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Nanostructured capacitive biosensors, combined with inexpensive fabrication technologies, may provide simple,
sensitive devices for detecting clinically relevant cancer biomarkers. Herein, we report a novel platform for
detecting the pancreatic cancer biomarker CA19-9 using low-cost screen-printed interdigitated electrodes
(SPIDEs). The SPIDEs were modified by carbon nano-onions (CNOs) and graphene oxide (GO) films, on which a
layer of anti-CA19-9 antibodies was immobilized. The modification with CNOs and GO significantly improved
the analytical performance of the biosensor, which displayed superior results to those prepared only with GO.

The biossensor exhibited high reproducibility and a relatively low limit of detection of 0.12 UmL ™. Using these
devices in combination with information visualization methods we were able to detect CA19-9 in whole cell
lysates of colorectal adenocarcinoma. The fabrication of these low-cost, disposable immunosensors is a suc-
cessful attempt to explore CNOs in capacitive biosensors, which may be extended for detection of different

cancer biomarkers.

1. Introduction

There is an increasing demand for detection and quantification of
cancer biomarkers using analytical methods with accuracy and se-
lectivity, with great promise for diagnosis, risk assessment, screening,
prognosis, and monitoring of diseases. Current methods for detecting
biomarkers, such as enzyme-linked immunosorbent assay (ELISA) and
liquid chromatography-mass spectroscopy (LC-MS), are time-con-
suming and technically complex, and then incompatible with point-of-
care routine testing [1]. Research efforts have been made toward faster
and simpler technologies for sensing, which include capacitive bio-
sensors based on interdigitated electrodes. Capacitive biosensors have
been used to detect cancer biomarkers owing to their versatility, cap-
ability of miniaturization and ability to detect analytes without markers
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or redox probes [2-4]. They are usually prepared using photo-
lithography techniques [5] to yield nanoscaled devices with high re-
producibility; however, these preparation methodologies require clean
environments, sophisticated instruments, several fabrication steps, and
are time-consuming and costly [6,7]. Alternative technologies are now
used to provide simple, inexpensive and accurate fabrication proce-
dures [8-12], including screen-printing techniques that may allow for
mass production of reproducible, low-cost devices with different sizes
and shapes [13]. Furthermore, with screen printing one can also per-
form low-temperature deposition of conductive films on flexible sub-
strates, such as paper [14,15] and polymers [16]. This is important for
producing disposable biosensors for clinically relevant analytes, in-
cluding bacteria [17], ammonia in the blood [18], cancer cells [11] and
protein biomarkers [19].
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In addition to being inexpensive and operationally simple, an ideal
device for cancer biomarkers must have outstanding analytical features
to enable detection of analytes at low concentrations. The incorporation
of nanomaterials at the electrode surface has been explored to enhance
sensitivity, as is the case of carbon nanotubes (CNTs) [20] and nano-
particles [21,22]. Carbon nano-onions (CNO) are carbon allotropes that
consist of a concentric multilayered fullerene structure, remain rela-
tively unexplored for sensing despite their interesting properties of high
surface area, biocompatibility and electrical conductivity [23,24].
CNOs have been rather exploited in supercapacitors electrodes [25-28],
but recently their potential for biosensors with electrochemical [29,30]
and electrochemiluminescent transducers [31] was demonstrated. To
the best of our knowledge, CNOs have not been used in capacitive
immunosensors for detecting cancer biomarkers.

Pancreatic cancer is one of the most aggressive types with dismal
prognosis [32]. At present, the carbohydrate antigen 19-9 (CA19-9), a
high-molecular-weight glycoprotein [33], is one of the biomarkers for
its early detection, but the methodologies used have low sensitivity.
Here, we focused on the preparation of homemade Ag screen-printed
interdigitated electrodes (SPIDEs) modified with CNOs and graphene
oxide (GO) films for developing biosensors to detect CA19-9. This
biomarker was chosen here to permit a straightforward comparison of
low-cost electrodes and similar systems produced by our own group
[4,34,35]. The cost per device unit of the novel SPIDEs produced here is
~ US$0.05, and they were entirely manufactured over polyethylene
terephthalate (PET) and used as a low-cost alternative to commonly
used Au electrodes. We verified that the modification with CNOs im-
proves the analytical performance of immunosensors whose principle of
detection is electrical impedance spectroscopy (EIS).

2. Materials and methods
2.1. Synthesis of CNOs and GO

CNOs were obtained by annealing ultradispersed nanodiamond
particles (ND) (5nm size) under an inert atmosphere at 1650 °C as
previously described [36,61]. GO was synthesized using a modified
Hummers' method [37,38], in which graphite powder was dispersed in
a concentrated acidic mixture (H,SO,/H3PO,4) and stirred during 2 h.
Then, KMnO4 was slowly added to the acidic mixture kept under
magnetic agitation for 12 h using an oil bath, following the addition of
an aqueous solution containing 10% H,0,. The final mixture was then
centrifuged (4000 rpm for 0.5 h) to obtain a GO suspension in water.

2.2. Electrodes fabrication

The procedure for SPIDEs fabrication is schematically depicted in
Fig. S1. The interdigitated arrays, i.e. 10 pairs of interdigitated elec-
trodes, were designed using AutoCAD® (Autodesk, USA) and transferred
to a 150 mesh polyester coated with a photo-emulsion printing screen
[39]. The array patterns were printed on acetate sheets using a con-
ventional laser printer (HP, USA), and then placed over the photo
emulsion-coated screen. After exposure to UV light during 7 min, the
soft emulsion was washed out, thus leaving shaped mold blanks. A
single layer of Ag ink (PE410, DuPont, USA) was screen-printed over
the polyethylene terephthalate (PET) sheets (35 x 24 cm?) by using a
semi-automatic printer (IMAH, Brazil) and following a thermal cure at
120 °C for 30 min. With this methodology, 200 electrodes can be pro-
duced in a single printing procedure.

2.3. Preparation of CNO-containing immunosensor for CA19-9

The fabrication procedure of the immunosensor is shown in Scheme
1. The SPIDEs were modified by depositing a fixed volume of 12 uL of
CNOs/polyethyleneimine (PEI) dispersion (0.2mg CNOs dispersed in
1mL of 0.2mg mL~! of PEI aqueous solution). The electrodes were
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dried for 2 h, followed by adsorption of 6 uL. of GO in an aqueous so-
lution at 0.5 mg mL~!. A fixed volume of 6 uL of CA19-9 antibody (Ab)
(Aviva Systems Biology, USA) in phosphate buffer (1:5 vol./vol. ratio)
was left for 3h over the electrode surface for spontaneous adsorption.
The modified electrode was then washed with 0.1 molL~! phosphate
buffer (pH7.0) to remove weakly adsorbed antibodies. Finally, the
biosensor obtained, SPIDE/CNO-GO-Ab, was washed with phosphate
buffer. For comparison purposes, a biosensor without CNOs (SPIDE/
GO-Ab) was also fabricated following the same procedure described.

2.4. Electrical measurements

The impedance spectroscopy measurements were conducted using a
Solartron 1260A with an applied potential of 50 mV. The capacitance
values were measured in a frequency range from 1 Hz to 10° Hz using
SMaRT Impedance Measurement Software. The analytical curves were
constructed from the measurements obtained after depositing 10 pL of
different concentrations of human pancreatic cancer antigen CA19-9
(Aviva System Biology, USA) over the biosensors allowing it to react
during an optimized time of 10 min. Then, they were washed, and the
measurements were performed using 30 uL of phosphate buffer at
0.1 mol L ™! (pH 7.0). The selectivity and applicability of the biosensors
were assessed with regard to possible interferences, e.g. from p16 an-
tigen and vimentin biomarkers. Their analytical responses were also
evaluated by using whole cell lysates of colorectal adenocarcinoma
from HT-29 (CA19-9 expressing) and SW-620 (CA19-9 null) cell lines,
which were lysed by three cycles of freeze-thaw and stored at —80 °C
following a procedure described elsewhere [4]. The cell lysates were
preserved in a solution containing 10% fetal bovine serum (FBS),
2.0 mmol L™ ! glutamine, 1% penicillin/streptomycin, and kept in a CO,
incubator at 37 °C. Then, they were washed with phosphate-buffered
saline (PBS) solution, and after 48 h of incubation, the supernatants
were obtained by filtration, and were stored at —80 °C prior to being
finally analyzed [4]. Cell line authentication was carried out by the
Center for Molecular Diagnostics of Barretos Cancer Hospital (Sdo
Paulo, Brazil) as previously reported [40].

2.5. Characterization

The film thickness was determined using a Dektak XT profilometer
(Bruker Corp.). Scanning electron microscope (SEM) images were ob-
tained using a ZEISS Sigma microscopy. High Resolution Transmission
Electron Microscope (HRTEM) images were obtained using a Tecnai G2
F20 (FEI) microscopy, and atomic force microscope (AFM) experiments
were performed using a Bruker dimension FastScan.

2.6. Data analysis

The capacitance was measured in a frequency range of 1Hz to
1 MHz and diverse analyte concentrations, thus generating considerable
amounts of data. One way to mine such data is through multi-
dimensional projection techniques combined with information visuali-
zation methods [41]. Here we tested the following projection techni-
ques to analyze the data: Principal Component Analysis (PCA) [42],
Partial Least Square (PLS) [43], nonlinear Sammon's mapping [44] and
IDMAP (Interactive Document Map) [45], implemented in the software
PEx-Sensors [41]. Capacitance data were normalized and dimensionally
reduced by linear PCA and nonlinear Fastmap [46] techniques and
dissimilarity between samples were converted to Euclidean distances as
the metric for projection. The distinguishing ability was quantified
using the silhouette coefficient, S, whose values close to 1 mean that the
curves are distinct from each other, while values close to 0 mean that
the measurement does not assist in distinguishing the samples [47].
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Scheme 1. Illustration for biosensors fabrication (SPIDE/CNO-GO-Ab (1) and SPIDE/GO-Ab (2)) and CA19-9 detection process. The overall process involves:
electrode modification (A), antibody immobilization (B) and CA19-9 incubation (C).

3. Results and discussion

Low-cost, screen-printing protocols were used for large-scale pro-
duction of flexible, disposable SPIDEs based on Ag layers separated by
180 um width. The cost of the materials used per device unit is ~ US
$0.05. Fig. 1(A, B) show the electrodes built with an 8.5 um thick Ag
layer on a PET substrate. The electrode surface has a heterogeneous

morphology according to the scanning electron microscopy (SEM)
image in Fig. 1(C), which is rich in Ag flakes. The electrical response of
SPIDEs as a function of the electrolyte conductivity was also in-
vestigated, with the devices being capable of distinguishing between
different concentrations of NaCl solutions from 0.001 to 1molL™!
(Fig. 1(D)). The increment in the ionic concentration leads to a change
in the surface dielectric properties, which are reflected in a capacitance

—2—0.001 mol L'
——0.01 mol L™
—e—0.1molL"

—e— I mol L'

o,
0 g 00002000,
"9-9.9.9:2-3-9 0 0222999 o

10 10

100 100 10° 10
Frequency (Hz)

1 3 5

Fig. 1. Picture of SPIDEs (A,B), SEM image of bare SPIDE (C) and capacitance spectra of bare SPIDE obtained using NaCl solutions from 1.0 x 10 >mol L™ to

1.0molL™! (D).
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Fig. 2. HRTEM image of CNOs (A) and AFM images of: SPIDE/CNO-GO-Ab (B) and SPIDE/GO-Ab (C).

increase for frequencies below 10* Hz. At the upper frequency region
the electrical response is mainly dominated by the electrode geometry
[48] with a negligible impact of the solution conductivity.

The sensor platform (SPIDE/CNO-GO) was fabricated by first de-
positing, via drop casting, a layer of CNOs whose diameter was 10 nm as
determined by TEM (Fig. 2(A)). Due to the low dispersibility of CNOs in
water, a cationic polyelectrolyte (PEI) in an aqueous solution was used
as the dispersion medium in order to improve mechanical stability of
the modified electrodes [49,50]. A negatively-charged top layer of GO
was subsequently adsorbed on the electrode surface which allowed
immobilization by electrostatic interaction of a layer of antibodies.
Capacitance measurements were conducted to characterize the as-
sembly process of the biosensor (see Fig. S2(A, B), in the Supporting
Information). The high surface area and mesoporous nature of CNOs
leads to porous films with large roughness [49] as confirmed in the
AFM analysis (Fig. 2(B, C)), which reveals a 16-fold increase of the
SPIDE/CNO-GO surface roughness compared to the electrodes without
incorporation of CNOs (SPIDE/GO). Such an increase in electrode/
electrolyte contact surface leads to a higher electrical capacitance in
Fig. S2(B), also improving the analytical performance of the im-
mMunosensor.

The CA19-9 antigen pancreatic biomarker diluted in phosphate
buffer solution was detected with capacitance measurements on SPIDE/
GO-Ab and SPIDE/CNO-GO-Ab architectures. Fig. 3(A,B) shows capa-
citance vs frequency plots, from which one notes that the capacitance
decreases with increasing CA19-9 concentration at low frequencies.
This behavior can be attributed to the antigen adsorption displacing out
the ions and water molecules from the surface [51]. Fig. 3(C) shows the
analytical curves at 1Hz, a frequency in which electric double-layer
effects are important. The curves were obtained for concentrations
ranging from 0.3 to 70UmL ™! and 0.3 to 100 UmL " for SPIDE/GO-
Ab and SPIDE/CNO-GO-ADb, respectively, according to the following
regression equations:

SPIDE/GO — Ab: (C blank-C) (uF)
= (0. 24 + 0. 02) + (0. 23 + 0. 02) log [CA 19-9] (U mI}),
r=0.9451

SPIDE/CNO — GO — Ab: (C blank-C) (uF)
= (0.36 + 0.02) + (0. 50 + 0. 02) log [CA 19-9] (U mL}),
r = 0.9940

The immunosensor with SPIDE/CNO-GO-Ab architecture exhibited
a higher sensitivity (0.50pF log[CA19-9]1™') than SPIDE/GO-Ab
(0.23 pF log[CA19-9] ~1). The limit of detection (LD) was calculated as
three times the standard deviation of the analytical curve intercept
divided by the slope [52], leading to 0.26 and 0.12U mL~! for SPIDE/
GO-Ab and SPIDE/CNO-GO-Ab, respectively. Both platforms exhibited
analytical parameters comparable to those reported in the literature
[4,34,35,53,54], including capacitive biosensors fabricated with gold
interdigitated electrodes, as observed in Table 1. Since the SPIDE/CNO-
GO-Ab immunosensor presented the best performance for CA19-9 de-
tection, further experiments and analyses were focused only on this
architecture.

The changes induced by CA19-9 can be better expressed in terms of
relative capacitance (difference between the capacitance response with
and without antigen). Fig. S3(A) shows the pronounced effect attrib-
uted to changes in the double-layer region that governs the electrical
response at low frequencies. The concentration dependence is visua-
lized in Fig. S3(B), whose data may be explained with the Langmuir-
Freundlich model isotherm [55,56] represented in Eq. (1):

_ Qn(KCe)"

T (KCya)" + 1 8]

where q is the amount of adsorbed antigen on biosensor surface, and
Csq is the solution concentration at equilibrium. Upon fitting with this
model, we determined the values of adsorption capacity (C,,), affinity

1.0
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Fig. 3. Capacitance vs frequency spectra obtained for different concentrations of CA19-9 on SPIDE/GO-Ab (A) and SPIDE/CNO-GO-Ab (B). Calibration curves (C).
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Table 1
Comparison of analytical parameters obtained for CA19-9 determination using SPIDE/GO-Ab and SPIDE/CNO-GO-Ab with results from the literature.
Electrode Technique LD (UmL™Y) Concentration range (U mL™ %) Reference
PEI-CNT EIS 0.30 0.05-60 [4]
chitosan/ Con A EIS 0.69 4-100 [34]
11-MUA/EDC/NHS/anti- CA19-9 EIS 0.68 0.1-189 [35]
PPPD-Au/Pt GCE DPV 2.3 x 107* 0.001-40 [53]
BSA/anti-CA19-9/AuPtNCs/GCE DPV 0.03 0.05-50 [54]
SPIDE/GO-Ab EIS 0.26 0.3-70 This work
SPIDE/CNO-GO-Ab EIS 0.12 0.3-100

PEI: polyethyleneimine; CNT: Carbon nanotubes; EIS: electrical impedance spectroscopy; Con A: concavalin A; 11-MUA: 11-Mercaptoundecanoic acid; EDC: 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide; NHS: N-Hydroxysuccinimide; PPPD: poly(-N,N-diphenyl-p-phenylediamine); GCE: glassy carbon electrode; DPV:
differential pulse voltammetry; BSA: bovine serum albumin; NCs: AuPt nanocalliandras.

constant for adsorption (K) and index of heterogeneity (n). The sa-
turation of the available sites occurs at Cy,; = —2.18 pF, which corre-
sponds to ~280 UmL ™. The affinity constant for adsorption is 0.61,
higher than the value found in the literature [35] probably owing to
effects of surface heterogeneity with n = 0.46.

When considerable amounts of data are available, as with im-
pedance spectra, distinguishing similar samples may be more effective
if a feature selection procedure is performed in the data analysis. For
spectra, in particular, one may select the frequencies at which the re-
sponse provides the best distinguishing ability. Fig. 4 shows the capa-
citance data plotted using the parallel coordinates technique [57], with
which we determined the dimensions (frequencies) that contribute
most to detection (blue boxes) and those that did not (red boxes). From
31 dimensions only 2 presented red boxes at high frequencies. Even
though only two frequencies had to be eliminated, feature selection still
provided positive results, as will be demonstrated with Fig. 5.

The capacitance data were also plotted using four multidimensional
projection techniques, viz. IDMAP, Sammon's mapping, PCA and PLS,
all of which were adequate for distinguishing the various concentra-
tions of CA19-9. Based on the silhouette coefficients, IDMAP and PCA
provided the best performance with S = 0.94 after feature selection, as
indicated in Fig. 5.

The ability to distinguish the samples is illustrated in the IDMAP
plot of Fig. 6(A), where each capacitance spectrum is represented by a
graphical marker in a set of three independent measurements. IDMAP
was chosen because it has been proven effective for treating biosensing

Frequency (Hz)
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Fig. 5. Silhouette coefficient values for projection techniques IDMAP,

Sammon's mapping, PCA, PLS treated (FS) and non-treated (All) with feature
selection method.

Sammon

data in several cases [4,58]. One can note the lowest concentration
used, 0.3UmL™?, is considerably distant from the phosphate buffer
samples, which is consistent with the calculated LD = 0.12UmL™".
This low LD and wide concentration range for distinction in the plot are
important for determining the biomarker in real samples, since the
threshold value to consider a patient with pancreatic cancer is

Fig. 4. Parallel coordinates plot for the capacitance
data measured with SPIDE/CNO-GO-Ab electrodes at
different CA19-9 concentrations. A larger number of
blue boxes are seen, which means that most fre-
quencies are suitable for distinguishing among the
samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 6. IDMAP plot with feature selection treatment for capacitance vs. fre-
quency data of CA19-9 commercial samples at concentrations from 0.3 UmL ™!
to 100 UmL ™! (A). IDMAP plot with feature selection for capacitance vs. fre-
quency data of CA19-9 commercial samples from 0.3UmL™! to 100 UmL ™!
and real HT29 and SW620 samples (B).

37 UmL ™. It should be stressed that measuring CA19-9 concentration
at different levels has clinical relevance because one may predict dis-
ease remission, survival, tumor stage, patient response to chemotherapy
or even predict recurrence and metastases. For example, high levels of
CA19-9 (< 68.8UmL™ ") are associated with surgical resectability,
which might be a tool for making decision about the best treatment. On
the other hand, diseases such as chronic fibrosing pancreatitis have
lower thresholds (< 37 UmL™!) [59,60].

The data for the commercial samples are plotted in Fig. 6(B),
alongside the samples from cell lines lysates that were tested positive
(HT29) and negative (SW620) for the biomarker CA19-9. It is sig-
nificant that the data points for these real samples are located as ex-
pected in the plot, with the HT29 sample - which contains 12.3 UmL ™!
of CA19-9 - being placed between commercial samples with 10 and
30 UmL ™. Furthermore, the sample for the cell line SW620 appears
very close to phosphate buffer and 0.3 UmL ™' data points, as expected.

To confirm the immunosensor selectivity, control experiments were
carried out with two possible interferents (p16 and vimentin). No sig-
nificant change was observed in the capacitance spectra, as shown in
Fig. S4(A) in the Supporting Information. We also compared the re-
sponse of SPIDE/CNO-GO-Ab with that of a platform without im-
mobilized antibody (SPIDE/CNO-GO) at different CA19-9 concentra-
tions. Fig. S4(B) shows the changes in the capacitance spectra in the
absence of immobilized antibody, which are considerably lower than
those seen for the SPIDE/CNO-GO-Ab biosensor. This confirms that
such differences in electrical response are mainly promoted by antigen-
antibody interactions. The immunosensor also displayed excellent inter-
day fabrication reproducibility with relative standard deviation (RSD)
of 8.11% (see Fig. S4(C)).

4. Conclusions

We developed a capacitive immunosensor for detecting the cancer
biomarker CA19-9 using low-cost screen-printed interdigitated elec-
trodes (SPIDEs) modified with CNOs and GO films. The fabrication
protocol allowed the production of hundreds of SPIDEs in a few min-
utes, using simple and inexpensive materials. Modification with na-
nostructured CNOs and GO films improved the analytical properties of
the device, providing a reproducible and simple platform which can
detect CA19-9 with a limit of detection of 0.12UmL™!. The
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immunosensor also displayed a wide dynamic range (from 0.3 to
100 UmL™"), within the clinically relevant range for detection of dif-
ferent disorders, including pancreatic cancer. Assays with other pro-
teins to verify selectivity have supported the specificity of the biosensor
toward CA19-9. Using multidimensional projection techniques im-
plemented in the PEx-Sensors software, we were able to discriminate
with 100% accuracy all the samples containing CA19-9. This sensor
platform is generic, and may be explored for other biosensors, being
amenable for point-of-care diagnosis. In addition, since the im-
munosensor was fabricated on flexible substrates, it can be applied as a
non-invasive sensor, biointegrated onto the skin to be able to use sweat,
saliva or urine as samples.
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