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Nanostructured materials detect epidermal
growth factor receptor, neuron speciﬁc
enolase and carcinoembryonic antigen
Raluca-Ioana Stefan-van Staden,*a,b Ionela Raluca Comnea-Stancu,a,b
Carmen Cristina Surdu-Bobc and Marius Badulescuc
New nanostructured materials based on thin ﬁlms of Cu and Ni deposited on textile material (veil), as well
as gold nanostructured microspheres were used for the design of new stochastic sensors. The stochastic
sensors were able to detect simultaneously a panel of biomarkers comprising epidermal growth factor
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receptor, neuron speciﬁc enolase, and carcinoembryonic antigen from whole blood samples with high
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reliabilities – recovery tests higher than 97.00%, with a RSD (%) lower than 0.1%. The stochastic sensors
had shown high sensitivities and low determination levels for the detection of the proposed panel of bio-
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markers making early detection of lung cancer possible by fast screening of whole blood.

Introduction
The fast quantification of chemical and biological analytes is
very important for clinical diagnosis, environmental analysis,
and food quality control. The demand for reliable sensors for
bioanalytes in clinical laboratories has increased interest in
the fabrication of economically viable sensing devices. The
analytical information obtained with the sensors is directly
related to the reliability of the design of sensors. Progress in
sensors’ technology depends on the evolution of materials.
Recent progress in nanoscience and nanotechnology oﬀers a
library of functional nanomaterials with unique optical and
electronic properties. These novel functional nanomaterials
have potential for various applications and they are revolutionizing the multidisciplinary field of biosensors.1,2
Functional nanomaterials have shown that they are promising candidates in the development of sensors for the detection
and quantification of bioanalytes. The remarkable characteristics of nanomaterials based on metal and metal oxide nanoparticles, ensure enhanced performance of the sensors in
terms of sensitivity, selectivity, detection limit, response time,
and multiplexing capability.3 Nanomaterials like carbon nanotubes (CNTs),4–6 graphene,7–9 and metal/metal oxide nanoa
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particles like gold nanoparticles,10–12 copper13–15 or nickel16–18
are promising candidates in the development of sensing platforms. The properties of these nanomaterials can be tuned
according to the requirement by tailoring their shape, size,
and surface structure.
Stochastic sensors are a good alternative to the classical
electrochemical sensors being able to perform reliable qualitative and quantitative analyses.19 The principle of stochastic
sensors is based on channel/pore conductivity: analytes modulate ionic currents flowing through the pore into which
binding sites have been engineered. The frequency of occurrence (1/ton) of the binding events reveals the concentration of
the analyte, whereas the nature of the binding events, and
their duration reveals its signature; each analyte produces a
characteristic signature (toﬀ ),20,21 this being influenced by its
size, geometry, stereogeometry, capacity of unfolding, and
velocity of passing through the channel/pore, and therefore, it
is diﬃcult to find two analytes with the same signature.22
In this article, new materials based on three metals: Cu, Ni,
Au – engineered like thin films of copper and nickel, and gold
nanostructured microspheres were used for the design of stochastic sensors. To prove the stochastic sensing capabilities of
the new materials proposed we chose a panel of three lung
cancer biomarkers: neuron specific enolase (NSE) and carcinoembryonic antigen (CEA) are intensively investigated due to
their features for the early diagnosis and screening of cancer
but also for monitoring its response to treatment or recurrence
and, more recently, for the assessment of cancer risk,23 and
epidermal growth factor receptor (EGFR/HER-1) moderates the
activation of a signaling pathway controlling cell proliferation,
invasion, metastasis and angiogenesis.24
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Experimental
Reagents and materials
Epidermal growth factor receptor (EGFR/HER-1), carcinoembryonic antigen (CEA), neuron specific enolase (NSE), monosodium and disodium phosphate were purchased from Sigma
Aldrich (Milwaukee, USA). Paraﬃn oil and NaN3 were purchased from Fluka (Buchs, Switzerland). Engineered nanoporous 24 K gold microspheres, and thin copper and nickel
nanofilms were designed by a team of NILPRP. Monosodium
phosphate and disodium phosphate were used for preparation
of phosphate buﬀer solution. Deionised water obtained from a
Millipore Direct-Q 3 System (Molsheim, France) was used for
the preparation of all solutions.
The standard solutions of NSE were all prepared in phosphate buﬀer solution ( pH = 7.04). The range of concentrations
was obtained by a serial dilution method from 0.125 mg mL−1
to 7.449 pg mL−1. The standard solutions of CEA and HER-1
were prepared in saline phosphate buﬀer solution ( pH = 7.4,
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with 0.1% NaN3). A serial dilution technique was used for the
preparation of solutions of CEA from 16 mg mL−1 to 16 pg
mL−1, and for HER-1 from 3.04 mg mL−1 to 560 pg mL−1.
Instrumentation
A PGSTAT 12 potentiostat/galvanostat connected to a three-electrode cell was used for all chronoamperometric measurements,
and linked to a computer via an Eco Chemie (Utrecht, The
Netherlands) software version 4.9. The electrochemical cell was
assembled with a conventional three electrode cell: the working
electrode, an Ag/AgCl (0.1 mol L−1 KCl) as the reference electrode
and a Pt counter electrode. For the pH measurements a Cyberscan PCD 6500 pH/mV-meter from Eutech Instruments was used.
Design of the sensors
The textile sensors based on Cu, and Ni nanofilms, investigated here were prepared by using a piece of nickel or copper
coated textile with a length of 2.5 cm and a width of 1.0 mm
connected directly to the external circuit (Fig. 1a and b).

Fig. 1 Design of the sensors based on: (a) Cu nanoﬁlm on veil – (1) bulk of veil covered with the Cu nanoﬁlm, (2) sensor used for pattern recognition of HER-1, CEA, and NSE, (3) SEM image of the sensor; (b) Ni nanoﬁlm on veil – (1) bulk of veil covered with the Ni nanoﬁlm, (2) sensor used
for pattern recognition of HER-1, CEA, and NSE, (3) SEM image of the sensor; (c) Au microsphere – (1) photo of the sensor setup, (2) SEM image of
the surface of the Au microsphere.

15690 | Nanoscale, 2015, 7, 15689–15694

This journal is © The Royal Society of Chemistry 2015

Nanoscale

Paper

One engineered nanoporous gold microsphere obtained
from NILPRP of a diameter of 300 μm was fixed inside a
plastic tube so that half of the sphere was outside and the
other half inside the tube (Fig. 1c). A silver wire served as electrical connection to the external circuit. The active surface of
the sensors was rinsed in between measurements with distilled water, and gently dried with absorbent paper.
Stochastic method
For the stochastic method, a direct chronoamperometric technique was selected for the measurements of ton and toﬀ at a
constant potential of 125 mV. The electrodes were dipped into
a cell containing solutions of analyte of diﬀerent concentrations. Values of ton were read on the diagram, and the
equations of calibration 1/ton = f (Conc.) for the three biomarkers were determined using statistics (linear concentration
range – data obtained for ton when solutions containing
diﬀerent concentrations of HER-1, CEA or NSE were measured
using the sensors considered, the values obtained for r will
help in assessing the linear concentration range, and the pair
concentration (x) − 1/ton (y) obtained on this range will be considered to calculate the parameters of the equation of calibration using statistical methods based on the linear
regression equation). Unknown concentrations of HER-1, NSE
and CEA were determined by introducing the values of 1/ton
obtained after the measurements of samples in these
equations of calibration.

from healthy patients were also provided – as negative controls. The patients were not under any treatment before collecting the samples.
The samples did not need any pre-treatment before the
assay, and were analysed immediately after they were collected
from the patients. The apparatus cell was filled with the whole
blood sample and the unknown concentrations of the three
biomarkers in whole blood samples were determined using
the stochastic method described above.

Results and discussion
Response characteristics of the stochastic sensors used for the
screening of HER-1, NSE and CEA
The principle of stochastic sensors is based on channel conductivity. In the absence of compounds, the channel/nanopore

Sample preparation
University Hospital from Bucharest provided the whole blood
samples from patients who were diagnosed with lung cancer
(Ethics committee approval no. 11/2013, informed consent was
obtained from all subjects) in order to use them for the screening test of HER-1, NSE and CEA, and method validation. The
sample volume collected for screening was 0.3 mL. These
samples were collected immediately after the patients were
confirmed, using the simple X-ray, with lung cancer, or after
they were suspected of lung cancer. Whole blood samples

Table 1

Fig. 2

Current development for stochastic sensors.

Response characteristics of the stochastic sensors for the assay of HER-1, CEA and NSE

Stochastic sensors
based on

toﬀ
(s)

Linear concentration
range (mg mL−1)

Limit of determination
(mg mL−1)

Sensitivity
(s mg−1 mL)

Equation of calibration

HER-1
Cu
Ni
Au

2
3.5
1.4

7.00 × 10−9–1.94 × 10−7
2.80 × 10−10–7.00 × 10−9
2.80 × 10−10–7.00 × 10−9

7.00 × 10−9
2.80 × 10−10
2.80 × 10−10

3.45 × 105
4.41 × 106
2.15 × 106

1/ton = 0.009 + 3.45 × 105 × C; r = 0.9983
1/ton = 0.027 + 4.41 × 106 × C; r = 0.9998
1/ton = 0.018 + 2.15 × 106 × C; r = 0.9967

CEA
Cu
Ni
Au c

3.5
2.5
3

1.6 × 10−7–1.6 × 10−4
1.6 × 10−11–1.6 × 10−8
1.6 × 10−7–1.6 × 10−5

1.6 × 10−7
1.6 × 10−11
1.6 × 10−7

4.24 × 102
4.30 × 106
2.92 × 103

1/ton = 0.023 + 4.24 × 102 × C a; r = 0.9934
1/ton = 0.026 + 4.30 × 106 × C a; r = 0.9950
1/ton = 0.02 + 2.92 × 103 × C a; r = 0.9995

NSE
Cu
Ni
Au

3
3
2

1.91 × 10−6–3.05 × 10−4
7.63 × 10−6–4.88 × 10−4
1.22 × 10−4–1.95 × 10−3

1.91 × 10−6
7.63 × 10−6
1.22 × 10−4

1.11 × 103
1.05 × 102
8.22

1/ton = 0.019 + 1.11 × 103 × C b; r = 0.9987
1/ton = 0.031 + 1.05 × 105 × C b; r = 0.9999
1/ton = 0.034 + 8.22 × C b; r = 0.9950

a

<C> = mg mL−1; <ton> = s. b <C> = g mL−1; <ton> = s. c Ref. 25.
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is always open and a constant ionic current is observed, when
a certain potential is applied. In contrast, when a target molecule enters the channel/pore, it will block it, resulting in a
decrease of the ionic current through the pore, and the following reactions take place:
ChðiÞ þ NSEðiÞ , ChNSEðiÞ
ChðiÞ þ CEAðiÞ , ChCEAðiÞ
ChðiÞ þ HER-1ðiÞ , ChHER-1ðiÞ

markers was carried out based on their signatures (toﬀ values),
and the quantitative assay was performed using the values of
ton (Fig. 3). The signatures (toﬀ values) of the biomarkers were
identified in the diagrams recorded (Fig. 3) for blood samples.
The values of ton were measured and plotted in the calibration
graph in order to determine the concentrations of NSE, CEA
and HER-1 (Table 2). From the ten samples taken from supposed healthy patients as negative controls, in two of them
were detected NSE, CEA, and HER-1 (these results were
included in the table as positives); a further examination recommended by the medical doctor proved that the patients got

where Ch represents the channel and i the membrane-solution
interface. Accordingly, the mechanism of current development
takes place in two stages: the first stage when the molecule
enters the channel/pore, blocking it totally or partially (the
current drops to a zero value), and the second stage when the
binding and redox processes take place in the channel (Fig. 2).
The analytes enter the channel/pore in the order given by the
following parameters: size, geometry, stereochemistry, and
speed of unfolding.
The values of toﬀ represent the signatures of the analytes,
and can be used for the identification of the biomarkers, while
the ton values were used for assessing the equation of calibration. Using the values of ton, we can determine the working
concentration range, the equation of calibration, sensitivity,
and the limit of determination of the sensors (Table 1).
Response characteristics of the stochastic sensors proposed for
the screening of NSE, CEA and HER-1 are shown in Table 1.
The sensors proposed for the screening of the three biomarkers designed with new materials based on films of Cu
and Ni showed good response characteristics, high values of
sensitivity and low limits of determination. For the assay of
HER-1 the sensors based on Ni and nanoporous gold microspheres showed the best response characteristics with 280 pg
mL−1 as the limit of determination. The sensor based on Ni
proved to have good response characteristics for the assay of
CEA also, with 16 pg mL−1. For the assay of NSE, the lowest
concentration that could be reliably determined was 7.63 μg
mL−1 with the sensor based on Ni. The sensors were stable
over a period of six months, when used daily for
measurements.
The proposed stochastic sensors are also selective: diﬀerent
values for the signatures were obtained for the three biomarkers, but also for some other protein type of substances
tested.
The sensors were used on a daily basis for more than
6 months, when the RSD (%) value of their sensitivity was less
than 1.0%, proving the high stability of the proposed stochastic sensors.
Analytical applications
The proposed stochastic sensors based on thin films of Cu
and Ni as well as on gold nanostructured microspheres were
used for the simultaneous assay of NSE, CEA and HER-1 in
whole blood samples. A qualitative assay of the three bio-
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Fig. 3 Diagrams recorded for the screening of HER-1, CEA and NSE of
blood samples using stochastic sensors based on: (a) Cu nanoﬁlm on
veil; (b) Ni nanoﬁlm on veil; (c) Au microsphere.
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All values are the averages of ten determinations. b The amount could not be determined using an ELISA kit. IHC = immunohistochemistry.

Recovery of HER-1, CEA and NSE in whole blood samples

Sensors

Recoverya (%)

HER-1
Cu
Ni
Au

98.92 ± 0.03
98.76 ± 0.05
98.98 ± 0.03

CEA
Cu
Ni
Au

97.52 ± 0.05
98.26 ± 0.02
98.80 ± 0.03

NSE
Cu
Ni
Au

99.03 ± 0.05
98.99 ± 0.03
99.20 ± 0.03

a

a

98.2 ± 0.2
96.5 ± 0.2
93.9 ± 0.1
92.4 ± 0.67
0.13
NSE (ng mL−1)a
Cu
Ni
Au
ELISA
Bias (%)
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Table 3

49.9 ± 0.1
50.0 ± 0.2
50.5 ± 0.3
47.0 ± 0.5
0.12
75.5 ± 0.1
73.4 ± 0.2
71.9 ± 0.2
70.0 ± 0.7
0.15
50.0 ± 0.3
52.9 ± 0.2
50.3 ± 0.2
50.2 ± 0.8
0.14
44.5 ± 0.5
48.4 ± 0.3
40.9 ± 0.2
37.2 ± 0.5
0.28

1.88 ± 0.05
1.23 ± 0.03
1.54 ± 0.01
—b
0.23
CEA (ng mL−1)a
Cu
Ni
Au
ELISA
Bias (%)

165.1 ± 0.2
162.2 ± 0.1
160.4 ± 0.3
159.7 ± 0.9
0.23

41.4 ± 0.6
42.9 ± 0.1
43.0 ± 0.1
42.0 ± 0.6
0.17

30.0 ± 0.5
33.9 ± 0.4
32.3 ± 0.2
31.2 ± 0.5
0.15

29.9 ± 0.2
27.8 ± 0.3
28.0 ± 0.1
25.9 ± 0.7
0.17

29.1 ± 0.2
25.9 ± 0.7
30.0 ± 0.3
31.0 ± 0.8
0.31

50.09 ± 0.07
52.02 ± 0.02
51.50 ± 0.04
50.20 ± 0.30
0.17
36.02 ± 0.03
36.50 ± 0.02
36.20 ± 0.04
35.57 ± 0.35
0.12
280.11 ± 0.05
276.19 ± 0.07
290.90 ± 0.05
257.00 ± 0.67
0.65
50.15 ± 0.07
46.12 ± 0.02
49.02 ± 0.05
50.12 ± 0.30
0.30
327.17 ± 0.06
321.07 ± 0.05
315.90 ± 0.07
320.00 ± 0.20
0.47

0.96 ± 0.03
1.21 ± 0.03
1.32 ± 0.02
+
0.21
1.53 ± 0.04
1.50 ± 0.03
1.72 ± 0.02
+
0.15
HER-1 (pg mL )
Cu
Ni
Au
IHC
Bias (%)

170.02 ± 0.06
172.90 ± 0.03
170.19 ± 0.07
165.00 ± 0.21
0.17

53.00 ± 0.05
57.07 ± 0.05
59.09 ± 0.04
+++
0.32
1.32 ± 0.04
1.06 ± 0.05
1.09 ± 0.05
+
0.17
1.97 ± 0.04
1.18 ± 0.05
1.98 ± 0.02
+
0.25

405.05 ± 0.03
413.12 ± 0.07
405.90 ± 0.08
401.20 ± 0.87
0.27

295.00 ± 0.03
291.98 ± 0.05
290.02 ± 0.08
290.00 ± 0.80
0.21

315.19 ± 0.07
330.02 ± 0.08
323.23 ± 0.02
323.00 ± 0.75
0.23

3.29
98.02 ± 0.03
102.02 ± 0.02
101.35 ± 0.05
+++
0.43
81.05 ± 0.05
89.03 ± 0.02
94.24 ± 0.01
+++
0.50
89.02 ± 0.04
89.09 ± 0.01
96.95 ± 0.03
+++
0.52
35.00 ± 0.04
32.02 ± 0.03
31.07 ± 0.05
++
0.35

94.24 ± 0.03
103.03 ± 0.01
96.02 ± 0.03
+++
0.47

10
9
8
7
6
5
4
3
2
1
−1 a

Sensors based on

Sample no.

Analysis of NSE, CEA and HER-1 from blood samples using the stochastic sensors based on metallic ions
Table 2

3.42
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N = 10.

lung cancer, at a very early stage. In the other 8 samples, no
signature of CEA, NSE and HER-1 were identified in the diagrams; parallel tests were also performed for whole blood
samples for CEA and NSE, and none of the two biomarkers
were identified using ELISA; HER-1 was not possible to be
tested from the eight patients because this analysis is available
in clinical laboratories only for tumor tissue samples, and for
these patients no tumor was identified using either X-Ray or
PAT-CT analysis. The data shown in Table 2 proved that there
is good agreement between the results obtained using the
three stochastic sensors for the assay of the panel of biomarkers. Also, the paired t-test performed at 99.0% confidence
level showed that there is no statistically significant diﬀerence
between the results obtained using the proposed sensors at
99.00% confidence level, for the assay of HER-1, CEA, and NSE
in whole blood samples, all values calculated being lower than
the theoretical value: 4.032. The type and stage of the lung
cancer could have been assessed by the medical doctor based
on the results provided for the three biomarkers.
Recovery tests
Recovery tests were performed as a step of method validation.
After testing the whole blood samples, a known volume of the
sample was taken to which was added known concentrations
of NSE, CEA and HER-1 in a ratio of 1 : 1 (v : v). The concentrations determined from the calibration graphs accordingly
with the stochastic method described above, were compared
with the theoretical concentrations of the spiked blood
samples (Table 3). The results (Table 3) show that all three biomarkers can be reliably determined in whole blood samples,
the recoveries being higher than 97.5%, with a low RSD (%)
(lower than 0.1%).

Conclusions
The new nanostructured materials containing either Cu or Ni
thin films deposited on textile material (veil) or gold nanostructured microparticles proved to be excellent for the design
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of stochastic sensors with features of screening tests for early
detection of lung cancer. The panel of biomarkers selected to
be assayed simultaneously in whole blood samples comprised
NSE, CEA and HER-1. The sensors were shown to be reliable for
the screening of the biomarkers in whole blood samples. The
main advantage of these sensors is that the samples can be
used as taken from the patients, and a pre-treatment before the
assay not being necessary. The sensors had great features in biomedical analysis for fast screening tests of whole blood as well
as of other biological fluids like the sputum of the patients.
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