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Abstract

Biodeterioration is irreversible damage caused by microorganisms or their metabolites to historical
monuments, and fungi are considered important factors in this deterioration. In this regard, the use of
new, effective, and low-risk antifungal agents, such as biosynthesized nanoparticles and plant essential
oils, is of interest. The aim of this study was to investigate and compare the antifungal activity of silver
nanoparticles synthesized using an aqueous extract of green walnut shells and lavender essential oil
against six species of biodeteriorative fungi isolated from Iran cultural heritage. The antifungal activity
was evaluated using two methods: diffusion in agar and determination of minimum inhibitory
concentration and minimum lethal concentration. The results showed that silver nanoparticles at a
concentration of 1 mg/mL were effective against a wide range of fungi, whereas lavender essential oil
had favorable activity at high concentrations (50 and 100%). Based on the microtiter plate method,
nanoparticles with MIC values between 0.125 and 1 mg/mL and strong bactericidal properties against
fungi such as Aspergillus niger, Aspergillus flavus, and Penicillium polonicum showed their superiority.
In contrast, the essential oil exhibited no measurable fungicidal properties against the three fungi.
According to the results, the biosynthesized silver nanoparticles are very efficient and promising option,
and lavender essential oil can be considered an alternative or complementary natural agent for
controlling the biodeterioration of cultural heritage, depending on the conservation conditions and the
concentration used. Furthermore, determining the final decision for the application of these compounds
requires additional studies on the materials used in historical monuments.
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Introduction
Physical and chemical processes have long been considered the main agents of cultural heritage deterioration,

although recent decades have proven the destructive role of microorganisms. Fungi are significant biodeteriogens
through secreting organic acids, producing melanin stains, and penetrating into stones with their hyphae. This
activity causes cracks, nutrient transfer, and chelation of metal ions, leading to severe physical and chemical
damage to the historical substrates.

Controlling biodeterioration is costly, and traditional synthetic biocides are toxic to humans and the environment.
This has driven the demand for natural, low-toxicity alternatives. Nanotechnology offers innovative solutions,
such as green-synthesized nanoparticles (NPs) using plant extracts, which are cost-effective, rapid, eco-friendly,
and can be produced from agricultural waste. Such methods enable the controlled size and shape of NPs for
heritage conservation.

Plant essential oils are well known for their antimicrobial properties and are widely used in various industries.
Their mechanisms include membrane disruption and metabolic inhibition, although their details remain unclear
due to chemical diversity. This study evaluated the antifungal activity of green-synthesized silver nanoparticles
using walnut skin extract, and lavender essential oil against fungi isolated from the Jamé Mosque of Isfahan,
aiming to introduce eco-friendly, safe, and effective biocides for sustainable cultural heritage preservation.

Materials & Methods

Lavender essential oil (Lavandula angustifolia) was obtained from Barij Essence Company, and its chemical
composition was analyzed by GC, revealing 1,8-cineole (36.84%), camphor (31.84%), and borneol (0.35%) as its
main components. The oil was stored at 4 °C in the dark until it was used. Colloidal silver nanoparticles (AgNP-
GH, Nanoziran, Iran) were synthesized via a green method using aqueous green walnut skin extract as both a
reducing and stabilizing agent. The biomolecules in the extract reduce Ag* to metallic silver (core) and form a
coating shell around the nanoparticles. To purify the nanoparticles, the colloidal suspension was centrifuged and
washed three times with deionized water, and the purified nanoparticles were redispersed in deionized water at 1
mg/mL.

Six fungal strains previously isolated from deteriorated glazed tiles, brick, and plaster of Jamé Mosque of Isfahan
were used: Aspergillus niger, Penicillium polonicum, Parengyodontium album, Cladosporium limoniforme,
Aspergillus flavus, and Penicillium chrysogenum (NCBI accession numbers MW876236, MW876234,
MW?767610, MW729033, MW774373, MW896114, respectively). For the disc diffusion assay, each fungus was
cultured on potato dextrose agar (PDA) at 28 °C for 3—7 days. Spore suspensions with a concentration of 10°
spores/mL were prepared in potato dextrose broth, and 200 pL was spread onto PDA. Sterile paper discs with 6
mm diameter were impregnated with 30 pL of lavender oil at concentrations of 100%, 50%, and 25% (prepared
by serial dilution), and placed on the inoculated plates. After incubation at 28 °C for 2—7 days, the inhibition zone
diameters were measured.

To determine the minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC), a spore
suspension (10° spores/mL) was prepared. Serial dilutions of both nanoparticles and lavender oil were added to
microtiter plate wells (100 pL per well), followed by the addition of 100 pL of spore suspension. The positive
controls contained spores and medium, and the negative controls contained only medium. Plates were incubated at
28-30 °C for 48-72 hours. The MIC was defined as the lowest concentration that, showed no visible growth. For
MFC, 10 pL from wells with no growth was subcultured on PDA and incubated at 28—30 °C for 48—72 hours to
confirm fungicidal activity.

Results, Discussion, and Conclusions

The antifungal activity of biosynthesized silver nanoparticles (1 mg/mL) and lavender essential oil (25%, 50%,
and 100%) was evaluated against six fungal strains. Silver nanoparticles showed significant inhibition against
Cladosporium limoniforme and Penicillium polonicum with 15 mm inhibition zones and efficient effects on
Penicillium chrysogenum (12 mm) and Aspergillus niger (11 mm). However, they exhibited no measurable
activity against Aspergillus flavus and Parengyodontium album. Lavender essential oil showed a concentration-
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dependent pattern. No inhibition was observed at 25% concentration. At 50% concentration, the highest sensitivity
was observed against P. album (17 mm). At 100% concentration, lavender oil completely inhibited the growth of
four out of six fungi: A. niger, C. limoniforme, P. polonicum, and P. album. Against A. flavus, it produced a 10
mm inhibition zone. Overall, the silver nanoparticles had a broader spectrum at fixed concentrations than at lower
oil concentrations.

The MIC and MFC values of silver nanoparticles demonstrated remarkable antifungal potency, with MIC ranging
from 0.125 to 1 mg/mL. This indicates that the nanoparticles not only inhibited fungal growth, but also effectively
killed these cells at low concentrations. In contrast, lavender essential oil required much higher concentrations
(0.78% to 100%) to achieve an inhibitory activity. Notably, the essential oil showed no measurable fungicidal
activity against A. niger, A. flavus, and C. limoniforme, whereas the silver nanoparticles exhibited clear fungicidal
activities against the same fungi. This difference highlights that silver nanoparticles possess both inhibitory and
killing capabilities, while lavender oil, under the best conditions, has only a growth inhibitory effect.

Cultural heritage is crucial for understanding human civilization and national history, and sustainable preservation
is essential. Microbial colonization, including fungi, leads to severe biodeterioration of historical materials
through physical and biochemical mechanisms and aesthetic effects. Silver nanoparticles with their unique
physicochemical properties are promising alternatives to conventional biocides. Their antimicrobial mechanisms
include inhibition of DNA replication, binding to sulfur-containing groups of amino acids, and disruption of
cellular respiration and cytoplasmic membrane integrity, leading to metabolite leakage and cell death. Silver
nanoparticles also offer long-term stability.

The use of plant essential oils as environmentally friendly antifungals has gained increasing attention. A study on
thyme and oregano essential oils showed effective inhibition of marble stone microbiota in the Florence Cathedral
at very low concentrations (2% solution) without altering stone properties, comparable to commercial biocides.
Another study on Mediterranean plants, including Lavandula viridis, showed significant antimicrobial activity
against isolates from the Conimbriga historical site, with Mentha pulegium presenting the broadest spectrum and
no discoloration of limestone. In the present study, the biosynthesized silver nanoparticles showed superior
inhibitory activity and a broader spectrum than lavender essential oil, which was only significantly effective at the
highest concentrations (100%). This difference is likely due to the volatile nature of essential oils.

To enhance efficacy and reduce the required effective concentration, the combined use of these nanoparticles
with other natural antimicrobial agents (e.g., other effective plant essential oils) or compatible commercial
biocides is recommended. This approach could reduce the concentration of chemical agents and their potential
adverse effects on historical substrates and environment, contributing to more sustainable conservation methods.
Future studies should investigate the immobilization of these nanoparticles on polymeric or mineral carriers and
evaluate their real-world efficiency as preventive or remedial treatments for cultural heritage materials.
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Table 1: Technical specifications of commercial colloidal silver nanoparticles

Parameter

Method/Explanation

Value/Description

Trade name and model

AgNp-GH

Synthesis method

Using aqueous extract of green walnut hull

Green synthesis

Crystal structure

X-ray diffraction analysis (XRD)

Face-centered cubic (FCC)

Miller indices XRD (311), (220), (200), (111)
Polydispersity index, PDI Dynamic Light Scattering (DLS) 1,88
Associated clements Energy Dispersizz]g[))()—(l;ay Spectroscopy Sr Mg P K
Stabilizing functional groups Fourier Transfon:lFI;lIﬁrSred Spectroscopy C=C C-H N-H =0 O-H

Average particle size Transmission electron microscopy (TEM) 7 nm
Size distribution range TEM 3 to 50 nm
Hydrodynamic diameter DLS 67 nm
Surface plasmon resonance peak UV-Vis spectroscopy 460 nm
Suspension color Visual observation Brick red

Stabilizing agent

Natural organic molecules

Initial suspension concentration

1 mg/mL

Manufacturer

NanoZiran, Iran
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Figure 2: Growth inhibition zone in the presence of initial concentration of lavender essential oil and silver
nanoparticles at a concentration of 1 mg/ml, a) Growth inhibition zone of C. limoniform, right side of silver
nanoparticles, left side of lavender essential oil, b) Growth inhibition zone of P. polonicum, right side of silver
nanoparticles, left side of lavender essential oil, c) Growth inhibition zone of P. album, right side of silver
nanoparticles, left side of essential oil, d) A. niger, right side of silver nanoparticles, left side of lavender essential oil
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Table 2: Comparison of antifungal activity of biosynthesized silver nanoparticles and lavender essential oil based on growth
inhibition zone diameter (mm)

Lavender essential AgNP- GH
Fungi oil (/) (mg/ml)

100 50 25 1
Aspergillus niger ++ 0 0 11
Aspergillus flavus 10 0 0 0
Cladosporium limoniform ++ 12 0 15
Penicillium polonicum ++ 10 0 15
Penicillium chrysogenum 15 10 0 12
Parengyodontium album ++ 17 0 0
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Chart 1: Comparison of MIC and MFC of silver nanoparticles against selected fungi
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Table 3: Comparison of MIC and MFC of silver nanoparticles and lavender essential oil against selected fungi

Lavender essential oil AgNP- GH
Fungi (%) (mg/ml)

MIC MFC MIC MFC
Aspergillus niger 12/5 0 0/25 0/50
Aspergillus flavus 3/125 0 0/25 0/50
Cladosporium limoniform 100 0 0/125 0/25
Penicillium polonicum 3/125 50 0/25 0/50
Penicillium chrysogenum 6/25 100 0/125 0/50
Parengyodontium album 0/78 0/78 0/25 1
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