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B Introduction

Biotechnology is becoming increasingly
important in the textile industry, leading
to novel multifunctional textile products
with unique values and functionalities
in contrast to classical textile materials.
Some of the new functional properties
obtained in textiles and clothing materi-
als via biotechnology include antimicro-
bial properties and enzymatic modifica-
tion of textiles e.g. polyester, wool, cot-
ton, etc. [1, 2]. Due to the growing need
for multifunctional, eco-friendly and effi-
cient textile products, the use of biologi-
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Resistance of Bacillus Amyloliquefaciens
Spores to Melt Extrusion Process Conditions

Abstract

With the increasing demand for functionalised textile materials, industry is focusing on
research that will add novel properties to textiles. Bioactive compounds and their benefits
have been and are still considered as a possible source of unique functionalities to be ex-
plored. However, incorporating bioactive compounds into textiles and their resistance to
textile process parameters has not yet been studied. In this study, we developed a system
to study the resistance of Bacillus amyloliquefaciens spores against melt extrusion process
parameters, like temperature (21, 200, 250, 300 °C), pressure (0.1, 0.6 and 1.0 MPa) and
residence time (0, 1 and 10 minutes). The spores were successfully embedded in PET (poly-
ethylene terephthalate) films and fibres through melt extrusion. Afterwards the survival rate
of the spores was determined after extrusion and the data was used to develop a quadratic

equation that relates the survival rate to the spore concentration.
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cal compounds like micro-organisms and
their benefits is being explored.

Earlier studies have shown that additives
can be introduced to textiles at different
production stages like during fibre pro-
duction, which ensures a strong bond be-
tween the polymer and additives. Moreo-
ver the compound added to the fibre can
migrate slowly to the surface, acting as a
slow release mechanism during use [3, 4].
However, for any additive to be success-
fully incorporated into synthetic textiles
during fibre production, they must sur-
vive the extreme processing parameters
used.

Due to superior mechanical properties,
recyclability, low cost and easy process-
ing, PET polymers are extensively used
in various textile and technical applica-
tions [5, 6]. PET and other thermoplastic
polymers are usually processed into fi-
bres through melt extrusion. During ex-
trusion, the polymer is subjected to high
temperature, pressures and shear stress
for a specific amount of time (residence
time) which depend on several factors:
the type of polymer, screw profile, die
diameter etc. As most biological com-
pounds are unable to withstand such
extreme conditions, some bacteria are
able to produce spores which are tough
non-productive structures that can en-
dure extreme environmental conditions.
Therefore these spore forming bacteria
are ideal candidates for embedding into
fibres during melt extrusion [7 - 11].

Whereas the resistance of B. amylolique-
faciens spores to high temperature and
pressure has been widely documented,
the link between their resistance and the
textile fibre extrusion process conditions
is missing. Moreover none of the condi-
tions reported matched the extrusion pro-
cess condition of PET, which includes
characteristics of the extruded polymer
type like the heat conductivity and shear
stress in the extruder, which can influence
the survival of spores during extrusion
[12 - 15]. Besides this, Bacillus species
like B. amyloliquefaciens have received
a lot of attention due to their potential
to produce a variety of bioactive com-
pounds, for example biopesticides [16].
In this study, however, the spores of
B. amyloliquefaciens were used as proof
of the concept and therefore we do not
aim to add any functionality to the PET
fibres at this point.

We first tested the survival rate of B.
amyloliquefaciens spores against the
extrusion parameters used for PET and
showed that they can survive extreme ex-
trusion conditions, resulting in success-
fully embedded spores in textile fibres.
This work led to a model system to test
the resistance of bioactive compounds for
extrusion processing parameters. As new
functionalities of bioactive compounds
are being explored, this fast, reliable and
economically viable technique for testing
the resistance of biological compounds
will therefore be important. Finally a
quadratic equation was derived to relate
the survival rate to the concentration of
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Table 1. Test parameters under which the
Bacillus amyloliquefaciens spores were

tested.

Parameters Values
Temperature, °C 2 (Cog:glgoZOOO, 250

Pressure, MPa 0.1 (control), 0.6 and 1.0

Residence time, min. 0 (control), 1 and 10

spores during extrusion as a function
of the temperature, pressure, residence
time, shear stress and polymer used.

I Materials and method

Microorganism

Spores of the thermophile bacterial strain
Bacillus  amyloliquefaciens used were
obtained from bio-mining in the Mo-
roccan desert and a stock culture was
cultivated at Ghent University (Biology
department). Spores of B. amyloliquefa-
ciens are known to be resistant to high
temperatures and pressures [13, 14],
making them good candidates for extrud-
ing in polymers.

Resistance to temperature, pressure
and residence time

To test the resistance of B. amylolique-
faciens spores to melt extrusion process
parameters like the temperature, pressure
and residence time, a special device was
designed and developed at Ghent Univer-
sity (Biology Department). The spores
were exposed to different test parameters
based on a pilot study (7able I).

Three different conditions were used:

1) temperature and atmospheric pressure,
2) temperature and pressure,

3) room temperature and pressure.

A compressor (HP3) was used to pressur-
ise a known amount of dry spores in the
sample holder, and then it was placed in a
preheated dry air oven at the testing tem-
perature required (Memmert UFE 500).
A probe of thermocouple wire connect-
ed to a data logger (Testo 175-T3) was
placed in direct contact with the sample
in order to follow the actual temperature
on the sample. When the temperature
required was reached, the sample was
left in that temperature for the specified
amount of time, after which the sample
was removed and left to cool down to
room temperature [17].

Then the spores treated were inoculated
by dissolving in 1000 pl of sterile physi-
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ological saline solution (0.8% NaCl) and
diluted up to 10-15 fold. From this dilu-
tion, 50 pl was inoculated on a prepared
culture medium (Nutrient Agar, Oxoid
CMO0003). The plates were incubated for
24 h at 40 °C. The survival of spores was
determined by counting the colony form-
ing units (CFU), after which a log cal-
culation was made to obtain the results,
expressed in log CFU/g dry weight.

The two-sample Kolmogorov-Smirnov
statistical test was used to determine the
significance of each test parameter on the
number of resistant spores.

Extrusion of spores in PET films

Arnite thermoplastic PET pellets (Arnite
A02307) from Royal DSM N.V. (Nether-
lands) were used in extruding both films
and fibres. This is a long-chain semi-
crystalline thermoplastic polymer with
a density of 1.34 g/cm3, water absorp-
tion (equilibrium, 23 °C, 50% RH) of
0.30%, viscosity number of 85.0 cm3/g,
melt temperature of 255 °C and pro-
cessing temperature range between
265 - 295 °C.

Prior to extrusion, the PET pellets were
dried in an oven for two days at 70 °C,
after which pure B. amyloliquefaciens
spores were homogeneously mixed with
the pellets to obtain a 0.5% w/w concen-
tration of spores to PET polymer. Finally
this mixture was extruded in a Haake
poly-drive extruder (Thermo Electronic
Corporation, USA). The three different
heating zones of the barrel were set at
265 °C for the feed stock (transport the
material), 270 °C for plasticising (com-
pression) and 275 °C for pumping (me-
tering). The die was heated to 275 °C,
while the screw speed and take-up veloc-
ity were set at 20 r.p.m. and 80 m/min
respectively, resulting in a pressure of
0.5 MPa and film thickness of 0.8 mm.
The average residence time during the
extrusion was approximately one minute.
The distribution and abundance of spores

Table 2. Results for two-sample Kolmogo-
rov-Smirnov tests of the effect of tempera-
ture, pressure and residence time on num-
ber of viable spores (n - number of replica);
1 - Control! represents a control tempera-
ture of 21 °C, 2 - Control? represents a con-
trol pressure of 0.1 MPa, 3 - Control3 rep-
resents a control time of 0 minutes.

Amount of

Test parameters samples (n) p-value

Temperature, °C

200 vs. control? 0.913

250 vs. control? 12 0.256

300vs. control’ 0.517
Pressure, MPa

0.6 vs. control? 12 0.056

1.0 vs. control2 0.781

Time, min.
1 vs. control3 0.726
10 vs. control3 12 1.000

in the films were determined by Scan-
ning Electron Microscopy (Joel Quanta
200 F FE-SEM). Samples for the SEM
were prepared by placing them on a stub,
where they were gold coated using a
sputter coater afterwards (Balzers Union
SKD 030).

Extrusion of spores in PET fibres
After drying the PET pellets as explained
earlier, pure B. amyloliquefaciens spores
were added by gravimetric dosing dur-
ing spinning to obtain a 0 (control), 2,
4, 6, 8 and 10% w/w concentration of
spores to PET polymer. This mixture was
extruded into multi-filament fibres by a
single screw extruder (General Extrusion
Technology, China). The three different
heating zones of the barrel were set at
280+ 10 °C, 290 + 5 °C and 295 + 2 °C.
The die was heated at 295 °C and the
pressure was around 6.0 + 0.2 MPa,
while the average residence time was ap-
proximately 5 + 0.5 minutes.

Resistance of extruded spores in films
and fibres

The resistance of the extruded spores in
the PET films and fibres was determined
by growth/germination biological assay

Table 3. Surviving spores in fibres after being sterilised by soaking in sodium hypochlorite
(NaClO) solution, Dettol solution (5%) and in ethanol solution (96%) for 10 minutes each
or by pasteurizing at 80 °C for 10 minutes (n - number of replicas).

Concentration = Amount of Sterilised Pasteurised
of spores, % | samples (n) (Mean Log CFU/g dry fibres) (Mean Log CFU/g dry fibers)

0 0 0

2 14+0 14 £1

4 20+1

4
6
201
8 19+1
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[18], which means that B. amyloliquefa-
ciens spores that survived the extrusion
processing conditions will form a colony
after inoculation and be detected as vi-
able. Before inoculation, the samples had
to be sterilised to remove contamination
due to the extrusion. Several sterilisation
techniques like pasteurisation and sterili-
sation with chemicals can be used [18].
In order to test the most effective steri-
lisation method to use, two techniques
were tested: pasteurisation and sterilisa-
tion with chemicals.

The samples were cut into small pieces to
end up with 48 samples, each weighing
about 85 mg. Half of them were then ster-
ilised by soaking in Sodium hypochlo-
rite (12% NaClO), in Dettol solution
(5%) and in ethanol (96%) for 10 min-
utes each. The other half of the samples
was sterilised by pasteurising in a water
bath (Grant JB aqua 12) at 80 °C for
10 minutes. After each sterilisation pro-
cess, the samples were dissolved in 1.0 ml

of sterile physiological saline solution,
then diluted and inoculated on nutrient
agar plates and incubated at 40 °C for
24 hours. Finally the plates were visually
checked for colony forming spots.

To generate a statistical equation that ex-
plains the relationship between the sur-
vival rate and concentration of extruded
B. amyloliquefaciens spores, t experi-
mental results from the ‘sterilised’ col-
umn were used (Zable 3).

¥ Results and discussion

Effect of temperature

The effect of temperature on the heat re-
sistance of B. amyloliquefaciens spores is
given in Figure 1.a, showing a decrease
in the number of viable spores with in-
creasing temperature. The decrease in
surviving spores means spores were
killed during the heat treatment, increas-
ing with a rise in temperature. Extreme
dry heat can kill spores by damaging and

mutating the DNA [19 - 21]. DNA dam-
age is mostly due to loss of base through
depurination [10, 22 - 24].

Effect of pressure

The effect of pressure on the viability of
B. amyloliquefaciens spores is shown in
Figure 1.b. For the pressure range tested,
from 0.1 to 1,0 MPa, pressure seemed to
have no effect on the number of surviv-
ing spores. An explanation for the resist-
ance of spores to pressure could be pro-
vided by DNA-binding proteins protect-
ing the spore’s DNA, the repair of DNA
damage during spore germination, and by
the impermeability of the spore’s coat to
high pressure [8, 9]. Additionally B. am-
vloliquefaciens spores were reported to
resist pressures up to 1,700 MPa [26 - 28],
which is much higher than the highest
pressure tested (1.0 MPa). The pressure
range tested was too low to kill the spores
and therefore is not an important param-
eter in the extrusion of spores/PET films
and fibres.
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Figure 1. The effect of temperature (a) and pressure (b) on the viability of Bacillus amyloliquefaciens spores (four replicas each).
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Figure 2. The effect of residence time on the viability of Bacillus amyloliquefaciens spores,a) under pressure (1.0 MPa) and b) under high

temperature (300 °C) (four replicas each).
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Visible spots of spore

Figure 3. Photograph of PET film embed-
ded with spores showing visible spots of
spores on the film surface (indicated by ar-
rows).

Figure 4. Viability tests (PET Films inocu-
lated in nutrient medium and incubated for
24 h at 40 °C. a) control PET film with no
spores showing no growth, b) PET films ex-
truded with 0.5% of spores showing bacte-
rial growth.

Effect of residence time

The influence of the residence time on
the viability of B. amyloliquefaciens
spores under pressure (1,0 MPa) and at
high temperature (300 °C) was exam-
ined. Whereas the residence time under
pressure showed no effect (Figure 2.A4),
that at high temperature showed a de-
crease in the number of surviving spores
after 10 minutes (Figure 2.B). Since
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B. amyloliquefaciens spores are well
known to be resistant to high pressures
[27 - 29], a pressure of 1,0 MPa is too
low to cause any decrease in the sur-
vival of spores, even after 10 minutes
of exposure. In contrast, the effect of
the residence time at high temperatures
is a linear decrease in the amount of
surviving spores with increasing tem-
perature (Figure 1.a). This is in accord-
ance with previous results, in that fewer
spores of B. amyloliquefaciens survive
with increasing temperature [11, 12],
which means that any change made in the
residence time or temperature will have
a great effect on the number of spores
that survive the process. The longer the
spores are exposed to high temperatures,
the more likely it becomes that the spores
will not survive the processing.

Statistical analysis

The statistical significance of the tem-
perature, pressure and residence time on
the number of viable spores was deter-
mined using the two-sample Kolmogo-
rov-Smirnov test, the results of which are
given in in Table 2. This test compared
the distribution of values for each pa-
rameter against the control values. The
analysis showed that none of the param-
eters tested saw a significant difference
in the viable spores (Zable 2, p > 0.05),
meaning that neither temperature, pres-
sure, nor time had a significant influence
on the number of spores that survived the
process. This lack of significance may be
attributed to the low operating pressure
levels and short residence time, which
were discussed earlier. Additionally high
temperature treatment has been shown to
increase the relative hydrophobicity of
the spore surfaces due to the denaturing
of spore coat proteins, resulting in an ag-
glomeration of the spores, which increas-
es their survival chances against extreme
temperatures [20, 30 - 33].

Extrusion of spores in PET films

PET films of 0.8 mm thickness incorpo-
rated with B. amyloliquefaciens spores
were successfully extruded in a stable
process. The surface of the PET films
was very characteristic, in that many
spots were visible due to the inclusion
of the spores in the film, as can be seen
in Figure 3. This is a first indication of
the feasibility to successfully incorpo-
rate bacteria spores in extruded polymer
films.

Agglomerates of spore

Figure 5. SEM micrograph of a PET film
embedded with spores. The surface is char-
acterised by spore aggregations (indicated
by arrows).

The viability of the spores in the spore/
PET films was tested by inoculation in
nutrient medium and incubating for 24 h
at 40 °C. This tests the survival of spores
through germination/growth under fa-
vorable conditions [18]. The viability
test results of the PET films are shown in
Figure 4. The control sample, being pure
PET film with no spores (Figure 4.A),
did not show any growth, whereas the
sample extruded with 0.5% spores
showed bacterial growth all around the
polymer film (Figure 4.B). The growth
observed in Figure 4.B confirms that B.
amyloliquefaciens spores survived the
extrusion parameters very well.

As discussed earlier, the resistance of B.
amyloliquefaciens spores to PET film ex-
trusion can be explained by three factors,
namely the low operating pressures, the
short residence time and the formation
of spore agglomerates during extrusion.
Several factors can cause the spores to
agglomerate in the extruder: the hydro-
phobic nature of the spores, heat treat-
ment and shear stress [34, 35]. An ex-
ample of spore aggregation in the PET
film is given in the SEM picture shown
in Figure 5.

Extrusion of spores in PET fibres

The concentration of spores successful-
ly incorporated in PET fibres was from
0 to 10% w/w. Concentrations higher
than 10% w/w blocked the spinnerets and
therefore extrusion could not take place.

The two sterilising techniques studied
proved to be equally efficient for fibres
before inoculation (7able 3). PET fibres
extruded with a 2% spore concentration
showed the smallest survival of spores,
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while concentrations of 4, 6, 8 and 10%
of spores showed almost the same surviv-
al rate. These results further confirm the
resistance of B. amyloliquefaciens spores
to melt extrusion process parameters.

B Quadratic equation

The equation developed to relate the sur-
vival rate of spores to the concentration
of extruded spores was

y=1714+582x—-0.42x2

where, y is the number of viable spores,
x the concentration of compounded PET
pellets, and x2 is the squared term for the
concentration of compounded PET pel-
lets. The fitted curve is represented in
Figure 6 (R*=0.91).

This quadratic equation can be used to re-
late the survival rate of B. amyloliquefa-
ciens spores with concentration of spores
extruded in PET fibres at 265 - 300 °C
temperature, 6.0 = 0.2 MPa pressure and
5 + 0.5 minutes residence time.

@ Conclusion

In this study, we have demonstrated a
suitable technique for testing the re-
sistance of spores to extrusion process
parameters (temperature, pressure and
residence time). Results showed that
none of the parameters tested had a sig-
nificant effect on the survival of Bacil-
lus amyloliquefaciens spores. Therefore
the technique demonstrated proved to
be cheap, easy and fast, hence it can be
used as a model system to study the bio-
logical response of spores in relation to
high temperature, pressure and residence
time. It was also shown that spores can
be successfully incorporated directly into
PET polymer matrix during extrusion to
develop textile bio-aggregates.
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On behalf of the Board of the Polish Chitin Society | have both a pleasure and an honour to invite you to participate in the

XVII Seminar and Workshop on “New Aspects of the Chemistry and Applications of Chitin and its Derivatives”
which will be held in L6dz, Poland, September 24th — 26th, 2014,

The aim of the conference is to present the results of recent research, development and applications of chitin and

chitosan.

It is also our intention to give the conference participants working

exchange their experiences in a relaxing environment.

For more information please contact:

M. Sklodowskiej-Curie 19/27, 90-570 t.6dz, Poland
tel. (+48) 42 638 03 339, fax (+ 48) 42 637 62 14,

in different fields an opportunity to meet and

Best regards

Malgorzata M. Jaworska Ph.D., D.Sc., Eng.

CONFERENCE SECRETARY

e-mail: ptchit@ibwch.lodz.pl www.ptchit.lodz.pl
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