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Background: Poly(pL-lactic acid), or PDLLA, is a biodegradable polymer that can be hydrolyzed by various types of
enzymes. The protease produced by Actinomadura keratinilytica strain T16-1 was previously reported to have
PDLLA depolymerase activity. However, few studies have reported on PDLLA-degrading enzyme production
by bacteria. Therefore, the aims of this study were to determine a suitable immobilization material for
PDLLA-degrading enzyme production and optimize PDLLA-degrading enzyme production by using
immobilized A. keratinilytica strain T16-1 under various fermentation process conditions in a stirrer fermenter.
Results: Among the tested immobilization materials, a scrub pad was the best immobilizer, giving an enzyme
activity of 30.03 U/mL in a shake-flask scale. The maximum enzyme activity was obtained at aeration
0.25 vvm, agitation 170 rpm, 45°C, and 48 h of cultivation time. Under these conditions, a PDLLA-degrading
enzyme production of 766.33 U/mL with 15.97 U/mL-h productivity was observed using batch fermentation in
a 5-L stirrer fermenter. Increased enzyme activity and productivity were observed in repeated-batch
(942.67 U/mL and 19.64 U/mL-h) and continuous fermentation (796.43 U/mL and 16.58 U/mL-h) at a dilution
rate of 0.013/h. Scaled-up production of the enzyme in a 10-L stirrer bioreactor using the optimized conditions
showed a maximum enzyme activity of 578.67 U/mL and a productivity of 12.06 U/mL-h.

Conclusions: This research successfully scaled-up the enzyme production to 5 and 10 Lin a stirrer fermenter and is
helpful for many applications of poly(lactic acid).

© 2017 Pontificia Universidad Catélica de Valparaiso. Production and hosting by Elsevier B.V. All rights reserved.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Disposal methods for PLA have been investigated, e.g., composting and
recycling. To date, reports have demonstrated the ability of various

Plastics provide social, economic, and environmental benefits, but
their popularity has produced abundant plastic wastes. Disposing of
plastic waste is a serious problem because plastics barely decompose in
the environment. Biodegradable polymers such as poly(lactic acid)
(PLA), poly-B-hydroxybutyrate (PHB), and polycaprolactone (PCL) have
been developed as replacements for petrochemical plastic materials.
PLA is an aliphatic polyester produced from lactic acid monomers. PLA
can divide into several forms depending on the structure of lactic acid
such as poly(ti-lactic acid) (PLLLA), poly(pL-lactic acid) (PDLLA), and
poly(pp-lactic acid) (PDDLA). PLA has been used in many applications,
e.g., food packaging, automotive interior parts, agricultural and
geotextiles, furniture, apparel, and nonwovens, among others [1,2].
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microorganisms to degrade PLA, such as Bacillus licheniformis, Bacillus
spp. Geobacillus thermocatenulatus, Aneurinibacillus migulanus,
Amycolatopsis thailandensis, Cladosporium, Purpureocillium, Laceyella
sacchari, Thermoactinomyces vulgaris, and Actinomadura keratinilytica |3,
4,5,6,7,8,9,10]. However, the enzyme production by these reported
strains and its scaling up have not been studied thus far. A. keratinilytica
strain T16-1 showed the potential to produce a dominant activity of
PDLLA-degrading enzyme. The basal medium composition that is used
for the enzyme production was clarified and optimized. The maximum
enzyme activity observed was 257 U/mL in an optimized basal medium
containing PDLLA under batch fermentation in a 3-L airlift fermenter
[11]. The main application of the PDLLA-degrading enzyme produced
by strain T16-1 was biological recycling, as previously reported [11,12].
Currently, enzymes that degrade PLA, such as lipases and proteases, are
used in many applications. In the plastic recycling field, these enzymes
have been used for degradation and re-polymerization. Sukkhum et al.
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[11] reported that almost 800 mg/L lactic acid and 500 mg/L oligomers
were obtained after an 8-h degradation of 4000 mg/L PDLLA powder by
strain T16-1. Youngpreda et al. [12] showed the biological recycling of
PDLLA using a protease produced by A. keratinilytica strain T16-1 in a
mild and clean process. In 2008, Lassalle and Ferreira [13] investigated
the best conditions for the biological re-polymerization of PLA using
lipase as a catalyst in hexane solvent. The results showed that PLA was
obtained with 55% (w/v) under conditions of 65°C and 96-h reaction
time. In 2012, Chuensangjun et al. [14] reported the optimized
condition for PLA polymerization and demonstrated that low-
molecular-weight PLA was derived using the commercial lipase
Lipozyme TL IM at 50°C with 5-h incubation. A second strategy for the
application of PLA-degrading enzyme was reported: the enzyme was
mixed with a biopolymer film containing PLA to control the degradation
when used in the agricultural field [15]. Moreover, a PLA-degrading
enzyme might be used as a catalyst to improve the standard method for
testing biodegradable polymers or co-polymers containing PLA [16].

To maximize enzyme production, the study of fermentation process
development is highly important. In many reports, batch, fed batch,
repeated-batch, and continuous fermentation were used to produce
various types of fermentation products such as ethanol, lactic acid,
lipid, and xylanase [17,18,19,20]. However, in each fermentation
process, free cells were not suitable because of the possibility of
substrate or product inhibition through direct contact between the
cells and medium [21]; moreover, we lose time for new inoculum
preparation and cleaning for each batch. To resolve these problems, a
cell immobilization method was applied for the fermentation processes.
Cell immobilization can help decrease the cost of fermentation and has
many advantages such as achieving higher cell concentration, resulting
in a higher fermentation rate, yield, and productivity and recycling cell
utilization with reduced cost and time [22].

Therefore, the aim of this work focused on the comparison of
fermentation processes using a 5-L stirrer fermenter to achieve the
maximum PDLLA-degrading enzyme production with high yield and
productivity.

2. Materials and methods
2.1. Microorganisms and inoculum preparation

The actinomycete A. keratinilytica strain T16-1 was isolated and
identified by Sukkhum et al. [10] and kept at the NITE Biological
Resource Center (NBRC), Japan, and Biotec Culture Collection (BCC),
Thailand. Glycerol stock was prepared using 20% glycerol and stored
at —20°C in refrigerator until use. Inoculum preparation was
performed by streaking strain T16-1 onto ISP-2 slant (International
Streptomyces Project-2 medium, containing 4 g/L yeast extract, 10 g/L
malt extract, 4 g/L dextrose, and 20 g/L agar) and incubating at 45°C
for 4 d. The strain was sub-cultured into ISP-2 broth and incubated at
45°C, 150 rpm, for 4 d. The cell mass was collected by filtration
through Whatman No. 1 filter paper, washed twice, re-suspended in
sterile distilled water, and used as the inoculum.

2.2. Substrate preparation and fermentation medium

PDLLA with a molecular weight (Mw) of 43,000 (80% L-lactic acid
and 20% p-lactic acid, Toyobo, Japan) was used as the enzyme inducer
in this study. PDLLA powder was prepared by adding 30-mL
dichloromethane to a 0.3-g PDLLA pellet and mixing until the PDLLA
pellet completely dissolved. To precipitate the PDLLA powder, 200 mL
of methanol was added to the solution, which was then air-dried and
used as the substrate. The composition of fermentation medium for
the enzyme production was (w/v) 0.035% PDLLA powder, 0.238%
gelatin, 0.4% (NH4),SO4, 0.4% KyHPO4, 0.2% KH,PO4 and 0.02%
MgS0,4.7H,0. Then, 10% (v/v) of seed culture was inoculated into the
fermentation medium and incubated at 45°C for 4 d. The enzyme was

collected by filtration through Whatman No. 1 filter paper, and the
filtrate was further analyzed for enzyme activity.

2.3. Bacterial cell immobilization

The seed culture for cell immobilization was prepared as described
above. Various carriers such as a luffa disc, sponge (Scotch Brite™
scrubbing sponge, 3M Thailand, Bangkok, Thailand), and scrub pad
(Scotch Brite™ scrubbing pad, 3M Thailand, Bangkok, Thailand) were
cut to a size of 1 cm>. The scrub pad was made from aluminum oxide
(non-fibrous), titanium dioxide, cured resin, and nylon fiber. Then,
10% inoculum was inoculated into sterile basal medium containing
0.1% (w/v) of each immobilizer. Calcium alginate immobilization was
prepared separately. The seed culture was resuspended in 0.85% NaCl
and sodium alginate at a final concentration of 10%. The cell
suspension was dropped into 0.1 M CaCl, thrice, and the gel was
collected, washed twice with sterile distilled water, and transferred to
sterile basal medium. All flasks were incubated at 45°C for 7 d.
Samples were taken at 24-h intervals and collected by filtration
through Whatman No. 1 filter paper. The filtrate was further analyzed
for enzyme activity.

2.4. Batch fermentation in a 5-L stirrer fermenter

The batch fermentation was conducted in a 5-L stirrer fermenter
with a 4-L working volume (B. Braun Biotech Biostat B, Sartorius,
Goettingen, Germany). The glass bioreactor was surrounded by a
water jacket for temperature control. The dissolved oxygen (DO) and
pH probes were positioned at the top of the fermenter. In total, 4 L of
basal medium, 0.035% (w/v) PDLLA, and 0.1% (w/v) scrub pad were
added into the fermenter and sterilized at 121°C for 30 min. Then,
the mixture was inoculated with 10% (v/v) cell suspension, and
fermentation was performed at various agitation speeds (100, 170,
and 240 rpm) and aeration rates (0.25, 0.38, and 0.50) according to
the experimental set up. The culture had a 6-h sampling interval for
the PDLLA-degrading enzyme activity assay. The culture broth was
obtained by filtration through Whatman No. 1 filter paper.

2.5. Repeated batch in a 5-L stirrer fermenter

The enzyme production by repeated-batch fermentation was
performed according to the optimized conditions obtained for batch
fermentation using a scrub pad as the immobilizer. The first cycle for
repeated-batch fermentation was performed by culturing strain T16-1
in a 5-L stirrer fermenter with a 4-L working volume. Then, the
mixture was inoculated with 10% (v/v) of the cell suspension, and the
fermentation proceeded at 170 rpm, 0.25 vvm, and 45°C for 48 h. The
culture broth was completely removed from the fermenter and
resuspended in fresh sterile basal medium. The fermentation process
was repeated until the enzyme production ability was decreased. The
PDLLA-degrading enzyme activity assay was performed at a 6-h
sampling interval. The culture broth was obtained by filtration
through Whatman No. 1 filter paper.

2.6. Continuous process in a 5-L stirrer fermenter

The continuous process for PDLLA-degrading enzyme production
was performed by culturing strain T16-1 in 4 L of basal medium
containing 0.035% (w/v) PDLLA and 0.1% (w/v) scrub pad as
immobilizer. A 10% (v/v) inoculum of the cell suspension was used,
and the fermentation was controlled at 170 rpm, 0.25 vvm, and 45°C.
The strain was grown until performance reached a steady state. The
various dilution rates were 0.006, 0.013, 0.019, and 0.025/h. The
culture was sampled at 6-h intervals for the PDLLA-degrading enzyme
activity assay. The culture broth was obtained by filtration through
Whatman No. 1 filter paper.
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2.7. Batch fermentation in a 10-L stirrer fermenter

The PDLLA-degrading enzyme production was scaled-up to a 10-L
stirrer fermenter with a 7-L working volume (B. Braun Biotech Biostat
B, Sartorius, Goettingen, Germany). A 7-L volume of basal medium,
0.035% (w/v) PDLLA, and 0.1% (w/v) scrub pad were added into the
fermenter and sterilized at 121°C for 30 min. A 10% (v/v) inoculum of
cell suspension was used, and fermentation was conducted at an
agitation speed of 170 rpm and aeration rate of 0.25 vvm. The culture
was sampled at 6-h intervals for the PDLLA-degrading enzyme activity
assay. The culture broth was obtained by filtration through Whatman
No. 1 filter paper.

2.8. PDLLA-degrading enzyme assay

The PDLLA-degrading enzyme ability was determined by the
decrease in emulsified PDLLA turbidity. For this purpose, 0.1% (w/v)
PDLLA (80% L-lactic acid and 20% p-lactic acid with Mw of 43,000,
Toyobo, Japan) was dissolved in dichloromethane, emulsified with
100-mM Tris-HCl buffer (pH 9.0) by an ultrasonic processor model
VCX 500 (Sonic and Materials, Inc., Newtown, USA), and kept at room
temperature to remove the solvent. A reaction mixture containing
2.25 mL of emulsified PDLLA and 0.25 mL of enzyme filtrate was
incubated at 60°C for 30 min. The reaction was stopped by cooling on
ice for 5 min. The decrease in turbidity was measured at 630 nm. One
unit of PDLLA-degrading activity was defined as a 1-unit decrease in
the optical density at 630 nm of emulsified PDLLA per milliliter under
the assay conditions described above.

2.9. Scanning electron microscopy analysis

The cells immobilized on various carriers were cut into approximately
0.5-cm cubes, soaked into 2.5% glutaraldehyde prepared in 0.1 M
phosphate buffer pH 7.2 at 4°C for 2 h, washed twice with the
same buffer, and dehydrated by a series of ethanol concentrations
for 10 min. The samples were dried and coated with gold
before being observed under a scanning electron microscope (JEOL,
JSM-6400, USA).

2.10. Calculation

The PDLLA-degrading enzyme production efficiency was calculated
in terms of enzyme yield (Yps) and enzyme productivity (Qp).

Enzyme activity (%)

veld (Yg) - Substrate concentration (%)

Enzyme activity (%)

Enzyme productivity (Q,) = Fermentation time (h)

2.11. Statistical analysis

The data were analyzed by one-way analysis of variance using the
statistical program IBM SPSS Statistics for Windows, version 23.0 (IBM
Corp., Armonk, N.Y. USA), and the LSD multiple comparison test was
used for the separation of means. Statistical significance was applied
at the P < 0.05 level.

3. Results and discussion
3.1. Immobilization of strain T16-1

In general, large-scale enzyme production requires several
fermentation processes such as repeated-batch and continuous
methods to maintain the yield and productivity. Thus, to increase the
bacterial cell concentration in the process, immobilization and
optimized conditions were studied. In this work, a luffa disc, sponge,
scrub pad, and calcium alginate were used as cell immobilizers. Fig. 1
demonstrates the effect of various immobilizers on the enzyme
production. The free cells, scrub pad, luffa disc, sponge, and calcium
alginate showed enzyme activity levels of 31.17, 30.03, 25.83, 21.17,
and 2931 U/mL and productivity of 0.65, 0.63, 0.36, 0.18, and
0.31 U/mL-h, respectively, after 2 d of cultivation. Among these
supports, the results of free cells and scrub pad were not significantly
different. It can be concluded that the entrapment technique (calcium
alginate immobilization) was not suitable for the cell immobilization of
A. keratinilytica strain T16-1. In contrast, the attachment technique,
especially using scrub pad immobilization, improved enzyme
production. The immobilization efficiency of calcium alginate decreased
because the substrate could not penetrate into the small pores of the
beads. According to many reports, various attachment techniques have
been successfully developed for cell and enzyme immobilization, e.g.,
stainless steel sponge, corn cob, alginate bead, and sweet sorghum stalk
[19,23,24]. Hence, the scrub pad was selected for PDLLA-degrading
enzyme production. The scanning electron micrograph of the
immobilized strain T16-1 revealed that after cultivation for 48 h, the
bacterial cells grew on the surface and inside the pores of the scrub pad
(Fig. 2). The small mycelia of strain T16-1 were spread inside and
attached well to the scrub pad. It was reported that cell attachment on
a supporting surface consisted of non-covalent interactions such as van
der Waals, ionic, electrostatic, and Lewis acid-base interactions and
Brownian motion forces [25].

3.2. Batch fermentation for PDLLA-degrading enzyme production using a
5-L stirrer fermenter

From the results of cell immobilization, a scrub pad was used as the
cell carrier to study enzyme production on a larger scale. The enzyme
was produced by A. keratinilytica strain T16-1 using batch
fermentation in a 5-L stirrer fermenter. Among various agitation
speeds (100, 170, and 240 rpm), the highest enzyme production of
481.94 U/mL, productivity of 10.04 U/mL-h, and yield of 344.24 U/g
substrate was achieved at 170 rpm and 0.38 vvm aeration rate
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Fig. 1. Effect of various immobilizers on PDLLA-degrading enzyme production by
A. keratinilytica strain T16-1 in 250-mL Erlenmeyer flasks, incubated at 150 rpm, 45°C,
for 7 d. Closed diamond, free cell; closed square, sponge; closed triangles, scrub pad;
%, Calcium alginate; and closed circles, luffa disc.
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Fig. 2. Scanning electron micrograph of immobilized strain T16-1 on scrub pad after 48-h cultivation: (A) magnification of 100x and (B) magnification of 350x. SP: Scrub pad and BM:

Bacterial mycelium.

(Fig. 3a). These results indicated that increasing the agitation speed
could decrease the enzyme production because of the shear force of
the disc turbine on mycelium growth. Fig. 3b demonstrates the effect
of aeration rate (0.25, 0.38, and 0.5 vvm) on the PDLLA-degrading
enzyme production by A. keratinilytica strain T16-1. The maximum
enzyme activity, 766.33 U/mL, was obtained at 0.25 vvm with an
agitation speed of 170 rpm under batch fermentation. A productivity
(Qp) of 1597 U/mL-h and enzymatic yield (Yps) of 547.38 U/g
substrate were achieved under optimized conditions. It has been
reported that enzymes are susceptible to mechanical force, which may
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Fig. 3. Effect of agitation speed (a) closed square, 100 rpm; closed circles, 170 rpm;
and closed triangles, 240 rpm and aeration rate (b) closed circles, 0.25; closed square,
0.38; and closed triangles, 0.5 vvm on PDLLA-degrading enzyme production by
A. keratinilytica strain T16-1 in a 5-L stirrer fermenter under batch fermentation.

disturb the elaborate shape of complex molecules severely enough to
cause denaturation of the molecules [26]. High agitation speeds did
not favor the enzymatic activity, probably because of the shear stress
caused by the blade tips of the impeller, which increases with the
revolution speed [27]. Stress conditions might negatively contribute to
cell growth and enzyme stability [28].

3.3. Repeated-batch fermentation for PDLLA-degrading enzyme production
using a 5-L stirrer fermenter

The best conditions for PDLLA-degrading enzyme production under
batch fermentation were agitation speed of 170 rpm and aeration of
0.25 vvm. In addition, the enzyme was produced by repeated-batch
fermentation because of the simplicity, convenience, and reduced time
of operation and helped retain the cell mass when used for long
periods of time or repeated fermentation. In this research, four
successive cycles of enzyme production were performed (Fig. 4). In
each cycle, high enzyme production was detected at 952, 1095.34,
996.67, and 726.67 U/mL. During repeated-batch fermentation, the
maximum enzyme activity was achieved at the second cycle because
the immobilized cells were activated after completing the first cycle of
enzyme production. Afterward, the enzyme production slightly
decreased when the immobilized cells were repeatedly used. The
average production, productivity, and yield were 942.67 U/mL,
19.64 U/mL-h, and 673.34 U/g substrate, respectively (Table 1). These
results demonstrated that the enzyme production was higher than the
previously reported by Sukkhum et al. [11] by approximately
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Fig. 4. PDLLA-degrading enzyme production by A. keratinilytica strain T16-1 in a 5-L stirrer
fermenter under repeated-batch fermentation at aeration rate of 0.25 vvm, agitation
speed of 170 rpm, and temperature of 45°C. The arrows indicate the start time of each
cycle.
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Table 1
Comparison of the fermentation parameters of PDLLA-degrading enzyme production by immobilized strain T16-1 under various fermentation processes in a 5-L stirrer fermenter.
Fermentation scale Fermentation process Parameters (mean + SD) Time (h)
P (U/mL) Q, (U/mL-h) Y,s (U/g substrate)
250 mL Batch 30.03 + 5¢ 0.63 + 0.1¢ 150.15 + 13¢ 48
5L Batch 766.33 + 32° 15.97 + 4° 547.38 + 24° 48
Repeated batch 942.67 + 55% 19.64 + 2° 67334 + 117 48
Continuous 796 + 43° 16.58 + 3° 568.57 + 14° 48
10L Batch 578.67 & 23°¢ 12.06 + 1¢ 165.33 £ 9¢ 48

P, enzyme activity; Q,, the enzyme productivity; and Y, the enzyme yield. The different letter Means the value at the same column are not significantly different at P < 0.05.

3.67-fold. Repeated-batch fermentation has been successfully used to
produce important industrial products such as lactic acid, ethanol,
lipid, and gamma-linolenic acid [17,19,20].

3.4. Continuous fermentation for PDLLA-degrading enzyme production
using a 5-L stirrer fermenter

One of the major drawbacks in industrial applications of enzyme
catalysis is the relatively high cost of the biocatalyst. Therefore, the
production of high amounts of biocatalyst at a low cost is critical.
Thus, it would be extremely interesting to develop technology
for continuous production [29]. To evaluate a suitable fermentation
process for PDLLA-degrading enzyme production, continuous
fermentation was studied at various dilution rates of 0.006, 0.013,
0.019, and 0.025/h. After culturing for 48 h, the enzyme production
reached a steady state, and new culture broth was continuously fed
into a 5-L fermenter according to each dilution rate. The optimized
condition for PDLLA-degrading enzyme production under continuous
fermentation was a dilution rate of 0.013/h, an aeration rate of
0.25 vvm, an agitation speed of 170 rpm, and a controlled
temperature of 45°C. The highest enzyme activity of 796 U/mL was
obtained at a dilution rate of 0.013/h. The enzyme productivity
obtained in continuous culture (16.58 U/mL-h) was lower than the
production using repeated-batch fermentation. However, the benefit
of continuous culture due to more efficient substrate use has been
reported by many researchers [29,30]. At a high dilution rate,
continuous fermentation (0.019 and 0.025/h) demonstrated enzyme
production of 359.07 and 156.8 U/mL, respectively, which was lower
than that in the optimized conditions. It could be concluded that a
higher dilution rate decreased the enzyme activity, and the process
reached the wash-out stage of fermentation. Similar behavior was
reported for lipolytic enzyme production in continuous culture of
Thermus thermophilus HB27. The lipolytic enzyme was approximately
two-fold higher in continuous culture than in batch culture [29]. The
xylanase productivity obtained in continuous culture of Penicillium
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Fig. 5. PDLLA-degrading enzyme production by A. keratinilytica strain T16-1 in a 10-L
stirrer fermenter under batch fermentation.The condition for the enzyme production
was agitation speed of 170 rpm, aeration rate of 0.25 vvm, and controlled temperature
of 45°C.

canescens 10-10c (3.46 U/mL-h) was approximately 2.64 and
7.47 times higher than that in batch culture (1.31 and 0.46 U/mL-h)
after 96 and 168 h of fermentation, respectively [31].

3.5. Scaling up for PDLLA-degrading enzyme production in a 10-L fermenter

The optimum conditions for PDLLA-degrading enzyme production
by strain T16-1 under batch fermentation in the 5-L fermenter were
scaled-up to a 10-L stirrer fermenter. The maximum enzyme activity
of 578.67 U/mL was obtained after cultivation for 48 h at 45°C, with
an agitation speed of 0.25 vvm and an aeration rate of 170 rpm
(Fig. 5). The productivity and yield for the enzyme production were
12.6 U/mL-h and 236.19 U/g substrate, respectively. These results
indicated that the enzyme production under batch fermentation in a
10-L fermenter was lower than that in a 5-L fermenter (Table 1)
because the oxygen and mixing speed might not be suitable for
scaling up to 10 L. Therefore, it was necessary to investigate good
mixing of the culture broth as agitation produces dispersion of air in
the culture medium, homogenizes the temperature and the pH, and
improves the transference rate of nutrients.

4. Conclusion

The PDLLA-degrading enzyme production by strain T16-1 was
successfully scaled-up to 5- and 10-L stirrer fermenters. The results
show that a scrub pad is the best immobilizer for enzyme production
with an activity of 30.03 U/mL in the shake-flask scale. The maximum
enzyme activity is obtained at an aeration of 0.25 vvm, an agitation of
170 rpm, 45°C, and 48 h of cultivation time. Batch, repeated-batch,
and continuous fermentation processes are used for the enzyme
production. The maximum enzyme activity, 942.67 U/mlL, is obtained
after applying repeated-batch fermentation for PDLLA-degrading
enzyme production in a 5-L fermenter. Scale-up of the enzyme in a
10-L stirrer bioreactor is demonstrated with an enzyme activity of
578.67 U/mL and productivity of 12.06 U/mL-h. These results can
promote the scale-up of the production of the enzyme by the strain
T16-1 and help in many applications of PLA.
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