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ABSTRACT: The need for analytical devices for detecting cancer at early
stages has motivated research into nanomaterials where synergy is sought
to achieve high sensitivity and selectivity in low-cost biosensors. In this
study, we developed a film architecture combining self-assembled
monolayer (SAM) and layer-by-layer (LbL) films of polysaccharide
chitosan and the protein concanavalin A, on which a layer of anti-
CA19−9 antibody was adsorbed. Using impedance spectroscopy with this biosensor, we were capable of detecting low
concentrations of the antigen CA19−9, an important biomarker for pancreatic cancer. The limit of detection of 0.69U/mL
reached is sufficient for detecting pancreatic cancer at very early stages. The selectivity of the biosensor was inferred from a series
of control experiments with samples of cell lines that were tested positive (HT29) and negative (SW620) for the biomarker
CA19−9, in addition to the lack of changes in the capacitance value for other analytes and antigen that are not related to this type
of cancer. The high sensitivity and selectivity are ascribed to the very specific antigen−antibody interaction, which was confirmed
with PM-IRRAS and atomic force microscopy. Also significant is that used information visualization methods to show that
different cell lines and commercial samples containing distinct concentrations of CA19−9 and other analytes can be easily
distinguished from each other. These computational methods are generic and may be used in optimization procedures to tailor
biosensors for specific purposes, as we demonstrated here by comparing the performance of two film architectures in which the
concentration of chitosan was varied.
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■ INTRODUCTION

The development of methodologies for the early diagnostics of
cancer appears to be an inevitable trend owing to the improved
therapy efficacy and even prevention of relapse by the patient.1

One possible way to reach such an ambitious target is to
identify biomarkers associated with the different types of
cancer,1,2 which can be detected with analytical devices at early
stages of the disease or even before. There is ample
demonstration in the literature that analytical sciences are
sufficiently mature for detecting biomarkers with high
sensitivity and selectivity,3−5 in many cases relying on
nanotechnology. The importance of nanomaterials and nano-
structured films, for instance, has been highlighted6 with
particular emphasis on the synergy achieved upon combining
distinct types of materials in the sensing units. Moreover, a
variety of experimental methods are now available for the
detection.
The main challenges remaining for reaching early diagnosis

and even prognosis are related to the identification of very
specific biomarkers, and to the need of producing sensors and
biosensors satisfying the stringent requirements for real-world
application in clinical analysis. Diagnosis and prognosis
biomarkers play important roles in individualizing treatment

decisions. In this way, early detection of pancreatic cancer may
allow an improved patient prognosis, making possible a surgery
treatment with curative intent. More specifically, these devices
must be sufficiently robust and relatively low cost. Several
groups have therefore focused on immunosensors working with
optical and electrical measurements as the principles of
detection6−9 in which the sensing units are made with
nanostructured films, including self-assembled monolayers
(SAMs)10,11 and layer-by-layer (LbL) films.12,13 These film-
fabrication methods have been proven suitable for immuno-
sensors (and biosensors in general) because of their preserving
the activity of immobilized biomolecules. Furthermore, whereas
the choice of materials is rather limited for SAMs, many are the
materials that can be combined in the form of LbL films.
In this study, we exploit the control of molecular

architectures provided by SAMs and LbL technologies to
produce immunosensors for detecting a biomarker associated
with pancreas cancer. The biomarker is the sialylated Lewis
carbohydrate antigen 19−9 (CA19−9),14,15 a high-molecular-
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weight mucin protein generally used to detect the presence of
cancer through its levels in blood serum.16−18 CA19−9 serum
levels may be elevated in patients with nonmalignant diseases
or other gastrointestinal cancers as well,19 but a recent meta-
analysis observed that CA19−9 serum levels showed better
performance in the diagnosis of pancreatic cancer than other
biomarkers.20 Moreover, the prognostic value of peri-operative
CA 19−9 levels and its role as an indicator of asymptomatic
recurrence have been investigated in patients with resectable
pancreatic cancer,21,22 and a recent phase III trial confirmed the
prognostic value of postresection CA 19−9 levels in patients
undergoing surgery with curative intent.23 In spite of its change
in specificity according to the patient symptoms,24 CA19−9 is
the only biomarker approved by the U.S Food and Drug
Administration for pancreas cancer.25

The immunosensors are built by immobilizing anti-CA19−9
antibodies on a matrix made with a SAM monolayer coated by
one layer of chitosan, a biocompatible polysaccharide, and one
layer of concanavalin A (Con A). The film architecture was
selected to warrant available sites of the antibodies for
adsorption of CA19−9 molecules, which then altered the film
properties considerably. We detected such changes using
impedance spectroscopy and reached high sensitivity and
selectivity, thus allowing to detect CA19−9 in cell lines, in
addition to commercial samples with the biomarker added to a
buffer. This high performance is also attributed to the use of
information visualization methods to treat the data.26−28 We
also determined the mechanism behind the detection with
polarization-modulated infrared reflection absorption spectros-
copy (PM-IRRAS) and atomic force microscopy. A comparison
is also made with the performance of other immunosensors to
detect CA19−9 from the literature.4,5

■ EXPERIMENTAL SECTION
Electrode Modification. Detection was performed with the

biosensor (immunosensor) architecture depicted in Figure 1, featuring

gold electrodes coated with a self-assembled monolayer (SAM), on
which a bilayer of chitosan and concanavalin A (Con A) was adsorbed.
Then a layer of anti-CA19−9 antibodies was deposited. The buildup of
the biosensor was as follows. Gold interdigitated electrodes with 3
mm2, containing 50 pairs of fingers (10 μm width and spaced by 10
μm) were fabricated onto Bk7 glass substrates by optical lithography
and lift-off. Before use the electrodes were cleaned with UV/ozone
following the procedure of Ron and collaborators,29 and then coated
with a SAM of 11-mercaptoundecanoic acid (11-MUA) (Sigma-
Aldrich, USA) adsorbed from a 1 mM solution during 48h. These
electrodes should exhibit negatively charged COO− groups, which are
useful for adsorbing in the next step a layer of chitosan (Galena,
Brazil,) from aqueous solutions of distinct concentrations (0.3, 0.5, 1.0,
and 2.0 mg/mL) during 2 h. The modified electrode was then coated
with a layer of Con A (Sigma-Aldrich, USA) from a 1 mg/mL aqueous
solution during 2 h. In order to prepare for adsorption of antibodies,
the carboxylated groups of Con A amino acids were activated by

incubation in 0.1 M N-Hydroxisuccinimide (NHS) (Sigma-Aldrich,
USA) /0.1 M 1-Ethyl-3-(3-dimethyllaminopropyl) carbodiimide
(EDC) (Sigma-Aldrich, USA) for 24h. The final layer of the biosensor
contained anti-CA19−9 antibodies (Aviva System Biology, USA),
adsorbed during 45 min and washed with deionized water. After
antibody modification, the electrodes were immersed in BSA solution
for 1 h, with the aim of having BSA molecules to block nonspecific
active sites to the analyte. After each step the electrodes were washed
to remove poorly or nonadsorbed molecules.

Film Characterization. The adsorption of each layer in the
architecture of Figure 1 was monitored with a Quartz Crystal
Microbalance, model QCM200 (Stanford Research System, USA) for
films deposited on quartz crystals coated with a gold disk electrode.
Films were deposited on different types of substrate, depending on the
experimental characterization technique. For polarization-modulated
infrared reflection absorption spectroscopy (PM-IRRAS), the substrate
used was gold. The PM-IRRAS spectra were obtained in a KSV
spectrophotometer, model PMI 550 (KSV Instruments, Finland), with
spectral resolution of 8 cm−1 and an incident angle of 81°. The contact
angle and surface energy were determined using the sessile drop
technique in a goniometer model CAM200 (KSV Instruments,
Finland), using deionized water, ethylene glycol and diiodomethane
as probe liquids for films deposited on the interdigitated gold
electrodes. The data for these probe liquids were used in the Owens−
Wendt−Rabel−Kaelble model30 to calculate the different components
of surface energy, using eqs 1 and 2
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where γS is the surface energy, γL is the liquid surface tension, θ is the
angle between solid−liquid surface, γL

d,γS
d,γL

p, and γS
p are polar (p) and

dispersive components (d) of the solid and liquid surface tension.
The morphology of films deposited on the interdigitated gold

electrodes was investigated with atomic force microscopy (AFM) in a
Bruker Dimension FastScan (Bruker Corp., USA) microscope in the
Tapping mode with scan rate of 0.6 Hz. Fluorescence spectroscopy
measurements were carried out with a spectrophotometer Shimadzu
(Shimadzu Corp., Japan) model RF 530 IPC.

Detection. Impedance spectroscopy measurements were per-
formed with a Solartron model 1260 A (Solartron Analytical, USA),
in the range between 1 × 102 and 1 × 106 Hz, with biosensors whose
architecture is shown in Figure 1. Interdigitated electrodes modified as
described in the Electrode Modification were used to detect CA19−9
human antigen (Aviva System Biology, USA). A solution of CA19−9
at different concentrations (4, 8, 12, 20, 40, 60, 80, and 100 U/mL)
was dropped on the sensing unit and allowed for adsorption during 10
min. The film was then washed and immersed into a PBS buffer, so
that only changes in the capacitance induced by specific adsorption
would be measured. The data collected were used to obtain a
calibration curve, with which the CA19−9 concentration could be
determined in fetal bovine serum (FBS) (Sigma-Aldrich, USA) and
cell lines HT-29 (ATCC, HTB-38) and SW-620 (ATCC, CCL-227).
Both cell lines were maintained in Dulbecco’s modified eagle’s
medium (DMEM) or RPMI 1640, containing 10% fetal bovine serum
(FBS), 2 mM glutamine, 1% penicillin/streptomycin, in a humidified
CO2 incubator at 37 °C. Confluent cell lines were washed with
phosphate-buffered saline (PBS) and cultured in OptiMEM media,
without serum supplementation. After 48 h of incubation, the
supernatant was filtered through a 0.22 μm filter and stored at −80
°C until analysis. The concentration of CA19−9 was obtained through
an electrochemiluminescence immunoassay (ECLIA), performed in a
commercially available assay (Roche Diagnostics, USA; Catalog
number 11776193122) in Cobas e 601 (Roche Diagnostics, USA).
The calibration curve was calculated with Elecsys CA 19−9 CalSet
(Roche Diagnostics, USA).

Figure 1. Film architecture that contains layers of MUA, chitosan, Con
A modified with NHS groups, and CA19−9 antibody. Also shown are
molecules of CA19−9 antigen to be detected.
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Data Treatment with Information Visualization Methods.
The capacitance values, obtained from impedance measurements, were
analyzed using the software suite referred as PEx-Sensors,26 which
implements multidimensional projection and information visualization
techniques, such as Interactive Document Mapping (IDMAP) and
Parallel Coordinates.26−28 The first technique considers Euclidean
distances between the signals of different samples X = {x1, x2, ..., xn},
with δ(xi,xj) being dissimilarity functions between two samples (i and
j). From this, the data in X are projected into a lower-dimension space,
where Y = {y1, y2, ..., yn} gives the position of visual elements
(mappings of X) and d(yi − yj) is distance functions of two any
elements of mappings of X. These projections follow a injective
function f: X → Y, which minimize the term |δ(xi,xj) − d(yi −
yj)|∀xi,xj) ∈ X, and is given by eq 3, where δmax and δmin are the
maximum and minimum distances between data instances.

δ δ
δ δ

=
−

−
−S

x x
d y y

( , )
( , )i j

i jIDMAP
min

max min (3)

For this, we use the parallel coordinates techniques,31,32 which map
the instances data set as equally spaced parallel axes that are scaled to
depict the range of measured values. Capacitance values are
determined by the intersection of the frequency axis in the points to
be measured. Through this visual representation, we observe the data
distribution, in addition to their correlations.26,27

■ RESULTS AND DISCUSSION

Confirming the Film Architecture for the Sensing
Units. One of the main advantages of using nanostructured
films to produce immnunosensors is the versatility in the choice
of materials to be combined in a synergistic fashion.
Unfortunately, there is no general rule to dictate which and
how the materials are to be combined, and therefore a
systematic study needs to be conducted for optimizing the film
architecture. In this work, we used four experimental methods
to determine the optimized conditions for film fabrication, and
exploiting the architecture shown in Figure 1. Accordingly, we
used a quartz crystal microbalance to measure the mass
adsorbed in each layer, photoluminescence spectroscopy to
confirm adsorption of Con A, contact angle measurements to
determine surface energy and PM-IRRAS to confirm the overall
film architecture. Figure S1 shows the mass determined via
QCM for the different layers. Chitosan adsorption was
maximum for solution concentrations at 1−2 mg/mL, because
saturation tends to occur for very high concentrations. In fact, a
larger amount of chitosan was adsorbed for 1 mg/mL than for 2
mg/mL, probably because some desorption takes place at
higher concentrations. For a fixed Con A concentration, we
found the expected result of higher amount of Con A for the 1
and 2 mg/mL chitosan concentrations. The stronger Con A
adsorption for the layer obtained with 1 mg/mL chitosan was
confirmed in photoluminescent experiments, in which the Con
A solution had its spectrum measured before and after the
adsorption procedure. Figure S2 brings this piece of data. We
shall show that under these optimized conditions, the sensitivity
is higher because of the larger amount of adsorbed anti-CA19−
9 antibodies.
The stronger adsorption of chitosan and Con A for the 1

mg/mL chitosan concentration leads to film surfaces with
higher surface energy (more hydrophilic). This has been
determined by measuring the contact angle of the films after
each deposition step with three probe liquids, and the data are
shown inFigure S3. The surface is considerably more
hydrophilic when a chitosan/Con A bilayer is deposited with
the 1 mg/mL solution. This leads to a higher surface energy, as

obtained with the Owens−Wendt−Rabel−Kaelble model30

mentioned in the Film Characterization section and shown in
Figure S4. A higher surface energy is advantageous for
adsorption of biomolecules, which has a positive effect on the
detection performance of the electrodes, as will be shown later.
The characterization above allowed us to select film

architectures with higher probability of adequate sensing
performance, but the actual architecture could not be inferred
precisely. We have therefore monitored the deposition of each
layer with PM-IRRAS, which makes it possible to determine the
characteristic bands of functional groups. The PM-IRRAS
spectra for the 4 chitosan:Con A conditions always confirmed
the adsorption of the planned layers, and the spectra for the
two most efficient conditions are shown in Figure 2.

Functionalization with 11-MUA is confirmed in Figure 2a by
the bands at 1568 cm−1 (CO deformation), 1572 cm−1

(COO− symmetric stretch), 1487 and 1400 cm−1 (CH2
bending).33−35 With adsorption of a layer of chitosan and
another of Con A, Figure 2b shows bands assigned to the axial
deformation of amide II at 1593 cm−1 from chitosan, to β-
sheets and antiparallel β-sheets of Con A at 1635/1640 and
1693 cm−1, respectively,33,36 and to β-turn structures at 1670
cm−134. Consistent with the QCM data, a larger amount of
material is adsorbed for the 1 mg/mL chitosan concentration,
which is inferred by estimating the integrated areas for the band
at 1630/1640, 1670, and 1690 cm−1. The success of the
procedure to activate the carboxylate groups from Con A with
NHS-EDC is depicted in Figure 2c, featuring the symmetrical
stretching band of NHS carbonyl at 1790 cm−1,33 thus
indicating that the imine groups have coupled to Con A.

Detecting CA19−9 with Impedance Spectroscopy.
The two film architectures built with 2 and 1 mg/mL chitosan
solutions, which we shall hereon refer to as Sensors A and B,
respectively, were employed in three types of detection
experiments. In the first, we used samples with PBS buffer
containing different concentrations of the commercial CA19−9
antigen biomarker (Aviva System Biology, USA); in the second
type, measurements were made with samples obtained from

Figure 2. PM-IRRAS spectra of layers (a) Au/Mua, (b) Au/Mua/
chitosan(n)/Con A(n), (c) functionalized with native Con A and Con
A modified with NHS groups.
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two cell lines, one of which contained CA19−9; in the third
type, measurements were performed with commercial CA19−9
immersed in fetal bovine serum (FBS). Figure 3 shows the

frequency dependence for the capacitance in Sensors A and B,
exposed to varying concentrations of commercial CA19−9, two

samples obtained with the cell lines HT-29 and SW620 and
CA19−9 (12.26 U/mL) immersed in FBS. In the low-
frequency region there is considerable distinction among the
curves, which indicates that the electrical response of the
sensing units is affected by interaction with CA19−9. The
mechanisms governing such an interaction should be associated
with changes induced by CA19−9 on the double-layer existing
at the interface between film and the buffer solution and on the
film itself. For it is known from the literature37,38 that the
electrical response is dominated by changes in the double-layer
at frequencies around and below 100 Hz, whereas film
properties dominate the response in the 1 kHz region.
Exposure to the CA19−9 containing samples had little effect
on the capacitance at very high frequencies, which depends
mostly on changes in the geometric capacitance.37

The insets in Figure 3 indicate saturation in the capacitance
change as the CA19−9 concentration increases, which is typical
of immunosensors based on antigen−antibody interactions
because the number of available sites for adsorption tends to
zero. Taking the initial part of the curves, which may be
approximated by a straight line, we could determine the limit of
detection for each sensor, using the IUPAC method. These
limits of detection were found to be 0.91 U/mL and 0.69 U/
mL for Sensors A and B, respectively, which are lower than the
commercial systems Architect i2000 (Abbott Laboratories,
USA), AxSYM (Abbott Laboratories, USA), and KRYPTOR
(Brahms Aktiengesellschaft, Germany) (2; 2; 1.2 U/mL,
respectively), being comparable to that of Elecsys (Roche
Diagnostics GmbH, Germany) (0.6 U/mL).40 Furthermore,
the various concentrations can be distinguished up to 76.8 and
51.8 U/mL for Sensors A and B, respectively, therefore being
above the cutoff limit (37 U/mL) for patients with pancreas
cancer.41,42 This feature of the immunosensors is crucial for
their possible use in prognostics and early diagnostics. Also
significant is that the curves for HT29 and CA 19−9 immersed
in FBS solution were considerably distinct from the PBS buffer,
as it should be since they contained CA19−9. In fact, in
subsidiary experiments, the CA19−9 concentration in HT29
was found to be 12.26 U/mL, which compares well with the
values extracted from the calibration curves in the insets,
namely 11.7 and 13.7 U/mL for Sensors A and B, respectively.
In contrast, the cell line SW620 gave curves very similar to PBS,
being negative for CA19−9 antigen, as it should be.43 For
CA19−9 immersed in FBS at 12.26 U/mL, the concentration

Figure 3. Capacitance vs. frequency spectra for (a) Sensor A and (b)
Sensor B, immersed in PBS solutions with different CA19−9
concentrations. The insets show the capacitance (nF) versus CA19−
9 concentration at 1 kHz, also including data for higher concentrations
whose spectra are shown in Figure S5. Capacitance values increase
until saturation, which is typical of immunosensors with antigen−
antibody interactions. The capacitance was calculated from the
complex impedance equation.39

Figure 4. IDMAP plot for the data of change in capacitance × frequency curves for standard samples containing distinct concentrations of CA19−9
as specified in the figure, and nonspecific analytes (p24 antigen, UA, AA, GLU) for Sensor A (purple) and Sensor B (green).
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inferred from the capacitance data was 11.5 U/mL and 13.2 U/
mL for sensor A and sensor B, respectively.
As mentioned in the Introduction, using impedance

spectroscopy for immunosensing is advantageous in several
ways, particularly regarding the generality of the sensing
platform and potential low cost. However, the main possible
drawback is the lack of specificity in the electrical response,
because any change in the sample under analysis and in the film
of the sensing unit itself may lead to alterations in the electrical
signal. Therefore, it is of paramount importance to test the
performance of the immunosensors in relation to false
positives. We have made a thorough, systematic study to
ensure that our immunosensors are robust and selective for
detecting CA19−9. First, we exposed Sensors A and B to a
variety of analytes and nonspecific antigens. Figure 4 shows the
impedance data projected in an IDMAP plot for false positive
tests for both sensors. A clear separation is seen of the CA19−9
standard (commercial) samples from the analytes ascorbic acid
(AA), uric acid (UA), glucose (GLU), and the antigen p24.
In a second type of experiment, we compared the response of

Sensors A and B with that of sensing units which did not
contain the anti-CA19−9 antibodies immobilized on the film
surface. The results are shown in Figure 5, which demonstrate a
negligible change in capacitance for the sensing units with no
antibody, in comparison with the large changes for Sensors A
and B. Therefore, it is once more confirmed that a significant
change in the electrical response only takes place if there is
adsorption of antigens on the film surface.
Comparison between Sensors A and B. Optimizing the

performance of immunosensors may be crucial in applications
where high sensitivity and/or selectivity is required, and in
cases where there are several components in the sensing unit.
Here we employ a methodology that allows us to compare
sensor performance quantitatively, which could also be used to
further optimize performance if needed. We plotted the
capacitance data of Figure 3 and Figure S5 using the parallel
coordinates technique in Figure 6. A visual inspection indicates
that it is easier to distinguish the curves at low to intermediate
frequencies, as commented upon while discussing Figure 3. The
ability to distinguish among the many curves can be estimated
quantitatively using the silhouette coefficient, calculated from
eq 4.

∑=
−

=

S
n

b a
a b

1
max( , )i

n
i i

i i1 (4)

The coefficient S varies between −1 to 1, and its value is
represented by the boxes on the top of the plot in Figure 6.
Blue boxes indicate that the curves at the particular frequency
are distinct from each other, with S values near 1, whereas the
white boxes (S ∼ 0) indicate that the data do not assist in
distinguishing the samples and the red boxes (S ∼ −1) mean
that using data at these frequencies may actually be deleterious
for the distinction. The average silhouette coefficients is 0.861
for Sensor A and 0.853 for Sensor B, which means that Sensor
A has a slightly higher performance.
The excellent performance of Sensors A and B may also be

checked visually in the IDMAP plots of Figure 7. There is clear
distinction between the samples with different concentrations
of CA19−9, and the cell lines HT29 and SW620 give positive
and negative result, respectively, for the presence of CA19−9.
On the Mechanisms Behind Detection. The immuno-

sensor presented here was conceived to detect the antigen

CA19−9 based on the molecular recognition capability toward
its corresponding antibody. The detection experiments were
successful, but we have not proven yet that sensing was
governed by the specific adsorption. This we can prove using
PM-IRRAS measurements. We used as reference the spectrum
of the film MUA/Chitosan/Con A-NHS, in order to investigate
the interaction between the anti-CA19−9 antibodies and the
antigen CA19−9. The other regions of the spectra for the film
were not affected by the adsorption of the antibody and then of
the antigen. Figure 8 shows characteristic amide I and amide II
bands which are present in both antibody and antigen. The
amide I band appears between 1600 and 1700 cm−1, and is
mainly represented by 80% of the potential energy associated
with the carbonyl stretch (CO), 10% of C−N stretch, and
10% related to the N−H bond vibration.33,44 The amide II
band is observed between 1500 and 1600 cm−1, for which 60%
of the potential energy are related to N−H bonds, whereas the
remaining 40% are assigned to the C−N bond stretch of amide
groups.33,44 The intensity (and area) of these bands increase
with the CA19−9 concentration until getting close to
saturation, as expected. Consistent with the results from
impedance spectroscopy, Sensor B is more sensitive than

Figure 5. Capacitance at 1 CA19−9 concentration for (a) Sensors A
and (b) B in black lines, compared to the lack of change in capacitance
when the CA19−9 concentration is varied for a sensing unit that did
not contain anti-CA19−9 antibodies (in red lines). The latter are
terms as possible false positives, which did not occur in our
measurements.
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Sensor A. In this analysis, we assumed that the orientation of
the amide groups will not vary when the CA19−9 is altered;
otherwise we could not relate the intensity of the PM-IRRAS
band with the concentration of CA19−9 detected.
The adsorption of antigen CA19−9 molecules onto

immobilized antibodies of the film was further confirmed
with AFM images in Figure S6, which again corroborated the
stronger adsorption of chitosan/Con A and hence antibodies
anti-CA19−9.

■ CONCLUSIONS
Nanostructured films have been used here to produce
immunosensors that were capable of detecting small concen-
trations of CA19−9, and identify cell lines that contained this

biomarker. The choice of film components proved to be
suitable, as the antibodies were adequately immobilized so as to
recognize the CA19−9 antigen specifically. In detection with
impedance spectroscopy, for example, no false positives were
observed when the immunosensor was exposed to analytes and
antigens other than CA19−9. Furthermore, the sensitivity with
limit of detection of 0.69 U/mL is sufficient for applications in
clinical analysis, being higher than most of the commercially
available kits. The limit of detection in our sensors is not,
however, as low as in an optimized electrochemical
immunosensor using using a nano ferromagnetic oxide5 and
another with titania sol−gel on a graphite electrode that
contained horseradish peroxidase (HRP)-labeled anti-CA19−9
antibodies.4

Two other important contributions in this study are related
to the use of information visualization methods to compare the
performance of sensors and biosensors, and the identification of
the molecular-level mechanism responsible for the detection.
With regard to comparing sensing units, we employed the
parallel coordinates technique and calculated the silhouette
coefficient that provides a quantitative measure of how useful a
given signal is to distinguish among similar samples. The
molecular-level mechanism was found to be associated with
adsorption of antigens on their corresponding antibodies, and
this has been proven by examining the amide bands in PM-
IRRAS spectra.

Figure 6. Parallel coordinates plot obtained from capacitance x
frequency curves measured with Sensors A and B for different CA19−
9 antigen concentrations. The abscissa corresponds to frequency,
whereas the ordinate brings normalized values of capacitance.

Figure 7. IDMAP plot obtained from the capacitance × frequency
curves for CA19−9 commercial samples in PBS, HT-29, and SW620
cell lines and CA19−9 commercial samples in FBS solution for Sensor
A (purple) and Sensor B (green).

Figure 8. PM-IRRAS spectra for the films used to build Sensors A and
B. The baseline was taken as the spectrum for the film architecture
gold/MUA/chitosan/Con A-NHS, onto which a layer of antibodies
was immobilized, then followed by adsorption of the antigen CA19−9
with different concentrations.
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