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Carbon nanotubes have been attracting a lot of interest as electron transfer mediators to enhance
electrochemical biosensing. The main reason behind this is usually recognized in terms of augmented
electrochemical active surface area. The aim of this paper is to review other phenomena that occur at
the electrochemical interface. Three distinct features of these phenomena mainly appear in electro-
chemical biosensing. We introduce the Cottrell, Randle-Sevcick, and Nernst effects to address these
features. By using these features, several electrochemical biosensing systems are investigated. Differ-
ences among the proposed systems are presented and analyzed in light of these effects. We finally have
demonstrated that carbon nanotubes may induce completely opposite effects when dealing with dif-
ferent biosensing systems. This paper also shows that even seemingly small differences (e.g., changing
metabolite as detected by the same enzyme) might result in opposite effects on the same carbon nanotube
based sensor. Nevertheless, it is shown that carbon nanotubes, in some cases, confirm their exceptional
nature in enhancing the sensor performance by orders of magnitude. The sensitivity increases from
87462 to 3718 + 73 nA/wM xcm? and detection limit decreases from 7.5+ 5.3 mM to 84 +2 wM in case

of cyclophosphamide detected by the cytochromes P450 3A4.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It has been recognized in 1997 [1] and confirmed in 2006 [2]
that Carbon Nanotubes (CNT) have been pointed out to the general
scientific community only in 1991 [3]. They have been actually dis-
covered only in 1993 in the form of Single Walled (SWCNT) [4,5].
However, their first observation was much earlier. The true dis-
covery of carbon filaments in the form of tubes with diameter in
the nanometer-scale dates back to 1952 [6] and in 1958 the first
evidence of concentric textures was published [7], as we usually
find in the form of Multi-Walled (MWCNT). Several works published
in the 70s have then contributed to the characterization of these
new nano-sized structures [8]. After the paper published in 1991,
they have been proposed for a huge plethora of different applica-
tions: substrates for drug delivery [9,10], nano-tips for electrons
field-emission [11], composites to improve mechanical properties
of materials [12-14], hydrogen-storage building-blocks for fuel-
cells [15], quantum wires [16], ballistic conductors [17], molecular
transistors [ 18] and sensors for gas ionization [19], liquid flow [20],
near-infrared light [21], pressure [22], or molecular-recognition
[23].

In the field of biosensing, carbon nanotubes have also been pro-
posed for electrochemical detection. Several sensors have been
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suggested based on carbon nanotubes and enzyme-mediators such
as glucose oxidase [24], 1-Amino acid oxidase [25], cholesterol
oxidase/esterase [26], acetylcholinesterase [27], lactate oxidase
[28] cytochrome C [29], cytochrome P450 [30], glucose oxi-
dase/hexokinase [31]. The direct electron transfer between carbon
nanotubes and electrochemically active molecules has been
demonstrated as well. Small molecules such as hydrogen perox-
ide [32], potassium ferricyanide [33], dopamine [34], and etoposide
[35] have been detected with electrochemical techniques.

The main conclusion we can deduce from this vast literature is
that carbon nanotubes have an impact in terms of sensitivity and
limit of detection. The simplest explanation is that the inherent
high surface area of carbon nanotubes contributes to the electro-
chemically active area of the working electrode (WE). While this
argument is undoubtedly true, it is not enough to explain their
role in electrochemical biosensing. Initially, some peculiar expla-
nations were proposed. For example, it has been suggested that
SWCNTSs “are able to ‘pierce’ the glycoprotein shell of the GOx [Glu-
cose Oxidase] and gain access to the redox sites and be established
within tunneling distance of the redox active co-factor (FAD) of the
enzyme” [24], or that MWCNTSs are contributing because “similarity
in length scales between nanotubes and redox enzymes suggests
interactions that may be favorable” [26]. Later on, deep investiga-
tions have pointed out the phenomena involved. Carbon was being
lined up in the tubes in such a way that it provided high electro-
chemical activity [25] while functionalized sidewalls were inducing
more enzyme adsorption [28]. Carbon nanotubes “have fast
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electron transfer rates similar to a graphite edge-plane electrode,
while the side-walls present very slow electron transfer rates simi-
lar to the graphitic basal plane”[27]. It has been demonstrated that
the edge-plane sites and tube ends are the reactive sites for an effi-
cient heterogeneous electron-transfer at the electrode/electrolyte
interface [36,37]. In a similar manner, plane defects [38] and pres-
ence of impurities [39] along the sidewall surface also increase the
heterogeneous electron-transfer. This is a key finding that is very
clear now. However, several details of the electron-transfer pro-
cess to/from the tubes are still unclear and the topic is still debated
today [40] because “questions remain regarding the fundamental
electrochemical properties of CNTs, that need to be resolved for the
field to advance in a rational manner”[41].

For example, it was found that the usual semi-infinite pla-
nar diffusion model is not accurate enough to fully explain cyclic
voltammetry because thin layer effects likely operate even in
simple cases such as the oxidation of ferrocyanide on glassy car-
bon electrodes modified with SWCNT [42]. However, we will see
that thin layer effects explain peak shifts occurring on hydrogen
peroxide while do not support peaks shift on etoposide and fer-
rocyanide on MWCNT. Moreover, “heterogeneous electrochemical
processes are further complicated by the fact that the vast majority
of electrode/electrolyte systems involve solid electrodes that have
spatially non uniform properties which may impact significantly
on the local activity” [40] while more complex electrochemical sys-
tems are usually involved in biosensing with the integration of very
large biomolecules such as enzymes that provide direct electron
transfer.

Although it is very easy to agree that CNT “can promote electron
transfer and enhance the response current” [26], the mechanism of
electron transfer between CNT and large biomolecules is, however,
still not fully understood, especially considering the differences
found between very similar systems [43].

Therefore, the aim of this paper is to propose an original way to
identify the main phenomenological effects of CNT on the amper-
ometric biosensing in order to provide a useful approach still
required because “questions remain regarding the fundamental
electrochemical properties of CNTs, that need to be resolved for
the field to advance in a rational manner”[41]. The aim of the paper
is to also show how these effects may be used to extensively study
the role of carbon nanotubes in electrochemical biosensing. In this
paper, the main equations usually considered in electrochemistry
are used to introduce three main effects; these effects are then
defined, evaluated in several cases, and finally used to prove that
different redox processes can manifest completely different effects
when occurring at the surface of the same kind of carbon nanotubes.

2. Experimental
2.1. Chemicals

Carbon paste Screen-Printed Electrodes (SPE, model DRP-100)
and MWCNTSs were purchased by Dropsens (Spain). The electrodes
consist of graphite working electrode (4 mm diameter), graphite
counter electrode, and Ag/AgCl reference electrode. MWCNT
(10 nm diameter, 1-2 pwm length) were purchased in powder (90%
purity) by Dropsens (Spain), and subsequently diluted in chloro-
form to the concentration of 1 mg/ml [30]. Samples were then
sonicated in order to obtain a homogeneous solution. Hydrogen
peroxide (H,0,) was purchased from Reactolab SA (Switzerland),
while ferricyanide was supplied by Riedel de-Haén (Switzerland).

The microsomal cytochrome P450 3A4 (Sigma-Aldrich,
Switzerland) and microsomal cytochrome P450 2B6 (BD
Bioscience, USA) were purchased as isozyme microsomes
with recombinant human cytochrome (CYP3A4 or CYP2B6),

recombinant NADPH-P450 reductase, and cytochrome bs,
expressed in baculovirus infected insect cells. Microsomes pro-
vided in 0.1 M of Phosphate Buffer Saline (PBS, from Sigma-Aldrich)
at pH 7.4, were used as received. Milli-Q water (18 MW/cm) was
used to prepare all aqueous solutions. All experiments were car-
ried out in a 0.1 M PBS solution (pH 7.4) as supporting electrolyte.
The drugs cyclophosphamide and ifosfamide were purchased in
powder from Sigma-Aldrich, and dissolved in Milli-Q water, before
storing at 4°C. Etoposide was again from Sigma Aldrich but it was
dissolved in dimethyl sulfoxide (DMSO) due to its low solubility in
water.

2.2. Electrodes preparation

SPE were functionalized with MWCNTs according to [44]. A solu-
tion of 30 I of MWCNT-chloroform was gradually casted (in small
aliquots of 2 ul) on the working electrode. Between two sequential
depositions, the chloroform evaporated and the nanotubes formed
a three-dimensional nanostructured network at the electrode sur-
face.

For detection of drugs, MWCNT-SPE were further functional-
ized with microsomal cytochrome P450: isoforms 2B6 and 3A4
for detection of both ifosfamide and cyclophosphamide. Three
drops of cytochrome P450 (9 ml each drop), were subsequently
applied in order to generate homogeneous layers of protein on
the nano-structured working electrode, before being stored at 4°C
overnight to promote a homogeneous protein adsorption on the
CNT-nanostructure. The excess of cytochrome was then removed
by washing with Milli-Q water, and each biosensor was further
rinsed in Milli-Q water before each measurement. All the function-
alized electrodes were stored in PBS at 4 °C until use.

2.3. Electrochemical measurements

The electrochemical response of electrodes was investigated by
cyclic voltammetry (CV) and chronoamperometry under aerobic
conditions. Electrochemical measurements were acquired by using
an Autolab potentiostat (Metrohm, The Netherlands). For cyclic
voltammetry, the electrochemical cell was covered with 100 wl
drop of solution containing hydrogen peroxide, ferricyanide, or
drugs (etoposide, cyclophosphamide or ifosfamide) at different
concentrations diluted in 0.1 M PBS at pH 7.4. Then, the potential
is swept within the range from -300 mV to +700 mV, from -1000
to +1000 mV, or from -600 to +300 mV for ferricyanide, hydro-
gen peroxide and drugs, respectively. For chronoamperometry, the
screen-printed electrode was instead immersed into a volume of
25 ml of PBS solution under stirring conditions. A volume of 25 .l of
the target molecule was successively added per step into the solu-
tion every 400 s. All the electrochemical measures were acquired
at room temperature.

Calibration curves were obtained by plotting the Faradaic cur-
rent (current steps for chronoamperometry and current peak for
cyclic voltammetry) vs. concentration of the target molecule. The
sensitivity was computed as the slope of the calibration curve [45]:

Alp

Of course, the sensitivity per unit of area is:
_ Alp
T AAC
The Limit of Detection (LOD) was computed, as usual, from the
baseline noise according to the expression[45]:
i

LOD=o§, (2)

(1)
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where di is the standard deviation of the blank measurements, S
is the sensitivity by Equation (1), and k is a parameter accounting
for the confidence level (o =1, 2, or 3 corresponds to 68.2%, 95.4%,
or 99.6% of statistical confidence). Both the sensitivity and limit of
detection were evaluated within the linear range of each calibration
curve.

2.4. SEM imaging

Morphological analysis of bare, structured and functionalized
electrodes was done by using a Philips/FEI XL-30F micro-
scope (Eindhoven, The Netherlands) to acquire Scanning Electron
microscopy (SEM) images. The scanning electron microscope was
operated in 1.5-4.2 mm ultra-high resolution mode. The nominal
resolution was 2.5 nm at 1 kV.

3. Results and Discussion
3.1. Electron Transfer mediated by carbon nanotubes

The sentence that the “use of carbon nanotubes, as the conduc-
tive part of the composite, facilitated fast electron transfer rates”
[25] refers to their extraordinary electrical properties (e.g., the
mean free path reaches several tens of pum in MWCNT [46]), which
are noteworthy but not sufficient to explain their role in biosens-
ing. The key point here is the electron exchange between the CNT
and the electrochemical system and not only the Electron Transfer
(ET) within the tube. The ET from the tube to the molecule under
the redox process can be modeled with the perturbation theory.
In non-adiabatic reactions, quantum mechanics shows that the ET
rate is then [47]:

kET = ZEV%FC (3)

where V27 is the electronic coupling between the redox molecule
and the CNT, FC is the Franc-Condon weighted states-density, and
h is the Plank constant. The FC term is the integrated overlap of the
wave functions of electrons in the Lowest-Unoccupied-Molecular-
Orbital (LUMO) of the redox molecule and the Fermi level of the
electrons sea in the CNT. FC may be computed as [47]:

1 - (Akrm)
VATAKT

with A as the increased polarity of the redox center, AG? as the
Gibbs Free Energy corresponding to the ET process, k as the Boltz-
mann constant, and T as the temperature. V27 is related to the
tunneling distance d [47]:

FC = (4)

VZ = y2e AP (5)

Vo is the coupling at null distance, and (¢) is the decay function
that depends, in general, by the tunneling barrier ¢.

However, it is extremely difficult to investigate the redox pro-
cesses occurring in CNT biosensors by taking into account the
Equations (3)-(5) because of the complexity of the ET transfer chain
usually involved in the sensor. Let us consider, for example, the case
of a cytochrome: in this enzyme, the redox reaction occurs at the
HEME active site of the protein [48]. Here, electrons move from
the oxidized substrate to the HEME in agreement with Equation
(3). The collected electrons flow from the HEME to the external
surface of the enzyme via long-range electronic interactions sup-
ported by overlapping molecular segments [49], e.g. the residues
of the enzyme. Then, electrons jump from the protein to the CNT
againinaccordance with Equation (3). On the CNT, electrons flow by
following the ballistic conductivity [ 17] and, once reached the inter-
face between the tube and the WE, they can enter the Fermi level

in the metal, once again with the mechanism described by Equa-
tion (3). In conclusion, the electron flow from the oxidized species
to the electrode follows an extremely complex chain of ETs, where
each step is governed by different ET rates, making the whole chain
extremely hard to be correctly modeled. Therefore, a rigorous the-
oretical approach starting from quantum principles is not feasible
with respect the present stat-of-the-art in molecular computation.

3.2. Sensitivity and Detection Limit with carbon nanotubes

SPE made of carbon-paste are usually considered for applica-
tions in electrochemical biosensing. They present a rough surface
with features having typical size in the range from 10 to 50 nm, as
shown in Fig. 1(A). Such a surface proves to be especially success-
ful when dealing with electrochemical biosensing, e.g. for glucose
detection. There are mainly two reasons for this: their features
in the scale of tens of nanometers are suitable to accommodate
probe-proteins, which are typically in the range of 5-10 nm, and
the carbon-based materials present a good affinity with hydrogen
peroxide [50] that allows for a large ET.

This last is important because all the biosensors based on
enzymes form the family of oxidases collect electrons released dur-
ing the redox reaction of hydrogen peroxide [51]:

Hy0, %V 21+ 1 0, + 2e7, (6)
while the hydrogen peroxide is produced in the catalysis of the
enzyme’s substrate:

Glu + 0, Glu.Acid + H,0, (7)

Equation (7) is written for the D-glucose - Glu- transformed
in D-gluconic Acid &-lactone-Glu.Acid - but similar equations are
valid for several other endogenous metabolites catalyzed by proper
oxidases.

In these cases, the affinity is even further improved by impurities
usually present on CNT. In fact, iron impurities from the fabrica-
tion processes of CNT are observed to be the active sites of the
electrochemical reduction of hydrogen peroxide [52]. Of course,
variations between different batches of CNTs from the same man-
ufacturer, or between different manufacturers, definitely affect the
electrode response. So, we need to consider that when studying the
general response of hydrogen peroxide. For this reason, we have
paid special attention in this research to use only one supplier for
both screen-printed electrode and CNT (Dropsens from Spain) and
to use mainly CNT from the same branch of production.

We would like now to address not only the case of oxidases,
but also more in general the electrochemical detection based on
enzymes different than oxidases. We will show in the following
of the paper that we have obtained very different effects of CNT
on very different electrochemical systems. The main goal of the
paper is, then, to compare different biological systems that provide
electrochemical biosensing by using the very same nanostructured
electrodes. For this reason, we will not stop with the discussion
on the active sites for the electrochemical reduction of hydrogen
peroxide, but we will proceed to introduce a more general pheno-
menological approach that works in all the cases.

As already mentioned, a nanostructured surface improves the
active electrochemical area and, thus, the total amount of the col-
lected current:

Ir = AjF, (8)

with respect to the same amount of Faradaic current density jr. In
principle, a larger total current related to Faradaic processes at the
surface means a larger signal-to-noise ratio. Equation (2) proves
that a larger signal-to-noise ratio returns a smaller limit of detec-
tion and, therefore, it proves that the electrochemical sensor is



S. Carrara et al. / Electrochimica Acta 128 (2014) 102-112 105

SignalA=inLens  Scon Speed =9
SgnalB=inlens  Date1e Sep 2009

EHT =10.00 kv

WD=52mm
—

vl _ ‘ i
AccV SpotMagn Det WD p———— 200 nm
#200kv 20 100000xTLD 1.9 Graph + CNTs + 1 layer CYP , 1A2
3 - s

L e poil i

S

J - :.; -t ﬁ‘h: A
- V 1 .
h -
AccV SpotMagn Det WD p———— 200nm
 200kV 20 100000xTLD 1.9 Graph + CNTs + 1 layer CYP, 1A2
" ¥ —— »

-

Fig. 1. SEM images of screen-printed electrodes bare (A), nanostructured with car-
bon nanotubes (B), bio-functionalized with cytochromes P450 (C).

sensitive for smaller quantities. However, Equation (1’) shows that
the sensitivity per unit of area is independent by the active electro-
chemical area because Equation (8) has a direct relationship with
A:

Ajr

S=2Ac

(9)

Equation (9) shows that the sensitivity per unit of area is only
related to the current density and not to the total one. Therefore, the
sensitivity of an electrochemical sensor appears to be, in principle,

independent from the SPE nano-structuring. According to Equation
(8), the LOD is also independent from the area A:
3i
AAjE

Because the standard deviation of the blank measurements (i)
is the total current collected at the WE, this includes the area of the
electrode. Equation (10) reminds us that the LOD is a concentration
(the minimum detectable one). The LOD is then defined by the
minimum amount of Faradaic current density that overcomes the
standard deviation of the current density in the blank measures
(Ojplank)- Therefore, also the LOD of an electrochemical sensor
appears to be, in principle, independent from the SPE structuring
with further nano-materials. However, this is not exactly true for
almost all the considered chemical species, as it is shown in the
following sections. In the following, we will explain also why S and
LOD look (erroneously) independent from the increased area due
to nano-structuring.

Among several different approaches for depositing carbon nano-
tubes, which also include microspotting [53], electrodeposition
[54] and the direct growth [33,55], we simply used the drop cast-
ing [44]. While microspotting, electrodeposition and direct growth
enable a more precise localization of CNT on the working elec-
trode, it has been shown that drop casting may further extend the
electro-active area by creating a sort of conducting CNT forest in
the insulating area surrounding the WE [56]. Also for this reason,
we decided to use the drop casting technique in this study.

Fig. 1(B) shows the result obtained on a SPE further structured
by using MWCNT. The used CNT have a mean diameter of 10 nm
and create a densely packed network (as shown in the SEM image).
The obtained surface now presents a higher surface convolution
that further increases the collected total current as described by
Equation (8). Moreover, the surface now structured with MWCNT
accommodates even more protein as due to the increased avail-
able binding sites. The CNT create a natural forest for hosting more
proteins thanks to the hydrophobic character of their walls [35].
Fig. 1(C) clearly shows that the proteins create a homogeneous
biological-layer surrounding all the tubes. The fiber-like features in
Fig. 1(C) are clearly larger in diameter than those in Fig. 1(B). That
is due to biological molecules absorbed all around the MWCNT.
Similar increases of the CNT diameter after functionalization have
been registered several times, e.g. in both the case of oxidases [57],
and cytochromes [35]. It has been demonstrated that this increase
closely corresponds to the protein size [44] and it was confirmed by
more precise Monte Carlo simulations[35]. Simulations have also
shown that the protein adsorption is due to the hydrophobic inter-
actions between the external surface of sidewall of MWCNT and
protein’ residues that manifest hydrophobic character [35].

LOD =0

jblank
AC = O'—AC 10
Ajr (10)

3.3. Cottrell effect

Equation (8) says that we can obtain larger signal-to-noise ratios
by larger active electrochemical areas. However, Equations (9) and
(10) do not confirm that we could have more sensitive sensors. The
only way to improve the sensor sensitivity is to increase the current
density in Equations (9) and (10). We can also see the same in a
different way. It is well known in electrochemistry that we can use
the so-called Cottrell equation when using electrochemical sensors
driven with a fixed potential. The Cottrell equation relates the total
collected Faradaic current with the concentration of redox species
[58]:

_ nFAVD
- mt

Equation (11)describes the variation in time of the Faradaic cur-
rent collected at the WE with area A, and related to aredox species at

Ip(t) C(t) (11)
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Fig. 2. Calibration curves showing the Cottrell effect.

the concentration C(t) that has a diffusion coefficient D and releases
n electrons (F is the Faraday constant). By definition, Equation (11)
defines the so-called “chronoamperometry”. By Equation (11), we
clearly see that the sensitivity does not depend on the active area:

S_nF\FD
- Jnt

However, the derivation of Equation (12) is actually wrong. The
reason is that we always consider “the geometrical area” (Ag) of
our SPE substrates when performing the computation in Equation
(1’). In opposite, the area that appears now in Equation (11) is the
“electrochemical active surface area” that receives a contribution
from CNT (Acnr). By taking into account these two different areas,
the Equation (12) is more conveniently written as:

S_ TlF(Ag +ACNT)‘/5 (13)
Ag/Tt

Now, the right version of the sensitivity per unit of area as
computed by the Cottrell equation shows that a SPE for chronoam-
perometry may get benefit out of structuring with CNT.

Cottrell equation, and then Equation (13), applies to diffusion-
only redox reactions [59]. As seen before, there is a diffusion layer in
the region around carbon nanotubes that does not necessarily sup-
port phenomena following the semi-infinite planar diffusion model
[42]. Even more complex are the cases when the enzyme directly
exchanges electrons with the CNT (as in the case of cytochromes
P450). In these cases, the ET rate is increased by CNT edge-planes
[36,37] as well as by the number of metal/metal oxide impurities
[39] in the tubes. However, many quasi-reversible systems show
straight-line plots of Faradic current versus concentration similarly
towhatisseenin Equation (11). Therefore, now it is straightforward
to generalize the concept and introduce the following definition
related to the increase of sensitivity due to CNT without necessarily
referring to diffusion-only redox reactions.

Definition

We define Cottrell effect as the increase in sensitivity per unit
of area as observed in chronoamperometry and due to nano-
structuring of the electrodes.

The LOD by Equation (2) decreases as well because S is computed
with Equation (13). Back to the case of hydrogen peroxide described
in (6), we find confirmation of the Cottrell effect in Fig. 2: the
reported data correspond to a limited sensitivity per unit area equal
t0 5.5+ 1.4 WA/mM xcm? for the calibration on bare SPE, while the
sensitivity increases to 28.1+ 9.8 wA/mM xcm? on MWCNT elec-
trodes. The Cottrell effect is here about a factor 5x, which is coherent
with other similar values previously obtained on the same kind of

(12)

structured SPE [60]. The sensitivity for hydrogen peroxide detection
has also been ameliorated up to 70.7 wA/mM xcm? by immobi-
lizing the peroxidase on glassy carbon electrodes structured with
MWCNT embedded in chitosan polymer [32]. Of course, the Cottrell
effect on hydrogen peroxide is transferred on all the sensing systems
based on catalytic processes similar to (7): the sensitivity increases
onMWCNT up t027.7,35.6,2.7 and 0.1 (all in wA/mM xcm?) for glu-
cose [57], lactate [51], ATP [31], and cholesterol [26], respectively.
To confirm the role of Acyt in Equation (13), some Monte-Carlo
simulations performed by using the Fowler-Nordheim theory on
electrons extraction from drop-casted CNT have demonstrated that
the larger contribution to electrochemical bio-sensing comes from
the sidewall of the tubes [61] although side-walls present very slow
ET rates per unit area [27]. Studies on SWNTSs have confirmed that
the sidewall might have much more electrochemical activity than
expected [62].

Fig. 2 shows that ET from hydrogen peroxide is much more effi-
cient on MWCNT than on bare SPE. However, it seems that the
MWCNT are not so powerful for all the redox reactions occurring
at their surface. The case of ferricyanide is quite significant. Any
searchinliterature for the electrochemical detection of ferricyanide
as powered by CNT returns only very few articles. And these articles
show a minute amount of advancement. For example, the sensitiv-
ity varied only from 62.8+0.3 to 71.5+0.3 wA/mM x cm? in case
of differently oriented MWCNT [33], while Cottrell effect results
in 9 times larger sensitivity by varying the MWCNT orientation
on hydrogen peroxide [63]. It is worth noting that these last-
mentioned experiments on ferricyanide have been conducted on
MW(CNT directly grown on silicon substrates while it is hard to find
literature on ferricyanide detection done by using MWCNT drop-
casted on SPE. In our direct measurements, chronoamperometry
measures on ferricyanide did not result in any augmentation of the
collected current although acquired on SPE structured with drop-
casted MWCNT. For ferricyanide, Equation (13) does not work.

3.4. Randle-Sevcick effect

Redox reactions described by Equations (6) and (7) also generate
Faradaic current in experiments with voltage scan across the value
of +650 mV. If the potential is varied in a cyclic manner, a Faradaic
current is registered any time the cyclic voltammogram passes
through the value of +650mV. It is well known in electrochem-
istry that the maximum peak current collected at the electrode is
then related to the redox-species concentration by means of the
so-called Randle-Sev¢ick equation [58]:

nFDv

I FA
FXn RT

C (14)

Now, the voltage scan-rate v, the gas constant R, and the sample
temperature T are present in the formula as well.

As we did before for chronoamperometry, we can use Equation
(1) and compute the sensitivity per unit area in cyclic-voltammetry
by distinguishing the electrochemical active surface area by the
geometrical one:

S_ nF(Ag +Acnt) [ nFDu
N Ag RT

(15)

Equation (15) is now slightly different from Equation (13), but
we can easily see a similar increase in sensitivity and a consequent
decrease in LOD by structuring with CNT.

As we have seen for the Cottrell equation, Randle-Sev¢ick analy-
sis also applies only to truly reversible kinetics or truly irreversible
ones [58] while most systems, some chosen for this study, are quasi-
reversible. Therefore, we generalize here the concept and introduce
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Fig. 3. Calibration curves showing clear Randle-Sevcick effect on the direct detec-
tion of Etoposide (250 uM).

the following definition related to the increase of sensitivity due to
CNT without necessarily referring to diffusion-only redox reactions.

Definition

We define Randle-Sevcick effect as the increase in sensitivity per
unit of area observed in cyclic voltammetry due to nano-structuring
of the electrodes.

The Randle-Sevcick effect has been already demonstrated in lit-
erature for oxidases-based sensors in the detection of glucose [24],
lactate [28], cholesterol [30], and thiocholine [27]. The Randle-
Sevcick effect was also registered in several other redox systems.
Fig. 3 shows the Randle-Sevcick effect on all the redox peaks present
inthe direct hydrolysis of another relevant molecule: the etoposide.
Etoposide is a well-known anti-cancer agent that is highly electro-
chemically active. A series of ETs related to redox reactions related
to his molecular components are clearly observable even on bare
SPE (Fig. 3). All these Faradaic currents are greatly increased when
the etoposide is reduced onto MWCNT, as shown by the higher
peaks in Fig. 3. In our experiments, an increase in sensitivity equal
t02.30+0.33 pA/mM xcm? on MWCNT electrodes has been regis-
tered, while it was found to be limited to 0.29 + 0.03 wA/mM xcm?
on bare SPE.

The Randle-Sevcick effect is registered in detection based on
enzymes other than oxidases, as well. The class of cytochromes
P450 is a class of enzymes that catalyze most of the commonly
used drugs [54]. The drugs transformation from their native state
(RH) to an oxidized one (ROH) occurs in nature by the presence
of a co-enzyme called NADPH (the reduced form of Nicotinamide
Adenine Dinucleotide Phosphate):

RH + 0, + H* -+ NADPH-*>°ROH + NADP* + H,0, (16)

Whereas, in water solutions transformation may occur without
NADPH if electrons are supplied by SPE where the P450 is immobi-
lized [53]:

RH + 0, + 2H" + 2~ "2°ROH + H,0 (17)

Equation (17) shows electrons coming from the electrodes
in a similar way that Equation (6) shows electrons released to
the electrodes. Fig. 4 shows that the sensitivity related to Equa-
tion (17) may be enhanced as well as the sensitivity registered
in reaction following Equation (6). The Figure shows the detec-
tion of the cyclophosphamide (a well-known anti-cancer drug)
as detected by the Cytochrome P450 2B6. The detection of 5mM
of cyclophosphamide is practically negligible when the protein is
immobilized on bare SPE. The detection of 5mM of that drug
results indeed in a large current, up to almost 2 pA, when the
protein is immobilized on SPE structured with MWCNT. Table 1
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Fig. 4. Calibration curves showing a clear Randle-Sevcick effect on Cyclophos-
phamide as detected by the Cytochrome P450 2B6.

shows that the registered current is always around 0.5 pA with
bare SPE while, as seen in the calibrations curve, it goes up to
1.99 pA with MWCNT. It corresponds to an enhanced sensitivity
computed in 2488 uA/mM xcm?2. Similarly, sensitivities of 120
and 880 wA/mM x cm? have been registered for Ifosfamide and
Ftorafur [35] (two other anti-cancer drugs) while 25 p.A/mM xcm?
have been registered for Naproxen [44] (an anti-inflammatory
compound). MWCNT have been also used to quantify NADH
(Nicotinamide Adenine Dinucleotide) and have shown clear Randle-
Sevcick effect with Faradaic currents increase by 20-fold [64].

3.5. Nernst effect

Table 1 also shows another effect: the Faradaic peaks related to
the redox of cyclophosphamide are located close to 299 4+ 2 mV on
the SPE electrode. However, the peaks shift toward smaller poten-
tials when the protein is immobilized onto MWCNT. The peaks are
now located in between 248 and 285 mV, depending on the drug
concentration. In the case of cyclophosphamide at 5 mM, we get
the redox on CNT by saving 50 mV, which is not a negligible saving.
This diminished-potential means less energy in the ET, e.g. it means
less voltage in designing proper electronics to drive this interface.
Two clear extra-advantages in using MWCNT in the electrochemi-
cal interface. In electrochemistry, the position (E) of the redox and
oxidation peaks of a species is related to the standard potential (Ey)
and to the concentration of the species in oxidized and reduced
forms by the well-known Nernst equation [58]

E=Ey+ gl [%} (18)

However, we cannot simply use the semi-infinite planar diffu-
sion model [59] when dealing with nano-structuring. In this case,
the phenomenon is more accurately explained by thin-layer effects,
which can have a profound impact on the observed peaks potential
and separation. In fact, the following equation was proposed for a
fully irreversible electron transfer system [42]:

E=ENe,5t+%1n(£‘TZ’:O>, (19)

Where Enerst i the potential given by Equation (18), [ is the
thickness of the thin layer, « and kg are the usual transfer coeffi-
cient and standard heterogeneous rate constant, respectively|[58].
As explained [42], less time is required to deplete the layer of
electro-active species because we are now facing only a layer
of thickness | and, therefore, the peak shifts to less oxidative
potentials.
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Table 1
Randle-Sevcick effect and clear Nernst effect on Cyclophosphamide by P450 2B6.
Cyclophosphamide Concentration Bare CNT
Current (uA) Potential (mV) Current (juA) Potential (mV)
1mM 0.51+0.01 -302.1+1.9 0.64+0.01 -285.0+3.8
2 mM 0.50+0.01 -299.7+1.9 0.77 £ 0.00 -280.1+1.1
3 mM 0.52+0.01 -294.8 +1.7 1.03+0.01 -265.5+3.6
4 mM 0.5340.01 -299.7+£2.0 1.51+£0.01 -265.5+3.8
5 mM 0.51+0.01 -298.5+2.6 1.99+0.01 -248.4+3.6
Table 2
Randle-Sevcick effect and clear Nernst effect on Cyclophosphamide by P450 3A4.
Cyclophosphamide Concentration Bare CNT
Current (LA) Potential (mV) Current (LA) Potential (mV)
1mM 0.82+0.01 -288.6+3.8 1.5440.01 -2211+7.7
2 mM 0.82+0.01 -279.7+2.8 1.5940.02 -220.5+8.7
3 mM 0.84+0.01 -272.7+£3.1 1.60+0.01 -2221+73
4 mM 0.86+0.01 -264.442.9 2.1240.01 -225.7+4.6
5 mM 0.85+0.01 -262 2431 302+0.01 -223.6+4.6
Table 3
Largely evident Nernst effect on H,0,.
H,0, Concentration Bare CNT
Current (LA) Potential (mV) Current (LA) Potential (mV)
10 mM 39+01 706+0.4 9.1+1.6 174+2.7
20 mM 23.7+0.1 682+0.3 37.0+1.9 204+0.8
30 mM 49.5+£0.2 665+0.3 70.5+1.3 230+0.8
40 mM 55.0+0.2 623+0.4 103.5+2.4 291+0.5
50 mM 64.4+0.3 572+0.3 115.04+2.7 284+05

However, different shifts in potential have been observed in
using the same nanostructuration in combination with apparently
very similar redox systems. Coherently with Equation (19), a clear
shift toward less oxidative potentials is clearly observed on hydro-
gen peroxide (see Table 3) while no shift is observed in the case
of ferricyanide (see Table 4). Even more interesting is to note that
apparently similar redox reactions catalyzed by the same enzyme
give opposite shifts: the same cytochrome P450 3A4 shows less
oxidative potential in the case of Cyclophosphamide (see Table 2)
while it shows more oxidative potential in the case of Ifosfamide
(see Table 5).

Once again, this analysis strictly applies only to truly reversible
and truly irreversible kinetics [58] while most systems present
quasi-reversible kinetics. Therefore, the definition of an effect oper-
ated by nano-structuring on the position of Faradic peaks may help
in characterizing and comparing the obtained gain by CNT.

Definition

We define Nernst effect the peak shift as resulting in cyclic vol-
tammetry and due to nano-structuring of the electrodes.

The Nernst effect has been already registered several times on
many different electrochemical systems, such as for glucose [65],
on differently oriented MWCNT [63], and on mixtures involving
both dopamine and ascorbic acid [66,67]. The Nernst effect has also
been exploited to discriminate four different but usually overlap-
ping redox molecules: ascorbic acid, dopamine, uric acid and nitrite
[68].

In our results, we have directly observed a clear Nernst effect on
cyclophosphamide also when detected by another isoform of the
same cytochrome: the 3A4 (Table 2). At 5 mM of cyclophosphamide,
we saved here almost 40 mV. We have also observed a much more
evident Nernst effect on hydrogen peroxide (Table 3). Here the
effect of MWCNT is extremely high: we got saving up to 532 mV
for 10mM of H,0,. Fig. 5 represents the situation even better: we
have a lot of voltage saving by structuring SPE with MWCNT, when

dealing with hydrogen peroxide. That means CNT are much more
effective in providing voltage savings when dealing with molecules
like hydrogen peroxide rather than dealing with a molecules like
cyclophosphamide. Cyclophosphamide is detected through pro-
tein mediators such as the cytochromes P450 3A4 or 2B6. The two
electrochemical-systems are actually so different that it is not right
to compare each other. The hydrogen peroxide is an extremely
small molecule (just little bigger than a water molecule) that goes
through a direct redox onto the electrodes surface. The cyclophos-
phamide is also a small molecule, but the interface contains now an
extremely huge molecule (the cytochromes P450 is a 50kDa (kilo-
daltons) protein) that hosts for a while cyclophosphamide in its
HEME group. The HEME is located in the enzyme active site. So,
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-1000
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Fig. 5. Cyclic voltammograms showing clear Nernst effect on hydrogen peroxide (at
concentration 50 mM).
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Table 4
Neither Randle-Sev¢ick effect nor Nernst effect on Ferricyanide.
Ferricyanide Concentration Bare CNT
Current (L A) Potential (mV) Current (juA) Potential (mV)
2.5 mM 51.8+0.1 184+0.4 41.8+0.2 205+1.2
5 mM 80.8+0.1 235+0.4 68.9+0.2 236+1.2
10 mM 165.4+0.3 276+0.4 141.0+05 271+3.1
15 mM 2458 +£0.5 309+0.4 207.6+£0.8 298+0.2
20 mM 309.2+0.8 337+0.3 273.7+1.1 318+04
Table 5
Opposite Nernst effect (and Randle-Sev¢ick effect) on Ifosfamide by P450 3A4.
Ifosfamide Concentration Bare CNT
Current (JuA) Potential (mV) Current (juA) Potential (mV)
1 mM 0.76+0.01 -245.7+4.1 0.44+0.01 -267.1+9.1
2 mM 0.79+0.01 -240.1+3.3 0.56+0.01 -255.5+8.3
3 mM 0.82+0.01 -231.3+33 0.86+0.01 -239.5+6.2
4 mM 0.87+0.01 -227.6+2.7 1.38+0.01 -240.5+6.1
5 mM 0.88+0.01 -225.7+34 2.01+0.01 -238.6+5.6
6 mM 0.86+0.02 -2242+45 2.55+0.02 -240.8 +6.1

the cytochrome needs to bring electrons out of the electrode’s sur-
face and transport them till its HEME through long-range electronic
interactions supported by overlapping LUMO orbitals in adjacent
enzyme residues [49]. Therefore, it will not be so surprising to get
more obvious Nernst effects on very small molecules and a smaller
effect on extremely complex ET chains. However, this simple expla-
nation does not work because many other interesting features of
the Nernst effect are registered on apparently very similar systems.

Worth of note is that cyclophosphamide on 2B6 goes up in
voltage-savings by increasing the concentration (Table 1) while
hydrogen peroxide goes down in saving by increasing the concen-
tration (Table 3). Taking into account that different concentrations
change the peak locations even on bare SPE, we can see that Nernst
effect becomes less evident once the concentration increases. From
10mM to 50 mM of H,0,, the advantage on the Nernst effect by
MW(CNT decreases by 46%, and from 1 mM to 5 mM of cyclophos-
phamide, the Nernst effect decreases by 42% in the interaction
with 3A4 (Table 2). That is a very similar gain loss. However, the
two decreases are determined by two different behaviors of the
systems: the H,0, shows aredox peak that decreases with concen-
tration on SPE while increases on MWCNT. The cyclophosphamide
on 3A4 shows a redox peak that decreases with concentration
on SPE while did not shift on MWCNT: the peak position is
always located at 222 + 7 mV. Even more differently, the cyclophos-
phamide on 2B6 shows a peak going down with concentration on
MWCNT (Table 1). In the latter case, the cyclophosphamide shows
opposite behavior with respect to H, 05!

So, we have here the same phenomenon when dealing with bare
SPE for all the three considered systems: H,05, cyclophosphamide
on both 2B6 and 3A4 show a Nernst effect with increased potential
at increased concentrations. While we have three different Nernst
effects when dealing with MWCNT: H,0, shows a peak that goes

up with concentration, cyclophosphamide on 3A4 presents a peak
that does not shift, and cyclophosphamide on 2B6 has a peak that
goes down.

And that is not the only “non-coherent” behavior we might find
by looking for the Nernst effect with CNT. Table 4 shows that the
ferricyanide is very slightly affected by the Nernst effect: the peak
location is slightly increasing with the concentration in both the
case of SPE and MWCNT. For the concentration at 5 mM, the peak
location is statistically identical (at 235+ 1.2mV) in both cases,
while for the other concentrations the difference in peak location
is never larger than 10 mV. Table 4 also shows that the ferricyanide
does not take advantage by CNT neither in relation to the Randle-
Sevcick effect: the total Faradaic currents registered on ferricyanide
on both SPE and MWCNT are again very close to each other. The
table even shows we actually collect more current on SPE than on
MW(CNT. This fact contradicts Equation (15). So, we have to con-
clude that, again, Equation (15) does not work for ferricyanide.
The only explanation is that we still do not have a fully under-
stood and complete theory that could take into account the role
of CNT. Fig. 6 summarizes quite well the situation on ferricyanide:
the voltammograms are extremely similar, with peaks of very close
amplitudes and voltage-locations, for both SPE and MWCNT. We
have found this kind of very-similar behavior for several series of
experiments we have done with ferricyanide on MWCNT on SPE
electrodes. The conclusion is that the ferricyanide is practically not
affected by the presence of CNT in the electrochemical interface,
at least when the CNT are drop-cast onto SPE. Another molecule
that apparently is not affected by the Nernst effect is the etoposide:
Fig. 3 shows in fact an extremely clear Randle-Sevcick effect but
it also shows that the Nernst effect is absent. The peaks of etopo-
side are evidently in almost the same positions on SPE than on
MWCNT!

Table 6

Opposite Nernst effect (and Randle-Sevcick effect) on Ifosfamide by P450 2B6.
Ifosfamide Concentration Bare CNT

Current (juA) Potential (mV) Current (juA) Potential (mV)

1 mM 1.302+0.006 -236.16 +£2.25 1.141+£0.010 -287.084+4.02
2 mM 1.298+0.008 -231.56 +£2.71 1.178+0.009 -276.964+3.57
3 mM 1.309+0.007 -224.20+£2.50 1.203+0.009 -292.2943.33
4 mM 1.306+0.009 -218.99£2.89 1.212+0.009 -269.594+3.26
5 mM 1.329+0.009 -224.51+2.81 1.477+0.006 -252.7342.65
6 mM 1.346+0.013 -233.71+£3.33 1.698+0.010 -216.8443.88
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Table 7
Sensitivity and Detection limit enhancement on P450 detection.

Drug Cytochrome P450 Sensitivity (nA/pM*mm?) Detection limit (mM)
Bare CNTs Bare CNTs
Cyclophosphamide CYP2B6 2.99+0.50 24.86+0.45 0.856+0.142 0.110+0.002
CYP3A4 0.87+0.62 37.18+0.73 7.473+5.335 0.084+0.002
Ifosfamide CYP2B6 0.71+0.05 8.41+0.50 3.870+0.267 0.323+0.019
CYP3A4 1.87+0.62 35.21+0.69 1.592+0.532 0.086+0.002
400 detected by the cytochromes P450 3A4). The basic equations of
electrochemistry show us the LOD is apparently independent from
300 the area. Therefore, the LOD values improved by CNT as reported
by Table 7 are a further confirmation that the contribution on CNT
200 in electrochemical biosensing is not only due to an increase of the
< electrochemical active surface area. However, similar benefits are
E 100 not always registered in all the sensing systems. For example, the
g detection of ferricyanide does not benefit from further structuring
3 g of the working electrodes. In order to investigate the situation
better, this paper introduced three effects by considering the
100 basic features of r_edox processes as investigated with commonly
used electrochemical techniques: the Cottrell, Randle-Sev¢ick and
Nernst effects. These effects have been used in this paper to analyze
=200 several electrochemical biosensing systems and to demonstrate
that the role of CNT depends on the considered redox systems. In
-300

Potential vs Ag/AgCI 1 V

Fig. 6. Cyclic voltammograms showing no Randle-Sev¢ick neither Nerst effect on
Ferricyanide.

On the other hand, the Nernst effect has been effectively regis-
tered in several electrochemical systems, as we have shown here
and as it has been reported several times in literature by other
research groups.

Another explanation of how CNT interact with the Nernst effect
is that the effective concentration of the reduced and oxidized
species at the interface might vary when CNT are involved. In fact,
larger layering phenomena are usually registered at the electro-
chemical interfaces with MWCNT. By using the Electrochemical
Impedance Spectroscopy (EIS), it has been already shown sev-
eral times that the charge-storage capacity increases by almost
one order of magnitude when MWCNT are mixed with conduc-
tive polymers [69] or when they are electrophoretically deposited
on stain-less steel electrodes [70]. This is also coherent with other
independent experiments done to demonstrate the ability of CNT
to develop super-capacitors [71]. Fig. 3 and Fig. 5 also show clearly
more capacitive current on CNT than on bare electrodes. However,
this seems to be not reflected on the Nernst effect on etoposide. Once
again, we have to conclude that we still do not have a complete basic
theory that takes into account the full role of CNT (Table 6).

4. Conclusions

This paper has shown that CNT clearly provide great advantages
when used in electrochemical biosensing. However, that is not
fully true in all the cases and not always works in the same manner.
In particular, extra benefits in terms of increased sensitivity and
decreased LOD are often registered in electrochemical sensors for
both endogenous and exogenous human metabolites. For example,
Table 7 summarizes quite well the case of two well-known drug
compounds that may be detected by two different probe enzymes.
This table actually shows four different bio-sensing systems that
all show increased performance in terms of both sensitivity and
LOD. In some of the cases, the table shows two orders of magnitude
difference in performance gain (e.g., the case of the Ifosfamide as

particular, we have demonstrated that even in those cases where
the CNT make the difference (for example the two drug of Table 7),
it might happen that some effects of nano-structuring (e.g., the
Nernst effect) would be negligible or would result in opposite
trends on apparently very similar electrochemical systems. We
have also seen that the simple explanation of an increase in
electrochemical area works for some cases but faults for others.
We have seen that there are several theories, usually supported
by experimental verifications that give us a clear appreciation of
the various and complex interplay of physico-chemical processes
occurring at CNT interface. However, we still have a lot of work to
do to fully understand the role of carbon nanotubes in enhancing
the performance of electrochemical sensors, especially in the case
of semi-reversible electrochemical systems involving enzymes
that provide biosensing not mediated by hydrogen peroxide.
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