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Imatinib (IMB), an anticancer drug, is extensively used for chemotherapy to
improve the quality of life of cancer patients. The aim of therapeutic drug
monitoring (TDM) is to guide and evaluate the medicinal therapy, and then
optimize the clinical effect of individual dosing regimens. In this work, a highly
sensitive and selective electrochemical sensor based on glassy carbon electrode
(GCE) modified with acetylene black (AB) and a Cu (Il) metal organic framework
(CuMOF) was developed to measure the concentration of IMB. CuMOF with
preferable adsorbability and AB with excellent electrical conductivity functioned
cooperatively to enhance the analytical determination of IMB. The modified
electrodes were characterized wusing X-rays diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), fourier transform infrared (FT-IR), ultraviolet
and visible spectrophotometry (UV-vis), electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDS), brunauer—emmett—teller (BET) and barrett—joyner—
halenda (BJH) techniques. Analytical parameters such as the ratio of CUMOF to
AB, dropping volumes, pH, scanning rate and accumulation time were investigated
through cyclic voltammetry (CV). Under optimal conditions, the sensor exhibited
an excellent electrocatalytic response for IMB detection, and two linear detection
ranges were obatined of 2.5 nM-1.0 uM and 1.0-6.0 pM with a detection limit (DL)
of 1.7nM (S/N = 3). Finally, the good electroanalytical ability of CUMOF-AB/GCE
sensor facilitated the successful determination of IMB in human serum samples.
Due to its acceptable selectivity, repeatability and long-term stability, this sensor
shows promising application prospects in the detection of IMB in clinical samples.
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1 Introduction

Imatinib (IMB, also known by its trade name of Gleevec/Glivec),
is a type of chemotherapy medication approved by the Food and Drug
Administration (FDA) in 2001 (Diculescu et al., 2009). As a pioneer
tyrosine kinase inhibitor (TKI), it is applied to treat certain types of
cancers such as chronic myelogenous leukemia (CML) and acute
lymphocytic leukemia (ALL), for patients in which the Philadelphia
chromosome is positive (Ph*) (Qu et al., 2019). Moreover, imatinib
also deregulates the tyrosine kinase activity of c-Kit associated with
gastrointestinal stromal tumors (GISTs) (Gajski et al., 2019; Li et al.,
2022). In addition, this orally administered drug is rapidly absorbed
and its absolute bioavailability is generally almost 76% (Peng et al.,
2005; Roosendaal et al., 2020). Thus, it can be mainly metabolized by
the liver CYP3A4 enzyme into N-desmethyl imatinib, which has a
bioactivity similar to that of its parent medicine (Adiwidjaja et al,
2020).

Therapeutic drug monitoring (TDM) refers to the clinical
practice of measuring the drug concentrations in biological fluids
of patients at specified time intervals and controlling their drug
doses in a timely manner to formulate individualized dosing
regimens (Mueller-Schoell et al., 2021). Current evidence from
clinical trials shows that when the measured steady-state

minimum plasma concentrations of IMB were
(Ciningss) =1,000 ng/mL, complete cytogenic response (CcyR) and
major molecular response (MMR) resulted in significant

improvement in CML patients (Miura, 2015). However, a Cpyinss
of IMB >3,000 ng/mL was associated with a higher incidence of
adverse events (AEs) (Guilhot et al., 2012). Hence the effective
therapeutic window of the C,;,, s of imatinib should be maintained
between 1,000 and 3,000 ng/mL to achieve dose optimization in
precise clinical treatment. Remarkably, concentrations of imatinib
and its metabolite in plasma have demonstrated significant
interindividual variation (Farag et al., 2017).

In the past few decades, various analytical techniques have been
developed for IMB determination, such as fluorescence (Yan et al.,
2016), liquid chromatography-tandem mass spectrometry (LC-MS/
MS) (Kralj et al., 2012), high-performance liquid chromatography
(HPLC) (D’Avolio et al., 2012) and capillary electrophoresis (CE)
2003).
chromatography and mass spectrometry have time-consuming

(Rodr1’guez  Flores et al, Among them, liquid

pretreatment processes and require professionals with relevant
knowledge (Chen et al, 2020). Capillary
electrophoresis frequently produces unreliable results with limited

backgrounds

sensitivity (Sdnchez-Lopez et al, 2016), while the drawback of
fluorescence is that it is generally vulnerable to interfering
substances (Zheng et al, 2019). These shortcomings of the
reported approaches have forced researchers to develop rapid
and convenient methods. Determination methods based on
electrochemical sensors have been extensively applied with a
number of advantages, such as timeliness, no complex
preprocessing procedures, real-time detection under in situ
conditions, and highly sensitive and selective analysis of clinical
samples (Feng et al, 2021; Wang et al, 2022). Moreover, the
presence of electrical activity sites on the IMB surface means that
an electrochemical detection method is feasible (Hassan Pour et al.,
2021). Accordingly, it is of great significance to establish a simple,

fast and low-cost IMB electrochemical detection method.
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Metal organic frameworks (MOFs) are a type of porous
(PCPs)
network structures, and are synthesized by combining inorganic

coordination polymers that have multidimensional
metal ions or metal clusters with organic ligands (Xu et al.,, 2010;
Zhou et al., 2015; Yola, 2021). By virtue of their expandable pore
surfaces, multiple coordination sites and outstanding adsorption
capacity, MOFs have recently received significant attention for
application in catalysts, supercapacitors, and drug delivery,
storage and separation (Zhou et al,, 2015; Abbasi et al, 2016;
Kumari et al., 2022). Despite these limitations, the application of
MOFs in the field of electrochemistry still faces some obstacles, such
as poor electrical conductivity and an unstable structure in aqueous
environments (Kumari et al., 2022).

As one of the most extensively applied square-hole MOFs,
CuMOF (Cus(BTC), (BTC = 1,3,5-benzenetricarboxylate), also
known as HKUST-1) is a potential adsorbent with a changeable
large specific surface area, easily adjustable pore size and porous
composition (Jahangiri-Dehaghani et al., 2022; Wachholz Junior
et al,, 2022). Additionally, CuMOFs can be suitable for applications
that require the frequent loading and unloading of guests, and the
activated empty phase of CuMOF has preferable affinity for IMB
through hydrogen bonding (Abbasi et al, 2016). Due to these
properties, CuMOF is a good candidate for IMB determination.

Acetylene black (AB), as a special class of porous carbon black, is
(C,H,) decomposed
exothermically under pressure during oxygen-free conditions

obtained from acetylene which is
(Yang et al, 2014). It is a perfect nonmetallic electrocatalyst due
to its superior electrical conductivity, large specific surface area and
enhanced electronic transfer efficiency (Xu et al., 2010; Feng et al.,
2021).

On the basis of the above analysis, materials with superior
electrical conductivity are generally used to improve the electron
transfer capability of electrode surfaces modified by MOFs. Until
now, combining CuMOF with AB for analytical application has
rarely been reported. In this regard, a novel, efficient and lower LOD
sensor was fabricated based on properties of AB and CuMOF
structures due to excellent sensitivity, high selectivity and
outstanding adsorptivity, for the electrochemical analysis of IMB
in the present research (as shown in Scheme 1). In addition, the
nano-materials were characterized by XRD, XPS, FT-IR, UV-vis,
SEM, EDS, BET, and EIS methods. The synthesized materials were
used to modify the surface of GCEs and successfully applied for IMB
concentration detection in real serum samples.

2 Experimental section
Materials and reagents, equipment, electrode preparation,

optimization of procedure parameters and procedures of the real
samples are described in the Supplementary Material.

3 Result and discussion
3.1 Characterization of the materials

The surface morphology and structure of AB, CuMOF and
CuMOEF-AB were evaluated using scanning electron microscopy
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SCHEME 1
Modification steps of the proposed CuMOF-AB/GCE sensor. CUMOF-AB was cast on the surface of GCE. An electrochemical workstation consisting
of a saturated calomel electrode, platinum (Pt) pillar electrode and modified GCE, was applied for the enhanced detection of IMB in human serum

samples.
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FIGURE 1

SEM images of AB (A), CUMOF (B) and CuMOF-AB (C). SEM mapping images of CUMOF-AB (D).
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FIGURE 2

XRD (A) crystallography of the CuMOF and CuMOF-AB composites. XPS (B) and FT-IR (C) spectra of CUMOF. UV-visible spectroscopy (D) of AB,
CuMOF and CuMOF-AB. Nitrogen adsorption—desorption isotherms (E) and pore diameter distribution (F) of CUMOF and CuMOF-AB.

(SEM) with a 20 kV accelerating voltage. As shown in Figure 1A, the
particles of AB were spherical with an average diameter of 50 nm
and had homogeneous surfaces with irregular polishing grooves;
Figure 1B shows that the CuMOF crystals were octahedral in shape
with distinct edges and sharp corners, and the various surface pore
sizes enhanced the adsorption capacity. The SEM image shown in
Figure 1C displays the morphology of the AB and CuMOF
composites, and it was obvious that both materials were
interpenetrated. In addition, in the SEM mapping image of
CuMOF-AB (Figure 1D), carbon, oxygen and copper were found
to be uniformly distributed throughout the nanocomposites.
According to the energy dispersive spectroscopy (EDS) spectra of
CuMOF (Supplementary Figure S1A), the C, O and Cu contents
were 60.55%, 18.11% and 21.34%, respectively. However, from the
results of the

Supplementary Figure S1B, the C content (83.10%) was obviously

CuMOF-AB nanocomposite presented in
higher than the Cu and O contents, indicating the existence of AB.

The XRD patterns of CuMOF and CuMOF-AB composites had
been provided in Figure 2A. CuMOF showed distinctive diffraction
sharp peaks at 20 of about 9.4°, 11.6°, 13.4°, 14.9°, 16.4", 17.4" and
19.0° (Li et al., 2018; Rezvani Jalal et al., 2020), and the high peak
intensities also could be readily confirmed the high crystalline
structure of MOF. According to the previous literature, acetylene
black only had a broad peak at 25° due to its amorphous structure
(Sun et al, 2015), so the width of the diffraction peaks at 25°
increased obviously in the composites.

XPS analysis was used to determine the chemical and electronic
states. It could be demonstrated from the spectrum (Figure 2B) that
the Cu, C and O elements coexist in CuUMOF-AB. The characteristic

Frontiers in Chemistry 04

peaks of C 1s and O 1s located at the binding energies of about
285 and 532 eV, respectively. In Cu 2p regions, Cu 2p;,, peak at
935.1 eV and its shakeup satellites were associated with Cu (II). The
peak appearing at 955.1 eV with a satellite at 963.1 eV were assigned
to Cu 2py;, (Quan et al,, 2021; Zhang et al., 2023).

Confirmation of the synthesis of CuMOF were fairly supported
by the outcomes of FT-IR. Figure 2C showed the broad peak around
3393.24 cm ' region were apparent which was assigned to OH bands
vibration of intercalated water. The absorption peaks at 1,617, 1,555,
and 1,373 cm™' could be assigned to the characteristic vibrations of
C=0, and the band at about 1,443 cm™! was ascribed to the C=C
stretching in the aromatic structure (Wang et al., 2013). In addition,
the absorption bands at 950-600 cm ™' were owing to C-H bending
of benzene ring (Abbasi et al., 2017).

CuMOF related characteristic absorbance peak was at about
258 nm in the ultraviolet-visible (UV-vis) patterns (Gao et al., 2023).
And introduction of AB made the new absorption peak exhibited a
positive shift from 258 to 284 nm, indicating that CuMOF-AB
nanocomposites had successfully formed (Figure 2D).

The adsorption-desorption isotherms of CuMOF and CuMOF-
AB are shown in Figure 2E, which conformed to a Type I isotherm
according to the TUPAC classification, indicating the existence of
mesopores. The dramatic uptake at extremely low P/P, was due to
the enhanced adsorptive interactions under narrow micropore
conditions causing micropore filling (Thommes et al, 2015).
Figure 2E shows that the BET specific surface areas of CuMOF
and CuMOF-AB were 448.993 and 228.443 m*/g, and the pore
volumes were 0.68 and 0.50 cc/g, respectively. The BJH technique
was used to investigate the average pore diameters of CuMOF and
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FIGURE 3

(A) Nyquist curves of bare GCE, CuMOF/GCE, AB/GCE and CuMOF-AB/GCE in 0.1 M KCl containing 5 mM KsFe [(CN)g] and K4Fe [(CN)gl solution.
The spectra were acquired at 50 mV ac amplitude in the frequency range from 100 kHz to 0.01 Hz (B) CVs of the bare GCE, CuMOF/GCE, AB/GCE and
CuMOEF-AB/GCE in 0.5 uM IMB solution (pH = 7) at a scanning rate of 100 mV/s.

CuMOE-AB, which were found to be 30.257 nm and 3.410 nm,
respectively, by the adsorption method (Figure 2F). These results are
summarized in Supplementary Table S1. Due to the incorporation of
AB, it was clear that compared with CuMOF, the pore size of
CuMOEF-AB composites changed significantly, indicating that
CuMOEF-AB nanocomposites were successfully prepared.

3.2 Electrochemical characterization of the
modified electrodes

The electroactive surface areas of the bare GCE, AB/GCE and
CuMOF-AB/GCE modified electrodes were measured at various
scan rates in solution containing 0.25 mM [Fe(CN)6]*"* and 0.1 M
KCI. Randles-Sevcik equation (Foroughi et al., 2021) was computed
to analyze the efficacy of embedded sensor with bare GCE, AB/GCE
and CuMOF-AB/GCE at 25°C.

Ip = 269000 n**>AD"*Cy"> (1)

Where, Ip is the peak current, n shows the number of electrons
consisted in the process (n = 1), D stands for the diffusion coefficient
(7.6 x 107° cm?/s), A for the electrode surface area (cm?), v for the
scan rate (V/s) and C for the [Fe(CN)6]*>"* concentration (mol/cm?)
(Taherizadeh et al., 2023). As shown in Supplementary Figure S2,
the slopes from the plot of current against scanning rate square root
were used for the calculation of the electroactive surface areas, and A
values were 0.08, 0.11, and 0.14 cm? for the surfaces of bare GCE,
AB/GCE and CuMOF-AB/GCE, respectively. So CuMOF-AB could
be reinforced during electroanalysis because of an impressive
elevation in its electroactive surface area.

EIS, as a powerful characterization technique, is used to measure
the impedance of analyzed samples in the appropriate frequency
range by applying a sinusoidal voltage or current. Moreover, the
actually measured Nyquist spectra are always fitted with equivalent
electrical circuits, which are regarded as electrical fingerprints, to
evaluate electrochemical properties and behaviors. The high-
frequency part of the Nyquist plot indicates charge transfer
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resistance (R.), which is represented by the diameter of the
semicircle. In contrast, in the low-frequency region, the straight
lines correspond to ion diffusion in redox reactions. In addition, the
change in R value is determined by the characteristics of the
modifiers and modification reaction on the surface (Singh et al,,
2023).

The EIS equivalent circuit model of the four different electrodes
is shown in Figure 3A (insets), where R, and W are the electrical
resistance of the electrolyte and the Warburg impedance,
respectively. To improve accuracy, a constant phase element
(CPE) is used to model Cg, which represents the capacitance of
a double layer at the electrode and electrolyte (Grossi and Ricco,
2017). In addition, the Nyquist plot (Figure 3A) of the bare GCE
showed a relatively large semicircle with an R, of 600 Q. After the
modification of the GCE with AB, the value of R decreased to 66 Q,
which confirmed that the electron-transfer property of AB/GCE
improved. For CuMOF/GCE, both the diameter and R, (6,456 Q)
increased, which demonstrated that the presence of CuMOF
hindered electron transfer on the electrode surface, which might
have occurred because the CuMOF framework is intrinsically
insensitive to electrocatalysis. Compared with the bare GCE and
CuMOF/GCE, CuMOF incorporated with AB exhibited additional
decreases in Ry (370 Q). Consequently, it was inferred that AB
compensated for the poor conductivity of the CuMOF and notably
facilitated fast electron transfer between the [Fe(CN)¢]*>* solution
and the modified GCE surface.

3.3 Electrochemical behavior of IMB on GCE

To investigate the electrochemical behavior of IMB (3 uM) on
different modified electrodes, CV was used to record oxidation
currents and potentials in 0.1 M PBS (pH = 7). As shown in
Figure 3B, oxidation peaks were observed at approximately
+0.82V in the positive potential scanning, but the corresponding
peaks of reduction were not observed in the reverse scanning. This
phenomenon proved that the IMB reaction on all the above
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modified electrodes was not reversible. The current response of the
bare GCE was barely noticeable, revealing that the electron transfer
process was extremely slow on the GCE only. In contrast, for the AB-
modified electrode and CuMOF-modified electrode, the signals of
IMB oxidation were slightly higher than those of the bare electrode.
The oxidation peak current of CuMOF-AB/GCE was the largest,
indicating that the fabricated CuUMOF-AB composite film had better
electroanalytical performance. A possible reason for this was the
excellent conductivity of AB and the high catalytic and adsorption
ability of porous CuMOF, in which the interior pores had Lewis acid
coordination copper sites that were readily accessible for catalytic
conversions (Schlichte et al., 2004). The adsorption of IMB by
CuMOF might be dominated by hydrogen bonding to secondary
building units (SBUs) and subsequently to other IMB molecules
(Abbasi et al., 2016). These observations elucidated that IMB on
CuMOEF-AB/GCE exhibited the best electrochemical behavior.

3.4 Optimization of the analytical
parameters

To ensure optimal sensing performance, the mass ratio of
CuMOF to AB, drop volume of CuMOF-AB on the GCE and
accumulation time were studied. While holding other conditions
equal, the oxidation peak current gradually increased when
increasing the mass ratio from 0:1 to 1.5:1 and then started to
decrease as the mass ratio continued to increase (Supplementary
Figure S3). A possible explanation for this was that the binding force
of hydrogen bonds between the MOFs and IMB was weak due to the
lack of CuMOF at low ratios, but at high ratios, the modified
electrodes had poor conductivity and impeded electron transfer
on the GCE surface, which was attributed to the reduction in the
relative content of AB. Therefore, 1.5:1 was selected as the best ratio
in this test.

A certain dropping volume of CuMOF-AB was a major and
meaningful factor in the test procedures and had to be
optimized. The CuMOEF-AB volume effect was evaluated
ranging from 4 to 8 pL, and the peak current was monitored.
As shown in Supplementary Figure S4, the signal of the modified
electrode increased up to Veumor.as = 6 pL, and then the
current values tended to be constant. These results indicated
that the electrode surfaces were not fully covered by the prepared
materials when the dropping volume was less than 6 puL, and
then they reached a saturation state. Thus, considering material
consumption and economic cost, 6 pL was selected as the
optimal volume in further analysis. Additionally, the effect of
the accumulation time (t,.) of IMB on the sensor response was
also investigated. As illustrated in Supplementary Figure S5, the
maximum value of the relevant current was procured within
7 min and reached an equilibrium state. IMB adsorption on the
GCE achieved saturation after 7 min, so t,. = 7 was chosen for
subsequent analysis.

As a quadrivalent base, imatinib is pH-sensitive owing to the
presence of an amine and a pyridine group (Qi et al.,, 2016).
Similarly, because most organic compounds are susceptibly
influenced by the solution pH value in oxidation reactions,
the oxidation behaviors of 3uM IMB were necessarily
evaluated using the fabricated CuMOF-AB/GCE in 0.1 M PBS
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with the pH ranging from 3.0 to 9.0. As shown in Supplementary
Figures S6 and S4A, the oxidation peak current increased from
pH 3.0 to a maximum at pH 7.0 and then markedly decreased
with further increases in pH; hence, this pH value was selected
as the most appropriate pH. Due to the pK, of IMB (pK,, = 2.5,
pKaz =4.0 and pK,5 = 8.2) (Mioduszewska et al., 2017), this drug
was positively charged in solution at pH 7.0 and negatively
charged at pH > 8.2. Moreover, because the surfaces of the
CuMOF adsorbent were negatively charged when pH > 4 (Azhar
etal., 2016), the maximum current was obtained (pH = 7) due to
the electrostatic attraction of different charges. It should also be
noted that the oxidation peak potentials shifted to more
negative potentials as the pH increased, indicating H*
participation in the oxidation process of IMB. Furthermore,
Rodriguez (Rodriguez et al., 2018) found that the loss of the two
protons from piperazine rings occurred at pK, values equal to
approximately 4.0 and 8.0; hence, the IMB carried two positive
charges when pH values were less than 4.0 and had only one
positive charge until the pH was up to 8.0. As shown in
Supplementary Figure S6, two distinct peaks were observed
from pH 3 to 5, and one peak was observed at higher
pH values. Moreover, the pH values were linearly correlated
with Ep in the range of 3-8, and the linear equation was
determined as Ep = —0.024 pH + 0.717 with R* = 0.993. The
calculated slope was —0.024 (24 mV/pH), which was almost half
of the theoretical Nernstian value (59 mV/pH) (Walczak et al.,
1997), indicating that two electrons and one proton were
involved in the IMB electro-oxidation process. These results
were in accordance with those previously reported in the
literature (Rodriguez et al., 2018; Rezvani Jalal et al., 2020;
Hassan Pour et al., 2021). In addition, the line of Ep vs.
pH was broken at approximately pH 8, which was almost
coincident with the pK,3 value of IMB.

3.5 Electrochemical mechanism of IMB on
the CuMOF-AB/GCE

To determine the mechanism of the electrochemical process of
CuMOF-AB/GCE, the CV of CuMOF-AB/GCE was collected while
varying the scanning rate from 40 to 140 mV/s, as shown in
Supplementary Figure S7. Under the optimized conditions, the
peak current (Ip) and potential (Ep) progressively moved to
positive values as the scanning rate (v) increased. As shown in
Figure 4C, the peak current exhibited a great linear relationship with
the scanning rates, and the corresponding regression equation was
determined to be I (uA) = 0.886v +32.124 (R* = 0.996), indicating an
adsorption-controlled process of IMB transport on the electrode
surface (Rodriguez et al, 2018). Additionally, the linearity
(Figure 4D) between Ep and In v confirmed the intrinsic
IMB processes and
conformed to Laviron’s equation (Laviron, 1979), which is

irreversibility of the electrochemical

expressed as follows:

Ep= E°+[RT/ (1 - o) nF] In [RTk,/ (1 — &) nF] + [RT/ (1 - a) nF]Inv
(2)

where E° is the standard redox potential, R is the molecular gas constant
(8314 J mol™ k™), T'is the Kelvin temperature [T (298.15 K) = 273.15 +
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FIGURE 4

(A) Plots of the oxidation peak current vs. pH values from 3.0 to 9.0 at 100 mV/s. (B) Potential diagram of different pH values in the presence of 3 pM
IMB in PBS solution. (C) Corresponding plot of current vs. scanning rate (40-140 mV/s) in the presence of 3 uM IMB in PBS solution. (D) Linear relationship
between Ep and logarithm of scanning rate.
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Possible reaction mechanism for IMB on the modified electrode.
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FIGURE 5
(A) Cyclic voltammograms and (B) calibration curves of CuMOF-AB/GCE at various concentrations (0.0025-6 pM) during IMB determination in PBS
solution (pH = 7). (C) CV response of the five parallel electrodes to 3 uM IMB. (D) Stability of the fabricated sensors during a 7-day storage period.

TABLE 1 Comparison of various electrochemical sensor performances for IMB determination.

Sensors Method Linear range (uM)
HMDE SWV 0.019-1.9 5.6 Chen et al. (2014)
BDDE DPV and CV 0.03-0.25 6.3 Brycht et al. (2016)
MWCNTSs/SPCE SWV and DPV 0.05-0.912 7.0 Rodriguez et al. (2018)
NiO-ZnO/MWCNT/GCE DPV 0.015-2.0 24 Qian et al. (2021)
CuMOF-AB/GCE CV and EIS 0.0025-6.0 1.7 This work

HMDE: hanging mercury drop electrode; BDDE: boron-doped diamond electrode; MWCNTSs: multiwall carbon nanotubes; SPCE: screen-printed electrode; DPV: differential pulse
voltammetry; SWV: square-wave voltammetry.

TABLE 2 Investigation of sensor applicability for IMB detection by standard addition method.

Sample Added (uM) CV method found (uM) Recovery (%) RSD (%) (n = 3)
1 0.5 0.5103 102.04 9.431
1.0 0.9626 96.26 6.789
2.0 1.9441 97.20 1.044
2 0.5 0.4654 93.49 4.312
1.0 1.0601 106.01 2.107
2.0 2.0169 100.85 2.305
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25°C], F is the Faraday constant (96485.333 C mol™), n is the number of
interchanged electrons, k is the rate constant of the electrochemical
reaction, « is the charge-transfer coefficient, and v is the various scanning
rates. According to the slope (0.027) of Ep vs. In v, the value of (1-«) n was
calculated to be equal to 0.94. Moreover, & was usually identified as
0.5 during the irreversible redox reaction; therefore, two electrons were
involved in the oxidation of IMB on the surface of CuMOF-AB/GCE.
This suggested conclusively that the electron transfer was consistent with
that in the above PBS solution (pH = 7), so the possible electro-oxidation
mechanism for IMB was proposed as shown in Scheme 2. In this overall
mechanism, the nitrogen atom on the piperazine ring of IMB, as a
pyridine compound molecule, undergoes electro-oxidation, accompanied
by the removal of a proton and two electrons. The process is described as
follows. First, the terminal nitrogen on the piperazine ring is protonated.
Subsequently, another aliphatic nitrogen (i.e., proximal nitrogen) partially
forms a cationic radical after losing a proton and an electron. In the next
step, the piperazine moiety loses the same number of protons and
electrons to convert into a quaternary Schiff base (Hammerich, 2003;
Ozkan et al., 2004; Uslu et al., 2005). Notably, this oxidation mechanism
for IMB is almost consistent with that of the boron-doped diamond
electrode reported by Brycht et al. (Brycht et al,, 2016).

3.6 Analytical characteristics of the modified
electrode

Under the optimal experimental conditions, the analytical
characteristics of the proposed sensor were studied by CV in PBS
(0.1 M, pH = 7) during IMB determination. As shown in Figure 5A,
as the IMB concentrations gradually increased, the intensity of the
response peak current increased simultaneously. Although the
catalytic current was positively proportional to concentration
variations, the slopes of the calibration curve were different in
low- and high-concentration regions. The two corresponding
linear regression equations are shown in Figure 5B: I (nA) =
78.934 Cpyp + 2.745 (R* = 0.998, 2.5 nM-1.0 uM) and I (uA) =
17.597 Cpvp + 63.910 (R* = 0.998, 1.0-6.0 uM), respectively. These
results were attributed to the IMB on the surface of the modified
electrode forming monolayer coverage at low concentrations; in
contrast, multilayers covered the surface at high concentrations. The
limit of detection (LOD) was calculated with the following equation:

3 lan
LOD = 2Zblank 3)
m

where the signal-to-noise ratio is S/N = 3, Opjank is the standard
deviation of the blank and m is the slope value of the calibration
curve; hence, the LOD was calculated as 1.7 nM. Compared with
other already reported sensors for IMB determination (Table 1), the
prepared electrochemical sensor exhibited a wider linear range and a
generally lower LOD. And the electrode used for the sensor
fabrication was GCE that had various advantages such as cost-
effectiveness, admirable modification, facile accessibility and low
background current (Jahani et al., 2022) when comparing with other
electrodes. However, several reported IMB sensors not only gave
higher DLs; but required tedious sample preparation and
complicated process. In addition, the satisfactory sensitivity of
the modified GCE was attributed to the high specific surface area
of CuMOF and the excellent conductivity of AB. Accordingly, as-
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fabricated sensor could be potentially able to determine IMB in
human serums.

To demonstrate the high selectivity of the proposed sensors, a
series of interference tests were performed to evaluate the response
of IMB. In this experiment, the tolerance limit resulted in a relative
oxidation current error of less than 5% for the determination of
3 uM IMB. Several organic and inorganic interferents, such as
anions, cations, vitamins and amino acids, were used to evaluate
the capability of anti-interference. According to the results shown in
Supplementary Table S2, there was a negligible effect of the
mentioned interfering species, indicating these interferences did
not influence the responses of IMB determination. Therefore, the
electrochemical sensor constructed by CuMOF-AB displayed a good
capability of resisting interference and excellent selectivity for IMB
determination.

To verify the precision and practicability of the electrochemical
electrodes, the repeatability and long-term stability of CuMOF-AB/
GCE were investigated. As shown in Figure 5C, five parallel modified
electrodes (P1-P5) were constructed in the same batch and used to
measure known concentrations of IMB by CV in 1 day. The relative
standard deviation (RSD) of the oxidation current was calculated as
2.14%, that the
reproducibility. Additionally, the stability of the suggested sensors

illustrating designed strategy had good
was demonstrated in-sequence by measuring the IMB signals of the
current over a period of a week. The results are shown in Figure 5D.
The maximal change in current was 5.35%, which proved that the
structure of the AB and CuMOF framework had acceptable stability

and a long service life.

3.7 Analytical application in real samples

Real sample analysis is essential to evaluate the practicality of the
developed electrode in determining the analyte with an acceptable
recovery. The applicability and reliability of the fabricated electrodes
were investigated by using them for the determination of IMB in
human blood serum samples. The samples were prepared by the
process described in the Experimental Section. According to
Table 2, the standard recovery rate of IMB in clinical serums
ranged from 93.49% to 106.01% with an RSD between 1.04% and
9.43%. Meanwhile, the accuracy of IMB detection in patient serum
samples was compared with LC-MS. The obtained results were
summarized in Supplementary Table S3 based on an average of
3 measurements (n = 3), suggesting the acceptable precision of the
proposed method. Thus, the fabricated novel sensor can be used as
an effective method for measuring IMB anticancer drugs in real
biological samples.

4 Conclusion

In the present work, a new electrochemical sensor based on a
CuMOF-AB nanocomposite was fabricated for the rapid and
IMB. CuMOF
attachment amount of IMB due to its excellent adsorbability, and

sensitive  determination of increased the
AB enhanced electron transfer on the electrode surface due to its
good conductivity. The effective CuMOF-AB nanocomposite

exhibited improved electrocatalysis for IMB oxidation due to its
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greater conductivity and active catalytic sites. Under optimal
conditions, the prepared sensor exhibited satisfactory selectivity,
repeatability, good stability, a lower DL (1.7 nM) and a wider linear
range (2.5 nM-1.0 uM and 1.0-6.0 pM, respectively). The CuMOF-
AB-based sensor had a wider linear range and lower LOD than those
reported for sensors in previous studies. In summary, a novel
approach with excellent enforceability was developed for the
sensitive and selective monitoring of IMB in biological samples.
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