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HIGHLIGHTS GRAPHICAL ABSTRACT

® CNT-polymers fully cover the GCE
delimiting areas with higher density
of CNT.

® Sonication of CNT and ethanol are
necessary to obtain efficient CNTs
dispersions.

® CNTs dispersion depends on the
polymer, sonication time, solvent,
CNT/ratio.

® CNT-polymer is successfully used as
platform to build biosensors.
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(Polylys), glucose oxidase (GOx) and double stranded calf-thymus DNA (dsDNA). The comparison is
focused on the analysis of the influence of the sonication time, solvent, polymer/CNT ratio, and nature
of the polymer on the efficiency of the dispersions and on the electrochemical behavior of the resulting
modified electrodes. The results allow to conclude that an adequate selection of the polymers makes pos-
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g{&ogﬁmmbes dispersion sible not only an efficient dispersion of CNTs but also, and even more important, the building of successful
Glassy carbon electrodes analytical platforms for the detection of different bioanalytes like NADH, glucose, DNA and dopamine.
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1. General concepts about CNT and CNT-based
electrochemical (bio)sensors

Carbon nanotubes (CNTs) have been largely used for elec-
trochemical (bio)sensing due to their outstanding mechanical,
electronic and structural properties [1-13]. CNTs are one of
the allotropes of carbon and consist of carbon atoms with sp?2
hybridization arranged in graphene sheets rolled up in a tube [14].
According to the number of walls, they can be divided in single-
wall (SWCNTs) and multi-wall (MWCNTs) CNTs [14]. Depending
on the presence of side-walls defects, MWCNTSs can be separated
in hollow type MWCNTSs (hCNTs) which present ideally defect-free
side walls, and bamboo-like MWCNTSs (bCNTs), that are character-
ized by having transverse walls regularly located along the tubes
resulting in edge planes of graphene material at regular intervals
along the walls [14].

Due to the strong -7 interactions between their aromatic
rings, CNTs tend to aggregate in aqueous solutions, making difficult
their dispersion and further use for the development of electro-
chemical (bio)sensors [6,7,9,14,15]. Therefore, several alternatives
have been proposed to circumvent this problem. Among them, the
non-covalent functionalization has been largely used since it does
not disturb the unique electronic structure of CNTs [15,16].

Polymers [17-30] have allowed the successful dispersion
of CNTs mainly by wrapping the nanostructures through -
stacking with their surface. Table 1 summarizes the most
representative electrochemical (bio)sensors obtained by immo-
bilization of CNT dispersed in polymers reported in the
last two years. Different conductive substrates have been
used for the preparation of CNT-based electrochemical sen-
sors; glassy carbon, gold, pyrolytic graphite, graphite paste,
indium tin oxide (ITO) and Pt being the most representa-
tive [31-65]. The dispersions were obtained by using polymers
like chitosan, poly(diallyldimethylammonium) chloride (PDDA),
poly(3,4-ethylenedioxythiophene), osmium derived polymers,
poly-(4-vinylpiridine), poly(aniline), poly(1,2diaminobenzene),
cyclodextrin, single stranded DNA, poly(allylamine) hydrochloride,
poly(acrylic acid), Nafion, poly(ethylenimine) (PEI), poly(styrene)
sulfonate, among others [31-65]. They were used for the detection
of pharmaceutical products, biomarkers, cells, phenolic compounds
either in standard solutions or in complex matrices, like, soil, tissue,
wax, foods and medicines [31-65].

The first contribution of our group in the field of CNTs was
the dispersion of MWCNT in mineral oil for the development of
highly sensitive, selective and versatile (bio)sensors. Since 2007,
our group reported the use of new polymers for dispersing MWCNT,
PEI [66-70], PEI functionalized with dopamine (PEI-Do) [71],
poly(lysine) (Polylys) [72,28,73], poly(histidine) (Polyhis) [74-76],
glucose oxidase (GOx) [77,78] and double stranded calf-thymus
DNA (dsDNA) [79], polymers that allow not only the disper-
sion of CNTs, but also the development of new electrochemical
(bio)sensors.

In this review, we present some new insights and a criti-
cal comparison of the electrochemical behavior of glassy carbon
electrodes (GCE) modified with the CNT-polymers dispersions pre-
viously indicated. The comparison was focused on the analysis
of the dispersions preparation conditions, the influence of the
sonication time, solvent, polymer/CNT ratio and nature of the poly-
mer on the efficiency of the dispersions, on the behavior of the
resulting modified electrodes and (bio)sensing applications. The
electrochemical response of the different CNT-polymers modified
GCE was comparatively evaluated using ascorbic acid as redox
marker. The analytical applications of the resulting (bio)sensors
for the quantification of biomarkers of clinical relevance like glu-
cose, NADH, dopamine and DNA are also discussed in the following
sections.

2. Distribution of CNT at glassy carbon surfaces modified
with CNT-polymers and electrochemical reactivity

To know the distribution of the (bio)sensing elements/modifiers
on the surface of the electrodes when developing (bio)analytical
platforms is a very important aspect, since most of the proper-
ties of the modified surfaces will depend on the efficiency of this
surface coverage. Therefore, to evaluate the distribution of CNT
at the surface of GCE modified with CNT dispersed in polymers
is a crucial aspect. Fig. 1 compares Scanning Electron Microscopy
(SEM) micrographs of GCE modified with different CNTs-polymer
dispersions: (A) CNT-GOx; (B) CNT-PEI; (C) bCNT-dsDNA; and (D)
bCNT-Polyhis. The carbon nanostructures were hollow-type MWC-
NTs with exception of the dispersion with dsDNA, where the
MWCNTs were bamboo-like MWCNTSs. The comparative analysis
of the images demonstrates that in all cases the surface of GCE is
completely covered by the CNT-dispersions although this coverage
is not homogeneous (Fig. 1A-D). In general, there is are pattern of a
full covered surface with areas containing different density of CNTs,
which depend on diverse factors such as the solvent used to prepare
the dispersion, the nature of the polymer selected to disperse the
CNTs and the CNTs/polymer ratio.

Fig. 1C shows one example about the influence of the solvent on
the efficiency of the dispersion and the distribution of the dispersed
CNTs on the glassy carbon surface. This picture displays a GCE modi-
fied with bCNT-dsDNA prepared in 50:50 (v/v) ethanol/water (main
picture) and water (inset). It is clear that the presence of ethanol
largely improves the quality of the dispersion and its deposition on
the glassy carbon surface. On the contrary, the use of water as sol-
vent produces a deposit with an important number of aggregates.
From the analysis of these images and those for other CNT-polymer
dispersions previously reported [66-72,28,73-79], it is possible to
conclude that, the distribution of the CNTs-polymer dispersion at
the electrode surface highly depends on the solvent, and, in general,
the best coverage is obtained using ethanol as co-solvent.

Another interesting aspect to consider is the influence of the
polymer concentration on the quality of the dispersion and further
deposition at the glassy carbon surface. Fig. 1D shows images of
GCE modified with 1.00 mgmL-! CNT dispersed in 0.25 mgmL!
Polyhis (main picture) and 2.00 mg mL~! Polyhis (inset), both solu-
tions prepared in 75/25 (v/v) ethanol/acetate buffer pH 5.00. The
comparison of these images reveals that when the concentration
of Polyhis increases, there is a segregation of the CNTs entrapped
in the polymer net.

After the critical analysis of these results, it is possible to
conclude that, when preparing dispersions of CNTs in polymer solu-
tions is necessary to take into account that: (a) ethanol has to be
present in the polymer solution to obtain a more efficient disper-
sion and better distribution of the wrapped CNTs on the electrode
surface due to the decrease in the viscosity of the medium and the
improvement in the mobility of the polymeric chains, and (b) the
nature and the amount of the polymer are critical factors, since the
concentration has to be high enough to ensure the dispersion of the
nanostructures, but not too high that blocks the electron transfer.

To know the correlation between the information given by the
distribution of CNTs on the electrode and the local electroactivity
of the resulting surface is very useful when developing electro-
chemical (bio)sensors Fig. 2 displays Electrochemical Scanning
Microscopy (SECM) images obtained at bare GCE and at GCE mod-
ified with bCNT-dsDNA, CNT-PEI, and CNT-Polylys using ferrocene
methanol as redox marker. In all cases is possible to observe that
the average currents are similar to the one for GCE, although
these values depend on the region of the electrode under eval-
uation. In fact, there are areas with higher density of CNTs that
produces local increments in the currents, in agreement with SEM
images. This effect is more pronounced at GCE/CNT-PEL On the



Table 1
Electrochemical (bio)sensors based on CNTs dispersed in different polymers: analytical parameters and applications in real samples.

Modified electrode Detection Analyte Real sample Analytical performance Ref.
GCE/MWCNT-CHIT/MIP DPV (5 min accumulation at o.c.p.) quinoxaline-2-carboxylic acid Pork samples LR:2.0x1075-1.0x 10> M [31]
(residue marker for quinoxaline DL: 4.4 x 10" M
veterinary medicines of illegal use)
PGE/MWCNT-CHIT/dsDNA DPV (5 min accumulation at o.c.p.) Amitrol Soil and water DL: 0.017 ngmL™! [32]
Good selectivity and precision
GCE/MWCNT/PPyox DPV Detection of salmon sperm DNA DNA methylation Rapid detection of DNA [33]
methylation
PGE/MWCNT-PDDA/dsDNA DPV (5 min accumulation at o.c.p.) Codeine Expectorant codeine syrup, urine LR: 0.05-40 pgmL~! [34]
and plasma DL: 0.041 pgmL-!
Morphine Morphine sulfate injection, urine LR: 0.05 - 42 pgmL-!
and plasma DL: 0.043 pgmL-!
GCE/HCNT-PDDA DPV Do, AA and UA Standard solutions LR: 25-1045 wM, DL: 0.12 M (AA), [35]
LR: 2.5-10 wM, DL: 0.08 .M (DA),
LR: 5.0-175 uM, DL: 0.22 WM (UA).
simultaneous determination
CPE/CNT-PEDOT DPV (1 min accumulation at o.c.p.) Hydroquinone Cosmetics LR: 1.1-125 pM [36]
DL: 0.3 uM
Au microwire/SWCNT/OsP-Dia-NAD*- Chronocoulommetry (E=0.100V) Glucose Human lachrymal liquid and Microsensor for low volume of [37]
GDH plasma sample detection
GCE/MWCNT- P4VP DPV Paracetamol Formulation tablets and urine LR: 0.02-450 uM [38]
DL: 1.69nM
GCE/MWCNT-PANI/AChE Amperometry (E=0.025V) Carbamate pesticides Fruit and vegetables (apple, DL: 1.4 .M (carbaryl) [39]
broccoli and cabbage) DL: 0.95 wM (methomyl)
Reproducibility: 2.6%
Repeatability: 3.2%
Au/MWCNT-PANI/AuNPs/LOx Amperometry (E=0.400V) L-lysine Milk, pharmaceutical tablets and DL: 5.0 wM (PANI better than DAB [40]
sera electrode)
Au/MWCNT-DAB/AuNPs/LOx DL: 20 uM
Au/MWCNT-PANI/Fe304NPs/LC CV (scan rate: 0.020Vs~1) Phenolic compound Tea leaves extract LR;: 0.1-10 pM [41]
LR;: 10-500 pM
DL: 0.03 uM
GCE/MWCNT-PANAM-PdNPs CV (scan rate: 0.050Vs~1) Oxalic acid Spinach LR: 0.03-5mM [42]
DL: 0.02mM
tr: 800s
Au/MWCNT-BCD/PANAM-AuNPs/CTC- Amperometry (E=0.500V) Chlortetracycline Milk and honey LR: 90 nM-50 uM [43]
MIP DL: 49.54nM
GCE/SWCNT-PTCA-BCD DPV (2 min accumulation at o.c.p.) 9-Anthracenecarboxylic acid River water LR: 2-140nM [44]
DL: 0.65nM
IDE/MWCNT-DNA E.coli 0157:H7 DNA related - DL: 1nM [45]
sequence tr: 10 min
GCE/MWCNTs-PAH DPV Ciprofibrate Pharmaceutical formulations LR: 13.3-132 uM [46]
DL: 8.34 uM
GCE/MWCNT-PAA CV (scanrate: 0.100Vs~') Do and UA in the presence of AA - Sensitivity: 17.93 pApM~! cm—2 [47]
LR: 0.04-6 uM (Do)
Sensitivity: 13.09 pA pM~! cm—2
LR: 0.04-3 wM (UA)
GCE/PAR/MWCNT-CHIT-Hem Amperometry (E=-0.330V) H,0; LR: 1-10 pM [48]
DL: 0.61 uM
Au/AUT/{AuNPs/MWCNT-CHIT- CV (scan rate: 0.050Vs~1) Heat killed E. coli 0157:H7 Water LR: 4.12 x 102-4.12 x 10° CFU [49]
SiO,@THI}4/Anti mL-!
E. coli tr: 45 min
PGE/SWCNT-CHIT/DNA DPV Hepatitis B virus related sequence - LR: 10-80 pgmL~! [50]
DL: 13.25 pgmL-!
GCE/MWCNT-Nf-(XDH-bacteria)*/Nf Amperometry (E=0.500V) D-xylose Beer and products of lignocellulose LR: 0.6-100 uM [51]
*surface expressed XDH over E. coli degradation DL: 0.5 uM
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Table 1 (Continued)

RTIL: 1-butyl-3-methylimidazolium
bis(trifluoromethane)sulfonimide

(triglycerides), glyceril tributyrate

LR: up to 5.3 mM
DL: 0.05mM

Modified electrode Detection Analyte Real sample Analytical performance Ref.
GCE/SWCNT-Nf SWV (4 min accumulation at o.c.p.) di-Hydromyricetin Ampelopsis grossedentata LR: 0.1-10 uM [52]
(medicinal plant) DL: 0.09 uM
GCE/MWCNT-PEI DPV Chlorpromazine in presence of Winsumin tablets Sensitivity: 1.3 pnA M1 cm—2 [53]
acetaminophen, UA, Do and AA LR: 19nM-9.2 uM
DL: 10nM
GCE/(MWCNT-PEI-AuNPs/PB)s /(CHIT- CV (scan rate: 0.050Vs™1) Carcinoembryonic antigen Serum LR: 0.5-160 ng mL~! [54]
AuNPs)/Anti-CEA DL: 0.08 ngmL-!
Pt/MWCNT-PDDA- Amperometry (E=0.350V) Acetylcholine - Sensitivity: 3.395 pAmM~! [55]
ChOx/AuNPs/(AChE-PDDA), LR: 0.005-0.4 mM
DL: 1 pM
ITO/PEI/PSS/(PDDA/PSS- CV (scan rate: 0.050Vs~1) H,0, - DL: 2.2 uM [56]
MWCNT)s/AgNPs
Au/MWCNT-PANI/Fe304NPs/LC CV (scan rate: 0.020Vs~1) Phenolic compound Tea leaves extract LR;: 0.1-10 pM [41]
LR,: 10-500 pM
DL: 0.03 uM
MGCE/HCNT-PDDA-GOx Amperometry (E=-0.500V) Glucose - Sensitivity: 174.0 mAmM-! cm—2 [57]
LR: 5-85mM
DL: 0.72 mM
GCE/MWNT-Rutin-IL* DPV Tryptophan - Sensitivity: 174.0mAmM-! cm—2 [58]
*IL: 1-butyl-3-methylimidazolium LR:8x1078-2x10-°M
hexafluorophosphate DL:3x 108 M
GCE/CNT-(PCF-Pyr-CHIT)*-GOx Amperometry (E=0.350V) Glucose - Sensitivity: 0.46 mA mM~! [59]
*Pentacyaneferrate(Il)/4- LR: 0.1-1.0mM
pyridinecarboxaldehyde modified DL: 0.031 mM
CHIT
Pt microelectrode/SWCNT-ssDNA/Pt Amperometry (E=0.500V) Glucose Fetal bovine serum Sensitivity: [60]
black/GOx (817.3+185.8)nAmM-!
LR: up to 7mM
DL: 1 uM
trR~5s
Interferences: AA:7.9%; UA:13.7%;
acetaminophen: 7.2%
Pt microelectrode/SWCNT-ssDNA/Pt Amperometry (E=0.500V) ATP - Sensitivity: (45.6 +10.8)nAmM~!
black/GK-G3POx LR: up to 510 uM
DL: 2 pM
tr~8s
Au/MWCNT-PS/CFFCP1 Amperometry (E=0.150V) RA autoantibody (rheumatoid Human and rabbit serum samples Sandwich type biosensor: after [61]
arthritis disease marker) interaction with the sample, the
platform was left incubate with
anti-IgG secondary antibody
labeled with HRP
GCE/MWCNT-CHIT/DNA DPV (2 min accumulation of the DNA sequence related to - LR: 5.0 x 1071°-10.0 x 103 M [62]
indicator at o.c.p.) phosphinothricin acetyltransferase DL: 5.0 x 101 M
Indicator: [Cu(bpy)(MBZ),(H20)] 93% of regeneration of the sensing
surface after five regeneration-
hybridization-intercalation cycles
RSD: 4.4% (n=5)
GCE/MWCNT-RTIL/Lip CV (scanrate: 0.010Vs~!) Water insoluble analytes Olive oil Sensitivity:0.056 pAmM~! cm~2 [63]
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Ref.
[64]
[65]

10)

=5)

Storage or operational stability: 4

Storage or operational stability: 7
weeks (89%)

days (88%)
Sensitivity: 18.6 pAmM-~!

LR: 0.5-22 uM

Sensitivity: 2.3 pAmM-!
DL: 0.4 uM

LR: 0.02-1.2mM
DL: 4.4 pM
tr ~30-355

Analytical performance
RSD: 2.8% (n

RSD intraday: 1.4% (n

tr ~15-20s

Real sample
Human serum

Wine

Sulfite (PPO inhibitor -indirect

determination)

Analyte
Cholesterol

0.600V)

Amperometry (E

Detection
DPV

GCE/MWCNT/PDDA/AuNPs/ChOx
GCE/MWCNT-PAH-AuNPs-PPO

Modified electrode

Linear range (LR), detection limit (DL), response time (tr), pencil graphite electrode (PGE), glassy carbon electrode (GCE), platinum electrode (PtE), indium tin oxide electrode (ITO), gold electrode (AuE), helical carbon nanotubes

(HCNT), multi-walled carbon nanotubes (MWCNT), single-walled carbon nanotubes (SWCNTs), magnetic glassy carbon electrode (MGCE), interdigitated microelectrode (IDE), open circuit potential (o.c.p.).

Table 1 (Continued)
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contrary, at GCE/bCNT-dsDNA the surface looks more homoge-
neous, suggesting an important ordering effect of the biomolecule
in the multistructure. Therefore, the deposition of CNT-polymer
dispersions at the electrodes surfaces generate areas with differ-
ent density of CNTs, that are associated with heterogeneous local
increments in the redox probes currents transduced in SECM elec-
troactive spots.

3. Influence of the preparation conditions on the
electrochemical behavior of GCE modified with
CNT-polymers

3.1. Effect of the sonication time

Chen et al. [80] reported that the cavitation produced as a con-
sequence of the ultrasonication is the responsible for debundling
and dispersing the nanotubes. Thus, the time of ultrasonication
is a critical parameter to obtain an efficient dispersion of CNT
in the polymer matrix and a highly stable functionalization of
the carbon nanostructures. The effect of this parameter on the
final dispersion of the nanostructures and further activity of the
resulting CNT-modified GCE is comparatively evaluated here using
CNT dispersions involving polyelectrolytes with clearly different
properties: (i) a positively charged homopolymer, Polyhis; (ii) a
negatively charged enzyme, GOx; and (iii) a negatively charged
polyelectrolyte with bioaffinity properties, dSDNA. The analysis
was performed from the oxidation of a redox marker (GCE/CNT-
Polyhis); the oxidation of the final product of an enzymatic reaction
(GCE/CNT-GOx); and the intrinsic electrochemical signal of the dis-
persing agent that support the CNTs (GCE/CNT-dsDNA).

Fig. 3A shows the influence of the sonication time used for
dispersing CNT in Polyhis on the sensitivity for the oxidation of
the redox marker ascorbic acid (AA) obtained from amperometric
experiments performed at 0.000V. The sensitivity increases with
the sonication time and reaches a maximum value after 30 min.
Fig. 3B depicts the sensitivities obtained with GCE/CNT-GOx from
amperometric experiments performed at 0.700V for successive
additions of glucose as a function of the sonication time used for
preparing the dispersion. It is important to remark that, in this case,
GOx works not only as dispersing agent but also as biorecognition
element; therefore, the information was obtained from the oxida-
tion of hydrogen peroxide enzymatically generated in the presence
of glucose and oxygen. The sensitivity increases for electrodes
prepared with dispersions sonicated between 5.0 and 30.0 min,
decreasing after that. Fig. 3C shows the influence of the sonica-
tion time on the electrochemical behavior of GCE modified with
bCNT dispersed in dsDNA without adding any redox marker. In
this case, the electrochemical signal was obtained from the guanine
electrooxidation current, which increases with the sonication time
up to 45 min. It is important to remark that the use of electroactive
polymers as dispersing agents offers the advantage of monitoring
the immobilization of the dispersion from the evaluation of the
intrinsic redox signal of the polymer.

Spectrophotometric experiments demonstrated that the
ethanolic medium (50/50 (v/v) ethanol/water) produced a
decrease in the wavelengths for the maximum absorption of the
enzymatic cofactor of GOx, FAD, (compared to the spectrum in
water), indicating that GOx is partially denatured by the action
of ethanol [77], being this effect more pronounced when the
sonication time increases. This partial denaturation explains the
decrease in sensitivity observed when increasing the sonication
time (Fig. 3B). In the case of dsDNA [79], there is an increase in the
absorbance at 260 nm in the ethanolic solution, compatible with
some grade of denaturation, which is even more pronounced under
sonication. Therefore, is clear that the presence of ethanol produces

acid; Do: dopamine; UA: uric acid; AuNPs: gold nanoparticles; AgNPs: silver nanoparticles; PANPs: palladium nanoparticles; BCD: 3-cyclodextrin; PANAM: polyamidoamine dendrimer; PTCA: 3,4,9,10-perylene tetracarboxylic

acid; PAH: poly(allylamine hydrochloride); PAA: poly(acrylic acid); PAR: poly(acridine red); Hem: hematin; Nf: Nafion; ChOx: choline oxidase; PB: prussian blue; PEI: poly(ethylenimine); XDH: xylose dehydrogenase; Anti-CEA:
Lipase; RTIL: room-temperature ionic liquid; IL: Ionic Liquid; IgG: immunoglobulin G; MBZ: p-methylbenzoate; bpy: 2,2’-bipyridine; CFU: colony-forming units; Dia: diaphorase; GK: glycerol kinase; G3POx: glycerol-3-phosphate

anticarcinoembryonic antigen; PSS: poly(sodium 4-styrenesulfonate); AUT: 11-Amino-1-undecanethiol hydrochloride; THI: thionine; HRP: Horseradish Peroxidase, ChOx: cholesterol oxidase; PPO: polyphenol oxidase; Lip:
oxidase; CFFCP1: chimeric fibrin-filaggrin synthetic peptide.

CHIT: chitosan; CTC-MIP: chlortetracycline molecular imprinted polymer; MIP: molecular imprinted polymer; PPyox: overoxidized poly(pirrole); PDDA: poly(diallyldimethylammonium chloride); P4VP: poly(4-vinylpiridine);
PEDOT: poly(3,4-ethylenedioxythiophene); Os-P: osmium polymer; PANI: polyaniline; DAB: poly(1,2-diaminobenzene); GDH: glucose dehiydrogenase; AChE: acetylcholinesterase; LOx: lysine oxidase; LC: lacasse; AA: ascorbic
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Fig. 1. SEM images of glassy carbon disks modified with different dispersions of CNT: (A) 1.00mgmL-! CNT in 1.00mgmL-' GOx solution prepared in 50:50 (v/v)
ethanol/water; (B) 1.00mgmL~' CNT in 1.00mgmL-! PEI solution prepared in 50:50 (v/v) ethanol/water; (C) 1.00 mgmL-! bCNT in 100 ppm dsDNA solution prepared
in 50:50 (v/v) ethanol/water (inset: 1.00 mgmL~! bCNT in 1.00 mg mL~! dsDNA solution prepared in water); and (D) 1.00 mgmL~' CNT in 0.25 mgmL~' Polyhis solution
prepared in 75:25 (v/v) ethanol/acetate buffer solution pH 5.00 (inset: CNT in 2.00 mg mL~" Polyhis).

a partial denaturation of the double helix which increases with the
sonication time. The enhancement of the guanine oxidation signal
with the sonication time discussed in Fig. 3C, indicates that the
association of the ethanolic medium and the ultrasound facilitates
the interaction between the dsDNA bases and the sidewalls of the
bCNTs due to a partial denaturation and a decrease in the length
of dsDNA, making possible a more efficient dispersion even when
the viscosity of the solvent decreases [80].

The effect of the sonication time on the efficiency of the dif-
ferent CNTs dispersions and on the electrochemical behavior of
GCE modified with these dispersions can be summarized as fol-
lows: (a) the sonication of the mixture CNTs-polymer is absolutely
necessary to obtain an efficient dispersion of CNTs and (b) the
optimum sonication time depends on the polymer used for dispers-
ing the nanotubes and this time is even more critical when using
biomolecules.

3.2. Effect of the CNT/polymer ratio

CNTs deposited at the modified GCE produce an increase in
the electroactive area and, consequently, in the electrochemical
response of the given compound; however, from the analytical
point of view, the amount of CNTs should not be too high since
it would produce important increments in the capacitive currents
that would increase the detection limits. On the other hand, the
presence of the polymer is necessary not only to functionalize
the CNTs and to allow their dispersion, but also to provide them
of new properties. Nonetheless, the amount of polymer should
not be too high since it could produce diffusional problems or
changes in the charge transfer rate. Some examples are presented in
Tables 2a and 2b. Table 2a shows the variation of the peak current

for guanine electro-oxidation at GCE modified with bCNT-dsDNA
dispersions obtained by mixing different amounts of bCNT with a
constant amount of dsDNA. The results show that the incorporation
of bCNTs above 1.00mgmL-! does not produce additional incre-
ment in the oxidation current, due to a limited capability of the
dsDNA present in the medium to disperse the bCNTs. The shifting
in the overvoltages for the oxidation of guanine towards more posi-
tive values, suggests a less efficient dispersion of the nanostructures
and, consequently, a less effective oxidation of guanine residues.

Table 2a

Peak current (ip,) and peak potential (Ep,) for guanine electrooxidation obtained at
GCE modified with bCNT-dsDNA by mixing different amounts of bCNT in a 100 ppm
solution of dsDNA.

Amount of bCNT (mgmL-!) ipa (LA) Epa (V)
0.50 8.35 1.060
1.00 82.43 1.100
1.50 35.76 1.140
2.00 32.81 1.140
2.50 28.25 1.150

Table 2b

Sensitivities obtained from amperometric measurements performed at 0.000V for
successive additions of AA using GCE modified with CNT-Polyhis prepared with
1.00 mg mL~! CNTs and different concentrations of Polyhis.

Polyhis concentration (mg mL~1) Sensitivity (WAM™1)

0.12 (101.7 £0.7) x 10
0.25 (115.34+0.9) x 103
0.50 (86.6+0.6) x 103
1.00 (31.1£0.1)x 10°
3.00 (8.8+0.1) x 10?
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Fig. 2. SECM surface-plot images of: GCE; GCE/bCNT-dsDNA (1.00 mg mL-! bCNT in 100 ppm dsDNA solution prepared in 50:50 (v/v) ethanol/water); GCE/CNT-PEI (1.00
mgmL-! CNT in 1.00 mgmL~" PEI solution prepared in 50:50 (v/v) ethanol/water); and GCE/CNT-Polylys (1.00 mgmL~' CNT in 1.00 mg mL~! Polylys solution prepared in
50:50 (v/v) ethanol/water). The experiments were carried out in 0.100 M phosphate buffer solution pH 7.40 using 5.0 x 10~ M ferrocene methanol (FcOH) as redox mediator.
The tip potential was held at 0.500V to produce the oxidation of FcOH, while the substrate potential was kept at 0.000V to allow the feedback between the electrodes.

Table 2b shows the sensitivities obtained from amperomet-
ric determinations of AA at GCE modified with CNT dispersed in
different amounts of Polyhis from 0.12 to 3.00 mg mL~'. Even when
Polyhis efficiently disperses CNT, as the concentration of Polyhis
increases, the blocking effect of the polymer [74] becomes more
important than the catalytic activity of CNT and the sensitivity
largely decreases.

The effect of the GOx concentration used to disperse CNTs was
also evaluated from the amperometric response of GCE/CNT-GOx
to successive additions of glucose [77]. The sensitivity to glucose
increased almost linearly with the increment in the GOx concen-
tration, indicating that the presence of higher amounts of polymer
produces a more efficient dispersion of CNTs.

From the comparison of these results, is evident that the ratio
CNTs/polymer and the nature of the polymer itself have to be crit-
ically evaluated to obtain efficient CNTs dispersions and sensitive
electrochemical responses of the electrodes modified with these
dispersions. The polymers have to contain hydrophobic regions to
easily interact with CNT, and hydrophilic ones to ensure an effi-
cient dispersion in aqueous media. As it was previously discussed,
the polymer concentration has to be selected to allow an efficient
dispersion of CNTs and an effective electron transfer once the dis-
persion modified the electrodes.

4. Electrochemical behavior of GCE/CNT-polymer: ascorbic
acid as redox marker

Different markers have been used for evaluating the elec-
trochemical behavior of GCE/CNT-polymer such as potassium
ferricyanide, ferrocene methanol, dopamine, ascorbic acid, among
others. In this case, the redox marker selected for the compar-
ison was AA since this electrochemical behavior is sensitive to
changes in the electroactive surface. Fig. 4 displays the voltammet-
ric behavior of the selected redox marker AA (pK, =4.1) at different
platforms: GCE/CNT-Plys (A), GCE/CNT-PEI-Do (B), GCE/CNT-PEI
(C), GCE/CNT-dsDNA (D), GCE/CNT-Polyhis (E) and GCE (F), while
Table 3 compiles the corresponding voltammetric parameters for
the different platforms.

Compared to GCE, the overvoltage for AA oxidation decreases
at all the GCE/CNT-polymer evaluated here, although this decrease
depends on the nature of the dispersing agent. In fact, the oxidation
overvoltages decrease 433, 428, 406 and 356 mV at GCE modified
with CNTs dispersed in the polycations Polylys, PEI, PEI-Do, and
Polyhis compared to bare GCE. However, the decrease in the over-
voltage is smaller when the polycation used for dispersing CNTs
is Polyhis, due to its blocking activity, as it was previously dis-

cussed [74]. Therefore, the improved electrochemical activity for

27
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Fig. 3. Effect of the sonication time on the electrochemical response of GCE
modified with different dispersions. (A) Sensitivities obtained from amperometric
recordings at GCE/CNT-Polyhis (1.00 mgmL~':0.25 mgmL~') for successive addi-
tions of 2.0 x 1076 M AA at 0.000V as a function of the sonication time during
the preparation of the dispersion. (B) Sensitivities obtained from amperometric
recordings at GCE/CNT-GOx (1.00 mg mL~':1.00 mg mL~') for successive additions
of 1.0 x 103 M glucose as a function of the sonication time during the preparation
of the dispersion, working potential: 0.700V. (C) Peak currents obtained from the
voltammograms shown in the inset for GCE modified with bCNT-dsDNA dispersion
(1.00 mg mL~1:100 ppm) prepared with 5 min (a); 30 min (b); 45 min (c) and 60 min
(d) sonication. v=0.100V s~!. The voltammograms are presented previous baseline
substraction. Supporting electrolyte: A, 0.050 M phosphate buffer solution pH 7.40;
B, 0.100 M phosphate buffer solution pH 7.40; C, 0.200 M acetate buffer solution pH
5.00.

AA at GCE/CNT-Polyhis even despite the blocking effect of Poly-
his, is attributed to the catalytic activity of CNTs and the most
favorable interaction between the negatively charged redox marker
and the electrode surface that minimizes the blocking effect of
the polycation. In the case of the dispersion prepared with dsDNA,
the overvoltage for AA decreases compared to bare GCE (218 mV),
although this decrease is not as pronounced as in the case of GCE
modified with CNT-polycations due to the repulsive effect of the
polyanion. Once more, the significant decrease in the overvoltage
for the oxidation of AA, demonstrate that the catalytic activity of
CNTs plays a fundamental role even considering the repulsive inter-
action between the polymer that supports the bCNTs and the redox
marker.

Thus, (a) the incorporation of CNTs at the glassy carbon surfaces
always produces a decrease in the overvoltage for AA oxidation due
to their catalytic activity; (b) the magnitude of the decrease in the
overvoltage depends on both, the catalytic activity of CNTs and the
nature of the polymer (net charge, secondary and tertiary structure,
degree of cross-linking and length of the polymeric chains).

5. Analytical applications of GCE/CNT-polymer

The strategy of using polymers to disperse CNTs is connected
not only with the possibility to find new alternatives to disperse
CNTs, but also, and even more important, to give to the resulting
supramolecular architectures new properties from the synergism
between CNTs and the polymers used to disperse them. In this
sense, the (bio)sensing applications of GCE/CNT-polymers were
explored for the detection of different biomarkers like glucose,
dopamine, NADH, among others.

5.1. Quantification of glucose

GCE/CNT-PEI [66], GCE/CNT-Polylys [72] and GCE/CNT-Polyhis
[75] were used as platforms for developing glucose biosensors
by self-assembling GOx at CNTs-polymers modified GCE mainly
through electrostatic interaction between the negative charge of
the enzyme and the positive charge of the polymers that sup-
ports the CNTs Table 4 summarizes the analytical parameters
obtained from amperometric determinations of the hydrogen per-
oxide enzymatically generated at 0.700V after successive additions
of glucose. The analysis of these parameters demonstrates that GOx
can be successfully adsorbed at GCE/CNT-polycation and that the
response to glucose at GCE/CNT-PEI/GOx is slightly more sensitive.

Another interesting approach was based on the use of GCE/CNT-
polycations as platform to build supramolecular architectures for
glucose biosensing by self-assembling of multilayers in order to
allow a rational design of the bioanalytical layers and a more effi-
cient transduction of the biorecognition event.

Fig. 5A and B shows the dependence of the sensitivity towards
glucose obtained from amperometric experiments as a function
of the number of GOx layers using GCE/CNT-Polylys (A) and
GCE/CNT-Polyhis (B). Higher sensitivities were obtained when
using CNT-polycations instead of Polyhis or Polylys as connectors,
demonstrating that CNT-polymer dispersions are useful not only

Table 3
Voltammetric parameters obtained from the cyclic voltammograms for 1.0 x 10-3 M
AA shown in Fig. 4.

Electrode Jjp (MAcm—2) Ep (V)

GCE 1.55 0.378
GCE/CNT-Polylys 2.64 ~0.055
GCE/CNT-PEI-Do 2.78 -0.028
GCE/CNT-PEI 2.78 —0.050
GCE/bCNT-dsDNA 1.81 0.160
GCE/CNT-Polyhis 1.25 0.022
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Fig. 4. Cyclic voltammograms for 1.0 x 10> M AA obtained at different electrodes: (A) GCE/CNT-Polylys, (B) GCE/CNT-PEI-Do, (C) GCE/CNT-PEI, (D) GCE/bCNT-dsDNA, (E)
GCE/CNT-Polyhis and (F) GCE. Supporting electrolyte: 0.050 M phosphate buffer solution pH 7.40. Scan rate: 0.100Vs~'.
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Fig. 5. (A) Sensitivities obtained from amperometric recordings at 0.700V after successive additions of glucose as a function of the number of GOx layers immobilized
at GCE/CNT-Polylys. The connection between GOx layers is performed using (a) 1.00mgmL~" Polylys or (b) 1.00 mg mL~' CNT/Polylys. Conditions: GOx adsorption time:
20.0 min; GOX concentration: 2.50 mgmL-'; (a) Polylys adsorption time: 20.0 min; (b) CNT-Polylys adsorption conditions: 20 L until dryness. (B) Sensitivities obtained
from amperometric recordings at 0.700V after successive additions of glucose as a function of the number of GOx layers immobilized at GCE/CNT-Polyhis. The connection
between GOx layers is performed using (a) 0.25 mg mL~! Polyhis or (b) 1.00 mg mL~1:0.25 mg mL~! CNT-Polyhis. Conditions: GOx adsorption time: 5.0 min; GOx concentration:
2.00mg mL~'; (a) Polyhis adsorption time: 15 min; (b) CNT-Polyhis adsorption conditions: 10 pL until dryness. (C) Amperometric recording at 0.700 V for successive additions
of glucose at GCE/(CNT-Polyhis/GOx)s/Nafion. Nafion concentration: 2.50% (w w~1) prepared in ethanol.
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Table 4

Comparison of the analytical parameters obtained from amperometric experiments for successive additions of glucose using different GCE/CNT-polymers modified with

glucose oxidase (GOx). Working potential: 0.700V.

Electrode Sensitivity (WAM~' cm2) Linear range (mM) DL (nM) RSD% interelectrodes Ref.
GCE/CNT-PEI/GOx (23+0.1)x 10° 0.5-8.0 11 7 [66]
GCE/CNT-Polylys/GOx (1.5+£0.2) x 10° 02-14 32 11 [72]
GCE/CNT-Polyhis/GOx (1.5+£0.2)x 10° 0.25-2.0 3.9 12 [75]

due to the catalytic activity of the nanostructures and the charge of
the polymer, but also because they facilitate the building of the mul-
tilayers system due to the obvious increment of the electroactive
area, and/or higher robustness, and/or more efficient adsorption
of GOx, and/or a better communication between the enzyme
and the electroactive areas. Thus, CNT-Polyhis makes possible the
construction of supramolecular architectures more sensitive than
the corresponding for GCE/CNT-Polylys, suggesting a better con-
nection of the different layers and/or a better adsorption of the
enzyme at the multistructure. At variance with these examples,
in the case of GCE/CNT-PEI [66], the sensitivity did not show the
expected linear increment after assembling two bilayers of (CNT-
PEI/GOx), indicating that the second layer of CNT-polycation was
not efficiently immobilized, and/or the second layer was less per-
meable to the diffusion of the substrate.

As in many other designs, a barrier is necessary to ensure
the selectivity of glucose quantification. In the case of GCE/(CNT-
Polyhis)-GOx)s, Nafion was used as barrier platform for further
analytical applications. Fig. 5C shows the amperometric recor-
ding obtained at 0.700V for the oxidation of the enzymatically
generated hydrogen peroxide at GCE/(CNT-Polyhis/GOx)s/Nafion
after successive additions of glucose. The amperometric pro-
file shows a well-defined response, with a linear relationship
between oxidation current and glucose concentration in the
range from 2.50 x 10~ to 5.00 x 10~3 M, an average sensitivity of
(1.94+0.03)mAM~1,and a detection limit of 2.2 .M. The electrode
was used to quantify glucose in baby milk samples with excellent
agreement.

Table 5 summarizes the analytical parameters of the most
representative glucose biosensors based on the immobiliza-
tion of GOx at electrodes modified with CNT reported since
2011 [81-83,57,84-91]. Compared to these biosensors, GCE/CNT-
Polyhis/GOx)s/Naf demonstrated to be highly competitive, with
detection limits better than most of the detection limits reported
for other CNTs-based electrochemical biosensors [82,85-91].

Another interesting and innovative alternative to develop glu-
cose biosensors was the use of GCE modified with CNT dispersed
in GOx [77]. The enzyme retains its biocatalytic activity even
after dissolution in 50:50 (v/v) ethanol/water solution and son-
ication for 15 min using either ferrocene methanol or oxygen as
redox mediators [77]. The intimate contact of CNT and GOx makes
possible the efficient electron transfer as well as an excellent bio-
catalytic activity, allowing the highly sensitive detection of glucose.
The sensitivity is 27.3, 17.9, and 17.9 folds smaller than those
obtained at GCE/CNT-PEI and GCE/CNT-Plys and GCE/CNT-Polyhis,
respectively. However, despite this smaller sensitivity, the use of
GCE/CNT-GOx for quantifying glucose is an interesting strategy
since the dispersing agent itself works as biorecognition element
without additional reagents or immobilization steps.

5.2. Quantification of dopamine

The electrochemical quantification of Do in the presence of AA
is an important challenge in the electroanalytical field since both
compounds are oxidized at very close potentials at most of the
electrodes. Do can be easily adsorbed at GCE/CNT-PEI [67], even

Table 5

Analytical parameters of electrochemical glucose (bio)sensors based on CNTSs.
Platform Detection Sensitivity DL (M) Lineal range Analytical performance Ref.
GCE/MWCNT-TiO,-CHIT Amperometry (E=—-0.100V) - 0.1 6 wWM-1.2 mM Interferences analyzed: [81]

glycine, L-cysteine, Do
GCE/MWCNT-PB-CHIT- Amperometry (E=-0.100V) 152 pAmM-! cm—2 7.5 25 pM-1.3mM - [82]
GOx-ICPTES (sol-gel
composite)
Au/MWCNT/-PB-CHIT- Amperometry (E=-0.100V) 234pAmM-! cm—2 0.47 1.5uM-1.12mM Interferences analyzed: AA, UA, [83]
hPtCo/GOx/Nf Do, glycine, L-cysteine
MGCE/HCNT-GOx-PDDA Amperometry (E=-0.500V) 1740 pAmM—! cm—2 0.72 5-85 M Interferences analyzed: AA, UA [57]
GCE/MWCNT-hPtNPs- Amperometry (E=0.400V) 20.1mAM-! cm2 0.4 1.2 uM-8.4mM Interferences analyzed: Do, AA, [84]
CHIT/L-cys/PDDA- ethanol, glycine, L-cysteine
AuNPs/GOx
GCE/MWCNT-PDo- Amperometry (E=-0.500V) 3.1mAM ! cm~2 17 0.05-1.1 mM - [85]
AgNPs/GOx/Nf
GCE/MWCNT-PVA- Amperometry (E=-0.400V) 16.6 phAmMM—! cm—2 200 0.5-8 mM Interferences analyzed: UA, AA, [86]
GOx/AuNPs urea, L-cysteine, Ca*, Mg?*, ClI~
Au/MWCNT- Amperometry (E=0.200V) 382 pAmM-! cm—2 20.6 0.28-5.88 mM - [87]
CHIT/GOx/AuNRs
GCE/MWCNT-ACS/GOx/Nf CV (scanrate: 0.05Vs™1) 0.127AM~'cm—2 17.5 Up to 0.8 mM Interferences analyzed: UA, AA [88]
GCE/MWCNT-PB/DAR- Amperometry (E=-0.100V) 77.9 pAmM-! cm—2 3.1 10 uM-1.1mM Interferences analyzed: UA, AA [89]
CHIT/GOx Real sample: fetal bovine and
blood serum

AuPCB/MPA/SWCNT-CHIT- Amperometry (E=0.650V) 2.44pAmM-! cm—2 5 0-6 mM Interferences analyzed: AA [90]
PVIOs-GOx Real sample: mouse serum
GCE/MWCNT- Amperometry (E=0.600V) 3113 pAmM-! cm—2 25 0.16-5.6 mM Interferences analyzed: AA, Do, [91]

CHIT/CdSe@CdS/GOx

UA

Symbols: ICPTES: isocyanatopropyltriethoxysilane; Nf: Nafion; hPtCo: hollow PtCo nanochain; hPtNPs: hollow Pt nanoparticles; AuNPs: Au nanoparticles; AgNPs: Ag nanopar-
ticles; L-cys: L-cysteine; Ppy: poly(pyrrole); MGCE: magnetic glass carbon electrode; HCNTs: Helical carbon nanotubes; PDo: poly(dopamine); CHIT: Chitosan; AuNRs: Au
nanorods; PVA: poly(vinylalcohol); PVIOs: poly(vinylimidazole) functionalized with Os redox centers; AuPCB: Au printed circuit board; MPA: mercaptopropionic acid; ACS:
alumina-coated silica; PB: Prussian blue; DAR-CHIT: diazoresin—chitosan; PDDA: poly(diallyldimethylammonium chloride).
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Table 6
Analytical parameters for Do electrochemical sensors based on CNTs: analytical parameters, operative conditions and samples investigated.
Platform Detection Sensitivity (WAM~') DL (M) Linear range (M) Analytical performance Ref.
GCE/MWCNT-BCD/PLu- DPV - 0.38 1.0-50.0 Eox ~0.100V [92]
AuNPs Interferences analyzed: AA and
UA
Real sample: pharmaceutical
formulation
Amperometry (E=0.161V) - 0.19 1.0-56.0
GCE/MWCNT-FeNAZ-CHIT LSV (scan rate: 0.100Vs~') - 1.05 7.35-833 Eox ~0.500V [93]
Simultaneous determination of
Do, AA, UA and Trp
Real sample: spiked human
serum and urine.
Au/MWCNT- DPV (5 s accumulation at o.c.p.) - 0.03 0.2-10, 10-100 Eox ~0.150V [94]
CHIT/PAMAM/DNA Determination of Do and UA in
the presence of AA
GCE/SWCNT-PtNPs- Amperometry (E=0.230V) - 0.8 Up to ~315 Selective determination of Do [95]
DNA/Nf in the presence of AA and UA
GCE/PMT/SWCNT-Nf DPV 0.42 - 1.5-20 Eox ~0.370V [96]
Determination of Do in the
presence of AA and UA
Real sample: pharmaceutical
formulations
0.14 20-50
GCE/MWCNT-CHIT DPV (50 accumulation at o.c.p.) 0.543 0.19 2.0-100 Eox ~0.150V [97]
Simultaneous determination of
Do and morphine
Amperometry (E=0.550V) 0.3281 0.35 0.5-280
GCE/HCNT-PAH DPV 0.69 0.8 2.5-105 Eox ~0.100V [98]
Determination of Do in the
presence of AA and UA
GCE/MWCNT-PolyDo- DPV 1.03 0.08 0.25-20 Eox ~0.250V [99]
PtNPs Detection of Do in the presence
of 4 uM UA
GCE/GS-MWCNT-PTCA-IL*  DPV (1 min accumulation at 0.200V) 0.0150 0.0012 0.03-3820 Eox ~0.400V [100]
*IL: [BMIM] [BFg] Detection of Do in the presence
of 0.5 mM AA and 0.33 mM UA
Real sample: pharmaceutical
preparation
GCE/MWCNT-PEI-AuNPs DPV 5.2 0.00656 0.5-4.0 Eox ~0.150V [101]

Interference essays: with

0.2 mM glycine, glucose, urea,
AA and cysteine

Real sample: human blood
serum spiked with Do

Symbols: BCD: B-cyclodextrin; PLu: Poly(luminol); FeNAZ: iron-doped natrolite zeolite; CHIT: chitosan; PAMAM: Poly(amidoamine); Nf: Nafion; PMT: Poly(3-
methyltiophene); HCNT: helical carbon nanotube; PAH: Poly(allilamine); NP: nanoparticles, PolyDo: Poly(dopamine); IL: ionic liquid; GS: graphene sheets; PTCA:
3,4,9,10-perylene tetracarboxylic acid; o.c.p.: open circuit potential; Eqx: oxidation potential of Do.

when the surface is positively charged, indicating that, as in previ-
ous cases, the main responsible for this facilitated electrooxidation
is the catalytic activity and adsorptive properties of CNTs. The elec-
trocatalytic activity of CNT deposited at glassy carbon surfaces
produces a preferential decrease in the overvoltage for the oxi-
dation of AA and makes possible a clear definition of Do and AA
oxidation processes [67]. Based on this important decrease in the
overvoltage for the oxidation of AA, it was possible to detect Do in
the presence of AA. The calibration plot for Do in the presence of
1.0 x 10~3 M AA gave a sensitivity of 1.0 x 107 pAM~! cm? with a
detection limit for Do of 9.2 x 10~7 M, which was similar to the one
obtained when AA is present, clearly indicating the usefulness of
the methodology [67].

GCE/CNT-Polyhis was also used for the determination of Do in
the presence of 1.0 x 10~3 M AA [74]. As in the case of GCE/CNT-PE],
the important decrease in the AA oxidation overvoltage obtained
in the presence of CNTs, made possible the separation of AA and
Do oxidation processes, with peaks currents at —0.060 and 0.140V
for the oxidation of AA and Do, respectively. The corresponding
calibration plot for Do gave a sensitivity of 6.91 x 107 pAM~! cm?,
with a detection limit of 15 nM.

Compared to the performance of other electrochemical sensors
for Do reported in the last two years (see Table 6), the sensors

evaluated here represent an interesting alternative, with detection
limits lower than in most of the cases [92-95,97-99], and selective
Do quantification even in high excess of AA or even serotonine [67].

5.3. Quantification of NADH

Table 7 compiles the sensitivities for the amperometric quan-
tification of NADH obtained at —0.025V at GCE, GCE/CNT-PEI and
GCE/CNT-PEI-Do [71]. The sensitivity obtained at GCE/CNT-PEI-Do
is 810 and 13 times higher than those obtained at GCE and at
GCE/CNT-PEI, respectively, clearly demonstrating the advantages
of using PEI functionalized with Do to disperse CNTs, since the
quinone molecules generated after the activation of the electrode
are the responsible for the improved oxidation of NADH at such low

Table 7
Sensitivities for NADH obtained from amperometric experiments at -0.025V at GCE
and GCE modified with CNT dispersed in PEI or PEI-Do.

Electrode Sensitivity (WAM~! cm~2)
GCE (5.9+£0.8)x 10°
GCE/PEI-CNT (7.740.3) x 10*

GCE/PEI-Do-CNT (4.8+£0.7) x 106
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Table 8

Analytical parameters obtained for NADH from amperometric experiments at electrodes modified with CNTs.
Platform E(V) Sensitivity DL (M) Linear range (M) Analytical performance Ref.
GCE/MWCNT-PP 0.647 4.04 x10* pAM~'cm—2 10 2-80x 107> The platform was used for the [102]

biosensing of ethanol by
adding to the dispersion ADH
and monitoring the EQ
response of its reduced
cofactor, NADH

GCE/MWCNT- 0.420 1.27 x 10* pAM! 0.18 1x10°6-1.3x102 No interference from UA and [103]
PdNps/PEDOP AA
EPPG/SWCNT/PPS 0.000 5.76 x 10° pAM~! cm—2 0.01 - No interference from UA, AA [104]
and Do
GCE/PLu/MWCNT 0.100 1.84 x 105 wAM-1 cm~2 0.6 5-150 x 10-6 - [105]
GCE/MWCNT/PXa-FAD 0.150 1.55 x 10° pAM~1 cm—2 1 5-170 x 106 No interferences from UA, Do [106]
and L-cysteine. Interference of
AA

The platform was also used to
the H,0, sensing

GCE/rGO/SWCNT 0.100 2.04 x 10° pAM~! cm~2 0.078 2-40 x 10~> No interference from SO42-, [107]
Na*, K" and I~
SpAuUE/PPF/NR/SWCNT/PPF -0.200 1.50 x 10* pAM~! cm—2 97 9.7-120 x 10~ No interference from AA [108]
3.9%x 10> hAM~! cm—2 1.7-5.8 x 1073
GCE/MWCNT-3,5DNBA- 0.097 1.57 x 103 pAM~! 3 1-20x 107> The platform was used to [109]
CHIT immobilize glutathione

reductase for the biosensing of

GSSG by monitoring the

consumption of NADH, the

cofactor of the enzyme
GCE/SiNps-AZU-MWCNT- 0.400 2.38 x10° pAM~! cm2 2 2.5-100 x 103 A similar platform was used for [110]
CHIT the biosensing of Glu, by

adding GDH and NAD* to the

modifying film
GCE/MWCNT-CHIT 0.327 7.9%x 10> phAM™! 3 5-7500 x 107 The platform was used for the [111]

biosensing of L-glutamate by

adding to the assay solution

GItDH and monitoring the EQ

response of its reduced

cofactor, NADH

GCE/oxMWCNT-CHIT —-0.050 3.2x10* pAM~! cm—2 4 1-10x 103 No interference from UA, [112]
(boiled) acetaminophen. Some
interference from AA
GCE/oxXMWCNT-CHIT 1.2x10* pAM~! cm—2 2
(microwaved)
GCE/SWCNT-HA/TB-Nf 0.000 2.87 x 10* pAM~! cm—2 119 - The platform was used for the [113]
biosensing of D-sorbitol in a
FIA configuration by
immobilizing over the CHIT
platform SDH and monitoring
the EQ response of its reduced
cofactor, NADH
GCE/SWCNT-HA/TB-CHIT 1.48 x 10* pAM~! cm—2 15
GCE/PAA/(CMWNT/AMWNT),4 0.197 2.24x10° p.AM~! cm2 1.5 2-1234x 10°¢ No interference of UA and AA [114]
grE/TiO2-MB-MWCNT-Nf —-0.050 1.65 x 104 pAM~! 7.2 1-3.8x10* The platform was used for the [115]

biosensing of ethanol by

adding to the dispersion ADH

and monitoring the EQ

response of its reduced

cofactor, NAD'

Real samples: white and red

wine, liqueur and vodka
GCE/PANI/SiMO/MWCNT 0.350 2.22 x10° pAM~! cm—2 5 1-18 x 103 The platform was also used for [116]

the H,0, sensing

All oxidation potentials (E) are referred to Ag/AgCl reference electrode or converted to that potential if initially reported vs. other reference electrode. Symbols: EPPG:
edge-plane pyrolytic graphite; grE: graphite electrode; spAuE: sputtered gold electrode; PP: diphenylalanine peptide; ADH: alcohol dehydrogenase; PEDOP: poly(3,4-
ethylenedioxypyrrole); PdNps: palladium nanoparticles; PPS: poly(phenosafranin); PLu: polyluminol; PXa: poly(xanthurenic acid); FAD: flavine adenine dinucleotide; rGO:
reduced graphene oxide; NR: neutral red; PPF: plasma polymerized film; CHIT: chitosan; Nf: Nafion; 3,5DNBA: 3,5-dinitrobenzoic acid; GSSG: glutathione disulfide; SiNps:
silica nanoparticles; AZU: azure C; oxXMWCNT: oxidized MWCNT; GItDH: glutamate dehydrogenase; GDH: glucose dehydrogenase; HA: hyaluronic acid; TB: toluidine blue;
FIA: flow injection analysis; PAA: poly(allylamine); SDH: sorbitol dehydrogenase; CMWNT: carboxylated MWCNT; AMWNT: aminated MWCNT; MB: Medola’s Blue; PANI:
poly(aniline); SiMO: silicomolybdate.

potential [71]. The difference in sensitivity between the first and the Table 8 summarizes the analytical parameters for the electro-
tenth calibration obtained from amperometric experiments with chemical detection of NADH reported in the literature in the last
the same electrode surface was just 12%, proving the robustness, two years for CNT-based electrodes [102-116]. It is important

stability and reproducibility of the platform. to remark that the detection limit reached with this sensor was
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Fig. 6. (A) Base line substracted linear scan voltammograms in 0.020 M acetate
buffer solution pH 5.00 after accumulation of 50 ppm dsDNA in acetate buffer solu-
tion for 5.0 min at open circuit potential, followed by 5s rinsing in acetate buffer
and medium exchange in clean buffer solution using different platforms: (a) solid
line: GCE/CNT-Polylys; (b) dashed line: GCE/CNT-GOx/PDDA. Inset: magnification
of voltammogram (b). (B) Guanine oxidation signals (represented as a percentage
of the signal of un-hybridized sequence) obtained from voltammetric experiments
performed at GCE/CNT-Polylys/oligo(dG); after 5.0 min hybridization using differ-
ent concentrations of oligo(dC);;: 20.0, 50.0, 75.0 and 100.0 mgL-". (C) Oxidation
peak currents obtained from voltammetric profiles in 0.020 M acetate buffer solu-
tion pH 5.00 over (a) GCE/CNT-Polylys/oligo(dG);; and after interaction with (b) a
non-complementary sequence (50 mgL~! of oligo(dA)o) and (c) its complementary
sequence (50 mgL-" of oligo(dC)q1).

better than those reported in [102,108,112-114,116] and compa-
rable to those obtained in [109-111].

5.4. Quantification of other bioanalytes

GCE/CNT-polymers were also used for the sensitive and selec-
tive (bio)sensing of other bioanalytes like uric acid in serum
samples [67], paracetamol in pharmaceutical formulations [76],
methylene blue [78], serotonin [67], phenolic compounds [70], and
pesticides like amitrol [70]. The bioanalytical platforms were used
as detectors not only in batch experiments but also as detectors
in flow systems like Flow Injection Analysis and Capillary Elec-
trophoresis [70] with excellent sensitivity and reproducibility.

DNA was another bioanalyte successfully detected with
GCE/CNT-dispersion, either from the direct adsorption of dsDNA,
or from the hybridization of short oligonucleotides. Fig. 6A shows
the voltammetric adsorptive stripping with medium exchange
in a 0.200M acetate buffer solution pH 5.00 after the adsorp-
tion of 50 ppm dsDNA at open circuit potential at GCE modified
with CNT-Polylys (solid line) and CNT-GOx/PDDA (dashed line).
At both surfaces there is an important decrease in the overvolt-
ages for the oxidation of guanine residues (peak potentials (Ep) of
0.726V and 0.700V at GCE/CNT-Polylys and GCE/CNT-GOx/PDDA,
respectively) compared to bare GCE (Ep =1.000V), evidencing an
important improvement in the electrooxidation due to the catalytic
activity of CNTs and the facilitated adsorption of the polycation.
By comparing the adsorption of dsDNA at GCE/CNT-Polylys and
GCE/CNT-GOx/PDDA, there is a dramatic enhancement in the oxi-
dation current in the case of GCE/CNT-Polylys, even when the
charge of PDDA is also positive, attributed to the limitation in the
amount of polycation adsorbed at CNT-GOX layer.

The biorecognition properties of the DNA layer immobilized
at GCE/CNT-Polylys were also evaluated in connection with
the biosensing of the hybridization event taking oligo(dG)iq
(probe) and oligo(dC);; (target) as model. Fig. 6B shows the
percentage of change in the guanine oxidation signal obtained
at GCE/CNT-Polylys/oligo(dG),; after hybridization with differ-
ent concentrations of target. There is a decrease in the guanine
oxidation current with the increment in the concentration of
oligo(dC);; due to the hybrid formation that turns more dif-
ficult the accessibility of guanine residues for electrooxidation
[117].Electrochemical Impedance Spectroscopy experiments using
potassium ferrocyanide/potassium ferricyanide as redox probes
demonstrated that there is an increase in the R, attributable to the
electrostatic repulsion between the redox marker and the immo-
bilized oligonucleotide and the additional blockage of the charge
transfer when the double helix is formed [72].

Fig. 6C displays the guanine oxidation signal obtained in the
absence of target (a), and in the presence of 50.0 mg L~ oligo(dA)»g
(b) or 50.0mgL~! oligo(dC); (c). The expected decrease in the
guanine oxidation signal is observed after the double helix forma-
tion between oligo(dG);; and oligo(dC);;, while in the presence
of the non-complementary sequence, the voltammetric signal is
almost the same as in the absence of the target, indicating that
GCE/MWCNT-Plys/oligo(dG),; represents a selective platform for
detecting the hybridization event.

Therefore, the platforms of GCE/CNT-polymer have demon-
strated their versatility for building electrochemical (bio)sensors
that allow the quantification of different analytes of clinical rele-
vance.

6. Conclusions and perspectives

This review present a critical discussion of different strate-
gies for preparing electrochemical (bio)sensors based on the
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dispersion of multi-walled carbon nanotubes in polymeric matri-
ces. In all cases the ratio CNT/polymer, the sonication time and the
nature of the polymer have demonstrated to be critical for the effi-
ciency of the dispersion and the behavior of the resulting modified
electrodes. The rational selection of the dispersing agent and dis-
persing conditions have made possible to obtain nanostructures
with particular properties, that can be successfully used for the
construction of efficient electrochemical (bio)sensors, either due to
the charge or to the bioaffinity properties, opening the doors to the
development of sensitive and selective electrochemical biosensors
using different biorecognition elements.

Even when the field of electrochemical (bio)sensors based on
CNTs has received enormous attention in the last two decades,
there are still important aspects on this area that requires
further work, like the incidence of the 3D structure of the poly-
mer/dispersing agent on the interaction with CNT surfaces and
on the efficiency of the resulting dispersions/modified electrodes;
the development of more reproducible strategies for the syn-
thesis of CNTs and more controllable deposition strategies of
CNT-dispersions at the electrodes surfaces, among others.
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