Published on 27 May 2025. Downloaded by Y unnan University on 7/29/2025 7:58:15 PM.

7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal

{ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5gc01721a

Received 8th April 2025,
Accepted 12th May 2025

DOI: 10.1039/d5gc01721a

rsc.li/greenchem

Green foundation

Enhancing Verbena officinalis L. antioxidant yield
through natural deep eutectic solvents and MOF
synergetic applicationfy
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The bioactive components in Verbena officinalis L. extract have been demonstrated to exhibit remarkable
pharmacological properties. However, the active ingredients obtained by organic solvent extraction posed
a challenge to their application. In this research, a method was proposed for extracting the active ingredi-
ent from Verbena officinalis L., in which MOFs were used as adsorbents and natural eutectic solvents
(NADESSs) as additives in water. The synthetic MOF with a high surface area and porous structure could
disrupt the cell walls and adsorb the target components from the herb. Meanwhile, the abundant hydro-
gen bonding system and polarity adjustability of NADESs enhanced the dissolution of active ingredients.
After optimization, the total extraction efficiency of five target substances could reach 22.99 + 0.67 mg
g~ by using only 1.52% NADES aqueous solution, and the antioxidant capacity of the extracts was better
than that of traditional extraction methods. Additionally, density functional theory revealed that NADESs
interacted with the active ingredient through hydrogen bonding, enhancing its dissolution and protecting
the active site before it exerted its antioxidant power. The NADES dosage was proven to be the most
important factor in the extraction process through machine learning, and a Graphical User Interface
model was developed to predict the yield based on input variables. Batch experiments proved that
Verbena officinalis L. extracts from different sources were suitable for the technology proposed in this
work. This technology utilized the synergistic effect of NADESs and MOFs, thereby not only minimizing
solvent costs and eliminating the need for solvent recovery but also demonstrating global application
value and fully implementing the green concept.

1. This work introduces a more sustainable extraction strategy using natural deep eutectic solvents (NADESs) as trace additives in water. Through hydrogen
bonding, NADESs enhanced the antioxidant properties of Verbena officinalis L., while their ultra-low dosage eliminated the need for solvent recovery. This

design provides a green and practical formulation for herbal enrichment.
2. A more sustainable extraction and enrichment method has been achieved, significantly enhancing the antioxidant capacity of Verbena officinalis L. by iden-
tifying 3 flavonoids, 3 iridoids, and 4 phenylethanol glycosides within it.

3. Future work will focus on screening more efficient NADES formulations to boost additional pharmacological activities of herbal products, such as anti-
inflammatory, neuroprotective, and immunomodulatory effects.
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1. Introduction

Verbena officinalis L. is a common natural product (NP) of the
genus Verbena officinalis L in the verbena family." The primary
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“Tianjin Key Laboratory of Therapeutic Substance of Traditional Chinese Medicine, phenylethanoid glycosides, essential oil, flavonoids and so on,
Tianjin University of Traditional Chinese Medicine, Tianjin, 301617, China which exhibit various pharmacological activities such as anti-

“Department of Chemical & Materials Engineering, University of Auckland,

Auckland, 0926, New Zealand

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5gc01721a

oxidant, antitumor, and antimicrobial effects.”* Among them,
antioxidant components can remove free radicals and delay
aging, which have attracted wide attention.” However, conven-

1 These authors contributed equally to this work. tional extraction methods often rely on organic solvents, such
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as ethanol® and methanol,” which are not only toxic to
humans but also cause pollution to the environment.
Additional steps like solvent recovery, purification, and compli-
ance checks are also needed, making the process more
complex and expensive. In addition, such solvents are often
utilized in conjunction with heating extraction, resulting in
high energy consumption and the unintended dissolution of a
substantial number of impurities. Therefore, it is imperative
that a method be developed that uses green and highly
efficient solvents together with highly selective pre-treatment
techniques to extract antioxidant components from Verbena
officinalis L.

As a new kind of green solvent, deep eutectic solvents
(DESs) were proposed by the Abbott team in 2003,% which have
the advantages of low cost, low toxicity, a simple preparation
process, being non-flammable and high stability.” These solu-
tions are homogeneous and clarified, resulting from the con-
tinuous stirring of hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) components at elevated temperatures,
facilitated by hydrogen bonding interactions.'® Natural deep
eutectic solvents (NADESs) are defined as solvents composed
of primary or secondary metabolites that are sourced from
living organisms. These metabolites may include sugars,
amino acids, organic acids, fatty acids, or chlorine derivatives.
Such solvents exhibit enhanced biocompatibility and are con-
sidered more environmentally sustainable.' Since Choi et al.
used NADESs as an alternative solvent in 2011,' the use of
NADESs to extract NPs has attracted increasing attention.
Owing to their rich hydrogen bond system and polarity adjust-
ability, NADESs have high solubility for bioactive components,
which has made them regarded as novel ideal solvents by the
scientific community.”®> For example, Zuo et al'* used 20
NADESs to extract flavonoids from Trollius ledebourii. Bajkacz
et al.'® utilized 17 NADESs for the isolation of isoflavones
(daidzin, genistin, genistein and daidzein) from soy products.
However, even though NADESs are green solvents, using them
as extraction solutions is not only costly, but their poor vola-
tility also makes them difficult to recover.'® Therefore, there is
a need to develop a cost-effective technology for extracting the
active ingredients in NPs using NADESs, which can avoid the
recycling of NADESs at the same time.

Matrix solid-phase dispersion (MSPD) is a sample pretreat-
ment method appropriate for semi-solid, solid and viscous
samples.’”” In MSPD, the sample and the adsorbent are fully
mixed by grinding, and then the solid mixture is eluted with
an elution solution, while the target compound is separated,
extracted and purified from the solution, simplifying the pro-
cedure.'® Several studies have reported the use of modified
MSPD techniques for extracting active ingredients from NPs.
For instance, Wang et al.® and Xu et al.*° utilized ultrasound-
assisted MSPD (UA-MSPD) to extract active ingredients from
Hibiscus sabdariffa L. and Fructus Choerospondias, respectively.
Wen et al.** applied vortex-assisted MSPD (VA-MSPD) to extract
bioactive compounds from Paeoniae Radix Rubra. The adsor-
bent in MPSD can help the sample to be evenly dispersed on
the surface of the adsorbent during the grinding process and
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selectively adsorb the target object to reduce the interference
of impurities.”” At present, the mainstream adsorbents mainly
include silica gel, silica, molecular sieves and so on. As a kind
of polymer crystal material formed by metal ions and organic
ligands, MOFs were first synthesized by Yaghi in 1995.>* Their
high specific surface area, unique pore size and function make
them widely used in adsorption and extraction fields.>* For
example, Hurley et al>® used the MOFs Al-PyrMOF and Zr-
NU-1000 to recover bioactive berry NPs. Xiang et al.® utilized a
neutral Cu-based MOF to extract quercetin from onion juice.
Liu et al.*>” used a PU/GO/BA-MOF composite to adsorb cis-diol
from peanut shells. Therefore, the high absorbability and
selectivity of MOFs can make them a reliable adsorbent for the
MSPD process.

Machine learning (ML) is a technique that uses algorithms
and statistical models to enable computers to make predic-
tions or decisions.?® At present, common algorithms include
linear regression, random forest, and gradient boosting trees.
Linear regression is fast in terms of training and prediction
speed but struggles with complex nonlinear relationships.
Random forest can handle large-scale datasets but incurs high
computational and storage costs. Gradient boosting trees, a
class of ensemble learning algorithms based on boosting,
combine multiple weak learners into a strong learner to
improve prediction accuracy and are highly cost-effective.>*™"
At present, ML has been widely used in many fields such as
the electronics industry, materials science, medical treatment,
separation and extraction.’”* In terms of separation and
extraction, ML can monitor key process parameters in real
time, such as temperature, pressure, and the flow rate. Based
on changes in these parameters, it can adjust operating con-
ditions to achieve process optimization and control. This
approach helps improve production efficiency and reduce
energy consumption and costs. For example, N. Taoufik et al.>®
used ML to predict the adsorption capacity of calcined
Cu-Al layered double hydroxides for caffeine. Zhao et al>®
utilized the ML model to rank 8 factors affecting the adsorp-
tion process and found the most important separation
driving force. Although ML has not yet been used in the
extraction process of NPs, it has significant reference value for
the analysis of the MSPD pretreatment process of Verbena
officinalis L.

This experiment was the first to propose combining MOFs
and NADESs using the UA-MSPD method to extract the active
ingredient from Verbena officinalis L. When the MOF was used
as an adsorbent, its high specific surface area and porous
structure could effectively destroy the cell wall, adsorb the
target component and promote its dissolution. When NADES
was used as a small additive, its hydrogen bond system and
polarity could enhance the solubility of the solvent to the
active ingredient. After a series of optimizations, the combi-
nation of an appropriate amount of MOF and an aqueous solu-
tion containing a small amount of NADES could achieve
efficient extraction of the five target substances. The results of
antioxidant tests proved that the extracted solution obtained
by this method had better antioxidant activity than the tra-
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ditional method, and the subsequent mass spectrometry
identified the antioxidant components of the extract. After
selecting the best model, machine learning was used to rank
the influencing factors, reveal the variables with the highest
weight, and develop a Graphical User Interface model to
implement the input variables to predict the output. Finally,
DFT was used to analyse the mechanism of action and the
reason for its high antioxidant activity, providing a theoretical
basis at the microscopic level. The experimental process is
depicted in Fig. 1. This work demonstrated that using a small
amount of NADES in combination with MOFs can promote the
dissolution of active ingredients. This approach not only
reduced solvent costs and eliminated the need for solvent
recovery but also enhanced the application value of anti-
oxidant components, showing promising potential for large-
scale green production.

2. Materials and methods

2.1. Reagents and materials

Hastatoside (>98%), cornin (>98%), acteoside (>98%), luteolin
(>98%) and apigenin (>98%) were purchased from Chengdu
Lemeitian Pharmaceutical Technology Co., Ltd (Chengdu,
China). Choline chloride (>98%), betaine (>98%), p/i-lactic
acid (>98%), malic acid (>98%), ascorbic acid (>98%), glycerol
(>98%), propylene glycol (>98%), trimeric acid (>98%),
p-phthalic acid (>98%), N,N-dimethylformamide (DMF)
(>98%), copper(u) nitrate hydrate (>98%), chromic nitrate non-
ahydrate (>98%), hydrofluoric acid (>98%), tetramethyl-
ammonium fluoride (>98%), ferric chloride hexahydrate
(>98%), cobaltous nitrate hexahydrate (>98%), 1,2-dimethyl-
imidazole (>98%), ethanol (>98%), methanol (>98%), 1,1-

|

i

XY Yl i
p
°>JZ) /%c’:
o2 |

I

I

H

MOF NADES 1
1

\N

4 / Small  ‘~o
addition

MOF

I=/% Grind | Water :“:J‘ Centrifuge
'k-‘ ¥ \ey/

Verbena officinalis L. S Ultrzkoglc

L

View Article Online

Paper

diphenyl-2-picrylhydrazyl radical 2,2-diphenyl-1-(2,4,6-trinitro-
phenyl)hydrazyl (DPPH) (>99%), 2,2-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) (>99%), potassium persul-
fate (>98%), salicylic acid (>98%), ferrous sulfate (>98%), tri-
chloroacetic acid (>98%), potassium ferricyanide (>98%) and
phosphate buffered saline (PBS) (>98%) were obtained from
Shanghai Macklin Biochemical Technology Co., Ltd (Shanghai,
China). Cleanert COOH, Cleanert C18 and Cleanert PWCX
were purchased from Tianjin Agela & Phenomenex Technology
Co., Ltd (Tianjin, China). Hydrogen peroxide (3%) was pur-
chased from Shanghai Maokang Biotechnology Co., Ltd
(Shanghai, China). Chromatographic grade acetonitrile and
phosphoric acid were purchased from Tianjin Concord
Technology Co., Ltd (Tianjin, China). Nile red dye was
obtained from Shanghai Acmec Biochemical Co., Ltd
(Shanghai, China). Ultrapure water was obtained by using a
Milli-Q machine (Billerica, USA).

Different batches of Verbena officinalis L. were obtained
from Puning in Guangdong Province, Meizhou in Guangdong
Province, Hebei Province, Anhui Province, Shanxi Province,
Yunnan Province, Germany and France. Before using, the
herbs were authenticated based on morphological character-
istics. They were then dried and crushed using a mechanical
grinder. The powder was passed through an 80-mesh sieve to
obtain particles smaller than 180 micrometres. The sieved
samples were stored in sealed containers at room temperature
(~25 °C) in a dark, ventilated environment for no longer than
one month prior to use.

2.2. Preparation and screening of NADESs and MOFs

Based on the purpose of large-scale green production, econ-
omic factors were the main concern in our screening process.
Choline chloride and betaine, as common natural HBDs, were

HBA HBD DES dosage
Adsorbent dosage
Extraction time
Grinding time

Extractant volume

powder

Fig. 1 Schematic diagram of the proposed extraction strategy and its application.
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not only cheap and widely used, but also had many precedents
for their use in the extraction of natural products.’”*® Organic
acids and polyols possess more hydrogen bonding sites, com-
pared to other potential hydrogen bond donors or acceptors,
due to their abundant carboxyl and hydroxyl groups. This high
density of hydrogen bonding sites enhances the ability of the
DES to form stable hydrogen bond networks and perform its
function effectively. Therefore, five HBDs (malic acid, lactic acid,
ascorbic acid, propylene glycol and glycerol) and two HBA
(choline chloride and betaine) were selected to synthesize
NADESs. They were placed in a round-bottomed flask according
to the specified molar ratio and then heated and stirred simul-
taneously using a hotplate magnetic stirrer equipped with a
thermocouple for temperature monitoring (maintained at 70 °C,
0.5-2 h, 1400 rpm) until a clear and homogeneous liquid was
formed. A total of 32 types of NADESs (Table S1f) were syn-
thesized in the experiment. After standing at room temperature
for 12 hours to allow complete stabilization and to observe the
physical properties, 8 NADESs were selected for follow-up experi-
ments based on their characteristics of a uniform and transpar-
ent appearance, a stable state, and the absence of precipitates.
They were betaine:lactic acid = 1:4 (Bet:Lac = 1:4), choline
chloride : malic acid = 1: 1 (ChCl: H,MA = 1 :1), choline chloride :
ascorbic acid = 2:1 (ChCl: Vit C = 2: 1), choline chloride : lactic
acid = 1:4 (ChCl:Lac = 1:4), betaine : propylene glycol = 1:4
(Bet:PG = 1:4), choline chloride: propylene glycol = 1:3
(ChCl: PG = 1:3), betaine:glycerol = 1:2 (Bet:Gl = 1:2) and
choline chloride: glycerol = 1:2 (ChCl:Gl = 1:2); the above
numbers are molar ratios. The appearance of NADESs is shown
in Fig. 2a.

In view of the high specific surface area and abundant pore
structure of MOF-199, the high adsorption selectivity of ZIF-67
for the target object in water, the high adsorption capacity of
MIL-101 (Fe) for the removal of pollutants in water, and the
good chemical inertia of MIL-101 (Cr) for complex systems,
these four MOFs have become commonly used adsorbents in
the adsorption field.>*** To compare the application of
different types of MOFs in the extraction and separation of
active components of NPs, they were selected as research
objects in this experiment. Four kinds of MOFs were all syn-
thesized by hydrothermal methods. The whole synthesis
methods are given in the ESL

2.3. HPLC conditions

The analysis of herbal constituents was conducted utilizing an
Agilent 1260 Infinity High-Performance Liquid
Chromatography (HPLC) system, which was equipped with a
diode array detector (Agilent, Santa Clara, USA). The chromato-
graphic column employed was a Welch Ultimate AQ-C18 with
the specifications of 5 pm particle size and dimensions of 4.6
x 250 mm. Detection wavelength: 238 nm; column tempera-
ture: 30 °C; flow rate: 1.0 mL min~'; injection volume:
10.00 pL; analysis time: 30 min; balance time: 5 min; mobile
phase: 0.2% phosphoric acid solution (4) and acetonitrile (B);
the corresponding gradient elution procedure was as follows:
0-15 min, 14%-30% (B); 15-24 min, 30%-47% (B); 24-30 min,
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47%-48% (B). Under the above chromatographic conditions,
all the target compounds achieved the best separation con-
ditions. The chromatogram is shown in Fig. S1.}

2.4. Standard solution

Given that the main components in Verbena officinalis L. are
iridoids, phenylethanol glycosides, and flavonoids, which
exhibit antioxidant activities,"*™** hastatoside (an iridoid),
cornin (an iridoid), acteoside (a phenylethanol glycoside),
luteolin (a flavonoid), and apigenin (a flavonoid) were selected
as representative active ingredients. The total content of these
five compounds was used as an index to optimize the extrac-
tion conditions.

The standards of hastatoside, cornin, acteoside, luteolin and
apigenin were precisely weighed and then dissolved in metha-
nol at the concentration of 3 mg mL ™", 2 mg mL ™", 2 mg mL™,
1 mg mL™ and 1 mg mL™", respectively. Subsequently, a
specific volume of each standard solution was extracted and
diluted with methanol to create a mixed standard solution with
varying concentrations. All standard solutions were maintained
at a temperature of 4 °C prior to utilization.

2.5. UA-MSPD

20.00 mg of Puning Verbena officinalis L. dry powder (sample)
and 10.00 mg of MOF-199 powder (adsorbent) were weighed
accurately and slowly poured into an agate mortar, and then
ground fully with a grinding pestle clockwise for 2 min. The
mixture was then transferred to a 5 mL centrifuge tube with
2.5 mL of water (eluent) containing 1% NADES (Bet: Lac = 1: 4).
After that, the solution was ultrasonically treated in a water bath
for 7.5 min and centrifuged at 14 000 rpm for 5 min, and finally
the supernatant was collected and filtered by using a 0.22 pm
microporous filter membrane for HPLC analysis.

2.6. Extraction condition optimization

2.6.1. Single factor optimization. In order to find out the
best conditions for extracting Verbena officinalis L. by a
UA-MSPD method based on NADES and MOF, the following 7
factors affecting the extraction process were investigated in
turn: adsorbent types (MOF-199, MIL-101(Cr), MIL-101(Fe),
ZIF-67, COOH, C18 and PWCX), sample to adsorbent ratio
(1:0,2:1,1:1 and 1:2), grinding time (1 min, 2 min, 3 min
and 4 min), types of eluents (methanol, ethanol, water,
Bet:Lac = 1:4, ChCl:H,MA = 1:1, ChCl:Vit C = 2:1,
ChCl:Lac=1:4,Bet:PG=1:4,ChCl:PG=1:3,Bet:Gl=1:2
and ChCl: Gl = 1:2), DES dosage in water (0%, 1%, 2%, 3%,
4%, 5%, 6%, 8%, 10%, 12%, 15% and 50%), extractant volume
(0.5 mL, 1 mL, 1.5 mL, 2 mL, 2.5 mL and 3 mL) and extraction
time (2.5 min, 5 min, 7.5 min and 10 min). After determining
the best conditions of one influencing factor, it was used to
optimize the subsequent influencing factors until the best
extraction conditions are found. All experiments were repeated
three times.

2.6.2. RSM optimization. According to the findings derived
from the single factor optimization experiment, adsorbent
dosage (4: 0 mg, 10 mg and 20 mg), grinding time (B: 1 min,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Image of NADESs and their synthesis process. (b) FT-IR spectroscopy of DES and its components. (c) 'H NMR spectroscopy of DES and its
components. (d) AG,.; of three different DES configurations. (e) ESP distribution of DES and its components.

2 min and 3 min), DES dosage (C: 0%, 1% and 2%), extractant
volume (D: 2 mL, 2.5 mL and 3 mL) and extraction time (E:
5 min, 7.5 min and 10 min) were selected for the response
surface methodology (RSM) optimization. 46 experiments of
these parameters (5 factors and 3 levels) would be designed
using a Box-Behnken design in Design Expert (version 13)
(Table S2).

2.7. Machine learning application

2.7.1. Machine learning model construction. Given the
large-scale and nonlinearity of our dataset, the predictive per-
formance of six machine learning models based on Boosting

This journal is © The Royal Society of Chemistry 2025

Trees was compared using Python 3.13.1. Boosting Trees was a
highly effective ensemble learning method that optimizes
errors by iteratively combining multiple weak learners. It
demonstrated high accuracy, flexibility, and excellent modeling
ability for nonlinear relationships. Additionally, Boosting
Trees performed exceptionally well in feature selection, hand-
ling imbalanced data, and controlling overfitting, while also
supporting missing value handling and efficient implemen-
tation. Due to their wide application, the six models selected
for this study included AdaBoost, CatBoost, GBDT, HistGB,
LightGBM, and XGBoost. For a detailed introduction to the
theoretical foundations of these models, refer to Table S3.}
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The dataset collected through the Box-Behnken design was
divided into training and testing sets in an 8:2 ratio. This
study determined the optimal hyperparameters for each model
by combining Bayesian optimization with grid search cross-
validation (CV = 5). The selection range for the hyperpara-
meters was based on previous literature as well as exploratory
performance tests conducted on the machine learning data of
this study.’® The hyperparameters and their value ranges are
also detailed in Table S3.7

The assessment of the model performance was conducted
using two key metrics: Root Mean Squared Error (RMSE) and
R-squared (R?). The formulas for calculating these metrics are
presented in formulas (1) and (2), respectively. The model per-
formance on the training and testing sets was quantitatively
analysed using these two metrics.

(1)

R =1*Z(yi*xi)2/Z(yi*JTi)2 (2)

Here, y; and x; represented the predicted and experimental
values, respectively. The symbol y; denoted the average of the
experimental values, and n represented the total number of
samples.

2.7.2. Model interpretation. To provide a comprehensive
interpretation of the model, this study employed the SHapley
Additive exPlanations (SHAP) analysis method in Python
3.13.1. SHAP values quantified the average contribution of
each feature to the model’s predictions and clearly indicated
the impact of individual feature values on specific prediction
outcomes. This method was particularly well-suited for analyz-
ing the dynamics of complex tree models and identifying key
features.

2.8. Invitro antioxidant test

After the supernatant was obtained by centrifugation, the anti-
oxidant capacity of the UA-MSPD extract was compared with
the ethanol extract. The antioxidant capacity of DES was deter-
mined separately through full wavelength scanning to exclude
its effects. Ascorbic acid (Vit C) served as the positive control
in tests. The MAPADA P9 ultraviolet-visible (UV-vis) spectro-
photometer (Shanghai, China) was used to detect the absor-
bance of every concentration of the sample. Each detection
procedure was repeated three times.

2.8.1. DPPH radical scavenging test. DPPH was commonly
utilized to assess the free radical scavenging activity of
samples in an alcoholic medium, where an antioxidant could
convert it from purple to yellow. Based on this principle and
previous research,”” the experimental group (B), blank group
(C), and control group (A) were evaluated for absorbance at
517 nm. The mixture was subjected to thorough agitation and
subsequently incubated at 37 °C for a duration of 30 minutes
in a dark environment before measurement. The concen-
tration of the DPPH solution was established at 2 mmol L%,
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and the free radical scavenging rate was determined using
formula (3):

Scavenging rate (%) = [1 — (B — C)/A] x 100%, (3)

where B represents the mixture of 200 pL of DPPH solution
and 200 pL of sample solution. C indicates the mixture of
200 pL of sample solution and 200 pL of ethanol. A represents
the mixture of 200 pL of DPPH solution and 200 pL of ethanol.

2.8.2. ABTS radical scavenging test. The ABTS stock solu-
tion was prepared by mixing ABTS and potassium persulfate at
a molar ratio of approximately 2.86:1 (7 mmol L™" ABTS and
2.45 mmol L™ potassium persulfate) under dark conditions,
leading to the formation of a dark green solution. The stock
solution was then diluted 7-fold with ethanol to create the
ABTS working solution. When the solution reacted with
proton-donating hydrogen, the dark green color faded. Based
on previous literature,*® all mixtures were thoroughly shaken
and allowed to stand at 37 °C for 10 minutes in a dark environ-
ment. Subsequently, the absorbance was assessed at a wave-
length of 734 nm. The rate of ABTS free radical scavenging was
determined utilizing formula (4):

Scavenging rate (%) = [1 — (B — C)/A] x 100%, (4)

where B represents the mixture of 200 pL of ABTS working
solution and 200 pL of sample solution. C indicates the
mixture of 200 pL of sample solution and 200 pL of ethanol. A
represents the mixture of 200 pL of ABTS working solution and
200 pL of water.

2.8.3. OH radical scavenging test. The hydroxyl radical
scavenging activity was evaluated based on the Fenton reac-
tion. Aqueous solutions containing 9 mmol L™ ferrous sulfate
and 8.8 mmol L~' hydrogen peroxide were prepared.
Additionally, a solution of 9 mmol L™" salicylic acid was pre-
pared in ethanol. The detection principle was based on the
generation of hydroxyl radicals through the Fenton reaction,
which subsequently react with salicylic acid to form a stable
purple product detectable by spectrophotometry.

In this study, a slightly modified procedure based on pre-
vious literature®® was adopted. Specifically, instead of using
electron spin resonance (ESR) spectroscopy with DMPO trap-
ping as in the original method, we employed a salicylic acid-
based spectrophotometric approach. This modification was
made to simplify the experimental process and enhance acces-
sibility, as spectrophotometric methods are more widely avail-
able and easier to operate while maintaining sufficient sensi-
tivity for detecting hydroxyl radical scavenging activity.

All mixtures were thoroughly shaken and allowed to stand
at 37 °C for 10 minutes in a dark environment. Subsequently,
the absorbance was assessed at a wavelength of 530 nm. The
rate of OH free radical scavenging was determined utilizing
formula (5):

Scavenging rate (%) = [1 — (B — C)/A] x 100%. (5)

The revised method remains comparable to the original
ESR-based technique in terms of its ability to evaluate anti-
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oxidant capacity, and its reliability was confirmed through
internal validation and repeatability tests. In the above
formula, B represents the mixture of 100 pL of hydrogen per-
oxide solution, 100 pL of sample solution, 100 pL of salicylic
acid solution and 100 pL of ferrous sulfate solution. C indi-
cates the mixture of 100 pL of hydrogen peroxide solution,
100 pL of sample solution, 100 pL of water and 100 pL of
ferrous sulfate solution. A represents the mixture of 100 pL of
hydrogen peroxide solution, 100 pL of water, 100 pL of salicylic
acid solution and 100 pL of ferric sulfate solution.

2.8.4. Total reducing force test. The total reducing power
was determined using the potassium ferricyanide reduction
method. Solutions of 10% potassium ferricyanide, 0.2 mol L™"
phosphate buffered saline (PBS, pH 6.6), and 1% trichloroacetic
acid were prepared. Following a slightly modified procedure
based on previous literature,’® the mixture of sample solution,
PBS, and potassium ferricyanide was thoroughly mixed and
incubated at 37 °C for 10 minutes in the dark. This modifi-
cation aimed to stabilize the reaction conditions and minimize
oxidative interferences caused by light exposure. After incu-
bation, the mixtures were centrifuged to isolate the supernatant,
to which a 0.1% ferric chloride solution was added. The absor-
bance of the resulting solution was measured at 700 nm. The
total reducing force was calculated using formula (6):

Total reducing power = A; — A,. (6)

Although the reaction conditions were optimized, the
underlying principle remains consistent with ref. 50, and the
procedure was internally validated to ensure reproducibility
and compatibility with the standard antioxidant assessment.
Here, A, represents the mixture of 1 mL of potassium ferricya-
nide solution, 1 mL of sample solution, 1 mL of PBS, 1 mL of
trichloroacetic acid solution and 1 mL of ferric chloride solu-
tion. 4, indicates the mixture of 1 mL of potassium ferricya-
nide solution, 1 mL of water, 1 mL of PBS, 1 mL of trichloroa-
cetic acid solution and 1 mL of ferric chloride solution.

2.9. UHPLC-Q-TOF-MS analysis of the extract

The extract through the UA-MSPD process was conducted
using ultra-high performance liquid chromatography quadru-
pole time-of-flight mass spectrometry (UHPLC-Q-TOF-MS) ana-
lysis to identify components that played a role in antioxidant
experiments. The specific conditions are discussed below.

Chromatographic system: UHPLC Agilent 1290 (Agilent
Technologies, Waldbronn, Germany); mass spectrometry
system: Agilent 6520 Q-TOF (Agilent Corporation, Santa Clara,
USA); chromatographic column: ACQUITY ZORBAX Eclipse
XDB-C18 Column (2.1 x 150 mm, 1.8 um); column tempera-
ture: 35 °C; flow rate: 0.3 mL min~'; mobile phase: 0.1%
formic acid solution (A) and acetonitrile (B); the corresponding
gradient elution method: 0-30 min, 5-95% (B); injection
volume: 2.0 pL.

Electronic spray ionization (ESI): positive and negative ion
modes; drying gas (N,) temperature: 330 °C; gas flow: 11 L
min~"; fragmentor voltage: 150 V; nebulizer gas pressure:
35 psig; octopole RF: 750 V; capillary voltage, 4000 V; skimmer
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voltage: 65 V; MS scan range: m/z 50-1700. In the MS> para-
meters, collision energy (CE) was set as 10 V, 30 V.

2.10. Batch experiment

In order to enhance the global applicability of the extraction
method, 7 different sources of Verbena officinalis L. were used
for batch experiments, which were derived from different
herbs in different cities in the same province (Puning and
Meizhou in Guangdong province), different provinces in the
same country (Guangdong, Heibei, Anhui, Shanxi and Yunnan
provinces) and different countries (China, Germany and
France). Additives in NADES form and non-NADES form were
also used to compare the differences in the effectiveness and
action of their extracts.

2.11. Characterization

Previous research had demonstrated that the extraction
efficiency of NPs may be influenced by the physicochemical
properties of DESs,” such as polarity, viscosity, and pH.
Therefore, the properties of eight NADESs were measured
(Table S47) to facilitate the subsequent analysis of their
varying extraction efficiencies.

The pH of NADESs was determined utilizing a Mettler-
Toledo FE20 pH meter (Shanghai, China) at room temperature.
The viscosity of NADESs was measured at 25 °C using an
NDJ-9S viscometer (Ningbo, China). Due to the high viscosity
of the NADES systems, it was acknowledged that the measure-
ments may be affected by errors of unknown magnitude,
which were inherent to the limitations of rotational viscometry
in highly viscous media. The polarity of NADESs was assessed
employing Nile red dye, an environmentally sensitive fluo-
rescent probe that undergoes a blue shift as the polarity of the
solvent increased. The detailed procedure was provided in the
ESL{ Nuclear magnetic resonance spectra ("H NMR) and
Fourier transform infrared (FT-IR) spectra of DES (Bet:Lac =
1:4) and its components were recorded utilizing an AVANCE
III-600 MHz spectrometer (Bruker, Germany) and a Nicolet
6700 FT-IR spectrometer (Nicolet, USA), respectively.

To demonstrate the successful preparation of high-purity
MOFs, we conducted Scanning Electron Microscopy (SEM)
analysis, X-Ray Diffraction (XRD) analysis, X-ray Photoelectron
Spectroscopy (XPS) analysis, and Thermogravimetric Analysis
(TGA) on these materials. The instruments used were as
follows: S-4800 (HITACHI, Japan) for SEM, D8 ADVANCE
(Bruker, Germany) for XRD, Thermo Escalab 250Xi
(ThermokElectron, USA) for XPS, and STA 449 F5/F3 Jupiter
(Netzsch, Germany) for TGA.

2.12. Statistical analysis

All data were processed and analysed using GraphPad Prism 9
and SPSS Statistics 27, and then were presented as mean *
standard deviation (SD). One-way analysis of variance (ANOVA)
was conducted to evaluate significant differences among mul-
tiple groups. Different letters (e.g., a > b > ¢) were used to indi-
cate significant differences between groups at various levels (P
<0.05).
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2.13. Theoretical computation

All calculations were executed utilizing GaussView 6.0. and
Gaussian 16 W. Additionally, Multiwfn 3.8>> and VMD 1.9.3°
were employed to analyse the electrostatic potential (ESP)**
profiles of betaine, lactic acid, and the main targets (hastato-
side and cornin). Frontier molecular orbital theory was applied
to visualize the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) of the
target molecule before and after adsorption and elution.
Electron Localization Function (ELF) analysis was conducted
to observe the chemical bond composition of MOF-199.
Reduced Density Gradient (RDG), Hirshfeld surface and finger-
print plot analyses were used to investigate weak interactions.
Independent Gradient Model based on Hirshfeld partition
(IGMH)® analysis was carried out on models with interseg-
ment interactions. Gnuplot 5.4 was utilized to illustrate the
distribution of specific forces from each RDG and IGMH plot,
presented as scatter plots. Detailed calculation parameters and
energy calculation formulas are provided in the ESLf

3. Results and discussion
3.1. Characterization

In Fig. 2b, the broad absorption peak centered at 3320 cm ™" is
attributed to the characteristic stretching vibrations of the O-
H bond. Betaine exhibited characteristic absorption bands at
1625 cm™ " and 1480 cm™', corresponding to the stretching
vibrations of the C=0 and C-N bonds, respectively.”® For
lactic acid, the characteristic peak observed at 1702 cm™" was
associated with the C=0 bond. Due to the formation of hydro-
gen bonds in betaine-lactic acid, the C=0O bond of betaine
shifted from 1625 cm™ to 1720 cm™", while the O-H bond of
lactic acid shifted from 3380 cm™" to 3360 cm™".%” To facilitate
a clearer comparison, the assignments of the major stretching
vibration bands are summarized in Table S5.7

In Fig. 2c¢, it can be observed that the chemical shift values
of hydroxyl hydrogen and carboxyl hydrogen belonging to
lactic acid were altered after the formation of DES. For betaine,
the chemical shift values of methyl hydrogen and ethyl hydro-
gen remained largely unchanged after the formation of DES.
Furthermore, no new signals were detected in the DES com-
pared to its individual components. These phenomena could
be attributed to hydrogen bond formation between betaine
and lactic acid.’® Therefore, the consequence of FT-IR and "H
NMR collectively confirmed the successful synthesis of DES
and the presence of hydrogen bonding.

To further investigate the potential interaction mechanism,
SEM was utilized to survey the formation of four MOFs and
surface morphology changes of Verbena officinalis L. powder
before and after treatment with MOF-199. As shown in Fig. 3a-d,
the colors of MOF-199, MIL-101(Fe), ZIF-67 and MIL-101(Cr)
were blue, brown, purple and green, respectively. SEM revealed
that synthetic ZIF-67 exhibited a cubic structure and MOF-199,
MIL-101(Cr) and MIL-101(Fe) exhibited a double pyramid octa-
hedral crystal structure. All of them were consistent with pre-
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vious studies.’*®> As shown in Fig. 3e, the surface of the raw
powder sample was complete and smooth, and the cell wall
structure was complete without obvious rupture. However, after
grinding with MOF-199 for a few minutes, the surface of Verbena
officinalis L. became ruptured, rough, and wrinkled (Fig. 3f).
This promoted dissolution of the active ingredients explained
why the addition of adsorbents had a higher extraction rate.

As shown in Fig. 3g, the diffraction peaks of MOF-199 were
located at the Miller indices (111), (200), (222), (731), and (751),
corresponding to the 26 angles of 6.0607°, 7.499°, 11.662°,
25.678° and 29.673°, respectively. These results were in good
agreement with the diffraction patterns reported in the litera-
ture [Cambridge Crystallographic Data Centre (CCDC) no.
112954], confirming the successful formation of MOF-199.5*%*
Similarly, the diffraction patterns of ZIF-67, MIL-101 (Fe), and
MIL-101 (Cr) matched well with those reported in the literature,
verifying their unique crystal structures.®>®” As shown in
Fig. 3h, each spectrum exhibited peaks associated with carbon
(C), nitrogen (N), and oxygen (O), which were indicative of the
organic linkers present in these MOFs. Additionally, each MOF
displayed distinct peaks corresponding to their respective metal
ions: copper (Cu) for MOF-199, cobalt (Co) for ZIF-67, iron (Fe)
for MIL-101 (Fe) and chromium (Cr) for MIL-101 (Cr). The pres-
ence of these characteristic metal ion peaks, alongside the
organic framework peaks, served as compelling evidence for the
successful synthesis of these MOFs. TGA was a powerful tool for
characterizing MOFs as it provided a direct measure of their
thermal properties, which were closely related to their structural
integrity and composition. As shown in Fig. 3i, all the thermo-
gravimetric curves were consistent with those reported in the lit-
erature, which proved the high purity of the four MOFs.**"*
Therefore, all the above characterization results together con-
firmed the successful synthesis of MOF materials.

3.2. Single factor optimization process

3.2.1. Type of adsorbent. Three commercial adsorbents,
C18, COOH, and PWCX, were used in this experiment to
compare their extraction efficiencies with those synthetic MOF
materials. C18, or octadecyl silica gel, was a solid phase extrac-
tion adsorbent based on silica gel modified with octadecyl,
noted for its ease of operation, versatility, and reusability. As for
COOH, the carboxyl group within its carboxyl functional group
possessed strong hydrophilic and electrophilic properties,
which enabled it to interact with the adsorbent through hydro-
gen bonding, van der Waals forces, electrostatic attraction, and
so forth, thereby achieving the effect of adsorption and separ-
ation. Regarding PWCX, a mixed adsorbent, it not only pos-
sessed non-polar hydrophobic properties but also had a weak
cation exchange function, belonging to the category of polymer
matrix weak cation exchange solid phase extraction adsorbents.
As shown in Fig. 4c, MOF-199 exhibited the best extraction per-
formance, surpassing the three commercial adsorbents as well
as the other three MOFs. This superior performance can be
attributed to the unique porous structure and large surface area
of MOF-199, which increased its interaction sites with the target
compounds, significantly enhancing its adsorption capacity.”?
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Fig. 3 (a) SEM image of MOF-199. (b) SEM image of MIL-101(Cr). (c) SEM image of ZIF-67. (d) SEM image of MIL-101(Fe). (e) SEM image of Verbena
officinalis L. powder. (f) SEM image of the ground mixture of MOF-199 and Verbena officinalis L. powder. (g) XRD curves of MOFs. (h) XPS curves of

MOFs. (i) TGA curves of MOFs.

However, the specific surface area of C18, COOH, and PWCX
was low, and their pore structure was not as regular as that of
MOF-199, which limited their adsorption capacity.”>”>
Similarly, the poor adsorption efficiency of the other three
MOFs may be due to their lack of strong coordination metal
sites like MOF-199.”°7® Therefore, to determine the optimal
extraction conditions, MOF-199 was used as the preferred adsor-
bent for optimizing the next set of extraction factors.

3.2.2. Sample to adsorbent ratio. As shown in Fig. 4d, the
extraction capacity for the 2:1, 1:1, and 1:2 ratios of the
medicinal material to the adsorbent was higher compared to
the 1: 0 ratio. This indicated that the addition of MOF-199 can
enhance the extraction efficiency of Verbena officinalis L. When
the amount of adsorbent was gradually increased (10 mg,
20 mg and 40 mg), the extraction efficiency first increased and
then decreased. This phenomenon can be explained by the
structural characteristics of MOF-199. An appropriate amount

This journal is © The Royal Society of Chemistry 2025

of MOF-199 improved adsorption capacity by facilitating inter-
actions with the target compound, allowing more of the target
to be eluted. However, excessive amounts of the adsorbent
may lead to an envelope effect, wherein the target substance is
overly enclosed, reducing the efficiency of elution and making
it more difficult to recover the target compound.”® Therefore,
to determine the optimal extraction conditions, the 2:1
sample to adsorbent ratio will be used as the ideal dosage for
further optimization of extraction parameters.

3.2.3. Grinding time. As shown in Fig. 4e, the extraction
capacity of Verbena officinalis L. initially increased and then
decreased with the gradual increase in grinding time. This can
be attributed to the fact that moderate grinding time and
intensity effectively disrupted the physical structure of the
medicinal powder, enhancing the interaction between the
adsorbent and the target components, which improved the
extraction efficiency. However, excessive grinding time can
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lead to overly mighty adsorption of the target components by
MOF-199. This, in turn, hindered the elution process, making
it difficult to recover the target substance. Therefore, to ident-
ify the optimal extraction conditions, a grinding time of
2 minutes will be used as the ideal parameter for further

optimization of extraction factors.

3.2.4. Type of eluent. To solve the problem of slow mass
transfer caused by the high viscosity of DESs, all DES samples

Green Chem.

were diluted with equal volumes of water to eliminate individ-
ual differences. As shown in Fig. 4f and i, the extraction
efficiency of eight DESs was compared. Among them, Bet: Lac
= 1:4 exhibited the best extraction efficiency in DESs. The
extraction capacity of Bet: PG = 1:4 and ChCl: Lac = 1:4 was

slightly lower than Bet:Lac = 1:4 but still higher than the

water. The extraction efficiency of ChCl: PG = 1:3, ChCl: Gl =
1:2,ChCl:Vit C=2:1, and ChCl: H,MA = 1:1 was lower than
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water but surpassed that of ethanol. An interesting observation
was that luteolin and apigenin were only extracted by organic
reagents and acid-based DESs, likely due to their strong
acidity. Additionally, DESs based on lactic acid and propylene
glycol achieved the highest yields, particularly for hastatoside
and acteoside.

These findings highlighted the unique properties of DESs,
which provided advantages over traditional solvents in most
cases. The differing extraction capacities among DESs can be
attributed to the varying types of HBD and HBA. This affected
the physicochemical properties of DESs, such as the strength
of hydrogen bonds, viscosity, and pH levels, among others,
which were also directly linked to the extraction efficiency of
DESs. Gygli et al.® found that whether the viscosity of DESs
was too high or too low will affect its performance. Low vis-
cosity indicated that the hydrogen bond system was not
perfect, which was not conducive to the extraction function.
However, too high viscosity will affect the conduction of
extracted components, and thus also reduce the extraction
effect. So, the superior extraction efficiency of Bet:Lac =
1:4 may be due to its moderate acidity and appropriate
viscosity.

For traditional solvents, the extraction amount of methanol
was higher than that of ethanol and water, mainly concen-
trated in cornin and acteoside. Although water extraction
yielded minimal amounts of the five ingredients, this does not
necessarily mean that the antioxidant capacity of the water
extract is weaker than that of the organic solvent extract. As a
polar solvent, water can often extract more polar antioxidant
components. Moreover, its environmentally friendly nature
and the absence of recycling requirements make it an ideal
partner for NADES as a green solvent.®’ Combined with the
best DES (Bet:Lac = 1:4), we hypothesized that the combi-
nation of the two could make the antioxidant effect of the
extract better, taking advantage of the greenness of water and
the high extraction of DESs.

At the same time, it was pivotal to find the most economical
point to reduce the amount of DESs as much as possible while
ensuring the high extraction rate, which can not only avoid the
recovery of DESs, but also maximize the antioxidant capacity
of the extract. This was attributed to the fact that the DES we
use comes from natural ingredients, making it free from re-
cycling in the extraction field.®> However, since the cost of
NADES is generally higher than non-NADES, it would be better
to use a small amount of NADES to achieve a higher extraction
rate. So, to further investigate the impact of concentration of
DESs on extraction capacity, subsequent studies were con-
ducted using water containing varying concentrations of DES
(Bet:Lac=1:4).

3.2.5. DES dosage. As shown in Fig. 4j, the total extraction
yields gradually increased with the rising proportion of DESs
in water. Notably, when the concentration of DESs reached
10%, it facilitated the water-based extraction of luteolin and
apigenin, demonstrating that the addition of DESs enhanced
the extraction capacity of water. The extraction rate of 1% DESs
was observed to be higher than that of 2% DES but lower than
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3% DES, suggesting the existence of at least one maximum
value within the range from pure water to 2%. And this
maximum value was the most economic point needed to find
in the RSM experiment subsequently. Considering both
economy and efficiency, water containing 1% DES was selected
as the optimal eluent for subsequent optimization.

3.2.6. Extractant volume. Extractant volume was an impor-
tant parameter for evaluating whether the target compounds
can be completely eluted from the adsorbent. As shown in
Fig. 4g, the extraction capacity of Verbena officinalis L.
increased initially with the gradual increase of extractant
volume and then reached saturation. This phenomenon
increased due to an insufficient extractant volume, which pre-
vented complete extraction of the target compounds, resulting
in some remaining undissolved in DESs. Therefore, to deter-
mine the optimal extraction conditions, 2.5 mL was selected as
the ideal extractant volume for further optimization of extrac-
tion factors.

3.2.7. Extraction time. The UA-MSPD technique could
enhance the extraction process by applying ultrasonic waves.
Among the factors influencing UA-MSPD, extraction time also
played a crucial role. As shown in Fig. 4h, the extraction
capacity of Verbena officinalis L. increased initially with the
extension of extraction time but then began to decrease. This
was because a longer ultrasound time had allowed the target
compounds to dissolve more thoroughly in DESs. However,
excessive extraction time can result in the decomposition of
certain active components in Verbena officinalis L. or trigger
chemical reactions, thereby reducing the extraction efficiency.
Consequently, 7.5 minutes was selected as the optimal extrac-
tion time for UA-MSPD of Verbena officinalis L.

3.3. RSM optimization process

The single-factor optimization experiments revealed a signifi-
cant impact of five quantitative parameters on the extraction
process of Verbena officinalis L. and their optimal ranges were
adsorbent dosage (0-20 mg), grinding time (1-3 min), DES
dosage (0-2%), extractant volume (2-3 mL), and extraction
time (5-10 min), respectively. To further investigate the key
parameters influencing the extraction efficiency, the Box-
Behnken design was employed to design the experimental
scheme. Expert Software (version 13) was used to facilitate the
establishment of the model to clarify the relationship between
DES dosage with other four extraction parameters. The experi-
mental response variable was described by using the following
formula:

Y =20.01 — 0.81124 + 0.0191B + 3.04C + 0.1788D
+ 0.3038E — 0.4494AB — 0.33324C
— 0.66214AD — 0.2124E + 0.0018BC
—0.4858BD — 0.9278BE — 0.1638CD
+0.1709CE + 0.2938DE — 0.1476A*
—0.0222B% — 3.24C* + 0.0941D” + 0.5822E>

In this context, Y represents the overall extraction yield of
the targeted components, whereas A, B, C, D, and E correspond
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to the adsorbent dosage, grinding time, DES dosage, extractant
volume, and extraction time, respectively. The ANOVA under-
scored the dependability and precision of the model fitting, as
evidenced in Table S6.f Notably, the “P-value” was below
0.0001, demonstrating  significant  fitting  accuracy.
Additionally, the “Lack of Fit” (P = 0.1711) and the correlation
coefficient R* (0.9920) had substantiated the establishment of
a robust and credible regression model within the study con-
ducted. The adjusted R*> (0.9856) and predicted R*> (0.9700),
differing by less than 0.2, had suggested a strong alignment
between the predicted and experimental values, emphasizing
the model’s exceptional regression capabilities in the past
tests. The coefficient of variation (CV = 1.60%, <10%) had
further reinforced the high reliability and accuracy of the
experiments conducted. In conclusion, this model had offered
accurate and reliable predictions for the extraction yield of
target substances in Verbena officinalis L.

The order of influence of each extraction parameter on the
total extraction rate was as follows: A-A = C-C > E-E > D-D > B~
B. The interaction terms (AB, AD, BD, BE, and DE) and the
quadratic terms (C* and E?) were significant, showing that the
five factors were interrelated and influenced each other on the
total extraction yield of analytes.

It can be observed from Fig. 5a that when the interrelated
influence of the other four factors with DES dosage was investi-
gated, the extraction yield of Verbena officinalis L. consistently
increased with the rising concentration of DESs, peaking at
approximately 1.5%. However, the extraction yield decreased
when concentration of DESs exceeded 1.5%, which aligned
with the results of single-factor optimization, indicating that
there was an extreme point near 1.5% DES. Additionally, the
graphical comparison of the predicted and actual extraction
yields demonstrated that the mathematically calculated values
closely match the experimental values. The normal probability
plot of residuals (% normal probability compared to the
internally studied residuals) showed no significant deviation
from normality, indicating the robustness of the model.*

Therefore, based on the analysis of the model and the
response surface, the optimal extraction conditions were deter-
mined as follows: the adsorbent dosage was 14.22 mg, grind-
ing time was 1.18 min, DES dosage was 1.52%, extractant
volume was 2.92 mL, and extraction time was 9.57 min. To
verify the extraction performance of this model, 20 mg of
Verbena officinalis L. was extracted under these optimal con-
ditions in triplicate. The results indicated that the extraction
rate of five target compounds was 22.99 + 0.67 mg g ', with
minimal deviation from the predicted value of 22.13 mg g™
These findings confirmed the accuracy of response surface
optimization in reliably predicting the extraction yield and the
impact of extraction parameters.

3.4. Analysis of the machine learning results

3.4.1. Performance evaluation of machine learning
models. This study undertook the development and evaluation
of six distinct ML models aimed at predicting the extraction

yield of Verbena officinalis L. As shown in Fig. 5c¢, since the Train
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R? and Test R* values were close, all models were not overfitted.
CatBoost achieved the highest Train R* and Test R* values, with
the lowest RMSE, delivering the best performance. Compared to
other Boosting Tree models, it outperformed mainly due to its
native support for categorical features, the ordered encoding
method that prevented target leakage, symmetric tree structure,
efficient default parameters, and GPU acceleration. These fea-
tures enhanced the model’s generalization ability, training
efficiency, and robustness to noisy data, particularly in scen-
arios with abundant categorical features or complex data distri-
butions. So CatBoost was selected for subsequent research.

3.4.2. Model interpretation. To gain deeper insight into
the effect of various attributes in the extraction yield of
Verbena officinalis L., feature importance and SHAP value ana-
lysis was conducted (Fig. 5d and e). The higher the value of
importance, the greater the degree of influence of the factors,
so DES dosage was the most important factor in the extraction
process. Additionally, the SHAP value less than 0 indicated
that the feature variable had a negative impact on the target
variable, and a SHAP value greater than 0 indicated that the
feature variable had a positive impact on the target variable.
Therefore, the greater the dosage of DES had a positive effect
on the extraction yield rather than a negative effect, which was
consistent with the results shown in Fig. 4j. Meanwhile, the
adsorbent dosage and grinding time also had a positive
impact on the target variable, indicating the effect of MOF’s
interaction. These findings underscored the critical roles these
parameters play in optimizing the efficiency of the UA-MSPD
process, providing a clearer understanding of how adjustments
to these variables can enhance the extraction yield of target
components. Among them, the DES dosage was the most criti-
cal influence, which once again proved that a small amount of
this green substance can greatly increase the extraction
amount of Verbena officinalis L. Therefore, in the follow-up
antioxidant experiment, an aqueous solution containing
1.52% NADES was used to extract Verbena officinalis L. and
compare the antioxidant capacity of the extract with that of tra-
ditional ethanol extraction.

3.4.3. GUI model. To support the development of the
CatBoost model, we packaged the files [“catboost_optimized.
pkl” and “scaler.pkl”’] and developed a Graphical User
Interface (GUI) model (Fig. S21) in Python 3.13.1 for the use by
future researchers. This model allowed users to quantitatively
predict the extraction yield of Verbena officinalis L. by inputting
values of five influencing factors, thereby facilitating the
optimization of experimental design and practical deployment.
The relevant source code of GUI was provided in the ESI}
Users can simply open the file named “GULpython file” to
start using the model. Other codes about model’s training,
feature importance analysis and SHAP analysis are available
online at https:/github.com/17609858895/EDS. The complete
machine learning process is shown in Fig. 5b.

3.5. Method validation

As shown in Table S7,1 the five target compounds demon-
strated a strong linear relationship within the configured gra-
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Fig. 5 (a) Scatter plot and data distribution of the experimental and predicted values. (b) Three-dimensional response surface of DES dosage with
other factors, plot of the predicted values versus the experimental values, the normal % probability residuals and the studentized residuals. (c)
Machine learning flowchart. (d) Feature importance analysis. (e) SHAP value visualization.

dient concentration range (R> > 0.99), confirming that the
regression curve equation can accurately quantify each target
compound. The low limits of detection (0.088-0.600 pg mL™")
and limits of quantification (0.292-2.000 pg mL™") indicated
that each target compound can be easily detected and quanti-

This journal is © The Royal Society of Chemistry 2025

fied at low concentrations. From Table S8, it was evident that
the relative standard deviation (RSD) for repeatability of the
five target compounds was below 2.75%, indicating good
repeatability of the HPLC method for the same sample.
Additionally, the precision RSD was below 2.99%, and the
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stability RSD was below 2.93%, demonstrating the high stabi-
lity of the HPLC method and the standard solvent used. As
indicated in Table S9,t the recoveries of the five target com-
pounds varied between 98.80% and 108.54%, with all RSD
values remaining below 2.33%. These results confirmed that
the method used in this experiment was both reliable and
accurate.

3.6. Analysis of the antioxidant capacity of the extract

To detect the antioxidant ability of the extract from UA-MSPD
and ethanol, a series of antioxidant experiments were carried
out, including assessments of DPPH, ABTS, and OH radical
scavenging abilities, as well as the total reducing power.
Meanwhile, the Vit C solution acted as a positive control.

The DPPH free radical scavenging capacity of the extracts is
illustrated in Fig. 6a. An increase in the concentration of both
extracts corresponded with an enhancement in their DPPH
free radical scavenging efficiency. Notably, at equivalent con-
centrations, the UA-MSPD extract exhibited a significantly
greater scavenging rate compared to the ethanol extract,
suggesting that the UA-MSPD method effectively extracted a
higher quantity of antioxidant components from Verbena offici-
nalis L. The ICs, values for the UA-MSPD extract and the
ethanol extract were determined to be 1.77 mg mL™' and
15.85 mg mL ™", respectively.

The ABTS free radical scavenging abilities of the two
extracts at varying concentrations are presented in Fig. 6b. At
comparable concentrations, the UA-MSPD extract demon-
strated a superior scavenging rate relative to the ethanol
extract, although both extracts exhibited a lower activity than
Vit C. The IC5, values for the UA-MSPD extract and the ethanol
extract were found to be 2.83 mg mL™" and 26.33 mg mL ™,
respectively.

The OH free radical scavenging capacity of the extracts was
assessed using the Fenton reaction, as depicted in Fig. 6c. The
scavenging rates for the UA-MSPD extract, ethanol extract, and
Vit C all increased with concentration. At the same concen-
tration, the OH radical scavenging rate of the UA-MSPD extract
surpassed that of the ethanol extract, although both were
inferior to that of Vit C. The IC;s, values for the UA-MSPD
extract and the ethanol extract were recorded at 0.16 mg mL™"
and 1.11 mg mL™", respectively, indicating that both extracts
exhibited a significant scavenging effect on OH radicals, with
the UA-MSPD extract demonstrating superior efficacy com-
pared to the traditional ethanol extract.

The results of the total reducing power test are illustrated in
Fig. 6d. The reducing power of all samples increased with con-
centration. While the reducing capacities of the two extracts
were significantly lower than that of Vit C at equivalent con-
centrations, the UA-MSPD extract consistently demonstrated a
greater reducing power compared to the ethanol extract.

The above results collectively demonstrated that the
UA-MSPD extract significantly enhanced the ability to scavenge
DPPH, ABTS, and OH free radicals, as well as improved the
reducing power, compared to the traditional ethanol extraction
method. This confirmed that a small amount of DES added to
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water to extract the active ingredient of Verbena officinalis L.
can have a stronger antioxidant capacity than ethanol extrac-
tion, so the green and high efficiency of this technology can be
achieved.

3.7. Extract composition analysis

The UA-MSPD extract was analyzed by UHPLC-Q-TOF-MS to
determine its main antioxidant components. By analyzing the
primary and secondary mass spectra of positive and negative
ion patterns, and cross-comparing with databases and the
existing literature, 10 active components were identified.
Details of the specific components are shown in Table S10.}

The ingredients include 3 flavonoids (luteolin, apigenin
and quercetin), 3 iridoids (hastatoside, cornin and rehmanni-
tin) and 4 phenylethanol glycosides (acteoside, cistanoside F,
cistanoside C and 2'-acetylverbascoside). Phenylethanol glyco-
sides were the main active ingredients of that extract. This
comprehensive analysis provided important insights for
further exploration of the antioxidant properties of Verbena
officinalis L.

3.8. Batch experiment results

In order to explore the suitability of the method for Verbena
officinalis L. of different origins and whether the hydrogen
bond system of NADES in water will be broken at trace concen-
trations, DES form and non-DES form eluents will be used to
compare the extraction yield and antioxidant capacity of
various Verbena officinalis L. As shown in Fig. 4k, there are
differences in the extraction yield of different solvents for the
herbs from different places. In addition to the Verbena officina-
lis L. derived from Shanxi, the non-DES form had a higher
extraction amount for the herbs. However, when we compared
water, 1.5% DES water and 1.5% non-DES water as eluents, we
found that the antioxidant capacity of the solvent in the form
of DES was stronger than the other two, as shown in Fig. 6f.
From this, we can conclude that although the extraction yield
of DES in a specific target was not as good as that of non-DES,
its residual hydrogen bond system can protect the active site of
antioxidant components and improve its effect.

As illustrated in Fig. 6g, the antioxidant experimental
results of 7 kinds of Verbena officinalis L. showed that the
MSPD extract had a stronger antioxidant capacity than the
ethanol extract, which confirmed the universality of this extrac-
tion method in different cities, different provinces and
different countries.

3.9. Calculation results

To investigate the role of NADES in the extraction process, the
optimal configuration of DES (Bet:Lac = 1:4) was used as a
representative to simulate its binding with the target com-
ponents. For hastatoside and cornin, which were the most
abundant in the extract, were also used as the representatives
of the simulated targets.

3.9.1. DES composition analysis. As shown in Fig. 2d, three
different configurations of DESs (DES-1, DES-2 and DES-3)
were constructed. Based on the results of the energy calcu-

This journal is © The Royal Society of Chemistry 2025
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lations, the AGyy of DES-3 was —109.30 kcal mol™, which was
lower than —104.34 kcal mol™" of DES-2 and —92.38 kcal mol™*
of DES-1. AGyy indicated the interaction strength and stability
of the system. A smaller AGy, indicates that the internal DES
force is stronger, and the structure of this DES is more stable,
which was more likely to be the true conformation from the
microscopic perspective.®® Therefore, DES-3 was regarded as
the optimal configuration for subsequent simulations.

3.9.2. ESP analysis. ESP is a method used to observe the
electrostatic characteristics of an uncertain charge distribution
region. The blue dots (related to nucleophilicity) and red dots
(related to electrophilicity) represented the negative extremal
points and positive extremal points of the ESP, respectively.®* As
shown in Fig. 2e, the extreme points of negative charge of
betaine were mainly distributed around carbonyl oxygen, while
the extreme points of positive charge were mostly positioned
nearby quaternary ammonia. The negative charge extreme
points of lactic acid were mainly distributed around carbonyl
oxygen and hydroxyl oxygen, while the positive charge extreme
points were mostly positioned nearby hydroxyl hydrogen. ESP of
DES exhibited an interaction between the hydroxyl hydrogen of
lactic acid and the carbonyl oxygen of betaine, which was attrib-
uted to the hydrogen bond connection between the hydrogen
bond donor and the hydrogen bond acceptor. These results
indicated the existence of a hydrogen bond inside the DES.

As shown in Fig. 7b and c, the hydrogen bond donor sites
of hastatoside and cornin were primarily distributed on the
hydroxyl hydrogen of the tetrahydropyran ring, while the
hydrogen bond acceptor sites were mainly found on the
hydroxyl oxygen of the tetrahydropyran ring and the carbonyl
group of the monoterpene ring. These regions may be one of
the hydrogen bond sites where the DES exerted its protective
effect. According to Fig. 7a, for MOF-199, the negative charge
extreme points were concentrated near oxygen atoms, while
the positive charge extreme points were located near copper
atoms, reflecting the significant electronegativity difference
between these atoms.

According to Table S11,} the positive surface area of the
molecular surfaces of betaine, lactic acid, hastatoside, cornin,
and MOF-199 exceeded the negative surface area. Additionally,
the molecular polarity index (MPI) of hastatoside was higher
than that of cornin, suggesting that electrostatic interactions
play a more significant role in its interaction.®®> Furthermore,
the polarity of lactic acid closely matched that of hastatoside
and cornin, which may explain why a lactic acid-based DES
achieved the highest extraction yield.

3.9.3. Interaction force analysis. Fig. 7d presents the ELF
topography map and projection map of MOF-199. In this figure,
the blue regions indicated the areas of electron accumulation,
while the red regions indicated electron depletion. It was
evident that the orbital overlap and electron localization
between copper (Cu) and oxygen (O) atoms were weaker than
that for any other atomic combination, suggesting that Cu and
O were coordinated rather than forming a covalent bond.

Fig. 7e and f show the weak interactions between MOF-199
and the target compounds. The mapping function used was
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dnorm, With a color scheme of blue-white-red. The red regions
represent smaller d,,,m, values, indicating close intermolecular
contact and strong interactions, while the white regions indi-
cate weaker van der Waals interactions compared to hydrogen
bonds. In the fingerprint plots, peaks in the lower-left corner
reflect the central fragment (MOF-199) as the hydrogen bond
donors (di > de) and the hydrogen bond acceptors (di < de)
interacting with the guest molecules (hastatoside and cornin).

The analysis showed that MOF-199-cornin interactions
exhibited a hydrogen bond acceptor peak, while MOF-199-has-
tatoside interactions exhibited both a hydrogen bond acceptor
peak and a hydrogen bond donor peak. Notably, the hydrogen
bond donor peak in hastatoside was atypical, representing a
coordination force between the lone pair electrons of the
oxygen atom in hastatoside and the empty orbital of the
copper atom in MOF-199. Therefore, MOFs can adsorb target
materials through a variety of interaction forces, thereby
enhancing their extraction amount.

Different colors of RDG and IGMH represented distinct
weak interaction forces: the blue areas indicate hydrogen
bonding, the green areas correspond to van der Waals forces,
and the red areas indicate repulsive forces. Fig. 7g illustrates
the distribution of weak interaction forces within the DES
molecules. It was observed that van der Waals forces and
repulsive forces were mainly present within individual mole-
cules of betaine and lactic acid, whereas the interaction
between betaine and lactic acid was predominantly driven by
hydrogen bonds, confirming that DES was synthesized
through hydrogen bonding. This finding aligned with the out-
comes of the ESP analysis.

Fig. 7h and i depict the weak interaction between DES and
the two target compounds. Van der Waals forces were domi-
nant in the interaction between the two objects, but hydrogen
bonding forces existed in both. He et al.®® proposed that the
hydrogen bonding effect of DES could effectively protect the
target components to avoid its inactivation before it plays its
role. This special protective effect may be the reason why DES
can enhance the antioxidant capacity of the extract.

3.9.4. Frontier molecular orbital analysis. Fig. 8c and d
show the HOMO/LUMO distribution and the variation in the
energy gap (Egap) of Verbena officinalis L. during the MSPD
process. Prior to the process, the HOMO and LUMO of hastato-
side and cornin were localized within their monoterpene
rings. After elution with DES, the HOMO and LUMO of hasta-
toside and the HOMO of cornin remained in the monoterpene
rings, while the LUMO of cornin shifted to the DES. For
systems involving MOF-199, the HOMO and LUMO were con-
sistently retained on the coordination bonds within the MOF,
as shown in Fig. 8a.

Ey.p, defined as the difference between LUMO and HOMO
energy levels, was a key factor in determining the stability and
reactivity of a system. A smaller Eg,, indicated better stability
and higher reactivity.®” Before the extraction process, the Egy,
values for hastatoside and cornin were 5.29 eV and 5.50 eV,
respectively. Following adsorption and elution, the Eg,, values
decreased to 3.44 eV and 5.24 eV for hastatoside, and 1.88 eV

This journal is © The Royal Society of Chemistry 2025
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and 5.10 eV for cornin, respectively. This suggested that both
the adsorption process by MOF and the elution process by DES
were facile to implement, thereby reducing the system energy
of the complex system. This analysis elucidated, from a micro-
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map of the best conformation of DES (isosurface value = 0.05 a.u). (h and i) Sign(41?)p colored IGMH scatter plot and colored function 5g

inter

scopic perspective, the reasons behind the enhanced adsorp-
tion efficiency of MOF and the protective role of DES, which
collectively contributed to the increased extraction yield and
improved antioxidant capacity of the active components.
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Fig. 8 (a) The HOMO and LUMO of MOF-199. (b) The HOMO and LUMO of hastatoside before and after adsorption or elution. (c) The HOMO and
LUMO of DES (Bet : Lac = 1: 4). (d) The HOMO and LUMO of cornin before and after adsorption or elution.

3.10. Quantitative comparison with traditional extraction
methods

To thoroughly illustrate the advantages of the proposed
UA-MSPD method, a detailed quantitative comparison was
conducted with several conventional extraction techniques,
focusing on critical parameters including extraction time,
solvent volume, and estimated energy consumption. As shown
in Table S12,7 the UA-MSPD method dramatically reduced the
extraction time by 70-95% compared to maceration, boiling,
and ultrasonic extraction.®® ' Additionally, UA-MSPD utilized
significantly smaller amounts of solvent and consumed con-
siderably less energy (approximately 0.8 kW h kg™') compared
to boiling (~5.0 kW h kg™') and ultrasonic extractions
(~2.5-3.0 kW h kg™"). To visually highlight these advantages, a
radar chart was generated based on the three key indicators.
As shown in Fig. S3,7 the UA-MSPD method displayed the
most favorable overall performance profile, combining
minimal solvent use, lower energy input, and exceptionally fast
extraction. These results confirm that the UA-MSPD method is
not only more efficient but also offers greater economic

Green Chem.

returns and environmental sustainability compared to tra-
ditional extraction techniques.

4. Conclusion

In this research, a highly efficient and eco-friendly extraction
technique was proposed in which MOFs and NADESs were
synergistically employed for the extraction of active ingredients
from Verbena officinalis L. The high surface area and porous
structure of MOFs enabled them to effectively destroy cell
walls, adsorb target components and promote their dis-
solution when used as adsorbents. Similarly, the abundant
hydrogen bond system and adjustable polarity of NADESs
enabled them to significantly enhance the solubility of
aqueous solutions to active ingredients when used as small
additives. UA-MSPD was characterized by the microscale con-
sumption of both samples and solvents, which not only
ensured the avoidance of large-scale energy consumption but
also enabled a single-step process in which the extraction, sep-
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aration, and purification of active ingredients were achieved,
thereby significantly simplifying operational procedures. After
single factor and response surface optimization, an aqueous
solution containing 1.52% NADES (Bet:Lac = 1:4) combined
with the MOF-199 adsorbent resulted in a total extraction of
22.99 + 0.67 mg g™ for 5 target substances. Subsequently, four
kinds of antioxidant activities of the extracts were tested
in vitro, and it was found that the antioxidant activity of the
extracts was stronger than that of the traditional ethanol crude
extract. Additionally, the results of UHPLC-Q-TOF-MS analysis
showed that the extract contained 3 iridoids, 4 phenylethanol
glycosides and 3 flavonoids. Batch experiments showed the
unique role of DESs compared to non-DESs and verified the
applicability of the extraction method in different sources of
Verbena officinalis L. Using DFT calculations, it was found that
the Eg,, of the target ingredient was significantly reduced
during adsorption and elution, which confirmed the feasibility
of the method, and it was found that NADESs could protect
the antioxidant active site of the target ingredient through
hydrogen bonding so that it could be protected from environ-
mental damage before playing its role, revealing the reason for
the high antioxidant activity of the extract. After comparing the
degree of fitting, the CatBoost tree model was used to rank the
weights of the five influential factors in the extraction process,
among which DES dosage was the most important. The GUI
model can predict the extraction yield by inputting experi-
mental variables, which provided a basis for further develop-
ment of the prediction of antioxidant capacity by inputting
variables. In summary, this technology was green, economical,
and efficient, offering a valuable reference for the enrichment
of antioxidant components from other NPs. Furthermore, it
demonstrated significant potential for industrial applications,
providing robust technical support for enhancing product

quality.
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