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In the search for pharmaceutically active compounds from natural products, it is crucial and challenging to

develop separation methods that target not only structurally similar compounds but also a class of

compounds with desired pharmaceutical functions. To achieve both structure-oriented and function-

oriented selectivity, the choice of functional monomers with broad interactions or even biomimetic roles

towards targeted compounds is essential. In this work, an imidazole (IM)-functionalized paper membrane

was synthesized to realize selectivity. The IM was selected based on its capability to provide multiple

interactions, participation

in several

bioprocesses, and experimental verification of adsorption

performance. Using gallic acid as a representative component of Pomegranate Peel, the preparation

conditions and extraction parameters were systematically investigated. The optimal membrane solid-

phase extraction (MSPE) method allowed for enrichment of gallic acid from the complex matrix of

Pomegranate Peel, enabling facile quantitative analysis with a limit of detection (LOD) of 0.1 ng mL™%.
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Furthermore, with the aid of cheminformatics, the extracted compounds were found to be similar in

both their structures and pharmaceutical functions. This work offers a novel approach to preparing
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rsc.li/rsc-advances

1. Introduction

Natural products, including herbs and microorganisms, are one
of the most important sources for drug discovery.' Besides
screening for active compounds, how to separate these targets
from their complex matrix is a key technical issue.*®* Membrane
technology,” due to its selective permeation or retention and
diverse application forms, has been widely used in the
processes of separation, concentration, or purification of
natural products with various industrial and scientific
purposes.®® As for regulating membrane affinity, which is
a research focus and challenge, concept and practice have
gradually evolved from extracting compounds with specific
structures (structure-oriented) to extracting a class of
compounds with desired pharmaceutical functions (function-
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a readily synthesized extraction membrane capable of isolating compounds with similar structures and
pharmaceutical effects, and provides an MSPE-based analytical method for natural products.

oriented). There are several methods that could be referenced:
(1) extrathermodynamics-based research: the relationship
between chromatographic retention and physicochemical
parameters of tested compounds has been described by means
of linear free energy relationships (LFERs) or other derivative
methods,'*** for better summarizing an applicable range of
tested adsorbents and predicting separation conditions for new
targets. (2) Biomimetic methods: the target molecule'*** (such
as protein) or tissue'**® (such as a cytomembrane) for a drug is
introduced in the in vitro separation medium as a functional
monomer, producing a target-specific interaction, which links
the retention behavior directly to biological function. (3) Big
data methods:">* the experimental data are collected from
current research literature and analyzed by artificial intelligence
algorithms either to help design or choose adsorbents or to
establish the relationship between the structures of the extrac-
ted compounds and their pharmaceutical functions. Moreover,
the design of functional membranes for natural products
should not interfere with their pharmaceutical activities and

16—

should be convenient for scale-up experiments. Considering the
complexity of natural products, it is still a challenge to design
a specific functional membrane to extract desired compounds
with similar structures or functions from one natural origin.
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The imidazole (IM) ring, due to its widespread presence in
the structures of many natural and metabolically active
substances (such as histidine) and its involvement in corre-
sponding biological processes,* can provide abundant inter-
actions (such as hydrogen bonding or w-m interaction)* with
numerous bioactive compounds. Hence it has been utilized as
an important bio-isostere for synthesizing new drugs in
medicinal chemistry**?® and even as a functional building block
in materials science.”” For integration with functional
membranes, several forms have been developed through
outstanding approaches in materials science, such as the
derivatives of IM,*® IM-based ionic liquids,*® polymers contain-
ing IM,*® and IM-type metal-organic frameworks (MOFs).** To
regulate selectivity, IM as a functional monomer, alone or
combined with other chemical groups, can be used for the
adsorption or sensing of antibiotics,*** pesticides,* salicylic
acid,* or metal ions.* For further enhancement, the applica-
tion of molecularly imprinted polymers (MIPs),**** especially
using IM-type functional monomers and template-induced
cavities," can achieve tailor-made selectivity towards a target
compound or a class of compounds. Due to the rich interactions
of imidazole and its potential in the regulation of selectivity,
membrane materials developed based on imidazole are ex-
pected to target a class of compounds with similar structures.
And, according to the principle that structurally similar
compounds have analogous functions, this structure-oriented
extraction can be converted to function-oriented extraction
after further exploration of whether these extracted compounds
share common biological functions.

In this work, an imidazole (IM)-modified paper membrane
was synthesized via a microwave-accelerated polymerization
reaction and utilized for membrane solid-phase extraction
(MSPE). The porous fiber filter paper*” (called a paper
membrane) was selected as the support material for its easy
modification and facile integration into the extraction process.
Gallic acid (GA), one of the phenolic acid type components in
Pomegranate Peel*® and also the characteristic component of
Pomegranate Peel prescribed by Chinese pharmacopeia,** was
chosen as the test sample. In previous research, adsorbents for
GA were C-18,* Ni-Co layered double hydroxides (LDH)* or
MIPs.*-** Among these MIPs, 4-vinylpyridine®® or dopamine®
was used as functional monomer, indicating that nitrogen-
containing structures could interact with GA. However, func-
tional monomers and template-induced cavities worked
together in MIPs, which required skilled synthesis. Therefore,
we attempted to use a facile preparation method. Theoretically,
the basis for interaction between IM (a nitrogen-containing five-
membered heterocyclic ring) and GA (a phenolic acid structure)
is through hydrogen bonding and m-7 interaction.”* Methyl-
acrylic acid (with -OH to provide hydrogen bonding instead of
nitrogen) and butyl methacrylate (with hydrophobic attraction
via the carbon chain) were first selected for comparison with IM.
After validating the function of IM, GA was used to investigate
the preparation conditions, operational parameters, and
quantitative capabilities of the IM-functionalized membrane.
Qualitative analysis was performed by mass spectrometry (MS)
to identify the compounds extracted from Pomegranate Peel
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using the MSPE method. Subsequently, cheminformatics anal-
ysis was conducted to assess whether the identified compounds
shared common structural features and biological activities (for
the scheme, see Fig. 1). This research offered a novel approach
for preparing a readily synthesized extraction membrane
capable of extracting compounds with similar structures and
pharmaceutical effects, as well as an MSPE-based analytical
method for natural products.

2. Materials and methods

2.1. Reagents and materials

1-Allyl-1H-imidazole (1-IM), butyl methacrylate (BMA), ethylene
glycol dimethacrylate (EGDMA, stabilized with HQ), 2,2'-azobi-
s(isobutyronitrile) (AIBN), and y-methacryloxypropyltrimethox-
ysilane (y-MAPS) were purchased from Tokyo Chemical
Industry (TCI-Shanghai, China). Polyhedral oligomeric silses-
quioxane (POSS, methacryl substituted. Cage mixture, n = 8, 10,
12) was purchased from Sigma-Aldrich (Shanghai, China).
Methylacrylic acid (MA) was purchased from Shanghai Maclin
Biochemical Technology Co., Ltd. Dimethyl sulfoxide (DMSO),
methanol (HPLC grade), acetonitrile (HPLC grade), acetic acid
(HAc), ammonium hydroxide, NaOH, gallic acid (GA), powder of
Pomegranate Peel, and PTFE porous membranes (0.22 pm) were
purchased from Jinan Reagent Company. Whatman paper
membranes (circular, diameter = 25 mm) were obtained from
GE Healthcare UK Ltd. A chromatographic Agilent ZORBAX
Eclipse Plus C18 (3 x 100 mm, 1.8 pm) column and Waters BEH
C8 column (100 mm x 2.1 mm, 1.7 pm) (Waters, Milford, MA)
were used for LC and LC-TOF/MS, respectively. Pure water
(Wahaha Co. Ltd, China) was used for the mobile phase and all
other experiments.
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Fig. 1 Scheme of this work. An IM-functionalized paper membrane
could extract compounds with structural and functional similarities.
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2.2. Instruments

An Ultimate 3000 UHPLC System (Thermo, USA) was used for
liquid chromatography experiments. LC-TOF/MS was per-
formed on a UPLC (Waters, Milford, MA)-Q Exactive HF MS
(Thermo Fisher Scientific, Rockford, IL, USA). A Midea micro-
wave oven (max power = 1000 W, Guangdong, China) was used
for synthesizing extraction membranes. A Saipurui SPE device
with 24 ports (Tianjin, China) was used to perform membrane
extraction. An Anyan nitrogen blow-drying apparatus (Hang-
zhou, China) was used for concentration. A Waters UPLC-Q
Exactive HF MS System (Thermo Fisher Scientific, Rockford,
IL, USA) was used for identification. IR and SEM characteriza-
tion were performed on a Spectrum 100 FT-IR spectrometer
(PerkinElmer Inc., Waltham, Massachusetts, USA) equipped
with a DTGS detector, and Zeiss Ultra-55 field emission scan-
ning electron microscopy.

2.3. Preparation of the extraction membrane and
investigation of preparation conditions

The preparation procedures were adapted from our previous
work.”> Three main steps were involved: (1) pretreatment of the
filter membranes: the original membranes were soaked in
a 1 mol L' NaOH aqueous solution for 12 hours at room
temperature (RT), then rinsed with water until the pH was
neutral (pH = 7). Methanol was used to remove residual water,
and the membranes were dried at 60 °C. (2) Modification with
C=C groups: the pretreated membranes were soaked in a 40%
solution of y-MAPS methanol for 24 hours at RT. After this time,
they were washed with methanol to remove excess y-MAPS and
subsequently dried at 60 °C. (3) Preparation of 1-IM modified
membranes (extraction membranes): a reaction mixture was
prepared by dissolving a monomer, crosslinker, and 5 mg of
AIBN in 300 pL of DMSO (the specific composition is detailed in
subsequent investigations). The mixture was added dropwise
onto the triple layers of C=C modified membranes to ensure
full absorption. The membranes were then placed in a micro-
wave oven and heated at 1000 W for 15 minutes. Once the
reaction was complete, the extraction membranes were cleaned
with methanol to remove any unreacted materials and dried at
60 °C. The finalized extraction membranes were sealed and
stored at RT for future use.

For the extraction tests, the extraction membranes were
assembled into a solid phase extraction (SPE) device as follows:
three layers of extraction membranes were sandwiched between
two PTFE membranes, forming a membrane group that was
secured within a needle filter. The upper part of the needle filter
was connected to a 5 mL syringe, and the lower end was fixed to
an SPE vacuum pump interface via a flow-limiting valve.

The univariate method was employed to investigate prepa-
ration conditions, altering one variable at a time. The optimal
factor identified was then used in subsequent experiments. The
detailed investigation included: (1) examining three types of
monomer (containing a carboxyl group, an alkyl chain, or
imidazole, namely MA, BMA, or 1-IM), using 5 puL of 1-IM and 25
uL of EDGMA; for MA or BMA, their amounts were equimolar to
1-IM. (2) Varying the quantity of the selected monomer (5 pL, 10
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uL, 20 pL, or 50 pL). (3) Adding either 5 puL or 10 pL of POSS as an
additional crosslinker to assess whether mixed crosslinkers
enhanced the immobilization of the monomer. To confirm the
origin of the extraction functionality, three layers of pristine
membranes (pure paper) and three layers of EDGMA-modified
membranes were tested in the SPE device.

2.4. Extraction tests

Before each extraction, the membranes were pre-cleaned and
checked for leakage using 5 mL of methanol followed by 5 mL of
acetonitrile. During the extraction tests, samples were passed
through the membrane and collected into a tube within the SPE
device chamber.

For investigation of the preparation conditions, the test
sample was a 20 pg mL~" GA solution prepared by diluting a 2 mg
mL ™" GA stock solution (dissolved in methanol) with water. The
adsorption ratio was calculated as the ratio of the chromato-
graphic peak area of the initial sample to that of the filtered
sample. To facilitate comparison between different preparation
conditions, the sample was filtered and collected only once.
Chromatographic conditions for the extraction tests included
a mobile phase composed of acetonitrile (A) and water with 0.1%
acetic acid (B) at a ratio of 5: 95. The injection volume was set to
20 uL, with a flow rate of 0.3 mL min~". The temperature of the
column compartment was maintained at 30 °C, and absorbance
was measured at 270 nm. Results were collected from three
groups of membranes prepared under the same conditions.

Optimization of SPE parameters involved various samples
and extraction tests: (1) to investigate the effect of sample
solvent, GA stock solutions were diluted with water, methanol,
or acetonitrile to prepare 20 ug mL ™' GA solutions. Samples
diluted in methanol or acetonitrile were further diluted 1:1 (v/
v) with water before LC analysis. The injection volume was
adjusted to 4 pL due to lower column efficiency being observed
with larger volumes or without water dilution. (2) To study the
pH effect, water was used as the diluent with the addition of 1%
acetic acid. (3) For investigation of extraction times, the same 20
pg mL ™' GA aqueous solution was filtered through the same
membrane multiple times consecutively. (4) Elution solutions
were tested using the optimal extraction time; solutions
included methanol and mixtures of acetonitrile and methanol,
all containing 0.1% acetic acid. (5) Elution times were investi-
gated using the optimal extraction time and eluent, eluting the
membrane multiple times in succession. In studies involving
elution solutions and times, samples were diluted 1 : 1 (v/v) with
water and injected at 4 puL for LC analysis. Results were collected
from three groups of membranes prepared under the same
conditions for each part of this optimization process.

2.5. Preparation of the Pomegranate Peel extract

0.1 g of Pomegranate Peel powder was thoroughly dispersed in
2.0 mL of a 75% (v/v) methanol aqueous solution. The mixture
was then sonicated for 20 minutes and subsequently filtered to
obtain the supernatant. For MSPE testing, the prepared super-
natant was diluted 10-fold with water (the dilution solvent was
chosen based on the results of the solvent effect study) to yield

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the extract. Dilution was necessary to prevent an overload LC
signal due to the MSPE-processed sample (data not shown). For
LC-TOF/MS analysis, the supernatant was used without dilu-
tion. Prior to use, the extract was stored at 4 °C and utilized
within the same day.

2.6. Quantitative and qualitative performance of MSPE

To build the standard curve, a series of concentrations (0.5 ng
mL™', 1 ng mL ™', 2 ng mL™%, 5 ng mL ™", 10 ng mL™", 20 ng
mL ™", 50 ng mL™ %, 100 ng mL™ ", 200 ng mL™ ", 500 ng mL™ ") of
GA aqueous solution were prepared. The elutes were collected
under the optimal MSPE conditions, and blown dry under
nitrogen, and then dissolved again by 250 puL of 5% (v/v)
methanol aqueous solution for each one. These re-dissolved
solutions were analyzed by LC to collect the peak areas. LC
conditions included a mobile phase composed of (A) acetoni-
trile and (B) 0.1% aqueous acetic acid (HAc), with a gradient
from 100% to 92% B over 0-5 min, 92% to 75% B over 5.1—
15 min, 20% B at 15.1-20 min, and back to 100% B over 20.1-
25 min. The injection volume was set to 10 uL, with a flow rate of
0.3 mL min~'. The temperature of the column compartment
was maintained at 30 °C, and absorbance was measured at
270 nm. For each concentration level, three samples were tested
on one membrane group to ensure consistent results.

Additionally, the eluate was collected for identification of
captured compounds by LC-TOF/MS. The LC-TOF/MS conditions
were as follows: for the LC part, the temperature of the column
compartment was set to 50 °C, the flow rate to 0.3 mL min ", and
the injection volume to 2 pL. The mobile phase consisted of (A)
0.1% aqueous HAc and (B) acetonitrile, with a gradient from 8% to
80% B over 5-15 min, then to 100% B over 15-15.5 min, holding
until 18 min before returning to 8% B over 18-18.5 min, and
maintaining until 22 min. For the MS part, the full scan range was
m/z 70-1050, with a spray voltage of 3.50 kV for positive ionization
and 3 kV for negative ionization. The capillary temperature was set
to 300 °C, with the sheath gas temperature at 350 °C. Sheath gas
and auxiliary gas flow rates were set to 45 and 10 (arbitrary units),
respectively. The resolution was set to 12¢*, with the resolution of
dd-MS? at 3e*. The top 10 compounds were selected for secondary
data acquisition, with a collision energy NCE of 30. For qualitative
analysis, the molecular weight and tandem mass spectrometry
(MS/MS) data were matched against an MS database that was
compiled using standard reference substances.

Finally, cheminformatics tools were applied to analyze
structural similarities or biological effects among these
compounds. The structural similarity was calculated by
a molecular fingerprint-based method. The results were pre-
sented as the Dice index.*® The functional similarity was esti-
mated by network pharmacology (by using the Swiss Target
Prediction database®).

3. Results and discussion
3.1. Investigation of preparation conditions

IM can have many interactions with other molecules.> Specifi-
cally, for interactions between IM and GA, there are two major
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parts: (1) a phenolic hydroxyl group and a carboxyl group can
interact with nitrogen on the imidazole ring via hydrogen
bonding, (2) while benzene in phenolic acid can provide -7
interaction when close to and parallel with the imidazole ring.
For comparison, oxygen-containing methylacrylic acid was
chosen to contrast with nitrogen-containing imidazole in terms
of hydrogen bonding strength. Meanwhile, butyl methacrylate,
which features a carbon chain, was used in place of a ring
structure to provide hydrophobic attraction. For experimental
verification, these three different types of monomers showed
different performances (see Fig. 2A). The test sample was an
aqueous solution of GA (20 pg mL™ ') with a pH of around 5.5,
which was higher than the pK,; of GA (around 4.4) or pkK, of
a carboxyl group in MA (around 4.2). As a result, both GA and
MA were negatively charged and mutually exclusive in the
aqueous solution. This explained why the MA monomer showed
poor adsorption towards GA. In this part, MA and other
monomers were not further compared in the acid-added
sample, because additional pH adjustment would require
supplementary additives, which might interfere with the activity
of the components and complicate the extraction process.
Regarding BMA, this non-charged monomer, the adsorption
ratio was improved (2.3 times higher than that of MA) due to the
hydrophobic force of its alkyl chain. The pK, of the IM ring was
around 6.9, which was partly ionized in the test sample solution
and contributed to adsorption via electrostatic attraction, thus
showing the best performance (the adsorption ratio was around
0.66). Next, the amount of 1-IM was explored (see Fig. 2B). When
the amount of 1-IM increased from 5 pL to 20 puL, the adsorption
ratio became 1.3 times higher. However, when it reached 50 pL,
the adsorption ratio decreased, possibly due to the excessive
amount of monomer leading to higher crosslinking density and
a decrease in the number of interactive sites. Therefore, the
amount of 1-IM was set at 20 pL for the remaining experiments.
To confirm the function of the 1-IM monomer, comparisons
were made among 1-IM modified membrane, EDGMA modified
membrane (without 1-IM), and pure paper membrane (without
1-IM or crosslinker) (see Fig. 2C). The results demonstrated that
both 1-IM monomer and EDGMA (with a similar structure to
BMA) contributed to the adsorption through hydrogen bonding,
-7 stacking, and hydrophobic interaction of the alkyl chain,
with the adsorption ratio of 1-IM being 1.3 times higher (the
adsorption ratio was around 0.86) than that of EGDMA alone.
Finally, a second crosslinker, POSS,***® which was proven to
enhance separation, was added to check whether the monomer
was well distributed and immobilized on the paper membrane
(see Fig. 2D). When POSS started to participate (from 0 to 5 mg),
the adsorption ratio decreased by nearly 23% due to its occu-
pation of reactive sites for the 1-IM monomer. However, when
the amount reached 10 mg, the adsorption ratio rose over 90%,
indicating that POSS began to enhance adsorption due to its
cage-like structure for a higher density of immobilized mono-
mers. Nevertheless, the adsorption ratio did not improve
sharply and considering the price of POSS (higher than
EDGMA), no further use of POSS was pursued. In summary, the
optimal reactants were 20 pL of 1-IM, 25 pL of EDGMA, and
5 mg of AIBN in 300 uL of DMSO.

RSC Adv, 2024, 14, 14202-14213 | 14205
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3.2. Characterization of the membrane

ATR-IR and SEM were used to characterize the membrane
materials (see Fig. 3). The IR data (see Fig. 3A) were normalized
by reflectivity, ranging from 0 to 100 for qualitative analysis.
After C=C modification, a peak at 1718.23 cm™ " was observed,
indicating successful modification of C=C. After reaction with
1-IM, the peak at 1718.23 cm ™" decreased, while a weak peak at
1720.30 cm™ ' remained, suggesting that C=C was consumed
during the reaction and that EDGMA (containing C=0) and
imidazole (containing C=C and C=N) were immobilized.
According to the IR database (Spectral Database for Organic
Compounds, SDBS),”” the 1-methylimidazole structure exhibits
signals at 2916 cm ™', 1473 cm ™', 1285 cm ™', and 1028 cm ™.
The peaks were consistent in those from 1-IM@paper. SEM
analysis (see Fig. 3B-D) revealed different morphologies, which
also reflected different modification steps. Due to the interfer-
ence of the background from the paper itself, the energy spec-
trum is not shown.

3.3. Optimization of influential factors for MSPE

Influential factors were investigated using a univariate
approach. First, the effect of diluting solvents (water, methanol,

and acetonitrile) on the test sample was compared (Fig. 4A). The

14206 | RSC Adv, 2024, 14, 14202-14213

View Article Online

Paper

0.8+

v
S061 &4 %;

=] % /
N BN
g‘ v ////
3044 2 4//
<7 7
v 7

02l &4
7z )

0.0 - e

5 10

Amount of 1-IM (pL)

\\<
H

o
3
L

\\\

AN
N

AN\

N

AN

nt:

A\
NN

Q\

NN

s

W\
N \‘\\‘\
AN

Adsorption ratio
(=1
+
N ]
N

0.24

7 ?
5
Amount of POSS (mg)

0.0

—
(=}

Investigation of preparation conditions: (A) comparison of monomers, (B) amount of 1-IM, (C) comparison with other controls, and (D)

1-IM modified membrane showed much better performance in
water than in methanol or acetonitrile. A possible reason is that
in organic solvents both GA and IM were not ionized, leading to
weaker interaction than in water. Since GA is unstable (easily
oxidized) in alkaline solution, only water and 1% HCOOH
aqueous solution of GA were compared. With acid added, GA
remained primarily in molecular form and IM became proton-
ated, reducing adsorption (Fig. 4B). Based on the initial find-
ings, methanol, acetonitrile, and HCOOH were considered as
candidates for the elution solvent. When a sample was filtered
multiple times using the same membrane (referred to as
extraction times; see Fig. 4C), the adsorption ratio increased
and began to plateau after three repetitions (around 0.97). The
optimal elution solvent was found to be a mixture of methanol
and acetonitrile (8:2) containing 1% HCOOH (see Fig. 4D).
Nearly 96% of the adsorbed GA could be eluted in a single step.
Consequently, these optimized MSPE parameters were used in
subsequent experiments.

3.4. Binding isotherms and breakthrough parameters

The binding isotherms (see Fig. 5A) of MSPE for GA samples
were obtained under the optimal parameters. The ratio of signal
to noise (S/N) at 0.5 ng mL " was 12.4 (calculated by peak
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(C) C=Ca@paper, and (D) pure paper.
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Fig. 5 Data fitting: (A) Hill fitting and (B) linear fitting.

height). According to the requirements of S/N for the limit of
detection (LOD, S/N = 3) and limit of quantitation (LOQ, S/N =
10), the calculated LOD and LOQ were 0.1 ng mL ™' and 0.4 ng
mL ™", respectively. Both LOD and LOQ were much lower than
those of HPLC (usually around 500-1000 ng mL™~ ") and were
even comparable to those of an MS detector. The binding
isotherm was obtained by converting the X-axis coordinates to
a base-10 scale and applying the Hill equation® (eqn (1), shown
below).

Y= Bmaxxn/(xn + Kdn) (1)

where By is the maximum binding, K4 is the dissociation
constant, and n is the Hill slope; when n < 1, it indicates
negatively cooperative binding. The fitting results, obtained by
iterative computation, were: B = 1.26 mg mL ™', n = 0.87, and
K4 = 14.36 mg mL ™" (R*> = 0.95). The order of magnitude of K4
(in mg mL ") suggests that the interaction was not strong, at
least not comparable to that of IM-based molecularly imprinted
materials. This could help maintain the activity of the eluted
compounds and provide a basis for purification. The By« was
a theoretical fitting result, and for concentrations over 500 ng
mL ™", an earlier plateau or inflection point might appear before
Bmax- Since concentrations above 500 ng mL™! can be directly
analyzed by the LC-UV method, there is no need for MSPE
enrichment and the upper concentration was set at 500 ng
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mL ™', Due to nonlinearity throughout the entire range, linear
fitting was performed in three separate ranges (see Fig. 5B): (1)
for 0.5 ng mL™ " to 5 ng mL™ ", R* = 0.994, (2) for 5 ng mL ™" to
100 ng mL ', R* = 0.998, and (3) for 100 ng mL ™" to 500 ng
mL ™", R* = 0.988. This phenomenon of nonlinearity was also
observed in previous research, particularly in flow-based
extraction processes. This may be due to flow-induced molec-
ular diffusion or other complex process factors.

The breakthrough curve is an important dynamic feature for
a membrane filter process. Because (1) the sample volume is 5
mL, and (2) interval sampling is difficult over the whole filtering
process, we apply simulation by computational fluid mechanics
(CFD) to obtain the breakthrough curve (for detailed informa-
tion about the CFD simulation, see Table S2). CFD simulation
is widely used in engineering and process control.>” The results
were: the adsorption rate constant is 0.052 s ', the break-
through time is 96.5 s, and the breakthrough amount (at 96.5 s)
is 0.057 mg (Fig. 6).

3.5. Application in quantitative and qualitative analysis of
pomegranate peel

The quantitative capability of the MSPE was assessed using GA.
The GA amount extracted from pomegranate peel power was
(1.84 £ 0.054) pg g~ * (by fitting in the range of 5-100 ng mL ",
for the LC profile of the MSPE; see Fig. 7). The run-to-run
relative standard deviation (RSD) was 2.98%, calculated based
on peak area. The batch-to-batch RSD was 13.4%, also calcu-
lated based on peak area. The recovery was 82.1-92.9% (at 500
ng mL ™). For a comparison of methods, see Table S1.}
High-resolution LC-TOF/MS was used for qualitative analysis
of the extracted compounds. For better identification, the
undiluted extract of pomegranate peel powder was used directly
as the MSPE sample (5 mL per sample). The eluted solution (5
mL) from MPME was then concentrated to 250 pL and
submitted for direct LC-TOF/MS analysis. Since no other iden-
tification methods such as NMR were applied, we set a filter of

0.020
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0.010

0.005 +

Concentration (kg/m?)

— Simulated Breakthrough Curve
Fitting by Yoon-Nelson Model

0.000

0 50

100 150 200 250 300
Time (second)

Fig. 6 CFD simulation of breakthrough curve and fitting by the Yoon—-
Nelson model (the R? of fitting by the Yoon—Nelson Model is 0.997).
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Fig. 8 XICs (A) and structure (B) for compounds 1-6: 1 — catechin, 2 — ellagic acid, 3 — quercetin 3-O-galactoside, 4 — corilagin, 5 — gallic acid,

and 6 — beta-glucogallin.
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“peak area exceeding 1.0 x 10°” to filter out relatively weak dozens of compounds (for MS information, see Table S21) The
signals. Therefore, only six compounds were left for further XICs (extraction ion chromatograms) and corresponding
analysis from the preliminary matching results including structures are displayed in Fig. 8. For TICs (total ion
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Fig.9 Cheminformatic analysis: (A) structural similarity (by dice index, the humbers on the x-axis and y-axis represent compound number); (B)
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detailed information of gene target referenced to the Swiss Target Prediction database).
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chromatography) of ESI (+), primary MS and secondary MS for
each compound, see Fig. S1-S8.f From the structures, the
extracted compounds all had phenolic hydroxyl groups. Using
a molecular-fingerprint-based method, the structural similarity,
quantified using the Dice index* (Fig. 9A), was analyzed by
hierarchical cluster analysis (HCA). Compounds 2 and 5, 4 and
6,1 and 3, were like each other at the first hierarchical level. Two
groups, compounds 2 and 5, and compounds 4 and 6, were
clustered together at the second hierarchical level. Correlation
analysis and HCA provided a clearer description of the struc-
tural similarities. Network pharmacology, using the Swiss
Target Prediction database, was also employed to investigate
functional similarities (see Fig. 9B), including gene targets and
associated diseases. There were common gene targets among
these extracted compounds, and their pharmaceutical effects
were focused on ten diseases. Based on the results of chemo-
informatics, there were similarities in both the structures and
pharmaceutical functions of the extracted compounds. Hence,
components that can interact with imidazole share common or
similar structures. Following the principle that structurally
similar compounds have analogous functions, these
compounds with similar structures exhibit comparable phar-
macological activities. This is the plausible molecular mecha-
nism of function-oriented selectivity. Apart from experimental
approaches,®* the adsorbents can estimate the function®
more than daily analysis.

4. Conclusions

In this work, an imidazole (IM)-functionalized paper membrane
was synthesized for both structure-oriented and function-
oriented selective extraction from the natural product pome-
granate peel. IM was selected based on its capability to provide
multiple interactions, participation in several bioprocesses, and
experimental verification of adsorption performance. The
preparation conditions and extraction parameters were
systematically investigated using gallic acid as the representa-
tive component. The refined membrane solid-phase extraction
(MSPE) method can be used to enrich gallic acid from the
complex matrix of pomegranate peel, achieving a limit of
detection (LOD) of 0.2 ng mL™'. Extracted compounds were
qualitatively identified by LC-TOF/MS and found to share
structural and functional similarities, as determined by chem-
informatics analysis. This work offers a novel approach for
preparing a readily synthesized extraction membrane capable of
extracting compounds with similar structures and pharmaceu-
tical effects, along with an MSPE-based analytical method for
natural products. Moreover, this design of selective affinity can
be adapted for large-scale purification, aimed at the rapid
discovery of pharmaceutically active compounds in natural
products, especially those that are structural derivatives or
functional analogues of a prodrug molecule.
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