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Magnetic molecularly imprinted polymers (MMIPs) were synthesized using magnetic Fes0,@SiO, as
a carrier for the selective recognition and adsorption of doxorubicin (DOX) and epirubicin (EPI) in plasma.
Then, the method was combined with high-performance liquid chromatography-ultraviolet detection
(HPLC-UV) to realize rapid and accurate detection of DOX and EPI concentrations in plasma. The
structures of the prepared MMIPs were characterized by X-ray diffraction, transmission electron
microscopy, X-ray photoelectron spectroscopy, and magnetic saturation. As observed, the prepared
MMIPs had a uniform appearance and excellent magnetic properties. Then, the adsorption performance
of MMIPs was verified through static, dynamic, and selective adsorption tests. MMIPs were found to have
high adsorption capacity (8.36 and 8.19 mg g4, high selectivity (imprinting factors of 34.83 and 8.03),
and rapid adsorption for DOX and EPI, respectively. Next, HPLC-UV was used for quantitative analysis.
The prepared method had a good linear relationship (0.0001-0.5 mg mL™* for DOX and 0.0002-0.5 mg
mL~* for EPI) and low detection limits (0.04613 ng mL™! for DOX and 0.08969 ng mL~! for EPI). The
combination of magnetic solid-phase extraction and HPLC-UV was a highly specific and sensitive
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1. Introduction

Doxorubicin (DOX), an anthracycline compound originally iso-
lated from Streptomyces peucetius, has broad-spectrum anti-
tumor activity against multiple cancer types including breast
cancer, lymphoma, leukemia, brain cancer, and lung cancer.™*
Epirubicin (EPI) is a differential isomer of DOX, which inhibits
DNA and RNA synthesis by intercalating between base pairs; it
is also an anthracycline with broad-spectrum antitumor
activity.> However, given that such drugs have a short half-life,
high hydrophilicity, large distribution, and low bioavailability,
their therapeutic effect is only evident at high doses.* In addi-
tion, when the blood concentration reaches a certain limit,
these drugs lack tumor specificity and can induce myocardial
cytotoxicity,” renal function injury,® testicular cytotoxicity,” and
bone marrow hematopoietic inhibition.? The concentration of
drugs in a patient’s body plays an important decisive role in cell
biological events that lead to cell arrest or death.’” Therefore,
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method for determining DOX and EPI concentrations in plasma.

monitoring the levels of these drugs in a patient's body during
treatment is crucial.

To date, various analytical techniques have been used to
detect DOX and EPI, including electrochemical methods,*
capillary electrophoresis,"” high-performance liquid chroma-
tography (HPLC),"” and fluorescence."® However, the application
of these approaches in clinical is limited due their poor selec-
tivity, complex operation, long measurement time, and costly
instruments and equipment.***® Therefore, a method for
detecting drug concentration with high stability, low cost,
simple and rapid operation, and reliable results needs to be
developed.

Molecularly imprinted polymers (MIPs) are three-
dimensional polymers comprising template molecules, func-
tional monomers, and crosslinkers."” After removing template
molecules, MIPs contain tailored cavities which are comple-
mentary to the template molecules in both size and functional
groups. This type of pore has a specific recognition effect on the
template molecules and their structural analogs, and it can be
specifically adsorbed to the imprinted pore when the template
molecules appear again.'® As a result, MIPs exhibit high selec-
tivity and specificity for target molecule adsorption, demon-
strating a specific recognition capability comparable to that of
biological antibodies. MIPs have low preparation cost, fast
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preparation speed, good stability, and excellent reproducibility;
they have been widely used and are further developed in the
biological field at present.” At present, there are studies on the
use of MIPs of doxorubicin for drug sustained release,” but
there is currently no research on their application in chro-
matographic detection. There is no research related to MIPs of
epirubicin.

In recent years, magnetic MIPs (MMIPs) have been devel-
oped by combining molecular imprinting with magnetic sepa-
ration technologies, creating novel materials capable of
efficiently isolating target molecules and specifically recog-
nizing.>* MMIP is a new type of material comprising Fe,O; or
Fe;0, magnetic particles and a non-magnetic polymer matrix.
Using an external magnetic field instead of centrifugation or
filtration in the separation step greatly simplifies the extraction
process. In addition, magnetic materials are easy to function-
alize for improving their selectivity, which makes them
a simple, environmentally friendly, and efficient adsorbent for
sample pretreatment methods. These materials have been
widely used in different fields such as chemistry, biology, and
medicine.”

Biological samples contain a large number of macromolec-
ular compounds, which cause intense interference to the
detection of target objects. Moreover, the content of target
objects in biological samples is usually very low, which requires
the use of sample pretreatment technology to extract biological
samples for removing the interference substances.

Magnetic solid-phase extraction (MSPE) uses MMIP as an
extraction material to separate and enrich organic and inor-
ganic analytes from samples. It has large specific surface area,
multiple binding sites, strong adsorption performance, good
selectivity, and easy separation. Notably, it reduces the loss
during solid separation, which further improves the enrich-
ment coefficient, and enhances the sensitivity of detection.*
Pengli Jian et al.>* applied micro-solid-phase extraction method
with molecularly imprinted membrane protection to detect the
content of local anesthetics in cosmetics. The detection range of
local anesthetics can reach 0.01-0.71 mg L™, which confirmed
that the MIP has good imprinting property and selectivity, and
the micro-solid-phase extraction device is simple, low cost, and
reusable. The combination of HPLC and ultraviolet detection
(HPLC-UV) is an effective method for drug analysis due to its
high separation efficiency.?® This research team has jointly
applied MSPE and HPLC-UV technology to establish a detection
method for methotrexate (MTX). The linear range is within
0.00005-0.25 mg mL ", and the detection limit can reach 12.51
ng mL . The accuracy of MTX detection by the MSPE/HPLC-UV
method is high. The results were consistent with those of a drug
concentration analyzer.>®

The present study aimed to establish a rapid, accurate, and
sensitive assay for detecting DOX and EPI in plasma. To this
end, novel MMIPs were synthesized for the extraction and
enrichment of DOX and EPI samples from plasma samples. The
adsorption properties of MMIPs and the MSPE process were
systematically studied. A method of material preparation,
sample processing, and sample determination was established
by combining the MSPE technique with HPLC.
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2. Materials and methods

2.1. Reagents

Pure methanol, ethanol, acetonitrile, ammonium hydroxide,
potassium hydroxide, FeCl;-6H,O, and FeSO,-7H,O were
derived from Sinophosphine Chemical Reagent Co., Ltd
(Shanghai). 3-Aminopropyl triethoxysilane (APTES, 98%) and
tetraethyl orthosilicate (TEOS, 98%) were obtained from Sigma-
Aldrich (St. Louis, MO, USA); Doxorubicin hydrochloride (98%),
roxithromycin (98%), azithromycin, dixithromycin, and clari-
thromycin were supplied by Shanghai Macklin Biochemical
Company. Erythromycin was provided by Shanghai Tixiai
Chemical Industrial Development Company. Acetic acid was
obtained from Yantai Far East Fine Chemical Co., Ltd. Di-
erythromycin (97%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Epirubicin hydrochloride was
purchased from Hebei Bailingwei Hyperfine Materials Co., Ltd.

2.2. Instruments

The precision electronic balance was purchased from Sartorius
(Goettingen, Germany). The thermostatic water bath box was
provided by Tuan electromechanical Automotive Equipment
Co., Ltd (Changsha, China). The air drying box was purchased
from Shanghai Yiheng Scientific Instrument Co., Ltd (Shanghali,
China). The oscillator was supplied by Scilogex (Pittsburgh, PA,
USA). The KQ-50DB type CNC ultrasonic cleaner was provided
by China Kunshan Ultrasonic Instrument Co., Ltd (Jiangsu,
China). The electric mixer was purchased from Meiyingpu
Instrument Manufacturing Co., Ltd (Shanghai, China). The
Merinton SMA4000 ultramicrospectrophotometer (Beijing,
China) was utilized. Shimadzu LC-20AT HPLC chromatograph
was purchased from Shimadzu Corporation (Japan, Jingdong),
and the chromatograph column (C18) was obtained from
Waters (Milford, MA, USA). The X-ray photoelectron spectrom-
eter (XPS) was provided by Thermo Fisher Scientific (Waltham,
MA, USA). The transmission electron microscope (JEM 1200EX)
was provided by Electron Optics Laboratory (Tokyo, Japan). The
X-ray diffractometer was provided by Panalytical (Almelo,
Netherlands). The vibrating sample magnetometer (VSM) was
supplied by MicroSense Corporation (USA).

2.3. Synthesis of Fe;0, NPs

Fe;0,4 NPs was synthesized according to our previous work,”” the
process was addressed below simplely. 0.6 g of FeCl;-6H,0 and
0.35 g of FeSO, - 7H,0 were dissolved in deionized water (10 mL)
for neutralization. Then, they were filtered using a 0.22 um
water-based filter membrane. Under the protection of nitrogen,
a three-nozzle flask containing of deionized water (120 mL) was
heated in a water bath to 80 °C. Next, the filtrate was added to
the three-nozzle flask and stirred with a whisk at 260 rpm for
30 min. Thereafter, ammonia water (5 mL) was added, and
continue stirred for 30 min. Once completed, the material was
cooled to room temperature and washed with deionized water
and ethanol for three times. The mass of Fe;0, synthesized in
a single batch was approximately 200 £+ 10 mg, while multiple
syntheses yielded around 400 mg. 10 mL of deionized water was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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added to Fe;0, (400 mg), which obtained a colloidal solution of
40 mg mL~" for further use.

2.4. Synthesis of Fe;0,@SiO,

The synthesis of Fe;0,@SiO, was according to our previous
work?” with little modification, the detail were below. 80 mL of
methanol and 20 mL of deionized water were added to the
three-neck bottle. 10 mL colloidal solution of Fe;O, NPs at
400 mg mL " and 1 mL of ammonia solution were introduced,
and ultrasonic dispersion was conducted for 5 min. The flask
was equipped with a mechanical mixer and stirred at 450 rpm
for 10 minutes in a 30 °C water bath 2.5 mmol of TEOSwas di-
ssolved in anhydrous ethanol (1 mL) to create a silicon mixed
solution. The silicon mixture was added to the three-neck
bottle, and stirring was continued for 6 h. Fe;0,@SiO, was
separated using an external magnetic field, and then washed
twice with ethanol and deionized water. Then the prepared
Fe;0,@8Si0, was added to deionized water (40 mL) to produce
a colloidal solution of Fe;0,@SiO, for later use, with which
concentration was 12.25 mg mL ™.

2.5. Preparation of MMIPs and MNIPs

In this study, MMIPs were prepared via the sol-gel method
using doxorubicin hydrochloride as template. 80 mL of meth-
anol solution was poured into a three-neck flask, then 0.6 mmol
of doxorubicin hydrochloride and 300 pL of ammonia were
added. Ultrasonic mixing was then performed. The three-neck
flask was fixed on a mechanical agitator and mechanically
stirred at 260 rpm at room temperature for 10 min. A 20 mL
colloidal solution of Fe;0,@Si0, at 12.25 mg mL ™" was added,
and stirring was continued for 6 min. After 15 min, 1 mL of
ammonia was added, followed by 1.2 mmol of APTES. After an
additional 30 min, 3.6 mmol of TEOS was introduced, and the
reaction was allowed to continued for 16 h.

The polymer obtained in the three-neck flask was MMIPs.
The MMIPs were washed three times with a methanol solution,
followed by washing with a 0.1 M potassium hydroxide solution
and a methanol mixture (1:1,v/v) to remove the template
molecules in the synthetic MMIPs until the supernatant was no
longer colored and no doxorubicin hydrochloride was detected
by HPLC-HV. Finally, the polymers underwent three successive
washings with methanol. Following this, the product was dried
at 45 °C for 12 h. Magnetic non-imprinted polymers (MNIPs)
were prepared samely, but doxorubicin hydrochloride was not
added in the synthesis process.

2.6. Adsorption experiments and characterization of MMIPs
and MNIPs

DOX and EPI solutions of different concentrations were
prepared with methanol and distilled water (1:1,v/v), and
MMIPs and MNIPs of appropriate amounts were added and
mixed using an oscillator. The absorbance of DOX and EPI in
the  supernatant was detected using an  ultra-
microspectrophotometer at regular intervals, and the concen-
tration of the supernatant was calculated according to the
standard curve. Also, dynamic, static and selective adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experiments were conducted using this method. Three poly-
mers (Fe;0,@Si0,, MMIPs, and MNIPs) were characterized by
transmission electron microscopy (TEM), X-ray diffractometer
(XRD), X-ray photoelectron spectroscopy (XPS), and vibrating
sample magnetometry (VSM).

2.7. MSPE process

A total of 200 pL of normal plasma without DOX and EPI was
added to 40 mL of methanol, followed by ultrasound mixing.
The heart was then subjected to separation at 8000 rpm for
5 min, and the supernatant was the collected as the serum
treatment solution. MMIPs (100 mg) were placed into a 15 mL
centrifuge tube. Then, 10 mL of methanol was introduced and
oscillated for 5 min. After the activation was completed, the
supernatant was discarded through magnetic separation. A
total of 400 uL of a 0.25 mg mL ™" standard solution of DOX and
EPI, as well as 4.6 mL of plasma treatment solution, was added
to a centrifuge tube containing 100 mg of MMIPs. The final
concentration of DOX and EPI was 0.02 mg mL~". The sample
was vibrated at room temperature for 240 min to complete
extraction and loading, followed by magnetic separation and
post-MMIPS recovery. Following sample loading, 5 mL of
a water-methanol (9:1, v/v) leaching solution was added and
the mixture was then vortexed for 1 minute. The residual
impurities were removed by washing, followed by recovery of
the material. Finally, add 5 mL of acetic acid eluent to the
recovered MMIPs and oscillate the mixture for 60 minutes. After
magnetic separation, transfer the collected material to a test
tube. Dry it under a stream of nitrogen and then dissolve it in
500 pL of a methanol-water mixture (1:1, v/v). HPLC-UV
detection was performed after filtered through 0.22 pum
organic filter membrane.

2.8. HPLC-UV analysis

HPLC-UV (SHIMADZU) was employmed to detect DOX and EPIL.
The filtered 500 pL solution was placed in a liquid injection
bottle and placed in the sample box. The chromatographic
column in this study was C18 (5 pm, 150 mm x 4.6 mm). The
optimized parameters were: the sample size was 20 pL, the flow
rate was 0.5 mL min~ ', the detection wavelength was 254 nm,
the mobile phase consisted of 30% acetonitrile and 70% PBS
buffer (pH 2.8), and the column temperature was 30 °C.

2.9. Sample preparation and ethical statement

A total of 200 pL of normal plasma without DOX and EPI was
added into 40 mL of methanol, followed by ultrasound mixing.
Then, the heart was separated at 8000 rpm for 5 min, and the
supernatant was treated as the plasma. Three 15 mL centrifuge
tubes were prepared, with each containing 100 mg of MMIPs
and 4.5 mL of the abovementioned plasma treatment solution.
Thereafter, 500 uL of DOX and EPI solutions at 0.5, 0.2, and
0.1 mg mL ™" was added and mixed at room temperature for 6 h.
The leaching and elution steps followed the same procedure as
the MSPE method. The samples were tested by HPLC-UV.

All experiments were performed in accordance with the
Guidelines of Helsinki Declaration (1996 edition), and
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experiments were approved by the ethics committee at the
Medical Ethics Committee of the Affiliated Hospital of Qingdao
University. Informed consents were obtained from human
participants of this study.

3. Results and discussion

3.1. Preparation of MMIPs

Now, aomounts of inorganic nanoparticles have been
employmed as the core materials for the synthesis of MIPs,
silicon dioxide (SiO,),*® ferric oxide (Fe;0,4,> silver (Ag),** and
quantum dots (QDs),** for example. Fe;0, particles has large
specific surface area, good modifiability, excellent magnetic
properties for rapid separation. In this work, Fe;0, was selected
as the core material. Fe;0, was first synthesized via the co-
precipitation method.** Then, Fe;O, @SiO, of core-shell
structure was synthesized with silicon coating to improve its
antioxidant ability. MMIPs and MNIPs were prepared with
APTES as the monomer and TEOS as the crosslinking agent.*
The ratio and amount of template, monomer, and cross-
linker have effects on adsorption capacity of the polymers
towards DOX and EPI. Thus, this study explored the optimized
ratios of the template, monomer, and crosslinker. The experi-
mental results are shown in Tables 1 and 2. Adsorption capacity
refers to the amount of DOX and EPI (Qmwps and Qwmips)
adsorbed by MMIPs and MNIPs. Notably, a larger value corre-
sponds to a stronger adsorption capacity. Recognition ability is
expressed as imprinting factor (IF = Qmmps/Qmnips), and
a higher value indicates a stronger recognition specificity.
Tables 1 and 2 show that, 1:2:6 is the optimal ratio for
template, monomer, and crosslinker, for the adsorption
capacity of the MMIPs for DOX and EPI is larger at 8.36 mg g~ "
and 8.19 mg g~ ', while the imprinting factor (IF = Qumps/
Qumnips) is the largest at 34.83 and 8.02. These values are
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significantly higher than those for other ratios, which suggests
that the MIP has the strongest recognition ability for DOX and
EPI. Considering the factors of Qpox, Qgpr, and IF, the ratio of
template, monomer, and crosslinker was selected as 1:2:6.

3.2. Relevant adsorption experiments

A study was conducted to optimize the experimental conditions
for the static and dynamic adsorption properties of the polymer,
aiming to evaluate the adsorption capacity of MMIPs towards
DOX and EPIL 20 mg of MMIPs powder and 20 mg of MNIP
powders were placed in a 1.5 mL EP tube after weighed. Meth-
anol-aqueous solutions (1:1, v/v) were prepared with 0.5 mg
mL ! of DOX and EPI solutions and diluted into 0.25, 0.1, 0.05,
0.02,and 0.01 mg mL ™" concentration gradients. A total of 0.05-
0.01 mg mL ' of DOX and EPI solutions were added into EP
tubes containing 20 mg of MMIP powder and 20 mg of MNIP
powder, respectively. Then, they were mixed for 12 h. For
magnetic separation, the adsorption amounts of DOX and EPI
by MMIPs and MNIPs were calculated by measuring the
concentrations of DOX and EPI in the supernatant. Then, static
adsorption curves were drawn. The corresponding results are
shown in Fig. 1A.

The adsorption capacity of MMIPs for DOX and EPI increases
significantly with the rise in DOX and EP concentrations. At the
same concentration of DOX and EPI, the binding amount of
MMIPs is significantly higher than that of MNIPs. This result is
due to the formation of molecularly imprinted holes corre-
sponding to the target material on the surface of the MMIP. This
phenomenon increases the specific adsorption of MMIPs to
DOX and EPI. The dynamic adsorption curve provides insight
into the adsorption kinetics and allows for the determination of
the equilibrium time. Subsequently, 100 mg portions of both
MMIPs and MNIPs powders were accurately weighed and
transferred into separate 15 mL centrifuge tubes. A total of

Table 1 The influence of the composition of template, monomer, and crosslinker on the adsorption perfprmance of MMIPs for DOX

Template: monomer: crosslinker Qpox (mg g~") (MMIPs)

Qpox (mg gfl) (MNIPS) IF (QMMIPS/QMNIPS)

1:1:6 5.94
1:2:6 8.36
1:3:6 8.73
1:4:6 9.00
1:5:6 9.30
1:6:6 5.94

0.42 14.14
0.24 34.83
1.12 7.79
2.34 3.84
6.19 1.50
6.64 0.92

Table 2 The influence of the composition of template, monomer, and crosslinker on the adsorption perfprmance of MMIPs for EPI

Template: monomer: crosslinker Qgpr (mg g7 1) (MMIPs)

Qepi (mg g7') (MNIPs) IF (Qmmips/Qmnips)

1:1:6 6.27
1:2:6 8.19
1:3:6 8.52
1:4:6 8.97
1:5:6 9.18
1:6:6 5.70

38588 | RSC Adv, 2025, 15, 38585-38596

0.89 7.04
1.02 8.02
1.68 5.07
3.16 2.84
7.64 1.20
6.39 0.89

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

10 mL of a DOX and EPI methanol-aqueous solution (1:1, v/v)
at 0.25 mg mL~ " was added into the 15 mL centrifuge tube,
followed by shaking and mixing at room temperature. After
magnetic separation at 0, 5, 10, 20, 30, 40, 60, 80, 120, and
200 min, 1 mL of the supernatant was withdrawn, and the
concentration of DOX and EPI in the supernatant was deter-
mined. The dynamic changes in the adsorption capacity of DOX
and EPI by MMIPs and MNIPs were observed, as shown in
Fig. 1B.

The adsorption curve of MMIPs increases rapidly as time
progresses. It reaches equilibrium at 30 min, which indicates
that these polymers have high adsorption rate and excellent
adsorption capacity. Conversely, the adsorption curve of MNIPs
rises slowly, and the increasing trend is not obvious at any time,
which suggests their slower adsorption rate and weaker
adsorption capacity. The results reveal that the imprinting
pores on the surface of MMIPs can quickly and selectively
adsorb DOX and EPI, and the adsorption capacity is very strong.

To analyze the kinetic data of MMIPs and MNIPs, a pseudo-
second-order model was applied. The corresponding equations
and fitting results are presented below:

t 1 +z_1+1
¢ kaxg? g o qe

1)

where g, denotes the adsorption capacity (mg g ') at time ¢, and
qe represents the adsorption capacity (mg g ') at equilibrium.
k, stands for the rate constant of the pseudo-second-order
model (g mg~" min~"). », indicates the initial adsorption rate.
As illustrated in Fig. 1C, a plot of /g, ratio and ¢ exhibits a strong
linear relationship, with a correlation coefficient (*) exceeding
0.99. These results demonstrate that the pseudo-second-order
model provides a satisfactory fit for describing the dynamic
adsorption processes of DOX and EPI on both MMIPs and
MNIPs.

3.3 Selective evaluation

Seven aliquots each containing 20 mg of MMIP powder and
seven aliquots each containing 20 mg of MNIP powder were
separately weighed and transferred into 1.5 mL EP tubes. A
methanol-aqueous (1 : 1, v/v) solution containing 0.25 mg mL ™"
of DOX, EPI, and their structural analogs-including di-
rithromycin, roxithromycin, erythromycin, azithromycin, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Static adsorption curves (A), dynamic adsorption curves (B) and dynamic adsorption kinetic fitting curves (C).

clarithromycin-was serially diluted to generate concentration
gradients of 0.1, 0.05, 0.02, and 0.01 mg mL™". The adsorption
of DOX, EPI, and their structural analogs on MMIPs and MNIPs
is shown in Fig. 2. MMIPs have the highest adsorption capacity
for DOX and EPI, but the adsorption capacity for DOX and EPI
analogs is very low. The adsorption effect of MMIPs on DOX and
EPI is better than that of MMIPs on structural analogs. The
reason is that the pores on MMIPs can only specifically
accommodate DOX and EPI. This finding further indicates that
MMIPs have a good selective recognition ability for DOX and
EPI. However, it should be pointed out that for its metabolites
doxorubicinol and epirubicinol, due to their extremely similar
structures, selective adsorption may not be achieved well.
Therefore, in the presence of metabolites, it is necessary to
enhance material selectivity groups or chromatographic sepa-
ration capabilities to separate them from metabolites.

3.4 Characterization of MMIPs and MNIPs

The TEM images in Fig. 3 depict the three polymers (Fe;0,@-
Si0,, MMIPs, and MNIPs). Fig. 3A illustrates Fe;0,@SiO,
particles with a discernible polymer layer on their surface,
which indicates successful silicon coating of the Fe;O, NPs.

40
10 - ] MMIPs
g ] MNIPs
8 - 30
2
z
Q S
E" ° Lo &
= 2
o il S
=
- 10
5 i‘z\
0 — ﬁ 0
Y —r r T r r T T T T 7

DOX EPI DRI ROX ERY AZI CLA

Structural analogues

Fig. 2 Adsorption properties of MMIPs and MNIPs on DOX, EPI, and
their structural analogs.
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Fig. 3 TEM images of three polymers (A) (Fes04@SiO,), (B) (MMIPs), and (C) (MNIPs).

Fig. 3B and C present the electron microscopy images of MMIPs
and MNIPs, respectively. The formation of a polymer layer on
the surface of Fe;0,@SiO, provides clear evidence of the
successful synthesis of both MMIPs and MNIPs. Notably,
MMIPs possess a slightly larger diameter than MNIPs due to the
wider imprinting chamber present in MMIPs.

The XRD spectra of a polymer can reflect its crystal structure.
As shown in Fig. 4, the six crystal face constants of Fe;0,@8SiO,
correspond to the characteristic peaks occurring at 26 = 30.10°,
35.51°, 43.15°, 53.59°, 56.95°, 62.70°, which are consistent with
related reports.® In addition, MMIPs and MNIPs show the same
peaks, which implies that the crystal structure of Fe;0, does not
change during the preparation process.

Fig. 5 exhibt the XPS spectra of the polymers. The Fe 2p peak
observed at 710.98 eV indicates the presence of Fe;O, in all
three polymers (Fig. 5B). The O 1s peaks at 530.2 eV can be
attributed to Fe-O, C=0, C-0, and Si-OvSi bonds (Fig. 5C). The
peak binding energy of si 2p is 103.17 eV, which reflects the
presence of Si-O-Si (Fig. 5D). Therefore, Fe;O, NPs is success-
fully coated with silica. Moreover, the peak binding energy of
401.84 eV exists in -NH, (Fig. 5A), which implies the successful
synthesis of MMIPs and MNIPs.

Ms can evaluate the magnetic strength of magnetic
substances. Fig. 6 shows the hysteresis curves of Fe;0,@Si0,,
MMIPs, and MNIPs. As shown in the figure, Fe;0,@8SiO, has an
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Fig. 4 XRD patterns of three polymers (Fes0,@SiO,, MMIPs, and
MNIPs).
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Ms of 69.5 emu g~ ', MMIPs have an Ms of 60.5 emu g~ ', and
MNIPs have an Ms of 30.5 emu g~ '. Therefore, Fe;0,@8Si0, has
the strongest magnetic properties, and the magnetic properties
of MMIPs decrease after the composite material is synthesized.
MNIPs have the lowest magnetic properties, but the magnetic
properties of MMIPs and MNIPs can still meet the requirements
of rapid magnetic separation.

3.5 Optimization of MSPE conditions for enriching DOX and
EPI

3.5.1. Optimization of sample loading conditions. Loading is
the first step of solid-phase extraction, and the selection of
loading conditions has a significant impact on the solid-phase
extraction process. Therefore, we optimized the conditions that
affect loading. As shown in Fig. 7A, when the amount of MMIPs
and MNIPs was 100 mg, the recovery of DOX and EPI were
highest, therefore, the optimized amount for MMIPs and
MNIPs in MSPE process was 100 mg. Another influencing factor
is the loading time, as shown in Fig. 7B. When the loading time
is 240 minutes, the extraction recovery rate reaches stability.
Therefore, in subsequent experiments, the loading time is
chosen to be 240 minutes.

3.5.2. Choice of leaching solution. The eluent washes away
the interfering substances on the surface of MMIPs while
minimizing the loss of DOX and EPI that have been adsorbed in
MMIPs. In this experiment, the leaching solution was
composed of water and methanol. At the end of the leaching
process, the concentrations of DOX or EPI in the leaching
supernatant were measured. The effect of different volume
ratios of the leaching solutions on MSPE performance was
evaluated. As illustrated in Fig. 8, when the water-to-methanol
volume ratio is 9:1, the difference in chromatographic peak
area between MMIPs and MNIPs leachates reaches a minimum,
indicating an optimal leaching efficiency. As a result, water—-
methanol (9: 1, v/v) was selected as the leaching agent.

3.5.3. Selection of elution parameters. The optimal eluant
must be selected to achieve the highest extraction recovery. The
influence of different proportions of methanol-acetic acid
solution on extraction recovery was observed using methanol-
acetic acid solution as the eluent. The influence of the ratio of
methanol to acetic acid in the eluent on the extraction recovery
of DOX and EPI is shown in Fig. 9. As the proportion of acetic
acid increases gradually, the recovery rate rises gradually. When

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectras (A-D) of three polymers (Fes0,@SiO,, MMIPs, and MNIPs).
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Fig. 6 VSM analysis for three polymers (Fez0,4@SiO,, MMIPs, and
MNIPs).
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the eluent is pure acetic acid, the extraction recovery rate is the
highest. The values are 101.57 and 94.87, which imply that
acetic acid can effectively elude DOX and EPI molecules from
the cavity of MMIPs. Accordingly, acetic acid was used as the
ideal eluent in subsequent experiments.

3.5.4. Method verification. First, a standard curve method
using MSPE/HPLC-UV was established for detecting DOX and
EPI in spiked solutions, as shown in Fig. 10. The results indicate
that DOX exhibits a linear response within the concentration
range of 0.0001-0.5 mg mL ™", with a linear regression equation
of Y= 5E + 07X + 70 923 (R> = 0.9999). Similarly, EPI measured
using the standard addition method shows a linear relationship
in the range of 0.0002-0.5 mg mL ", following the equation Y =
5E + 07X + 55 130 (R*> = 0.9998). According to the signal-to-noise
ratio (S/N = 3), the detection limit of DOX is 0.04613 ng mL ™,
and that of EPI is 0.08969 ng mL~". The LODs achieved by this
method are lower than the typical spiked concentrations of DOX
and EPI, demonstrating its suitability for monitoring blood
concentrations of both compounds. It can also expand the
detection range of DOX and EPI.

RSC Adv, 2025, 15, 38585-38596 | 38591
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Fig. 10 HPLC of the three solutions: blank baseline (a), DOX and EPI
standard solution (b, 0.05 mg mL™), and spiked solution extracted by
MMIPs (c, 0.05 mg mL™Y).

To evaluate the performance of the developed MSPE/HPLC-
UV method, a comparative analysis was conducted between
this approach and other reported methods for the determina-
tion of DOX and EPI, as summarized in Tables 3 and 4. The
results demonstrate that the present method exhibits satisfac-
tory superiority in terms of sensitivity, detection limit, or other
key metrics.

3.6. Measurement of DOX and EPI in serum

The plasma treatment solution was prepared by treating human
plasma with methanol. A 500 pL solution containing DOX and
EPI at 0.5, 0.2, and 0.1 mg mL " was added. Then, the plasma
specimens were treated by the MSPE method. As shown in
Tables 5 and 6, the average recovery rate (n = 3) was used to
evaluate the accuracy of DOX and EPI concentrations at
different concentration levels of 0.05, 0.02 and 0.01 mg mL ™,
respectively. The relative standard deviation (RSD) value was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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used to estimate the precision. In general, the recovery rates of
DOX range from 85.62% to 112.22%, and the RSD value is less
than 6%. The recoveries of EPI range from 89.51% to 116.56%,
and the RSD value is less than 6%. The concentrations of DOX
and EPI in the samples were analyzed using HPLC-UV, with the
results presented in Fig. 10. The findings indicate that the

View Article Online
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MSPE/HPLC-UV method effectively resists interference from
plasma matrix components and successfully enriches both DOX
and EPIL. Moreover, the detection methods developed in this
study exhibit high efficiency, delivering accurate and practical
outcomes. They are also applicable for the determination of
these analytes in actual plasma samples.

Table 3 Comparison of DOX detection between this work and other reported works

Recognition element Linearity range Method LODs References
Aptamer-based biosensor 28 nM 35
Electrochemical 98.3-1218 uM 31 nM 10
Fluorescence bioprobe 25-100 mg 25 ng mL™" 36
HPLC 4.5 fmol mL™" 37
Liquid chromatography with 1-1000 ng mL " 0.5 ng mL™" 38
fluorescence
MSPE/HPLC-UV 0.0001-0.5 mg mL " 0.04613 ng mL This work
Table 4 Comparison of EPI detection between this study and other reported works
Recognition element Linearity range Method LODs References
Quantum dots 0.04 X 10" ®mol L™ 39
Aptasensor based on structure-switching 0.07-1.0 uM and 1.0-21.0 uM 0.04 uM 40
aptamer
Electrochemical 0.01-500 uM 6.3 nM 41
Deep eutectic solvent 0.001-500 pM 0.8 nM 42
Reverse-phase HPLC with UV detection 0.016-1.024 pg mL " 0.016 pg mL™" 43
MSPE/HPLC-UV 0.0002-0.5 mg mL™* 0.08969 ng mL ™! This work
Table 5 Experiment for the recovery of DOX additive
Samples Added (mg mL™) Found (mg mL ™) Recovery (%) Average recovery (%) RSD (%)
1 0.01 0.008249 82.49
0.01 0.008771 87.71 85.62 2.76
0.01 0.008666 86.66
2 0.02 0.02231 111.54
0.02 0.02149 107.44 112.22 5.15
0.02 0.02354 117.68
3 0.05 0.04914 98.28
0.05 0.04787 95.74 97.29 1.36
0.05 0.04892 97.84
Table 6 Experiment for the recovery of EPI additive
Samples Added (mg mL ™) Found (mg mL ") Recovery (%) Average recovery (%) RSD (%)
1 0.01 0.008702 87.02 96.08 1.64
0.01 0.009076 90.76
0.01 0.009076 90.76
2 0.02 0.02403 120.15
0.02 0.02348 117.39 115.56 5.72
0.02 0.02183 109.14
3 0.05 0.04723 94.46
0.05 0.04803 96.05 89.51 2.16
0.05 0.04887 97.74

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In this study, a combined MSPE/HPLC-UV method was devel-
oped utilizing molecularly imprinted magnetic polymers
(MMIPs) as the solid-phase extraction adsorbent, enabling
efficient adsorption and selective recognition of doxorubicin
(DOX) and epirubicin (EPI) in plasma samples. Several charac-
terizations, including TEM, XRD, XPS, and VSM, verified the
successful synthesis of the composite and its good magnetic
response. The synthesized MMIPs exhibit high adsorption
capacity, rapid sorption kinetics, strong selectivity, and excel-
lent practical applicability. HPLC-UV exhibits good specificity
and high sensitivity. This study demonstrates that the combi-
nation of MSPE with HPLC-UV provides a novel and straight-
forward approach for determining the concentrations of DOX
and EPI in plasma. This understanding provides methodolog-
ical support for the clinical detection of DOX and EPI
concentrations.
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