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The use of plant extracts and their phytochemicals as candidates for treating Alzheimer's disease (AD)
has been increasingly demanded lately. AD is a progressive neurodegenerative disorder, assumed to be
the formation of AP plaques and neurofibrillary tangles as well as with
neuroinflammation, mediated by cytokines. The metabolomic profiles of Koelreuteria elegans (Seem.)
A.C. Sm. leaf and fruit methanol extracts (KEL and KEF, respectively) were explored using UHPLC-MS/MS
analysis aided by molecular networking in negative and positive modes for the first time. A total of 139
metabolites of different classes were tentatively identified. The molecular networking (MN) reflected high

associated with

levels of phenolics and flavonoids. KEL and KEF showed great effects on memory function and spatial
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learning in behavioral experiments of the injured streptozotocin (STZ)-treated mice. The plant extracts
led to pronounced improvement in the histopathological profile of the cerebral cortex of the injured
DOI: 10.1039/d4ma00007b STZ-treated mice. The effect of extracts on the levels of neuroinflammatory mediators TNF-o, NF-xB

and IL-1B in AD-induced mice was assessed. Both extracts reduced all these markers of inflammation
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1. Introduction

Alzheimer’s disease (AD) is the most common progressive
neurodegenerative disorder, afflicting the health of the elderly.
It primarily affects the hippocampal and cerebral cortex
regions, causing deficits in memory, learning, thinking, and
spatial orientation skills, as well as cognitive dysfunctions and
personality alterations. The main pathological changes in the
brain include the formation of extracellular senile plaques and
neurofibrillary tangles and loss of neurons, leading to atrophy
of the cerebral cortex, which is accompanied by a defect in the
psychic and physical abilities.”* The chronic inflammatory pro-
cesses accompanying AD played a key role in the development of
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neurodegeneration in AD. Cytokines are products of the immune
system and affect a wide range of biological functions, including
immunity, inflammation and repair. Although most cytokines are
produced at low levels in a healthy brain, neuroinflammation can
be detected years before neuronal apoptosis. Pro-inflammatory
cytokines represent immunoregulatory molecules that promote
inflammation. The anti-inflammatory cytokines control the pro-
inflammatory cytokine response. Inflammation is characterized by
a co-ordination between pro- and anti-inflammatory cytokines and
their imbalance may be an essential factor in AD.”

Tumor necrosis factor alpha (TNF-a), the most studied pro-
inflammatory cytokine in the pathophysiology of AD, plays an
important role in the cytokine cascade during an inflammatory
response. The concentration of TNF-o increases in blood and
the cerebrospinal fluid of AD patients as reported by many
clinical and animal studies, indicating a link between the
elevation of TNF-o levels in the brain and AD progression.’
Chronic neuronal TNF-o production causes synaptic dysfunc-
tion and severe neuronal death, leading to the evolution of AD
and cognitive decline.*

Nuclear factor kappa B (NF-kB) is an inflammatory tran-
scription factor that fuels neurodegeneration. Upon exposure to
pro-inflammatory mediators such as cytokines, NF-kB target
genes are activated and expressed, and consequent elevation of
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cytokines and chemokines in microglia results in the chronic
neuroinflammation observed in AD. Moreover, the elevation of
NF-«B levels in the cerebral cortex of AD patients is correlated
with the formation of amyloid fibrils, which consequently
aggregate into amyloid plaques.*®

Interleukin-1 (IL-1) is a pleiotropic cytokine family compris-
ing a network of eleven pro-inflammatory cytokines capable of
regulating acute and chronic inflammatory responses. Studies
suggested the possible role of IL-1 in the immune processes in
chronic neurodegenerative diseases, such as AD. The first
members of the IL-1 family to be identified were IL-1a and
IL-1B.> The pro-inflammatory cytokine IL-1B has a critical
modulatory effect in the pathogenesis of AD. Studies in human
beings have demonstrated that an increase in IL-1f expression
has been associated with AD brain pathology. Experimental
models showed that elevation of serum levels of IL-1f is directly
implicated in neurodegenerative injury and neural loss.””®

Koelreuteria elegans (Seem.) A.C. Sm. (K. formosana Hayata or
K. henryi Dumm.) is a deciduous, ornamental landscape tree
belonging to the family Sapindaceae, native to Taiwan and Fiji
and also cultivated in South America, Australia and some Asian
countries.’ It is a fast-growing species and tolerant of various
environmental conditions.® The plant species have been used
in traditional Taiwanese medicine; its roots, bark, twigs, and
leaves have been used to treat diarrhea, urethritis, and malaria
and improve liver functions. Moreover the seeds of K. elegans
were used as insecticides and the leaves as anti-fungal and anti-
bacterial agents, besides being used as a black hair dye."*™*
Previous phytochemical studies of this species led to the
identification of phenolic compounds, flavonoids, lignans,
sterols, tocopherols and triterpenes.’”**>! The metabolites of
K. elegans form the basis for the determination of its biological
activities. A great suppressive effect on dihydrodiol dehydro-
genase expression has been demonstrated.>® Protein-tyrosine
kinase (PTK) was inhibited by kaempferol and quercetin and
their glycosides that were isolated from the leaves and twigs;"®
in addition, the antiproliferative activities of different fractions
of isolated compounds against various human tumor cell lines
were reported.''*'7*> Antioxidant and ROS scavenging activ-
ities of different fractions of leaf extract of K. elegans,>">***
aqueous extract of its flowers,"” and 1,3,4,5-tetra-O-
galloylquinic acid isolated from the leaves'® and extracts of
aerial plant parts'” were documented. Furthermore, El Naggar
demonstrated the antimicrobial activity of the aqueous metha-
nolic extract of K. elegans leaves and its pure compounds,
1,3,4,5-tetra-O-galloylquinic acid butyl ester and methyl gallate,
against Geotrichum candidum, Staphylococcus aureus, Bacillus
subtilis, Enterococcus faecalis, Salmonella typhimurium and
Escherichia coli, along with their hepatoprotective effect.™

Concerning current literature, nothing was found dealing
with the identification and elucidation of the metabolite pro-
files of K. elegans leaf or fruit crude extracts or their anti-AD
activity. This activity in genus Kolreuteria was only studied for
K. paniculata Laxm."

Our study aimed to analyze the chemical profiles of K.
elegans leaf and fruit methanol extracts by LC MS/MS-based
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molecular networking in both negative and positive high-
resolution electrospray ionization (ESI) modes to characterize
their bioactive metabolites and find possible metabolomic
differences. In addition, the effects of the tested samples on
memory function and spatial learning in behavioral experi-
ments and on the histopathological changes of the injured
tissue induced by streptozotocin (STZ) in the cerebral cortex of
the tested mice, as well as on the levels of elevated neuroin-
flammatory mediators TNF-a, NF-KB and IL-1f in the STZ-
induced AD mouse model, were investigated.

2. Materials and methods

2.1. Plant materials

Fresh leaves and fruits of Koelreuteria elegans were collected in
May 2021 from the Agriculture Research Centre, Giza, Egypt.
The plant was kindly identified by Prof. Dr Abdel Halim Abdel
Mojali, Head of the Department of Flora Researches and Plant
Taxonomy at the Agriculture Research Centre, Giza, Egypt and
was verified by Prof. Dr Rim Samir Hamdy, Professor of Plant
Taxonomy and Flora at the Department of Botany, Faculty of
Science, Cairo University. The plant materials were air-dried
before being ground into a powder and kept in a closed
container. A voucher specimen was deposited in the Herbarium
of the Pharmacognosy Department at Cairo University under
registration number 18.12.23.

2.2. Chemicals and reagents

For LC-MS/MS analysis, formic acid (=>95.0%), water, acetoni-
trile, and methanol were of LC-MS grade and supplied by Merck
(Darmstadt, Germany). The hematoxylin-eosin (H&E) staining
kit (500 mL) was purchased from TissuePRO, catalogue #:
90888820. Thiopental sodium was obtained from EIPICO,
10th of Ramadan City, Egypt and formalin from the Gomhouria
Company, Egypt, Catalogue #: L24810. TNF-o and IL-1$ ELISA
kits were bought from CUSA-BIO Inc., Houston, TX, USA,
Catalogue #: CSB-E11987r and the NF-KB ELISA kit was pur-
chased from EiAAB, Wuhan, China, Catalogue #: E1824r. All
other solvents were of analytical grade.

2.3. Plant extraction

Four kilograms and 600 grams of air-dried powdered leaves and
fruits, respectively, were separately extracted by cold macera-
tion using methanol successively until exhaustion. Each extract
was individually collected, evaporated to dryness at tempera-
ture not exceeding 40 °C under vacuum to obtain a dark green
solid extract of leaves (KEL, 535 g) and a dark reddish solid
extract of fruits (KEF, 40 g). The dried extracts were kept in a
refrigerator at 4 °C for phytochemical and biological studies.

2.4. Sample preparation for UPLC-Orbitrap HRMS analysis

KEL and KEF, 100 mg each, were mixed with 5 mL of 100%
MeOH containing 10 pg mL ™" umbelliferone as the internal
standard, using a Turrax mixer (11000 rpm) for five 20-s
periods at 1 min intervals separating each period to prevent

Mater. Adv., 2024, 5, 3432-3449 | 3433


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00007b

Open Access Article. Published on 12 March 2024. Downloaded on 4/2/2026 3:53:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

heating. The extracts were vortexed vigorously and centrifuged
at 3000 rpm for 30 min to remove debris and filtered using a
22 pm pore size filter. An aliquot of 500 pL was placed on a C18
cartridge (500 mg) preconditioned with MeOH and H,O. Sam-
ples were then eluted with 5 mL of 100% MeOH, the eluent was
evaporated under nitrogen stream, and the collected dry resi-
due was resuspended in 500 pL of MeOH. Three microlitres of
the supernatant were used for UPLC-MS analysis.

2.5. UPLC-Orbitrap HRMS analysis

Both negative and positive high-resolution ESI modes and
collision-induced dissociation (CID) MS spectra were obtained
using an Orbitrap Elite mass spectrometer (Thermo Fischer
Scientific, Darmstadt, Germany) equipped with a heated elec-
trospray ion source adjusted at 3 kV and 4 kV in negative and
positive modes, respectively, with a capillary temperature of
300 °C, a source heater temperature of 250 °C, and an FTMS
resolution of 30.000. The MS spectrometer was coupled to a
UHPLC system (Dionex UltiMate 3000, Thermo Fischer Scien-
tific), equipped with an RP-18 column (30 mm X 2.1 mm X
1.8 um), Acquity HSS T3, H,O, column temperature: 40 °C, DAD
(220-600 nm, Thermo Fischer Scientific). The mobile phase
consisted of H,O (A) and acetonitrile (B) provided with 0.1%
formic acid. The following elution gradient was used: at 0-1 min
5% (B), followed by linear increase to reach 100% B until 11 min,
then from 11 to 19 min 100% (B) was used, and finally from
19 to 30 min (B) was reduced to 5%. The flow rate used was
150 UL min " and the injection volume was 2 pL. The CID mass
spectra were recorded using a normalized collision energy (NCE) of
35%. Calibration of the instrument was performed externally by
using Pierce ESI negative ion calibration solution (Product no.
88324) and Pierce ESI positive ion calibration solution (Product
no. 88323) from Thermo Fisher Scientific. The data were evaluated
using Mass Hunter software version B.06.00.

2.6. LC-MS/MS data preparation

UPLC-MS files converted into the mzXML format
using the ProteoWizard tool MSConvert.>® The converted data were
processed using the free software MZmine 2.37 for peak picking,

deconvolution, deisotoping, alignment, and formula prediction.

were

2.7. Feature-based molecular networking

The processed mzXML files were uploaded to the Global
Natural Product Social Molecular Networking (GNPS) using
the Winscp cross-platform. A feature-based molecular network
(FBMN) in GNPS could integrate the spectral data to generate
the molecular network, which compares and clusters the data-
set. In the case of negative mode data, the setup parameters of
the molecular network are as follows — network’s basic options:
precursor ion mass tolerance and fragment ion mass tolerance
were set to 0.02 Da; advanced network options: minimum pairs
cosine: 0.65; network TopK: 10; minimum matched fragment
ions: 6; maximum connected component size: 100; maximum
shift between precursors: 500 Da. All the other parameters were
set to their default values. The same parameters processed the
positive mode data; however, the minimum pairs cosine was set
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to 0.55 and the minimum matched fragment ions were set to 3.
The generated networks were imported to the open-source
software platform, Cytoscape 3.10.0 software, for visualization.

2.8. Metabolites and molecular formula identification

The bioactive metabolites were identified in the extracts after
processing UPLC-MS files using MZmine 2.37 software. The
structural interpretation was achieved by extensively examining
the high-resolution mass spectra. The CSL:FingerID interface of
Sirius 5.6.3.0 software based on the high-resolution mass was
used to identify or annotate the metabolites. Metabolite
identification was further supported by MN exploration and
the proposed GNPS spectral library search. The parameters of
GNPS spectral library search were set to a precursor ion mass
tolerance of 0.02 Da with minimum matched peaks of 4, a
fragment ion mass tolerance of 0.02 Da and a score threshold of
0.65. According to the accurate mass and fragmentation pat-
tern, the most likely molecular formula of the metabolite was
selected and confirmed. PubChem, HMDB, Reaxys, LIPID
MAPS and COCONUT were also used.

2.9. Neuroprotective activity of KEL and KEF

2.9.1. Animals. Male albino mice (n = 24) weighing 25-30 g
were purchased from the National Research Institute in Egypt.
Animals were housed in an air-conditioned room under con-
trolled alternate day and night cycles provided with artificial
fluorescent light. They were fed a standard pellet diet and water
ad libitum. These conditions were evaluated on a daily basis to
ensure the safety and well-being of the animals. A veterinarian
checked the health of animals to ensure the lack of clinically
observable abnormalities.

The study was approved and all methods were performed in
agreement with the appropriate guidelines and protocols of the
Ethics Committee for Animal Experimentation of Faculty of
Pharmacy, Cairo University (Permit Number: MP 3324) and
conform to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 2011).

2.9.2. Acute toxicity test. The oral acute toxicity study of
KEL and KEF was carried out using the ‘Up-and-Down’
method®® of testing on mice at single-graded doses of 175 to
2000 mg kg™ body weight and up to 5000 mg kg~ " body weight
in accordance with the Organization for Economic Develop-
ment (OECD) guideline no. 425.>” Five male mice were used for
each dose level in the study. An animal was picked at a time,
weighed and dosed with the equivalent volume of extract
dissolved in distilled water. Animals were kept fasting over-
night (about 18 h) before administering the doses. Then, the
extract was administered orally using a gastric feeding tube.
Each animal was observed after dosing for the first 5 min for
signs of regurgitation and kept in a metallic cage. Each animal
was then observed every 15 min in the first 4 h, then every
30 min for 6 h, and daily for 48 h for behavioral signs of toxicity
according to the specifications of the OECD.>” The animals
were monitored for a total of 14 days for the long-term possible
lethal outcome.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.9.3. Experimental model for neuroprotective activity. In
this research, Alzheimer’s disease was induced through the
intracerebroventricular (ICV) injection of streptozotocin (STZ),
utilizing the freehand technique originally outlined*®*® but
with modifications as illustrated.’® STZ was administered at a
dosage of 3 mg kg™, dissolved in 0.9% sterile saline solution.
To anesthetize the mice, xylazine (10 mg kg™ ', i.p.) and
ketamine (80 mg kg™", i.p.) were employed. In brief, the head
was stabilized by applying downward pressure just above the
ears, and the lateral ventricle was identified by forming an
equilateral triangle between the eyes and the centre of the skull
to locate the bregma. The needle was inserted through the skin
and skull approximately 1 mm lateral to this reference point.
Within one minute of STZ administration, the mice exhibited
normal behavior. The animals were randomly divided into four
groups, each consisting of six mice. Group 1, referred to as the
normal control group (NC), animals received a single ICV
injection of 3 pL 0.9% sterile saline solution. In contrast,
groups 2, 3, and 4 received a single ICV injection of STZ
(3 mg kg ') dissolved in 3 pL 0.9% sterile saline.*’ Group 2
served as the positive control (PC), while groups 3 and 4
received treatment with KEL and KEF (300 mg kg™ orally),
respectively, for 60 days. The extracts were administered to the
mice via gastric gavage, and equivalent volumes of saline were
given to the NC and PC groups.

The Morris water maze (MWM; probe test) and object
recognition tests were performed 24 h following the last admin-
istration of either extract. In order to reduce variability result-
ing from circadian rhythms, the tests were consistently
conducted at approximately the same time each day. Following
the behavioral assessments, each group was further divided
into two subgroups (with n = 3 in each), and the mice
were euthanized using an overdose injection of thiopental
(IP 200 mg kg™ '). The brains were rapidly extracted and
separated. One set of whole brains were preserved in 10%
formalin in saline for subsequent histopathological and immu-
nohistochemical examination, while the brains of the other set
were designated for biochemical analyses.

2.9.4. Morris water maze. The swimming maze used in the
experiment was a large circular pool measuring 150 cm in
diameter and 60 cm in height. The pool was filled with water
up to a depth of 30 cm and maintained at room temperature.
Notably, four specific points on the tank’s rim were labeled as
north (N), south (S), east (E), and west (W), effectively dividing
the pool into four quadrants (NW, NE, SE, and SW). This
division was achieved by attaching two threads perpendicular
to each other on the pool rim. Within one of these quadrants, a
submerged platform measuring 10 cm in width and 28 cm in
height, painted black, was consistently positioned just 2 cm
below the water surface. The water was made opaque to make
the platform invisible by adding a harmless dye (powdered non-
fat milk). During the training, control mice quickly learned to
swim directly toward the hidden platform, reaching it in a short
time. This training was conducted over four consecutive days.
Each mouse underwent two consecutive trials on the first three
days, with a minimum 15-minute gap between them. If a mouse

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

managed to locate the concealed platform within the allotted
120 seconds, it was allowed to stay there for an additional
20 seconds before being removed. However, if it failed to find
the hidden platform within the specified time, it was gently
guided to it and allowed to stay for 20 seconds. The average
time taken by each mouse to find the hidden platform during
the four-day training phase was defined as the mean escape
latency (MEL). This measurement was recorded for each mouse
during every trial conducted.* On the fifth day, a probe test was
carried out for all groups to locate the hidden platform, and
each mouse was given 60 seconds to explore the pool. The time
spent by each mouse in the target quadrant, where the pre-
viously hidden platform was located, was then calculated.

2.9.5. Tissue extract. Animals were sacrificed using a lethal
dose of thiopental (IP 200 mg kg~ '), and each group was further
divided into two subgroups (with 7 = 3 in each). The brains were
rapidly extracted and separated. One set of whole brains were
preserved in 10% formalin in saline for subsequent histopatho-
logical and immunohistochemical examination, while the
brains of the other set were kept at —80 °C and homogenized
before biochemical analyses.

2.9.6. Histopathological examination. The brains of three
representative rats from each experimental group were carefully
removed and then immersed in a 10% formalin saline solution
for a 24-hour fixation period. Afterward, they were rinsed with
tap water and subjected to treatment with a series of alcohol
solutions for gradual dehydration. The brain specimens were
then made transparent using xylene and embedded in paraffin,
which was melted at 56 °C in a hot air oven for another
24 hours. Paraffin blocks containing the brain samples were
sliced into thin sections, approximately 4 pm thick, using a
sledge microtome. These resulting tissue sections were placed
on glass slides and any remaining paraffin was removed.
Finally, the sections were stained with hematoxylin and eosin
(H&E) for subsequent examination under a light microscope.

3. Results

3.1. LC-MS/MS metabolomic profiling aided by molecular
networking

Metabolomic profiling conducted using UHPLC-MS/MS analy-
sis aided by MN in negative and positive modes was performed
to assess the metabolite composition of K. elegans leaf and fruit
extracts. The analysis led to the characterization of several
known compounds that were detected before in the Koelreuteria
genus or discovered for the first time. Metabolomic assess-
ments were made by comparing retention times, distribution,
accurate masses and fragmentation patterns, which were
further supported by MN exploration, together with the
proposed GNPS spectral library search, followed by literature
data comparison for confirmation. The metabolites along with
their peak numbers, observed m/z of the detected molecular
ions, errors (ppm), molecular formulae, product ions (MS/MS),
compound classes, and retention times are presented in
Table 1. The representative base peak chromatograms of the

Mater. Adv., 2024, 5, 3432-3449 | 3435


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00007b

View Article Online

Paper

Materials Advances

+ pIoE d1jouayd 161 ‘STE ‘S6¥ ‘691 ‘s "TO°°H'D che— _[H — W]sszosey 11 1owost proe oruinbifored-o-1a '8 0S
+ - pIoe d1jouayd S6 ‘TLI ‘6L% ‘60€ ‘€ST  FTO®'H'™D 0€C— [H + W]sT80°6.L% I JowosT pIoe dIWD(IYS[4o[[e3-0-1d 048 6%
-+ pIoe d1jouayd 1€9 ‘T9% ‘eST  “'O%H®D 8S T— [H + W]sz60°1€9 pIoe JIwD[IYS|AO[[e3-0-11L  69'8 8%
+ o+ proe sfjouayd £9T ‘€T ‘6S€ ‘LTT ‘TLT ‘€6 ‘TTT ‘ST °TOSTHE'D 90°¢— [H + W]z960°65€ proe orumbi4oqed [AysW  £9'8  L¥
+ o+ pIoe d1jouayd 161 ‘STE ‘6% ‘69T ‘€¥E ‘S6¥ ‘L¥9 ‘LLF STOVEHED GGE— _[H — W]1980°2%9 II JawosT pIoe ouInbAo[[eS-0-lL 998 9%
+ o+ suojouinboipAH 8CT ‘POT ‘8TT ‘T6 ‘LL ‘OFT ON“H®D 8v'S— JH + Euwamo%ﬁ surjournbAxoipdH 95’8  S¥
JH +
+ o+ proe d1jousayd 9S ‘69 ‘66 ‘TTT ‘LL/6TT ‘80T ‘LET ‘€6 £0°H%D SLS—/0 NJL8€0°6ET/[H — W]6ET0LET PIo®R 010ZUSQAXOIPAH  /¥'8 ¥
+ o+ pIoe d1jouayd €6T ‘TST ‘S8T ‘TeT ‘€8¢ °TO°H™D ceT— .[eN + ]s¥60° €8¢ opIsoxay proe oISulIsS 1¥'8  €F
+ o+ proe drjouayq ¥ICT ‘6€T ‘TLT ‘STT ‘60T ‘S6 ‘€ST  *O"'H''D 90°€— JH + W]9020°22¢ [ I9WOST PO JIWD[IYS[AO[[ED LT'8  TF
+ o+ pIoe d1jouayd TIT ‘€6 ‘€T ‘STE ‘STT ‘69T  °OV'H'D 80°¢— _[H — W]ossosze ploe orwIIYs[Ao[[eD /08  T¥
o+ pIoE d1jouayd 61T ‘€6 ‘TOT ‘68 ‘6S ‘,.€T  B0°"HE™D 19°T— _[H — W]esz0'667 apISOXay pIoe JIAdIES /6L OF
-+ pIoe d1jouayd ¥CT ‘69T ‘TL ‘S8T ‘68 ‘STT ‘6S ‘€8T COS'H''D 6T €~ _[H — W]t180°5%¢ opIsoxay 23e[[es [AYPIN €6°L  6€
+ o+ pIoe d1jouayd STT ‘TE€E ‘I6T ‘14T ‘691 ‘€I€ ‘6 TO°H°'D S9'€— _[H — W]9z1T° €67 opISOXay-1p [Ao[[eD 8L 8¢
+ o+ pIoe drjousaydq 16 ‘68 ‘IST ‘6S ‘€¥T ‘69T ‘PcT  “O°'H'D 88'C— _[H — W]sevoere [0100413[4o[[eD 6L  LE
+ o+ pIoe d1jouayd 6L ‘OFT ‘LOT ‘STT ‘€ST  “O°'H'D 06'7— J[H + W]6¥90°s¥ [o100413[fo[[eD Sz 9€
+ o+ p1oe drjousayd 60T ‘STE ‘€ST ‘80T ‘ST °O°'HE'D LT°€— _[H — W]9020°s1€ II I9WIOST 9PISOXaY PIok JINYDIAILI0J0Id S99  S€
+ o+ proe drjousyd 16 ‘eS ‘I8 ‘60T YO°H*D 90— _[H — W]z810°¢€ST II I9WOST PIok dINYDIed0101d ST'9  ¥¢€
+ o+ proe drjouayq G8T ‘L0T ‘S8T ‘TLT ‘Ske ‘Ser ‘esT °TQY'H'D 19°C— J[H + W]eT80°S¥€ III Jowost ule30ayL €T'9 €€
+ o+ pIoe d1jouayd 6er ‘691 ‘16T °'O°'H''D 16— _[H — W]ss90ere III 1oWoOST Ul[[eS0aYL /6'S TE
+ o+ proe drjousyd S8 ‘I9T ‘IST ‘69T ‘PCT ‘s¥e  °rOS'H''D 06C— _[H — W]z180°s%¢ III 19WOST 9pISOXaY [AO[[B3-O-[AYIDIN  ¥¥'S  T€
+ o+ proe d1jouayd IPT ‘6C€ ‘€S ‘TLT ‘T8 ‘6L ‘LTT ‘601 ‘€ST  °'OS'H''D LTE— +{H + W]2960° 7€ III 1oWOS! 9pIsoxay [AO[[e3-O-[AYIPIN  SE€'S  0F
+ o+ pIoe drjousayq TST ‘80T ‘60T ‘ST °O°THE'™D vSC— —[H — W]80z0°sTE I I9WOST 9PISOXaY PIok JINYIABI0J0Id TE€'S 6T
+ - proe drjousyd IST ‘6S ‘STT ‘TTC ‘69T ‘TLc  °'O°™HE'™D LT~ —[H — W]9s90°TEE AI IoWOST 9pISOxXay [AO[[D SL'F 8T
+ o+ proe ourwy 16 ‘L ‘€6 ‘P8 ‘€0T ‘0CT  “ON''H®D 1C¥v— +[H + W]1980°99T suruerelduoyd /9% LT
+ o+ pIoe drjousayq 60T ‘£T€ ‘16 ‘STT ‘TTT ‘14T ‘eST °'O°'H'™D 06"C— +[H + W]cT80°S¥E 11 1owost uredoayl 0T’y 92
o+ pIoe d1jouayq €S ‘I8 ‘601 YO°H*D §9°0— —[H — W]z8T0°€ST [ I9WOS! IOk dINYDAIELI0J01d L6'€ ST
+ pIoE d1jouayd 19T ‘66T ‘IST “PTT ‘69T ‘Ske  °FOP™H"™D 61°¢— _[H - W]t180°5¥¢€ 11 Jowos! apIsoxay [Ao[[e3-0-[AYIdDIN  08'S  ¥e
+ 4+ p1oe drjoudayd VLT ‘18 ‘SST ‘STT ‘6¥€ ‘60T ‘LCT ‘eST  °TOP'H''D 9v'e— [H + W]99e0 v II 1oWOST 9pISoxaYy [AO[[BS-O-[AUIdDIN  TL'E €T
+ - pIoe d1jouayd 1ST ‘68 ‘6S ‘T€E ‘STT ‘TLT ‘TTT ‘69T  °'O°'™HE'D LT~ _[H — W]9s90°1¢€ III 19WOST 9pISOXaY [AO[[BD 8€'S  TT
+ o+ [ouayd LOT ‘T8 ‘26 ‘69 ‘IS ‘6L ‘STT ‘0°H°D 0 _[H — W]egzo st [o[[eso14d ¥6'Cc 1%
+ 4+ pIoe drjouayd £6 ‘69 ‘6L ‘€S ‘€ST ‘STT ‘60T ‘LOT ‘I8 SO°H*D 9T'6— [H + W]sszo 1T pPoEOIED 68T 0T
+ - [ouayd £9 ‘6L ‘60T ‘€S ‘18 £0°H°D 0€'9— JH + N]z8g0° 22T [o[[e3014d 98'C 61
+ o+ proe drjousayq 68 ‘TLT ‘T1C ‘€T ‘6S ‘IST ‘T€€ ‘69T  °'O°'HE'™D TLC— _[H — W]os9oTee II IoWOSI apIsoxay [Ao[[ed 0T ST
+ o+ proe ourwy 16 ‘LS ‘8S ‘69 ‘98  “ONF'H®D 909— [H + W]zToTzeT UPNI[OSI  €0'C LT
+ - proe d1jouayd ST ‘161 ‘691 °'O°'H"'D 79'C— _[H — W]9s90°cve II 1owosT uleSoaylL €47 9T
+ o+ pIoe d1jouayd €8 ‘6TT ‘TLT ‘I8 ‘6L ‘STT ‘eST  °TO°'H'™D 61 €~ [H + IW]T180°s¥€ I Jowost uledoayl €9'T ST
- 4+ proe drjousyd 68 ‘TLT ‘STT ‘TTT ‘IST ‘T€€ ‘6S ‘69T  °'O°'HE'D TLT— _[H — W]9s9o €€ I 1owWos] apIsoxay [Ao[[eD 6S°T  ¥T
+ o+ proe J1uedio TTT ‘9S ‘OFT ‘€8 ‘69 ‘09 ‘98 ‘28 FO*N''H®D 91'9— [H + W]oz60°97T ppe drouenqourpiuend €T €T
+ o+ pIoe oruesio LET ‘€8 ‘€L ‘€6 SO°"™H4D 9T'1— _[H — W]svrocsT poeorwnIys 1T CT
+ + PIOB OUTWE PayIPON 811 ‘8S ‘65 “ON''H®D LL°9— [H + W]o9so 8Tt sureyod €I'T I
+ 4 pIoe dofjouayd STI ‘69T  °O°TH''D 08'C— _[H — Wlsczo 1ee I Jowost pioe d1[e3ld 86°0  OT
o+ pIoE drjouayd 16T ‘SVE ‘S6F ‘LF9 ‘69T ‘LL¥ ‘679 ‘T09  “COSTHEED £€9°¢— _[H — W]s960°662 I Jowost pre oumbifo[es-0-enal £6'0 6
+ 4 pIoE ofjoudyd SPT ‘GST ‘18 ‘L¥E ‘STT ‘60T ‘€ST  °'OP'H''D V- JH + W]€960° L€ I I9Wos] 9pIsoxay [AO[[e3-0-[AYIDN  S6'0 8
+ +  aurelaq poe ouruy 20T ‘P8 ‘8S ‘PFT  “ONF'HD GG G— J[H + Wlztotrwet aure)dq auloid S6°0 L
+ pIoR d1jouayd 16T ‘69T ‘STE ‘LLF ‘STE ‘LF9 ‘S6v  8TOVCHBD vee— _[H — w]z9s0 %9 I 1owost ppe sorumbiforesd-0-1L ¥6'0 9
- 4+ proe drjouayd €S ‘L0T ‘L6 ‘I8 ‘69 ‘6L ‘STT SO°H%D 65°0— _[H — W]9gT0°69T pIoe dI[[en  €6°0 S
+ pIoE d1jouayd S6¥ ‘STE ‘eVE ‘69T YFOOHYD ¥9°¢— _[H — W]zszosev I 1owost proe oumbifores-o-1a z60 ¥
+ o+ pIoe o1uedio €41 ‘TTT ‘60T ‘£LTT ‘€6 ‘6S ‘T6T ‘S8 S0°TH*D LS T~ _[H — W]essot6T pIoE JIUIY  06°0 €
+ o+ proe drjouayd S8 ‘T6T ‘I9T ‘IST 9CI ‘691 ‘sve  °'O®'H"'D 06'C— _[H — W]er80°sve I 1oWOST IPISOXaY [AO[[BS-O- AN 06°0 k4
-+ proe drjouayd STT ‘69T ‘16T °TO'H''D 79'C— _[H — W]os9oere I Jowos! ul[[e30ayl, 06'0 T
A TAI sse[D SIN/SIAL SUOT 30NPOId enuioy (wdd) 10117 (z/w1) uort J0s1Nd21d juowrudissy I ead

IB[NOJ[OIN

sapow |S3 aAsod pue aAnebau Ul SW/SIW-D7 Ag S10eAIXe JOURYIBW }IiNJ) pue jea) suebajs 'y ul payiuspl spunodwod T di9el

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV 00:€S:E 9202/2/7 UO papeo|umoq 720z U I ZT U0 paus!iand 901y Ss300V uadO

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2024, 5, 3432-3449

3436


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00007b

View Article Online

Materials Advances

Paper

+ o+ prouoae[q 60€ ‘S8T ‘T/¥  TOP°H™D T L[eN + IW]e680°1L¥ aprsoxay [o1aydwoey ¥S°0T S8
+ o+ prouoaelq 6%F ‘6T ‘T ‘S8 ‘48T  TOY*H4D 81'C— [H + W]osat-ses II JowosT ap1sounni [o1oydwoe) SH°0T  ¥8
¥6 ‘LIT ‘OST
o+ ULTRWNOJAXOIPAH  S9T ‘SOT ‘6T ‘CeT ‘67T ‘LET ‘€61 ‘SET ‘84T YO’HOD 99— [H + W]zevo'e6T II 1owost unajodods sy'0T €8
S6 +E + N]6650°66T
+ o+ pIoe d1ouayd ‘29 ‘€TT ‘6S ‘£L9T ‘LOT ‘OFT/L9T ‘L6 “T8T ‘€TT SO°TH®D C0'v—/TS T— W]LPP0°L6T proe o13ULIAS ££°0T 8
+ o+ prouoAelq £8¢ 'TO%°H'D SHT— +E + N]EL0T 67 F opisoxay [o1ojduwoe) ¢€'0T IS
+ o+ plouoae[ ST ‘SHT ‘68T ‘691 °TOPTHD ov'e— _[H — W]zo080° 1% a1e[[esd UIy29aIed 8701 08
+ o+ prouoae[g 687 ‘€6S  STO°*H4D 88'¢— 1 - Euwwi.mmm apisounni [oxydwaey /20T 6
BN
GT€ ‘S8T ‘L8¥/LTT ‘€L ‘L6 ‘SO€ £9T—/8ST— + W]¥80°£8¥/,[H + W]T20T'S9%
+ o+ prouoAel ‘19 ‘S8 ‘16 ‘€0€/SST ‘IST ‘84T ‘TLT ‘€9¥% ‘00€  “'O°H™D Ve e— /_[H — W]z980°c9v 9pISOXaY unadIdnd 97°0T 82
[H + W]zeTo cog
+ o+ proe drjouayd €GT ‘LET ‘LST ‘S9T ‘SLT ‘S8T ‘€0€/T0E SO°H"'D ¥9'¢—/c€C— /_[H — W]z266°00€ poe o13e[[d 92°0T L
apisoueikdooni3-(jLof[es-0-,9)-a-g-0-¥
+ o+ proe drouayd €£T ‘€TE ‘SOE ‘S ‘SL¥ ‘eST  LTO%PHAD SS'T [eN + W]8201's¥9  [oyoore [AzuagAxoIpAyLn-cp c-[Ao[[eS-0-T 02°0T 9.
11 Iowos! ap1sooni3-(jAofesd
+ 4+ pIoe d1ouayd €€ ‘e6b ‘eST  FTO%PHYD S ard J[eN + Ermm.m@ -0-9)-0-g-0-T-[0usYdAXOIPAY-H-AXOYIRIN-€ 0T0T  SL
BN +
€6T ‘STe £€T—/00"C— W]LI¥T €9/, [H H WJ009T'TT9
+ o+ PIOUOAB[ ‘TEE ‘€€9/S9¥ ‘TL ‘6TT ‘S8 ‘€0€/T0E ‘00€ ‘609  °'O°(H*“D /9L7€— H W]EEHT 609 apIsounnI URedIaNd €107 L
+ - prouoae[g 14T ‘66T ‘€8T ‘T0€ ‘98T ‘L¥¥ ‘€65  TOY*H*D 1L€— _[H — W]s8¥T €68 9PISOXaYAXOIp-1p UN2IANY 80°0T €L
+ o+ [ouayd 6L ‘STT ‘OTT ‘€6 ‘S9 £0°H®D LS7— H W]FPSo'eST QUI[TUBA SO'0T TL
+ o+ pIouoAe[ €GT ‘LL¥ ‘STE TTOTCHED 16°C— E + INJS8ET LLY 9pISOX9Y URLIBRWISIID 866  TL
+ - proe d1jouayd 1€9 ‘€19 ‘60€ ‘T9¥ ‘€8L ‘S0€ ‘€ST  'COPCHEED €9°0 L[eN + W]9z01°€82 11 1owost [oidefjfofes-o-enal ¥8'6 0L
+ o+ plrouoae[l 04T ‘60€ ‘L¥V ‘€ST ‘68T °FOTH®D 9p'T— E + WloseT L¥v¥ opISOXay UISOdA[RD 18'6 69
16¢ ‘€19 ‘60€ ‘T8T ‘98S ‘LT ‘TLT ‘ITT
+ o+ plouoAeld ‘I9¥ ‘LS¥ ‘€€¥ ‘€8L ‘€9T ‘64F ‘T€9 ‘S0€ ‘€ST  FTO°*H D 66°L 1 + W]eeTT 108 UIYoarRd0[ed(1da) Uryoareso[ed(1da)-holren L6 89
-+ prouoae[ €ST ‘L¥T ‘e¥C ‘S8 ‘TL ‘6FF ‘L8C  <TOC*HAD 89'T— [H + W]es9T°s6S I Iowost apisounni [odjdwaey z9'6 L9
1 1owos! ap1soon3-([Lo[[ed
o+ pIoE d1jouayd c6b ‘cTe ‘eST  ETOCHOD $8'C +BN + ]2£60°€67  -O-.9)-P-g-O-1-[0uaydAXOIpAY-F-AXOYIDIN-€ €56 99
+ o+ pIoe drjousayq €€V ‘€19 ‘€9T ‘T9¥ ‘SO€ ‘€84 ‘6ST  'COSCHED 70°'T +[BeN + W]6201°€82 1 1owost [onidefjfo[ed-0-end1L ¥¥'6  S9
+ o+ proe d1ouayd T6T ‘€¥E ‘S6¥ ‘LF9 ‘69T ‘LLF ‘679 ‘109 ‘664  CCOSTHED 0S¢~ —[H — W]9960°66£ 11 1owosI proe oruinbifoes-0-enal 1¥'6  ¥9
TLT ‘18T ‘T9¥ ‘1€9 ‘60€ ‘€97 ‘S0€ +E + IN|L20T 679
+ o+ proe drousayd  ‘6L¥ ‘€ST/T6T ‘691 ‘ST ‘LLV ‘€¥e ‘L¥9 ‘S6F  STOYCHPD 9T¢—\ST€— N]€980°L¥9 111 19wost proe drumbifo[es-0-L 0€'6 €9
- 4+ pIoe d1jouayd S6 ‘TLT ‘6L¥ ‘60€ ‘€ST  £TOPTH™D 60— E + NJ9T80°6LF 11 19WOSI PIOR JIWDIYS[AO[[e3-0-I1d 0£'6  T9
+ o+ [ouayd 6L ‘LOT ‘S6 ‘6S ‘LTT ‘6ET ‘OTT ‘€ST ‘SeT YO°TH®D 98’7 — E + INJS080°S8T [ousydAxoyrowiil, 176 19
6LT ‘€9T ‘50T ‘0TT ;: + IN]8820°€6T
+ o+ ULIBWNOD0S] ‘€67 ‘L¥T ‘T6T ‘61¢/6TC ‘L¥T ‘61T ‘161 ‘LT SOHE'D L0 E—-\T¥'C— /_[H — W]¥eT10°162 pIoe o1[Ax0qIed ulojiadlg ¥1'6 09
9L ‘6¥1
+ o+ ULTBWNOJAXOIPAH ‘08 ‘60T ‘TTT ‘6T ‘SOT ‘LET ‘€6T ‘8LT ‘€€T YOSHO'D 81°6— [H + W]tevo-c6T I Jowost una[odods €I'6  6S
+ 4+ pIoe d1jouayd STI ‘69T °O°'H''D 6% c— _[H — W]egzo Tee II 1owosI proe J1[edld 70’6  8S
29T ‘LLT ‘OFT ‘£0T ‘L¥T ‘€CT [H + N]8s80°167
+ o+ prouoAe[d ‘6E€T\TIST ‘64T ‘61T ‘€CT ‘16T ‘€0T ‘601 ‘L¥c  °O"'H'D 8L€\€L'T— /- [H — W]z020°682 uryoaredrdy/uryoare) 6 LS
+ o+ proe dfjousyd 6L ‘STT ‘¢ST  °O°'H''D 6LC— J[H + IW]veco-cze poe olEesId 668 9
+ o+ pIoe drjouayd 6L ‘S6 ‘L9 ‘6S ‘STT ‘LOT ‘€ST ‘9CT SO®H®D 8L'€— E + INJEPP0'S8T ae[ed AN  88'8 €S
+ o+ ploe o1uedIo 6S ‘29T ‘68 ‘€TIT ‘9IT ‘4¥T  *ON*H°'D 1C¥H— [H + I]9670"06T poB olUaINUAY €88  ¥S
+ o+ pIo® d1j0UdYd STT ‘TLT ‘8T€ ‘6LF ‘LTE ‘60€ ‘€ST  YTO"°H'D 1ce— E + N]0T60° L6 poe orumbjfo[[es-0-1d  18'8 €S
+ 4+ p1oe drjouayd TTT ‘64T ‘SST ‘€¥T ‘6€T ‘S6 ‘€ST °OY'H''D 90°€— ;m + N]90£0°2C€ 11 JoWoST pIoe JIWDIYSAO[[ED 18'8 TS
+ - pIoR J1jouayd 891 ‘8. ‘€81 ‘¥TT SO®H®D §S0— [H — W]e6z0€8T 2e[[es [AYPIN 92'8 TS
A T SSe[D SIN/SIAL SUOT 30NPoId enuioy (wdd) 10117 (z/u1) uor J0s1Nd21d juowrudIssy I ead
IR[NOJ[OIN
(panunuods) T 3)qel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV 00:€S:E 9202/2/7 UO papeo|umoq 720z U I ZT U0 paus!iand 901y Ss300V uadO

3437

Mater. Adv., 2024, 5, 3432-3449

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00007b

View Article Online

Paper

Materials Advances

IB[NO3[ON

+  + aurwrejoueysaoydsoyq €ST ‘P1T ‘6L ‘OFT ‘96T ‘CS¥ ‘SST d“ONYH'D 86°€— _[H — Wleszzzsy 11 1owosI (0:0/0:9T1) Ad 96'9T 8TT
+ — aurwrejoueyaoydsoyd OFT ‘PTT ‘6L ‘€ST ‘18T ‘TSP ‘€IT ‘SST d“ON""H'*D 9L'¢— _[H — W]oozzzsy I 1owosT (0:0/0:9T) Ad 99°9T LTI
+ o+ pidijoo4[n €5 ‘669 ‘68 ‘SET ‘SST ‘STY ‘€59 ‘L6€  TTOSSH'ED 98'¢— _[00DH + N]92££°669 11 1owost (0:9T) DINDA 2691 92T
+ o+ Tonsouroydsoyq 6ST ‘6L ‘€6€ ‘STE ‘TPT ‘€ST ‘SST ‘TLS d°OCYHSD 0S°¢— _[H — W]¢9sz LS (0:9T) Id 9791 stT
+ o+ pidijoo4[n 6SS ‘€IS ‘TOT ‘S€T ‘€ST ‘LLT  °O°THA®D SLE— _[00DH + W]z60¢£°65S €:8T DINOI 9T ¥CI
+  + aurwrejoueyaoydsoyq €ST ‘OFT ‘6L ‘P1T ‘96T ‘9% ‘6.7 d“ON'YHED 8L°¢— _[H — Wleszzosy (0:0/T:8T) Ad 8€9T €TT
o+ pidijooAD €57 ‘68 ‘669 ‘SET ‘SST ‘STV ‘€S9 ‘L6€  "TOPH'ED 6T V— _[00DH + W]€.2£°669 I 10wost (0:91) DINDA £T°9T ¢TI
-+ aurjoydoydsoyq STT ‘09 ‘85T ‘98 ‘00S ‘8TS ‘VOT ‘98T d“ONBYH°D 68°C— J[H + W]zeeests (0:0/€:81) DA ¥T°9T TTI
+ 0+ pidi[ooA[D  €5T ‘€TL ‘SOE ‘SET ‘68 ‘64T ‘STF ‘LL9 ‘L6€  "TOPSHEED 6T — _[00DH + W]esLeses (z:8T) DDA ¥0°9T 0TI
+ o+ [onsoutoydsoyq 65T ‘6L ‘STV ‘T¥T ‘STE ‘€ST ‘64T ‘S6S d°TOCYHA®D €0 v — _[H — W]esszs6S (0:0/2:81) Id ¥6'ST 61T
-+ plouoae[g 11€ ‘96 0O°'H®'D pse— _[H — W]e060°TTE urAxo1apis 9/°ST 8IT
+ o+ prdijod4[D €6 ‘TTL ‘S€T ‘LLT ‘STH ‘SL9 ‘L6€  TTOOSHE D 0€'v— _[oo0H + W]ot9g TeL (c:8T) DINDA 6€°ST LIT
+ o+ prouoae[q 6L ‘€Y1 ‘€9 ‘60T ‘LLT ‘8ST ‘eST  "OCTHS'D L€T— _[H — W]s6v0°est uisA1yD ¥t 9TT
+ o+ poe Aneg 62T ‘L91 ‘1T YO®*H®'D 8T'C— _[H — W]sevT62T proe drorpauedapod 0€°€T  STT
+ o+ poe Aneg 66 ‘6€T ‘6TT ‘TLT ‘T1C ‘626 O"*H®'D €LT— _[H — W]etcz6te PIOB DI0U03PEID0AXOIPAYILL TO'ET  FTT
+ 4+ plouoae[] 6L ‘9ST ‘66T ‘8T  °O°'H°'D pee— _[H - W]9¥50°667 upawsold 921 €IT
H + N]z¥so 82
+ o+ prouoaelq S9T ‘TTT ‘€ST ‘£8¢/S8C  °O°'HS'D ¥T°¢—/18'C— /_[H — W]t6£0°587 11 1owosT [o1oydwae) 99°CT TIT
+ o+ poe Aneg 16¢ ‘L6 ‘S8 ‘TLT ‘62T ‘TIT ‘Lte  SO*H®'D 90°¢— _[H — W]eote Lee PIOE DI0USIPBIAPRIDOAXOIPAYLLL 2921 TIT
+ o+ poe Aneg STCT ‘eST ‘6T YO"°H''™D 98'1— _[H — W]eserste pIoe drorpauedapun LSCT OTT
-+ prouoae[ 68t Y'OY*H®D 88°¢— _[H — W]z¥81°¢€68 9PISOUNINI ULSURINYESOS] 7S'CT 60T
+ - prouoaely T ‘£8T ‘TTT ‘STE ‘STT ‘00€  “O°'H'D $ST— _[H — W]z6v0°s1E UROUWERYIOS] ¥6'TT 80T
+ o+ prouoae[ G9 ‘Z0T ‘TCT ‘64T ‘TOE ‘IST  “O°'H*'D 99'C— _[H — W]oveo To¢ unRadIdnd 68°IT  LOT
SLT ‘eST L[BN + W]8%0T°£09
+ 0+ prouoAe[d ‘18T ‘60€ ‘€0€ ‘£09 ‘TTE/69T ‘L6T ‘€8S ‘S8T  "TOYCHED ¥9'C—/¥6'€— /_[H — W]s90T1°€85 apIsoxayAxoap [4o[[es jo1ojduraey £8'IT 90T
+ o+ prouoaefg €GT ‘6T ‘LST ‘S9T ‘S8T ‘coe  “O°THE'D 0€'e- [H + W]se¥0°coe II 19WOST unadINY L8°IT SOT
+ = PIOUOARLT 69¢ ‘¢ST ‘25T ‘261 ‘28T 2O°'H'D €8°¢— [H + W]svso 287 uroaIN S8 IT  HOT
+ 4+ prouoaerq 66T °0°“H™D ¥9'c— JH + Wlpztr apIsoxay urazpred 08'TT  €0T
-+ pIouoAe[q €7 ‘€8T ‘IST ‘€CT ‘SET °0°'HE'D ¥rc— _[H - EHmwmw.an [or3dwaeoIpAUId S IT 20T
JeN +
69 ‘€ST ‘I8T ‘S/T ‘STE ‘€0€ ‘€29 ‘1Te STT—/91¢— IN]6660°€79/,[H + W]0STT T09
+ o+ prouoAe[d  /00€ ‘€0€ ‘PST ‘66T ‘€ST/69T ‘L6T ‘T0E ‘665  <'O"HED /TS €— /_[H — W]9t0T°665 9PISOXayAX0ap [40[[e3 unadIand SH°IT 10T
-+ dUO0DBY20IPAYIQ STE ‘T6T ‘12T ‘£9T1 ‘e °'O"™H'*D LE8T— _[H — Wleser sy II 19WOST 9pPISOXaY unaio[yd 8Z'IT 00T
L[BN + W]eP60°sST
+ o+ PIOUOAB[A T/ ‘S8 ‘0TE ‘69T ‘SS¥ ‘60€/LTT ‘SST ‘Te¥ ‘'S8T °TOY°H'™D ¢¥c—/ST €~ /_[H — W]¥960° 1% apIsOxayAx0ap [o1oydwoR) €T°'IT 66
+ plouoae]q 1.2 °TQ%°H™D ¥sT— J[H + Wlverteey 11 1owost apisoxay uruadidy ¢I'IT 86
+ 4+ prouoaerq G9T ‘TCT ‘€ST ‘48T °0°'H'D €8'€— [H + W]s¥so 8T I 1owost [orydwe ZI'IT L6
+ 4+ SU0D[BY20IPAYIQ GTT ‘T6€ ‘T¥E L91 ‘cLT °TOY*H™D 89°¢— _[H — Wlszersew I I9WOS] 9PISOXaY UBRIO[Yd 6601 96
+ o+ 9UO0d[eYI0IPAYIQ L2 69T ‘L0T  O''™HS'D LT€— [H + W]tt60°s27 unaIo[yd 96°0T  S6
+ o+ prouoaefg ST€ ‘69T ‘SST ‘86T ‘€8T ‘OF¥ ‘T9F  'TOH D STE— _[H — W]e9o1°19% apIsoxay apuaydwoe) 60T  ¥6
+ o+ prouoaef1 8ST ‘98T ‘10¢  "TOYHD ¥6'1— [H + W]teereor SpISOXay URAWSOId 06°0T €6
L[eN + W]z6L0°1H¥
+ o+ pIOUOAR[L SST ‘60€ ‘T¥H/TST ‘LTT ‘SST ‘LT¥ ‘P8C  °TOSTHOD 9¢'1—/eT°e— /_[H — W]6080°21% apisojuad [o1djdwaey 80T  ¢6
+ - prouoae[q 1L °TO°H™D LLT- [H + W]eetT sy I 1owost apisoxay uruadidy 9,701 16
+ 4+ prouoaelq L€ ‘S8T ‘6€€ ‘TOS  “TO%CHD 6LC— .[eN + ]s660°10S 9PISOXaY UNAUWEYIOST S£°0T 06
+ o+ prouoae[g S9T ‘S8T ‘6CT ‘€ST ‘o€ “O°'HE'D 00°€— [H + W]96¥0°c0g I I9WOST UpadI_dNY 00T 68
+ 4+ prouoae[q €51 ‘86T ‘98¢ ‘10 °O°'H’'D 00'€— J[H + W]eozoT0€ upewsold 99°'0T 88
H + W]osso zgg
+ o+ proe drjousayd G8T ‘STT ‘€ST/8Z ‘89T ‘¥CT ‘€8T  °O°*H'D 00°€—/6€C— /_[H - Eum@mw.mmm e[[e3Ip [AYIDIN S9°0T L8
BN +
GCT ‘sT€ ‘S 19'2—/L0"c— N]9€L0°LSY/,[H + IN]8T60°SET
+ 4+ prouoae[q /STT ‘19 ‘SO€ ‘€ ‘€OE/TST ‘8LT ‘TLT ‘€€¥ ‘00 "OSTH?D /€T €~ /_[H — W]zsL0°eew apisojuad unadiand SS°0T 98
A T SSe[D SIN/SIAL SUOT 30NPoId enuioy (wdd) 10117 (z/u1) uor J0s1Nd21d juowrudIssy I ead

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV 00:€S:€ 9202/2/v U0 papeo|umod 202 YoLe N ZT U0 paus!idnd 81y sse00Yy usdo

(panupuod) T 9qe]

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2024, 5, 3432-3449

3438


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00007b

Open Access Article. Published on 12 March 2024. Downloaded on 4/2/2026 3:53:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

e
=
=
Q
1)
(=]
>

S

(5]

S

ES

S

Cc

o]

)

i

o

Q

©

'_

© 2024 The Author(s). Published by the Royal Society of Chemistry

KEL KEF

Class

Product ions MS/MS

Error (ppm) formula

Precursor ion (m/z)

Peak RT  Assignment

+ 4+ ++++++ I+ +

++ +++++++ |+

kel b=
3 T 3T 3
(5] Q [P EES I Q Q
[=} < (=R [ [+
£ 5
—_ Q - QO QO Q Q
o o— O.,_‘A,_‘ —— - —
< _B_SEE_ZE_3
82528582826
28292828208
A A R R N
gespdssrgesd
fF S S S SR SRS
[V c Sy a TRy < Fa P a P PR < V0 - Pl < V0 =
~
s o
N
[ee) i ~
wn < N
[a\] - -~
- o ~ o
(=) i ~ i
o o IS
~ o -
o [)) n ~ S
e .=
- Q - o5 -
O - O w o
oo} ~ O IS Al n
- )] - 0 - —
a N - 0 ~AN D -
S N ~Nn AN O [*)}
[To RN o\ I N < N~ < ~
- SN L N
Ot 0O ™ a0 [Ie}
N O Nnon O BN Lo N I o)
LRAAFTONONO A
LS . T L.
N 0 F A D D
SN AN O O IN O
A AT F G S o e
el D To I To i RN Io RN IolNe) Bie) Bie) Bie))
AN AN NN INM
I s
O SR toRAR .
ZO0O0zZzOOQOQOO
S O O o O = O o N
TITTZIITITITIITITT
© ® = © F O = O N O I
[y I o N o B o AN o R oo BN o B o N s B & N o)
[ORGRORORORORORORORORS]
=HANDDDADAAN NN O 0
NALOXRFQmMO
NN FANNN NN N <A
A S H O
L, Ll L
TIETIWI DT T T T
+ L+
P P W NPt
D NN 0 F O 0O X0 O
N AN AN 0 0
RS I o B B A S B
SHOANOSAWBNDN D
N O NN O N A OA O
oI FIFFFon ©On O
—
- =
e e
-
S 9o
2 =2 =
St et
TSoT a
SETCE
o T TSSO
3] 3] L.29.2
« © C —~0QC —~
om0 —~—go g
T .o ~=
NJ)NQ')OBH'EBM'E‘M
0D HoE O BB D
= O = Do S
wg\_/a\_z\_/v—cw-cv
DECTOICC 2t 2
[<PANS I - V- VR V-Vl sV e s Y
~NO = 0N O S 0 ™
SLEINS AL 0o m
ININININCO OO OO m
Rl B B B I R B o\ BN o o |
NOH A MY ON ® D
[ I I I e I e I o T e o I P B o I o P I o}
o v v v v v v v v v
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two extracts along with detailed fragmentation labelling of
some identified compounds are displayed in Fig. 1 and
Fig. S1-S21 (ESIt). Putative structures of representative groups
of metabolites are shown in Fig. 2. A total of 139 metabolites
were identified after overlapping both negative and positive
data of KEL and KEF. The chief identified secondary metabo-
lites were phenolics and flavonoids (a total of ninety-four), as
confirmed by previous reports.'*%'#20722 Negative and posi-
tive MNs were established (Fig. 3 and 4). They allowed us to
investigate UPLC-MS/MS data and observe metabolite distribu-
tion among the two samples in both modes. Depending on
MS/MS fragmentation pattern similarities, they classified mole-
cules into clusters, where metabolites with fragmentation pat-
terns close enough to each other were connected, while those
with dissimilar fragmentation patterns were separated,® based
on controlled parameters described before. Nodes were dis-
played as a pie chart to describe the semi-relative abundance of
the detected molecular ions in the two extracts, while the edges
indicated the mass differences between the connected nodes.
Nodes were also colored by the sample type (i.e., KEL and KEF)
and labeled with their precursor m/z values. The established
MN of the negative mode was composed of 590 nodes con-
nected in twenty-six clusters (a minimum of two connected
nodes) and 350 self-looped nodes. The detected metabolites are
identified as follows: phenolic acids: clusters A, B, and C;
flavonoids: cluster D; cluster E was mostly formed by the
assigned lipids; glycolipids were arranged in cluster F; most
of the determined fatty acids were present in clusters G, H, and
I; two phosphatidic acids were formed in cluster J; and cluster K
comprised one dihydrochalcone. Regarding self-looped nodes,
they mostly corresponded to some flavonoids and phenolic
acids, among other metabolites. The constructed MN of posi-
tive mode consisted of 833 nodes comprising thirty-six clusters
(2 minimum of two connected nodes) and 561 self-looped
nodes. Cluster A’ encompassed phenolic acids, while clusters
B/, C/, D’ and E' represented flavonoids. Phosphocholines were
arranged in cluster F'. The identified hydroxyquinoline
occurred in cluster H' and cluster G’ contained amino acids,
organic acids, phenols, hydroxycoumarins and an isocoumarin.
Some flavonoids and phenolic acids besides a dihydrochalcone
were arranged in single-looped nodes.

3.1.1. Phenolic acids and derivatives. The term “phenolic
acids” generally describes the phenolic compounds having one
carboxylic acid group.** Numerous phenolic acids and their
conjugates have been previously reported in K. elegans along
with their antioxidant, anti-inflammatory,****1921:23 antj-
cancer,'"?? antimicrobial and hepatoprotective effects."” In this
study, fifty-seven phenolic acids were tentatively identified, and
they are mainly derivatives of hydroxybenzoic acids present as
esters, glycosides, or glycoside-esters. Herein, the main pheno-
lic components were gallic, syringic and protocatechuic acids,
which were found mainly conjugated with quinic or shikimic
acids or glycosides with one or more sugar units. Phenolic acids
and their derivatives constituted clusters A, B, C (in the negative
mode MN) and A’ (in the positive mode MN) alongside single
nodes in both modes. Galloyl derivatives were considered the
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(KEF). The carbon numbering system for each compound is based on analogy rather than on IUPAC rules. Metabolite numbers are listed in Table 1.

major phenolic acid compounds and showed higher abun-
dance in KEF than in KEL, as highlighted mainly in the MN.
Cluster A revealed the presence of nineteen galloyl esters
displaying a fragment ion at m/z 169 due to the liberation of

3440 | Mater. Adv, 2024, 5, 3432-3449

gallate ions. Galloyl quinic acid molecules were detected as
peaks 1, 6, 9, 16, 32, 46, 50, 63 and 64. These compounds were
composed of quinic acid as the central unit, attached with the
gallate ion or its multiples. Their fragmentation behavior
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depended mainly on successive loss of the dehydrated gallate of the same compound identified as theogallin; isomer 1 was
anion (—152 amu) until the appearance of the quinic acid peak observed in KEL only, while 16 was observed in KEF; isomer 32
(m/z 19). Quinic acid attached to one gallate unit in peaks 1, 16 ~was present in both and was more abundant in fruits than in
and 32 showed nearly similar molecular ion masses and leaves. Peak 50 revealed [M — H]|™ at m/z 495.0758 related to an
fragmentation patterns and they were considered as 3 isomers extra gallate anion. It was identified as di-O-galloylquinic acid.
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Tri-O-galloylquinic acid was detected at 3 different retention
times of 0.94, 8.66 and 9.30 min (peaks 6, 46 and 63) with
[M — H]™ at m/z at 647.0862, 647.0861 and 647.0863, respec-
tively; they had similar fragment ions. Four gallic acid units
conjugated with quinic acid were observed at peaks 9 and 64
with [M — H]|™ at m/z 799.0965 and 799.0966, respectively. Their
similar product ions revealed that they were two isomers,
putatively identified as tetra-O-galloylquinic acid. Two isomers
of digallic acid were observed; peaks 10 and 58 with [M — H]™ at
m/z 321.0238 and 321.0239, respectively, fragmented into m/z
169 and 125 corresponding to the galloyl ion and loss of CO, ",
respectively. Peak 37 was assigned as galloylglycerol with frag-
ment ions m/z 169, 124 and 91 due to gallic acid, decarboxyla-
tion, and glycerol, respectively. Peak 41 showed [M — H]|™ at m/z
325.0550, putatively named galloylshikimic acid. It exhibited
fragment ions at m/z 169, 125, 173, 111 and 93 due to gallate
ions, loss of CO, ", shikimic ions, further decarboxylation, and
dehydration, respectively. Galloyl methyl esters were detected
as peaks 51 and 87 annotated as methyl gallate (m/z 183.0293)
and methyl digallate (m/z 335.0395), respectively. Both showed
product ions related to the loss of CH; (—15 Da) and CO, (—44)
groups. Furthermore, compound 87 revealed a fragment ion at
m/z 183 due to loss of a galloyl] moiety (—152 Da). Four
hydroxybenzoic acids (5, 25, 34 and 44) were present in cluster
B. Compound 5 was identified as gallic acid, compounds 25
and 34 were considered as two isomers of protocatechuic acid
detected at different ¢, and compound 44 was hydroxybenzoic
acid. These compounds showed a base peak at m/z 125, 109 and
93, respectively, due to decarboxylation and other fragment
ions mainly due to further dehydration. Peaks 14, 18, 22 and 29
in cluster C revealed the same [M — H] ™ at m/z 331.0656 and
showed the typical fragmentation pattern of hexoside as evi-
dent from the loss of the fragment ion [M — 162] at m/z 169.
Therefore, those compounds were isomers of galloyl hexoside,
but isomer 14 was present in KEL, 22 and 29 were present in
KEF and isomer 18 was more abundant in leaves than in fruits.
Compound 39 at the same cluster showed m/z at 345.0811 with
a mass difference of 14 Da and an extra ion at 183 m/z,
indicative of an extra methyl esterification, and was identified
as methyl gallate hexoside. Cluster A’ represented peaks of
phenolic acids, which were subjected to positive mode analysis.
Twenty-two peaks (8, 15, 23, 26, 30, 33, 36, 42, 47, 48, 49, 53, 56,
62, 63, 65, 66, 68, 70, 75, 76 and 87) and their possible neutral
losses in the MS/MS analysis were putatively identified, corres-
ponding to the galloyl moiety, with most of them being
displayed in negative mode interpretation. Inspection of their
MS? spectra displayed base peaks at m/z 153 corresponding to
dehydroxylated galloyl fragment ions. Compounds 8, 23 and 30
with [M + H]" at m/z 347.0963, 347.0966 and 347.0967, respec-
tively, were determined as 3 isomers of methyl-O-galloyl hexo-
side due to their fragmentation similarity and equalization of
their molecular ion mass. Galloyl quinic (peaks 15, 26, 33, 47,
53 and 63) and galloyl shikimic (peaks 42, 48, 49 and 62)
containing molecules represented most of the remaining com-
pounds. Moreover, theogallin was eluted at 3 different ¢, of 1.63,
4.10 and 6.13 min (peaks 15, 26 and 33, respectively) and with
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[M + H]" at m/z 345.0811, 345.0812 and 345.0813, respectively.
Compounds 47, 53 and 63, with [M + H]" at m/z 359.0967,
497.0920 and 649.1027, respectively, were assigned as
methyl galloylquinic acid, di-O-galloylquinic acid and tri-O-
galloylquinic acid, respectively. Peak 42 was characterized as
galloylshikimic acid (m/z at 327.0706), peak 48 was identified as
tri-O-galloylshikimic acid (m/z at 631.0925), detected in KEL
only, and peaks 49 and 62 were identified as 2 isomers of di-O-
galloylshikimic acid with [M + H]" at m/z 479.0815 and
479.0816, respectively; isomer 49 was identified in fruits, while
the other was identified in leaves. Finally, peaks 38, 40, 77 and
82 were scattered in self-looped nodes of the negative MN.
Compound 38 was identified with [M — H|™ at m/z 493.1176 as
galloyl di-hexoside due to loss of the di-hexoside unit (—324 Da)
at 169 m/z and the remaining ions belonged to sugar fragmen-
tation as determined previously.*> Compounds 40 and 82 were
identified as salicylic acid hexoside and syringic acid with
[M — H] at m/z 299.0759 and 197.0447, respectively. Com-
pound 40 revealed product ions at my/z 137, 119, and 93
corresponding to salicylic acid, dehydration, and decarboxyla-
tion, respectively, while peak 82 showed fragment ions at m/z
182, 167 and 123 due to loss of a methyl group, further loss of a
methyl group, and loss of one CO,, respectively. Ellagic acid
was present as peak 77 with [M — H|™ at m/z 300.9977. It had a
sharp molecular ion peak (m/z 301) in agreement with a
reported article.*®

3.1.2. Flavonoids. Flavonoids are an important class of
natural products; particularly, they belong to a class of plant
secondary metabolites having a polyphenolic structure.’” They
have biochemical and antioxidant effects associated with var-
ious diseases, such as cancer, and they have been previously
reported in the Koelreuteria genus.'®?°?® Thirty-seven flavo-
noids of different classes were tentatively identified with their
possible product ions by the MS/MS analysis. They comprised
mainly cluster D in the negative MN and clusters B’, C’, D/, and
E’ in the positive MN and a few of them were detected in other
clusters and single nodes. The examined flavonoids were
flavonols (kaempferol, quercetin and isorhamnetin), flavones
(apigenin, luteolin, diosmetin, chrysin, sideroxylin and cirsi-
maritin), isoflavones (calycosin), flavanols (catechin or epicate-
chin) and only one flavanone (isosakuranetin) aglycone.

3.1.2.1. Flavonols. Twenty-two flavonols were detected in
K. elegans methanolic extracts, including 12 kaempferols: two
of them were isomers of kaempferol aglycone (peaks 97 and
112), one as dihydrokaempferol (peak 102) and nine as glyco-
sides (peaks 67, 79, 81, 84, 85, 92, 94, 99 and 106), 8 quercetin
isomers; 3 of them as aglycones (peaks 89, 105 and 107) and 5
as glycosides (peaks 73, 74, 78, 86 and 101) and 2 isorhamnetin
isomers (peaks 90 and 108). Furthermore, peaks 67 and 102
were observed only in KEL, while peaks 73 and 108 were noticed
only in KEF. Indeed, most of the displayed flavonols were
represented by O-glycosides that showed a higher abundant
ion [Aglycone — H] /[Aglycone + H]', derived from a homolytic
cleavage, at m/z 285/287 (kaempferol), and 301/303 (quercetin)
relative to the corresponding ion [Aglycone]™, derived from a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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heterolytic cleavage, at m/z 284 and 300, respectively. Specifi-
cally, rutinosyl glycosides were observed in compounds 74 and
79, which showed [M — H]™ at m/z 609.1433 and 593.1484,
respectively. After losing the rutinosyl moiety, the fragments
ions 301 and 285 were produced, indicating quercetin and
kaempferol aglycones, respectively. Aglycone hexosides were
detected as peaks 78, 85 and 90 with [M + Na]" at my/z
487.084, 471.0893 and 501.0995, respectively. They revealed
the [Aglycone + Na]' ion peaks at m/z 325 (quercetin), 309
(kaempferol) and 339 (isorhamnetin), respectively, after loss
of the hexose moiety. Compounds 86 (1m/z 433.0757) and 92 (m/z
417.0809) revealed aglycone product ions at m/z 300 and 284,
respectively due to loss of the pentose sugar unit. Compounds
73 and 99 (m/z 593.1485 and 431.0964, respectively) were
identified as quercetin di-deoxyhexoside and kaempferol deoxy
hexoside based on the relative abundances of the aglycone ion
after the loss of di-deoxy (—292 Da) and deoxy (—146 Da) hexose
moieties, respectively. Peak 94 was putatively identified as
kaempferide hexoside with m/z 461.1069[M — H] . It exhibited
product ions at m/z 446 and 283 due to successive loss of methyl
and hexose moieties, in addition to the fragment ion at m/z 298
due to direct loss of the hexose unit from the parent mass
corresponding to kaempferide aglycone. Methyl ether of quer-
cetin or isorhamnetin (peak 108) showed a molecular ion peak
at m/z 315.0497 and a fragment ion peak at 300 m/z due to
loss of the methyl group (—15 Da). Finally, compounds 101
and 106 showed conjugation between sugar and gallyl
moieties. They were annotated as quercetin galloyl deoxy hexo-
side (m/z 599.1016) and kaempferol galloyl deoxy hexoside (m/z
583.1065), respectively. They showed fragment ions at m/z 169
and 297 corresponding to galloyl and dehydrated galloyl deoxy
hexose moieties, respectively.

3.1.2.2. Flavones and isoflavones. Nine flavones (peaks 71,
88, 91, 93, 98, 104, 113, 116 and 118) were tentatively detected
in both leaf and fruit extracts. However, peaks 91 and 104 could
not be identified in KEL, while peak 118 was absent in KEF.
They were present as aglycones aside from peaks 71, 91, 93 and
98, which were present in the form of glycosides. Compound 71
showed m/z 477.1385 [M + H]" and was identified as cirsimar-
itin hexoside. It had a base peak at m/z 315 due to loss of the
hexose unit. Similarly, peaks 91 and 98 revealed an aglycone
abundant fragment ion at 271 m/z belonging to apigenin after
losing the sugar moiety. Their [M + H]" species were nearly
similar: m/z 433.1123 and 433.1124, respectively, and they were
considered as isomers of apigenin hexoside. Luteolin-
containing compounds are listed in Table 1 as peaks 88, 93,
104 and 113 based on the relative abundances of the aglycone
ion. Compound 104 showed m/z 287.0545 [M + H]" corres-
ponding to luteolin aglycone. Compounds 88 and 113 were
tentatively identified as diosmetin, while 93 was their glycosidic
form (m/z 463.1231 [M + H]") due to loss of hexose sugar (ms>
301 m/z). Diosmetin produced product ions at m/z 286 and 284
due to loss of the methyl group (—15 Da) in positive (peaks 88
and 93) and negative (peak 113) analyses, respectively. Peak 116
was identified as chrysin with [M — H]™ at m/z 253.0495. Peak
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118 was identified as sideroxylin (311.0909 m/z) with a fragment
ion at m/z 296 due to demethylation. Isoflavones were repre-
sented as peaks 69 [m/z 447.1280] and 103 [m/z 417.1174],
which were identified as calycosin and daidzein hexosides,
respectively. They showed [Aglycone + H]' product ions at m/z
285 and 255, respectively, due to loss of sugar unit. Further-
more, peak 69 revealed a fragment ion at m/z 270 corres-
ponding to demethylation of calycosin aglycone.

3.1.2.3. Flavanols and flavanones. Flavan-3-ols or catechins
were detected as peaks 57, 68 and 80 and are listed in Table 1.
They were tentatively characterized as catechin/epicatechin,
galloyl-(epi)gallocatechin-(epi)gallocatechin and catechin gal-
late, respectively. Compound 57 revealed my/z at 289.0707
[M — H]™ and 291.0858 [M + H]', while 68 showed [M + K] at
m/z 801.1133. Their fragmentation patterns were in agreement
with the reported literature.>® Peak 80 showed a conjugation
between galloyl and catechin units with fragment ions at m/z
289 and 169 due to loss of galloyl ions and gallic acid,
respectively. Finally, only one flavanone was observed in KEL
and was identified as isosakuranetin rutinoside, peak 109. It
revealed m/z 593.1847 [M — H]~ with abundant [Aglycone — H|™
at m/z 285 due to loss of the rutinosyl moiety.

It is worth noting that the established MN was capable of
discriminating ions from several flavonoid analogues as
observed for the negative MN. Custer D was considered the
main cluster for flavonoid glycosides. Catechin gallate was
separated from the main flavonoid cluster and presented in
cluster A. This might be due to the presence of galloyl moiety,
which was the main part of cluster A. Sideroxylin, isorhamne-
tin, diosmetin, and kaempferol aglycones appeared as self-
looped nodes, due to the absence of sugar moieties. In the
positive MN, cluster B included flavonoid glycosides, cluster C’
contained aglycones only and D’ included galloyl flavonol
glycosides.

3.1.3. Fatty acids and lipids. MS/MS analysis revealed
several fatty acids, e.g., peaks 110, 111, 114, 115, 130, 132,
136 and 138, which were mainly unsaturated and/or hydroxy-
lated. They appeared in the negative MN as clusters E, F, G, H,
and I. The main fragmentation of fatty acids included the loss
of water and carbon dioxide molecules from the parent mole-
cular ion.*® Cluster E had two of the fatty acids as peaks 130
and 132 with [M — H]~ at m/z 561.3253 and 537.3253, respec-
tively. Due to their molecular ion masses and fragmentation
patterns, which agreed with the previous literature,*® com-
pounds 130 and 132 were annotated as linoleic-oleic and
palmitic-oleic acids, respectively. Two isomers of hydroxyico-
sanoic acid were detected in cluster G with m/z at 327.2887 and
327.2889 and listed as peaks 136 and 138, respectively. Isomer
138 was present in fruits only. Cluster H contained two of the
identified fatty acids at peaks 111 [m/z 327.2162 (C13H3,05 )]
and 114 [m/z 329.2319 (C,3H;3305 )] with a mass difference of
2 amu, indicative of an extra double bond in 111, and were
identified as trihydroxyoctadecadienoic and trihydroxyoctade-
cenoic acids, respectively. Peaks 110 [m/z 215.1279 (C1,H;90, )]
and 115 [m/z 229.1435 (C;,H,,0, )] were observed in cluster I
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and showed a mass difference of 14 amu due to extra CH, in
115 and were identified as undecanedioic acid and dodecane-
dioic acids, respectively.

A total of eighteen lipids were examined in the K. elegans
extracts, which could be differentiated into two classes (i.e.,
phospholipids and glycolipids). Among phospholipids, meta-
bolites ascribable to phosphoinositols (PI), phosphoethanola-
mines (PE), phosphocholines (PC), and phosphatidic acids (PA)
were tentatively identified. In particular, peak 119 [m/z 595.2859
(C27H4801,P7)], an example of PI, exhibited diagnostic frag-
ment ions at m/z 315 and 241, due to dehydrated glycerophos-
phoinositol (CoH;50,0P~) and inositol-phosphate (CsH;0O0gP )
ions, respectively. The ions at m/z 415 and 279 are related to the
fatty acid-glycerophosphate (C,;H360¢P™) and the 18:2 fatty
acid carboxylate anion (C,5H3,0,"), respectively. However, the
appearance of daughter ions at m/z 259, 153 and 79 led to their
characterization as inositol phosphate (C¢H;,04P ), dehy-
drated glycerol phosphate (C3H¢OsP™) and phosphate (PO3™)
ions, respectively. Compound 119 was identified as octadeca-
dienoyl-glycero-phospho-myo-inositol (PI (18:2/0:0)). The
analysis of peak 127 MS/MS spectrum [m/z 452.2760
(C21H43NO,P7)], as an example of PE, showed the characteristic
ions of phospholipids (m/z 153 and 79) and a base peak at m/z
255 corresponding to the 16:0 fatty acid carboxylate anion
(C16H310,7). The ions at m/z 214 and 140 represented glycer-
ophosphoethanolamine (CsH;3NOgP~) and phosphoethanola-
mine (C,H,NO4P"), respectively. Therefore, it was identified
as hexadecanoyl-sn-glycero-phosphoethanolamine (PE (16:0/0:0)).
PA was putatively identified as compound 137 [m/z 669.4466,
C3;HgsOsP ™ |. It contained the diagnostic ions of phospholipids
at m/z 153, 79 and 97 (H,PO, ). Its major ions were observed
at m/z 277 and 255 corresponding to the 18:3 (Ci3H,90, )
and 16: 0 fatty acid carboxylate anions, respectively. Compound
137 was assigned as octadecatrienoyl-hexadecanoyl-glycero-
phosphate (PA (18:3/16:0)). Compound 129 [m/z 520.3391,
C,6H5:NO,P'], as a representative of PC, revealed product
ion peaks at m/z 258, 184 and 104, corresponding to gly-
cerolphosphocholine [CgH,,NOsP + H]", phosphocholine
[CsH14NO,P + H]" and choline [CsH,3NO + H]' ions, respec-
tively. In addition, a specific ion at m/z 337, corresponding to
dehydrated glycerol conjugated with 18:2 fatty acid
(C21H3,05"), was observed. Accordingly, compound 129 was
identified as octadecadienoyl-sn-glycero-phosphocholine (PC
(18:2)). The MS” spectra of glycolipids showed the typical
product ions at m/z 253 and 235 attributed to the glyceryl
hexoside anion (CoH;,0g5" ) followed by dehydration, respec-
tively. Compound 124 contained one hexose unit and it was
identified as MGMG in cluster E. Cluster F contained peaks
117, 120, 122 and 126, which exhibited an extra hexose moiety,
and they showed fragment ions at m/z 415 and 397, corres-
ponding to the glyceryl di-hexoside ion (Cy5H,;0,3") and
successive loss of water molecules, respectively. All glycolipids
showed sharp peaks due to the involved fatty acid.

3.1.4. Amino and organic acids. UHPLC-MS/MS spectral
analysis revealed the presence of amino acids, all were exam-
ined in both samples of K. elegans. They included proline
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betaine (7), betaine (11), isoleucine (17) and phenylalanine
(27). Their fragmentation pattern depended mainly on decar-
boxylation followed by loss of nitrogen-containing groups. The
identified amino acids appeared in cluster G’.

A total of four organic acids were detected. Quinic and
shikimic acids appeared mainly as scattered nodes in the
negative MN, while guanidinobutanoic and kynurenic acids
were present in the same cluster of amino acids, due to their
nitrogen containment. The MS/MS spectra displayed abundant
ions due to the loss of H,O, CO,, CO and CH, groups, in
addition to loss of nitrogen groups in the case of nitrogen-
containing organic acid. The assessment of organic acids was
based on their accurate masses, MS/MS fragmentation behav-
iors, and previous studies.*' ™3

3.1.5. Other metabolites. Dihydrochalcones are polyphe-
nols that exhibit a diversity of bioactivities, such as anti-
inflammatory, anti-infective, and anti-carcinogenic.** A total
of three phloretin molecules were putatively determined as
compounds 95 [m/z 275.0911 (Cy5H;505")], 96 [m/z 435.1275
(C21H23040 )] and 100 [m/z 435.1272 (C»;1H,304, )]. Compound
95 was described as phloretin aglycone, while compounds 96
and 100 showed the typical fragmentation pattern of O-
hexoside as evident from the fragment ion [M — 162] at m/z
273 besides the same daughter ions. Accordingly, these com-
pounds were considered as isomers and identified as phloretin
hexosides. Furthermore, isomer 100 was detected in KEL only.

Hydroxycoumarins and isocoumarins are listed in Table 1 as
peaks 59, 83 (isomers of scopoletin) and 60 (brevifolin car-
boxylic acid). They showed the characteristic fragmentation
patterns of their classes in agreement with reference data.*®
In addition, specific product ions of 59 and 83 were mainly due
to dehydration, while 60 corresponded to decarboxylation and
dehydration.

Regarding the four examined phenols, peaks 19 [m/z
127.0387 (CeH,05")] and 21 [m/z 125.0239 (CeH;0;7)] were
identified as pyrogallol,*® while peaks 61 and 72 were identified
as trimethoxyphenol [m/z 185.0805 (CoH;30,")] and vaniline
[m/z 153.0544 (CgHo05")], respectively. Compounds 61 and 72
showed fragment ions mainly due to the loss of methoxy
and carbonyl groups. Finally, peak 45 was identified as
hydroxyquinoline,*” with [M + H] © at m/z 146.0598.

3.2. Toxicity study

Screening of the toxic effect of increased oral doses of KEL and
KEF revealed that they were non-toxic up to 2000 mg kg™.

3.3. Morris water maze test

During the 4-day memory acquisition trial, the latency to find
the hidden platform profoundly declined in all mice treated
with STZ, with a profound deterioration in their cognitive
functions in the second, third, and fourth training days,
respectively, as compared to the NC group. The effect of the
treatment with leaf or fruit extracts quickly normalized the
mice memory from the second day (Table 2 and Fig. 5).

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00007b

Open Access Article. Published on 12 March 2024. Downloaded on 4/2/2026 3:53:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 Morris water maze test

Day/latency Normal Positive

time (s) control control KEL KEF

Day 1 17.5 £ 2.5 1149 £ 5 85.2 £ 6.4 24.3 £2.1
Day 2 17+ 1 100 £ 10 21.2 £ 3.2 16.1 £+ 3.2
Day 3 11.1 £ 3.2 100 £ 7.2 10.5 £ 2.1 11.6 £ 1.5
Day 4 9+1 98 £ 2.6 8.2+ 1.5 6.5 £ 1.5

KEL, Koelreuteria elegans leaf methanol extract and KEF, Koelreuteria
elegans fruit methanol extract.
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Fig. 5 Mean escape latency of KEL and KEF in memory function and
spatial learning after a single injection of STZ (3 mg kg~*, ICV) in the Morris
water maze test. Statistical analysis was performed using one-way ANOVA
followed by Tukey's multiple comparison test at P <0.05. Data are
expressed as mean + SD (n = 3). * denotes a significant difference
compared to NC, # denotes a significant difference compared to PC,
and @ denotes a significant difference compared to the KEL-treated
group. KEL, Koelreuteria elegans leaf extract; KEF, Koelreuteria elegans
fruit extract; NC, negative control and PC, positive control.

3.4. Histopathological examination

Due to the involvement of the cerebral cortex in the memory
function and being a primary target of Alzheimer’s disease, it
was chosen to assess the effect of different treatments. From
the histopathology images it was apparent that the first group
(NC) revealed a normal histological structure of the cerebral
cortex. The untreated group (PC) showed various degenerated
neurons in the cerebral cortex, which suggested a decline in the
memory function. The group treated with the KEL showed a
decline in the number of degenerated neurons with a moderate
number of dark degenerated neurons in the cerebral cortex.
Finally, the group treated with the KEF showed better modifica-
tion of the degenerated neurons with only a few dark degener-
ated neurons in the cerebral cortex, suggesting a better
outcome of treatment (Fig. 6).

3.5. The effect of K. elegans on TNF-o

The PC group showed a 4.6-fold increase in pro-inflammatory
TNF-o; this rise was controlled significantly by 38.5% upon the
administration of KEL, with 70% decrease in the KEF treated
group. Notably, the treatment with the fruit extract showed a
51% significant decline in the level of TNF-o compared to the
group treated with the leaf extract (Table 3 and Fig. 7).
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Fig. 6 Histopathological examination and microscopic examination of
brain sections using hematoxylin & eosin staining for (A) normal control,
showing a normal histological structure of the cerebral cortex, (B)
untreated group (positive control), showing a variable number of degen-
erated neurons in the cerebral cortex (arrows), (C) group treated with the
Koelreuteria elegans leaf extract (KEL), showing a moderate number of
dark degenerated neurons in the cerebral cortex, and (D) group treated
with the Koelreuteria elegans fruit extract (KEL), showing a few degener-
ated neurons in the cerebral cortex.

3.6. The effect of K. elegans on NF-kB

The transcription factor NF-kB was increased by 82% in the PC
group. The administration of KEL significantly controlled the
level of NF-xB, with 41% decline in its level. The KEF treated
group exhibited 68.5% decline in the tissue NF-kB level (Table 3
and Fig. 7).

3.7. The effect of K. elegans on IL-1p

The increase in the IL-1fB level of the PC group (83.3%) was
controlled significantly by the administration of KEL and KEF,
with 37% and 69.8% decline in its level in the tissues, respec-
tively (Table 3 and Fig. 7).

4. Discussion

Previous phytochemical studies of K. elegans led to the detec-
tion of phenolic compounds, flavonoids, lignans, sterols, toco-
pherols and triterpenes.'™'*' Despite its potential as a
producer of bioactive natural compounds, no studies are avail-
able on the anti-AD activity of K. elegans. The only study that
discussed the anti-AD potential was conducted on Koelreuteria
paniculata," with the isolation and elucidation of five
barrigenol-type triterpenoid compounds from the seeds of
K. paniculata. These compounds were evaluated for their anti-AD
activity in okadaic acid (OA)-induced learning and memory

Mater. Adv,, 2024, 5, 3432-3449 | 3445
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Table 3 The influence of K. elegans leaf and fruit methanol extracts on the TNF- a/NF-KB/IL-1p trajectory

Parameter/group Normal control Positive control KEL KEF
TNF-o 3.73 £ 041 21 +1 12.9 + 1.5 6.3 £0.5
NF-KB 0.62 + 0.03 3.5+ 0.6 2.07 + 0.24 1.1 £+ 0.02
IL-1B 4.03 £ 0.3 24.2 + 0.85 15.3 + 0.95 7.3 £0.33

TNF-o, tumor necrosis factor alpha; NF-xB, nuclear factor kappa B; IL-1f, interleukin-1 beta; KEL, Koelreuteria elegans leaf methanol extract; and

KEF, Koelreuteria elegans fruit methanol extract.
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Fig. 7 The effect of the K. elegans extracts on the TNF- a/NF-KB/IL-1p trajectory. KEL, Koelreuteria elegans leaf methanol extract; KEF, Koelreuteria
elegans fruit methanol extract; NC, negative control; PC, positive control; TNF-a, tumor necrosis factor alpha; NF-KB, nuclear factor kappa B; and IL-1B,

interleukin-1 beta.

impaired mice. The results revealed that two of these metabo-
lites could improve the learning and memory deficits induced
by OA, along with the attenuation of the provoked tau hyper-
phosphorylation by regulating the levels of GSK-3p and PP2A."
Our study identified secondary metabolites, such as phenolics,
flavonoids and fatty acids. Phenolic acids have been demon-
strated to attenuate the aggregation of proteins contributing to
the pathogenesis of various neurodegenerative disorders char-
acterized by cognitive deterioration, including Alzheimer’s
disease.*®*? Gallic, protocatechuic, ellagic and syringic acids
detected in KEL and KEF have been previously evaluated for
their potential to protect neurons from Af-induced neurotoxi-
city. They showed improvement of memory deficits and synap-
tic dysfunction by suppressing the release of the pro-
inflammatory cytokines: TNF-o, NF-xB, and IL-1B.** Several
studies evaluated the biological activities of flavonoids as
neuronal antioxidants, exhibiting anti-amyloidogenic and
anti-inflammatory potential and neuroprotection and improv-
ing cognition.’*™> K. elegans leaves and fruits are rich in

3446 | Mater. Adv., 2024, 5, 3432-3449

flavonoids, which have potential against AD by regulating
important physiological responses. Quercetin,
catechin-3-gallate, apigenin, apigenin hexoside, kaempferol
and luteolin are detected in KEL and KEF. They have been
perceived in several reports as anti-neuroinflammatory by
blocking the release of cytokines (TNF-o and IL-1f), inhibiting
NF-kB expression, and reducing intracellular Ap and the hyper-
phosphorylation of tau.>*~>® The results of the study displayed
that the fruit extract of K. elegans has a more potent anti-
inflammatory effect than the leaf extract in a mice model of AD.
The fruit extract reduced TNF-o, NF-kB, and IL-1f3 levels more
than the leaf extract, which are all markers of inflammation
and neurodegeneration in AD. This is consistent with some
recent studies revealing that natural plant extracts can have
beneficial effects on AD by modulating the immune system
and clearing amyloid-p plaques.®® The PC group, which repre-
sents an Alzheimer’s disease model, showed sky-rocketed pro-
inflammatory cytokine TNF-o levels. This is consistent with the
well-documented involvement of TNF-a in neuroinflammation

several

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and its association with Alzheimer’s disease. Elevated TNF-u levels
are often observed in the brains of AD patients and are thought to
contribute to neuroinflammatory processes.* Oxidative stress is
known to play a significant role in the pathogenesis of neurode-
generative diseases, including Alzheimer’s disease.

The capability of antioxidant drugs to shield neurons from
amyloid-induced neurodegeneration is based on their ability to
counteract oxidative stress and its detrimental effects on neu-
ronal health.>” In light of this, El Naggar et al. reported that
K. elegans had a hepatoprotective effect due to its ability to
increase the enzymatic levels of superoxide dismutase and
glutathione, indicative of its antioxidant properties. Building
on this, it is reasonable to propose that K. elegans extracts can
exhibit neuroprotective effects.'® Furthermore, Kumari et al.
demonstrated the antioxidant activity of K. elegans leaf extract
using the DPPH method, and Waleed et al. supported these
findings by confirming the strong radical scavenging properties
of K. elegans. These studies collectively suggest the potential
neuroprotective effects of K. elegans through its antioxidant
mechanisms.'? In addition, research has shown that antioxi-
dant treatment can attenuate neuronal loss, improve cognitive
function, and reduce the accumulation of amyloid § plaques in
the brain.’® These findings provide additional support for the
notion that KE extracts may hold promise in slowing down the
neurodegeneration process.

The administration of the leaf extract of K. elegans resulted
in the decline of the levels of TNF-a, while the fruit extract of
K. elegans led to an even more substantial diminution. This
suggested that both extracts have anti-inflammatory effects,
with the fruit extract being more effective. Affecting TNF-o
triggers a trajectory that activates NF-kB in the brain
tissues.>® The PC group exhibited an amplification in the
transcription factor NF-kB. Treatment with the leaf extract of
K. elegans resulted in a reduction in NF-kB levels, while the fruit
extract showed a more extensive effect. In light of the previous
parameters, the untreated mice group showed an upsurge in
the pro-inflammatory cytokine IL-1f, which is another key player in
neuroinflammation associated with Alzheimer’s disease.”® The effect
of the fruit extract was more pronounced than that of the leaf extract
in decreasing IL-1P. These results indicated that both extracts have
anti-inflammatory effects, with the fruit extract showing stronger
activity. In the context of Alzheimer’s disease research, these findings
are promising. Since the antioxidant activity of the K. elegans extract
was previously discussed,” this study sheds light on the anti-
inflammatory capabilities of the plant extract. Neuroinflammation
is increasingly recognized as a contributing factor to the progression
of AD.”> Hence, reducing pro-inflammatory markers like TNF-, NF-
KB, and IL-1B could have therapeutic potential. Further research,
including clinical trials, is needed to determine the efficacy and
safety of these extracts in humans with Alzheimer’s disease.

5. Conclusion

The current study provides the first comprehensive metabolite
profiles of leaf and fruit extracts of K. elegans using UHPLC-MS
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in both negative and positive modes assisted by MN. A total of
139 metabolites were tentatively detected after a detailed inter-
pretation of the data using the CSI:FingerID interface of Sirius
5.6.3.0 software, and the metabolite identification was further
supported by MN exploration, together with the proposed GNPS
spectral library search. The identified compounds belonged to
various classes encompassing fifty-seven phenolic acids, thirty-
seven flavonoids, four amino acids, four organic acids, four
phenols, two hydroxycoumarins, one isocoumarin, three dihy-
drochalcones, and one hydroquinolone. Additionally, twenty-
six lipids of different classes were characterized, including
eight fatty acids, two phosphoinositols, three phosphoethanol-
amines, three phosphocholines, five glycolipids and five
phosphatidic acids. The analysis of the data showed the com-
positional similarities and differences in the metabolites
among the leaf and fruit extracts. Remarkably, KEL could
ameliorate the learning and memory deficits induced by STZ
in behavioral experiments, besides improving the histopatho-
logical profile of the cerebral cortex of the injured mice, while
KEF led to an even more potent effect. Based on the in vivo
experiments, the fruit extract reduced TNF-o,, NF-xB, and IL-1f
levels more than the leaf extract, which are all markers of
inflammation and neurodegeneration in AD. Altogether, these
findings provide support for further research with the raw leaf
and fruit extracts or after fractionation and purification of
specific compounds. More detailed and conclusive in vivo and
clinical studies are highly recommended to exploit the
potential of K. elegans in treating patients with Alzheimer’s
disease.

Abbreviations

AD Alzheimer’s disease
AP Amyloid beta

CID Collision induced dissociation

DAD Diode-array detection

DDH  Dihydrodiol dehydrogenase

DGMG Digalactosylmonoacylglycerol

ESI Electrospray ionization

FBMN Feature-based molecular network

GNPS  Global natural product social molecular networking
HRMS High resolution mass spectrometry

Icv Intracerebroventricular injection

IL-1f  Interleukin-1 beta

P Intraperitoneal

KEF Koelreuteria elegans fruit methanol extract
KEL Koelreuteria elegans leaf methanol extract
MEL Mean escape latency

MGMG Monogalactosylmonoacylglycerol

MN Molecular network

MWM  Morris water maze

NC Normal control

NF-kB Nuclear factor kappa B

OECD Organization for economic development
PA Phosphatidic acid
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PC Positive control

PC Phosphocholine

PE Phosphoethanolamine

PI Phosphoinositol

PTK Protein-tyrosine kinase

ROS Reactive oxygen species

STZ Streptozotocin

TNF-o. Tumor necrosis factor alpha

UHPLC Ultra high performance liquid chromatography
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