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ABSTRACT

We report the straightforward oriented covalent attachment of antibodies (Abs) on the surface of
carboxylated multiwalled carbon nanotube-polystyrene (MWCNT-PS) materials. The combination of
this composite material, applied as a robust electrochemical transducer platform, and its covalent
functionalization with Abs in a controlled way by means of a two-step process, could contribute to the
development of highly sensitive immunosensor devices. Using the simple and versatile carbodiimide
chemistry, Abs were attached to the carboxylic groups of the MWCNT-PS composite surfaces via their
superficial amine groups. By taking into account the Ab isoelectric point and the net charge of the
composite surface, we engineered an immobilization process to achieve the oriented binding of the Ab
molecules by favoring an ionic pre-adsorption step before covalent binding occurred. Thus, the antigen
binding capacity of the attached Abs was enhanced by up to 10 times with respect to the capacity
estimated for a random spatial distribution of these molecules. The proposed strategy would also serve
as a model for the efficient biofunctionalization of other carboxylated carbon-based polymer composite
materials with potential applications in the biosensor field.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery in 1991 (lijima, 1991), carbon nanotubes
(CNTs) have been widely explored for the development of
analytical tools in the fields of clinical diagnosis, environmental
analysis and food industry (Bhattacharya et al., 2011; Buch and
Rishpon, 2008; Pérez and Fabregas, 2008; Villamizar et al., 2008).
CNTs can be modified with antibodies (Abs) to develop immuno-
sensors exhibiting relatively low detection limits and high sensi-
tivity (Ajayan and Tour, 2007; Britto et al., 1999; Dresselhaus
et al., 2003; Ionescu et al.,, 2004). Due to its simplicity and
versatility, one of the most widely applied immobilization
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protocols for Abs on CNT surfaces consists of their non-covalent
binding by hydrophobic adsorption (Lee et al., 2011; O’Connor
et al., 2004). However, the application of this approach may give
rise to a non-stable modified substrate as a result of Ab deso-
rption caused by the non-specific binding of other proteins when
complex samples (e.g. blood, urine, saliva, etc.) are analyzed
(Mendoza et al., 2008). Moreover, another drawback of this
methodology is that it can produce a significant decrease in the
Ab biological activity as a result of extensive denaturation (Butler
et al,, 1992) of the protein and steric hindrance of the antigen
binding regions (Vermeer et al., 2001).

In order to increase the sensitivity of the CNT-based immuno-
sensors, researchers have put considerable effort to immobilize
the Ab in an oriented and stable manner. However, most of the
methods developed so far require complicated procedures invol-
ving the chemical modification of the Ab (via chemical thiolation,
carbohydrate oxidation, disulfide reduction, etc.) (Liu et al., 2009;
McDevitt et al., 2007) or the use of adapter proteins with the
capacity to interact specifically with the constant region of the Ab
(Fc fragment) (Villamizar et al., 2011). While the former strategy
involves several steps and could give rise to the partial loss of Ab
biological activity, the latter adds an extra-step, which involves
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using another biomolecule, this being costly and time-consuming.
In terms of popularity, the covalent coupling of the superficial
amine groups of the Ab with carboxylic moieties present on the
CNT via carbodiimide chemistry is by far the most widely used
covalent coupling methodology (Lynam et al., 2009; Marches
et al, 2009; Venturelli et al., 2011). However, despite the
advantage that this approach does not require the chemical
modification of the Ab, the oriented attachment of this molecule
is compromised.

We recently demonstrated that a rational design of Ab incuba-
tion conditions favors its ionic pre-adsorption followed by its
covalent attachment rather than its direct covalent binding
through its more reactive amine groups. This approach was
optimized using magnetic nanoparticles (MNPs) and Abs with
large differences between their isoelectric points (pls) (Puertas
et al,, 2011). In order to demonstrate the versatility of this simple
oriented immobilization methodology, this paper extends the
methodology to the orientation of Abs on the surface of carboxy-
lated multi-walled carbon nanotube-polystyrene (MWCNT-PS)
substrates. The combined use of this composite material with
the oriented immobilization of Abs would allow the straightfor-
ward and cost-effective development of robust and highly
sensitive immunosensor devices. However, given the marked
hydrophobicity of these composite substrates (Hong and Kang,
2011; Werder et al., 2002), the successful implementation of this
oriented conjugation strategy on these materials is more complex
than in the case of MNPs. This marked hydrophobicity introduces
a new immobilization mechanism that promote a non-oriented
spatial distribution of the immobilized Ab: a first rapid hydro-
phobic adsorption of the Ab followed by a further covalent
attachment step. Therefore, unlike what happens in the case of
MNPs, once the carboxylated groups of the nanomaterial are
activated via carbodiimide chemistry two mechanisms that favor
the non-oriented immobilization of the antibody instead of one,
compete with the oriented immobilization strategy. Thus, in this
paper, we show how the introduction of an adequate density of
carboxylic groups (via plasma treatment of the nanocomposite)
together with a rationally design of the experimental incubation
conditions could favor this oriented immobilization strategy
over the non-oriented competing mechanisms (hydrophobic
pre-adsorption plus direct covalent amine binding).

2. Material and methods
2.1. Chemicals and reagents

Carboxylated multiwalled carbon nanotubes (COOH-
MWCNTs) (NC-3101) produced by chemical vapor deposition
were purchased from Nanocyl S. A. (Belgium) and used without
further purification. The MWCNTSs contain ca. 4% of carbon in the
form of carboxylic groups and they are around 10 nm in diameter.

Polystyrene (PS), N-(3-dimethylamino propyl)-N'-ethylcarbo-
diimide hydrochloride (EDC), N-Hydroxysulfosuccinimide sodium
salt (SNHS), 4-Morpholineethanesulfonic acid (MES), Tween-20,
polyclonal antibody Anti-Horseradish Peroxidase developed in
rabbit (Ab), type I horseradish peroxidase (HRP) 50-150 units/g
solid, bovine serum albumin (BSA), 2,2’-Azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) diammonium salt (ABTS), hydrogen
peroxide, Chloramine T and tyrosine were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 1 mCi of sodium '?*jodide (Na'2°I) in
0.1 N sodium hidroxide was supplied by Perkin Elmer Life and
Analytical Sciences (Boston, MA, USA). Coomasie (Bradford) pro-
tein assay kit and BSA as protein standard were purchased from
Thermo Scientific (Rockford, IL, USA). Sephadex G-25 gel filtration
columns were from GE Healthcare Life Sciences (Uppsala,

Sweden). Buffers were prepared according to the standard labora-
tory procedures. Other chemicals were reagent grade and used as
received.

2.2. Preparation of carboxylated MWCNT-PS composite substrates

The preparation of the MWCNT-PS composite material and its
deposition on gold substrates and gold electrode surfaces was
carried out as reported elsewhere (Villa et al., 2011). More details
are given in the supporting information.

Both the MWCNT-PS modified substrates and electrodes, when
required, underwent an O, plasma etching process, which was
carried out using a Microwave Gas Plasma System 210. The
treatment conditions were: 50 mTorr chamber pressure, 50 sccm
05, 200 W RF power during 60 s.

2.3. Contact angle measurements

Hydrophobicity analysis was carried out by placing a water
drop on different parts of each substrate and measuring the
contact angle between the drop and the substrate. An EasyDrop
standard equipment (Kriiss, Hamburg) was used.

2.4. Covalent immobilization of the antibody on MWCNT-PS
composite substrates

2.4.1. Carboxylic groups activation step

The substrates were washed three times in 10 mM MES pH 5.
They were incubated for 30 min at 37 °C in 300 pL of 10 mM MES
pH 5 containing 15 pmols of EDC and 22.5 pmols of SNHS. Finally,
they were washed three times with 10 mM MES buffer.

2.4.2. Antibody immobilization step

e Protocol A: Immobilization via the more reactive amine groups of
the antibody (direct covalent binding): Immediately after the
activation step the substrates were incubated during 2 h at
37 °C with 100 pL of 10 png/mL Ab solution prepared in 10 mM
sodium bicarbonate buffer pH 8 containing 2% Tween 20.

e Protocol B: Immobilization via the hydrophobic zone of the
antibody (hydrophobic pre-adsorption): Following the activation
step, the substrates were incubated during 2 h at 37 °C with
100 pL of 0.1 M phosphate buffer pH 7.2 solution containing
10 pg/mL Ab.

e Protocol C: Immobilization via the positive charged richest zone of
the antibody (oriented approach): The activated substrates were
incubated during 2 h at 37 °C with 100 pL of 10 mM MES pH
5 buffer solution containing 10 pg/mL Ab.

2.4.3. Covalent binding evaluation

After the antibody incubation step, the substrates were
washed with different buffer solutions in order to desorb anti-
bodies that were non covalently bound to the substrate (deso-
rption buffers) (Supporting information).

2.4.4. Blocking process of the remaining activated carboxylic-groups

The remaining activated carboxylic groups were blocked by
incubation with 100 pL of 10 mM MES pH 5 buffer solution
containing 1% BSA at 4 °C for 16 h. Finally the substrates were
washed with 10 mM MES pH 5 and stored in 10 mM sodium
phosphate pH 7.0 at 4 °C, until use.
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2.4.5. Determination of the amount of immobilized antibody by
radioactivity (Boni-Mitake et al., 2006; Melkko et al., 1996; Shimura
et al, 2002)

10 pL of 2 mg/mL anti-HRP solution prepared in 0.1 M sodium
phosphate pH 7.5 were incubated for 15 s at 25 °C with 50 pL of
0.5 M sodium phosphate pH 7.5 containing 60 uCi of Na'2°I and
264.0 nmols of Chloramine T as oxidizing agent. The amount of
antibody was previously determined by Bradford assay using BSA
as protein standard (Bradford, 1976). The reaction was immedi-
ately terminated by the addition of 60 uL of 0.5M sodium
phosphate pH 7.5 containing 148.0 nmols of tyrosine and
3.6 umols of potassium iodide. Then, the radiolabeled antibody
was purified by Sephadex G-25 gel filtration column equilibrated
with 20 mM Tris pH 7.5 150 mM NaCl and dialyzed against the
buffer that was to be used for the immobilization process, for 12 h
at 4 °C. This labeled antibody was immobilized following the
protocols described above. The gamma emission of the functio-
nalized substrates was measured for 60 s in a LKB Wallac 1282
Compugamma Universal Gamma Counter.

2.5. Determination of the biological activity of the anti-HRP-
MWCNT-PS

The functionalized substrates were incubated with 100 pL of 6 pg/
mL HRP solution prepared in 10 mM sodium phosphate pH 7.0 for
30 min at 37 °C. They were washed several times with 10 mM
sodium phosphate buffer pH 7.0. As a control of unspecific interac-
tions between the HRP and the MWCNT-PS, substrates without
antibody but with activated carboxyl groups, were used. After the
blocking step and the incubation with the HRP, colorimetric and
electrochemical measurements were carried out as follows.

2.5.1. Colorimetric measurements
The substrates were incubated with 300 pL of 50 mM sodium
phosphate buffer pH 6.0 containing 1 mM ABTS and 1 mM H,0,.
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Using a filter based microplate reader (Biotek E1x800) the increase
in absorbance with time at 414 nm was monitored (Piitter and
Becker, 1983) (Supporting information).

2.5.2. Electrochemical measurements

A standard three-electrode electrochemical cell that included a
Pt counter electrode, a Ag/AgCl/10% (w/v) KNO3 reference elec-
trode (Orion) and the MWCNT-PS composite based biosensor
was used for all the electrochemical experiments. These were
performed at room temperature using a type III p-Autolab
potentiostat (Ecochemie), controlled with GPES 4.7 (general
purpose electrochemical system) software package. The electro-
chemical cell was filled with 25 mL of a 50 mM sodium phosphate
buffer pH 6.0 containing 1 mM ABTS. Amperometric measure-
ments were recorded at a set potential of +200 mV vs. Ag/AgCl
reference electrode, applied for 150 s. At a set time of 50 s, 250 pL
of a 100 mM H,0, stock solution in DI water were added to the
electrochemical cell.

3. Results and discussion

We had previously shown that the initial oxygen plasma treat-
ment applied to the MWCNT-PS composites substrates, created a high
density of oxygen-containing functional groups at the surface of both
CNT and PS components, this being mainly carboxylic groups
(Fernandez-Sanchez et al., 2009). Measurements of contact angle
shows that although this treatment significantly reduced the marked
hydrophobicity of these composite substrates from 103.4 + 2.2° of the
intact substrates to 65.7 + 3.5° following the plasma treatment, they
cannot be considered as hydrophilic (Xu et al., 2009).

Thus, upon activation of the carboxylic groups of the treated
substrates with EDC/SNHS, Ab covalent immobilization can occur by
three distinct mechanisms that compete with each other (Fig. 1). First,
the direct covalent reaction between the most reactive amine
moieties of the Ab and the activated carboxylic groups. Additionally,

pH < pI
—
120 min

Fig. 1. Antibody immobilization mechanisms after carboxylic groups activation process. (a) Immobilization via the more reactive amine groups of the antibody (direct
covalent binding; (b) Immobilization via the hydrophobic zone of the antibody (hydrophobic pre-adsorption); (c) Immobilization via the positive charged richest zone of
the antibody (oriented approach). The most hydrophobic regions of the Ab are marked in purple. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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two conjugation mechanisms may also arise. These are favored by the
presence of negative charges on the surfaces of CNTs coupled with
the intrinsic hydrophobicity of these structures and the kinetic
differences between physical adsorption processes and covalent
reactions. Briefly, both mechanisms involve a two-step process in
which the first step is the rapid physical adsorption of the Ab driven
by hydrophobic or ionic interactions. Subsequently, the site-specific
irreversible covalent binding of the Ab would occur only through its
amine-groups that face the activated carboxylic moieties of the
support surface.

This work shows that despite using carboxylated surfaces
activated with the same chemistry, it is possible to favor one
mechanism of immobilization over another. In this context, three
different immobilization protocols were rationally designed using
anti-HRP as a model IgG since its biological activity could be
determined in a straightforward way by measuring either color-
imetrically or electrochemically the enzymatic activity of its
specific antigen (peroxidase) based on the use of 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as redox
mediator.

In Protocol A, the immobilization was carried out at pH 8.0, at
which the Ab had a net negative charge (pl 5.85-6.55), thereby
preventing ionic interactions between the substrate and the
protein. Moreover, 2.0% Tween 20 was added to the incubation
buffer in order to also prevent hydrophobic interactions. In this
context, Ab conjugation may occur mainly through direct cova-
lent binding between the most reactive amine groups of the Ab
and the activated carboxylic moieties of the composite substrate.
As it could be observed in Fig. 2, using this binding protocol the
antigen binding efficiency of the attached Ab was over 2-fold
higher if the carboxylic groups of the substrates were previously
activated with EDC/SNHS. Moreover, only in the case of activated
substrates, the biological activity of the functionalized composites
remained constant after the sequential washing steps that were
carried out to ensure the desorption of Ab molecules non
covalently attached by means of electrostatic or hydrophobic
interactions. Therefore, these results are consistent with a
mechanism of immobilization via direct covalent binding through
the most reactive amine groups of the Ab.

In Protocol B, Ab ionic pre-adsorption was also avoided as the
immobilization was carried out at pH 7.2. However, an initial
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Fig. 2. Evaluation of Ab covalent attachment via the main mechanism proposed in
each of the protocols studied. The biological activity was colorimetrically
measured, (—) before and (+) after the washing steps were carried out. The
immobilization was carried out using composites substrates activated or not with
EDC/SNHS. The highest signal obtained was considered the 100% of active Ab
(composite substrates functionalized with the Protocol C) and the results are
normalized to this value. Error bars represent the standard deviation of at least
three replicates.

hydrophobic adsorption step was favored as no surfactant was
added to the incubation solution. In this case, the antigen binding
efficiency of the bound Ab was similar when using composites
substrates activated or not with EDC/SNHS. This result suggests
that strong hydrophobic adsorption drives the Ab immobilization.
As hydrophobic interactions are reversible processes, the
adsorbed Ab molecules could be removed by adding surfactants.
By contrast, if the Ab is covalently attached to the substrate, the
bond would be stable regardless the surfactant content added.
However, in this case, even after increasing up to 2-fold the
amount of surfactant used in Protocol A during the washing steps,
no difference in the amount of active bound Ab was observed
between activated and non-activated substrates. For desorption
to occur, all contacts between protein and surface must be
simultaneously broken. Thus the failure to find suitable condi-
tions to desorb reversibly bound Abs is a common observation
when a strong hydrophobic interaction occurred. In these condi-
tions, protein adsorption is largely irreversible because of the
difficulty or improbability of simultaneous disruption of all
contacts (Grazu et al., 2006; Savov et al., 1997; Xu et al. 2009).
Therefore, although these results does not make possible
to ensure that a covalent Ab binding took place when using
activated surfaces, it reinforces the idea that using this immobi-
lization conditions a hydrophobic pre-adsorption of the Ab
takes place.

Finally, in Protocol C the Ab immobilization was carried out at
low ionic strength and pH 5.0 so the Ab ionic pre-adsorption was
promoted as the Ab had a net positive charge at this incubation
conditions. The biological activity of the functionalized composite
substrates previously activated or not with EDC/SNHS was similar
before the washing steps. However, after increasing the pH from
5 to 8 during the washing steps, the activated substrates retained
more than 60% of the Ab biological activity while only less
than 20% of the active Ab remained attached to the non-
activated ones. Only if Ab molecules are attached by ionic
adsorption could they be eluted by changing the net charge of
the Ab due to a shift in the pH of the media. Therefore, such
significant differences between the activated and non-activated
substrates confirm that the Ab incubation conditions used in
Protocol C favor the covalent attachment of the Ab driven by an
initial ionic pre-adsorption step.

Then, the use of activated and non-activated composite
surfaces together with washing steps with sequential changes of
pH, ionic strength and use of detergents, allowed us to demon-
strate that different incubation conditions favor different
antibody immobilization mechanisms. As a result, the antigen
binding efficiency of the functionalized substrates was signifi-
cantly different depending on the mechanism responsible for the
immobilization. This could be clearly seen when normalizing the
biological activity of MWCNT-PS composite electrodes functiona-
lized with Protocols B and C with respect to those functionalized
using Protocol A. Fig. 3 shows the results of the amperometric
analyses carried out with the resulting electrochemical immuno-
sensors fabricated using the different protocols.

The maximum peroxidase binding capacity of the Abs attached
using Protocol C was 10 and 2.5 times higher when compared to
those attached using Protocols A and B, respectively (Fig. 3d). It is
important to point out that Protocol B was previously used by our
group for the detection of rabbit Immunoglobulin G target analyte to
concentration levels down to 3 ng/mL (Fernandez-Sanchez et al.,
2009). These significant difference in the antigen binding capacity
may be due to different yields of immobilization and/or different
spatial orientations of bound Abs. However, the total amount of
bound protein determined by radioactivity resulted to be the same
regardless the applied immobilization protocol (ca. 1.8 ng of Ab per
mm?) (Supporting information). Therefore, these large differences in
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Fig. 3. (a) Amperograms recorded with MWCNT-PS composite electrodes modified following the three different protocols. Amperometric measurements were recorded at
a set potential of +200 mV vs. Ag/AgCl reference electrode, applied for 150 s. (b) Bar graph depicting the current values extracted from the amperometric measurements of
the Ab-modified electrodes and those prepared to test the effectiveness of the blocking process. (c) Transformation in percentage of active Ab attached after normalized
data by subtracting the current related to the blocking process from the current of the corresponding Ab-modified electrode. The activity of the oriented methodology was
taken as the 100%. (d) Relative biological activity electrochemically measured of MWCNT-PS modified gold electrodes functionalized with anti-HRP using Protocol A after
the sequence of washing steps. The results are normalized to the biological activity of substrates functionalized using Protocols B and C. Error bars represent the standard

deviation of at least three replicates.

biological activity must be a consequence of different molecular
orientations adopted by the immobilized Ab.

In this regard, the lower antigen binding efficiencies obtained
when using Protocols A and B are because most of the Ab
molecules adopt molecular spatial orientations with reduced
antigen binding capacity as a result of steric hindrance of their
antigen binding sites (variable domain or Fv). Particularly in the
case of Protocol A, this is because immobilization mainly occurs
through direct covalent binding of the most reactive amine
groups of the antibody. These are the terminal amine moieties
of the four Ab polypeptide chains (pK, around 7-8), which are all
unfortunately located in the Fv area (Sesay, 2003). In the case of
Protocol B, the hydrophobic pre-adsorption step also promotes a
decrease in the antigen binding capacity, but in this case not only
by steric hindrance due to preferential adsorption of the Ab
through its more hydrophobic surface areas (Fab fragments),
but also by extensive Ab denaturation (Butler et al., 1992).
Therefore, when EDC is selected as the Ab linking chemistry if
either of these two protocols is carried out, the resulting random
orientation would limit the sensitivity of the final device for the
detection of very low concentrations of analyte (Puertas et al.,
2010; Rao et al.,, 1998). However, if the immobilization protocol
favors an ionic pre-adsorption step (Protocol C), a better antigen
binding capacity of the covalently bound Ab is ensured.
This is because only in this case most Ab molecules adopts an
oriented spatial disposition and thus the Fv area is not involved

during the covalent binding. The latter is a result of being the
plane involving the Ab four protein subunits the region with the
greatest number of charges (Puertas et al., 2011). Our finding thus
confirms that the oriented covalent immobilization of Abs on
MWCNT-PS composites can be tailored using carbodiimide
chemistry provided that a correct choice of the incubation
conditions is carried out.

However, to promote the Ab ionic pre-adsorption, not only the
suitable incubation conditions are important but also the density
of negatively charged groups on the MWCNT-PS composite
substrates. It is well known that ionic adsorption processes
require the simultaneous interaction among several groups of
the Ab and several groups of the support (Fuentes et al., 2004;
Mateo et al., 2003; Pessela et al., 2006). As already mentioned,
although carboxylated MWCNTs were used to prepare the
supports, it has been previously shown that the oxygen plasma
preconditioning step generates a higher density of carboxylic
groups on the MWCNT-PS composite surface (Fernandez-
Sanchez et al., 2009). Therefore, to check the importance of this
treatment in order to promote the ionic adsorption of the
Ab, substrates with (P) or without plasma treatment (SP) were
functionalized using the three different Ab immobilization
protocols. The amount of bound/active Ab was evaluated by
radioactivity and by quantification of the antigen binding
efficiency of the functionalized substrates. As it could be ob-
served in Fig. 4, the higher hydrophobicity and lower number of
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Fig. 4. (a) Amount of attached Ab per mm? of MWCNT-PS composite substrates
determined by radioactivity measurements. (b) Percentage of active Ab per mm?
of MWCNT-PS composite substrate. SP means substrates without plasma treat-
ment and P with this treatment. The highest signal of enzymatic measurements
obtained was considered the 100% of active Ab and the results are normalized to
this value. Error bars represent the error of at least three replicates. For SP samples
functionalized using Protocol A, no significant activity values were obtained.

carboxylic groups of the substrates that were not treated with
plasma favored hydrophobic interactions. Indeed, the highest
immobilization yields with the non-treated composite substrates
were obtained when using Protocol B. However, when increasing
the number of negative charges by the plasma treatment,
the immobilization yields increased more drastically when using
Protocols A and C. Both protocols need the presence of carboxylic
groups in order to: (i) promote the direct covalent binding of the
amine groups of the Ab (Protocol A) or (ii) the Ab ionic
pre-adsorption step (Protocol C). Thus, these results highlight
the importance of the plasma treatment in promoting the
oriented immobilization of Abs driven by their ionic
pre-adsorption, thus producing MWCNT-PS composite substrates
with higher biological activity.

4. Conclusions

This work demonstrated that using a rational design of
incubation conditions, Abs can be selectively attached and
oriented on the surface of a MWCNT-PS composite using the
simple and well-known carbodiimide chemistry. This proper

spatial orientation significantly improved the antigen binding
capacity of the attached Ab, thereby resulting in an increase of
the analytical signal of an amperometric biosensor that used
MWCNT-PS based electrodes as electrochemical transducers. The
signal increased up to 10 times when compared to the random
orientation driven by direct covalent attachment of the Ab.
Moreover, the signal increased up to 2.5 times compared with
the random covalent orientation driven by a hydrophobic
pre-adsorption step. Remarkably, the methodology described
here is straightforward and does not require any initial chemical
modification of the Ab molecule or the use of other adapter
biomolecules, such as protein A or G. This functionalization
approach could also serve as a model to improve the biological
activity of other biofunctionalized carboxylated carbon-based
polymer composites that have been previously applied or have
the potential to be applied in the biosensor field.
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