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Abstract: Our paper investigates for the first time, the polyphenols profile and in vitro antioxidant
and anticholinesterase activities of the leaves and fruits of Romanian wild-grown Acer spp.
(Sapindaceae): A. campestre L., A. monspessulanum L., A. platanoides L., A. pseudoplatanus L., A. tataricum
L. High-performance liquid chromatography/ultraviolet/mass spectrometry (HPLC/UV/MS)
technique was wused for the identification and quantification of phenolic acids. The
spectrophotometric method was applied for the assessment of total phenolic content (TPC), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
and ferric reducing antioxidant power (FRAP) antioxidant assays. In situ antioxidant properties were
determined on high-performance thin-layer chromatography (HPTLC) plates after DPPH
derivatization. Acetylcholinesterase inhibition effect was evaluated using microplate-based assay.
Considering the polyphenols profile of Acer spp., our research highlights new natural resources with
in vitro antioxidant and anticholinesterase activities.

Keywords: Acer spp.; Sapindaceae; Romanian flora; phenolic acids; HPLC/UV/MS quantification;
antioxidant activity; anticholinesterase activity

1. Introduction

Acer genus (formerly Aceraceae, now classified under Sapindaceae family) includes trees, and
more rarely shrubs, with opposite, long-petiolate, deciduous leaves that are typically palmately lobed
(less commonly entire or pinnately compound). The flowers are often unisexual, greenish or
yellowish, sometimes apetalous, actinomorphic, pentamerous, and arranged in inflorescences. The
fruit is a double samara, with each of the two nutlets bearing a lateral, reticulately veined wing, which
may be membranous or coriaceous [1-4]. Acer genus comprises 129 species distributed across the
temperate regions of the Northern Hemisphere (Europe, North Africa, Asia, and North America) [1-
6]. In Europe, 15 species are found, and five are native to Romania (A. campestre L., A. monspessulanum
L., A. platanoides L., A. pseudoplatanus L., A. tataricum L.) [1-4]. Most Acer spp. are found in China,
where there are 99 species, of which 61 are endemic [5,6]. The name of the Acer genus originates from
the Latin word meaning “hard”, referring to the strength of the wood of these plants [1]. In Romania,
Acer spp. are commonly referred to as “Artar”, “Paltin”, or “Jugastru”. The popular names for the
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five native species in Romania are as follows: A. campestre L. — Field Maple (Jugastru); A.
monspessulanum L. — Banat Field Maple (Jugastru de Banat); A. platanoides L. - Norway Maple (Artar,
Paltin de camp); A. pseudoplatanus L. — Sycamore Maple (Paltin, Paltin de munte); A. tataricum L. —
Tatar Maple (Artar tatarasc, Gladis) [1-4].

Acer spp. are utilized in traditional medicine, in the food industry (notably for producing maple
syrup as a sweetener), in constructions, and as ornamental plants (valued for their foliage shape and
color) or for street planting [5-8]. In traditional medicine across East Asia, Europe, and North
America, 40 species and 11 subspecies of Acer genus are used to treat hypertension, indigestion, as
anti-inflammatory agents, and for arthralgia, rheumatism, sore throat, pneumonia, liver and eye
diseases, and as emetics [5,6]. In traditional Chinese medicine, more than 20 Acer spp. are employed
for therapeutic purposes [5,6]. In northeastern Asia, particularly Japan and Korea, several Acer spp.
have been used for years in traditional medicine, including A. maximowiczianum Miq., A. pictum
Thunb., A. pycnanthum K. Koch, and A. tegmentosum Maxim. [5]. In Japan, A. pycnanthum has been
used for eye care, while in Korea, A. tegmentosum was utilized to treat liver conditions such as
hepatitis, cirrhosis, and even hepatic cancer, as well as traumatic hemorrhages [5,8]. In China, A.
truncatum Bunge is recommended for angina pectoris and cerebrovascular diseases, whereas A.
ginnala Maxim. is used for acute diarrhea and tonsillopharyngitis [5,8-10]. In Europe, Acer spp. are
less studied and known for their medicinal properties. Therapeutic formulations derived from Acer
spp. include extracts made from roots, bark, leaves, flowers, and fruits [5-10].

The chemical composition of plants in the Acer genus includes over 331 compounds identified
in 34 species, encompassing flavonoids, tannins, diarylheptanoids, phenylpropanoid derivatives,
terpenoids, phytosterols, as well as benzoic acid derivatives, alkaloids, carbohydrates, fatty acids,
amino acids, vitamins, and minerals [5,9,10]. Flavonoids, found in leaves and/or branches, are the
primary components, with more than 62 compounds identified across 21 species. These include
flavan-3-ols, flavanonols, anthocyanidins, flavones, flavanones, isoflavones, and chalcones. The main
aglycones of these compounds are kaempferol, quercetin, myricetin, apigenin, luteolin, naringenin,
and isorhamnetin [5,9]. A total of 41 tannin compounds have been identified, the majority being gallic
(hydrolysable) tannins, along with five ellagitannins and four condensed tannins [5,6,11,12]. The
known phenylpropanoid derivatives total 74, classified based on their structure into simple
phenylpropanoids, lignans, or coumarins [5,6,13]. Fatty acids have been identified in the seed oil of
Acer spp., such as A. monspessulanum [14], A. platanoides, A. pseudoplatanus [15], A. truncatum [16-18],
with y-linolenic acid playing a significant role among omega-6 fatty acids.

The pharmacological actions of Acer spp. have been increasingly studied over the past 20 years,
utilizing various types of extracts, preparations, or natural compounds [5]. Reported activities
include hepatoprotective [5,10,11,19], antioxidant [5,11,20-22], anti-inflammatory [5,11,23-25],
neuroprotective [5,26,27], antiproliferative [5,11,20,28-30], estrogen-like [5,31,32], bone protective
[5,33], antimicrobial [5,20,34], hypoglycemic [5,35], anti-obesity [5,11,19,27,36-38], anti-tyrosinase
and anti-melanogenic [5,11,39], skin protective and anti-photoaging [5,11,40—-42]. Additionally,
studies have been conducted to explore the correlation between chemical structure and
pharmacological activity [5].

Current data have highlighted aspects of the chemical composition and pharmacological actions
of the five Acer spp. that spontaneously grow in Romania. However, the majority of studies in recent
years have focused on A. truncatum, a species native to northern China, traditionally used for treating
cardiovascular diseases. Due to its beneficial properties, it has been introduced to East Asia, Europe,
and North America. Studies on A. truncatum have confirmed its antioxidant, antimicrobial,
antitumor, anti-inflammatory, and neuroprotective properties [8,13,16-18,35,36,43—47]. Additionally,
two subspecies of A. tataricum (subsp. ginnala and subsp. theiferum) have been studied for their
antioxidant activity, attributed to their rich polyphenol content. The leaves and branches of these
subspecies are used to prepare a tea consumed in China as a green tea substitute [48].
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Due to their content in toxic dipeptides such as hypoglycin A (HGA), hypoglycin B (HGB),
methylenecyclopropylglycine (MCPrG) and y-glutamyl-MCPrG, Acer spp. (e.g., A. pseudoplatanus)
are responsible for some cases of herbivore poisoning [49,50].

Our paper aimed to investigate, for the first time, the content of phenolic acids in leaves and
fruits from Acer spp., which grow spontaneously in Romania, collected from the southwestern region,
along with their antioxidant and acetylcholinesterase (AChE) inhibitory activities. Also, the research
provides entirely new data in the context of understanding Acer spp. from a therapeutic perspective.

2. Materials and Methods
2.1. Plant Material

The leaves and fruits of wild-grown Acer spp. species were collected during the summer period
(June-July 2024) from southwest Romania flora (Oltenia Region). All vegetal samples for analysis
were deposited in the Herbarium of the Department of Pharmaceutical Botany, Faculty of Pharmacy,
University of Medicine and Pharmacy of Craiova. The air-dried plant material was stored in brown
paper bags for 24 hours in a cool and dark place at room temperature (RT) until processing for
extraction and analysis. The research did not involve endangered or protected species.

In this study, the samples were denoted using a systematic notation to represent different species
of the Acer genus and their respective plant parts. This notation facilitated a clear and organized
reference to the specific plant species and parts analyzed in the experiments (Table 1).

Table 1. Sample coding of plant material.

Species / vegetal Date / site of collection (southwest

1
Sample product Romania flora)

Voucher specimen

ACER-PPT-2024-
Al A pseudoplatanus / folium 1 July 2024 / Craiova City, Dolj County ¢ 0

0701
A2 A. tataricum [ folium . . . ACER-TAT-2024-
A3 A. tataricum | fructus 12 June 2024 / Craiova City, Dolj County 0612

A4 A. campestre [ folium . . . ACER-CAM-2024-
4 1
A5 A. campestre | fructus 12 June 2024 / Craiova City, Dolj County 0612

A. pseudoplatanus / ACER-PPT-2024-

Ab fructus 1 July 2024 / Craiova City, Dolj County 0701
A7 A. platanoides / folium . . . ACER-PLT-2024-
7 Jul 4 1
A8 A. platanoides / fructus July 2024/ Craiova City, Dolj County 0707
A9 A. monspessulanum |
folium 21 July 2024 / Dubova Village, Mehedinti =~ ACER-MON-2024-
A10 A. monspessulanum | County 0721

fructus

2.2. Chemicals and Reagents

A variety of high-purity solvents and reagents were employed throughout the experimental
procedures to ensure precise and reliable outcomes. The solvents used included ethanol, methanol,
acetonitrile, toluene, ethyl acetate (Merck, Darmstadt, Germany). Ultrapure water was produced
using the HALIOS 12 lab water system (Neptec, Montabaur, Germany), providing the necessary
purity for all aqueous solutions and dilutions. Additionally, formic acid (Merck) was utilized as an
additive to enhance the performance of the mobile phases in high-performance liquid
chromatography (HPLC) analysis.

Reagents for specific assays and analytical procedures were carefully selected to support the
experimental goals. These included Folin—Ciocalteu reagent, sodium carbonate, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium
persulfate, acetate buffer, 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ), ferric chloride (FeCls), ferrous
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sulfate heptahydrate (FeSO4+7H20), hydrochloric acid (HCl) (Sigma-Aldrich, Taufkirchen, Germany).
The reagents were tailored for the determination of total phenolic content (TPC), antioxidant activity,
and enzymatic assays.

In the AChE inhibition assay, key reagents comprised 1-naphthyl acetate, Fast Blue B salt, and
rivastigmine (Sigma-Aldrich), which served as a positive control.

For HPLC analysis, a comprehensive set of phenolic acid standards, including caffeic acid,
chlorogenic acid, p-coumaric acid, ferulic acid, gallic acid, protocatechuic acid, syringic acid, and
vanillic acid (Merck Millipore), was used for calibration and compound identification.

High-performance thin-layer chromatography (HPTLC) Silica gel 60 Fzs4, 20x10 cm glass plates
were purchased from Merck.

2.3. Sample Preparation

The extraction of plant material was performed using an ultrasound-assisted extraction (UAE)
method with 70% ethanol as the solvent. A precise quantity of 0.1 g of finely powdered plant material
was mixed with 10 mL of the ethanol solution in a suitable container. This mixture was subjected to
ultrasonic treatment using a Bandelin Sonorex Digiplus DL 102H ultrasound bath (Bandelin
electronic GmbH & Co. KG, Berlin, Germany — power 100 W; frequency 35 kHz) for 20 minutes at a
controlled temperature of 50°C. The ultrasonic waves disrupted the plant cell walls, facilitating the
release of bioactive compounds into the solvent. Post-extraction, the solution was filtered using a 0.22
um syringe filter with a WWPTFE membrane (Acrodisc, Pall Corporation, Port Washington, NY,
USA) to separate the liquid extract from the solid residue. The resulting extract was utilized for
determining total polyphenol content as well as conducting antioxidant and neuroprotection assays.

For the HPLC analysis, 2 mL of the extract was dried under a gentle nitrogen stream to remove
the solvent. The dried material was reconstituted with a solvent mixture of water and acetonitrile
(9:1, v/v) to ensure compatibility with the HPLC mobile phase system. This step optimized the
dissolution of bioactive compounds for chromatographic separation and detection. The reconstituted
solution was filtered through a 0.22 um syringe filter before injection into the HPLC system.

2.4. Preparation of Standards

Standards for the HPLC analysis included eight phenolic acids: caffeic acid, chlorogenic acid, p-
coumaric acid, ferulic acid, gallic acid, protocatechuic acid, syringic acid, and vanillic acid. These
standards were prepared as stock solutions at a concentration of 1 mg/mL using methanol. Serial
dilutions were then made to achieve calibration concentrations ranging from 0.1 pg/mL to 50 pg/mL.
A volume of 10 uL was injected into the HPLC system for both standards and samples.

2.5. Total Phenolic Content Assay

TPC was determined by loading 20 uL of the plant extract into a 96-well microplate, followed
by the addition of 100 uL of Folin—Ciocalteu reagent. After mixing for three minutes, 80 pL of a 4%
sodium carbonate solution was added, and the mixture was stirred for another three minutes. The
plate was incubated in the dark for two hours to allow the reaction to develop. Absorbance was
measured at 620 nm using a FLUOstar Optima microplate reader (BMG Labtech, Ortenberg,
Germany). Gallic acid was used to prepare a standard curve, with calibration solutions ranging from
5 mg/mL to 625 pug/mL. All measurements were performed in triplicate.

2.6. DPPH Antioxidant Assay

For the DPPH assay, 50 pL of each sample was added to a 96-well microplate, followed by serial
dilutions to obtain a range of decreasing concentrations. 150 uL solution of 0.2 mM DPPH in ethanol
was then added. The mixtures were incubated in the dark for 30 minutes at RT, and absorbance was
measured at 517 nm using a FLUOstar Optima microplate reader. Antioxidant activity was quantified
by calculating the half maximal inhibitory concentration (ICso) value, representing the sample
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concentration required to inhibit 50% of the DPPH free radicals. All analyses were performed in
triplicate.

2.7. ABTS Antioxidant Assay

ABTS assay involved the addition of 50 pL of sample to a 96-well microplate. Serial dilutions
were prepared similar to the previous antioxidant assay, and then 150 uL of the ABTS solution (a
mixture of 7.4 mM ABTS and 2.6 mM potassium persulfate) was added. After six minutes, the
absorbance was measured at 620 nm using a FLUOstar Optima microplate reader. The ICso value,
indicating the concentration needed to inhibit 50% of ABTS radicals, was determined from a dose-
response curve. Samples were tested in triplicate.

2.8. FRAP Antioxidant Assay

For the ferric reducing antioxidant power (FRAP) assay, the reagent was prepared by combining
acetate buffer (pH 3.6), 10 mM TPTZ solution in 40 mM HCl, and 20 mM FeCls solution. A calibration
curve was generated using Fe?* standards ranging from 65 umol/L to 500 pmol/L. In each assay, 10
pL of the sample or standard was added to a 96-well microplate with 190 pL of the freshly prepared
FRAP reagent. Reaction mixtures were incubated for 30 minutes at RT, and absorbance was measured
at 595 nm. Results were expressed as pmol Fe?* equivalents. All samples were analyzed in triplicate.

2.9. Acetylcholinesterase Inhibition Assay

The evaluation of AChE inhibitory activity was conducted using a detailed microplate-based
assay to determine the inhibitory potential of the tested samples.

Each sample was serially diluted directly on a 96-well microplate to generate a range of
concentrations for the analysis. Starting with an initial volume of the stock solution, serial dilutions
were performed to ensure the final volume in each well was precisely 50 uL. This systematic
approach allowed for a detailed evaluation of the inhibitory effects across varying sample
concentrations. To each well containing 50 pL of the samples, 50 puL of 1-naphthyl acetate solution (3
mg/mL in ethanol) was added. This substrate serves as a reactant in the enzymatic reaction catalyzed
by AChE. Following the addition of the substrate, 150 uL of AChE solution (3.33 U/mL) was carefully
introduced into each well. This step initiated the enzymatic reaction, producing measurable products
that reflect enzyme activity. To enable visualization of the reaction and quantify enzyme activity, 50
pL of Fast Blue B salt solution (3 mg/mL in water) was added to the wells. This reagent reacts with
the enzymatic products, generating a distinct color that correlates with AChE activity.

Rivastigmine, a recognized AChE inhibitor, was prepared at a concentration of 1 mg/mL in
methanol and included in the assay as a positive control. This ensured a reliable reference point for
evaluating the inhibitory potential of the test samples.

Absorbance was measured at 595 nm using a using a FLUOstar Optima microplate reader. The
data collected was analyzed to calculate the ICso value for each sample, representing the concentration
required to inhibit 50% of AChE activity.

2.10. HPTLC-DPPH Fingerprint

All ethanolic extracts were applied as 8 uL, 8-mm bands on HPTLC plates using a CAMAG
Linomat 5 applicator (CAMAG, Muttenz, Switzerland). The HPTLC plates were developed in a twin
trough chamber using a solvent mixture of toluene—ethyl acetate—formic acid (6:6:1, v/v/v) up to a
migration distance of 90 mm. After development, the HPTLC plates were dried using a hair dryer for
five minutes. The plates were then documented under ultraviolet (UV) light at 254 nm and 365 nm
without derivatization, and under white light after DPPH derivatization (0.05% DPPH reagent in
methanol), to visualize the antioxidant activity. Caffeic acid, chlorogenic acid, p-coumaric acid, gallic
acid and protocatechuic acid standards were added as 2 pL bands each of a 1 mg/mL concentration.
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2.11. HPLC/UVIMS Analysis

HPLC analysis was conducted using a Waters Acquity Arc system equipped with a photodiode
array (PDA) detector and a QDa mass detector. Chromatographic separation was performed using a
CORTECS C18 column (4.6x50 mm, 2.7 um particle size) maintained at 30°C. Mobile phases included
water with 0.01% formic acid (A) and acetonitrile with 0.01% formic acid (B). The HPLC gradient
method began with a mobile phase composition of 99% A, at a constant flow rate of 0.8 mL/min. This
initial condition was held for one minute. From one to 13 minutes, the proportion of mobile phase A
decreased to 70%. At 13.10 minutes, the mobile phase composition remained steady at 70% A.
Subsequently, from 13.60 to 17.60 minutes, the composition shifted to 20% A, which was maintained
for column cleaning and to remove any strongly retained compounds. After this phase, at 18.10
minutes, the mobile phase returned to the initial condition of 99% A, and this composition was held
until 21.10 minutes for re-equilibration and preparation for the next injection. Between each injection,
the column was equilibrated for 10 minutes to ensure stability and reproducibility. Samples were
maintained at 8°C during the analysis to preserve their integrity.

Quantification was carried out at 265 nm for gallic acid, protocatechuic acid, vanillic acid, and
syringic acid, and at 325 nm for chlorogenic acid, caffeic acid, p-coumaric acid, and ferulic acid, while
mass confirmation was performed using specific mass-to-charge ratios (m/z). These included
protocatechuic acid (m/z 153), p-coumaric acid (m/z 163), vanillic acid (m/z 167), gallic acid (m/z 169),
caffeic acid (m/z 179), ferulic acid (m/z 193), syringic acid (m/z 197), and chlorogenic acid (m/z 353).

2.12. Statistical Analysis

Statistical analyses were performed to evaluate the relationships between phenolic compounds,
TPC, antioxidant (DPPH, ABTS, FRAP) and AChE inhibitory activities. The Shapiro-Wilk test was
applied to assess the normality of the data distribution, ensuring the appropriateness of subsequent
parametric analyses. Pearson’s correlation coefficients were calculated to determine the strength and
direction of linear relationships between the variables. To visualize and explore multivariate
relationships and patterns among the measured variables, principal component analysis (PCA) was
conducted. All statistical tests and analyses were performed using GraphPad Prism version 9.1.0,
which provided comprehensive tools for normality testing, correlation analysis, and multivariate
data exploration. Statistical significance was considered at a p-value threshold of less than 0.05 for all
tests.

3. Results
3.1. Total Phenolic Content

TPC of the analyzed Acer samples ranged from 61.48+3.76 ug GAE/mL (A7 sample) to
512.8+20.54 pg GAE/mL (sample A2). Among the samples, A2 exhibited the highest TPC, followed
by A3 with 456.1+16.94 ug GAE/mL, while A7 and A5 showed the lowest values, with 61.48+3.76 and
68.45+8.56 nug GAE/mL, respectively. Moderate TPC values were observed in samples such as A9
(251.8+19.06 g GAE/mL) and A10 (193.8+8.93 ug GAE/mL). The variation in TPC across samples
suggests significant diversity in the phenolic composition among Acer spp. The data are presented in
Table 2 and illustrated graphically in Figure 1.

Table 2. TPC values (mean + SD) of the analyzed Acer (A1-A10) samples.

Sample TPC (ug GAE/mL)
Al 94.01+£14.41
A2 512.8420.54
A3 456.1+16.94
A4 225.845.527
A5 68.45+8.563

Ab 91.04+3.572

d0i:10.20944/preprints202501.0083.v1
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A7 61.48+3.755
A8 164.1+4.978
A9 251.8+£19.06
A10 193.8+8.927

GAE: Gallic acid equivalents; SD: Standard deviation; TPC: Total phenolic content.

Total Phenolic Content
600
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A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Figure 1. TPC of the analyzed Acer (A1-A10) samples. GAE: Gallic acid equivalents; TPC: Total phenolic

content.

3.2. Antioxidant Activity

DPPH and ABTS antioxidant assays were used to assess the radical scavenging activities of the
Acer samples, expressed as ICso values (ug/mL), where lower values indicate higher antioxidant
activity. Sample A3 exhibited the highest antioxidant activity in both assays, with ICso values of
10.88+3.39 ug/mL for DPPH and 10.39+2.86 ug/mL for ABTS. Sample A2 also showed strong
antioxidant potential, with ICso values of 22.61+3.28 ug/mL (DPPH) and 15.68+3.31 ug/mL (ABTS). In
contrast, sample A7 had the weakest antioxidant activity, with ICso values of 290.2+39.2 ug/mL
(DPPH) and 271.2+60.7 ug/mL (ABTS). Moderate antioxidant activities were observed in samples
such as A9 (54.25+10.59 pg/mL for DPPH, 37.75+9.7 ug/mL for ABTS) and A10 (60.62+12.72 pug/mL
for DPPH, 57.58+13.61 ug/mL for ABTS). These results are highlighted in Table 3 and illustrated in
Figure 2.

Table 3. Values (mean + SD) of in vitro antioxidant (DPPH, ABTS and FRAP) assays for analyzed Acer (A1-A10)

samples.

d0i:10.20944/preprints202501.0083.v1

Sample DPPH ICso (ug/mlL) ABTS ICso (ug/mL) FRAP (umol Fe?/L)
Al 137.4+51.9 132.5+27.3 117.8+7.659
A2 22.61+3.28 15.68+3.31 1119+164.6
A3 10.88+3.385 10.39+2.861 1158+48.98
A4 63.14+8.96 50.45+10.89 310.6+18.36
A5 226.9+32 212.7+63.3 154.4+9.225
A6 138.2+20.4 79.29+17.3 294.5+26.92
A7 290.2+39.2 271.2+60.7 139.8+5.361
A8 81.78+25.27 57.28+15.97 354.7+20.75
A9 54.25+10.59 37.75£9.7 471+12.87

A10 60.62+12.72 57.58+13.61 378.1+5.64

ABTS: 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); DPPH: 2,2-Diphenyl-1-picrylhydrazyl; FRAP:

Ferric reducing antioxidant power; ICs: Half-maximal inhibitory concentration.; SD: Standard deviation.
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Figure 2. DPPH/ABTS ICso values of the analyzed Acer (A1-A10) samples. ABTS: 2,2’-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid; DPPH: 2,2-Diphenyl-1-picrylhydrazyl; ICs;: Half-maximal inhibitory

concentration.

FRAP assay, measured in pmol Fe?/L, revealed significant differences in antioxidant capacity
among the Acer samples. Sample A2 demonstrated the highest reducing power at 1119+164.6 pmol
Fe?/L, followed closely by sample A3, with 1158+48.98 umol Fe?/L. Samples A9 (471+12.87 pmol
Fe?/L) and A10 (378.1+5.64 umol Fe?*/L) exhibited moderate reducing capacities. In contrast, samples
A1l (117.8+7.659 umol Fe?/L) and A7 (139.8+5.361 pmol Fe?*/L) displayed the lowest reducing power.
These findings underscore substantial variability in the antioxidant potential of the Acer samples, as
shown in Table 3 and depicted in Figure 3.

FRAP
1500

1000

i

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

pMol Fe?*/L

Figure 3. Results of the FRAP assay for Acer (A1-A10) samples. FRAP: Ferric reducing antioxidant power.

3.3. Acetylcholinesterase Inhibition Activity

AChE inhibition assay revealed that only two Acer samples, A2 and A3, demonstrated a positive
inhibitory response. Sample A2 exhibited an ICso value of 7.908+7.503 mg/mL, while A3 showed a
higher inhibitory activity with an ICs value of 15.95+8.52 mg/mL. These findings suggest that
samples A2 and A3 possess potential AChE inhibitory properties, as presented in Figure 4.
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Figure 4. AChE inhibitory activity ICso values for Acer (A1-A10) samples. AChE: Acetylcholinesterase; ICso: Half-
maximal inhibitory concentration.

3.4. HPTLC-DPPH Fingerprint

HPTLC fingerprint at 254 nm showed clear and distinct bands for all the standards, including
caffeic acid (R¢ 0.51), chlorogenic acid (Rt 0.033), p-coumaric acid (R¢ 0.58), gallic acid (R¢ 0.42), and
protocatechuic acid (Rt 0.50). The intensity of the bands was consistent, with all standards being well-
visible under these conditions, indicating that this wavelength provides optimal visualization for
detecting the tested phenolic compounds (Figure 5).

CAF CGA COU GAL PRO A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Figure 5. HPTLC fingerprint (254 nm, without derivatization) for Acer (A1-A10) samples and phenolic acids
reference bands. CAF: Caffeic acid; CGA: Chlorogenic acid; COU: p-Coumaric acid; GAL: Gallic acid; HPTLC:
High-performance thin-layer chromatography; PRO: Protocatechuic acid.

At 365 nm, the visibility of the standards varied significantly. While caffeic acid (R¢ 0.51) and
chlorogenic acid (Rt 0.033) exhibited clear and prominent fluorescence, gallic acid (R¢ 0.42) and
protocatechuic acid (R¢ 0.50) were not visible under this wavelength. p-Coumaric acid (R¢ 0.58) was
faintly visible with very low fluorescence intensity, indicating a reduced ability to detect certain
phenolic compounds under these conditions (Figure 6).
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CAF CGA COU GAL PRO A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Figure 6. HPTLC fingerprint (365 nm, without derivatization) for Acer (A1-A10) samples and phenolic acids
reference bands. CAF: Caffeic acid; CGA: Chlorogenic acid; COU: p-Coumaric acid; GAL: Gallic acid; HPTLC:
High-performance thin-layer chromatography; PRO: Protocatechuic acid.

Under white light with DPPH staining, the standards demonstrated varying intensities of radical
scavenging activity. Caffeic acid (R¢ 0.51), chlorogenic acid (R¢ 0.033), gallic acid (Rt 0.42), and
protocatechuic acid (R¢ 0.50) exhibited strong and distinct bands, indicative of high antioxidant
activity. However, p-coumaric acid (Rt 0.58) showed only a very faint band with low intensity
compared to the other standards, suggesting a weaker radical scavenging response under these
conditions (Figure 7).

CAF CGA COU GAL PRO A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Figure 7. HPTLC-DPPH fingerprint (white light) for Acer (A1-A10) samples and phenolic acids reference bands.
CAF: Caffeic acid; CGA: Chlorogenic acid; COU: p-Coumaric acid; DPPH: 2,2-Diphenyl-1-picrylhydrazyl; GAL:
Gallic acid; HPTLC: High-performance thin-layer chromatography; PRO: Protocatechuic acid.

3.5. HPLC/UVIMS Analysis

HPLC analysis demonstrated effective separation and reproducibility of the compounds of
interest under the selected parameters. The retention times for the identified compounds are
presented in Table 4.

Table 4. Retention times for phenolic acids reference compounds.

Compound tr (min)
Gallic acid 1.84
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Compound tr (min)
Protocatechuic acid 3.70
Chlorogenic acid 5.83
Vanillic acid 6.11
Caffeic acid 6.36
Syringic acid 6.64
p-Coumaric acid 7.80
Ferulic acid 8.54

tr: Retention time.

HPLC chromatograms for all samples were successfully obtained at both 265 nm and 325 nm,
showing distinct peaks corresponding to the compounds of interest. These results highlight the
reliability of the method for analyzing the target compounds across the samples (Figures 8 and 9).
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Figure 8. HPLC/UV (254 nm) chromatograms for Acer (A1-A10) samples. HPLC: High-performance liquid
chromatography; UV: Ultraviolet.
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Figure 9. HPLC/UV (365 nm) chromatograms for Acer (A1-A10) samples. HPLC: High-performance liquid
chromatography; UV: Ultraviolet.

The HPLC analysis revealed significant variability in the concentrations of phenolic acids across
the Acer samples. Gallic acid was the most abundant compound in several samples, with the highest
concentration observed in A6 (39.796+0.809 mg/g). Protocatechuic acid also showed notable
concentrations, particularly in samples A6 (6.219+0.227 mg/g) and A3 (6.528+0.101 mg/g).
Chlorogenic acid exhibited the highest concentration in A9 (7.488+0.237 mg/g), whereas syringic acid
was most prominent in A10 (8.49+0.206 mg/g). Vanillic acid levels were especially high in A10
(11.519+0.168 mg/g), indicating its predominance in this sample. Caffeic acid and ferulic acid were
present in lower concentrations overall, with their highest levels detected in A6 (1.323+0.019 mg/g)
and A7 (0.665+0.027 mg/g), respectively. p-Coumaric acid was present in moderate amounts in most
samples, with the highest concentration observed in A8 (1.401+0.016 mg/g), followed by A7
(0.283+0.013 mg/g). In contrast, syringic acid was detected in significantly higher amounts in A10
(8.49+0.206 mg/g), making it the predominant compound in this sample. Other samples, such as A3
(0.82+0.017 mg/g), also showed moderate levels of syringic acid, while lower levels were observed in
the remaining samples (Table 5; Figure 10).

Table 5. Concentrations (mean + SD) of phenolic acids quantified in Acer (A1-A10) samples.

Sampl Caffeic acid Chlorogenic p-Coumaric Ferulic acid Gallic acid Pr::::;iti?h Syringic  Vanillic
e (mg/g) acid (mg/g) acid (mg/g) (mg/g) (mg/g) (mg/e) acid (mg/g) acid (mg/g)

Al  0.003+0.001 0.005+0.001 0.012+0.001 0.001+0.001 0.977+0.015 0.169+0.002 0.012+0.001  0.24+0.01
A2 0.122+0.004 0.114+0.004 0.024+0.001 0.109+0.005 4.75+0.205 1.171+0.021 0.459+0.007 2.076+0.036
A3 0.043+0.001 0.14+0.004 0.062+0.001 0.19+0.004 5.929+0.204 6.528+0.101 0.82+0.017 0.863+0.021
A4 0.35+0.009 0.07+0.002 0.158+0.002 0.08+0.002 14.05+0.473 1.04+0.012 0.081+0.002 0.436+0.007
A5 0.071+0.001 0.011+0.001 0.091+0.004 0.029+0.001 2.878+0.063 2.145+0.029 0.009+0.001 0.21+0.005
A6 1.323+0.019 0.302+0.009 0.227+0.002 0.01+0.001 39.796+0.809 6.219+0.227 0.154+0.003 0.173+0.005
A7 0.312+0.009 2.016+0.035 0.283+0.013 0.665+0.027 2.19+0.104 1.371+0.062 0.235+0.007 2.613+0.122
A8  0.105+0.001 0.239+0.004 1.401+0.016 0.025+0.001 0.94+0.024 2.304+0.048 0.091+0.003 2.167+0.052
A9  0.282+0.005 7.488+0.237 1.04+0.016 0.471+0.019 1.15+0.014 0.001+0 0.001+0  2.317+0.041
A10 0.622+0.006 1.648+0.07 0.412+0.015 0.061+0.002 2.926+0.119 2.459+0.031 8.49+0.206 11.519+0.168
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Figure 10. Phenolic acids quantified in analyzed Acer (A1-A10) samples.

4. Discussion

The relationship between TPC and the various activities, including in vitro antioxidant (DPPH,
ABTS, and FRAP) and AChE inhibitory activities, reveals critical insights into the role of phenolics in
bioactive processes. These activities provide a comprehensive understanding of the functional
properties of phenolic compounds, particularly in their capacity to influence biological mechanisms
[51-55].

We assessed the normality of the data using the Shapiro-Wilk test. The results indicated that all
datasets followed a normal distribution, as they passed the normality test (p<0.05). This confirms the
suitability of parametric statistical methods for further analysis.

4.1. Correlation of TPC with Antioxidant and AChE Inhibitory Activities

Antioxidant activities, as assessed through DPPH, ABTS, and FRAP assays, display significant
correlations with TPC, underscoring the central role of phenolic compounds in determining radical
scavenging capacity, reducing power, and overall antioxidant potential. DPPH assay, which
measures free radical scavenging activity based on ICso values, demonstrates a strong negative
correlation with TPC (r=-0.787, p=0.007). This finding suggests that higher TPC is associated with
lower ICso values, reflecting stronger antioxidant activity. This relationship can be attributed to the
ability of phenolic compounds to donate electrons or hydrogen atoms, neutralizing free radicals
effectively. Similarly, ABTS assay also reveals a strong negative correlation with TPC (r=-0.732,
p=0.016). Although DPPH and ABTS employ distinct radical systems, the consistent trends between
the two assays reinforce the role of phenolic content as a critical determinant of antioxidant efficacy
across varying methodologies.

FRAP assay, which evaluates reducing power, exhibits the strongest positive correlation with
TPC (r=0.969, p<0.0001). This indicates that higher TPC contributes directly to an increased capacity
to reduce Fe® ions to Fe?* ions, a key indicator of reducing power. This robust correlation suggests
that phenolic compounds, through their hydroxyl groups, serve as potent electron donors, thereby
enhancing the antioxidant potential of the samples. Among the antioxidant activities, the FRAP
assay’s relationship with TPC highlights the pivotal role of phenolics in governing reducing power.

In addition to antioxidant activity, TPC also correlates significantly with anti-AChE activity, as
assessed by AChE ICso values. The positive correlation between TPC and AChE inhibitory activity
(r=0.818, p=0.004) reflects the contribution of phenolic compounds to the inhibition of AChE, an
enzyme associated with neurodegenerative disorders like Alzheimer’s disease. Phenolic compounds
are known to interact with cholinesterase enzymes through various mechanisms, including hydrogen
bonding, hydrophobic interactions, and m—m stacking. This finding underscores the dual role of
phenolic content in contributing not only to antioxidant properties but also to neuroprotective effects.
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The correlation between TPC and AChE inhibitory activity suggests that phenolics play a central role
in modulating enzyme activity, further reinforcing their multifunctional bioactivity [56].

The interrelationships among the activities themselves provide additional evidence of the
importance of TPC in driving biological efficacy. For example, the strong correlation between DPPH
and ABTS activities (r=0.983, p<0.0001) reflects overlapping mechanisms of radical scavenging
facilitated by phenolic compounds, while the significant relationship between FRAP and anti-AChE
activities (r=0.902, p=0.00036) highlights the interconnectedness between reducing power and enzyme
inhibition. This interplay suggests that phenolic compounds influence these activities through shared
biochemical pathways, making TPC a comprehensive marker of their bioactive potential.

Overall, these findings emphasize the critical role of TPC in determining the antioxidant and
anti-AChE activities of phenolic-rich samples. The strong correlations between TPC and these
bioactivities underscore its importance as a predictor of functional properties, with higher TPC levels
associated with enhanced biological efficacy [56]. These insights have significant implications for the
development and application of natural products, particularly in therapeutic contexts where
antioxidant and neuroprotective properties are desired. By optimizing phenolic content during
extraction or processing, the bioactive potential of plant-derived products can be maximized, offering
promising avenues for managing oxidative stress and neurodegenerative diseases. This relationship
between TPC and biological activities highlights the centrality of phenolic compounds in contributing
to health-promoting properties and the potential for their targeted utilization in functional food and
pharmaceutical formulations.

4.2. Correlation of Phenolic Acids with TPC, Antioxidant and AChE Inhibitory Activities

The lack of significant correlations between the quantified phenolic compounds and the
measured activities (DPPH, ABTS, FRAP, and anti-AChE) or TPC suggests that the biological
activities and overall phenolic content are not solely attributable to the individual compounds
analyzed. This is further supported by the HPTLC-DPPH fingerprint, which reveals the presence of
more intense antioxidant zones beyond those corresponding to the reference compounds quantified
in this study. These findings indicate that other phenolic compounds, not quantified here, or
synergistic interactions among various bioactive constituents likely play a pivotal role in determining
the observed activities and TPC. The structural diversity and specific properties of the quantified
phenolics may not fully align with the mechanisms assessed in the antioxidant and anticholinesterase
assays, further explaining the lack of correlation. This underscores the complexity of natural extracts,
where the overall activity often arises from the collective influence and synergistic interactions of
multiple compounds, rather than the isolated effects of individual phenolics. The HPTLC-DPPH
results highlight the importance of considering the entire phenolic profile and unquantified
compounds when evaluating the bioactive potential of plant-based samples [51,52,54].

PCA biplot provides valuable insights into the relationships between phenolic compounds,
antioxidant (DPPH, ABTS, FRAP) and anti-AChE activities, and TPC. By illustrating how these
variables group and align across two principal components, PCA plot complements the Pearson’s
correlation analysis and highlights patterns of association that may not be immediately evident from
numerical correlations alone (Figure 11).
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Figure 11. PCA highlights the relationships between phenolic acids content, TPC, antioxidant (DPPH, ABTS,
FRAP) and AChE inhibitory activities. ABTS: 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; AChE:
Acetylcholinesterase; DPPH: 2,2-Diphenyl-1-picrylhydrazyl; FRAP: Ferric reducing antioxidant power; PCA:

Principal component analysis; TPC: Total phenolic content.

In the PCA plot, gallic acid, caffeic acid, and protocatechuic acid are positioned positively along
the first principal component (PC1), which is closely aligned with AChE inhibitory, FRAP, and TPC
assays. This grouping suggests that these compounds contribute to the activities associated with this
axis. However, when examining the Pearson’s correlation for gallic acid and TPC, the value is weakly
negative (r=-0.154, p=0.67), indicating that gallic acid’s contribution to TPC is either negligible or
slightly antagonistic. This apparent contradiction can be explained by the overall complexity of
interactions among the phenolic compounds and other bioactive constituents, as the PCA represents
collective variance rather than individual direct correlations.

PCA also shows that DPPH and ABTS activities, which are represented as ICso values, are located
on the negative side of PC1, opposite to TPC, FRAP, and AChE inhibitory activities. This positioning
reflects the inverse relationships between DPPH and ABTS with TPC, as confirmed by the strong
negative Pearson’s correlations (DPPH, r=-0.787, p=0.007; ABTS, r=-0.732, p=0.016). These findings
underscore the fact that higher TPC, which correlates positively with FRAP and anti-AChE activity,
is associated with lower ICso values for DPPH and ABTS, indicating stronger radical scavenging
activity.

Chlorogenic acid and p-coumaric acid, on the other hand, are positioned negatively along PC1
and show limited alignment with TPC, FRAP, and AChE inhibitory assays. This visual separation is
consistent with their weak or negligible Pearson’s correlations with these activities, reflecting their
minor or indirect roles in contributing to overall bioactivity. Additionally, the proximity of
protocatechuic acid to TPC and anti-AChE activity in the PCA plot highlights its moderate influence
on these activities, even though its Pearson’s correlations with TPC (r=0.16, p=0.66) and AChE
inhibitory (r=0.521, p=0.12) assays do not reach statistical significance.

Overall, the PCA plot visually reinforces the strong interrelationships among TPC, FRAP, and
anti-AChE assays, which are tightly clustered in the same quadrant, suggesting overlapping
mechanisms of action and shared contributions to bioactivity. At the same time, the inverse
placement of DPPH and ABTS relative to TPC and FRAP reflects their distinct role as measures of
radical scavenging activity, inversely related to total phenolics. The PCA also reveals the varying
contributions of individual phenolic compounds to these activities, emphasizing the complexity of
interactions within the phenolic matrix and the need to consider both individual and collective effects
of bioactive compounds. These findings highlight the multidimensional nature of phenolic-driven
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activities and the importance of exploring their combined effects rather than focusing solely on
individual compounds.

4.3. Study Limitation

A limitation of the present study, which will be addressed in future work, is the analysis and
correlation with more polar compounds, such as flavonoids. This is particularly evident from the
HPTLC chromatogram, where compounds with higher affinity for the stationary phase and lower R¢
values were not quantified or correlated with the measured activities. These polar compounds may
play a significant role in the observed bioactivities, including antioxidant and anticholinesterase
effects. Additionally, screening for compounds with potential AChE inhibitory activity directly on
the HPTLC plate, similar to the DPPH assay used for antioxidant detection, represents another
avenue for extending the study. These efforts will provide a more comprehensive understanding of
the phenolic profile and its contributions to the observed biological activities [51].

5. Conclusions

For the first time, research on Romanian wild-grown Acer spp. highlights the relationships
between phenolic compounds, antioxidant activities, anticholinesterase activity, and TPC. While TPC
exhibited strong correlations with FRAP and AChE inhibitory activities, the quantified phenolic
compounds showed limited individual contributions, suggesting the involvement of unquantified
polar compounds and potential synergistic effects. These findings emphasize the complexity of Acer
spp. extracts and the need for a broader analysis of bioactive constituents, including flavonoids and
HPTLC-based activity screening, to fully understand their functional roles. Future studies will
address these limitations to provide a deeper understanding of the bioactive potential of Acer spp.
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