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Abstract

Salmonella and Cronobacter sakazakii have been associated with outbreaks
linked to low-moisture foods (LMF). Their persistence under desiccation stress
can contribute to biofilm formation. This study evaluated different dry surface
biofilm (DSB) formation protocols on stainless steel (SS) and polypropylene (PP),
which differ with the combination of their hydrated (from 24 to 48h) and dry phase
(from 48 to 120h). For Salmonella, cultivable sessile cells (CSC) and viable
sessile cells (VSC; corresponding to CSC and viable but non-culturable (VBNC)
cells) reached up to 7.2 and 8.6 log CFU/cm?, respectively, while C. sakazakii
exhibited higher concentrations, up to 8.1 log CFU/cm? (CSC) and 9.0 log
CFU/cm? (VSC). A combination of 8h wet + 120h dry phases resulted in the
lowest counts (p < 0.05), with CSC ranging from 3.7 to 5.5 log CFU/cm? for
Salmonella and 4.5 to 6.3 log CFU/cm? for C. sakazakii. The duration of the wet
phase was the main factor influencing DSB formation. The lowest difference
between CSC and VSC (1.1 and 0.6 log CFU/cm? respectively) was noted with a
combination of 24h wet + 72h dry phases, whereas the largest difference (2.8
and 2.2 log CFU/cm? for Salmonella and C. sakazakii, respectively) occurred with
the combination of 8h wet + 120h dry phases. Confocal laser scanning
microscopy showed the DSB thickness was impacted by the DSB formation
protocol: from 10.4-12.7 ym thickness with a combination of 48h wet + 48h dry
phases or 24h wet + 120h dry phases, 3.3-7.1 um with a combination of 24h wet
+ 72 h dry phases. Morphological changes such as elongation, spherical shape,
desiccation, and cell lysis were observed in all biofims. Regardless of the
protocol used, both bacteria were able to form DSB with the presence of VBNC
cells, highlighting the importance of strict moisture control and effective sanitation
in LMF plants.
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1. Introduction

Biofilms are complex microbial communities, composed of either a single
species or multiple, and are adhered on abiotic or biotic surfaces (Sadiq et al.,
2023). They may or may not be embedded in a matrix composed of a wide variety
of extracellular polymeric substances (EPS) (Karygianni et al., 2020; Sadiq et al.,
2023; Sauer et al., 2022). Biofilms pose a major public health concern due to their
remarkable capacity for dissemination and survival under adverse environmental
conditions, displaying resistance to physical, chemical, and mechanical agents
(Dallal et al., 2023; Lories et al., 2020). Consequently, they are estimated to have
a global economic impact of approximately US$5 trillion (Camara et al., 2022),
affecting sectors such as agriculture (Rodrigues et al., 2008), maritime transport
(Akuzov et al., 2013), water quality and safety (Learbuch et al., 2019), the food
industry (Alonso et al., 2023; Alvarez-Ordoriez et al., 2019; Galié et al., 2018) and
healthcare (Abdallah et al., 2014; Weber et al., 2023). In the food industry,
biofilms lead to economic losses due to product spoilage and are also linked to
outbreaks of foodborne diseases (Dass and Wang, 2022). However, most studies
are focusing on hydrated (wet) biofilms, and little is known on biofilm grown in dry
environment. The presence of Dry Surface Biofilms (DSB) was first reported in
Australia in the medical setting, and revealed the persistence of Staphylococcus
aureus biofilms on dry hospital surfaces (Vickery et al., 2012). Since then, DSB
have been widely reported in healthcare settings (Almatroudi et al., 2016;
Chowdhury et al., 2018; Ledwoch et al., 2018; Ledwoch et al., 2019). While the
term DSB was coined in 2015 (Almatroudi et al., 2015), there is not yet an official
definition of DSB. Nevertheless, according to Ledwoch et al. (2022) DSB are
biofilms present in a desiccated state on environmental surfaces exposed to low-
moisture conditions. In general, DSB tend to be thinner, have a more
heterogeneous distribution across surfaces and have thinner EPS when
compared to hydrated biofilms (Ledwoch et al., 2022). In addition, DSB are not
reliably detected by conventional wet-swabbing procedures and exhibit greater
resistance to disinfection than biofilms formed under hydrated condition
(Almatroudi et al., 2015; Ledwoch et al., 2018).

In the low-moisture food (LMF) processing environment, DSB can
represent a significant risk of contamination (Chaggar et al., 2024); pose an
additional challenge for microbiological control and food safety management
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(Alonso et al., 2023). Studies have shown that foodborne pathogens, such as
Salmonella spp. (Anderson et al., 2017; Ly et al., 2019; Mackiw et al., 2024) and
Cronobacter sakazakii (Beuchat et al., 2013; Sawale et al., 2022), can survive for
prolonged periods in LMF, such as infant formula, chocolate, cereals, flour, pasta,
and spices; as well as in food processing environments (Amaeze et al., 2024; Liu
et al., 2022; Ly et al., 2019). It has also been shown that Salmonella spp. can
form DSB on different surfaces, although direct comparisons between surfaces
are lacking. Chaggar et al. (2024) observed DSB formation on borosilicate glass
coupons, while Duggan et al. (2024) reported that Salmonella Typhimurium DSB
are less susceptible to disinfection than hydrated biofilms. Likewise, Lin et al.
(2024) demonstrated that Salmonella Typhimurium DSB exhibits greater
tolerance to sanitization compared to biofilms formed on moist surfaces. The
ability of C. sakazakii to form DSB has not been reported, nor its behavior on
different surfaces.

Fluctuation between high and low water activity as observed in a LMF
processing plant after sanitation can drive bacterial adaptative response, leading
to a greater tolerance and biofilm formation (Eriksson de Rezende et al. 2001).
In addition bacteria can enter a Viable But Non-Culturable (VBNC) state due to
stress conditions (starvation and desiccation) (Chen et al., 2021). VBNC state is
characterized as cells that lose their culturability on nutrient media while
maintaining the metabolic activity, including their virulence potential, and their
membrane integrity. However, VBNC cells can be resuscitated under favorable
conditions (Truchado et al., 2023; Zhang et al., 2021). Catalase has been
successfully used to resuscitate VBNC cells (Abdelhamid and Yousef, 2020; Ma
et al., 2024; Morishige et al., 2017). Catalase is crucial for counteracting oxidative
stress and resuscitating cells from a non-culturable to a culturable state (Borisov
et al., 2021; Morishige et al., 2017). In general, VBNC cells exhibit increased
tolerance to sanitizing agents such as chlorine-based and quaternary ammonium
compounds (Highmore et al., 2018), which makes them particularly relevant for
food processing environments. This poses a significant challenge for existing
cleaning and disinfection protocols, as routine monitoring may under estimated
the bacterial population (Chen et al., 2021). Although VBNC induction has been
documented under desiccation and sanitizer exposure, and a significant fraction

of DSB population may exist in the VBNC state Lin et al. (2024), no study has

4



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

specifically quantified VBNC cells within DSB formed by foodborne pathogens.

Currently, there is no standard methodology for DSB formation. The first
experimental model described by Almatroudi et al. (2015) was based on the use
of the CDC reactor alternating successive hydrated and dry phases every 48h for
12 days. The CDC reactor approach has been used by others (Chaggar et al.,
2024), while a sedimentation biofilm approach also using successive hydrated
and dry phases for 12 days has been adopted by Maillard’s group in Wales
(Centeleghe et al., 2023; Ledwoch et al., 2018; Ledwoch et al., 2019). Other DSB
formation protocols have been reported with the aim to mimic better the
environment (Esther et al. 2023; Lin et al., 2024). Hydrated—dry cycle
combinations also varied depending on the study, ranging from a single cycle
(Chaggar et al., 2024) to two (Lin et al., 2024), three (Ledwoch et al., 2019), or
even four cycles (Almatroudi et al., 2015; Rahman et al., 2022). The duration of
each phase also differs considerably, with hydrated phases lasting from 6 to 48
h and dry phases extending up to 72 h (Almatroudi et al., 2015; Chaggar et al.,
2024; Ledwoch et al., 2018; Lin et al., 2024). Variation in methodology influences
the type and extent of DSB formation, making direct comparisons difficult.

In this context, the present study aims to evaluate the ability of Salmonella
spp. and C. sakazakii to form DSB on stainless steel (SS) and polypropylene (PP)
coupons, materials commonly used in the food industry. In addition, we
investigated the presence of the VBNC state, morphological changes in bacterial
cells, and the spatial dimension of these biofilms.

2. Materials and methods

2.1Bacterial strains and preparation of inocula

Four Salmonella spp. strains, isolated from the peanut production chain in
Brazil, and five strains of C. sakazakii isolated from LMF processing environment
were used in this study (Table 1). All C. sakazakii and Salmonella strains
demonstrated their ability to form a biofilm under hydrated conditions (Umeda et
al., 2017; von Hertwig et al., 2022).
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149  Table 1. Details about Salmonella spp. and C. sakazakii strains.
Code Source of isolation Identification Reference andlor
source
Salmonella spp. Serovar
P03.2 FEA Peanuts (primary Muenster
production) _
P6.1 FEA Peanuts (processing) Javiana Nascimento et a.I (2019)
and von Hertwig et al
P07.1 FEA Peanuts (processing) Oranienburg (2019)
P10.5 FEA Peanuts (primary Miami
production)
C. sakazakii Biogroup
P4499 Milk powder 8a
P4787 Pre-cooked rice-based 2
cereal
P4791 Ground ginger 3 NeQs?
P4795 Rice / oat cereal mix 1
P4798 Breadcrumbs 5
150  2Strain bank of the National Institute for Quality Control in Health (INCQS) of the Oswaldo Cruz
151 Foundation, Rio de Janeiro, RJ, Brazil.
152
153 Salmonella spp. and C. sakazakii strains were stored in a -80 °C ultra-low
154  temperature freezer. For reactivation, a glass bead containing the microorganism
155  was transferred to 5 mL of Brain Heart Infusion (BHI; Difco, Sparks, MD, USA)
156  and incubated at 37 °C for 18-20 h. Subsequently, the strains were streaked onto
157  slanted Trypticase Soy Agar (TSA; Difco, Sparks, MD, USA), incubated again at
158 37 °C for the same duration; and then stored at 4 °C for further use.
159 At the time of the experiment, the strains underwent two successive
160  subcultures in BHI, with incubation at 37 °C for 18-24 h for each passage.
161  Following this process, strains were again streaked onto TSA and incubated for
162 24 h at 37 °C. A loopful of each strain was then transferred to tubes containing
163  0.85% saline solution (Synth, Brazil), and turbidity adjusted to 0.5 on the
164  McFarland scale. Decimal dilutions were prepared in 0.1% peptone water (Difco,
165 Sparks, MD, USA) and subsequently inoculated into Tryptic Soy Broth (TSB;
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Difco, Sparks, MD, USA) to achieve a final concentration of approximately 6 log
CFU/mL (Test suspension).

2.2 Preparation of the coupon

To assess adhesion and dry biofilm formation of Salmonella spp. and C.
Sakazakii, SS and PP coupons measuring 1cm? were used. Prior to each
experiment, the coupons underwent a cleaning procedure adapted from Rosado
(2009). First, coupons were subjected to an ultrasonic bath (Ultronique, Brazil)
for 15 min at 40 kHz. Next, coupons were immersed in an anionic surfactant
detergent solution, manually scrubbed, and rinsed with distilled water. They were
then immersed in 70% ethanol for 2 h, followed by another rinse with distilled
water. Finally, the cleaned coupons were sterilized at 121 °C for 30 min.

2.3 DSB formation

Five distinct protocols (T1-T5) were evaluated for the formation of DSB.
Each protocol consisted of two consecutive cycles, and each cycle included a
hydrated phase followed by a dry phase (Table 2).

Table 2. DSB formation protocols.

Incubation time (h)

Protocol Cycle 1 Cycle 2 Total

Microorganism pel;lod
number

Wet Dry Wet Dry
phase phase phase phase

Salmonella spp. and

T1 48 48 48 48 192
C. sakazakii
Salmonella spp. T2# 24 48 24 48 144

Salmonella spp. and

T3 24 72 24 72 192
C. sakazakii
Salmonella spp. and

T4 24 120 24 120 288
C. sakazakii
Salmonella spp. and

T5 8 48 8 48 112

C. sakazakii
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*After two sequential DSB formation cycles.
# Protocol T2 (24 h wet + 48 h dry) was evaluated exclusively for Salmonella spp.

and not for C. sakazakii.

The DSB formation protocols were established based on varying exposure
times to moisture and water restriction, simulating typical conditions found in food
processing environments. Each cycle consisted of one hydrated phase followed
by one dry phase, and each protocol comprised two cycles (adapted from
Ledwoch et al., 2019). SS and PP coupons were placed in flat-bottom 24-well
plates (Costar®, Kennebunk, ME, USA) and inoculated with 1mL of TSB
containing the Salmonella spp. and C. sakazakii test suspensions (section 2.1).
The coupons were then incubated at room temperature under gentle agitation
using an Orbit P2 shaker (Labnet International, Edison, NJ, USA) for 8, 24, or 48
h, characterizing the hydrated phase of cycle 1. After this period, the culture
medium was carefully removed using a micropipette, and the plates were
incubated at 25 °C under static conditions for 48, 72, or 120 h, corresponding to
the dry phase of cycle 1. After that, 1 mL of TSB solution only was added to the
wells and incubated as described above for the first hydrated phase of cycle 2.
After 8, 24, or 48 h, all media was drained out, and the plates were incubated for
an additional 48, 72, or 120 h at 25 °C under static conditions, corresponding to
the dry phase of cycle 2.

2.3.1 Microbial quantification

After each cycle, counts of cultivable sessile cells (CSC) and VBNC cells
were determined. Total viable sessile count (VSC) represents the sum of CSC
and VBNC cells.

Coupons were transferred to tubes containing 10 mL of 0.85% saline
solution and left in contact for 30 s to remove planktonic cells. Each coupon was
then transferred to a tube containing 5 mL of 0.85% saline solution and 10 glass
beads, followed by vortexing for 1 min (adapted from Ziech et al., 2016).
Subsequently, decimal dilutions were prepared and plated on TSA, followed by
incubation at 37 °C for 24 h to determine CSC.

To recover VBNC cells, 1 mL of the 0.85% saline solution was transferred
to tubes containing 1 mL of minimal medium (M9 broth without glucose; Sigma,
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St. Louis, MO, USA) supplemented with 10,000 U of bovine liver catalase (Sigma,
St. Louis, MO, USA) and incubated at 37 °C for 6 h. After incubation, the solution
was plated on TSA and incubated at 37 °C for 24 h (Morishige et al., 2017).
Results were expressed as log CFU/cm?.

2.4 Scanning Electron Microscopy (SEM)

For SEM analysis, one coupon from each DSB formation protocol was
immersed in 10 mL of 0.85% saline solution for 30 s to remove planktonic cells.
The coupons were then fixed in 2mL of 0.1 M phosphate buffer solution
supplemented with 2% glutaraldehyde for 3 h. After this period, the coupons were
washed twice with 0.1 M phosphate buffer and subjected to a gradual dehydration
process using analytical grade ethanol, as described by Lou et al. (2013).

To remove alcohol completely, the coupons were transferred to a Critical
Point Dryer (Balzers, model CPD-030, Liechtenstein), using carbon dioxide as
the transitional agent. Subsequently, the coupons were coated with gold for 180
s using a Sputter Coater (Balzers, model SCD-50, Liechtenstein) and analyzed
using a Scanning Electron Microscope (ThermoFisher Scientific, Quattro S,
Czech Repubilic).

2.5 CLSM analysis

The spatial distribution and topography of biofilms were analyzed using
Confocal Laser Scanning Microscopy (CLSM) with the FilmTracer™
LIVE/DEAD® Biofilm Viability Kit (Invitrogen, Eugene, OR, USA) at a 1:1000
dilution. The fluorophores SYTO® 9 and propidium iodide were excited/emitted
at 482/500 nm and 490/635 nm, respectively. At the end of each DSB formation
protocol, one SS and one PP coupon were stained for 10 min, washed with PBS,
and kept in the dark until image acquisition. DSB samples were imaged using a
Zeiss LSM780-NLO confocal microscope coupled to an Axio Observer Z.1
microscope (Carl Zeiss AG, Germany), equipped with a 40%/0.6 water-immersion
objective.

Three-dimensional reconstruction, as well as analysis of the topography
and spatial distribution of DSB cells, was performed using FIJI software (Imaged,
https://imagej.net/ij/index.html). Three-dimensional images were acquired in

separate channels for each fluorophore, using Z-stack mode with ~1.4 ym
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spacing between planes throughout the entire depth of the biofilm, over a
scanning area of 212 x 212 ym. Biofilm thickness was determined by visualization
in the ZY plane, based on 1.4 ym intervals, according to a methodology adapted
from Capita et al. (2019). Measurements were taken at three points along the Y-
axis (30 um, central region ~106 ym, and 180 um), centered on the X-axis. The
Z-axis represented the depth (um). Thickness was expressed as the mean +
standard deviation. For topographic analysis, images were rendered in 3D with
superimposition of the Z-stack planes. The X and Y axes represent the scanned
area (um), while the Z-axis indicates luminance, corresponding to the intensity of
the fluorescent signal. The COMSTATZ program (www.comstat.dk, Heydorn,
2000; Vorregaard, 2008) was used to evaluate the maximum biofilm thickness
(Mm) and biofilm biomass (um?/um?) obtained from each channel (green/red). The
COMSTATZ2 was used as a plugin in ImagedJ (https://imagej.net/ij/).

2.6 Statistical analysis

Each experiment was performed in three independent replicates. The CSC
and VSC counts were analyzed by one-way ANOVA and Tukey’s test to
determine the influence of DSB protocols, surface materials and DSB cycle
number on these parameters (p < 0.05) Statistical analyses were performed using
the Statistical Analysis System software (SAS v.9.4, Cary, NC, USA).

3. Results

3.1 DSB enumeration

In this study, the biofilm-forming capacity of DSB by Salmonella spp. and
C. sakazakiion SS and PP coupons was evaluated. Five DSB formation protocols
were tested for Salmonella spp., and four for C. sakazakii. Each protocol
consisted of two hydration and dehydration cycles with varying durations (Table
2).

For Salmonella, no significant difference (p > 0.05) was observed between
cycle 1 and cycle 2 for both CSC (catalase non-treated) and VSC (catalase-
treated) counts. There were no significant differences in CSC or VSC (p > 0.05)
on SS between T1 and T4 DSB protocols. By the end of cycle 2, CSC counts
reached 6.5 log CFU/cm? for T1, 6.7 log CFU/cm? for T2, 6.8 log CFU/cm? for T3,

10
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6.5 log CFU/cm? for T4, but only 3.7 log CFU/cm? for T5. A significant difference
in CSC and VSC (p < 0.05) was detected on PP between T3-cycle 2 and T5-cycle
2, with counts of 7.2 and 5.0 log CFU/cm?, respectively, while CSC and VSC
counts following cycle 2 from other protocols were around 6.5 log CFU/cm?. In
addition, for this cell group, a significant difference (p < 0.05) between surfaces
was observed for T5 (3.7 log CFU/cm?) on SS-cycle 1 and SS-cycle 2 compared
top 5.5 log CFU/cm? on PP-cycle 1.

Catalase treatment led to a significant increase (p < 0.05) in the biofilm
population recovered on both surfaces, suggesting the presence of VBNC state.
On SS, the lowest VSC count was noted for TS (5.9-6.5 log CFU/cm?), whereas
other protocols ranged from 7.7 to 8.6 log CFU/cm?. There was a significant
difference in VSC (p < 0.05) between T5-cycle 1 and cycle 1 or cycle 2 for other
protocols. On PP, there was no significant difference (p > 0.05) in VSC counts
(ranging from 7.4 to 8.3 log CFU/cm?). There was no significant difference (p >
0.05) in VSC count from T5 between PP and SS, despite the observed 1.5 log
difference in number. The greatest raise in the DSB population after catalase
resuscitation were obtained for T5-cycle 2 (2.4 log CFU/cm? on PP and 2.8 log
CFU/cm? on SS), whereas other protocols ranged from 1.1 to 1.9 log CFU/cm?.

There was no significant difference in CSC or VSC for C. sakazakii
between both cycles for any protocol (p > 0.05). The lowest CSC count was
observed in T5-cycle on SS (4.5 log CFU/cm?), and the highest in T3-cycle on SS
(8.1 log CFU/cm?). CSC from other protocols ranged from 6.3 to 7.6 log CFU/cm?.
There was no significant difference (p < 0.05) only between T5-C1-SS and all
other protocols, except T1-C2-SS.

Regarding the surface material, there was significant difference (p < 0.05)
only between T5-C1-SS and T5-C2-PP, 4.5 log CFU/cm? versus 7.1 log CFU/cm?.
For VSC, no significant differences (p > 0.05) were detected among protocols or
surfaces. The counts ranged from 7.2 to 9.0 log CFU/cm? on SS and from 8.3 to
8.7 log CFU/cm? on PP. The highest increase in the DSB counts after catalase
treatment was observed for T5-C1-SS (2.7 log CFU/cm?), followed by T5-C1-PP
and T1-C2-SS (2.2 log CFU/cm?), whereas T3-C1-SS exhibited the smallest
value (0.6 log CFU/cm?), and all other protocols ranged from 1.0 to 1.9 log
CFU/cm?.
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3.2 DSB cell morphology

Phenotypic changes in the morphology of both bacterial species were
observed. The most frequently observed phenomena included cell elongation
and filamentation, the latter distinguished by the presence of visible septa within
long-chain cell structures (Figures 3 and 4, yellow arrow). Furthermore, many
cells exhibited coccoid morphology (Figure 3 and 4, blue arrow) or signs of
reduced turgor, as evidenced by cell shrinkage or wilting (Figure 3 and 4, red
arrow). Membrane rupture was also verified in some cells, indicating possible cell
lysis (Figure 3 and 4, orange arrow). In addition, these morphological alterations
were more frequently observed in Salmonella DSB. SEM images revealed the
formation of bacterial biofilms, with the production of an EPS matrix (Figures 3
and 4, green arrow) on both SS and PP coupons across all DSB formation

protocols evaluated.

3.3 CLSM analysis

The analyses of the CLSM images revealed that the thickest Salmonella
DSB were observed on PP, with T1 (12.7 £ 2.3 ym) followed by T4 (9.4 £ 0.7 pm).
On SS, the highest average values were for T1 and T2 (both 8.5+ 1.2 ym). The
densest biofilms were found in T3 on PP (3.3+0.7 ym) and in T5, 4.7 £ 0.7 ym on
SS and 4.2+1.2um on PP (Table 3). For C. sakazakii, the variation in DSB
thickness across protocols was less pronounced. The greatest average thickness
values were recorded in T4 on PP and T1 on SS, both measuring 10.4 um
(Figures 7 and 8). The lowest values were observed in T3, 5.7+0.2 ym on PP
and 7.1 £1.2um on SS. On the other hand, the maximum thickness was more
similar among Salmonella than C. sakazakii DSB protocols, except in T5 (Table
3). In terms of spatial distribution, DSB formed on SS were generally more
homogeneous than those on PP for both bacterial species (Figure 5 and 6). The
biomass of live (green signal) and dead (red signal) cells did not follow a standard
pattern (Supp. 1). For Salmonella T1, T2 and T3 showed a higher percent of dead
cells on SS, whereas in T4 and T5 this predominance occurred on PP (Table 3).
In contrast, the opposite was noted for C. sakazakii.

12



355 Table 3. Characterization of DSB formed by Salmonella and C. sakazakii in SS
356 and PP surfaces.

DSB Surface Thickness (um) Cell biomass (um?/um?)3
Inoculum materia ° o | i
cells (red) (green)
1 PP 12.7+2.3 15.6 29.4 70.6
SS 85+1.2 9.9 50.5 49.5
PP 6.1+£0.7 15.6 14.6 85.4
T2
SS 85+1.2 15.6 43.8 56.2
PP 3.3+0.7 14.1 7.8 92.2
Salmonella T3
SS 6.8+2.0 15.6 447 55.3
PP 94+0.7 15.6 38.5 61.5
T4
SS 6.6+1.3 15.6 9.0 91.0
PP 42+1.2 9.9 61.6 38.4
T5
SS 4.7 +0.7 9.9 32.7 67.3
1 PP 96+0.4 9.7 56.0 44.0
SS 10.4+£0.7 14.1 31.1 68.9
PP 57120 17.0 46.5 53.5
T3
SS 71+1.2 22.6 25.8 74.2
C. sakazakii
PP 10.4+£1.8 15.6 48.1 51.9
T4
SS 9.7+29 15.6 71.0 29.0
PP 7.5+13 15.5 27.9 721
T5
SS 91+£1.0 12.7 40.1 59.9

T1-48 hwet+48 hdry; T2—-24 hwet + 48 h dry; T3 — 24 h wet+ 72 h dry; T4 — 24 h wet
+ 120 hdry; TS — 8 h wet + 48 h dry. "Values are arithmetic mean with a standard deviation
of three replicates. *Calculated using COMSTAT?2. *Cell biomass = Biomass of live or dead
cells/ (Biomass of live cells + Biomass of dead cells), calculated using COMSTAT2.

357 4. Discussion
358 This is the first study to evaluate different conditions for DSB formation by
359  Salmonella and C. sakazakii strains, isolated from LMF processing environments,
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on surfaces commonly used in the food industry (SS and PP). This study also
investigated the presence of VBNC cells in DSB. The experimental protocols
were adapted from Ledwoch et al. (2019), with each DSB protocol comprising
two hydrated and dry cycles, as detailed in Table 2. Whilst we did not use any
bovine serum albumin (BSA) in the hydrated phase, which helped with the
viability of Staphylococcus aureus during DSB formation (Ledwoch et al., 2019),
CSC obtained in most our protocols were > 6 log CFU/cm?. These counts were
similar to the Salmonella Typhimurium counts reported by Duggan et al. (2024)
who used six wet-dry cycles over a period of 12 days and BSA in each hydrated
phase.

The majority of Salmonella DSB protocols (T1 to T4) resulted in CSC
counts between 6 and 7 log CFU/cm?, reaching up to 8.6 log CFU/cm? after
catalase resuscitation (VSC, Figure 1). Chaggar et al. (2024) reported similar
results with counts from 6.3 to 7.1 log CFU/coupon for S. Typhimurium ATCC
14028 biofilms on borosilicate glass, using a 24-h hydrated phase followed by
dehydration for 24, 48, and 72 h. Lin et al. (2024) also evaluated S. Typhimurium
ATCC 14028 DSB formation on Petri dishes under a single condition (48 h wet +
48 h dry + 6 h wet + 66 h dry) and reported approximately 6.0 log CFU/plate. In
addition, TS5 (8-h wet + 48-h dry) yielded the lowest counts, with a significant
difference (p < 0.05) compared with other protocols, especially on SS (Figure 1).
This suggests that the duration of moisture exposure plays a crucial role in the
Salmonella DSB formation on abiotic surfaces, while water restriction during the
dry phase has a lesser impact on the number of cells. It is well known that
desiccation stress induces molecular defense responses in the Salmonella cells,
including the accumulation of trehalose and other compatible solutes, along with
synthesis of stress proteins such as heat-shock proteins and chaperones
(Gruzdev et al., 2012; Wang et al., 2021). Nonetheless, there is a lack of data on
the molecular mechanisms involved in DSB formation and persistence. Notably,
C. sakazakii exhibited CSC counts up to 1.0 log CFU/cm? higher than those
observed for Salmonella in T1, T3 and T4, and > 2 log CFU/cm? in T5 (Figure 1
and 2). It suggests a greater adaptability capacity of this pathogen to conditions
of nutrient and water restrictions, as well as a greater rate of biofilm formation.
However, to date, no published studies have addressed DSB formation or
persistence by C. sakazakii, limiting direct comparisons. The ability of C.
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Sakazakii to survive in powdered infant formula (PIF) for extended periods and its
association with severe infections in neonates have been reported (Beuchat et
al., 2013; FAO/WHO, 2006; Strysko et al., 2020). Indeed, our results have critical
implications for PIF manufacturing plants, since evidence that the presence of
DSB can increase the risk of cross-contamination in final product. Another
noteworthy finding is the ability of both pathogens to form DSB even after a single
exposure to high humidity (cycle 1, Figure 1 and 2). In fact, accidental leaks or
residual moisture post-sanitation can suffice to initiate biofilm formation. These
results align with the Code of Hygienic Practices for LMF of Codex Alimentarius
(CXC 75-2015, 2018), which recommends strict humidity control in processing
environments to prevent microbial growth. The LMF processing plants should
minimize water use in production areas and promptly remove any leaks or
condensation. In particular, wet sanitation should be avoided whenever possible,
and if performed, surfaces must be dried immediately to prevent microbial growth
(Beuchat et al., 2013; ICMSF, 2011).

The VBNC state is recognized as a microbial survival strategy under
stresses such as dehydration, nutrient limitation, and sanitizer exposure
(Balagurusamy et al., 2024; Kunadu et al., 2024). VBNC cells, although
metabolically active and potentially pathogenic, do not form colonies under
routine conditions and therefore may escape detection, leading to a false
negative result (Foddai and Grant, 2020). Liu et al. (2023) proposed the term
“‘viable cells with loss of culturability” to describe VBNC cells. The inability of
VBNC cells to detoxify lethal free radicals either induced by the cells themselves
or present in the culture medium is one of the main reasons for the non-
culturability. This process may be due to the repression of periplasmic catalase,
which breaks down toxic peroxide (Morishige et al., 2017). As a result, several
proteins have been shown to play a significant role in the formation of VBNC cells;
these include superoxide dismutase (SodA), catalases KatA and KatG, RNA
polymerase sigma S (RpoS), alkyl hydroperoxide reductase subunit C (AhpC),
sensory histidine kinase (EnvZ), and a LysRtype transcriptional regulator (OxyR)
(izgérdi et al., 2022; Ma et al., 2024). In the current study, VBNC cells were
defined as the population capable of resuscitation in the presence of catalase;
however, no complementary assessments of metabolic activity or membrane

integrity were conducted. According to our data, adaptation to DSB induced a
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transition to the VBNC state, as evidenced by the resuscitate effect of catalase.
The culturability increased between 1.1 and 2.8 log CFU/cm? for Salmonella and
0.6 to 2.2 log CFU/cm? for C. sakazakii after catalase treatment (VSC, Figures 1
and 2). This method has also been shown to successfully resuscitate Salmonella
cells in the VBNC state following desiccation stress (Abdelhamid and Yousef,
2020; Morishige et al., 2017). Furthermore, TS showed the largest differences
between CSC and VSC for both species (Figures 1 and 2). The desiccation stress
experienced by the bacteria following the brief hydrated phase (8 h) likely
triggered defense mechanisms, resulting in a greater presence of VBNC cells in
both pathogens. Lin et al. (2024) also suggested that a significant portion of the
DSB population likely exists in the VBNC state. Thus, the occurrence of the VBNC
state or injured cells in the LMF processing environment poses a considerable
challenge to the validation of hygiene protocols. Routine verification of sanitation
efficacy typically relies on conventional culture methods, which fail to detect
bacteria in the VBNC state (Kazemzadeh-Narbat et al., 2021). Our data indicate
that this limitation may lead to false-negative results during environmental
monitoring, corroborating with Foddai and Grant (2020). Furthermore, they
highlight the need for developing rapid and reliable detection methods capable of
identifying VBNC cells, which can be integrated into routine monitoring within food
manufacturing facilities.

The surface material only significantly impacted (p<0.05) the TS protocol
for both pathogens, with greater CSC counts on PP than SS (Figure 1 and 2).
Factors such as surface roughness and hydrophobicity impact moisture retention
and bacterial adhesion, influencing cell physiology (lvers et al., 2024; Lehner et
al., 2005). Hydrophobic materials like PP tend to promote the initial attachment
of cells by reducing repulsive electrostatic interactions, while smoother and more
hydrophilic surfaces such as stainless steel generally limit irreversible adhesion
but may support more uniform film formation once attachment occurs (Carniello
et al., 2018; Zhang et al., 2016; Wu et al., 2018). In addition, the DSB average
thicknesses and the biomass of live and dead cells also varied according to the
microorganism, surface type, and protocol, with values ranging from 3.3 to
12.7 ym and 29 to 92.2% (Table 3). However, it was not possible to establish a
standard behavior of the DSB evaluated. In fact, it emphasizes the complex

nature of biofilm formation, which depends on multiple environmental and
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biological factors (Flemming et al., 2023; Sauer et al., 2022). In general, T1
resulted in greater surface coverage, reflecting more favorable conditions for
microbial growth due to extended hydrated phase exposure (Figure 5 and 6).
Interestingly, T3 (24-h wet + 72-h dry) produced the densest biofilm (except for
Salmonella on SS), despite having similar microbial counts to T1 (Figure 1 and
2), suggesting an adaptive response to desiccation stress. Although T5 showed
thickness close to T3, the spatial distribution (Figure 5 and 6) and the CSC counts
(Figure 1 and 2) indicate a softer and less dense biofilm, emphasizing the critical
influence of the hydrated phase on the DSB structure. Furthermore, Salmonella
DSB showed more heterogeneous surface coverage and biomass thickness
(Figure 5). Lin et al. (2024) similarly reported that S. Typhimurium DSB exhibited
a heterogeneous vertical distribution with a thickness of around 15 um. Capita et
al. (2019) evaluated hydrated biofilms formed by Salmonella on polystyrene at
37 °C for 24 h, and obtained thicknesses between 15.7 and 53.3 um. In contrast,
C. sakazakii formed biofilms with more uniform spatial distribution across
protocols (Figure 6), emphasizing greater adaptability and potential for biofilm
formation under extreme conditions.

Previous studies describe DSB EPS as dense and compact, with fewer
filaments compared to hydrated surface biofilms (WSB) (Lin et al., 2024; Rahman
et al., 2022). The EPS matrix is vital for desiccation protection, by retaining
moisture and shielding cells from physical and chemical damage, contributing to
biofilm persistence in industrial settings (Greffe and Michiels, 2020; libuchi et al.,
2010; Machado et al., 2012). In the current study, the presence of EPS was
confirmed in all DSB by SEM, with filamentous EPS more prominent in
Salmonella (Figure 3, green arrow). SEM imaging also revealed typical
desiccation-related morphological changes in Salmonella and C. sakazakii cells,
including cell lysis, reduced turgor pressure, and membrane damage (Figures 3
and 4). High intracellular osmolyte concentrations, produced in response to
desiccation, drive water efflux; forcing bacteria to adopt energy-intensive
mechanisms to maintain turgor (Esbelin et al., 2018). Although essential for
survival, these adaptations are energetically costly. When osmolyte biosynthesis
or uptake becomes too costly, energy depletion reduces turgor pressure (Craig
et al., 2021). This combined energy and desiccation stress impairs cell division
by inhibiting septation and inducing bacterial filamentation (Burgess et al., 2016;

17



496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529

Yan et al., 2024); observed in all evaluated DSB (Figures 3 and 4). Filamentation
increases biomass without a corresponding increase in cell number, possibly
reflecting an adaptive advantage or survival strategy. Stackhouse et al. (2012)
reported that filamentation enhances desiccation tolerance. In addition, changes
in cell shape, including a shift toward coccoid morphology (more frequent in
Salmonella biofilms), may represent further structural adaptation to desiccation
stress and may indicate a transition to the VBNC state (Ma et al., 2024). Dong et
al. (2020) linked coccoid forms in VBNC Salmonella cells to cell wall alterations.

In conclusion, this study demonstrated that both Salmonella and C.
Ssakazakii can form DSB on SS and PP even under moisture-limited conditions.
The duration of the hydrated phase emerged as a critical factor influencing both
the extent of biofilm formation and the induction of the VBNC state. In addition,
C. sakazakii exhibited a greater capacity for DSB formation compared to
Salmonella, suggesting higher adaptability to desiccation stress conditions.
These findings emphasize the importance of strict hygiene and moisture control
measures in LMF processing environments to prevent biofilm establishment and
pathogen persistence. Furthermore, risk monitoring approaches that consider the
induction of the VBNC state and the potential resurrection of these cells should
be integrated into prerequisite programs and hazard analysis and critical control
points (HACCP). Moreover, these data may contribute to risk assessment studies
to establish more effective control measures for ensuring the safety of LMF.
However, despite these relevant contributions, the study has some limitations,
such as the use of a limited number of bacterial strains and surface types.
Therefore, future studies assessing the long-term survival of DSB, as well as their
resistance to both dry and wet sanitizers routinely applied in the food industry
across different surface types are needed. In addition, transcriptomic analysis to
determine mechanisms involved in transition to VBNC in DSB shall be
investigated.
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FIGURE CAPTIONS

Figure 1. Counts of culturable sessile cells (CSC) and viable sessile cells (VSC)
of Salmonella spp. dry surface biofilms (DSB) formed on stainless steel (SS) and
polypropylene (PP) under protocols T1-T5: T1 (48 h wet/48 h dry), T2 (24 h
wet/48 h dry), T3 (24 h wet/72 h dry), T4 (24 h wet/120 h dry), and T5 (8 h wet/48

h dry).

Figure 2. Counts of culturable sessile cells (CSC) and viable sessile cells (VSC)
of C. sakazakii dry surface biofilms (DSB) formed on stainless steel (SS) and
polypropylene (PP) under protocols T1 (48 h wet/48 h dry), T3 (24 h wet/72 h
dry), T4 (24 h wet/120 h dry), and T5 (8 h wet/48 h dry).

Figure 3. Morphological changes in Salmonella cells in dry surface biofilms
(DSB). Images correspond to protocols: (A) T1 — PP (48 h wet/48 h dry), (B) T2
— PP (24 h wet/48 h dry), (C) T3 — PP (24 h wet/72 h dry), (D) T4 — PP (24 h
wet/120 h dry), and (E) TS5 — SS (8 h wet/48 h dry). Yellow arrows indicate cell
elongation, red arrows indicate cells showing wrinkling/loss of turgor, blue arrows
indicate coccoid forms, green arrows indicate extracellular polymeric substances
(EPS) formation, and orange arrows indicate lysed cells.

Figure 4. Morphological changes in C. sakazakii cells in dry surface biofilms
(DSB). Images correspond to protocols: (A) T1 — PP (48 h wet/48 h dry), (B) T3
— SS (24 h wet/72 h dry), (C) T4 — PP (24 h wet/120 h dry), and (D) T5-SS (8 h
wet/48 h dry). Yellow arrows indicate cell elongation, red arrows indicate cells
showing wrinkling/loss of turgor, blue arrows indicate coccoid forms, green
arrows indicate extracellular polymeric substances (EPS) formation, and orange
arrows indicate lysed cells.

Figure 5. Three-dimensional surface plot of dry surface biofilms (DSB) formed by
Salmonella on stainless steel (SS) and polypropylene (PP) under different
protocols (wet phase/dry phase): T1 (48 h wet/48 h dry), T2 (24 h wet/48 h dry),
T3 (24 hwet/72 h dry), T4 (24 h wet/120 h dry), and T5 (8 h wet/48 h dry). Includes
mean height (3 points), standard deviation, and thickest point. Dark-colored
regions indicate absence of cells; light-colored regions indicate presence. X and
Y axes (um); Z axis (intensity).

Figure 6. Three-dimensional surface plot of dry surface biofilms (DSB) formed by
C. sakazakii on stainless steel (SS) and polypropylene (PP) under different
protocols (wet phase/dry phase): T1 (48 h wet/48 h dry), T3 (24 h wet/72 h dry),
T4 (24 h wet/120 h dry), and T5 (8 h wet/48 h dry). Includes mean height (3
points), standard deviation, and thickest point. Dark-colored regions indicate
absence of cells; light colors indicate presence. X and Y axes (um); Z axis
(intensity).
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