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Abstract

Microorganisms are a significant cause of damage to cultural heritage, including paintings. Currently, the palette

of antiseptics that are used in painting has narrowed considerably. This is due to the increased demands placed

on such substances. It was shown that low molecular weight chitosan (LMWC) obtained from the king crab (Para-
lithodes camtschaticus) exhibits high activity against dominant fungi-destructors of paintings in the State Tretya-

kov Gallery. Nevertheless, the increasing market demand for chitosan has prompted the exploration of alternative
sources. Insects, notably the bioconverter black soldier fly (Hermetia illucens), stand out as one of the most cultivated
options. This study investigates the effectiveness of chitosan, isolated from H. illucens by a novel method developed
by authors, in inhibiting fungi that damage tempera paintings. The activity of 33 and 39 kDa chitosans from H. illucens
is comparable to the most active chitosans previously studied from P camtschaticus. However, there are characteristic
differences between these compounds, as shown by the results of FTIR spectroscopy, which may affect their con-
sumer properties when used in paint materials. Our studies suggest that LMWC from H. illucens is a promising material
that can expand the range of antiseptics used in painting.
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Introduction

Due to the presence of organic and inorganic compo-
nents that microorganisms can use as a substrate for their
activity, cultural heritage objects are often susceptible to
biodegradation [1, 2]. Destructive microorganisms can
cause discolouration, staining, and crumbling of materi-
als [3]. Egg whites and yolks, which are used as substrates
by destructive microorganisms, are a major cause of bio-
degradation in tempera paintings [4].

The rejection of conventional preparations, found to be
highly toxic to restorers and museum visitors, has signifi-
cantly narrowed down the list of safe antiseptics for cul-
tural heritage objects and restorers [5-8]. Consequently,
the variety of antiseptics available is restricted, leading to
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Fig. 1 Chemical structure of: A—chitin; B—chitosan

diminished efficacy in managing microorganisms harm-
ful to painting materials.

In this context, chitosan emerges as a promising and
ecologically sound compound for the intended purpose.
Chitosan, a deacetylated form of chitin, is a widely stud-
ied natural polymer with applications in biomedicine,
cosmetics, biotechnology, agriculture, and food indus-
try (Fig. 1). Chitosan has recently been employed for the
purpose of cleaning the surface of marble [9], reinforcing
and fire-retardant action of paper [10], removal of haz-
ardous pollutants from aqueous solutions [11] and pro-
tection of artworks by absorption of gaseous pollutants
[12]. The most common source of chitin is crustacean
waste, which has been claimed as no longer sustainable
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due to its dependency on environmental conditions and
climate change [13]. It is also assumed that shell infection
in crustaceans as well as environmental contamination
add difficulties to the biopolymer production [14].

Therefore, alternative sources of chitin have been
recently gaining more attention. Hermetia illucens or
black soldier fly is considered as a promising tool to
bioconvert organic waste into high-value products.
An increasing number of studies aim to investigate the
potential of chitosan obtained from H. illucens as a sub-
stitute to commercial chitosan from marine sources
[15-18]. For instance, recent studies have demonstrated
that low molecular weight chitosan (LMWC), isolated
from H. illucens, exhibits improved antibacterial activity
[15-17].

It has been stated that one of the main limitations of
chitosan in several applications is its low solubility at
neutral pH [19]. Low molecular weight fractions of chi-
tosan result in improved solubility and biological activity
and can be used in design of drug delivery systems [20].
Physical, chemical, and enzymatic methods have been
described for the depolymerisatiton of chitosan [21].
Chemical delopymerisation is usually preferred in indus-
try due to its simplicity, high yield and lower costs [22].

Low molecular weight chitosan, obtained from Herme-
tia illucens, is a promising material that can expand the
range of antiseptics for painting. In this study, we exam-
ined the potential fungicidal properties of low molecular
weight chitosan derived from H. illucens against promi-
nent fungi-destructors found in the State Tretyakov
Gallery (STG), Moscow. We compared it with chitosan
obtained from the Kamchatka crab (Paralithodes camts-
chaticus), a traditional raw material previously shown
effective inhibition of fungi-destructors [23].

Materials and methods

Materials

Commercial reagents from Fluka (Germany) and Sigma-
Aldrich (USA) were used in this work. Commercial anti-
septics used to protect paintings: benzalkonium chloride
(BAC, commercial name Katamin AB) was from Neo-
chemax, Russia; sodium pentachlorophenolate (NaPCP)
from IndiaMART, India.

Hermetia illucens larvae of the fifth instar were pro-
vided by Entoprotech Ltd, Russia. 3000 g of larvae was
blanched. The processed larvae went through the oilpress
(RawMID, Russia) treatment to remove the majority of
lipids, proteins and moisture. Then the resultant larvae
were lyophilised and kept in air-tight plastic seal. The
product contained approximately 6% of lipids and 7%
of ash. 250 g of product was obtained (yield=8%). High
molecular weight chitosan was obtained according to the
reaction scheme [15].
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Obtaining of low molecular weight (LMWC) chitosan

Chitin extraction

Demineralisation: 1000 mL of 1% HCl was added to 100 g
of the obtained material and stirred at 20 °C for 2 h,
according [24]. The solid residue was separated through
glass filter. It was washed with distilled water to neutral
pH and lyophilised afterwards. 49.2 g of product was
obtained (yield=49%). Dried demineralised matter was
sieved (pore diameter=2 mm) and weighed. Product
yield was equal to 45%.

Deproteinisation and defatting: 320 mL of 30% (w/w)
NaOH was added to 24 g of demineralised biomass, left
at room temperature for 30 min, then transferred to
100 °C water bath and kept for 2 h with occasional stir-
ring, according [25]. Chitin was separated through glass
filter, washed with distilled water until neutral pH and
lyophilised. 4.8 g of product was obtained (yield =20%).

Chitosan preparation

Deacetylation: the deacetylation step was performed by
using 320 mL of 50% (w/w) NaOH, according [26]. The
alkaline solution was added to 8.0 g of chitin and left
at room temperature for 30 min. The suspension was
warmed in 100 °C water bath for 2 h with occasional
stirring. The suspension was cooled, washed until neu-
tral pH, and lyophilised. 6.5 g of chitosan was obtained
(vield=81%).

Purification: 6.5 g of chitosan was dissolved in 650 mL
of 1% CH;COOH, according [15]. The solution was fil-
tered through glass filter. 1 M NaOH was then added
until pH of 10 was achieved. The solution was dialysed in
Spectra/Por Dialysis Tubular Membrane MWCO:10,000
(Spectrum Laboratories Inc., USA) and lyophilised. 6.2 g
of chitosan was obtained (yield=95%). Weight-aver-
age molecular weight (M,,)=570 kDa, degree of dea-
cetylation (DDA)=91%. The precipitate was collected,
dried, and weighed. 0.26 g of precipitate was obtained
(vield=4%).

Commercial crab chitosan Paralithodes camtschati-
cus (Bioprogress LLC, Russia) was used as a comparison.
M,,=1040 kDa, DDA =85%.

Acidic depolymerisation of chitosans

Acid hydrolysis of commercial crab chitosan (M
1040 kDa, DDA 85%) and of H. illucens chitosan (M,
570 kDa, DDA 91%) was carried out according to the pat-
ented method [27]. 20 mL of nitric acid solutions with
five concentration ranges (3.3, 6.6, 9.9, 13.1 and 16.4%)
were added to 0.9 g of chitosan obtained from H. illucens
larvae (M,, 570 kDa, DDA 91%). The reaction mass was
stirred for 7 h at 70 °C, and the mixture was left over-
night at room temperature. The formed precipitate was
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collected by filtration and suspended in 40 mL of dis-
tilled water. The suspension was then heated in a water
bath until complete dissolution (70-80 °C) and filtered
to remove mechanical impurities. Chitosan was precipi-
tated from solution using 5% (w/v) NaOH. The chitosan
suspension was then dialysed in Spectra/Por Dialysis
Tubular Membrane MWCO:14,000 (Spectrum Laborato-
ries Inc., USA) and freeze dried. 0.45, 0.46, 0.55, 0.56 and
0.54 g (yields=50, 51, 61, 63 and 60%) of low molecular
weight chitosans were obtained for 3.3, 6.6, 9.9, 13.1 and
16.4% nitric acid concentrations respectively. M,, and
DDA of the obtained samples were determined.

Characterisation of chitosan

Determination of the degree of deacetylation (DDA)

The degree of deacetylation of chitosan samples was
measured by titration method using a Hanna Hi 8733
(Hanna Instruments, Romania) conductometer. At first,
0.1 g of chitosan was weighed and dissolved in 5 mL 0.1
N HCI at room temperature. Distilled water (25 mL) was
added, and the chitosan solution was then titrated against
0.1 M NaOH solution. A titration curve of pH values vs.
NaOH titration volume was generated. DDA was calcu-
lated according to ref. [28].

Gel permeation chromatography (GPC)

GPC was performed to determine the weight-average
(M,,), number-average (M,) molecular weights, molec-
ular weight of the highest peak (M,) and polydisper-
sity indices (PDI=M,/M,) of chitosan samples by the
method described by Lopatin et al. [29]. The GPC appa-
ratus S 2100 (Sykam, Germany) comprised K-5004 degas-
ser (Knauer, Germany), Jet Stream+ column thermostat
(Knauer, Germany), RI Detector K-2301 reflectometric
detector (Knauer, Germany) and PSS NOVEMA Max
analytical 1000 A column (PSS, Germany). Pullulans
(M,,=342, 1260, 6600, 9900, 23,000, 48,800, 113,000,
200,000, 348,000 u 805,000 Da) (PSS, Germany) were
used as calibration standards. A buffer solution of 0.1 M
HAc/NH,Ac pH=4.5, containing 0,2 M NaCl was eval-
uated a rate of 1. 0 mL/min. Characteristic values for
chitosans were obtained using the computer program
MultyCrom GPC v. 1.6 (Ampersand, Russia).

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out with samples of chitosan
from H. illucens (M,,=570 kDa) and commercial crab
chitosan (M,,= 1040 kDa) by using an IRAffinity-1 instru-
ment (Shimadzu, Japan), in the range of 4000-400 cm™.
Spectra were processed and analysed with the OMNIC
software (Thermo Fisher Scientific, Waltham, MA, USA),
as described previously [30].
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Characterisation of fungal strains

Fungal strains used in this work

All strains used in the work were isolated from the
exhibits and surfaces of the halls of Painting of Ancient
Rus (56, 57 and 61) or in the Storage Fund of the main
historical building of the State Tretyakov Gallery (10
Lavrushinsky per., Moscow) [4]. Twelve strains of fila-
mentous fungi, previously isolated in the halls of Ancient
Russian painting (No. 56, 57 and 61) or in the Stor-
age Fund, both located in the State Tretyakov Gallery
(10 Lavrushinsky per., Moscow, Russia) [4] were used
as test cultures to determine the antimycotic activ-
ity of studied compounds. Aspergillus versicolor STG-
25G (SRX7729174; MK260015.1), Mucor circinelloides
STG-30 (SRX7729212; MK260195.1) and Ulocladium
sp. AAZ-2020a STG-36 (MW590700.1; SRX7729176)
were isolated from the icon “the Church Militant”
(dated 1550 s). Cladosporium halotolerans STG-52B
(SRX7729178; MK258720.1) was isolated from a bust
fragment of the statue “Holy Great Martyr George the
Victorious” (1464, Lime Stone, tempera). Aspergillus
creber STG-57 (SRX7729151; MK266993.1) was isolated
from the icon “Holy Great Martyr Demetrius of Thessa-
loniki” (dated sixteenth century). Aspergillus versicolor
STG-86 (SRX7729182; MK262781.1), Aspergillus creber
STG-93W (SRX7729186; MW575292.1), Cladosporium
parahalotolerans STG-93B (SRX7729188; MK262909.1),
Simplicillium  lamellicola  STG-96  (SRX7729192;
MK262921.1) were isolated from the surfaces of hall Ne61.
Microascus paisii STG-103 (SRX7729190; MW591474.1)
was isolated from the hall Ne57. Aspergillus protuberus
STG-106 (SRX7729192; MK268342.1) was isolated
from the hall Ne56. Penicillium chrysogenum STG-117
(MW556011.1) was isolated from the surface of the icon
“Prophet Solomon” (dated 1731).

Quantification of the inhibition of fungal growth

Filamentous fungi were cultured on slanted agarised
Czapek-Dox medium (CDA) (g/L): sucrose—30;
NaNO;—2; K,HPO,—1; MgSO,x7H,0—0.5; KCl—
0.5; FeSO,x7H,0—0.01; agar—20; pH 7.1. The
antifungal activity of chitosans against colonies of
filamentous fungi was determined using the drop and
dilution method, as described previously with some
modifications [31, 32]. A stock solution of LMWC
(30 mg/mL) were dissolved in 0.1 M acetic acid, dia-
lysed against distilled water and sterilised at 121 °C
for 20 min. Cells of test cultures were harvested
from agar slants and diluted with 0.9% NaCl solu-
tion to ODgy,=0,03; 3 puL were inoculated onto Petri
dishes with CDA containing 1 mg/mL chitosan (25
and 45 kDa from P. camtschaticus; 33, 39, 53, 88 kDa



Ermolyuk et al. Heritage Science (2024) 12:330

from H. illucens), or control antiseptics (0.1 mM
BAC, 0.2 mM NaPCP), or without additions (control).
Incubation was performed at 26 °C for 41 days. The
antifungal activity was quantified as the percentage
inhibition of growth of filamentous fungi colonies on
CDA medium with added chitosans relative to growth
on control medium, as earlier described [33, 34]. Fun-
gal growth inhibition (FGI) was determined by the fol-
lowing formula:

FGI% = [(Dc—Dt)/Dc] x 100 (1)

where D, and D, are diameters of the control and experi-
mental colonies, respectively. The data recorded were
measured in triplicate.

Scanning electron microscopy (SEM)

Microstructural features of the samples of filamentous
fungi were examined by scanning electron micros-
copy using a Carl Zeiss NVision-40 microscope. For
this purpose, representative samples were selected,
which were further fixed on an aluminum objective
table using conductive carbon tape. Thus, mounted
samples were placed in the vacuum chamber of the
microscope and air was evacuated from it until the
working pressure reached about 5.5-107° mbar. An
Everhart-Thornley secondary electron detector with a
focal length of about 3.3 mm was used for the study of
the materials surface. In order to minimise the impact
of the electron beam on the samples structure, their
surface was scanned at a sufficiently low accelerating
voltage (1 kV). Due to the relatively low electrical con-
ductivity of the specimens under study, the magnifica-
tion, as a rule, was limited to the range of 250-15000
times.
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Results and discussion

Obtaining chitin and chitosan

The scheme for obtaining chitin from the larvae of H.
illucens is standard and includes demineralisation and
deproteinisation steps. The demineralised biomass was
sieved and divided into different fractions—more than
5 mm, 2-5 mm, and less than 2 mm. Each fraction was
separately deproteinised, and the amounts of chitin were
determined: the values were 30, 14 and 2%, respectively.
This indicates negligible content of chitin-containing res-
idue in the smallest fraction, which was not subjected to
further processing due to economic inexpediency but can
further be used as a feed additive.

Chitin was subsequently deacetylated to chitosan. After
carrying out demineralisation, deproteination and dea-
cetylation steps, some of the impurities were still present
in the final product. The resulting material contained
approximately 4% of the fraction insoluble in acetic acid.
Presumably, this indicates the presence of ‘cuticulin; a
substance occurring in the exocuticle and epicuticle [35].

The chitosan obtained in this way requires additional
purification by reprecipitation from a solution in acetic
acid. The resulting chitosan was characterised by HPLC.
M,, was 570 kDa and PDI—1.32. DDA of chitosan was
calculated as 91% using the method of conductometric
titration.

Acidic depolymerisation of chitosan
Figure 2 shows the dynamics of acidic hydrolysis of chi-
tosans obtained from H. illucens larvae.

Low molecular weight chitosans were prepared by
using nitric acid of various concentrations—3.3, 6.6, 9.9,
13.1 and 16.4%. As the acid concentration increased,
degree of deacetylation of obtained chitosan also
increased: 92, 95, 97, 97, and 98%, respectively. The drop

0 5

10 15 20

HNO; concentration (%)
Fig. 2 Kinetics of changes in molecular weight of chitosan from H. illucens larvae during acidic hydrolysis



Ermolyuk et al. Heritage Science (2024) 12:330

of molecular weight values was initially observed with
increasing nitric acid concentration, however, reached
plateau and did not fall below 33 kDa.

Using acidic hydrolysis low molecular weight chitosans
(33-88 kDa) can be obtained and further used for study-
ing their biological activity (Table 1). The purity of ini-
tial chitosan samples was confirmed by FTIR (Fig. 2)
analyses.

FTIR analyses of insect chitosan and crab chitosan

To clarify the structural characteristics of chitosan, FTIR
spectral analysis of H. illucens chitosan and P. camtschat-
icus chitosan was performed in the frequency region of
4000-400 cm™? (Fig. 3).

Key IR bands at 3435, 2918, and 2881 cm ™! were identi-
fied in both products, corresponding to stretching vibra-
tions of OH, NH, and CH bonds, respectively. Additional
bands near 1656 and 1576 cm™, denoting amide I and II
vibrations in chitosan, were observed, with the former
exhibiting a contribution from the scissoring vibration
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of water §(H,O). The FTIR spectra revealed weak amide
bands, confirming the high deacetylation of these prod-
ucts. The absence of the band at~1540 cm™, typical
for proteins, further affirmed effective deproteinisation.
Bands at 1418 and 1380 cm™ originated from bending
vibrations of CH, and CH; groups 8(CH,), §,,(CH,;), and
0,(CHj;), respectively, consistent with previous studies
[36, 37]. The band at 1151 cm ™, indicative of polysaccha-
rides, was assigned to COC stretching vibrations at gly-
cosidic bonds. Intense bands at 1083 and 1034 cm™! were
associated with CO stretching in pyranoid rings.

Despite minor differences in absorption spectra, the
characteristic peaks of H. illucens chitosan closely resem-
bled those of P camtschaticus chitosan, with enhanced
intensities in most absorption peaks. This affirmed their
structural similarity through spectral analysis.

To assess the quantitative content of certain functional
groups in chitosan, a comparison was made in relative
units. The absorption intensity of the studied absorption
band was compared with the intensity of band 3435 cm™!

Table 1 The physicochemical characteristics of crab and insect chitosan samples

Sample Abbreviation M,, kDa M,, kDa M,, kDa PDI DDA, %
1 88 h 88 39 63 224 91.8
2 53h 53 27 36 1.99 94.8
3 39h 39 17 24 2.31 96.7
5 33h 33 14 23 232 979
6 45¢r 45 16 22 2.99 854
7 25cr 25 14 15 1.81 88.6
g -NH, -OH (3435 cm) C-0 (1083 cm)
CH, (1418 cm) C-0 (1034 cm)

0,600
o

C-H (2918 cm™)

L/

Absorbance, %

C-H (2881 cm™)

0.400

0.200
?‘Ru

e

K
2

0.000

Amide Il (1576 cm")

Amide | (1656 cm™) \
\ f"( l‘I
I
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CH, (1380 cm™)
f
i"‘,\’
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Fig. 3 Comparison of FTIR spectra of chitosan from H. illucens (red) and chitosan from P camtschaticus (green)
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(NH, OH) according to the following principle—the
intensity of the studied band was divided by the intensity
of the band with maximum absorption (OH, NH) and
multiplied by 100 to show the percentage. This method
was used for relative comparison of the intensity of chi-
tosan bands from different raw materials (Table 2).

While common functional groups were identified in
both chitosan varieties, the spectrum of H. illucens chi-
tosan exhibited notably more intense bands in the N-H
bond (1570 cm™!, amides, proteins), CH, (1415 cm™),
and CHj, (1380 cm™) functional groups compared to chi-
tosan from P. camtschaticus. This suggests that H. illucens
chitosan may have slightly longer aliphatic hydrocarbon
chains, indicating potential variations in the chemical
extraction method or the distinct species involved. Dif-
ferences may arise from impurities like melanin or other
contaminants, potentially forming complexes with chi-
tosan and influencing its chemical environment, leading
to alterations in vibrational frequencies and peak shifts.

Antifungal activity

The study investigated the fungicidal activity of chitosans
obtained from H. illucens and P. camtschaticus on CDA
medium with two standard antiseptics and a control
(no additives) against 12 filamentous fungi previously
isolated in STG [4]. The fungi belonged to the follow-
ing genera: Aspergillus, Cladosporium, Simplicillium,
Microascus, Ulocladium, Penicillium and Mucor. These
fungi have been intensively studied recently, both from
the point of view of the possibility of using their meta-
bolic potential for the needs of biotechnology [38], and
with the aim of creating targeted antiseptics against them
with a broad spectrum of action [39-41]. However, the
influence of cultivation conditions on the characteristic
micromorphology of these fungi has not been previously
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studied. And this is important, since antiseptics can have
different effects on different morphological forms of
fungi. In this regard, in the current study at the first stage,
the micromorphology of fungi from STG, cultivated on
Czapek-Dox agar medium, was studied by scanning elec-
tron microscopy (Fig. 4). It turned out that the micro-
morphology of fungi does not change compared to their
characteristic structure when growing on painting mate-
rials. Thus, we have shown for the first time that these
cultivation conditions are suitable for studying their sen-
sitivity to antiseptics.

We then determined the antifungal activity of the
studied compounds. It was quantified as the percentage
inhibition of growth of filamentous fungi colonies on
CDA medium with added chitosans relative to growth
on control medium. Inhibition dynamics were tested
using 1 mg/mL chitosans, 0.1 mM benzalkonium chlo-
ride (BAC), and 0.2 mM sodium pentachlorophenolate
(NaPCP). Results were recorded every 3 days after inocu-
lation. Figure 5 demonstrates the characteristic growth
of these STG-strains after 14 days of cultivation. The cul-
tures were incubated at 26 °C for 41 days.

In our experiment there was an opposite tendency—
in the series 33-39-53—-88 kDa, chitosans with the low-
est M,, showed the highest inhibition efficiency, after
39 kDa the inhibitory activity was lower (Figs. 6, 7). All
variants of the tested chitosans and standard antiseptics
completely inhibited members of the genera Simplicil-
lium and Microascus (Fig. 6). Chitosans from H. illu-
cens and P. camtschaticus demonstrated high antifungal
activity (100%) against Cladosporium species compared
to BAC, whose activity decreased from 100 to 30% after
41 days of incubation. Chitosans with molecular weight
33 and 39 kDa from H. illucens completely inhibited
almost all representatives of the Aspergillus genus

Table 2 Comparison of characteristic peaks from the FTIR spectra of H. illucens chitosan and P camtschaticus chitosan

Absorption band Chitosan from H. illucens Chitosan from P. camtschaticus
Absolute absorption Comparative value Absolute absorption Comparative value
value, % value, %

OH, NH (3435cm™) 55.15£0.90 - 62.85+0.65 -

C-H(@2918cm™) 2458+142 445+232 24.36+0.80 387+1.70

C-H (2881 cm™) 23.29+£1.10 42.2+2.00 2522+0.75 40.1£1.65

Amide | (1656 cm™) 2736061 4964151 26.07+045 414135

Amide Il (1576 cm™) 35.48°+0.93 64.3+1.83 20.09+0.65 31.9+1.55

CH, (1418 cm™) 29.43+0.49 53.3+1.39 16.88+0.31 26.8+1.21

CH; (1380 cm™) 22.80+0.75 41.3+1.65 19.87+0.40 31.6+1.30

C-0-C(1151cm™) 27.00+1.50 48.9+2.40 33.34+0.72 53+1.62

C-0(1083cm™) 43.61+3.57 79+4.47 56.22+2.20 89.4+3.10

C-0(1034cm™) 3841+£285 69.6+3.75 4831+1.67 76.8+2.57

?The values of peaks that have significant differences for chitosans obtained from H. illucens and P. camtschaticus are highlighted in bold
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Fig. 4 Scanning Electron Microscopy of STG-strains: A—Aspergillus versicolor STG-86; B—Penicillium chrysogenum STG-117; C—Ulocladium sp.

AAZ-2020a STG-36

during the whole incubation period, but the growth
inhibition of A. versicolor (STG-86) was present during
the first 10 days of incubation, then gradually decreased
and reached 20% at the end of incubation (Fig. 7).
Chitosans with M, 53 and 88 kDa also inhibited rep-
resentatives of this genus, in particular strains Asper-
gillus creber (STG-93W) and A. protuberus (STG-106);
the inhibitory effect of other representatives decreased
with time (up to 25-70%). Chitosans from H. illucens
with M, 33-53 kDa completely inhibited Ulocladium
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sp. AAZ-2020a (STG-36), while the toxic effect of chi-
tosan with M,, 88 kDa decreased from 98 to 65% over
time.

It is important to note that the growth inhibition of
P. chrysogenum (STG-117) and M. circinelloides (STG-
30) was less than 70% at the beginning of the incuba-
tion period and almost no inhibition was observed after
20 days of cultivation (Figs. 6, 7). Only when NaPCP
was added to the medium throughout cultivation, their
complete inhibition was recorded.
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Chitosans from P camtschaticus showed similarly
high results as in ref. [23] work—complete growth inhi-
bition of most strains except for A. versicolor (STG-86),
P chrysogenum (STG-117) and Mucor circinelloides
(STG-30). However, it is noteworthy that crab chitosan
with MM 25 kDa showed the highest antifungal activity
against A. versicolor STG-86, completely inhibiting the
strain during the first 14 days of incubation.

A characteristic change in micromorphology of P
chrysogenum STG-117, expressed as a change in pig-
ment colouration, was induced by the addition of black
soldier fly chitosan, not by chitosan from crab (Fig. 8).
The main pigments in P chrysogenum are sorbicillin
and chrysogine, which can be synthesised in response
to several stimulus and give the strain growing on agar
medium a characteristic greenish-yellow hue [42].
The phenotypic difference of P chrysogenum STG-
117 growing on agar medium supplemented with chi-
tosans from various sources clearly demonstrates their

differences at the molecular level, leading to different
effects on the secondary metabolism of the mold.

The level of inhibition at 9, 21 and 41 days for all strains
tested is shown in Fig. 9. The chitosans with M,, 33 and
39 kDa from black soldier fly and 25 and 45 kDa from
crab were the most active compounds, outperforming the
standard antiseptic NaPCP in terms of inhibition activity.
BAC and chitosans from black soldier fly with M, 53 and
88 kDa showed the lowest activity. The graph illustrates
that chitosans from H. illucens with MW 33 and 39 kDa
and from P. camtschaticus with M, 25 and 45 kDa can
act as alternative antiseptics against filamentous fungi.

Chitosans’ antifungal activity is related to their
interaction with fungal cell walls and membranes
[43]. However, the inhibition efficiency depends on
the systematic group of the fungus. The lipid compo-
sition of the membranes is the main factor known
to influence the efficacy of chitosan against filamen-
tous fungi [44]. Filamentous fungi with a high content
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of polyunsaturated fatty acids, such as linoleic acid,
are more sensitive to chitosan. Conversely, fungi with
a high content of saturated acids in the membrane
are resistant to the action of chitosan. Previous stud-
ies have shown that chitosan’s positive amino groups
interact with the negative charges of plasma membrane
phospholipids, which may lead to changes in plasma
membrane permeability [45, 46]. The study [47] dem-
onstrated that chitosan induces necrotic cell death and
can penetrate the cell membrane during the early stages
of fungal development without causing visible mem-
brane disruption. This leads to a significant reduction
in intracellular substance content and severe damage to
the membrane structure.

It was earlier reported [48] that the biological activity
of chitosan increases with a higher DDA. However, con-
tradictory data exists regarding the relationship between
antifungal activity and chitosan M,,. Some studies [49,
50] have suggested a decrease in biocidal activity with an
increase in chitosan M,,, while others have found higher
activity in high molecular weight chitosans compared to
low molecular weight ones [51-53].

The conflicting results in the activity-M,, relationship
are attributed to variations in characteristics of molecu-
lar weight, DDA, and preparation methods among chi-
tosan samples used by different investigators [54, 55].
The reported differences in biological effects could also
stem from the presence of various types and quantities of
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lowest and highest chitooligosaccharides in the samples
[48]. Moreover, discrepancies may arise from variations
in the chemical structure of terminal groups and acetyl-
group distribution along oligochitosan chains due to dif-
ferences in hydrolysis methods [48]. The effectiveness
of chitosan with diverse molecular weights in inhibiting

growth is also influenced by the fungal species involved
[56].

The ambiguity in experimental data on the correlation
between biocidal activities and physicochemical charac-
teristics of chitosan types is primarily due to molecular
heterogeneity. Therefore, it is essential to characterise
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each chitosan sample by its molecular weight, degree of
acetylation, and polydispersity before conducting inves-
tigations [57].

Existing literature highlights the antimicrobial proper-
ties of chitosan, yet limited information is available from
the exploration of chitosan derived from insects. It was
shown that the activity can be influenced by the develop-
mental stage of H. illucens (e.g., larvae, pupal exuviae, or
dead adults), as well as the extraction method (bleached
versus unbleached chitosan samples) [16]. This pattern
was similarly observed in other insect species like Peri-
planeta americana, Blattella germanica [58], Anther-
aea mylitta [59]. The studies’ findings [15, 16] were also
consistent with those obtained from chitosan derived
from crustaceans, affirming that chitosan sourced from
insects, particularly H. illucens, stands as a viable alterna-
tive to commercial chitosan for antimicrobial activity.

Conclusions
Preserving cultural heritage is paramount, and in light
of the challenges posed by biodegradation, the quest for
novel, eco-friendly antiseptics becomes imperative to
ensure the lasting protection of our cultural treasures.
Amid the growing focus on green technologies sustain-
able development goals, bioconverter insect farms are
gaining widespread adoption. Notably, H. illucens seam-
lessly integrates into a zero-waste circular economy
framework for efficient organic waste management. In
our research, we utilised H. illucens larvae, the unpig-
mented source, for chitosan extraction.

Our investigation reveals that chitosan obtained
from H. illucens, with molecular weights ranging from
33 to 88 kDa, displays inhibitory efficiency against

fungi-destructors. This chitosan, alongside crab chi-
tosan, exhibits potential as a protective material for
cultural heritage sites demonstrating similar protective
properties against fungi-destructors affecting painting
materials.

The relationship between chitosan molecular weight
and inhibition efficiency likely follows a parabolic trend
within the low molecular weight range (25 to 88 kDa)
achieved through chemical hydrolysis. The peak inhi-
bition levels are observed between 25 and 45 kDa.
The variation in optimal inhibition values for differ-
ent fungal strains within 25—-88 kDa range contributes
to a blurred overall maximum, particularly within the
25-45 kDa interval.

In this context, achieving a potent inhibitor with
a broad spectrum of activity is best accomplished
through a blend of different chitosans. Our investiga-
tion specifically delved into chitosans from H. illucens
with molecular weights of 33 and 39 kDa, identifying
them as potent constituents for this effective inhibitor.
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