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ABSTRACT

Background Hygienic and safe production is a high prioritythe food industry. During processing, food
may be subjected to bio-contamination. Accordinglseservation of overall quality by keeping a clean
environment is a goal to pursue. Among microbialtees, air is considered a contributing factor toss-
contamination.

Scope and approaciNowadays, in food plants emphasis is paid to #sessment of air bioload in view of
prevention of recontamination. Normally, air emgria processing plant is chilled and filtered tmoge
undesired microorganisms from outside. Neverthelapart from clean-room environments, uncontrolled
factors (processes, personnel, structures, etajribote to the release of microorganisms in indoor
environments, resulting in generation of bioaem$ighly variable within and among plants, and ataiy
basis within the same plant.

Key findings and conclusionhis review focuses on the relevance of bioaerasmhitoring in the food
industry, providing an update of air sampling téghes and methods of analysis in view to strengthen
preventive hygienic actions. Disinfection procedute minimize microbial counts in the air as adufil
safeguard to the standard chemical sanitation pottoare reviewed. Benefits and limitations of air
treatment by chemical fogging, ozonation, UV ireddin or cold plasma are outlined. Air bioload
monitoring and the implementation of subsequentiinfection procedures are a feasible and amelyti
exploitable strategy to satisfy hygienic requiretseim food plants. Further research is requiredatse
technical challenges and optimize the feasibilftga@me disinfection technologies for the real-wafdood

environments.
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ABSTRACT

Background Hygienic and safe production is a high prioritytihe food industry. During processing, food
may be subjected to bio-contamination. Accordingheservation of overall quality by keeping a clean
environment is a goal to pursue. Among microbialtees, air is considered a contributing factor toses-
contamination.

Scope and approactNowadays, in food plants emphasis is paid to #sessment of air bioload in view
of prevention of recontamination. Normally, air etmig a processing plant is chilled and filtered to
remove undesired microorganisms from outside. Nbekrss, apart from clean-room environments,
uncontrolled factors (processes, personnel, strestetc.) contribute to the release of microorgrasiin
indoor environments, resulting in generation ofaeimsols highly variable within and among plantsl a
on a daily basis within the same plant.

Key findings and conclusion$his review focuses on the relevance of bioaerosmiitoring in the food
industry, providing an update of air sampling teghas and methods of analysis in view to strengthen
preventive hygienic actions. Disinfection procedut@ minimize microbial counts in the air as adufitl
safeguard to the standard chemical sanitation pottoare reviewed. Benefits and limitations of air
treatment by chemical fogging, ozonation, UV ireitin or cold plasma are outlined. Air bioload
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monitoring and the implementation of subsequent diginfection procedures are a feasible and a
routinely exploitable strategy to satisfy hygienéguirements in food plants. Further researchdsired
to face technical challenges and optimize the lbddgi of some disinfection technologies for thealre

world of food environments.

K eywords: Bioaerosol; Air monitoring; Chemical fogging; &asis ozonation; UV irradiation.

Microbial contamination of food: routes, vectorsand factorslimiting spreading

Food contaminants are classified as extraneoudasdes of either physical, chemical or biological
origin. Microorganisms may be responsible for ogdlies of food-related illnesses or food spoilagea In
generic food facility, major routes of food recantaation by microorganisms are via surface contaat,
personnel or via the air (Figure 1) (den Aantrekk&oom, Zwietering, & van Schothorst, 2003).
Generally, the contribution of the first two routissprevailing, but the importance of each means of
contamination is also a function of the type ofdurct or process. This review deals with items esldab
food contamination by air route. Employees cangi@mmicroorganisms both directly (from their bdady
the food product) and indirectly (transferring @amination from one area/surface to another) (Aatojs
2007). In this context, the Annex Il of the Européegulation No 852/2004 on food hygiene (EC, 2004)
takes into consideration the relevant role of erygés, establishing their supervision and instraciio
food hygiene matters in relation to the work atyiviAlso exposure to contaminated surfaces has been
identified as a major source of food contaminafiotto et al., 2011). Both food-contact (e.g., equént,
utensils, workbenches, conveyor belts) and no fumdact surfaces (e.g., drains, utility pipes,
maintenance equipment, structures, and areas away groduction such as hallways, entrances and
welfare facilities) can collect microorganisms asttier debris from employees, as well as from the ai
and other materials. These mutual interactions gnafove cited vectors can boost the microbial shrea
in a food facility (Figure 1). In general, the lamcidence and/or viability of pathogens in suspemsn
the air makes the route of air-to-food of low impao foodborne diseases (Pérez-Rodriguez, Valero,
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Carrasco, Garcia, & Zurera, 2008). Nonethelessyrghentamination by air is noteworthy for products
such as beverages, refrigerated dairy and culipesglucts and products with very low viable counts,
such as dried infant formulae (Reij, den Aantrekk&rILS|I Europe Risk Analysis in Microbiology,
2004). In high-risk areas, for instance after @t heat treatment before filling and packaging, fdod
product (e.g., beverages) is susceptible to renuintdion. In dairy production facilities, spray drg and
milling operations have been reported as a posegiki@ns of microbial transfer, making disseminatibn
pathogens through ventilation a probable event I@hel, Whyte, Wall, Quinn, & Fanning, 2008). To
counteract the risk of airborne biocontaminatiortbia filling room, air filters should be changed an
regular basis, and a positive air pressure shoelddopted (Lawlor, Schuman, Simpson, & Taormina,
2009). By modelling studies, den Aantrekker et(2003) carried out a quantitative estimation of the
probability of product contamination via the airssuming settling velocities of microorganisms under
the influence of gravity only, the authors tookoirtonsideration what-if scenarios to exemplify the
determination of design criteria to control a sfiedicontamination level. As a conclusion, both tyyee
of product and processing conditions strongly iefice the contamination level. Comprehensive
approaches to model factory air movements have teseribed in literature and represent a contidputi
of research to improve the understanding and tagkdif microbiological risks (Pérez-Rodriguez et al.
2008; Possas, Carrasco, Garcia-Gimeno & Valero])201

Other factors can contribute to microbial trangtefood, namely, raw materials, ingredients, pests,
water, processing conditions, packaging materiahsport vehicles, plant design, poor zoning, open
drains, as well as wet and dry cleaning operatndrushing, which often result in the generatién o
bioaerosols in the form of water droplets or drstd(Ehavald, 2007; Marriott & Gravani, 2006). If
cleaning and disinfection procedures are not pewaor in the correct manner, residues of organic and
inorganic soils could remain, and subsequently fepdilage and pathogenic bacteria could create a
suitable environment for biofilm development. Invele range of food industries, biofilms have become
challenging (Marino, Maifreni, Baggio, & Innocenf)18). In the topmost layers of the biofilm, chsink
of the extracellular polymeric substances, with #wompanying microbial population, can cross-
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contaminate other products, by the action of footiguid passing over the surface (Marriott & Grava
2006). To the best of our knowledge, to date, detgcand air diffusion of above-mentioned substance
have not been reported.

Generally, epidemiological data on common contationaoutes and sources are scarcely described
in the literature (Reij et al., 2004). Recent reskadn this area is focused to achieve greategimsnto
the mechanisms of microbial transfer and crossarnintation dynamics during food processing (Possas
et al., 2017). Considering the complexity of partareinvolved in microbial transfer, it is apparémat
only an integrated approach may be effective tegmeor minimize food contamination. Hygienic desig
of equipment/structures and proper sanitation aotofs limiting the microbial contamination in full
compliance with legislation (EC, 2004; EN 1672-297). Good hygiene practices include also personal
hygiene, zone separation, prevention of cross-ocainttion, use of purified water (Gurnari, 2015).
Additional actions in the management of food preoes such as proper selection of ingredients, food
storage conditions, plant maintenance and aigafitin are efficient tools in view of keeping or iroping
food safety. The relative contribution of thesetdeg is variable as a function of the food sector.

Food hygiene is currently defined as measures anditions necessary to control hazards and ensure
the safety of food at all stages of the chain (Qo#lémentarius, 2003; EC, 2004). It is realizedahgh
established prerequisite programs, including goodnufacturing practices (GMP), good hygiene
practices (GHP) and standard operating proced8€4#), which contribute to make hazard analysis
critical control point (HACCP) an effective systemcontrol food safety (Byrne, Lyng, Dunne, & Baito
2008; Varzakas, 2016). Even with the best contrehsares in place, a food product may still posska r
to the consumer (den Aantrekker et al., 2003). Talisneans to reduce or prevent contaminationtand
improve the suitability for consumption are consgepart of the hygiene concept. A proper managémen
of air quality can mitigate the introduction of moorganisms throughout the production stream afoal f
product. Each food production facility should ewdkil the presence of microorganisms in the site,
sampling both surfaces and the air, through théementation of an environmental monitoring program
(EMP) necessary for the subsequent development foba safety plan (FPS) (Pleitner, 2018). The
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developed EMP allows to evaluate the effectiveroésthie microbial controls in place. Such activisy i
pivotal in a well-run company.

This review aims at highlighting the role of thebairne route in the microbial spreading in the food
industry. The scope is to provide an overview othbaioaerosol monitoring, including air sampling
technigues and methods of analysis, and on subseguealisinfection procedures as a proactive atpat
in addition to routine sanitation practices. Tharis covered in this review are addressed to fofalysa
aspects. Studies related to the field of occupatitvealth are outside of the scope. The major targe
readers are food business operators who can pertdgvpotential advantages in terms of food safety

arising from the implementation of environmentahicol protocols.

What is a bioaerosol and why air monitoring isimportant?

The suspensions of microscopic solid or liquid ipkes$ in the air are defined as aerosols (Ferguson,
Cumbrell, & Whitby, 2019). Those of major impact time food sector are known as bioaerosols and
consist of living substances with diameters up @oun (Burfoot, 2016). These may include bacteria,
mold spores and yeasts (Lee, 2011). Indeed, althoargly documented, phage contamination can also
occur through aerosolization (Verreault et al., DOYViruses can be found on aerosol particles obua
sizes, from the submicrometer range to tens of ameters in aerodynamic diameter. Virtually all
microorganisms present in bioaerosols are easilystocated by air currents, but their reproducton
uncommon in the air due to the lack of moisture amgients. Despite the sensitiveness to environahen
conditions, also food pathogens can survive indhe for instance in association with dust parscle
(Mullane et al., 2007). Additionally, contaminatinom airborne yeasts and molds can affect theitgual
and shelf life of a food product (Ehavald, 200 hebioaerosol of the food industry is a mixturerainy
species of microorganisms including bacteria endieespand exospores (e.@acillus Clostridium),
vegetative cells mainly of Gram positive bactefiag., Micrococcus Staphylococcys molds (e.qg.,
Penicillium, Cladosporium Alternaria, Fusariun) as well as yeasts (e.gaccharomyceslorulaspora

HanseniasporaPichia) (Pérez-Martin, Sesefia, Fernandez-Gonzalez, Aré&adllanos Palop, 2014).
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Aerosolized microorganisms may persist within detplderived from the aerosolization of water
spraying/splashing during food processing or thetation process. In these cases, microorganisms gr
in a liquid medium, such as spilled product, ringgter or wastewater, which subsequently becomes
aerosolized. Microorganisms may also be suspensladeh in the air after dissipation or evaporation

as “passengers” on solid dust particles (e.g., lwddthing fiber, skin), which are dispersed incad
processing unit (Chang, Ting, & Horng, 2019; Heim /| Kee, & Lee, 2017). Microorganisms in the air
may settle on food products, equipment, contaitmed other food contact surfaces during handling
(Brandl et al., 2014). Any point at which the fomabduct is exposed to air is a possible route iftaoane
contamination. Combining the knowledge acquiredennéal situations in food factories and the use of
computer models, Burfoot (2016) reported that thalker the particle suspended in the air the grehee
flight time and the distance it may travel. Indetbd fate of airborne particles is quite comples anied

by several mechanisms including: gravitationallisgtt Brownian diffusion, inertial impaction, direc
interception (by, for example, van der Waal's fajcand electrostatic attraction (Da, Géhin, Havet,
Othmane, & Solliec, 2015). The combination of abowentioned parameters influences the aerodynamic
behavior of particles affecting the success ofainesampling. Generally, the airborne particles huds
interest in food environments are those contaibiagteria with low-medium size (above 1 pm and below
20 um) which can disperse easily around the gdparatea. By the way, aerosols in food plants hreote
been studied sufficiently to accurately generafiaeticle-size distribution. Generally, in high-caneas
less than 1 % of particles in the air will setdad most of them will be removed by the filtratsystem.
The contribution of airborne microorganisms to fammhtamination has been addressed (Chang, et al.,
2019; Chen et al., 2019; Shale & Lues, 2007). Baurfand Brown (2004) reported that the ratio of
microorganisms to total particles may range up toenthan two orders of magnitude. For instancesethe
authors observed in different food factory enviremts that above-mentioned ratio was low (1 to 30),00
in periods of inactivity in a well-designed prodoctarea, whereas it reached high levels (aboat2D0)
near to employees during hand-washing and nextening operations. To date, the awareness of the
industry about the importance of the hygienic desigmarkably for the air handling system, is $ti
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(Da et al., 2015). Nonetheless, overemphasis omolkeof air as a source of food contamination #thou
be avoided. Burfoot, Whyte, Tinker, Hall and Allda007) quantified the contribution of airborne
microorganisms to contamination of poultry carcassedergoing processing in an evisceration room.
The use of ultra-clean air provided by a high-édficy particulate air (HEPA) unit reduced totalcac
counts on horizontal settle plates by 68-fold. &intly, after measurement by sponging, the usétrak
clean air had no effect on the counts on carca3seslatter resulted so heavily contaminated that t
airborne bacteria in the evisceration room represefess than 1 % of total number of bacteria on
carcasses.

The food industry is aware that monitoring aerssslbecoming a must in standard quality-control
practices. Generally, the primary focus is addmbdsetotal viable microorganisms rather than total
particle counts. Air monitoring can be included eapart of an HACCP system in the food industry
(Beletsiotis, Ghikas, & Kalantzi, 2011). The rofebibaerosol monitoring consists in:

- being the basic step for prevention;

- implementing a pro-active action to minimize cresstamination phenomena, which are major
contributors in food-borne outbreaks;

- complying with legal requirements or guidelinediatathat the air in food sector has to be corgabl|

without specifying the methodology or minimum adedyte standards (Wray, 2011);

- finding the potential source of new contaminatiomewever any structural implementation has been
introduced, and subsequently undertaking appr@pcatrective measures;
- collecting epidemiological data, possibly with &wito set occupational exposure limits (Wirtanen,

Miettinen, Pahkala, Enbom, & Vanne, 2002).

Information sources provided by the food legigiae quite generic. The European regulation states
the need to minimize airborne contamination andvoid mechanical airflow from a contaminated area
to a clean area (EC, 2004). Guidances, intendeasstst food producers to meet the air quality and

hygienic requirements of the food manufacturing cpes, are available. The European Hygienic
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Engineering and Design Group (EHEDG) supported Eneopean legislation producing a guideline

focusing on air handling systems installed in thadfindustry for air quality control (EHEDG, 2016).

Bioaer osol monitoring: air sampling techniques and methods of analysis

The assessment of air microbial load in the foodustry is performed through the sampling of a
representative amount of air and its subsequenysisaQuantification and identification of bioasats

is affected by several factors, such as the rate wilich the result is required, the efficiencysampling
equipment, the ratio of total cell counts versusbility of cells in the sample, the particle sizmge
selected as well as the analysis methods (Dybwhdga®, & Blatny, 2014). Once the reasons for
carrying out sampling have been defined, the ratelevance of above-mentioned parameters can be
established. The samplers should apply minimunsstiering air collection to reduce the impairment o
the biological activity of the aerosol. In additjaturing air sampling, different environmental paeders
can cumulatively stress microorganisms affectihgofigh desiccation) their viability. In long-term 80
min) sampling of bioaerosols, especially for vegje¢gabacteria, the combination of controlled hurtyidi
and refrigerated temperature of air sampler shprddide viability maintenance (Walls et al., 201The
literature provides little information on the catirga variables that lead to differing colony recoge
(Wirtanen et al., 2002). Through years, to mondtiofin a consistent way, performance measurements f
air samplers have been reported using severaliezfig terms, including aspiration-, sampling-,
recovery- and overall-efficiency (Dybwad et al.,120) The sampler efficiency is described also by
factors such as the design of the inlet, collecsiage and choice of collection medium, which affae
viability of microorganisms. Generally, the colliect efficiency is expressed as the 50% aerodynamic
cut-off diameter, Rso (LM), i.e. the particle size collected to 50% diten The proper choice of a
sampler with a Rsobelow the mean size of the particles being samigleducial for efficient collection.
The performance information supplied with commadlgiavailable samplers is often limited to collexti
efficiencies, but data on sampling stress are heays provided. Summing up, the evaluation of air
microbial load is not a trivial task. It can be foemed through several sampling methods each witk p
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and cons (Table 1). Recently, Reponen (2017) readetive techniques of air sampling of microorganisms
in generic environments providing a list of comnigig available bioaerosol samplers. Both passive
(settle plates) and active (using a sampling dé¢vae sampling techniques can be adopted (Haig,
Mackay, Walker, & Williams, 2016; Reponen, 2017heTformer approach consisting in the exposure of
agar plates to air for a certain period of time haen traditionally used. In this case, the cadbbects
governed by gravitational force, which is relatedthe particle mass. Settle plates technique is not
guantitative, and in high aerosol concentratiores iwhcountable numbers of colonies may represent a
problem. Active bioaerosol sampling exploits diffet collection principles, such as impaction,
impingement, cyclonic separation, filtration, thatnor electrostatic precipitation. A large numbér o
commercial samplers is available on the market. ektbeless, different results are obtained from
different equipment in the same place, at the stime (Verreault, Moineau, & Duchaine, 2011).
Properties and critical factors affecting the ukaiosamplers have been recently reviewed by Bramah
Wray (2014). Data comparison is difficult because tiype of the device is reflected in the biodiitgrsf

the bioaerosol (Mbareche, Veillette, Bilodeau anaclaine, 2018). Dybwad et al. (2014) through a
comparative evaluation of 9 different samplers @atprs, impingers, cyclones, electrostatic pre&ipit
and filtration samplers) revealed significant diffieces in terms of cultivation-based biological ghing
efficiencies and PCR-/microscopy-based physicalpsiauig efficiencies as a function of the bioaerosol’
stress—sensitivity and particle size. Typicallypantion is a common technique for the collection of
airborne viable particles (Miettinen, 2016). In tparar, there are two types of solid-surface intpex

slit samplers and sieve samplers, the latter beiaterred. In a sieve sampler the air is drawnubioa
large number of small, evenly spaced holes drillea metal plate. Air particles impact on an agaface
located below the perforated plate. The Andersempkar, a cascade-sieve impactor is likely the most-
known device giving information on the size distition of the microbiological aerosol. Liquid-using
impactors, called impingers, are useful for sangphiravily contaminated air thanks to the dilutidrihe
liquid sample for the subsequent culture growthyam®a Other instruments adopted in the food ingust
include centrifugal samplers based on cyclonic sjma. In this case, air is pulled into the samglunit
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and pushed outside thus impacting on a strip afenitagar. Such device is characterized by selgcti
for large particles, which are likely to includealie particles. For this reasons the tendency éxiibit
higher counts than with other devices. A furthepetyof active sampler, relying on filtration as a
collecting mechanism, is the filter system, whichriecognized to be suitable for the subsequent
enumeration of mold or bacterial spores. Airborneraorganisms can be collected also through
electrostatic precipitators following ionizationdasubsequent deposition in an electric field omaavth
medium. The adoption of this technique resultedaradficient than other methods (such as impingers)
for sensitive microbial strains e.g?seudomonas fluoresceiliettinen, 2016). Each of the above-
mentioned devices has limitations that the useulshbe aware of. To date, in the food industrylsett
plates and impactors, being simple and practiaal,the most used devices for routine microbial air
monitoring.

After collection, the air sample is analyzed thiowglture, microscopic, biochemical, immunologioal
molecular assays (Mbareche, Brisebois, VeilletteD@8chaine, 2017; Reponen, Willeke, Grinshpun, &
Nevalainen, 2011). The choice of the analyticalhwodtrelies on factors including cost, time required
sensitivity, specificity and the sampling methoddisThe selection is defined before air sampling is
carried out. Traditionally, in the food industrylttmie-based methods prevail for enumerating theoaire
microbial counts (Oppliger, 2014). Microorganisnadl@cted by impaction are cultured directly, wherea
following the use of filter systems the transfeatoulture medium is required. Usually, for survegshe
characterization of the airborne microbiota theestbdn of general media is preferred, becausevirfa
the growth of a large diversity of species. Theuiemeous isolation of both bacteria and fungia n
satisfactory using only one culture medium. In ca$evolumetric samplings, the concentration of
cultivable airborne microorganisms is obtained kfeming the colony forming units (CFU) to the
volume of air sampled. The limitation of plate coarethod is that it reveals only a part of the wlcal
population. Some bacteria may be in an eclipsaé siafined as viable but not cultivable (VBNC) as a
response to stress conditions (Maukonen, 2007)pifeethis disadvantage, plate count method is by fa
the gold standard in food microbiology. In addittonculture technique, also microscopic analysissisd
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to estimate the total number of microorganismsnimia sample, allowing enumeration of both cultieab
and non-cultivable microorganisms. Direct microscigpgenerally employed to identify fungi, explaii

the morphological characteristics of spores. Pleasgérast microscopy allows to count bacterial
endospores due to their phase-bright appearanceoritrast to darker vegetative cells. Recently,
investigations focused on health effects followagposure to harmful bioaerosols, led to a demand fo
accurate and reliable monitoring systems (Choi, K& Jung, 2015). Molecular techniques such as
polymerase chain reaction (PCR) amplification ofSLBDNA, followed by its sequencing and DNA-
DNA hybridization allow to increase sensitivity asgecificity, while decreasing the time required for
analysis (Stetzenbac, Buttner, & Cruz, 2004). Iddér the food industry, the development of realdti
continuous monitoring of microorganisms in the wwuld be important to verify the occurrence of
undesired trends that are not always revealed métfiodic samplings. Through years, the quantitative
PCR ((q)PCR) developed in the medical research fanreassessing total or species-specific airborne
bacterial load. Besides, the use of (q)PCR is msaitable than other techniques for the analysiaiof
samples in the detection of phage genome (Verreaalt, 2011). In this case, various sampling cksyi
can be used to recover airborne viruses. Nevers$leis still challenging to study viral aerosakking
metagenomics mainly due to limited quantity of ggg in the air samples and due to the limited viral
databases for viral metagenome library analysi$©ZBd, Gojobori and Mineta, 2015; Prussin, Marr and
Bibby, 2014). To date, the most common techniquagdtover viruses are liquid and solid impactors as
well as filters. An extensive compilation of stuslignostly experimental in controlled chambers) loa t
recovery of viral particles was carried out by \éawilt et al. (2011). The (gq)PCR technique is achged

by the coupling to other molecular methods (likgusncing and DNA-DNA hybridization) to obtain
information about the species diversity (Oppligéharriére, Droz, & Rinsoz, 2008). The sensitivify o
(q)PCR is of different orders of magnitude higheart that of culture techniques. Moreover, it iseabl
amplify the DNA of VBNC cells. Nonetheless, givear@nt available technologies, it is impossible to

real-time monitor all the airborne biological ageand classify them to the species ld¥elo, 2018). To
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date, in the food industry, despite the above dised advantages, biochemical and molecular methods

are not applied as routine techniques to monitodn microbial air quality.

Levelsof air contamination in commer cial food processing plants

The presence of microorganisms in the air of foadlifies is predominantly accidental and is highly
variable or transient, generally ranging from 101@®000 CFU/m (Ehavald, 2007). Based on the
assumption that it is impossible to keep microlmalints at zero level, information on bioaerosol is
important to evaluate the risk on both product igpahd/or shelf life and public health.

In processing plants producing pork, poultry, baxed dairy products, air has been recognized as a
contributor to food contamination. In particulanveonments such as slaughterhouses are potentially
critical, because animals are a microbial souraaofamination. Prendergast, Daly, Sheridan, McDlowe
and Blair (2004) investigated the aerobiology @fughter operations in two commercial beef abattoirs
Although quantitatively different, both of them sted a similar trend in counts within intraday
processing, with lower levels before slaughteriagoft 1 log, CFU/nT of air). The authors observed
differences in the aerial contamination among dfif¢ sites in one abattoir. In this case, totablga
counts differed significantly (P < 0.001) rangirigrh 1.79 up to 3.47 lag CFU/nT of air in the zone
collecting washed carcass (“clean area”) and inettganguination site (“dirty area”), respectiveliis
pattern was not observed in the other abattoir tduthe different building design, which allowed to
effectively reducing the penetration of airborneétemination from “dirty” to “clean” areas. In adidib
to what has been already mentioned, Pearce, Sheaidd Bolton (2006) in a pork slaughtering plant
enumerated about 1 Iggcycle decrease of aerobic mesophilic bacteria ftioen“wet” room (bleeding
site) to the “clean” room (chilling site). The aath pointed out the role of animals as a sourcairof
contamination.

In a dairy plant, Beletsiotis et d2011) recovered as dominant fungal ger@ladosporiumspp,
Penicillium spp. and yeasts. Due to the absence of an aatifilh unit and the overlapping in the relative
microbial air contamination, the authors ascribeel indoor presence of fungal contamination deriving
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from the outdoor environment. The aerobiology aharercial dairy environments was investigated also
by Soldatou, Psoni, Tzanetakis and Litopoulou-Ttakieg(2006) through sedimentation technique and
subsequent incubation. The authors isolated maiidyococci and bacilli in two cheese factories maki
Feta cheese. Physiological and biochemical ad#w/itf abovementioned microflora were investigated
too. The air contaminants exhibited acidifying gmdteolytic activities potentially contributing theese
ripening and flavor. More recently, Brandl et &014) studied the bioaerosol in different sitesmitk
powder and powdered infant formula processing umita dairy plant. As expected, due to the strict
hygienic requirements of these environments, nusbgcultivable microorganisms were very low (<100
CFU/n? of air) during production in filling, bagging arfichal packaging zones in comparison with other
industrial locations. Additionally, following measments on particle sizes of air, through handfeddr
particle counters, the authors found a high catimisbetween total airborne particles in the semege 1

to 5um and numbers of CFU. The authors concluded omprihetical usefulness of a simple surveillance
system based upon laser-mediated counting of ai€bparticles occurring in a specified size range.
Simon and Duquenne (2014) referred on the airbbinbad, measured by an impactor sampler, in
cheese-maturing cellars. Concentrations frorht@@ 0 CFU/nt and from 16to 2 x 16 CFU/nT were
recorded for bacteria and fungi, respectively. Skesiels resulted from 1 up to 5 lggycles (brushing
area) higher than those revealed in points of thetgonsidered uncontaminated. The authors coadlud
that throughout the process certain employeesxpesed to high concentrations of airborne cultigabl
fungi.

Few studies focused on the composition of the rhiota present in the air of wineries, in particular
on yeasts, both beneficial and spoilage ones (@té@h., 2013), and moulds (Ocoén et al., 2011). A |
depth study on the microbial ecology in the aiaafinery was recently reviewed by Pérez-Martinlet a
(2014).

Overall, above discussed investigations remarlalge variability of microbial air counts in food
commercial plants as a function of a range of fagtimcluding the sector, the hygienic requiremexits
each zone of the plant, the design, as well asepsiieg conditions. To date, the legislator does not
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impose any restriction on the number of airborneragrganisms being aware of the complexity of an
ecosystem such as the air in the food industry.efmiess, the European Community Board (European
Collaborative Action, 1996), in the context of thmvision of healthy and environmentally sustaieabl
buildings laid down a report on indoor air qualigd its impact on man. In this document, the air of
generic indoor environments (private houses, nduosirial workplaces and public buildings) was
categorized in “very low” (< 50 CFU/) “low” (50-100 CFU/n}), “medium” (100-500 CFU/M and

“high” (> 500 CFU/M).

Air handling

The food environment is often wet and includes maayrces of aerosols contributing to microbial
contamination, especially in critical areas whehe products are exposed to air for long periods.
Different physical mechanisms affect the movemenh&irborne particles resulting in a greater difftg

to control their movements. Generally, proper impdatation of air-handling equipment can ensuredhat
large part of the airborne particles does not comtiecontact with exposed foods. An approach taiced
air microbial load consists in the filtration of &intering a specific area. Besides filtrationpasheating,
ventilation and air conditioning (HVAC) system isdely used. This equipment allows the desired
management of temperature and humidity of air dsasethe flow direction and the pressurizationhivit

a specific area allowing to control airborne miagamisms. The latter are not inactivated, but [pbgsi
accumulated on the filter surface and can proliéena case of high humidity (> 80 %). Generally,ain
flow of 1.5 m/s or greater is required to ensuréntemance of one-way flow. Temperatures and redativ
humidity (likewise atmospheric gases, light, ireg@in and surrounding organic material) are
environmental factors associated with survival gnowth of airborne microorganisms (ljaz, Zargar,
Wright, Rubino, & Sattar, 2016). Therefore, the tecohof these factors is desirable. To remove teath
load imposed by the processing environment (preseasd people) and to provide employees with fresh
air, 5-25 air changes per hour are consideredcgeriti Proper ventilation removes also moistureaséd
during processing and prevents condensation ansutbeequent mold growth on surfaces. In addition, t
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prevent bioaerosol contamination within HVAC sysserihis crucial to have a good understanding ef th
mechanisms of particle deposition and the subseqfmuing rate (Da et al., 2015). In food
manufacturing facilities, the use of computatiofhaid dynamics programs is a useful tool for preidic

of airflow movements inside specific areas. Thigprapch supports the correct placement of air

ventilation systems enhancing good sanitary of feamtessing environments (Skara & Rosnes, 2016).

Air disinfection

In general, to inactivate environmental bioaeragsdifferent microbial decontamination technologies
have been investigated. These include carbon nbmofilter, ion emissions, UV irradiation and
electrostatic field (Liang et al., 2012). In the af a food facility, type and amounts of microangams
can vary widely as a function of the site and athag-to-day basis in the same environment (Masbtti e
al., 2019). To strengthen preventive measures sigain bioload, in view of attaining the goal of
providing a safe and a high quality product to¢basumer, food business operators are interestia in
adoption of additional approaches other than regsémitation procedures. In particular, chemical
fogging, ozonation and UV irradiation of the aireamajor commercially available solutions. These
technigues are currently implemented in the phaemigzal and clinical sectors, but far from being
common in food processing environments. Each ofehiechniques is characterized by benefits and
drawbacks to be properly evaluated for effectiveindiection (Table 2). In the food industry a steady
growing interest is arising in these additionalrdisction practices to minimize cross-contaminafiia@m

the air, especially in critical areas (e.g., fifjinpackaging). One prerequisite for their effective

implementation is the application to closed envinents.

Air disinfection by chemical fogging

Fogging or aerosolization is the dispersion ofcuill in the form of fine mist in the air. Aerosdit
disinfectants have been applied since many yeathdéoapeutic use in the healthcare sector (Ottez|i,
Perl, Barbut, & French, 2013). Subsequently, tachhique has been implemented also in food fastorie
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for decontamination of products (fruits and vegktsap (Oh, Gray, Dougherty, & Kang, 2005) or
disinfection of surfaces in packaging or storageasy process lines, cooling chambers (Holah, et al.
1995). Fogging is also used to reduce the countsrbbrne viable microorganisms deriving from low-
care areas, people, structures, or formed as demsing cleaning procedures (Burfoot, Hall, Brown
Xu, 1999). The ultrafine droplet size of the dngfprevents it from easily falling onto surfaces, a
desirable quality for area decontaminations (Krashat al., 2012).

This technique has been also used quite widelyHilled food manufacturers, especially in high-
care environments such as salad, sandwich, ready amel dairy processing. Typically, the process
requires at least 15—-30 min for fog dispersion mger chemical action. Subsequently, to allowlingtt
of suspended droplets, a period of 45-60 min ieseary to reenter the treated room. Various tyjpes o
delivery systems of the disinfectant solution ie #ir in the form of fine mist are available (Brown
Wray, 2014). Either a static purpose-built systeith strategically placed nozzles or, more commoaly,
mobile unit can be adopted (Holah, 2011). Over\thars, fogging automatic systems developed. The
engineering of devices, in particular the type otzie, is of primary importance for the successhef
treatment. Checking nozzles for clogging and gaskatintegrity are preliminary steps to take beftire
disinfection treatment. Fogging is generally catemgal, on the base of droplet size, into atomizafmr
nebulization) and aerosolization (Stanga, 2010 fbhmer term is used when droplets have a diameter
30 um. These sizes result in shorter settling timewlesirable moistened surfaces and reduced
disinfecting activity. Typically, with aerosolizati, droplets of disinfectant are no wider than 5. um
Small sizes (within the range 0.5-5 um) charaaeatioplets with non-wetting surface, longer susjpens
times and an electric charge as a consequencietafrirduring the aerosolization.

Fogging for air disinfection of food environments & scarcely studied research topic (Bore &
Langsrud, 2005). Burfoot et al. (1999) reported thahe chilled food industry, fogs were most effee
when the diameter of droplets lied between 10 &hgiid giving a uniform coverage and a reasonable
settling time (45 min). Up to 3 lggcycle reduction was measured in air microbial ¢e@s well as on
upward-facing surfaces, by using an active coneéotr of 2 mg/mL of a quaternary ammonium
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formulation. Smaller droplets allowed a good disttion, but the fog remained airborne for several
hours, thus not allowing the entering of persoringhe working area. Bagge-Ravn, Gardshodn, Gram,
and Fonnesbech Vogel (2003) in the slicing area salmon smokehouse evaluated the efficacy of
peracetic acid-based fogging. After spread of ssddog (mean droplet sizes of 15 um) by a mobilg un
air was monitored by passive air sampling througftles plates exposed for 2 h in different spotshef
room. The authors obtained a significant improvemahair hygiene level (expressed in terms of
reduction of total aerobic counts). More recertilytest trials in dairy environments, Masotti et(2D19)
reported the effectiveness of hydrogen peroxideosmdization in the inactivation of airborne
microorganisms. The mist dispenser produced pestielith diameters of 5-15 um of aerosolized
hydrogen peroxide. Weekly-based air treatmenthé@ese making and packaging rooms lasted 16 and 20
min, respectively, and were followed by 20 min efting time to allow the aerosol decomposition.
Following the post-treatment air sampling, micr@nigms were almost absent during 5 weeks of
investigation in the packaging room (< 10 CFE)/nwhereas in the cheese making area only a slight
number of bacteria (63 CFUfjnand molds (39 CFU/f were enumerated. The occurrence of these
residual molds (mainly represented ®Btadosporium herbarum Penicillium spp. andAlternaria
alternatg was ascribed to recontamination from outdoograit failures in the facility design.

Overall, major output from the literature on foggidisinfection outlined the facts that this
technique should not be considered as a substifute regular cleaning and disinfection procedyiigs
further research is required to comprehensivelylueda the impact of parameters such as type of
chemical, relative humidity and temperatuig;the success of the aerosolization is relatedead#sign

of the treated area.

Air disinfection by ozone

Ozone (Q) is a gas acting as a strong oxidizing agent aodde (Marriott & Gravani, 2006). It has a
broad-spectrum antimicrobial power, being activeilagt bacteria, fungi, viruses, protozoa and bedter
and fungal spores (Pascual, Llorca, & Canut, 20B@).this reason, ozone has been used for decades f

17



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

water treatment. An extensive review on the prilesipf ozone treatment, the mechanism of action and
applications in the food industry has been receptlylished (Brodowska, Nowak, &migielski, 2017).
In food processing environments the most advaneeahigidal applications include food surface hygiene
sanitation of food plant equipment, treatment addfigplant waste and reuse of waste water (Guzel-
Seydim, Greene, & Seydim, 2004). Ozonation is peréal after the cleaning step, because the
germicidal activity is lost following its contactith residual organic material such as food del@&seral
organizations and countries approved the use ofi@zs antimicrobial agent for direct contact with
drinking water and for food decontamination, inéhglvegetables, fish, meat, poultry and dairy patsiu
(Brodowska et al., 2017; Christ, Savi, & Scussell& Tiwari & Rice, 2012). In recent years, ozooati
has become more and more widely accepted as afrieedly “green” technology (O’Donnell, Tiwari,
Cullen, & Rice, 2012). An increasing interest faone application resulted in the opinion of thdidma
Ministry of Health (2010) endorsing the use of gaseozone for disinfecting empty cheese ripenirdy an
storage facilities. Portable ozone generators awe available. They have discharge units and fans to
create the ozone at variable concentrations aradytiatconverters to decompose ozone to oxygemn afte
the treatment. Benefits related to the use of ozmmsist in the easy access to hidden sites, leitige
gaseous state. It has also the advantage of tlen@b®f by-products, as it breaks down quickly into
oxygen without leaving undesirable residues oneeitiood or food contact surfaces. This technique
allows both to save water in comparison to the afsether biocides and to improve the quality of
wastewaters, for instance by avoiding the presefibarmful chlorine compounds. Furthermore, ozane i
generatedh situon demand without the need to store it. On therdtland, some disadvantages consist in
the high capital cost (i.e., the corona dischargeegator). Despite this, ozone treatment remaing mo
cost-effective than alternative treatment techréque

Most studies focused on the effectiveness of oionrtbe agueous phase (ozonated water) against
foodborne microorganisms attached to food contadiases or for food decontamination (Baumann,
Martin, & Feng, 2009; Brodowska et al., 2017; Cul& Norton, 2012). Only few published reports are
available on the use of gaseous ozone. In this tlasalisinfection treatment is carried out in ¢oed
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spaces, for long times (1-4/k1-10 min of ozonated water; Pascual et al., 2@6@grally overnight and

in the absence of personnel. Ozone in the gasebaseppresents safety issues to humans, being a
powerful irritant to the respiratory tract and dldar poison that interferes with the ability afrigs to
fight infectious agents (Marriott & Gravani, 200&). the United States, the Occupational Safety and
Health Administration (OSHA) recommends that ozemposure must not be higher than 0.1 ppm by
volume (the equivalent of 0.2 mgfrof air) under normal working conditions for 8 hilgaor 40 h a
week without adverse effects. Exposure to ozorielatl.0 ppm causes irritation to eyes, throat argkn
as well as headaches. High levels (from 1.0 pprrod®0 ppm) result in asthma-like symptoms (Pascual
et al., 2007). Therefore, efficient systems fordkéection and destruction of residual ozone afterair
disinfection treatment speed up its decompositionl are reasonably required for the safety of
employees. Foreseeing the potential risks, a cootis 0zone analyzer, triggering a general alaraoas

as the concentration of ozone exceeds 0.1 ppmenatmosphere of the ozonation room, should be
installed. The above-mentioned term “safety” alefens to the equipment and instrumentation. Ozone
may interact with the equipment and all surfacémer&fore, it is essential to take into consideratialy
ozone-compatible materials.

In the dairy field, in particular in cheese ripegimoms, ozone gas proved to be effective in redpci
the viable numbers of mold spores in the air. Se&baunhosa, Kozakiewicz, Venancio and Lima (2003)
tested gaseous ozone treatments (overnight, dadngwork time) for 20 weeks in a closed ripening
room of unspecified cheese types. Ozone generatedate of 8 g/h for 12 h/d allowed obtaining a 10
fold reduction in the viable airborne mold loadsnean levels < 50 MPN/of air. Differently, the
treatment did not affect the number of mold spemes hyphae on food contact surfaces, due to the sho
half-life of ozone. On this basis, according to theathors, gaseous ozone is useful to reduce the
sedimentation of airborne molds on cheese surfagngl ripening. Pinto, Schmidt, Raimundo and
Raihmer (2007), in the ripening room of extra-hahgeses, carried out an environmental disinfection
program consisting in the discontinuous generatio®.48 mg of gaseous ozone petahair. Following
a 40-day trial, the authors observed 1.5dagduction of fungal viable counts in the air, mehite a
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lower but significant reduction was measured oneshe surface (0.7 lagcycles). More recently,
Masotti et al. (2019), investigated the effectivenef air ozonation in the packaging room of aydair
factory over a 5-week period to reduce air contatnim. The treatment realized overnight 3 h/d am®f
d per week meanly resulted in the absence of migrgpowth in 92 % of air samplings, whereas the
remaining ones were characterized for bioload &ewvel 20 MPN/m. The authors underlined the
usefulness of a periodic air ozonation as a praicgolution to counteract unexpected spike levéls o
bioaerosol due to uncontrolled factors.

In general, before installing an ozone generatogdhoctailored study is recommended to take into
consideration factors specific to any processingrenment. This approach can allow designing a safe

and efficient program of air disinfection contrilmgito the implementation of food safety management.

Air disinfection by UV radiation

Ultraviolet light in the frequency range 100-280,mategorized as UV-C, is an established means of
disinfection. Radiation at short wavelengths (agately 254 nm) allows inactivating microorganisms
such as bacteria, viruses, protozoa, molds, yeastalgae. This environmentally friendly technolagyy
established to reduce microbial contamination i plablic health field (hospitals, health care fties,
public shelters) and the pharmaceutical industge(L2011). In the food industry, UV-C irradiation i
exploited to disinfect air, surfaces of plant, pegikg materials, water as well as fruit and vedetab
during post-harvest storage (Begum, Hocking, & Mikk 2009). The germicidal action mechanism
consists in damaging deoxyribonucleic acid (DNAYg rendering the microbes incapable of replicating
(Kowalski, 2009). Microorganisms in the air aredtigated as a function of both the distance from th
source of radiation and reflection. Lamps instatiegether with suitable coating materials (e.qindéss
steel and anodized aluminum) allow to reflect asimas 80% of the emitted radiation (Stanga, 2010).
Currently, UV-C lamps used in air disinfection dpations are low-pressure mercury vapor lamps.
Innovation challenges consist i:lamp technology to develop more versatile anctieffit lampsiji) the

use of nontoxic materials, in drivers and conttolsadapt performance as a function of the need (e.g
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occupied/unoccupied room) afiij systems to warn in case of malfunction (Millernhés, & Luongo,
2013). UV lamps prove to be very useful when codip¥eh high efficient air filters in air ducts astbre
rooms for seasoning, chilling and drying when foadsinot be removed (e.g., cheese, salami, Parma
ham) (Stanga, 2010). UV energy is mainly appliegrafir passage through the HVAC air-handling
ductwork (also called “in-duct” system) allowing affective air microbial inactivation. Bacteriayuses
and molds that either grow or pass through théaidling system are reduced. In the real worlcdbofif
environments, the irradiation at high intensitiemains not accessible to personnel in the room.pLam
locations and air movement patterns within a ro@adnto be considered for optimal disinfection. The
inactivation of microorganisms is dependent on sdvearameters, including) the dose of radiation
received (measured in Jnwhich is the product of intensity (measured ifmy and exposure duration
(measured in s)ii) the wavelength of received radiation aifi)l the microbial sensitivity to UV-C
radiation (Reed, 2010). For instance, for 90 %timation of Aspergillus nigerA. flavusandPenicillium
roqueforti the required UV-C doses are 132, 60 and 13, Yespectively (Begum et al., 2009). This
species-dependent response is a function of theasition of conidia, which can be either thin-welle
and with light pigmentation or dark-pigmented doertelanin. The latter component is photo-protective
and increases the survival and longevity of fung@bres, whereas non-melanin compounds are less
defensive against UV-C radiation (Kowalski, 200R)e susceptibility of airborne microorganisms msoal
a function of temperature and relative humidityefiéhis a substantial lack of information on airdzhs
UV constants. Furthermore, environmental conditians known to affect UV light. For instance, as
relative humidity increases, UV light becomes leBiient (Cutler & Zimmerman, 2011). The delivery
of the required UV dose uniformly and consistetlyarge volumes of air is a significant challengeg
the current state of the technology. To date theibBttivation of bioaerosols is considered an added
value in comparison to the standard chemical samit@rotocol alone.

Most research studies on UV irradiation are dedit#o food decontamination and water purification
(Begum et al., 2009). Investigations on air ast#éinget medium are scarce (Miller et al., 2013). ditim
Kerth, Jones, McCaskey and Kuhlers (2002) repdhatithe use of wall-mounted germicidal air clegnin
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units, using a combination of UV light and electadisally polarized low-density media filter, pral/éo
substantially reduce the risk of microbial contaation of meat products in a small meat processing
plant. Under the conditions described by the agthafter 18 h of filtration a reduction from 1 t&b 1og,

in airborne bacteria and molds was observed. letfiedk UV lamps are used on bread slicing equipment
to minimize contamination from airborne molds (Beget al., 2009). Recently, Yang, Zhang, Nunayon,
Chan and Lai (2018) investigated the performanc&)\dfirradiation through experiments evaluating
exposure time, UV dose received and bacteria stibigp. The authors confirmed that the ventilatio
duct UV germicidal irradiation system would potefiti provide a supplementary solution for improving
indoor air quality within mechanical ventilatedfaonditioned environments. Despite UV-C is an
effective microbial inactivation means, a drawbénokiting its application is the production of ozqree

molecule of concern for its healthy effects (RysicCabe, Clements, Hernandez & Miller, 2010).

Air disinfection by cold plasma

Air ionization is a decontamination technology painity focused on liquids or surfaces (Arnold, Bamth

& Mitchell, 2004; Liang et al., 2012). Recentlyjghechnique turned into the spotlight for the &silon

in the food sector to reduce microbial contamimaté food (Lacombe et al., 2015; Misra & Jo, 2017).
Cold plasma has been recently investigated alsaifaterilization (Liang et al., 2012; Zhou, Yanhgj,

& Huang, 2016). The principle of this technique sists in the passage of the air over an ionizifg tu
emitting high voltage discharge (in-duct systenmguténg in positively and negatively charged ions,
clusters of oxygen ions, oxygen-containing radicdlg-C irradiation and a series of combined effeifts
these factors (Niemira, 2012; Zhou et al., 2018gsE reactive chemical species attract naturadygetu
airborne micro-organisms, damaging their membrab®&A and/or proteins. In addition, high-voltage
electrical discharges result in the generationzuine. Thus, monitoring schemes should be implerdente
to avoid the presence of excess ozone concentriatithre treated room. Measures to remove the ozone
should be evaluated if required. For the scaleoupoimmercial treatment levels an optimization and a
more complete understanding of these chemical pseseis required. An additional aspect to take into
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account for practical considerations is the costad plasma tubes and the decrease in the emie§ion
ion species with time (Lai, Cheung, Wong, & Li, B)1

The in-duct cold plasma system is very useful fsinflecting large quantities of air as it passes
through the HVAC system before its re-circulati@iviously, this will only be useful for disinfecticof
contaminated air through the duct, but not at theees, i.e. inanimate environmental surfaces €L ai.,
2016). Despite recent appearance on market of mglalsina disinfection units for in-duct applications
(Zhou et al., 2016), the limitation of this techmgy is the early stage of development and the tyasied

complexity of the necessary equipment.

Conclusions

In the course of time, the safety of food gainddgh priority, because industry has been underspres

to deliver products minimally processed, more frestaste and appearance, with less preservativeés a
with prolonged shelf life. Thus, intervention ségies to control all vectors of food contaminatstrould

be pursued. Bioaerosols in a food facility may beeptial contributors to food spoilage. Due to dagt

air movements, a complete environmental controbiaplex and almost impossible. In the design of new
factories, proper planning in locating air inleggtracts, doorways and processing equipment isnodst
importance to optimize air movements. The periodamitoring of microbial levels in the air is usefol
identify potential sources of contamination. Intrtion should be taken to maintain a bioaerosal loa
consistent with the hygienic requirements of thedfproduct. Through years, air disinfection teche
such as chemical aerosolization, ozonation and tdatliation evolved providing a feasible and cost-
effective solution for the decontamination of sedelcareas of the facility. Air decontamination esail

the benefit of reducing microbial settling on fregtly touched or food contact surfaces, thus pravgn
the risk of microbial spread. Furthermore, the ienpéntation of a proactive approach based on sakedul
air disinfection treatments would be an ancillaimategy, especially in case of inadequate hygigne o

structures.

23



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

References

Aarnisalo, K. (2007). Effect of maintenance rousirie food processing on production hygiene. In G.
Wirtanen, & S. Salo (Eds.Microbial contaminants & contamination routes inotbindustry VTT
Publication 248(pp. 36—38). Espoo, Finland: Technical Researaitré®f Finland (VTT).

Arnold, J. W., Boothe, D. H., & Mitchell, B. W. (R@). Use of negative air ionization for reducing
bacterial pathogens and spores on stainless stdatss.Journal of Applied Poultry Research3,
200-206.

Bagge-Ravn, D., Gardshodn, K., Gram, L., & Fonnekb¥ogel, B. (2003). Comparison of sodium
hypochlorite—based foam and peroxyacetic acid—bdegd sanitizing procedures in a salmon
smokehouse: survival of the general microflora disteria monocytogeneslournal of Food
Protection 66, 592—598.

Baumann, A. R., Martin, S. E., & Feng, H. (2009gnkoval ofListeria monocytogenesiofiims from
stainless steel by use of ultrasound and oztmanal of Food Protectigr72, 1306—1309.

Begum, M., Hocking, A. D., & Miskelly, D. (2009)n&ctivation of food spoilage fungi by ultra violet
(UVC) radiation.International Journal of Food Microbiology29, 74-77.

Beletsiotis, E., Ghikas, D., & Kalantzi, K. (2011lncorporation of microbiological and molecular
methods in HACCP monitoring scheme of molds andstgea a Greek dairy plant: A case study.
Procedia Food Sciencé, 1051-1059.

Behzad, H., Gojobori, T., & Mineta, K. (2015). Cleaiges and Opportunities of Airborne Metagenomics.
Genome Biology and Evolutipi, 1216-1226.

Bore, E. & Langsrud, S. (2005). Characterizatiormiéro-organisms isolated from dairy industry after
cleaning and fogging disinfection with alkyl amirend peracetic acidJournal of Applied
Microbiology, 98, 96—105.

Brandl, H., Fricker-Feer, C., Ziegler, D., Mandal, Stephan, R., & Lehner, A. (2014). Distributimd
identification of culturable airborne microorgansim a Swiss milk processing facilityournal of
Dairy Science97, 240-246.

24



623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

Brodowska, A. J., Nowak, A., &migielski, K. (2017). Ozone in the food industpyinciples of ozone
treatment, mechanism of action, and applicationsowerview.Critical Reviews in Food Science and
Nutrition, 58, 2176—2201.

Brown, K. L., & Wray, S. (2014). Control of airb@rcontamination in food processing. In H. L. M.
Lelieveld, J. Holah, & D. Napper (Edshlygiene in food processing: principles and pract{pe.
174-199). New Delhi: Woodhead Publishing.

Burfoot D. (2016). Aerosols as a contamination .risk H. M. L. Lelieveld, J. Holah, & D. Galdri
(Eds.),Handbook of hygiene control in the food industpp. 81-87). Oxford, UK: Woodhead
Publishing Limited.

Burfoot, D., & Brown, K. L. (2004). A relationshipetween the airborne concentration of particles and
organisms in chilled food factories. Paper 9 onRDM Proceedings of the International Conference
on Engineering and Food, ICEF9, 7-11 March 2004qtiglellier, France.

Burfoot, D., Hall, K., Brown, K., & Xu, Y. (1999)Fogging for the disinfection of food processing
factories and equipmentrends in Food Science and Technoldlfy, 205-210.

Burfoot, D., Whyte, R. T., Tinker, D. B., Hall, K& Allen, V. M. (2007). A novel method for asseggin
the role of air in the microbiological contaminatiof poultry carcassemternational Journal of Food
Microbiology, 115, 48-52.

Byrne, B., Lyng, J., Dunne, G. & Bolton, D. J. (8)0An assessment of the microbial quality of the a
within a pork processing plarfood Contro] 19,915-920.

Chang, C-W., Ting, Y-T., & Horng, Y-J (2019). Cdlten efficiency of liquid-based samplers for fungi
in indoor air.Indoor Air, 00, 1-10.

Chen, Y-C, Liao, C-H, Shen, W-T, Su, C., Wu Y-Csal, M-H., et al., (2019). Effective disinfectiof o
airborne microbial contamination in hospital wangsing a zero-valent nano-silver/TiO2-chitosan
compositelndoor Air, 00, 1-11.

Choai, J., Kang, M. & Jung, J. H. (2015). Integrateitro-optofluidic platform for real-time detectiai
airborne microorganism&cientific Reportss, 1-10.

25



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

Christ, D., Savi, G. D., & Scussel, V. M. (2016¥fdetiveness of ozone gas in raw and processed food
for fungi and mycotossin decontaminatidournal of Chemical, Biological and Physical Sciesd,
326-348.

Codex Alimentarius. (2003Recommended International Code of Practice. Genericiples of Food
Hygiene CAC/RCP 1-1969, Rev. 4-208&shington, DC: Codex Alimentarius Commission.

Cullen, P. J., & Norton, T. (2012). Ozone sanit@ain the food industry. In C. O’'Donnell, B. K. Wari,

P. J. Cullen, & R. G. Rice (EdsQzone in food processirfgp. 163—-176). Oxford: Wiley-Blackwell.

Cundith, C. J., Kerth, C. R., Jones, W.R., McCasReW., & Kuhlers, D. L. (2002). Air-cleaning sgsh
effectiveness for control of airborne microbes imeat-processing plantournal of Food Scien¢&7,
1170-1174.

Cutler, T. D., & Zimmerman, J. J. (2011). Ultra@blirradiation and the mechanisms underlying its
inactivation of infectious agent&nimal Health Research Review2, 15-23.

Da, G., Géhin, E., Havet, H., Ben Othmane, M., &li€p, C. (2015). Preventing indoor bioaerosol
contamination in food processing environments aWé\@ systems: assessment of particle deposition
for hygienic design purposes. In E. Jiménez, B.aDab, & G. Lefebvre (EdsEnvironment, energy
and climate change I: environmental chemistry dfytants and waste§p. 1-20). Berlin: Springer-
Verlag.

den Aantrekker, E. D., Boom, R. M., Zwietering, M., & van Schothorst, M. (2003). Quantifying
recontamination through factory environments - aiem@. International Journal of Food
Microbiology, 80, 117-130.

Dybwad, M., Skogan, G., & Blatny, J. M. (2014). Guamative testing and evaluation of nine differant a
samplers: end-to-end sampling efficiencies as 8peperformance measurements for bioaerosol
applicationsAerosol Science and Technolog$, 282—295.

EC. (2004). Regulation (EC) No 852/2004 of the Ppean parliament and of the council of 29 April

2004 on the hygiene of foodstuff3fficial Journal of the European Union, 139, 1-54.

26



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

Ehavald, H. (2007). Food process hygiene, effectiemning and safety in the food industry. In G.
Wirtanen, & S. Salo (Eds.Microbial contaminants & contamination routes inotbindustry VTT
Publication 248(pp. 129-144). Espoo, Finland: Technical Rese@efitre of Finland (VTT).

EHEDG. (2016). Document 47 - Guidelines on air hiagdsystems in the food industry. Air quality
control for building ventilation.

EN. (1997). EN 1672-2. Food processing machin@gsic concepts - Part 2: Hygienic Requirements.
European Committee for Standardization, BrussedtgiBm.

European Collaborative Action (1996Environment and quality of life. Report No. 12. IBgical
particles in indoor environmentkuxembourg: Commission of the European Commumitie

Ferguson, R., Cumbrell, A. J., & Whitby, C. (201Bjoaerosol biomonitoring: sampling optimization fo
molecular microbial ecology.Molecular Ecology Resourcesavailable at doi:10.1111/1755-
0998.13002.

Gurnari, G. (2015). The reduction of microbial satieg: little details, great effects. In G. Gurn@d.),
Safety protocols in the food industry and engimagdoncerngpp. 19-30). London, UK: Springer-
Verlag.

Guzel-Seydim, Z. B., Greene, A. K., & Seydim, A. 004). Use of ozone in the food industry.
Lebensmittel-Wissenschaft und-Technologit 453—-460.

Haig, C. W., Mackay, W. G., Walker, J. T., & Willies, C. (2016). Bioaerosol sampling: sampling
mechanisms, bioefficiency and field studigsurnal of hospital infectior3, 242—-255.

Heo, K. J., Lim, C. E., Kee, H. B., & Lee, B. UQ®7). Effects of human activities on concentratiohs
culturable bioaerosols in indoor air environmedtairnal of Aerosol Scienc&04, 58—65.

Holah, J. (2011). Combating contamination with vehabom disinfectionlnternational Food Hygiene
21, 7-9.

Holah, J.T., Rogers, S.J., Holder, J., Hall, KIRylor, J. and Brown, K. L. (1995). The evaluatafrair
disinfection systems. CCFRA R&D Report No. 13. Glestershire, UK: Campden and Chorleywood
Food Research Association.

27



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

ljaz, M. K., Zargar, B., Wright, K. E., Rubino, R., & Sattar, S. A. (2016). Generic aspects of the
airborne spread of human pathogens indoors and gamerir decontamination technologies.
American Journal of Infection Contret, S109-S120.

Italian Ministry of Health (2010). Opinion of thealonal Food Safety Committee on ozone treatment of
air in cheese ripening rooms (In Italian). Avaikabl at
http://www.salute.gov.it/imgs/C_17 pubblicazioni 145 allegato.pdf (accessed December 2018).

Kowalski, W. (2009). Ultraviolet germicidal irradian handbook. UVGI for air and surface
disinfection. Berlin: Springer-Verlag.

Krishnan, J., Fey, G., Stansfield, C., Landry,Nguy, H., Klassen, S., et al. (2018valuation of a dry
fogging system for laboratory decontaminatidpplied Biosafetyl7, 132-141.

Lacombe, A., Niemira, B. A., Gurtler, J. B., Fan, Rites, J., Boyd, G., et al. (2015). Atmosphentd
plasma inactivation of aerobic microorganisms amebkrries and effects on quality attributésod
Microbiology, 46, 479-484.

Lai, A. C. K,, Cheung, A. C. T., Wong, M. M. L., LW. S. (2016). Evaluation of cold plasma
inactivation efficacy against different airbornectsia in ventilation duct flow.Building and
Environment 98, 39-46.

Lawlor, K. A., Schuman, J. D., Simpson, P. G., 8ofraina, P. J. (2009). Microbiological spoilage of
beverages. In W. H. Sperber, & M. P. Doyle (EdS9mpendium of the microbiological spoilage of
foods and beveragépp. 245-284). New York: Springer.

Lee, B. U. (2011). Life Comes from the air: a shextiew on bioaerosol contrdherosol and Air Quality
Researchll, 921-927.

Liang, Y., Wu, Y., Sun, K., Chen, Q., Shen, F., &pal. et al. (2012). Rapid inactivation of biokagi
species in the air using atmospheric pressure aomdl plasma.Environmental Science &

Technology46, 3360—3368.

28



724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

Marino, M., Maifreni, M., Baggio, A., & Innocentd\. (2018). Inactivation of foodborne bacteria
bioflms by aqueous and gaseous ozonErontiers in Microbiology 9:2024. doi:
10.3389/fmicb.2018.02024.

Marriott, N. G., & Gravani, R. B. (2006principles of food sanitatio(bth ed.). New York: Springer.

Masotti F., Vallone, L., Ranzini, S., Silvetti, Morandi, S., & Brasca, M. (2019). Effectivenessaof
disinfection by ozonation or hydrogen peroxide aeli@aation in dairy environment§&ood Contro)
97, 32-38.

Maukonen, J. (2007). Molecular technigues and mmwpy in bacterial detection and typing. In G.
Wirtanen, & S. Salo (Eds.Microbial contaminants & contamination routes inotbindustry. VTT
Publication 248(pp. 46-50). Espoo, Finland: Technical Researaftr€®f Finland (VTT).

Mbareche, H., Brisebois, E., Veillette, M. & Duchej C. (2017). Bioaerosol sampling and detection
methods based on molecular approaches: no pairainoSgrience of Total Environmeri99-600,
2095-2104.

Mbareche, H., Veillette, M., Bilodeau, G. J., & Daine, C. (2018). Bioaerosol sampler choice should
consider efficiency and ability of samplers to aoweicrobial diversity. Applied Environmental
Microbiology.doi:10.1128/AEM.01589-18.

Miettinen, H. (2016). Air Sampling. In H. M. L. Lieveld, J. Holah, & D. Gabti(Eds.),Handbook of
hygiene control in the food industfpp. 697—709). Oxford, UK: Woodhead Publishing.

Miller, S. L., Linnes, J., & Luongo, J. (2013). tdltiolet germicidal irradiation: future directiofar air
disinfection and building applicationBhotochemistry and Photobiolag§9, 777-781.

Misra, N. N., & Jo, C. (2017). Applications of cghthsma technology for microbiological safety inane
industry.Trends in Food Science & Technoloéy, 74—86.

Mullane, N., Healy, B., Meade, J., Whyte, P., W8#l|, G., & Fanning, S. (2008). Dissemination of
Cronobacterspp. Enterobacter sakazakiin a powdered milk protein manufacturing facili§ypplied

and Environmental Microbiology’4, 5913-5917.

29



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

Mullane, N. R., Whyte, P., Wall, P. G., Quinn, & Fanning, S. (2007). Application of pulsed-fieldlg
electrophoresis to characterise and trace the leres@ ofEnterobacter sakazakiin an infant formula
processing facilitylnternational Journal of Food MicrobiologyL 16, 73—-81.

Niemira, B. A. (2012). Cold plasma decontaminatafnfoods. Annual Review of Food Science and
Technology3, 125-142.

Ocon, E., Garijo, P., Sanz, S., Olarte, C., Loz, Santamaria, P., et al. (2013). Analysis ofainb
yeasts in one winery over a period of one yEand Contro) 30, 585-589.

Ocon, E., Gutiérrez, A. R., Garijo, P., SantamalFa,L6pez, R., Olarte, C., et al. (2011). Facufrs
influence in the distribution of mold in the airanwine cellarJournal of Food Scienc@6, 169-174.

O’Donnell, C., Tiwari, B. K., Cullen, P. J. & Ric®&. G. (2012). Status and trends of ozone in food
processing. In C. O'Donnell, B. K. Tiwari, P. J.llén, & R. G. Rice (Eds.JQzone in food processing
(pp. 1-6). Oxford: Wiley-Blackwell.

Oh, S-W., Gray, P. M., Dougherty, R. H., & Kang, B. (2005). Aerosolization as novel sanitizer
delivery system to reduce food-borne pathogketers in Applied Microbiology1, 56—60.

Oppliger, A., Charriére, N., Droz, P-O. & Rinsoz,(2008). Exposure to bioaerosols in poultry howses
different stages of fattening; use of real-time PfoR airborne bacterial quantificatioAnnals of
Occupational Hygienes2, 405-412.

Oppliger, A. (2014)Advancing the science of bioaerosol exposure assrisAnnals of Occupational
Hygiene 58, 661-663.

Otter, J. A, Yezli, S., Perl, T. M., Barbut, F.,&ench, G. L. (2013). The role of ‘no-touch’ autited
room disinfection systems in infection preventiowl @ontrol.Journal of Hospital Infection83 1-13.
Otto, C., Zahn, S., Rost, F., Zahn, P., Jaros&Rohm, H. (2011). Physical methods for cleaning an

disinfection of surface$:ood Engineering Review3, 171-188.

Pascual, A., Llorca, I.,, & Canut, A. (2007). Use atone in food industries for reducing the
environmental impact of cleaning and disinfectiativaties. Trends in Food Science and Technology
18, S29-S35.

30



775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

Pearce, R. A., Sheridan, J. J., Bolton, D. J. (20@astribution of airborne microorganisms in
commercial pork slaughter procesdesernational Journal of Food Microbiologyl07, 186-191.

Pérez-Martin, F., Sesefia, S., Fernandez-Gonzalez,AMvalo, M., & Llanos Palop, M. (2014).
Microbial communities in air and wine of a wineyta/o consecutive vintagekiternational Journal
of Food Microbiology 190, 44-53.

Pérez-Rodriguez, F., Valero, A., Carrasco, F., @amR. M. & Zurera, G. (2008). Understanding and
modelling bacterial transfer to foods: a revi@wends in Food Science & Technolod$, 131-144.

Pinto, A. T., Schmidt, V., Raimundo, S. A., & RaiemF. (2007). Moulds control by ozonization in
ripening cheese room (In Brasiliak)cta Scientiae Veterinaria85, 333-337.

Pleitner, A. (2018). Air quality in production féities. Food Safety Net Services. Post available at
http://fsns.com/news/air-quality-production-fad#i. (accessed December 2018).

Possas, A., Carrasco, E., Garcia-Gimeno, R. M. &eiMa A. (2017). Models of microbial cross-
contamination dynamic€urrent Opinions in Food Scienck4, 43—-49.

Prendergast, D. M., Daly, D. J., Sheridan, J. XDbWwell, D. A. & Blair, I. S. (2004). The effect of
abattoir design on aerial contamination levels &nhe relationship between aerial and carcass
contamination levels in two Irish beef abattoFeod Microbiology 21, 589-596.

Prussin A. J., Marr, L. C., & Bibby, K. J. (2019hallenges of studying viral aerosol metagenomick a
communities in comparison with bacterial and furagrosolsFEMS Microbiology Letters357, 1-9.

Reed, N. G. (2010). The history of ultraviolet gamiaial irradiation for air disinfectionPublic Health
Reports 125, 15-27.

Reij, M. W., den Aantrekker, W. D., & ILSI EuropeasR Analisys in Microbiology Task Force (2004).
Recontamination as a source of pathogens in predefsods. International Journal of Food
Microbiology, 91, 1-11.

Reponen, T. (2017). Sampling for microbial detemtion. In C. Viegas, S. Viegas, A. Gomes, M.
Taubel, & R. Sabino (Eds.Exposure to microbial agents in indoor and occumadil environments
(pp 85-96). Cham, Switzerland: Springer.

31



801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

Reponen, T., Willeke, K., Grinshpun, S., Nevalainén (2011). Biological particle sampling. In P.
Kulkarni, P. Baron, K. Willeke (Eds.Aerosol measurement, principles, techniques, amlicgtions
(pp 549-570)3rd edn. San Francisco, CA: Wiley.

Ryan, K., McCabe, K., Clements, N., Hernandez, MM8ler, S. L. K. (2010). Inactivation of airborne
microorganisms using novel ultraviolet radiatiorum®s in reflective flow-through control devices.
Aerosol Science and Technology, 541-550.

Serra, R., Abrunhosa, L., Kozakiewicz, Z., Venando & Lima, N. (2003). Use of ozone to reduce
molds in a cheese ripening roodeurnal of Food Protectigrn66, 2355-2358.

Shale, K., & Lues, J. F. R. (2007). The etiologyhidaerosols in food environmentood Reviews
International 23, 73-90.

Simon, X, & Duquenne, P. (2014). Assessment of exakexposure to bioaerosols in a French cheese
factory.Annals of Occupational Hygieng8, 677—692.

Skara, T. & Rosnes, J. T. (2016). Emerging methadsd principles in food contact surface
decontamination/prevention. In C. E. Leadley (Ednnovation and future trends in food
manufacturing and supply chain technologipp. 151-172). Cambridge: Woodhead Publishing.

Soldatou, H., Psoni, L., Tzanetakis, N., & LitopmudTzanetaki, E. (2006). Populations, types and
biochemical activities of aerobic bacteria anditaeicid bacteria from the air of cheese factories.
International Journal of Dairy Technolog$9, 2000-2008.

Stanga, M. (2010). Sanitation: cleaning and disitide in the food industry. Weinheim: Wiley-VCH
Verlag.

Stetzenbach, L. D., Buttner, M. P., & Cruz, P. (@00Detection and enumeration of airborne
biocontaminantsCurrent Opinion in Biotechnology5, 170-174.

Tiwari, B. K., & Rice, R. G. (2012). Regulatory atedjislative issues. In C. O’Donnell, B. K. TiwaH,

J. Cullen, & R. G. Rice (Eds.dzone in food processirfgp. 7—17). Oxford: Wiley-Blackwell.

Varzakas, T. (2016). Hygiene and food sanitationT | Varzakas, & C. Tzia (Edsfilandbook of food
processing food safety, quality, and manufactugragessegpp. 73—-104). New York: CRC Press.

32



827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

Verreault, D., Gendron, L., Rousseau, G. M., V##dleM., Massé, D., Lindsley, W. G., et al. (2011).
Detection of airborne lactococcal bacteriophagesclieese manufacturing plantdpplied and
Environmental Microbiology77, 491-497.

Verreault, D., Moineau, S., & Duchaine, C. (201Methods for sampling of airborne viruses.
Microbiology and Molecular Biology Review&, 413-444.

Walls, H. J., Kim, J. H., Yaga, R. W., Harvey, L, Aaines, L. G., Ensor, D. S., et al. (2017). L-osgn
viable bioaerosol sampling using a temperature- Baodhidity-controlled filtration apparatus, a
laboratory investigation using culturaltte coli. Aerosol Science and Technologyt, 576-586.

Wirtanen, G., Miettinen, H., Pahkala, S., Enbom,&Vanne, L. (2002)Clean air solutions in food
processingVTT Publication 482Espoo, Finland: Technical Research Centre oBRoh(VTT).

Wray, S. (2011). Managing airflow and air filtratido improve hygiene in food factories. In J. Hol&h
H. L. M. Lelieveld (Eds.),Hygienic design in food factoriefp. 249-268). London: Woodhead
Publishing.

Yang, Y., Zhang, H., Nunayon, S. S., Chan, V., &,LA C. K. (2018). Disinfection efficacy of
ultraviolet germicidal irradiation on airborne baxia in ventilation ductdndoor Air, 28, 806—817.

Yao, M. (2018). Bioaerosol: A bridge and opportyrfbr many scientific research field§ournal of
Aerosol Sciengel15, 108-112.

Zhou P., Yang, Y., Lai, A. C. K., Huang, G. (201@ctivation of airborne bacteria by cold plasmair

duct flow. Building and EnvironmentL06, 120-130.

33



Figure caption

Figure 1 — Overview of major sources/vectors ofrofital contamination and their interactions in the

food industry.
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Table 1 — Pros and cons of air sampling techniquagiable for the food industry.

Sampler Air Pros Cons Use in real
sampling food industry
Settle plate Passive  Easy and cheap device to ononiQualitative method,  ++
generic air bioload. No cell stressbased on collection
by reduced viability. by “fall out”. Biased

to larger patrticles.
Sensitive to air

movements.
Impactor Active Multiple choice of devices (slit Cost of device. ++
and sieves). Practical in industrial
use. Information on size
distribution. Used to recover
viruses.
Cyclone Active Available as portable hand-held Selective for large ++
separator instrument. Practical in industrial air particles.
use. Less cell stressing than Tendency to higher
impaction methods. counts than other air
samplers.
Filter Active Not expensive. Simple to operatePossible stress by +
Suitable for enumeration of cell desiccation.

moulds and bacterial spores. Used
also to recover viruses.

Impinger Active Useful for heavily contaminated Impractical in +
air environments. industrial use.
Sterilization of the
device after each use.
Possible loss of
survivability.

Electrostatic  Active Useful for collection of viruses or No literature -
precipitator sensitive microbial strains. In food sector.
Compatible with analysis by
polymerase chain reaction.

++, frequent use; +, occasional use; —, not used.

Sources: H. M. L. Lelieveld, M. A. Mostert, & J. i, 2005Handbook of hygiene control in the food
industry Oxford, UK: Woodhead Publishing Limited; Ljunggti& Reinmiller, 2007; Verreault,
Moineau, & Duchaine, 2011; Reponen, 2017.



Table 2 — Pros and cons of disinfection technigquesdliable in food industry for air treatment.

Disinfection ~ Pros Cons Use in food
technique industry

Air filtration Disinfection efficacy of in-duct Energy consumption. Increase of  ++

and UV UV-C lamps. temperature of air supply. Fungi can

irradiation escape UV radiation.

Chemical Wide spectrum of efficacy Time for aerosolization and chemicak
aerosolization against microorganisms. action. Sealing of treated

Environmental friendliness (as environments. Controlled room re-
a function of the agent used). entry, to avoid safety issues.

Dry aerosol. Equipment material compatibility.
Ozone gas Excellent antimicrobial Health and safety issues in case of +
activity. Productionin situ. uncontrolled room re-entry. Need of
Immediate action. Auto- a gaseous ozone analyzer. Absence
decomposition. of personnel and food. Use of sealed
Lack of residues on food. environments. Corrosive to several

soft metals and rubber.
Cost of ozone generator.

UV irradiation Discrete disinfection efficacy. Health effects due to the production +

No use of chemicals. of ozone as a by-product. Delivery
Synergistic effectiveness whenof sufficient UV irradiation to large
in tandem with other volumes of air. Influence of
technologies (e.g., environmental conditions.

photocatalysis, air filtration).

Cold plasma Disinfection efficacy in air ductHealth effects due to the production —
flow. Static purpose-built of ozone as a by-product. Cost of
system or mobile unit. cold plasma tubes. No up-scale for

commercial applications. Lack of
research data on air disinfection
effectiveness in food environments.

++, frequent use; +, occasional use; —, not used.

Sources: Burfoot, Hall, Brown, & Xu, 1999; Marrick Gravani, 2006; Pascual, Llorca, & Canut, 2007;
Stanga, 2010; Krishnan et al., 2012; Cutler & Zimman, 2011; O’Donnell, Tiwari, Cullen, & Rice,
2012; Christ, Savi, & Scussel, 2016; Zhou, Yang, BaHuang, 2016; Yang, Zhang, Nunayon, Chan, &
Lai, 2018; Chen et al., 2019; Masotti et al., 2019.
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Highlights

* Indoor air is a vector of contamination in the fandustry
« Sampling and analysis of bioaerosol is a strategy¢vent food contamination
» Air disinfection is a task of interest in the reairld of food environment

* Ozonation, UV irradiation, chemical fogging aredide air disinfection techniques



