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Abstract: Various serovars of Salmonella had been the subject of research for over 150 years; nonethe-
less, the bacterium has remained an important pathogen of public health concern to date. The
tremendous ability of Salmonella to form biofilms on biotic and abiotic surfaces is an important under-
lying reason for the prevalence of this opportunistic pathogen in healthcare, manufacturing, and the
food chain. The current study illustrates that using very common industrial antimicrobial treatments
at the highest concentrations suggested by the manufacturers is only efficacious against planktonic
and one-day mature biofilms of the pathogen while exhibiting a lack of efficacy for complete removal
of bacterial biofilms formed for longer than 2 days. This exhibits the importance of preventive mea-
sures against Salmonella biofilm formation in healthcare and manufacturing facilities, schools, nursing
homes, and domestic environments. Additionally, our study illustrates the importance of including
both planktonic and sessile cells of the pathogen in microbiology validation studies, especially for
niche and hard-to-reach surfaces. The current study additionally investigated the suitability of an
avirulent strain of the pathogen as a surrogate for pathogenic Salmonella serovars for public health
microbiology validation studies when the use of virulent strains is not economically feasible or not
possible due to safety concerns.
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1. Introduction

As a microorganism with a complex and evolving nomenclature, Salmonella was first
isolated in 1855 from the gastrointestinal area of an infected animal [1]. More than one
and a half centuries since the discovery of the pathogen, various serovars of Salmonella
continue to pose major public health challenges at local, national, and global scales [2].
The nomenclature of Salmonella has been subject to major changes. At the current time,
according to the Institute Pasteur and the World Health Organization’s Collaborating
Centre for Reference and Research on Salmonella, the bacterium consists of only two species,
i.e., Salmonella enterica and Salmonella bongori [3]. While S. bongori has been associated with
very limited cases of Salmonellosis in humans, the vast majority of the public health burden
of the pathogen is associated with S. enterica, which is further divided into 6 subspecies
and more than 2600 serotypes [4].

Various serovars of Salmonella could cause two distinctly different diseases. Based
on epidemiological studies, it is well-established that nontyphoidal Salmonella such as
Typhimurium, Newport, and Enteritidis serovars are generalist microorganisms with very
broad host specificity. Nontyphoidal Salmonella is the causative agent of Salmonellosis
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worldwide and additionally is epidemiologically dominant in Salmonellae-related diseases
in developed nations [4]. In the United States, in a typical year, there are over one million
cases of nontyphoidal Salmonellosis with 94% of cases associated with contaminated
food [5]. These infections lead to a disability-adjusted life year (DALY) of 32,900, causing the
largest public health burden among the major foodborne pathogens in the United States [6].

In contrast to nontyphoidal Salmonella serovars that are very common among various
warm-blooded hosts, a few S. enterica serovars including Paratyphi (A, B, or C), Sendai, and
Typhi are adapted exclusively to humans as their host. These later serovars are causative
agents for enteric fever (known as typhoid and/or paratyphoid fever), potentially life-
threatening, invasive, and systematic infections that are more common in the developing
world than in developed societies [4]. In a typical year, typhoidal Salmonella could cause
27 million global cases leading to 200,000 annual deaths [7,8]. In the United States, in a typi-
cal year, 1821 cases of typhoidal Salmonella occur, with the majority of cases associated with
traveling abroad [5]. The hospitalization rate for nontyphoidal and typhoidal Salmonellosis
in the United States is 27.2 and 75.7%, respectively [5].

While typhoidal Salmonella is endemic in developing nations and is primarily asso-
ciated with a lack of clean water, poor hygiene infrastructure, and the fecal–oral route,
nontyphoidal Salmonella is the dominant form of Salmonellosis in developed nations and
is primarily considered a foodborne disease that could also be contracted via person-to-
person contact with infected individuals and contact with infected animals as well [4].
While Salmonellosis can lead to these two broadly different disease phenotypes, there
can be a range of pathotypes that could differ in outcome depending on host species and
immunity. It is noteworthy that the public health burden of Salmonellosis is expected to be
augmented to a great extent under the landscape of climate change [9,10].

In contrast to viral agents that require host cells for reproduction and cause infections,
bacterial pathogens including Salmonella serovars have the ability to survive and form
complex biofilm structures on abiotic and biotic surfaces [11,12]. Once a biofilm community
is formed, bacteria could gain new characteristics through inter- and intraspecies pathways
such as vertical and horizontal gene transfer mechanisms and quorum sensing [1,2,9].
Additionally, during the formation of sessile cells, bacterial species are capable of forming
complex structures containing exopolysaccharide material, augmenting the resistance of
the bacterium to environmental stressors such as antimicrobial treatments [13,14].

Among various serovars of Salmonella, S. Tennessee is an epidemiologically significant
serovar that has a very critical role in interstate and intrastate commerce in the United
States. Salmonella Tennessee was the causative agent of a multistate outbreak associated
with peanut butter from 2006 to 2007 [15]. This outbreak garnered the attention of many
popular press media and was one of the leading underlying reasons for the proposal and
enactment of the U.S. Food Safety Modernization Act (FSMA) [16]. Various serovars of this
bacterium could form biofilm on biotic and abiotic surfaces [1,4].

In addition to FSMA, Salmonella serovars are target microorganisms in other important
national and global legislations as well. For example, juice products under the jurisdiction of
Hazard Analysis and Critical Control Point (HACCP) would need to provide a validation
study for 5-log reduction in nontyphoidal Salmonella serovars [17]. Additionally, it is
noteworthy that Salmonella serovars have one of the lowest infective doses among the
foodborne microbial pathogens—ingestion of as low as 10 single cells of the pathogen has
been associated with human health complications [18]. Thus, the use of non-pathogenic
strains of Salmonella, if proven to have comparable characteristics to pathogenic serovars
of the pathogen, would be of great importance for microbiological validation studies. An
avirulent strain of Salmonella enterica subspecies enterica serovar Typhimurium, with strain
designation of LT2 (Salmonella LT2), had been tentatively proposed as a surrogate for
virulent serovars of Salmonella [19,20].

Bacterial biofilms are of great importance from a public health perspective. A system-
atic review and meta-analysis, as an example, shows bacterial biofilms are associated with
nearly 80% of chronic wounds [21]. The use of sodium hypochlorite and quaternary ammo-
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nium compound-based antimicrobials are among the most common treatments in industrial
facilities (e.g., food and pharmaceutical industries), health care facilities (e.g., neonatal and
elderly care settings), and domestic environments [11,22,23].

The current study was, thus, designed to compare the biofilm formation of Salmonella
Tennessee and Salmonella LT2. Additionally, this study compares the efficacy of common
industrial antimicrobials at the highest concentration recommended by the manufacturers
against planktonic cells and biofilms of Salmonella Tennessee and Salmonella LT2. The latter
comparison is intended to examine if previously validated treatments against planktonic
cells are microbiologically efficacious in eliminating sessile cells during various stages of
biofilm formation.

2. Materials and Methods
2.1. Strains’ Preparation

Two nontyphoidal Salmonella strains (virulent and avirulent strains) were selected
for use in this study. Salmonella enterica subspecies enterica serovar Tennessee (Salmonella
Tennessee) was sourced from the American Type Culture Collection with the designa-
tion ATCC® 10722™. As discussed earlier, this strain was the causative agent of a very
influential outbreak leading to major changes in food policies and regulations [15,16]. In
addition to this epidemiologically important pathogen, an avirulent strain of nontyphoidal
Salmonella was selected for this study. Salmonella enterica subspecies enterica serovar Ty-
phimurium, strain designation LT2 (Salmonella LT2), was included in the current study
as a surrogate for pathogenic Salmonellae. The strain was available in the Public Health
Microbiology FoundationSM strains library and had been shown to have comparable sen-
sitivity to heat, antimicrobials, and non-thermal processing when compared to a set of a
five-strain diverse mixture of nontyphoidal Salmonella serovars (ATCC® 13076™, 8387™,
6962™, 9270™, 14028™) in the food environment [24]. These two strains were stored, ac-
tivated, sub-cultured, and purified using the methods detailed in our recent open-access
studies [12,25,26]. In short, strains were kept at −80 ◦C as pathogen/glycerol stock and
were transferred aseptically using a microbiological loop into 10 mL of Trypticase Soy Broth
(TSB, Difco, Becton Dickinson, Franklin Lakes, NJ, USA) supplemented with 0.6% yeast
extract (YE) to minimize acid-stress in the strains [12]. The inoculated TSB + YE tube, for
each strain separately, was incubated at 37 ◦C for 24 h. After this incubation period, the
overnight bacterial suspensions were vortexed (3200 RPM) for homogenization, and 100 µL
aliquots were sub-cultured into 10 mL of sterilized TSB + YE followed by 24 h aerobic
incubation at 37 ◦C. After homogenization of this incubated bacterial suspension, for each
strain separately, the cells were harvested using the centrifugal force of 6000 RPM (3548 g
for 88 mm rotor) for 15 min (Model 5424, Eppendorf North America, Hauppauge, NY, USA;
Rotor FA-45-24-11). After discarding the supernatant, the microbial pellet for each strain
was re-suspended in phosphate-buffered saline (PBS, VWR International, Radnor, PA, USA)
and re-centrifuged at the above-mentioned intensity level and time for removal of cell
secondary metabolites, remnants of the growth medium, and sloughed cell components
and then re-suspended in PBS. These sub-cultured and purified cells were then used for
inoculation of stainless-steel coupons for the biofilm formation trials.

2.2. Bacterial Inoculation, Biofilm Formation, and Treatments

The current study was conducted using previously used coupons of stainless steel
(type 304, #2b finish) with 1.2 × 5 × 0.3 cm dimensions. These were washed and rinsed
with detergent, deionized water, 70% ethanol (Fischer Scientific, Fair Lawn, NJ, USA), and
99% acetone (Fischer Scientific, Fair Lawn, NJ, USA.) for the elimination of any residue
and were then autoclaved at 121 ◦C for 30 min for sterilization [13,27]. The coupons were
then spot-inoculated with the above-mentioned two strains (two separate sets) at a target
inoculation level of 3 to 4 log CFU/cm2 with 100 µL of inoculum. The spot-inoculated
coupons were kept under a previously sterilized biosafety cabinet with a HEPA filter and
remained in the sterilized condition at ambient temperature for 60 min (attachment time).
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The coupons were then aseptically transferred into 15 mL sterilized Eppendorf® conical
tubes and 4 mL of sterilized 3% organic milk was added to each tube as a medium for
biofilm formation. This medium and arrangement were chosen to ensure that inoculated
coupons were half-submerged in a nutrient-dense environment for maximum biofilm
formation at the air–liquid interface [28,29]. These coupons remained in the tilted upright
position, half-submerged in aerobic condition at 25 ◦C (ambient temperature formation
of sessile cells on abiotic surfaces), and were tested after 2 h (day 0, planktonic cells) and
on days 1, 2, 3, 4, and 7 of biofilm formation. Coupons on each of these dates were first
rinsed with 10 mL sterilized deionized water (once on each side) to remove loosely at-
tached cells. Subsequently, the coupons, on each treatment day, were assigned into four
groups (i) untreated control, (ii) treated controls (DI water treated samples), (iii) treated
with sodium hypochlorite (Bleach-Rite, catalog no. BRSPRAY128, Fisher Scientific) at
the highest concentration recommended by the manufacturer, and (iv) treated with qua-
ternary ammonium compound (SE66 Disinfectant, Staple Contract & Commercial Inc.,
Framingham, MA, USA, EPA Establishment No. 8155-OH-1) at the highest concentration
recommended by the manufacturer. For treatment samples, after the removal of loosely
attached cells [13], 10 mL of chlorine-based (0.525% sodium hypochlorite) or quaternary
ammonium compound-based (5% alkyl dimethyl benzyl ammonium chloride, 5% alkyl
dimethyl ethyl benzyl ammonium chlorides) solutions were rinsed onto each side of the
coupons followed by an exposure time of 60 s at ambient temperature. After the exposure
time, the coupons were aseptically placed into 30 mL Dey-Engley (D/E) neutralizing broth
(Difco, Becton Dickinson, Franklin Lakes, NJ, USA) containing 10 sterilized 4 mm glass
beads. Tubes containing the coupons, neutralizing solutions, and beads were then vortexed
for 2 min (3200 revolutions per minute) to detach bacterial biofilm cells from the coupons.
Immediately following this separation, a 1 mL aliquot from the tubes was obtained, 10-fold
serially diluted in Maximum Recovery Diluent (MRD, Difco, Becton Dickinson, Franklin
Lakes, NJ, USA), and spread-plated onto the surface of Trypticase Soy Agar (TSB, Difco,
Becton Dickinson, Franklin Lakes, NJ, USA) supplement with 0.6% yeast extract for enu-
meration of treatment survivors and injured cells. The spread-plated cells were incubated
at 37 ◦C for 24 h, and the colonies were counted based on the U.S. Food and Drug Ad-
ministration’s Bacteriological Analytical Methods using a Quebec colony counter [30]. A
selective medium, Xylose Lysine Deoxycholate (XLD) Agar, was additionally used in this
study (HiMedia®, West Chester, PA, USA).

The potency of treatments iii and iv was verified prior to the application of the
antimicrobials at the highest concentration recommended by the supplier’s label. In
addition to the certificate of analysis from the supplier, free chlorine and alkyl dimethyl
benzyl ammonium compounds concentrations of the antimicrobials were measured and
verified using Hanna Instruments Colorimeter for Free Chlorine and Quat™, respectively
(Hanna Instruments, Woonsocket, RI, USA). The concentrations of the antimicrobials were
additionally semi-quantitatively confirmed to be at least > 5000 and >400 parts per million
(mg/L) using free chlorine and alkyl dimethyl benzyl ammonium compounds, respectively,
using Free Chlorine and Quat™ test strips.

2.3. Study Design and Descriptive and Inferential Statistical Analyses

The current study was a complete randomized block design, which consisted of two
biologically independent repetitions as the blocking factors. Each block in the study further
consisted of two replications per day/strain/treatment/bacteriological media with each
replication further consisting of two microbiological (instrumental) repetitions. Thus, each
value presented in the current study is the mean of 8 independent observations (2 blocks,
2 replicates, and 2 microbiological repetitions). The microbial counts were log-transformed,
and the log-normal data were used for the calculation of log reductions (descriptive statis-
tics) and graphical representation (mean ± standard error). For inferential statistics, using
the linear model of SAS9.4 software (SAS Inst., Cary, NC, USA), two procedures were uti-
lized. For pair-wise comparisons of all treated samples and treated and untreated controls,
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an analysis of variance (ANOVA) followed by Tukey-adjusted mean separation was carried
out. The largest mean in these analyses received an uppercase letter “A,” (for Salmonella
Tennessee) and a lowercase letter “a,” (for Salmonella LT2); thus, the bars in Figure 1 fol-
lowed by different letters correspond to differences that are statistically significant at a type
I error level of 5%. Additionally, and for pathogenic and non-pathogenic strains separately,
each treatment and the untreated control (deionized water) were compared to the untreated
control using Dunnett’s-adjusted ANOVA, and the result of these analyses, also conduct at
a type I error level of 5%, were illustrated using the “*” sign on Figure 1 (i.e., bars marked
with the sign are statistically different from the untreated control). In the general linear
model (GLM) procedure of SAS9.4, the treatments and medium treatments were placed
on class and model statements, respectively. The GLM procedure was sorted by treatment
days (i.e., days 0, 1, 2, 3, 4, and 7), and the analysis was repeated for each bacteriological
medium (selective and non-selective media) separately. As further detailed above, Tukey
and Dunnett were included in the means statement of the model.
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Figure 1. Biofilm formation and reduction in pathogenic (Salmonella enterica subspecies enterica
serovar Tennessee (Salmonella Tennessee)) and non-pathogenic (Salmonella enterica subspecies enterica
serovar Typhimurium, strain designation LT2 (Salmonella LT2)) trials. (A) Non-selective (trypti-
case soy agar supplemented with 0.6% yeast extract) counts (mean ± SE). (B) Selective (xylose
lysine deoxycholate [XLD] agar) counts. Columns marked with different uppercase letters are
pathogenic counts (Salmonella Tennessee) that are statistically (p < 0.05) different from each other
(Tukey-adjusted ANOVA). Columns marked with different lowercase letters are non-pathogenic
counts (Salmonella LT2) that are statistically (p < 0.05) different from each other (Tukey-adjusted
ANOVA). For pathogenic and non-pathogenic counts separately, columns followed by the “*” sign
are statistically different (p < 0.05) from the untreated control (Dunnett’s-adjusted ANOVA).

3. Results and Discussion

Overall, in our experiments, we observed considerably lower counts of the selective
medium relative to the supplemented non-selective medium (Figures 1 and 2). This
is in agreement with previous studies conducted using Salmonella serovars in the food
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chain [12,31]. The selective agent of the XLD medium, sodium deoxycholate, that was
added to the medium to inhibit the growth of Gram-positive bacteria could additionally
inhibit the multiplication of injured but viable cells [12]. Similarly, differential agents in the
medium, e.g., xylose and lysine, could have similar effects on inhibiting the multiplication of
injured cells. In contrast, the addition of yeast extract to the non-selective medium has been
illustrated to have positive effects on the recovery of viable but injured cells [13,14,32]. The
use of the selective medium, however, accompanying the non-selective medium, is of great
importance since the selective counts provide internal validity that the counts are associated
with inoculated pathogens and are not accidental laboratory-induced contamination during
the conduct of the trials. These differences between selective and non-selective counts were
similar to the information discussed in the literature for Salmonella and other Gram-negative
and Gram-positive pathogens of public health concern [33,34].
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Figure 2. Non-selective (trypticase soy agar supplemented with 0.6% yeast extract) log CFU/cm2

reductions in sessile and planktonic Salmonella serovars for samples treated with deionized water
(treated control), sodium hypochlorite, and quaternary ammonium compounds. (A) Pathogenic
counts, i.e., Salmonella enterica subspecies enterica serovar Tennessee (Salmonella Tennessee). (B) Non-
pathogenic counts, i.e., Salmonella enterica subspecies enterica serovar Typhimurium, strain designation
LT2 (Salmonella LT2).

The Tennessee serovar of nontyphoidal Salmonella enterica was chosen in this study
due to the historical and regulatory significance of the strain to the stakeholders. Addi-
tionally, as discussed earlier, Salmonella enterica serovar Tennessee (Salmonella Tennessee)
was the causative agent of one of the most influential foodborne outbreaks associated
with food commerce [15,35]. This serovar has exhibited great capability to survive for an
extended amount of time even in low-moisture environments, and limited information is
available in the literature about the biofilm formation of this epidemiologically important
strain. In addition to Salmonella Tennessee, our study utilized Salmonella enterica subspecies
enterica serovar Typhimurium, strain designation LT2 (Salmonella LT2). This strain has
the ecological and physiological characteristics of pathogenic nontyphoidal Salmonella.
In the literature, Salmonella LT2 has been proposed as a potential avirulent surrogate for
pathogenic Salmonella [19,20,36,37]. As further detailed in the Methods section, this study
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evaluated the effects of two common commercial antimicrobial treatments with treated
(deionized water) and untreated controls. Sodium hypochlorite and quaternary ammo-
nium compounds are important antimicrobials of choice in healthcare facilities, food and
pharmaceutical industries, schools, and nursing homes, as well as domestic environments,
and in this study, they were tested at the highest concentration permitted by the regu-
latory agencies as illustrated on product labels. As detailed in the Methods section, the
statistical analyses were conducted for pair-wise comparison of all treatments and controls
from various days of the treatments and additionally to compare each treatment and the
treated control (DI water treated samples) directly with the untreated control. The for-
mer statistical analyses were conducted using a Tukey-based ANOVA and are listed in
figures using various uppercase letters, with the letter “A” assigned to the largest value.
The later comparisons were achieved using a Dunnett’s-adjusted ANOVA, and in the
graphs, these analyses were presented using the “*” sign to indicate a statistical difference
(p < 0.05) from the untreated control (Figures 1 and 2). These analyses were conducted
on data collected from the selective medium for Salmonella serovars (e.g., XLD agar) and
non-selective medium supplemented with yeast extract to ensure maximum recovery of
injured cells [33,38]. In addition to these, the pathogen log reductions were presented for
selective and non-selective media to afford the opportunity for side-by-side comparisons of
the three treatments with the untreated control (Figure 3A,B).
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Salmonella enterica subspecies enterica serovar Typhimurium, strain designation LT2 (Salmonella LT2).
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3.1. Antimicrobial Treatment of Planktonic Cells and One-Day and Two-Day Mature Biofilms of
Salmonella Tennessee and Salmonella LT2

The attachment time to biotic and abiotic surfaces could impact the proliferation and sus-
ceptibility of bacterial pathogens to environmental stressors such as antimicrobials [39,40]. In
our study, the count from the non-selective medium associated with pathogenic Salmonella
Tennessee on day 0 (planktonic cells) was 4.01 ± 0.4 log CFU/cm2 (mean ± SE), and the
count remained unchanged (p ≥ 0.05) after treatment with deionized water (WT) and was
3.69 ± 0.3 log CFU/cm2 (Figure 1A). The log reductions associated with WT, SH, and QT
treatments for planktonic pathogenic Salmonella cells were 0.3, 1.6, and 2.2 log CFU/cm2,
respectively, on the non-selective medium (Figure 2A). These results indicate that treatment
with SH and QT could eliminate (p < 0.05) up to >99% of the bacterial pathogen (Figure 1A),
and the survivors of the treatments could be less than ≤2.5 CFU/cm2, e.g., ≤320 pathogenic
cells (e.g., colony forming unit (CFU)) per cm2. This efficacy of the treatment against plank-
tonic cells of the pathogen is in agreement with the existing literature, where cells of
foodborne bacterial pathogens were reduced to nearly the detection limit when the antimi-
crobial tested against planktonic cells [32]. Additionally, our results show that counts of the
non-pathogenic Salmonella LT2 strain were similar to those obtained from the pathogenic
serovar (Figure 1A,B, Figures 2B and 3B). The non-selective counts of Salmonella LT2 strain
on day 0 were 4.26 ± 0.4, 4.43 ± 0.3, 2.35 ± 0.3, and 1.34 ± 0.4 log CFU/cm2 for the un-
treated control and WT, SH, and QT treatments, respectively (Figure 1A). These similarities
between the pathogenic and non-pathogenic counts indicate that Salmonella LT2 could be
used as a surrogate for pathogenic Salmonella in public health microbiology validation
studies when utilization of pathogenic serovars is not economically feasible or not possible
due to safety reasons.

After a 24 h incubation at 25 ◦C (e.g., day 1), the non-selective counts of the pathogenic
and non-pathogenic Salmonella were increased to 5.78 ± 0.5 and 5.97 ± 0.4 log CFU/cm2

(Figure 1A), respectively. Treatment with water did not reduce (p ≥ 0.05) the pathogenic
and non-pathogen counts (Figure 1A). In contrast, on day 1, the SH and QT treatments
reduced (p < 0.05) the pathogenic Salmonella counts by 4.5 and 4.0 log CFU/cm2, respectively
(Figure 2A), and similarly reduced (p < 0.05) the non-pathogenic Salmonella counts by 5.0 and
4.0 log CFU/cm2, respectively (Figure 2B). This indicates that counts of the Salmonella
serovars were reduced nearly to the detection limit when the treatments were tested against
planktonic cells and one-day mature biofilms.

The efficacy of these industrially prevalent treatments, however, was reduced when
they were tested against the 2-day mature biofilms (e.g., day 2). The log-reduction associ-
ated with the non-selective counts of pathogenic Salmonella on this day were 0.3, 4.0, and
3.0 log CFU/cm2 for WT, SH, and QT treated samples, respectively (Figure 2A). These
treatments left behind 6.72 ± 0.4, 3.05 ± 0.8, and 3.98 ± 0.5 log CFU/cm2 of the pathogen
on the surface of stainless-steel coupons after WT, SH, and QT treatments on day 2, respec-
tively (Figure 2A). Very similar reductions and the number of survivors were also observed
for the non-pathogenic Salmonella LT2 strain (Figure 2A). It is noteworthy that as low as
<10 single cells of Salmonella, if ingested orally, could lead to Salmonellosis in the general
population and susceptible individuals [41]. Thus, Salmonella cells surviving a treatment
are of great importance from a public health perspective.

3.2. Inactivation of Three-, Four-, and Seven-Day Biofilms of Salmonella Tennessee and
Salmonella LT2

Biofilms of the pathogenic and non-pathogenic Salmonella serovars multiplied exten-
sively during the trial (Figure 1A, B). As previously discussed, the overall counts from
the non-selective medium were higher than those obtained from the selective medium
since the latter has selective and differential additives and former has 0.6% supplemented
yeast extract that inhibits and enhances the multiplication of the injured but viable bac-
teria, respectively. It is noteworthy that presenting data from both media is important to
ensure the internal validity of this study, thus verifying that counts are obtained from the
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inoculated pathogen rather than accidental contamination in the laboratory procedures.
The non-selective counts, that more accurately illustrate the existing microbial popula-
tions, for the pathogenic Salmonella on days 0, 1, 2, 3, 4, and 7 were 4.01 ± 0.4, 5.78 ± 0.5,
7.01 ± 0.5, 7.81 ± 0.2, 7.69 ± 0.1, and 7.83 ± 0.4 log CFU/cm2, respectively (Figure 1A).
These counts for the non-pathogenic Salmonella were similar and were 4.26 ± 0.4, 5.97 ± 0.4,
7.10 ± 0.3, 7.70 ± 0.1, 7.60 ± 0.4, and 7.54 ± 0.7 log CFU/cm2, respectively, for the above
order of testing days (Figure 1A). This shows that the quantity of the pathogenic and
non-pathogenic biofilms was increased (p < 0.05) by >3 log CFU/ cm2 during the 7-day
aerobic trial.

On days 3, 4, and 7, treatments with deionized water were not effective (p ≥ 0.05)
to eliminate the biofilm of the pathogen exhibiting log reductions (p ≥ 0.05) with values
≤0.5 logs CFU/cm2 for the three days, for both the pathogenic and non-pathogenic serovars
and in both the selective and non-selective media (Figures 2 and 3). Treatment with SH,
however, exhibited ≥99% reduction (p < 0.05) in pathogenic and non-pathogenic serovars
(Figures 2 and 3). On days 3, 4, and 7, the non-selective pathogenic counts were reduced
by 2.3, 2.3, and 2.1 log CFU/cm2, respectively (Figure 2A). The corresponding reductions
(p < 0.05) for the non-pathogenic strain were similar and were 2.3, 2.0, and 2.0 log CFU/cm2

(Figure 2B), respectively. Although this treatment was effective for at least 2 log CFU/cm2

reductions (p < 0.05) on days 3, 4, and 7, it is noteworthy that the treatment left behind a
significant, both statistical and from a public health perspective, number of survivors after
the treatment. In other words, the treatment that could eliminate nearly the entire pathogen
population at the planktonic state, exhibits low efficacy for the complete removal of the
pathogen biofilms from the surface when tested at the highest concentration recommended
by the manufacturers. The pathogenic Salmonella survivors (non-selective counts) on the
surface of the coupons after SH treatment on days 3, 4, and 7 were 5.48 ± 0.9, 5.35 ± 0.6,
and 5.74 ± 0.6 log CFU/cm2, respectively (Figure 1A). These reductions were very similar
for the non-pathogenic Salmonella LT2 (Figure 1A), for both the selective and non-selective
counts (Figure 1A, B), and the coupons treated with QT (Figures 1–3).

Our data show the importance of protective measures during manufacturing to ensure
the prevention of biofilm formation. Our data also show that once the Salmonella biofilms
are formed on a surface, common antimicrobial treatments might not be sufficient to remove
the biofilm, and additional physical and/or chemical procedures are required to ensure
the complete elimination of the pathogen. Additionally, our data highlight the importance
of considering pathogens both at planktonic and sessile states during validation studies.
This ensures that a validated cleaning procedure is not providing a false sense of security
to health practitioners or manufacturing entrepreneurs and is indeed efficacious for the
elimination of planktonic and biofilms of pathogens. Manufacturers and suppliers of these
antimicrobials could also communicate the efficacy of their products to stakeholders in
a manner that clearly indicates these products are tested and are recognized as effective
treatments against only planktonic cells and additional validation studies are required to
ensure their efficacy against sessile microbial cells. These data are in agreement with the
existing literature associated with other pathogens. As an example, O157 and non-O157
Shiga toxin-producing Escherichia coli, as well as pathogenic Cronobacter, exhibited elevated
resistance to common sanitizers at a sessile state relative to their corresponding wild-type
planktonic cells [12,13].

To facilitate the assimilation of this, perhaps the biofilm formation of foodborne bacte-
ria could be compared with Streptococcus mutans, the leading cause of dental cavities and
the leading cause of worldwide infection, the microorganism that has a tremendous ability
to form biofilm on the surfaces of human teeth. Although Streptococcus mutans could be
eliminated with common antimicrobials at planktonic states, when the microorganism are
forming biofilm in the form of dental plaques, the recommendation is for healthy adults
to request a dental assistant to physically remove the biofilm of the bacterium from the
surfaces of the teeth [42]. Of course, there is no intention of directly comparing the biofilm
formation of a Gram-positive bacterium of oral health concern (Streptococcus mutans) with a
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Gram-negative pathogen associated with foodborne and waterborne diseases (Salmonella
serovars). However, the persisting nature of biofilms in the form of dental plaques high-
lights that once the bacterial biofilm has formed, antimicrobial treatments, validated against
planktonic cells, might not be efficacious for the complete removal of a bacterial pathogen.
Unlike viral agents, this biofilm formation capability is uniquely associated with bacterial
infections, and recent studies indicate that challenges associated with bacterial diseases and
their biofilm formation are expected to be augmented under the landscape of the changing
climate [9,10,43]. It is also important to highlight that the current study only evaluated
biofilm formation and decontamination of non-typhoidal Salmonella serovars, and future
studies could additionally study biofilm formation of typhoidal serovars of this opportunist
and prevalent pathogen of public health concern.

It is noteworthy that this study investigated Salmonella Tennessee and Salmonella LT2,
which are of importance from public health and industrial perspectives. The pathogenic
strain utilized in the current study was recently studied during prolonged storage of food
products [44] and for the identification of specific genetic material associated with its
biofilm formation [45]. The interaction between the biofilm formation and pathogenicity of
Salmonella serovars has additionally been studied extensively in recent years [46]. Future
studies using more diverse industrial, plant-based, non-acid, nitric-acid, and phosphoric-
acid disinfectants, to name a few, could be of great importance and complement to the
current study. Finally, it is important to mention that not all strains of Salmonella with
LT2 designation are considered avirulent, and some could exhibit mild pathogenicity for
humans and/or mammalian cells. Thus, utilization of LT2 strains as a non-pathogenic
surrogate for pathogenic Salmonella could be considered only after a careful and thorough
investigation of each specific strain.

4. Conclusions

Under the condition of our trials, we observed that two very common sanitizers,
validated in the past against planktonic cells and tested at the highest recommended
concentrations, were effective for the elimination of planktonic cells and one-day mature
biofilms. However, this efficacy was diminished to a great extent when the antimicrobials
were tested against 2-, 3-, 4-, and 7-day mature biofilms. These data show the importance
of preventive measures in the healthcare setting and during manufacturing to ensure
controlling the proliferation and biofilm formation of bacterial pathogens of public health
concern. Additionally, our study shows the importance of the sessile form of bacteria
and highlights the need for the incorporation of bacterial biofilms in hurdle and sanita-
tion public health microbiology validation studies. This could be an important part of
health and safety plans for healthcare facilities and for manufacturing products under
the jurisdiction of the U.S. Food Safety Modernization Act, or those mandated under the
regulatory requirements of Hazard Analysis and Critical Control Point, to ensure that these
food safety management systems can eliminate planktonic and sessile pathogens of public
health concern from the food chain. Comparing the trials conducted using a pathogenic
strain of epidemiological significance (Salmonella Tennessee) with a potentially avirulent
strain of Salmonella (Salmonella LT2), we observed that the two strains have comparable
biofilm formation capability and susceptibility to common antimicrobials. This illustrates
that when the use of virulent Salmonella is not economically feasible or not possible due to
safety concerns, an avirulent Salmonella LT2 strain could be used interchangeably for public
health microbiology validation trials in studies with a similar scope to the current study.

It is important to re-emphasize that ingestion of as low as 10 single cells of Salmonella
serovars could potentially lead to human health complications. While these commercially
prevalent antimicrobials, used at the highest manufacturer’s recommended concentrations,
were able to substantially reduce the pathogen counts of an important and prevalent
bacterial pathogen such as Salmonella serovars, the presence and absence of the bacterium
is of greater public health importance rather than the reduction in counts. These results
further highlight the importance of preventive measures against bacterial biofilm.
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