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ABSTRACT: Imatinib (IMA) is a common chemotherapy drug for the treatment of
leukemia and can potentially lead to drug resistance and toxicity during the course of
treatment. Monitoring IMA concentrations in body fluids is necessary to optimize
therapeutic schedules and avoid overdosage. In this paper, a novel ultrasensitive
electrochemical sensor based on CuMOF and SWCNTs@AuNPs was developed to
determine this antileukemic drug. Herein, AuNPs were supported on carboxylic single-
walled carbon nanotubes (SWCNT-COOH), and then poly(diallyldimethylammonium
chloride) (PDDA) was used as a dispersant to overcome the internal van der Waals
interactions among the CNTs, further increasing the AuNP loading. Moreover, the
morphology, structure, composition, and electrochemical properties of the CuMOEF-
SWCNTs@AuNPs composite film were characterized using SEM, TEM, FT-IR, UV—vis,
XRD, XPS, CV, and EIS. Due to the advantage of the superior electrocatalytic and
conductive properties of SWCNTs@AuNPs and their preferable adsorptivity and affinity
to IMA of CuMOF, the fabricated glassy carbon electrode significantly improved the
determination performance via their synergetic amplified effect. Under optimal conditions, a wide linear response was exhibited in
the range from 0.05 to 20.0 M and the low detection limit of 5.2 nM. In addition, our prepared sensor has been applied to the
analysis of IMA in blood serum samples with acceptable results. Therefore, our CUMOF-SWCNTs@AuNPs-based electrochemical
sensor possessed prominent sensing responses for IMA, which could be used as a prospective approach in clinical application.
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1. INTRODUCTION

Imatinib (IMA, Gleevec) is a category of dihydrophenylami-
nopyrimidine derivative that targets BCR-ABL kinase. As a
tyrosine kinase inhibitor (TKI), this drug is widely applied to

efficiency, usage convenience, and high sensitivity'"'> have
attracted growing attention in pharmaceutical analysis;'>"*
these methods provide a fast and relatively inexpensive
analytical platform for therapeutic drug monitoring (TDM)

treat chronic myelogenous leukemia (CML), as well as
gastrointestinal stromal tumors (GISTs), owing to its
inhibitory effect on the c-Kit receptor.”” In clinical
applications, various drug reactions and survival rates of
patients have been confirmed to be associated with different
IMA concentrations in plasma.’~> Moreover, IMA frequently
induces large interindividual but low intraindividual pharma-
cokinetic variability in clinical drug usage.® Thus, according to
these situations, the detection of the concentrations of IMA
needs an extremely sensitive method to assess the risk of
chemotherapy patients aiming to obtain a good curative effect.

To date, different analytical technologies for IMA detection,
including high-performance liquid chromatography (HPLC),”
ultraviolet spectroscopy,® surface-enhanced Raman spectros-
copy (SERS),” and fluorescence sensors,'” have been used.
However, most of these methods are not suitable for large-
scale applications due to their toxic solvents, time-consuming
nature, or high implementation costs. Conversely, electro-
chemical sensors with advantages in terms of detection
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in real biological samples.

Metal—organic frameworks (MOFs), as three-dimensional
orderly coordination polymers, are self-assembled by inorganic
metal clusters and/or ion nodes and organic ligand bridges. In
view of their advantages, such as the larger specific surface area,
tunable porosity, and abundant active sites, MOFs are
perceived as desirable nanomaterials in the fields of adsorption,
drug delivery, and energy storage.'”'® As a classic square-hole
MOF, CuMOF [Cu;(BTC),, HKUST-1] possesses prominent
adsorption and catalysis capability, and its activated empty
phase has satisfactory affinity for IMA via hydrogen bonds.'”"*
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Scheme 1. Schematic of a Simple Electrochemical Sensor Based on CuMOF-SWCNTs@AuNPs for Detecting IMA in Human
Blood Serum
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Figure 1. SEM images of CuMOF (A) and SWCNT-COOH (B). TEM image of SWCNTs@AuNPs (C) (inset shows high magnification). SEM
(D) and EDS mapping (E,F) images of CuMOF-SWCNTs@AuNPs.

However, most MOFs have inherently poor ionic conductivity In recent studies, various types of nanomaterials, such as
and stability in aqueous media, limiting the progression of carbon nanotubes (CNTs) and metallic material-based
electrochemical catalysis. To address this problem, a viable composites, have been increasingly used in sensors.'” '
approach that merges MOF materials with excellent con- CNTs have been regarded as promising materials for
ductive materials has been developed. applications in the electrochemistry field owing to their large
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Figure 2. FT-IR spectra (A) of SWCNT-COOH (inset shows the spectra with baseline correction), CuMOF, and CuMOF-SWCNTs@AuNPs.
UV—vis spectra (B) and XRD patterns (C) of SWCNT-COOH, CuMOF, and CuMOF-SWCNTs@AuNPs.

graphitic degree and unique channel structure. In particular,
carboxylated single-walled carbon nanotubes (SWCNT-
COOH) are rolled-up single layers of graphite with a high
surface area, desirable electrical conductivity, and preferable
solubility’” and have become good candidates as support
materials to improve electrochemical sensing performance.

Gold nanoparticles (AuNPs) are promising materials for
electrochemical detection due to their strong electrical
conductivity and catalytic properties. In addition, AuNPs
could also be synthesized and conjugated with various
functionalized agents, including polymers, aptamers, and
CNTs. Additionally, AuNPs normally tend to aggregate due
to interparticle interactions with high surface energies and van
der Waals forces, which decrease the catalytic activity.”* Thus,
composite structures based on the synergistic combination of
carbon materials and AuNPs have been widely studied as
alternative systems for the determination of sulfite,"’
hydrazine,”* dicapthon pesticide,”® and glucose.”® Although
CNT@AuNP nanostructures exhibit superior electroactivity,
their insufficient ability to adsorb drugs leads to a decrease in
their detection sensitivity.

To the best of our knowledge, the utilization of a CuMOF-
based method for IMA determination has rarely been reported.
Herein, positively charged poly(diallyldimethylammonium
chloride) (PDDA) was used as a cross-linking agent to
overcome the inherent van der Waals forces among pristine
SWCNTs and further increase the loading ability of AuNPs.
Moreover, CuMOF in this assay had several advantages, such
as regular shape, facile modification, and simple synthesis
procedure. An innovative and convenient strategy was
developed (as shown in Scheme 1) by fabricating a sensor
consisting of a combination of CuMOF with SWCNTs@
AuNPs. Based on the unique, distinctive, and complementary
properties of both modified materials at the electrode, they
were used to enhance the figure of merits of the sensor, which
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widened the electrochemical applications of MOFs and
expanded the quantifiable determination approaches of
antineoplastic drugs. All results indicated that the designed
method was successfully prepared for IMA detection.

2. EXPERIMENTAL SECTION

Chemicals, reagents, and apparatus; synthesis of CuMOF,
SWCNT-PDDA, and SWCNTs@AuNPs; fabrication of
CuMOF-SWCNTs@AuNPs/GCE; processing procedures;
and detection of the IMA sample are provided in the
Supporting Information in detail.

3. RESULTS AND DISCUSSION
3.1. Characterization of CUMOF-SWCNTs@AuNPs. To

enhance the performance of the electrochemical sensor,
CuMOF and SWCNTs@AuNPs nanohybrids showing high
adsorptivity and conductivity were chosen as the substrate
materials to modify the GCE. The successful fabrication of
CuMOF and SWCNTs@AuNPs nanohybrids was initially
determined via SEM and TEM. As indicated in Figure 1A, the
dispersed CuMOF crystals had a well-defined octahedral
geometry with regular edges and a relatively uniform particle
size. In Figure 1B, long and classical striplike SWCNT's formed
a homogeneous hybridized material, coexisting with some
wrapped structure. The TEM image (Figure 1C) shows that
the SWCNT supports were decorated by spherical gold
nanostructures with relatively uniform sizes. These results were
potentially ascribed to the interaction of different charges
between the PDDA-capped SWCNTs and AuNPs. From
Figure 1D, the SWCNTs@AuNPs were heterogeneously
dispersed over the cubic layered surface of the CuMOF
framework, which could be caused by weak 7—7 stacking at the
interface, following a parallel arrangement. Finally, SEM—EDS
mapping images (Figure 1E) and energy-dispersive X-ray
(EDX) analysis (Figure 1F) confirmed that hybrid crystals of

https://doi.org/10.1021/acsomega.3c08002
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Figure 3. Full-scale XPS spectra (A) of CuMOF-SWCNTs@AuNPs. High-resolution XPS spectra of C 1s (B), O 1s (C), Au 4f (D), and Cu 2p

(E).

CuMOF-SWCNTs@AuNPs consisted of the main corre-
sponding elements (C, O, Cu, and Au).

Fourier transform infrared spectrometry (FT-IR) was used
to illustrate the surface molecular structure and chemical
bonds. For pure SWCNT-COOH (Figure 2A and inset), the
bands at 1658 and 1695 cm™" were attributed to C=C and
C=0 stretching from the inherent structure. In addition, the
C—H and O—H peaks were shown at 2920 and 3500 cm ™},
respectively,”””® and the introduction of carboxyl groups
(—COOH) could improve the hydrophilicity and stability of
the SWCNTs in the aqueous media. In the spectrum of
CuMOF, the absorption peaks at 1446.5 and 729.1 cm™" were
assigned to the C=C and C—H bending vibration modes of
the benzene rings. Moreover, the peaks at approximately
1368.2, 1588.7, and 1638.7 cm™" were related to the in-plane
bonding of C=O0 bonds." Additionally, the broad peak at
3409.8 cm™ corresponded to the O—H stretching vibrations
mode of the intercalated water, and the peak at approximately
488.7 cm™' belonged to the stretching of Cu—0.”"°
Comparatively speaking, the peaks of CuMOF and CuMOF-
SWCNTs@AuNPs were nearly identical. This result poten-
tially occurred because the existence of similar types of groups
led to overlapping peaks or the absorption peaks were too
weak to appear among the complex due to their low amount of
attached loading.

The UV—vis spectra of SWCNT-COOH (curve a), CuMOF
(curve b), and CuMOF-SWCNTs@AuNPs (curve c) hybrid
are shown in Figure 2B. SWCNT-COOH exhibited high
absorption over a wide wavelength range (250—850 nm). The
broad peak at around 255 nm was related to the characteristic
peak of CuMOF, which is displayed in curve (b).”' For
comparison, as shown in the UV—vis spectra of curve (c),
CuMOF-SWCNTs@AuNPs produced a stronger absorption
peak near 255 nm with the addition of SWCNTs@AuNDPs.
Moreover, according to the AuNP-related characteristic
absorbance peak at 540 nm (Figure 2B inset), it could be
reasonably deduced that the hybrid structure of the CuMOF-
SWCNTs@AuNPs was fabricated.
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The crystalline structures and crystallinity of the composite
materials were confirmed by XRD spectroscopy (Figure 2C).
The XRD of SWCNT-COOH presented intense peaks at 26 =
26.2° and 42.4° marked with diamond, corresponding to the
(002) and (101) crystal planes of SWCNTs.”” In the XRD
pattern of CuMOF, the distinct diffraction peaks marked with
circles at 20 = 11.8°, 13.6°, 17.6°, 19.2°, 24.2°, 26.1°, and 29.5°
corresponded with the (222), (400), (333), (440), (551),
(731), and (751) planes, respectively.”>~*> Nevertheless,
several characteristic peaks marked with asterisks assigned to
Cu(OH), potentially derived from the remaining Cu(OH),
during its synthesis procedure.‘?’6 In addition, the characteristic
peak marked with a square symbol agreed with the (111)
surface of CuO.’>*” The XRD pattern of CuMOF-SWCNTs@
AuNPs effectively matched that of CuMOF, and its back-
ground appeared as a high-intensity peak at approximately 25°,
indicating the coexistence of the SWCNTs. In addition, the
composite showed two new diffraction peaks at 26 values of
approximately 38.1 and 44.1° marked with triangles that were
attributed to the reflection from the lattice planes of (111) and
(200), which closely matched the standard AuNP peaks.*®

XPS technique was used to investigate the chemical states,
valence state, and coordination mode of CuMOF-SWCNT@
AuNPs. As the full-scale XPS spectrum displayed in Figure 3A,
CuMOF-SWCNTs@AuNPs consisted of C, O, Cu, and Au
elements. C 1s XPS spectra (Figure 3B) of the Cu-based
nanocomposite showed four peaks at 283.8, 284.8, 286.0, and
288.3 eV that corresponded to C=C, C—C, C—0, and C=0
groups, respectively. As shown in Figure 3C, the peak of O 1s
was deconvolved into three peaks allocated at 530.1, 531.6, and
533.3 eV, which should be assigned to Cu—0O, C=O0, and C—
O in sequence. For the high-resolution Au 4f XPS spectra of
(Figure 3D), the binding energies of Au 4f,/, (84.5 eV) and Au
4f;,, (88.1 eV) were basically in agreement with the previous
literature.>’ Furthermore, Cu in the CuMOF was in the mixed
valence state of Cu**, Cu*, and Cu’. In the high-resolution Cu
2p XPS spectrum (Figure 3E), the scale with a mainly core
region at 934.5 and 955.6 eV was sequentially attributed to
Cu®* 2p;), and 2p, ), along with satellite peaks in CuMOF. In
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Figure 4. (A) Cyclic voltammograms and (B) Nyquist spectrum of bare GCE (a), CuMOF/GCE (b), SWCNTs@AuNPs/GCE (c), and CuMOF-
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electrodes in phosphate buffer solution (0.1 M, pH = 7.0). (E) Linear calibration plot for peak currents vs scanning rate (40—140 mV/s) in the
presence of 3.0 uM IMA. (F) Corresponding plot of E; and logarithm of v.

addition, two lower dwarf peaks at 932.6 and 953.7 eV
indicated the existence of Cu’ and Cu®.** Consequently,
during the formation reaction of the CuMOF, some of Cu®
was reduced to Cu’, elucidating the higher activity of CuMOF.
The above XPS results demonstrated that CuMOF-SWCNT@
AuNP nanocompounds were successfully fabricated.

3.2. Electrochemical Conductivity of CuMOF-
SWCNTs@AuNPs/GCE. Cyclic voltammetry (CV) was used
for the electrochemical characterization of different modified
electrodes in a 5.0 mM [Fe(CN)s]*~/*~ solution including 0.1
M KCI at 50 mV s~ (Figure 4A). Owing to the conductive
and catalytic properties of SWCNTs@AuNPs on the sensing
platform, more current signals were obtained in the curve of
SWCNTs@AuNPs/GCE. Comparatively, due to the blockage
effect of CuMOF on electronic transfer, the anodic and anodic
peak signals decreased on the bare GCE and SWCNTs@
AuNPs/GCE.

After that, electrical impedance spectroscopy (EIS) was also
applied to determine stepwise modification of electrodes and
describe the electrochemical properties at electrode interfaces.
The equivalent circuit diagram fitting the experimental EIS
data is displayed in the inset of Figure 4B. As shown in Figure
4B, the Nyquist curve (a) represents the bare electrode
without any modification. By dripping the CuMOF on the
surface of the GCE (curveb), the electron-transfer resistance
(Ry) significantly increased, indicating that CuMOF had poor
conductivity. In other words, the process of charge transfer
between the surface of CuMOF/GCE and [Fe(CN)4]>~/*"
was decelerated. Moreover, the SWCNT@AuNP nanohybrid
decreased the charge-transfer resistance due to the great
electron transport capability and excellent conductivity
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(curvec). However, when the fully modified CuMOE-
SWCNTs@AuNPs/GCE (curved) was tested, the impedance
curve of the modified electrode was slightly increased
compared to that from SWCNTs@AuNPs/GCE. Thus, this
result demonstrated that CuMOF was immobilized on the
SWCNTs@AuNPs/GCE film. Detailed information regarding
R, is listed in Table S1.

The electrochemically active surface areas of the various
modified electrodes were measured through CV at various
scanning rates (40—160 mV s7'). The efficacy of the
embedded sensors was analyzed according to the Randles—
Sevcik eq 1 at 25 °C.*

I, = 269, 000n*>AD'>Cv'/? 1)

where I is the peak current, n is the electron-transfer number
in the process (usually n = 1), A is the electrode surface area
(em?), D is the diffusion coefficient (7.6 X 107% cm?/s), C is
the concentration of the redox couple (mol/cm?), and v is the
scan rating (V/s).*” From Figure 4C, the slopes from the plot
of I, against v'/? were applied for the measurement of the
electroactive surface areas, and the A values were calculated as
0.18, 0.03, and 0.21 cm? for bare GCE, CuMOF/GCE, and
CuMOF-SWCNTs@AuNPs/GCE. Therefore, the sensitivity
of CuMOF-SWCNTs@AuNPs/GCE during electroanalysis
was reinforced due to its considerable enhancement in its
electroactive surface area. Moreover, the EIS performed for all

modified electrodes was utilized to calculate the k,,, constant
(eq 2):

o= R-T

PP 2 FRA-CR, )
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Figure S. Effect of (A) as the IMA accumulation time and (B) as the dripping amount of CuMOF-SWCNTs@AuNPs. (C) Corresponding plots of
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(pH 7.0). (E) Corresponding relationships between I, and concentrations of IMA. (F) Stability of sensors during the 15-day storage period.

where R, T, F, and A are the same as above, k,,, is the apparent
charge-transfer rate constant (cm/s), n is the number of
interchanged electrons (n = 1), C is the bulk concentration of
[Fe(CN)4]** (5.0 mol cm®), and R, is the electron-transfer
resistance (€2). In accordance with the calculation (Table S1),
the k,,, value for CuMOF-SWCNTs@AuNPs/GCE was
almost 1.1- and 2.9-fold greater than those for the bare GCE
and CuMOF/GCE. This observation indicated that the
charge-transfer process was much easier at the CuMOF-
SWCNTs@AuNPs/GCE compared to that at the other
prepared electrodes. In addition, Figure S1 displays the
experimental and fitting impedance spectra of CuMOF-
SWCNTs@AuNPs/GCE; a similar consistency between the
experimental and fitted data was observed.

3.3. Electrocatalytic Behaviors and Mechanism of
IMA on CuMOF-SWCNTs@AuNPs/GCE. As a pyridinium
compound, IMA can chelate with the open metal sites of the
CuMOE;" after adsorbing IMA on the surface of modified
electrodes, an electro-oxidation reaction of this drug occurs.
The electrocatalytic behavior of CuMOF-SWCNTs@AuNPs/
GCE toward IMA (1.0 uM) was investigated in PBS solution
(pH 7) using the CV technique. As shown in Figure 4D, all of
the modified electrodes exhibited only one oxidation peak at
approximately +0.81 V; however, no relevant reduction peak
was perceived in the reverse scan. This observation showed
that the IMA oxidation reaction was an irreversible and
surface-controlled process.

The signal on the CuMOF/GCE (7.98 pA) was quite weak,
with a broad anodic peak; thus, the IMA direct charge-transfer
rate was slower on its surface due to its poor electrical
conductivity. Instead, SWCNTs and AuNPs with superiorly
conductive and catalytic properties could promote charge
transfer. Moreover, CuMOF also adsorbs IMA as a guest in the
surface cavity and accumulates it due to its porosity.
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Simultaneously, CuMOF has Lewis acid coordination sites
on its interior pore wall, so the Cu sites are feasible for
electrocatalytic conversions.”> Compared with the single
SWCNTs (21.82 uA) and SWCNTs@AuNPs (31.13 pA),
CuMOF-SWCNTs@AuNPs/GCE showed an apparent en-
hancement in the current signal by 26.77 and 9.79%, which
clearly demonstrated the electrocatalytic activity of CuMOF-
SWCNTs@AuNPs for IMA electrooxidation.

To study the redox mechanisms of IMA on CuMOF-
SWCNTs@AuNPs/GCE, the effect of scanning rates from 40
to 140 mV s~ was investigated. Figure S2 shows the cyclic
voltammograms at CuMOF-SWCNTs@AuNPs/GCE in a 3.0
UM IMA solution for various scanning rates; an irreversible
oxidation peak was observed in the forward potential scanning.
Moreover, the oxidation peak potential (Ep) positively shifted
as the scan rate increased. In Figure 4E, the peak currents
linearly increased with the scanning rate (R*=0.994); this result
also confirmed that the oxidation process of IMA was a
surface-controlled process. Meanwhile, the linearity between
Ep and Inv based on Laviron’s eq 3 is defined as follows:

Ep = E° + [RT/(1 — @)nF]In [RTk,/(1 — @)nF]

+ [RT/(1 — a)nF]lnv (3)
where R, T, and F are constant numbers and E°, 1, k,, v, and a
are the standard redox potential, the number of transferred
electrons, the rate constant of the electrochemical reaction, the
various scanning rates, and the charge-transfer coeflicient,
respectively. Through the slope (0.026) of Ep vs In v (Figure
4F), the value of (1 — a) n was calculated as 0.99. In addition,
a and n were usually identified as 0.5 and 1.0 in the irreversible
redox reaction. Thus, two electrons participated in the
oxidation reaction of IMA at CuMOF-SWCNTs@AuNPs/
GCE.
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Scheme 2. Possible Electro-Oxidation Mechanism of IMA on the Surface of CuMOF-SWCNTs@AuNPs/GCE
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3.4. Optimization of the Experimental Variables. To
determine the best performance of this prepared sensor, a
series of parameters, including IMA accumulation time, the
amount of CuMOF-SWCNTs@AuNPs, and the pH values of
PBS, were investigated. Figure SA displays the effect of
accumulation time (t,.) on the oxidation peak current of IMA.
As accumulation time was prolonged, the current response of
IMA remarkably increased. However, when the accumulation
time was longer than 7 min, the current signal response of IMA
reached an equilibrium state, indicating that the adsorption
process was primarily completed after 7 min and that the
adsorption of IMA reached saturation on the surface of the
fabricated electrode. Therefore, 7 min was selected as the
optimum accumulation time. In addition, six different amounts
of modified materials from 4 to 9 yL were compared with their
current response to determine the best condition (Figure SB).
The anodic peak signal of IMA initially improved as the
amount of CuMOF-SWCNTs@AuNPs increased from 4 to 7
and tended to gradually stabilize when the amount was greater
than 7 pL. This result could be attributed to the fact that the
electrode surface was not totally covered when the dropping
amount was less than 7 yL. Consequently, the optimal amount
of CuMOF-SWCNTs@AuNPs was selected as 7 uL.

As the electrode reaction process is usually influenced by
protons, the pH value of PBS also plays a critical role in IMA
detection. To obtain the optimum pH for IMA oxidation using
CuMOF-SWCNTs@AuNPs/GCE as the modified electrode,
the influence of the pH value on the anodic peak current (Ip)
was investigated (Figure SC). By increasing the pH over the
range of 3 to 9, the Ip signal of IMA gradually increased.
Notably, when the pH exceeded 7, the I, value decreased. This
phenomenon was potentially attributed to the three pK, values
of IMA (pK,, = 2.5, pK,, = 4.0, and pK,; = 8.2)."* When the
solution pH was 7.0, the IMA surface was positively charged,
while it was negatively charged at pH > 8.2. In addition, with
CuMOF as an adsorbent, its surface was negatively charged
when pH > 4; thus, the highest current was obtained at pH of
7 owing to the electrostatic attraction of the different polarity
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charges. Thus, pH 7 was chosen as the optimal value for the
following experiments.

In addition, the CV curves of the fabricated electrodes in the
presence of 3.0 uM IMA at different pH values are shown in
Figure S3. Apparently, the Ep of IMA shifted toward less
positive potentials when the pH increased; this result
confirmed that protons participated in the electrochemical
reaction of IMA. Moreover, the linear regression equation of
Ep versus pH (Figure SC) was achieved as Ep = —0.028 pH +
1.015 (R* = 0.993), and the obtained slope value (0.028 V)
was approximately half of the theoretical value (0.059 V) of the
Nernst equation, indicating that one proton (H*) and two
electrons (e”) participated in the redox reaction. The results
were consistent with those discussed in Section 3.3. According
to other reports,' **® the oxidation process of IMA occurred on
the terminal nitrogen atom of the piperazine ring, and the
proposed mechanism was comparable to the oxidation of
piperazine derivatives; thus, a possible reaction pathway was
proposed, as illustrated in Scheme 2.

3.5. Analytical Characteristics of the Sensor. The
electrochemical sensor adsorbed different concentrations of
IMA in PBS (pH 7) solution for 7 min, with the CV curves
recorded in the range of 0.5—1.0 V. The voltammograms are
indicated in Figure 5D, and the variation in the I as a function
of the IMA concentration was achieved as follows (Figure SE):
I (4A) = 19.223Cpp + 14.592 (R* = 0.995, 0.05—3.0 M) and
I (uA) = 9.001Cpys + 44.891 (R? = 0.999, 3.0—20.0 4M). This
result was potentially attributed to forming the IMA monolayer
coverage on the surface of the electrode at lower concen-
trations; in contrast, multilayers covered the modified
electrodes at higher concentrations. In addition, the limit of
detection (LOD) was obtained by eq 4 as follows:

3oblank

m

LOD = (4)

where 0y, is the standard deviation of the blank signal and m
is the slope; thus, the LOD (S/N = 3) of the as-produced
electrode was estimated to be 5.2 nM for IMA. The CuMOF-
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SWCNTs@AuNPs composite material provided an enhanced
analytical characteristic for IMA detection in terms of a lower
LOD and wider linear range than those of previously already
reported methods (summarized in Table S2). Our developed
method easily and rapidly prepared the samples, which were
added dropwise to the CuMOF-SWCNTs@AuNPs to form
the dispersion on the electrode surface; this process was
performed without a complicated process or tedious sample
preparation. The applicability of forming a composite-film-
based CuMOF on the electrode surfaces for the simple
construction of the electrochemical sensors was demonstrated.
To demonstrate the selectivity of this fabricated sensor in
therapeutic drug monitoring, our proposed approach was used
to identify IMA from other conventional interferents, including
organics (such as glucose, citric acid, dopamine, uric acid,
glycine, L-cysteine, and ascorbic acid) and inorganic ions (such
as K*, Na*, Ca’*, Zn**, Mg*', Fe*', Fe’", CI7, and SO,*"). The
detailed results (summarized in Table 1) showed that there
was no apparent interference, indicating that these investigated
compounds had minimal influence on IMA detection.

Table 1. Interference Effects of Various Substances for 3.0
uM IMA

interference tolerance level
K, Na*, Ca**, Zn**, Mg*, Fe**, CI~ 1000
dopamine 400
glucose, uric acid, ascorbic acid 250
glycine, L-cysteine 200
citric acid 150
Fe*, SO,*~ 50

To evaluate the repeatability and reproducibility of our
prepared sensor. Five electrodes were applied for the
determination of 1.5 yM IMA, and a relative standard
deviation (RSD) value of 7.3% showed accessible reproduci-
bility of the sensor for IMA determination. Furthermore, our
sensor was separately prepared five times with the same GCE.
IMA (1.5 uM) was tested, and the RSD of the measurements
was 7.6%, which indicated the excellent reproducibility of the
sensor. The stability of the proposed sensor was estimated by
detecting 1.5 uM IMA after it was stored in a 4 °C freezer.
After 15 consecutive days of storage (Figure SF), the current
signal of the sensor reached 82.3% compared to the initial
detection. These results showed acceptable selectivity,
repeatability, reproducibility, and storage stability of our
developed strategy.

3.6. Imatinib Analysis in Practical Samples. To assess
the feasibility of the electrochemical sensor, the recovery of
different concentrations of IMA standards in healthy serum
samples was used to analyze the accuracy of this method. From
Table S3, each sample was evaluated in triplicate with
recoveries ranging from 92.48 to 105.68%, and the RSD was
obtained to be less than 10.39% (n = 3). In addition, HPLC
has long been the main method used for therapeutic drug
monitoring; thus, several different IMA concentrations from
patient serum samples were detected by using CV and HPLC—
MS (Table 2). The recoveries of the patient’s serum samples
were in the range of 97.21—106.21%, with the highest RSD of
8.0%. Hence, the testing results from both methods were
consistent, indicating that our proposed analysis procedure
could be efficiently used for the selective detection of IMA in
human serum without biological effect.
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Table 2. Recovery of IMA in Human Serum Samples (n = 3)

HPLC—MS method  CV method

sample found (M) found (uM)  recovery (%) RSD

1 1.2196 1.1998 98.38 0.0110
2 1.4485 1.4081 97.21 0.0804
3 1.8031 1.9150 106.21 0.0554
4 2.2893 2.2539 98.45 0.0266
S 2.9781 3.0748 103.28 0.0357
6 4.0727 4.0118 98.52 0.0215

4. CONCLUSIONS

Conclusively, this study describes an approach for the
electrocatalytic detection of IMA with the synergistic effects
of CuMOF and SWCNT@AuNP nanostructures. With the
superior conductivity of SWCNTs@AuNPs and the adsorption
of CuMOFs, our proposed modified-GCE validated the
attainable selectivity, reproducibility, repeatability, and long-
term stability. In addition, this method was successfully applied
to the detection of IMA in spiked blood serum and clinical
patient blood serum with a satisfactory recovery rate.
Furthermore, our novel electrochemical sensor could be a
practical nanoplatform tool for IMA detection, showing its
potential application in therapeutic drug monitoring.
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