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In this work, we report the development of a flexible electrochemical immunosensor based on CeO2 nanorods
(NRs) immobilized with C-reactive protein (CRP) antibody, a biomarker of cardiovascular disease. CeO2 NRs
were obtained by microwave-assisted hydrothermal method and characterized by XRD, TEM, and XPS. For
the preparation of the working electrode, WE, of the immunosensor, the NRs were dispersed in organic solvent
and then functionalized with cystamine and glutaraldehyde, and then modified with CRP antibody. The depo-
sition condition was evaluated for electrode functionalization and immobilization. Functionalization and
immobilization were verified by spectroscopic techniques and proved effective repeatability and reproducibil-
ity. The developed immunosensor had acceptable reproducibility (coefficient of variation = 4.5 %), allowed
detection in the range of 0.3 to 7.0 mg L−1 of CRP with a detection limit of 0.18 mg L−1, and applications that
are immediately detectable, easy-to-handle, low-cost and ideal for point-of-care.
1. Introduction

C-reactive protein (CRP) is a ring-shaped, pentameric protein syn-
thesized by the liver and whose level increases in response to inflam-
mation. The name came about because it was first identified as a
substance present in the plasma of patients during the acute phase of
pneumococcal pneumonia, in which it reacted with pneumococcal C-
polysaccharide [1,2]. Elevated CRP levels result from a number of
causes, which include acute and chronic conditions, in which mark-
edly elevated levels are most often associated with an infectious cause
[3]. The concentration of CRP in healthy individuals is 0.8 mg L−1,
however, can rapidly increase to over 1000 times normal after tissue
injury, infection or inflammation [2,4]. Furthermore, the increase in
CRP levels in patients with hypertension predicts the development of
heart failure, which may indicate that CRP itself has a pathogenic role
in cardiac remodeling [4,5]. There are disagreements about the direct
or indirect role of CRP in diseases related to heart failure [6,7], how-
ever, the existing results suggest a correlation between plasma CRP
and the degree of coronary atherosclerosis [8]. Therefore, the contin-
ued development of accurate and rapid analytical methods for the
detection of CRP is imperative.
Regarding the methods for CRP detection, there is the ELISA
(Enzyme-linked immunosorbent assay) [9] in which is the most popu-
lar and with a detection capacity of 1 mg L−1, however, this method
has disadvantages either the prolonged time required for detection
as the relatively high false results rate due to non-specific bindings
[10]. Other detection methods for CRP are dedicated to the construc-
tion of biosensors such as those based on piezoelectric biosensors [11],
with nanoparticles loaded on derived nanoporous carbons [12], or sur-
face plasmon resonance (SPR)-based systems [13]. However, the most
required and advantageous biosensor devices currently are those
which allow chemical modifications of the electrode surface and at
the same time are flexible, disposable, inexpensive, and reproducible
[14,15].

In this sense, electrochemical analysis is presented as a method of
real time operation, thus it is of fast detection, in addition to present-
ing characteristics of sensitivity and easy to manufacture on different
surfaces, allowing the obtainment of biosensors on flexible, portable,
and miniaturized electrodes [16]. The most recent works based on
immunosensors for detection of CRP demonstrate good results of limit
and range of detection [12,17,18], however, they are either built on
electrodes based on glassy carbon or they use oxidant agents such as
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hydrogen peroxide, in which such factors are unfavorable to the appli-
cation of point-of-care tests (POCT).

For this reason, in this work we built a portable, easy-to-use, low-
cost biosensor on a flexible electrode, which enhances its application
for diagnosis at the point-of-care as well as research as a wearable
biosensor [19]. The research is dedicated to optimizing the biorecep-
tor, that is, the immobilized sensitive biological element that recog-
nizes the analyte, ensuring its stability and high-sensitivity in a short
response time, with high reproducibility.

In this perspective, nanoparticulate oxides are advantageous mate-
rials for the immobilization of biological elements since they present
high biocompatibility [20], due to the ease of surface interaction,
either by electrostatic adsorption or chemical interaction by covalent
bonds of amine groups and residual cysteine present in biomolecules
[21,22], resulting in immobilization. Cerium oxide nanoparticles are
strong candidates for application as surfaces susceptible to the immo-
bilization of biomolecules. The physicochemical characteristics of this
oxide are the cubic crystal structure, semiconductivity with band gap
energy at ∼ 3.2 eV, it has a high oxygen storage capacity and allows
easy mobility of vacancies due to the ability to convert the Ce4+ and
Ce3+ oxidation states [23,24].

The CeO2 different morphologies nanoparticles show influence on
the surface properties of this oxide. It is observed that nanorod-like,
NRs (a 2D material), morphologies present high charge density [25]
and higher surface reactivity [26] compared to other morphologies.
Another important factor for the adsorption and surface reactivity
characteristics is the isoelectric point, IEP, in which CeO2 has a high
IEP, with a value of 9.2 [27]. IEP is the pH value that results in zero
net charge on the surface of a material, high difference in the IEP value
between the adsorbent and the adsorbate is often a factor that indi-
cates better adsorption characteristics [28]. In this context, this is ver-
ified for the molecule that will act as an adsorbate, the CRP molecule,
which has an IEP of 5.3 [29]. In addition, several surface applications
such as catalytic [30], photocatalytic [31], and sensor [32,33] are ver-
ified for CeO2, indicating it as a material with peculiar surface charac-
teristics [34]. However, for applications as a biosensor this material
has been little explored [35].

Therefore, in this work we are evaluating the application of CeO2

with nanorod morphology, as a flexible electrode immunosensor,
using a simple methodology, with few steps in the antibody immobi-
lization and a low number of biological reagents compared to other
works [36]. The evaluated of the conditions of deposition of the
CeO2 NRs on the working electrode (WE) is performed using dimethyl-
formamide (DMF) and glutaraldehyde (Gluta) as dispersants. The
effective functionalization of CeO2 NRs with cystamine (Cys) and
Gluta, and subsequent immobilization with anti-CRP, was demon-
strated and discussed. Finally, different concentrations of CRP antigen
were tested on the immobilized electrode, showing that the developed
immunosensor resulted levels of limit of detection for CRP used in clin-
ical trials.
2. Experimental

2.1. CeO2 NRs synthesis and characterization

CeO2 NRs were obtained using the microwave assisted hydrother-
mal (MAH) method. Cerium nitrate hexahydrate (Ce(NO)3·6H2O,
99 %, Neon) and sodium hydroxide (NaOH, 97 %, Neon) were used.
The cerium salt was dissolved in a NaOH solution (6 mol L−1) and stir-
red for 1 h at 25 °C. Then the suspension was transferred to the MAH
system (180 °C / 8 min). The precipitate obtained was collected at
room temperature and washed with deionized water until reaching
neutral pH. The powder was dried in an oven at 70°/12 h. The CeO2

NRs were characterized via X-ray diffractogram (XRD) patterns using
a D/Max-2000PC diffractometer, Rigaku (Japan), with Cu Kα radiation
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(λ = 1.5406 Å) in the 2θ range from 20° to 60°. The particle morphol-
ogy was investigated via HR-TEM, TEM-FEI/PHILIPS CM120 micro-
scopy. The surface composition of the nanoparticles was analyzed by
X-ray photoelectron spectroscopy (XPS) measurements. A Scienta Omi-
cron ESCA + spectrometer was used, consisting of a monochromatic
source of Al Kα (hν = 1486.7 eV) and a hemispherical analyzer
(EA125). The spectra were corrected to the charge effects using the
C 1s peak of adventitious carbon at 284.6 eV as a reference. All
data analyses were made using CASA XPS software (Casa Software
ltd., U.K.).

2.2. Fabrication of CeO2 NR-based electrochemical immunosensor

The immunosensor consists of an electrochemical sensor board
containing three integrated electrodes: a counter electrode (CE), a
WE, and a reference electrode (RE), with the gold trails onto polymide
which were purchased from PCBWAY Company. In the RE, a silver/sil-
ver chloride ink was deposited along with heat treatment at 60 °C. For
the immunosensor WE fabrication, three conditions of deposition of
the CeO2 nanorods were tested on the WE in order to verify the best
dispersion of the NRs and electrochemical response. Emulsions were
made with 5 % m/m of polyvinylidene fluoride (PVDF) in CeO2 NRs
varying the emulsions with 50 % v/v Gluta (called CeO2-Gluta),
50 % v/v DMF (called CeO2-DMF). After these emulsions were pre-
pared, they were added on the WE in the amount of 10 µL of emulsion
on each electrode. The electrodes were then left for 18 h in a vacuum
oven at 120 °C. A third condition was performed by repeating the
CeO2-DMF preparation procedure and inserting drops of a 10 % acetic
acid solution on its surface, hydroxylating the surface, and called
CeO2-DMF hydroxylated (CDH).

2.3. Immobilization of the CRP

The anti-CRP antibody (ab50861, Abcam, Cambridge, UK) was
immobilized via 20 mM Cystamine dihydrochoride (Cys, Alfa Aesar)
and 2.5 % Glutaraldehyde (Glut) (Electron Microscopy Sciences) on
the surface of CeO2 NRs. The anti-CRP antibody was diluted in
0.1 M buffered phosphate saline (PBS) pH 7.4 at a concentration of
1:200, and a 25 µl volume of this antibody solution was dropped on
the surface of the WE and incubated for 12 h at 4 °C. After incubation,
the immunosensor was washed with PBS buffer to remove antibody
excess.

2.4. Immobilization of the CRP and sample characterizations

Different concentrations (from 0.3 to 7 mg L−1) of the CRP recom-
binant protein were incubated in the immunosensor at room tempera-
ture in a moist chamber, followed by washing with PBS buffer to
remove antigen excess. Immunosensor performance was evaluated
by calibration curve and limit of detection (LoD) by electrochemical
measurements: cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV). The Scheme 1 shows the details of the immunosensor
preparation, the results that corroborate the functionalization steps
are described in the next sections.

The measurements were performed using a portable potenciostat
Sensit Smart connected to a notebook via PC software PSTrace. During
the assays, the potential was scanned from −0.6 to 0.6 V at the scan
rate of 100 mV s−1 and recorded in 10 mmol/L K4[Fe(CN)6] and
0.5 mol/L with NaNO3 solution as mediator. The samples were also
characterized by Scanning Electron Microscopy (SEM) in an Inspect
F50 SEM microscope and by Fourier Transform Infrared Spectroscopy
(FTIR) analyses performed using a Thermo Scientic Smart iTR Nicolet
iS10.

To test the specificity of CRP antibody-antigen binding, Dot Blot
assays were performed. Recombinant Myoglobin, recombinant CRP,
recombinant cardiac Troponin T (c-TnT) and recombinant cardiac Tro-



Scheme 1. Schematic illustration of the CDH immunosensor fabrication process for CRP determination.
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ponin I (c-TnI) protein were characterized for dot blot analysis. 2 μL of
samples were spotted with a pipette tip onto the nitrocellulose mem-
brane at the center of the grid. The dots were made with 0.15 μg mL−1,
0.015 μg mL−1, and 1.5 ng mL−1. The membranes were let to dry for
30 min and incubated overnight at 4 °C with a 1:500 mouse mono-
clonal anti-CRP antibody. The blots were subsequently washed in
Tris-buffered saline solution with Tween and incubated with HRP con-
jugated secondary antibody. Immunoreactive bands were visualized
with the enhanced chemiluminescence method.

The selectivity of the CRP immunosensor was verified using bovine
fetal serum. The serum sample was spiked with CRP protein
(10 mg mL−1 and 0.3 mg mL−1), incubated for 60 min and character-
ized by CV analysis.

3. Results and discussion

3.1. Characterization of the bare board sensor and CeO2 NRs on working
electrode

The CeO2 sample, used in WEs, showed a cubic crystal structure
(ICSD pattern n° 239412), Fig. 1a. The morphology showed a smaller
proportion of smaller particles, possibly nanocubes, and predomi-
nantly nanorods, with an average diameter of the rods of 12.0 nm,
Fig. 1b. Fig. 1c and d show XPS analyses of the sample. In the survey
spectrum, Fig. 1c, a material free of contamination is observed, pre-
senting only Ce, O and C of adsorption. In order to characterize the
chemical environment of Ce, the high resolution spectrum of Ce 3d
is shown in Fig. 1d. The common presence of the mixture of the
Ce4+ and Ce3+ oxidation states [37,38] is observed. The spin–orbit
coupling of 3d5/2 and 3d3/2 are designated by v and u, respectively.
The Ce3+ doubles are named u’/v’ and u0/v0 referring to primary pho-
toemission and its shakedown. The Ce4+ doubles are the u’”/v’” of the
primary photoemission and u/v and u”/v” as their shakedown
features.

The relative concentration of species with the Ce3+ oxidation state
can be determined by the relative area of each component correspond-
ing to the Ce3+ and Ce4+ oxidation states, using Eq. (1).

%Ce3þ ¼ AreaCe3þ

AreaCe3þ þ AreaCe4þ
� �� 100 ð1Þ
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The results for the CeO2 nanorods sample showed a concentration
of Ce3+ at ∼17 %. Works have shown that Ce3þ $ Ce4þ reactions rep-
resent an effect of increasing the electrochemical activity of materials
[39,40], which makes it an interesting possibility for applications as a
biosensor, since such changes in oxidation state are related with vari-
ations in oxygen vacancies and interactions adsorption of
biomolecules.

The WEs were then obtained using the CeO2 nanorods and was
evaluated the best deposition condition of the nanoparticles such as
dispersion, porosity and adherence to the WE base. The electrodes
used in this work are of the flexible type with CE configuration on
the side, the WE in the center, and a silver/silver chloride layer on
the gold trail for the RE, Fig. 2a. The deposition conditions of CeO2

NRs were carried out by dispersing CeO2 NRs in Gluta, CeO2-Gluta
(Fig. 2b and S1a) and DMF, CeO2-DMF (Fig. 2c and S1b). Both depo-
sition methodologies showed good deposition adhesion, however,
the microscopic analyses show that the dispersion of CeO2-Gluta pre-
sented a surface with greater porosity, more heterogeneity, and cracks
compared to CeO2-DMF.

Such factors are reflected in the results obtained in the voltammo-
grams (Fig. 3a). For the bare board, CeO2-Gluta and CeO2-DMF elec-
trodes, it is observed that the anodic peaks are located in the region
of 0.2 V, which is to be expected in the presence of the K4[Fe(CN)6].
As for the anodic current density values, Ipa, there is a decrease pre-
sented by the electrodes in the following order: bare board > CeO2-
Gluta > CeO2-DMF.

Due to the heterogeneous deposition characteristics of the CeO2-
Gluta electrode, the contact between the electrolyte and the bare
board electrode results in a higher Ipa value compared to CeO2-
DMF. Despite the CeO2-DMF electrode surface being more homoge-
neous, and the dispersing agent (DMF) presenting hydrophilic charac-
teristics [41], the electrode surface was highly hydrophobic in
electrochemical tests. This is due to the hydrophobic characteristic
of the more stable surfaces of CeO2 [42]. Thus, we to perform the
hydroxylation of the CeO2-DMF electrode surface with a 10 % aqueous
solution of acetic acid, in order to make the electrode surface more
hydrophilic. This electrode was then called CDH (CeO2-DMF-hydroxy-
lated) and is showed in the Fig. 2d. A greater surface disaggregation
was observed with improved electrolyte adhesion during the experi-



Fig. 1. Structural, morphological and surface composition results of the CeO2 NRs, showing in a) the XRD, in b) the transmission electron microscopy image (inset:
rod diameter distribution) and in c) and d) the XPS spectra referring to the survey and Ce 3d emission, respectively.

Fig. 2. Different deposition method analyses used in the preparation of WE. In (a) illustrates the flexible electrode used, in (b-d) SEM images for the electrodes:
CeO2-Gluta (b), CeO2-DMF (c), and CeO2-DMF hydroxylated, CDH (d).
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ments. In order to calculate the active surface area of the electrodes,
the Randles-Sevcik equation (Eq. 01) was used:

Ip ¼ 2:69� 105:n3=2:A:D1=2
0 :dCe:v1=2 ð1Þ

Where Ip is the current maximum, n is the number of electrons trans-
ferred in the redox event, A is electrode area, D is diffusion coefficient
of the K3[Fe(CN)6] (7.6 × 10−6 cm2 s−1), [C] is concentration of the
K3[Fe(CN)6] (10 mM), and v is scan rate in 100 mV s−1. The results
showed that the CDH electrode has higher 35 % active surface area
compared to before hydroxylation (CeO2-DMF), indicating greater elec-
4

tron transfer and porosity in the material. The CDH electrochemical
behavior resulted in changes in both Ipa and Epa compared to CeO2-
DMF. The current increase by 0.12 mA and the potential showed a shift
of around 260 mV to a more positive potential compared to pre-hydrox-
ylation. The increase to current is due to higher active surface and con-
sequent reduced electrolyte/surface repulsion resulting in better mass
transport and the increase in current density value.

In order to verify the reason for the potential shift observed for the
CDH electrode, electrochemical analyzes were performed without the
presence of the K3[Fe(CN)6] solution, i.e., an analysis in the presence



Fig. 3. CV curves to the bare board and the different CeO2 depositions conditions (a) and scan rates to CDH (b). All the measurements were performed in the
presence of K3[Fe(CN)6]/K4[Fe(CN)6] (10 mM) in NaNO3 (0.5 mol/L), with a scan rate of 100 mV s−1.
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only of the NaNO3 electrolyte, voltammogram shown Fig. S2. In this
case, the observed electrochemical behavior is directly related to the
CeO2 surface. In this voltammogram it is possible to observe two shar-
pest peaks, the anodic in the potential of the positive region (peak A2,
at 0.4 V) and the cathodic (peak C1, at 0.0 V). There are also two less
prominent changes in curve slope which indicate redox behavior
observed in the anodic (peak A1, at 0.10 V) and cathodic (peak C2,
at −0.26 V) regions. As observed in the XPS analyses, the surface of
CeO2 is composed of a mixture of the valence states of Ce+3 and
Ce+4, with the Ce+4 species in greater proportion (87 %, Fig. 1d).
Therefore, the sharpest anodic peak in the region of 0.4 V (peak A2)
is due to the oxidation of the species with the highest proportion on
the surface, Ce+3 ! Ce+4. While the anodic peak with the lowest evi-
dence, peak A1, is possibly related to the sum of the oxidation of the
species with the lowest oxidation number (Ce±, Ce+2) for the Ce+3

species [43–45]. In turn, the C1 and C2 cathodic peaks correspond
to the reduction reactions of the reactions demonstrated for the oxida-
tion, that is, the species from Ce+4 to Ce+3 and from Ce+3 to species
with a lower oxidation state, respectively. This results demonstrates
that the cathodic potential shift towards more positive region observed
at the CDH electrode is permanent even without the [Fe(CN)6]−3/−4

solution. Indicating that the hydroxylation of the electrode allows
greater interaction of Ce+3 and Ce+4 species in the electrochemical
behavior of the material, shifting the potential in the analysis.

Fig. 3b shows the CV curves for the CDH electrode subjected to dif-
ferent scan rates in order to study the electron diffusion of the CDH
electrode. Voltamograms were recorded in the presence of K4[Fe
(CN)6] (10 mM) redox solution, in which is observed that the anodic
and cathodic peaks exhibit a proportional and linear increase accord-
ing to the scan rate. The Ipa and Ipc are directly proportional to the
scan rate square root (inset of Fig. 2b) with the following linear regres-
sion equation: Ipa (mA) = 0.012 v (V s−1) + 0.0592 (r = 0.97) and
Ipc = 0.0037 v (V s−1) + 0.009 (r = 0.97). It suggesting that the elec-
trochemical behavior on electrode is a diffusion-controlled process
[46].

3.2. CDH immobilization

Fig. 4a illustrates the absorption spectra in the infrared region for
the CDH after immobilizations. The anti-C-reactive protein was immo-
bilized via Cys, and Gluta, to obtain the immunosensor. The bands
observed in the spectra for the CDH indicate vibrational modes refer-
ring to the NRs dispersing agent on the electrode, DMF [47]. The main
changes in the spectrum observed after immobilization are: i) the
5

vibrational mode located at 1660 cm−1 in the CDH referring to the
C@O stretching of the DMF is shifted to 1710 cm−1 when it is on
the surface of the functionalized CDH, ii) there is an increase in the
intensity of the vibrational mode of stretching CAN located at
1493 cm−1, iii) at 1590 and 1350 cm−1 there are bands referring to
asymmetric and symmetrical N@O stretching vibrational modes,
respectively, iv) at 1250 cm−1 the vibrational mode referring to the
CAN asymmetric stretching is shifted to a higher wavenumber; and
v) there are at 1220 and 1160 cm−1 related to CAO stretch vibrations.
All these characteristics are related to the chemical interaction of Cys/
Gluta-CRP antibody with the surface of the CDH electrode. It is
observed that cystamine binds to the surface of the CDH primarily
by covalent NAO bonds, verified mainly by the presence of the vibra-
tional stretching modes in the functionalized CDH of the nitro groups
(R-NOO, 1590 and 1350 cm−1) and by the displacement of the band
referring to the C@O stretch from 1650 cm−1 to 1710 cm−1 of DMF,
indicating that the C@O group passes from an amide which before
interacts with the NRs, with a weakened bond close to the scavenger
electrons (N from DMF), and after immobilization, to a ketone with
stronger vibration on the surface of the functionalized CDH. In this
sense, the schematic illustration shown in Fig. 4b, indicates the mech-
anism of immobilization of Cystamine and glutaraldehyde on CDH dis-
persed in DMF. In the interaction, it is possible to observe that the
oxygen and nitrogen groups adsorb on the nanorods, step (i), making
the carbon of the amide group more positive and favoring the break-
down of the DMF molecule and the interaction of cystamine with
the oxygens, step (ii). In next step, step (iii), there is the functionaliza-
tion of glutaraldehyde, obtaining the respective functional groups
observed by FTIR analysis, and indicating the exposure of the groups
of Glutaraldehyde in order to favor the immobilization of the
antibody.

Fig. 5a illustrates the CV curves for the CDH electrode and after its
immobilizations. After immobilization with the anti-C-reactive protein
antibody (CDH + Cys/Gluta + Im), named now as immunosensor, a
13 % reduction in the Ipa value is observed due to the insulating nat-
ure of the biomolecule [48], thus denoting the sensitivity of the
immunosensor. The immunosensor reproducibility was verified with
three different sensors (Fig. 5b), obtaining good reproducibility (coef-
ficient of variation = 4.5 %), and then compared to the bare board
(Fig. 5c). The stability of the immunosensor was assessed by ten suc-
cessive CVs voltammograms (Fig. S3), with good repeatability (low
variation of redox peaks: 9.6 % of coefficient of variation). Therefore,
the low coefficient of variation values for both reproducibility and
repeatability prove the quality of the immunosensor.



Fig. 4. Analyses for the obtained electrode (CDH) and immobilized, in (a) FTIR (ν; δ; roc, sim and ass are the symbols that denote stretching, deformation, rocking,
symmetrical and asymmetrical, respectively), and (b) representative scheme of the interaction of cystamine and glutaraldehyde in nanorods of NRs CeO2 dispersed
in DMF.

Fig. 5. CV curves (a) comparing the immobilization steps (b), the immunosensor reproducibility (b), and comparing the bare board reproducibility (c). All the
electrochemical measurements were performed the presence of K3[Fe(CN)6]/K4[Fe(CN)6] (10 mM) in NaNO3 (0.5 mol/L), with a scan rate of 100 mV s−1.
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3.3. Immunosensor response to CRP

The electrodes were incubated with 20 µl of the different anti-CRP
concentrations for 60 min at room temperature. The CRP concentra-
tions chosen for the analyses were from 0.3 to 10.0 mg L−1 based
on studies, which demonstrate that normal plasma CRP concentrations
are below 1.0 mg L−1, medium risk of 1.0–3.0 mg L−1, and levels
above 3.0 mg L−1 represent a high risk for cardiovascular disease
[6,49,50]. The electrochemical results for the detection of CRP on
the immobilized CDH electrode are shown in Fig. 6. Fig. 6a relates
the intensity of CV measurements anodic peak as a function of the log-
arithm of the CRP concentration, the measurements were performed
the presence of K3[Fe(CN)6] (10 mM) in NaNO3 (0.5 mol/L), with a
scan rate of 100 mV s−1. Comparing the detection of the lowest con-
centration of antigen CRP with the immobilized electrode (im-
munosensor, Fig. 4c), a reduction in the current density of the
former is observed in relation to the second. The C-reactive protein
antigen with a negative charge density when binding to immobilized
CRP-antibody molecules (positively charged) decreases the sensor
6

drainage current, thus reducing the current density values compared
to the immunosensor, similar results were verified by other works
[51,52]. As the concentration of CRP increases, there is an increase
in the density of negative charge on the immunosensor, and conse-
quently the current increases again. This is clearly observed when
examining the different CRP concentrations by the DPV method,
Fig. 6b, the peak current value is substantially increased as the CRP
concentration increases.

It is observed, Fig. 6a, that for lower and higher concentrations
there is a different behavior detection. For the first region (concentra-
tions < 3.0 mg L−1) data processing shows the linear regression equa-
tion as I(mA) = 0.006 [anti-CRP] + 0.1104 with R2 = 0.947, and for
the second region (concentrations > 3.0 mg L−1) a linear regression as
I(mA)= 0.049 [anti-CRP] + 0.1268 with R2 = 0.889. These different
detection regions found in the biosensor can be related with the
threshold concentrations of antigen additions and access to the elec-
trode surface [53]. The limit of detection, LOD, values found using
the first and second linear regressions are 0.16 mg L−1 and
0.18 mg L−1, respectively. This represents excellent detection results



Fig. 6. (a) Response to linearity of calibration curve of the immunosensor to the anti-CRP (from 0.3 to 7.0 mg L−1) obtained from the curved CVs (inset). (b) DPV
for different concentrations of CRP. All the measurements were performed the presence of K3[Fe(CN)6]/K4[Fe(CN)6] (10 mM) in NaNO3 (0.5 mol/L), with a scan
rate of 100 mV s−1. (c) DPV to fetal bovine serum pure and with the presence of 0.3 and 10.0 mg L−1 of CRP.
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for deregulated levels of CRP in the human body [54,55], and indi-
cates that the LOD obtained allow measurements at clinical stages
for the diagnosis of CRP alteration. The results obtained are also com-
pared with recent research for the detection of CRP, Table 1, with the
advantages of being a H2O2-free biosensor, easier to fabricate, being
built on a portable flexible electrode, presenting a fast analysis time,
and LOD within the levels for detection of dysregulated CRP.
Table 1
Comparison of CDH-immunosensor LOD values with recent tests for the CRP diagno

Method Assay type Immobilization and detection strategy

CeO2 Nanorods based
electrochemical
immunosensor

Flexible point-of care
electrochemical
biosensor

CeO2 Nanorods modified by CRP antibo
glutaraldheyde

ELISA (enzyme-linked
immunosorbent
assays)

Microplate with
bench absorbance
spectroscopy

Used Dako polyclonal anti-CRP antibody
conjugated polyclonal anti-CRP antibod
commum Elisa reagents

Nanoceria based lateral
flow immunoassay

Point-of-care lateral
flow immunoassay

Nanoceria@anti-CRP onto pre-treated c
membrane

Aptasensor based on
ZIF67-Au

Bench
electrochemical
biosensor

AuNPs@C-ZIF67/GCE modified by apta
with CRP antibody labelled with HRP (H
amplification using H2O2

PEI-Fc Bench
electrochemical
biosensor

PEI-Fc onto CGE modified with antibod
PEI-Fc structure

ZIF67-Au: rhomboid dodecahedra carbonized-ZIF67 loaded with gold nanoparticle
ferrocene residues; HRP: horse radish peroxidase; GCE: Glassy Carbon Electrode; H
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In order to confirm the detection of antibody-antigen CRP, tests
were performed in fetal bovine serum (FBS), preparing three samples,
serum only immobilized with antibody without the presence of CRP
antigen, and with 0.3 and 10.0 mg L−1 of CRP, the results are shown
in Fig. 6c on DPV curves. The same electrochemical behavior is
observed as in the ferrocyanide solution, there is a reduction in the
Ipa value as CRP is added at low concentrations, however, for high
sis.

Sample
type

Approximate
analysis time
(minute)

LOD
(mg L−1)

Reference

dy via cystamine and Serum 0.5 0.18 This work

for coating and Dako HRP-
y for detection besides

Serum ∼50 0.16 [56]

onjugation nitrocellulose Serum ∼15 0.12 [57]

mer via Au-thiol associated
RP-AbCRP) with catalytic

Plasma 0.5 3.4 × 10−7 [12]

y via free amino groups in the Plasma 0.5 2.5 × 10−3 [17]

modified by aptamer; PEI-Fc: Branched polyethylenimine functionalized with
RP: horse radish peroxidase; H2O2: hydrogen peroxide.



Fig. 7. (a) Specificity test, using dot blot, of the immunosensor for several CRP antigen concentrations and (b) intensity ratio in pixels between the highest and
lowest CRP concentration.
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concentrations of CRP (10.0 mg L−1), the value of Ipa continues to
decrease, different from the behavior observed in ferrocyanide. Peak
current reduction can be considered by two main factors: i) the com-
petitive adsorption between the analyte and the FBS or ii) the forma-
tion of a complex between the analyte and the FBS. Studies [58,59] on
the interaction of FBS with different analytes, reveal a similar result
reduction in Ipa, that is due to the formation of electroinactive com-
plexes of the analyte with FBS, thus the concentration of free analyte
is reduced, and consequently there is reduction in current value.
Therefore, it is verified that the immunosensor allows the detection
of CRP antigens in serum medium, which is compatible with clinical
stage responses.

The antibody specificity used to build the immunosensor was eval-
uated by dot blot assay, Fig. 7a. This assay is a technique used in
molecular biology to determine if the antibody or protein detection
used is specific to the analyte. The most cardiac biomarkers in the
blood are myoglobin, c-TnT and c-TnI. There is no blotting for the
recombination of CRP antibodies with the myoglobin, c-TnT and c-
TnI biomarkers, Fig. 7b, in which it is observed that the ratio between
the blots of the lowest to the highest CRP concentration is approxi-
mately equal to 1, while for CRP this ratio is higher. The non-reactivity
of the CRP antibody with these cardiac biomarkers demonstrates the
specificity of the immunosensor. As the concentration of CRP
increased, the color intensity ratio gradually increased, proving the
immunosensor sensitivity, Fig. 7a-CRP.
4. Conclusion

An electrochemical immunosensor based on CeO2 NRs was success-
fully obtained here for application as a rapid test for CRP detection.
The CeO2 NRs were dispersed in an organic agent and functionalized
with cys and gluta which made them suitable for immobilization with
the antigen–antibody CRP. The immunosensor showed good stability,
sensitivity and reproducibility. In addition, the biosensor developed in
this work is developed in a portable and flexible electrode, is free of
oxidizing agents, does not have a high cost composition, few steps of
synthesis and fast analysis time. Detection of the CRP immunosensor
at above-normal levels was observed, making it an excellent candidate
for applications as a portable biosensor for CRP. In the next stages of
research, the validation of our immunosensor in human serum analysis
is necessary.
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