tion of agFc (Fig. 4b). The quantification of the Fe-containing

Fig. 2. FTIR spectra of GO (a), rGO (b), agFc (c) and agFc-rGO (d).

Fig. 3. The de-convoluted XPS spectrum of the C 1s peaks for GO (a) and rGO (b); (S) TEM images of the GO (c) and rGO (d).
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compounds based on Fe2p peak was not possible because of the

difficulty to accurately determine the baseline [33]. Moreover, both

GO and rGO spectra revealed the presence of small amounts of

nitrogen that could arise from impurities present in the commercial

GO, and thus quantification of ferrocene moiety based on N1s peak

is also not possible. EDX analysis revealed the presence of Fe, O and

C elements in the agFc-rGO nanosheets (Fig. S4). Despite that agFc-

rGO is highly doped by iron compounds (17.7%), the degree of agFc-

rGO functionalization could not be estimated as Fe element origi-

nates from the coexistence of ferrocene and iron oxide.

3.2.3. SEM and contact angle measurement

SEM images show that the ferrocene-functionalized rGO is

completely crumpled and wrinkled compared to the starting ma-

terial (Fig. 4ced). Despite that the modification with ferrocene

seems to diminish the grain size, themorphology of the unmodified

rGO is still preserved after functionalization. Conversely, the agFc-

rGO could not be easily characterized by SEM, which reveals the

poor conductivity of functionalized rGO. This may be explained by

the fact that [1,2]-cycloaddition leads to a band-gap opening in rGO

and a transition from a semi-metallic to a semi-conducting state

which can be attributed to the modification of the p-conjugated

network that depends on the amount of the introduced aziridine

groups [34]. This poor conductivity may also arise from the un-

covered areas of the insulating PET substrate related to drop-cast-

ing methodology defects. Contact angle measurements showed

that ferrocene-functionalized graphene became more hydrophilic

(64�) compared to rGO (98.3�) (Fig. S1). This result is related to the

increase of the oxidation level in agFc-rGO, already evidenced by

XPS analysis, and is in agreement with results obtained with

covalently functionalized carbon nanotubes [35].

3.3. Preparation of the agFc-rGO electrode

To prepare ferrocene-modified graphene electrode, the opti-

mized amount (Fig. S5) of an aqueous agFc-rGO dispersion was

drop-casted onto the PET substrate directly linked to a graphite

connector and allowed to dry at RT (Fig. 5a). The drop dried into a

ring-like shape, where most of the dispersed solid matter deposits

along the perimeter showing the so-called “coffee-ring” effect. To

circumvent this problem, agFc-rGO was dispersed into a CS solu-

tion. Then, 5 mL of the resulting homogeneous solution was spread

consistently onto PET and allowed to dry, resulting in the formation

of a homogenous working electrode surface (Fig. 5b).

To understand the influence of CS on the conductivity of agFc-

rGO electrode, the electron-transfer kinetics of [Fe(CN)6]
3/4� redox

probe at agFc-rGO electrodes, prepared with and without CS, were

studied using electrochemical impedance spectroscopy (Fig. S6).

EIS plot for the agFc-rGO alone shows two semicircles that may

correspond to the charge-transfer resistance levels at the edges and

at the center (curve a). However, when dispersed in CS solution, the

Nyquist plot shows only one semicircle and a linear portion at low

frequency corresponding to the charge-transfer-limited process

and the diffusion process, respectively (curve b). The experimental

datawere fitted using Randles equivalent circuit model where, RS is

electrolyte resistance, RCT is charge transfer resistance, Cdl is double

layer capacitance and W is Warburg diffusion impedance (inset of

Fig. S6). The parameters extracted are gathered in Table S1. The

charge transfer resistance (RCT) of the agFc-rGO electrode without

CS was 2.98 kU and dropped by almost 30% when CS is added. This

indicates a better electrical conductivity resulting from the better

coverage and homogeneity of the working electrode surface.

To assess the novelty of this concept, two electrodes were

Fig. 4. The higher resolution XPS spectrum of Fe 2p area of agFc-rGO (a); The de-convoluted XPS spectrum of the C 1s peaks for agFc-rGO (b); SEM images of the GO (c) and agFc-

rGO (d).
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prepared by drop-casting the same amount of agFc-rGO dispersion

onto PET substrate and onto carbon working electrode of SPCE to

form agFc-rGO electrode and agFc-rGO-modified SPCE, respec-

tively. As shown in Fig. 6a, bare rGO and SPCE were non-electro-

active within the potential window. However, agFc-rGO-modified

SPCE shows a strong ill-defined CV signal since the peak-to-peak

separation exceeds 400 mV and the E½ potential was located at ca.

300 mV. This signal can be ascribed to the ferrocene moiety since

the graphene-chitosan/nano-Fe3O4 composite [36] and graphene/

Fe3O4 composite [37] do not show redox signals in the selected

potential window which, is another proof of the successful teth-

ering of ferrocene into rGO. As for the agFc-rGO electrode, the

overall current was lower but the ferrocene signal was well defined

and the peak-to-peak separation dramatically decreased to 120 mV

along with the oxidation peak of the ferrocene from 500 to 300 mV

denoting a better electron-transfer. Moreover, the E½ shifted by

50 mV to more cathodic potentials (ca. 0.25 V). The low potential

separation and the ipc-to-ipa ratio close to unity indicate a quasi-

reversible electrode reaction. Stability studies of the agFc-rGO free-

standing electrode exhibits good measurement stability by

consecutive 20-cycle CV test, where the CV signal did not change

and the ferrocene anodic peak current retained 99.8% of its initial

current (Fig. S7). One can conclude that agFc-rGO electrodes are

endowed with better electrochemical features since the signal is

Fig. 5. Photographs of agFc-rGO electrode without (A) and with (B) addition of chitosan.

Fig. 6. a) Comparison of the CV signals obtained at SPCE (a), agFc-rGO modified SPCE (b), rGO electrode (c) and agFc-rGO electrode (d) in pH 7.4 PBS, at 100 mV s�1; b)

Amperometric responses of the agFc-rGO at þ600 mV in pH 7.4 PBS upon addition of 0, 0.5 mM, 1 mM, 5 mM and 10 mM H2O2, Inset: The linear range of H2O2 detection; c) DPV of

the GOx/agFc-rGO electrode in pH 7.4 PBS with different concentrations of glucose from 5 mM to 800 mM at a scan rate of 100 mV s�1; d) The corresponding calibration curves of

GOx/agFc-rGO electrode upon the successive addition of glucose, Inset: The linear range of glucose detection.
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better defined. The use of agFc-rGO allows a better electron-

transfer and avoids interferences from the carbon ink used in the

screen-printing process. The lower current is probably due to the

very low quantity of graphene used for the electrode preparation

(~20 mg) compared to several mg used for screen-printing of carbon

electrodes. Probably, the underlying conductive surface has influ-

ence on the ET rates.

3.4. Application of agFc-rGO electrode in H2O2 mediation

The mediation of H2O2 oxidation and reductionwas studied as a

proof of concept in order to evaluate the electrocatalytic ability of

agFc-rGO electrode and to benefit from the ferrocene for non-

enzymatic H2O2 detection. CV shows that the addition of a large

amount H2O2 induces an increase of both anodic and cathodic

currents of the ferrocene while peak potentials remain unchanged

(Fig. S8) suggesting an oxidation and reduction catalysis of H2O2.

The amperometric responses of agFc-rGO electrode in 1 mM H2O2

at different potentials indicated that higher sensitivity is obtained

at þ600 mV (Fig. S9). The current recorded at this potential is three

times higher than that observed at þ500 mV denoting a potential-

dependent electrocatalytic activity. Graphene-modified basal and

edge plane pyrolytic graphite electrodes are able to lower the

electrooxidation potential of H2O2 [38]. In fact, the oxidation cur-

rent starts rising monotonously at ca. þ600 mV. In our case, at this

potential, we can suggest the simultaneous oxidation of H2O2 via a

ferroc�ene-mediated and a direct graphene-catalyzed processes

explaining the increased sensitivity to H2O2. Upon successive

addition of H2O2, a well-defined steady-state current plateau is

reached rapidly with a wide linear range from 0.001 to 50 mM

(Fig. 6b). The detection limit was estimated to be 0.44 mM (S/N¼ 3),

which is lower than that obtained with ferrocene-functionalized

graphene modified GCE (4.15 mM) [21] and with ferrocene-filled

SWCNTs modified GCE (5 mM) [39]. Moreover, the sensitivity was

calculated to be 1267.32 mA mM�1 cm�2, which is higher than that

of Au NPs@POMeGNSs/GCE (58.87 mA mA mM�1 cm�2) [40] and

RGO/Fe3O4/Au (688.00 mA mA mM�1 cm�2) [41].

3.5. Application of agFc-rGO electrode in glucose biosensing

We also investigated the biofunctionalization of agFc-rGO

electrode with glucose oxidase as a model enzyme. DPV showed an

increase in ferrocene oxidation current upon successive additions

of glucose (Fig. 6c). This behavior can be explained by the largely

admitted Fc oxidation-mediated mechanism according to the

following equations.

GOxðFADÞ þ glucose/GOxðFADH2Þ þ glucolactone (1)

GOxðFADH2Þ þ 2Fcþ/GOxðFADÞ þ 2Fc (2)

2FcðelectrodeÞ þ 2e�/2FcþðelectrodeÞ (3)

The electrocatalytic currents displayed a good linear behavior in

the range from 30 to 600 mM (Fig. 6d). The detection limit and the

sensitivity were estimated to be 20 mM (S/N ¼ 3) and

9.396 mA mM�1 cm�2, respectively. The biosensor exhibits lower

detection limit than that of MWCNT/GO/GOx/GCE (28 mM) [42] and

RGO/Ag/GOx/GCE (160 mM) [43]. Moreover, the sensitivity sur-

passes that of GOxeGQD/CCE (0.085 mAmM�1 cm�2) [44] and RGO/

Ag/GOx/GCE (3.840 mA mM�1 cm�2) [43]. Since the physiological

range of glucose concentrations found in human saliva is about

20e240 mM [45], the biofunctionalized agFc-rGO electrode can be

used as a potential non-invasive probe for the glucose detection in

saliva.

4. Conclusions

We have demonstrated that the functionalization of reduced

graphene oxide by u-azidodiethyleneglycol a-ferrocenyl-carbox-

ylic acid ester, using nitrene chemistry, allowed preparing a ferro-

cene-modified graphene useful in graphene electrode preparation.

The newagFc-rGO electrode structured platform is well designed to

be used for the preparation of cost-effective and disposable sensors

which have been applied for enzyme-free detection of H2O2 and

enzymatic detection of glucose as model analytes. This work rep-

resents a preliminary investigation of functionalized-graphene

electrode preparation. In fact, and despite the limits presented by

drop-casting methodology such as uncovered area, the results

shown here could have wide implications since they demonstrate

that it is possible to use a simple and general approach for func-

tionalized-graphene electrode preparation.
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