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Abstract

Aims: To test the efficacy of novel hot/acid hyperthermoacidic enzyme treatments on the removal of thermophilic spore-forming biofilms from
stainless steel surfaces.
Methods and results: The present study measured the efficacy of hyperthermoacidic enzymes (protease, amylase, and endoglucanase) that
are optimally active at low pH (≈3.0) and high temperatures (≈80◦C) at removing thermophilic bacilli biofilms from stainless steel (SS) surfaces.
Plate counts, spore counts, impedance microbiology, as well as epifluorescence microscopy, and scanning electron microscopy (SEM) were
used to evaluate the cleaning and sanitation of biofilms grown in a continuous flow biofilm reactor. Previously unavailable hyperthermoacidic
amylase, protease, and the combination of amylase and protease were tested on Anoxybacillus flavithermus and Bacillus licheniformis, and
endoglucanase was tested on Geobacillus stearothermophilus. In all cases, the heated acidic enzymatic treatments significantly reduced biofilm
cells and their sheltering extracellular polymeric substances (EPS).
Conclusions: Hyperthermoacidic enzymes and the associated heated acid conditions are effective at removing biofilms of thermophilic bacteria
from SS surfaces that contaminate dairy plants.

Significance and impact of study

Hyperthermoacidic archaeal enzymes (HTA-enzymes) function optimally in conditions that are toxic to most microbes and are tested here for
cleaning and removal of biofilms. Anoxybacillus flavithermus, B. licheniformis, and G. stearothermophilus are abundant thermophilic biofilm-
formers in the dairy industry. Due to the inadequate hygienic performance of conventional cleaning approaches on biofilms, enzymes have been
studied as an alternative, predominately on non-spore-forming mesophilic or psychrophilic biofilms at a basic or neutral pH at ≈60◦C. This study
showed the potential for HTA-enzymes as natural and effective cleaning and sanitation products for the removal of biofilms. Additionally, the
use of enzymatic cleaning formulations will reduce the environmental impacts caused by the disposal of traditional cleaners such as NaOH and
quaternary ammonium compounds (QACs).
Keywords: archaea, spores, Anoxybacillus flavithermus, Bacillus licheniforms, Geobacillus stearothermophilus, cleaning, protease, amylase, endoglucanase,
dairy, HTA-enzymes
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Introduction

As environmental concerns and regulatory restrictions begin
to limit the use of synthetic chemicals for the essential clean-
ing and sanitation functions in industry, alternative cleaning
and sanitation approaches become more valuable. The con-
trol of biofilms in the food industry, in particular dairy man-
ufacturing plants, using traditional methods is a challenge
(Knight 2015). The promise of enzymatic cleaning for food
processors, and many other industries, has been reported ex-
tensively in the scientific literature (Liu et al. 2014, Nahar et
al. 2018). Broadly speaking, hydrolytic enzymes are biocata-
lysts that specifically degrade a class of biomolecules (Alder-
son et al. 2012). Importantly, both biofilms and foods are pri-
marily biomolecules that have cognate enzymes that can de-
grade them. Biofilms are agglomerations of microbial cells ad-
hered to surfaces embedded in a self-produced matrix of extra-
cellular polymeric substances (EPS). The composition of EPS
molecules and covalent linkages varies widely between micro-
bial species and even within species depending on several fac-
tors (Flemming 2016), making biofilm suppression, removal,
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nd sanitation significant challenges in food processing, medi-
al, surgical, and other biomolecule-intensive industries. Once
eveloped, biofilms are highly resistant to antimicrobial com-
ounds and cleaning or disinfection procedures, posing a sig-
ificant safety and quality concern for food and other indus-
ries (Austin and Bergeron 1995). Of significance, the compo-
ents of biofilm EPS are primarily polysaccharides, proteins,
nd nucleic acids (Austin and Bergeron 1995, Marchand et
l. 2012, Flemming 2016). All these molecule classes have
volved to depolymerize (degrade) these EPS biomolecules.
hese ideas have given rise to a growing interest and investi-
ation of enzymatic approaches to address the persistent and
mportant issues of biofilm removal in industrial processes.

Mesophilic organisms grow near average ambient tempera-
ures and concomitantly have enzymes that operate optimally
n those same temperature ranges (∼20–40◦C). In contrast,
hermophiles have optimal growth temperatures well above
his range (50–70◦C) (Burgess et al. 2014). Hyperthermophilic
rganisms from the divergent archaeal domain of life, have
ptimal growth and enzyme functions in the approximate
d Microbiology International. This is an Open Access article distributed
mons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,
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Table 1. Basic physical and biochemical characteristics of HTA-enzymes investigated in this study (CinderBio).

Catalogue Class Optimal pH pH range Optimal temperature Temp range Half-life (at optima)

CB-13961 Endoglucanase 2.0 1.2–4.5 75◦C 60–85◦C To be determined
CB-13184 α-Amylase 3.5 2.2–4.5 100◦C 80–110◦C >288 h
CB-14057 Endoprotease 3 1.5–4.0 70◦C 38–100◦C 240 h
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ange of 70–100◦C (Woese et al. 1990). In addition to hy-
erthermophiles, some organisms have evolved not only to
xtremely hot environments, but also to highly acidic condi-
ions (pH ∼3). This group of archaeal organisms is known
s hyperthermoacidophiles and has evolved enzymes that
unction optimally in acidic and extreme heat environments
Table 1). Hyperthermoacidic enzymes have unique practi-
al properties with respect to shelf life, half-life, and fast re-
ction times, among other valuable characteristics. In addi-
ion to ultra-stability, hyperthermoacidic archaeal enzymes
HTA-enzymes) function optimally in conditions that are
oxic to nearly all organisms. Here we undertake, for the
rst time, studies to investigate the utility of HTA-enzymes
nd the antimicrobial conditions in which they operate for
he practical cleaning and sanitation of industry-relevant
iofilms.
Major drawbacks of enzymatic cleaners have historically

ncluded the limited thermal and pH operational ranges of
nzymes, short shelf lives, slow reaction rates, and limited for-
ulation options. HTA-enzymes (≈80–100◦C and pH 2–4)
ave become available as potential sources of highly active
nd stable industrial enzymes (Yannone and Barnebey 2012,
annone et al. 2016). These enzymes not only function opti-
ally in conditions that are toxic to most bacterial species, but

he extreme temperature and pH are also capable of chemi-
ally hydrolyzing (breaking down) nucleic acids, an important
art of many biofilm EPS structures (Flemming 2016). For the
rst time, we investigate enzymatic cleaning and sanitation un-
er heated acid conditions previously incompatible with func-
ional enzymes. Here, we test a multifaceted approach with
eated acid serving to kill microbes and hydrolyze nucleic
cids in biofilm EPS while simultaneously degrading biofilm
olysaccharides and protein component molecules with tar-
eted enzymatic activities.

This study investigates biofilm sanitation and EPS removal
or three commercially relevant thermophilic organisms iso-
ated from dairy processing facilities. Endospore-forming ther-
ophilic bacilli such as Anoxybacillus flavithermus, Bacillus

icheniformis, and Geobacillus stearothermophilus are abun-
ant microorganisms present in dairy products, acting as hy-
ienic indicators due to their thermostability and the ability to
orm spores and grow over a wide temperature range (Burgess
t al. 2010). These thermophiles facilitate biofilm develop-
ent and sporulation, resulting in spoilage and rancid flavors

hrough acid and enzyme production, and are resistant to re-
oval with standard Clean In Place (CIP) approaches. This

tudy examines the efficacy of HTA-enzyme treatments on es-
ablished thermophilic biofilms of species isolated from dairy
perations.

aterials and methods

acterial strains and culture conditions

trains of A. flavithermus (T18C), B. licheniformis (C55C11),
nd G. stearothermophilus (P3) used in the study are dairy
solates from a milk powder manufacturing plant, whey pro-
ein, and evaporated milk, respectively. These isolates were
dentified using specific DNA PCR primers (Flint et al. 2001).
ultures were maintained at -80◦C in Cryobank vials (Mast
roup Ltd., Liverpool, UK). For use, one bead was transferred

nd grown overnight on Milk Plate Count Agar (MPCA,
XOID, Hampshire, England) using the 16-streak technique,

rom which pure colonies were taken and subcultured in 9 mL
f Trypticase Soy Broth (TSB) (BBL, Becton Dickinson, Cock-
ysville, MD, USA). TSB has been known to be a highly versa-
ile medium, capable of growing spore-forming thermophiles
Karaca et al. 2019). The broth was incubated for 8 h at 55◦C,
0◦C, and 60◦C for A. flavithermus, B. licheniformis, and G.
tearothermophilus, respectively, and mixed by vortex to al-
ow the uniform distribution of cells. The incubation periods
or the bacteria were determined based on a preliminary ex-
eriment to ascertain their growth behaviors (not presented

n the study). After incubation, the optical density (OD) of the
rowth was measured at a 600 nm wavelength using Spec-
rostar Nano (BMG Labtech, Ortenberg, Germany) and ad-
usted to ∼0.5 OD to achieve a cell density of 5–6 log CFU/mL
o be used as a starting culture.

iofilm development

or biofilm development under shear in a dynamic state, a
enters for Disease Control (CDC) biofilm reactor (Biosurface
echnologies Corporation, MT, USA) was used (Supplemen-
ary Fig. S1) (Goeres et al. 2005). The outlet of the reactor and
ir tubing on the top were thoroughly blocked using a 0.45 μm
lter and stopper to prevent any bacterial contamination via
ir. For coupon preparation, SS coupons (304 grade with a 2B
urface finish) with radius = 12.7 mm, thickness = 3.8 mm,
nd total area = 4.05 cm2 were washed, with gentle agitation,
n 1% NaOH (Merck, Damstadt, Germany) for 10 min, fol-
owed by rinsing with distilled water. The coupons were then
mmersed in acetone (Univar, IL, USA) for 10 min to remove
ny grease, rinsed by distilled water, and autoclaved. The re-
ctor with SS coupons fitted into the cylindrical Teflon holder
as autoclaved prior to use.
Supplementary Fig. S1 is a schematic diagram of the

ontinuous-flow CDC biofilm reactor. The ultra-high-
emperature (UHT) whole milk was prepared from whole
ilk powder (Fonterra, Palmerston North, New Zealand)

t the FoodPilot, Massey University. This milk was assumed
o be sterile due to the UHT process (Tetra Pak 2023). The
ilk powder was reconstituted in cold water using a FP004
owles mixer (Massey University, Palmerston North, New
ealand) to produce 11% milk powder at a mixer speed of
5 rpm and was hydrated for 20 min. The milk was then
omogenized (Rannie, Copenhagen, Denmark) at 100 and 50
a and processed through UHT (Massey University, Palmer-
ton North, New Zealand). The UHT milk was collected into
utoclaved 20 L plastic cans, in a laminar cabinet. A total
f 300 mL of 8 h cultures of the three thermophiles grown
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in TSB were inoculated into each can containing 20 L of the
UHT milk (1.5% bacteria culture in the solution). The can
of UHT milk was stored in the cold room, and the milk was
pumped (MasterFlex, IL, USA) at the calculated flow rates
through a rubber tube to the reactor on a hot plate set to
the appropriate temperature and an agitation of 100 rpm
for 24 h. Following incubation, the Teflon holders were
separated from the reactor, and the SS coupons were removed
and washed in 40 mL of sterilized distilled water three times
prior to microbial enumeration and analysis. The analysis
was conducted in triplicate.

Flow rate calculations

Doubling times of the three thermophiles were measured from
growth curves, and these were used to determine the flow rate.
Eight-hour cultures of A. flavithermus, B. licheniformis, and
G. stearothermophilus grown at 55◦C, 40◦C, and 60◦C in TSB
were each inoculated into three biofilm reactors containing
400 mL of UHT milk, without SS coupons fitted. The reactors
were then placed on hot plates heated to the specified tem-
peratures in a laminar flow cabinet. Starting from time zero,
1 mL of samples were taken every 2 h up to 12 h from each
of the three reactors aseptically, followed by 10-fold serial di-
lution and droplet plating in triplicate on MPCA. The plates
were incubated for 24 h for plate counting, and the results in
log10CFU/mL were plotted against time to obtain a growth
curve. Based on the exponential phase determined from the
growth curves, the doubling time was calculated as

lln
(

Cf

Ci

)
= k

(
t f − ti

) = lln 2
k

, (1)

where k is the rate constant, Cf is the final concentration
in the exponential phase, Ci is the initial concentration in the
exponential phase, t f is the final time that reaches Cf , and ti is
the initial time at Ci. Flow rates were established such that the
total volume of the milk in the reactor (400 mL) was replaced
with fresh milk in the time taken for the numbers of bacteria
to double.

Biofilm treatments

Preliminary tests for biofilm removal of each strain were first
tested in microtitre plates using each enzyme individually and
combinations of each enzyme. The most successful enzyme
treatments were chosen to test on stainless steel (SS) coupons,
and these are presented in this paper.

After rinsing the coupons containing biofilm, the coupons
were treated with enzyme solutions. For enzymatic solu-
tion preparations, industrial-grade preparations of hyperther-
moacidic amylase (CB13184), protease (CB14057), and en-
doglucanase (CB13961) (CinderBio, CA, USA) were diluted
100 times in a phosphate citric acid buffer pH = 3.0. For
enzymatic formulations representing multiple enzymes, equal
amounts of each enzyme were added to the buffer to achieve
1:100 dilutions (i.e. for a solution containing two different
enzymes, 0.5 mL of each enzyme was added into 100 mL of
the phosphate–citric acid buffer). To make the phosphate cit-
ric acid buffer, 2.84 g of sodium phosphate dibasic (Na3PO4)
(Univar, IL, USA) and 7.69 g of citric acid (Univar, IL, USA)
were dissolved in 1 L of distilled water, after which the pH
was adjusted to ∼3.0 and autoclaved. The enzyme solutions
were stored in a water bath at 85◦C for future use. Biofilm
coupons were immersed and treated in 25-mL vials containing
0 mL of the enzyme solutions for 20 min at 85◦C in a wa-
er bath. In addition to the enzyme treatments, examinations
n biofilm coupons before cleaning (BC) without any treat-
ent, control (C) with 85◦C sterile water, and with treatment
ith 1% NaOH were carried out in conjunction with the en-

ymatic cleaning to establish a comparison. SS coupons were
insed in sterile distilled water after treatment before analysis.
ll examinations were conducted in triplicate. HTA-enzyme

reatments were assayed to remove biofilm of a thermophilic
iofilm-forming strain of B. licheniformis C55C11, which was
solated from a dairy processing facility. In this experimen-
al set, HTA-amylase, HTA-protease, and both enzymes were
sed in combination.

late count and spore count of biofilm cells

S coupons were placed in 25-mL vials containing 10 mL of
.1% peptone water (PW) (Merck, Damstadt, Germany) and
5 g of 3.7–4.1 mm glass beads (Fisher Scientific, Leicester-
hire, UK). The vials containing the SS coupons were mixed by
ortex for 1 min for biofilm cell detachment. After vortex mix-
ng, 10-fold serial dilutions were carried out in 9 mL of 0.1%
W for droplet plating (10 μL) in triplicate on MPCA. The
lates were set to dry in a laminar flow cabinet and incubated
t 55◦C for 24 h. For examining spores present in the samples
fter plating the viable biofilm cells, the 25-mL vials contain-
ng the SS coupons were placed in boiling water for 15 min to
uantify spores that were able to survive high temperatures.
fter heating, the vials were cooled to room temperature prior

o droplet plating in triplicate on MPCA. The plates were set
o dry in a laminar flow cabinet and incubated at 55◦C for
4 h. This is based on one of the many standard methods for
ounting thermophilic bacteria (Frank et al. 2002). For spore
ounts, biofilms were detached from the coupons and heated
o 100◦C for 15 min before plating. We also imaged cells and
PS remaining on the coupons with both epifluorescent and
canning electron microscopy (SEM), respectively.

mpedance microbiology

he BacTrac 4300TM (SyLab, Purkersdorf-Vienna, Austria) is
sensitive and efficient method to measure viable cells and

pores (Flint and Brooks 2001). Sensitive, in that even one
ell on a sample surface can be detected. Efficient in that dam-
ged cells and spores are given the best opportunity to grow
nd be detected in a broth medium, and less time is needed
o prepare samples for analysis. The BacTrac measures the
hanges in impedance in the medium derived from micro-
ial metabolism and resistance because of bacterial growth.
igure 1 depicts the schematic diagram of the BacTrac cal-

bration for measuring biofilm cells. Eight-hour cultures of
. flavithermus, B. licheniformis, and G. stearothermophilus
rown at 55◦C, 40◦C, and 60◦C in TSB were serially diluted
n 9 mL of 0.1% PW. Each dilution was mixed by vortex and
lated on MPCA using droplet plating in triplicate, and incu-
ated in BacTrac vials containing 10 mL of TSB in triplicate.
he plates were incubated for 24 h at 55◦C, and the BacTrac
ials were incubated at the appropriate temperature (the iden-
ical growing temperatures in TSB) for 24 h for the change
n impedance. The plate count in log10CFU/mL was graphed
gainst the time taken for impedance change to reach the set
hreshold values, from which the calibration equation was ob-
ained. The calibration equation was later used to convert the
acTrac threshold times into the equivalent log10CFU/mL for
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Figure 1. Schematic diagram of developing a calibration curve using BacTrac 4300.
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uantifying biofilm cells. For analysis using impedance micro-
iology, rinsed SS coupons were each placed in BacTrac vials
ontaining 10 mL TSB and incubated for 24 h at the appro-
riate temperatures for the detection of impedance change. All
xperiments were carried out in triplicate.

To assess the relative effects of the various cleaning and san-
tation treatments on established thermophilic biofilms and
heir spores, we made four measurements for each strain be-
ore and after treatment. For cell and spore viability, we quan-
ified viability with total plate counts (TPCs) and impedance
rowth measurements (BacTrac).

pifluorescence microscopy

pifluorescence microscopy was used to provide a visual in-
erpretation of both the microbial cell content and organic
aterial. The method followed the basic procedure outlined
y Whitehead et al. (2010). Fluorochrome acridine orange
Sigma Aldrich, MO, USA) of weight 10 g was dissolved in 1 L
f 0.1 M phosphate buffer saline (PBS) and filtered through a
.2 μL Sartorius filter. To make PBS, 8 g of NaCl, 200 mg of
CI, 1.44 g of Na2HPO4, and 240 mg of KH2PO4 (Univar, IL,
SA) were dissolved in 800 mL of distilled water. The pH was
djusted to the desired pH (7.4), and the PBS was autoclaved
rior to the addition of the acridine orange. Following rinsing
f SS biofilm coupons with distilled water, the coupons were
xed in a fixative (1% formalin) for 2 min. The fixed cells on
he coupons were immersed in the acridine orange solution
or 2 min. The coupons were gently rinsed with distilled wa-
er three times and air dried. Each coupon was mounted on
glass slide and examined under an Olympus microscope B
53 with a FITC light excitation filter block using CellsSens

imension software.

canning electron microscope

canning electron microscopy (SEM) was used to provide a
ore detailed interpretation of the microbial and organic ma-

erial on the surfaces. This followed the basic method out-
ined by Whitehead et al. (2010). The coupon samples were
laced in primary fixative (modified Karnovsky’s fixative, 3%
luteraldehyde, 2% formaldehyde in 0.1 M sodium cacody-
ate, pH 7.2), and the samples were fixed for at least 8 h at
oom temperature. Following fixation, samples were washed
hree times (10–15 min each) in phosphate buffer (0.1 M, pH
.2) followed by dehydration in graded ethanol series [25%,
0%, 75%, 95%, 100% (v/v)] (Ajax Finechem, Thermofisher
cientific) for 15 min each and a final 100% ethanol wash
or 1 h. Samples were critical point dried using liquid CO2
s the CP fluid and 100% ethanol as the intermediary (Po-
aron E3000 Series II critical point drying apparatus). Samples
ere mounted onto aluminium stubs using double-sided tape,

putter coated with ∼100 nm of gold (Baltec SCD 050 sputter
oater), and analyzed in the FEI Quanta 200 Environmental
canning Electron Microscope at an accelerating voltage of
0 kV.

tatistical analysis and software

ll data points were reported as means with standard devia-
ions. Data acquired were analyzed with one-way analysis of
ariance (ANOVA, P < 0.05) on SPSS 18.0 and graphed using
rigin 8.5 (MA, USA).

esults and discussion

low rate and doubling time determination

o determine the doubling times and flow rates of the strains
equired for experimenting in the continuous flow reactor,
rowth curves were initially established using T18C of A.
avithermus, C55C11 of B. licheniformis, and P3 of G.
tearothermophilus in batch reactors (Supplementary Fig. S2).

ith the starting bacterial concentrations ranging from 4 to 5
og10CFU/mL, the exponential phase was reached within 24 h.
acillus licheniformis, both mesophilic and thermophilic, ob-

ained a gradual incline, while the two thermophilic species
isplayed steeper exponential growth. Based on the exponen-
ial phase from the growth curves acquired, doubling times
nd flow rates were calculated as shown in Supplementary Ta-
le S2. As previously revealed in Supplementary Fig. S2, the
esults were as anticipated, with B. licheniformis having the
ongest doubling time (53 min), followed by A. flavithermus
49 min) and G. stearothermophilus (38 min). Hence, the flow
ates were determined to be 0.82, 0.89, and 0.63 mL/min for
. flavithermus, B. licheniformis, and G. stearothermophilus,

espectively, using Equation (1).

mpedance microbiology detection system and
alibration curves

ased on the results of impedance detection for both M-
alues (3% threshold) and E-values (10% threshold), E-value
rowth curves were reproducible and applicable, while curves
erived from M-values displayed inconsistent and contradic-
ory growth curves (data not shown). Hence, the E-values
ere used in the study for establishing calibration curves

nd quantifying biofilm cells. The calibration curve equa-
ions for all the strains of the thermophiles showed good

art/lxad106_f1.eps
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Figure 2. BacTrac hours, TPC, and spore results of strain T18C of A. flavithermus grown in a CDC biofilm reactor in a continuous flow system. Results
are means and standard deviations from three replicates. Different letters indicate statistically significant differences determined from Tukey’s test, and
error bars are standard deviations of triplicates of each strain.
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correlations with R2 > 0.9 (Supplementary Table S1). Con-
ventionally, detection times obtained using impedance micro-
biology are converted into their equivalent plate count val-
ues in log10CFU/mL based on the calibration curves. How-
ever, in this instance, when the BacTrac time results were con-
verted into log10CFU/mL, the results became negative values
(i.e. slower growth of viable cells and metabolism that may
have been due to the severe treatment they were exposed to)
for the strains tested. Hence, the BacTrac detection results for
the present study were expressed and analyzed in hours as op-
posed to their log counts.

For the A. flavithermus T18C biofilms, the TPC and spore
counts following NaOH and HTA-amylase treatments at
85◦C for 20 min were both below the detection thresholds
and markedly reduced from pre-treatment levels (Fig. 2).
Impedance measurements of viability corroborated the low
to no viability results after these two treatments. Inspec-
tion of the SEM images for NaOH treated biofilms (Figs 3
and 5) shows substances remaining on the surface in pecu-
liar nodular forms, presumably protein or EPS residues in
forms that are structurally altered by NaOH treatment but
not detached from the surface. In contrast, no nodules are ob-
served following HTA-amylase treatment and EPS is notably
reduced on the coupon surface. Clusters of acridine orange-
stained material are plainly visible on the surface after HTA-
amylase treatments but not the NaOH treatment and with
the heat-only control (Fig. 3). Both NaOH and amylase treat-
ments reduced microbial metabolism below detection thresh-
olds after measurements with three separate measurements
while the heat-only control showed robust outgrowth with
impedance measurements (Fig. 2). These data indicate that
the visualized acridine orange staining on the HTA-amylase
treated coupons does not reflect viable cells or spores. Re-
gardless, inspection of the SEM image after HTA-amylase
treatment reveals the heat/acid/HTA-amylase treatment effec-
tively reduced A. flavithermus cell and spore viability and re-
duced the EPS remaining bound to the SS coupon in these
experiments.
The B. licheniformis isolate showed very robust biofilm de-
elopment based on cell plate counts, spore counts, impedance
easurements, and SEM imaging (Figs 4 and 6). Despite very

obust biofilm development, the plate and spore counts fol-
owing NaOH and HTA-enzyme treatments were below the
etection limits of these methods (Fig. 6). Again, in contrast
o the NaOH and enzyme treatments, the heat-only control
howed significant outgrowth with the impedance measure-
ents. Like the A. flavithermus microscopy images (Fig. 3), the

mages of B. licheniformis biofilms after treatments show acri-
ine orange-staining material remaining on enzyme-treated
oupons but no viable cells or outgrowth. Inspection of the
EM images shows the individual HTA-enzyme treatments
oth have significant residue remaining on the coupons, with
he amylase/protease combination having the least residual
PS (Fig. 4). Taken together, these data indicate that HTA-
nzyme treatments are effective at removing robust B. licheni-
ormis biofilms attached to SS, and combinations of HTA-
nzymes may be more effective at removing EPS.

Lastly, we tested the performance of HTA-enzymes for re-
oving G. stearothermophilus biofilms. In these experiments,
e tested HTA-protease, HTA-endoglucanase, and both en-

ymes in combination. The plate counts for G. stearother-
ophilus biofilms after all treatments were all below the de-

ection limits (Fig. 7). However, impedance detection times
how no outgrowth within 24 h for NaOH, but viable cell
utgrowth being detected in all enzymatic treatments. The
EM images for strain G. stearothermophilus (Fig. 5) show
nly minor amounts of residue left on the surfaces following
ll treatments; however, treatments with NaOH and endoglu-
anase seemed to produce the cleanest surfaces. Notably, G.
tearothermophilus biofilms in these images are nearly com-
letely removed even with heat-only controls, despite signifi-
ant outgrowth in the control.

Here, we investigate for the first time the use of ultra-
table HTA-enzymes and the associated heated acid condi-
ions to clean and sanitize industrially relevant biofilms of
hermophilic bacteria. The hyperthermoacidic protease, en-
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Figure 3. Images of the biofilm of T18C of A. flavithermus grown in a
CDC biofilm reactor in a continuous flow system under epifluorescence
microscopy using acriding orange (left). The big image is 10 mm and the
small image is 4 mm in scale. Images on the right are SEM images with
scales shown.
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Figure 4. Images of the biofilms of C55C11 of B. licheniformis grown in a
CDC biofilm reactor in a continuous flow system under epifluorescence
microscopy using acridine orange (left). The big image is 10 μm and the
small image is 4 μm in scale. Images on the right are SEM images with
scales shown.
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oglucanase, and amylase treatments all show significant san-
tation and removal of biofilm EPS from the SS coupons.
nsurprisingly, the performance of NaOH and the differ-
nt HTA-enzyme treatments varied in EPS removal between
he various species, likely due to variations in the biofilm
akeup between species and the cognate enzymatic activi-

ies. These observations are consistent with biofilm-to-biofilm
ariations in enzyme performance observed in many stud-
es (Nahar et al. 2018). For example, in one case, serine
roteases performed better for the removal of Bacillus sp.
iofilms, while an amylase performed better with P. fluo-
escens biofilms (Lequette et al. 2010). Similarly, an active
rotease alone was able to efficiently remove Staphylococ-
us aureus biofilms, whereas a combination of polysacchari-
ase and protease was required to effectively remove biofilms
f P. aeruginosa (Stiefel et al. 2016). The authors ascribed
hese discrepancies to the significant variations in the het-
rogeneities of biofilms developed from each strain, and sub-
equently proposed that combinations of enzymes would be
eneficial for removing biofilms from surfaces (Meireles et al.
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Figure 5. Images of the biofilms of P3 of G. stearothermophilus grown in
a CDC biofilm reactor in a continuous flow system under epifluorescence
microscopy using acridine orange (left). The big image is 10 μm and the
small image is 4 μm in scale. Images on the right are SEM images with
scales shown.
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2016). Importantly, co-formulation of sets of enzymes with

a protease presents inherent challenges, as the protease de-
grades proteins, and all enzymes are proteins. Notably, a novel
characteristic of HTA-enzymes is that most HTA-enzymes are
highly resistant to proteolytic digestion and therefore may
permit stable multi-enzyme formulations, including proteases
for a broader-spectrum enzymatic biofilm cleaning and san-
itation formulation (Yannone et al. 2021). A second char-
acteristic of HTA-enzymes that is relevant for cleaning and
sanitation is the remarkable half-lives of these newly avail-
able enzymes (see Table 1). The determined half-lives are typ-
ically expressed in days, and not hours, despite the harsh
0◦C and pH 3 conditions. This ultra-stability could facili-
ate longer contact times in cleaning applications and enzyme
e-use in CIP and/or soak-tank contexts. Finally, the heated
cid conditions in which HTA-enzymes function optimally
ave inherent antimicrobial activity. Taken together, our re-
ults reveal the potential for exploiting the ultra-stable heat
nd acid-loving nature of HTA-enzymes as part of effective
leaning regimens for biofilm remediation in food processing
acilities.

As mentioned previously, biofilms differ widely between
pecies as well as within a species depending on culture con-
itions. Previously, Ozel et al. (2017) reported that all three
f mesophilic, facultative thermophilic, and thermophilic bac-
eria tested showed the presence of cellulose-like carbohy-
rate in the EPSs, which is hydrolyzed and broken down
y endoglucanase enzymes. The authors additionally spec-
lated that the examined thermophiles displayed the great-
st amount of protein and extracellular DNA, accounting
or thermostability and rigidity. Consequently, this suggests
hat proteases may possess enhanced biofilm-degrading abili-
ies relative to the polysaccharide-degrading enzymes for ther-
ophilic bacilli. However, the results of the different HTA-

nzymatic treatments on the thermophilic bacilli biofilms in
he present research indicate that polysaccharide-degrading
nzymes (amylase and endoglucanase) were more efficient
n reducing the EPS of A. flavithermus and G. stearother-
ophilus. Here, protease alone was the least efficient cleaning

reatment for G. stearothermophilus, as shown by the short
acTrac detection times. Importantly, unlike chemical clean-
rs, enzymes have remarkable specificity, and in the case of
roteases, they often queue their activity on two or three spe-
ific amino acids as they appear in a protein sequence. Pro-
ease specificity, together with the varied protein sequences
hat predominate any given biofilm, can lead to disparate
bservations depending not only on the microbial species,
ut also on the protease and its inherent cleavage speci-
city on proteins within any biofilm. In other words, it may
ot be reasonable to expect extremely divergent proteases to
e equally effective on biofilms, even those from the same
pecies.

According to the epifluorescence microscopy and SEM im-
ges, it was evident that the amylase and endoglucanase, in
ombination with the hot/acidic reaction conditions, were ef-
ectively able to reduce the EPS. However, significant acri-
ine orange-staining material remained attached on the sur-
aces following treatments, despite no or disproportionate
utgrowth or plate counts from those samples. Therefore, it
s difficult to confidently interpret the epifluorescence with
espect to viable cell counts. Notably, acridine orange stain-
ng of non-cell organic materials such as proteins and DNA
as been reported, as well as the variability and a lack of ac-
uracy of acridine orange in the differentiation of live and
ead cells (Hood and Zottola 1995). This finding is in accor-
ance with Blackman and Frank (1996), who speculated that
iofilm quantification using epifluorescence microscopy is of-
en correlated with the underestimation of biofilm cells from
ot accounting for the thickness, and the overestimation of
ells due to the staining of some EPS. Hence, the use of SEM
llowed direct examination of the biofilm matrices on the
oupons and is likely the more reliable measurement presented
ere.
It is not surprising that variations in the molecular con-

tituents and the specific covalent bonds in molecules con-

art/lxad106_f5.eps


8 Nam et al.

Figure 6. BacTrac hours, TPC, and spore results of strain C55C11 of B. licheniformis grown in a CDC biofilm reactor in a continuous flow system. Results
are means and standard deviations from three replicates. Different letters indicate statistically significant differences determined from Tukey’s test, and
error bars are standard deviations of triplicates of each strain.

Figure 7. BacTrac hours, TPC, and spore results of strain P3 of G. stearothermophilus grown in a CDC biofilm reactor in a continuous flow system.
Results are means and standard deviations from three replicates. Different letters indicate statistically significant differences determined from Tukey’s
test, and error bars are standard deviations of triplicates of each strain.

s
h
t
w
b
t
c
w
a
p
f
u
f
e

m
t
t
e
f

l
f
b
t
f
e
t

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/134/6/lxad106/7176065 by M
assey U

niversity user on 05 Septem
ber 2024
tituting EPS would impact the efficacy of enzymes, which
ave evolved highly specific chemical recognition and activi-
ies. The HTA-amylase was more effective for A. flavithermus,
hile the HTA-amylase, HTA-protease, and a combination of
oth were more effective for removing B. licheniformis, and
he HTA-endoglucanase performed best in reducing biofilm
ells and EPS with G. stearothermophilus. The cleaning results
ere as good as those obtained with standard caustic cleaning
nd demonstrate an alternative, environmentally friendly ap-
roach to cleaning dairy plant surfaces. Multiple HTA-enzyme
ormulations and pilot-scale testing under conditions that sim-
late the dairy industry are underway to provide confidence
or industrial applications and to develop a broad-spectrum
nzymatic cleaner for biofilms.
This present trial examined the removal of biofilms of ther-
ophilic spore-forming bacteria common in dairy manufac-

uring. Spores are important and the most resistant forms of
hese bacteria (Seale et al. 2015). This study did not specifically
xamine the efficacy of these enzymes on removing spores
rom surfaces and is something to study in future studies.

The hyperthermoacidic protease, endoglucanase, and amy-
ase treatments in these preliminary trials, all show potential
or the removal of biofilm EPS from thermophilic Bacillus
iofilms from SS. These enzymes can be considered as effec-
ive, environmentally friendly cleaners for use in dairy manu-
acture. The benefit of using enzymes to treat biofilm is that
nzymes target the predominant component (e.g. EPS) on con-
aminated surfaces, and this may, in some cases, be more effec-
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tive than a general chemical cleaner. While the acid pH used
for these enzymes will need neutralizing before disposal, there
is potential to reuse these enzymes for multiple cleans, reduc-
ing the amount of effluent from a manufacturing plant. This
will be investigated in future studies.

Supplementary data

Supplementary data is available at JAMBIO Journal online.
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