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ARTICLE INFO ABSTRACT

Keywords: Virgin olive oil supply chain generates large amounts of pruning residues such as olive leaves, rich in bioactive
Oleuropein phenols, but still largely underutilized. Phenols are susceptible to enzymatic degradation, thus proper post-
I?I;}:IC]gDI:]?)ﬂ;:sS harvest management, especially drying conditions, is crucial to maximizing phenolic and oleuropein content.

This study assessed the impact of different drying methods on leaves’ phenolic content, establishing a protocol to
achieve oleuropein levels > 5% on dry weight, making them suitable for the foods and nutraceuticals industry.
The effects of cultivar, harvest season, and storage time before drying were also evaluated by HPLC-DAD-MS.
Oven drying at 105 °C was identified as optimal, providing oleuropein concentrations even greater than 10%
DW. Other approaches like lyophilization, drying at 50 °C, and extraction from fresh leaves caused up to 93%
oleuropein loss. Delayed drying after harvesting led to oleuropein degradation as well. The study contributed to
clarify conflicting results in the literature regarding the impact of different drying methods and temperatures. It
also provided suitable protocols for preserving oleuropein in olive leaves and obtaining dried material with
oleuropein content greater than 5% w/w, summarized as follows: olive leaves of specific cultivars (e.g., Frantoio)

Olive leaf extraction
Phenolic compounds
Food by-products

harvested in late winter/spring must be oven-dried at 105 °C within three days after harvesting.

1. Introduction

Virgin olive oil (VOO) is derived from the fruits of olive tree (Olea
europaea L.) by means of mechanical processes only (Regulation (EU),
No 1308/2013). Health benefits associated with its consumption are
widely documented in the literature, oleic acid and several antioxidant
phenolic compounds being the main contributors to these effects
(Beauchamp et al., 2005; Covas et al., 2006; Jimenez-Lopez et al., 2020).
VOO production generates considerable quantities of by-products,
including vegetation water, olive pomace and pruning residues, all of
which containing valuable bioactive compounds. Thanks to their con-
tent in bioactive molecules, which can exerts health-beneficial effects
(Albini et al., 2025; Cecchi et al., 2022; Cordeiro et al., 2025; Filardo
et al., 2024; Ilgaz et al., 2025; Rivero-Pino et al., 2024), these products
are already used in the food, pharmaceutical and cosmetic industries.

Increasing research is focusing on recovering by-products rich in
bioactive compounds from food production chain, for upcycling them
into new highly valuable products (Cecchi et al., 2023; D’ Agostino et al.,
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2025; Gagour et al., 2025; Galanakis, 2012; Gavrilas et al., 2025; Hariz
etal., 2025; Rodriguez-Pérez et al., 2025). Olive leaves, which constitute
about 25% of the dry weight of olive pruning residues, are a rich source
of bioactive compounds, especially secoiridoids and other phenolic de-
rivatives (Espeso et al., 2021). Recent studies have proven that olive leaf
phenolic extracts, and especially oleuropein (Ole) as most abundant
secoiridoid in the leaf, can help to prevent neurodegenerative disorders
(Hadrich et al., 2022), diabetes (Iantomasi et al., 2024), and hyperten-
sion (Fatahian et al., 2022). Loukou et al. reported that six-month sup-
plementation with a water extract of dried olive leaves in 55 subjects
with mild Alzheimer’s disease helped preserve memory function and
prevent cognitive decline (Loukou et al., 2024).

Despite their long-standing use in traditional medicine (Mallamaci
et al., 2021) and their inclusion in both the European Pharmacopoeia
(EUROPEAN PHARMACOPOEIA 10.0., 2009) and the European Me-
dicinal Agency monographs (European Medicinal Agency, 2017), olive
leaf remains a partially underexploited resource. One of the proposed
approach for the utilization of olive pruning by-products is the
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biorefinery model (Fanourakis et al., 2024), which employs the pruning
biomass as a whole to produce energy, bioethanol and purified antiox-
idants. Nevertheless, the main limitations of this approach include the
high costs of industrial plants, the need of large volumes of by-products
to ensure process profitability, and the non-optimal recover-
y/conservation of the native phenolic compounds in olive leaves.

In the food industry, the use of olive leaves as a raw material is
expanding, not only for preparation of herbal teas, infusions and func-
tional beverages, but also in the food supplement sector (Espeso et al.,
2021; Mallamaci et al., 2021). Leaf extracts are now also used as
ingredient in a wider range of food products available on the market,
such as chocolate, biscuits, pasta and others. Furthermore, olive leaf
powder is used as an ingredient in the formulation of plant-based bars,
which have also been subjected to clinical trials (Grazioli et al., 2022;
Marrone et al., 2024). In productive contexts such as those of Italian
producers, where most of VOO is produced by small farms, profitable
use of dried leaves in the food industry can be an additional significant
source of income.

Companies producing olive leaves ingredients for dietary supple-
ments and food formulations require higher-quality dried leaves with
greater concentrations of bioactive compounds. For example, according
to the European Pharmacopoeia (EUROPEAN PHARMACOPOEIA 10.0.,
2009), a requirement for their use is that dry olive leaves must retain
their phytocomplex exceeding the 5% Ole threshold (on dry weight).
Extracts obtained from a reliably highly concentrated raw matter can be
directly used as supplements or ingredients without any further
enrichment step, thus lowering the costs for industry.

The effect of some variables on the phenolic concentration of dry
olive leaf have been investigated, including harvesting time and plant
variety (Clodoveo et al., 2021; Markhali et al., 2020), but also irrigation
conditions and age of the plant (Dias et al., 2021; Jiménez-Herrera et al.,
2019). Regarding post-harvest conditions, it was reported that
enzyme-driven phenolic degradation processes may occur in fresh olive
leaves before drying, with esterase, p-glucosidase and polyphenol oxi-
dase (PPO) as the main responsible enzymes (De Leonardis et al., 2015;
Ramirez et al., 2022).

Dehydration is another crucial step for the preservation of the
phenolic content in olive by-products such as olive leaves, as it can
prevent enzymatic degradation while allowing higher recovery of
bioactive molecules (Cecchi et al., 2023). So far, several techniques have
been applied to dry olive leaves often reaching contradictory results
difficult to be compared. First, the analytical methods applied to
monitor the impact of drying were completely different (e.g., total
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phenolic content via Folin-Ciocalteu method, antioxidant activity via
DPPH test, Ole and hydroxytyrosol concentration via HPLC-DAD).
Furthermore, the applied experimental variables and their combina-
tions (e.g., drying method vs time or temperature applied; use of
ventilated vs non-ventilated oven) had a strong influence on test
outcomes.

Table 1 summarizes studies from the last ten years that investigated
the effect of various olive leaves drying methods on Ole concentration,
as determined by HPLC. The findings have revealed significant varia-
tions in Ole content depending on the applied drying technique, as well
as notable differences across studies regarding the "optimal drying
method" identified and proposed. To date, no systematic comparison
and consequently no standardized drying method has been established
for olive leaves (Cavaca et al., 2020); therefore, misinterpretation of
data can occur leading to practical difficulties for those approaching the
subject.

Some questions remain unanswered in this context. Is it possible to
define a suitable protocol for the management of fresh olive leaves to-
wards obtaining an Ole concentration > 5% DW, suitable for their
upcycling into nutraceuticals? What is the most effective drying
approach to prevent phenols degradation thus allowing obtaining dry
olive leaves with the highest Ole and total phenolic concentration? Is it
possible to identify some cultivars that are more suitable than others for
obtaining dried leaves with Ole concentrations > 5% DW? How long can
fresh olive leaves be stored before drying without causing a significant
loss of Ole? Is there an effect of the seasonal variations?

To answer these research questions, the aim of this study was to
define an affordable mode to manage and dry the fresh olive leaves
while minimizing the effect of those factors which negatively affect the
phenolic concentrations in dried matter. The specific goal was to
develop a protocol to reliably obtain dried olive leaves with an Ole
concentration > 5% DW, that is the threshold required by companies to
use the leaves as raw material to produce botanical extracts for the food
industry. Olive leaf samples from two major Tuscan olive cultivars were
collected from three different locations and three seasons across two
years, and the effects of cultivars and harvesting season were also
evaluated. Six different drying procedures were applied. The same
extraction method was applied to obtain phenolic extracts, which were
analyzed by HPLC-DAD-MS. Degradation kinetics in fresh leaves were
studied to understand how long the leaves can be stored before drying.

Table 1
Summary of studies conducted between 2015 and 2025 investigating the effect of olive leaf drying methods on oleuropein concentration using HPLC-DAD.
Reference article Compared drying methods Oleuropein concentration Recommended drying  Cultivar
range (g/kg DW) method
Kamran et al., 2015 Fresh - Oven drying (60°C 105°C) - Lyophilization - Ambient ~ 2.1-139.5 Oven, 105°C Frantoio
air drying
Afaneh et al., 2015 Ambient air drying - Oven drying (50°C) 0-10 Ambient air Not specified
Ahmad-Qasem et al.,  Fresh - Oven drying (120°C) - Lyophilization 3-108.6 Oven, 120°C Serrana
2016
Sahin et al., 2018 Microwave drying - Lyophilization - Oven drying (50°C80°C ~ 116-203.5 Microwave drying Gemlik
100° C) - Vacuum drying - Ambient air drying
Filgueira-Garro Fresh - Oven drying (105°C) - Lyophilization - Ambient air < 0.05-40.1 Ambient air Arroniz, Empeltre, Arbosana,
et al., 2022 drying - Vacuum drying Arbequina, Picual
Feng et al., 2021 Lyophilization - Oven drying (45°C 70°C 100° C) - Ambient ~ 1.3-82.7 Ambient air Manzanilla
air drying
Zhang et al., 2022 Fresh - Oven drying (105°C) - Lyophilization 0.5-21.2 Oven, 105°C Nevadillo fino, 179, Canino,
Huaou5
Cor Andrejc et al., Ambient air drying - Oven drying (105°C) - Lyophilization 3-77.7 Ambient air Istrska Belica, Leccino
2022
Castillo-Luna et al., Oven drying (45°C) - Lyophilization - Infrared drying - 77.4-285 Infrared drying Alfafara, Koroneiki
2023 Microwave drying
Chaji et al., 2024 Fresh - Oven drying (25, 50, 60, 70, 75, 80, 105, 120, 150°C) 2.7-111.8 Lyophilization Arbequina, Koroneiki,
- Lyophilization - Ambient air drying - Solar drying Picholine Marocaine, Menara
Koutra et al., 2025 Microwave drying - Lyophilization - Ambient air drying 7.2-121.4 Microwave drying Not specified
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2. Materials and methods
2.1. Chemicals and standards

Water with ultrapure grade was produced by the Milli-Q-system
(Millipore SA, Molsheim, France). Formic acid, methanol, and acetoni-
trile with HPLC grade, along with methanol, hexane and ethanol with
analytical grade were purchased from Merck (Darmstadt, Germany).
Commercial standards of hydroxytyrosol, rutin, verbascoside, Ole and
luteolin-7-O-glucoside were purchased from Extrasynthese (Lyon,
France).

2.2. Olive leaf samples and experimental plan

Fresh olive leaf samples from the Moraiolo and Frantoio cultivars
were collected from organic farms at three locations within the metro-
politan area of Florence (Italy) (i.e., Carmignano, Rignano sull’Arno,
Maiano - Fiesole), during different seasons of the year between
November 2023 and September 2025. Cultivar recognition and tree
selection were performed by a licensed agronomist. The olive trees were
subjected to regular pruning operations; pruning residues (approxi-
mately 5 Kg) from the same selected trees were collected at each sam-
pling time. Upon samples’ arrival at the laboratory, olive leaves were
manually separated from the woody branches, and then mixed to obtain
homogeneous samples, which were subsequently divided into several
aliquots. Exactly 30 g of each aliquot were weighed and placed in a Petri
dish, then dried (see Section 2.3), milled and subjected to hydro-
alcoholic extraction. In the case of fresh leaf samples (i.e., samples C-
FRA-mar25-ND and M-FRA-mar25-ND in Table 2), they were directly
subjected to extraction. All analyses were performed on process tripli-
cates, and results were expressed as means of replicates.

A detailed list of olive leaf samples, divided into four series according
to their specific purpose, is provided in Table 2. Information includes
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cultivar, geographical origin, season of harvesting, and drying method
applied. Each series was treated and used as follows:

> Series 1: “Drying method evaluation”. Samples were collected in the
late winter season and used for a systematic and homogeneous
comparison of the phenolic profile of leaves subjected to different
drying treatments (i.e., oven-dried at increasing temperatures, dried
at room temperature, lyophilized, and using the non-dried samples
for reference comparison).

> Series 2: “Comparison among cultivars”. Samples were collected in
the late winter season from two locations. They were all oven-dried
at 105 °C and used to compare the phenolic profiles of leaves from
the two cultivars. This drying method was selected due to its rapidity
and because it had shown it to be reliable in preventing phenolic
degradation, according to preliminary trials previously conducted.

> Series 3: “Delayed drying trials (after 1-9 days)”. Samples were
collected in the summer season. They were oven-dried at 105 °C after
different storage periods of the fresh leaves (T1: 1 day; T2: 3 days; T3:
6 days; T4: 9 days) and used to evaluate the phenolic stability of fresh
leaves stored up to 9 days at room temperature under dark
conditions.

> Series 4: “Seasonal variations”. This series includes samples of the
Frantoio variety collected in Maiano from autumn 2023 to spring
2025 and all oven-dried at 105 °C. These samples were used for the
evaluation of seasonal variations of phenolic compounds in olive
leaves. This series contains three samples which are also included in
series “1” or “3”, as well as three additional samples (i.e., M-FRA-
nov23-105, M-FRA-sep24-105 and M-FRA-sep25-105) not included
in any other series.

2.3. Drying methods

To compare the experimental results with previous findings, various

Table 2

Summary of the olive leaf samples analyzed including their identification code, botanic and geographic origin, harvesting season and drying method applied.
Sample Code® Cultivar Origin Season Drying method Drying duration Series
M-FRA-mar25-ND Frantoio Maiano Late Winter Non-dried / 1.
M-FRA-mar25-105 Frantoio Maiano Late Winter Oven 105°C 2h Drying method evaluation
M-FRA-mar25-80 Frantoio Maiano Late Winter Oven 80°C 3h
M-FRA-mar25-50 Frantoio Maiano Late Winter Oven 50°C 24 h
M-FRA-mar25-RT Frantoio Maiano Late Winter Room air 14 days
M-FRA-mar25-LYO Frantoio Maiano Late Winter Lyophilization 48 h
C-FRA-mar25-ND Frantoio Carmignano Late Winter Non-dried /
C-FRA-mar25-105 Frantoio Carmignano Late Winter Oven 105°C 2h
C-FRA-mar25-80 Frantoio Carmignano Late Winter Oven 80°C 3h
C-FRA-mar25-50 Frantoio Carmignano Late Winter Oven 50°C 24 h
C-FRA-mar25-RT Frantoio Carmignano Late Winter Room air 14 days
C-FRA-mar25-LYO Frantoio Carmignano Late Winter Lyophilization 48 h
C-MOR-mar24-105 Moraiolo Carmignano Late Winter Oven 105°C 2h 2.
C-FRA-mar24-105 Frantoio Carmignano Late Winter Oven 105°C 2h Comparison among cultivars
M-FRA-mar24-105 Frantoio Maiano Late Winter Oven 105°C 2h
M-MOR-mar24-105 Moraiolo Maiano Late Winter Oven 105°C 2h
C-FRA-apr24-105 Frantoio Carmignano Spring Oven 105°C 2h
C-MOR-apr24-105 Moraiolo Carmignano Spring Oven 105°C 2h
M-FRA-sep24-105 Frantoio Maiano Late Summer Oven 105°C 2h
M-MOR-sep24-105 Moraiolo Maiano Late Summer Oven 105°C 2h
R-FRA-105-T1 Frantoio Rignano sull'Arno Summer Oven 105°C 2h 3.
R-FRA-105-T2 Frantoio Rignano sull'Arno Summer Oven 105°C 1h30° Delayed drying trials
R-FRA-105-T3 Frantoio Rignano sull'Arno Summer Oven 105°C 30 (after 1-9 days)
R-FRA-105-T4 Frantoio Rignano sull'Arno Summer Oven 105°C 10’
M-FRA-nov23-105 Frantoio Maiano Autumn Oven 105°C 2h 4.
M-FRA-mar24-105 Frantoio Maiano Late Winter Oven 105°C 2h Seasonal variations
M-FRA-sep24-105 Frantoio Maiano Late Summer Oven 105°C 2h
M-FRA-nov24-105 Frantoio Maiano Autumn Oven 105°C 2h
M-FRA-mar25-105 Frantoio Maiano Late Winter Oven 105°C 2h
M-FRA-sep25-105 Frantoio Maiano Late Summer Oven 105°C 2h

@ M, Maiano; C, Carmignano; R, Rignano sull’Arno; FRA, Frantoio; MOR, Moraiolo; 23, 24 and 25, harvesting year; mar, march; apr, april; sep, september; nov,
november - harvesting months; 50, 80 and 105, temperature in °C applied during oven drying; ND, non-dried; RT, room temperature; LYO, lyophilized; T1, T2, T3 and

T4 refer to respectively 1, 3, 6 and 9 days of storage of fresh leaves before drying.
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drying methods were applied to olive leaf samples, including those
recommended in the recent literature (Table 1) such as air-drying, oven-
drying (at 50°C, 80°C and 105°C), and lyophilization. Extracts from
fresh samples were also prepared for comparison. For each method, the
drying procedures were prolonged until the samples reached a constant
weight to obtain completely dried olive leaves. Humidity loss on drying
of the fresh leaves was calculated as the weight difference between the
fresh and dried samples.

2.3.1. Oven drying

Oven drying was performed using a Binder Drying Oven FD 53
(Tuttlingen, Germany). The leaves were put in the pre-heated oven at
temperatures of either 50°C, 80°C or 105°C. Optimal oven-drying
duration at different temperatures was determined in a pilot study on
fresh leaf samples, which were kept in the oven and measured regularly
until constant weight was reached. Specific time-temperature conditions
applied in the different experiments are reported in Table 2

2.3.2. Lyophilization

Fresh olive leaves were submerged in liquid nitrogen and immedi-
ately transferred into a LYOVAC GT2 lyophilizer. Lyophilization was
carried out under vacuum atmosphere for 48 h.

2.3.3. Air drying

Air dried samples were stored under dark conditions at room tem-
perature, and their weight was monitored daily; effective drying time
was 14 days. Air-dried leaves were milled and extracted without any
further treatment.

2.3.4. Delayed drying

For the delayed drying experiment, Petri dishes containing olive
leaves were stored under dark conditions at room temperature for up to
9 days, then the weight percentage of humidity lost during storage was
determined. Partially dried olive leaves were then oven-dried at 105°C
until complete dryness. The oven-drying time required to remove all the
residual water was estimated with a proportion, taking as maximum
reference a time of two hours for fresh leaves (see Section 3.4).

2.4. Extraction of phenolic compounds from olive leaf samples

Dried or fresh olive leaves were pulverized and homogenized with an
IKA M 20 Universal mill. For dried olive leaves, about 1 g of each powder
sample was exactly weighed in a test tube, while 2 g of milled material
were used in case of non-dried leaves, assuming a humidity content in
fresh leaves of about 50%. Extraction was carried out with 30 ml of
EtOH:H>0 80:20, using an IKA T 25 digital Ultraturrax homogenizer and
an ultrasonic bath, then the mixture was centrifuged at 5000 rpm at 0 °C
for 10 min. The resulting precipitate was washed with 30 ml of EtOH:
H,0 80:20 and left under magnetic stirring for 15 min. The washing
solution was separated from the solid, then united to the first extract.
After defatting with hexane (2 x30 ml), the solvent was removed with a
rotary evaporator. Dried extracts were weighed to calculate extract-to-
drug yield, then they were dissolved in 5 ml of MeOH:H30 50:50 and
centrifuged at 14,000 rpm for 5 min; 2 uL of solution were injected into
the HPLC instrument for qualitative and quantitative analyses.

2.5. HPLC-DAD-MS analyses

For chromatographic analyses, a 1260 Infinity II LC system, coupled
with photodiode detector (DAD) and a Mass Spectrometry Detector
(InfinityLab LC/MSD) with API/ESI interface (Agilent Technology, Palo
Alto, CA, USA) was used. The conditions of the mass spectrometer were
the following: nitrogen flow 10.5 L/min; drying gas temperature 350°C;
nebulizer pressure 1811 Torr; capillary voltage 3500 V; full scan
acquisition in the m/z = 100-2000 Th range; fragmentor set to 150 V in
negative ionization mode. As stationary phase was employed a Poroshell
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120, EC-C18 column (150 mm x 3.0 mm 2.7 um particle dimension;
Agilent, Palo Alto, USA). HPLC-grade acetonitrile (A) and ultrapure
water acidified with 0.1% formic acid (B) were used as eluents. The
method was characterized by a linear multistep gradient, with a con-
stant flow of 0.4 ml/min. The following multistep linear gradient was
employed for elution: solvent B changed from 95% to 60% in 40 min,
stayed at 60% for 5 min, changed from 60% to 0% in 5 min, remained at
0% for 3 min and finally returned to 95% in 2 min, for a total analysis
time of 55 min. Injection volume was 2 pL, while equilibration time was
10 min. Ultraviolet-Visible spectra were acquired between 200 and
550 nm, and chromatograms were registered at 210, 220, 240, 280 and
350 nm.

Five molecules (hydroxytyrosol, luteolin-7-O-glucoside, oleuropein,
rutin, verbascoside) were identified with reference standards, while the
other 24 compounds were tentatively identified through spectrometric
and spectroscopic data and comparison with literature (Campos &
Markham, 2007; Neveu et al.,, 2010; Olmo-Garcia et al., 2018;
Quirantes-Piné et al., 2013; Talhaoui et al., 2014). Quantitation was
carried out using UV-Vis absorption data; calibration curves of oleur-
opein, hydroxytyrosol, verbascoside, and luteolin-7-O-glucoside were
used after method validation performed by evaluating LOD, LOQ,
intraday precision (by performing quintuplicate extraction and chro-
matographic analysis of the same sample within a single day) and
interday precision (by performing quintuplicate extraction and chro-
matographic analysis of the same sample over five different days); ma-
trix effect was measured through spiking experiments with oleuropein,
selected as the main compound of interest in this study, resulting in a
recovery of R% = 104.4%; finally, the specificity of the method, in terms
of peak separation, is shown in Figure S1 of the Supplementary file. All
data from the calibration curves and the validation of each standard are
reported below:

Hydroxytyrosol (A = 280 nm, calibration range 0-8.2 pg; Y =
2192.1 x X, R% = 0.9992) was used for the quantification of
hydroxytyrosol and its derivatives. LOQ 10.4 ng; LOD 3.1 ng; inter-
day precision: CV% = 5.0%; intraday precision: CV% = 4.8%.
Luteolin-7-O-glucoside (A = 350 nm, calibration range 0-2.8 ug; Y =
5060.6 x X, R? = 0.9975) was used for the quantification of flavo-
noids. LOQ 4.0 ng; LOD 1.2 ng; interday precision: CV% = 3.3%j;
intraday precision: CV% = 4.4%.

Oleuropein (A = 280 nm, calibration range 0-18 pg; Y = 655.9 x X,
R? = 0.9998), was used for the quantification of oleuropein and its
derivatives. LOQ 38.6 ng, LOD 11.6 ng; interday precision: CV%
= 3.5%); intraday precision: CV% = 3.9%

e Oleuropein (A = 240 nm, calibration range 0-18 ug; Y = 3210.5, R? =
0.9997), was used for the quantification of elenolic acid derivatives.
LOQ 9.6 ng, LOD 2.8 ng; interday precision: CV% = 2.2%; intraday
precision: CV% = 3.4%

Verbascoside (A = 350 nm, calibration range 0-0.8 pg; Y = 1607.2 x
X, R? = 0.9997) was used for the quantification of verbascoside and
other phenolic acids derivatives. LOQ 9.8 ng, LOD 2.9 ng; interday
precision: CV% = 5.5%; intraday precision: CV% = 3.8%

Molecular weight correction was applied to quantitative data of
compounds for which a commercial standard was not available, based
on the assumption that molecules which have a chromophore portion
identical or similar to that of the reference standard, have the same
molar extinction coefficients.

2.6. Data analysis

The results were expressed as grams per kilogram of dry leaves, and
as means of triplicates + standard deviations. Variables were grouped
up by chemical class and totals were calculated. Variables included in
each group are reported in Section 3.1.

ANOVA was performed using RStudio software (version 4.3.1, The R
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Foundation for Statistical Computing). The same software was also used
to perform Tukey HSD test, which was applied to determine, for each
variable, the statistical significance (p > 0.05) of differences among
samples.

3. Results and discussion
3.1. Characterization of olive leaf phenolic extracts

HPLC-DAD-MS analysis of the extracts obtained from the samples
reported in Table 2 allowed the identification and quantitation of a total
of 29 compounds, including four phenolic acids, eight flavonoids, ten
Ole and ligstroside derivatives, four glycosylated secoiridoids and three
hydroxytyrosol derivatives, as described in (Ugolini et al., 2025).
Compared to this reference study, verbascoside (detected at A = 350 nm)
and three elenolic acid derivatives (detected at A = 240 nm) were added
to the dataset.

Table 3 summarizes chromatographic data of quantified compounds
and their concentration ranges in the samples listed in Table 2, while
detailed concentration values (average of three replicates and standard
deviation) for each sample can be found in Table S1. Ole was the most
abundant molecule in most of the samples, followed by verbascoside,
oleoside methyl esters, ligstroside and luteolin-7-O-glucoside. Most of
these molecules, except for Ole and luteolin-7-O-glucoside, were not
present in every sample, implying they have a strong dependence on one
or more factors investigated in this study. Ole concentrations are in line
with most of the data summarized in Table 1 (Ahmad-Qasem et al.,
2016; Chaji et al., 2024; Cor Andrejc et al., 2022; Feng et al., 2021;
Kamran et al., 2015; Koutra et al., 2025), while only few articles re-
ported higher (Castillo-Luna et al., 2023; Sahin et al., 2018) or lower
(Afaneh et al., 2015; Filgueira-Garro et al., 2022; Zhang et al., 2022)
ranges.

Regarding the other quantified compounds, Kamran and coworkers
reported very similar concentration ranges for verbascoside
(0.11-16.74 g/kg DW), oleuroside (0.10-5.75 g/kg DW) and luteolin-7-
O-glucoside (0.90-5.44 g/kg DW) in Frantoio leaves, with variations
depending on drying method, agreeing with the results of the present

Table 3
List of quantified compounds and relating chromatographic data.
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research. (Blasi et al., 2016) reported comparable concentrations for
hydroxytyrosol in oven-dried leaves of Moraiolo (about 2-5 g/kg DW)
and Frantoio (about 2-4 g/kg DW), with variations depending on season
of harvest.

In addition to compounds in Table 3, the aglycons of Ole (m/z 377),
apigenin (m/z 269) and luteolin (m/z 285) were detected by mass
spectrometry. Since in most samples their concentration was too low for
revelation with the DAD detector, they were not included in the quan-
titative discussion. These molecules were present in more relevant
quantities only in those samples where the respective native homologs
had undergone a strong decrease in concentration (Sections 3.2 and
3.4); their presence is therefore worth mentioning as it might signal
enzymatic degradation of Ole and luteolin/apigenin glycosides.
Figure S2 shows an example of the chromatographic profiles of M-FRA-
mar25-105 and M-FRA-mar25-LYO samples, where the increase of the
aglycone concentrations in the lyophilized sample is clearly observable.

For a more synthetic data visualization and presentation, in the next
sections variables are grouped up according to chemical classification
and expressed as totals calculated as sums of single variables as follows:
hydroxytyrosol and its glucosides are included in hydroxytyrosol de-
rivatives; verbascoside and the three phenolic acid derivatives are
included in phenolic acid derivatives; the eight identified flavonoids are
grouped up as flavonoid derivatives; Ole was presented as single mole-
cule, being the most abundant and representative compound; all
secoiridoid derivatives except Ole are summed up in the secoiridoid
derivatives group; finally, the sum of all quantified molecules is pre-
sented as total quantified compounds (TQC).

3.2. Impact of drying on olive leaf phenolic compounds and definition of
the best drying method

Olive leaf drying is a crucial operation to determine the nutraceutical
quality of their extracts: in fact, olive leaves contain about 50% mois-
ture, and their bioactive compounds are susceptible to enzymatic
degradation in presence of humidity (Chaji et al., 2024). Depending on
the employed method, dehydration can help stabilize phenolic com-
pounds and preserve the nutritional quality of olive leaves or conversely

rt (min) Compound Amax [M-H] ~ Related Ions Class Concentration range (g/kg DW)
6.8 Hydroxytyrosol-Glc1l 276 315 153,123 OHTyr derivatives 0.06 - 2.6
7.2 Hydroxytyrosol-Glc2 280 315 153 OHTyr derivatives 0.03 - 0.8
7.3 Hydroxytyrosol 278 153 123 OHTyr derivatives 0.03 - 2.8
7.6 Oleoside 228 389 779 Secoiridoids 0.00 - 8.3
10.8 Phenolic acid derivativel 325, 235 379 Phenolic acids 0.06 - 1.2
12.3 Oleoside methylester Is1 238 403 389 Secoiridoids 0.00 - 17.9
13.1 Phenolic acid derivative2 228, 312 489 Phenolic acids 0.00 - 0.6
14.3 Oleoside methylester Is2 403 807 Secoiridoids 0.00 - 12.8
14.5 Phenolic acid derivative3 236, 324 519 431 Phenolic acids 0.13 - 0.8
16.8 Luteolin diglucoside 248, 268, 335 609 591, 554 Flavonoids 0.06 - 0.3
17.5 Oleoside methylester Is3 240 403 807 Secoiridoids 0.00 - 6.3
20.1 Hydroxy-oleuropein Is1 230,280 555 591 Secoiridoids 0.00 - 3.1
20.3 Rutin 271, 341 609 Flavonoids 0.09 - 1.2
20.4 Hydroxy-oleuropein Is2 230, 280 555 Secoiridoids 0.00 - 5.2
20.6 Luteolin rutinoside 252, 346 593 451 Flavonoids 0.09 - 0.4
21.4 Luteolin-7-O-glucoside 254, 348 447 895 Flavonoids 1.89 - 9.2
21.6 Verbascoside 332 623 311 Phenolic acids 0.00 - 14.5
23.2 Apigenin-rutinoside 266, 336 577 269 Flavonoids 0.08 - 0.4
24.0 Oleuropein glucoside 224, 276, 332 701 737 Secoiridoids 0.19 - 2.3
24.3 Luteolin-4-O-glucoside 268, 336 447 285 Flavonoids 0.24 - 5.9
25.0 Flavonoid 266, 344 553 461, 601 Flavonoids 0.02 - 1.7
25.8 Luteolin glucoside Is3 268, 336 447 285 Flavonoids 0.00 - 1.1
25.9 Methoxy-oleuropein Is1 282, 328 569 491 Secoiridoids 0.00 - 3.8
26.2 Methoxy-oleuropein Is2 282, 324 569 403 Secoiridoids 0.00 - 2.1
26.7 Oleuropein 232, 281 539 575, 377 Secoiridoids 5.85 - 100.8
28.5 Oleuroside 228, 283 539 637 Secoiridoids 0.63 - 8.0
29.3 Dehydro-oleuropein Is1 537 403 Secoiridoids 0.00 - 0.5
29.5 Dehydro-oleuropein Is2 537 403 Secoiridoids 0.00 - 0.6
30.2 Ligstroside 226 523 361 Secoiridoids 0.00 - 10.0
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promote enzymatic-oxidative reactions that rapidly degrade phenolic
compounds.

A systematic experiment focused on comparing different drying
methods was conducted using samples of series 1 (Table 2). Leaves of the
Frantoio cultivar were collected in late winter at two different locations
(Maiano and Carmignano). For each location, a single lot of fresh olive
leaves was subdivided into six aliquots, each of which was subjected to a
different treatment prior to extraction. Six different treatments (i.e., no
treatment (fresh leaves), oven drying at 50 °C, 80 °C and 105 °C,
lyophilization, ambient air drying) were chosen as they are commonly
used in the literature (Chaji et al., 2024; Cor Andrejc et al., 2022;
Kamran et al., 2015; Sahin et al., 2018; Zhang et al., 2022) and are easily
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replicable with standard laboratory and industrial equipment.

Fig. 1 reports the concentrations of Ole and the main classes of
compounds detected in the extracts obtained after application of the six
selected treatments on Frantoio leaves. Leaves oven-dried at 105 °C
showed the highest Ole and TQC contents compared to other treatments,
with similar patterns for the two variables and across the two locations
of harvest (Maiano and Carmignano). Average concentration values can
be ordered according to the applied treatment and to the following
descending sequence: oven drying 105 °C, ambient air drying, oven
drying 80 °C, fresh extraction, oven drying 50 °C, lyophilization. In air-
dried leaves, a statistically significant reduction of the concentration of
Ole was observed when compared to 105 °C oven-dried leaves: from
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Fig. 1. Olive leaf samples of Frantoio cultivar collected from two different locations (Maiano: a-f; Carmignano: a'-f’) in March 2025 and dried with different methods
with concentration of a) and a’) Oleuropein, b) and b’) Total Quantified Compounds, ¢) and ¢’) Total Secoiridoid Derivatives, d) and d’) Total Flavonoids, e) and e’)
Total Phenolic Acids and f) and f”) Total Hydroxytyrosol Derivatives. Values are expressed as g/kg of dry leaf weight and as means of triplicates. Error bars indicate
standard deviations. Groups of means marked with different letters are significantly different at p < 0.05 according to Tukey's HSD test.
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98.61 g/kg to 77.21 g/kg in the Maiano sample (-21%), and from 67.4 g/
kg to 59.99 g/kg (-11%) in the Carmignano sample. Variations in TQC
were similar: from 149.94 g/kg to 119.96 g/kg (-20%) in Maiano sam-
ple, from 106.70 g/kg to 98.55 g/kg (-8%) in Carmignano sample, with
statistically significant differences only observed for Maiano sample. A
decrease in Ole of about 65% was observed in the 80 °C oven-dried
samples compared to 105 °C oven-dried samples regardless of the har-
vesting location (i.e., from 98.61 g/kg to 34.84 g/kg in Maiano sample,
from 67.4 g/kg to 28.10 g/kg in Carmignano sample). A significant
decrease in TQCs was also observed in this trial with values from
149.94 g/kg to 71.64 g/kg for Maiano sample (-52%) and from
106.70 g/kg to 73.02 g/kg for Carmignano (-39%). The three remaining
treatments (fresh extraction, oven-drying at 50 °C and lyophilization)
exhibited lower Ole (i.e., from 6.32 g/kg in M-FRA-mar25-LYO to
16.07 g/kg M-FRA-mar25-50) and TQC (i.e., from 35.90 g/kg in C-FRA-
mar25-LYO to 52.06 g/kg M-FRA-mar25-ND) concentrations: variations
among these treatments were all non-significant in Carmignano sam-
ples, while in Maiano leaves lyophilization provided statistically lower
Ole contents; finally, fresh extraction provided higher TQC concentra-
tions. Total secoiridoid derivatives exhibited different trends in samples
from the two locations: highest average values were found in the 80 °C
oven-dried leaves from Carmignano (i.e., 29.90 g/kg), and in 105°C
oven-dried leaves from Maiano (i.e., 25.46 g/kg). Other treatments
determined a decrease of up to 82% (C-FRA-mar25-LYO). Flavonoid
contents were found to be highest in fresh-extracted samples from both
locations (i.e., 18.00 g/kg in Maiano sample and 15.74 g/kg in Car-
mignano sample), although for Carmignano leaves the difference among
fresh and oven dried leaves at 50 °C and 105 °C was not statistically
significant. Minor differences were observed among other treatments,
with no specific observed trend. Total phenolic acids in olive leaf sam-
ples from Carmignano were found in the 1.46 g/kg (C-FRA-mar25-50)
to 4.48 g/kg (C-FRA-mar25-LYO) range, whereas for Maiano leaves the
air-dried sample and the sample dried in oven at 105 °C showed much
higher values (i.e., 13.96 g/kg and 14.52 g/kg, respectively) and all the
other treatments concentrations below 2 g/kg, with no significant dif-
ferences. Finally, the highest values of hydroxytyrosol derivatives were
observed in lyophilized leaves, for samples of both locations (i.e.,
4.45 g/kg Carmignano, 2.75 g/kg Maiano). Variations among other
treatments were different among the two locations, and no clear trend
could be identified.

Data is also reported in Figure S3 of supplementary material, this
time with the graphs divided by treatment rather than by compound.
This visualization might be useful to get an idea of the composition of
extracts after the different treatments, highlighting the quantitative re-
lationships between different samples, and between the different mo-
lecular classes in the extracts. Overall, the best results in terms of
bioactive compounds concentration were achieved again in the 105 °C
oven-dried samples, followed by air-dried samples. Yuan and coworkers
(Yuan et al., 2023) reported that Ole is thermally stable for temperatures
up to 230 °C, while (Kamran et al., 2015) explained higher recovery of
phenols at high temperature with the disruption of cellular walls,
allowing a more efficient extraction of phenols contained in cell vacu-
oles. Moreover, temperatures above 100 °C provide enzymatic deacti-
vation and fast dehydration; conversely, oven-drying at lower
temperatures was slower and presumably did not achieve an effective
enzymatic deactivation, resulting in decreased Ole and phenolic de-
rivatives concentrations in the extracts. This result agrees with previous
research (Ahmad-Qasem et al., 2016; Kamran et al., 2015; Sahin et al.,
2018), in which authors observed higher recovery of Ole in olive leaf
samples dried at temperatures above 100 °C, in comparison to
oven-drying at lower temperatures. Ambient air drying provided ex-
tracts with high phenolic concentrations, comparable with those ob-
tained by oven-drying at 105°C, aligning with results from Feng et al.
and Andrejc et al. but contrasting with results from Kamran et al. and
Sahin et al. This process has the advantage of being the most
cost-effective, not requiring energy or equipment, except for storage
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facilities where the pruning residues would need to be stored in condi-
tions that guarantee an adequate contact surface between the biomass
and the atmospheric air. This kind of dehydration method is, however,
very slow, requiring up to 14 days for the leaves to achieve complete
dryness. Moreover, the air-drying process can be hard to control, espe-
cially when high volumes of material must be treated: small variations in
storage conditions (e.g., humidity, temperature) may compromise the
results by promoting enzymatic degradation, thus providing low-quality
dry material (Koutra et al., 2025).

Extraction from fresh material (samples M-FRA-mar25-ND and C-
FRA-mar25-ND) led to a general decrease in the concentration of all
bioactive compounds, except for flavonoids: it can be hypothesized that
the process of milling fresh leaves disrupts cellular walls, permitting
enzyme-substrate contact in presence of water, with subsequent degra-
dation of Ole and other phenols. Ramirez and coworkers (Ramirez et al.,
2022) proposed the use of DMSO as solvent for extraction from fresh
material, reporting high (up to 19% calculated as DW) concentrations in
the extracts; this procedure, although interesting from a scientific and
analytical point of view, cannot be applied to the industrial production
of nutraceuticals and was therefore not considered in the present
research. Finally, lyophilization, a process often recommended for the
preservation of bioactive compounds in plant material, in the case of
olive leaves did not provide high phenolic concentration in the extracts.
This result aligns with previous research (Kamran et al., 2015; Koutra
et al., 2025): the low yields in Ole were explained by the authors with
the hypothesis that the formation of ice crystals at low temperatures
leads to breakage of the cellular walls, while not deactivating degrading
enzymes. Koutra and co-authors suggested that, during lyophilization,
the activity of p-glucosidase and esterases (which transform Ole into its
aglycone and into hydroxytyrosol derivatives, respectively) remains
unaltered, while PPOs are inhibited by anaerobic conditions (Koutra
et al., 2025). This hypothesis accounts for the increase in concentrations
of aglycones and hydroxytyrosol derivatives in extracts obtained from
lyophilized leaves, observed in the present study as well.

Summarizing, this data demonstrates that oven-drying at tempera-
tures higher that 100 °C is the most efficient drying method to preserve
Ole and other typical phenolic compounds in olive leaves intended for
nutraceutical applications. This increase in the recovery of Ole and total
bioactive compounds when dehydration is performed at high tempera-
ture can be explained considering the three following factors: (i)
oleuropein molecular stability at high temperatures; (ii) the presence in
olive leaves of a wide array of enzymes (such as esterase, p-glucosidase
and polyphenol oxidase) able to use Ole as a substrate (thus reducing its
concentration), but only able to work within a certain temperature
range; (iii) the thickness of plant cellular walls and cytoplasmic organ-
elles, which can prevent the release in the extraction medium of Ole and
other bioactive compounds when they are not disrupted by thermal (or
other) treatment.

3.3. Effect of cultivar on phenolic variations: comparison among Frantoio
and Moraiolo

Olive leaf samples belonging to series 2 (Table 2) were selected for
evaluating the effect of cultivar on phenolic variation. To isolate
botanical variations among Frantoio and Moraiolo varieties, couples of
samples of the two cultivars were collected from the same location and
on the same day. This sampling method aimed to neutralize any dif-
ferences that might arise from varying soil and climate conditions. For
this experiment olive leaves were oven-dried at 105 °C. The data has
been analyzed using ANOVA following by Tukey post-hoc test, primarily
focusing on comparison between cultivars.

As shown in Fig. 2, Frantoio cultivar showed significantly higher
contents of Ole, total flavonoids and TQC in the three couples of samples
collected in late winter/spring, while Moraiolo showed slightly but
significantly higher concentrations of Ole and TQC in the couple of
samples collected in autumn. In particular, the greatest differences
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Fig. 2. Olive leaf samples of Frantoio and Moraiolo cultivars collected in pairs from the same location and on the same day, and dried in oven at 105°C. a) Oleuropein,
b) Total Quantified Compounds, ¢) Total Secoiridoid Derivatives, d) Total Flavonoids, e) Total Phenolic Acids and f) Total Hydroxytyrosol Derivatives. Values are
expressed as g/kg of dry leaf weight and as means of triplicates. Error bars indicate standard deviations. For each phenolic compound, different letters indicate
significant differences among values according to Tukey’s post-hoc test (p < 0.05).

among cultivars were observed in the Carmignano samples gathered in
march, with an about double content of Ole (75.80 g/kg in Frantoio and
41.15 g/kg in Moraiolo) and total flavonoids (11.07 g/kg in Frantoio and
5.26 g/kg in Moraiolo) and an about 50% higher content of TQC
(125.76 g/kg in Frantoio and 81.36 g/kg in Moraiolo) in the Frantoio
compared to the Moraiolo cultivar (Fig. 2). Regarding phenolic acid
derivatives, a markedly higher concentration was observed in Frantoio in
comparison to Moraiolo across the three couples of samples collected in
late winter/spring. Secoiridoid derivatives showed no differences be-
tween cultivars in either sampling site in leaves gathered in March,
while in the following months Moraiolo showed a significantly higher

concentration. Finally, hydroxytyrosol derivatives showed minor dif-
ferences across the two cultivars with no clear identifiable pattern.
Borghini and coworkers (Borghini et al., 2024) analyzed freeze-dried
leaves of the Frantoio and Moraiolo cultivars collected in Tuscany in
September and October 2022 using HPLC-MS, with the aim of high-
lighting geographical and varietal differences. The authors observed
overall higher Ole concentrations in Moraiolo than in Frantoio cultivar.
This result is in agreement with what observed for the sample pair
gathered in Maiano in September (Fig. 2), suggesting differences among
Frantoio and Moraiolo varieties in the seasonal trends of Ole concentra-
tions, as already hypothesized for other cultivars (Poli¢ Paskovic et al.,
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2023).

Overall, this data clearly indicates a strong effect of cultivar on
phenolic compounds content in olive leaves, especially Ole. Based on the
data reported in Fig. 2, both the cultivars can be used for the extraction
of Ole and related compounds, depending on sampling date and loca-
tion. However, the data also suggests a more suitable use of leaves of the
Frantoio over the Moraiolo cultivar. In fact, Ole content in Frantoio leaves
oven-dried at 105°C exceeded the required 5% DW threshold indicated
by the European Pharmacopoeia (EUROPEAN PHARMACOPOEIA 10.0.,
2009) in three out of the four samples. Furthermore, the Ole content was
consistently higher than in Moraiolo, reaching the highest values in the
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samples collected in March, while only in the sample collected in
September, Ole content was slightly higher in Moraiolo than in Frantoio
leaves. This result was confirmed and reinforced by further observations
as discussed in Sections 3.2 and 3.5. Such a result has important prac-
tical implications, as the data demonstrates that a high-quality raw
material for nutraceutical applications can be obtained from the spring
pruning biomass of Frantoio olive trees, while leaves from the Moraiolo
cultivar can be utilized if gathered during the September pruning
operations.
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Fig. 3. Olive leaf samples of Frantoio cultivar with concentration of a) Oleuropein, b) Total Quantified Compounds, ¢) Total Secoiridoid Derivatives, d) Total
Flavonoids, e) Total Phenolic Acids and f) Total Hydroxytyrosol Derivatives. Days indicate the delay between fresh leaf collection and oven drying at 105°C. Values
are expressed as g/kg of dry leaf weight and as means of triplicates. Error bars indicate standard deviations. Groups of means marked with different letters are
significantly different at the 0.05 level according to Tukey's HSD test.
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3.4. Impact of storage time before drying

A single lot of fresh Frantoio leaves collected in Rignano sull’Arno
during the summer was subdivided into twelve aliquots; each sample of
series 3 (Table 2) represents a triplicate of these aliquots. Olive leaf al-
iquots were stored in a fresh and dark place for an increasing duration
(up to 9 days), then residual water was completely removed by oven-
drying at 105 °C. To prevent potential degradation of phenolic com-
pounds caused by prolonged oven exposure (which was observed in
preliminary samples, as reported in Figure S4), and to reduce drying
time and energy costs of the process, a proportion was calculated be-
tween the initial moisture content and the residual humidity after
storage time. Through calculation, it was then possible to estimate the
optimal drying times for samples which had already lost part of their
humidity during storage. After complete drying, all samples showed a
total moisture loss of 57%, matching the amount calculated for the
sample dried at time 1 (R-FRA-105-T1).

Fig. 3 shows the concentrations of Ole, and of the main classes of
compounds detected in Frantoio leaf extracts, as a function of the time
elapsed between collection and oven-drying. Fig. 3a shows that Ole
content did not show any statistically significant variation when leaves
were oven-dried after no more than three days of storage, with mean
values of 60.63 g/kg at T1 and 63.58 g/kg at T2. After this, Ole con-
centration dropped sharply, with a 53% decrease (29.80 g/kg) and an
88% decrease (7.51 g/kg) after six and nine days of storage, respec-
tively. Regarding TQC, the trend mirrored that observed for Ole, also
because this compound represented more than 65% of the total quan-
tified compounds in day-1 sample. Conversely, total secoiridoid content
decreased from 20.35 g/kg to 15.05 g/kg (-26%) when leaves were
dried after three days, compared to leaves dried after 1 day; when
storage time further increased, no statistically significant variation was
observed. Since the sum of total secoiridoids also included compounds
deriving from enzymatic degradation of Ole, this apparent stability
might be due to a dynamic equilibrium between Ole conversion and
secoiridoid degradation. Flavonoids showed greater stability, with their
total content decreasing from 9.15 g/kg to 6.87 g/kg (-25%) over nine
days. On the other hand, hydroxytyrosol derivatives exhibited a linear
decrease in concentration with an average daily decrease of 10% from
the initial value of 1.76 g/kg (i.e., —30% after three days, and —90%
after nine days). Finally, phenolic acids showed an apparent increase
from day 1 to day 3 exsiccation, then their content in the extracts
remained stable during longer storage times. Results from further ex-
periments (see Sections 3.2 and 3.5) suggest that phenolic acids con-
centration strongly depends on seasonal and geographical variations; in
all the samples of this series, their concentration was very low, so their
apparent increase might be due to the relatively greater experimental
error.

It is presumed that various enzymatic processes are involved in the
degradation and transformation of phenolic compounds in fresh leaves.
Specifically, the stability of Ole in fresh leaves during the first days after
harvesting could be linked to its compartmentalization within vacuoles
inside the plant cells, while endogenous enzymes are primarily localized
inside chloroplasts (Koutra et al., 2025). It can be hypothesized that the
"lag time" of approximately 3—4 days before the onset of degradation and
the subsequent sharp drop in bioactive compounds concentration is due
to the need for chloroplast and vacuole walls to break down first. Only
then would Ole come into contact with degrading enzymes such as
esterase, B-glucosidase and PPO.

This data indicates that olive leaves intended for upcycling into
nutraceuticals can be stored up to three days after harvesting. Within
this period, they must be dried in order to preserve their high content of
Ole and other typical phenolic compounds.

3.5. Seasonal variations among Frantoio samples

Olive leaves as residue are generated both during oil production

10
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(October-January) and more significantly during tree pruning, which
typically occurs in late winter/spring (February-April) and late summer
(August-September). Their availability over most of the year differen-
tiates them from other Olea europaea L.-derived by-products, which are
produced only during the virgin olive oil production season. Efficient
olive by-products management is often hindered during the olive fruit
harvesting season because producers are primarily focused on oil pro-
duction (Cecchi et al., 2022); instead, the availability of leaves over a
wider timespan makes their recovery potentially more viable and
advantageous.

Samples included in series 4 (Table 2), all collected in Maiano and
belonging to the Frantoio cultivar, were all oven-dried at 105 °C to study
seasonal variations of the compounds investigated in olive leaf extracts
across two years and in each season in which olive leaf biomass is pro-
duced. Notably, leaf age as potential source of variability was not
determined in this study, since the main objective was to analyze
“average samples” obtained from leaves collected by farmers during
pruning operations.

Fig. 4 shows the concentrations of Ole, and the main classes of
compounds detected in the extracts. For Ole and TQC, very similar
trends were observed: maximum concentration values were found in
March 2025 (98.61 g/kg Ole, 149.94 g/kg TQC), followed by March
2024 (73.59 g/kg Ole, 117.44 g/kg TQC), with statistically significant
variations among the two years. Values of 87.85 g/kg in TQC and of
48.46 g/kg in Ole characterized the sample collected in September
2024, while lower values were observed for samples collected in
September 2025 (20.70 g/kg Ole, 44.07 g/kg TQC), November 2024
(21.16 g/kg Ole, 61.26 g/kg TQC) and November 2023 (18.69 g/kg Ole,
39.19 g/kg TQC). This data is in agreement with that of Blasi and co-
workers (Blasi et al., 2016), who analyzed oven-dried at 40 °C Frantoio
leaves in December, March, June and September, and found the highest
Ole concentration in March. It only partially agrees with previous
research by our research group (Ugolini et al., 2025) on seasonal vari-
ations of phenolic compounds in leaves from Frantoio and other culti-
vars; in that case, the highest Ole concentration for Frantoio variety
(26.81 g/kg) was found in autumn. This discrepancy can be attributed to
the different drying methods applied, which significantly impact on the
content of bioactive compounds (Section 3.2) through the deactivation
of enzymes like esterases, PPOs and p-glucosidases.

Flavonoids also exhibited the highest concentrations in spring
(11.12 g/kg March 2024, 10.27 g/kg March 2025), with relatively high
average values detected in November (8.31 g/kg 2023, 6.27 g/kg 2024)
and lowest flavonoid content (4.07 g/kg) observed in September 2024.
A similar trend was observed for hydroxytyrosol derivatives, reaching a
maximum value of 1.42 g/kg in March 2024 and a minimum value of
0.19 g/kg in September 2025, while no clear seasonal trend could be
identified for secoiridoid derivatives, which varied from 10.17 g/kg in
November 2023-34.49 g/kg in September 2024. Finally, phenolic acids
concentrations were relatively low (0.55 g/kg to 2.70 g/kg) in the first
four time-points, with small differences among samples, while the
sample collected in March 2025 showed a much higher value of 14.52 g/
kg. This difference suggests that this class of molecules may be influ-
enced by other factors (e.g., irrigation conditions, enzyme loading,
micro-nutrients availability) rather than season.

Summarizing, the best period for collecting olive leaves aimed at
obtaining dried leaves with a high content of Ole and phenolic com-
pounds and suitable for nutraceutical applications corresponds to the
month of March, at the transition between the end of winter and the
beginning of spring.

4. Conclusions

The results of this study provide new insights into how factors
influencing the management of olive pruning biomass affect the bioac-
tive compound profile of fresh and dried olive leaves, thereby support-
ing its valorization and upcycling into nutraceutical applications, while
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Fig. 4. Olive leaf samples of Frantoio cultivar, collected in Maiano from November 2023 to September 2025 and dried in oven at 105°C, with concentration of a)
Oleuropein, b) Total quantified compounds, ¢) Total secoiridoid derivatives, d) Total flavonoids, e) Total phenolic acids and f) Total hydroxytyrosol derivatives.
Values are expressed as g/kg of dry leaf weight and as means of triplicates. Error bars indicate standard deviations. Groups of means marked with different letters are

significantly different at the 0.05 level according to Tukey's HSD test.

also clarifying controversial aspects still present in the literature. A
targeted sampling strategy and the use of a consistent chemical-
analytical method for the analysis of all samples made it possible both
to clarify the conflicting data reported in the literature and to establish a
post-harvest management protocol for olive leaves intended for nutra-
ceutical application. Such a protocol will allow avoiding incorrect
management of pruning residues that can compromise the quality of the
raw material.

The effects of factors such as drying method, cultivar, fresh leaf
storage time before drying, and seasonality on the phenolic profile of
two of the most common Tuscan cultivars were elucidated. Frantoio

leaves collected in spring, properly stored and dried, clearly exceeded
the requirements of the European Pharmacopoeia (i.e., oleuropein
content greater than 5% DW), even reaching levels up to 7.5%; Moraiolo
leaves marginally met the 5% requirement at specific sampling dates,
thus identifying Frantoio as more suitable for high-yield oleuropein
phenolic profiles in the extracts. Oven-drying at 105 °C showed to be the
best drying method to obtain dry products rich in oleuropein; finally,
olive leaves must be dried within three days after harvesting to guar-
antee avoiding oleuropein and other typical phenolic compounds
degradation.

Guidelines for the management of dried olive leaves intended for
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their upcycling into nutraceutical by producing dried leaves with
oleuropein content greater than 5% DW can be defined and briefly
summarized as follows: olive leaves of specific cultivars (e.g., Frantoio)
harvested in late winter/spring must be oven-dried at 105 °C within
three days after harvesting. These guidelines can help providing the food
industry with a high-quality, sustainable raw material, maximizing
oleuropein content, as crucial objective for obtaining dried olive leaves
with high nutraceutical value.
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