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Featured Application: Validation of hygiene processes in food industries.

Abstract: (1) Background: The validation of hygiene procedures in food industries is paramount to
ensure that food contact surfaces are properly decontaminated before production. Rapid, sensitive
and reliable tools are needed for routine hygiene validation in order to increase food safety levels.
Two novel tools for biofilm detection (TBF 300) and detection of low levels of microbial contamination
(FreshCheck) have been assessed. (2) Methods: Biofilms of relevant food pathogens: Listeria
monocytogenes and Salmonella spp. were grown for 3 and 10 days to assess the performance of the
biofilm detection product. Surfaces were inoculated with different levels of L. monocytogenes to
determine the limit of detection of FreshCheck. (3) Results: TBF 300 visibly stained 3 days-old biofilms
of both pathogens, containing 5.0-5.4 log CFU/cm?. FreshCheck showed a positive reaction with
contamination levels as low as 10 CFU/cm? for L. monocytogenes. (4) Conclusions: Assessment of the
hygienic status of food contact surfaces before production can be greatly improved with the use of
the two novel tools evaluated in this study. The detection of microorganisms’ presence at very low
levels of contamination as well as identification of biofilm growth spots is available in a rapid and
easy way, with a big potential contribution to food safety.
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1. Introduction

In food production, the presence of unwanted microorganisms is a major risk for the quality and
safety of the food products. Microorganisms in the food production environment can contaminate
foodstuffs and cause spoilage or foodborne illnesses when ingested. Bacteria such as Listeria
monocytogenes, Salmonella enterica subesp. enterica serovar Typhimurium, Campylobacter spp. or
Escherichia coli OH157:H7 are major causes of contamination outbreaks and foodborne illnesses [1,2].
A total of 5079 foodborne outbreaks were reported in the European Union in 2017 [3]. Hygiene is
essential in preventing microbial contamination of food, working surfaces and equipment. Cleaning
and disinfection is thus an important part of the operation of food industries. Improper hygiene
can lead to remaining food residues on work surfaces and equipment [4]. This has two detrimental
effects: (i) partial inactivation of disinfectants used for decontamination of surfaces, resulting in limited
decontamination and potential exposure of microorganisms to sublethal concentrations of biocide [5,6];
and (ii) presence of anchor points for the attachment of bacteria, favoring the growth of a biofilm. In
both cases, the result is the occurrence of persistent contamination [7], comprised of microorganisms
that resist conventional hygiene procedures, either because they have developed increased tolerance to
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the biocides employed or because they are protected by a biofilm [8-10]. Persistent microorganisms
can cause long-term contamination of the food production plant, potential outbreaks of food pathogens
and ultimately, even lead to closure of the factory [11].

Hygiene procedures are usually aimed at removing physical, chemical and microbial contamination
from the production environment [12] and should be based on a risk assessment program where the
critical contamination points, sources of contamination and target levels to ensure food safety should
be established. Validation of the hygiene process is therefore of great importance to check that cleaning
and disinfection has been done correctly and that food contact surfaces and production equipment are
free of contamination before production. Several tools and methodologies are currently available for
this purpose, with different scopes for detection of contamination and variable features in terms of
cost, ease of use, speed, and specificity [13]. The most commonly used techniques are summarized in
Table 1.

Table 1. Summary of techniques and methodologies currently employed for validation of hygiene in
food production environments.

Technique Target for Detection Cost per Sample *  Ease of Use T Specificity
ATP bioluminescence ATP molecules contained in living cells Moderate High Moderate
Contact plating Viable microorganisms Low High High
Swabbing Viable microorganisms High Low High
Test strips Residues of detergents or disinfectants Low High High
Visual inspection Visible residual soiling Low High Low

* Low: no or inexpensive materials (<1 €/sample) required. Moderate: low cost for fungibles (<3 €/sample) but
expensive equipment required. High: Dedicated facilities and personnel required. ¥ Low: requires personnel with
specific training. High: Basic training required. ¥ Low: Limited discrimination of contamination types. Moderate:
Discrimination between organic/biologic contamination and inorganic contamination. High: A specific type of
contamination is detected.

The detection of microbial contamination is usually limited by the lack of specificity of the tools
available. For example, measurement of ATP luminescence is often employed for this purpose due to
the presence of ATP molecules in every microorganism, but this is also the case of other cells present in
food residues [14]. Additionally, microorganisms surviving a disinfection process can be stressed and
have their ATP levels depleted [15], leading to underestimation of microorganism numbers when using
this technique. Specific methods for detection of microorganisms, such as contact plates or swabbing
provide information on the numbers of microorganisms recovered from the surfaces and, if selective
media are used, they will also discriminate among different classes of microorganisms. On the other
hand, these methods require incubation of samples, sometimes preceded by an enrichment step [16].
For this reason, selective detection of microorganisms usually requires 18-72 h for most bacteria and
up to 5 days for fungi. Finally, visual inspection is an essential part of the hygiene audit, since it allows
identifying bad hygiene practices, lack of equipment maintenance, improper use of equipment, and
other aspects of the hygiene procedure. However, this requires experienced personnel and a systematic
approach to provide useful results.

Novel methods for the detection of microbial contamination are needed to improve the validation
of hygiene procedures in food industries and others where the presence of microorganisms is of
concern. Ideally, these methods should be (i) fast, so that they can be used on site after cleaning and
disinfection and before production resumes; (ii) easy to use, so that they do not require specialized
personnel or equipment; (iii) non-expensive, accessible to industries of all sizes; and (iv) specific, so
that more detailed information on the characteristics of the contamination can be obtained.

In particular, detection of biofilms is critical due to the potential risk for food safety in
production environments [17]. Conventional microbial sampling techniques such as swabbing
or ATP bioluminescence do not provide information on the presence of a biofilm. Confirmation of the
presence of a microbial biofilm usually requires microscopic techniques, which are not useful for routine
controls. In the past few years, there has been growing interest in the use of dye-based reagents to stain
the biofilm matrix and thus reveal their presence [18]. Among these, TBF® 300 (Betelgeux-Christeyns,
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Valencia, Spain) has been available in the market since 2011 as a rapid tool for specific identification of
biofilms [18,19]. TBF® 300 is based on Rhodamine B as a staining agent, which is a counterstaining
dye and is reported to reveal the total extent of biomass, independent of its activity [20]. This product
is applied as foam or sprayed onto sample points, where it is allowed to act for a few minutes and then
rinsed. The composition of TBF 300 includes surfactants and auxiliary components to enhance foam
performance and stability of the dye. The permanence of residual staining after the washing step is
normally associated to the presence of biofilms on the surface [21,22]. This product is recommended
for application on metallic surfaces due to the risk of permanent staining of porous or some plastic
surfaces, which would lead to false positives.

A more recent tool of great interest for assessing the hygiene status of surfaces is FreshCheck
(Fresh Check UK). This product is based on Chromeazurol S (CAS), a chromophore containing iron
(Fe3*) that changes its color when the iron ion is removed from its structure [23]. Most microorganisms
produce siderophores with high iron binding affinity, so they will sequester iron from CAS and thus
produce a visible change in color [24]. The change in color can also occur in the presence of other
residues usually found in the food industry, such as residual detergents or food soiling [25]. FreshCheck
is sprayed onto test surfaces and results are obtained within 30 s, in the form of a color change easily
visible with the naked eye. FreschCheck is purple when applied on clean surfaces and it changes to a
range of colors (usually green or orange) when reacting with residual contamination.

These novel tools represent a valuable opportunity for food producers and hygiene auditors
to enhance the verification process. Their use can help to obtain greater detail on the presence of
contamination after cleaning and disinfection and its nature, in a rapid and easy way that facilitates
routine checking of hygiene conditions. However, in order for them to be useful, more information
on their performance is required, especially in regards to the sensitivity and accuracy of the results
obtained. In this study, the performance of TBF 300 for detection of biofilms formed by L. monocytogenes
or S. Typhimurium was assessed at two stages of biofilm development: 3 and 10 days. Likewise, the
ability of FreshCheck to react to the presence of L. monocytogenes or S. enterica cells was tested and the
limit of detection of L. monocytogenes cells was investigated.

The use of dyes to stain food residues or microbial contamination in the form of biofilms has been
extensively reported. However, most of the studies published focus on the use of dyes for laboratory
application or other types of biofilms (oral biofilms for example) [26]. There are very few examples of
evaluation of the use of dye-based products for validation of hygiene in food industries, looking at
their performance in conditions representative of the food industry [27]. The products reported in
this study are novel in the food hygiene sector as final, ready-to-use products, and their evaluation in
the context of their practical contribution to validation of hygiene processes has not been previously
reported in a scientific way.

2. Materials and Methods

2.1. Bacterial Cultures and Growth Conditions

Pure cultures of L. monocytogenes (ATCC 07644) and S. enterica (ATCC 13076) were provided
freeze-dried by the American Type Culture Collection. Stocks of each freeze-dried microorganism
were obtained and 2 mL samples were stored in freezing. A cryovial of each microorganism was
defrosted and rehydrated with 50 mL of Tryptic Soy Broth (TSB) (Scharlab Chemie, Barcelona, Spain)
and incubated overnight at 37 °C to reach its exponential growth phase.

2.2. Biofilm Growth

Biofilms were grown on AISI 304 stainless steel plaques as supporting material (sizes 45 X 45 mm
and 90 x 90 mm), representative of food contact surfaces in production environments. Surfaces for
biofilm growth were divided into three groups:

e  Clean and sterile stainless steel surfaces where monospecies and mixed biofilms are grown.
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e (Clean and sterile stainless steel surfaces, without microbial contamination, used as control
e  Clean and sterile stainless steel surfaces where planktonic cells are inoculated to show the presence
of biofilms without biofilm formation.

Generic, non-selective culture media were employed for growing and forming biofilms: TBS (Typtic
Soy Broth, Scharlab, Barcelona, Spain) and BHI (Brain Heart Broth, Merck, Madrid, Spain). Working
temperature was 37 °C + 1 °C, which is the optimal growth temperature for the microorganisms tested.

Biofilms were grown under static and dynamic conditions (11.6 mL/min), with and without
replenishment of nutrition media, in order to optimize microbial adhesion to surfaces. Two biofilm
growth periods, 3 and 10 days, were considered for testing TBF 300 against biofilms with different
levels of strength.

2.3. Staining of Biofilms

Once biofilms were formed, surfaces were washed with distilled water to remove planktonic cells
(not adhered to the surface) and allowed to dry in a laminated flow cabinet. Afterwards, the staining
agent was applied and allowed to act for 15 min. Then, surfaces were rinsed with distilled water
(2 washes during 10 s each) and were examined to reveal the permanence of staining.

The efficacy of staining was assessed through the observation of colored spots on surfaces after
rinsing and through inspection of surfaces under UV irradiation (lamp emitting at 254 and 366 nm).
Application tests were performed in triplicate for each microbial group (biofilms and planktonic cells)
to ensure results were representative.

Non-contaminated surfaces were used and controlled in staining tests in order to assess the
selectivity of TBF 300. Additionally, surfaces contaminated with planktonic cells were also used as a
secondary control.

2.4. Bacterial Counts and Determination of Biomass FreshCheck Studies

FreshCheck sensitivity to detect microbial contamination on surfaces was assessed before and after
the application of different biocidal products. For this purpose, stainless steel plates were inoculated
with L. monocytogenes and S. enterica at high concentrations (approximately 107 CFU/mL) using a cotton
swab and then FreshCheck was applied.

Subsequently, different biocidal products were applied on these surfaces for 5 min in order to
eliminate the microbial load. After that, each biocide was rinsed with water and then FreshCheck was
applied again. Table 2 shows the biocide active substance in each of the products tested. All biocides
were supplied by Betelgeux-Christeyns:

Table 2. Active biocide substances in each tested product.

Product Number Product Name Main Biocide Substance
1 Dectocide A30 Alkylamine
2 Dectocide SB9 Glutaraldehyde
3 Dexacide B10 Benzalkonium chloride
4 Quacide PQ60 EC Alkylamine + PHMB
5 Quacide DASO Lactic acid

Finally, the capacity of FreshCheck to detect decreasing levels of microbial contamination was
evaluated in comparison with contact slides, a tool usually used to evaluate hygiene on food industry
surfaces. Starting from an initial solution of 107 CFU/mL of L. monocytogenes, essay solutions were
obtained with different microbial concentrations: 106, 10°, 104, 103, 102, and 10' CFU/mL, by serial
dilution. Each of these solutions were applied on sterile stainless steel surfaces using a cotton swab.
Immediately, each surface was sampled with contact slides and tested with the FreshCheck spray.
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3. Results

3.1. Biofilm Staining

50f12

Biomass concentration values for biofilms formed on stainless steel surfaces after 3 and 10 days

are shown in Tables 3 and 4 and visually represented in Figure 1.

Table 3. Biomass values for biofilms after 3 days growth.

3 Days Biofilm
Microoreanism Biomass Biomass Biomass (log Biomass (log
& (CFU/surface) n =3 (CFU/cm?)n=3 CFU/surface) n =3 CFU/cm?)n=3
Salmonella spp. 2.8 x 10° 1.6 x 10° 6.45+0.70 52 +0.56
L. monocytogenes 4.2 x10° 2.3x10° 6.62 = 0.04 5.4 +0.03
Salmonella spp. + L. monocytogenes 1.6 x 10° 8.9 x 10* 6.21 + 0.25 5.0 +0.20
Table 4. Biomass values for biofilms after 10 days growth.
10 Days Biofilm
Microoreanism Biomass Biomass Biomass (log Biomass (log
8 (CFU/surface) n =3 (CFU/cm?>)n=3 CFU/surface) n = 3 CFU/cm?>)n=3
Salmonella spp. 6.2 x 100 3.5 x 10° 6.79 +0.51 5.5+ 0.42
L. monocytogenes 1.8 x 107 9.7 x 10° 7.24 +0.93 6.0 £0.77
Salmonella spp. + L. monocytogenes 7.3 x 10° 40x10° 6.86 = 0.13 5.6+0.11
8
7
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Figure 1. Biomass of biofilms after 3 m and 10 days m, expressed as log CFU/cm?.

Microscopic examination of the inoculated coupons shows that microorganisms were able to form

biofilms on work surfaces up to 10° CFU/surface (Figure 2).
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Figure 2. Microscopic image of L. monocytogenes (left) and Salmonella spp. (right) biofilms after

LIVE/DEAD® BacLight staining and capture by confocal laser microscopy (60X magnification).

Following optimization of biofilm growing conditions, biofilm staining tests were performed
using the TBF 300 product. Both stable, strongly adhered biofilms and non-stable biofilms showing a
smaller amount of biomass were stained. The product was applied as a foam over the test surface,
covering the whole surface with a layer approximately 3-mm thick. A contact time of 15 min was
allowed, followed by rinsing. The process is illustrated in Figure 3.

7

Figure 3. Images showing the procedure for application of TBF 300 for biofilm staining, followed by

rinsing and observation of residual staining.

Staining of biofilms grown over 3 days was found to be low, reflecting the fact that adherence of
cells in these conditions is weak and the biofilm formed is removed from the surface with relative ease
during the washing step. In this case, residual staining was only found in those areas where adhesion
of microorganisms to steel is stronger, probably due to the presence of cracks or crevices. This occurs
especially in edges and cutting points (see Figure 4).

Figure 4. Residual staining after application of TBF 300 on a coupon where a L. monocytogenes biofilm

was grown for 3 days.
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Biofilms grown for 10 days showed stronger residual staining after the washing step. These
biofilms are expected to contain a higher amount of biomass and show a stronger adherence to surfaces,
hence allowing for increased visibility after staining (Figure 5).

Figure 5. Residual staining after the application of TBF 300 on coupons where microbial biofilms were
grown for 10 days. Each row corresponds to biofilms of different microorganisms: Salmonella spp.
(upper row), L. monocytogenes (central row), mixed biofilm (lower row).

Coupons containing biofilm were also examined under UV light after staining with TBF 300 and
washing. The dye contained in the product shows fluorescent properties under UV irradiation, which
was shown to provide a better way for discrimination of biofilm-containing surfaces, as shown in
Figure 6.

Figure 6. Biofilm (10 days old) containing coupons under UV irradiation. Each row corresponds to
biofilms of different microorganisms: Salmonella spp. (upper row), L. monocytogenes (central row),
mixed biofilm (lower row).

These results show that TBF 300 can reliably reveal biofilm presence on stainless steel surfaces
after its application in the described conditions. Staining intensity is greater as the age of the biofilm
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increases, as a result of a higher amount of matrix in the biofilm. In order to assess the specificity of
TBEF 300 for biofilm detection, the product was also applied on surfaces inoculated with planktonic
cells, without biofilm formation. Staining tests were also performed on control surfaces not inoculated
with microorganisms. These tests show that after 15 min contact time and a rinse step, no dye remains
on the coupon surface and neither fluorescence is observed under UV light (Figure 7).

Figure 7. TBF 300 applied on stainless steel coupons inoculated with the test microorganisms without
biofilm formation (upper) and non-inoculated (lower). After 15 min contact time and washing, no

residual staining is observed.

3.2. Microbial Detection Using FreshCheck

Results obtained with FreshCheck before and after the application of different biocides against
L. monocytogenes and S. enterica are shown in Table 5.

Table 5. Color observed after application of FreshCheck on surfaces inoculated with L. monocytogenes
or S. enterica, before and after disinfection.

Biocide Before Disinfection (Both Microorganisms) After Disinfection After Dlslnfectlon
(L. monocytogenes) (S. enterica)
1 Green Purple Purple
2 Green Purple Purple
3 Green Purple Purple
4 Green Purple Purple
5 Green Purple Purple

As shown in Table 5, in all cases, FreshCheck changed to green when it was tested before the
application of each biocide studied, showing the microbial contamination of L. monocytogenes and
S. enterica, respectively. In contrast, in all cases the FreshCheck spray remained purple after the
application and rinse of all biocides, revealing the absence of microbial charge and confirming that
all tested biocides are able to completely inactivate the microbial contamination and that no signal is
obtained after successful disinfection. A sample image of the stained coupon can be seen in Figure 8.
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Figure 8. Surfaces after application of FreshCheck showing a negative result (upper, no contamination)
and a positive result (lower, presence of microorganisms).

FreshCheck was applied on stainless steel coupons containing different levels of L. monocytogenes
contamination, after inoculation with serial dilutions of a suspension containing 107 CFU/mL. Slide
contact plates were also applied on a parallel experiment to compare the sensitivity of both methods
for detection of microbial contamination. Table 6 shows the results of the comparative study between
FreshCheck and contact slides, detecting different concentrations of L. monocytogenes contamination.

Table 6. FreshCheck capacity to detect different levels of microbial contamination of L. monocytogenes
in comparison with Contact Slide.

Microbial Concentration (CFU/mL) Contact Slide FreshCheck
106 >300 Green
10° >300 Green
104 >300 Green
10° 52 Green
102 - Green
10! 2 Green

0 (control) - Purple

Results of Table 6 show that FreshCheck has a very high sensitivity detecting microbial
contamination on surfaces. Contact slides were only to recover bacteria able to form visible colonies
from surfaces inoculated with a suspension of at least 10> CFU/mL. In contrast, FreshCheck spray
shows a positive reaction at all levels of contamination tested, even at values as low as 10 CFU/mL.

4. Conclusions

In this study, two novel tools commercially available for validation of hygiene control in food
industries have been evaluated. Both detection of microbial contamination at very low levels and
identification of biofilm presence in a rapid and easy way are very significant for microbiological
control in food industries. With such tools, a quality supervisor can react immediately to hygiene
results and optimize cleaning and disinfection procedures to achieve total elimination of microbial
contamination. These new techniques can be of great help to complement current methodologies for
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improved assessment of hygienic status in food industries. Their speed and ease of use allows their
use before starting the production processes, contributing to guarantee food safety of food products
that reach the market.

TBF 300 was able to visibly stain biofilms at least 3 days old for the microorganisms tested.
Cells” attachment to surfaces occurs within a few hours, with mature biofilms starting to be formed
between 48-72 h depending on the environmental conditions [7,28]. Therefore, TBF 300 can be used
for the identification of spots where hygiene procedures are not effective, allowing contamination
to accumulate over time and leading to the formation of microbial biofilms. The identification of
such spots reveals deficiencies in the hygiene plan and corrective measures can be planned and
implemented accordingly.

Biofilm detection is complemented with the use of FreshCheck for generic identification of residues
after cleaning and disinfection. The results of this study show that FreshCheck can react with viable
microorganisms at very low levels of contamination, so that the efficacy of the hygiene process can be
evaluated on the spot with high sensibility. ATP-bioluminescence methods are usually employed for
this purpose because of their sensitivity, speed and ease of use. However, they require purchasing
expensive equipment for reading bioluminescence results. In contrast, FreshCheck avoids the need for
dedicated equipment and is therefore a cheaper approach that can potentially provide more relevant
results in the presence of stressed cells without requiring special equipment.

Research on hygiene validation methodologies continues to advance with the aim of providing
faster, easier and more informative tools for detection of contamination in food processing environments.
The combined use of these tools can help quality supervisors to continuously improve their control on
hygiene procedures, with more information on the characteristics of the contamination found and thus
potential sources of contamination and corrective measures. Microbial contamination, in the form of
non-attached cells or biofilms, is of high concern for food safety, and most control methods available
are either non-specific or require long processing times. The two novel tools evaluated in this study
improve the process of hygiene validation and prevention of food contamination.

5. Patents

The work reported in this manuscript contributed to obtaining the patent EP2634260A1-Biofilm-
marking composition and method for detection of same on surfaces [19].
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