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A B S T R A C T

In the present study, BSG was hydrolysed using cellulolytic enzymes and used as a growth medium supplement
for cultivation of the thermophilic bacterium, Bacillus stearothermophilus in the production of α-amylase. A
central composite design involving five parameters and four levels viz. starch, peptone, KCl, and MgSO4 along
with BSG hydrolysate was used to derive the optimal media composition. The fermentation was conducted using
shake flasks for 36 h at a temperature of 50 °C and pH 7.0 at 220 rpm. Optimization trials revealed that maximal
amylase production (198.09 U/ml) occurred with a medium composition of starch (0.2% w/v), peptone (0.2%
w/v), KCl·4 H2O (0.02% w/v), MgSO4·7 H2O (0.01% w/v) and hydrolysate (0.22% v/v). A 1.3-fold increase in
amylase activity was obtained following novel media composition. All the factors considered in the study were
found to be significant. The enzyme was purified by three step purification strategy, characterised and tested for
anti-biofilm activity.

1. Introduction

Brewer's spent grain (BSG) is a by-product of the brewery industry.
It is highly nutritious and rich in carbohydrates, protein, lignin, fibre
and lipids. Every hectolitre of beer can result in 20 kg of BSG being
produced accounting to the ~85% of the total wastes generated (Łaba
et al., 2017). In Ireland, 760 million litres of beer are produced annually
which may lead to the accumulation of approx. 152,000 tonnes of BSG
(Association, 2016). BSG constitutes of 20–30% dry matter and is sus-
ceptible to microbial spoilage due to its high nutritional content. Since
BSG is high in protein, fibre and the presence of trace elements such as
silicon, magnesium, phosphorus and sulphur it finds wide applications
as animal feed (Gregori et al., 2008; Scully et al., 2016). However, this
only accounts to a small fraction of the total BSG produced making it a
huge environmental burden on the brewery industry. This calls for in-
novative, sustainable and commercially attractive processes for its ef-
ficient valorisation.

The race to develop sustainable technology over the past several
decades has led to the utilisation agro-based industry wastes such as
BSG for its exploitation or bioconversion into commercially important
compounds (Ravindran and Jaiswal, 2016a, 2016b; Ravindran et al.,
2018a). The nutritious content and food grade quality of BSG makes it a
valuable resource for the development of relevant biotechnological
processes (Ravindran et al., 2018b). Since BSG is abundantly available,

numerous technologies have been developed to extract value-added
compounds from BSG which belong to the nature of carbohydrates,
proteins or lipids. Due to its diverse composition, BSG perfectly fits into
the concept of biorefinery where multiple processes of chemical, en-
zymatic and biotechnological in nature can be incorporated into a
single production facility (Ravindran and Jaiswal, 2016b).

Due to the inherent chemical nature of BSG, it supports microbial
growth and has thus been widely used for the production of enzymes.
BSG has extensively been applied as a potential raw material for the
production of enzymes such as amylases, amyloglucosidases, cellulases
and hemicellulases. Most studies focus on the utilisation of mycelial
fungi for such applications. Among bacteria, Bacillus sp. has gained
considerable interest due to its ability to produce carbohydrate de-
grading enzymes that are of industrial importance. Some of these spe-
cies such as B. subtilis, B. amyloliquefaciens, B. cereus, B. licheniformis and
B. stearothermophilus are important due to their ability to produce α and
β amylases (Chen et al., 2015; Prajapati et al., 2015; Vaikundamoorthy
et al., 2018). Amylases derived from Bacillus sp. find wide applications
in the industry ranging from the production of fructose and glucose
syrup to bakery, detergents, textile and fuel ethanol production. (Souza,
2010). Amylases hold 30% of the global enzyme market share, having
largely replaced chemical hydrolysis of starch (Lal et al., 2017). Many
BSG and BSG-based products have been utilised as a media component
for the production of α-amylases (Hashemi et al., 2011).
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An integral component of demonstrating the economic feasibility of
adopting BSG for fermentation processes is the identification of novel
markets for enzyme products that can provide a sustainable return on
investment. Biofilms are formed by prokaryotic microorganisms cap-
able of producing exopolysaccharides (EPS) around the cell. Many
biofilm-producing organisms are pathogenic in nature, including Vibrio
cholerae, multi-drug resistant Staphylococcus aureus, and Pseudomonas
aeruginosa (Costerton et al., 1999; Hall-Stoodley and Stoodley, 2005;
Mihailescu et al., 2014). Biofilms produced by such microbes can cause
disruption and reduction in efficiency of industrial processes. Further-
more, these pathogenic strains are responsible for 10–20% of all the
hospital acquired infections (Jamal et al., 2018). Conventional pre-
ventive measures against biofilm producers include chemical bio-
surfactants, surface modifications and natural substances such as honey
and oils. (Sadekuzzaman et al., 2015). Exopolysaccharides produced by
these microbes safeguard them from attacks by antibiotics and other
antimicrobial agents. However, recent studies have shown enzymes as a
promising technology in the prevention of EPS production and biofilm
formation. Some of the enzymes studied for this purpose include lyso-
zyme, proteinase K, trypsin and amylase (Shukla and Rao, 2013). These
enzymes have been studied individually and as cocktails as a deterrent
for biofilm production (Kalpana et al., 2012).

Amylases find wide applications in the textile industry and form an
integral part of detergent formulations. Starch is a strong dirt binder
making ordinary detergents less effective during wash cycles. The
ability of these enzymes to act upon starch makes it an appropriate
solution against starchy stains. Normal wash cycles are operated at
temperatures ranging from 30 to 90 °C. Enzyme additives in detergent
formulations are expected to be robust and active at such a wide tem-
perature range. Furthermore, the amylases need to be stable at wide pH
ranges and in the presence of surfactants and chelating agents. Bacillus
stearothermophilus amylases and its engineered varieties have been re-
ported to be excellent candidates for laundry detergent application
(Khemakhem et al., 2009).

This study investigates the applications of BSG hydrolysate as a
potential media component for the production of a thermostable α-
amylase by B. stearothermophilus. The growth medium composition for
amylase production was optimized by the application of response sur-
face methodology. This was followed by purification of the enzyme via
a three-stage strategy. The enzyme was then characterised to determine
the optimum pH and temperature for activity. The stability of the
thermostable amylase was then determined by incubating it in various
commercial detergents. Finally, initial proof-of-principle was shown for
the use of the α-amylase from B. stearothermophilus as an anti-biofilm
agent using multiple bacterial strains of medical significance.

2. Materials and methods

2.1. Materials

Brewer's Spent Grain (BSG) was generously donated by Guinness
Storehouse in Dublin City. The biomass was dried at 60 °C for 18 h or
until constant weight was achieved. The biomass was then ground and
sieved to obtain a uniform particle size using a 350 μm sieve. The
ground BSG was then stored in a cool and dry place for further ex-
periments. All of the chemicals required for this study such as soluble
starch, peptone, beef extract, yeast extract, NaCl, KCl·4H2O,
MgSO4·7H2O, (NH4)2SO4, DEAE-Sepharose fast-flow anion exchange
resin, congo red and sucrose were purchased from Sigma-Aldrich,
Ireland. Thermostable α-amylase from Bacillus licheniformis was pur-
chased from Megazyme, Ireland (3000 U/ml, E-BSTAA). Brain-heart
infusion agar was purchased from Difco, Ireland.

2.2. Lipid extraction from BSG

The total lipid content in BSG was reduced using a modification of

the protocol devised by Niemi et al. (2012). Briefly, 10 g of BSG was
weighed, dispensed into a cellulose thimble and stoppered with cellu-
lose wool. A Soxhlet apparatus was set up with 100ml of acetone in a
round bottom flask and anti-bumping granules added. The extraction
was conducted in reflux cycles for 5 h. The lipid-free BSG was then
dried and stored for further experiments.

2.3. Microorganism and α-amylase production

Bacillus stearothermophilus LZT020 strain was supplied by the mi-
crobiology repository at the School of Food Science and Environmental
Health, Dublin Institute of Technology. For seed culture, frozen glycerol
stock maintained at −80 °C was used to inoculate liquid medium
containing (in g/l) peptone (3.0), yeast extract (1.5), beef extract (1.5)
and NaCl (2.5). Cultures were maintained in 100ml Erlenmeyer flasks
maintaining a working volume of 10%. The pH of the medium was
adjusted to 7.0. The culture was grown in at 50 °C for 18 h maintaining
an agitation rate of 200 rpm.

2.4. Enzyme assay

For performing the amylase assay, 50 μl of soluble starch (1% w/v)
solution made in phosphate buffer (50mM, pH 6) was equilibrated at
50 °C for 5min. Analyte samples (50 μl) were added followed by in-
cubation for 5min. The reaction was stopped by adding 50 μl of 3,5-
dinitrosalicylic acid reagent, transfer to a boiling water bath, for
10min, and subsequent dilution with 1ml distilled water. Sample ab-
sorbance was measured at 546 nm (Miller, 1959). Glucose was used as
standard. One unit of enzyme was defined as the amount of enzyme
required to release 1 μmol of reducing sugar equivalent from soluble
starch in one min under assay conditions. Specific activity was ex-
pressed in U/mg of protein. Protein estimation was carried out by the
Bradford method using BSA as standard (Bradford, 1976).

2.5. Preparation of BSG hydrolysate

BSG hydrolysate was prepared by the protocol described by
Ravindran et al. (2018b). Briefly, dried, lipid-free BSG was subjected to
microwave-assisted alkali pre-treatment to remove recalcitrance. Mi-
crowave assisted pre-treatment was conducted by subjecting 1% (w/v)
BSG in 0.5% NaOH (w/v) solution in a stoppered flask and subjected to
microwave radiation (Sharp/R-269 KM, Sharp Electronics Ltd., Man-
chester, UK) at a power setting of 400W for 60s. The pre-treated BSG
was then hydrolysed enzymatically following an optimized protocol
(biomass loading (1 g/10ml), cellulase (158.76 μl/10ml), hemi-
cellulase (153.3 μl/10ml), pH (5.4) and an incubation time (120 h))
(Ravindran et al., 2018a, 2018b). The hydrolysate obtained was then
centrifuged at 10,000 rpm for 30min., followed by filtration using a
0.45 μm filter to remove any particulate matter. The individual sugars
in the hydrolysate were measured employing Alliance HPLC (Waters,
e2695 Separation module) using a Rezex ROA-Organic acid H+ (8%)
column, (350× 7.8mm; Phenomenex, UK) with 5.0 mM H2SO4 as the
mobile phase at 65 °C, maintaining a flow rate of 0.6ml/min. Reducing
sugar was measured by the method described by Miller (1959).

2.6. Media optimization for amylase production

A response surface methodology design was created to optimize the
media composition for production of amylase. A central composite
design (CCD) was implemented to estimate the regression parameters to
fit a second-degree polynomial regression model for a given response.
The polynomial calculated the relationship between estimated response
Y and all the independent variables involved, Xi (starch, peptone, KCl·4
H2O, MgSO4·7 H2O and hydrolysate). Meanwhile, β represented the
regressors associated with the model. The regressors viz.model constant
(βo), linear coefficient (βi), quadratic coefficients (βii) and cross-
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product coefficients (βij) determined the significance of linear, quad-
ratic and interactive effects between factors (Eq. (1)).

∑ ∑ ∑ ∑= + + +
= = = =
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The significance of each factor considered in the study was de-
termined by analysis of variance, where P values were calculated. Any
factor with P < 0.05 was considered statistically significant. All sta-
tistical analyses were carried out using Statgraphics Centurion XV
software version 15.1.02 (StatPoint Technologies Inc. Warrenton, VA,
USA). Different level of peptone, starch, KCl·4H2O and MgSO4·7H2O
and BSG hydrolysate were the media components used in this study.
Fermentation experiments were conducted at 50 °C for 36 h at 220 rpm
while maintaining a working volume of 20%. The hydrolysate was
autoclaved separately from the rest of the reaction mixture and was
then aseptically added to prevent the Milliard reaction (Mottram et al.,
2002).

2.7. Control experiment

Control experiments for amylase production by B. stearothermophilus
were set up according to protocols devised by Al-Qodah (2006). Fer-
mentation was conducted in 250ml Erlenmeyer flask maintaining a
reaction volume of 20%. The flasks were incubated at 55 °C in a shaking
incubator rotating at 220 rpm for 36 h. The culture supernatant was
collected by centrifugation at 12,000 rpm for 30mins at 4 °C and used
for further analysis.

2.8. Dry cell weight analysis

The effect of fermentation medium supplemented by BSG hydro-
lysate on the production of biomass was studied by conducting dry cell
weight analysis. Briefly, temperature-resistant plastic universal bottles
(20ml capacity) was dried over in a hot air oven at 105 °C with the lids
separately retained. These were then carefully removed from the oven
and placed in a desiccator jar. Once the universals were cooled they
were weighed and the weights were recorded. Next, 15 ml aliquot of
each test and control fermentation cultures were decanted into the pre-
weighed universal. The universals were then centrifuged at 15,000 rpm
for 30min at 4 °C to pellet the cells. The supernatant was carefully
transferred into sterile bottles and stored for further experiments.
Meanwhile, the universals with cell pellets were dried at 105 °C in a hot
air oven for 24 h and then placed in a desiccator jar. Finally, each
universal was re-weighed, and the dry cell weight was calculated in
mg/ml.

2.9. Purification of α-amylase

Cell removal was performed by centrifugation at 15,000 rpm for
30min at 4 °C. The cell free supernatant was then subjected to pre-
cipitation using ammonium sulphate (60% (w/v)). The precipitate was
re-suspended in 10ml of 0.1M sodium phosphate buffer (pH 7.0). This
was followed by salt removal-buffer exchange by diafiltration (10 kDa
MWCO, Amicon Corporation, Lexington, Mass., U.S.A.). Anion ex-
change chromatography was performed following the protocol devised
by Chakraborty et al. (2000) with slight modifications. A DEAE-Se-
pharose Fast Flow column (2.6 cm×50 cm) was used for this purpose.
The column was equilibrated with 20mM Tris-HCl buffer (pH 8.0) be-
fore loading the sample. Elution was performed using 20mM tris-HCl
containing 0.5M NaCl (pH 8.0) and 2ml fractions were collected at
15ml/h and measured at 280 nm. The active fractions were pooled and
concentrated by ultrafiltration (10 kDa cut-off).

2.10. Determination of kinetic constants for starch

The Michaelis constant (Km) and maximum reaction velocity (Vmax)
of purified amylase for starch was determined by using Lineweaver and
Burk plot (Lineweaver and Burk, 1934).

2.11. Effect of surfactants and detergents on enzyme activity

The stability of thermostable α-amylase was studied by incubating it
for 1 h at 50 °C in different surfactants such as Tween-20, Tween-80 and
SDS. This was followed by the measurement of residual activity fol-
lowing standard assay protocols. Furthermore, the enzyme was tested
for laundry applications by assessing its stability in solid and liquid
detergent brands. Four detergents brands viz. Ariel (Proctor and
Gamble), Daz (Proctor and Gamble), Fairy (Proctor and Gamble) and
Persil (Henkel, Unilever) were chosen for this purpose. The solid de-
tergents were diluted in tap water to obtain a final concentration of 7%.
Meanwhile, the liquid detergents were diluted 100-fold to simulate
washing conditions. The detergents were then incubated at 65 °C for 1 h
to inactivate endogenous proteases present in it. Crude enzyme con-
taining 200 U/ml was incubated with the detergents for 1 h at 40, 50
and 60 °C and the residual activity was determined. Enzyme activity
devoid of detergents incubated at similar conditions was considered as
100%.

2.12. Screening of pathogens for biofilm production capacity

Pathogenic bacterial strains Staphylococcus aureus NCTC 1803, S.
aureus ATCC 25923 and Pseudomonas aeruginosa ATCC 27853 were
obtained from the DIT microbiology repository. The strains were re-
vived by growing them over night in LB broth at 37 °C for 18 h. Each
strain was then plated on brain-heart infusion agar supplemented with
3.6% sucrose and 0.08% Congo Red dye. The plates were incubated for
48 h at 37 °C following which they were inspected for biofilm forma-
tion.

2.13. Biofilm formation assay

The effect of thermostable α-amylase on the growth of pathogenic
organisms and its capacity to inhibit biofilm formation were de-
termined by spectrophotometric assays. The assay was conducted fol-
lowing the protocol reported by Vaikundamoorthy et al. (2018) with
slight modifications. The crude α-amylase enzymes were taken in dif-
ferent volumes ranging from 50, 100, 150, 200 and 250 μl/ml were
suspended in LB broth (pH 7.0) containing bacterial suspension at
106 CFU/ml. Meanwhile, the efficacy of commercial amylase as an
antibiofilm agent was also assessed. Different volumes of the commer-
cial amylase were added to the bacterial suspensions ranging from 20 to
100 μl/ml of LB broth and the its effect of biofilm production was de-
termined.

The biofilm assay was conducted in 96-well microtiter plates. The
wells were filled with 100 μl of LB broth following which the microtiter
plate was then incubated at 37 °C for 24 h for biofilm formation.
Meanwhile, wells with LB broth and without enzymes were used as
control. Following incubation, the culture was discarded, and the plates
were washed repeatedly with distilled water. The wells were then
stained with 125 μl of 0.1% crystal violet and incubated at room tem-
perature for 15min., after which the contents of the wells were dis-
carded. For quantification purposes, 125 μl of acetic acid (30%) was
added to each well and incubated at room temperature for 15min. The
contents were then transferred to a separate 96-well microtiter plate
and absorbance was measured at 550 nm. Acetic acid was used as a
blank. Biofilm inhibitory concentration was defined as the lowest
concentration that produced significant reduction in biofilm formation
(spectrophotometric equivalent) when compared to control wells.
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3. Results and discussion

3.1. Utilisation of BSG hydrolysate as a media component for amylase
production

In this study, BSG hydrolysate which was rich in fermentable sugars
was tested as a media component for the production of thermostable α-
amylase using B. stearothermophilus LZT020. Sugar composition analysis
of the BSG substrate indicated glucose (2.5 mg/ml), xylose (2.1 mg/ml),
mannose (1.3 mg/ml), arabinose (1.0 mg/ml) and galactose (4.1 mg/
ml), and total reducing sugar content was 20mg/ml. The optimal
concentration of each media component was investigated by response
surface methodology. Peptone, starch, KCl·4H2O and MgSO4·7H2O and
BSG hydrolysate were the media components considered in this study.
The concentrations of BSG hydrolysate, peptone, starch, KCl and MgSO4

were varied according to the experimental strategy. The model gener-
ated a regression equation which explained the relationship that existed
between the amylase yield and all the parameters considered in the
experimental design which is provided below:

= + × − ×

+ × × + ×

− × − × ×

+ × × + × ×

+ × × − ×

+ × × + × ×
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where X1, X2, X3, X4 and X5 represents starch, peptone, KCl, MgSO4 and
BSG hydrolysate, respectively. Analysis of variance was conducted to
determine the significance of the all the parameters considered in the
model. From the analysis of variance with respect to parameters,
combined effects and the P-value assigned by the model to each of them
considering a confidence interval spanning from 0 to 95%. Any para-
meter or combined effect which was assigned P-value < 0.05% was
considered to be significant in terms of influence on amylase activity.

The coefficient of determination (R2) was calculated to determine if
the model adequately fitted the data. The closeness of R2 to 1.0 is an
indication of the strength of the model and how well it can predict a
response. Statistical analysis helps in the determination of parameters
that generate signals that are larger than the noise. In a model where
the sample size is not very large in comparison with the number of
parameters, the adjusted R2 corrects the R2 value. A disproportionate
number of terms with respect to the sample size manifests in a no-
ticeably smaller adj-R2 value compared to the R2 value. The model
predicted an R2 value of 99.37% and an adj-R2 value of 97.97% in-
dicating a good agreement between experimental and predicted values
of amylase activity.

All the factors considered in the model were found to have a sig-
nificant effect and enhanced the production of amylase activity.
Inorganic salts like MgSO4 and KCl have been reported to have a po-
sitive influence on α-amylase production by B. stearothermophilus
(Srivastava and Baruah, 1986). Furthermore, starch and other poly-
saccharides positively influences α-amylase production by Bacillus sp.
(Gangadharan et al., 2008). The P-values also indicated that some of the
interactive effects of the media components were significant with re-
spect to α-amylase production.

The interactive effects of all the media components on the amylase
activity was analyzed by generating 3-D response surface plots (Fig. 1).
In all the cases the lower concentration of BSG hydrolysate tended to
enhance amylase activity. Maximum amylase activity was achieved at a

BSG hydrolysate concentration range of 0.2 to 0.24%. Any increase in
hydrolysate concentration in the media beyond this range was found to
be detrimental to enzyme activity. A higher hydrolysate concentration
was found to be inhibitory for amylase production. This might be due to
catabolite repression due to the presence of glucose in the hydrolysate
(Ravindran et al., 2018a, 2018b). In a recent study, Ouattara et al.
(2017) had reported incidences of catabolite repression due to the
presence of glucose in the fermentation media when Bacillus sp. was
used as the enzyme producer. Although a higher concentration of glu-
cose can result in catabolite repression, the presence of this mono-
saccharide in the fermentation medium enhances the growth of the
bacteria. In fact, lower concentrations of maltose and glucose have been
reported to enhance amylase activity in B. stearothermophilus (Rahmati
et al., 2017). A higher biomass production does not necessarily have to
translate into similar enzyme production kinetics. Simair et al. (2017)
conducted an extensive study to determine the best carbon and nitrogen
sources for Bacillus sp. BCC 01-50 amylase. Although there was no
significant difference in biomass formation glucose augmented medium
compared to that containing starch, the latter resulted in higher amy-
lase activity.

To study the effects of BSG hydrolysate on biomass formation dry
cell weight studies were conducted. Consequently, a 22% increase in
biomass was observed in the experimental trial when compared to
control. These all point to the fact that low concentrations of BSG hy-
drolysate is favourable for cell biomass formation and α-amylase pro-
duction. An increase in peptone content also positively influences the
amylase activity. Rajagopalan and Krishnan (2008) had reported si-
milar findings in a study involving the effects of peptone concentration
in media on the production of α-amylase by Bacillus subtilis KCC103.

The RSM experimental design generated optimized levels for every
factor upon analyzing the observed amylase activity after each trial.
Accordingly, the optimized values for each media component was as
follows: starch 0.2% (w/v), peptone 0.2% (w/v), KCl·4 H2O 0.02% (w/
v), MgSO4·7H2O 0.01% (w/v) and hydrolysate 0.22% (v/v). The model
predicted an enzyme activity of 203.3 U/ml on testing the optimized
conditions. Validation experiments following optimized media compo-
sition resulted in 198.09 U/ml of amylase activity. Minimal disparity
between predicted and observed values (< 5%) confirmed that the
model was valid and also indicated that it was adequate enough to
predict the optimum values for variables considered for amylase pro-
duction. Furthermore, the amylase yield obtained after optimizing the
media formulation was 1.3-fold higher than that observed after control
fermentation (152.3 U/ml).

3.2. Purification of thermostable B. stearothermophilus amylase

Enzymes are commonly purified by a multi-step process. These steps
may be specific or non-specific depending upon the purification
strategy adopted. Increasing the number of steps in protein purification
strategy can result in a low final yield (Bajpai, 2014). Ion exchange
chromatography is a common technique used for the purification of α-
amylase. In this study, a three-step strategy was adopted to purify the
thermostable α-amylase. The summary of the purification stages has
been provided in Table 1. The crude enzyme which exhibited a total
activity of 9152 U and specific activity of 34.63 U/mg was subjected to
ammonium sulphate precipitation (65% w/v) at 4 °C. This step resulted
in a purification of 1.24-fold and theoretical yield of 76%. This was
followed by an ultrafiltration/diafiltration step which led to an increase
in purification fold by 12.44-fold. The final purification strategy in-
volved ion exchange chromatography where the concentrate was
loaded on to DEAE-Sepharose Fast Flow column and eluted using 0.5M
NaCl via isocratic mode after removal of unwanted proteins. The active
fractions were collected and concentrated by diafiltration.

The last stage of purification resulted in the final enzyme prepara-
tion achieving 13.09-fold purification and a theoretical yield of 25.1%.
As shown in Fig. 2, a single, salt-eluted peak (A280) was obtained in ion-
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exchange chromatography. The theoretical yield and purification folds
can be comparable with earlier published studies. Chakraborty et al.
(2000) in studies involving B. stearothermophilus for amylase production
had reported a yield of 56% and purification fold of 6.7. Similarly,
Fincan and Enez (2014) reported a purification fold of 65 and yield of
46% employing a four step purification strategy that involved size ex-
clusion chromatography (Sephadex G-100) followed by ion exchange
chromatography employing DEAE cellulose. The three-stage purifica-
tion strategy adopted in this study for thermostable α-amylase enabled
the authors to perform biochemical characterization to determine the
optimum pH and temperature for enzyme activity. Furthermore, the
purification fold and yield of the α-amylase was high with less number
of purification stages. This purification procedure can be easily adopted
for large-scale purification.

The molecular weight of denatured thermostable α-amylase was
determined by relative mobility of standard proteins on SDS-PAGE. The
relative molecular mass of the enzyme was estimated via 10% SDS-
PAGE and appeared to be 64 kDa (Fig. 3). The enzyme appeared as a
single protein band suggesting that it was a homogenous monomer with
a single polypeptide chain. This was in agreement to reports published

elsewhere. For example, Fincan and Enez (2014) conducted an ex-
tensive study that purified and characterised α-amylase produced by
Geobacillus stearothermophilus where molecular weight of thermostable
amylase was found to be 63 kDa.

3.3. Effect of pH and temperature on enzyme activity

The optimum pH and pH stability of an enzyme is a deciding factor
in determining its commercial applicability. The α-amylase produced
by B. stearothermophilus have been reported to be exhibit higher activity
in the alkaline pH range (Fincan and Enez, 2014). The stability of the
enzyme was tested in different pH conditions ranging from 4 to 12. The
α-amylase was found to be least active at an acidic pH range. This
might have been due to the inactivation of the enzyme at a lower pH. As
the pH was increased, the enzyme exhibited higher activity until the
neutral pH range, Optimum pH for maximum activity was found to be
within the pH range of 7–8 (Fig. 4a). As the study progressed into the
alkaline pH range, the activity started diminishing slightly. Even at a
pH as alkaline as 12, the α-amylase exhibited almost 50% of its original
activity. Amylases that are active at an alkaline pH are in high demand
due to their potential applications in the textile industry and as

Table 1
Purification of α-amylase from B. stearothermophilus.

Step Total activity (U) Total protein (mg) Specific activity (U/mg) Purity (fold) Theoretical yield (%)

Cell Supernatant 9152 264 34.63 1.00 100
Ammonium sulphate precipitate 6956 161 43.15 1.24 76.0
Ultra/Diafiltration 5508 13 431.13 12.44 58.0
DEAE Sepharose Fast Flow 2297 5 453.45 13.09 25.1

Fig. 2. Elution profile of α-amylase from DEAE Sepharose Fast Flow.

Fig. 3. SDS-PAGE illustrates different stages of purification: (A) molecular size
markers (B) Cell free supernatant (crude enzyme), (C) enzyme after ammonium
sulphate precipitation (D) Enzyme after ultrafiltration/diafiltraion (E) enzyme
after DEAE-Sepharose Fast Flow Chromatography.

Fig. 4. a) Effect of pH on the activity and stability of α-amylase b) effect of
temperature on the activity of α-amylase.
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ingredients for detergent production (Lu et al., 2016).
The activity of the B. stearothermophilus amylase was assessed at

various temperatures ranging from 20 °C to 100 °C. The optimum
temperature for maximum enzyme activity was found to be between
60 °C to 70 °C. The enzyme was highly thermostable and exhibited ac-
tivity at temperatures as high as 100 °C. Amylases derived from B.
stearothermophilus have been reported to exhibit thermostability. Li
et al. (2016) conducted a study where wild strains as well as mutants of
B. stearothermophilus amylase were studied. They reported that for all
the strains studied, the optimum temperature for α-amylase activity
was found to be 70 °C. However, the enzyme retained 80% of its activity
at temperatures of 40 °C and above. These observations rightly point
out that B. stearothermophilus amylase may have applications in in-
dustries such as traditional brewing and other food processing appli-
cations such as pasteurization where higher temperatures can render
mesophilic amylases useless.

3.4. Determination of kinetic constants

The Km and Vmax for thermostable amylase was calculated for starch
using Lineweaver-Burk plot. A value of 4.01× 103 μg starch/ml and
5.98×103 μg/ml·min was obtained for Km and Vmax respectively.

3.5. Effect of surfactants and detergents on enzyme activity

The stability of the thermostable amylase obtained from B. stear-
othermophilus for laundry applications was tested by incubating it in
surfactants and commercial detergents. Table 2 represents the residual
activity of the enzymes obtained after incubating in common surfac-
tants for 1 h. The amylase was able to retain high activity and moderate
activity after incubation in Tween-20 and Tween-80 respectively.
However, incubation in SDS resulted considerable decrease in amylase
activity indicating substantial denaturation of the enzyme.

On the other hand, α-amylase was considerably stable in solid as
well as liquid detergents (Fig. 5). The enzyme retained close to 100%
activity in all the solid detergents tested. Measurement of residual ac-
tivity after incubation in diluted solid detergent solutions revealed a
trend where the activity decreased with increase in incubation tem-
perature. Highest residual activities were observed in Ariel and Daz
when incubated at 40 °C. Structural denaturation of the enzyme due to
higher temperature might be the reason behind this observation. B.
stearothermophilus amylase was not as effective in the presence of liquid
detergents. As was with solid detergents, as incubation temperature
increased the residual activity was detrimentally affected. A higher
activity of the enzyme in solid detergents as opposed to liquid de-
tergents can be explained by the nature of the latter where the presence
of water amplifies the deleterious effects of surfactants (Khemakhem
et al., 2009).

3.6. Antibiofilm activity of α-amylase and determination of inhibitory
concentration

Antimicrobial agents ineffective against biofilm producing bacteria
due to their ability to produce exopolysaccharides (EPS). This forms a
barrier around the bacterial cell protecting it within the biofilm.
Enzymes such as proteases and lysozyme have been proven to be

effective antibiofilm agents (Mirsada et al., 2018; Vaikundamoorthy
et al., 2018). Carbohydrate degrading enzymes such as cellulases and
amylases along with alginate lyase have been shown to reduce biofilm
activity in Pseudomonas strains. This polysaccharide structure is ne-
cessary for the bacterial cell for pellicle formation (Alkawas et al.,
2006). Additionally, polysaccharide intercellular adhesin (PIA), extra-
cellular-DNA, proteins, and amyloid fibrils form the extracellular
polymeric structures of staphylococcal biofilm. Therefore, in this study,
three strains viz. S. aureus NCTC 1803, S. aureus ATCC 25923 and P.
aeruginosa ATCC 27835 were screened for biofilm production capacity.
Black colonies with crystalline consistency was an indication of biofilm
formation (Lee et al., 2016). In the case of commercial amylase (specific
activity 439.0 U/mg), 20 μl of the amylase was able to inhibit biofilm
production by all the three strains (Fig. 6a). The crude enzyme (specific
activity 36.63 U/mg) was able to achieve considerable disruption in
biofilm formation in all the pathogenic organisms tested. The BIC for
crude enzyme varied among all the bacterial strains tested (Fig. 6b).
The BIC for S. aureus NCTC 1803 and S. aureus ATCC 25923 was found
to be 150 μl (198.09 U/ml). Meanwhile the BIC for P. aeruginosa ATCC
27853 was 100 μl. Thereafter, increasing the concentrations of the
amylase led to the decrease in biofilm inhibition. This trend was ob-
served in both crude amylase and commercial amylase trails. Em-
ploying crude amylase resulted in inhibiting biofilm formation of the all
the strains tested by 62%, 55% and 50% respectively. A similar ob-
servation was reported by Kalpana et al. (2012) that involved crude,
purified and commercial amylase derived from Bacillus subtilis S8–18 as
an antibiofilm forming agent against pathogenic bacterial strains.

Exopolysaccharides provide strength to the bacterial cell wall while
preventing the entry of antimicrobial agents in to cells (Czaczyk and
Myszka, 2007). Circumventing this problem calls for novel solutions. α-
amylase have been widely studied as a potential anti-biofilm agent by
several researchers. Craigen et al. (2011) found that α-amylases from
four different sources viz. Bacillus, Aspergillus, sweet potato and saliva
was effective against biofilm producing capacity of Staphylococcus
aureus. Other studies have reported that proteases are better at pre-
venting biofilm formation and antimicrobial activity compared to α-
amylases (Mitrofanova et al., 2017; Molobela et al., 2010). Some stu-
dies report the use of an antimicrobial enzyme cocktail including pro-
teases, lysozyme, oxidative enzymes, amylases etc. to prevent or remove
biofilm formation. However, the presence of protease can lead to the
degradation of other enzymes leading to partial removal of biofilm
(Kalpana et al., 2012). Hence this study was solely focused on the effect
of thermostable B. stearothermophilus α-amylase on biofilm formation.

4. Conclusion

In this study, for the first time BSG hydrolysate was used to suc-
cessfully formulate media for the production of thermostable α-amylase
by B. stearothermophilus. The presence of hydrolysate in small quantities
enhanced the growth and enzyme yield of B. stearothermophilus. This
resulted in an increase of enzyme yield by 1.3-fold. The enzyme pro-
duced was purified by three-step purification strategy. This resulted in a
13.09-fold purification with a yield of 25%. Produced α-amylase
showed antibiofilm activity against number of pathogens and also
found to be considerably stable in solid and liquid detergents and can
be used in laundry applications.
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Table 2
Effect of surfactants on the activity of B. stearothermophilus.

Surfactants Concentration (%) Residual activity (%)

None – 100
Tween 20 10 95.5
Tween 80 10 74.3
SDS 10 55
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