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ABSTRACT The emergence of biofilms on dry hospital surfaces has led to the develop-
ment of numerous models designed to challenge the efficacious properties of common
antimicrobial agents used in cleaning. This is in spite of limited research defining how dry
surfaces are able to facilitate biofilm growth and formation in such desiccating and nutri-
ent-deprived environments. While it is well established that the phenotypical response of
biofilms is dependent on the conditions in which they are formed, most models incorpo-
rate a nutrient-enriched, hydrated environment dissimilar to the clinical setting. In this
study, we piloted a novel culture medium, artificial human sweat (AHS), which is perceived
to be more indicative of the nutrient sources available on hospital surfaces, particularly
those in close proximity to patients. AHS was capable of sustaining the proliferation of four
clinically relevant multidrug-resistant pathogens (Acinetobacter baumannii, Staphylococcus
aureus, Enterococcus faecalis, and Pseudomonas aeruginosa) and achieved biofilm formation
at concentration levels equivalent to those found in situ (average, 6.00 log10 CFU/cm2) with
similar visual characteristics upon microscopy. The AHS model presented here could be
used for downstream applications, including efficacy testing of hospital cleaning products,
due to its resemblance to clinical biofilms on dry surfaces. This may contribute to a better
understanding of the true impact these products have on surface hygiene.

IMPORTANCE Precise modeling of dry surface biofilms in hospitals is critical for under-
standing their role in hospital-acquired infection transmission and surface contamination.
Using a representative culture condition which includes a nutrient source is key to devel-
oping a phenotypically accurate biofilm community. This will enable accurate laboratory
testing of cleaning products and their efficacy against dry surface biofilms.

KEYWORDS hospital surfaces, biofilms, dry surface biofilms, hospital infections, human
sweat

Healthcare-associated infections (HAIs) remain a serious threat to public health and
a huge financial burden on governing bodies. Data published by the European

Centre for Disease Prevention and Control report that approximately four million
patients each year will acquire an HAI in Europe alone (1, 2). The situation is worsened
by multidrug-resistant organisms (MDROs), which are often at the epicenter of HAI out-
breaks, such as vancomycin-resistant enterococci, methicillin-resistant Staphylococcus aur-
eus, and Acinetobacter spp (3–7). To combat this problem, healthcare facilities implement
strategic infection prevention and control measures, such as hand hygiene compliance
audits, isolation protection, and environmental decontamination; the last of these is often
overlooked or undervalued (8). Some clinical studies have reported instances where only
,50% of the environmental surfaces near the patient were sufficiently cleaned following
routine practices (9–11). This inadequate removal of bioburden can result in nosocomial
pathogens surviving as dry fomites for weeks or even months and acting as reservoirs for
HAI transmission (12–14). Passaretti et al. (15) were able to demonstrate that the risk of
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acquiring an MDRO for newly admitted patients increases when the previous occupant of
the room was a known harborer.

Much of the literature surrounding the benefits of cleaning is associated with out-
breaks, and little exists focusing on the benefits of cleaning practices combatting envi-
ronmental contamination in day-to-day situations (3, 8, 16–18). In contrast, systematic
reviews of environmental cleaning in hospitals suggest that cleaning interventions are
failing to significantly reduce acquisition levels of HAI such as Clostridium difficile and S.
aureus (19–21). An estimated 65% of HAI are associated with hydrated biofilms on
medical devices (22). However, the recent discovery of dry surface biofilms (DSB) has
provided an alternative explanation for persistent HAI outbreaks. Biofilms are commun-
ities of surface-bound microbes encapsulated within a matrix of self-producing extrac-
ellular polymeric substances (EPS) and are phenotypically significantly more resistant
to chemical and physical removal compared to planktonic alternatives (23). DSB har-
boring harmful bacteria have been identified in high-risk areas such as intensive care
units (ICUs) despite stringent infection prevention measures. Until recently, efficacy
testing standards governing surface disinfectants have been based upon planktonic
suspension on representative surface materials (24). If found in abundance, biofilms
may explain how nosocomial pathogens can survive for extended periods, and why
approved cleaning agents fail to combat this microbial challenge.

Since the discovery of DSB, many studies have developed models for measuring the
efficacy of hospital biocides against them. For example, the CDC reactor model, drip
flow reactor model, and sedimentation protocol model have all been successfully used
to highlight the efficacious properties of sodium hypochlorite and hydrogen peroxide
vapor (25–27). However, these studies lack the representative growth conditions of a
hospital setting and crucially fall short at emulating the microbial challenge in question
(28). For example, CDC reactors completely submerge the biofilm coupons into the nu-
trient medium during the growth phase (26). Early studies postulated that biofilm for-
mation on dry surfaces was supported by moist microclimates and limited nutrients
near the patient, as opposed to the nutrient-rich and hydrated conditions frequently
used in these biofilm models (29).

Healthcare studies show that the quantity of microbial soiling on environmental
surfaces is linked to the frequencies of hand-touching by patients and hospital staff
(30). Soiling can enhance the attachment and formation of biofilms from transmissible
microbes, as well as their tolerance to biocidal activity of disinfectants (31–33). We
speculate the organic matter transferred during skin-to-surface contact would provide
sufficient nutrients to support DSB formation. This article proposes a novel growth me-
dium using constituents readily found in human sweat for in vitro DSB formation repre-
sentative of the clinical setting. The resultant biofilms can then be used for representa-
tive downstream testing of antimicrobials such as cleaning agents.

RESULTS

Our artificial human sweat (AHS) formulation was comprised of 17 key constituents
which are found abundantly on the surface of facial skin and palms and readily trans-
ferred to environmental surfaces upon contact. Human sweat of this origin is predomi-
nantly comprised of eccrine and sebaceous gland secretions, referred to here as sweat
and sebum, respectively (Tables 1 and 2). In our study, we assessed the growth per-
formance of four clinically relevant, multidrug-resistant strains of Gram-negative and
Gram-positive bacteria (Acinetobacter baumannii, Staphylococcus aureus, Enterococcus
faecalis, and Pseudomonas aeruginosa) under AHS conditions in terms of CFU per unit
of measure. Routine nutrient broth was used in each experimental run for comparison.
These strains were grown in single-species planktonic suspensions as well as biofilm
cultures on stainless steel coupons. In comparison to the initial starter cultures (105 to
106 CFU/mL), the population viability for all species was shown to increase, indicating
actual cell growth in contrast to survival of the inoculum.
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Planktonic growth under AHS and nutrient broth medium. Analysis was first
conducted using planktonic cultures incubated at room temperature under continu-
ous shaking. After 5 days of incubation in AHS and nutrient broth, neither suspension
displayed a statistical difference in overall viability (P . 0.2704); AHS averaged
7.20 6 0.96 log10 CFU/mL while nutrient broth measured 7.22 6 0.18 log10 CFU/mL

TABLE 2 Chemical composition of human sebuma

Composition

Concn. in sebum

Ib (% w/w) IIc (% w/w) IIId (v/v) IVe (quant. data/FM) Vf (% w/w)
Fat stock solution
Fatty acids 28.3 37.6%
Palmitic acid 3.772 20.125
Myristic acid 0.656 3.500
Stearic acid 0.820 4.380
Oleic acid 17.00
Cholesterol 4.0 0.8 3.8% or 1,032 ng 4.000

Squalene 10.60 12.40 2.00 14.6% or 28–5,311 ng 10.000
Triglycerides 21%
Triolein 32.5 44.60
Olive oil 33.000

Wax esters 25.0 25%
Tristearin
Lanolin oil 25.000
Jojoba oil 25.00

Vitamin
Vitamin E trace 1.00

aSebums I to IV are supported by in situ samples of sebaceous secretion and fingerprint residue; sebum V was
developed by the author, optimized through prior planktonic culture growth assessments, and based on the
median values presented within the literature (data not shown). Quant., quantitative; FM, finger-mark.

bModified from Stefaniak et al. (48).
cAccording to Wertz (49).
dAccording to Callewaert (46).
eAccording to Girod et al. (50).
fDeveloped by author.

TABLE 1 Chemical composition of four artificial human sweat formulations, and their respective concentrations, as reported in the literature
for in vitro testinga

Composition

Concn. (M) in sweat

Ib IIc IIId IVe

Salt stock solution
Primary electrolytes
Sodium chloride 3.1� 1022 1.08� 1021 3.9� 1021

Potassium hydrogen carbonate 2.6� 1023 2.6� 1023

Sodium phosphate anhydrous monobasic 3.93� 1025 3.93� 1025

Calcium sulphate 9.71� 1024 9.71� 1024

Nitrogenous substances
Urea 1� 1022 2.64� 1022 1.25� 10205 4.6� 1022

Ionic constituents
Lactic acid 1.40� 1022 1.93� 1022 3.50� 10205 5� 1022

D(1)-glucose 1.70� 1024 1.54� 1023 1.94� 10205 2.2� 1023

Pyruvate 6.34� 1024 9.10� 1024 9.10� 1024

Amino acid stock solution 1.11� 1025

Serine 5.31� 1023 2.17� 1023

Alanine 3.60� 1024 5.56� 1023 5.31� 1023

Glycine 3.90� 1024 7.48� 1023 5.56� 1023

aSweats I to III are supported by in situ human sweat samples; sweat IV was developed by the author, optimized through prior planktonic culture growth assessments, and
based on the median values presented within the literature (data not shown). pH was adjusted using NaOH or HCl to a range of 6.5 to 7.2 (75).

bAccording to Stefaniak and Harvey (45).
cAccording to Callewaert (46).
dAccording to Cadd et al. (47).
eDeveloped by author.
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(Table 3). In spite of this, AHS reported significant growth increases for the Gram-neg-
ative species A. baumannii and P. aeruginosa in comparison to the Gram-positive spe-
cies S. aureus and E. faecalis (P , 0.0370). No such difference was observed for our
nutrient-rich conditions.

Biofilm formation under AHS and nutrient broth medium. Biofilm cultures were
subject to identical starter cultures and environmental conditions, with the exception
of a reduced shaking velocity (50 to 60 rpm), allowing biofilm formation in accordance
with Azeredo et al. (34). The amount of biofilm per coupon after 5 days averaged
6.00 6 0.92 log10 CFU/cm2 for AHS and 6.85 6 0.15 log10 CFU/cm2 for nutrient broth
(Table 4). We observed a higher degree of variation in the AHS biofilms for each spe-
cies; however, no statistically significant difference in cell viability was found between
the two medium types (P. 0.9999).

Microscopy. Episcopic differential interference contrast (EDIC) microscopy com-
bined with epifluorescence (EF) provided real-time images of our biofilm cultures.
Using the bacterial viability stains SYTO-9 and propidium iodide (PI), we highlighted
microcolony formation and cell aggregation along the cracks and crevices of our stain-
less steel coupons, as previously seen (26, 35). A mixture of viable bacteria, stained
green by SYTO-9, and nonviable bacteria, stained red by PI, in both growth conditions
was indicative of nutrient and oxygen gradients forming micro-niches within the bio-
film matrix. Comparing micrographs of the growth conditions, it is evident that under
nutrient-enriched conditions, biofilm formation is more homogenous across the sur-
face, while AHS biofilm formation has a more heterogenous response (Fig. 1). This for-
mation contrast is less apparent during microscopy of P. aeruginosa; this is common in
Pseudomonas sp. biofilms, which exhibit confluent growth across numerous nutrient
media platforms (22, 26).

DISCUSSION

It is estimated that 20 to 40% of HAI-causing pathogens originate from cross-
contamination by hospital staff and the built environment (36, 37). Since their initial
discovery, DSB have been identified on a variety of surfaces in healthcare settings,
including high-touch surfaces such as sanitation stations and patient furniture (38).
Despite the arid nature of most clinical surfaces, sufficient moisture and nutrients
must be present to support biofilm formation (29, 39–41). The risk associated
between DSB abundance and patient health has yet to be determined; however,

TABLE 3 Descriptive statistics on the planktonic growth of four bacterial species in AHS and
nutrient broth medium after 5 days incubationa

Species

Artificial human sweat Nutrient broth

Mean (log10 CFU/mL) SD Mean (log10 CFU/mL) SD
A. baumannii 7.97 0.80 7.23 0.58
S. aureus 6.07 0.63 7.06 0.36
E. faecalis 6.75 0.27 7.14 0.58
P. aeruginosa 8.04 0.79 7.47 0.55
aA statistical difference was observed between P. aeruginosa and, S. aureus, and E. faecalis (P = 0.0370 and P,
0.0001, respectively); and between A. baumannii and S. aureus (P = 0.0008). SD, standard deviation.

TABLE 4 Descriptive statistics on biofilm formation of four bacterial species in AHS and
nutrient broth mediuma

Species

Artificial human sweat Nutrient broth

Mean (log10 CFU/cm2) SD Mean (log10 CFU/cm2) SD
A. baumannii 5.88 0.87 6.75 0.25
S. aureus 6.20 0.75 6.89 0.08
E. faecalis 6.08 0.68 6.89 0.06
P. aeruginosa 5.83 1.48 6.90 0.21
aPrior to enumeration, biofilm cultures were rinsed with sterile buffer solution and desiccated for up to 66 h, as
previously described (26). SD, standard deviation.
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the prevalence of MDROs residing within these DSB during ongoing terminal clean-
ing raises considerable concern (27). Of the reported instances, in situ DSB range
from 2.62 to 7.20 log10 bacteria/cm2 and average 5.74 log10 bacteria/cm2, on par
with those formed under AHS growth conditions (6.00 log10 CFU/cm2) (42).

Synthetic sweat solutions are commonly used in the textile, cosmetics, and pharma-
ceuticals industries for evaluating material and chemical compatibility (43, 44). These

FIG 1 Representative EDIC/EF images of biofilm formation by A. baumannii (A and B), S. aureus (C
and D), E. faecalis (E and F), and P. aeruginosa (G and H) on stainless steel coupons. Left-hand side
micrographs are cultures grown under AHS; right-hand side, cultures grown in nutrient broth. The
micrographs demonstrate the distinct difference in microcolony distribution between the two
medium types; most notably, the spatial arrangement of colony niches around the artificial sebum
aggregates, indicated by the white solid arrows. Traces of nonviable bacterial cells can be seen within
the biofilms of both media types, highlighted by yellow outlined arrows.
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are often minimalistic formulations and are unsupported by microbial growth studies.
Our formulation was chosen to resemble the sweat originating from human facial skin
or palms. The concentration values for each constituent used here are extrapolations
of previously published formulations with direct comparison to in situ skin and finger-
print residue samples (45–51). Planktonic growth using AHS revealed a significant dif-
ference in growth response for Gram-negative and Gram-positive species. This may be
explained, but not exclusively, by the different metabolic pathways employed by each
cell wall type. Heterotrophic bacteria depend upon metabolism of organic sources
regulated by a group of enzymes referred to as the phosphotransferase system (PTS).
Unlike Gram-negative bacteria, Gram-positive bacteria lack a distinct type of PTS, which
may hinder or stunt initial growth in AHS (52, 53). No such difference was observed
during biofilm culture work. Gram-negative bacteria make up two-thirds of the ESKAPE
pathogens, an acronym coined by the Infectious Diseases Society of America for the
top antibiotic-resistant species across the globe (54). In recent years, Gram-negative
bacteria have developed serious antibiotic resistance, in part due to the ease at which
they exchange genetic material, a well-known trait of biofilms (55). Although not con-
clusive, it is plausible that the growth conditions suggested here could be enhancing
the growth of Gram-negative bacteria in situ.

Environmental stresses such as nutrient deficiency can prompt a survival response
in biofilms, reducing their susceptibility to physical and chemical removal. Studies
have shown that shifts in carbon sources can impact a biofilm’s structural build. For
example, Pseudomonas spp. exposed to increased amino acid concentrations can pro-
mote flat and uniform biofilm formation, while glucose can encourage larger aggrega-
tions of cells and EPS (56, 57). Our fluorescence microscopy revealed the latter for
growth under AHS, with a greater heterogeneity in biofilm formation and sparse areas
of densely packed colonies, whereas the nutrient broth demonstrated greater uniform-
ity, with an even distribution of colonies across the surface. This uniformity can be
seen in other studies on DSB using similar concentrations of nutrient broth (25, 26).
The correct use of medium is a key influence in biofilm formation which dramatically
impacts the resultant phenotypic resistance; for example, the in vitro antimicrobial re-
sistance of Escherichia coli can vary between nutrient-rich and nutrient-poor medium
(58). Nutrient broth contains tryptone, a rich source of amino acids; the opposite is
true for AHS. These features are important when emulating in situ microbial challenges
for biocide efficacy testing. For example, dense biofilm matrices hinder the perform-
ance of hospital disinfectants by quenching their biocidal activity and reducing their
overall depth of penetration (59). As a result, microcolonies are either occluded or
exposed to suboptimal levels of disinfection.

A fraction of microcolonies within the samples were stained red by PI, indicating a
population of nonviable, or dead, bacteria. Johani et al. (40) reported similar staining
for dead bacteria on in situ DSB samples from a chair at a nurses’ station. Nonviable
bacteria are commonly situated at the base of the biofilm matrix and represent a popu-
lation of reduced or non-metabolically active colonies (34). We suspect this is a result
of nutrient and/or oxygen deprived micro-niches forming (60–62). A larger proportion
of dead cells were observed under AHS conditions compared with in nutrient broth,
and this is potentially reflected in our viability counts.

EPS, a major component within the matrix of a biofilm, presents similar penetrative
challenges for antimicrobial agents. EPS is comprised of polysaccharides, liposacchar-
ides, proteins, and extracellular nucleic acids (eNA). It serves as a polymer scaffolding
for microorganisms within the biofilm, providing a protective barrier to chemical or
physical stress. The porous structure retains key nutrients, eNA, and proteins necessary
for the transfer of genetic material, such as drug resistance mechanisms (63). Biofilm
cultures grown under AHS conditions observed a greater fluorescence response for PI,
a red fluorophore, in comparison to those grown in nutrient broth. Recent studies
have shown this may signify an increase in EPS production, or eNA secretion, rather
than a loss in membrane integrity from matrix-bound colonies (64). For example, Giao
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et al. (65) documented that some Listeria monocytogenes biofilms grown in tap water
which stained red were in fact culturable and thus viable. The group suspected the
increased fluorescence was caused by eNA. Increased EPS production is often a pheno-
typic response to environmental stresses such as desiccation and can have a quench-
ing effect on disinfectants, reducing efficacious properties (35).

This study was able to demonstrate a novel growth medium for modeling clinically
relevant DSB for downstream efficacy testing of hospital disinfectants. Here, we gener-
ated robust single-species biofilms using four of the six ESKAPE pathogens (54).
Previous examples of in situ clinical biofilms highlight a large diversity of species pres-
ent, with each hospital, and each ward, being a unique microbiome (25). Future reitera-
tions of our work should look to incorporate a mixed-species model using species
linked to patient skin and environmental flora, as noted in genetic studies (66). For
example, Bacillus spp. are dominant in most hospital settings and are believed to pro-
vide high levels of protection to other pathogens against disinfectant and environmen-
tal stresses (67, 68).

Our AHS formulation is adapted from previously published formulas on human
sweat and fingerprint residue, and maintained a pH of 6.5 to 7.2, indicative of real life
samples. There are many factors which influence the chemical composition of human
sweat, including but not limited to age, sex, diet, morbidity, and environmental con-
ditions, as well as location on the body (30, 44). Also, fingerprint residue is known to
vary and degrade depending on environmental conditions, time since deposition,
and substrate material (50, 69). We opted to use extrapolated concentration values of
constituents commonly associated with the facial skin and palms. By using an inert
substrate such as stainless steel 316, we aimed to minimize the impact on the chemi-
cal composition while maintaining a surface material representative of the hospital
environment.

Despite a growing weight of evidence for DSB abundance, there is a distinct lack of
in situ data for biofilm composition. However, limited early indications suggest a bias
toward protein as a principal EPS component (25, 35, 42). We chose to use an adapta-
tion of the sedimentation protocol for its repeatability and adaptability to nonstandard
growth medium. As a result, the model lacks the physical and chemical stresses hospi-
tal surfaces may experience. Comparing the model and growth medium’s likeness to
clinical DSBs this study would benefit from quantitative analyses of EPS composition
for glycoconjugates, proteins, and nucleic acids.

Here, we were unable to characterize the chemical stability of our formula, as seen
in other studies, due to study constraints. For example, Harvey et al. (70) analyzed the
concentrations of sodium, alanine, and urea constituents among others to show less
than 10% deviation over 28 days from their initial measurement. To minimize the
impact of degradation, fresh solutions of AHS were generated prior to each experiment
and stored for less than 24 h. We acknowledge that a variation in nutrient concentra-
tions may be used to explain the deviations shown in biofilm cultures for AHS com-
pared to those in nutrient broth. The standard deviation (SD) observed in biofilm cul-
ture viability for nutrient broth (average SD, 0.15) was notably lower than those of AHS
(average SD, 0.95). Nonetheless our values for AHS and nutrient broth remain within
the tolerance of previously accepted biofilm models (71).

Our study provides evidence for the use of low-cost, nonstandard growth medium
for generating complex DSB, using a variety of MDRO associated with HAIs. AHS sus-
tained viable cultures indicative of the target environment as well as those utilized dur-
ing efficacy testing for hospital disinfectants (72). This type of testing is centered upon
planktonic suspensions and there are currently no standardized testing methods
against biofilms in Europe and, while protocols published by the United States are
available, they are focused on hydrated biofilms (73, 74). Current alternatives for devel-
oping DSB for treatment testing using antimicrobial agents incorporate a continuous
supply of nutrient-enriched medium. Although standardized sweat formulations (e.g.,
BS EN1811-1999) do exist for use in the pharmaceutical and textile industries, by
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opting for a more representative medium, as shown here, we can contribute to
improving our understanding of how DSB form in hospitals and ultimately how to
determine whether our infection prevention measure will work (46).

MATERIALS ANDMETHODS
Bacterial strains. The bacterial strains used in this study possessed genes capable of expressing drug re-

sistance mechanisms to the extended-spectrum beta-lactamase (ESBL) antibiotic group. The following strains
were used: A. baumannii (NCTC: 13301), P. aeruginosa (ATCC: 15692), S. aureus (NCTC: 11939), and E. faecalis
(NCTC: 13379). All species used were chosen for their ability to form biofilms and known persistence on health
care surfaces.

All bacterial strains were subcultured into 10 mL NB (Southern Group Laboratory, United Kingdom),
comprised of enzymatic digest of gelatin and beef extract, overnight at 37°C. The number of CFU per mL
of bacterial suspension was quantified using serial dilutions and incubation on tryptic soya agar (TSA)
(Sigma-Aldrich, United Kingdom) for 24 h at 37°C.

Preparation of artificial human sweat. All chemicals used for our artificial human sweat were
ACS reagent grade and purchased from Fisher Scientific (United Kingdom) unless stated otherwise.
All amino acid and salt stock solutions were prepared identically, in accordance with Harvey et al.
and Calleweart (46, 70). In brief, amino acid and salt stocks were prepared in 500 mL of sterile deion-
ized water warmed to approximately 60°C under continuous stirring. Median values of primary elec-
trolytes, nitrogenous substances, ionic constituents, and amino acids were added to the flask in se-
quential order. The solution was stirred for up to 1 h to ensure no visible particulates could be seen,
after which the pH was adjusted to a range of 6.5 to 7.2 with NaOH or HCl, in accordance with
Kulthong et al. (75). Our fat stock solutions were prepared in accordance with Spittael et al.; whereby
fatty acids, squalene, triglycerides, and wax ester constituents were heated to 85°C and mixed to a
homogenous oil which was heat-sterilized (76). For planktonic culture assays, all stock solutions were
mixed and heated to 60°C under continuous stirring until they were required. For biofilm culture
assays, 316 stainless steel coupons were soaked in the fat stock solution overnight before being
placed into a 12-well plate and submersed in amino acid and salt stock solution. All solutions were
manufactured and used within a 24-h period.

Planktonic culture. Growth of planktonic cultures was performed in universal vials containing
9 mL of AHS solution. The vials were inoculated with 1 mL of culture inoculum at a final population
concentration of ;6 log10 CFU/mL and incubated at room temperature (21 to 24°C) in an orbital
shaker at .100 rpm for 5 days; the medium was not replenished during the incubation stage. The
number of CFU per mL of bacterial suspension was quantified using serial dilutions in sterile phos-
phate buffer solution (PBS) (Sigma-Aldrich, United Kingdom) and incubation on TSA (Sigma-Aldrich)
for 24 h at 37°C.

Biofilm culture. The biofilms were generated using a static well model, also referred to as sedimen-
tation protocol, as previously described by Merritt et al. (77). In brief, as mentioned above, previously
soaked sterile stainless steel coupons (1 cm2) were placed into a 12-well plate containing 2 mL of stock
solution and inoculated with ;6 log10 CFU/mL of a single bacterial strain. The plate was then placed
onto an orbital shaker at 50 to 55 rpm for 5 days, incubated at room temperature (21 to 24°C); the me-
dium was not replenished during the incubation stage. After incubation coupons were dehydrated by
means of an aquatic air pump (Hailea, United Kingdom) passing air across the surface at 3 L per minute
in a 0.01-m3 enclosure for 48 to 66 h.

The number of CFU per cm2 for each coupon was determined by placing the coupon into a centri-
fuge tube of 2 mL sterile PBS and glass beads (2 mm), and vigorously vortexed for 15 to 30 s. The results
solution was then subjected to serial dilations and incubation on TSA (Sigma-Aldrich, UK) for 24 h at
37°C. The following equation was used to obtain CFU per cm2:

log10
CFU
cm2

� �
¼ log10

ðmeanCFU=plateÞ
volume of sample plated

� �
� volume scraped into

surface area scraped

� �
� ðdilutionÞ

" #

EDIC and EF microscopy. Samples were stained with LIVE/DEAD BacLight bacterial viability kits
(Invitrogen); this included both SYTO-9 (green) and propidium iodide (red). EF microscopy was used to
visualize ‘live’ and ‘dead’ bacterial cells (78).

Experimental design and statistical analysis. All experiments were run in triplicate unless stated
otherwise. All microbial counts were transformed to log10 CFU/cm

2 and all statistical calculations were
performed using these values. Statistical significance of data sets was evaluated with GraphPad PRISM
(v. 7.04) using one-way analysis of variance. All measurements, unless stated otherwise, were performed
in triplicate.
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