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Abstract
The authors describe an electrochemical immunoassay for simultaneous determination of alpha-fetoprotein (AFP) and glypican-3
(GPC-3) which are important biomarkers for early detection of hepatocellular carcinoma (HCC). Magnetite (Fe3O4) nanoparti-
cles (NPs) were decorated with hyperbranched amino functionalized dendrimers. The modified NPs were coupled to the
antibodies against AFP and GPC-3. The electrochemical behaviour of the Fe3O4 NPs and dendrimer-modified NPs were studied.
A glassy carbon electrode was then modified with the NP-conjugated antibodies and biomolecular interactions were studied by
using cyclic voltammetry and electrochemical impedance spectroscopy. Dual differential pulse voltammetric sensing was per-
formed by utilizing the redox probes; Prussian blue for AFP and toluidine blue for GPC-3. The biomarkers can be detected best at
voltages of 0.25 mV and – 0.54 mV (vs Ag/AgCl) for AFP and GPC-3, respectively. The low working potentials makes the
method more selective over other electroactive species present in real human serum samples. Response is linear in 0.02 to
10 ngmL−1 concentration ranges of both AFP and GPC-3; and the respective detection limits are 50 and 70 pgmL−1. Themethod
was validated by analysing spiked human serum samples. In our perception, the method is of great clinical significance as
combination of GPC-3 and AFP increases the sensitivity of detection of HCC.
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Introduction

Primary hepatocellular carcinoma (HCC) accounts for 90–95%
of liver cancer with increasing mortality rates seen globally over

the past few years [1]. Chronic liver damage due to inflammation
with hepatitis B and C virus are major risk factors associated
with HCC. These factors gradually culminate into liver cirrhosis
and mask the symptoms of cancer progression leading to late-
stage diagnosis. Diagnostic approaches include imaging tech-
niques such as computerized tomography (CT) scan and mag-
netic resonance imaging (MRI) along with assessment of tumor
marker most commonly being serum alpha-protein (AFP) [2, 3].
For patients with a high risk of developing HCC like patients
with cirrhosis, it is not possible to repeat imaging techniques
frequently and assessment of serum AFP level in isolation has
poor sensitivity and specificity. The techniques used to detect
AFP level in blood use enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay (RIA), fluorescence, chemilumi-
nescence, mass spectrometric and electrophoretic immunoassays
[4–6]. But, these tests require relatively expensive assay kits and
sophisticated instruments which makes the method more te-
dious, time-consuming and labor-intensive. To overcome these
challenges, magnetite nanoparticles (Fe3O4 NPs) functionalized
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with first-generation poly-amidoamine dendrimers (G1;
PAMAM) as an electrochemical biosensing platform for early
diagnosis of HCC is presented which can simultaneously mea-
sure AFP and glypican-3 (GPC-3) from single sample.

Electrochemical biosensor has the ability to be miniaturized
and most importantly enables real-time detection of target
analytes. Modifying the nanomaterials as synthetic molecular
probes onto the electrodes helps to capture the target analytes
even in minimum sample volume at low concentrations [7]. The
increased surface area of Fe3O4 NPs helps enhance electrocata-
lytic performance and its core enables magnetic separation of
target analytes. This makes the assaymore sensitive and specific.
Dendrimers act as stabilizers and also because of its branched
structure offers an excellent platform for binding of biological
ligands. PAMAM dendrimers are hydrophilic with highly flexi-
ble surface chemistry that can perform multiple electron redox
events [8, 9]. The presence of terminal and internal amine groups
in the dendrimer makes the overall structure highly polar and
electro-conductive in nature. This reactivity is recognized best
for low-generation dendrimers since higher generations tend to
undergo steric hindrance affecting the customized properties and
chemical reactivity of the molecule [10]. Till now, AFP remains
clinically approved biomarker for HCC diagnosis. However, its
levels are raised even in other types of cancers and benign pa-
thologies of liver [11]. Therefore, glypican-3 (GPC-3) as a novel
promising biomarker along with AFP is selected here for biolog-
ical sensing. GPC-3 expression is found to increase specifically
in HCC patients than that in non-cancerous livers [12, 13]. The
overall sensitivity of HCC detection can be improved from 50%
to 72% by using both the biomarkers simultaneously [14]. For
this, bioconjugates (anti-AFP and anti-GPC-3) were covalently
linked through glutaraldehyde as cross-linker and each layer
casted on electrode was characterized by voltammetric and
impedimetric technique. Further, simultaneous detection is dem-
onstrated by differential pulse voltammetry using redox dyes;
Prussian blue for AFP and toluidine blue for GPC-3.

Experimental section

Materials and apparatus

Alpha-fetoprotein antibody (anti-AFP) was received from Indian
Institute of Science; Bangalore, India as gift sample. Monoclonal
glypican-3 antibody (anti-GPC-3), GPC-3 antigen, AFP antigen,
anti-goat immunoglobulin (anti-IgG), ferric chloride hexahydrate
(FeCl3.6H2O), ferrous chloride tetrahydrate (FeCl2.4H2O), human
serum albumin (HSA), human AFP and GPC-3 ELISA kits were
purchased from Sigma-Aldrich (Mumbai, India, https://www.
sigmaaldrich.com/india/company.html). Bovine serum albumin
(BSA) was purchased from Sisco Research Laboratories Pvt.
Ltd. (Mumbai, India, http://www.srlchem.com). Glutaraldehyde
(GA), ammonium hydroxide (NH4OH, 25%), potassium

ferrocyanide [K4Fe(CN)6.3H2O] and toluidine blue (TB) were
purchased from S. D. Fine Chem Ltd. (Mumbai, India, http://
www.sdfine.com/home.aspx). Sodium chloride (NaCl), D-
glucose, L-Ascorbic acid (Vitamin C) and hydrochloric acid
(HCl) were purchased from Molychem (Mumbai, India, http://
www.molychem.net). Uric acid (UA) was purchased from Loba
Chemie Pvt. Ltd. (Mumbai, India https://www.lobachemie.com).
Potassium chloride (KCl) was procured from Avra Synthesis Pvt.
Ltd. (Mumbai, India, http://www.avrasynthesis.com). Disodium
hydrogen phosphate anhydrous (Na2HPO4) and potassium
dihydrogen orthophosphate (KH2PO4) were purchased from
Thermofischer India Pvt. Ltd. (Mumbai, India, https://www.
thermofisher.com/in/en/home.html). The phosphate buffer saline
(0.1M PBS) contained 16 g L−1 NaCl, 0.4 g L−1 KCl, 2.88 g L−1

Na2HPO4 and 0.48 g L−1 KH2PO4. All chemicals were of
analytical grade and used as received. Deionized water (D/W)
was used to prepare all solutions throughout the experiment.
Fourier Transform Infrared spectra (FT-IR) were recorded in the
range of 4000–400 cm−1 using a Jasco 460 plus model. X-ray
diffraction (XRD) measurements were performed using PHILIPS
pro analytical powder diffractometer system PW3040/60 at a scan
rate of 48°/min ranging 2(θ) from 20° to 80° using Cu Kα radi-
ation producingX-raywith awavelength of 1.54Å. Themagnetic
properties of the sampleswere determined usingVibrating sample
magnetometer (VSM) Lake ShoreModel No. 7410, USA up to a
field of 2 T at room temperature. Transmission Electron
Microscopy (TEM) were performed on JEM-1011 electron mi-
croscope under 100 kVaccelerating voltage. Zeta potential for all
the samples at different pH was investigated usingMalvern Nano
ZS90 zeta sizer. All electrochemical measurements were conduct-
ed on Metrohm Autolab potientostat/galvanostat, PGSTAT204
system controlled by Nova 1.11 software. Electrochemical exper-
iments were performed using a three-electrode cell: Ag/AgCl
(KCl saturated) reference electrode, platinumwire as counter elec-
trode and glassy carbon electrode (GCE; 5 mm diameter) as
working electrode. Cyclic voltammetry (CV) measurements were
recorded in the potential range of −1 to +1 V with a scan rate of
50 mV s−1 in 0.1 M PBS pH 7.5 containing 10 mM K4Fe(CN)6.
Simultaneous detection of AFP and GPC-3 in 0.1 M PBS pH 6.5
was carried out by differential pulse voltammetry (DPV) in a
potential range of −0.3 to +0.6 V with a scan rate of 10 mV s−1

and a pulse amplitude of 25 mV s−1. Electrochemical impedance
spectroscopy (EIS)measurements of themodified electrodeswere
conducted in a frequency range from 0.1 to 100 kHz with an
amplitude of sinewave of 10mVin 0.1MPBSpH7.5 containing
10 mM K4Fe(CN)6.

Synthesis of magnetite nanoparticles modified
with the first-generation poly-amidoamine
dendrimer (G1@Fe3O4 NPs)

PAMAM dendrimers as redox substrate was previously de-
signed and synthesized [8]. The structure is represented in
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Fig.S1 in Electronic Supplementary Material (ESM). It con-
sists of diethylenetriamine as internal core species and five
primary amino groups onto its surface. The interior of mole-
cule consist of secondary and tertiary amines making the over-
all structure redox-active. Iron-oxide (Fe3O4 NPs) was surface
functionalized by G1 PAMAM dendrimer using co-
precipitation method by modified in-situ process [15]. This
section is presented in detail in ESM.

Anti-AFP and anti-GPC-3 immobilization on G1@Fe3O4

NPs

The surface of G1@Fe3O4 NPs which consist of terminal NH2

groups was targeted for immobilization with antibodies AFP
and GPC-3. G1@Fe3O4 NPs (1 mg mL−1) dissolved in D/W
were ultrasonicated at room temperature for 30 min. After ultra-
sonic dispersion, NPs were incubated in 1.5% GA aqueous
solution for 60 min. GA activated particles were then washed
thrice with 0.1 M PBS buffer. The washing steps were carried
out by using an external magnet to concentrate the GA activated
G1@Fe3O4 NPs at the bottom. Magnetically separated GA/
G1@Fe3O4 NPs were then incubated with 1.5 μg of antibodies
(anti-AFP and anti-GPC-3) for 12 h under constant shaking
conditions at ambient room temperature. After 12 h, nanobio-
conjugates was magnetically washed thrice with 0.1 M PBS
buffer. Anti-AFP and anti-GPC-3 were immobilized on NPs
separately. The surface biofunctionalization of anti-AFP and
anti-GPC-3 to G1@Fe3O4 NPs was electrochemically charac-
terized by CV and EIS. Later, these anti-AFP and anti-GPC-3/
G1@Fe3O4 NPs were redispersed in 0.1 M PBS buffer and
stored at 4 °C until use.

Fabrication of modified GCE

Prior to use, GCE surface was ultrasonically cleaned with
ethanol and D/W for 2 mins, respectively. The cleaned elec-
trode surface was drop-casted with G1@Fe3O4 NPs (20 μL,
1 mg mL−1) and air-dried at room temperature. The modified
electrode was evaluated at different scan rate (10 to
100 mV s−1). This was done in order to elucidate the process
occurring in close proximity to electrode surface. Next, anti-
AFP/G1@Fe3O4 and anti-GPC-3/G1@Fe3O4 NPs (20 μL,
1 mg mL−1) were drop-casted on to GCE as affinity
bioreceptors for detecting target analytes. Subsequently,
GCE was incubated with 10 mg mL−1 BSA for 60 min at
37 °C as a protein blocking buffer to prevent non-specific
binding of antibody-antigen complex. Between each step,
the resulting electrode was rinsed with 0.1 M PBS buffer to
remove any physically adsorbed materials. Further, the
resulting electrode was incubated with target antigen (AFP
and GPC-3; 100 ng mL−1) at 37 °C for 15 min. CV and EIS
measurements were performed on two independently pre-
pared electrodes for AFP and GPC-3, respectively.

Simultaneous detection of AFP and GPC-3

For simultaneous detection, two redox dyes; Prussian blue
(PB) and TB were immobilized onto anti-AFP and anti-
GPC-3, respectively. PB and TB were actively operated as
signal tags only to differentiate the detection process of AFP
and GPC-3, respectively due to their distinguishable redox
potential. PB was formed containing 10 mM FeCl3 and
10 mM K4Fe(CN)6 adjusted to pH 1.5 with HCl. PB contain-
ing anti-AFP/G1@Fe3O4 NPs and TB for anti-GPC-3-
G1@Fe3O4 NPs as immunosensing probes were prepared
with the same protocol described above for immobilization.
In this step, PB and TB dyes were incubated along with re-
spective antibodies under constant shaking for 12 h at room
temperature. PB and TB immobilized nanobioconjugates
were magnetically washed and re-dispersed in 0.1 M PBS
buffer and stored at 4 °C until use.

The fabrication of biosensor for dual detection was carried
out on a cleaned electrode surface. At first; PB/anti-AFP/
G1@Fe3O4 (10 μL; 1 mg mL−1) and TB/anti-GPC-3-
G1@Fe3O4 NPs (10μL; 1mgmL−1) was drop-casted together
onto GCE and air-dried at room temperature. Then, electrode
was incubated with 10 mg mL−1 BSA for 60 min at 37 °C to
prevent non-specific binding. The resulting electrode was
rinsed with 0.1 M PBS buffer to remove any physically
adsorbed materials. Further, GCE was subjected to incubation
with different concentrations (0.02 to 100 ng mL−1) of AFP
and GPC-3 antigens. AFP and GPC-3 antigen-antibody bind-
ing complexes at these variable concentrations were simulta-
neously detected by DPV. Scheme 1 displays the step-wise
fabrication of biosensor for AFP and GPC-3 detection.

Real sample analysis

This study was conducted only after the approval from
Institutional Ethics Committee (NMIMS/IEC/010/2018).
Four healthy human serum samples were collected from
hospital and participant informed consent was taken for
the same. The samples were collected and tested for normal
liver functioning by standard liver function assays viz.,
serum bilirubin, serum alkaline phosphatase, serum
glutamic oxaloacetic transaminase (SGOT) and serum
glutamic pyruvic transaminase (SGPT) and prothrombin
time. This was done to ensure the normal human serum
matrix by excluding the patients with abnormal liver func-
tions. 20 μL of serum sample was spiked with different
known concentrations of AFP and GPC-3. The samples
were prepared using 0.1 M PBS buffer. GCE was fabricat-
ed by the procedure mentioned above and 20 μL of spiked
sample was drop-casted as target antigens. The electrode
was then incubated at 37 °C for 15 min. Later, it was rinsed
with PBS buffer and DPV was measured.
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Results and discussion

Choice of materials

Nanomaterials can be used as electrode materials, since they
have large surface area and thus can intensify the loading

capacity of biomolecules, thereby improving the sensitivity
and detection limit of a biosensor. Among nanomaterials;
gold, quantum dots (QDs), carbon nanotubes (CNTs) and re-
duced graphene oxide (rGO) are intensively studied [16–19].
Colloidal gold NPs (AuNPs) sensing is based on localized
surface plasmon resonance (LSPR) transduction. However,

Scheme 1 Schematic
representation of step-wise fabri-
cation of biosensor based on
PAMAM dendrimer @Fe3O4

nanoparticles. a Demonstrates
synthesis and antibody (anti-AFP
and anti-GPC-3) bioconjugation
on PAMAM dendrimer@Fe3O4

nanoparticles. b Fabrication of
nanobioconjugates on glassy car-
bon electrode separately to detect
analytes by cyclic voltammetry
and electrochemical impedance
spectroscopy without using redox
dyes. c Fabrication of glassy car-
bon electrode using redox media-
tor Prussian blue (for AFP) and
toluidine blue (for GPC-3) for si-
multaneous detection of AFP and
GPC-3 by differential pulse
voltammetry
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LSPR effect is highly dependent on size, shape, inter-particle
distance and dielectric surroundings [16]. Therefore, AuNPs
have to be finely tuned according to these variables utilizing
different synthesis routes. Also, it involves high cost for large
scale production and lack-of-proof towards clinical utility.
Much attention is growing towards using zinc oxide (ZnO
NPs) [20]. However, when Ni et al. and Fang et al. studied
ZnO nanostructures and CNTs modified nanoflowers of ZnO
for detection of hydrazine, respectively; the formed sensor
resulted in poor detection due to lack of selectivity [21, 22].
Various studies has been reported for QD-antibody bioconju-
gates inmultiplexing. The inherent cross-reactivity of antibod-
ies using color QD multiplex immunoassays still remains a
major obstacle in future [23]. CNTs and rGO are also widely
used as electrochemical transducer. They are mostly used as
electrode scaffolds as they possess good mechanical proper-
ties and conductivity. For sensing, CNTs require surface
chemical modification as they are commonly insoluble in wa-
ter. This may sometimes lead to losing partial mechanical
strength with harsh chemicals involved and also longer puri-
fication steps [24]. Graphene is more versatile as supporting
matrix than CNTs; but improving its reproducibility and sta-
bility remains a vital challenge [24]. Conducting polymers
such as polypyrrole (PPy) and polyaniline (PANI) are also
preferred due to ease of immobilization. However, problem
of regeneration and distortion of polymeric immobilization
matrix still exist [25].

Fe3O4 NPs have emerged as promising candidates for sen-
sitive and specific electrochemical transduction as they exhibit
strong superparamagnetic property when the size of NP is less
than 30 nm [26]. The outstanding advantage using Fe3O4 NPs
is the possibility to concentrate the target molecules at each
modification step by application of external magnet. This is
especially useful during immobilization of anti-AFP and anti-
GPC-3. The purification process using magnet enhances sep-
aration of antibodies conjugated to NPs unlike centrifugation
where all the particles settle down. Further, magnetization is
also useful during binding of BSA and antigens to modified
NPs. Thus, the unbound molecules can be easily separated.
So, the conjugates that are attached to NPs can then be drop-
casted on electrode and electrochemically measured. This en-
hances sensitivity and specificity. Also, biological species do
not manifest any magnetic behavior and thus, no interferences
or noise occurs during signal capturing [27]. As Fe3O4 NPs
tend to agglomerate easily, dendrimers can act as good stabi-
lizers. Dendrimers with 3D architectures not only provides
stability to Fe3O4 NPs but also helps in binding various bio-
logical ligands to the surface of colloids. PAMAMdendrimers
are conductive due to varying polarity of amine groups [8].
They can help enhance redox process as they can undergo
protonation in a broad range of pH. At high pH, protonation
occurs on the more polar amines, while with lowering of pH,
the less polar amines get protonated. With further decrease in

pH, the tertiary amines get protonated thereby increasing the
internal polarity of the molecule.

Characterization of the G1@Fe3O4 NPs

FTIR spectra of NPs is presented in Fig. S2 in ESM. The
spectra shows presence of strong absorption band at 3382,
3422, 3434 and 3434 cm−1 for Fe3O4, G1@Fe3O4 NPs, G1

dendrimer and physical mixture. This is because of N–H bond
stretch of dendrimer groups. A broad band observed for Fe3O4

NPs at 3382 cm−1 is due to O–H stretch. Bands observed at
2921 and 2853 cm−1 is a result of C–H bond stretch. Band at
1454 cm−1 is due to C–H bond bending mode and 1113 cm−1

is attributed to C–N bond vibration of dendrimer group. The
changes in the intensity of alkyl bond vibration suggest a
possible binding interaction of dendrimer carbon group with
Fe3O4. Band at 1625 cm−1 is attributed to the C=O groups in
the dendrimer. A characteristic band evident at 580 cm−1 for
Fe3O4 and G1@Fe3O4 NPs is due to symmetric Fe–O bond
stretching of metal at tetrahedral site. The physical mixture
spectrum differs from G1@Fe3O4 NPs demonstrating favor-
able binding of G1 PAMAM dendrimer on to Fe3O4 NPs.
XRD pattern of G1@Fe3O4 NPs is shown in Fig. S3 in
ESM. XRD revealed six diffraction peaks at the crystal plane
of (220), (311), (400), (422), (511) and (440) at their corre-
sponding 2θ values of 30.3°, 35.6°, 43.2°, 53.7°, 57° and
62.9°, respectively. The position of analyzed diffraction peaks
agree with the XRD of standard Fe3O4 pattern reported in
literature (ICDD no. 00–019-0629). XRD peaks at the relative
positions imply inverse spinel cubic crystal structure. The
crystal size DXRD estimated using Scherrer’s equation is ap-
proximately 4.32 nmwhich complies with the average particle
size determined by TEM (Fig. 1a). The magnetic properties of
Fe3O4 and G1@Fe3O4 NPs were determined by VSM and is
shown in Fig. S4 in ESM. The saturation magnetization (Ms)
values were found to be 74 emu g−1 and 60 emu g−1 for Fe3O4

and G1@Fe3O4 NPs, respectively. A certain decrease in Ms

Value is recognized for G1@Fe3O4 NPs as account of dendri-
mer bound to the surface of Fe3O4 NPs. VSM magnetization
curves for both particles exhibit hysteresis behavior and zero
value for coercivity. This indicates that the formed NPs dis-
play superparamagnetic behavior. This property was utilized
during purification steps by concentrating the biomolecules
attached to G1@Fe3O4 NPs using external magnet to increase
sensitivity. Details are given in ESM. The structural properties
such as size and morphology of G1@Fe3O4 NPs were inves-
tigated by TEM and is presented in Fig. 1a, b. TEM micro-
graphs clearly provide evidence of good structural homogene-
ity, monodispersity and spherical-shaped NPs with negligible
aggregation. Figure 1b presents encapsulation of Fe3O4 core
molecule by organic layers of dendrimer. Mean particle size
estimated from histogram is approximately 8.45 ± 2.53 nm.
This small-size is attained as a result of stepwise addition of
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dendrimer at once and appropriate molar ratio of dendrimer to
Fe3O4, without much affecting the magnetic behaviour (as per
VSM results). The selected area electron diffraction (SAED)
is shown in Fig. S5 in ESM which displays well-crystallized
particles and are in accordance with XRD analysis.

Zeta potential was done to study the surface charge
dominated at different pH values of 2, 4, 6, 7, 8, and
10. A plot of G1@Fe3O4 NPs versus pH (2–10) is
shown in Fig. 2. At low pH (2–4), a positive surface
charge and at higher pH (6–10), negative charge pre-
dominates. These findings suggest that at low pH,
amine groups of dendrimer undergo protonation acquir-
ing positive charge. It is known that at low pH, tertiary
amines are protonated wherein the interior cavity of
dendrimer is quite open to promote electrostatic interac-
tion. However, at pH 5.2, the presence of negatively
charged stern layer must have neutralized the positive
surface. With increase in pH, primary and secondary
amines undergo deprotonation interacting with base of

alkaline environment and developing negative charge.
At physiological pH, NPs tends to achieve good stabil-
ity. Interestingly, zeta analysis was also performed for
antibody and antigen binding to NPs. We note that after
antibody conjugation to NP at pH 7, value changes
from −16.2 to −19.6 mV and antibody-antigen complex
renders value of −20.2 mV. This change is due to the
presence of additional amino functionalization of
dendrimers and antibody via glutaraldehyde. Since, an-
tigen contains short-chain epitope with characteristic
chemical determining group, it implicates a minor
change in the surface charge.

Electrochemical behavior of the G1@Fe3O4 NPs

Electrochemical behavior of G1@Fe3O4 NPs on GCE was
determined by scanning the potential from +1 to −1 V.
Different scan rates from 0.01 to 0.2 V s−1 was applied to
determine the thermodynamic and kinetic process occurring
near electrode surface. CVs are displayed in Fig. S6a in ESM.
CV analysis revealed linear increase in anodic and cathodic
peak current response (Ipa and Ipc, respectively) with increas-
ing scan rates. This indicates diffusion controlled redox be-
havior of NPs with an electron-transfer process.
Electrochemical parameters such as Ipa, Ipc, anodic and ca-
thodic peak potential (Epa and Epc, respectively) are displayed
in Table S1 and S2 in ESM. Linear plot of Ip versus scan rate is
given in Fig. S6b in ESM. Further, the surface concentration
of the absorbed electroactive species (G1@Fe3O4 NPs) per
unit surface area on GCE was estimated, in accordance with
Brown-Ansonmodel and is found to be 1.46 × 10−8 mol cm−2.
Also, the diffusion coefficient calculated by Randles-Sevcik
equation is 3.90 × 10−4 cm2 s−1. Details are mentioned in
ESM.

Optimization of method

The following parameters were optimized:

(a) Sample pH

Fig. 1 a TEM micrographs of
G1@Fe3O4 NPs with
monodispersed and spherical-
shaped morphology. Inset repre-
sents histogram from statistics of
100 NPs. Mean size is approxi-
mately 8.45 ± 2.53 nm. b
Magnified image displaying sur-
face coating of organic layers of
PAMAM dendrimer on to Fe3O4

NPs

Fig. 2 Graph of zeta potential as a function of different pH from 2 to 10
for G1@Fe3O4 NPs and nano-bioconjugates. Isoelectric point (pI) is at
pH 5.2
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pH 6.5 was chosen for simultaneous detection of bio-
markers by DPV. Details are given in ESM.

(b) Detection time

The optimum detection time was found to be 15 min. Details
are given in ESM.

(c) Concentration of anti-AFP and anti-GPC-3

The optimized concentration for anti-AFP and anti-GPC-3
was 3 μg. The interaction mechanism of antibodies and NPs is
represented in Fig. S9 in ESM. Details are given in ESM.

Electrochemical characterization of AFP and GPC-3

CV’s for bare GCE, GCE/G1@Fe3O4 NPs, GCE/
G1@Fe3O4/Ab, GCE/G1@Fe3O4/Ab/BSA and GCE/G1@
Fe3O4/Ab/BSA/Ag is represented in Fig. 3a, b. CV

recorded for bare GCE electrode in electrolytic solution
of 0 .1M PBS buffer with 10 mM K4[Fe(CN)6] functioned
as a control measurement to assess electrical changes after
each electrode layer assembly. A distinct pair of well-
resolved redox peaks is recognized for bare GCE after
application of voltage (50 mV s-1). This is due to oxida-
tion and reduction of redox couple Fe(CN)6

4−/ Fe(CN)6
3−

at electrode/electrolyte interface. When G1@Fe3O4 NP
was modified on GCE, it gives rise to sharp increment
in peak current. This signal enhancement can be related
to polarity of amine groups of dendrimer. The pH of elec-
trolyte solution is approximately 7.5, therefore, the prima-
ry and secondary amine groups exposed on the outer shell
gets protonated, which is in accordance as per zeta poten-
tial results. And, since it’s a low generation dendrimer
molecule, so Fe(CN)6

3− can easily penetrate through the
dendrimer and undergo electron exchange with the under-
lying electrode. On the other side, approximate 8 nm
sized Fe3O4 NPs increases the electroactive surface area

Fig. 3 Electrochemical signal change of CV and EIS during biosensor
fabrication process. I. Bare GCE, II. G1@Fe3O4 NPs/GCE, III. Anti-AFP/
G1@Fe3O4 NPs/GCE, IV. BSA/anti-AFP/G1@Fe3O4 NPs/GCE, V. AFP/
BSA/anti-AFP/G1@Fe3O4 NPs/GCE. a CVs for AFP detection. b CVs

for GPC-3 detection. c EIS Nyquist plot acquired for AFP biomarker. d
EIS Nyquist plot acquired for GPC-3 biomarker. CVs displays decrease
in signal current and EIS displays nyquist plot with increasing resistance
after each step of biomolecule modification
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and exerts its intrinsic electrocatalytic effect facilitating
the rate of electron-transfer process and thereby the cur-
rent signal response. Anti-AFP and anti-GPC-3 immobili-
zation on NP-electrode surface diminishes the current sig-
nal, which signifies favorable binding of antibodies to
G1@Fe3O4 NPs. Sequentially, when BSA is added to
block non-specific sites, the signal further decreases in a
similar way. Finally, when corresponding antigens are
added, it again lowers the peak current signal. In the de-
tection process, when biological molecules are added
stepwise, the current signal declines as a result of increas-
ing layers of non-conductive proteins that bury the
electroactive groups of species, thereby, affecting elec-
trode interfacial properties.

For the same approach, a modification step on GCE
was also characterized by EIS. EIS technique causes
detector to provide detailed insights about the imped-
ance changes occurring on transducer surface due to
binding events. Figure 3c, d presents the EIS spectra
for each surface modification, best fitted in the form
of Nyquist plot. EIS is performed over complete fre-
quency range from 0.1 to 100 kHz. From the impedance
response, we analyzed that all Nyquist plots displayed a
straight line, which is a characteristic of diffusion-
limited electron-transfer process This demonstrates that
the nanomaterial exhibits a very low electron-transfer
resistance (Ret) due to the diffusion of the layer assem-
blies from the electrode-electrolyte interface. The fea-
tured aspect of the impedance process is acquired by
fitting the data with model equivalent circuit using
ZSimpWin software. The circuit model exhibits resis-
tance in solution (Rs) and polarization resistance (Rp).
Rp can occur due to kinetic and diffusion process oc-
curring at electrode and electrolyte interface in which
the reactants can move both towards and away from
the electrode. It also involves constant phase element
(CPE) which occurs because of electrical double layer
effect. Importantly, diffusion occurring at low frequency
region creates Warburg impedance as a straight line
with a slope of 45° as seen in the nyquist plot. The
circuit model is provided in Fig. S10 in ESM. Rs and
Rp of anti-AFP/G1@Fe3O4 were found to increase from
38.1 Ω and 2.12 kΩ to 71 Ω and 27 kΩ with subse-
quent deposition of biomolecular layers on electrode
surface. Similar trend was observed for anti-GPC-3.

Simultaneous detection and analytical performance
of biosensor

G1@Fe3O4 NPs conjugated to anti-AFP and anti-GPC-3
using two redox mediating dyes, as signal tags was
used for simultaneously detecting; AFP and GPC-3 bio-
markers. Redox dyes; PB (for AFP) and TB (for GPC-

3) led to distinguish the analytical signal at different
voltages when the NP-antibody modified electrode was
exposed to different concentrations of AFP and GPC-3
antigens (0.02, 0.05, 0.1, 0.5, 1, 5, 10, 50, 80 and
100 ng mL−1). DPV current response with increasing
concentrations of respective antigens is represented in
Fig. 4a. It was noted that the current response decreased
gradually with increasing concentrations of biomarkers.

This decrease in current response was observed due to
more number of antibody affinity sites occupied by in-
creasing concentration of respective antigens. Thus,
when AFP and GPC-3 bind to anti-AFP and anti-GPC-
3 modified G1@Fe3O4 NPs electrode, the current re-
sponse decreases with increasing concentration as there
is a formation of more number of immuno-conjugates
onto the electrode surface. The antibody-antigen binding
with increasing concentrations causes a type of resistance
near electrode for charge-transfer to occur. Antibodies
and antigens being a protein molecule is electrochemical-
ly inactive and therefore this layer on electrode easily
blocks electrons to transfer between ferricyanide ions in
an electrolyte solution to dendrimer and Fe3O4 NPs
immobilized on GCE. From the DPV curve, it was seen
that AFP and GPC-3 are best detected at working volt-
ages of 0.25 mV and – 0.54 mV (vs Ag/AgCl), respec-
tively. Further, a linear calibration plot with logarithmic
concentrations of AFP and GPC-3 in the range from 0.02
to 10 ng mL−1 is shown in Fig. 4b, c, respectively. The
estimated detection limit of AFP and GPC-3 sensor is 50
and 70 pg mL−1 based on three measurements (Signal to
noise ratio = 3). The electrochemical sensitivity of the
present method for AFP and GPC-3 is 4.61 10−4 and
4.86 10−4 μA μM−1 cm−2, respectively. Thus, the char-
acteristics of Fe3O4 NP and PAMAM dendrimer using
this strategy led to excellent sensitivity and acceptable
LOD values for in practical use. A comparative table
on nanomaterial based electrochemical methods for de-
termination of AFP is listed in Table 1. According to
this, the present strategy based on immunosensing is far
better and comparable to others. To the best of our
knowledge, GPC-3 detection is reported here for the first
time.

Cross-reactivity, specificity and reproducibility
of the immunoassay

It is critical for a diagnosis to evaluate cross-reactivity of
analytes to empower the efficiency of process of testing. In a
dual detection strategy, there might be chances of cross-
reactivity taking place between the two target analytes; AFP
and GPC-3 when binding to antibodies. So, to ensure the
reliability of sensing process, 0.1 ng mL−1 of AFP and GPC-
3 binding was checked for cross-reactivity under optimized
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Table 1 A comparison of
materials and limit of detection
(LODs) with other electrochemi-
cal methods for the detection of
AFP and GPC-3

Materials used Biomarker Method Linear range (ng mL−1) LOD

(ng mL−1)

Refs.

TH/rGO/AuNPs AFP DPV 100-1 105 50 [28]
Fe3O4/AuNPs/CS/Ab2 AFP Amperometry 10–8000 1.78 [29]
Fe3O4/AuNPs/Ab2/MGCE AFP Amperometry 20–100 0.64 [30]
Hep/PGA/PPy NPs/GCE AFP DPV 0.1–100 0.099 [31]
Fe3O4/PL/Hep NPs AFP DPV 0.1–100 0.072 [32]
Fe3O4/CdTe QDs AFP ECL 1–200 0.32 [33]
FeC/AuNPs/MPS/ITO AFP DPV 0.5–100 0.1 [34]
Fe3O4/PAMAM dendrimer AFP

GPC-3

DPV 0.02–100 0.05

0.07

This work

TH thionine, rGO reduced graphene oxide, AuNPs gold nanoparticles, CS chitosan, MGCE magnetic glassy
carbon electrode, Hep heparin, PGA γ-polyglutamic, PPy polypyrrole, PL ε-polylysine. CdTe QDs cadmium
telluride quantum dots, FeC 6-ferrocenylhexanethiol, MPS mesoporous silica, ITO indium tin oxide, ECL
electrochemiluminescence

Fig. 4 a Simultaneous detection by DPV for AFP and GPC-3 antigens
with increasing concentration range from 0.02 to 100 ng mL−1. b
Standard curve of sensor response plotted for current density versus

logarithmic AFP antigen concentration. c Standard curve of sensor re-
sponse plotted for current density response versus logarithmic GPC-3
antigen concentration. Mean ± S.D. (n = 3)
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conditions. The antibody modified G1@Fe3O4 NPs acted as a
control measurement and other two DPVs were recorded
when AFP and GPC-3 antigens were incubated and assayed
separately on the same electrode. The results for cross-
reactivity are shown in Fig. 5a. Red column implies current
response only in the presence of AFP antigen on same elec-
trode where an obvious decrease in current is observed.
However, an insignificant small change in current is also ob-
served for GPC-3. When GPC-3 was incubated (blue col-
umn), decrease in current response is reflected. Further, the
specificity of immunosensor was confirmed by incubating
AFP and GPC-3 antigens (0.1 ng mL−1) with interfering sub-
stances normally present in human serum matrix such as
10 ng mL−1 glucose, UA, IgG, HSA and ascorbic acid (vita-
min C). A negligible change in current response is observed
which indicates good selectivity of the immunoassay as seen
in Fig. 5b. DPVs of cross-reactivity and specificity are given
in Fig. S11 in ESM. To investigate the reproducibility of the
immunoassay, 0.1 ng mL−1 antigens was electrochemically
measured using five independent GCE electrodes. The results
are shown in Fig. S12 in ESM and relative standard deviation
estimated was 2.97% and 3.38% for AFP and GPC-3, respec-
tively. This indicates acceptable reproducibility. Additionally
the storage stability of immunosensor was tested for current
response till 30 days and is shown in Fig. S13 in ESM. A
negligible change in current response is seen indicating good

stability of sensor when stored at 4 °C. Also, the reversibility
of the sensor was examined. The electrode was rinsed with
0.1 M HCl to dissociate antigen-antibody complex and regen-
erate the immunosensor. However, immunosensor binding is
rarely reversible and causes a significant loss in the current
response. This may be because of the antibody denaturation
and loss of activity due to acid wash. Thus, the method is
limited in terms of reversibility and sensor can work as
single-shot probe.

Application in detection of clinical human serum
samples

The analytical reliability of this immunoassay was validated
using four human serum samples. The samples collected were
checked for normal liver functioning by measuring the levels of
liver enzymes; SGOT and SGPT and other standard liver func-
tion parameters. Four normal samples were selected and spiked
with different known concentrations of AFP and GPC-3 anti-
gens. In this test, 20 μL of spiked serum was added as target
analyte onto modified GCE and analyzed using DPV. The peak
voltages were displayed at 0.25 mV and – 0.54 mV (vs Ag/
AgCl) for AFP and GPC-3, respectively. The current response
was plotted against the linear response of the sensor to determine
the concentrations of the antigens. The data was compared with
the ELISA results as listed in Table 2. Data are means ±SD, n =

Fig. 5 a DPV current response of cross-reactivity of AFP and GPC-3
biomarkers. I Control test - AFP and GPC-3 antibody modified NPs, II
Incubation with 0.1 ng mL−1 AFP antigen and III Incubation with
0.1 ng mL−1 GPC-3 antigen b DPV current response of immunosensor
to I 0.1 ng mL−1 AFP and GPC-3, II 0.1 ng mL−1 AFP and GPC-3 +

10 ng mL−1 Glucose III 0.1 ng mL−1 AFP and GPC-3 + 10 ng mL−1 Uric
acid IV 0.1 ng mL−1 AFP and GPC-3 + 10 ng mL−1 IgG V 0.1 ng mL−1

AFP and GPC-3 + 10 ng mL−1 HSAVI 0.1 ng mL−1 AFP and GPC-3 +
10 ng mL−1 Ascorbic acid (vitamin C)

Table 2 Comparison of the
determination values of AFP and
GPC-3 in clinical human serum
samples

Sample no. Present method ng mL−1 ELISA method ng mL−1 Relative error %

AFP GPC-3 AFP GPC-3 AFP GPC-3

1 7.85 7.81 7.56 8.21 3.83 5.12

2 3.90 3.92 3.95 4.02 −1.26 −2.48
3 1.93 1.95 1.90 1.98 1.57 −1.51
4 0.95 0.97 0.92 1.02 3.26 −4.90
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3. A low relative error indicates a good correlation with the data
acquired by the reference method. This indicates the feasibility
of the biosensor for clinical applications.

Conclusions

An amino-functionalized dendrimer@Fe3O4 nanomaterial
placed on a GCE electrode was demonstrated as an electrochem-
ical biosensing platform for simultaneous detection of two HCC-
specific biomarkers; AFP and GPC-3. Detection of AFP and
GPC-3 by CV and EIS signified the electron-transfer process
occurring at each steps near electrode interface. This strategy
relied on redox-controlled diffusion process between redox cou-
ple [Fe(CN)6]

3−/4- and polarity of amine groups of dendrimers.
Dendrimers not only enhanced charge-transfer process but also
provided large surface area for loading of antibody molecules.
On the other hand, Fe3O4 nanoparticles facilitated magneto-
separation of analytes as well as enhanced the electroanalytical
effect in synergy with dendrimers. Dual detection of AFP and
GPC-3 by DPV reflected a change in current response. A major
limitation resulted from incubation with AFP for cross-reactivity
which led to slight decrease of the signal corresponding to GPC-
3. Also, immunosensor is not reversible and can be applicable for
only single-shot detection.However, the detection limitmeets the
clinical requirement with threshold value for normal AFPmarker
being approximately 20 ng mL−1. Thus, it has an immense po-
tential for clinical translation. To our best knowledge, this is the
first solid step taken towards simultaneous detection of GPC-3
and AFP in blood sample for early diagnosis of HCC using this
technique. Thus, it provides a unique perspective on biomolecule
based sensor fabrication and signal output.
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