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Immunosensor Design Based on Chitosan-QDs, a Nanocomposite-Modified
Electrode for Selective Procalcitonin Sensing in Clinic Analyses

Abstract

A simple free labeled electrochemical immunosensor based on chitosan (CHI) and quantum dots (QDs)
was developed for the determination of procalcitonin (ProCT) antigen (Ag) which can act as a target
biomarker of infectious diseases. The antibodies of the ProCT biomarker were successfully incubated
on the CHI-QDs platform. Electrochemical impedance spectroscopy and cyclic voltammetry were used
for the evaluation and characterization of various layers coated onto the electrode. Under the optimum
conditions, the electron transfer resistance (R ) of the immunosensor was altered linearly by the ProCT
concentration. The proposed immunosensor was proportional to the ProCT biomarker concentration
from 0.005 to 0.35ng/mL with a calculated detection limit of 0.015 pg/mL. The proposed biosensing
device also exhibited high stability and reproducibility, which can be used for the quantitative assay of

the ProCT biomarker in clinic analyses.
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Introduction

Procalcitonin (ProCT) as a hormone calcitonin
(CT) precursor helps to adjust the blood calcium
level. It is a soluble protein composed of 116
amino acids.'"! In healthy people, ProCT is a
pro-hormone of CT which is constructed in
the thyroid gland via the parafollicular cells (or
C-cells), the concentration of its serum being
less than 0.05 ug L. ProCT is the most
reliable biomarker in diagnosing and isolating
bacterial infections from viral in patients who
are admitted for acute reasons such as severe
burns, inflammations, surgeries, and respiratory
problems. It is also used for early infections
in newborn babies in emergency centers and
hospitals. By releasing ProCT in the blood,
Interferon receptor beta is activated, causing
inhibition of the IL-1 beta receptor. This, in
turn, makes a difference in bacterial infections
which result in sepsis from the viral.?! The
infections of bacterial attendance in the
body result in the emancipation of ProCT in
approximately all the cell types and tissues,
although the aforementioned process is still
not fully understood.”! As a result, after 4h
of the infection beginning, the level of ProCT
increases dashingly, the phenomenon which
has a type of congruity with the intensity of
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bacterial infection. Consequently, this causes
an enhancement in the ProCT level to over
100 pg L7, the amount which remains much
lower for chronic inflammatory diseases, viral
infections, and autoimmune processes.[”!
Evaluation and investigation of the ProCT
level in the body can be performed to give the
beneficial information to the discernment of
infectious from noninfectious disorders in order
to barricade the misuse of immense antibiotics
to prevent drug resistance to disease. The design
of an immunosensor to accurately measure the
level of this hormone, using chitosan-quantum
dots (CHI-QDs), has been done for the first
time in the world. The designed and built
immunosensor can be used for prevention, easier
control, and better treatment of all the mentioned
abnormalities. Accordingly, the discernment of
ProCT is very important for valid diagnosis in
serum, which can be in effect very contributory
to additional therapies.'” In this line, the diverse
analytical procedures have been extensively
applied. Nonetheless, by considering practical
and remarkable endeavors, the selection of
a procedure with high sensitivity and good
selectivity in diagnosing and analyzing ProCT
is yet a problem. To conduct the trial, disparate
analytical procedures have been employed for
analysis of ProCT, including chemiluminescence
immunoassay,!'!! fluorescence immunoassay,'
immunochromatographic assay,!'! ELISA
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assay,'"! and surface plasmon resonance.!'™ The gradualness
in pretreatment steps of the experimental and high cost of
examinations by mentioned procedures have caused them not
to be proper for normal analysis. Therefore, the choice of a
substitute procedure accompanied by lower operating cost and
effective detection speed for assessment the low level of ProCT
is a challenging endeavor. According to this view, using the
immunoassay procedures, as a hopeful procedure, was offered.

Immunoassay procedures are used as considerable diagnosis
procedures in environmental, biochemical, and clinical
evaluations as well as in food industries. These are performed
by the feature of selective distinction of Ag by antibody (Ab)
based on electrochemical, optical, or gravimetric methods.['6-18]
Electrochemical immunosensors have impressive features
due to their simplicity of construction, their improvements
in the development of portable and affordable devices, and
good sensitivity.['2% To this purpose, nanostructures and
nanotechnology, owing to their extraordinary physicochemical
properties, have recently been utilized in the field in order
to enhance the analytical operation of the electrochemical
immunoassay procedures.?!??!

QDs, due to the quantum confinement effect and the extent
of their energy band gap, have useful optical and electrical
properties. QDs in electrochemical sensors can facilitate the
electron transfer speed. As a result, these materials are employed
widely as the amplifier of the signal element in electrochemical
and electroluminescence sensors, owing to their unique
properties.3 In addition, QDs have widespread utilization in
biological and medical applications as immunoassay since they
can well bind to biorecognition molecules.?*>!

In this regard, CHI with a good film-forming ability, stability,
biocompatibility, and strong adherence to the electrode surface
could be mixed with QDs and used as a carbon past modifier.
Following the discovery of the QDs, they have been effectively
used as sensing materials®**” in modified electrodes, which
might be due to their high electrical conductivity, electrocatalytic
activity, and good biocompatibility.

In line with the previous research in the field, and to add
further to the present knowledge, this experimental study was
conducted in which a sensitive free-labeled electrochemical
immunosensory is employed to measure ProCT in serum
samples of a number of patients. In this regard, the ProCT
Ab was immobilized on the transfer surface. The CHI-QD
nanocomposite is placed on this transfer platform, the platform
used for enhancing electrochemical signal and stability
sensor. To detect resistance changes accurately, the proposed
immunosensors were placed in a biomarker solution.

Experimental

Apparatus and measurements

An Autolab system potentiostat—galvanostat model PGSTAT
214 (Utrecht, The Netherlands) using a NOVA (1.11) software

was exerted to all the electrochemical experiments, which were
carried out at room temperature. A platinum wire and a silver—
silver chloride (Ag/AgCl, 3 M KClI) electrodes were utilized as
auxiliary and reference electrodes, respectively. Electrochemical
impedance spectroscopy (EIS) with an FRA 32 impedance
analysis module and cyclic voltammetry (CV) experiments
were performed by Ab/CHI-QDs/CPE as a working electrode.
All pH measurements were performed by Metrohm pH-meter,
Model 691 that was equipped with a glass electrode during the
experiments. To evaluate the manufactured immunosensor surface
morphology, the method of the scanning electron microscope
(SEM) (Philips XL 30) was employed. In these experiments, the
EURONDA (EUROSONIC 4D model) was utilized to disperse
the particles inside the solution and its uniformity.

Substances

N-Hydroxy succinimide (NHS) and N-ethyl-N-[3-
dimethylaminopropyl] carbodiimide (EDC) from the Sigma-
Aldrich (Munich, Germany), graphite powder of Fluka Co. (Buchs,
Switzerland), CHI potassium ferricyanide, and paraffin oil of
Merck Co. (Darmstadt, Germany) were purchased. All aqueous
solutions were prepared with double-distilled water. ProCT Ag and
ProCT Ab or anti-ProCT were purchased from Medical Biology
Research Center, Kermanshah University of Medical Sciences
(Kermanshah, Iran). All other chemicals used in the present
experiment were prepared from Merck Co., Germany, and were of
adequate analytical purity. In the experiments, phosphate-buffered
solutions (PBS) (0.1 M) at various pH values were prepared by 0.1
MH,PO,,0.1 MKH,PO,,and 0.1 M K,HPO,. Sodium hydroxide
(NaOH) and hydrochloric acid (HCI) solutions were used for the
adjustment of buffer solutions’ pH. In the first step, the ProCT and
its Ab were frozen, and their standard solutions were constructed for
fresh use day after day. Next, the serum samples of some patients
were collected from Imam Reza Hospital (Kermanshah, Iran).
All experiments were accomplished at the ambient temperature.
The additional chemicals and reagents consumed in the present
research were acquired as analytical grade and applied without
additional purification.

Synthesis of QDs

To synthesize the QDs, the previously established methods
have been applied.?® First, sodium hydrogen telluride (NaHTe)
was prepared by reducing Te powder with sodium borohydride
(NaBH,) in deionized water under stirring conditions along
with N, purging. After 3h, the produced NaHTe was used
to prepare the particles of CdTe. In another flask, 0.3 g of
CdCl-H,O was dissolved in 40 mL of ultrapure water followed
by the addition of 200 pL of TGA, while the solution was stirred
intensely. The pH of the reaction was adjusted to 10 by adding
dropwise of NaOH solution (1 M). In the next step, the freshly
prepared NaHTe was added to a CdCl, solution containing
TGA under N, atmosphere. Following mixing, the solution
was transferred into a Teflon-lined stainless-steel autoclave and
heated in an oven at 120°C for 3 h. Then, the autoclave was
cooled and thiol-capped CdTe QDs were obtained.
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Preparing the immunosensor

The order of procedure for immunosensor making is depicted
in Scheme 1. To construct the mentioned immunosensor, the
first carbon paste electrode (CPE) was constructed by using
the paraffin oil and analytical grade graphite powder in a 30:70
(%w/w) ratio. This composite was blended inside a mortar to
form a completely homogeneous mixture. The obtained paste
was pressed in a PVC tube and blocked on the side which had
an electrical connection with a copper wire passing through
the center of the electrode body.

Then the formed electrode was put at room temperature to
be dried for 1 day. Afterward, the CHI-QD nanocomposite
was prepared by direct mixing of 0.2mg of CHI, 20 pL of
QDs in 10mL of DMSO, and the resulted suspension was
ultrasonically homogenized. Next 4.0 nL of suspension was
dropped onto the surface of the CPE and was allowed to be
dried at room temperature.

To activate the sensor surface of functional groups, this sensor
was dipped in the solution containing 3 mL of 100 mM NHS
and 1mL of 50mM EDC for 2h and washed with double
distilled water. Next, the Ab/ CHI-QDs /CPE was prepared by
dipping the CHI-QDs/CPE into the Ab solution (anti-ProCT)
and kept at 4°C for 5h to react at room temperature. The
fabricated electrode was kept overnight at 4°C and saturated
moisture. The obtained electrode was eventually rinsed with
a PBS solution of pH 7.5 to eliminate excessive physically
adsorbed Ab. Afterward, 15 pL of 10g L™! HSA in the PBS
was added to block the residual active sites on the working
electrode. Following this, the immunosensor was washed with
a buffer solution. To retain from an immobilized Ab activity,
the prepared immunosensor was held at 4°C into the buffer
solution.

Scheme 1
Preparing the human blood serum

Serum instances of 10 patients were collected from Imam
Reza Hospital (Kermanshah, Iran) and stored frozen until
it was analyzed. Then 1 mL of saturated ammonium sulfate
solution as serum protein precipitating agent was appended
into the centrifuge tubes containing serum samples. After being
vortexed for 15 min, the precipitated protein was separated by
centrifugation at 15,000 rpm. The clear supernatant layer was
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Scheme 1: The schematic illustration for construction of immunosensor

filtrated by a filter with a size of 0.45 um Millipore to produce
a protein-free blood serum.

Results and Discussion
Characterization of CdTe QDs

FT-IR spectroscopy was performed to investigate the
functional groups of the QDs. [Figure S1], Scheme 1 shows
the characteristic peaks of TGA-capped CdTe QDs. The
absorption peaks at 1643 cm™' are due to the symmetric and
asymmetric stretching of the carboxylate group. Bands at 1222
and 3421 cm™ are the stretching vibration of C—O and O-H,
respectively.

The appraisal of the surface features of the various
fabricated electrodes

The physical morphologies of the sensors are affected by
their outcomes. Therefore, in the first stage, the difference
between the structures of the designed electrode surfaces at
each step was examined by the SEM method. The forms of
SEM of the CPE (A) and CHI-QDs/CP B(C) are illustrated
in Figure 1. The energy-dispersive X-ray spectroscopy (EDX)
image is shown in Figure 1C. The EDX indicates the presence
of different percentages of C, O, Cd, and Te at the prepared
composite electrode.

Electrochemical characterization of the immunosensor

The CV and EIS methods have been widely employed to
study the interface properties of different electrode surfaces.
As shown in Figure 2A and B, CV and Nyquist plots of CPE
(curve a), CHI/CPE (curve b), and CHI-QDs/CP were recorded.

The peak currents at the CPE (curve a) have the lowest and
highest values of currents. As can be seen, the current response
at the surface of CPE (curve a) is rather poor. Following the
anchoring of CHI on CPE, the CHI electrode exhibited a much
lower interfacial charge transfer resistance for the occurred
redox reaction [Figure 2A, curve b]. When QDs were attached
to CHI/CPE [Figure 2A, curve c], it supplied a great impressive
surface area due to its conductivity, as it contrasted with the
signals at the CPE [Figure 2A, curve c]. So, next to attaching
the colloidal QDs at the electrode surface to form CHI-QDs/
CPE [Figure 2A, curve c], the current response of the marker
redox was depicted to be more enhanced than the CHI/CPE.
Furthermore, QDs, through enhancement in the performance
of further electron transfer between the target and the electrode
surface, operated as nano-sized electrodes.

Even so, after immobilization of Ab at the surface of CHI-QDs/
CP to form (Ab/CHI-QDs/CP/CPE), the related CV [Figure
2A, curve d] results in a decrease in current signal, as well as an
increase in the differentiation between the anodic and cathodic
waves of the redox marker. This observation demonstrated
that the rate of electron-transfer of the [Fe (CN),]*”* system
was reduced, owing to the attendance of Ab at the surface of
electrode. In fact, following the immobilization of the Ag, the
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Figure 1: SEM images of CPE (A) and CHI-QDs/CPE (B). EDX spectrum is illustrated (C)

conductivity of the modified electrode declined [Figure 2A,
curve e], resulting in the formation of adduct between Ab and
Ag on the surface of the designed sensor. This created Ab—Ag
as an approximately inert blocking layer on the electron transfer
rate and barricaded the diffusion of the redox probe to the
surface of the electrode.

EIS is further used to study the interfacial characterization
of the different modified electrodes. The diameter of the
semicircle usually equals to the electron transfer resistance (R )
and occurs in lower frequencies. Electron transfer resistance
(R,) controls the electron transfer kinetics of the redox probe
at the electrode interface which commonly showed the faradaic
process at the interface of electrode/electrolyte. An electrical
circuit was depicted based on the features of the obtained
impedance spectrum. The straight line of the Nyquist plots
appeared at lower frequencies, which corresponded to the
diffusion process of the electroactive species from solution to
electrode interface (Warburg element, ).1”!

56

Figure 2B shows the acquired impedance spectra during the
step-by-step modification process. As it is seen, the CHI/CPE
[Figure 2A, curve b] electrode disclosed the smaller semicircle
domain than CPE [Figure 2B, curve a], suggesting that the
redox probe has a lower electron-transfer resistance against
CHI owing to their conductivity. Subsequent to the deposition
of the composite of QDs at the CHI/CPE surface [Figure 2B,
curve c], the R value decreased compared to CHI /CPE with
the higher conductivity of the CHI/CPE. However, when the
QDs was supplied a great conductive layer role on the CNFs
film, the interfacial electron transfer between solution and
electrode was increased. After immobilization of the Ab on
the surface of CHI-QDs/CPE to form Ab/ CHI-QDs/CPE
through EDC/NHS linker, the electron transfer resistance of
the system increased through the confining of an interfacial
electron transfer [Figure 2B, curve d]. This was owing to an
insulating characteristic of the protein layer at the surface of
the constructed electrode, and led to greater electron transfer
resistance, which ultimately resulted in the enlargement of the
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semicircle in the related Nyquist plot [Figure 2A, curve e].
Also, due to the formation of Ab—Ag adduct as a primary
ineffective and insulated electron transfer, blocking layer at
the surface of constructed immunosensor can mainly barricade
the diffusion of the redox probe to the surface of the designed
sensor [Figure 2A, curve ¢]. The acquired outcomes from the
EIS and CV measurements were compatible with each other.

Analytical conditions optimization

To obtain increased sensitivity and the analytical performance
immunosensor, the effective parameters of the proposed
immunosensor including the concentration/time of Ab included
on an electrode and the incubation time of ProCT whit Ab
were evaluated.

To optimize the immobilization of Ab concentration, solutions
containing different concentrations of the Ab were immobilized
on CHI-QDs/CPE. Figure S2A shows the effect of the
immobilization of Ab concentration at the surface electrode
modified with the response. As a result, the Ab concentration
was optimized at 30 pg/mL with the highest resistance,
which allows the sensitive detection of ProCT. No change
was observed in the resistance signal of more than 30 pg/

100

-
5
-60
03 0.1 0.1 03 0.5 0.7 0.9
ENV
300 — —~
o
B z .
250 Y .
L J °

600 700 800

7'/Q

Figure 2: Cyclic voltammograms (A) and Nyquist diagrams (B) recorded in
the solution 0.1 M KCI, 0.5mM [Fe(CN),]*- for CPE (a), CHI/CPE (b), CHI-
QDs/CPE (c), Ab/CHI-QDs/CPE (d), Ab—Ag/CHI-QDs/CPE

mL of Ab concentration. Also, Ab incubation time to CHI-
QDs/CPE played an important role in sensor functioning as,
in the low incubation time, a weak connection between the
Ab and the CHI-QDs/CPE is established. Therefore, it was
removed before the measurement. As shown in Figure S2B,
the maximum signal of the measurement was observed at an
incubation time of 50 min.

To use the maximum capacity of the immunosensor, the
incubation different times between ProCT and Ab were
investigated. The result of the investigation is summarized in
Figure S2C. The highest signal is observed at S0 min. Thus, the
50-min period as the best incubation time between antibodies
and biomarkers was selected.

Analytical performance

The analytical performance of the proposed immunosensor
in the various concentrations of the ProCT was assessed by
the Nyquist plot. Following the incubation in various ProCT
concentrations for 50 min, the Nyquist plots were recorded
in the solution comprised of the [Fe (CN),J*™* (5.0mM) and
KCI (0.1 M). As shown in Figure 3, with an increase in the
biomarker concentration, the R increase was proportionally
observed and the linear relationship between signal responses
and the ProCT concentration was obtained in the concentration
range of 0.005-0.35ng/mL. The calibration curve with a
regression equation of R/Q2= 650.89 [C, .. /ngml™], 203.06
(R*> = 0.9859) and the detection limit (DL) was calculated

600 700

AR/Q
[l
]

»
.

T ¥=650.89x + 203.06
200 R*=0.9859

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Cing

Figure 3: (A) The EIS of Ab/CHI-QDs/CPE recorded in different concentrations
of ProCT. (B) The plot of AR vs [ProCT] over the concentration range of
0.005-0.35ng/mL. Inset shows the signal relates to with [ProCT]
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Specificity of the inmunosensor

CEA BSA PSA

MUC1
Figure 4: Selectivity of the immunosensor. The AR , of the immunosensor
in the presence of 0.1 ng/mL ProCT and various interference (10 ng/mL)
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Figure 5: EIS response of sensors to different electrodes treated in the
same conditions

AR/Q

based on 3S /m, where 3S, is within three standard deviations
of the blank signals and m is the slope of the calibration curve
as 0.015 pg/mL.

Specificity of the immunosensor

The ability of the specificity of the presented immunosensor
using HER2, CEA, MUCI1, and BSA as the interference was
investigated. The response of the 10ng/mL of interference
solution with the 0.1 ng/mL of ProCT is demonstrated in
Figure 4. As seen, the signal interference observed was
less than 10%, indicating the specificity of the label-free
electrochemical immunosensor which can be regarded as
acceptable. The unknown biomarker concentration is obtained
using a standardized method.

Reproducibility and stability of immunosensor

The intra-assay reproducibility was investigated by consecutive
measurements of 0.1ng/mL of ProCT for five times using
the Ab/CHI-QDs/CPE independently. The average relative
standard deviation (RSD) of the five individually constructed
electrodes was 2.7%. This indicates that the immunosensor
had acceptable reproducibility [Figure 5].

One of the most important and critical parameters in evaluating
the performance and progression of immunosensors is
determining their long-term stability. Next to preparing the

Table 1: Determination of ProCT in real blood samples

Sample Measured concentration by Recovery (%)
immunosensor (ng/mL)

1 60.2 107.5

2 24.5 90.7

3 68.7 95.5

4 101.2 106.5

immunosensor and storing it at 4°C, the offered immunosensor
maintained 88% of its primary activity after being stored for
15 days, which shows the stability of this proposed electrode.
Therefore, the finding illustrated the good long-term stability
to immunosensor in the discernment of ProCT.

Real sample analysis

The accuracy of blood samples in the hospital was evaluated
by the proposed electrochemical immunosensor. The serum
samples were obtained from three healthy persons. Then,
following the addition of different concentrations of ProCT into
healthy human serum samples, the standard addition method
was applied to measure the ProCT using the EIS method.

Consequently, to test the accuracy of the offered immunosensor,
acommercially stock kit (ELISA Quantitation kit) was employed
as a standard. According to the ELISA kits manufacturer, the
reactivity of these kits is susceptible to operator and factor
changes such as washing methods, composite types of the
reagents, incubation temperature, and time, as well as other
empirical factors. The results are presented in Table 1. As it
is depicted from the result, the recovery of ProCT was found
to be between 90 and 107.5%, which manifests the good
precision of the method for ProCT monitoring using the
proposed immunosensor. This means that this electrochemical
immunosensor provided a potential application for the analysis
of ProCT in real samples.

Conclusions

In the present research, a new free-type electrochemical
immunosensor was introduced for the highly accurate detection
of ProCT based on deposition of CHI, QDs, and Ab at the CPE
surface. In sensor architecture, the unique properties of CHI
and QDs were used to stabilize the Ab. The immobilized Ab
probe could well track the ProCT. The proposed immunosensor
could respond with a linear range from 0.005 to —0.35ng/
mL, with the detection limit of 0.015 pg/mL. The acquired
data illustrated adequate sensitivity and simplicity of this
procedure for ProCT detection in the serum samples with
good accuracy and reproducibility. It can be expected that
the offered immunosensor can be employed extensively for
sensitive clinical and biological diagnoses and applications.
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Figure $1: FT-IR spectrum of QDs. (A) Optimization of the incubation concentration of Ab. (B) Optimization of the incubation time of Ab. (C) Optimization
of the incubation time of ProCT with Ab
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Figure S2: The EIS of Ab/CHI-QDs/CPE recorded in different optimization steps. (A and B) Incubation concentration and an incubation time of the Ab, and
(C) incubation time of the incubation times between ProCT and Ab in a solution of 0.1 M PBS at pH 7.





