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A novel electrochemical probe was established for the quantification of apixaban (APX) in unprocessed

plasma samples. Efficiently oxidized graphene oxide aerogels (EEGO-AGs) and nano-sized BiFe,Oq

(BFO) particles were electrodeposited on the surface of a glassy carbon electrode (GCE). In this work,

a ratiometric electrochemical method was introduced for APX detection to enhance the specificity of

the probe in plasma samples. The fabricated ratiometric probe was employed for the indirect detection
determination of APX using Kz[Fe(CN)el/K4[Fe(CN)¢] as the redox pair. The differential pulse voltammetry

technique was used to record the current alteration of the BFO/EEGO-AG-functionalized GCE probe at

various APX concentrations. The probe response was proportional to the APX concentrations from 10 ng
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mL~! to 10 pg mL™* with a low limit of quantification (LLOQ) of 10 ng mL™. After validation, this method

was successfully utilized for the determination of APX in patients’ plasma samples who have taken APX

DOI: 10.1039/d3ra03293k

rsc.li/rsc-advances

1. Introduction

Apixaban (APX) is a molecule with a molecular formula of
C,5Hy5N504 and a molecular weight of 459.5 ¢ mol™" and is
known as a selective inhibitor of factor Xa." Factor Xa is the final
enzyme in the coagulation cascade and is responsible for the
formation of fibrin clot by converting prothrombin to
thrombin.>* APX has no direct effect on platelet aggregation but
indirectly reduces thrombin-induced clot formation by inhib-
iting the factor Xa.' By inhibiting the factor Xa, APX inhibits
thrombin generation and thrombus development, showing an
antithrombotic effect in the prevention of arterial and venous
thrombosis at doses that maintain hemostasis.* The uses of APX
in the treatment of acute venous thromboembolism include the
prevention of stroke or systemic embolism in patients with
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regularly. The fabricated chemosensor detected APX concentrations in unprocessed plasma samples
with high selectivity, resulting from the physical filtering antifouling activity of aerogels.

atrial fibrillation, after major orthopedic surgeries, etc.>® APX
possesses 50% bioavailability and is eliminated through
multiple elimination routes, including renal excretion (25%)
and hepatic metabolism (75%).”® Anticoagulants are broadly
employed in the prevention and therapy of thromboembolic
diseases.® Direct oral anticoagulants (DOACs) are one of the
popular therapies because of their predictable pharmacological
influences and broader therapeutic concentration range.' One
of the important advantages of DOACs such as APX is their
targeted effect on a specific coagulation factor.' DOACs showed
more desired pharmacokinetics than traditional coumarin-
derived anticoagulants with low drug-drug and drug-food
interactions."*?

Currently, different guidelines are given for the dose
adjustment of DOACs in specific populations involving hepatic
and renal impairment, the elderly, and body weight.'® However,
a recent study found that about 25-50% of patients receive off-
label doses, suggesting that DOAC overdose is associated with
increased mortality and bleeding effects, whereas fewer DOACs
with serious cardiovascular effects led to hospitalization.™
Collectively, these facts highlight the significance of therapeutic
drug monitoring (TDM) of DOACs, not only to assess patient
adherence to therapy but also regulate their possible toxicity."
This requires the fabrication of reliable bioanalytical probes
that can determine the plasma levels of DOACs and hence
optimize drug therapy and control drug toxicity.">'®

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra03293k&domain=pdf&date_stamp=2023-07-17
http://orcid.org/0000-0003-3759-3607
http://orcid.org/0000-0002-8316-5104
https://doi.org/10.1039/d3ra03293k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03293k
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA013031

Open Access Article. Published on 17 July 2023. Downloaded on 7/24/2025 12:46:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Conventional laboratory assays for DOACs are activated partial
thromboplastin time (APTT) and prothrombin time (PT), which
are not appropriate for reliable detection of DOACs."” Several
representative analytical approaches have been reported in the
literature for the determination of APX in real samples in the
presence of its related impurities, which were mainly based on
liquid chromatography.'*>* However, these methods are origi-
nally laborious, time-consuming and need highly skilled
persons to operate the instrument and interpret the obtained
results. Electrochemical methods have some advantages of
short analysis time, cost-effectiveness, high sensitivity, and the
possibility to be a point-of-care testing method.

Electrochemical methods can convert the biological signals
into electrical signals, respectively.”’*” Due to the important
progresses in nanotechnology, an increase in the electro-
chemical sensors is provided by the modification of the surface
of electrodes. BiFe,Oo (BFO) is a semiconductor with high
surface-to-volume ratio, making it a promising multifunctional
material candidate for sensor designing uses.>®*** Aerogels are
three-dimensional (3D) and highly porous materials with
ultralow density (0.003 g cm™*) and large specific surface area.*
These specific features of aerogels led them to be employed in
the fabrication of various devices. Electrochemical polymeriza-
tion or electropolymerization is an electrode-surface modifying
method in which a thin layer of polymer films is produced
under an electrochemical condition using mostly potentiostatic
(constant potential) or potentiodynamic (linearly scanned
potential) techniques.**=*

In this study, a ratiometric electrochemical chemosensor was
developed to detect APX in unprocessed plasma samples. To
achieve this goal, a multilayer nanocomposite layer of efficiently
oxidized graphene oxide aerogels (EEGO-AGs) and BFO were
initially synthesized and then immobilized on the surface of the
working electrode by the electrodeposition method. BFO/EEGO-
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AG increases the geometrical surface of the GCE and enhances
the interaction between the electrode and analyte. The fabricated
sensor displayed significant electrochemical performance
towards APX. As a result, with various analytical features, it is
possible to identify and detect APX in patients' samples.

2. Experimental

2.1. Chemicals and reagents

APX was purchased from Exir pharmaceutical Co. (Karaj, Iran).
Hydrochloric acid (HCI), sodium hydroxide, sulfuric acid
(H,S0,), phosphoric acid (H;PO,), phosphorus pentoxide (P,Os),
potassium permanganate (KMnO,), graphite, sodium nitrate
(NaNO3), hydrogen peroxide (H,0,), and ascorbic acid (AA) were
purchased from Sigma (Germany). Phosphate buffer solutions
were prepared using NaH,PO, and Na,HPO,. Also, a stock
solution of APX (200 ug mL ") was prepared by dissolving APX in
the buffer solution (50 mM, pH = 6.0). Also, efficiently oxidized
graphene oxide (EEGO) aerogel microparticles and BFO nano-
particles were dispersed in water through sonication. Triple
deionized water was utilized for the preparation of any solution.
Plasma samples were provided by the Iranian Blood Transfusion
Organization (Tabriz, Iran).

2.2. Apparatus and measurements

All electrochemical measurements were recorded using an
AUTOLAB electrochemical system equipped with a three-
electrode system of reference (Ag/AgCl electrode), working
(GCE, d = 2 mm, Azar Electrode Company (Urmia, Iran)), and
counter (platinum electrode) electrodes. A field emission scan-
ning electron microscope (FESEM, FEG-SEM MIRA3 TESCAN
(Brno, Czech Republic)) was used to show the morphology of the
materials. Fourier transform infrared (FTIR, Bruker model
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Scheme 1 Schematic representation of the sensor fabrication and detection of APX using the electrochemical method.
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instrument (Billerica, Massachusetts, US)) was utilized to
characterize the functional groups.

2.3. Synthesis

2.3.1. Synthesis of GO. About 3 g KMnO, was added to
a mixture of H,SO, (23 mL, 98%) and P,05 (1 ) and stirred for
at least 3 min. Then, 1 g of graphite (200 mesh) and 0.5 g of
NaNO; were added to the mixture and agitated for 15 min. The
mixture was heated at 35 °C under stirring conditions for at
least 1 h. The temperature of the reaction was controlled by the
addition of water in different steps. Afterward, the temperature
of the mixture was raised to 85 °C and held for 15 min. After
cooling to ambient temperature, H,O, (30%) was added to extra
oxidize the GO and convert it to EEGO microparticles. Finally,
the as-produced EEGO was washed with HCl and deionized
water to remove unreacted or excess substances. EEGO was
dried in an oven at 60 °C and stored at room temperature.®**¢

2.3.2. Synthesis of EEGO-AGs. Briefly, 0.2 g of EEGO and
0.6 g of AA were added to about 50 mL of deionized water and
sonicated for about 30 min to produce a homogeneous disper-
sion of EEGO. Then, it was heated up to 40 °C and kept for at
least 20 h to produce a hydrogel. Next, the prepared graphene
hydrogel was frozen and dried to get EEGO-AGs. Then, many
holes were prepared on the produced AGs. Next, 25 mL of EEGO
and AA with a 1: 3 ratio was supplemented into the holes and
pores and then kept at 40 °C for another 20 h to create the
second stage of EEGO gelation. Finally, the as-prepared EEGO-
AGs were collected by the freeze-drying technique.’”

2.3.3. Synthesis of BFO nanoparticles. About 1.21 g of
Bi(NO3); 5H,0 and 2.02 g of Fe(NO3); 9H,0 (1:2 molar ratio)
were added into 7.5 mL of HNO; (2.0 M) solution. To deposit
Bi*" and Fe*" ions, about 25 mL of KOH (2.0 M) was supple-
mented to the solution dropwise. The brown solid was collected
using a centrifuge (10.000 rpm, 10 min) and washed with
deionized water three times. Afterward, 20 mL of NaOH (12 M)
was added to the solid and stirred for about 1 h. The dispersed
mixture was moved into a 50 mL Teflon liner autoclave and kept
at 180 °C for 24 h. After finishing the hydrothermal treatment,
the mixture was cooled down to room temperature. Finally, the
brown precipitate was centrifuged and washed several times
with water and ethanol and dried at a temperature of 80 °C for
about 4 h.*®

2.4. Sensor fabrication

2.4.1. Electrode cleaning. Firstly, the GCE was polished with
high-meshed alumina powder, followed by washing with water
and putting it into acetone for about 5 min and then washing
with deionized water. Then, the electrode was placed in the
mixture of H,SO, (0.05 M) and HNO; (0.050 M) for about 5 min
and then washed with deionized water. Next, the electrode was
inserted in H,SO, (0.1 M) and CV was run for 25 cycles at the
potential between —1.2 and 1.2 V to achieve repetitive CVs.

2.4.2. Electrodeposition of EEGO-AGs. Firstly, the GCE was
immersed in an EEGO-AG (500 mg L™ ") solution. Then, the CV
technique was employed in the potential range from —1.5 to
0.5 V against the Ag/AgCl reference electrode with a total cycle
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and scan rate of 10 and 100 mV s, respectively. During this
step, EEGO-AG particles are attached to the surface of the GCE.
Fig. 1 exhibits the consecutive CVs of the electrodeposition of
EEGO-AGs on the surface of a GCE.

2.4.3. Electrodeposition of BFO on the surface of EEGO-
AGs/GCE. EEGO-AGs/GCE was immersed in BFO dispersion
with a concentration of 500 mg L™'. Then, the CV technique
was utilized to electrodeposit BFO nanoparticles on the
EEGO-AG/GCE surface in the potential range from —1.5 to
1.5 Vat a scan rate of 100 mV s~ for 10 cycles. Fig. 2 shows the
electrodeposition process of BFO on the surface of EEGO-AGs/
GCE (Scheme 1).
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Fig.1 The consecutive CVs of the electrodeposition of EEGO-AGs on
the surface of a GCE (N = 10 cycles, scan rate = 100 mV s, PBS =
50 mM, pH = 7.0).
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Fig.2 The electrodeposition process of BFO NPs on the surface of the
EEGO-AG-modified GCE (N = 10 cycles, scan rate 100 mV s, PBS
50 mM, pH 7.0).
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3. Results and discussion

3.1. Surface modification of the GCE with EEGO-AGs and
BFO and characterization of nanoparticles

The EEGO-AG particles were electrodeposited onto the GCE
through CV as explained in Section 2.4.2 and presented in
Fig. 1. The increment of anodic peak current indicates the
attachment of the EEGO-AGs and a growth in the amount of
EEGO-AGs upon increasing the number of cycles. The surface of
the electrodeposited EEGO-AG GCE electrode is irreversible and
stable in the buffer solution. Upon electrodeposition of EEGO-
AGs, the enhanced characteristic oxidation peak current at
—0.5 V indicates efficient attachment of EEGO-AGs. The
enhanced anodic peak current results from the further attach-
ment of EEGO-AGs on the surface of the GCE. After 10-cycle
scanning, the anodic peak remained constant, revealing the
maximum attachment of GO on the electrode surface. The
electrodeposited EEGO-AGs onto the GCE not only improve the
electrocatalytic behavior but also enhance the active surface
area for grafting BFO nanoparticles.

Upon modification of EEGO-AGs/GCE with BFO nano-
particles, the current of the BFO/EEGO-AG/GCE probe was
further increased, which is mainly related to the electrocatalytic
activity and high surface-to-volume ratio of BFO NPs (Fig. 2).
Electrodeposition of BFO can regulate the electroanalytical
properties of the EEGO-AGs/GCE by altering the morphology
and available cavities. The anodic peak current is increased with
increasing the cycle numbers and attachment of more BFO NPs
onto the surface of the GCE, approving the improvement of
electrocatalytic properties of the electrode. The optimum
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condition, i.e., high anodic current is observed after 10 cycles,
suggesting the lowest number of electrodeposition CVs for
functionalization with BFO NPs.

The surface morphology of the BFO/EEGO-AG/GCE layer was
investigated using FESEM. Fig. 3a reveals that that BFO/EEGO-
AG is uniformly electrodeposited onto the GCE surface and
displays rough and wrinkled-like sheets arisen by the GO
structure. Indeed, this morphology of the deposited layer can
facilitate the target analyte diffusion from the supporting elec-
trolyte to the sensing layer near the surface of the GCE.
Furthermore, the well-combined and well-dispersed BFO NPs
with EEGO AGs may provide an enhanced surface area as
a favourable substrate for the fabrication of highly sensitive
electrochemical sensors.

Fig. 3b and ¢ shows the FESEM images of the BFO NPs and
EEGO AGs, respectively. Compared with the characteristic
sheet-like morphology of EEGO, the BFO NPs exhibit a consid-
erably diverse morphology. After electrodeposition of BFO NPs,
the thin wrinkled EEGO sheets were totally covered by a layer of
BFO NPs, which comprises different cavities to allow APX
molecules to electrochemically react on the surface of the
modified electrode.

Fig. S1a and b} shows the FTIR spectra of the EEGO AGs and
Bi,Fe, Oy particles, respectively. The GO has two chief absorp-
tion spectra at 1730 cm ™" and 1055 cm " corresponding to the
C=0 and C-O, respectively.** The hydrogen bond may be the
main interaction to create the aerogel structure, which could be
affected by the C=0 and C-O position at the long wavenumber
region (near 1740 cm™').* The absorption peak spectra at
around 1420 cm™ " and 1610-1630 cm™ ' range are attributed to

AN SEMMAG:200kx | Dot:inBesm |||
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Fig. 3 SEM images of (a) surface of the BFO/EEGO-AG-modified GCE electrode, (b) BFO NPs, and (c) GO AGs on various scales.
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the asymmetric carboxylic stretching vibration and the
stretching vibration of C=C, respectively. The hydroxyl and
carboxyl functional groups increase the integration between
BFO and EEGO particles by a wide range of interactions.**

The stretching and bending vibrations of Fe-O are presented
in the range of 400-813 cm™'. BFO NPs have an orthorhombic
structure with two different sites for four iron atoms, ie.,
octahedral and tetrahedral sites. The absorption peaks of
octahedral and tetrahedral sites are present at 440 and
470 cm™" (Fe cations in FeOg), and 523 and 609 (O-Fe-O and
Fe-O-Fe). The absorption peaks at 638 and 840 cm ™' corre-
spond to the stretching vibration of the Fe ions in the FeO,
tetrahedral structure. An absorption peak at 1636 cm ' is
devoted to the O-H stretching vibration of water.*

3.2. Electrochemical characterization of BFO/EEGO-AGs/
GCE

Electrochemical performance of the redox probe was studied
during step-by-step surface modification of the GCE using the
CV technique, which offers important evidence of the BFO/
EEGO-AG/GCE electrode performance in the presence and
absence of APX. Fig. 4 illustrates the CVs of a bare GCE, EEGO-
AGs/GCE, and BFO/EEGO-AGs/GCE in the presence and
absence of APX (5 pug mL™') in the supporting electrolyte
phosphate buffer solution (50 mM, pH = 6.0, 5 mM Fe(CN)s" "~/
Fe(CN)s>7) at the potential between —1.0 and +1.0 V with
a scanning rate of 100 mV s~ .

Upon modification of the surface of the bare GCE with
EEGO-AGs and BFO patrticles, the electrochemical activity of the
electrode is increased. The potential of the Fe(CN)s* /Fe(CN)g>~
redox pair is altered from +0.31 to 0.29 V, approving the surface
modification of the GCE with EEGO-AGs and BFO. The peak
current at 0.29 V is decreased upon the addition of the analyte,
which is a result of blocking of redox pair reduction and
oxidation by APX. The nanoparticles enhance the specific
surface area to facilitate the Fe(CN)g' /Fe(CN)s®~ redox
reaction.
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Fig. 4 (a) CVs of a bare GCE, (b) EEGO-AG modified GCE, and (c)
EEGO-AG/BFO modified GCE in the absence and (d) presence of APX
(20 mg L™Y) (PBS 50 mM, pH 4.0, scan rate 100 mV s %).
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3.3. Effect of pH

The electrochemical performance of the BFO/EEGO-AG/GCE
probe is strongly influenced by the pH value. This effect on
the peak potential and current of the redox pair was studied
using the CV technique. Fig. 5a demonstrates the CVs at the pH
from 2.0 to 10.0. Fig. 5b shows the Ep, vs. pH plots, and the
following equation (eqn (1)) is obtained.

Epy (V) = 0.02171pH + 0.2079, R* = 0.9823 (1)

The obtained slope is 0.02171 V per pH, which is 2.5-fold
lower than the theoretical value of 0.0592 V per pH, suggesting
that in the presence of APX, in the electrochemical activity of the
redox pair, the numbers of electrons and protons are not equal.
Also, DPV results confirmed that the I,, of BFO/EEGO-AGs/GCE
was largely influenced by APX at pH = 4.0. Hence, pH = 4.0 was
selected as the optimum pH value for recognition of APX in
plasma samples.

Current (A)

Potential (V)

0.5
Y = 0.01786*X + 0.2269 (b)
R?=0.9766
0.4
2
o
L
0.3
02 1 1 1 1 1 1 1

3 4 5 6 7 8 9 10 11
pH
Fig.5 (a) CVs of BFO/EEGO-AGs/GCE at consecutive pH values from
2.0 to 10.0, and (b) Epa vs. pH curve for the Fe(CN)s* /Fe(CN)g*~

redox pair (PBS 50 mM, potential range from —1.0 to 1.0 V, scan rate
50 mV s

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Kinetic study

The investigation of the influence of scan rate on the electro-
chemical reaction provides valuable information relating to the
mechanism of mass transport and electron transfer. The mass
transport mechanism in the electrochemical system could be
controlled by adsorption and/or diffusion. Also, the electron
transfer coefficient («) and coverage of specific area (I'*) were
calculated using the effect of scan rate. So, the kinetics of the
BFO/EEGO-AG/GCE probe were evaluated in the presence of
Fe(CN)g* /Fe(CN)s>~ by plotting CVs at various scan rates
ranging from 5 to 1000 mV s~ (Fig. S2at). The oxidation peak of
Fe(CN)s' /Fe(CN)s>~ appeared at the potentials higher than
around +0.29 V at the scan rates between 5 mV s~ and 1000 mV
s ' (Fig. S2at). As seen, upon increasing the scan rate, the peak
current also increased and the diffusion layer thickness
decreased.”

The increase in peak current is proportional to the scan rate
(Fig. S2bt), the determination of the surface area for electron
transfer of the BFO/EEGO-AGs/GCE and the supporting elec-
trolyte. The mathematical form of I, vs. v plot could be ob-
tained as I,, (HA) = 140.4v + 10.19 with R* of 0.9586.

From Fig. S2c,} it is obvious that there is a linear relationship
between anodic peak potential and Inv (V s'), which can
confirm the irreversible nature of electrochemical reactions at
the BFO/EEGO-AGs/GCE. The E, is changed to the positive
potentials by enhancing scan rate. The equation of Ep,, vs. In v is
as follows: Ep, (V) = 0.019651nv (V s™') + 0.3366 with R of
0.9536. The correlation between Ep,, and scan rate is expressed
by the Laviron theory for irreversible electrochemical reactions
as follows:

RT

iy @)

, RT . (RTk°
Ep, =Ej+—1
) 0+oan<omF>

in which F and T denote the Faraday constant (96 493 C mol )
and temperature (K) and R and n describe the gas constant
(8.314 J mol™' K ') and the number of electron transfer,
respectively. E, is the formal potential, which could be calcu-

Epa + Epc

lated as E, = . a and k° describe the coefficient of

electron transfer and the reaction standard rate constant,
respectively.

The mechanism of the redox process on the BFO/EEGO-AGs/
GCE was checked using I, vs. Inv and I,,, vs. »*° (Fig. S2b and
df). The obtained findings proposed that the I,, vs. »*° has
a linear trend with an intercept around zero in low scan rates,
proposing the diffusion-controlled mechanism of the electro-
oxidation process. Also, the diffusion mechanism was further
confirmed by the In(I,,) vs. In(v) plot with a general equation of
In(Z,,) = 0.4494 In v + 4.323 (R? of 0.9977) (Fig. S2et). The slope
of 0.4494 is close to 0.5, proposing the diffusion-controlled
mechanism of the oxidation.

3.5. Analytical features of the developed probe

3.5.1. Linearity and sensitivity. BFO/EEGO AGs were
employed as a versatile electrochemical probe for quantification
of APX concentration in patients’ plasma samples. In this study,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a layer-by-layer electrodeposition approach was used to precip-
itate BFO and EEGO AGs onto the bare GCE. Upon addition of
EEGO AGs, the specific surface area was enhanced due to the
high surface area-to-volume ratio of the composite, increasing
the functionalization sites for the next step of surface modifi-
cation. However, functionalization with EEGOs may result in
low currents, which means reduced sensitivity. To address this
issue, BFO nanoparticles are incorporated, and the metallic
nature of these nanoparticles enhances the signal. The addition
of EEGO AGs to the surface of the GCE not only enhances the
specific surface area accessible to functionalize with BFO NPs
but can provide an antifouling effect, raising the stability of the
fabricated probe.**

The analytical feature of the EEGO AG/BFO modified GCE
probe was determined using a [APX] vs. I, plot and the DPV
technique. Fig. 6a shows the DPV spectra of the EEGO AG/BFO
modified GCE with increasing concentrations of APX in the
plasma matrix. By increasing the APX level in plasma, the
oxidation current of the redox pair is proportionally decreased.
The deceased current displayed a wide linear range from 10 ng
mL ™" to 10 ug mL~" with a low limit of quantification (LLOQ) of
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Fig. 6 (a) DPVs of BFO/EEGO-AGs/GCE in the presence of various

concentrations of APX and (b) corresponding calibration curve in
plasma samples (PBS 50 mM, scan rate 50 mV s~%, pH = 4.0).
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Table 1 Analytical techniques and performance of the developed methods for APX quantification

Technique Dynamic range LOD LOQ Ref.
LC/MS-MS 5-500 pg L 2.0 pg Lt 41pg Lt 48
UPLC-MS/MS 1.0-100 ng mL ™" — — 49
Electrochemical 1.99 uM-0.11 mM 0.68 UM 1.99 uM 50
HPLC-UV — — 8-39 ng mL " 51

HPLC — 1.02 pg mL ™" 3.091 pg mL ™! 52

HPLC — 0.05 g mL " 0.15 pg mL " 53
Spectrofluorometric 0.2-6 ug mL ™" 0.017 g mL ™" 0.057 pg mL ™" 54
LC-MS/MS — 4ngmL™" 12 ng mL "’ 55
Electrochemical 10 ng mL ™" to 10 pg mL ™" LLOQ: 10 ng mL™* Plasma This work

10 ng mL " (Fig. 6b). The fabricated sensor provided a wide-
ranging response and favorable sensitivity, enabling it for use
in the detection of APX in unprocessed human plasma samples.

The analytical features of the developed method were
compared with those of the previously reported method and are
collected in Table 1. It is concluded that the fabricated probe is
able to determine APX concentrations in a wide range, and also
this probe can detect APX in plasma samples without any need
for the pretreatment steps. Usually, separation-based and
optical methods require a protein precipitation step to remove
interfering biomolecules, resulting in the washing out of the
analyte. This type of analytical probe is advantageous in clinical
use, especially when a large number of plasma samples should
be determined in a short period.***

3.6. Method validation

3.6.1. Repeatability, accuracy, and reproducibility. The
intraday and interday precision of the fabricated probe was
determined by selecting three concentrations of APX from the
linear dynamic range. The obtained data points are collected in
Table 2. The probe's precision was calculated as relative standard
deviation (RSD%), calculated by dividing the standard deviation
(SD) by the average and multiplying it by 100. The probe accuracy
was also measured in the selected concentration, expressed as
relative error percentage (RE%). RE% is calculated by multi-
plying the difference between the actual and calculated values by
100 and dividing it by the actual value. The calculated mean
absolute RSD% and RE% confirmed that the probe has accept-
able precision and accuracy, with 9.2% and 10.98%, respectively.
It is noteworthy that the Food and Drug Administration (FDA)
allows RSD% and RE% variations between +15% and —15% for
all concentrations except LLOQs (£20%).

Reproducibility is another form of precision, which refers to
the consistency of measurement results obtained in different
laboratories. Reproducibility is not always necessary for

validating methods in a single laboratory; it can be useful when
standardizing analytical methods or using them across multiple
labs. To test, two concentrations from the dynamic range, i.e.,
1.0 and 2.5 pg mL~' were selected and determined by the
developed approach. The obtained data approved the repro-
ducibility of the probe with 13.1% and 11.8% for 1.0 and 2.5 pg
mL ™", respectively.

3.6.2. Specificity of the probe. Specificity means how
a probe can detect the analyte concentration in the presence of
coexisting agents with high accuracy. The specificity of the BFO/
EEGO AG modified GCE was measured in the presence of some
biologically available agents. The selected agents could be
categorized in three different groups of biomolecules, ions, and
pharmaceuticals (Fig. S31). The probe signal was measured in
the presence and absence of the agents and the interfering
effect was calculated and reported as relative error (RE%). The
obtained interfering test results confirmed the selective func-
tion of the fabricated probe toward the quantification of APX.
Although a protein precipitation-free approach was utilized in
the fabrication and detection process, the obtained specificity
results are favorable. This performance may be produced by the
used materials in the modification of the GCE. There are some
reports that explored the antifouling effect of carbon-based
materials by physical filtering ability.**

3.6.3. Stability tests. There are different stability tests in the
fabrication of a sensing probe including analyte stability, and
probe stability. The stability of the analyte could be checked by
freeze-thaw, bench top, and stock solution stability tests. In the
freeze-thaw stability test, the stability of the analyte during
various freeze-thaw cycles is measured with measuring the
concentration of three levels of APX in plasma samples after
three freeze-thaw cycles. The bench-top stability test measures
the amount of the analyte 6-12 h after leaving the plasma
samples on the bench of the laboratory. Also, stock solution
stability measures the stability of prepared stocks for the

Table 2 Accuracy and precision of the developed BFO/EEGO-AG method for APX detection in unprocessed plasma samples

Nominal concentration Intraday precision

Interday precision

Intraday accuracy Interday accuracy

(ng mL™) (RSD%) (RSD%) (RE%) (RE%)
0.3 9.3 10.0 8.1 13.0
2.5 10.7 11.5 9.2 14.0
5.0 10.9 2.5 —-10.1 -11.5
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Table 3 Stock solution and freeze—thaw stability of the APX

Stock solution Freeze-thaw

Concentration  Mean found  Accuracy Mean found  Accuracy
(ng mL ) (mgmLY)  (RE%)  (agmL")  (RE%)
0.3 0.29 3.3 0.23 10.0

2.5 2.23 10.8 2.26 9.6

Table 4 Determination of APX concentrations in patient plasma
samples

Detected
Sample Age  Prescribed Consumption concentration
No. Sexuality (year) dose (mg) in24h (mg L)
1 Male 76 2.5 4 1.34
2 Male 58 2.5 2 1.11
3 Female 78 5.0 2 0.66
4 Male 81 2.5 2 0.49
5 Female 70 5.0 2 0.11

standard analyte at room temperature and in a refrigerator. All
of the stability test results are expressed in RSD%. Table 3 lists
the obtained stability results, in which the stability of APX is
confirmed.*

The stability of the fabricated BFO/EEGO AG modified GCE
probe was also investigated by plotting CVs at different cycle
numbers. As shown in Fig. S4,f upon increasing the CV
number, the peak current remained constant, proposing
a stable response of the EEGO AG/BFO modified GCE during
various CVs. However, the fabricated device could be utilized for
only one test of real samples.

3.7. Applications of the sensor for detection of APX in
patients’ plasma samples

The BFO/EEGO AG modified GCE probe was employed to
quantify APX levels in patients’' plasma samples. To measure
APX in patients' samples, about 0.25 mL of plasma samples was
added to about 4.75 mL of Fe(CN),* /Fe(CN)s>  solution
(without any protein precipitation). The peak currents were
recorded in the blank and patients’ plasms by the DPV tech-
nique. The calibration curve equation was used to calculate the
APX concentration. The obtained concentrations of APX in
patients’ plasma samples are presented in Table 4.

4. Conclusion

A novel electrochemical sensor was fabricated by layer-by-layer
modification of the surface of a GCE with BFO and EEGO AG
particles. The fabricated probe was used to determine APX in
plasma samples. The signal of the electrode for APX was opti-
mized to provide the highest oxidation current and also the
accuracy and precision of the fabricated method were validated
to assure reliable detection of APX. This probe showed a wide
dynamic range from 10 ng mL ™" to 10 ug mL~ ' with a low limit

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of quantification (LLOQ) of 10 ng mL '. The BFO/EEGO AG
modified GCE probe was employed for direct detection of APX
in plasma samples without any need for pre-concentration and
protein precipitation steps. Hence, the fabricated sensor has
a promising potential for the quantification of trace concen-
trations of APX in unprocessed plasma samples.
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