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ABSTRACT: This study describes the synthesis of graphene oxide-modified magnetite (rGO/
Fe3O4) and its use as an electrochemical sensor for the quantitative detection of hemoglobin
(Hb). rGO is characterized by a 2θ peak at 10.03° in its X-ray diffraction, 1353 and 1586 cm−1

vibrations in Raman spectroscopy, while scanning electron microscopy coupled with energy-
dispersive spectroscopy of rGO and rGO/Fe3O4 revealed the presence of microplate structures
in both materials and high presence of iron in rGO/Fe3O4 with 50 wt %. The modified graphite
pencil electrode, GPE/rGO/Fe3O4, is characterized using cyclic voltammetry. Higher
electrochemical surface area is obtained when the GPE is modified with rGO/Fe3O4. Linear
scan voltammetry is used to quantify Hb at the surface of the sensor using ferrocene (FC) as an
electrochemical amplifier. Linear response for Hb is obtained in the 0.1−1.8 μM range with a
regression coefficient of 0.995, a lower limit of detection of 0.090 μM, and a limit of
quantitation of 0.28 μM. The sensor was free from interferents and successfully used to sense
Hb in human urine. Due to the above-stated qualities, the GPE/rGO/Fe3O4 electrode could be
a potential competitive sensor for trace quantities of Hb in physiological media.

1. INTRODUCTION
Hemoglobin (Hb) is a metalloprotein composed of four
subunits that carry polypeptide chains called globin and the
prosthetic heme group formed by the complexation of the
porphyrin macrocycle and iron(II). Hb bonds to oxygen under
specific conditions yet releases oxygen under different
conditions. The capability of Hb to bind oxygen is sensitive
to several factors such as pH, temperature, concentrations of
O2 and CO2, and even the number of oxygen molecules
already bound.1 Hb is usually measured as a part of the routine
complete blood count (CBC) test from a blood sample. The
Hb level is expressed in grams (gm) per deciliter (dL) of whole
blood. The lower Hb level for a person to be considered
anemic depends on age and gender. In males, a CBC level
below 13.7 g/dL is considered anemic, while an adult female
(non-pregnant) should have at least a CBC level of 11.6 g/dL,2

keeping that the Hb level in these regions is critical since many
medical conditions might occur because of high or low red
blood cell count. On the other hand, high Hb level is popular
among people living at high altitudes and smokers.3,4 Other
diseases, such as thalassemia, leukemia, diabetes, and heart
diseases, are related to Hb abnormalities.5−8 Hb is used as a
biological marker to diagnose patients suffering from these
diseases. Recently, Hb was used as a possible biomarker to
examine Alzheimer’s patients.9 High Hb concentrations were

found in neuro-derived exosomes of Alzheimer’s patients
compared to healthy control patients.10 Hb is also used to
diagnose diabetes;11 the carbonyl of the reducing glucose could
be associated with a free amino group of Hb, leading to the
formation of a new chemical compound referred to as Schiff
base. This compound, commonly named as Glycated Hb
(HBA1c), is the gold standard for the clinical detection of
diabetes.12 A Hb level can be deceiving and lead to wrong
diagnosis of related diseases; for example, under pathological
conditions, myoglobin and Hb can escape their cellular
environment, which makes their peroxidase activities exposed
to external environments.13 Oxo-ferryl species could be
formed, which can lead to an ambiguous use of Hb as a
biomarker.13

Measuring the level of Hb accurately is very important to
diagnose properly the above-mentioned diseases. Various
techniques are available in the market for Hb counting,
namely, UV−vis spectrophotometric methods,14 fluorescence
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spectroscopy,15 mass spectrometry,16 chromatographic meth-
ods,17 and enzyme-based assays.18 These techniques are
suffering from non-specificity; for example, Rohlfing et al.
measured the level of Hb using two enzymatic, four ion-
exchange HPLC, and nine immunoassay methods and found
that three methods show clinical interference with Hb
variants.19

Electrochemical techniques have also been used for the
detection of Hb, and they have been praised for their low cost,
specificity, fast response, and the prospect of integration in
point-of-care diagnosis. For instance, Mahobiya et al. modified
a screen-printed electrode with a molecularly imprinted
polymer20 and decorated it with tungsten disulfide nano-
particles; by using differential pulse voltammetry (DPV), the
sensor reported to respond to glycated Hb (HbA1c) in the
presence of a Fe(CN)64−/Fe(CN)63− redox couple as a
mediator, with a detection limit of 0.01 pM and a sensitivity
of 0.27 μA/pM. In another study, Thapa et al. developed a dual
carbon-printed electrode for simultaneous detection of glucose
and HbA1c,21 and a second electrode dedicated for HbA1c
sensing was modified by gold nanoparticles (AuNPs), with 3-
mercaptopropionic acid as a linker of HbA1c antibodies.
Chronoamperometry was used to assess the response of the
biosensor toward HbA1c; the sensor response was linear in
0.01−1.0 mg/mL range, with a sensitivity of 0.09 μA mm−2

μg−1 mL. A non-enzymatic sensor was prepared by the
deposition of NiTe on a glassy carbon electrode (NiTe/GCE),
where the electrode is found to be sensitive for Hb anemic
pregnant women using cyclic voltammetry (CV) in the 0.025−
0.90 nM range with a limit of detection (LOD) of 0.012 nM, a
limit of quantitation (LOQ) of 0.040 nM, and a stability of 12
h.22

In this study, a simple and cheap method for the
determination of Hb is developed. Our knowledge of Hb
detection is largely based on iron coordinated with porphyrin;
many electrochemical studies of Hb detection are based on the
fouling of Hb on the surface of the electrode; therefore, the
signal obtained gets always lower with higher spikes of Hb.
The novelty of this research is to use the synergic effect of two
sources of the redox system Fe2+/Fe3+; the first one was
deposited on the surface of the electrode as Fe3O4 and the
second (Fe2+) one from the FC organometallic complex.
Therefore, a reduced graphene oxide (rGO), known for its
versatility,23 doped with magnetite (Fe3O4) nanoparticles was
electrochemically deposited on a graphite pencil electrode
(GPE), which can easily bind Hb, while FC was mixed in an
optimum ratio with Hb to enhance the electrochemical signal
of Hb. The Fe2+ coordinated by two cyclopentadienyl rings
bound easily to biomolecules and can be excited electrochemi-
cally. Enhanced peak currents were obtained for Hb in the
presence of FC at the surface of the GPE-rGO-Fe3O4 electrode
using linear scan voltammetry (LSV) analysis. The linearity
between peak current and Hb concentration is found with a
low LOD and LOQ.

2. MATERIALS AND METHODS
2.1. Chemicals. Graphite is purchased from Fisher

Scientific (size <45.0 μm). Sodium nitrate (NaNO3, 99%),
potassium permanganate (KMnO4, 99%), sulfuric acid
(H2SO4, 98%, d = 1.83 g/cm3), o-Phosphoric acid (H3PO4,
85%, d = 1.71 g/cm3), hydrogen peroxide (H2O2, 35 wt %),
human Hb (catalog #H7379), iron (II) chloride (FeCl2, 99%),
and iron(III) chloride (FeCl3, 99%) are used in this study.

Potassium ferrocyanide, K4[Fe(CN)6], potassium ferricyanide,
K3[Fe(CN)6], potassium chloride (KCl, 99.9%), sodium
acetate (CH3COONa, Reagent Plus, 99.0%), and glacial acetic
acid (CH3COOH, 100%, d = 1.04 g/cm3) are purchased from
Sigma-Aldrich. Acetate buffer (0.1 M, pH = 4.5) is freshly
prepared and used as the electrolyte to run all experiments.
The chemicals used are of analytical grade. All solutions were
prepared using Milli-Q ultra-pure water (conductance = 17.5
MΩ).
2.2. Preparation of the Graphene Oxide (rGO)

Material. Graphene oxide is prepared according to Hummers’
method (KMnO4, NaNO3, and H2SO4)

24 and modified
Hummers’ method (KMnO4 and 9:1 H2SO4/H3PO4).

25

Briefly, 2.0 g of graphite powder and 1.0 g of NaNO3 are
suspended in 100 mL of 9:1 mixture of H3PO4/H2SO4; the
mixture is gently stirred in an ice water bath to keep the
temperature below 20 °C and to avoid any explosion. Then,
12.0 g of KMnO4 used as an oxidizing agent is added slowly to
the mixture with continuous stirring. The temperature of the
mixture is controlled at 35 °C for 1.0 h, and then 40 mL of
deionized water is added to the mixture and refluxed at 90−92
°C for 2.0 h. H2O2 was added to the mixture with continuous
stirring for 30 min to finally get a brownish-yellow graphene
oxide (rGO); the solid is washed several times with deionized
water, dried in an oven, and stored for characterization and
further analysis.
2.3. Preparation of the rGO/Fe3O4 Material. rGO is

impregnated with magnetite (Fe3O4) prepared according to
the procedure published previously.26 0.15 g of rGO was
suspended with 0.33 g of magnetite in 100 mL of ethanol and
refluxed overnight at 80 °C, resulting in a black brownish color
suspension. The obtained rGO-Fe3O4 product is separated
with a permanent magnet, rinsed three times with ethanol,
finally dried in open air and in an oven at 80 °C, and then
stored for characterization and further analysis.
2.4. Preparation of GPE-, GPE/rGO-, GPE/Fe3O4-, and

GPE/rGO/Fe3O4-Modified Sensors. 40 mg of rGO, Fe3O4,
or rGO-Fe3O4 is dispersed each in 10 mL of a 0.1 M acetate
buffer at pH = 4.5 to obtain 0.4% (m/V), and the solutions are
sonicated for 1.5 h. rGO, Fe3O4, or rGO-Fe3O4 is transferred
to a 2.0 mL electrochemical cells containing the three-
electrode setup, with GPE as the working electrode, a Pt wire
as the counter electrode, and Ag/AgCl as the reference
electrode. The rGO-Fe3O4 material is electrochemically
deposited on the surface of the GPE under a CV setting.
The GPE is subjected to two-cycle potential scans between
−1.4 and +0.3 V at a scan rate of 20 mV/s and for 6 min and
12 s. Three other GPEs are used as blank electrodes subjected
to the same treatment in the presence 2.0 mL of acetate buffer,
rGO, and Fe3O4 solutions, respectively. These electrodes are
used as blank electrodes and compared with the electro-
chemical deposition of rGO-Fe3O4.
2.5. Methods and Equipment. The X-ray powder

diffraction for rGO and rGO-Fe3O4 was recorded on a
Shimadzu diffractometer, XRD-6100, using CuKα1 radiation
(λ = 1.540 Å). The data are recorded between 2θ = 2° and 60°
in increasing steps of 0.02° and t = 2s/step. Scanning electron
microscopy (SEM) analysis is carried out on the Tescan VEGA
XM operating at variable pressure and equipped with an
Oxford Instruments X-Max 50 EDS detector operated with
AZtecEnergy analysis software with a resolution of 125 eV to
determine the abundance of elements. The Fourier transform
infrared spectroscopy (FTIR) spectra of the two materials,
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rGO and rGO-Fe3O4, are recorded on a Perkin Elmer 4000
spectrometer between 400 and 4000 cm−1. The samples are
directly analyzed in the ATR unit. The Raman spectra are
recorded on a Renishaw Raman microscope using a 488 nm
laser. The spectral acquisition was made at 100 μW power and
a time of integration of 10 s which is regulated while using 50×
objective (∼1 μm2 spot size).
2.6. Electrochemical Methods. 10.0 mM of 1:1

potassium ferrocyanide/ferricyanide, K4[Fe(CN)6]:K3[Fe-
(CN)6], is scanned using CV at different scan rates of 5, 10,
20, 30, 40, 50, 75, 100, and 200 mV s−1, using a three-electrode
cell, 7.0 mm modified GPE as a working electrode, platinum as
a counter electrode, and Ag/AgCl as a reference electrode.
This study was used to calculate the electroactive surface area
of the prepared sensors. LSV of Hb at various concentrations is
carried out using the prepared sensor in the potential window
from 0.0 to +1.2 V to build a calibration curve for the sensing
of Hb. Electrochemical impedance spectroscopy (EIS) was
conducted using Zahner (Zennium pro) in the potentiostatic
mode using a voltage amplitude of 10 mV and a frequency
range of 1 MHz − 10 mHz.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of GO and

rGO/Fe3O4. Figure 1a represents the Raman spectra for rGO
and rGO-Fe3O4, respectively. In the rGO spectrum (Figure 1a,
blue), three peaks are identified at 1580, 1380, and 867 cm−1;
the peak at 1580 is attributed to the G band, and the peak at
1380 cm−1 is attributed to the D band, while the peak at 867
cm−1 is attributed to C−C single bond vibrations. The
presence of this last band at 867 cm−1 is indicative of the
existence of amorphous carbon impurities exhibiting an sp3
geometry. Additional peaks are assessed in the rGO-Fe3O4
spectrum (Figure 1a, red); the D-band of Fe3O4, which is
attributed to defects at the surface of the NPs,27 usually
appears at 1294 cm−1; however, in the rGO/Fe3O4 spectrum, it
is being convoluted with the D band of rGO to give a broad
band at 1307 cm−1. The characteristic peaks of the Fe3O4 NPs
which correspond to different Fe−O vibration modes are
found at 588 and 386 cm−1, while the peaks at 276 and 218
cm−1 are due to the change in the oxidation state of iron that
occurred during Raman analysis.28

The crystallinity and phase purity of both materials, pure
rGO and rGO/Fe3O4, are further investigated by X-ray
diffraction (XRD). Figure 1b represents the overlaying of

both spectra. The plane (001) is visual in the spectrum of rGO
with an interplanar distance (d-spacings) of 7.95 Å, which is
characteristic of rGO compared to a lower spacing of 3.36 Å
represented by the graphite parent material; the increase in the
spacing in rGO was mainly attributed to the insertion of
oxygen groups in each layer of graphene. The small amorphous
humps observed at 2θ = 29.0 and 42.0° indicate that the
graphene sheets are not fully connected with oxygen groups.29

The diffraction peaks of rGO/Fe3O4 (Figure 1b, red) are
characterized by sharp narrow peaks which are indicative of the
high crystallinity of Fe3O4/NPs. The diffraction peaks are
found at 2θ = 29.62, 35.15, 42.93, 53.30, 57.00, 62.73, and
74.06°; they are attributed, respectively, to the planes (200),
(311), (400), (422), (511), (440), and (533). The (001) plane
peak of rGO is still appearing in the rGO-Fe3O4 spectrum with
small intensity.
rGO and rGO/Fe3O4 were further investigated by SEM and

energy-dispersive spectroscopy (EDS). Figure S1 (Supporting
Information) represents an SEM micrograph of rGO at a
magnification of 10 μm; the outer layer of rGO shows some
layers that are ready to be exfoliated. The EDS of rGO showed
a weighted percentage of elements with 78.2 wt % of carbon
and 21.8 wt % of oxygen. Figure S2 (Supporting Information)
represents the SEM images for rGO/Fe3O4 at 500 nm (Figure
S2a) and 5 μm (Figure S2a), showing uniformly dispersed
magnetite nanoparticles with an average size of 44 nm; the
EDS analysis of rGO/Fe3O4 reveals a higher weight percentage
of iron and oxygen; iron presents 50 wt %, while oxygen
presents 25.6 wt %; however, the carbon level decreases to 13.1
wt %.
3.2. Electrochemical Preparation and Characteriza-

tion of Bare GPE and GPE/rGO/Fe3O4. The surface
morphology and elemental analysis of the prepared sensor
were analyzed using an SEM microscope equipped with an
EDS elemental detector. Figure 2 represents the SEM
micrographs and EDS elemental analysis for the bare and
GPE/rGO/Fe3O4 modified at different conditions. Images are
recorded at a 10.0 μm scale to observe different surface
morphologies of the sensor at various conditions. Figure 2a
shows grooves of pure graphite on the surface of the electrode
with 93 wt % of the surface formed from carbon and the other
7 wt % of SiO2. In Figure 2c, the modification of GPE is made
by dip-coating of the GPE in 0.4 (m/v %) of rGO/Fe3O4 for a
period of 10 min. Electrochemical modification was performed
by using the GPE as a working electrode in a three-electrode
electrochemical cell containing 0.4 (m/v %) of rGO/Fe3O4

Figure 1. (a) Raman spectra of rGO (blue) and rGO-Fe3O4 (red) recorded between 100 and 1800 cm−1. (b) XRD for rGO (blue) and rGO-Fe3O4
(red).
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Figure 2. SEM micrographs of (a) bare GPE, (c) dip-coating-modified GPE, (e) electrochemical GPE-modified electrode at a scan rate of 10 mV
s−1, and (g) electrochemical GPE-modified electrode at a scan rate of 20 mV s−1. EDS of (b) bare GPE, (d) dip-coating-modified GPE, (f)
electrochemical GPE-modified electrode at a scan rate of 20 mV s−1, and (h) electrochemical GPE-modified electrode at a scan rate of 10 mV s−1.
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prepared in 0.1 M acetate buffer at pH = 4.5. The SEM images
of both electrochemical modifications are presented in Figure
2e,g. It revealed the formation of wrinkle-shaped graphene−
magnetite (rGO/Fe3O4) on the surface of the GPE for both
modifications; this layer was absent in the case of bare GPE.
Similarly, EDS analysis showed that the bare GPE is formed
only from carbon, while modified electrodes showed the
presence of iron (Fe) with 30, 32, and 46.5 wt % for dip-
casting and 10 and 20 mV s−1 electrochemical modification,
which indicates that the electrochemical modification is better
than the dip-coating modification. Oxygen is also present with
wt % varying between 26 and 30 wt %; oxygen is used as the
counter anion for the iron. Other elements, such as Na, Cl, and
K, are present with very low wt %; these are originated from
the counter anions and cations used in the buffer solutions.
3.3. Electrochemical Investigation of GPE/rGO/Fe3O4.

Figure 3 represents the cyclic voltammograms for the

modification of the GPE and the control in 0.1 M acetate
buffer of pH = 4.5. Small cathodic peaks in the order of 280 μA
could be assessed in the presence of 0.4 (m/v) % of rGO/
Fe3O4 at a cathodic peak potential Epc of −0.42 V,
characteristic of redox reaction in Fe3O4. No current could
be assessed when the GPE is immersed in acetate buffer only.
CV of the 1.0 mM K3Fe(CN)6/K4Fe(CN)6 system (Figure

S3, Supporting Information) was carried out initially for both
electrodes, bare GPE and GPE/rGO/Fe3O4 at 30.0 mV s−1. A
current peak enhancement of 50% is observed at the surface of
GPE/rGO/Fe3O4. This could be attributed to the electro-
chemical surface enhancement due to the magnetite nano-

particles’ depression at the surface of the reduced graphene
oxide.
EIS was used to assess the electron transfer at the interface

of the modified GPEs (Figure 4). Nyquist plots were fitted
using Randle’s circuit, from which the electrolyte (Rs) and
charge-transfer (RCT) resistances were calculated. RCT was
dramatically reduced by ∼72 and ∼75% upon GPE
modification with rGO and rGO/Fe3O4, respectively, indicat-
ing a significantly faster charge transfer at the electrode−
electrolyte interface.30 The slightly higher RCT in the case of
rGO/Fe3O4, as compared to rGO, could be attributed to the
impregnation of rGO with Fe3O4, known to be reach in Fe2+
and Fe3+ which could have increased the composite’s
conductivity.31 However, it was still comparable to that
shown by rGO, demonstrating facile electron transfer.
3.4. Determination of Hb at the GPE/rGO/Fe3O4

Surface in the Presence of FC. To measure the efficiency
of the electrochemical modification, the electrochemical
surfaces of the bare GPE, GPE/rGO and GPE/rGO/Fe3O4-
modified electrodes were measured at various scan rates
ranging from 5.0 to 200 mV s−1 in the presence of
Fe(CN)64−/3− and Hb using the Randles−Sevcik equation,
given by (1).32

I n A2.69 105 C Dp
1/2 3/2 1/2= × (1)

In the Randles−Sevcik equation, υ is the scan rate in Vs−1, n is
the number of electrons involved in ferro/ferricyanide redox
reaction, C is taken as a 10 mM equimolar mixture of ferro/
ferricyanide, D is the diffusion coefficient of Fe(CN)64−, taken
as 7.3 × 10−6 cm2 s−1 since calculation was made in the
oxidation mode33 and 5.4 × 10−7 cm2 s−1 for Hb,34 and A is
the electroactive surface area in cm2. Ip represents the oxidation
peak current in amper (A). The bare GPE, GPE/rGO, and
GPE/rGO/Fe3O4 surface areas were found to be 0.193, 0.316,
and 0.592 cm2, respectively (Figures S4−S6, Supporting
Information). The significant increase in the electroactive
surface area for GPE/rGO and GPE/rGO/Fe3O4 is predom-
inantly due to the electrochemical grafting of graphene oxide,
which leads in a first instance to almost doubling the surface
area and in a second instance to the embedded magnetite on
the surface of GPE. The electrochemical surface area was also
calculated using Hb for the three electrodes; the data of
different scan rates are presented in the Supporting
Information (Figures S7−S9). Surface areas in the order of
114, 190, and 381 cm2 were found for the bare GPE, GPE/

Figure 3. Cyclic voltammograms between −1.4 and 0.3 V at a scan
rate of 20 mV/s for, GPE control at 0.1 M acetate buffer pH = 4.5,
and modification of GPE at 40 mg/mL of rGO/Fe3O4 suspended in
0.1 M acetate buffer pH = 4.5.

Figure 4. (a) Fitted Nyquist plots (symbols: raw data, lines: fitted data) and b) impedance analysis of bare and modified GPEs.
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rGO, and GPE/rGO/Fe3O4, respectively. The high surface
area associated with Hb is mainly due to its high absorbability
on the surface of the electrode.
3.5. Determination of Hb at the GPE/rGO/Fe3O4

Surface in the Presence of FC. To assess the ability of
the prepared sensor to detect Hb (Hb) in the presence of FC,
first, LSV is carried out for 1.0 mM FC prepared in a 1:1 V/V
acetonitrile/0.1 M HCl mixture from −0.2 to 1.2 V scan
window at a scan rate of 100 mV s−1, a quiet time of 5 s, and an
accumulation time of 60 s. Figure 5 shows the peak currents

obtained for FC at various surfaces. 17.5 μA is obtained at the
surface of GPE/rGO/Fe3O4, which is considered the highest
compared to 14.0, 14.4, 13.5, 5.18, 3.87, and 1.66 μA obtained
at bare GPE, GPE/rGO, GPE/Fe3O4, GCE, platinum, and
gold electrodes, respectively.
Figure 6 represents the LSV of GPE/rGO/Fe3O4-modified

electrode responses to the blank acetonitrile/0.1 M HCl
mixture (2:4 V/V), FC (1.0 mM) in the acetonitrile/0.1 M
HCl mixture (3.4/4 V/V), and FC (1.0 mM) in acetonitrile/
0.1 M HCl/7.0 μM Hb in 0.1 M HCl (2/4/1.4 v/v/v). An
increase in current from 3.4 to 4.4 μA is observed when the FC
(1.0 mM) in the acetonitrile/0.1 M HCl mixture (3.4/4 V/V)
is spiked with 7.0 μM Hb. This leads to the belief that the
GPE/rGO/Fe3O4 electrode could be used for the sensing of
Hb in the presence of FC as an electrochemical mediator.

3.6. Redox Mechanism of Hb at the Surface of GPE/
rGO/Fe3O4. The mechanism of detection of Hb at the surface
of GPE/rGO/Fe3O4 in the presence of FC as a mediator is a
redox reversible mechanism which is illustrated in Figure S10
(Supporting Information). The four subunits of Hb contain
each an iron complexed with the heme; the iron in Hb may
exist in two different forms Fe2+ or Fe3+, and iron can be
oxidized or reduced spontaneously especially when working in
vitro in the absence of internal moderating mechanisms. In this
research, it is believed that Hb first binds to FC to form a
complex, and both Hb and FC possess iron centers that could
be involved in redox reactions at the surface of GPE/rGO/
Fe3O4. Magnetite possesses large ions Fe2+ which occupy
octahedral sites, as well as small ions of Fe3+ occupying the
tetrahedral and octahedral sites of the crystal lattice structure
of the mineral. Both ions can facilitate the reversible redox
reaction of Hb-FC at the surface of the electrode.
The LSV of Hb was further investigated to build a

calibration curve for the detection of Hb using the GPE/
rGO/Fe3O4 sensor. Figure 7 represents increased spikes of Hb
to 1.0 mM FC prepared in 1:1 (v/v) in acetonitrile/0.1 M HCl
solution. The current was found to increase from 3.6 μA for
FC alone to 4.2 μA for FC spiked by 2.0 mL of 7.5 μM Hb,
with a potential shift of the peak position from 0.60 to 0.70 V.
A calibration curve was established in the linear range of 0.10−
1.8 μM with a regression coefficient R2 = 0.995. These results
were validated using the absorbance of Hb in UV−vis; a linear
calibration curve is obtained for identical concentrations of Hb
used to establish the LSV calibration curve. A linear curve is
found when plotting Hb absorbances against the concentration
with a linear range of 0.11 to 1.74 μM with a regression
coefficient R2 = 0.993 (Figure S11, Supporting Information).
3.7. LOD and LOQ of the Test. Hb sensing on the GPE/

rGO/Fe3O4 sensor is found to be linear with a slope of 0.334
in the 0.10−1.8 μM range. The LOQ of the test is determined
first using different spikes around the lowest point in the
calibration curve (0.10 μM), taking into consideration that the
Hb concentration of those spikes should be detected with high
recovery, be accurate and precise, and means closer to each
other and also closer to the true value. Five spikes were made
with Hb concentrations of 0.10, 0.15, 0.20, 0.25, and 0.28 μM.

Figure 5. LSV of different electrodes in the presence of FC (1.0 mM)
prepared in 1:1 (v/v) acetonitrile/0.1 M HCl mixture from −0.2 to
1.2 V at a scan rate of 100 mV. s−1, quiet time = 5s, and an
accumulation time of 60 s.

Figure 6. LSV of GPE/rGO/Fe3O4-modified electrode responses to the blank acetonitrile/0.1 M HCl mixture (2:4 V/V), FC (1.0 mM) in the
acetonitrile/0.1 M HCl mixture (3.4/4 V/V), and FC (1.0 mM) in acetonitrile/0.1 M HCl/7.0 μM Hb in 0.1 M HCl (2/4/1.4 v/v/v), scan
window from 0.0 to 1.2 V at a scan rate of 100 mV.s−1, quiet time = 5s, and an accumulation time of 60 s.
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Only the 0.28 μM concentration yielded precise and accurate
replicates. The LOQ of the test was chosen therefore as 0.28
μM. Later, the LOD was calculated from the equation LOD =
blank + 3σ, where σ is the standard deviation of the LOQ,
which was found to be 0.015 μM; the blank yielded very low
values in the order of 5.21 × 10−6; the LOD was found to be
0.044 μM. The sensitivity of the sensor was also calculated
from the slope of the calibration curve divided by the
electrochemical surface area of the electrode; it was found to
be equal to 0.0563 μA μM−1 cm2. The results obtained by the
current sensor are quit comparable to those reported in the
literature. Table 1 gives a detailed comparison of our sensor
with the previously reported sensor; for convenience, all ranges
and LODs were converted to μg mL−1 for all sensors using
conversion factors and taking the molar mass of Hb as 64500 g
mol−1.
3.8. Hb Analysis in Human Urine and the Study of

the Interference. The GPE/rGO/Fe3O4 sensor was used for
the sensing of Hb in a healthy patient urine sample. Direct
measurement of Hb in the urine sample reveals its absence;
recovery measurements were made by spiking various
concentrations of 0.97, 1.70, 2.28, 2.74, and 3.12 μM Hb.
Satisfactory recovery percentages were obtained in the range of
87−98% (Table 2). High recovery percentages are found when
using high concentrations; however, lower recovery percen-
tages were obtained when lower concentrations of HB are
spiked, which leads to the belief that the test is highly sensitive

when concentrations of Hb are above 1.70 μM. The Hb
response is also evaluated in the presence of sufficient
interfering concentrations of 0.5 mM BSA, L(+)-tyrosine,
L(+)-tryptophan, D-(+)-glucose, (L+)-ascorbic acid, and Ca2+,
Mg2+ as possible interfering ionic species; current variations in
the range of ±0.9−±14.7% were observed. The good
recoveries and small current changes in the presence of
interferents have shown quite good accuracy of the sensor.
3.9. Repeatability, Reproducibility, and Stability of

GPE/rGO/Fe3O4. The repeatability and reproducibility of the
GPE/rGO/Fe3O4-modified electrode were calculated for five
replicate measurements of 1.4 μMHb using the same electrode
for repeatability and different electrodes for reproducibility. A
relative standard deviation (RSD) of 2.39% was found for the
repeatability (Figure S12, Supporting Information), while an
RSD of 2.15% (Figure S13, Supporting Information) is
obtained for the reproducibility of the electrode. We also
tested the stability of the developed sensor, demonstrating very

Figure 7. LSV of GPE/rGO/Fe3O4-modified electrode responses to Hb concentration increase in the presence of 1.0 mM FC prepared in the 1:1
(v/v) acetonitrile/0.1 M HCl mixture, window scan from −0.2 to 1.2 V at a scan rate of 100 mV s−1, quiet time = 5s, and an accumulation time of
60 s; the inset is the corresponding calibration curve.

Table 1. Comparison of the GPE/rGO/Fe3O4 Sensor with Previously Reported Hb Sensors

sensor technique linear range (μg.mL−1) LOD (μg.mL−1) sensitivity ref

CURNs-Optical sensor Colorimetric 1.0−40.0 150.0−1200.0 0.10 35

MGCE DPV 0.05−50 0.010 11.12 μA μg−1 mL 36

WS2-MIP/SPE DPV 6.45 × 10−7−6.45×106 (0.01 pM−100 mM) 6.45 × 10−7 (0.01 pM) 0.27 μTNQSEMICOLONA.pM−1 20

Bare GCE 3.23−9.68 0.645 37

MB-MWNTs/GCE FLI-Ampro 0.323−129.0 0.0968 579.5 mA.M−1 38

9,10-Anth-GCE DPV 3.23−19.35 19.4−64.5 0.645 39

NIP-NPs-MGCE DPV 32.3−645.0 0.764 1.396×107 (g/mL) 40

NiTe-GCE CV 1.61 × 10−3−5.81 × 10−2 (0.9−0.025 nM) 7.74 × 10−4 (0.012 nM) 41

DWSPCEs amperometry 10.0−1000.0 0.09 μA mm−2 μg−1 mL 21

GPE/rGO/Fe3O4 LSV 6.45−116.0 0.968 0.0563 μA μM−1 cm2 this work

Table 2. Determination of Hb in a Healthy Patient Urine
Sample

Sr # found (μM) added (μM) recovered (μM) % recovery

1 0 1.70 1.48 87
2 0 2.28 2.03 89
3 0 2.74 2.48 90
4 0 3.12 3.05 98
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good performance after storage for 1 week with >87% peak
current retention (Figure S14, Supporting Information). This
demonstrated the reliability of the measurements and the
robustness of the present sensor preparation and processing
technique.

4. CONCLUSIONS
This paper has investigated the use of rGO modified with
Fe3O4 as a surface to detect Hb using the FC organometallic
complex as a mediator that can bind the Hb macromolecule
and enhance its electrochemical signal. The charge-transfer
resistances (RCT) was found to dramatically reduce upon GPE
modification with rGO and rGO/Fe3O4, signifying the faster
charge transfer at the GPE/rGO/Fe3O4-electrolyte interface.
This significant increase in the charge transfer is directly
related to the enhancement of the electroactive surface area for
GPE/rGO/Fe3O4, which is predominantly due to the electro-
chemical grafting of graphene oxide-embedded magnetite on
the surface of GPE. A high recovery percent of Hb is found
with high sensitivity; the test was found to be free from
interferents with high accuracy. A high repeatability,
reproducibility, and stability are also obtained for the prepared
electrode. The test is linear in the 0.10−1.8 μM range with a
LOD of 0.090 μM and a LOQ of 0.28 μM comparable to the
existing Hb counting tests. However, given the small range of
the linearity of the test, caution must be taken, and further
investigation must be taken to investigate the interaction of Hb
with the FC mediator.
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