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Lavandula angustifolia mill. for a suitable ol

non-invasive treatment against fungal
colonization on organic-media cultural heritage
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Abstract

In the context of bio-deterioration of cultural heritage, the Lavandula angustifolia Mill. plant proves to be of interest
for a green approach to the preservation of art manufacts on organic media. Supercritical CO, fluid extraction (SFE)
was utilized to obtain both lavender essential oil (E2LS3) and hydrolate (E2LS3A), while ultrasound assisted macera-
tion in n-hexane:ethanol (99:1, v:v) provided LA2/1 extract. The extracts, all chemically characterized by UHPLC-
HRMS and GC-MS analyses, were screened for their antifungal capability towards six fungi isolated from the ply-
wood support of Haim Steinbach’s contemporary artwork "Un-color becomes alter ego #2" (1984). To this purpose,
disk diffusion method was applied on both mycelium and conidial suspensions to unravel whether the inhibitory
activity affects the growth of fungi at different life cycle stages. The micro-atmosphere method was also explored
to assess the response of fungal growth in a saturated atmosphere. Data acquired highlighted that SFE-obtained
lavender essential oil, whose oxygenated monoterpene part mostly accounting for terpinene-4-ol, borneol, linalool,
camphor, and 1,8-cineole, proves to be a dose- and time-dependent inhibitor of fungal growth. It has also been
shown that exposure to the oil vapor phase is more effective at very low dose levels. The promising results allow us
to hypothesize the use of the essential oil for treating fungal colonization by exposure to its volatile components

in a modified atmosphere environment, with no direct contact with the artwork.
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Introduction

Biodegradation of art manufacts is one of the most
common causes of aesthetic damage in cultural heritage
conservation. In particular, fungi, due to their adapt-
ability and resistance to extreme thermo-hygrometric
parameters, turn out to be present in different types
of public, private and museum exhibition environ-
ments. Fungal colonization can be the cause of direct
and indirect damages: the former consists of structural
impoverishment and morphological alteration of the
materials constituting the artworks, as a consequence
of the enzymatic action against classes of molecules of
which they feed on, such as cellulose, lignin, starches,
proteins [1]. In addition, the development of mycelium
on surfaces can cause physical-mechanical damage
with associated problems of adhesion, micro-cracking,
and de-cohesion [2]. Fungal colonization also acts indi-
rectly, by causing biochemical changes as a result of the
interaction of metabolites secreted by microorganisms
(e.g. organic acids and pigmented compounds), which

can modify pH values and catalyze oxidation processes
of the original materials [3].

The degradation of biological origin impacts a diverse
range of materials, encompassing not just those derived
from nature used in traditional methods but also syn-
thetic products present in modern poly-material arti-
facts and products utilized in restoration procedures. An
example of bio-receptive synthetic compounds are petro-
plastics (PVC, PP, PS, PET, PU) [3, 4], and acrylic paints
and resins used in restoration [5]. Biocide treatments
involving such types of poly-material works are complex
due to the heterogeneity of their components, since each
of them must be chemically and physically compatible
with the applied product. The importance to find new
alternatives to existing commercial products based on
quaternary amonium salts stems not only from the desire
for a greener solution but also from the risk of developing
resistance by microorganisms [6].

Recently scientific research has focused on the use
of alternative and eco-friendly products to conduct
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biocidal treatments on artistic manufacts, and the
extensive literature demonstrates that plant-derived
essential oils have achieved excellent results in ensur-
ing inhibition against biological colonization, despite
demonstrating an inconsistent trend [7-13]. Variabili-
ties in antifungal efficacy are related to multiple factors.
In fact, plant matrices vary widely in their composition
in terms of secondary metabolites depending on the
time and place of harvest [14—16], extraction method
[17] and, within the same genus, on the species and cul-
tivar [18]. Along with the intrinsic mutability of plant
extracts, the anti-fungal properties have variable trends
according to the concentration and time, as well as the
specific sensitivity of the micro-organisms. Among
plant extracts tested in the literature, antifungal prop-
erties of essential oils from plants belonging to the
Lamiaceae family stand out. Within these aromatic and
medicinal plants, extracts obtained from different lav-
ender species (L. dentate, L. angustifolia, L. stoechas, L.
latifolia, L. officinalis and their hybrids) were found to
be effective in growth inhibition in in vitro experiments
[8, 18-23]. In particular, literature data show that the
effectiveness of lavender essential oil can reach a total
fungal growth inhibition on fungal plant pathogens
by direct contact starting from 0.032% [24—-27] and by
vapour phase at 0.018% [28, 29] of concentration on
the total volume to treat (v/v). However, although the
antifungal efficacy of lavender extracts is extensively
documented, data on its application in the context of
cultural heritage, and specifically on organic media,
is very limited [13, 21]. These studies focus primarily
on in vitro activity without considering the applica-
tive aspects and implications on art objects and, fur-
thermore, no contemporary polymaterial artwork has
been considered as an experimental target so far. Other
studies mention the use of essential oils such as clove,
thyme, rosmary, basil, mint ect. [28, 30-38] used on
wooden materials, archival documents and canvas
paintings with few or no references to the extraction
processes and selection of bioactive compounds from
plant matrices, and how these influence the antifungal
effectiveness of the treatment.

The present research arises from multiple needs: not
only to assess the feasibility of utilizing lavender extract
as an alternative biocidal treatment for artistic artifacts,
but also to contemplate the use of a sustainable extrac-
tion technique to obtain it. Secondly, in order to mini-
mize the quantity of substance used, different application
methodologies have been evaluated to identify the most
effective and suitable for the restoration sector.

In the specific context of the case study involving a
contemporary art object, proposing an alternative and
non-contact application protocol proves to be essential
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in minimizing the direct application of substances onto
the artwork’s surface, which presents compositional
heterogeneity.

Research aim

The present research aims to: (1) investigate whether
and to what extent the extraction processes influence
the yield of the plant matrix of Lavandula angustifolia in
terms of chemical composition and antifungal properties;
(2) identify the most effective application method for the
antifungal treatment of complex multi-material works
through contact and non-contact protocols.

Materials and methods

The artwork

"Un-color becomes alter ego #2" is the name of the art-
work used as case study. It was realized in 1984 by the
artist Haim Steinbach; it is part of the permanent col-
lection of the Plart Foundation and it is exhibited in
the homonymous Museum of Design and Plastic Art in
Naples, Italy. It is a poly-material object of contemporary
art: it consists of a shelf made of plywood covered in lam-
inate and includes two latex masks of Yoda and a music
stereo (Fig. 1A). The support affected by bio-coloniza-
tion is the wooden substrate, which has shown signs of
degradation manifesting as a powdery white appearance
(Fig. 1B).

Fungi isolation: morphological characterization

and molecular identification

The fungi isolation has been carried out in situ at the
Plart Museum in Naples, from the surface of the artwork
plywood support using a sterile scalpel (Fig. 1C). The bio-
logical material was placed in Petri dishes (60 mm diam-
eter) on sterilized Potato Dextrose Agar (PDA; Conlab®)
culture medium. The plates were incubated in the dark
for 7 days at 22+ 2 °C. Thus, 14 fungi were isolated.

Morphological characterization was performed by
observing macroscopic characteristics such as colony
color and growth rate of fungal colonies isolated on
PDA. Furthermore, under the optical microscope (Olym-
pus BH-2), the fruiting bodies and conidia produced by
10-14 day old mushroom cultures grown on PDA plates
were observed, using water as a mounting medium.

To proceed with the identification of the isolated
fungal species, DNA was extracted using Cetyltrimeth-
ylammonium bromide (CTAB) method [39], and then
amplified through Polymerase Chain Reaction (PCR)
technique in a thermal cycler. ITS1 and ITS4 prim-
ers were selected to replicate the gene sequences of
all the isolates. Furthermore, the Translation Elonga-
tion Factor was used when the similarity percentage
of gene sequences was lower than 99%. The procedure
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Fig. 1 A The artwork "Un-color becomes alter ego #2"; B Verso of the artwork: on the wooden surface of the shelf the fungal degradation
is identified in the white powdery substance; C Collection of biological materials

consisted in the following steps: heat activation at
94 °C for 2’ (Initialization), then 35 cycles at 94 °C and
55 °C for 30” for DNA melting (Denaturation), in order
to bind the primers to the strands, the T is brought to
72 °C for 1’ (Annealing) and kept at this condition for
5 more minutes to allow the amplification (Extension).
The samples are kept in the thermal chamber for cool-
ing at 12 °C.

DNA was quantified by using UV-Vis Thermo
Scientific" NanoDrop™" One and visualized on an aga-
rose gel to assess the concentration. In total, 12 DNA
samples were diluted in distilled water to obtain a con-
centration of 10 ng/uL in a total of 25 pL of solution.
Sequencing has been performed by BMR Genomics in
Padua. The identified sequences have been uploaded
on Chromas Lite software in order to clean the data,
and in conclusion they were compared with the data-
set from BLAST Nucleotide platform to identify fungal
species based on % of similarity.

Plant material and extraction

Aerial parts of Lavandula angustifolia Mill. were col-
lected manually in July 2022, at the “Delle Cave” farm,
located in the municipality of Vitulazio (Caserta, South-
ern Italy—41°852" N 14° 12”37" E). The collected plant
materials were dried in a ventilated oven at 45 °C for
5 days, and then pulverized (Knife Mill PULVERISETTE
11, Buch & Holm, Herlev, Denmark). Samples of dried
lavender powder underwent extraction by means of
supercritical fluids, or alternatively extracted by ultra-
sound-assisted maceration.

Supercritical CO, extraction

Supercritical CO, extraction was carried out at Mater
s.r.l. (Naples) by a custom-built pilot plant, which is
depicted in Additional file 1: Fig. S1, consisting in a 7 L
extractor E1 (with 5 L internal basket) and three sepa-
ration stages—a gravimetric 1 L separator S1, and two
cyclonic separators S2 and S3 (0.5 L volume each). Two
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automatic back pressure regulators located downstream
from E1 and S1 respectively allow for independent pres-
sure settings in these two vessels. A water jacket heating
system connected to a heater (Handy 4 K, Sella, Settimo
Torinese, Italy) is used to maintain set temperatures at
E1, S1, and S2, which can be varied from room tempera-
ture to 80 °C. The last separator S3, which is used to trap
volatile compounds, and a CO, reservoir Bl are cooled
by a cold-water jacket connected to a chiller (RAK.E
2802 VH, Euroklimat, Siziano, Italy). Heating and cool-
ing circuits are also used for various heat exchangers
(H1-3, C1). The reservoir B1 allows to recycle CO, thus
drastically reducing its consumption. The plant uses a
diaphragm metering pump by LEWA GmbH, Leonberg,
Germany, model LDD1. Both the pump PCO, and the
extractor are rated for the maximum operating pressure
of 300 bar, while the maximum CO, flow rate is 33 kg/h.
The pilot plant is controlled by a PLC and SCADA that
allow to automatically execute an extraction cycle with
preset parameters. The CO, cylinder pack (FOODSENSE
2 grade,>99%) was supplied by Nippon Gases Italia.
A total of 1315 g of dry powdered lavender matrix was
extracted employing the following parameters: in the
extractor T=50 °C, P=100 bar, and in the S3 separa-
tor T=15 °C. The CO, flow was set for 30 kg/h for three
hours for a total CO,=90 kg. Under these conditions the
pure lavender essential oil extract (E2LS3) and the fla-
vored water, the hydrolate (E2LS3A), were both collected
in the S3 separator. Then the two phases, lipophilic and
aqueous, were separated by decanting.

Ultrasound assisted extraction

Lavender chalices (20 g) wunderwent ultrasound-
assisted maceration (UAM; Branson UltrasonicsTM
BransonicTM M3800-E, Danbury, CT, USA) using
n-hexane:ethanol (99:1, v:v) as extractive solution. The
plant material:extractant ratio was of 1:10 (g:mL). Three
UAM cycles were carried out (30 min for each) away
from light. At the end of each cycle, the sample was fil-
trated, and dried by using a rotary evaporator (Heidolph
Hei-VAP Advanyage, Schwabach, Germany). Thus, the
extract LA2/1 was obtained.

Chemical characterization of lavender extracts

UHPLC ESI QqTOF HRMS/MS analyses

The three lavender extracts E2LS3, E2LS3A and LA2/1
were injected at a concentration level of 10 mg/mL. The
separation was carried out by a NEXERA UHPLC sys-
tem (Shimadzu; Tokyo, Japan) using a Luna® Omega
C-18 column (1.6-pm particle size, 50x2.1 mm id.). A
binary solution was utilized: (A) H,O and (B) CH,;CN,
both acidified with 0.1% of formic acid. A linear gradi-
ent was employed and solvent B percentage increased
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as follows: 0-1.0 min, 50% B; 1.0-10.0 min, 50 — 95%
B; 10.0-13.0 min, held at 95%. Then, the mobile phase
composition was allowed to re-equilibrate for 2 min. The
flow rate and the injection volume were 0.5 mL/min and
2.0 pL, respectively. High-Resolution Mass Spectrometry
(HR-MS) analyses were performed using the AB SCIEX
Triple TOF® 4600 (AB Sciex, Concord,ON, Canada)
system. This latter was equipped with a DuoSpray'" ion
source, using ESI probe for MS investigations in negative
ionization mode, and the APCI probe for fully automatic
mass calibration (through Calibrant Delivery System). A
full-scan time-of-flight (TOF) survey (accumulation time
100 ms, 100-1500 Da) and IDA MS/MS scans (dwell
time 100 ms, 80-1300 Da) were acquired with the fol-
lowing parameters: curtain gas (CUR) 35 psi, nebulizer
(GS1) and heated (GS2) gases 60 psi, ion spray voltage
(ISVF) 4500 V, ion source temperature (TEM) 600 °C,
and declustering potential (DP)—80 V. The collision
energy (CE) applied was—40 V, with a collision energy
spread (CES) of 20 V. The instrument was controlled by
Analyst® TF 1.7 software (AB Sciex, Concord, ON, Can-
ada,2016), while data processing was carried out using
PeakView® software version 2.2 (ABSciex, Concord, ON,
Canada, 2016).

GC-MS analysis

E2LS3 and LA2/1 extracts were diluted in n-hexane
(1:30), while the aqueous extract E2LS3A was centrifu-
gated with a solution of acetone and n-hexane (1:1) and
the resulting supernatant was used for the analysis. For
each sample 1 pL was injected in a GC-MS-QP2010
instrument (Shimadzu Corp., Kyoto, Japan) composed
by GC-2010 Plus gas-chromatograph joint to a 2010 Plus
single quadrupole mass spectrometer. A 30 m column
(JB DB-WAX, 0.25 mm id, 0.25 pm film thickness, Agi-
lent Technologies, Santa Clara, CA, USA) was used for
compounds separation. Helium was the gas-carrier. The
initial temperature of 38 °C was held for 1 min and then
raised to 120 °C at a rate of 2 °C/min. The gas flow was
set with a constant linear velocity at 45 cm/s, and the
split ratio was set to 12:1. The mass spectrometer was set
with a solvent cut time of 2.5 min. Before conducting the
analysis a solvent blank was analyzed and for each sample
five runs were carried out (duration of 99 min each). Peak
areas were normalized on the detected signal strength,
and the identification of metabolites was performed by
comparing mass spectrum of each peak with the NIST
library collection (NIST, Gaithersburg, MD, USA), con-
sidering the components matching for at least the 85%.
This untargeted analysis was conducted without standard
reference and allowed to obtain a relative and semi-quan-
titative composition of the extracts.
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Antifungal activity tests

The antifungal properties of the above-mentioned
extracts were evaluated by contact and by micro-atmos-
phere procedures. In the first case, the tests were car-
ried out in Petri dishes (60 mm) in PDA-based culture
medium using Disk Diffusion Method (Fig. 2A) [40]. To
this purpose, 5 mL of Potato Dextrose Agar (PDA) were
placed in each plate, while extracts were infused onto
4 mm diameter sterilized filter paper discs. These latter
were placed equidistant from each other and imbibed
with 10 pL of the mixture. In the middle of the plate, a
mycelial plug was inserted with a 4 mm diameter hole-
puncher. For the lavender essential oil (E2LS3) and hyd-
rolate (E2LS3A) samples, pure extract and its dilutions,
made using ethanol 96% (v/v) to achieve extract:solvent
ratios equal to 3:1, 1:2, 1:3, and 1:4, were tested. The
UAM-obtained dry lavender extract LA2/1 was dissolved
in pure ethanol to reach a stock solution equal to 25 mg/
mL, which was further diluted using extract:solvent
ratios as above described.

For ascomycetous fungi, conidial suspensions were
also prepared at a concentration of 1x10° CFU (colony-
forming unit) to assess the susceptibility of the fungi at
the pre-germination life-cycle stage (Fig. 2B).

For the second procedure in Micro-atmosphere
(Fig. 2C) [13] the plugs of mycelium were inoculated on
the medium, 40 pL of lavender essential oil (E2LS3), as
such and following dilution ratios equal to 3:1, 1:2, 1:3,
1:4, 1:10, and 1:20, was applied on the lid of the reversed
Petri plate. Thus, the evaporation of the volatile compo-
nents without direct contact with the biological material
was obtained. The plates were sealed with Parafilm® M
to create a modified micro-atmosphere. Since both the
apolar extracts and the hydrolate have high solubility in
ethanol, this solvent has been preferred to surfactants to
diluite the mixture. A control plate with untreated myce-
lium was made for each fungus in order to compare its
growth; moreover another control plate for each fungus
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has been treated with ethanol in the same amount pre-
sent in the corresponding tested diluition to ensure
that the diluent did not interfere with the results of the
extracts’ activity. For each sample three technical replicas
have been carried out and and the experiment has been
reapeted twice. Samples were stored in a thermostatic
chamber at 24 °C for the period of the experiment. The
results were monitored up to 2 months.

Statistical analysis

Data acquired were expressed as mean + standard devia-
tion (SD). ANOVA repeated measures followed by
Tukey’s post hoc test was applied, using statistical SPSS
software (version 20.0; SPSS Inc., Chicago, IL, USA).

Results and discussion

Fungi identification: molecular and morphological analysis
Six fungi were identified based on morphological obser-
vation and percentage of similarity of nucleotides allign-
ments. The sequences were deposited on GenBank and
their accession number is also reported. The colony of
Aspergillus versicolor OR797125 (99%) reached 18 mm
in diameter after incubating for 7 days on PDA at 25 °C.
The surface was a color between pale yellow and orange,
while reverse was light brown to orange. Conidia were
sub-globose with 2.0-3.0 pm of length [41]. As for the
Aspergillus japonicus OR793057 (100%), colonies reached
about 5.3 cm in diameter in 7 days on PDA at 25 °C.
The colonies at first were uncolored but later turned to
black. Mature conidial heads were variable. Conidia were
nearly globose to globose with a length of 2.5-3.5 um
[41] Morphological features of Penicillium raistrikii cul-
tures OR793104 (100%) were studied considering the
colony diameter growth rate of 47 mm in 7 days, and the
yellowish-green color of the surface colony. Microscopic
features for the identification were ellipsoid conidia,
with a length of 3,5 um [42]. Lecanicillium dimorphum
OR789619 (100%), showed colonies reaching 2.2 cm

)

Micro-Atmosphere
Mycelial Plug

Fig. 2 lllustration of micro-biological essay protocols for A Disk Diffusion Method with mycelial plug, B Disk Diffusion Method using conidial

suspension and € Micro-atmosphere with mycelial plug
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in diameter in 7 days on PDA and were high, white and
fluffy. Conidia length was in a range of 1.5-2.3 pm [43].
Schizophyllum commune mycelia OR789623 (100%)
revealed both narrow and wide hyphal filaments, which
were hyaline and septate. It turned to brown colour, the
outline of colony was white, and the reverse of plate was
darkened. Coprinellus domesticus OR789618 (100%) pro-
duced no characteristic mycelium on PDA, and its colony
was white as for several other basidiomycetes. For both
basidiomycetous fungi, identification was necessary to
perform translation elongation factor as the ITS analysis
only achieved 98% similarity to the dataset (Additional
file 1: Fig. S2; Genetic Sequences). Since the isolates of S.
commune and C. domesticus are difficult to identify and
the production of basidiocarp is not easy, cumbersome
and very high time-consuming, techniques such gene
sequencing are required to identify these basidiomycetes
[44, 45].

The six fungi mentioned were used for testing anti-
fungal efficacy of the extracts. The presence of Aspergil-
lus and Penicillium spp. as first settlers generates a more
bio-receptive substrate and also predisposes it to a sec-
ond colonisation. A. versicolor, a slow-growing filamen-
tous fungus was recently found to infect organic-media
artworks [46], there was no evidence for the other iden-
tified fungi. Isolated species of basidiomycetes such as
Coprinellus domesticus and Schizophyllum commune are
recognised as being responsible for white rot disease on
wood due to their enzymatic activity against lignin and
cellulose [47, 48]. The presence of Lecanicillium dimor-
phum, an entomopathogenic fungus found on plant
leaves and stems, can also interfere with the colonisation
process due to its enzymatic activity towards the starch
naturally present on these substrates, thus representing a
species relevant to the bio-degradation process [49].

Extracts yields
Based on applied supercritical CO, extraction conditions,
E2LS3 extract yield was 1.36% on a dry mass basis (%g
0il/100 g dry lavender), while the recovery of the aque-
ous part (E2LS3A) corresponded to 1.44%. UAM-based
extract LA2/1 scored higher extraction yield (5.28%).
Although the percentage yield of lavender essential
oil by supercritical fluid extraction appears lower than
that obtained by UAM, SFE is known to be a sustain-
able alternative that provides extracts with high purity.
When compared to data in the literature, it becomes
apparent that the extraction yield obtained is consistent
with findings from some previous studies, which indi-
cate a recovery rate even below 1% [50]; nevertheless,
it is lower than the extraction yields reported in other
research [51]. However, it should be emphasized that
the applied parameters of temperature, pressure, etc.
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extensively affect the yield and purity of the final product
[52]. In fact, studies have shown that extending the expo-
sure time, along with adjusting pressure and temperature
parameters, promotes the production of essential oils
containing a higher quantity of impurities, mainly due to
waxes and pigments, such as chlorophylls and flavonoids
[50, 53]. Similar components, as revealed by analyses in
liquid chromatography and/or gas chromatography cou-
pled with mass spectrometry, are absent in the extracts
herein discussed.

Chemical characterization: UHPLC-HRMS and GC-MS data
In order to determine the chemical composition of the
extracts under investigation, both UHPLC-HRMS and
GC-MS tools were applied, and compounds belonging
to different chemical classes, mainly terpenes and fatty
acids, were identified.

In particular, UHPLC-HRMS highlighted that LA2/1
extract mainly consisted of fatty acids and triterpene
compounds (Table 1).

Ursane-type triterpenes, such as ursolic acid, and its
dehydroderivative, previously isolated from L. spica and
L. austrappenina, were detected, together with 3-oxo-
hydroxyurs-12-en-28-oic acid and its dehydroderiva-
tive. This latter showed the deprotonated molecular ion
at m/z 467.3171. Coumarate esters were also tentatively
identified, while the polyunsaturated fatty acid linoleic
acid appeared to be the most abundant fatty acid of
the extract. Palmitic acid, oleic acid and linolenic acid
were largely in E2LS3 extract, while the aromatic water
accounted for linalool hexoside and monosaccharides.

The relative quantitation of the compounds tentatively
identified allowed a heatmap construction. In fact, a mul-
tivariate analysis approach by ClustVis (https://biit.cs.ut.
ee/clustvis/) was applied to investigate and clarify quali-
quantitative compositive data of compounds in each
extract. The graphical representation clearly highlighted
that the three extracts broadly differed in the relative
content of their constituents (Fig. 3).

To fully deepen the chemical composition of the
three extracts, volatile compounds were analyzed by
means of GC-MS techniques. In particular, when GC-
MS analysis were carried out, more than three hundred
compounds for each extract were tentatively identi-
fied; the main ones present at a concentration > 1% are
shown in Table 2. Although the relative intensities of
LC-MS and GC-MS peaks do not directly correlate to
absolute concentrations, due to the differential ioniza-
tion efficiencies of the different metabolites within a
complex mixture [54], terpinen-4-ol appeared to be
the most abundant compound in E2LS3 extract. This
latter further accounted for borneol, linalool, cam-
phor, and 1,8-cineole. Terpinen-4-ol content decreased
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Fig. 3 Heatmap of the compounds tentatively identified in the lavender extracts (https://biit.cs.ut.ee/clustvis/). In the ClustVis hierarchical
clustering tool, both rows and columns are clustered using correlation distance and average linkage

in E2LS3A, where linalool and borneol constituted
together the 56.3% of the constituents, and in LA2/1
extract. This latter, according to UHPLC-HR MS pro-
file, contained an hydroxycinnamyl derivative, and fatty
acids among its components. Furthermore, 1,8-cineole,
which appeared to be lacked in E2LS3A extract, was
poorly in LA2/1 extract, which in turn did not contain
borneol at dose level > 1%.

Considering the monoterpene component of the
three investigated extracts, as sum of monoterpene
hydrocarbons and oxygenated monoterpenes, E2LS3
and E2LS3A extracts appeared to be the richest,
whereas E2LS3A also contained monosaccharides.

Terpinene-4-ol was previously detected in apolar
lavender extracts obtained by using n-hexane in mac-
eration processes, and by means of supercritical fluids,
although found in considerably lower quantities than in
the present study (0-6%) [9, 21, 25, 27-29]; while com-
mon main compounds such as linalool, lavandulol and
linalyl acetate are present in lower quantities than in
the range indicated for oils from samples of Lavandula
angustifolia collected in Italy [30, 31].

Hexyl coumarate

9-oxooctadeca-10,12-dienoic acid

Stearic acid

Linolenic acid

Diterpene derivative (e.g. rosmaquinone B)
Palmitic acid

Oleic acid

Hydroxy decadienoic acid
9-oxooctadeca-10,12,15-trienoic acid

E2L-S3

Antifungal activity tests

Disk diffusion method with mycelial plug

E2LS3 extract inhibited the radial growth of all the iso-
lated fungi in a dose- and time-dependent trend (Fig. 4),
while E2LS3A, and LA2/1 extracts did not show any
effect (Fig. 5A). The data was expressed as a percent-
age of fungal growth relative to the considered exposure
time: the percentage was calculated by comparing the
growth diameter (mm) of the treated samples with their
respective control plates, with the control at that time
being equal to 100%., In particular, the data recorded
at 5, 7, and 10 days after treatment highlighted that the
SFE-obtained oil was broadly effective at the highest dilu-
tions tested. In fact, when it was inoculated in its pure
form or diluted in 3:1 ratio, maximum growth inhibition
(100%) was observed (data not shown). The 1:2 dilution
also exhibited 100% inhibition towards all the fungi at
5 days exposure time, with the exception of Aspergil-
lus japonicus, which appeared to be more resistant to
the oil treatment. The effect was strongly time-related
with an inhibition equal to 58.3% after 5 days exposure,
and to 9.4% 10 days after the incubation. When dilution
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Table 2 GC-MS analysis of the prepared lavender extracts

Tentative assignment Mw Molecular formula RT E2LS3 E2LS3A LA2/1
1,8-cineole 154 CioHig0 6.367 74 nd 14
Ocymene 136 CioHig 7530 1.0 nd n.d
Hexanol 102 CeHi40 12957 1.0 n.d n.d
trans-Linalool oxide 170 CioH180, 16.973 nd 23 37
Amy! vinyl carbinol 128 CgHyO 18.070 13 nd n.d
Sabinene hydrate 154 CioHg0 18457 1.2 nd n.d
Camphor 152 CioHi60 19.777 8.2 46 36
Linalool 154 CioHi0 23.947 9.9 33.7 3.7
Linalyl acetate 196 Ci5H500, 24.023 33 nd 1.6
Terpinen-4-ol 154 CioHig0 25.680 15.0 127 48
Lavandulyl acetate 196 Ci5H500, 26460 nd nd 14
Cryptone 138 CoH,,0 28.183 nd nd 1.1
B-Farnesene 204 CisHay 29473 7.1 nd 1.5
Lavandulol 154 CyoH50 30400 2.7 13 nd
Borneol 154 CioHi50 30.900 126 226 n.d
a-Terpineol 154 CioH:80 31.07 nd 25 n.d
Bornyl formate 182 CiH80, 31177 nd nd 4.1
Terpenediol 170 CioH180, 32317 nd 1.3 n.d
Lavandulyl isovalerate 238 Ci5H560, 34.440 nd nd 1.1
Linalool 3,7-oxide, trans- 154 CioHig0 34.747 nd nd 1.0
Caryophyllene oxide 220 Cy5H5,0 43483 nd nd 1.2
Butanoic acid, 2-ethyl-, butyl ester 172 CioH00, 49.110 nd nd 1.0
trans-Ascaridol glycol 170 CioH180, 50.850 nd nd 1.6
1,7-Octadiene-3,6-diol, 2,6-dimethyl- 170 CioHi150, 53.277 n.d nd 34
Citronellol epoxide 172 CioH500, 55.357 nd nd 1.2
Bisabolol 222 CysHy0 55.840 40 nd 29
2-Butenamide, 2-ethyl-3-methyl-N-phenyl- 203 Cy5H7NO 57.250 n.d n.d 1.1
2-Cyclohexen-1-one, 2-hydroxy-6-methyl-3-(1-methylethyl)- 168 CioH160, 57.997 n.d n.d 1.1
Cinnamic acid 148 CoHg0O, 64.230 2.1 nd nd
trans-o-Coumaric acid 164 CoHgO; 64.210 nd nd 1.3
Menthane, 1,2,4-trihydroxy 188 CioH200;3 72457 n.d nd 1.2
Palmitic acid 256 Ci6H3,0, 83.230 nd 13 39
2-Acetoxy-1,1,10-trimethyl-6,9-epidioxydecalin 268 Cy5H,,0, 84.577 nd nd 1.1
Pentatriacontane 493 C5H7, 90.463 nd nd 22
Oleic Acid 282 CigH340, 91473 nd nd 1.1

The relative abundance of the identified compounds was computed from the normalized total peaks area of each compound [55]

Compounds detected at levels above 1% are reported. n.d. not detected

ratios 1:3 and 1:4 were tested, Schizophyllum commune,
a mushroom able to grow on decaying wood, was mas-
sively inhibited after five treatment days, and preserved
the inhibitory ability after 7 days of exposure. It was
observed that the increase in dilution ratio accounted for
a time-related decrease of the antifungal efficacy. Excel-
lent inhibitory ability (>90%) was also demonstrated
at 1:3 dilution ratio towards Coprinellus domesticus,
Aspergillus versicolor, and Lecanicillium dimorphum,
while the same dose exterted an inhibition equal to
89.7% vs. Penicillium raistrikii. Generally, a minor but

still important efficacy was recorded after 10 days of
treatment after 10 days, whereas 50% inhibition was
maintained for the 1:3 oil sample vs. Lecanicillium dimor-
phum, Penicillium raistrikii and Coprinellus domesticus.
The inhibitory activity of E2LS3 extract could be due to
its chemical composition, and in particular to its dif-
ferentiable content in linolenic and oleic acids, and its
diversity in oxygenated monoterpenes, especially 1,8-cin-
eole. In fact, although terpinene-4-ol, which was shown
to be active agains Aspergillus spp. and Penicillium spp.
[56], appeared as the main constituent, 1,8-cineole, also
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Fig. 4 Percentage of Inhibition of Lavender essential oil (E2LS3) tested through Disk Diffusion Method at the three different considered dilutions
towards Coprinellus domesticus, Schizophyllym commune, Aspergillus versicolor, Aspergillus japonicus, Penicillium raisttrikii and Lecanicillium dimorphum.
Presented results express the values of inhibition after 5, 7 and 10 days of treatment. The results are shown as mean + SD of two independent

experiments, each of which was performed in three replicates

known as eucalyptol, was previously reported as able to
exert antifungal and anti-biofilm activity [31]. The dif-
ferent response of E2LS3 and E2LS3A suggests that the
ratio among constituents play a fundamental role in the
antifungal activity.

Disk diffusion method with conidial suspension

With regard to the four ascomycetous fungi (Aspergillus
versicolor, Aspergillus japonicus, Penicillium raistrikii,
Lecanicillium dimorphum), the susceptibility tests using
conidia confirmed the results obtained on mycelium,
once again highlighting the effectiveness of the E2LS3
extract. Again, the minimum effective dose levels vary
according to the fungal species, with Aspergillus japoni-
cus being inhibited when dilution ratios 1:3 and 1:2 were
considered (13.3 pL and 20 pL, respectively on 40 pL).
The other three fungi were inhibited using dilution ratios
1:3 and 1:4 (13.3-10 pL). Based on SFE-obtained oil vol-
ume required to inhibit fungal growth in relation to the
plate volume, the percentage of extract to be used (v/v) in
relation to the total volume to be treated was estimated.

Thus, it was calculated that essential oil should be
between 0.71%- 1.08% for eradicating Aspergillus japoni-
cus, while a percentage between 0.13%-0.18% could be
required for counteracting the other three ascomycetous
fungi.

Antifungal activity assessed by micro-atmosphere method
Susceptibility test by fumigation in microatmosphere
showed that E2LS3 exerted an important antifungal effi-
cacy also when 1:10 and 1:20 dilutions were considered.
The growth inhibition up to 10 days was equal to 100% for
all the mushrooms at 1:2 dilution (Fig. 5B). Analogously,
the growth of Penicillium raistrikii, Aspergillus versi-
color, Schizophyllum commune and Lecanicillium dimor-
phum was completely inhibited when the 1:3 dilution
was tested, while Coprinellus domesticus was inhibited
by 70%. The complete inhibition for three out of six fungi
was also recorded when testing 1:4 dilution, while the
radial growth of Schizophyllum commune and Coprinel-
lus domesticus was reduced by 60% (Fig. 6). Although a
time-dependent efficacy decrease was observed following
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Fig. 5 A Antifungal activity test through Disk Diffusion Method using mycelial plug. Results of fungi treated with LA2/1, E2LS3A and E2LS3

at maximum concentration. B Antifungal activity test through Micro-atmosphere (left plates=Control; right plates=treated mycelium plug): 40uL
of E2LS3 extract placed on the lid of an overturned Petri plate. Aspergillus versicolor (A. v.), Aspergillus japonicus (A. j.), Coprinellus domesticus (C. d.),
Lecanicillium dimorphum (L. d.), Penicillium raistrikii (P r.), and Schizophyllum commune (S. c.)

the treatment with the 1:10 and 1:20 dilutions, Lecanic-
illium dimorphum and Penicillium raistrikii growth still
appeared to be affected. Samples that achieved complete

inhibition (100%) were monitored for up to 8 weeks and
treatment efficacy did not change over time.

To assess the IC, value for each assayed fungus, graphs
on the percentage of inhibition were linearized using a
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towards isolated fungi after 5, 7 and 10 days. The results are shown as mean + SD of two independent experiments, each of which was performed

in three replicates

probit statistical model [57]. The linear model was used
to graphically identify to which value of the logarithm
of the essential oil concentration corresponds the pro-
bit coefficient associated with 50% inhibition (Y=5).
By graphically intercepting the trend curve of each fun-
gus inhibition at the above probit value, it was possible
to define the concentration required to inhibit the radial
growth by 50% (ICs;). The ICy, of lavender essential oil
reached by Disk Diffusion Method (DDM) and by con-
tactless application (M-A) were compared and the higher
efficacy of Micro-Atmosphere in terms of minimal quan-
tity (uL) emerges (Table 3).

The use of lavender essential oil in the micro-atmos-
phere has already shown good results in previous stud-
ies, although with a considerable variability depending
on the tested fungal species [28, 58, 59]. This study high-
lights how the same extract can perform better depend-
ing on the application protocol, demonstrating inhibitory
properties as low as 0.0008% concentration (the percent-
age refers to pL of essential oil on the volume of the air in
the Petri dish, which is approximately 18 mL) but efficacy
must be evaluated on a case-by-case basis depending on
the sensitivity of the microbial consortium considered.

Table 3 Values of ICy, of lavender essential oil (E2LS3) reached
by Disk Diffusion (DDM) and Micro-Atmosphere Method (M-A)

Fungi DDM* M-A* M-A concentration
IC5,£SD 1C5,£SD on total volume (%)
uL/mL puL/mL

A. versicolor (144+1.02) c (758+0.72)c 0.02

A. japonicus (219+£191)d (1445+131)e 0.04

P raistriki (109+094)b  (3.01+065)a 0.0008

C. domesticus (4.7+0.73)a (9.12+091)d 0.024

S.commune (141£121)c (912+086)d 0.024
L. dimorphum (141+£1.18) ¢ (436+0.73)b 0.011

" Different letters indicate significant differences among the treatments
according to Tukey’s post-hoc test with significant P>0.05

Some previous case studies report the use of raw essen-
tial oils applied directly [13, 23, 32-35] and indirectly [13,
34-38] on artworks on organic support. It is interesting
to highlight how, differently from the present case study,
the microbiological tests present in the literature have
shown less efficacy in micro-atmosphere than the con-
tact treatment [13, 38] or have required a direct applica-
tion to integrate the treatment inefficiency [35, 37]. This
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comparison once again highlights the intrinsic variability
of the anti-fungal properties of plant extracts in relation
to the species examined, for which it is difficult to identify
a standard and unambiguous profile of efficacy and appli-
cability. Concerning the feasibility of this protocol in the
current case study, considering the size of the artwork’s
total volume of 0.260 m?, it is estimated that 120 ml of
lavender essential oil would be necessary (based on a
0.048% concentration on the total air volume to ensure
complete growth inhibition of all isolated fungal species).
This quantity should be introduced alongside the object
within a confined environment for fumigation treatment.
While the strength of this experimental approach lies in
its straightforward execution and minimal direct impact
on the work’s surface, a significant challenge arises in the
quantitative yield of the extraction process. The extrac-
tion yield of lavender essential oil using supercritical
carbon dioxide is below 2%, necessitating a substantial
amount of plant material.

Future research efforts should concentrate on refining
large-scale environmentally friendly extraction processes
to enhance the quantitative yield without compromising
compositional purity.

Conclusions

The applicability of Lavandula angustifolia for preserv-
ing cultural heritage was investigated through the prep-
aration of polar and apolar extracts. To this purpose,
different extraction techniques were exploited, and pro-
tocols emulating contact and indirect exposure were
investigated.

Data acquired highlighted that lavender essential oil
obtained by supercritical CO, extraction may be used
as a potential biocide in the conservation of artistic
objects on organic support. Specifically, the high efficacy
achieved through exposure to the vapor phase of the oil
allows us to hypothesize its use also for complex multi-
material manufacts. Thus, chemical interactions between
antifungal compounds and compositional materials
could be avoided. This non-invasive treatment would be
in line with the minimum intervention policies required
for the restoration and mainainance of cultural heritage,
although further experimentations are needed to assess
its applicative aspects.
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