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We report an IgG (=immunoglobulin) electrochemical immunosensor using a newly synthesized redox-active

ferrocenyl dendrimer of generation 2 (GyFc) as a voltammetric transducer. The ferrocenyl dendrimer
N(CH,CH,C(O)NHCH,CHoNHC(O)Fe(n- CsHa) (- CsHs) (CHoCHoN(CHLCHoC(O)NHCH,CH,NHC(O)Fe(n -
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CSH4)(n5—C5H5))2)2 (GxFc) was used as a functional moiety to immobilize the antibody on the surface of
the electrode. A sandwich immunosensor of the type IgG/Bovine serum albumin (BSA)/anti-IlgG/GaFc/
glassy carbon electrode (GCE) was fabricated. The electrochemical properties of GyFc were thoroughly
studied in agueous and non-aqueous electrolytes with varying scan rates. The incubation time was

optimized for better analytical performance of the immunosensor. It is found that the developed
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Introduction

Electro-active dendrimers containing multiple redox units have
generated great interest for their use as electrode modifiers for
the development of biosensors." A wide variety of dendrimers
have been fabricated with centrally and peripherally located
redox-active units. For example, dendrimers functionalized
with ferrocenyl end-grafted building blocks and their deriva-
tives have shown promising results.” Ferrocenes are capable of
transferring multiple numbers of electrons under the same
potential, and therefore, exhibit stable reversible redox properties.
In ferrocenyl functionalized dendrimers, the redox centers are
usually separated from one another, and therefore, show negli-
gible electrostatic effects.” Recently, it was shown that even for a
14 000 ferrocenyl bearing dendrimer, no electrostatic effects were
observed.* However, in small rigid dendrimers, there can be some
electrostatic effects seen between the ferrocenyl end-grafted
moieties due to a short inter-site distance between the terminal
groups.”® In such cases, the cyclic voltammogram wave is
fragmented into smaller ones indicating multiple step electron
transfer processes. The electron transfer between redox-active
dendrimers and a variety of other biomolecules plays a key role
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amperometric immunosensor is sensitive to a concentration of IgG as low as 2 ng mL™%.

in promising applications in, for example, the area of bio-
sensors.”

Cancer biomarkers are molecules, generally proteins, that
are over-expressed in cancer cells and whose measurement or
identification plays an important role in the diagnosis of
cancer.® These biomarkers of cancer encompass physical symptoms,
mutated DNAs and RNAs, secreted proteins and serum levels.
Therefore, the detection of cancer biomarkers at an early stage
can provide crucial information for foundational research of
life sciences, clinical diagnosis and prevention of disease.
Elevated concentration of biomarkers in body fluid is an early
indication of some type of cancerous disease and among all the
biomarkers, IgG are the most common and extensively used
clinical cancer biomarkers for several carcinomas like human
cervical, breast, liver, colon and lung cancer.’ All these carci-
nomas produce IgG in both cytoplasmic and secreted forms.
The most important goal of a cancer biomarker is the detection
of the smallest number of tumor cells in human fluid.**® Thus,
to realize the potentiality of biomarkers in diagnosis, novel
bioanalytical techniques must be developed with improved
accuracy and sensitivity.

A sandwich immunosensor is a major analytical technique
that can be used for the sensitive and selective detection of
cancer biomarkers. However, there are only a handful of studies
available on this topic."* Electrochemical immunosensors are
fabricated by immobilizing the antigen-antibody on the surface
of the electrode transducer and the conventional methods are
physical adsorption, covalent binding and polymer entrapment.*?
Qiao et al.™® reported a change in the electrochemical signal i.e.,
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a decrease in the redox peak intensity upon the adsorption of
an antibody on the electrodes due to its non-electrochemical
activity which partially blocked the electron transfer between
the electrode and [Fe(CN)y]> /*. After the antigen-antibody
reaction, a further decrease of the redox peaks was observed.
Thus, there is a change in the electrochemical signal. The
analyte is measured through the detection of electrochemical
signals produced due to antigen-antibody reactions."® Electro-
chemical immunosensors are known for fast and sensitive
analysis, are inexpensive and involve no prior sample pre-
treatment. Electrochemical amperometric immunosensors are
even more promising because they can achieve a very low
detection limit with high sensitivity. Amperometry is gaining
attention due to its role in the development of immunosensors
and therefore a novel immobilization technique with enhanced
sensitivity and selectivity with less response time is of consider-
able interest.™*

A number of electroactive materials have been investigated
as signaling species like metal nanoparticles and quantum
dots.™® various electroactive materials, transducer techniques
and their response to different cancer biomarkers are summar-
ized in Table 1. An amperometric immune-sensor based on gold
nanoparticles was reported by Liang and Mu in which the nano-
particles were used to modify the electrodes for the determination
of paraoxon, a carcinoembryonic antigen and interleukin-6."° Wu
et al* reported on the use of electrochemical biosensors based
on gold nanoparticles/polylactide nanocomposites for sensitive
recognition of leukemia K562 cells.

Among various signaling species,”® dendrimers are recognized
as promising candidates for bioconjugation for the construction
of electrochemical biosensors.** Highly branched dendrimers
provide structural homogeneity, controlled composition, com-
parable size to biomolecules, internal porosity and multiple
functional groups for conjugation reactions.>® Further, the end-
grafted groups can be synthetically manipulated for obtaining a
desired structure according to the functional requirement. To
this end, the surface of polyamidoamine (PAMAM)-dendrimers
can be modified with redox-active ferrocenyl building blocks to
obtain well-structured end-grafted ferrocenyl dendrimers that
can be used as signaling species for fabricating electrochemical
biosensors.>* The ferrocenyl units are multiple and electro-
chemically equivalent redox units and can act as an electron
“pool”, and both Fe(u) and Fe(m) forms are stable on the
electrochemical time scale. The ferrocenyl-terminated PAMAM

Table 1 Detection of cancer biomarkers and their reported sensitivity by
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(Fc) dendrimer is capable of transferring multiple numbers of
electrons under the same applied potential. In this way, redox-
active dendrimers can be used for dual purposes: one for
building a film over the electrode and the other for immobilizing
biomolecules for sensing.>

Herein, a novel electrochemical immunosensor for the
detection of cancer biomarkers is proposed, which is based
on a redox-active ferrocenyl dendrimer on a glassy carbon
electrode (GCE). The electrochemical response by cyclic voltam-
metry (CV) has been used to detect over-expressed immuno-
globulin (IgG) in the presence of a specific probe. The CV
measurements were used to characterize each step of surface
modification resulting due to the binding of IgG to anti-IgG.
The change in voltammetric response, due to the formation
of an immune complex produced by the antibody-antigen
reaction was used for the sensitive detection of cancer bio-
markers by amperometry."* The reported detection technique
is simple, convenient, reproducible and sensitive. The redox
active G,Fe showed promising results in the recognition of
cancer biomarkers at a very low concentration and at an early
stage (Scheme 1).

Experimental
Materials and instruments

All reactions were carried out under a nitrogen or argon atmo-
sphere using standard Schlenk techniques. Dichloromethane
was used from a MBRAUN (MB-SPS 800) solvent drying and
purification system. As starting materials, the H,N end-grafted
dendrimer (1)*® and ferrocene carboxylic acid fluoride (2)*”
were prepared according to the published procedures.”® All
other reagents were used as received from commercial suppli-
ers. The NMR spectrum was recorded using a Bruker Avance III
500 spectrometer. The "H NMR spectrum was recorded at
500.3 MHz and the “C{'H} one at 125.7 MHz, respectively.
Chemical shifts are reported in ¢ units (parts per million)
downfield from tetramethylsilane with the solvent as a refer-
ence signal ("H NMR: standard internal CDCl;, J 7.26; *C{'H}
NMR: standard internal CDCl;, § 77.16). High resolution mass
spectra were recorded using a Bruker Daltonik micrOTOF-QII
spectrometer (ESI-TOF). Elemental analysis was carried out
using a Thermo Flash AE 1112 series instrument.

various nanomaterials

Sl no. Sensing materials Techniques Cells/cancer markers Sensitivity/response Ref.
1 TiO,/CNT (6\% Leukemia Not mentioned 16
2 Fe;0,/PB DPV IgG 5 nM 15
3 Nano-Au/NiHCF Nanoparticles Ccv CEA 0.1 ng mL~" 14
4 Au/polylactide nanocomposites EIS Leukemia 800 cells per mL 20
5 Graphene/Au NPs EIS a-Fetoprotein 0.1 ng mL " 34
6 Chitosan/Au NPs Amperometry CEA 0.08 ng mL ™" 46
7 CdFe,0,-Si0, Amperometry IgG 0.18 pg mL™* 12
8 PAMAM dendrimer QCM Human IgG 7 nM 21
9 AuNPs/PAMAM DPV PSA 0.5 ng mL ™! 22
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Scheme 1 Representation of the immunosensor based on ferrocenyl dendrimer (GzFc).

Electrochemistry

Measurements in an aqueous electrolyte. Cyclic voltammetry
(CV) and amperometric experiments were performed on a
CH Instrument Work Station 660D at ambient temperature.
A 3-electrode system was used for the measurements with a
bare and working glassy carbon electrode (GCE), a platinum
wire as a counter electrode and an Ag/AgCl reference electrode.
The electrolytes were purged with N, for at least 15 min for
complete removal of O,. Purging with N, was continued during
measurements. The electrochemical response of the immuno-
sensor towards IgG is based on the current response of the
redox-active material (concentration: 1 mg mL of G,Fc) after
the formation of an antibody-antigen complex.?* Amperometry
was carried out in an electrochemical cell containing 0.1 M
PBS and 1 mM H,0, at +0.3 V under constant stirring. The
current-time profile was recorded after a steady state current
was achieved.

Measurements in non-aqueous electrolyte. Electrochemical
measurements of G,Fe (1.0 mmol L™" using [N"Bu,|[B(CsF5),])
in dichloromethane were performed in a dried, argon purged
cell at 25 °C using a Radiometer Voltalab PGZ 100 electro-
chemical workstation interfaced with a personal computer. As
supporting electrolyte 0.1 mol L™" solutions of [N"Buy][B(CsFs)4]
were used. A three-electrode cell containing a Pt auxiliary electrode,
a glassy carbon working electrode (surface area 0.031 cm?) and
an Ag/Ag" (0.01 mmol L' [AgNO;]) reference electrode fixed on a
Luggin capillary were applied. The working electrode was pre-
treated by polishing on a Buehler microcloth first with 1 mm
and then with a 1 mm diamond paste. The reference electrode was
constructed from a silver wire inserted into a 0.01 mmol L™"
[AgNO;] and 0.1 mol L™ [N"Buy][B(CsF5).] acetonitrile solution in
a Luggin capillary with a vycor tip. This Luggin capillary was
inserted in a second Luggin capillary containing a 0.1 mol L *
[N"Bu,][B(CFs)4] dichloromethane solution and a vycor tip. Under
the same experimental conditions all reduction and oxidation
potentials were reproducible within 5 mV. Experimental potentials

9048 | New J. Chem. 2016, 40, 9046-9053

were referenced against an Ag/Ag" reference electrode but the
presented results are referenced against ferrocene as an inter-
nal standard as required by IUPAC.*° To achieve this, each
experiment was repeated in the presence of 1 mmol L™
decamethylferrocene (Fc*). Data were processed on a Microsoft
Excel worksheet to set the formal reduction potentials of the
FcH/FcH' couple to 0.0 V. Under our conditions the Fc*/Fc**
couple was at —619 mV vs. FcH/FcH', AE, = 60 mV, while the
FcH/FcH' couple itself was at 220 mV vs. Ag/Ag’, AE, = 61 mV.*!

Anti-goat Immunoglobulin (anti-IgG), Immunoglobulin (IgG)
and bovine serum albumin (BSA) were obtained from Sigma
Aldrich and stored at —20 °C. Phosphate buffer saline (PBS,
0.1 M, pH 7.2) was used as electrolyte for the electrochemical
measurements. Solvents and reagents were purchased, were of
reagent grade and were used as such.

Synthesis of the ferrocenyl end-grafted dendrimer (G,Fc)

The polyamidoamine (PAMAM)-based dendrimer 1 was
modified®*?* and functionalized peripherally by redox-active
ferrocenyl units to form a new electro-active functional material,
ferrocenyl end-grafted dendrimer (G,Fc).

Synthesis. 100 mg (0.15 mmol) of the H,N end-grafted
dendrimer N(CH,CH,C(O)NHCH,CH,NH,)(CH,CH,N(CH,CH,-
C(O)NHCH,CH,NH,),), (1) (Fig. 1) and 206.6 mg (0.9 mmol)
of ferrocene carboxylic acid fluoride were dissolved in 100 mL
of anhydrous dichloromethane and stirred for 5 d at 30 °C.
The reaction mixture was cooled to ambient temperature, the
solvent was removed and the crude product was washed five
times with acetonitrile (each 20 mL) at 35 °C. After drying under
vacuum, the title compound was obtained as an orange solid in
46% (118 mg, 0.068 mmol) yield.

'H NMR (CDCl;). § = 2.25-2.70 (m, 28 H, NCH,CH,C(0)),
(NCH,CH,N), 3.48 (m, 20 H, HNCH,CH,NH), 4.20 (s, 25 H,
HJ/CsH;), 4.33 (m, 10 H, H/CsH,C(0)), 4.82 (m, 10 H, H/CsH,C(0)),
7.30-7.55 (m, 5 H, NH), 7.80-8.30 (m, 5 H, NH) ppm. "C{'H}
NMR (CDCLy): & = 34.1 (CH,C(0)), 39.5 (HNCH,CH,NH),

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 1 Synthesis of ferrocenyl end-grafted dendrimers GzFc.

40.5 (HNCH,CH,NH), 50.5, (NCH,CH,C(0)), 51.5 (NCH,CH,N),
68.6 (C,/CsH,C(0)), 70.0 (CsHs), 70.7 (Cp/CsH4C(O)), 75.9
(Ci/C5H,4C(0)), 171.8 (C(0)), 173.9 (C(0)). HRMS: m/z: caled
for CgsHyo3FesN;30;0: 867.7430, found 867.7487 [M + HJ*";
elemental analysis caled (%) for CgsH;03FesN13010: C 58.18,
H 5.99, N 10.50; found C 57.71, H 6.27 N 10.06.

Fabrication of the immunosensor

Ferrocenyl-functionalized dendrimers G,Fc (~10 pg) were
drop-casted on the GCE and kept for drying under an ambient
atmosphere for a few hours. Then, 10 pL of 20 pg mL™"
anti-goat IgG (0.1 M PBS, pH 7.2) was immobilized onto the
G,Fc/GCE. The electrode was incubated at 37 °C for 1h and the
unbound anti-goat IgG was washed away with PBS. The immo-
bilized electrode was then incubated with 10 mg mL ™" of BSA
for 60 min at 37 °C to avoid non-specific adsorption by blocking
the active sites.>® The modified electrode was stored at 4 °C
when not in use.

Results and discussion

G,Fc dendrimers have been used as a redox responsive receptor
system for immobilization of cancer biomarkers. The dendrimers
can easily adsorb on the surfaces and hence the modification of
electrodes is easier. The interaction of the active recognition units
with the ferrocenyl end-grafted dendrimers enhanced the sensing
ability of the system not only in solution but also when confined
on the electrode surface.

Electrochemical properties of ferrocenyl end-grafted
dendrimers (G,Fc)

The redox properties of G,Fc have been monitored in aqueous
and non-aqueous electrolytes.

In an aqueous electrolyte. The electrochemical behavior of a
G,Fe-modified GCE (=glassy carbon electrode) was investigated
in an unstirred buffer solution (pH 7.0, 5 mL) containing 0.1 M
KCI at room temperature under an inert atmosphere by cyclic
voltammetry (CV). The respective G,Fc (ferrocenyl = Fc) showed

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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the oxidation peak at 0.72 V and the reduction peak at 0.33 V in
an aqueous electrolyte at a scan rate of 50 mV s~ *. The ratio of
the oxidation peak current-to-reduction peak current (Ipa/Inc)
was calculated to be ~1. The peak current increased signifi-
cantly with a shift in the anodic and cathodic peak towards
lower potential, showing the promoting electro-active effect of
the ferrocenyl end-grafted dendrimer electrode. The peak-to-
peak separation (AE,) of the Fc-dendrimer-coated GCE was
calculated to be 390 mV. The single electrochemical process
at 0.35 V (Ag/AgCl) is attributed to the ferrocenyl moieties on
the dendrimers.”®

Subsequently, the influence of the potential scan rate on the
cyclic voltammograms of the G,Fe¢/GCE electrodes was investi-
gated (Fig. 2a). It was found that there is a shift in the peak
potential along with an increase in the peak current as the scan
rates increased from 10 to 200 mV s~ '. The AE, values are
about 400-500 mV and remain fairly constant at lower scan
rates, but increase with higher scan rates. This indicates that
at a higher scan rate, the charge transfer is not sufficiently fast
and the electrochemical reaction is basically charge-transfer
controlled and not diffusion controlled (please note that
we did not get linearity, when the peak current was plotted
against the square root of the scan rate, Fig. 2b). This is
indicative of a quasi-reversible system in which the current
is controlled by both charge-transfer and mass-transfer.
However, the system approaches reversibility as the scan rate
increases.

Multiple successive scans were carried out to check the
stability of the (G,Fc)-modified GCE and it was found that the
electro-activity is retained throughout the study. Moreover,
the redox response was unchanged even after several days.

In a non-aqueous electrolyte. The cyclic voltammograms of
G,Fc, measured in the presence of ["BuyN|[B(C¢Fs)s] as
electrolyte®® at room temperature under an inert atmosphere,
are shown in Fig. 3a. The application of ["Bu,N]|[B(CeFs)4] as
supporting electrolyte within electrochemical measurements
has been demonstrated.’® The CV measurements were carried
out at 20 °C and all potentials were referenced to the FcH/FcH"
redox couple.’” The ferrocenyl groups were oxidized at the same

New J. Chem., 2016, 40, 9046-9053 | 9049


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nj00830e

Open Access Article. Published on 31 August 2016. Downloaded on 8/1/2025 5:58:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

NJC Paper
(a) (b) 1.0x10*
1.0x10™4 G,Fc at varying scan rate 200 mv/sec B 1 "
9.0x10° - "
5.0x10°4 o] .
8.0x10™ 4 n
g 0.0 "
= < 7.0x10°1
[ ! !
5 5.0x10°° B 5
-0.0x10 "9 6.0x10™ 1
o L]
-1.0x10™- 5.0x10° 1
1 |
T T T T T T T T T T 40)(10-5 T | I — T T T T
1.0 0.8 0.6 0.4 0.2 0.0 2 4 6 8 10 12 14 16
Potential (V) (Scan rate)"”
Fig. 2 (a) Cyclic voltammograms of G,Fc in an aqueous electrolyte at varying scan rates, (b) current vs. square root of the scan rate depicting a non-

linear response. CVs were measured at room temperature in PBS buffer (pH 7.0, 5 mL) containing 0.1 M KCL.

potential showing one reversible redox event, with differences
between the cathodic and the anodic peak potential AE, falling
between 200 and 300 mV depending on the scan rate (Fig. 3b).
Peak currents are proportional to v, confirming the essentially
reversible character of the ferrocenyl-based oxidation events.
The electrostatic effect is sufficiently low because the terminal
redox centers are located apart from each other and therefore a
single CV wave is observed for all the five Fc redox centers.*®
The potential shift (AE,) is higher in an aqueous electrolyte
due to diffused electrostatic interactions and more H-bond
interactions with the amido groups of the PAMAM dendrimers,
respectively.*® Furthermore, the electrochemical (E) and chemical
(C) reactions influence the shape of the voltammograms. In the
present study, both electron-transfer kinetics and chemical reac-
tions play an important role and based on the above results, it can
be concluded that the oxidation of G,Fc proceeds via a CE
mechanism.*’ In both aqueous and non-aqueous electrolytes,
the occurrence of a single redox process with simultaneous
multi-electron transfer at the same potential indicates that the

(a) 3.0x10°

GZFC in non-aqueous electrolyte at varying scan rate

Current (A)

-0.3

15 12 09 06 03 00

Potential (V)
Fig. 3

iron centers of the ferrocenyl units are non-interacting in the
mixed-valent dendrimer.*!

Cyclic voltammetric characterization of the immunosensor

Cyclic voltammetry was used to monitor the stepwise assembly
of the electrochemical immunosensor for its potential applica-
tion in biosensing. Cyclic voltammetric studies of the G,Fc-
modified glassy carbon electrode in a 0.1 M PBS solution of pH
7.2 showed a pair of well-defined redox peaks. The peak current
decreased significantly with the immobilization of anti-goat
IgG. After the immunosensor was blocked with BSA, a further
decrease in the peak current was observed (Fig. 4). This may be
due to the attachment of the protein BSA to the immuno-
sensor.”® It was also found that the pH of the PBS solution
affects the electrochemical immunosensor, due to denaturation
of the BSA proteins. The current responses of the sensor were
investigated at various pH values and the best current response
was obtained at pH 7.2. Hence, for all further studies, PBS of
pH 7.2 was used as optimum buffer solution.

G
Current density (uAlcm?) ~—
w B (4] » ~ (=]
.. ...
| |
| |

N
o
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(a) Cyclic voltammograms of GyFc in the non-aqueous electrolyte at varying scan rates, (b) plot of current density versus square root of the scan

rate depicting the non-linear response of the system; CVs were measured in (1.0 mmol L™* using ["BusNI[B(CgFs)4l) in dichloromethane at room

temperature.
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Fig. 4 Cyclic voltammograms of the GyFc (black) recorded in 0.1 M

solution of PBS on immobilization with anti-IgG (red), BSA (blue) and IgG

(green) at a scan rate of 50 mV s~

In addition, the effect of incubation time on the current
response of the immunosensor was examined. It was found
that the current response decreases with incubation time and
levels within 60 min. Therefore, 60 min was set as the optimum
incubation time for the immobilization of BSA. Serum albumin
is a weak polyacid and can be adsorbed on both positively and
negatively charged surfaces depending on the pH. At pH 7.2,
BSA (pI = 4.8) is negatively charged, while G,Fc remains
positively charged and this leads to the binding of BSA through
electrostatic attractive strength.**

The concentration of the antibody plays a vital role in
influencing the sensitivity of an immunoassay. Therefore, the
effect of anti-IgG antibody concentration was studied with a
series of concentrations ranging from 0.5 ug mL ™" to 20 pg mL ™"
as a function of the current inhibition ratio, ie., the relative
change in the current response. It was found that with the
increase in the concentration of the antibody up to 5 ug mL ™,
there was an increase in the current peak which then rapidly
decreased as the antibody concentration was increased further.
This may be ascribed to the molecular bonding between the
antibody and the dendrimers which saturated at 5 ug mL~". This
led to the formation of a film that hindered the electron trans-
mission towards the electrode surface thereby reducing the peak
current. The maximum inhibition ratio was attained at a concen-
tration of 5 ug mL ", which was therefore taken as the optimized
concentration for further studies.

The incubation time of an antibody and an antigen is impor-
tant for achieving a satisfactory sensitivity of an immunoassay.
Therefore, antigen-antibody interaction was studied as a function
of absorbance in a time scale from 10 to 30 min. It was found that
the intensity of the antibody-antigen reaction increased slightly
with longer incubation time, and no significant difference was
observed between the tests for 20 min and 30 min. Hence, an
incubation time of 20 min was taken for all the studies thereafter.

Performances of the immunosensor

The current signal of the fabricated immunosensor BSA/anti-
IgG/G,Fc/GCE was further investigated with immobilizing IgG

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 5 Effect of the concentration of IgG on BSA/anti-1gG/G,Fc/GCE.

(Fig. 5). A significant decrease in the current was observed,
which may be due to the formation of immune-conjugates that
block the tunneling of mass and electron transfer.** The
current signal was found to be directly related to the amount
of 1gG captured on the electrode surface. With the increase in
the concentration of IgG, there is an increase in the amount of
immune-conjugates formed on the immunosensor, decreasing
the peak current. A good linear relationship between the
current response and the IgG concentration in the range 100
to 1000 ng mL~ " with a correlation coefficient of 0.98664 was
observed. This is associated with the electron flux involved in
the redox reaction at the solution—immunosensor interface.
The efficient and fast recognition of IgG may also be due to the
electrostatic attraction forces between the carbonyl group of the
ferrocenyl dendrimers and the amine groups of IgG.** The
hydrophilicity of the dendrimer enhances the adsorption of
IgG, prevents denaturation and also exposes the active sites for
binding with the complementary IgG.**

A control experiment was carried out to determine the degree
of non-specific binding of anti-IgG. The control electrode
did not produce any considerable signal amperometrically
(0.05-0.12 pA), which showed that there was no significant
non-specific adsorption of the antibody on the electrode surface.
Further, the specificity of the immunosensor was also tested by
incubating the BSA/anti-IgG/G,Fc/GCE probe in solutions con-
taining 50 g mL ™" of BSA and o-feto protein (AFP); however, no
change in the peak current was observed. Therefore, it may be
concluded that the current response of the BSA/anti-IgG/G,Fc/
GCE probe to the target antibody (IgG) is due to a highly specific
antigen-antibody interaction.

Amperometric response to IgG

The amperometric current response of BSA/anti-IgG/G,Fc/GCE
was recorded in 0.1 M PBS at room temperature. The current
response was monitored at +0.3 V vs. Ag/AgCl. Under the
optimum experimental conditions, the relationship between
the current and the concentration of IgG was measured in a
wide concentration range (2-50 ng mL™'). The data indicate
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that the immunosensors are capable of estimating different
concentrations of IgG and the amperometric response increased
with the increase in the IgG concentration. As can be seen from
Fig. 6, there is an immediate increase in the steady state current,
which is due to the binding of IgG with the anti-IgG immobilized
on G,Fc at the electrode surface. The steady state currents (inset
of Fig. 6) exhibited linearity in the range of 5-50 ng mL ™" IgG and
the linear dependencies of IgG yielded an equation of I (LA) =
(—0.2046 + 0.00003) + (—0.02016 + 0.000001) [IgG] (ng mL ™) with
a correlation coefficient of 0.9815. The sensitivity of the developed
immune-sensor was 0.020 + 0.00003 pA mL ng ' and the limit of
detection was ~2 ng mL™", based on three measurements for the
standard deviation (95% confidence level, signal-to-noise ratio
k = 3, number of repeated measurement = 3). The results also
show that the electrode retains its ability to exhibit linear ampero-
metric responses over a period of time without denaturing the
antibody.

The stability of the immunosensor was evaluated over a
period of one month. A group of immunosensors was kept at
4 °C under identical conditions and was periodically checked
for their amperometric response. No apparent change in the
current response was observed.

As far as the working of an electrochemical immuno-
sensor is concerned, immobilization of the sensing molecules
on the electrode surface remains the crucial step. The immo-
bilization process should be simple, fast and effective and
efforts should be made to optimize the loading of the receptor
molecules. Dendrimers on one hand provide porosity to the
system and on the other hand provide functionalities to
entrap the biomolecule. Tailoring of redox-active dendrimers
provides enhanced electro-activity to the system and enlarges
the sensor surface for binding the antibodies. This would result
in a higher biosensor signal.*® It may be assumed that
both electron transfer and diffusion contribute to the signal
transformation between the electroactive dendrimers and the
antibody.
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Conclusion

Within this study a redox-active ferrocenyl dendrimer-modified
glassy carbon electrode for the detection of cancer biomarkers
is described. The electrochemical behavior of redox-active G,Fc
depends on the pH value and the type of electrolyte. The
attachment of the biomarker and the binding events were
studied by amperometry and cyclic voltammetry, respectively,
with the results showing that the binding events result in a
decrease in the exposed surface area giving rise to an increase
in resistance and a lowering of the current intensity. The
immunosensor requires very small amounts of the sample
and exhibits shorter response times with good sensitivity
towards IgG cancer biomarkers. The developed redox-active
dendrimer-based immunosensor has the potential for further
development into practical cancer diagnosis systems, which
can be used in point-of-care quantitative tests for cancer
biomarkers.
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