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Sensitivity of Planktonic Cells and Biofilm of
Wild-Type and Pressure-Stressed Cronobacter sakazakii
and Salmonella enterica Serovars to Sodium Hypochlorite

ABSTRACT

Aggregate cells are the predominant physiological mode
of bacterial proliferation in food processing areas and
clinical settings, and microbial biofilms are responsible
for the vast majority of all bacterial infections. The
current study was conducted to determine whether
sodium hypochlorite, validated in the past against
planktonic cells, is also efficacious for decontamination of
biofilms of wild-type and pressure-stressed nontyphoidal
Salmonella enterica serovars and Cronobacter sakazakii.
A four-strain mixture of wild-type and pressure-stressed
pathogens was used for biofilm formation of up to 14
days on the surface of stainless steel coupons at 7 and
25°C. Experiments were conducted in two biologically
independent repetitions (blocking factors) in a randomized
complete block design. Similar biofilm formation trends
were observed for wild-type and pressure-stressed
phenotypes of C. sakazakii. Treatment with sodium
hypochlorite was efficacious (P < 0.05) only against the
planktonic cells and was unable to completely eliminate
1- and 2-week-mature bacterial biofilms of the pathogens.

*Author for correspondence: Phone: +1 870.690.7392; Email: afouladk@tnstate.edu

These findings illustrate that, whereas after a typical
sanitization with sodium hypochlorite up to >3-log
reduction of planktonic pathogens is achievable, >6 log
of viable pathogens per cm? of an abiotic surface may
survive if bacteria had the opportunity to anchor onto the
surface and form biofilm prior to treatment.

INTRODUCTION

As one of the leading causes of foodborne bacterial
infections in American adults, various nontyphoidal
Salmonella enterica serovars are an important public health
microbiology challenge. Various nontyphoidal serovars of the
pathogen are the leading cause of foodborne hospitalizations
and death episodes in the United States. In a typical year,
over one million Americans are estimated to contract
salmonellosis, with 27.2 and 0.5% hospitalization and death
rates, respectively (10, 26). This burden is expected to be
augmented in the landscape of changing climate because
every 1°C increase in environmental temperature above
5°C could be associated with a S to 10% annual increase
in cases of salmonellosis (13). The bacterium is also the
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leading cause of economic concerns associated with the main
foodborne pathogens, causing an estimated economic burden
of $3.7 billion in a typical year in the United States (17)

and 32,900 disability-adjusted life years (27). In addition to
causing consumer insecurity, the aforementioned economic
burden, and public health challenges in the form of illness,
hospitalization, and death episodes, nontyphoidal Salmonella
serovars are listed in a recent report from the U.S. Centers

for Disease Control and Prevention () as a “serious threat”
for developing antibiotic resistance to medically important
classes of antibiotics.

As one of the main foodborne bacterial pathogens of
concern in infants, Cronobacter sakazakii similarly has been
associated with several national and international outbreaks
and is particularly lethal for neonates and preterm infants
(16). Since the first reported outbreak of C. sakazakii in
1958, infant formula has been associated with an array of
domestic and international episodes of infant morbidity
and mortality (16, 21).

More than six decades since the initial description of
microbial cells in sessile conditions and bacterial biofilms
(40), they still remain a major challenge in public health
microbiology, health care facilities, and food manufacturing
(9, 25, 30). Microbial biofilms are systematic congregations
of microorganisms confined to an extracellular autogenous
polymeric matrix, adhering to either biotic or abiotic surfaces
(7, 8, 15). The single or multiple species of microorganisms
present in biofilms are, in most cases, protected against
environmental stressors, including antimicrobials (18),
disinfectants and sanitizers, and immunity of the host (20).
This augmentation in resistance causes crucial challenges in
decontamination and treatment of microorganisms in health
care settings and production facilities (11).

Chlorine-based disinfectants including sodium hypo-
chlorite are one of the most efficacious, cost-effective, and
commonly used sanitizing agents in domestic environments,
food processing facilities, and health care settings (24, 35).
Stainless steel is an ideal material for manufacturing surfaces
and machinery equipment due to its physicochemical stability
and high resistance to corrosion (19, 29). Nevertheless, a
myriad of examples are available in microbiology and medical
literature associated with biofilm formation of pathogenic
microorganisms on stainless steel surfaces (28, 29, 36).

An emerging technology in food manufacturing and the
pharmaceutical industry is the use of pressure-based pasteuri-
zation for ensuring the safety of an array of products (1-4, 22).
Although utilization of this emerging and efficacious nonthermal
technology is gaining momentum and rapid adaption in the
food manufacturing and pharmaceutical industries (2, 4), at
the current time very limited pieces of information are avail-
able regarding the fate and proliferation of pressure-stressed
pathogenic microorganisms, i.e., those that are exposed to sub-
lethal hydrostatic pressure (23). For this reason, the purpose
of this study is to compare the biofilm formation capability
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of wild-type and pressure-stressed Salmonella serovars and
C. sakazakii at low and ambient temperatures on the surface
of stainless steel. The study also investigates the sensitivity of
both pathogens (Salmonella serovars and C. sakazakii) and the
two phenotypes (wild-type and pressure-stressed) to sodium
hypochlorite at various stages of biofilm formation. Currently,
Salmonella serovars and C. sakazakii are, respectively, the
leading causes of foodborne deaths in American adults (26)
and the dominant pathogenic challenge in the manufacturing
of infant formula (16).

The current study investigates the biofilm formation of
wild-type and pressure-stressed Salmonella serovars and
C. sakazakii for up to 3 weeks on the surface of stainless steel
coupons and further investigates the sensitivity of planktonic
cells and 1-week and 2-week-mature biofilms of both
phenotypes of the pathogens to sodium hypochlorite at 7 and
25°C. Note that the current study explores the sensitivity of
the pathogens to the widely used commercial sanitizer under
conditions that might not be easy to clean regularly, such
as niche and hard-to-reach manufacturing and processing
surfaces. Such areas could be a reservoir for mature bacterial
biofilms in processing areas.

MATERIALS AND METHODS

Bacterial culture preparation Strains of Salmonella sero-
vars and C. sakazakii that were used in this study represent
two phenotypes of wild-type and pressure-stressed. The
cocktail of strains used in this study was selected based on
our preliminary work with individual strains (12) and on
epidemiological evidence for the selection of serovars with
public health importance (2, 3). Thus, a four-strain mixture
of Salmonella serovars (ATCC 13076 [Enteritidis], 8387
[Montevideo], 6962 [Newport], 14028 [ Typhimurium])
and a four-strain mixture of C. sakazakii (ATCC BAA-894,
29544, 12868, 29004 ) were separately used in the current
study. The strains were activated, cultured, subcultured, and
purified individually and then were composited prior to
inoculation based on the methods articulated in our recent
open-access studies (1-4, 22). In short, for each strain, a
loopful from —40°C frozen glycerol and pathogen stock was
transferred into 10 mL of tryptic soy broth (TSB; Difco, BD,
Franklin Lakes, NJ) supplemented with 0.6% yeast extract
(YE) to enhance the recovery of injured cells. Inoculated
tubes were then incubated for 24 h at 37°C. A 100-pL aliquot
of this bacterial suspension was streak plated onto the surface
of tryptic soy agar (TSA) supplemented with 0.6% YE and
was incubated at 37°C for 24 h. These plates of pure cultures
were kept at 4°C and were used to prepare the bacterial
culture for trials.

Prior to the experiments, individual strains were activated
by culturing a single colony from the abovementioned plates
kept at 4°C into 10 mL of sterile TSB + YE, followed by
incubation at 37°C for 22 to 24 h. A 100-uL aliquot was then
subcultured into a different tube containing 10 mL of TSB



+ YE and was incubated again at the same temperature and
duration. Each strain suspension was harvested by centrifugal
force (Rotor FA-45-24-11, model 5424, Eppendorf North
America, Hauppauge, NY) at 6,000 rpm (3,548 x g for 88
mm rotor) for 15 min and was washed with phosphate-
buffered saline (VWR International, Radnor, PA) to remove
sloughed cell components, excreted secondary metabolites,
and growth mediums. Individually subcultured and harvested
strains were then composited to prepare inocula of four-
strain mixtures for each pathogen.

Bacterial inoculation

Formerly used stainless steel coupons (type 304, #2b
finish, [1.2 by S by 0.3 cm]), measured using a digital slide
gauge (Marathon Watch Company Ltd., Richmond Hill,
Ontario, Canada), were washed and rinsed with detergent,
water, 99% acetone (Fisher Scientific, Fair Lawn, NJ), and
70% ethanol (Fisher Scientific), to eliminate any residue, and
were then sterilized by autoclaving (11, 31). Dry, sterilized
coupons were spot inoculated with 100 pL of wild-type,
10-fold diluted bacterial suspension (target inoculation level
of 7.5 log CFU/cm?), and another set of sterilized coupons
was inoculated with 100 pL of the pressure-stressed sus-
pension (target inoculation level of 7.5 log CFU/cm?). The
coupons were stored aseptically for 1 h at ambient tempera-
ture under a biosafety cabinet for attachment of cells onto the
surface of coupons. The inoculated coupons were aseptically
transferred into 15-mL sterile Eppendorf conical tubes
containing 4 mL of sterile organic milk. This arrangement
was done to ensure that coupons were half-submerged,
ensuring the existence of air-liquid interface for enhanced
development of the bacterial biofilms (14, 37). Coupons
stayed half-submerged in the food vehicle in an upright
tilted position and were incubated statically under aerobic
conditions at 7 or 25°C for up to 14 days. The time, biofilm
formation vehicle, and conditions of attachment for this
experiment were selected based on preliminary studies (11).
Tubes were incubated at 7 or 25°C for both wild-types and
pressure-stressed phenotypes, for 0, 1, 4,7, 8,11, and 14
days.

Formation and decontamination of biofilms

For investigating the formation of biofilms at 7 and 25°C,
2 h after inoculation (day 0) and on days 1,4, 7, 8, 11, and
14, inoculated coupons were analyzed for microbial pop-
ulations. Decontamination of the coupons was examined
on day 0 (counts of inoculated pathogen on stainless steel
coupons prior to biofilm formation, i.e., planktonic cells),
day 7 (1-week-mature biofilm), and day 14 (2-week-mature
biofilm). Pressure-stressed phenotypes of the pathogens
were prepared in the Public Health Microbiology Laboratory
of Tennessee State University by exposing the four-strain
mixtures of each pathogen to 15,000 Ib/in* (103.4 MPa) of
elevated hydrostatic pressure (Barocycler Hub880 Explorer,
Pressure BioScience Inc., South Easton, MA) at 25°C for

20 min. This was achieved by controlling the pressure and
temperature as explained in our open-access study (2), using
HUB Explorer PBI 1.0.8 software (Pressure BioScience Inc.)
inside a no-disk PULSE tube (Pressure BioScience Inc.).

The disinfectant used in the current study (Bleach-Rite,
catalog no. BRSPRAY128, Fisher Scientific) is registered as a
hospital-grade cleaner and contained at least 0.525% sodium
hypochlorite (bleach). The sanitizer was a premix and was
used without dilution, i.e., at the manufacturer’s maximum
registered concentration for disinfection. In addition to
receiving a certificate of analysis from the supplier, the free
chlorine concentration was verified by measurements using
a colorimeter (model HI701, Hanna Instruments, Woon-
socket, RI). Ten independent measurements were compared
statistically (one-sample t-test) with a target concentration of
5,250 ppm (i.e., 0.525%) and were not statistically (P > 0.05)
different from this target value. Concentrations of each batch
were, in addition, semiquantitatively confirmed to be at least
>5,000 ppm using a chlorine sanitizer test strip.

For the enumeration of wild-type and pressure-stressed
pathogens on surfaces of coupons after inoculation, each
side of the coupons was rinsed with 10 mL of sterilized
distilled (total soluble solids <30 ppm) water for removal of
loosely attached cells (11). For treated samples, after rinsing
with sterilized distilled water, 10 mL of the chlorine-based
sanitizer (0.525% sodium hypochlorite) was applied to each
side of the coupons. Exposure time of the treatment was 60
s at 25°C. Subsequently, each coupon was placed in 30 mL
of Dey-Engley neutralizing broth (Difco, BD) containing 10
sterile glass beads (4-mm diameter). The tubes were then
vortexed for 2 min (3,200 rpm) to detach biofilm cells (11,
32). After this, a 1-mL aliquot was 10-fold serially diluted
in maximum recovery diluent (Difco, BD) and was spread
plated onto TSA + YE. Colonies were manually counted after
incubation of plates at 37°C for 24 h.

Design and statistical analyses

The experiments were carried out in two biologically
independent repetitions, each considered as a blocking factor
in a randomized complete block design. Each biologically
independent repetition (each block) consisted of two replica-
tions, and each replication further consisted of two microbi-
ological repetitions per sample. Thus, each presented value
is the mean of eight independent observations (two blocks,
two replicates, two microbiological repetitions). Microbio-
logical data were converted to log CFU/cm?, and, after log
transformation of the bacterial counts, the data were analyzed
using analysis of variance followed by Tukey-adjusted mean
separation for comparison of microbial counts. The statistical
analyses were carried out using the general linear models
procedure of SAS version 9.4 software (SAS Institute, Inc.,
Cary, NC) at type 1 error level of 5% (a = 0.05). Experiments
involving pathogens at 7 and 25°C were conducted inde-
pendently and, thus, were analyzed and reported separately.
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Figure 1. Biofilm formation and decontamination of wild-type and pressure-stressed nontyphoidal Salmonella enterica serovars
at 7°C. Planktonic Cells = Counts of inoculated pathogen on stainless steel coupons on day 0 prior to biofilm formation.
One-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 7 days of biofilm formation.

Two-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 14 days of biofilm formation.

RESULTS AND DISCUSSION
Biofilm formation and decontamination of Salmonella
serovars at 7 and 25°C

On day 0 of the trial, counts of wild-type Salmonella
serovars were 3.57 = 0.2 log CFU/cm? at 7°C. These counts
were reduced (P < 0.05) to <0.58 + 0.0 log CFU/cm? on day
0, after the treatment with sodium hypochlorite at the highest
concentration recommended by the manufacturer (0.525%
sodium hypochlorite) for disinfection of abiotic surfaces.
This reduction of at least 3 log (i.e., 99.9%) of planktonic
cells (counts of inoculated pathogen on stainless steel
coupons on day 0 prior to biofilm formation) is in harmony
with the manufacturer’s validation studies and existing
peer-reviewed literature (11). Thus, this indicates that the
intervention is capable of eliminating biologically significant
amounts of bacterial pathogens in the planktonic stage from
stainless steel surfaces (Fig. 1). The wild-type pathogen at
this low temperature was not able to multiply (P > 0.05).
Biofilm counts of days 1, 4, 7, 8, and 11 were 3.74 + 0.2,
3.36£0.2,3.48 £0.0,3.20 £ 0.1, and 3.51 + 0.1 log CFU/
cm?, respectively (Fig. 1). One-week and 2-week-mature
biofilms had comparable sensitivity to the sanitizer relative
to planktonic cells (counts on day 0) at this temperature. The
counts of 1-week and 2-week-mature biofilms at 7°C were
reduced (P < 0.05) by 2.82 and 2.13 log, respectively (Fig. 1).
The pressure-stressed phenotype of the pathogen exhibited
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similar susceptibility to the sanitizer. Counts of the pressure-
stressed Salmonella serovars on days 0, 1, 4, 7, and 14 were
4.63+£0.1,446+0.2,4.36 £0.2,4.21 £ 0.4, and 6.09 £ 0.1
log CFU/cm?, respectively (Fig. 1).

However, note that after the treatment with sodium hypo--
chlorite on days 7 and 14 and at 7°C, although there were
2.82- and 2.13-log reductions (P < 0.05) of the pathogen,
the treatment left behind biologically appreciable amounts of
pathogens on the treatment surface. Bacterial loads of the stain-
less steel coupons were 1.90 £ 0.1 and 2.89 + 0.1 log CFU/cm?
after the treatment, respectively (Fig. 1). Note that 2 log CFU
of Salmonella serovars is equivalent to 100 cells of the pathogen
per square centimeter of stainless steel, and previous literature
indicates that 10 to 1,000 cells of nontyphoidal Salmonella
are capable of causing health complications and mortality in
humans, if ingested (34,). The ability of Salmonella serovars to
maintain sessile communities at this low temperature and the
similarity between biofilm formation of wild-type and pres-
sure-stressed phenotypes observed in this study is in harmony
with previous literature. Similarly, a new study conducted in
sterilized surface water observed comparable biofilm formation
of these phenotypes at 5°C (23).

As expected, Salmonella serovars exhibited considerably
higher multiplication and biofilm formation at 25 compared
to 7°C (Fig. 2). This finding is in harmony with a 1-month
trial in which multiplication and biofilm formation of



25°C

Figure 2. Biofilm formation and decontamination of wild-type and pressure-stressed nontyphoidal Salmonella enterica
at 25°C. Planktonic Cells = Counts of inoculated pathogen on stainless steel coupons on day 0 prior to biofilm formation.
One-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 7 days of biofilm formation.
Two-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 14 days of biofilm formation.

nontyphoidal Salmonella serovars were compared at S,

25, and 37°C (23). At this temperature, pressure-stressed
and wild-type phenotypes exhibited comparable biofilm
formation and sensitivity to sanitizer at the vast majority

of tested time intervals. On day 0, counts of wild-type and
pressure-stressed pathogens were 3.39 + 0.2 and 4.60

+ 0.2 log CFU/cm?, respectively (Fig. 2). These counts were
reduced by >2.81 and 3.36 log to <0.58 + 0.0 and 1.23

£ 0.5 log CFU/cm?, respectively, after the abovementioned
treatment (Fig. 2). These results indicate that the widely
used sanitizer is microbiologically efficacious for at least 99%
reduction of the pathogen, when tested against planktonic
cells, and that it leaves behind less than 10 to 100 CFU/
cm? of the pathogen on steel surfaces after the treatment.
This efficacy of the sanitizer, at the highest concentration
recommended by the manufacturer, was diminished when
tested against 1- and 2-week-mature biofilms. On day 7 of
biofilm formation, counts of the wild-type and pressure-
stressed cells were 6.20 £ 0.1 and 6.23 + 0.0 log CFU/cm?,
respectively (Fig. 2). After the abovementioned treatment
with sodium hypochlorite, the counts were reduced to

3.38 0.4 and 2.30 + 0.8 log CFU/cm?, respectively (Fig.
2). Although reductions of 2.81 and 3.93 log CFU/cm?
were observed after decontamination of the 1-week mature
biofilm, there were biologically important amounts of
pathogen left on the surface of stainless steel after treatment.

This indicates that the commonly used sanitizer is
microbiologically efficacious against planktonic cells of
the pathogen but is not capable of complete elimination of
1-week-mature biofilm. Thus, our study highlights the need
for validation studies against bacterial biofilms, in addition
to planktonic cells, to ensure that sanitization programs
currently in place in food and health care facilities are capable
of eliminating both phenotypes. These findings were also
observed for 2-week-mature biofilms (Fig. 2) and are of
particular importance for ensuring the hygiene of niche and
hard-to-reach surfaces.

Previous research has shown similar outcomes about
the decontamination efficacy of sodium hypochlorite
and its diminished capability against bacterial biofilm. As
an example, one study showed that 3-day-old Salmonella
biofilm is more resistant than planktonic cells are to this
sanitizer (39). Similarly, sodium hypochlorite was unable
to completely eliminate 48-h and 168-h-mature Salmonella
biofilms (6). Note that studies comparing the sensitivity
of 3-day, 5-day, and 7-day-mature biofilms of Salmonella
exposed to sodium hypochlorite indicate that these three
ages of biofilm were not different from each other in regard
to resistance to the disinfectant (38). Thus, our study results
could be relevant not only to 1- and 2-week-mature biofilms
but also to biofilm masses of less than 1 week of age.
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7°C

Figure 3. Biofilm formation and decontamination of wild-type and pressure-stressed Cronobacter sakazakii at 7°C.
Planktonic Cells = Counts of inoculated pathogen on stainless steel coupons on day 0 prior to biofilm formation.
One-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 7 days of biofilm formation.
Two-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 14 days of biofilm formation.

Biofilm formation and decontamination of C. sakazakii
serovars at 7 and 25°C

Pathogenic species of Cronobacter are primarily associated
with contamination of infant formula in manufacturing
and during preparation in domestic environments and in
health care facilities. During manufacturing of powdered
infant formula, heat-sensitive nutrients of the product are
typically added after heat treatment, to meet the strict
regulatory requirement for nutritional value of the product.
This practice is the common route associated with cross-
contamination of the product after thermal processing and
before final packaging (16). Similarly, during preparation of
the formula, pathogenic species of Cronobacter on abiotic
preparation surfaces could cross-contaminate the product.
A review of the literature exhibits an array of domestic and
international outbreaks associated with C. sakazakii and
infant morbidity and mortality, including two outbreaks in
Memphis and Knoxville in the state of Tennessee (16).

Although, under the condition of our experiments at
7°C, C. sakazakii counts did not (P > 0.05) appreciably
increase during the trials, the bacterium was able to form and
maintain a biofilm mass on stainless steel (Fig. 3). The counts
of wild-type C. sakazakii were 2.96 = 0.7 log CFU/cm’ on
day O of the experiment. These counts were 4.69 * 1.3 and
5.72 + 1.0 log CFU/cm? on days 7 and 14, respectively
(Fig. 3). Counts of the pressure-stressed phenotypes on days
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0,7, and 14 were 4.48 + 0.5, 6.04 + 1.2, and 5.95
1 1.0 log CFU/cm?, respectively (Fig. 3). On day 0,
when the antimicrobial intervention was used against the
planktonic cells, the vast majority of inoculated pathogen
cells were decontaminated from the surface of stainless
steel. Treatments on this day resulted in 1.67- and 3.43-log
reductions of wild-type and pressure-stressed pathogens and
left behind 1.30 + 0.2 and 1.06 + 0.2 log CFU/cm’ on the
abiotic surface, respectively (Fig. 3). The same treatment,
when tested against 1-week-mature biofilm, exhibited
appreciably less efficacy. Wild-type counts of the pathogen
on day 7 were 4.69 + 1.3 and 3.97 * 1.3 log CFU/cm’ before
and after the treatment, respectively (Fig. 3). Similarly, counts
of pressure-stressed pathogens were 6.04 + 1.2 and 3.57 £ 1.3
log CFU/cm? before and after the treatment, respectively
(Fig. 3). Whereas treatments against 2-week-mature biofilm
resulted in 2.41- and 2.98-log reductions of wild-type and
pressure-stressed phenotypes of C. sakazakii, there were a
considerable number of survivors after treatment, which
illustrates that the antimicrobial intervention is not able
to completely eliminate 2-week-mature biofilms. After the
treatment, counts of 2-week-mature biofilms of the pathogen
were 3.30 £ 1.1 and 3.97 £ 1.0 log CFU/cm? for wild-type
and pressure-stressed phenotypes, respectively (Fig. 3).
These results illustrate that a successful sanitization
program requires optimization and validation studies to



25°C

Figure 4. Biofilm formation and decontamination of wild-type and pressure-stressed Cronobacter sakazakii at 25°C.
Planktonic Cells = Counts of inoculated pathogen on stainless steel coupons on day 0 prior to biofilm formation.
One-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupon after 7 days of biofilm formation.
Two-Week-Mature Biofilm = Counts of inoculated pathogen on stainless steel coupons after 14 days of biofilm formation.

ensure that an antimicrobial intervention is microbiologically
validated against planktonic and sessile cells of the pathogen
to ensure the safety of the product in manufacturing and

care setting environments. A previous study also reported
the low efficacy of commercial sanitizers against 1-week-
mature biofilms: treatments based on acid and quaternary
ammonium compounds showed efficacy against planktonic
cells but were unable to completely eliminate sessile cells
anchored to the surface of stainless steel coupons (11).

Pathogen multiplication and biofilm formation, as
expected, were considerably more pronounced at 25°C (Fig.
4), raising even higher concerns about the efficacy of a very
common sanitizer against bacterial biofilms when used at
ambient temperature. On day 0, counts of the wild-type
pathogen were 3.85 £ 0.1 log CFU/cm? These counts
increased to 7.66 £ 0.0,8.16 £ 0.1,7.47 £ 0.4, 7.86 = 0.1, and
8.12 +0.11og CFU/cm? on days 1,4, 7, 11, and 14, at 25°C,
respectively (Fig. 4). Corresponding counts of the pressure-
stressed phenotype were similar, 7.71 £ 0.0, 8.03 £ 0.1, 7.75
+0.4,8.00 £ 0.1,and 7.82 £ 0.1 log CFU/cm? (Fig. 4). At
this temperature, treatment with sodium hypochlorite on
day 0 was able to bring down (P < 0.05)

C. sakazakii counts of both phenotypes close to the
detection limit. Treatment was able to cause 2.54- and 2.77-
log reductions of wild-type and pressure-stressed phenotypes
and left behind 1.31 + 0.4 and 1.42 + 0.4 log CFU/cm?

of the pathogen, respectively (Fig. 4). On day 7, for both
phenotypes, the treatment was effective (P < 0.05) for

less than 2-log reductions of both phenotypes. After the
treatment on day 7, 5.69 £ 0.2 and 6.13 + 0.6 log CFU/

cm? of the pathogen were still present on the surface of
stainless steel coupons (Fig. 4). This indicates that if C. sakazakii
contamination occurs on an abiotic surface and has sufficient
time to form mature biofilms, a typical sanitizer very
common in health care and food manufacturing facilities
may not completely eliminate the pathogen and a validated
cleaning and sanitation is required to ensure complete
removal of C. sakazakii biofilms.

The lack of efficacy of the tested sanitizer was even more
pronounced in the decontamination trials against the 2-week-
mature biofilms. The treatment led to 1.89- and 1.00-log
reductions of wild-type and pressure-stressed biofilm cells
and left behind 6.24 + 0.2 and 6.83 £ 0.5 log CFU/cm? of
the 2-week-mature sessile cells of the pathogen, respectively
(Fig. 4). These findings illustrate that, even after a very
common and typical sanitization program, in excess of
1,000,000 cells (i.e., >6 log) of viable pathogenic C. sakazakii
per cm?” of an abiotic surface may exist if the pathogen
had the opportunity to anchor to the surface and form
sessile communities prior to the treatment. Although
decontamination of C. sakazakii biofilms with sodium
hypochlorite has been only modestly investigated in the
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literature and no similar design to the current study was
located, the application of other antimicrobials such as
benzalkonium chloride, peroxyacetic acid, and chlorine
dioxide, even for durations as long as 15 min, have been
reported to leave behind as much as 72% of the 6-day-old
biofilms of this pathogen (33).

CONCLUSIONS

Under the conditions of our experiment, we observed that
a treatment with sodium hypochlorite, at the concentration
commonly used in private industry and health care facilities,
could be very efficacious for removal of planktonic cells from
stainless steel surfaces. However, the same treatment is less
efficacious against 1-week and 2-week-mature biofilms of non-
typhoidal Salmonella serovars and C. sakazakii. The inability of
this common sanitizer to completely eliminate these biofilms
was even more pronounced when sessile cells were formed at
higher temperatures. We additionally observed that pres-
sure-stressed (i.e., those surviving a sublethal pressure-based
treatment) Salmonella serovars and C. sakazakii pathogens
could not only proliferate and form biofilms but also exhibit
comparable resistance to the antimicrobial treatment relative
to their immediate wild-type phenotypes.

Thus, our results highlight the need for microbiological
validation studies to consider both planktonic and biofilm
phenotypes of pathogens. This approach could ensure
external validity of a commercial sanitization program
and its efficacy in health care and manufacturing facilities.
These findings are of importance for validation of sanitation
standard operating procedures to meet regulatory
requirements of legislations such as hazard analysis and
critical control point and the U.S. Food Safety Modernization
Act, particularly for ensuring the microbiological safety of
surfaces under conditions that might not be easy to clean
regularly, such as niche and hard-to-reach manufacturing
and processing areas.
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