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Molecularly imprinted polymers (MIPs) show great promise for the targeted identification of active
components in complex mixtures. Nevertheless, the intentional use of MIPs for the accurate extraction
of bioactive phytochemicals from neglected fruit processing byproducts is a new area of exploration in
sustainable biorefinery practices. In this study, a magnetic molecularly imprinted polymer (FezO4—
NH,@MIP) was synthesized utilizing a surface imprinting technique on the amino-functionalized
magnetic iron trioxide (FesO4—NH,) to improve selectivity and separation efficiency for the extraction of
myricetin in pomegranate pomace. The polymerization process was successful when the ratio of
myricetin, acrylamide (AM), and ethylene glycol dimethacrylate (EGDMA) was established at 1:4:20. A
series of characterizations were performed to validate the successful synthesis, morphology, structural
properties, and magnetic strength of the materials. The super-magnetic FezO4—NH,@MIP demonstrated
significant adsorption capacity and stability. The adsorption behavior of FesO4—NH,@MIP for myricetin
was effectively characterized by the Langmuir isotherm model and the Pseudo-second order kinetic
model. Additionally, these materials were employed for the extraction and quantification of myricetin in
pomegranate pomace under optimal conditions. The experimental results indicate that the adsorption
capacity of FesO4,—NH,@MIP was up to 19.10 ng mg~! under the best conditions, with an adsorption
time of 60 minutes and a myricetin concentration of 100 pg mL™% FesO,—NH,@MIP posses high
selectivity for myricetin compared to rutin and resveratrol, the adsorption capacity was up to 18.8 pg
mg~%, 41 ng mg~! and 3.7 ng mg~!, respectively. And the content of myricetin in the pomegranate
pomace was calculated to be 5.01 pg g~*. The findings indicate that the proposed methodology serves
as a viable alternative for the selective quantification of myricetin in samples characterized by complex
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flavonols, anthocyanins, tannins, alkaloids, organic acids,
proteins, various amino acids, essential trace elements, and

1. Introduction

Pomegranate (Punica granatum L.), also known as the “Jewel of
winter”, is a deciduous shrub belonging to the Lythraceae
family," and native to the Middle East, now grown in the
Mediterranean, China, India, South Africa, and the United
States.” The fruit possesses significant economic, nutritional,
medicinal, and ornamental attributes, and is highly esteemed
across industrial, cultural, and ecological domains.* The use
of different components of the pomegranate fruit, including
the pulp, peel, seeds, flowers, and leaves, is experiencing
a notable increase in various industries.* Pomegranate is
a polyphenol-rich food and medicinal plant containing
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multiple vitamins.>® Initial findings suggest that pomegranate
has antioxidant, anti-aging, vascular softening, cholesterol-
lowering, and other beneficial effects widely utilized in the
medical industry.” However, the leftovers of pomegranate
remaining after extracting pomegranate juice were directly
discarded and have not been effectively utilized. The residue of
the pomegranate contains a variety of bioactive substances
needed for the biological activity, including phenolic acids,
minerals, flavonoids, and hydrolyzable tannins.> Myricetin is
a polyhydroxy flavonoid with hydroxyl substitutions at the 3, 5,
7, 3', 4, and 5 positions® that is widespread among natural
foods, including teas, beans, berries, propolis, vegetables,
pomegranates, grapes, red wine, and medicinal herbs® (Fig. 1).
Myricetin has received widespread attention due to its diverse
biological activities, nutraceutical properties, and health
benefits, including anti-inflammatory,' antioxidative proper-
ties,"'* anti-tumor,'** neuroprotective,'®'” liver protection.®
Some researchers suggest that myricetin might be a promising
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Fig. 1 Structure, sources and biological activity diagram of myricetin.

COVID-19 therapeutic option." Myricetin has been used in
food, cosmetics, and beverages in some countries. The esti-
mated intake of myricetin has been reported to be 1.1 mg per
day for males and 0.98 mg per day for females.”® So, it is
extremely important to develop simple, efficient, selective, and
rapid sample pretreatment and analytical methods to enrich
and detect natively occurring myricetin-a pharmaceutically
potent flavonoid with demonstrated antioxidative and anti-
inflammatory bioactivities-from chemically complex agro-
industrial waste matrices.

Molecular imprinting technology (MIT) is a polymerization
technique that provides specific recognition and binding abil-
ities to the target molecules.”* MIT enables the prepared
polymers to form a special “memory” of the target molecule in
terms of spatial structure and functional groups. This allows
them to selectively extract target molecules from their
analogues in complex samples.”*** MIPs based on MIT are
utilized as adsorbents and sensors for enriching, separating,
purifying, and detecting bioactive components in plants. The
advantages, such as high stability and good selectivity make
MIPs to be the preferred materials for natural product separa-
tion, drug release, chemical and biosensors, solid-phase
extraction, environmental applications, catalysis, and other
fields.>**” However, traditional methods for preparing MIPs still
face many limitations in their application to plant natural
products due to the high degree of cross-linking. This makes it
difficult to elute template molecules and results in a slow mass
transfer rate. The occurrence of magnetic core-shell structured
nanocomposites has solved the problems mentioned above.***°
Magnetic core-shell structured nanocomposites offer the
advantages of carriers and molecular imprinting layers,
respectively. So, they have the advantages of high recovery rate,
simple operation process, and fast separation speed compared
to traditional separation technologies such as precipitation and
filtration.*>**
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To the best of our knowledge, there have been no reports on
the preparation of magnetic molecularly imprinted polymers
for enriching and detecting myricetin in natural plants. In this
work, a novel core-shell magnetic molecularly imprinted poly-
mer was prepared on the surface of amino functionalized
magnetic iron trioxide (Fe;0,-NH,) via surface imprinting
method. And this material was applied to enrich and detect
myricetin in pomegranate pomace after extracting juice. That
can enhance the economic utilization rate of pomegranate
pomaces.

2. Materials and methods
2.1 Materials

The pomegranate was purchased from the local bazar. Ferric
chloride hexahydrate (FeCl;-6H,0, AR), anhydrous sodium
acetate (NaAc, AR), chromatographic grade methanol (MeOH,
AR) were purchased from Xinke Reagent Company (Kashi,
China). 1,6-hexanediamine (99%), ethylene glycol (EG, 99.7%),
myricetin (HPLC =98%), azobisisobutyronitrile (AIBN, 99%),
ethylene glycol dimethyl acrylate (EGDMA, 98%), acrylamide
(AM, 99%) and methacrylic acid (MAA) were purchased from
Macklin Biochemical Technology Co., Ltd (Shanghai, China).
Deionized water was used to prepare all solutions required for
the experiment.

2.2 Instruments

Scanning electron microscope (SEM, SU8010, HITACHI, Japan)
and transmission electron microscopy (TEM, Tecnai F20, FEI,
America) were applied to observe the microstructure. X-ray
diffractometer (XRD, D8 Advance, BRUKER, Germany) was
used for analyzing crystal structure. FT-IR spectrometer (FTIR-
200, Hitachi, Japan) was used to scan and determine the func-
tional groups contained in the materials in the wave-number
range of 4000-400 cm . The magnetic properties of the mate-
rials were conducted by the vibrating sample magnetometer
(VSM, LakeShore, 7404, America). The thermo gravimetric
analysis were performed using a thermal gravimetric analyzer
(TGA, NETZSCH, TG 209 F3, Germany) under air from 30 °C to
800 °C at a ramp rate of 10 °C min~'. HPLC analysis was per-
formed on LC-20AT HPLC system with a DAD detector and
a AquaSil C18 column (4.6 x 250 mm, 5 um, Thermo, America).

2.3 Preparation of materials

2.3.1 Synthesis of Fe;0,-NH, particles. Fe;0,-NH, was
synthesized by according to a previous method?®* and our team's
previous work.** Briefly, 1.35 g of FeCl;-6H,0 was dissolved in
50 mL of ethylene glycol and subjected to ultrasonic treatment
for a duration of 30 minutes, resulting in a clear yellow solution.
Subsequently, 2.70 g of anhydrous sodium acetate and 17.2 mL
of hexanediamine were introduced into the aforementioned
solution. The mixture was subjected to mechanical stirring for
a duration of 30 minutes before being transferred to a 100 mL
Teflon-lined autoclave, where it underwent a reaction at 200 °C
for 6 hours. Upon completion of the reaction, the black solid
compound isolated was by an external magnet, the compound

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was washed with deionized water and anhydrous ethanol to
eliminate unreacted reagents and enhance purity. Finally, the
compound was dried at 50 °C for 12 hours under vacuum
conditions.

2.3.2 Synthesis of Fe;0,~NH,@MIPs/NIPs. The Fe;O0,-
NH,@MIPs were synthesized through a surface molecular
imprinting technique utilizing a one-step polymerization
approach. To determine the optimal preparation conditions,
various functional monomers (AM and MAA), different ratios of
the template molecule, functional monomer, and cross-linker
(1:4:20, 1:6:30, 1:8:40), varying amounts of Fe;0,~NH,
(50 mg, 75 mg, 100 mg), and different types of solvents (MeOH
and a mixture of MeOH and ACN) were systematically exam-
ined. The optimal methodology for the preparation of Fe;0,-
NH,@MIP is illustrated in Fig. 2. In summary, 100.0 mg Fe;O,—
NH, (magnetic carrier), 31.8 mg of myricetin (template mole-
cule), 28.4 mg AM, 10 mg AIBN (initiator) and 0.4 mL EDGMA
were dissolved into 15 mL of MeOH + ACN (1:2, v/v). Subse-
quently, the mixture underwent ultrasonic treatment for
a duration of 10 minutes, followed by the introduction of
nitrogen gas for an additional 20 minutes. It was then posi-
tioned in a water bath oscillator maintained at a constant
temperature, where polymerization occurred at 60 °C for
a period of 24 hours. Upon completion of the polymerization
reaction, the resulting polymer was isolated using an external
magnet. It was subsequently washed three times with methanol
and dried in a vacuum dryer at 50 °C for a duration of 10 hours.
The Fe;0,-NH,@MIP composite was then subjected to a Soxh-
let extraction process to eliminate the template and unreacted
reagents, utilizing a mixed solvent of methanol and acetic acid
in a volume ratio of 9: 1. This extraction continued until high-
performance liquid chromatography (HPLC) analysis indi-
cated the absence of myricetin. Finally, the material was dried
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As the control group, to evaluate the specificity of the Fe;0,-
NH,@MIP's binding sites by comparing adsorption behaviors
between imprinted and non-imprinted polymers. Fe;O,-
NH,@NIP (non-imprinted polymer) was synthesized without
adding myricetin and keeping the polymerization ratio of other
raw materials and polymerization conditions consistent with
the preparation method of Fe;O,~NH,@MIP.

2.4 Binding experiment

2.4.1 Dynamic adsorption experiment. To assess the
kinetics of adsorption, a quantity of 5 mg of Fe;0,~NH,@MIP
and Fe;0,~NH,@NIP was introduced into 5 mL of a 20 g mL ™"
myricetin solution, respectively. Followed by agitation for
a duration ranging from 5 to 200 minutes. Subsequently, the
adsorbents were isolated using an external magnet, and the
supernatant was subjected to filtration through a 0.22 pm filter
membrane. The resulting solution was then analyzed via HPLC
at a wavelength of 254 nm. The adsorption capacity of the
Fe;0,-NH,@MIP and Fe;0,~NH,@NIP was determined using
the following equation:*

qe = ——— (1)

where, g. (ug mg™') represents the equilibrium adsorption
capacity of absorbents for myricetin; ¢, (ug mL ™), ¢ (ug mL™")
denote the initial and equilibrium concentration of the myr-
icetin solution, respectively; V (mL) stands for the volume of the
myricetin solution, and m (mg) represents the mass of
absorbents.

Pseudo-first-order (2) and pseudo-second-order (3) kinetic
models were employed to investigate the mass transfer mech-
anisms involved in the adsorption process.*®

in a vacuum dryer at 50 °C for 24 hours. ky
B lg(qe —q:) =g gc — t (2)
2.303
HoN
A0
O».E W
NH,
N ]
Wk ﬁ
6 H+4
o)
MYR,AM wash o \‘{ i N/(\o
F9C13‘6H20=’ H;N NH:  — —— g NH; 2
g, EGDMALAIBN o 0® HoN |
imprinting 0 _NH ) >/ o
layer adsorption J/ o

“‘ ‘ N

& . \_ — —

: L.._. detection elution i isolation | _

B ] V

Fig. 2 Synthesis and application process of FesO4—NH,@MIP.
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where, k; (min™"), k, (mg pug ' min ") are the reaction rate

constants for the pseudo-first-order and pseudo-second-order
models, respectively. g, (ug mg™ ') represent the adsorption
capacity at a specific time.

2.4.2 Static adsorption experiment. In order to assess the
adsorption characteristics of Fe;O,~NH,@MIP and Fe;O,—
NH,@NIP, a series of experiments were conducted in which
5 mg of each adsorbent was introduced into 5 mL of myricetin
solutions at varying concentrations ranging from 10 to 100 pg
mL . The subsequent procedures followed the methodology
outlined in section 2.4.1.

The Langmuir (4) and Freundlich (5) isothermal adsorption
models were utilized to elucidate the adsorption mechanism of
myricetin on Fe;O,~-NH,@MIP and Fe;O,-NH,@NIP. The cor-
responding equations are presented below.*”

1 Ce + ! (4)
qe Gm ¢ gmky
Ing. =mlnc, + Inkg (5)

where k; (mL mg ') is the Langmuir constant, g, (ug mg™") is
the maximum adsorption capacity; ky (ug (mL** ™" mg)™") is the
Freundlich constant related to adsorption capacity, n is an
empirical parameter related to adsorption strength.*®

2.4.3 Selectivity experiment. Selective tests were carried out
with myricetin, rutin, resveratrol to assess the specific identifi-
cation ability of Fe;0,~NH,@MIPs for myricetin and structural
analogs. 5 mg of Fe;0,~-NH,@MIP or Fe;0,~NH,@NIP was added
to 5 mL of a mixed solution of myricetin, rutin, and resveratrol.
Then, shaken for 60 min at room temperature. The adsorbents
were separated by external magnet, and the supernatant was
filtered through a 0.22 pm filter membrane and evaluated using
HPLC. The selective adsorption capacity of Fe;0,~NH,@MIP for
myricetin was calculated according to eqn (1).

2.5 Application of Fe;0,-NH,@MIP for pomegranate
pomace

2.5.1 Sample preparation. A total of 25 grams of dried
pomegranate pomace powder underwent extraction through
ultrasonication three times, utilizing 250 mL of 80% ethanol at
a temperature of 30 °C for a duration of 30 minutes per extrac-
tion. Following the extraction process, the resulting solutions
were filtered and subsequently combined. The combined extract
was then concentrated using a rotary evaporator.

2.5.2 Application of Fe;0,-NH,@MIP to real samples. The
pomegranate pomace extracts subjected to Fe;0,~NH,@MIP
were comparatively analyzed via HPLC to evaluate the adsorp-
tion efficacy, with chromatographic profiles acquired for both
pre-adsorption and post-adsorption phases.

2.6 HPLC analysis

HPLC analysis was conducted using an LC-20AT HPLC system
equipped with a DAD detector and an AquaSil C18 column (4.6

25428 | RSC Adv, 2025, 15, 25425-25435

View Article Online

Paper

x 250 mm, 5 um). The mobile phase A consists of a 0.2% formic
acid aqueous solution, while mobile phase B is a 0.1% formic
acid solution in acetonitrile. The gradient elution process was
as follows: from 0 to 30 minutes, mobile phase A was decreased
from 85% to 60%, while mobile phase B increased from 15% to
40%. From 30 to 40 minutes, mobile phase A was held at 60%,
and mobile phase B remained at 40%. All sections of the
column were maintained at a constant temperature of 30 °C,
with an injection volume of 10 pL and a flow rate of 1 mL min ™.

The detection wavelength was set at 254 nm.

2.7 HPLC-MS conditions

An UPLC (H-class) coupled with MS (5600 QTOF) method for
detecting components in positive and negative ion modes, with
A 1.8 pm, 2.1 x 100 mm ACQUITY UPLC HSS T Column
(Waters) was applied at a flow rate 400 pL min~'. The same
mobile phase and elution program were used in both HPLC and
MS systems. Mobile phase A is 0.1% formic acid aqueous
solution, mobile phase B is a 0.1% formic acid solution in
acetonitrile. The gradient elution process was as follows: 0-
1.5 min: A is 95%, B is 5%; 1.5-2.5 min: A is from 95% to 90%, B
is from 5% to 10%; 2.5-14 min, A is from 90% to 60%, B is from
10% to 40%; 14-24 min: A is from 60% to 5%, B is from 40% to
95%; 24-27 min: A is 5%, B is 95%; 27-80 min: A is from 5% to
95%, B is from 95% to 5%. All sections of the column were
maintained at a constant temperature of 40 °C, with an injec-
tion volume of 4 uL. The MS (AB 5600 Triple TOF) was operated
under the control Analyst TF 1.7 (AB Sciex) to perform MS1, MS2
data acquisition vig IDA functionality. During each acquisition
cycle, the most intense precursor ions with signal intensities
exceeding 100 were dynamically selected for subsequent MS2
fragmentation and data collection. The MS1 mass range was set
to 50-1200 Da with a collision energy of 30 eV. In each acqui-
sition cycle, the top 15 most intense ions were dynamically
selected for MS2 fragmentation. Electrospray ionization (ESI)
source parameters were optimized as follows: Nebulizer gas
(GS1): 60 psi; Auxiliary gas: 60 psi; Curtain gas: 35 psi; Source
temperature: 550 °C; Ion spray voltage: 5500 V (positive mode)
or —4500 V (negative mode).

3. Results and discussion
3.1 Characterizations results

The samples were directly adhered to conductive adhesive and
underwent gold sputtering to enhance their surface conduc-
tivity. Their surface morphology and structural characteristics
were analyzed using SEM. For TEM analysis, the samples were
dispersed in ethanol through ultrasonication for 15 minutes to
ensure uniformity. A drop of the resulting suspension was
placed on a copper mesh microgrid and allowed to dry, forming
a thin film. The samples were examined at an accelerating
voltage of 200 KV to evaluate their morphology, structural
features, and polymerization behavior. The SEM and TEM
images of Fe;0,~NH, (a and ¢) and Fe;0,~-NH,@MIP (b and d)
are presented in Fig. 3. It is evident that the uniformly sized
spherical Fe;0,-NH, particles (100-130 nm) have been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM and TEM images of FezsO4—NH, (a and c),
NH.@MIP (b and d).

Fe304—

effectively coated with a molecularly imprinted layer, increasing
their size to approximately 1.25 um. A polymerization layer is
distinctly visible on the outer surface of Fe;0,-NH,, confirming
successful polymerization.

Fig. 4 shows the magnetization curves of Fe;0,~NH,, Fe;0,—
NH,@MIP and Fe;O,~NH,@NIP. The materials exhibit no
apparent hysteresis, remanence, or coercivity in the loops,
indicating good superparamagnetism. The saturation magne-
tization of Fe;0,~NH, nanoparticles is 62.96 emu gfl. However,
after the polymerization reaction on the surface of Fe;0,~NH,,
the magnetism of Fe;0,-NH,@MIP and Fe;O0,~NH,@NIP
decreased to 11.62 emu g~ " and 7.20 emu g~ ' due to the barrier
effect of the imprinted layer. However, it is still considerably
strong, enabling the material to easily separate from the
complex in 15 seconds under the action of an external magnet,
thus improve material separation efficiency without relying on
conventional techniques including centrifugation, filtration,
and vacuum filtration.

80

——Fe,0,NH,
Fe,0,-NH,@MIP
——Fe,0,NH,@NIP

60 -

40}
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= IE
40
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60 |
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Fig. 4 VSM curves of FezO4—NH,,FesO4—NH,@MIP and FezO4—
NH,@NIP.
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Fig. 5 XRD patterns of FesO4—NH, (a), FesO4—NH,@MIP (b) and
Fe3O4—NH2@NIP (c).

X-ray diffraction was utilized to examine the crystal structure
of Fe;0,-NH,, Fe;0,-NH,@MIP and Fe;0,~NH,@NIP. As
shown in Fig. 5, sharp characteristic diffraction peaks are
clearly visible at 30.11°, 35.43°, 43.01°, 53.37°, 56.96°, and
62.51°, corresponding to the characteristic diffraction peaks
(220), (311), (400), (422), (511), and (440), respectively. This
proves the existence of magnetic ions in all composite mate-
rials. The data is consistent with the standard XRD data of
Fe;0,.*° It was found that the morphology of Fe;0,~-NH, was not
significantly altered by the polymerization reaction, only the
intensity of the 311 peak was slightly weakened due to the outer
polymerization layer. Indicating that the polymerization reac-
tion has no effect on the crystal structure of Fe;O,.

Thermogravimetric analysis test under a nitrogen atmo-
sphere was used to investigate the thermal stability of Fe;O,-
NH, and Fe;O,~-NH,@MIP. The thermogravimetric analysis
(TGA) curves of Fe;0,~NH, and Fe;0,-NH,@MIP are presented
in Fig. 6, illustrating the weight loss from 30 °C to 800 °C.

100 a
80 -
9
< 60 -
L
2
2
40 -
20 - b
1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Temperature(°C)

Fig. 6 TGA curves of FesO4—NH, (a) and FezO4—NH,@MIP (b).
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Fig. 7 FTIR spectrum of FesO4—NH, (a), FesO4—NH,@MIP (b) and
Fe304—NH2@N|P (c).

Fe;0,-NH, began to lose weight by about 1.3% when heated to
234.5 °C due to the amino group on the surface of Fe;0,. While
Fe;0,-NH,@MIP experienced a weight loss of approximately
5.4% at 125.3 °C, which was attributed to the presence of water
and organic reagents, a significant weight loss of 72% was
observed when it was heated to 412.4 °C. Which was attributed
to the thermal decomposition of the surface-imprinted layer,
demonstrating that Fe;O0,-NH,@MIP maintains good thermal
stability up to 300 °C.
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FTIR was applied to verify the structural composition and
functional groups present in Fe;0,~NH, (a), Fe30,~NH,@MIP
(b) and Fe;0,~NH,@NIP (c). The absorption peak at 580 cm ™",
as illustrated in Fig. 7, is exclusively associated with the Fe-O
stretching vibration in materials,** confirming the successful
magnetization. The band of high intensity around 1727 cm™*
attributes to the stretching vibration of C=0 due to EGDMA
and myricetin. The peak around 1460 cm ' and 1626 cm ™"
should be the C=C stretching of the benzene rings and
EGDMA. The peak examined at 1158 em™" is the stretching
band of C-O from the EGDMA and myricetin. The peak around
872 cm ! is bending vibration of = C-H in aromatic hydro-
carbon, the broad band appeared at about 3300-3600 cm ™" is
associated with the absorption peak of intermolecular hydrogen
bonding between template molecules and functional mono-
mers. These various functional groups are more favorable for
the adsorption process.

3.2 Adsorption properties

3.2.1 UPLC-MS analysis of pomegranate pomace. The total
ion chromatogram (TIC) of pomegranate pomace extract ob-
tained via UPLC-MS in both positive and negative ionization
modesdemonstrates the remarkable chemical diversity of
constituents in the pomace matrix, indicative of a complex
phytochemical composition (Fig. 8). Notably, phenylpropanoids
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1.6E7 |- Lipids and lipid-like molecules IS 15.00%
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Organic oxygen compounds il 8.20%
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Fig. 8 TIC and constituent content of pomegranate pomace extract.
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Table 1 The standard equations and parameters for myricetin, rutin and resveratrol

Name Regression equation Linear range (ug mL ™) R? RSD (%) RSD (%) of stability
Myricetin y =7981.1x — 8962.3 2.5-80 0.999 1.61 2.31
Rutin Yy = 6323.5x — 42452.3 10-80 0.999 2.13 2.06
Resveratrol y = 3524.8x + 544.4 0.5-80 0.998 2.42 1.97

and polyketides dominated the phytochemical profile, consti-
tuting 54.30% of detectable compounds in negative ion mode
and 39.20% in positive mode. This class, encompassing ellagi-
tannins and hydrolyzable tannins characteristic of pomegran-
ates, displayed significant ionization mode-dependent
detection efficiency (A15.10%). Key compositional differences
between negative and positive ion modes included lipid-like
molecules (15.00% vs. 16.90%), benzenoids (7.90% vs. 9.80%),
organic oxygen compounds (8.20% vs. 6.20%), organic acids
and derivatives (5.40% vs. 3.60%). Also, negative mode speci-
ficity elevated detection of Organoheterocyclic compounds
(6.10% vs. undetected in positive), however positive mode
enhanced alkaloid detection (11.00% vs. undetected in nega-
tive). This dual-polarity approach effectively captured the full
phytochemical spectrum, with orthogonal detection modes
compensating for ionization bias towards specific compound
classes-a  critical strategy for comprehensive plant
metabolomics.

The cumulative analytical findings substantiate that pome-
granate pomace extracts harbor a sophisticated array of bioac-
tive phytochemicals, whose indiscriminate disposal precipitates
substantial resource depletion while exacerbating agricultural
waste streams. Thereby the valorization of fruit processing
residues is critical for transitioning toward waste-to-wealth
circular economies.

3.2.2 HPLC conditions and standard curve. The standard
equations for myricetin, rutin and resveratrol were depicted in

15

[ I

12 -

q, (ng-mg”)
o

0 1 I 1 1 I 1
0 30 60 90 120 150 180

Time (min)

210

Fig. 9 Kinetic adsorption curves of FesO4—NH,@MIP (a) and FesO4—
NH>@NIP (b).

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

Table 1, demonstrated a strong linear correlation for myricetin,
rutin and resveratrol, with the linear range of the method was
from 2.5 to 80 ug mL ™' (R* = 0.999) for myricetin, from 10 to 80
pg mL " (R* = 0.999) for rutin, and from 0.5 to 80 pg mL ™ * (R* =
0.998) for resveratrol, and RSD for the precision and stability
were lower than 3%.

3.2.3 Adsorption kinetics. The adsorption kinetics of
Fe;0,-NH,@MIP and Fe;0,-NH,@NIP were depicted in Fig. 9.
It was observed that with an increase in adsorption time, the
adsorption capacity exhibited an upward trajectory. Notably,
Fe;0,~NH,@MIP demonstrated superior adsorption

1.5
Fe,0,-NH,@MIP— y=-0.0136x+0.5975 (R*=0.7868)

| 4 F6:0,-NH,@NIP—— y=-0.0124x+0.8663 (R°=0.9503)

1.0

2.0 1 1 1 1 1 1
0 30 60 90 120 150 180 210
Time (min)
40
Fe,0,-NH,@MIP—— y=0.0691x+0.7898 (R*=0.9909) b
35 |- Fe,0,-NH,@NIP— y=0.1381x+5.0128 (R’=0.9811)
30 -
25+
T2 °
15 -
10
5
0
0 50 100 150 200
Time (min)

Fig. 10 First-order dynamic (a) and pseudo-second-order kinetic
model (b) fitting curves.
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Table 2 Kinetic parameters of pseudo-first-order, pseudo-second-order

First order kinetic model Second order kinetic model
Adsorbent ky (min™)  eea (igmg™) R ko (min™)  Qeca (HgmMg™Y) R Ag Vo
Fe;O0,~NH, @MIP 0.0313 3.96 0.7868 —9.41 0.0060 14.47 0.9909 1.11 1.27
Fe;0,-NH, @NIP 0.0286 7.35 0.9503 1.32 0.0038 7.24 0.9811 1.21 0.20

performance for myricetin, with a significant increase in the
amount adsorbed occurring within the initial 60 minutes.
Subsequently, the adsorption process ultimately approaches
equilibrium, as myricetin is initially captured by the imprinted
“holes” on the surface of Fe;O,~NH,@MIP, which possess
specific recognition capabilities. The surface adsorption
mechanism exhibits low mass transfer resistance, facilitating
the rapid uptake of myricetin by Fe;0,~NH,@MIP. However,
once the imprinted “holes” become saturated, the transfer of
myricetin from the surface to the interior of the polymer occurs
at a slower rate. This transfer is impeded by resistance, resulting
in a gradual decrease in the adsorption rate until it stabilizes,
thereby prolonging the time required to achieve saturation.

As shown in Fig. 10 and Table 2, comparing the correlation
coefficients (R> = 0.9909) and the proximity of theoretical
adsorption capacity (14.47 pg mg ') and experimental value
(13.36 ug mg ™), the adsorption process of myricetin on Fe;O,-
NH,@MIP was well described by the pseudo-second-order
kinetic model, indicating that the entire adsorption process is
a chemical process and the adsorption rate may be controlled by
the interaction between the adsorption site and the template
analyte.*

3.2.4 Adsorption isotherms. The adsorption isotherms of
Fe;0,-NH,@MIP and Fe;0,-NH,@NIP showed in Fig. 11,
indicating that the adsorption capacity of Fe;0,~NH,@MIP and
Fe;0,~NH,@NIP increased with the increasing of the concen-
tration of the myricetin, it raised fast when the concentration
was less than 60 ug mL ", continuing to increase the concen-
tration of myricetin did not lead to significant increase of the

20 | a
16 |-
F'gmz L
% b
2
T 8k
4l
1 1 1 1 1
0 20 40 60 80 100

Myricetin Con. (ug.mL")

Fig. 11 Adsorption isotherms of FezO4—NH,@MIP (a) and FezO4-
NH,@NIP (b).
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adsorption capacity, because of the decrease of imprint holes.
The large adsorption capacity occurred when the myricetin
concentration was 100 pg mL ", that was up to 19.10 pg mg ',
the results indicating that Fe;0,~-NH,@MIP has good adsorp-
tion capacity and enrichment efficiency for myricetin, due to the
pre-designed hydrogen bonding and m-m stacking.®”

As shown in Fig. 12 and Table 3, comparing the correlation
coefficients (R> = 0.9989) and the proximity of theoretical
adsorption capacity (19.96 pug mg ') and experimental value
(19.10 pg mg '), the adsorption of myricetin on FezO,-
NH,@MIP fitted better with the Langmuir model, indicating
that the adsorption was mono-molecular layer adsorption, and

Fe,0,-NH,@MIP —— y=0.0501x+0.1500 (R2=0.9989) 5
10 - Fe 0, -NH,@NIP —— y=0.0918x+1.0291 (R2=0.9906) o
8 -
6 -
g
oﬂ)
4+
2L °
0 1 1 1 1 1
0 20 40 60 80 100
c, (ng.mL")
3.6

Fe,0,-NH,@MIP—— y=0.2539x+1.990 (R?=0.7743) b
3.2 | F&,0,-NH,@NIP—— y=0.3785x+0.704 (R’=0.7977)

Inq

1.2 °

25
Inc,

30 35 40 45

Fig. 12 Langmuir fitting curves (a) and Freundlich fitting curves (b).
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Table 3 Langmuir and Freundlich isotherm model parameters
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Langmuir Freundlich
Adsorbent k. (mL mg™") Ge,car. (Hg Mg ) Ry Ag ke 1/n R,®
Fe;0,~NH,@MIP 0.3322 19.96 0.9989 0.86 7.32 0.2539 0.7743
Fe;0,~NH, @NIP 0.0892 10.89 0.9906 1.49 2.02 0.3785 0.7977
Rutin
A Resveratrol 20 B
Myricetin E N Fe;0,-NH @VIP
U 2 Fe;0,-NH,,@NIP
c | 161
~12F
b 2 7
2 st
N
2 N
L 1 1 1 1 1 4 § %
12 15 18 21 24 27 Myricetin resveratrol
Time (min)

Fig. 13 Adsorption capacity of FesO4—NH,@MIP and FesO4—NH,@NIP for rutin, myricetin and resveratrol. (a): the initial solution of three
compounds; (b) the residual solution of three compounds after adsorption by FesO4—NH,@NIP; (c) the residual solution of three compounds

after adsorption by FezO4—NH,@MIP.

the adsorption sites were distributed on the surface of the
adsorbent. Besides that, the value of parameter 1/n is between
0 and 1, indicating that the adsorption and removal process was
easy carried out.

3.3 Selectivity of Fe;0,~-NH,@MIP

As shown in Fig. 13, it was obvious that Fe;0,~NH,@MIP
possesses high selectivity for myricetin compared to other two
compounds and the adsorption capacity for rutin, myricetin
and resveratrol was up to 4.1 ug mg ', 18.8 pg mg ', 3.7 ug
mg~'. However, the selectivity of Fe;0,~NH,@NIP for myricetin
was relatively low. These results indicates that Fe;0,~NH,@MIP
had better recognition ability towards myricetin. Revealing that
the selective adsorption capacity of Fe;0,-NH,@MIP for myr-
icetin was better than others. In a word, these data indicated
Fe;0,~-NH,@MIP could use for selective extraction of myricetin
from real complex samples.

3.4 Application of Fe;0,~-NH,@MIP for pomegranate
pomace

Fe;0,-NH,@MIP was used to enrich myricetin contained in
pomegranate pomace extract to evaluate the practical applica-
bility. The chromatograms of initial pomegranate pomace
extract, the extract after being adsorbed by Fe;O0,-NH,@MIP for
60 minutes and 240 minutes were shown in Fig. 14. After
adsorption on Fe;0,-NH,@MIP nanoparticles, the peak area of
the myricetin was smaller than the peak area of initial sample,
while the peak areas of other components did not change
significantly, indicating there are imprinting “holes” on the

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

surface of Fe;0,~NH,@MIP that have specific recognition
ability for myricetin. Moreover, the content of myricetin in the
pomegranate pomace was calculated to be 5.01 pg g~ ' using the
standard curve y = 7981.1x — 8962.3 (2.5-80 ug mL™ ", R*> =
0.999), indicating that the Fe;0,~NH,@MIP had the specificity
and practicability for the separation of myricetin and can be
applied to enrichment of myricetin from complex.

1 1

1 1
0 4 8 12 16 20 24 28
Time (min)

Fig. 14 HPLC of pomegranate peel extract by FezO4—NH,@MIP. (a)
the HPLC chromatograms of the ethanol extract of pomegranate peel;
(b) the HPLC chromatograms of the extract after being adsorbed by
FesO4—NH,@MIP for 60 min; (c) the HPLC chromatograms of the
extract after being adsorbed by FezO4—NH,@MIP for 240 min.
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4. Conclusions

In conclusion, we have reported the synthesis, characterization,
and practical application of Fe;O,~NH,@MIPs with strong
magnetic responsiveness, high stability and specific recognition
functions. And Fe;O0,-NH,@MIPs have been successfully
utilized in magnetic solid-phase extraction (MSPE) for the
selective enrichment of myricetin in pomegranate pomace with
complex compositions. Fe;0,~NH,@MIP has a large adsorption
capacity and enrichment efficiency for myricetin due to the pre-
designed hydrogen bonding and m-m stacking. Due to the
strong magnetic responsiveness, it is easy and quick to separate
Fe;0,~NH,@MIP from the solution within 15 seconds using an
external magnet, that avoid using time-consuming and energy
consuming methods, like centrifugation, filtration, and vacuum
filtration. All findings indicate that this material is expected to
be the preferred material for separating myricetin during the
extraction process.
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