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This study aimed to assess the prevalence of airborne microorganisms within the packaging areas of (semi) liquid
food product facilities, considering the impact of outdoor microbiological air, seasonal fluctuations, rural-urban
differences and environmental parameters such as temperature and relative humidity. Additionally, the effec-
tiveness of both natural ventilation and air handling units were evaluated against total viable and non-viable
particulate matter.

Air samples were collected from the packaging areas of fourteen diverse (semi) liquid food producers and the
outdoor environment in Flanders, Belgium, over the course of four separate days from January to September
2022. Airborne microorganisms, including total mesophilic plate count (TMPC) and yeast and mould (Y&M)
count, were sampled using impaction and settle plate methods on Plate Count Agar and Rose Bengal Chloram-
phenicol agar, respectively. Simultaneously, a laser particle counter was used to collect and categorise particles
into six size-based channels, while environmental parameters were monitored using a hygrometer.

The study revealed a wide range of concentrations of airborne microorganisms across various companies
(indoor TMPC ranging from 1.35 =+ 0.65 log cfu/m® to 3.42 + 0.16 log cfu/m® and Y&M count ranging from 1.22
+ 0.65 log cfu/m® to 3.10 + 0.08 log cfu/m?), irrespective of outdoor air quality. Neither relative humidity nor
temperature exhibited any influence on TMPC and Y&M count. Companies equipped with high-efficiency filter
air handling unit showed decreased concentrations of airborne microorganisms, although this trend did not align
with their total particle counts. Moreover, no correlation was observed between total particle count and either
TMPC or Y&M count. Additionally, impaction and sedimentation methods demonstrated a strong correlation.

In conclusion, the diversity in airborne microorganism concentrations within food packaging areas is influ-
enced by multiple factors, with air handling unit filters playing a pivotal role. High-efficiency filters were found
to reduce microorganism levels, but their impact on total particle counts was less pronounced.

1. Introduction

Air has been considered in the food industry as a potential source of
food contamination during processing and packaging (Aichinger et al.,
2006; Brown and Wray, 2014; Kang & Frank, 1989; Masotti et al., 2019).
Especially in open food processing and packaging areas, microorganisms
can be transported via the air towards open products, which can be a
significant cause of contamination (Zand et al., 2022). At present, food
companies are dedicated to upholding a hygienic and controlled envi-
ronment, while implementing efficient measures for microbial air con-
trol. This is especially critical as airborne contamination during
packaging can influence the shelf life of perishable food products.
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Nevertheless, the precise magnitude of the overall risk posed by airborne
microorganisms remains uncertain. Based on several studies, it is
assumed that a risk exists, as the air in various food sectors may harbour
a considerable amount of airborne microorganisms (Botondi, 2019;
Holah et al., 1995; Parussolo et al., 2019; Ren & Frank, 1992; Salustiano
et al., 2003; Valle Garcia et al., 2019; Zorman & Jersek, 2008). An
attempt to quantify recontamination via the air was calculated by den
Aantrekker et al. (2003) through an analysis of existing literature,
encompassing various product groups, different locations within the
facility and using different air sampling techniques. However, estab-
lishing acceptable quantitative limits for the air quality within specific
food production or packaging zones remains challenging, primarily due

Received 31 October 2023; Received in revised form 1 March 2024; Accepted 4 March 2024

Available online 7 March 2024

0956-7135/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:imca.sampers@ugent.be
www.sciencedirect.com/science/journal/09567135
https://www.elsevier.com/locate/foodcont
https://doi.org/10.1016/j.foodcont.2024.110429
https://doi.org/10.1016/j.foodcont.2024.110429
https://doi.org/10.1016/j.foodcont.2024.110429
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodcont.2024.110429&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P.-J. Loveniers et al.

to variations in air sampling techniques, a lack of consistent data and an
abundance of speculation. Recently, EN 17141:2020 provides first-time
guidance for microbial air control in the food sector, including a risk
assessment approach in Annex D for monitoring total microbial con-
centration in ham cutting and packaging, allowing food manufacturers
to establish their control levels (European Committee for Standardiza-
tion, 2020). In the absence of quantitative limits, regulations, such as the
regulation 852/2004/EC on the hygiene of foodstuffs and the current
Good Manufacturing Practices (cGMP) in the United States, focus on the
prevention of airborne contamination in food processing plants. Such
preventive measures include stringent cleaning protocols, the use of air
filters, the control or elimination of potential contamination sources like
floor drains, the implementation of controlled airflow systems directing
air from clean areas to dirty areas, and other GMP practices (Brown &
Wray, 2014; Masotti et al., 2019). Air handling units are engineered to
remove airborne particles and microorganisms by entrapping them in
filters. Currently, air filter classifications primarily focus on particulate
matter (PM), which include both viable and non-viable particles (In-
ternational Organization for Standardization, 2016). While research has
indicated that airborne microorganisms affect filter efficiency differ-
ently than mineral dust, with some filters boasting a 90% efficiency
rating according to standard methods ISO 16980, demonstrating an ef-
ficiency exceeding 99.99% in removing airborne microorganisms
(Whyte et al., 2012). This contrasts with the observations that an H11
filter, according to standard EN1822, achieved 100% collection effi-
ciency for mineral dust particles but exhibited diminished efficiency in
the case of mixed bioaerosols (Miaskiewicz-Peska & Lebkowska, 2012).
To the best of the authors knowledge, such comprehensive research in
the context of (semi) liquid food packaging areas is lacking. In light of
this knowledge gap, the present study seeks to provide a comprehensive
assessment of airborne microorganisms within these (semi) liquid food
packaging environments. This investigation takes into account various
factors, including outdoor air quality, seasonal variations, the
rural-urban location of the production setting, and environmental pa-
rameters such as temperature and relative humidity.

The primary objectives of this research are to quantify the presence
of airborne microorganisms, assess their potential impact on food

Table 1
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contamination via the air, and explore the relationship between total
airborne particles and airborne microorganisms. Furthermore, the study
aims to establish guidelines for selecting optimal filter classes for air
handling units operating in these specific areas. By achieving these
goals, the research aspires to contribute valuable insights and recom-
mendations to enhance the hygienic conditions and safety of (semi)
liquid food processing and packaging processes.

2. Methodology
2.1. Classification of selected (semi) liquid food producers

The study was conducted across fourteen (semi) liquid food pro-
ducers located in different parts of Flanders, Belgium. The classification
of these companies, based on produced product type, risk for microbi-
ological spoilage (class I: low risk to class V: high risk), urban-rural
location, final air filter class, open or closed filling rooms, adopted
positive air pressure, volume of the filling room and amount of operators
in the room is detailed in Table 1. Natural ventilation refers to the
process of bringing fresh outdoor air into a building without the use of
mechanical systems. This is typically achieved through openings such as
windows, doors, or vents, allowing for airflow driven by natural forces
like wind (Zhivov et al., 2020).

2.2. Air sampling procedure

From January to September of 2022, samples were collected from
each of the fourteen (semi) liquid food production plants on four distinct
occasions. These visits were evenly distributed, with two occurring
during the winter season and two during the summer season, except for
companies 8, 9 and 10, which were visited once during the summer and
twice during the winter, while companies 6 and 12 had two visits during
the summer, and company 13 was visited once during the summer.

Sample collection involved both indoor and outdoor locations at the
factory premises. Indoor sampling was conducted in the filling room at a
height of 1 m above ground level and approximately 1 m away from the
filling head of a packaging line. In cases where there were two filling

Classification of the selected companies by product type, microbiological risk group (VDMA, 2007), urban-rural location and final air filter class in the filling room.

Company  Product type Micro-biological Urban-rural Final air filter class in Positive air Closed/open Volume Operators in
risk group’ location filling room” pressure room” (m%) room
1 Alternative dairy (plant-based Class IV - V Urban 1SO ePM, 5 65% (F7), No Closed 220-640 2-3
yoghurt and drinks) H13
2 Fermented dairy (dairy-based Class IV -V Suburban 1SO ePM, 5 65% (F7) No Closed 750 3
yoghurt, fresh cheese)
3 Fermented dairy (dairy-based Class II - III Nonurban None - Natural No Open 80 2
desserts) ventilation
4 Savory spreads (vegetables) ClassIV -V Nonurban None - Evaporative No Open 450 2
cooling
5 Savory spreads (fish/meat) ClassIV -V Suburban 1SO ePM; 80% (F9) Yes Open 685 7
6 Savory spreads (fish/meat) Class IV -V Suburban 1SO ePM, 5 65% (F7) No Open 1755 18-20
7 Savory spreads (fish/meat) Class IV -V Urban 1SO ePM, 5 65% (F7) No Open 1600 9-10
8 Acidified sauces Class II - IV Urban None — Evaporative No Closed 614-167 1-2
cooling
9 Acidified sauces Class IT - IV Nonurban None - Natural No Closed 779 7-8
ventilation
10 Acidified sauces Class II - IV Nonurban None - Evaporative No Open 8750 6
cooling
11 Fruit purees Class III Nonurban None — Evaporative No Closed 5280 3
cooling
12 Heat treated vegetables Class I Nonurban None — Natural No Open 429-2002 2-3
ventilation
13 Fruit purees Class II - III Urban None - Natural No Closed 540 4-5
ventilation
14 Margarines Class III - IV Urban 1SO ePM, 5 65% (F7) No Closed 15000 10-14

! Based on VDMA hygiene classes for filling machines for (semi) liquid food products in VDMA Doc. No. 2.
2 Filter class in accordance with ISO 16890-1:2016 (until June 2018 according to EN 779:2012) and EN 1822-1:2009.
8 Open: packaging room communicating with processing area.
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rooms, samples were obtained from each room. Air sampling was carried
out during operational hours to ensure representation of typical work
activities. The density of operators per unit volume remained uniform
throughout sampling. Post-sanitation or Clean-in-Place (CIP) procedures
were conducted prior to sampling. In cases where small batches were
packaged during the day (companies 3 and 5), sanitation was performed
between batches using high-pressure hosing. The companies did not
employ air disinfection or fumigation methods. To ensure the reliability
of the air sampling results, the Quality Manager and/or Technical
Department of each company confirmed that regular maintenance of the
air handling units, typically conducted 1-2 times a year, was in place.
For outdoor sampling, samples were taken at the entrance gate or door
through which raw materials entered the factory.

During each visit, microbial sampling was carried out using both the
settle plate technique (passive) and the impaction method (active), each
conducted in triplicate (Fig. 1). For the settle plate technique, open Petri
dishes with a respective medium were exposed to the air for approxi-
mately 1 h, closed and incubated (Pasquarella, Pitzurra, & Savino,
2000). Petri dishes contained Plate Count Agar (PCA, Biokar Di-
agnostics, BK144HA), or Rose Bengal Chloramphenicol Agar (RBC,
Biokar Diagnostics, BK151). For the impaction technique, two air sam-
plers (Spin air V2, IUL instruments, 90005500) were chosen for micro-
bial collection on Petri dish agar. The air sampler’s lid was sanitized
with 0.5% umonium solution before each sampling. The sampler draws
air through a sieve plate at a preset flow rate of 100 liters/min). The
rotating Petri dish of the Spin Air allows to have a real count avoiding
the use of colony count correction tables.

Throughout the sampling process, environmental parameters, such
as temperature and relative humidity, were measured with a digital
hygrometer (VWR Traceable®, 620-2273). Additionally, a Laser parti-
cle counter (Extech, VPC300) was used to determine total particle
numbers in the air. The flow rate of the particle counter is 2.83 L/min.
Samples were taken in the differential mode over a 21 s interval (i.e.
0.9992 L), yielding values for six distinct particle size categories
(0.3-0.5 pm, 0.5-1 pm, 1-2.5 pm, 2.5-5 pm, 5-10 pm, >10 pm). The
differential mode includes all particles that are greater than or equal to
the selected channel but less than the next channel.
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2.3. Preliminary study

To optimize the sampling process with the air sampler, experiments
were conducted to determine the appropriate duration and volume of air
needed to achieve countable Petri dishes and obtain representative
samples, which is defined as samples with less than 300 cfu/plate).
During the initial visit to each company, sampling times of 30 s, one,
two-and-a-half, and 5 min were tested, corresponding to flow rates of 50,
100, 250, and 500 liters/min, respectively. For most companies and
outdoor sampling locations, a sampling duration of 1 min (or equiva-
lently, a volume of 100 L at 100 liters/min flow rate) was sufficient to
achieve countable microorganisms on the Petri dishes. However, com-
panies 1, 7 and 14 required a larger air volume of 500 L to obtain
countable microorganisms on the Petri dishes, indicating lower micro-
bial concentrations in the air. In contrast, for company 3, a lower volume
of 50 L was already sufficient to yield countable microorganisms on the
Petri dishes for both media types.

2.4. Incubation and enumeration procedures

Yeast and mould (on RBC) and total mesophilic microorganisms (on
PCA) were incubated for 5 days at 25 °C and 3 days at 30 °C, respec-
tively. The data are expressed as cfu per cubic meter of air for the
impaction technique, calculated using the formula:

{number of cfu x '?ﬂ#}

cfu
Car =T = : @)
m? sampled air volume
Counts from settle plates were expressed as:
c L f 60 mi;
g [ of x|
C.\'en‘led =5 = (2)
m*h

(0,09 m)*xz
4

The estimation of recontamination via the air was based on the
methodology proposed by Whyte (1986), which assumed a relationship
between the settling velocity, concentration of airborne microorganisms
and exposed product area and time:

Time

Outdoor

RH
T°C

> Air Sampler (Active)

Particle Counter

» Hygrometer

_>Settle plates (Passive)

Indoor: Filling room

AN

-
.

Air Sampler (Active)

Particle Counter

> Hygrometer

Settle plates (Passive)

Fig. 1. Sampling plan over time for each filling room at selected companies, with a distinction between active and passive air sampling, particulate matter (PM)EE
and environmental parameters (RH, T°C) [_]; with as microbial parameters: total mesophilic plate count (TMPC) and yeast and mould (Y&M) count.[3]
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L.= vy xCu XxXAXt 3)

with L. = contamination level (cfu); vy = settling velocity (m/s); Cair =
number of microorganisms in the air (cfu/m3); A = exposed product area
(mz); t = exposure time (s).

Settling velocity v; is estimated by dividing Ciegeq (2) by Cair (1).

2.5. Statistical analysis

In the quantification of microorganisms, both settle plate and
impaction techniques were utilized. Subsequently, for further assess-
ment, only the impaction technique was employed and subsequently
discussed.

Since the raw data was not normally distributed, a log trans-
formation of TMPC, Y&M count and total particle count, was performed.
Statistical analysis for this study was conducted using IBM SPSS Statis-
tics (Version 28) for Windows.

The results of log cfu were compared using analysis of variance
(ANOVA) with significance defined at the 95% level (P < 0.05). When
assumptions of ANOVA (normality and homogeneity of variance) are
violated, nonparametric Mann-Whitney tests (two independent groups),
Kruskal-Wallis tests (> two independent groups) were applied to
compare data sets. In case of normal distribution but unequal variances,
Welch’s ANOVA was used (> two independent groups). Post hoc Tur-
key’s test (or Games-Howell test) were applied to further investigate the
differences between groups.

Pearson’s correlation coefficients were categorized as very weak
when 0.000 < r < 0.200; weak when 0.201 < r < 0.400; moderate when
0.401 <r < 0.600; strong when 0.601 < r < 0.800; and very strong when
0.801 < r < 1.000 (Christmann & Badgett, 2009).

3. Results
3.1. Airborne microorganisms in (semi) liquid food packaging areas

The results obtained by the impaction technique demonstrated a
wide range of TMPC (< LOD 2-3.72 log cfu/rn3) as well as Y&M count
(< LOD 2-3.50 log cfu/m3) among the diverse companies (Tables 2 and
3). Welch’s Analysis of Variance (ANOVA) revealed that the mean

Table 2

Total mesophilic plate count (TMPC) of airborne microorganisms in the pack-
aging areas of 14 (semi) liquid processing companies, determined by impaction
technique.

Company n Impaction technique (log cfu/m®)

Mean' SD Min. Max.
1 24 1.36% 0.46 0.30 2.27
2 24 2.29¢ 0.56 <LOD1 2.91
3 12 3.428 0.16 3.13 3.72
4 24 1.99%¢ 0.38 1.20 2.58
5 24 2.07° 0.39 1.45 2.71
6 12 2.30% 0.18 2.00 2.57
7 24 1.72% 0.41 <LOD 2 2.36
8 18 2.03> 0.33 1.48 2.72
9 18 2.83¢f 0.27 2.54 3.48
10 18 2.37¢% 0.14 2.04 2.60
11 24 2.724¢ 0.21 2.43 3.18
12 12 3.21% 0.18 2.87 3.46
13 6 2.83¢ 0.09 2.72 2.95
14 24 1.472 0.42 <LOD 2 2.23
Total 264 2.20 0.66 <LOD 2 3.72

Values below the limit of detection (LOD) were considered as 1 log cfu/m® for
100L samples (LOD 1), and 0.3 log cfu/m® for 500L samples (LOD 2); Mean
values followed by different letters are significantly (p < 0.05) different from
each other.
SD: Standard deviation of the log transferred data.

! Each value is the mean of n samples.

Food Control 162 (2024) 110429

Table 3

Yeast and mould (Y&M) count of airborne microorganisms in the packaging
areas of 14 (semi) liquid processing companies, determined by impaction
technique.

Company n Impaction technique (log cfu/m®)

Mean' SD Min. Max.
1 24 1.45% 0.66 < LOD 2 2.12
2 24 2,554 0.62 1.00 3.03
3 12 2.56%¢ 0.64 1.30 3.50
4 24 2.13° 0.60 <LOD1 3.17
5 24 1.48% 0.38 <1LOD1 2.27
6 12 2.40> 0.31 1.95 2.86
7 24 1.56% 0.36 < LOD 2 2.09
8 18 2.19° 0.33 1.60 2.70
9 18 3.06% 0.28 2.61 3.48
10 18 2,554 0.22 211 2.79
11 24 2.85¢de 0.23 2.48 3.42
12 12 2.98¢% 0.11 2.72 3.13
13 6 3.10° 0.08 3.00 3.20
14 24 1.222 0.56 < LOD 2 1.90
Total 255 2.14 0.74 < LOD 2 3.50

Values below the limit of detection (LOD) were considered as 1 log cfu/m® for
100L samples (LOD 1), and 0.3 log cfu/m® for 500L samples (LOD 2); Mean
values followed by different letters are significantly (p < 0.05) different from
each other.
SD: Standard deviation of the log transferred data.

! Each value is the mean of n samples.

concentration of TMPC and Y&M count differed significantly among
companies (p < 0.05). Post hoc Games-Howell revealed seven distinct
groups with significant differences in their mean TMPC. This finding is
noteworthy considering the lower standard deviation (SD = 0.66) for
TMPC compared to Y&M count (SD = 0.74), which showed only five
distinct groups with significant differences. This suggests that the TMPC
exhibits more homogeneity in its data distribution despite having more
distinct groups with significant mean differences. On the other hand, the
Y&M count demonstrates greater variability among the distinct groups.

Application of the settle plate technique revealed a wide range of
TMPC (< LOD 2-4.83 log cfu/rnzh) as well as Y&M count (< LOD 2-4.53
log cfu/m?h) among the different companies (Tables 4 and 5). Welch’s
ANOVA underscored the presence of significant differences in the mean
concentrations of TMPC and Y&M count among these companies (p <
0.05). Post hoc Games-Howell identified five distinct groups with

Table 4
Total mesophilic plate count (TMPC) in the packaging areas of 14 processing
companies, determined by settle technique.

Company n Settle plate technique (log cfu/m?h)

Mean' SD Min. Max.
1 24 2.60° 0.44 < LOD 3.54
2 24 3,135 0.41 < LOD 3.64
3 12 4.13° 0.22 3.79 4.39
4 24 2.882%¢ 0.42 < LOD 3.52
5 15 3.33% 0.59 2.23 4.09
6 12 3.19¢ 0.18 2.81 3.46
7 24 2.64%° 0.45 < LOD 3.80
8 18 2.89°%%¢ 0.38 < LOD 3.39
9 18 3.54¢ 0.18 3.34 3.90
10 18 3.17¢ 0.2 2.80 3.52
11 24 3.58¢ 0.55 2.50 4.80
12 12 4.16° 0.47 3.28 4.83
13 6 3.57¢ 0.21 3.29 3.83
14 24 2.54° 0.36 < LOD 3.28
Total 264 3.13 0.62 < LOD 4.83

Values below the limit of detection (LOD) were considered as 2.2 log cfu/m>h;
Mean values followed by different letters are significantly (p < 0.05) different
from each other; SD: Standard deviation of the log transferred data.

! Each value is the mean of n samples.
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Table 5
Yeast and mould (Y&M) count in the air in the packaging areas of 14 (semi)
liquid processing companies, determined by settle technique.

Company n Settle plate technique (log cfu/m?h)

Mean' SD Min. Max.
1 24 2.39° 0.28 < LOD 3.04
2 24 3,17¢def 0.62 < LOD 3.80
3 12 3.41%f 0.62 2.28 4.14
4 24 3.04%¢ 0.39 < LOD 3.69
5 18 2.822¢ 0.39 < LOD 3.67
6 12 3,08%d¢ 0.22 2.80 3.43
7 24 2.59%° 0.32 < LOD 3.31
8 18 2.98%4 0.36 2.19 3.43
9 18 3.848 0.26 3.48 4.24
10 18 3.11¢de 0.43 < LOD 3.64
11 24 3.718 0.49 2.90 453
12 12 3.54°f% 0.21 3.28 3.84
13 6 3.65'% 0.19 3.47 3.85
14 24 2.36° 0.32 < LOD 3.34
Total 258 3.05 0.61 < LOD 453

Values below the limit of detection (LOD) were considered as 2.2 log cfu/m?h;
Mean values followed by different letters are significantly (p < 0.05) different
from each other; SD: Standard deviation of the log transferred data.

! Each value is the mean of n samples.

significant variations in their mean TMPC values, compared to Y&M
count, which showed seven distinct groups with significant differences.
Strong correlation was found between TMPC and Y&M count, both for
impaction and settle plate sampling techniques (with respective corre-
lation coefficients of r = 0.71 and r = 0.75). Moreover, strong correla-
tion was observed between these two sampling techniques, both for
TMPC and Y&M count, with respective correlation coefficients of r =
0.76 for each)

Table 6 demonstrates a strong correlation between the active and
passive air sampling methods and between TMPC and Y&M, for both
active and passive sampling.

3.2. Estimated product contamination via the air for TMPC and Y&M in
the (semi) liquid food packaging areas

The study reveals substantial variation in estimated airborne
contamination of the products among the sampled companies (Table 7).
For instance, company 8, categorized within risk class II-1V, exhibits an
estimated —2.79 log cfu of contamination in terms of TMPC. This implies
that one in 315 products is contaminated with a single cfu. In contrast,
company 11, categorized in risk class III, poses a higher estimated
contamination for TMPC, with 17 cfus settling on each product. The
results of independent t-tests highlight a significant difference (p < 0.05)
in settling velocities between Y&M count and TMPC. This disparity leads
to lower airborne contamination levels for Y&M count, as they tend to
remain suspended in the air for longer durations compared to TMPC.
The highest contamination levels for both Y&M count and TMPC were
devoted to companies 9, 11 and 13, primarily attributed to the pro-
longed filling time and a larger surface area exposed to the surrounding
air.

Fig. 2 illustrates a matrix representing estimated airborne contami-
nation with TMPC and Y&M. An acceptable threshold for airborne
contamination depends on the extent to which a product is susceptible to

Table 6
Correlation in settle plate technique (P) and impactor method (A), correlation in
TMPC and Y&M count for indoor air samples.

TMPC (P) Y&M (A)
TMPC (A) 0.76* 0.71*
Y&M (P) 0.75* 0.76*

" Correlation is significant at the 0.05 level.
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Table 7

Calculated contamination level in the product for 14 food processing companies
based on the mean settling velocities of total mesophilic plate count (TMPC) and
yeast & mould (Y&M) count in (semi) liquid food packaging areas, exposed
surface and exposure time.

Company n Vs vs Y&M A T (s) L. L. Y&M
TMPC count (ecm?) TMPC count
(cm/s) (cm/s) (log (log cfu)
cfu)
1 8 10.64 4.01 + 28 + 10 —2.47 -2.70
+ 5.01 0 +0 +0.41 +0.26
15.51
2 8 215+ 1.37 + 50 + 10 -1.70 —1.64
0.10 0.65 0 +0 +0.39 +0.61
3 4 1.6 + 5.90 + 28 + 30 —0.49 -1.13
1.00 9.55 0 +0 + 0.23 + 0.58
4 8 2.52 + 3.63 + 28 + 10 -2.20 —2.04
1.90 4.30 0 +0 +0.41 +0.67
5 6 8.84 + 6.11 + 24 + 15 —1.65 —-2.13
7.66 7.67 0 +0 + 0.61 + 0.39
6 4 2.23 + 1.38 + 24 + 15 -1.79 -1.90
0.72 0.43 0 +0 +0.13 +0.18
7 8 4.02 £ 3.61 £ 24 + 10 —-2.50 —2.53
5.06 3.02 0 +0 +0.45 +0.26
8 6 273 + 2.28 + 13 + 6+ —2.79 —2.68
2.03 1.33 6 1 + 0.52 + 0.38
9 6 1.58 + 1.70 + 163 66 -0.62 -0.32
0.78 0.57 +165 +£58 +£1.39 +1.29
10 6 1.84 + 1.14 + 13 + 10 —-2.27 —2.34
0.72 0.58 0 +0 +0.18 + 0.43
11 8 6.18 + 4.13 + 1128 140 1.23 + 1.35 +
12.52 5.44 +137 +£21 055 0.54
12 4 3.50 £ 1.07 + 18 £ 12 -1.35 -1.77
3.30 0.31 12 +3 +0.38 +0.24
13 2 1.60 + 1.03 + 314 80 0.42 + 0.50 +
0.52 0.36 +0 +0 0.25 0.25
14 8 3.63 + 3.88 + 24 + 6 + -2.82 -3.01
2.10 4.29 0 0 +0.34 +0.33
Total 86 4.08 + 3.18 + 141 28 -1.63 -1.72
6.81 4.29 + 323 + 42 + 1.30 +1.34

Settling velocity v, estimated by dividing Cgetiea (2) by Cqir (1) of each sampling;
Each value is the mean of n samples.

spoilage. For instance, a company situated in risk class 1 will need to
adhere to less stringent limits regarding the number of airborne micro-
organisms than a company in risk class 5. It is shown that company 12,
which would have an equally high airborne contamination rate for
TMPC per product as company 2, will not yield the same consequences
on the quality (shelf life) of the final product.

3.3. Outdoor versus indoor microbial air quality

In the active air sampling outdoor measurements, there was a rela-
tively narrow range of TMPC (1.30-3.35 log cfu/m®) and Y&M
(1.78-3.72 log cfu/mg) across different companies. Welch’s ANOVA
indicated a significant difference in the mean concentrations of outdoor
TMPC and Y&M among the surveyed companies (p < 0.05). Further
examination via the post hoc Games Howell test revealed that only the
measurements at company 13 differed significantly from the other
companies in terms of both TMPC and Y&M. It is worth noting that
company 13 had a relatively small sample size of only six samples, which
may account for the outlier counts. A weak positive relationship was
found between indoor and outdoor air quality for TMPC (r = 0.24, p <
0.05) and Y&M (r = 0.39, p < 0.05).

The differences between the indoor and outdoor measurements were
evaluated in relation to the seasons, namely winter and summer. During
winter, the average count of mesophilic microorganisms in indoor en-
vironments was 2.05 (£+0.75) log cfu/m® and 1.9 (+0.82) log cfu/m? for
Y&M. In the summer, the average was 2.27 (+0.67) log cfu/m® for
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Fig. 2. Contamination with total mesophilic plate count (TMPC) [l and yeast and mould (Y&M) count [_| during filling of (semi) liquid food products in function of
risk of microbiological food spoilage of the food product.
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pronounced outdoors, particularly evident in the higher TMPC and Y&M
counts during summer compared to winter (Fig. 3). However, the in-
dependent t-test results indicated no significant difference in TMPC or
Y&M count between summer and winter for outdoor samples (p = 0.985
and p = 0.244, respectively). Indoor samples showed no significant
difference in TMPC and Y&M between summer and winter as well (p =
0.528 and p = 0.857, respectively).

The outdoor microbial air quality exhibits significant variations (p <
0.05) across different locations (Fig. 4). However, the urban-rural cat-
egorisation of companies (urban, suburban, nonurban) does not show a
significant impact on the indoor microbial air quality. This suggests that
factors other than outdoor air quality play a crucial role in determining
indoor microbial levels.

During this study, the temperature in the filling area ranged from 7.2
to 27.9 °C (Fig. 5a). The lowest temperatures were measured in the sa-
vory spreads (fish/meat) sector, where air conditioning units are used.
The relative humidity (RH) ranged from 28.1 to 92.7 % (Fig. 5b). The
impact of temperature on microbial counts was minimal at lower tem-
peratures (<12.65 °C) and non-significant at higher temperatures within
the filling area. Similarly, microbial counts were slightly lower both at
low (<51.25%) and high (>72.76%) relative humidity levels. Further-
more, the influence of temperature and relative humidity on TMPC and
Y&M count appeared to be uniform, with no significant differential ef-
fect between the two types of microbial counts.

3.4. Number of total (non) viable particles

The concentrations of the six size fractions of particles (<0.3 pm.
0.3-0.5 pm. 0.5-1 pm. 1-2.5 pm. 2.5-5 pm. 5-10 pm. and >10 pm)
displayed statistically significant correlations with each other, as evi-
denced by Pearson correlation coefficients (r) ranging from 0.89 to 0.99.
However, no significant correlations were found between the concen-
trations of TMPC & Y&M with any of the PM fraction concentrations,
where the correlation coefficients (r) ranged from 0.01 to 0.16. Most
companies showed similar levels in the total particle count within the
2.5-5 pm particle range (Fig. 6). However, company 6 challenged the
conventional association between high particle counts and elevated
TMPC levels, indicating an inverse relationship. Conversely, company 3
demonstrated that low or moderate particle counts did not consistently
correspond to equally low or moderate TMPC levels.

The lack of significant correlations between TMPC and PM fraction
concentrations prompts a closer examination of the impact of air filter
classes in air handling units on microbial levels, as illustrated in Fig. 7. It
shows a decline in mean TMPC as the final filter class of air handling
units increases, implying the efficacy of higher-class filters in reducing
airborne microorganisms. However, this trend does not consistently
apply to particles within the 1 to 2.5 or 2.5-5 pm range, indicating that
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the final filter class may not exert the same impact on TMPC in the same
manner as it does on total particle counts. An exception is noted for
companies equipped with HEPA 13 filters, though, it is worth noting that
this result is based on the sampling of only one company, which may not
be representative of all cases.

Moreover, companies equipped with higher final filter classes in
their air handling units exhibit more pronounced variations in TMPC
compared to those without air handling units. This finding suggests that
the presence of an air handling unit may contribute to increased vari-
ability in the TMPC within a company. Conversely, the absence of such
equipment in the mentioned companies appears to result in a more
stable, consistent, yet elevated microbial environment. Similar results
are observed for Y&M count (data not shown). Additionally, it is worth
noting that despite the 24/7 operation of AHUs and regular maintenance
conducted 1-2 times a year at these companies, the higher variability
observed cannot solely be attributed to filter contamination.

4. Discussion

The quantification of airborne microorganisms in the high care zone
of (semi) liquid food producers, where the transfer of (heat-treated) food
products into various packaging materials takes place, has been a rela-
tively unexplored area in previous scientific works (Brandl et al., 2014;
Theisinger et al., 2021). This study provides a contribution in con-
ducting a comprehensive sampling campaign that quantifies airborne
microorganisms using both the settle plate method and impaction
technique. While active air sampling might entail higher costs compared
to passive sampling, the strong correlation implies that the two methods
can provide consistent and comparable results. The correlation between
the two sampling techniques in this study is stronger than the correlation
(r = 0.63) reported by Asefa et al. (2009), although it is slightly weaker
than the very strong correlation (r = 0.83) reported by Verhoeff et al.
(1990). The choice between active and passive sampling should be made
based on specific research objectives and budget constraints.

The variability in airborne TMPC and Y&M observed among
different companies in the packaging areas of (semi) liquid food pro-
ducers aligns with prior research highlighting the diverse nature of
airborne microorganisms in food processing facilities (Holah et al.,
1995; Zorman & Jersek, 2008). It is crucial to contextualize the contri-
bution of airborne microorganisms to the overall concentration of mi-
croorganisms in these products. Therefore, the estimation of food
contamination via the air was conducted by applying existing knowl-
edge, assuming that the main driving force determining deposition of
microorganisms is gravitation, and as such is depending on the settling
velocity of the particles (Whyte, 1986). Other studies have shown that as
bacterial contamination in the air increases linearly, the concentration
in the product increases quadratically (Radmore et al., 1988). No matter
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Fig. 4. Influence of location on the airborne concentration of TMPC [l and Y&M [ ], outdoor (a) and indoor, around the filling area (b).
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which model is used, a microbial environmental monitoring should be
conducted, i.e. the contribution of airborne contamination should be
evaluated in comparison with the microbial concentration in the pack-
aged product and other potential sources of recontamination, such as
contact surfaces and personnel.

In the context of controlling and preventing airborne microorganism
concentrations, investigations were conducted to assess the influence of
outdoor air on indoor air quality. The findings indicate that outdoor air
has a limited impact on indoor air quality, and seasonal variations may
not be a major driver of microbial variability in food facility packaging
areas. These results contradict other studies, which demonstrated a
seasonal effect (Anaya, Gamez-Espinosa, Falco, Benitez, & Carballo,
2019; Tsai & Liu, 2009); however, these conclusions were based on
factories in Cuba and Taiwan, which experience different seasonal pat-
terns than companies in Flanders, Belgium.

In contrast to earlier work by Griffiths and DeCosemo (1994), our
findings suggest that controlled environmental parameters, such as
temperature and relative humidity, may not be the primary driving

forces in preventing airborne microorganisms. In a related context,
Salustiano et al. (2003) conducted research within a dairy processing
facility and observed that fluctuations in temperature had no significant
impact on airborne microbial counts. However, they noted a positive
correlation between increasing relative humidity and higher concen-
trations of airborne microorganisms. Other investigations have pro-
posed that spores exhibit prolonged survival at higher relative humidity
ranges (70-80%) compared to lower levels (50-60%). This phenomenon
is possibly attributed to the tendency of elevated relative humidity to
stimulate fungal growth and spore production, potentially contributing
to an increased presence of airborne spores. It is important to note that
interpreting these findings can be challenging, as different bacterial
strains within the same structural classification may exhibit divergent
responses to variations in temperature and relative humidity. Addi-
tionally, variations in collection and cultivation methods can introduce
significant variability into the outcomes (Cox & Wathes, 1995).
Furthermore, it is worth acknowledging that much of the existing
literature draws from atmospheric environmental studies, which may
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not be directly reflective of the conditions encountered within enclosed
enviroments such as the food industry.

This study highlights the intricate relationship between total parti-
cles, airborne microorganisms, and the filter class of air handling units in
the context of preventing airborne microorganisms in the food industry.
While there is a well-recognized correlation between total particles and
airborne microorganisms in atmospheric studies, this link may not be as
straightforward within the unique environments of food processing fa-
cilities (Degobbi et al., 2011; Parat et al., 1999). Research on this subject
is scarce in the context of the food industry, especially within the high
care zones of food processors. Existing literature has identified a
connection between total particles and airborne microorganisms in a
dairy processing plant (Brandl et al., 2014). However, it is crucial to
emphasize that these findings were derived from a single company. Our
study, in contrast, encompasses evaluations from 14 companies and
disproves the association between particulate matter and airborne mi-
croorganisms. The absence of a significant correlation between partic-
ulate matter and airborne microorganisms in food packaging areas may
be attributed to the unique environmental conditions and activities
inherent to these facilities. Due to the distinct sources and dynamics of
particulate matter and microorganisms, their dispersion patterns may
not directly correlate. The lack of a direct correlation observed in this
study suggests that other site-specific factors, such as personnel move-
ments, equipment design, and cleaning protocols, may exert a stronger
influence on the microbial quality of air in food packaging
environments.

Furthermore, it was observed that the final filter class of air handling
units in the filling area is a significant determinant of microbiological air
quality. This aligns with the study of Gonzalez et al. (2016), where the
performance of air handling unit filters for PM10 particles and microbial
aerosols was investigated experimentally. In that study, the F7/F9
configuration was slightly more efficient for particles and culturable
airborne microorganisms than the G4/F7 configuration. However, this
was not confirmed in a real factory with full-scale HVAC-systems for
TMPC, where the G4/F7 configuration showed lower counts than the
F7/F9 configuration.

These findings underscore the pivotal role of air handling filters in
regulating airborne microorganisms and suggest that specific guidelines
targeting filter standards could be instrumental in maintaining suitable
microbiological air quality for high care product packaging. Still,
caution is warranted as filter efficiencies are presently determined using

mineral aerosols. Given that particles may not necessarily correlate with
airborne microorganisms in actual factory settings, there is a question
concerning the adequacy of these guidelines in establishing air quality
standards for the food industry.

5. Conclusion

In conclusion, this study provides a contribution in the quantification
of airborne microorganisms within the high care zones of (semi) liquid
food production facilities, particularly during the process of transferring
pretreated food products into various packaging materials. The mean
concentrations of airborne TMPC and Y&M exhibit considerable dis-
parities among different companies, emphasizing the significance of
intrinsic company-specific factors in contributing to airborne microbial
contamination. Contrary to some prior research, this study suggests that
environmental factors such as temperature and relative humidity may
not be the primary drivers of airborne microorganism abundance in food
packaging areas. Instead, the filter class of air handling units emerges as
a critical factor in regulating microbiological air quality. However, it’s
important to acknowledge that in real factory conditions, the relation-
ship between particulate matter and microbiological air quality may not
hold. These insights emphasize the need for a nuanced understanding of
airborne contamination, suggesting that relying solely on total particle
counts, environmental factors or outdoor air as an indicator of microbial
contamination can be misleading. These findings highlight the complex
and context-specific nature of airborne microorganism dynamics in the
high care zones of the food industry, emphasizing the importance of
tailored preventive measures and further research in this field.
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