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Abstract: Some wood species have antimicrobial properties, making them a better choice over inert
surfaces in certain circumstances. However, the organic and porous nature of wood raises questions
regarding the use of this material in hygienically important places. Therefore, it is reasonable to
investigate the microbial survival and the antimicrobial potential of wood via a variety of methods.
Based on the available literature, this review classifies previously used methods into two broad
categories: one category tests wood material by direct bacterial contact, and the other tests the
action of molecules previously extracted from wood on bacteria and fungi. This article discusses
the suitability of these methods to wood materials and exposes knowledge gaps that can be used to
guide future research. This information is intended to help the researchers and field experts to select
suitable methods for testing the hygienic safety and antimicrobial properties of wood materials.
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1. Introduction

Wood is an organic material and a renewable resource of nature. It is an eco-friendly material
as compared to glass, plastic, and metals that cause environmental disorders i.e., pollution or health
hazards [1]. It is also an important constituent of nature-based themes aimed to improve the
psychological well-being of inhabitants [2]. Untreated wood surfaces are traditionally used for food
preparation, cutting, fermentation, and packaging [3]. Wood and wood products are also used as
flooring and beddings in animal husbandry practices where they contribute to improvement in the
health and welfare of animals [4,5]. Meanwhile, the safety of wood material in hygienically significant
places is questioned, owing to its porosity and hygroscopic nature. However, studies have shown that
some commonly used wood speices have antimicrobial activities [6-8] and can be looked on as a safe
material for indoor uses in hygienically significant places [2,9] and as food contact surfaces [3,10,11].
Therefore, the antimicrobial properties of this material are investigated either to validate its safety
as a hygienic surface or for the discovery and identification of the active antimicrobial compounds
present in it [9,12-16].
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Various diagnostic methods are used to determine the antimicrobial properties of wood to evaluate
the safety of this material via screening tests and/or quantify the presence of any active compounds [6,16].
Moreover, such tests can help identify the factors affecting the antimicrobial behavior of wood such as
the nature of the microbes (type and resistance), the wood characteristics and variability (age, location,
part, and treatment) and the environment (humidity, moisture, and temperature) [7,8,10]. In addition,
such methods can also be used to evaluate the efficacy of disinfectants and treatments used to increase
the antimicrobial effectiveness of surfaces [17-20].

In general, antimicrobial properties of wood are studied via extractive-based methods,
where compounds are extracted using solvents (S1 in Supplementary Materials) and then subjected
to conventional antimicrobial testing methods such as agar diffusion and broth dilution [8,12,21,22].
Meanwhile, the direct methods such as surface contact test, microbe recovery protocols (S2 in
Supplementary Materials), and bioluminescence assay can assess the surface contamination of
wood [23-25]. However, to our knowledge, there are no specific standard methods available for
wood material to directly determine its antimicrobial potential or surface contamination. Further,
mass spectrometry and chromatography help in the identification and characterization of active
compounds [16,26,27]. Each method has its own benefits and disadvantages regarding its suitability
for the handler.

Few reviews exist on the subject of testing the antimicrobial potential of different materials [28-31].
It is believed that this is the first review of the suitability of these methods for wood and hygienically
important microbes, particularly those that can be responsible for infections in the healthcare setting,
and among them those being multiresistant to antibiotics. Therefore, this article aims to describe
the available antimicrobial assays, their suitability to wood material in different forms, along with
their advantages and disadvantages regarding utilization. This information is intended to serve as
a guideline for researchers and field experts regarding the application of suitable methods in wood
science, microbiology, hygiene, and the discovery of novel antimicrobial agents.

2. Literature Search Method

The literature was searched on Scopus, PubMed, and The Web of Science platforms as shown in
Figure 1. The selected keywords were “Wood*” AND “antimicrobial” OR “antifungal” OR “antibacterial”.
The timeline of research was set from the year 2000 to present (25/03/2020). The collected references
were loaded to the Rayan® platform for the screening of literature. The doublings were removed
and the titles were read to scrutinize the suitable articles. Preference to inclusion was given to
original research articles, published in the last 10 years, dealing with wood material, and written in
English. Exclusion criteria were, non-wood material, conference presentations, posters, language other
than English, and also the repeated similar methodologies reported by the same research group in
multiple publications.
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Figure 1. Flow chart of literature review methodology.

3. Results and Discussion

A total of 57 articles were obtained to identify the methods of antimicrobial testing of wood
material (Table 1). Further studies were added to describe the prospective methods (i.e., autobiography)
of studying the antimicrobial properties of different compounds in the form of extractives.

According to the literature findings, it was possible to categorize the methods into two broad
groups based on form of test material used e.g., solid wood or extractives. Furthermore, they were
subclassified into different groups according to the methodology, as shown in Figure 2.
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Wood and bamboo cutting .y . Efficacy of disinfectant to Stirring method for recovered from plastic as
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Quercus baloot C. albicans . bioautography, disc . . o [54]
potential of wood o antimicrobial activities
diffusion method, broth

microdilution

were reported




Antibiotics 2020, 9, 225

Table 1. Cont.

9 of 32

Material Microorganism Objective of the Study Methods Main Findings Reference
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polypropylene . food was lowest
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compared to other
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surfaces
Behavior of bacteria on . . Microbes in contact with
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Poplar B. cereus spores, E. coli cells poplar wood crates by wood present in broth [61]
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. Total microbial counts, exhibited by 51nglg-use 'Vortexmg to recover Microbes decreased
Poplar and pine S. aureus wood and plastic microbes and enumerated [62]
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Trzcﬁ oderma vzr.lde, Antimicrobial prope.r ties GC-MS, direct diffusion Antifungal properties
Leucaena leucocephala Fusarium subglutinans, of wood treated with [63]
. method were observed
A. niger natural extracts
P. funiculosum,
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of bark and wood extracts method .
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P. aeruginosa, determined
Pectobacterium
atrosepticum, Pec.
carotovorum, Dickeya solani
S.aureus, Micrococcus Identification, isolation, Two new compounds
) luteus, B. subtilis, E. coli, Ps. ~ and characterization of Disc diffusion method, . compe .
Quercus incana . v o . .. . rp were identified with their [65]
pickettii, Shigella flexneri, novel antimicrobial well diffusion method o . .
A. iger, A flavus compounds antimicrobial properties
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B. subtilis, S. pneumonia, characterization Paper disc diffusion Antimicrobial properties
Q. suber, Q. macrocarpa, Q. E. coli, S. aureus, A. niger, combining method and UV and active COI}; (Fun ds [66]
montana, Q. griffithii, Q. serrata  Penicillium spp., Fusarium spectrophotometric spectrophotometric were i dentiFie d
oxysporum analysis of different oak analysis
species
Transfer of Rinsing with normal Transfer durin
Campylobacter jejuni saline and then counting uncooked/cooked i;neat
Rubber wood Campylobacter jejuni from raw to cooked CFU by combined chopping on unscored [67]
chicken via wood and most-probable-number and sIC)c}))redgcu tine boards
plastic cutting boards (MPN)-PCR &
Pine heartwood and glass
Heartwood of Scots pine ) surfaces: easy method to Plate count and broth Wood does not allow the
L. monocytogenes, E. coli [68]

(P. sylvestris)

test the fate of bacterial
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Microbial survival on . .
P. sylvestris and P. abies MRSA, E.coli O157:H7 extractive-treated glass Vortexting and plate EXt.r active showed. [69]
. . count method antimicrobial properties
cylinders was studied
S. aureus. E. coli Antimicrobial properties
. . ' T of volatile organic Glass chamber and plate VOCs reduced the
P. sylvestris and P. abies S. pneumoniae, S. enterica . . . [70]
. . compounds (VOCs) of count method microbial survival
Typhimurium
wood
B. cereus, S. aureus,
L. monocytogenes, Antimicrobial and
Lactobacillus plantarum, cytotoxic knotwood
30 species of trees E. coli, Salmonella infantis,  extracts and related pure Broth dilution and agar Antimicrobial properties [71]
P P. fluorescens, C albicans, compounds and their well dilution methods were observed
Saccharomyces cerevisiae,  effects on food-associated
A. fumigatus, Penicillium microorganisms
brevicompactum
Phenolic extractives of Spectrophotometrically Wood wounds have
) Gloeophyllum trabeum, wound-associated wood ; . .
Beech wood (F. sylvatica L.) . . analyzed and a paper disc defensive chemicals to [72]
Trametes versicolor of beech and their . . .
.. screening test counter fungal invasion
fungicidal effect
Bacterial retention and Microbial recovery was
s . 0.25% and 0.1% from
Hard maple and plastic cleanability of cutting plastic and wood
. E. coli boards with commercial Wet sponge swabbing . - [73]
cutting boards . . respectively in dry
food-service maintenance

practices

conditions and was
similar in wet conditions
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Figure 2. Flow diagram outlining review findings on the classification of methods to study the
antimicrobial potential of wood material.

3.1. Direct Methods

In this approach, the microbial survival after direct contact with wood samples is studied.
These methods give a better understanding of the role of the physical structure of wood as
a microorganism inhibitor. In general, they are easy to implement because usually no chemical
handling or complicated preparation steps are required.

For research purposes, the direct methods may require an extra step of sterilization of the test
material. Generally, the wood test samples are sterilized by autoclaving, ultraviolet irradiation,
gamma radiation, fumigation, or by disinfection with alcohols [6,10,41,43,47,48,61,74]. It would be
interesting to know if the sterilization methods interfere with the antimicrobial properties of wood
material. For example, heat treatment may alter the chemical composition of the wood surfaces [21],
and immersing wood pieces in ethanol may extract some compounds from them, thus, influencing the
outcomes of the antimicrobial research.

3.1.1. Agar Diffusion Method

The agar diffusion method is commonly used in routine for antibiotic susceptibility testing in
clinical microbiology laboratories [75]. In this technique, an agar plate is conventionally used, and it
is inoculated with a standardized bacterial or fungal suspension. The test sample, containing the
potential active ingredients (added as a disc or deposited in a well created in the agar or a cylinder
(plug)) is placed on the inoculated agar plate [76,77]. When such a system is incubated at a specific
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temperature, more often 37 °C, for a recommended time, the observation of growth inhibition around
the test sample indicates the susceptibility of the incubated microbe [75]. This growth inhibition
diameter is dependent on the antimicrobial susceptibility of an organism, the diffusion potential of
testing antimicrobial agents in agar medium, and the efficacy of the active compounds [31,78].

The choice of the agar medium depends upon the type of microorganism being tested in
the experiment. For many microbes, the recommendations have been defined by international
organizations, such as the European Committee for Antimicrobial Susceptibility Testing [77] and
the Clinical and Laboratory Standards Institute [76]. In general, the antimicrobial susceptibility of
bacteria is tested on Mueller-Hinton agar [6]. However, plate count agar (PCA) [59], Iso-Sensitest®
agar [79], tryptone soy agar [13], and other nutrient mediums have also been used [80]. Antimycogram
experiments generally involve the use of Sabouraud agar [79]. However, malt agar [59] and potato
dextrose agar (PDA) are also employed for this purpose [66], depending upon the type of species being
tested [81].

The incubation period depends on the growth requirement conditions of the tested microorganisms.
Generally, most of the bacterial incubations vary from 18 to 24 h at 37 °C, while in case of fungi,
48 to 72 h are recommended at room temperature (25-30 °C) [45,72,82]. Then, the zone of inhibition
(diameter) is measured to the nearest mm [71].

Direct Wood Disc Agar Diffusion Method (Antiboisgram)

Munir et al. (2019) and Pailhories et al. (2017) reported a direct diffusion method to screen the bacterial
growth inhibition potential of multiple wood species (Figure 3) [6,7]. In this method, a Mueller-Hinton
agar plate was inoculated with a 0.5 McFarland bacterial suspension via swab streaking. Then,
wood test samples with a disc form (24 mm thickness and 9-10 mm diameter) were directly placed
on it. After an incubation time of 18-24 h, inhibition zones’ diameters were manually measured
by two different readers. [7,8] used this method as a qualitative screening method and the presence
of zone of inhibition was considered as a positive antimicrobial activity, while [6] further used this
method and took into account the variability of the method for the interpretation of the results.
This method can also be modified to test the antimicrobial properties and durability of treated solid
wood samples (5 mm) against different fungi and bacteria [19,63,83,84]. Recently, a similar approach
was applied by treating the Melia azedarach wood samples with acetone extract of Withania somnifera
Fruit. Subsequently, the antimicrobial action was investigated against Agrobacterium tumefaciens, Dickeya
solani, Erwinia amylovora, Pseudomonas cichorii, Serratia pylumthica, Fusarium culmorum, and Rhizoctonia
solani. The positive antibacterial and antifungal responses were observed in the form of inhibition
zones around samples on agar [34].

The direct diffusion method can give screening results very quickly and even the results of this
technique can be interpreted in the absence of wood sterilization [7]. It can also help determine the
influence of antimicrobial potential-affecting variables including the species of tree, part of tree [8],
and geometry of cutting [6]. However, it is difficult to interpret in case of very low antimicrobial
activity. In addition, the variability in this method can be high, making quantification a difficult task;
therefore, uniform-sized test samples are recommended to overcome this difficulty [7].
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Figure 3. An antibiogram showing the results of filter paper discs (6 mm) and different oak tree wood
discs (10 x 3 mm) tested against Staphylococcus aureus ATCC 29213 inoculated on a Mueller-Hinton
agar plate: (a) negative control inert filter paper disc; (b) oak wood transversal cut; (c-e) oak wood
longitudinal cut, and (f) positive control antibiotic (Vancomycin (Oxoid, Basingstoke, United Kingdom);
©Authors.

Sawdust-Filled Well Diffusion Method

If the wood sample is only available in particulate and sawdust form, which is a common case in
animal husbandry practices, then it can be placed in a well cut into the agar plate [4,5]. This method is
a slight modification of agar diffusion method, where uniform-sized wells (5 to 10 mm) are punched
aseptically with a sterile borer or a tip on agar plate [45]. Then, the sample particles are filled in these
holes, and the system is incubated. The diameters of the zone of inhibition around these wells are
measured as an indication of antimicrobial action [7] (Figure 4).

Figure 4. Antibiogram result of the well diffusion method to test the antimicrobial activity of sawdust
(1-2 mm particle size), filled in wells (10 mm diameter) created in Mueller-Hinton agar against
Acinetobacter baumannii: (a) oak wood showing the zone of inhibition around the well as a positive result;
(b) positive control antibiotic disc (Colistin (Oxoid, Basingstoke, United Kingdom)-6 mm diameter
disc); (c) poplar sawdust with no activity, and (d) ash sawdust with no antimicrobial activity; ©Authors.
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Although this method gives good results for screening purposes, it is not easy to fill the wells
precisely without disrupting or contaminating the inoculated agar surface [7]; for example, Figure 4a
shows that the few fibers are spreading out of the well. In addition, the particle size within samples
may affect the diffusion and quantity of test material because finer particle sizes have a higher surface
area to volume ratio compared to larger particles [85]. Therefore, granulometric studies are needed to
standardize this protocol.

3.1.2. Evaluation of Microbial Survival on Wood Surfaces

The antimicrobial properties of wood can also be studied by observing the viability of
microorganisms on wood. Recovery methods and visualization methods alone or in combination are
employed to study the role of physical and chemical composition of wood to counter the microbial
growth (Figure 5). Moreover, such methods also provide good evidence of safety studies of comparative
materials such as plastic, glass, and steel.

In previous studies, recovery methods were described as destructive and non-destructive
methods [52,86]; however, this classification may vary depdnding upon the availability of sample or
employment of methodology. For example, planning can be both a destructive and non-destructive
method for constructed surfaces. Therefore, Figure 5 describes more complete illustration of
methodologies to study the microbial survival on wooden surfaces.

Solid wood
\ Constructed

surface

Piece of wood

Destruction Agar blot/ Br(‘:jsi‘ting/' :g:b;é?g
Plan; S 1 otton n

aning/grinding plate contact dlofhlfonm)
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Figure 5. Flow diagram outlining review findings on the methods to study microbial survival on solid
wood material.

Microbial Recovery

Here, the recovery is defined as “the percentage of cells detected from the number of initially inoculated
cells on a surface”. The microbial recovery gives information on their survival on different surfaces at
different times [86]. Such methods are also used to study microbial adhesion and biofilm formation on
wood surfaces [39]. In general, the microbial recovery from surfaces depends upon multiple factors,
including the type of wood material, surface roughness, size of surface, porosity, moisture content,
type of microbes, recovery method, contact time, skills of the handler, and the media used for collection,
transport, and processing of samples [46,52,87].

As wood is a porous material with a very complex distribution of porosity [88], the recovery
of total microbial content is difficult [86,89]. Even the transfer of microbes from the wooden contact
surface to food is lower as compared to other surfaces [73]; for example, [10] reported that the transfer
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rates of Listeria monocytogenes from wood (0.55%) to cheese was lower than perforated plastics (1.09%)
and glass (3%).

Culture-Based Methods

A simple method of microbial recovery is blotting or agar plate contact, which involves directly
touching the wood sample to agar to transfer microbes on it [2,17,18,23]. It involves contacting
contaminated pieces of wood on agar at a specific pressure for a known time, e.g., 650 g for
10-205[60,90]. Kavian-Jaromi etal. studied the survival of Klebsiella pneumoniae and methicillin-resistant
Staphylococcus aureus (MRSA) on Larch wood [Larix decidua (Mill)] [46]. Both heartwood and sapwood
cubes (10 x 10 x 5 mm?) were inoculated with about 100 puL of bacterial suspension (10° CFU ml ™).
These samples were blotted onto blood agar plates (Columbia Blood Agar) after 0, 3, and 24 h of
inoculation, and subsequently, the developed colonies were counted after 24 h of incubation at 37 °C.
Gupta (2017) reported the contact RODAC (Replicate Organism Detection and Counting) plates method
for the recovery of fungi and bacteria from different surfaces, including wood. These plates containing
sterilized tryptic soy agar (ITSA) and potato dextrose agar (PDA) for bacterial and fungal colonies
respectively, were impressed upon test surfaces for 20 s and incubated directly at 37 °C and 24 °C for
TSA and PDA plates, respectively. They also compared this method with a vacuuming and bulk rinsate
method. Vacuuming was similar to air sampling for microbes with certain modifications adapted for
surfaces. The contact method showed slightly higher recovery than vacuuming, and the bulk rinsate
method gave 2 times higher recovery compared to the aforementioned methods.

Another direct method has been described in the literature where inoculated food contact surfaces,
including wood [40], were covered with agar and after incubation, nitroblue tetrazolium solution
(pale yellow) was used to stain colonies (purple) at the agar—test surface interface. Stained colonies
could be readily detected and counted, and this method gave 5 times higher recovery than the swabbing
method [91].

A simple rinsing of a wood surface with normal saline to collect microbes has also been
reported [47,67]. However, this method is not very suitable for porous materials such as wood
because microbes may descend in the depth of pores and do not come out with rinsing solution;
in addition, even the surface-adhered microbes would not detach. Meanwhile, elusion-dependent
methods recover the higher microbial concentrations from such surfaces [48,92]. They involve the
direct immersion of contaminated pieces of test material (e.g., cubes, sawdust, shavings) or a collection
device (e.g., swabs, sponges) in an eluent (sterilized phosphate buffer saline or peptone water) and
then a physical dissociation method such as shaking, sonication, vortexing, or Stomacher used to
recover the microorganisms [37,44,53,58-60,62,93,94]. Then, this suspension is further vortexed for
5-20 s and plated using serial dilution when appropriate [50]. Although this method gives higher
recovery than the contact and vacuum method [92], the question arises if all the microbes are recovered
from wood by this method. Earlier, Vainio-Kaila et al. [68] used a similar technique to remove all
adhered L. monocytogenes and Escerichia coli cells from the surface of wood and glass samples. Samples
were vortexed in 15 mL BHI (brain heart infusion) broth for 5 s. To enumerate the colony forming
units (CFU), the suspension was subjected to a plate count method. Meanwhile, the test samples after
microbial recovery were re-incubated in broth to determine remaining microbial quantity; however,
no qualitative growth was observed after 24 h of incubation. This method has also been used to test the
survival of microbes on wood shavings [53,56]. [62] used this method with certain modifications for the
evaluation of antibacterial activity on grounded high-density polyethylene, expanded polystyrene, pine,
and poplar wood. The materials were ground to obtain 0.4 g of each, and they were then suspended
in 20 mL of buffered peptone water. The Staphylococcus aureus bacterial suspension was prepared
and added in the same, together with test material, to obtain the final bacterial concentrations of
around 1 x 10°-3 x 10° CFU mL~! adjusted by the McFarland turbidity method. Then, the suspension
was vortexed to homogenize and incubated at 37 °C for 24 h. After the incubation time, the decimal
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dilutions of suspension were made in tryptone saline solution, and then the TEMPO® system was
used to quantify the remaining viable bacterial cells.

In addition, microbes are also collected by swabbing [20] and by destructive methods such as
grinding [59] and the planing [51] of wood, and then they were further subjected to vortexing protocol
for recovery [18,52].

Swabbing is also a common method for collecting microorganisms from wooden surfaces [2,
20,38,41,51,55,60,95-99]. The swabs can be wet or dry and could be in form of cotton, foam, cloth,
and sponge [35,40,73,100]. The microbial collection depends on the type of swabbing approach
adapted [35,46]. Ahnrud et al. reported that the sonicating swab device that combines swabbing,
sonication, and suction can recover a significantly (p < 0.05) higher number of L. monocytogenes cells
from wooden cutting boards as compared to sponge, foam, and cotton swabbing [34].

Wood is intrinsically porous, which allows organic debris and bacteria to descend into the pores of
wood unless a highly hydrophobic residue covers the surface [2,89]. It is highly likely that the porous
structure of wood provides valleys and holes in which microbes are protected from any swabbing
action [11]. In addition, a higher number of microbes were recovered by swabbing a longitudinally cut
wood surface as compared to a transversally cut wooden surface owing to the difference of surface
porosity [101,102].

In general, the recovery methods give lower recovery from wood in dry conditions as compared
to moist surfaces [52]. Welker et al. reported that the recovery of E. coli with the sponge swab method
was similar on plastic and moist maple wood, while it was very low on dry wood (0.1%) and plastic
(0.25%) [73]. Imhof et al. reported that the recovery of Listeria spp. from spruce wood was higher
by an abrasive (planing) method as compared to swabbing (cotton rolls) in dry conditions; however,
both methods gave similar results when wet with a low detection sensitivity of <32 CFU/cm? [51].
The role of surface moisture is also linked to longer survival of microbes, which could lead to higher
cultivable microbial recovery. Ismail et al. [52] reported that the microbial recovery rate from wood
was greater at higher moisture contents, regardless of the method of recovery (palning, brushing,
or grinding), wood species (pine or poplar), and microorganism (E. coli, L. monocytogenes, or Penicillium
expansum). For example, the recovery rates for E. coli at 18% and 37% moisture contents were 19%
and 30% from pine and 8% and 27% from poplar wood, respectively. They also reported that the
grinding method was found to be the most sensitive, giving the highest recovery rates in all conditions
as compared to planing and a brushing method. In another study, Coughenour et al. [38] reported that
the addition of Bovine Serum Albumen to the glass, wood, vinyl, plastic, and cloth surfaces enabled
methicillin-resistant S. aureus to survive for significantly longer duration (p < 0.001). Interestingly,
the recovery of number of CFU was significantly lesser on surfaces stored in 45-55% versus 16%
relative humidity.

Molecular Biology Methods

The specific amplification of nucleic acids, such as in polymerase chain reaction (PCR), can be
employed as a culture-independent method to investigate the microbial diversity in different
environmental settings with complex mixture communities, non-cultivable viable cells (NCVC),
interfering contaminants, and low levels of target DNA [103]. In first step of the PCR technique,
the genetic material is isolated and purified from the target samples [104]. The step can also be
a culture-independent method; for example, [32,33] used the swabbing of cutting boards for sample
collection. Further, they vortexed the samples to obtain microbes and then extracted DNA without
culturing these samples. Finally, they used the pyrosequencing technique to identify bacteria.

In PCR, the probes to target various genes can be designed depending upon the objective of
study. The common probes are the phylogenetic probes to get information about the phylogeny
of the microorganism, functional gene probes to identify the particular activity of the microbial
community, and the species-specific primers to determine the presence of a specific microorganism [104].
These probes can also be used to detect the quantitative growth of microbes in different conditions. [56,57]
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studied the survival of fecal microbes in contact with wood material. For microbial recovery,
the contaminated wood particles (3 g) were transferred to sterile plastic bags containing an extraction
buffer (1:10 ratio). The samples were mechanically treated in a Stomacher lab blender for 3 min at
260 rpm to dislodge the adhering bacteria. The obtained suspension was used for DNA extraction and
culturing for counting bacterial numbers. The decrease in the number of microbes as compared to
initial inoculation was regarded as a loss of microbial survival in contact with wood material.

Genetic identification approaches are also important to recover NCVCs that are in a dormant
state in the environment but are capable of cell division, metabolism, or gene transcription (mnRNA
production). Generally, the culture-based methods cannot identify NCVCs. [35] reported that the
efficiency of sponge and swab recovery with culture-based methods, to obtain Erwinia herbicola from
different laminated wood surfaces, was very low (11% and 29%) as compared to qPCR.

As the DNA of dead microbes can persist for an extended period in environments, the molecular
assessment (especially for DNA-based methods) can overestimate the viable cell numbers [105].
There are other markers proposed to overcome this limitation. Messenger ribonucleic acid (mRNA) is
turned over rapidly in living bacterial cells. It has very short half-life inside the cell and can be used
as a marker for microbial viability and identification of NCVCs [104]. The nutritional stimulation of
bacterial cells immediately produces a significant amount of rRNA precursors (pre-rRNA); these strands
are easier to detect than mRNAs [103]. Therefore, they can also be used as a marker for differentiating
NCVC from dead cells that have been inactivated by UV irradiation, pasteurization, serum exposure,
and chlorine [105]. However, these techniques have not been used to study the microbial survival on
wood, but the prospect has to be employed.

ATP Bioluminescence Assay

The ATP bioluminescence assay can rapidly detect the adenosine triphosphate (ATP), which is
a component of all living cells. This process uses the luciferin enzyme derived from fireflies. When ATP
from test samples reacts with luciferin in the presence of oxygen, the bioluminescence is generated as
a byproduct, which is measured in relative light units (RLU) [24,106-108]. This device is generally
applied on the surfaces after cleaning to detect the remaining contamination of microbes and organic
matter in real time [73]. This method uses the swabbing of surfaces to collect organic matter, and results
can be understated because of the lower recovery of microbes [106]. Shimoda et al. [25] used ATP
assay to test the contamination of hospital surfaces (melamine, vinyl chloride, stainless steel, wood,
and acrylonitrile-butadiene styrene) and found that wood material showed significantly high RLU
values with huge variability. The authors cautioned that ATP values on wood surface were likely to
be inaccurate because the CFU on all surfaces were same. Likewise, the sensitivity and specificity
of a bioluminescence test as compared to the aerobic colony count method were reported to be 46%
and 71% [108]. A recent study has also shown that ATP measurement is not an appropriate tool to
measure bacterial contamination on wood and bamboo surfaces in hygienically important places [24].
These variations are linked to the organic nature of wood, and some traces of ATP may be present in
this material, which interferes with the results, as [73] reported a higher level of bioluminescence in
new wood samples as compared to plastic. From the results of these studies, it can be concluded that
an initial reading before contamination and another after contamination can give clearer information
about actual microbial presence. Moreover, ATP bioluminescence assay should be coupled with
culture-based methods to determine the microbial survival on wood.

Microscopy of Microbes on Wood

The microscopic approaches are promising tools to study the morphology and probes as
an indication of microbial survival and viability on different surfaces. Scanning Electron Microscopy
(SEM) is widely used to observe the presence of contaminants on wood surfaces. Many articles
are found in the literature with biofilm structure analyses by SEM to describe the morphological
effects of fungi or bacteria distribution [39,51,73,97,101,109-114]. Cruciata et al. [39] described the
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formation and characterization of early bacterial biofilms on different wood species (Calabrian chestnut,
Sicilian chestnut, cedar, cherry, ash, walnut, black pine, and poplar woods) used in dairy production.
By using SEM, they observed a visible exopolysaccharide matrix that is typical of biofilm structures
and showed the presence of both rod and coccus bacteria on the wood surfaces.

However, SEM is restricted to 2D exploration, and 3D observation of microbial colonization
inside the pores and cracks of wood is very difficult [115]. Furthermore, such a method requires
a series of highly invasive fixation steps incompatible with live imaging and is unable to provide
direct information on the survival status of bacteria on analyzed wood surfaces [116]. Moreover,
direct microscopy such as environmental SEM can change the morphology of wooden structures and
microbial cells during the imaging process [42,117]. Therefore, the application of a microscopy to study
microbial survival and interaction with wood components is a challenging task.

Confocal laser scanning microscopy (CLSM) in conjunction with digital image processing
techniques has been reported as a potent non-invasive optical sectioning tool [115]. It allows
micromorphologies of microbe interaction within wood to be examined at a depth around 50 um of
a specimen without incision, depending on the density of the wood sample [116]. Xiao et al. [116]
reported that after fixation with glutaraldehyde, it was possible to locate fungal hyphae in wood,
and counterstaining wood with fluorescent phospholipid probe enabled the visualization of bacterial
colonization and even distinguished Gram types to detect them in wood cell walls. Dubreil et al. [42]
developed an innovative method where they applied CSLM to observe E.coli labeled with a DNA probe
DRAQS5 on poplar wood (Figure 6). This approach helped to visualize the presence and localization
of bacterial cells, and it can be an interesting approach to determine the hygienic risk of microbial
presence. However, this method did not give information of the viability of bacteria, and it even
did not work well when applied on S. aureus bacteria. Recent work is being performed to optimize
the visualization on hygienically important microbes on wood material by using spectral unmixing
methods to analyze multilabeling and separate specifically fluorescence from bacteria, fluorescence
from live/dead kit and the autofluorescence of wood (unpublished data).
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Figure 6. Methodology to observe DRAQ5-labeled bacteria with confocal spectral laser microscopy
[adapted from Dubreil et al. [42]].

3.2. Methods to Study the Antimicrobial Properties of Wood Extractives

Wood contains biochemical compounds that enhance its resistance to microbial degradation.
These special chemicals or extractives are not structural components, so they can be extracted by
using different solvents [118,119]. The quantity and type of extractives vary between wood species
even within different parts of wood in the same tree [119]. Moreover, the antimicrobial activities of
different extractives in various plants vary according to solvents used [8]. On one side, extraction-based
protocols give precise information of antimicrobial activity, and on the other side, the extraction adds
an extra step in the antimicrobial test and requires chemical handling.
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3.2.1. Agar Diffusion and Dilution Methods

The antimicrobial properties of wood extractives can be tested by different agar diffusion-based
methods that are classified based on loading the test solution on agar.

In the first method, wooden extractives in viscous form can be directly loaded on inoculated agar
as circular points and after the incubation period, zones of inhibitions are observed as indicators of
antimicrobial activity [22].

In the well method, extractives (50-100uL) are directly pipetted into 6 mm diameter wells made
in the agar. First, the extractive solutions are diluted to different concentration [65,120,121].

In the filter paper disc diffusion method, the extractives in different concentrations are impregnated
into filter paper discs that are subsequently placed on agar plates. During the test disc preparation,
the absorption potential of filter paper discs can vary depending upon the type of paper material
being used. There are commercial paper discs available that have a diameter of 6 mm. Their general
application is in antimicrobial sensitivity experiments in clinical microbiology laboratories. These discs
are impregnated with 15-50 uL of stock solutions [122]. However, different sizes of the discs ranging
from 5 to 10 mm can be created from blotting paper or simple filter paper (Whatman, no. 1 or 3) [14,82]
and they can be impregnated with 10-200 uL of test solution extracted from wood material [8,80,84].
However, some studies have reported the soaking method in which the crude extracts were dissolved
in TWEEN-20 solvent [to emulsify carrier oil in water [123]] and 10% stock solutions were prepared.
The blotting paper discs (6 mm diameter) were soaked in various dilute solvent extracts and dried
for 5 min to avoid the flow of extracts in the test media [66,124]. The following step is air drying,
maintaining the sterility of material. The repetition of impregnation and drying can allow the loading
of more liquid on discs. Finally, the sample loaded filter paper discs are subjected to the agar diffusion
method to study the antimicrobial properties (Figure 7).

Figure 7. Antibiogram to test the antimicrobial properties of oak wood (Quercus petraea) against
Staphylococcus aureus with the agar diffusion method: (a) an inert filter paper disc (negative control);
(b) a wooden disc showing antimicrobial activity by forming a zone of inhibition and (c) a filter paper
disc impregnated with wood extractives (10 mg extractive content extracted with methanol) showing
antimicrobial activity by forming a zone of inhibition; ©Authors.

Another method of using agar microdilution has been described in the literature, which involves
the dispersion of a test compound in molten agar and dispensing the mixture into a 96-well microplate
in a small volume of 100 pL per well, which allows a rapid, easy, and economical preparation of
samples as well as providing a uniform and stable dispersion without the separation of the oil-water
phases, which occurs in methods with liquid medium [125].

The extractives in different quantities can also be mixed with agar before pouring into Petri dishes.
Later, the bacteria are inoculated by steaking or spreading [48]. This method is also used for studying
the antifungal response of wood extractives, and for this purpose, a piece of agar from a fungi-cultured
plate is taken and placed on the extractive-infused petri dish. The size of the circular growth of fungi
on agar gives a reading of fungal resistance against extractives [79].

3.2.2. Broth Dilution Methods

This method is more common to determine the minimum inhibitory concentration (MIC) [28],
which is the lowest concentration of an antimicrobial product inhibiting the visible growth of
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a microorganism after overnight incubation [126]. It requires the homogenous dispersion of a sample
agent in solvent, and dilutions of different concentrations are tested to determine MIC [31,64] (Figure 8).
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Figure 8. A 96-well plate showing results of the broth microdilution method for an antimicrobial test
and minimum inhibitory concentration (MIC); ©Authors.

If the purpose of an experiment is just to test the antimicrobial potential of wood extractives,
only one selected dose can be added [71]. The inoculation, incubation, and reading can be performed
manually or by an automated system, and the results can be read either by the formation of microbial
colonies or the stoppage of growth [28,31]. In an automated method, the formation of bacterial colonies
gives turbidity to the medium, and it is measured by spectrophotometry [71,75].

3.2.3. Measurement of Wood Mass Loss to Decaying

Wooden surfaces are treated with a number of synthetic and natural products, including wooden
extracts, to increase resistance against microbial biodegradation. Measurement of the loss of wooden
mass to degradation over time is used as a parameter to evaluate the protective effect of surface
treatment or wood itself. Cai et al. [36] studied the protective effect of Pterocarpus spp. extracts on
Poplar samples against wood-degrading fungi. The wood was blast dried in an oven at 40 °C until
the mass was constant and then immersed in the prepared extract solution for 2 h. The samples were
dried again until the mass was constant. The control and treated samples were placed in culture flasks
and incubated at 75% relative humidity and 28 °C for decaying for 3 months. Later, the samples were
taken out, hyphae and impurities on the surface were removed, and the samples were oven-dried.
The percentage of sample mass loss was used as an indication of the antimicrobial effect.

3.2.4. Bioautography

This extractive-dependent method involves the hybridization of planar chromatography
(for phytochemical analysis of extracts) with biological detection methods (for antimicrobial potential) [127].
The technique is similar to the agar diffusion method except that the tested compound diffuses from
the chromatographic layer [14].

Direct Bioautography

This is a widely used bioautographic method, which links detection on the adsorbent layer with
biological tests performed directly on it [128]. In this method, extractive is loaded on a thin-layer
chromatographic (TLC) plate to obtain a chromatogram. Further, this plate is dipped or sprayed with
a suspension of microbes grown on a proper culture, and it is then incubated in a vapor chamber to
provide a humid atmosphere [14,129,130]. In the case of anaerobic microbes, the scenario is different,
the incubation in a sealed jar may result in high humidity potentially, causing a softening and peeling
of silica gel layer from the aluminum base; the shorter incubation period and concentrated bacterial
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suspension are recommended to avoid this problem [131]. Finally, the inhibition of microbial growth can
be spotted directly (Figure 9). To improve this visualization, [130] used p-iodonitrotetrazolium violet,
which did not reduce the zone of inhibitions and was visible as white bands. The targeted compounds
can also be identified using spectroscopic methods, mostly mass spectrometry, which can be performed
directly on a TLC plate [27,128]. This high-throughput method enables analyses of many samples in
parallel and the comparison of their activity, making both the screening and semi-quantitative analysis
possible [128,130].

Spray or

immersion

Incubation

Broth + Microbes TLC plate Resultant antibiogram

Figure 9. Schematic presentation of direct bioautographic method: (a) a developed chromatographic
plate is placed in a dish; (b) agar is poured into this dish, and later, microbes are inoculated and
(c) after the incubation time, the zones of inhibition can be seen on agar around the active antimicrobial
compounds (the figure is adapted from [14,128-130]).

Contact Bioautography

In this method, the TLC plate or paper chromatograms are placed in contact with the inoculated
agar surface for some minutes or hours to allow diffusion [54]. Next, the plate is removed, and the
agar layer is incubated for 1-3 days [26]. The zones of growth inhibition appear in the places where
the antimicrobial compounds were in contact with the agar layer [131] (Figure 10). The visualization
can be enhanced by using vital dyes [26].

Developed Zones of inhibition
chromatographic plate b T

|

Figure 10. Schematic presentation of the contact bioautographic method: (a) microbes are inoculated

Microbial

inoculation Agar plate

on an agar plate; (b) a developed chromatographic plate is flipped over an agar plate to create
a chromatographic image and transfer the active compounds, and inoculated plates are incubated
for 48 h at 37 °C, and finally, (c) the zones of inhibition can be seen on the agar around the active
antimicrobial compounds (adapted from [28,127,128,131]).

Immersion (Agar-Overlay) Bioautography

This is the combination of two formerly described methods. In this technique, an extractive
inoculated, developed chromatographic plate is immersed in or covered with molten agar [127].
After the solidification of agar, the plate is seeded with the tested microorganisms and then
incubated [132] (Figure 11).
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Figure 11. Schematic presentation of the immersion bioautographic method: (a) a developed
chromatographic plate is placed in a dish; (b) agar is poured into this dish, and later, microbes are

inoculated; (c) after an incubation time, the zones of inhibition can be seen on agar around the active
antimicrobial compounds (adapted from [28,127,128,132]).

3.2.5. Active Antimicrobial Ingredient Identification

For the sake of active ingredient or compound identification, the wood extracts are fractioned by
chromatographic and spectrophotometric techniques to obtain the pure compounds, which can
be further tested for their antimicrobial properties by the conventional methods described
above [49,65,133,134]. However, the fractioning of compounds to test for antimicrobial activities
is a laborious bioactivity-guided isolation procedure, and it also yields an extremely low quantity of
active substances after purification [12]. In this scenario, the characterized chemical profile can be
labeled as antimicrobial compounds according to previous research done on them [16].

3.3. Other Methods

There are several other ways to detect the antimicrobial properties of natural compounds, and they
still remain to be tested for their application in wood science. One of such methods is inducing
infection in animal models and using the dose of extractives as antimicrobial compounds to treat or
eliminate the infection. In more sophisticated studies, the mode of action of different compounds is
identified against different microorganisms. Plumed-Ferrer et al. [13] studied the antimicrobial effects
of wood-associated polyphenols on food pathogens and spoilage organisms. They identified the mode
of antimicrobial effect of these compounds by studying the microbial membrane permeability and
membrane damage.

When it comes to bioaerosol quality of indoor air, the effect of the presence of wooden material
on the microbial flora is also an important subject of research. Such studies need to utilize static
chambers; however, there is no standard method published for wood material. There is an innovative
study conducted by Vainio-Kaila et al. [70] regarding the effect of volatile organic compounds from
Pinus sylvestris and Picea abies wood on S. aureus, E. coli, Streptococcus pneumoniae, and S. enterica
Typhimurium. The experiment was carried out in a closed glass container (volume 1.9 L). First, 70 g of
sawdust was placed on the bottom. A bacterial solution (20 puL) was inoculated on the glass discs on
a rack above the bottom. After the incubation at room temperature for 2, 4, and 24 h, glass discs were
dropped in test tubes to recover and enumerate the microbes by the plate count method. This method
successfully measured the antimicrobial effect of volatile organic compounds on the microbial survival
in different situations of time, air humidity, and sample moisture.

3.4. Pros and Cons of Mthods Used to Study Antimicrobial Behavior of Wood Material

A number of factors influence the choice of method selection to study the antimicrobial properties
of wood materials. These factors are related to the availability of experimental material, test samples,
purpose of study, and skills of handlers. The advantages and disadvantages of the methods discussed
in this review are summarized in Table 2.
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Table 2. Pros and cons of the methods used to study the antimicrobial behavior of wood material.

Direct methods

Method Name Procedure Advantage Disadvantage
The wood material is directly placed on 1. Disc preparation time
Direct diffusion method mlcrobe—moculated agar orina well and 1. Raplcll and time saving . 2. ngh variability for quantitative applications
(Well and disc) incubated for recommended time 2. Applicable for low amount of material 3. Studies only the effect of agar-diffused

Presence of the zone of inhibition is
considered a positive result

3. Adapted for screening

chemicals
4. May require the sterilization of wood samples

Culture-based microbial
survival test

Initial microbial quantity is inoculated on
wood samples and after the incubation
time, the microbes are recovered, cultured,
and viable cells are counted

1. Can study the structural and chemical role
of wood components

2. Qualitative and quantitative results

3. Applicable for low amount of material

1. Difficulty in recovering all microbes present in
pores

2. Microbial quantification is an extra step
needed

3. Only viable cells are identified, while there
can be still non-viable infectious cells present

1. May require the fixation of samples

The behavior and distribution of 1. Rapid and time saving s . . . h
. . . - . 2. Difficult to differentiate microbial structures
Microscopy inoculated microbes on wooden structures 2. Applicable for low amount of material P
. . . . rom wooden structures
is observed via microscopy 3. Adapted for screening . . . .
3. May require competencies of image analysis
1. Rapid and easy 1. Difficult to differentiate the microbial ATP
ATP luminescence The ATP of microbes on wood is measured 2. Applicable for low amount of material from other organic debris
3. Adapted for screening 2. Adapted only for solid surfaces

Molecular biology methods

The quantity and viability of microbes is
tested via nucleic acid amplification

Accurately measures the microbial survival

1. Expensive
2. Require sophisticated handling

Extractive based methods

Extractive-based diffusion and

dilution method

Extractives are placed on agar or in agar
wells, or in broth, after loading on filter
paper discs or directly

1. Adapted for qualitative and quantitative
antimicrobial studies

2. Specific chemicals can be extracted
depending upon the solvent used

1. Involves chemical handling Extra step of
extraction

2. One solvent cannot extract all active
components

3. Does not study the role of structure of wood

Bioautography

Extractives are loaded on a
chromatographic layer, and then the
diffusion of active chemicals is studied for
their antimicrobial properties

1. Adapted for qualitative antimicrobial
studies

2. Specific chemicals can be extracted
depending upon the solvent used and
identified on the basis of their diffusion on the
chromatographic layer

1. Involves chemical handling and extraction
2. One solvent cannot extract all active
components

3. Does not study the role of structure of wood
4. Not a quantitative method

Mass spectrometry

The total profile of microbes is measured

1. Applicable for a low amount of material
2. Accurately measure the content of the active
ingredient

For more specific results, the identified
compounds are supposed to be tested by other
culture-based methods
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4. Conclusions

This review summarizes the methods available studying the antimicrobial behavior of wood
material. This information is intended to help field experts and researchers to find methods according
to their needs and available resources.

Only a few publications were found using the direct diffusion method for screening the
antimicrobial properties of solid wood material. However, this quick method shows the potential to
be adapted as a standard screening protocol because of the direct nature of testing. It is noteworthy
that a limit of this method is the lack of cut-off values for differentiating active and inactive materials,
as such values are available for antibiotics. Therefore, further research is needed to apply this protocol,
generate data to identify the variability of this method, and define criteria for interpreting the results
of tests.

The literature showed that extractive-based methods are extensively used to identify the
antimicrobial properties of wood and wood products. Broth dilution methods indicate the precise
minimum inhibitory concentrations of extracted compounds with antimicrobial properties.

Direct bioautography shows good results for screening and the partial identification of active
compounds responsible for the antimicrobial activity of wood. However, there is less information
available regarding the particular use of contact and immersion bioautography application to search
the antimicrobial behavior of wood material. Such studies can serve both purposes of active ingredient
identification and their antimicrobial activity testing.

It is also evident that the recovery of microbes to study their survival on wood material remains
a challenge. No standard protocol exists for such studies; hence, the methodology is adapted from
the other comparative construction products. Consequently, the survival of pathogens on wooden
surfaces may be misinterpreted. Future research should identify the recovery and/or survival of
different microorganisms on wood regarding the variations related to wood species, physical condition,
surface porosity, hygroscopicity, and roughness.

The use of genetic approaches such as quantitative PCR can enhance the efficiency of methods
intended to study the microbial survival in contact with wood material. In addition, current microscopic
approaches are not very successful to show the microbial survival on wooden surfaces. Therefore,
future studies should address the question of microbial viability on wood by using metagenomics
approaches and live/dead fluorescence microscopy.
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