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Abstract

Biosensors fabricated with nanomaterials promise faster, cheaper and more efficient
alternatives to traditional, often bulky, devices for early cancer diagnosis. In this study,
we fabricated a thin film sensing unit on interdigitated gold electrodes combining
polyethylenemine and carbon nanotubes in a layer by layer fashion, onto which
antibodies anti-CA19-9 were adsorbed with a supporting layer of N-
hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide solution.
Using impedance spectroscopy, the pancreatic cancer biomarker CA19-9 was detected
in a buffer with limit of detection of 0.35U/mL. This high sensitivity allowed for
distinction between samples of blood serum from patients with distinct probabilities to
develop pancreatic cancer. The selectivity of the biosensor was confirmed in subsidiary
experiments with HT-29 and SW-620 cell lines and possible interferents, e.g. p53
protein, ascorbic acid and glucose, where significant changes in capacitance could only
be measured with HT-29 that contained the CA19-9 biomarker. Chemisorption of
CA19-9 molecules onto the layer of anti-CA19-9 antibodies was the mechanism
responsible for sensing while electrostatic interactions drove the adsorption of carbon
nanotubes, according to polarization-modulated infrared reflection absorption
spectroscopy (PM-IRRAS). The adsorption behaviour was successfully described by the

Langmuir-Freundlich isotherm.

Keywords: cancer, biomarkers, immunosensors, carbon nanotubes, impedance
spectroscopy.
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1. Introduction

Molecular engineering has been widely exploited to produce biosensors where
synergy among constituent materials allows for high sensitivity and selectivity'”. Many
examples exist of such devices made in a layer-by-layer fashion with a bioactive layer
deposited on a suitable matrix'”®. The high performance reached by these biosensing
systems may be particularly relevant for early cancer diagnosis and prognosis. Indeed,
one of the leading causes for the elevated cancer mortality is largely attributed to late
stage diagnosis, which sometimes makes subsequent treatment inefficient in controlling
the disease. In a research study conducted with 695 patients from 16 acute hospitals of
Northern Ireland, it was found that 26.3% of patients were diagnosed with cancer during
their last hospital admission, exhibiting more urgent physical symptoms than patients
diagnosed at earlier stages’. Pancreatic cancer is one of the biggest cancer-killers, with
less than 5% survival rate®. The tumor is often difficult to locate in the body and
therefore mostly ever detected in later stages, by which point following treatments
become difficult.

A highly robust device, able to diagnose cancer at early stages during routine
medical check-up could revolutionize healthcare and potentially reduce cancer related
mortality due to late diagnosis. This is motivation for building upon the extensive work
already done in biosensors to detect cancer biomarkers'’. Ideally, a commercial
biosensor must be cheap, portable and easy to use, with the single most outstanding
feature being its efficiency in detection. One way to successfully achieve high
efficiency is by enhancing the sensitivity of the biosensor through surface engineering
using nanomaterials. Carbon nanotubes possess a great range of useful physicochemical

properties: high conductance, high surface area to volume ratio, surface chemistry and
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biocompatibility that make them the ideal choice for use in biosensors whose detection
method is based on electrical signal transduction'"*'%.

In this study, we wused functionalized multi-walled carbon nanotubes
(MWCNTs), a concentric bundle of carbon nanotubes, to construct the thin film
forming the sensing unit of the biosensor. Covalently functionalized carbon nanotubes
form functional groups such as carboxyl'? on their surface that can be used to
chemically attach antibodies on the surface''. Because of their hollow shell structure,
MWCNTs provide a larger number of sites for binding antibodies in the active layer of
the immunosensor, thus potentially yielding a higher sensitivity. The biosensor was
designed for the specific detection of carbohydrate antigen 19-9 (CA19-9), a cancer
biomarker used for pancreatic cancer diagnosis’. The sensing unit of the biosensor was
fabricated on an interdigitated gold electrode. A thin film architecture consisting
MWCNTs was developed, upon which anti-CA19-9 antibodies were adsorbed for
specific binding of CA19-9 antigens present in a given sample solution. The method of
signal transduction used was impedance spectroscopy, where the changes measured in
capacitance of the sensor upon CA19-9 adsorption was referred as an indication of
biomarker detection. The mechanisms driving thin film formation on gold electrodes
and antigen-antibody binding were investigated using polarization modulated infrared
spectroscopy (PM-IRRAS). In addition to detecting CA19-9 in artificial buffer

solutions, the biosensor was employed with whole cell lysates and blood serum of

pancreatic cancer patients.
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2. Experimental Details

2.1 Fabrication of the sensing unit

The layer-by-layer technique'*"

was used for constructing a multi-layered film
which formed the biosensor. The materials used polyethyleneimine (Sigma-Aldrich,
USA), carbon nanotubes (MWCNTs) (Sigma-Aldrich, USA), N-hydroxysuccinimide
(NHS) and I-ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC) (Sigma-Aldrich,

USA), were assembled sequentially on an interdigitated gold electrode surface where a

final layer of antibodies anti-CA19-9 (Aviva System Biology, USA) was deposited. The

process is illustrated in Figure 1.
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Figure 1: Thin film constructed in a layer-by-layer (LbL) fashion on gold surface using
carbon nanotubes (CNTs) and polyethyleneimine (PEI). The carboxylic acid groups on
CNTs were activated using NHS-EDC to anchor anti-CA19-9 antibodies on the film
surface for specific detection of antigen CA19-9.

The nanostructured films were assembled in the following sequence to create the

biosensing unit:
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(1) A volume of 20uL polyethyleneimine (PEI) in solution (1mg/mL in water) was
adsorbed onto interdigitated gold electrodes deposited on a glass substrate, for

an adsorption time of 5 minutes. The electrode was then rinsed with distilled

©CoO~NOUTA,WNPE

water and dried with a nitrogen gun held at low pressure to remove any
13 unabsorbed molecules from the surface. This insures that any non-specific
15 surface adsorption is avoided.

18 (2) Then, 20uL of carbon nanotubes (CNTs) were left to adsorb onto the PEI
20 monolayer for 5 minutes and rinsed similarly. Next, 20 pL of N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
25 carbodiimide (EDC), both at 0.1 mol L™! in water solution, were deposited on
27 the film in equal ratio (1:1). It was left to adsorb on the PEI-CNT film surface
30 for 30 minutes, after which it was rinsed and dried accordingly. Reagents such
32 as NHS and EDC activate the functional carboxylic groups (-COOH) on the
34 carbon nanotube surface. This ensures stable covalent binding between the
37 nanotubes (CNTs) and the antibodies deposited next.

39 (3) The PEI-CNT-NHS-EDC multi-layered film was lastly coated with a final layer
of CA19-9 antibodies with 20uLL volume deposition of antibody in phosphate-
44 buffered saline (PBS) solution (1:10) for 45 minutes. Then, the film was rinsed

46 and dried to dispose of any unabsorbed molecules.

51 The film-fabrication procedure to obtain the biosensor was monitored by taking
53 1 pm X 1 pm atomic force microscopy (AFM) images with a Bruker dimension
56 FastScan (Bruker Corp., USA) microscope in the tapping mode with a scan rate of 1Hz.
58 Figure 2 shows 3D AFM images, where the most salient feature is the change in root

mean square (rms) roughness as the distinct layers are adsorbed. The gold substrate has
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a relatively small roughness, which is even decreased by the deposition of the
molecularly-thin PEI layer. A large increase in roughness occurs when the CNT layer
was adsorbed, which is typical of LbL films of carbon nanotubes. Adsorption of the
anti-CA19-9 layer, on the other hand, even led to a decrease in roughness, probably

because voids could be filled.

(b)

(d)

Figure 2: 3-D AFM images showing surface morphology as materials are added layer-
by layer in the PEI-CNT film construction. (a) Clean gold surface with roughness 0.943
nm (b) Surface after the deposition of a monolayer of PEI; roughness 0.881 nm (c)
Surface after adsorption of CNT; roughness 6.91 nm (d) Surface after adsorption of
antibodies (anti-CA19-9); roughness 5.39 nm.

2.2 PM-IRRAS

PM-IRRAS measurements were performed using KSV PMI 550 instrument
(Helsinki, Finland) with a spectral resolution of 8cm™. A solid gold plate of dimensions
lem x lem was used in place of the gold electrode as the base due to the homogeneity
of the gold surface in comparison to interdigitated gold electrodes. After adsorption of

each material layer, 1000 measurements were taken using IRRAS 1.0.5 software during
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a total time of 300s, the average of which made up the PM-IRRAS signal. Hence,
signals measured upon adsorption of each layer were used to characterize the film
architecture. Once the nanostructured thin film was characterized, the antibody-antigen
interactions of CA19-9 were investigated by taking the gold-PEI-CNT-NHS-EDC film
as reference. Various concentrations of CA19-9 antigen (Aviva System Biology, USA)
diluted in PBS solution (0, 10, 20, 30, 40, 50, and 60 U/mL) were used. An antigen
volume of 80uL was deposited on the film surface and left to adsorb for 10 minutes,

after which it was rinsed with distilled water and dried before taking measurements.

2.3 Impedance Spectroscopy as a Method of Detection

Electrical impedance measurements were performed using a Solartron 1260A
impedance/gain phase analyser (Solartron, Farnborough, England) with an applied AC
voltage of 50mV. The sensing unit was fabricated on 50 pairs of interdigitated gold
electrodes with separation and width dimension of 10um as described by Soares et al’.
The capacitance values were taken over the frequency range of 1 -10° Hz, recorded
with the Software packages ZView 2 and ZPlot 2. The sensing units fabricated
following the method described in section 2.1 were exposed to samples containing
various concentrations of CA19-9 antigen diluted in 20uL PBS solution, pH 7.4. The
CA19-9 concentrated sample solutions (0, 0.05, 0.5, 1, 4, 8, 20, 40, and 60U/mL) were
deposited onto the sensing units and were left to adsorb for 10 minutes, after which they
were washed with distilled water and dried. In addition, whole cell lysates obtained
from Barretos Cancer Hospital as well as solutions of glucose (Sigma-Aldrich), ascorbic
acid (Sigma-Aldrich) and p53 biomarker (ABCAM) were tested. Whole cell lysates of

colorectal adenocarcinoma HT-29 (CA19-9 expressing) and SW-620 (CA19-9 null) cell

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

lines were obtained by three cycles of freeze—thaw and stored at -80°C. HT-29 (ATCC)
and SW-620 (ATCC) cell lines were maintained in Dulbecco’s modified eagle’s
medium (DMEM), 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 PBS and cultured in OptiMEM media, without serum
supplementation. After 48 hours of incubation, supernatants were filtered through a 0.22
um filter and stored at —80°C until analysis. Glucose (100mg/dL in distilled water

solution), ascorbic acid (4.8mg/mL in distilled water) and antigen p53 (5ng/mL in PBS

solution) were considered negative controls and therefore used in investigating the

specificity of the sensor.

2.4 Data Analysis

Information visualization techniques are being used to analyze the large amounts

. . 12,15,16
of data in the fields of sensors and biosensors =

. The capacitance vs. frequency data
obtained via Impedance Spectroscopy has a high dimensionality for a given sample. For
measurements taken over multiple samples, it becomes nearly impossible to extract any
useful information. A multidimensional projection technique converts the information
held within each high dimensional data instance into a format where it is possible to see
the global similarity relationships amongst the data instances. The principle of this
technique 1is based on dimensionality reduction while preserving similarity
relationships, so that similar data is placed as close to each other as possible on the
projected space'’. This technique, implemented in free software referred to as PEx-

Sensors, was used to represent the high-dimensional spectra of capacitance vs.

frequency measurements obtained via impedance spectroscopy. It considers the
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Euclidean distance between two spectra of data, X;andX;, with each spectrum
consisting of capacitance values X = {x1,x,...,x,}. A set of graphical markers
represented by the vectorY = {yl,yz’___’yn}, whose Euclidean distance between data
instances is denoted by d(y; —¥;), is projected onto a 2D space using an injective

function f:X — Y that attempts to minimize the so-called cost or error function,
|6(x;, ) — d(yi —y;)lfor Vx;,x€ X'®. Non-linear mapping such as Interactive
Document Map (IDMAP) has been shown to be the best strategy for biosensor data

1,3,4,15

representation in the literature . IDMAP is a multidimensional projection technique

that uses force minimization approach to place two data points together in 2-D space

using the following function '>'":

5(XiJXj)_5min

A= —d(¥, %) e

5max “Omin

where §,,;, 1s the minimum distance and 6,,,, 1s the maximum distance of the spectrum
measured in the original space. This ensures that the dissimilarities in spectra of the data

collected are accurately represented on IDMAP as points.

2.5. Assay Validation in Real Samples

Cell line supernatants and serum samples from cancer patients were previously
quantified using the electrochemiluminescence analyzer model Cobas 601 (Roche
Diagnostics, Indianapolis) and an Elecsys CA 19-9 Immunoassay kit (Roche
Diagnostics, Indianapolis). The use of patient serum samples was approved by the
Ethics Committees in Research of Barretos Cancer Hospital and Federal University of

Sdo Carlos.
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3. Results and Discussion

3.1 Detection of cancer biomarker

The PEI-CNT biosensor could successfully detect and distinguish between the
different concentrations of CA19-9 biomarkers diluted in PBS solutions. Figure 3 shows
the capacitance vs. frequency data acquired for various CA19-9 concentrations over the

frequency range 1to10® Hz. The capacitance curve at 0U/ml represents the

capacitance profile of the (blank) sensor without CA19-9 biomarkers adsorbed. The
adsorption of biomarkers induces changes in electrical response of the sensor that can
be measured in terms of capacitance. At high frequencies (>10°Hz), the electrical
response is dominated by the electrode geometry'®, which is the same regardless of the
amount of CA19-9 biomarkers adsorbed. In the mid-range frequency (100Hz-1 kHz) the
amount of CA19-9 antigen adsorbed on the film determines the capacitive ability of the
electrode, which increases with concentration. A clear distinction between the different
concentrations observed in Figure 3(a) between 100-1000Hz frequencies suggests the
sensor 1S most sensitive in this region. In the low frequency regime (<100Hz)
electrostatically driven double layer effects at the film surface are observed and are not

entirely concentration dependent.
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Figure 3: Capacitance versus Frequency spectrum for electrodes modified with PEI-
MWCNT films, immersed in PBS solution with different CA19-9 concentrations. The
insert shows the data focused between 100 and 1000 Hz.

In order to represent the dissimilarity between concentrations, the capacitance
vs. frequency spectra were treated with IDMAP technique in PEx-Sensors software, as
shown in Figure 4a. The IDMAP represents each sample as points on a label-less 2D
map, which are placed close to each other when the capacitance spectra are similar.
Note, therefore, that the axes are not labelled because there is no physical meaning for
the horizontal and vertical axis; what matters is the relative distance between data
points. The data plotted visually represents the distinction between behavior of the
sensor at low concentration region (0.05U/mL, 0.5U/ml) and high concentration region
(40U/mL - 60U/mL) upon CA19-9 biomarker adsorption. The dissimilarity in data
points for the concentrations used proves distinguishability of the biosensor and hence

its reliability in clinical diagnosis.
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Figure 4: (a) IDMAP of capacitance vs. frequency data of CA19-9 biomarker diluted in
PBS solution. (b) IDMAP of capacitance x frequency data of CA19-9 biomarker for 10
selected frequencies. Each dot represents the spectrum for the corresponding
concentration. The axes are not labelled because what matters in the plot is the relative
distance between data points.

One figure of merit relevant for any immunosensor is the limit of detection,
normally determined from a calibration curve. A visual representation such as that
provided by IDMAP is not suitable for generating a calibration curve, and this can be
done by choosing a fixed frequency to analyze the capacitance data. In order to be
quantitative, we plotted the capacitance spectra using the Parallel Coordinates
technique'® in Figure 5, with which one may calculate the silhouette coefficient (S)'>'®
that is a measure of the distinguishing ability of different instances in a dataset. This
coefficient S varies between -1 and 1, where values close to 1 mean that using the
corresponding data is useful for discrimination, values close to -1 are deleterious and
values close to 0 are neutral with regard to discrimination. On the top of the plot in
Figure 5 the blue boxes represent frequencies with high S, the white boxes represent S ~

0 and the red box represents a frequency with S close to -1. If all the frequencies

measured (61) are used, the overall S is 0.78, thus reflecting the large number of blue

ACS Paragon Plus Environment

Page 12 of 40



Page 13 of 40 ACS Applied Materials & Interfaces

boxes on the plot. When only the 10 selected frequencies that yield good distinction are
used, S increases to 0.902. The improvement can be visualized in the IDMAP plot of

Figure 4(b). Also relevant is that the region of intermediate frequencies is ideal for

©CoO~NOUTA,WNPE

discrimination of the CA19-9 commercial samples with various concentrations, from

13 which we chose 1 kHz for obtaining the calibration curve (see below).
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Figure 5: (a) Parallel coordinates graph obtained from capacitance x frequency spectra
of different CA19-9 concentrations in commercial samples. (b) Parallel coordinates
graph obtained from capacitance x frequency spectra for 10 selected frequencies. The x-
axis corresponds to the frequency while the y-axis brings normalized capacitance
values. The blue boxes indicate that the region of intermediate frequencies, between
100-10000 Hz, is more suitable to distinguish the samples.

From the analysis above with calculation of silhouette coefficients, we inferred
that 1 kHz is one of the most useful frequencies in distinguishing the samples. We have
therefore used the capacitance at 1 kHz from Figure 3 to plot the calibration curve of
Figure 6, where the reference is the capacitance measured with the PBS buffer. The

20,21

curve can be fitted with a Langmuir-Freundlich isotherm™ " in Eq. (2), which seems a

typical behaviour for antigen-antibody adsorption in immunosensors:

_ Qsat k.c?
1= 1hgeem 2)

where q is the amount of CA19-9 adsorbed on the film at equilibrium; Q,; is the
absorption capacity of the system; k is the affinity constant for adsorption; c is the
aqueous phase concentration of CA19-9 and n is the heterogeneity index. The index n is
a measure of surface heterogeneity, which has a value between 0 and 1, where 1
indicates a homogeneity”'. An index n = 0.257 suggests that the final surface layer,
made up of adsorbed CA19-9 biomarkers, was not homogenous. This is likely due to
some excess molecules that remained after washing, forming weak electrostatic bonds
with the adsorbed molecules. Note that in fitting with the Langmuir-Freundlich
isotherm we assume that the change in capacitance is proportional to the amount of
material adsorbed. The value of Qg,; thus represents the saturation capacitance value
which, by extrapolation of Figure 6, occurs beyond 60 U/mL. In clinical diagnosis,

37U/mL is the standard benchmark concentration used to identify cancer positives
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(>37U/mL) from cancer negatives (<37U/mL) in blood samples. As saturation
concentration is beyond this number, the sensor can distinguish concentrations well
below and above the benchmark concentration, which renders a promising application

of the sensor in clinical diagnosis

28+ @ Experimental Points
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N =
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= 20 4 s
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Figure 6: Relative capacitance showing capacitance change upon adsorption of CA19-
9. The adsorption behaviour is modelled by a Langmuir-Freundlich isotherm (solid
line).

The sensitivity of the PEI-CNT biosensor was estimated by calculating the
lowest amount of CA19-9 antigen that could be detected, i.e. the limit of detection (LD)

using the [TUPAC method®**;

_3XSD

slope

3)

where SD refers to standard deviation and slope refers to the gradient of the calibration
graph. The limit of detection was calculated graphically from the calibration curve in
Figure 6 by considering the steep slope encompassing the first three data points. Using

eq. (3), the limit of detection was deduced to be 0.35U/mL, which is configured as the
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lowest level of CA19-9 concentration that the biosensor is capable of detecting. This
limit of detection is among the lowest reported in the literature; it is lower than the
values for commercial sensors Architect 12000 (2 U/mL), AxSYM (2 U/mL),
KRYPTOR (1,2 U/mL), Elecsys (0.6 U/mL)* and competitive with similar biosensors
made with nanostructured films: 0.69 U/mL for chitosan/Con A matrix', 0.01 U/mL for
nanostructured films made with Au—Si0,/Fe;Oq4 nanospheres24 and 0.006 U/mL* for
sensors made with Au/porous graphene nanocomposites matrix.

With its high sensitivity, we could test the PEI-CNT immunosensor with real
samples taken from cell lysates and blood serum from patients, in addition to verifying
the robustness in the performance with regard to selectivity. The IDMAP plot in Figure
7 obtained from capacitance data does indicate that the real samples HT-29 (CA19-9
positive) and SW-620 (CA19-9 negative) can be distinguished from each other.
Furthermore, the data for interferents were placed far from those of commercial samples
containing the various CA19-9 concentrations, perhaps with the exception of the cancer
biomarker p53, which is nevertheless close to the data points for the very small CA19-9
concentrations. Therefore, this plot demonstrates that the immunosensor can be
selective for CA19-9-positive cells and does not suffer from interference of other
analytes that may be present in biological fluids. The immunosensor only produces

recognizable signals due to CA19-9 biomarker adsorption.
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—— Cells Samples

——Interferents

———= Commercial Samples

Figure 7: IDMAP of capacitance x frequency spectra of two supernatants cells samples
HT-29 and SW-620 (blue region), three interferents (red region) and commercial
samples (green region), indicating absence of false positives and the presence of CA 19-
9 in HT-29 cell supernatants. As in Figure 4, the axes are not labelled.

An even more challenging task is to detect CA19-9 in blood serum from
patients. The IDMAP plot obtained from the capacitance data in Figure 8 indicates
excellent distinction between blood serum samples from 5 patients from Barretos
Cancer Hospital (Ethics Committee number 1.447.041, Brazil). Significantly, the
distance along the y-axis in the plot correlates with CA19-9 concentration, and there is
clustering of samples in two distinct regions. Hence, the immunosensor made with

PEI/CNT nanostructured films is able to distinguish between patients with high

concentration level of CA 19-9 and those with low concentration level of CA19-9.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

P6:29.67 U/mL

[———1 CA19-9 High Concentration Level
[——1 cA19-9Low Concentration Level

Figure 8: IDMAP obtained from the capacitance x frequency curves of 5 serum
samples from patients from Barretos Cancer Hospital (Ethics Committee number
1.447.041, Brazil). As in Figures 4 and 7 the axes are not labelled.

3.2 Adsorption Mechanism Behind Biosensing

The mechanism that enables the high sensitivity is thought to be chemical
binding between CA19-9 antigen and the antibody anti-CA19-9. Further studies using
polarization modulation infrared spectroscopy technique were conducted to identify the
mechanisms involved in adsorption. The infrared absorption spectra using the PM-
IRRAS technique revealed changes in surface chemistry of the gold electrode upon
adsorption of materials constituting the film. The signal observed upon adsorption of
polyethyleneimine (PEI) and carbon nanotubes (CNT) adsorption on a gold plate is
shown in Figure 9, where the baseline correction was made by taking the spectrum of
blank gold surface as reference. PEI is largely composed of amine groups, which
contain nitrogen atoms bonded to hydrogen (NH bonds) and are responsible for the

strong bands in Figure 9a (PEI). The vibrational broad band around 1530 cm™! is
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assigned to NH deformation®® in amines. Stretching vibrations of the C-N group in
amide I create the broadband at 1403 cm™ 26. C-N amine vibration is also responsible for
the band around 1323 cm 26. Carbon nanotubes (CNTs) were covalently functionalized
with carboxylic groups tethered on their surface. The vibrational bands observed in
Figure 9¢ (CNT) are associated with the vibrations of carbonyl and hydroxyl groups.
The narrow broadband at 1350 cm™! is due to in-plane OH bending of the C-OH

hydroxyl group?®

C=0 carbonyl stretching is associated with the vibration at
1714 cm™! and sp?-hybridized C=C in-plane vibration is associated with 1665 cm™?
** The PM-IRRAS spectrum in Figure 9b (CNT + PEI) after sequential adsorption of
PEI and CNT (PEI+CNT) is a superposition of the independent spectra of
polyethyleneimine (PEI) and carbon nanotubes (CNT). No apparent shift in
wavenumber is observed upon adsorption of carbon nanotubes (CNT) on
polyethyleneimine (PEI) layer, which indicates the adsorption of CNT on PEI layer is
not driven by chemisorption since chemical bonding changes molecular structure on the
surface and produces shifts of vibrational wavenumber’’. Hence, the type of adsorption

taking place in thin film construction are the electrostatic and/or van der Waals

interactions between the two layers of material.
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Figure 9: PM-IRRAS signal of the PEI-CNT biosensor in (1300-1900)cm* infrared frequency
region.

Infrared reflection adsorption spectra provide unique means of studying protein
conformation in films*’. The adsorption of CA19-9 antigen on the PEI-CNT film
immobilized with antibodies (anti-CA19-9) was studied using the PM-IRRAS technique
whose structural information was extracted from spectral analysis. It is generally hard to
establish all the molecular constituents responsible for vibration peaks due to the
complex nature of peptides and proteins®’. However, from known correlation spectra of

small molecules, information about the molecular interaction between anti-CA19-9 and
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CA19-9 antigen could be extrapolated. The data acquired have been corrected taking the
spectrum of a PE/MWCNT/EDC/NHS film as baseline. The vibrational band at
3500cm™! for OU/mL in Figure 10(a) is associated with NH stretching of primary
amides” attached to the antibody (anti-CA19-9) protein chains. The first layer of CA19-
9 antigen adsorption (10U/mL) causes the NH vibrational band to shift (increasing
wavenumber) and the peak intensity to decrease. The shifts observed with antigen
adsorption indicate change in molecular structure of the blank (containing antibody
only) film, which suggests chemisorption to be the principal mechanism of interaction

between antibodies and antigen. Shifts are also observed for the peaks in Figure 10(b),
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where spectra obtained with higher CA19-9 concentrations are shown.
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Figure 10: PM IRRAS spectra of adsorption CA 19-9 biomarkers in active layer immobilized in
carbon nanotubes matrix: (a) Spectra between 0-20 U/mL (b) Spectra between 30 and 60 U/mL.

A pictorial view of the sensing mechanism can be drawn based on the PM-

IRRAS data. The biosensor architecture of Figure 11 is shown to illustrate that

adsorption only occurs when the antigen CA19-9 finds its corresponding antibody, as

inferred from the selectivity studies. The zoomed figure depicts the H-bonding

interaction of the NH, group of the antibody and the C = 0% group of the antigen,

which is inferred from the changes in the PM-IRRAS spectra.
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Figure 11: The figure depicts schematically the interactions taking place between
antibodies and antigens, which are responsible for the sensing mechanisms. The whole
architecture of the biosensor is represented. Specificity of the antigen-antibody
interactions is warranted by the surface shape of the topmost layer containing the anti-
CA19-9 antibodies. In the zoomed figure, H-bonds are shown which lead to shifts in
NH and amide bands in the PM-IRRAS spectra.

4. Conclusion.

A sensitive biosensor made with a matrix of PEI-CNT coated with a layer of
anti-CA19-9 antibodies has been produced which can specifically detect cancer
biomarker CA19-9 using impedance spectroscopy with a detection limit of 0.35U/mL.
Several tests conducted with samples containing glucose, ascorbic acid and p53 antigen
confirmed that the biosensor is only selective to CA19-9 biomarker. Using
multidimensional projection techniques implemented in PEx-Sensors software, the
biosensor’s ability to clearly distinguish between samples with and without CA19-9
biomarkers was also established. Significantly, it was possible to discriminate samples
of blood serum from patients with distinct probabilities to develop pancreatic cancer.
An analytical interpretation of the capacitance change with concentration revealed that
the CA19-9 adsorption on PEI-CNT biosensor could be described by a Langmuir-

Freundlich isotherm.
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The study of surface adsorption on film using PM-IRRAS revealed the
mechanisms driving adsorption. It was found that electrostatic and van der Waals
interactions were responsible for material adsorption during PEI-CNT thin film
fabrication while chemical bonding was responsible for CA19-9 antigen adsorption on
the sensor surface. Functional groups were identified according to vibrational signals
produced with PM-IRRAS, which showed signal changes upon CA19-9 adsorption.
This indicates that these functional groups are crucial in molecular interaction between
CA19-9 antigen and antibody. As chemical interaction is responsible for CA19-9
adsorption, further studies can focus on manipulating the molecular recognition element
of the sensor by studying the PM-IRRAS results presented in this paper. In this way,
biosensors with higher specificity and sensitivity can be designed in the future for early
detections of cancer. Such robust biosensors could revolutionize clinical diagnosis by
even eliminating the need for blood samples in cancer detection and instead make use of
bodily fluid such as saliva. Salivation detection method is non-invasive and could
reduce cost and time involved in cancer diagnosis. The experimental procedure outlined
here could be followed with biomarkers diluted in artificial saliva to test the sensor’s

effectiveness in biomarker detection.
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Figure 1: Thin film constructed in a layer-by-layer (LbL) fashion on gold surface using carbon nanotubes
(CNTs) and polyethyleneimine (PEI). The carboxylic acid groups on CNTs were activated using NHS-EDC to
anchor anti-CA19-9 antibodies on the film surface for specific detection of antigen CA19-9.
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28 Figure 2. 3-D AFM images showing surface morphology as materials are added layer-by layer in the PEI-CNT
29 film construction. (a) Clean gold surface with roughness 0.943 nm (b) Surface after the deposition of a
30 monolayer of PEI; roughness 0.881 nm (c) Surface after adsorption of CNT; roughness 6.91 nm (d) Surface
31 after adsorption of antibodies (anti-CA19-9); roughness 5.39 nm.
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Figure 4. (a) IDMAP of capacitance vs. frequency data of CA19-9 biomarker diluted in PBS solution. (b)
IDMAP of capacitance x frequency data of CA19-9 biomarker for 10 selected frequencies. Each dot
represents the spectrum for the corresponding concentration. The axes are not labelled because what

matters in the plot is the relative distance between data points.
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Figure 5: (a) Parallel coordinates graph obtained from capacitance x frequency spectra of different CA19-9
concentrations in commercial samples. (b) Parallel coordinates graph obtained from capacitance x frequency
spectra for 10 selected frequencies. The x-axis corresponds to the frequency while the y-axis brings
normalized capacitance values. The blue boxes indicate that the region of intermediate frequencies, between
100-10000 Hz, is more suitable to distinguish the samples.
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31 Figure 6. Relative capacitance showing capacitance change upon adsorption of CA19-9. The adsorption
32 behaviour is modelled by a Langmuir-Freundlich isotherm (solid line).
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Figure 7: IDMAP of capacitance x frequency spectra of two supernatants cells samples HT-29 and SW-620
(blue region), three interferents (red region) and commercial samples (green region), indicating absence of
false positives and the presence of CA 19-9 in HT-29 cell supernatants. As in Figure 4, the axes are not
labelled.
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Figure 8: IDMAP obtained from the capacitance x frequency curves of 5 serum samples from patients from
30 Barretos Cancer Hospital (Ethics Committee number 1.447.041, Brazil). As in Figures 4 and 7 the axes are
31 not labelled.
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Figure 9: PM-IRRAS signal of the PEI-CNT biosensor in (1300-1900) [cm] ~(-1) infrared frequency region.
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Figure 10: PM IRRAS spectra of adsorption CA 19-9 biomarkers in active layer immobilized in carbon
nanotubes matrix: (a) Spectra between 0-20 U/mL (b) Spectra between 30 and 60 U/mL.
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Figure 11. The figure depicts schematically the interactions taking place between antibodies and antigens,
which are responsible for the sensing mechanisms. The whole architecture of the biosensor is represented.
Specificity of the antigen-antibody interactions is warranted by the surface shape of the topmost layer
containing the anti-CA19-9 antibodies. In the zoomed figure, H-bonds are shown which lead to shifts in NH
and amide bands in the PM-IRRAS spectra.
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