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Abstract The authors describe an electrochemical sensor for
the breast cancer marker -lactalbumin (xLA). It is based on
the use of printed single-walled carbon nanotube (SWCNT)
electrodes that were modified with polycatechol. Impedance-
derived electrochemical capacitance spectroscopy (ECS) is
applied for detection at an applied potential of —0.14 V vs.
Ag/AgCl reference electrode. The electrode was prepared in a
two-step process. First, a dispersion of SWCNTs was drop-
cast onto the surface of a poly(ethylene terephthalate) sub-
strate to act as the working electrode. Next, catechol was elec-
trochemically polymerized on the SWCNTSs, prior to the im-
mobilization of lysozyme. The strong interaction between ly-
sozyme and «LA induced changes in the redox capacitance
which are detected by ECS. The latter shows the device to be
capable of detecting «LLA in the 20 to 80 ng'mL""' concentra-
tion range. The limit of detection is 9.7 ngmL ™" at an S/N
ratio of 3. The device was used to detect xLA in human blood
serum with good recovery results.

Keywords Breast cancer - ECS - Single-walled carbon
nanotubes - Polycatechol -Impedance - Lysozyme - Biosensor
Introduction

Nanomaterials have been shown to improve the performance
of biosensors and to lower their detection limits due to their
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unique physicochemical properties [ 1]. Electrochemical nano-
biosensors are attracting increasing interests in several fields
especially analytical and bioanalytical chemistry due to full
compliance with ASSURED criteria [2—4].

Breast cancer is probably the most common form of cancer
present within the female gender. The five-year survival rates are
over 90% if the cancer is detected in its earliest stages [5].
Currently, intensive research efforts are devoted to find new
methods of curing this form of cancer [6] and other non-
invasive approaches for its early diagnosis [7]. Biosensors are
expected to allow fast and reliable diagnostics that will result in
fine in the popularization of the diagnostics and reduce the mor-
tality rates. Detection of few circulating tumor cells in the blood
stream and several specific proteins as cancer biomarkers are of
paramount importance to allow the early-stage detection of the
breast cancer [8]. Among these proteins, the most promising
biomarkers are the vascular endothelial growth factor (VEGF)
[9] and human epidermal growth factor receptor (HER2) [10].
Another interesting biomarker is «LLA, which is a breast-specific
differentiation protein present at high levels in the majority of
human breast carcinomas [11]. The serum level of xLA is about
234 + 5.6 ngmL " in sera of patients with breast cancer. It is
worthy to note that the high levels of this protein in serum could
be assigned also to pregnancy or some gynecological cancers
[12].

The goal of the present work is to report the elabora-
tion of a new nanobiosensing platform for the detection of
«LA. The crucial steps in the elaboration of this biosensor
were the choice of the probe and the analytical technique
of detection. In our case, to perform the detection, we
chose lysozyme (LYS) instead of using LA monoclonal
or polycolonal antibody due to the strong interaction
existing between these two proteins (LYS and «LA)
[13]. In fact, xLA has 40% of similarities in amino acid
sequence with LYS and it has a closer spatial structure

@ Springer


mailto:noureddine.raouafi@fst.utm.tn
http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-017-2481-z&domain=pdf

Microchim Acta

and gene organization [14]. Moreover, lysozyme is cost
effective compared to LA antibody and very easy to
extract from hen egg white.

Enzyme immunoassay (ELISA) and fluorescence-linked
immunosorbent assay (FLISA), which are based on the
antigen-antibody reaction, are the most common techniques
used to detect xLA [15]. Interestingly, it was reported that
capacitance of surface-confined ferrocene molecules can be
used to detect biomolecules [16]. In contrast to the traditional
impedimetric method, no redox probe (or redox electrochem-
ical pair) is added to the screened solution thus making the
electrochemical capacitance spectroscopy experimentally ad-
equate, and likely to be equally applicable to a broad range of
target/receptor combinations in every potential and a suitable
platform for multiplexing applications [17]. We aimed to ap-
ply similar treatment to our system.

Materials and methods
Reagents and apparatus

Catechol (>99%), lysozyme (from chicken egg white), o-
lactalbumin (from human milk >95%), human serum, chito-
san medium molecular weight (M, 40,000-60,000), acetic
acid and SWCNTs (with typical diameter of 0.7—0.9 nm and
the purity is about 90%) were purchased from Sigma-Aldrich
(www.sigmaaldrich.com). All reagents were of
analytical grade and used without further purification.
Phosphate-buffered saline (PBS, 0.1 M) was prepared by
dissolving KCI, NaCl, K,HPO, and KH,PO, in deionized
water.

All electrochemical measurements, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS),
were conducted using a Metrohm Autolab PGSTAT M204
electrochemical work station (www.metrohm-autolab.com/)
equipped with a FRA impedance module at room
temperature and in PBS (pH 6.5). Experiments data were
collected using NOVA® software. Homemade screen-
printed carbon counter and Ag/AgCl reference electrodes
were used to perform the electrochemical experiments. The
electrodes were printed on poly(ethylene terephthalate)
(PET) sheets using a DEK-248 semi-automatic stencil printer
(www.dek.com/). Deionized water was used to prepare all
solutions.

Atomic force microscope (AFM) images were collected, in
contact mode, using a SPM controller and a Park Systems XE-70
atomic force microscope (Park Systems Japan, Tokyo, Japan).

Preparation of the nanobiosensor

SWCNT electrodes were prepared according to the previously
reported method by Rabti et al. [18, 19]. Briefly, they were
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prepared by drop-casting of 5 pL of SWCNTs (1.5 mg'mL ")
dispersed in 0.4% (m:m) chitosan solution onto an insulating
PET polymer to be used as the working electrode. The chitosan
solution was prepared by dissolving 4 mg of chitosan in 1 mL of
deionized water containing 10 pL of glacial acetic acid with the
aid of an ultrasonic bath for 1 h. After drying the electrode at RT
for 2 h, the catechol (CC) was electrochemically polymerized by
200 continuous scanning of CV in the potential window of —0.4
to +0.4 V from 100 uM catechol solution at a scan rate of
100 mV-s .

The nanobiosensor was prepared by modifying the CC/
SWCNT electrode with hen egg white lysozyme. In fact, the
electrode was incubated in the solution of lysozyme
(10 mg'mL™" in deionized water) for 16 h in the fridge
(4 °C) then rinsed thoroughly with deionized water be-
fore use. The scheme of the electrochemical biosensor is
shown in Fig. 1.

ECS detection of -lactalbumin

To perform the assay, the biosensor was incubated in PBS
containing the analyte («LLA) for at least 10 min under gentle
stirring. After that, the electrode was rinsed with deionized
water and the impedance measurements were recorded in
PBS used as an electrolyte. EIS measurements were carried
out in the frequency range from 10° to 0.1 Hz at an applied
potential of —0.14 V with an amplitude modulation of
10 mV. Measurements were taken after 10 min incubation
to let lysozyme interact with the target. Impedance-derived
capacitance, C*, is a complex function that can be obtain-
ed using Equation 1:

C"=1/iwz" (1)

where Z* =7’ + 127, 7’ and Z” are respectively the real and
imaginary components of the Z* complex impedance func-
tion, and w is the angular frequency.

The real and imaginary capacitance components can be
obtained using the following equations:

C =p7 (2)
C =9z (3)

Where ¢ = 1/w|Z] and |Z] is the modulus of Z*.

Results and discussion
Preparation of LYS/CC/SWCNT electrode
SWCNTs are widely employed nanomaterials in electrochem-

ical biosensing [20-22]. They have a high conductivity, a
large capacitance (180 F-g~' [23]), hydrophobic surface and
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Fig. 1 Schematic representation of the nanobiosensor preparation

a large specific area, making of them a good support for the
adsorption of enzymes [24, 25]. This combination generates a
great nanomaterial for capacitive detection [26]. The lack of
solubility of SWCNTSs in aqueous media can be overcome by
adding a little amount of chitosan, a cost-effective natural
polymer, to the suspension as a stabilizer and for lysozyme
immobilization [27]. Coating SWCNTs with redox-active
polymer is a promising pathway to extend their applications
in electronic devices [28, 29]. In our case, polycatechol acts as
an electrochemical transducer since it undergoes electron-
transfer at low potentials.

Figure 2 displays the different characterizations of the
modified SWCNT electrodes. In the presence of catechol
and after repetitive voltammetric cycling, two separate
redox peaks appeared at different potentials denoting
two different behaviors of the catechol (Fig. 2a). These
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peaks can be attributed respectively to free (peak 1) and
polymerized (peak 2) catechol since the former one was
not present in the beginning of the cycling process.
Moreover, after a gentle washing of the electrode with a
PBS, we noticed the persistence of the response of the
second peak and the loss of the one related to catechol
(curve c, Fig. 2b). In solution, the free catechol is oxi-
dized and reduced according to the redox reaction equa-
tion displayed in Scheme la.

Figure 2c shows the logarithm of the current versus the
logarithm of scan rates for the catechol when it is oxidized
in solution. The slopes of the anodic and cathodic peak cur-
rents are 0.6 = 0.018 and 0.71 £ 0.017, respectively. These
values are more or less not far from 0.5, so we can conclude
that the electron-transfer process is presumably diffusion-
controlled.
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Fig. 2 a CVs of catechol at SWCNT electrode after repetitive scanning
cycles (1(black), 10(blue), 20(red) and 50(green)) in 100 uM of catechol
solution at 100 mV-s '. b CVs of SWCNT electrode: (a) in PBS, (b) in
100 uM of catechol solution and (c) in PBS after electrodeposition of CC
at 100 mV-s™'. ¢ Plots of anodic and cathodic peak currents of CC/

SWCNT vs. logarithm of scan rate of peak 1. d Nyquist plots of (a)
CC/SWCNT and (b) LYS/CC/SWCNT electrodes recorded in 0.1 M
KCI solution containing 5 mM K;[Fe(CN)g]/K4[Fe(CN)g] at 0.15 V.
AFM images of () CC/SWCNT and (f) LYS/CC/SWCNT electrodes
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Scheme 1 a Redox behavior of
catechol in solution and (b)
mechanism of electrochemical
polymerization of catechol
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The electropolymerization of phenolic compounds is
well-documented in literature [30-32]. The peak 2 ap-
pears during the second and subsequent voltammetric
scans at anodic and cathodic potentials of —0.06 and
—0.16 V, respectively. Its intensity increases with number
of cycle suggesting the formation of a redox-active poly-
mer on the surface of SWCNTs according to the mecha-
nism displayed in Scheme 1b.

AFM was also used to characterize the modification of CC/
SWCNT electrode with lysozyme (Fig. 2e-f). The difference
in the electrode topologies before and after LYS deposition
indicates the success of the surface modification. In fact, the
thickness doubled (from 200 to 400 nm) after LY'S addition
and the surface become smoother. It is well-known that lyso-
zyme have a very strong affinity to chitosan. Deacetyled chi-
tosan (75 to 85%) interacts strongly with lysozyme. It was also
reported that a fully deacetylated chitosan do not interact with
lysozyme as observed by "H-NMR spectroscopy. However, a
chitosan, with fraction of N-acetylated units = 0.04, induced
significant 'H shifts of several lysozyme resonances, demon-
strating a specific interaction between lysozyme and de-N-
acetylated units in the chitosan [33, 34].

Furthermore, the electron—transfer kinetics of
[Fe(CN)¢]**" redox probe at CC/SWCNT and LYS/CC/
SWCNT electrodes were compared using electrochemical
impedance spectroscopy (Fig. 2d). EIS plots show two
semi-circles, a complete and a non-complete one, that
may correspond to the charge—transfer resistance levels
at the CC/SWCNT interface and the electrolyte/LYS/CC
or electrolyte/CC interface, respectively. The charge—
transfer resistance (Rct) of the CC/SWCNT electrode,
which was equal to 546 £ 36 ) (n = 3), increases to
613 £ 25 Q (n = 3) (=12% increase) to indicate that
LYS was firmly adsorbed onto the CC/SWCNT electrode.
The experimental data were fitted by using an equivalent
circuit model (inset of Fig. 2d).
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Detection of xLA

EIS measurements were used to follow the charge-transfer
resistance after successive addition of xLLA (Fig. 3a) but failed
to show any significant variation. However, using the EIS-
derived capacitance (cf' Eqs. 1-3), plotting the real component
versus imaginary one showed a neat variation of the signal,
which proves that the capacitance is a concentration-
dependent on the amounts of xLA and is more sensitive than
the impedance (Fig. 3b). Actually, capacitance measures the
change in the redox capacitance (Cr) of the adsorbed
redox film onto the electrode surface. Thus, the mea-
sured signal does not depend on charge-transfer resis-
tance but on faradaic capacitive charging [35]. A control
experiment performed without using catechol (changes
in non-faradaic capacitance) does not show any appre-
ciable variation of the capacitance. Moreover, it is im-
portant to note that Cr is maximal at the electrochemical half-
wave potential of the electroactive specie [36]. In our case, this
value is equal to —0.14 V and was used to carry out all the
measurements.

Upon successive addition of «LLA, the redox capacitance of
LYS/CC/SWCNT electrode decreased (Fig. 3b). This is due to
the electrostatic interactions between «LA and LYS and their
ability to self-assemble into micrometric spheres. In fact, xLA
is an acidic protein with a pl value near 4-5 and con-
taining 123 amino acids while LYS is a basic protein
with a pl value of 10.7 consisting of 130 aminoacids,
which indicates that they can undergo with electrostatic
interactions in well-defined conditions [37, 38]. Even
knowing that Cr is obtained from the diameter of the
semi-circle from Nyquist capacitive plot, this decrease
of capacitance with the target concentration increasing
was elucidated by plotting Cr as a function of LA
concentration as depicted in Fig. 3d. We further plotted
the real capacitance component versus the logarithm of
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the frequency to extract the Cr values (Fig. 3c) [39].
The bioelectrode can detect o-lactalbumin in the linear

range of 20-80 ng-mL™' according to the following
equation:

Cr (uF) = -0.06 x [ xLA],ng - mL™" + 28.96 (4) with a limitofdetectionof 9.67 ng - mL"!
(S/N = 3) and a limitofquantification (S/N = 10) equalto 29.03 ng - mL™'.

In a further consolidation of the method to detect LA, a
control experiment was carried out without the use of cate-
chol. Fig. 3f shows the ECS Nyquist plots of LYS/SWCNT
electrode after addition of different concentrations of LA in
the absence of any redox species. The capacitance was quasi-
invariable after each addition, which demonstrates that the
redox capacitance is the one responsible for the detection.

This can be explained by the fact that the formation of
bioaffinity complexes retards the interfacial electron-transfer
kinetics. Thus, the presence of a redox center is essential in
such technique as a detection tool [40].

We also compared our results to some other methods from
literature used to detect o-lactalbumin (Table 1). The main
strong points of our device that it uses a direct method for
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Table 1 Comparison of the

present work with other published Materials used Method applied LOD/sensitivity references
works for xLLA detection
«LA mAb RIA —1 72% [10]
«LA mAb/CdSe/ZnS QDs FLISA 0.1 ngmL™"/— [15]
«LA mAb ELISA —/0.128 ng'mL™" [41]
H,0,/HQ/HRP/&LA mAb/MBs/SPCE amperometry 11 pgmL™"/ - [42]
Lysozyme/CC/SWCNT ECS 9.7 ngmL™'/— This work

RIA Radioimmunoassay, mAb Monoclonal antibody, /O Hydroquinone, HRP Horsradish peroxidase, DQs quan-
tum dots, MBs Magnetic beads, SPCE Screen-printed carbon electrode

the detection and not a sandwich one. Besides, it avoids
using expensive monoclonal antibodies and toxic nano-
particles such as cadmium-based QDs. Although, in our
case, the limit of detection is higher, it remains suffi-
cient to conveniently detect the analyte in human blood
serum (average of 25 ng'-mL™') and in cow milk
(1.5 mg-mL ") [43].

Immunoglobulin G from human serum (hIgG) and human
serum albumin (HSA), found in blood and extracellular fluid,
were used to challenge the device in order to test its selectivity
to the analyte. The results, shown in Fig. 3e, reveal that lyso-
zyme interacts very well with «LA and is almost insen-
sitive to the other species. Thus, the device can be used
to analyze real samples. Furthermore, to evaluate the applica-
bility of the prepared bioelectrode in real samples, we used it
to detect xLA in human blood serum purchased from Sigma-
Aldrich without performing any pretreatment. To obtain suit-
able to incubate the bioelectrode, the blood serum was diluted
twice before use in order to obtain less viscous solutions. In
preliminary experiments, xLA was not detectable in the dilut-
ed samples and different concentrations of xLA were there-
fore added. The determined values are close to those added in
the second step. The recovery values are gathered in Table 2,
they demonstrate that the method can be reasonably applied
for physiological liquids.

Conclusion

We developed a new biosensor for «-lactalbumin detection in
human blood without the need of «-lactalbumin antibody.

Table2  Determination of LA in human blood serum using LYZ/CC/
SWCNT electrode
Samples Serum Added (P) Found RSD®(%) Recovery®
R (ng'mL™) (F)(ngmL™) (%)
ND*  20.0 21.1 2.15 94.7
2 ND 30.0 30.9 3.00 97.0

3 ND not detected, ° Relative standard deviation (RSD) of 3 measure-
ments, “Recovery (%) = 100x[R + PJ/[F]

@ Springer

Using impedance-derived electrochemical capacitance spec-
troscopy as a tool, we demonstrated that SWCNT electrode
modified with catechol and lysozyme is an attractive platform
to detect o-lactalbumin as a biomarker of breast cancer. The
designed biosensor is cost effective and selective but still have
some limitations related to the homogeneity of the electrode
surface after drying. The level of o-LA in serum is predictive
because it is indicative for breast cancer or some gynecolog-
ical carcinomas. The bioelectrode may also be used to detect
the analyte in cow milk since it is a common allergen.
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