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Abstract 37 
 38 
Paper items from historical archives and libraries are frequently colonized by biodeteriogens, 39 
the management of which is a major concern. Essential oil Volatile Organic Compounds 40 
(VOCs) of thymol, carvacrol and eugenol, with high levels of antimicrobial and insect repellent 41 
activity, were stabilized within crystalline networks of β-cyclodextrins and phenazine-based 42 
cocrystals, as a new tool for the control of paper-degrading agents. These formulations were 43 
obtained via solvent-free methodologies and resulted as easy handling powders, suitable for 44 
the treatment of paper items by indirect contact. Their antimicrobial activity was evaluated on 45 
the following species isolated from a book depository at Forte Belvedere (Florence, IT): 46 
Alternaria alternata, Aspergillus sp., Cladosporium sp., Trichoderma orientale, Metschnikowia 47 
sp., and Bacillus sp. Both formulates displayed a significant antimicrobial activity in vitro, with 48 

cocrystals showing higher efficacy than β-cyclodextrins. The formulates were also tested 49 
against the pest Lasioderma serricorne, towards which the cocrystals entrapping carvacrol 50 
and thymol exhibited repellent activity. Overall, the phenazine-carvacrol cocrystal was the 51 
best-performing formulate, also giving favourable outcomes in terms of antifungal activity in 52 
an on-paper in vitro experiment designed to reproduce on small-scale the critical conditions of 53 
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an infested archive. These promising results pave the way towards further experimentations 54 
of VOC-based solid formulates, to shed light on such products’ applicability for the 55 
preservation of paper items. 56 
 57 
Keywords: VOC, β-cyclodextrin, cocrystal, solid formulation, biodeteriogen, antimicrobial 58 
activity 59 
 60 

1. Introduction 61 
 62 

Historical archives and libraries are often threatened by biodeterioration, a degradative 63 
process carried out by a wide variety of biotic components including fungi, bacteria, algae, 64 
insects and rodents, commonly referred to as “biodeteriogens” (Allsopp et al., 2004; Di Carlo 65 
et al., 2017). Concerning paper items, the key actors of biodeterioration are undoubtedly fungi 66 
and insects (Sequeira et al., 2012). Both categories strongly proliferate in poorly ventilated 67 
environments with high relative humidity, finding a favourable habitat in many archives and 68 
book repositories (Pinzari et al., 2006; Sterflinger, 2010).  69 

Paper-colonizing fungi can cause unaesthetic discolorations, such as yellowing and 70 
browning of books (Oliveira Sequeira et al., 2019), and also the appearance of stains variable 71 
in size and colour, a phenomenon known as “foxing” (Arai, 2000; Modica et al., 2019). 72 
Moreover, many strains belonging to Alternaria, Aspergillus, Penicillium, Fusarium and 73 
Trichoderma genera, compromise paper microstructure through excretion of extracellular 74 
enzymes inducing depolymerization of cellulose fibres (Sterflinger, 2010; Herculano et al., 75 
2011; Sequeira et al., 2012; Kale and Zanwar, 2016; Modica et al., 2019). Paper alterations 76 
can therefore occur even if not visible to the naked eye, depending on the agent of 77 
biodeterioration and also on the attack severity.  78 

The presence of holes and wide lesions on paper documents is rather referable to 79 
insects and other arthropods that feed on paper and different book constituting materials 80 
(Allsopp et al., 2004). The silverfish (Lepisma saccharina), few booklice and beetles, such as 81 
Anobium punctatum, Stegobium paniceum and Lasioderma serricorne, are commonly found 82 
in libraries (Wilamowski et al., 2005; Querner, 2015; Edde, 2019). Among these species, L. 83 
serricorne, also known as the cigarette beetle, is one of the most harmful to books. 84 

Bookbindings with starch glue are very attractive for its larvae, which can dig 1-1.5 mm 85 
diameter tunnels punching through the whole volume (Mosneagu, 2012; Querner, 2015). Such 86 
damages too often turn out to be unrecoverable and result in significant losses of parts of or 87 
even entire documents, along with the information enclosed within them.  88 

During the last century, several physico-chemical methodologies have been 89 
experimented to preserve or clean up the book heritage, but none proved to be effective, non-90 
invasive and at the same time safe for the operator (Sequeira et al., 2012). For a long time, 91 
ethylene oxide (EtO) was commonly used on infested archival material as broad-spectrum 92 
biocide active against every kind of biodeteriogens (Ballard, 1986; Fondelli et al., 2007). This 93 
colourless gas is extremely toxic for humans too (Jinot et al., 2018) and was declared 94 
carcinogenic by the International Agency on Research on Cancer in 1994 (IARC, 1994). 95 
Among physical methods, gamma irradiation is perhaps the most successful (da Silva et al., 96 
2006; Sterflinger, 2010), but a controversial debate is still open owing to possible dose-97 
dependent side-effects compromising paper structure (Gonzalez et al., 2002; da Silva et al., 98 
2006; Bratu et al., 2009; Negut et al., 2012).  99 

Recently, the conservation of historical collections and artworks through Integrated 100 
Pest Management (IPM) procedures has been highly encouraged. The IPM approach relies 101 
on the preventive control of pest infestations and the reduction of traditional pesticides use 102 
(Querner, 2015). In this context, many research groups experimented terpenes and essential 103 
oils (EOs) for their biocidal activity against paper biodeteriogens (Borrego et al., 2012; Lavin 104 
et al., 2016; Noshyutta et al., 2016; Abdelrahman et al., 2019). These plant-derived 105 
compounds exhibit strong antimicrobial and insecticidal activity against a wide range of target 106 
organisms, indeed their use finds its roots far back in time. An interesting manual addressed 107 
to librarians, “Del furore d’aver libri” by Gaetano Volpi (1756), attests that absinthium leaves 108 
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were inserted across book pages by virtue of their woodworm repellent properties. In more 109 
recent times, a historical letter from the Istituto Storico della Compagnia di Gesù (Rome, IT), 110 
highly recommended the use of lavender essence as antifungal remedy for the treatment of 111 
the National Central Library of Florence collections, severely damaged by the flood of 4 112 
November 1966 (Fondelli et al., 2007).  113 

To date, on the basis of in vitro experimentations, many publications suggest EOs and 114 

their volatile constituents (i.e., VOCs: Volatile Organic Compounds) as possible natural 115 
remedy against paper biodeteriogens (Borrego et al., 2012; Fierascu et al., 2014; Lavin et al., 116 
2016; Abdelrahman et al., 2019). However, the effective application of these compounds on-117 
site poses some issues, specifically related to their volatility and scarce water solubility, which 118 
should be addressed (Pedro et al., 2013; Menicucci et al., 2021). In fact, the high volatility 119 
affects the over-time efficacy, and the low water solubility requires relying on tricks in order to 120 
facilitate the handling and application of these products. Innovative technologies may help to 121 
overcome these issues but, to the best of our knowledge, there are only few papers reporting 122 
about formulates based on terpenes/EO constituents for the treatment of paper supports 123 
(Benkovičová et al., 2019; Campanella et al., 2019).  124 

Dealing with solid formulates, EOs and/or VOC-based cyclodextrins and cocrystals 125 
were largely investigated for their antimicrobial properties in different research areas (Del 126 
Valle, 2004; Schultheiss and Newman, 2009; Wang et al., 2018; Kfoury et al., 2019; Mazzeo 127 
et al., 2019). The cyclodextrin family comprehends many cyclic oligosaccharides classified on 128 
the basis of the number of glucose subunits constituting the macrocyclic ring (Del Valle, 2004). 129 
Thanks to a peculiar chemical structure and an extremely low cytotoxicity (Irie and Uekama, 130 
1997), cyclodextrins find applications in food industry, drug delivery, cosmetics, and many 131 
other fields (Del Valle, 2004; Kfoury et al., 2019). The most common and useful one is β-132 
cyclodextrin, consisting of a seven-glucose subunit ring forming a cage-like structure with an 133 
inner hydrophobic cavity and an external hydrophilic surface (Del Valle, 2004). The apolar 134 
cavity can favourably interact with VOCs, as guest hydrophobic molecules, whereas the 135 
external hydroxyl groups make β-cyclodextrin highly soluble in water. In this way, liquid EOs 136 
and/or single VOCs can be successfully included into a solid formulate, displaying high stability 137 
over time, water solubility and easy handling.  138 

Cocrystals are bicomponent systems composed of an active ingredient, which may be 139 
a VOC, and a coformer interacting with the latter through hydrogen bonds as well as other 140 
non-covalent interactions, and acting as a scaffold upon which crystallization process occurs 141 
(Mazzeo et al., 2019; Mazzeo et al., 2020; Bacchi and Mazzeo, 2021). Cocrystals are largely 142 
used in pharmaceuticals and food industry as a tool to improve the physico-chemical and 143 
mechanical properties (e.g. solubility, permeability, bioavailability, stability) of the active 144 
ingredient stabilized into the crystal structure (Schultheiss and Newman, 2009; Wang et al., 145 
2018; Bacchi and Mazzeo, 2021).  146 

The final aim of this work was to stabilize VOCs of EOs into solid formulates of β-147 
cyclodextrins and cocrystals, in order to test their efficacy on a set of paper biodeteriogens of 148 
relevance. Additional objectives were to compare the efficacy of the different VOC-based solid 149 
formulates and to set up a protocol to treat contaminated paper by indirect exposure to the 150 
vapours released from the formulates. 151 
 152 

2. Materials and methods  153 
 154 

2.1. Sampling, purification and characterization of microbial strains 155 
 156 
The sampling was performed on a book collection belonging to the National Central Library of 157 
Florence and took place into an archive situated in the Forte Belvedere basement (Florence, 158 
IT). Because of its location and historical conformation, the archive displays high humidity 159 
levels, and remarkable signs of biodeterioration were clearly detectable all over the shelves 160 
and the volumes as well. The archive hosts a collection of Italian volumes from 1951 to 1981 161 
(shelfmark Gi.II.3738-Gi.II.9999), and those parts of paper and book spines showing stains, 162 
spots, discolouring and fouling, were selected as target areas. Sampling was realized on the 163 
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protective wrapping paper (type Kraft) of the volumes both by wiping the surface with sterile 164 
cotton swabs and collecting tiny pieces of paper cut with sterilized scissors. The collected 165 
samples were then submerged into sterile saline solution (0.8% NaCl) and then vortex-mixed 166 
to allow microbes resuspension. 100 µl of each microbial suspension were spread over the 167 
surface of potato dextrose agar (PDA) and nutrient glucose agar (NGA) to isolate fungal and 168 
bacterial colonies, respectively. Three replicates per sample for each type of medium were 169 
done. Plates were incubated at 27±2 °C for 4 to 14 days to allow bacterial and fungal colony 170 
development. At the end of incubation, colonies showing different morphology were picked-171 
up from the agar surface and transferred on fresh PDA/NGA in order to obtain pure microbial 172 
isolates. A preliminary differentiation of fungal isolates was based on morphological 173 
characteristics of colonies and the observation of hyphae, conidiophore and conidia structures 174 
by optical microscopy. A long-storage collection was set up stocking the microbial strains at 4 175 
and -20°C. 176 
 177 
2.2. Pure cultures and molecular identification 178 
 179 

For fungi, monosporic cultures on water-agar medium were obtained following the method 180 
described by Choi et al. (1999). Plates were incubated at 27±2 °C for 2 to 4 days until spore 181 
germination. Ten germinated spores per strain were transferred onto PDA and incubated at 182 
27±2 °C for 48-72 hours. The most representative among the ten colonies was selected as 183 
pure culture to be used for molecular identification. A small piece of mycelium was cut from 184 
the edge of the colony and transferred onto a sterilized cellophane disk (10 cm Ø) placed on 185 
the surface of a PDA Petri dish. After reaching a diameter of 3-4 cm, the mycelium was 186 
scraped from the cellophane, collected into a sterile tube and lyophilized overnight. For slow-187 
growing fungi, a small piece of mycelium was cut from the edge of the pure culture, transferred 188 
into a flask containing potato dextrose broth (PDB) medium and incubated for 4-7 days at 27±2 189 
°C. The mycelium was then recovered from the flask, centrifuged at 3000 rpm for 10 minutes, 190 
freezed at -80 °C, and manually grinded into a mortar filled up with liquid nitrogen until a fine 191 
powder was obtained. DNA was extracted using E.Z.N.A. Fungal DNA Mini Kit (Omega Bio-192 
tek) following the instructions provided by the manufacturer. The purity and quantity of the 193 
extracted DNA were checked at NanoDrop ND-1000, then the ITS region was amplified by 194 
PCR using the primers ITS1F and ITS4 (Table 1). The DNA of fungal isolates identified on the 195 
basis of morphology as Alternaria and Trichoderma genera, was also amplified using different 196 

primers and PCR conditions (Table 1).  For bacteria, 1 mL of overnight culture grown in LB 197 
medium was centrifuged at 4000 rpm for 10 minutes, then the pellet was processed for DNA 198 
extraction using E.Z.N.A. Bacterial DNA kit (Omega Bio-tek), and 16S rRNA gene was 199 
amplified for molecular identification (Table 1). Fungal and bacterial amplicons were purified 200 
(PureLink Quick PCR Purification Kit, Invitrogen) and sent to BMR genomics S.r.l. (Italy) to 201 
perform Sanger sequencing.  202 
 203 
 204 
2.3. Cellulolytic activity  205 
 206 
Fungal strains previously isolated from paper (Table 2) belonging to Penicillium sp. (F1), A. 207 
alternata (F2), Aspergillus spp. (F4 and F7), Cladosporium sp. (F5), and T. orientale (F6), 208 
were cultivated on carboxymethylcellulose (CMC)-agar (1%) for evaluating the cellulose 209 
degradation ability (Coronado-Ruiz et al., 2018). Plates were incubated at 27±2 °C and the 210 
incubation period was tuned to the growth-rate of each strain as follows: three days for the 211 
fast-growing T. orientale, two weeks for the slow-growing Penicillium sp. and Cladosporium 212 

sp., one week for the remaining species. After incubation, plates were flooded with Gram’s 213 
iodine (10 ml/plate) for 10 minutes and washed with distilled water, then the diameter of 214 
hydrolysis halos was measured. All bacteria and yeast isolates, i.e. B2, B4, B6, B7 and L1 215 
(Table 2), were tested on CMC-agar prepared according to the protocol reported by Huang 216 
and colleagues (Huang et al., 2012). Briefly, plates were incubated for 48 hours at 27±2 °C, 217 
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flooded with Congo red dye (0.1%) for 40 minutes and washed with NaCl (1M) to allow 218 
hydrolysis halo visualization and measurement.  219 

Cellulolytic activity was expressed in terms of cellulolytic index (CI), according to the 220 
formula reported by Herculano et al. (2011): 221 
 222 

CI = hydrolysis halo diameter (Øh)/colony diameter (Øc) 223 
 224 
2.4. Synthesis of β-cyclodextrin-VOC complexes and cocrystals 225 
 226 
The β-cyclodextrin-VOC complexes were synthesized through an automated grinding method 227 
(Menicucci et al., 2022). A grinding steel jar was kept into liquid nitrogen for 20 minutes before 228 
use, then the β-cyclodextrin powder (Sigma-Aldrich) and the pure thymol/carvacrol/eugenol 229 
(Sigma-Aldrich) were added into the jar, in 1:1 molar ratio, plus 500 µl of H2O/EtOH buffer per 230 
g of β-cyclodextrin (CD) powder. 231 
The jars were firmly clamped and subjected to intensive mixing with a MM2000 Mixer Mill 232 
(Retsch) set to a vibrational intensity of 70 amplitude (about 20 hertz) for 20 minutes. 233 
The powdery sample was then recovered, put in a stove at 35 °C for 2 hours, and kept at room 234 
temperature overnight. Finally, it was gently ground with a pestle to obtain a fine powder and 235 
stored at 4 °C. All the instruments and materials used were double-rinsed with pentane and 236 
acetone respectively, to avoid cross-contamination among different samples. The following 237 
samples were prepared according to this method: β-CD-thymol (CD-THY); β-CD-carvacrol 238 
(CD-CARV); β-CD-eugenol (CD-EUG). The crystal structures and purity of all obtained 239 
samples were checked via XRD, whereas VOC content was experimentally determined 240 
through GC-MS analysis. The loading rate (%) was expressed as [VOC]fin/[VOC]exp x 100, 241 
where [VOC]fin was the final concentration resulting from GC-MS analysis, and [VOC]exp was 242 
the expected one, according to 1:1 molar ratio (β-cyclodextrin/VOC) used for sample 243 
preparation. 244 

Cocrystals were synthesized following the protocol reported by Mazzeo et al. (2019), 245 
obtaining phenazine-based cocrystals with thymol, carvacrol and eugenol (PHE:THY; 246 
PHE:CARV; PHE:EUG). Mechanochemical synthesis was performed by means of a Retsch 247 
PM100 planetary ball mill, using a 12 ml steel jar loaded with 3 ball bearings (10 mm Ø) of the 248 
same material. Solid/liquid VOCs and phenazine (Sigma-Aldrich) were then added in the 249 
appropriate molar ratio (PHE:THY 1:1, PHE:CAR 1:2 and PHE:EUG 1:1) and ground for 1h at 250 
550 rpm. After the milling process, the final products resulted as a liquid or as a paste. They 251 
were kept overnight under refrigeration and, once thermalized back at room temperature, solid 252 
samples were collected and gently ground to get fine powders which were then stored at 4°C. 253 
Although PHE:THY is known as two different polymorphs (Mazzeo et al., 2019; Mazzeo et al., 254 
2020), only the triclinic form has been obtained by mechanochemical protocol. The crystal 255 
structures of all obtained samples were confirmed via XRD. Further methods details are 256 
reported in supplementary material. 257 
 258 
2.5. GC/MS analysis  259 
 260 

VOC extraction was performed as follows: the β-cyclodextrin-VOC complex was weighed into 261 
a glass vial, dissolved in ultrapure water, and then added with an equal volume of heptane 262 
supplemented with tridecane 20 ppm as internal standard. The sample was vortex-mixed for 263 
five minutes, sonicated for ten minutes and kept on overnight rotary agitation. After 264 
centrifugation at 5000 rpm for 10 minutes, 100 µL of the upper phase were collected for GC-265 
MS analysis. An Agilent model 7820 Gas Chromatograph (GC) (Agilent, Palo Alto, CA. USA) 266 
equipped with a Mass Selective Detector (MSD) model 5977E was used. One μL of extract in 267 
solvent was injected in a split/splitless injector operating in splitless mode. A Gerstel MPS2 268 
XL autosampler (Gerstel, Mülheim an der Ruhr, Germany) equipped with liquid option was 269 
used. Helium was used as the carrier gas with a pressure of 33 psi (flow of 1.2 mL/min). The 270 
chromatographic settings were as follows: injector in splitless mode set at 260 °C, J&W 271 
innovax column (30 m, 0.25 mm i.d., 0.5 μm df); oven temperature program: initial temperature 272 
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40 °C for 1 min, then 5 °C min-1 until 200 °C, then 10 °C min-1 until 220 °C, then 30 °C min-273 
1 until 260 °C, hold time 3 min. The mass spectrometer was operating with an electron 274 
ionisation of 70 eV, in scan mode in the m/z range 29–330, at three scans sec-1. Calibration 275 
curves were obtained injecting known concentrations of thymol, carvacrol and eugenol (4; 8; 276 
15; 30; 60 ppm) into the GC-MS device. Mass spectra were acquired through the Agilent 277 
MassHunter software. Analytes were identified matching the mass spectra with those reported 278 
in the National Institute of Standards and Technology (NIST 11, U.S.A.) mass spectral library 279 
and also comparing their retention time with those of the standards, and quantified by 280 
interpolation with the respective calibration curve. 281 
 282 

 283 
2.6. Antimicrobial and repellent activity of VOC-based solid formulations 284 
 285 
2.6.1. In vitro test: evaluation of the formulations’ antimicrobial activity via indirect contact  286 
 287 
The antimicrobial activity of β-cyclodextrin-VOC complexes (CD-THY; CD-CARV; CD-EUG) 288 
and cocrystals (PHE:THY; PHE:CARV; PHE:EUG) was evaluated against the cellulolytic 289 
bacterium Bacillus sp. (B7), the yeast Metschnikowia sp. (L1), and the four following fungal 290 
species: A. alternata (F2), Aspergillus sp. section Nigri (F7), Cladosporium sp. (F5), and T. 291 
orientale (F6), previously isolated from paper (Table 2). Tests were performed into 5 cm Ø 292 

Petri dishes and the procedure is sketched out in Fig S1 (Supplementary material). For each 293 
formulation, the proper amount of powder to be added was calculated in order to obtain a final 294 
VOC concentration of 400 ppm, considering an inner medium-free plate volume of 10 cm3 (i.e., 295 
CD-THY: 118 mg; CD-CARV: 78 mg; CD-EUG: 92 mg; PHE:THY: 14 mg; PHE:CARV: 10 mg; 296 
PHE:EUG: 13 mg).  297 

For fungi, a 0.5 cm disk was cut from the edge of each fungal colony using a sterile 298 
cork borer and transferred in the middle of a Petri dish containing fifteen mL of PDA medium. 299 
Solid samples (i.e. β-cyclodextrin-VOC complexes, cocrystals, β-cyclodextrin, phenazine, and 300 
thymol) were disinfected under UV irradiation for 30 minutes before use, added on the lid of 301 
the Petri dish and covered with a sterile cellophane disk. Liquids (carvacrol and eugenol) were 302 
pipetted on a sterile paper support placed in the centre of the Petri lid. Plates were bottom-up 303 
sealed, with a double parafilm layer, and incubated at 27±2 °C for 72 hours. The inhibiting 304 
activity of the formulates was evaluated by comparing the size of treated fungal colonies with 305 
the respective untreated control (diameter, cm), at 24, 48 and 72 hours of incubation.  306 

For Bacillus sp. and Metschnikowia sp., a suspension of 0.1 optical density measured 307 
at 530 nm, corresponding to about 1x108 colony-forming units (CFU) per mL, was prepared 308 
and serially diluted to a final concentration of about 1x104 CFU/mL. Fifteen ml of NGA per dish 309 
were poured and after solidification, four drops of 20 µL of each suspension were pipetted on 310 
the agar surface. The successive steps were the same as those described for fungi. Growth 311 
was expressed as CFU/mL and data were collected after 48 hours of incubation. 312 
 313 
2.6.2. On paper in vitro test: evaluation of the phenazine-carvacrol cocrystal antifungal activity 314 
via indirect contact 315 
 316 
The antifungal activity of PHE:CARV was evaluated on A. alternata (F2), Aspergillus sp. 317 
section Nigri (F7), Cladosporium sp. (F5), and T. orientale (F6) (Table 2). The design of this 318 
in vitro test aimed to reproduce the conditions of an infested archive on a small scale, therefore 319 

paper was provided as unique source of nourishment and humidity was kept at 98%. The test 320 
was performed using two-split Petri dishes: for each plate, one of the sectors was filled up with 321 
9 mL of a saturated water solution of K2SO4 to obtain about 99% of relative humidity (RH), and 322 
a sterilized semicircle of Whatman filter paper (No.1) was placed on the bottom of the other 323 
sector. For each species, a sterile suspension of about 1x105 conidia/mL was prepared from 324 
a fresh fungal culture and 20 µL were pipetted onto a 2 cm2 square surface previously outlined 325 
on each paper semicircle. Three to four replicates were practised on each paper semicircle. 326 
For treatment, 30 mg of PHE:CARV were weighed into a sterile plastic cap which was placed 327 
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in the plate sector containing the saturated K2SO4 solution. Dishes were sealed with a double 328 
layer of parafilm and incubated for 2 to 45 days at 27±2 °C. Fungal growth on paper was daily 329 
checked by visual inspection and confirmed through ATP bioluminescence assay (3M Clean-330 
Trace Surface ATP) by swabbing the surface enclosed within the squares practised on paper. 331 
This test is a cell viability assay based on ATP levels quantification, as a measure of the living 332 
and metabolically active cells present on a surface (Rakotonirainy and Dubar, 2013). Values 333 
were expressed as RLU (Relative Light Units)/cm2.  334 
 335 
2.6.3. Bioactivity towards Lasioderma serricorne: four-choice pitfall olfactometer bioassay 336 
 337 
The bioactivity of the VOC-based cocrystals and β-cyclodextrins was tested on L. serricorne 338 
adults in two separate experiments, using a four-choice olfactometer. The cigarette beetle 339 
colony was obtained from infested substrates and kept for two generations at the Department 340 
of Agriculture Food and Forest Science at the University of Palermo (Italy) in climatic room at 341 
25±2 °C, 50–60% RH, and a 16:8 light:dark photoperiod. Individuals were fed with a mixture 342 
containing chamomile powder (100 g); 00 flour (95 g); 0 flour (60 g); bran (40 g); and brewer's 343 
yeast (5 g). 344 
The olfactometer consisted of a steel arena (20 cm Ø × 5 cm height) with four diametrically 345 
opposed holes (2 cm Ø) on the bottom, located 3 cm from the sidewall. A 40 mL glass test 346 
tube was positioned under each hole. The internal border of each test tube was soaked with 347 
paraffin oil to prevent the insects’ breakaway. Ten unaged and unsexed randomly-chosen 348 
insects were placed in the centre of the arena for each replication and then the arena was 349 
covered with a steel lid to allow ventilation and prevent insect escape. The duration of each 350 
replication was 72 hours, at a room condition of 25 ± 1 °C and 40% RH. At the end of each 351 
replication, the number of insects present in each test tube was counted. The insects that 352 
remained in the steel arena without making a choice were not considered for the statistical 353 
analysis. After each test, the arena was carefully washed with water and soap and finally 354 
rinsed with acetone. 355 

β-cyclodextrin-tests were performed by filling four different tubes respectively with: 1 g 356 
of chamomile (used as common feeding substrate of this pest) + 15 mg of CD (control), 1 g of 357 
chamomile + 20 mg CD-THY, 1 g of chamomile + 12 mg CD-CARV, and 1 g of chamomile + 358 
16 mg of CD-EUG. Quantities to be added were calculated to achieve the dose of 1 mg per 359 
single VOC tested and each bioassay was replicated 15 times.   360 

Cocrystal-tests were performed using four test tubes, in which the control tube was 361 
loaded with 1 g of chamomile + PHE. The remaining three tubes were each loaded with 1 g of 362 
chamomile + 2 mg of PHE:THY/PHE:CARV/PHE:EUG, so that each single tube contained 363 
thymol, carvacrol and eugenol to achieve the dose of 1 mg per tested compound. Each 364 
bioassay was replicated 18 times. 365 
 366 
2.7. Statistical analysis 367 
 368 
Even after transformation, data from in vitro tests were not normally distributed, therefore the 369 
nonparametric Kruskal-Wallis rank-sum test, followed by the Mann-Whitney U Test for multiple 370 
comparisons, were used for statistical analysis. Differences were accepted when significant 371 
at the 5% level. Regarding the four-choice pitfall olfactometer test, data, i.e. the mean number 372 
of L. serricorne adults inside the treated flask after 24 hours, were compared by using a one-373 

way ANOVA, followed by Fisher LDS test. For data processing GraphPad Prism 7.0 software 374 
(GraphPad Software, Inc., La Jolla, CA, USA) was used and values were reported as 375 
mean ± SE. 376 
 377 
2.8. Nucleotide sequence accession numbers 378 
 379 
Sequences were processed using BLAST (Basic Local Alignment Search Tool) online 380 
database and deposited in NCBI GenBank under the accession numbers reported in Table 1 381 
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(OL721932-OL721952, OL757486, OL757487 for fungi and yeasts; OL705483-OL705485, 382 
OL703844 for bacteria). 383 
 384 
3. Results  385 
 386 
3.1. Sampling, identification and selection of the target microorganisms 387 
 388 

Nineteen different fungal strains, four bacteria, and one yeast species were isolated from a 389 
book collection located in the Forte Belvedere basement, Florence (IT). The strains were 390 
identified by morphological observation via optical microscopy and by molecular analysis. 391 
Fungi were the most abundant among the identified biodeteriogens, with 19 species belonging 392 
to 11 different genera, whereas bacterial isolates belonged to the Bacillus and Lysinibacillus 393 
genera. The fungal species A. alternata (F2), Aspergillus sp. section Nigri (F7), Cladosporium 394 
sp. (F5), and T. orientale (F6) (Fig. S2a), Bacillus sp. (B7) for bacteria, and the yeast 395 
Metschnikowia sp. (L1), were selected for the subsequent investigations. All these strains 396 
displayed cellulolytic activity producing hydrolysis zones on CMC-agar medium (Fig. S2b), 397 
with cellulolytic indexes (CI) up to 2.94 for Cladosporium sp., and 5.16 for Metschnikowia sp. 398 

(Table S1). The complete list of the identified isolates is reported below (Table 2). 399 
  400 
3.2. VOC-based solid formulations: synthesis and characterization 401 
 402 
Thymol, carvacrol and eugenol were selected for the synthesis of the solid formulates of β-403 
cyclodextrins and cocrystals (Fig. S3). Both formulates were obtained adopting rapid solvent-404 
free protocols which allowed a production in the order of grams for β-cyclodextrins, and 405 
milligrams for cocrystals. The synthesis protocol, the structures and the physico-chemical 406 
properties of the phenazine-based cocrystals entrapping thymol, carvacrol and eugenol, were 407 
detailed in our previous publication (Mazzeo et al., 2019). For β-cyclodextrin-VOC complexes, 408 
the grinding procedure adopted for the synthesis was automated and speeded up using a 409 
mixer-mill. The VOC concentrations (μg/mg) determined via GC-MS analysis were as follows: 410 
β-CD-Thymol: 50.8; β-CD-Carvacrol: 77.4; β-CD-Eugenol: 64.7, with a loading rate (%) of 411 
about 51, 75 and 65%, respectively. VOC inclusion into β-cyclodextrin complexes was 412 
confirmed by XRD analysis, as the obtained experimental spectra were the same as those 413 
simulated through known structures of β-cyclodextrin and VOCs of thymol, carvacrol and 414 
eugenol. XRD spectra of the formulates are reported in supplementary material (Figs. S4-S9). 415 
 416 
3.3. Antimicrobial and repellent activity of VOC-based solid formulations 417 
 418 
3.3.1. In vitro test: evaluation of the formulations’ antimicrobial activity via indirect contact 419 
 420 
The growth of the fungal isolates selected for experimentation (A. alternata (F2); Aspergillus 421 
sp. Section Nigri (F7); Cladosporium sp. (F5); T. orientale (F6)) was monitored for three days 422 

and growth values (mean diameter ± standard error) were registered after 24, 48 and 72 hours 423 
of incubation. Since data followed a similar trend over time, for each species, only a 424 
representative graph showing growth values registered after 72 hours of incubation was 425 
reported in Fig. 1. The comprehensive report of all the collected values can be found in Table 426 
S2, whereas the results obtained from Kruskal-Wallis test are shown in Table S3 427 
(Supplementary Material). 428 

Regarding fungi, the β-cyclodextrin complexes significantly inhibited the growth of A. 429 
alternata (Alt) at 24 hours (Table S2), whilst at 48 and 72 hours, only CD-THY and CD-EUG 430 

treatments showed significant efficacy. The cocrystals caused a significant growth decrease 431 
of Alt, and were more inhibiting than the corresponding β-cyclodextrin complexes at all 432 

sampling times. Among cocrystals, PHE:CARV treatment set the fungus’s growth to zero, and 433 
the same results were obtained with the pure VOCs. The comparison between Alt and CD 434 

treatment showed the latter causing a significant growth reduction at 24 hours, whereas 435 
significantly higher growth values were registered for CD treatment at 48 and 72 hours (Table 436 
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S2). Statistically significant differences were not detected between Alt and PHE treatment 437 
except for 48 hours sampling time (Fig. 1; Table S2). 438 

The growth of Aspergillus sp. section Nigri (Asp) was significantly reduced by the β-439 

cyclodextrin complexes at 24 and 48 hours, whereas only CD-THY was significantly effective 440 
at 72 hours (Table S2). The cocrystals caused a significant growth decrease of the fungus and 441 
were significantly more effective than β-cyclodextrins at all sampling times. PHE:CARV and 442 
PHE:THY were the most effective, followed by PHE:EUG. PHE:CARV showed the same 443 
efficacy as the pure carvacrol, as no statistically significant differences were detected between 444 
these treatments. The pure thymol and eugenol were significantly more effective than the 445 
corresponding cocrystals, both at 48 and 72 hours. At 24 hours, the growth of Asp was 446 

completely prevented by the pure VOCs and also by PHE:THY and PHE:CARV (Table S2). 447 
The radial fungal growth (Asp) was comparable to the one registered for CD treatment, whilst 448 

a statistically significant growth reduction was induced by PHE treatment (Fig. 1). 449 
For Cladosporium sp. (Cla), the treatment with CD-THY and CD-EUG significantly 450 

reduced the fungal growth and CD-THY was significantly more effective than CD-CARV and 451 
CD-EUG complexes at all sampling times. Regarding CD-CARV, significant differences were 452 
detected between this treatment and Cla, at 48 and 72 hours, but the growth reduction 453 

observed after 24 hours was not significant (Table 2S). A significant growth reduction was also 454 
caused by cocrystals and the pure VOCs: all of these treatments completely prevented the 455 
fungus growth and were more effective than β-cyclodextrins. No statistically significant 456 
differences were detected among Cla and CD treatment. Comparable growth values were 457 
registered between Cla and PHE at 24 hours, significantly lower values were observed for 458 

PHE at 48 hours and significantly higher ones at 72 hours (Fig. 1; Table S2). 459 
Considering T. orientale (Tric), CD-THY treatment caused a significant inhibition of the 460 

fungus growth at all sampling times, whilst CD-CARV and CD-EUG were effective only at 24 461 
hours (Table 2S). The cocrystals significantly reduced the fungus growth, with PHE:CARV 462 
being the most effective, followed by PHE:THY and PHE:EUG. Specifically, PHE:CARV 463 
completely prevented fungal proliferation, as well as the pure thymol, carvacrol and eugenol. 464 
Statistically significant differences were not detected between Tric and the control treatments 465 

of CD and PHE at 48 and 72 hours (Fig. 1), whereas a significant difference was detected 466 
between Tric and PHE at 24 hours (Table S2). 467 

Bacillus sp. - strain B7 (Table 2) - (Bac) was sensitive to the treatment with the β-468 
cyclodextrin complexes, all inducing a significant growth decrease. Among the β-cyclodextrin 469 
complexes, no significant differences were registered between CD-THY and CD-CARV and 470 
between CD-THY and CD-EUG, whereas a significant difference was registered between CD-471 
CARV and CD-EUG, the latter being more inhibiting. A statistically significant growth reduction 472 
was also caused by cocrystals, with PHE:CARV showing the strongest inhibition and 473 
PHE:THY the lowest one. Comparing the effect of the formulations, there were no statistically 474 
significant differences between CD-EUG and PHE:EUG, whereas CD-THY was significantly 475 
more effective than PHE:THY, and CD-CARV was significantly less inhibiting than 476 
PHE:CARV. This latter showed the same efficacy as the pure thymol and carvacrol. Among 477 
VOCs, the inhibiting activity of EUG was comparable to that of CD-EUG but significantly higher 478 
than that of PHE:EUG. No significant differences were registered between the bacterium (Bac) 479 

and the control treatments of CD and PHE (Fig. 2a). 480 
Finally, all the tested treatments except for CD control, induced a significant inhibition 481 

of Metschnikowia sp. - strain L1 (Table2) - (Met) growth, which was totally prevented by the 482 

treatment with CD-EUG, the cocrystals and the pure constituents. Among β-cyclodextrins, CD-483 
EUG was the most effective, followed by CD-CARV and CD-THY. PHE also caused a 484 
significant growth decrease of the yeast (Met), whereas its proliferation was not affected by 485 
the treatment with CD, as the difference between Met and CD was not statistically significant 486 

(Fig. 2b). 487 
 488 

3.3.2. On-paper in vitro test: evaluation of the phenazine-carvacrol cocrystal antifungal activity 489 
via indirect contact 490 

 491 
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The phenazine-carvacrol cocrystal was the most effective treatment against the tested species 492 
in antimicrobial in vitro tests, therefore this cocrystal was chosen for the successive on-paper 493 

investigation. Again, the treatment with PHE:CARV showed antifungal activity towards all the 494 
tested species. In particular, for Alt, Asp and Cla, a lower paper contamination was clearly 495 

noticeable by visive inspection of plates containing paper samples treated with the cocrystal 496 
(Fig. 3). This difference between treatment and control plates was confirmed via 497 
bioluminescence assay for all the four species (degree of freedom (df) = 1; chi square = 5.333; 498 
p = 0.021; Mann-Whitney test) and expressed in terms of Relative Light Units per cm2 499 
(RLU/cm2). Indeed, values registered for treated samples were significantly lower than those 500 
of controls (Fig. 3). 501 
 502 
3.3.3. Bioactivity towards Lasioderma serricorne: four-choice pitfall olfactometer bioassay 503 
 504 
The response of L. serricorne adults to thymol, carvacrol and eugenol in solid formulates, 505 

tested as repellent candidates, is reported in Fig. 4. With VOC-based β-cyclodextrins, adult 506 
beetles’ response toward the different odour sources was not significantly different among 507 
treatments (df = 3; F = 0.46; p = 0.71; one-way ANOVA) (Fig. 4a). With the cocrystals, adult 508 
beetles’ response toward the different odour sources was significantly different among 509 
treatments (df = 3; F = 3.39; p = 0.02; one-way ANOVA) (Fig. 4b), with a lower number of 510 
adults entering in the flasks treated with cocrystals entrapping thymol or carvacrol. 511 
 512 
4. Discussion 513 
 514 

The treatment and preservation of book collections and archival material from biodeterioration 515 
requires safe and eco-friendly strategies in support of restorers and conservators. Although 516 
EOs and/or their single VOCs have been widely exploited for antimicrobial and insect-517 
deterrent properties, their combination with new technologies is just taking its first steps in the 518 
cultural heritage sector (Benkovičová et al., 2019; Campanella et al., 2019).  519 

In this paper, the inclusion of volatile EOs constituents into crystalline networks of β-520 
cyclodextrins and cocrystals to be used in solid form for the control of paper biodeteriogens, 521 
has been reported for the first time, as far as we know. Since filamentous fungi, insects and, 522 
to a lesser extent yeasts and bacteria, play a leading role in the biodeterioration of paper items 523 
(Karbowska-Berent et al., 2011; Querner, 2015; Franco Castillo et al., 2019), the formulates 524 
were experimented against at least one representative member of each category. The 525 
sampling from the paper material stored at the Forte Belvedere repository led to the isolation 526 
and identification of a wide variety of microbial species (Table 2), some of them being among 527 
the most recurrent and critical paper-degrading fungi and bacteria previously reported 528 
elsewhere (Karbowska-Berent et al., 2011; Borrego et al., 2012; Pietrzak et al., 2017; 529 
Karakasidou et al., 2018; Karbowska-Berent et al., 2018). Among these, the following six 530 
species were selected as target for the tests with solid formulates: A. alternata and three 531 
species belonging to Aspergillus, Cladosporium and Trichoderma genera, respectively, for 532 
filamentous fungi. Among bacterial isolates, only one Bacillus sp. (B7) showed intensive 533 
cellulolytic activity (CI=2.34) and was therefore selected for investigation, together with the 534 
yeast Metschnikowia sp., showing the highest cellulolytic index (CI=5.13) among all tested 535 

microorganisms (Table S1). The intensive production of extracellular hydrolytic enzymes, 536 
including cellulases, was indeed previously reported for Metschnikowia sp.  (Oztekin and 537 

Karbancioglu-Guler, 2021). 538 
 Based on a literature survey of those VOCs reported to exhibit strong antimicrobial 539 
properties, thymol, carvacrol and eugenol were chosen as active EO constituents to be 540 
stabilized into solid formulates of β-cyclodextrins and cocrystals (Abbaszadeh et al., 2014; 541 
Zhang et al., 2019; Shaban et al., 2020). Concerning the production of cocrystals, phenazine 542 
was selected as coformer for cocrystallization with VOCs. Phenazine is an organic compound 543 
produced by many bacteria, which has been found to play multiple roles in bacterial 544 
interactions (Pierson and Pierson, 2010), and was also reported to show antimicrobial 545 
properties (Pierson and Pierson, 2010; Raio et al., 2017; Hu et al., 2019). 546 
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There are many works about different applications of β-cyclodextrins and cocrystals, 547 
but despite their wide applicability, the most common way to use them involves a direct contact 548 
with the target of treatment (Suresh Kumar et al., 2013; Munhuweyi et al., 2018; Mazzeo et 549 
al., 2019; Rezaei et al., 2021). On the contrary, in our work, both β-cyclodextrins and 550 
cocrystals were experimented by exposing the target biodeteriogens and/or a contaminated 551 
paper support to a contactless formulate-based treatment. Moreover, the formulates were 552 
exploited as solid powders, taking advantage of the active ingredient release in the 553 
surrounding atmosphere. To trigger the release of the guest molecule, β-cyclodextrins are 554 
conventionally solubilized in water, so that water molecules dissolve the complex and displace 555 
the guest from the cyclodextrin cage (Del Valle, 2004; Ponce Cevallos et al., 2010; Abarca et 556 
al., 2016). Instead, we experimented their use as VOC-releasing formulates in solid form. 557 
Since high temperatures and/or exposure to high relative humidity rates (RH) are also reported 558 
as triggering conditions able to disrupt the host-guest balance (Del Valle, 2004; Almenar et 559 
al., 2007; Del Toro-Sánchez et al., 2010; Marques, 2010; Wang et al., 2011; Kfoury et al., 560 
2019), VOC-based β-cyclodextrins may be a valid tool to be investigated in those archives 561 
and libraries showing critical humidity conditions.  562 

Concerning the results from in vitro tests, VOC-based β-cyclodextrins showed different 563 

levels of activity depending on the trapped VOC and the microorganism under investigation. 564 
For instance, against filamentous fungi – i.e. A. alternata, Aspergillus sp. section Nigri, 565 
Cladosporium sp., and T. orientale -, CD-THY was the most effective among all β-cyclodextrin 566 
complexes, whereas the CD-EUG gave the best outcomes against Bacillus sp. and 567 
Metschnikowia sp. Such distinction was not observed for the treatment with cocrystals, as 568 

PHE:CARV was the most inhibiting against all the microorganisms under investigation. 569 
Considering the set of six target species, it should be noted that, overall, the cocrystals induced 570 
a sharper growth inhibition than β-cyclodextrin complexes. These results are consistent with 571 
a different mechanism of action, which is strictly related to the different molecular interactions 572 
characterizing the structures of β-cyclodextrins and cocrystals. Recently, in one of our 573 
publications (Mazzeo et al., 2019), we studied the VOC release profile of cocrystals, including 574 
those phenazine-based trapping thymol, carvacrol and eugenol, also used in the present work. 575 
We observed an immediate but smooth VOC release from cocrystals, as VOC emission was 576 
detected up to a two week-period, whereas the persistence of the pure VOCs was significantly 577 
lower than that of the ones subjected to cocrystallization. These results suggest how 578 
cocrystals may represent a useful tool to extend VOC bioactivity at least over a period of 14 579 
days (Mazzeo et al., 2019). On the contrary, β-cyclodextrins are reported as highly stable 580 
complexes, showing long shelf life at room temperature and standard RH conditions (Del 581 
Valle, 2004; Marques, 2010; Wang et al., 2011). Thereby, a little VOC release associated to 582 
β-cyclodextrins used as powders in short-term in vitro experiments, at ambient temperatures 583 

and standard RH conditions, was reasonably expected, explaining the lower antimicrobial 584 
efficacy exhibited by β-cyclodextrin complexes with respect to the cocrystals. The combined 585 
use of two different bioactive formulates, one of each promptly acting with no need of external 586 
triggers, and covering a 2-week time lapse of action, and the other one showing long shelf life 587 
and susceptibility to fluctuations of ambient conditions, may represent a worthy strategy to be 588 
explored as preventive treatment against the biodeteriogens inhabiting archives and libraries.  589 

Results from in vitro experiments also showed that the phenazine-carvacrol cocrystal 590 

displayed the strongest efficacy in terms of microbial growth inhibition, among all the tested 591 
treatments. Based on these results and the scientific evidence of the antifungal efficacy 592 
exhibited by carvacrol in its pure form (Nostro and Papalia, 2012; Abbaszadeh et al., 2014; 593 
Zhang et al., 2019; Shaban et al., 2020; Sun et al., 2021) and in the form of cocrystal as well 594 
(Mazzeo et al., 2019), this cocrystal was selected for an in-depth investigation as antifungal 595 
agent, because mould infestation was prevailing in the archive. Just like all the tests performed 596 
in the present work, the direct contact between the formulate and the target, in this case a 597 
paper support inoculated with fungal species, was intentionally avoided, in order to simulate 598 
the application of these powders within indoor environments affected by biodeteriogens. All 599 
the species (i.e. A. alternata, Aspergillus sp. section Nigri, Cladosporium sp, and T. orientale) 600 

cultivated on Whatman paper showed significant susceptibility to the vapours of the 601 
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phenazine-carvacrol cocrystal, which caused a sharp growth inhibition. The successful 602 
contactless treatment of contaminated paper supports, obtained just exposing the paper 603 
samples to the phenazine-carvacrol cocrystal, suggest how VOC-releasing solid formulations 604 
may be promising antimicrobial candidates to be further investigated within indoor 605 
environments of archives and museums, frequently theatre of an intensive biodeteriogens’ 606 
proliferation.  607 

The results obtained from the behavioural bioassays with L. serricorne adults indicated 608 

a repellent effect exerted by the phenazine-carvacrol and, to a lesser extent, by the phenazine-609 
thymol cocrystal. On the contrary, no significant repellent activity was exhibited by the β-610 
cyclodextrins. These results suggest that the repellent activity is dose-dependent, as the 611 
terpene-release from cocrystals is more immediate than the one from β-cyclodextrins. Several 612 
EO mixtures known for their toxic activity towards insects display high carvacrol and thymol 613 
contents (Hori, 2003). A recent study of Ramadan et al. (2020), indicated that carvacrol has 614 
repellent properties and shows toxicity towards the same L. serricorne, with LC50 values of 615 

0.019 mg/cm2. Similarly, thymol is reported to have insecticidal and acaricidal activity (Pandey 616 
et al., 2009; Youssefi et al., 2020), due to its anti-cholinesterase properties (Arafa et al., 2020).  617 
On the contrary, in our bioassays, the phenazine-eugenol cocrystal did not elicit strong 618 
repellent activity towards L. serricorne adults, although this compound is reported as toxic and 619 
repellent towards other storage pest beetles (Obeng-Ofori and Reichmuth, 1997; Huang et al., 620 
2002).  621 

Finally, among the possible advantages of VOC-based solid formulates, it is 622 
noteworthy to mention that the use of such formulates would not release any other additional 623 
ingredients in the surrounding environment, nor require relying on dispersant devices, such 624 
as diffusers or spray cans, broadening their range of application. Moreover, as previously 625 
discussed, the VOC release from these formulates can be promoted by a rise of temperature 626 
and/or humidity (Del Valle, 2004; Almenar et al., 2007; Del Toro-Sánchez et al., 2010; 627 
Marques, 2010; Wang et al., 2011; Kfoury et al., 2019). Since the control of humidity rates into 628 
archives and warehouses is not easy to achieve, and high humidity levels or fluctuations of 629 
this parameter are not rare to happen, VOC-based formulations could represent a self-630 
regulating system, increasing the active ingredient release in case of unfavourable conditions. 631 
However, the use of EOs and/or some of their terpenic constituents on paper supports has 632 
been investigated by some research groups and is currently subject to a controversial 633 
discussion among those in favour, in reason of undetected or acceptable alterations of the 634 
material under investigation, and those recommending not to use such substances, due to 635 
considerable side effects, such as increased acidification, decreased resistance and colour 636 
alterations (Rakotonirainy and Lavédrine, 2005; Noshyutta et al., 2016; Pietrzak et al., 2017; 637 
Karbowska-Berent et al., 2018; Čabalová et al., 2019). Thereby, aiming to develop effective 638 
and, at the same time, safe methodologies to control paper biodeteriogens, the use of EOs 639 
and/or VOCs, both as pure substances and as formulates, must be carefully evaluated and 640 
investigated in the long-term. Structural analysis of paper samples pre- and post-treatment 641 
were not performed in this work, and must be considered in order to point out any possible 642 
side effects related to the vapours’ release, so as to define the safety threshold for the on-site 643 
application of such promising technology. 644 
 645 
 646 
 647 
5. Conclusions  648 
 649 

VOCs of thymol, carvacrol and eugenol stabilized into solid formulates proved effective 650 
in the control of a set of representative paper biodeteriogens. These formulates were 651 
compared in terms of antimicrobial and insect-repellent activity, and were successfully 652 
experimented on contaminated paper by indirect contact, aiming to a non-invasive treatment. 653 
 654 
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 967 
Table 1. Primers and PCR settings for molecular identification of microbial isolates. 968 

 969 
Table 2. Microbial isolates obtained from sampling. Selected species for experimentation are 970 

asterisk-tagged.  971 
 972 
Fig. 1. Growth of A. alternata (F2), Aspergillus sp. section Nigri (F7), Cladosporium sp. (F5), 973 
and T. orientale (F6) after exposure to indirect contact with VOC-based formulations and pure 974 

VOCs. Growth values (diameter) are reported as mean of four to seven replicates ± SE. 975 
Different letters indicate significant differences between treatments (Mann–Whitney U test). 976 
Alt: A. alternata; Asp: Aspergillus sp.; Cla: Cladosporium sp.; Tric: T. orientale; CD: β-977 

cyclodextrin; PHE: phenazine; THY: thymol; CARV: carvacrol; EUG: eugenol; CD-THY: β-978 
cyclodextrin-thymol; CD-CARV: β-cyclodextrin-carvacrol; CD-EUG: β-cyclodextrin-eugenol; 979 
PHE:THY: phenazine-thymol cocrystal; PHE:CARV: phenazine-carvacrol cocrystal; 980 
PHE:EUG: phenazine-eugenol cocrystal. 981 
 982 
Fig. 2. A) Growth of Bacillus sp. (B7) and B) Metschnikowia sp. (L1) exposed to indirect 983 
contact with VOC-based formulations and pure VOCs. Growth values (CFU/mL) are reported 984 
as mean of four to six replicates ± SE. Different letters indicate significant differences between 985 
treatments (Mann–Whitney U test). Bac: Bacillus sp.; Met: Metschnikowia sp.; CD: β-986 
cyclodextrin; PHE: phenazine; THY: thymol; CARV: carvacrol; EUG: eugenol; CD-THY: β-987 
cyclodextrin-thymol; CD-CARV: β-cyclodextrin-carvacrol; CD-EUG: β-cyclodextrin-eugenol; 988 
PHE:THY: phenazine-thymol cocrystal; PHE:CARV: phenazine-carvacrol cocrystal; 989 
PHE:EUG: phenazine-eugenol cocrystal. 990 

 991 

Fig. 3. On-paper in vitro test: evaluation of the PHE:CARV cocrystal antifungal activity. Petri 992 
dishes containing the untreated (left photo) and the PHE:CARV-exposed Whatman paper 993 
samples (right photo) inoculated with A. alternata. Graphs show ATP cell viability (RLU/cm2) 994 
of untreated and PHE:CARV-exposed Whatman paper samples for A. alternata, Aspergillus 995 
sp. section Nigri, Cladosporium sp., and T. orientale. RLU values are reported as mean of four 996 
replicates ± SE. Different letters indicate significant differences between treatment and control 997 
(Mann-Whitney U test). Alt: A. alternata; Asp: Aspergillus sp.; Cla: Cladosporium sp.; Tric: T. 998 
orientale; PHE:CARV: phenazine-carvacrol cocrystal. 999 

 1000 
Fig. 4. Response of L. serricorne adults to VOC-based formulations. Number of insects 1001 

present in the tubes (choices) reported as mean of 15 (a) to 18 (b) replicates (± SE). a) CD: 1002 
β-cyclodextrin; CD-THY: β-cyclodextrin-thymol; CD-CARV: β-cyclodextrin-carvacrol; CD-1003 
EUG: β-cyclodextrin-eugenol; b) PHE: phenazine; PHE:THY: phenazine-thymol cocrystal; 1004 
PHE:CARV: phenazine-carvacrol cocrystal; PHE:EUG: phenazine-eugenol cocrystal. 1005 

https://doi.org/10.3390/molecules24101867
https://doi.org/10.1007/s13197-019-03747-0
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Different letters indicate significantly different responses toward the different odour source in 1006 
four-choice olfactometer (Fisher LDS test).  1007 

 1008 

 1009 
 1010 
Table 1 1011 
 1012 

Microbial strains Primers PCR settings 

Filamentous fungi and yeasts ITS1F (5’-TCCGTAGGTGAACCTGCGG-3’); ITS4 
(5’-TCCTCCGCTTATTGATATGC-3’) 

95°C 5 min; 95°C 30 sec, 
55°C 30 sec, 72°C 1 min 
(30 cycles); 72°C 10 min 

Filamentous fungi; genus Alternaria AaltFor (5’-GTGCCTTCCCCCAAGGTCTCCG-3’); 
AaltRev (5’-CGGAAACGAGGTGGTTCAGGTC-3’) 

94°C 3 min; 94°C 30 sec, 
72°C 1 min (35 cycles) 

Filamentous fungi; genus Trichoderma EF1-728F (5’-CATCGAGAAGTTCGAGAAGG-3’); 
TEF1LLErev (5’-AACTTGCAGGCAATGTGG-3′) 

95°C 1 min; 94°C 30 sec, 
55°C 30 sec, 72°C 90 sec 
(30 cycles); 72°C 7 min 

Bacteria fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′); 
rP1/rP2 (5′-GGYTACCTTGTTACGACTT-3′; 
Y=C/T)) 

94°C 2 min;  94°C 30 sec, 
55°C 40 sec, 72°C 40 sec 
(32 cycles); 72°C 5 min 

 1013 
 1014 
Table 2 1015 
 1016 

Isolate Fungal species Accession number 

F1 Penicillium sp. 1 OL721932 

F2 Alternaria alternata* OL721933 OL757486 

F4 Aspergillus sp. section Circumdati OL721934  

F5 Cladosporium sp.* OL721935  

F6 Trichoderma orientale* OL721936 OL757487 

F7 Aspergillus sp. section Nigri* OL721937  

F8 Fusarium sp. OL721938  

F12 Aspergillus sp. 1 OL721939  

F13 Aspergillus sp. 2 OL721940  

F14 Chrysosporium carmichaelii OL721941  

F17 Penicillium sp. 2 OL721942  

F18 Aspergillus sp. 3 OL721943  

F20 Penicillium sp. 3 OL721944  

F21 Talaromyces sp. 1 OL721945  

F22 Talaromyces sp. 2 OL721946  

F27 Myxotrichum sp. OL721947  

F32 Arachnomyces sp. OL721948  

F33 Myxotrichum deflexum OL721949  

F34 Aspergillus sp. 4 OL721950  

F36 Sarocladium sp. OL721952  

  Bacterial species     

B2 Lysinibacillus sp. OL705483  

B4 Bacillus sp. 1 OL705484  

https://www.ncbi.nlm.nih.gov/nuccore/OL721932.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721933.1
https://www.ncbi.nlm.nih.gov/WebSub/?form=dwnld&sid=2525795&tool=genbank
https://www.ncbi.nlm.nih.gov/nuccore/OL721934.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721935.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721936.1
https://www.ncbi.nlm.nih.gov/WebSub/?form=dwnld&sid=2527142&tool=genbank
https://www.ncbi.nlm.nih.gov/nuccore/OL721937.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721938.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721939.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721940.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721941.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721942.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721943.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721944.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721945.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721946.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721947.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721948.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721949.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721950.1
https://www.ncbi.nlm.nih.gov/nuccore/OL721952.1
https://www.ncbi.nlm.nih.gov/nuccore/OL705483.1
https://www.ncbi.nlm.nih.gov/nuccore/OL705484.1
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B6 Bacillus sp. 2 OL705485  

B7 Bacillus sp.* OL703844 

  Yeast species     

L1 Metschnikowia sp.* OL721951  

 1017 
Fig. 1 1018 

 1019 
 1020 
 1021 
Fig. 2 1022 

https://www.ncbi.nlm.nih.gov/nuccore/OL705485.1
https://www.ncbi.nlm.nih.gov/portal/utils/pageresolver.fcgi?log$=activity&recordid=61c1db843ce3041a9aab22fe&absref=https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov/nuccore/OL721951.1
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 1023 
Fig. 3 1024 
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 1026 
Fig. 4 1027 


