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Abstract

An innovative strategy is proposed to simultaneously exfoliate multi-walled carbon nanotubes (MWCNTs) and generate
MWCNTSs with immunoaffinity properties. This strategy was based on the non-covalent functionalization of MWCNTSs
with human immunoglobulin G (IgG) by sonicating 2.5 mg mL~! MWCNTSs in 2.0 mg mL~! IgG for 15 min with sonicator
bath. Impedimetric experiments performed at glassy carbon electrodes (GCE) modified with the resulting MWCNT-1gG
nanohybrid in the presence of anti-human immunoglobulin G antibody (Anti-IgG) demonstrated that the immunoglobulin
retains their biorecognition properties even after the treatment during the MWCNT functionalization. We proposed, as proof-
of-concept, two model electrochemical sensors, a voltammetric one for uric acid quantification by taking advantages of the
exfoliated MWCNTSs electroactivity (linear range, 5.0 X 1077 M - 5.0% 107° M; detection limit, 165 nM) and an impedimetric
immunosensor for the detection of Anti-IgG through the use of the bioaffinity properties of the IgG present in the nanohybrid
(linear range, 5-50 ug mL!; detection limit, 2 ug mL™1).

Keywords Multi-walled carbon nanotubes functionalization - Immunoglobulin G - Nanohybrid - Electrochemical sensor -
Voltammetric sensor - Impedimetric immunosensor - Uric acid

Introduction
Michael Lopez Mujica and Alejandro Tamborelli contributed

equally to this work. The development of (bio)sensing platforms with improved

analytical performance is one of the current challenges in the
electrochemical sensors field. Nanomaterials have emerged
as unique constituents of advanced electrochemical sensors,
participating in the construction of the recognition layer and/
or in the transduction event [1-4]. In this context, carbon
nanotubes (CNTs) have proven to be an excellent material
for the development of innovative and versatile electrochem-
ical (bio)sensors due to their unique electronic, physical, and
chemical properties, their high chemical stability and their
capability to be functionalized following different schemes
[5-8]. However, to reduce the strong tendency of the CNTs
to form bundles due to van der Waals and n-x interactions
and to improve their compatibility with the solvent with-
out disturbing their n-conjugated structure, a functionaliza-
tion step is highly required [9—11]. In this regard, the non-
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covalent functionalization of CNTs involving biomolecules
has been successfully used to obtain exfoliated CNTs with
special biorecognition properties [12]. We reported the use
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of glucose oxidase [13], calf-thymus double stranded DNA
[14-16], avidin [17-20], and concanavalin A [21] to func-
tionalize multi-walled carbon nanotubes (MWCNTs) and
obtain nanohybrids able to recognize glucose [13], promet-
hazine [15], biotinylated enzymes [17, 18] or nucleic acids
[19, 20], and glycoproteins [21], respectively.

In this work, we are proposing for the first time the
non-covalent functionalization of MWCNTs with human
immunoglobulin G (IgG) with two goals, to disaggregate
the MWCNTs and to provide them of immunosensing/bioaf-
finity properties. To the best of our knowledge, there are no
reports about the non-covalent functionalization of MWC-
NTs with IgG to obtain nanohybrids able to be used for the
development of electrochemical (bio)sensors. There are two
previous reports focused on biological implications of the
interaction between CNTs and plasma proteins. Zhang et al.
[22] studied the mechanisms underlying the interactions of
bovine serum albumin (BSA) and IgG on MWCNT surfaces
(using aqueous suspensions sonicated for 30 min in a bath
sonicator) and the influence that this interaction could have
on the cellular uptake, cytotoxicity and cellular responses, to
enhance MWCNT biocompatibility and develop approaches
for managing MWCNT hazards. They reported a strong t—x
stacking interaction between pristine MWCNTSs and aro-
matic protein residues which led to conformational changes
in the protein. Lu et al. [23] investigated the binding of IgG,
human serum albumin, and fibrinogen to single-walled car-
bon nanotubes (SWCNTs), using suspensions incubated for
2 hat 37 °C, and studied the effects of these different protein
coronas on the cytotoxicity to endothelial cells and immune
response to neutrophils in the bloodstream. They found
that only the treatment of SWCNTs with IgG produced an
enhancement of CNT-induced myeloperoxidase release in
neutrophils, while myeloperoxidase-dependent degradation
of CNTs induced less cytotoxicity than initial nanomaterials.

In the following sections, we report the characteriza-
tion of the MWCNT-IgG nanohybrid using different tech-
niques, the optimization of the preparation conditions, and
the proof-of-concept of the analytical applications of glassy
carbon electrodes (GCE) modified with this nanohybrid in
connection with a voltammetric sensor for uric acid (UA)
and a model impedimetric immunosensor for the detection
of anti-human immunoglobulin G antibody (Anti-IgG).

Experimental

Reagents

MWCNTs (O.D., 6-13 nm; L, 2.5-20 pum; purity >98%),
uric acid (UA), bovine serum albumin (BSA), immunoglob-

ulin G (IgG) from human serum (catalog number 14506),
anti-human immunoglobulin G antibody (Anti-Ig G) (Fc
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specific) produced in goat (catalog number 12136), hydro-
quinone (HQ), benzoquinone (BQ), thrombin, cytochrome
¢, and ferrocenemethanol (FcOH) were supplied by Sigma-
Aldrich. Ascorbic acid (AA) and hydrogen peroxide (H,0,)
(30% v/v aqueous solution) were acquired from Anedra and
Cicarelli, respectively. All reagents used were analytical
grade.

Ultrapure water (p=18.2 M'Q cm) from a Millipore-
MilliQ system was used for preparing all aqueous solutions.

Apparatus

A standard three-electrode system was used for all electro-
chemical measurements: glassy carbon electrode modified
with nanohybrid as working electrode, a platinum wire as
counter electrode, and a Ag/AgCl (3.0 M NaCl) (BAS) as
reference electrode. All potentials are referred to this elec-
trode. Amperometric and voltammetric experiments were
performed with a TEQ_04 potentiostat. Electrochemi-
cal impedance spectroscopy (EIS) was carried out with a
PGSTAT30 potentiostat (Methrom). Impedimetric measure-
ments were performed using 1.0x 107> M HQ/BQ as redox
marker, which was prepared in 0.050 M phosphate buffer
solution pH 7.40. The following parameters were used dur-
ing EIS experiments: amplitude, 0.010 V; frequency range,
from 1.0x 1072 to 1.0 x 10° Hz; and working potential,
0.200 V. The Nyquist plots obtained from EIS experiments
were analyzed and fitted using Zview program.

Sonication was performed with a TBO4TA Testlab Ultra-
sonic Cleaner of 40 kHz frequency and 160 W ultrasonic
power.

Fourier transform infrared (FTIR) spectra were obtained
with a Nicolet FTIR spectrometer (2.0 cm™! resolution, 32
scans) by drop-coating and drying the samples on a ZnSe
disk (Pike Technologies, 25 X4 mm).

Scanning electron microscopy (SEM) pictures were
obtained with a field emission gun scanning electron micro-
scope (FE-SEM, Zeiss, XIGMA model). The samples were
placed over GCE disks and air dried at room temperature.

Scanning electrochemical microscopy (SECM) experi-
ments were carried out using a CHI900 microscope (CH
Instruments Inc., USA) with a platinum ultramicroelectrode
(tip) of 25 um of diameter. Before performing the approach
curves, the tip surface state was checked by cyclic voltam-
metry in a 5.0x 10~ M FcOH solution (prepared in 0.050
M phosphate buffer solution pH 7.40). SECM experiments
were performed using the feedback mode and FcOH as redox
mediator. The tip potential was held at 0.500 V to permit the
oxidation of FcOH, while the potential of the modified GCE
(called substrate) was kept at 0.000 V to allow the feedback
between the electrodes. Part of the MWCNT-IgG hybrid
(around the half of the surface) was removed from the sub-
strate, and the approach curve was conducted on the exposed
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GCE surface at a tip scan rate of 0.5 pm s~!. The tip stopped
automatically when the steady-state tip current (iy) reached
1.25 times the current obtained when the redox mediator is
oxidized at the tip far away from the modified GCE (it ).
According to the theoretical curve that describes the depend-
ence of iy with the distance between the tip and the substrate
(d), 1.25 times of iy, corresponds to a d ~ 25 pm for a
tip of 12,5 pm radius [24]. Subsequently, SECM images of
200 % 200 pm were recorded at a tip scan rate of 1 ums™".
The results are presented in the dimensionless form of nor-
malized current (I), by normalizing the experimental feed-
back current (i) with the steady-state current obtained when
the tip was far from the substrate (it o), i-e., Iy =it/i -

Preparation of MWCNT-IgG hybrid and GCE/
MWCNT-IgG platform

To functionalize MWCNTSs with IgG, 2.5 mg of MWC-
NTs was mixed with 1.0 mL of an aqueous solution of
2.0 mg mL~! IgG. This mixture was sonicated for 15 min in
ultrasonic bath obtaining, thus, MWCNT-IgG nanohybrid
(Fig. 1A).

Before modification with the hybrid, GCEs were polished
with 1.0, 0.3, and 0.05 um alumina slurries for 2.0 min each,
rinsed with deionized water, and dried with nitrogen stream.
Then, an aliquot of 10 pL. of MWCNTs-IgG was placed over
the top of the polished GCEs, and it was left to dry at room
temperature. Figure 1B shows a scheme of the electrode
modification.

Analytical applications of GCE/MWCNT-IgG

For the quantification of Anti-IgG, the GCE/MWCNT-
IgG electrode was washed with 0.050 M phosphate buffer
solution pH 7.40 and then immersed in 100 uL of 2.0%
BSA solution for 20 min to avoid non-specific adsorp-
tions. Afterwards, it was rinsed with 0.050 M phosphate
buffer solution pH 7.40. The immunodetection was per-
formed by interaction of GCE/MWCNT-IgG with 20 uL of
Anti-IgG solution deposited at the top of the electrode for
30 min. Before performing the EIS measurements, GCE/

MWCNT-IgG Anti-IgG was washed with 0.050 M phos-
phate buffer solution pH 7.40 and then immersed in the
redox marker solution.

The electrochemical determination of UA was performed
by adsorptive stripping with linear sweep voltammetry
(LSV) transduction. UA was preconcentrated at open circuit
potential (OCP) for 10 min, and after washing with 0.050 M
phosphate buffer solution pH 7.40, the electrode was trans-
ferred to a fresh buffer solution to perform the LSV-strip-
ping analysis by scanning the potential between — 0.300 and
0.500 V at 0.100 V s~".

Results and discussion
Characterization of MWCNT-IgG nanohybrid
Cyclic voltammetry

Figure 2A displays ten successive cyclic voltammograms
performed at 0.100 V s~! between —0.300 V and 1.000 V at
GCE/MWCNT-IgG in 0.050 M phosphate buffer solution
pH 7.40. The first cycle shows one current peak at 0.820 V
due to the irreversible oxidation of the tyrosine residues of
the protein [25, 26], clearly indicating that the IgG is present
at the electrode surface and, therefore, that it interacts with
the MWCNTSs. The negative scan shows a current peak at
0.104 V while the second cycle presents a new oxidation
current peak at 0.189 V. As the number of cycles increases,
the quasi-reversible peaks system at 0.104 V/0.189 V is bet-
ter defined, while the current at 0.820 V continues decreas-
ing. In order to obtain more information about this electro-
chemical behavior, GCE/MWCNT-IgG was cycled for ten
times between -0.300 V and 0.500 V, as depicted in Fig. 2B.
No peaks are observed under these conditions, confirming
that the peak at 0.104 V is due to the reduction of the qui-
nonoid compound obtained as primary oxidation product
of tyrosine, while the one at 0.189 V corresponds to the
re-oxidation of the compound reduced at 0.104 V [25, 26].

Mixing MWCNTgG
reagents nanohydrid

19G MWCNTs

MWCNT.IgG

’ GCE.m;
‘# WCNT»IgG__. Antigg

Bovinserum albumin(BSA)

AntilgG P,

Fig. 1 Schematic representation of A) the preparation of MWCNT-IgG hybrid and B) the modification of GCE surface with the nanohybrid
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Fig.2 Ten successive cyclic voltammograms obtained at GCE/MWCNT-IgG in a 0.050 M phosphate buffer solution pH 7.40 between —0.300 V

and 1.000 V (A) and —0.300 V and 0.500 V (B). Scan rate: 0.100 V s~.!
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Fig.3 FTIR spectrum for MWCNTs (black line), IgG (red line), and
MWCNT-IgG nanohybrid (blue line). The spectra were recorded in
triplicate

FTIR

Figure 3 displays FTIR spectra for MWCNTs (black line),
IgG (red line), and MWCNT-IgG hybrid (blue line). The
MWCNTs spectrum shows its characteristic weak band
at 1640 cm™! attributed to C=C stretching of phenyl ring
vibrations, confirming the graphite structure of unmodified
carbon nanotubes (the spectrum was magnified in order to
show more clearly this contribution). IgG spectrum shows
the typical absorption bands of amide I at~ 1640 cm™' and
amide II at~1530 cm™!, a set of weaker bands between
1450 and 1230 cm™! that represents amide III vibration
modes, and a broad absorption band of amide A centered
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at 3290 cm™~!. The absorption associated with amide I and
amide II corresponds mainly to C=0 stretching and N-H
in-plane bending vibrations, respectively, while the amide A
band is associated to N—H stretching vibrations [27]. The IR
spectrum for MWCNT-IgG hybrid displays the characteristic
bands of IgG, confirming the successful functionalization of
the carbon nanomaterial with the protein. Minimum shifting
of these bands allows to point out that IgG retains its near-
native structure.

SEM

Figure S1 displays SEM images for glassy carbon disks
modified with 2.5 mg mL~' MWCNTs dispersed in water
(A) and in 2.0 mg mL™! IgG (B). As can be seen in Fig-
ure S1A at 750X magnification, the glassy carbon surface
modified with carbon nanotubes dispersed in water shows
bundles of MWCNTs distributed like in an islands pattern.
At variance with this image, the glassy carbon disk modi-
fied with MWCNT-IgG nanohybrid displays a surface com-
pletely covered by the nanostructures, with areas containing
a higher density of MWCNTs (Fig. S1B). Furthermore, the
micrograph shown in the inset, which was obtained at 15KX,
confirms the considerably low aggregation of the nanostruc-
tures on the glassy carbon modified with the MWCNT-IgG
hybrid.

SECM

The electroactivity and topography of GCE modified
with MWCNT-IgG nanohybrid were evaluated by SECM
using FcOH as redox probe. Figure 4 depicts SECM
images obtained at GCE modified with 2.5 mg mL™!
MWCNTs dispersed in: water (A), 0.5 mg mL~! 1gG (B),
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Fig.4 SECM surface-plot images of GCE modified with

2.5 mg mL~! MWCNTs dispersed in A) water, B) 0.5 mg mL~! IgG,
C) 1.5 mg mL~! IgG, and D) 2.0 mg mL~! IgG. Supporting electro-

1.5 mg mL~! IgG (C), and 2.0 mg mL~! IgG (D). GCE
modified with MWCNTs dispersed in water shows areas
with different electroactivity (Fig. 4A). Most of the sur-
face presents iy close to bare glassy carbon (1.25 X it )
and corresponds to the uncovered surface. Small regions
have I several times higher than that observed for
GCE (ip> it gcgp), Which are associated to the islands of
MWCNT bundles poorly dispersed by water, in agreement
with SEM images. On the contrary, GCE/MWCNT-IgG
surfaces (Figs. 4 B, C, and D) present different patterns
according to the IgG concentration. At glassy carbon
modified with MWCNTs dispersed in 0.5 mg mL™! 1gG
is possible to observe areas with iy around 1.0 and oth-
ers with values considerably lower. Taking into account
that the aggregates of MWCNTs are visualized in the
dispersion, the areas with higher I could correspond to

lyte, 0.050 M phosphate buffer pH 7.40; tip, platinum of 25 um diam-
eter; image parameters, 200200 um at 1 um s~ tip scan. Redox
mediator: 5.0x 10™* M FcOH solution

MWCNTs partially exfoliated by IgG, while those with
very low I} could be due to the blocking effect of IgG
which is not sufficient to interact efficiently with such
a large amount of MWCNTSs. As the IgG concentration
increases to 1.5 mg mL~!, there is a significant change
in the SECM pattern (Fig. 4C). There is a homogeneous
topography due to the considerably better exfoliation of
carbon nanotubes by IgG, indicating that the blocking
effect of IgG is partially neutralized by the electroactivity
of the exfoliated carbon nanostructures. The modification
of GCE with a nanohybrid prepared using 2.0 mg mL™!
IgG (Fig. 4D) gives a surface similar to the one obtained
using 1.5 mg mL~" IgG, with iy around 1.0 and some small
areas with slightly higher i}, which can be correlated with

the existence of regions with high density of exfoliated
MWCNTs, in agreement with SEM images.
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Optimization of the nanohybrid preparation

We evaluate the influence of different experimental con-
ditions on the efficiency of IgG to exfoliate MWCNTs by
amperometry using hydrogen peroxide as redox indicator.

Effect of the concentration of IgG and MWCNTs

Figure 5A displays the effect of the IgG concentration used
to prepare the nanohybrid (between 1.0 and 2.5 mg mL ')
for different amounts of MWCNTs, 1.5 (a), 2.0 (b), 2.5 (¢),
and 3.0 (d) mg mL™!, on the sensitivity for hydrogen perox-
ide oxidation at 0.700 V. The analysis of the figure allows to
obtain interesting information: (i) the sensitivity for hydro-
gen peroxide increases with the amount of MWCNTs, dem-
onstrating the efficient exfoliating capability of IgG even for
3.0 mg mL~! MWCNTS; (ii) for a given amount of MWC-
NTs, the sensitivity increases with the concentration of IgG
up to 2.0 mg mL~!, even when the protein presents blocking
characteristics, indicating that the most important effect is
the electroactivity of the exfoliated MWCNTs that counter-
acts the blocking effect of the protein; (iii) for IgG concen-
trations higher than 2.0 mg mL ™!, the sensitivity decreases
for all the concentrations of MWCNTs, suggesting that the
blocking effect of the protein becomes the most important
contribution; (iv) the highest sensitivities are obtained with
nanohybrids prepared using with 2.0 mg mL~! IgG for all
MWCNTs concentrations; (v) while the highest sensitivi-
ties are mainly obtained with nanohybrids prepared with
3.0 mg mL~! MWCNTs, the reproducibility is the poorest,
probably due to some limitation in the exfoliation for such
a high amount of MWCNTs; (vi) the MWCNTs concen-
tration that permits the best compromise between sensitiv-
ity and reproducibility is 2.5 mg mL~!; and (vii) the IgG

6000
=
i 4000
=
£
=
=
% 2000
S .
n
0 T T T T
1.00 1.50 2.00 2.50
-1
CIgG /' mg mL

Fig.5 A) Sensitivities towards hydrogen peroxide obtained from
amperometric experiments performed at 0.700 V using GCE modi-
fied with MWCNT-IgG nanohybrids prepared with different concen-
trations of IgG for different MWCNT concentrations: (a) 1.5, (b) 2.0,
(c) 2.5, and (d) 3.0 mg mL~'. Supporting electrolyte: 0.050 M phos-
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concentration that allows to obtain the best compromise
between the electrocatalytic activity of the exfoliated MWC-
NTs and the blocking effect of the protein is 2.0 mg mL~".

We also evaluated the effect of MWCNT-IgG nanohy-
brids prepared with 2.5 mg mL~' MWCNTs and different
IgG concentrations on the peak potential for AA oxidation
at GCE modified with the different nanohybrids (Fig. 5B).
The results shown in this figure allows to get the follow-
ing conclusions: (i) compared to bare GCE (E;=0.545V),
GCE modified with the nanohybrids prepared with any of
the IgG concentrations evaluated shows a large decrease
in the oxidation overvoltage, demonstrating once more the
preeminence of the electroactivity of MWCNTs over the
non-conductive nature of the protein; (ii) for GCE modi-
fied with nanohybrids prepared using IgG concentrations
between 1.0 mg mL~! and 2.0 mg mL ™!, the oxidation peak
potential for AA remains almost constant, indicating that,
as in the case of hydrogen peroxide, the most important
effect is the catalytic activity of the exfoliated MWCNTs;
and (iii) for GCE modified with nanohybrids prepared using
IgG concentrations higher than 2.0 mg mL™!, there is an
increment in the oxidation peak potential since the blocking
effect of the protein becomes more important, in agreement
with the behavior observed for hydrogen peroxide oxidation.
Thus, the optimum conditions to obtain the nanohybrid are
2.5 mg mL™' MWCNTs dispersed in 2.0 mg mL™! IgG.

Effect of the sonication time

Figure S2 shows the sensitivity for hydrogen peroxide oxi-
dation at GCE modified with MWCNT-IgG nanohybrid
prepared under the optimal conditions, using different soni-
cation times. The sensitivity increases with the sonication
time up to 15 min, indicating that the ultracavitation makes

0.600 3 B
S 04004 GCE
5 0.040
pr=—
e )
S 0.020 *
o
4
& 0.000 °
-0.0204
100 150 200 250
A
ClgG I mgmL

phate buffer pH 7.40. B) Oxidation peak potential for AA obtained
from cyclic voltammetric measurements performed at bare GCE and
GCE modified with nanohybrids prepared with 2.5 mg mL~! MWC-
NTs and different IgG concentrations. Other conditions as in Fig. 2
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possible the efficient disaggregation of the carbon nanostruc-
tures in the presence of the protein. Longer sonication times
produce a decrease in the sensitivity, probably due to some
conformational changes of IgG that would make the exfo-
liation less efficient, in agreement with the loosening and
unfolding of the protein skeleton reported by Zhang et al.
after 30 min of sonication [22].

Therefore, according to the previous results, the selected
conditions for the preparation of MWCNT-IgG nanohybrid
are 2.5 mg mL~! MWCNTs dispersed in 2.0 mg mL~! IgG
and sonicated for 30 min in ultrasonic bath. Under these con-
ditions, the reproducibility obtained from the sensitivity for
hydrogen peroxide at 0.700 V, was 4.3% for GCEs modified
with the same MWCNT-IgG nanohybrid (for 4 electrodes)
and 6.2% for GCEs modified with 5 different nanohybrids.

Biorecognition properties of MWCNT-IgG
nanohybrid: immunosensing applications

As it was previously mentioned, the goal of using IgG
to prepare MWCNTs-IgG nanohybrids was not only to
obtain an efficient exfoliation of the carbon nanotubes,
but also, and even more important, to obtain nanohybrids
with biorecognition/immunoaffinity properties. Therefore,
one critical aspect to evaluate is if the IgG that supports
the nanostructures retains its bioaffinity properties after
the ultrasonic treatment used to exfoliate the MWCNTs.
These properties were checked by studying the interac-
tion of MWCNT-IgG immobilized at GCE with Anti-IgG
by EIS using HQ/BQ as redox marker. Figure 6A depicts
the charge transfer resistances (R,) obtained from Nyquist
plots for GCE/MWCNT-IgG blocked with BSA (to avoid
non-specific interactions), before (black) and after the
interaction for 30 min with 0.050 mg mL~" Anti-IgG (red),
0.050 mg mL~! IgG (blue), 0.050 mg mL~' thrombin
(green) and 0.050 mg mL~! cytochrome ¢ (magenta). As it
can be observed, R, increases after the interaction of GCE/
MWCNT-IgG with Anti-IgG ((3.0+0.3) X 102 Q versus
(5.9+0.2) x 10% Q) due to the antigen—antibody interaction
between IgG and Anti-IgG, and the consequent blockage of
the surface. At variance with this behavior, the interaction
of GCE/MWCNT-IgG with 0.050 mg mL~! IgG, throm-
bin, and cytochrome c produces small changes in the R,
((3.0+£0.2)x10%, (3.3+0.4)x 10%, and (2.9+0.2) x 10*> Q,
respectively), clearly demonstrating that the IgG that sup-
ports the MWCNTs really preserves the biorecognition prop-
erties despite the treatment used to prepare the nanohybrid.
To reinforce this concept, we also evaluated the effect of
the interaction time of Anti-IgG with GCE/MWCNT-IgG.
Figure 6B shows the bars plot for R, obtained after increas-
ing the interaction time between GCE/MWCNT-IgG and
0.025 mg mL~! Anti-IgG. The longer the interaction time,
the higher the R, up to 30 min, due to the immune complex

A
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600
450+
G
3001
o
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0.020 0.0'410
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Fig.6 A) Bars plot for the charge transfer resistances (R.) obtained from
Nyquist spectra for GCE/MWCNT-IgG blocked with BSA before (black) and
after the interaction with 0.050 mg mL™"! of anti-IgG (red), IgG (blue), throm-
bin (green), and cytochrome c¢ (magenta). Interaction time: 30 min. Redox
marker: 1.0x 107> M HQ/BQ. EIS parameters: potential amplitude, 0.010 V;
frequency range, 1.0x 1072 to 1.0x 10° Hz; working potential, 0.200 V. Sup-
porting electrolyte: 0.050 M phosphate buffer solution pH 7.40. B) Effect of
the interaction time on the R obtained at GCE/MWCNT-IgG in the presence
of 0.025 mg mL™" Anti-IgG. C) Calibration plot obtained from the R values
of the corresponding Nyquist plots (inset) for increasing concentrations of
Anti-IgG (black, 0.005 mg mL~%; red, 0.010 mg mL~; blue, 0.025 mg mL~%;
green, 0.035 mg mL~'; magenta, 0.050 mg mL.™")

@ Springer



73 Page8of10

Microchim Acta (2023) 190:73

formation. For longer times, the R, remains almost con-
stant, which indicates that the IgG available at the electrode
surface for Anti-IgG recognition is saturated. As proof of
concept, and with the only goal to demonstrate the poten-
tial of the MWCNT-IgG nanohybrid as model bioanalyti-
cal platform for further developments of immunosensors,
we studied the effect of Anti-IgG concentration on the R,
obtained after a 30min interaction of GCE/MWCNT-IgG
with increasing levels of Anti-IgG (Fig. 6C). The pro-
posed model immunosensor displayed a linear relation-
ship between 0.0050 and 0.050 mg mL~!, with a sensitivity
of (5.2+0.6)x10° Q mL mg~! (+*=0.990) and a detec-
tion limit of 2 ug mL™! (calculated as 3 x SD/sensitivity,
where SD is the standard deviation of the blank signal and
S the sensitivity). The reproducibility for 0.005 mg mL™!
Anti-IgG was 4.0% using GCEs modified with the same
MWCNT-IgG nanohybrid (5 electrodes) and 7.9% using 3
different MWCNT-IgG nanohybrids.

Electroactivity of MWCNT-IgG nanohybrid: sensing
applications

As it was previously mentioned, the MWCNT-IgG nano-
hybrids have two important aspects to consider, the bioaf-
finity of the resulting platform, through the IgG that sup-
ports the MWCNTSs, and the electroactivity of the exfoliated
MWCNTs. Thus, we also investigated the possible analytical
applications of MWCNT-IgG nanohybrid-modified GCEs
through the development of a model electrochemical UA
sensor. Figure 7A shows the voltammetric response of
1.0x 1073 M UA at GCE/MWCNT-IgG. There is a typical
irreversible oxidation at 0.300 V with a current of 93 pA.
The inset shows the voltammetric behavior of UA at GCE.
At variance with GCE/MWCNT-IgG, the oxidation peak
potential is 0.600 V, demonstrating the advantages of
the electrocatalytic activity of MWCNTSs that produces a
decrease of 300 mV in the overvoltage for UA oxidation and
an enhancement of 7 times in the associated current.

We propose the development of an UA sensor based on
the preconcentration at open circuit potential, with LSV-
stripping in 0.050 M phosphate buffer solution pH 7.40
after medium exchange. A preconcentration time of 10 min
was selected as the best compromise between sensitivity
and reproducibility (not shown). Figure 7B displays LSV
obtained for different UA concentrations from 5.0x 10~ M
to 5.0 x 107 M. Well-defined oxidation current peaks are
obtained for all the studied concentration range (inset),
with a linear relationship between current and concentra-
tion in the whole range of concentrations, a sensitivity of
(1.37+0.05)x 10° uA M~! (+=0.996), and a detection limit
of 165 nM (calculated as indicated previously). The repro-
ducibility for 5.0x 107® M UA was 5.0% using the same
MWCNT-IgG nanohybrid (3 electrodes) and 9.2% using 3
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Fig.7 Cyclic voltammogram for 1.0x 10~ M UA solution obtained
at GCE/MWCNT-IgG (A) and at bare GCE (inset Fig. 7A). Other
conditions as in Fig. 2. B) Calibration plot for UA obtained from the
oxidation peak current of the corresponding LSV-stripping record-
ings (inset) at GCE/MWCNT-IgG. Preconcentration time: 10.0 min at
open circuit potential with medium exchange. Other conditions as in
Fig. 2. C) LSV-stripping signal for human urine (a) and human urine
samples enriched with 2.5x 107 M b and 3.5x10.7 M ¢ of UA at
GCE/MWCNT-IgG. All urine samples were diluted 1:1000
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different nanohybrids. To evaluate the practical application
of the proposed sensor, we challenged it with urine sam-
ples. Figure 7C shows LSV recorded for human urine diluted
1:1000 (a) and diluted urine samples enriched with two dif-
ferent UA concentrations, 2.5 x 107° M (b)and 3.5 10°°M
(c). The recovery percentages obtained with 3 electrodes
were 96% and 115% with R.S.D. of 2.6% and 10.4%, respec-
tively, demonstrating the very good analytical performance
of the proposed model electrochemical sensor.

Conclusions

This work reports for the first time the use of IgG as exfoliat-
ing agent of MWCNTs. The resulting MWCNT-IgG nano-
hybrid represents a very attractive platform for the develop-
ment of different (bio)sensing strategies, either based on the
biorecognition (immunoaffinity) properties of the IgG that
supports the MWCNTs or on the electrocatalytic activity of
the exfoliated MWCNTs. Undoubtedly, this new strategy
to prepare an immunosensor changes the usual paradigms
to build label-free electrochemical immunosensors, with
the advantages of an intimate contact of the biorecognition
element with the electroactive layer, without any covalent
attachment or other immobilization schemes to keep ori-
ented the IgG, paving the way for the development of new
immunosensing platforms.
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