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Improved biodegradation of polyvinyl alcohol by hybrid nanoflowers
of degrading enzymes from Bacillus niacini
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Abstract—Polyvinyl alcohol (PVA) is a synthetic polymer that is difficult to degrade in nature. In this study, we syn-
thesized PVA-degrading enzymes (PVAase)-Cu,(PO,), hybrid nanoflowers by using crude PVAase from Bacillus nia-
cini for PVA degradation. The influences of PVAase concentration, Cu™* concentration, and incubation time on the
nucleation and activity of the PVAase hybrid nanoflower were investigated. The maximal activity recovery of the
PVAase hybrid nanoflower was approximately 85% at 0.25 mg/mL of PVAase, 0.36mM Cu”, and 72h incubation
time. The optimum temperature and pH of PVAase did not change before and after immobilization. Compared with
free PVAase, the PVAase hybrid nanoflower showed high thermal stability and storage stability. Additionally, the
PVAase hybrid nanoflower displayed excellent reusability after eight cycles and promising PVA degradability, indicat-
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ing its potential application in PVA degradation.
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INTRODUCTION

As a synthetic polymer with desirable physical and chemical
characteristics, Poly(vinyl alcohol) (PVA) is widely applied in tex-
tile industries, adhesives, and other applications [1,2]. Recently, PVA
has been attracted more and more attention in the field of nano-
materials production [3,4]. However, it has become a major pollut-
ant of theenvironment because it is difficult to degrade [5,6]. Al-
though PVA can be degraded by high temperatures and strong oxi-
dants, this method is energy consuming and will cause environ-
mental pollution again. In comparison, the biodegradability of PVA
by microbial enzymes would provide a promising and alternative
method for PVA degradation [7,8]. Microorganisms with PVA-
degrading ability have been isolated from the natural environment.
For example, several strains isolated from soil exhibited the ability
to degrade PVA such as Pseudomonas O-3 [9], Flammulina veluti-
pes [10], and Bacillus niacini [11]. It was found that Fomnitopsis pin-
icola strain (a fungal strain) could also degrade PVA [1]. Many efforts
have demonstrated that the PVA-biodegradation by bacterial strains
relies on PVA-degrading enzyme (PVAase) [2,12]. Mechanisms for
the degradation of the main chain of PVA molecules by PVAase
have been proposed [13]. Briefly, the carbon-carbon linkages of PVA
(two adjacent secondary hydroxy groups) are first dehydrogenated
by a dehydrogenase and then hydrolyzed by a hydrolase (Fig. 1). So
far, it is difficult to realize industrial application of the PVAase. This
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Fig. 1. Proposed mechanism of PVA degradation by PVA degrad-

ing enzyme and its products. Figure was reproduced from
Ref. [11] with permission from copyright holders.

result may be due to several reasons: (1) The production and activity
of PVAase in PVA-degrading bacteria are too low; (2) free PVAase
lacks long-term operational stability; and (3) it is difficult to purify
the PVAase from PVA-degrading bacteria due to the complexity of
PVAase (including PVA oxidase, dehydrogenase, and hydrolase)
[14]. Therefore, many efforts have been made to improve the pro-
duction and activity of the PVAase. For example, PVA hydrolase
from Sphingopyxis sp. 113P3 was expressed in Escherichia coli, and
exhibited activity the recombinant strain [15]. Jia et al. reported the
expression of PVA dehydrogenase from Sphingopyxis sp. 113P3 in
Pichia pastoris GS115 [16]. A three-stage fermentation strategy was
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developed by adding PVA to improve the productivity of PVAase
[17]. Specific activity of the PVAase was significantly increased. Min
et al. developed a pH control strategy to enhance PVAase produc-
tion [18]. Although the production and activity of the PVAase are
partly improved, PVA degradation efficiency is still low for the indus-
trial application. Especially, the poor operational stability of free
PVAase has seriously hampered its industrial application.

Generally, immobilization of enzyme is an important method to
improve its stability. Furthermore, the immobilized enzymes can
be recycled and reused. Therefore, immobilized enzymes are more
suitable for industrial application compared with free enzymes. Im-
mobilized technologies usually include adsorption, covalent conju-
gation, entrapment, and cross-linking [19]. Generally, the activity of
enzymes decreases after they are immobilized [20]. Furthermore,
complex purification process before immobilization also leads to
loss of enzyme activity. Therefore, it is necessary to develop a simple
and efficient approach for enzyme immobilization. Recently, enzyme-
inorganic hybrid nanoflowers were developed for the first time by
Ge et al. [21]. Subsequently, trypsin, horseradish peroxidise, lipase,
papain, laccase, and o-glycosidase were immobilized by enzyme-
inorganic hybrid nanoflowers [22-27]. All these hybrid nanoflow-
ers display higher activity and stability than free enzymes. Further-
more, hybrid nanoflowers can even be prepared using the crude
enzyme extract instead of the purified enzyme. Yu et al. reported a
simple method for preparing soybean peroxidase-inorganic hybrid
nanoflowers by using crude soybean peroxidase [28]. The resul-
tant peroxidase hybrid nanoflowers was 4.46-fold higher activity
than free crude soybean peroxidase. The recombinant fglucosi-
dase linker-elastin-like polypeptide-His (GLEH) from crude fer-
mentation broth was also successfully prepared into hybrid nano-
flowers. The resultant GLEH nanoflowers showed outstanding oper-
ation stability and recydlability [29]. Herein, we successfully synthe-
sized PVAase-Cu,(PO,), hybrid nanoflowers by using crude PVAase
from Bacillus niacini for the first time. The preparation conditions
of the PVAase-Cu,(PO,), hybrid nanoflowers were optimized. The
properties of the PVAase hybrid nanoflowers were also investigated.
Finally, PVA degradation capacity and stabilities of the PVAase hybrid
nanoflowers were also evaluated.

MATERIALS AND METHODS

1. Extraction of PVAase from PVA-degrading Strains

Bacillus niacini with PVAase activity was inoculated in the Luria-
Bertani medium broth (containing 0.1% PVA) at 30 °C with 200 rpm
for 72 h. After centrifugation, the recovered cells were disrupted by
sonication in 10 mM potassium phosphate buffer (pH 7.5). After
centrifugation (10,000 g, 15 min), 80% (NH,),SO, was mixed with
the supernatant for 1 h. The resultant precipitate was recovered by
centrifugation, and dissolved in 10 mM phosphate buffer (pH 7.5).
This crude PVAase was used to prepare hybrid nanoflowers.
2. Preparation of PVAase-Cu;(PO,), Hybrid Nanoflowers

PVAase-Cu,(PO,), nanoflowers were synthesized on the basis of
a previous report [25]. 2 mL of CuSO, solution was added to 0.1 M
phosphate buffer solution (pH 7.5) containing the crude PVAase.
The mixture solution was incubated at 4 °C for 72 h. After centrif-
ugation, the precipitates were dried by lyophilization. The influ-

ences of the crude PVAase concentration (0.05, 0.1, 0.15, 0.2, 0.25,
and 0.3 mg/mL), incubation time (12, 24, 48, 72, and 96h), and
CuSO, concentration (12, 24, 36, 48, and 60 mM) on the mor-
phology and activity of nanoflowers were investigated, respectively.
3. Protein Concentration Determination and PVAase Activity
Assay

The protein amounts in solution before and after the immobili-
zation were determined with the Bradford method [30]. PVAase
activity was determined as the previous report [11]. Briefly, a num-
ber of enzyme samples were added into 0.1 M phosphate buffer
(pH 8.0) containing 0.1% PVA. The reaction was performed at 30°C
for 3h. One unit PVAase activity was defined as an absorbance
decrease of 0.001 per minute at 645 nm. The PVAase activity recov-
ery in hybrid nanoflowers was calculated as given in Eq. (1).

Activity recovery (%)

_ Total activity of hybrid nanoflowers (U)
" Total free PV Aase activity used for
hybrid nanoflowers production (U)

x100% 1

4. PVA Degradation Efficiency

PVA in the reaction solution was determined on the basis of
the previous report [31]. The method is based on the green color
produced by reaction of PVA with iodine in the presence of boric
acid. The wave length of maximum spectrophotometric absorbance
of the system is about 645 nm. 1 g/L PVA was dissolved in PVAase
solution, 4% boric acid, and L-KI (12.7 g/L 12 and 25 g/L KI). The
reaction was carried out at 30 °C for 3 h. After centrifugation, the
absorbance of PVA in supernatants was determined at 645 nm. PVA
degradation efficiency was calculated by using Eq. (2).

AO_Al

0

PVA degradation efficiency (%)=

x100% )

Here, A, represents ODg,; of samples, A, is ODg,; of control.
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Fig. 2. Schematic of the preparation process for PVAase-Cu,(PO,),
hybrid nanoflowers.
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5. Effects of Temperature and pH on Activity of PVAase-
Cu;(PO,), Hybrid Nanoflowers

The eftects of temperature (30-70 °C) on activity of the nanoflow-
ers were measured by incubating the hybrid nanoflowers in the
substrate solution (1 g/L PVA) for 3 h. Effects of pH (5, 6, 7, 8, and
9) on activity of the nanoflowers were investigated by adding the
hybrid nanoflowers into the substrate solution at 30°C for 3h.
PVAase activity was determined.
6. Stability of the PVAase Hybrid Nanoflowers

Thermostability of the hybrid nanoflowers and free PVAase was
measured by incubating them at 0.1 M PBS buffer (pH 7.0) for 1-5h.
The storage stability of the hybrid nanoflowers and free PVAase
was determined at 25 °C. The reusability of PVAase hybrid nano-
flowers was evaluated by carrying out continuous cycles using 0.1%
PVA solution as the substrate. In addition, PVA degradation effi-
ciency of PVAase hybrid nanoflowers and free PVAase was also

compared using 1 g/L PVA solution as the substrate.
RESULTS AND DISCUSSION

1. Preparation and Characterization of the PVAase Hybrid
Nanoflowers

Generally, the self-assembly of the hybrid nanoflowers includes
three steps (Fig. 2): first, primary crystals of copper phosphate are
formed. Then, PVAase proteins attach to copper phosphate crys-
tals through coordination. Finally, anisotropic growth leads to the
formation of nanoflowers [32,33]. In this study; the effects of PVAase
concentration on the nucleation of the hybrid nanoflowers were
investigated. As shown in Fig. 3, no nanoflowers were observed
when the concentration of PVAase was 0.05 mg/mL, 0.1 mg/mL,
and 0.15 mg/mL (Fig. 3(a), 3(b), and 3(c)), respectively. However,
particles with flower structure were observed when the concentra-

Fig. 3. SEM images of effects of PVAase concentration on morphology of PVAase hybrid nanoflowers. (a) 0.05 mg/mL, (b) 0.1 mg/mL, (c)

0.15 mg/mL, (d) 0.2 mg/mL, (e) 0.25 mg/mL, (f) 0.3 mg/mL.
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tion of PVAase was 0.2 mg/mL (Fig. 2(d)). With further increase
of PVAase concentration (0.25 mg/mL), uniform nanoflowers were
formed (Fig. 3(e)). However, large aggregates with scattered petals
were observed when PVAase concentration reached 0.3 mg/mL)
(Fig. 3(f)). These results confirmed that PVAase concentration plays
a crucial role in regulating the formation of hybrid nanoflowers. Sim-
ilar phenomena were also found in the literature [34,35]. The effects
of Cu* concentration on the morphology of the PVAase hybrid
nanoflowers are shown in Fig. 4. At low concentration of copper
ion (<24 mM), large crystals, but no nanoflowers were formed (Fig.
4(a), 4(b)). However, small buds emerged when Cu™" concentra-
tion was increased to 36 mM (Fig. 4(c)). Complete nanoflowers

S4800 3.0kV 7.2mm x10.0k SE(M) 9/7/2018 10:01

were observed (Fig. 4(d)) when Cu** concentration was 48 mM.

Large blooming nanoflowers appeared when Cu** concentration
was 60 mM (Fig. 4(e)). Similarly, incubation time also exhibited a
significant effect on morphology of the PVAase hybrid nanoflow-
ers. Before 36 h, only primary crystals of Cu,(PO,), were formed
(Fig. 5(a), 5(b)). At 48 h, PVAase-Cu”* combined into complexes,
and formed the primary petals (Fig. 5(c)). Subsequently, anisotro-
pic growth led to complete formation of a flower-like structure at
72h (Fig. 5(e)). However, a further increase in incubation time
(96 h) resulted in large flower-like aggregates. These results indi-
cated that the morphology of the hybrid nanoflowers was signifi-
cantly affected by PAVase concentration, Cu** concentration, and

N
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Fig. 4. SEM images of effects of CuSO, concentration on morphology of PVAase hybrid nanoflowers. (a) 12 mM, (b) 24 mM, (c) 36 mM, (d)

48 mM, (e) 60 mM.
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Fig. 5. SEM images of effects of incubation time on morphology of PVAase hybrid nanoflowers. (a) 24 h, (b) 36 h, (c) 48h, (d) 72h, (e) 96 h.

incubation time. TEM image showed that nanoflowers are formed
by interlaced nanoplates in Fig. 6. The high magnification TEM
images showed that the nanoplates consisted of individual inor-
ganic nanoparticles (Cu,(PO,),) and organic component (PVAase).
The Cu,y(PO,), nanoparticles were bound by PVAase (Fig. 6(c)).
These results were consistent with previous reports [36,37]. Fluo-
rescence micrograph using FITC labeled PVAase showed that
PVAase was embedded in the nanoplates of hybrid nanoflowers
because the labeled PVAase exhibited a typical green fluorescence
(Fig. 6(d)). To further confirm the presence of PVAase molecules
in the hybrid nanoflowers, the chemical structures of free PVAase
and PVAase hybrid nanoflowers were also measured by FTIR.
Characteristic peak at 1,640 cm™" in free PVAase and the PVAase
hybrid nanoflowers was attributed to amide I in proteins, indicat-

June, 2020

ing the presence of PVAase molecules in the hybrid nanoflowers
(Fig. 7(a)). Characteristic absorption at 1,050 cm ™" and 933 cm™" was
ascribed to P-O vibrations [28], suggesting the existence of phos-
phate groups in the hybrid nanoflowers. XRD analysis revealed that
the diffraction peaks of the PVAase hybrid nanoflowers at 7.5°,
13.0°, 31.5°, 28.7°, and 53.5° were consistent with those of the stan-
dard Cu,(PO,),3H,0 (JPSCD 00-022-0548) (Fig. 7(b)), thus further
demonstrating the presence of Cu,(PO,), in the PVAase hybrid
nanoflowers.
2. Catalytic Activity of the PVAase Hybrid Nanoflowers
Effects of PVAase concentration, Cu”* concentration, and incu-
bation time on the activity of the PAVase hybrid nanoflowers were
studied. The results are shown in Fig. 8(a). PVAase concentration
had significant effects on activity of the PVAase hybrid nanoflower.
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Fig. 6. TEM images of PVAase hybrid nanoflowers at different magnifications (a), (b), (c). CLSM of PVAase hybrid nanoflowers (d).
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Fig. 7. FTIR spectra (a) of PVAase hybrid nanoflowers and XRD
patterns of PVAase hybrid nanoflowers (b) and standard
Cu,(PO,),-3H,0 (JPSCD 00-022-0548) (c).

With increase of PVAase concentration, activity of the PVAase hybrid
nanoflowers increased. The maximum activity of the PVAase hybrid
nanoflowers was obtained when PVAase concentration was 0.25
mg/mL. Furthermore, the PVAase hybrid nanoflowers exhibited
high protein loading capacity (21 wt%). Note that the PVAase hybrid
nanoflowers exhibited uniform nanoflowers at 0.25 mg/mL. These
results indicated that the activity of hybrid nanoflowers depended
not only on the shape of hybrid nanoflowers, but also on the quan-
tity of enzyme used. Similarly; it could be found that PVAase hybrid
nanoflowers exhibited their high activities when Cu** concentra-
tion and incubation time were at 0.36 mM and 72 h, respectively
(Fig. 8(b), and 8(c)). The maximal PVAase activity recovery in the
PVAase hybrid nanoflowers was approximately 85% at 0.25 mg/
mL PVAase, 0.36 mM copper ions, and 72 h incubation time (data
not shown). Generally, pH and temperature are the critical factors
that may affect the enzyme performance [38], so we investigated
the effects of pH and temperature on the hybrid nanoflowers. The
maximum activity of both free PVAase and the PVAase hybrid
nanoflowers was at 30 °C. However, the hybrid nanoflowers dis-
played higher activity than free PVAase in the range of 40-70 °C
(Fig. 9(a)). Similarly, the optimum pH of both free PVAase and
hybrid nanoflowers was 7.0; however, the PVAase hybrid nanoflow-
ers maintained a relatively high activity in a broad pH range (Fig.
Ib)).

Korean J. Chem. Eng.(Vol. 37, No. 6)
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Fig. 8. Effects of PVAase concentration (a), CuSO, concentration
(b), and incubation time (c) on activity of PVAase hybrid nano-
flower.

3. Stability and Durability

In terms of stability, the thermostability and storage stability of
PVAase hybrid nanoflowers were tested. The activity of free PVAase
was significantly decreased after 1 h treatment at 50 °C (Fig. 10(a)).
Complete inactivation could be observed when the incubation time
reached 5 h. However, the PVAase hybrid nanoflower still retained
85% of its original activity. The results showed that the PVAase

June, 2020
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Fig. 9. Effects of temperature (a) and pH (b) on activity of PVAase
hybrid nanoflowers.

hybrid nanoflower had higher thermal stability than free PVAase.
This might be because the nanoflower petals protected encapsu-
lated enzymes and maintained their active conformation at high
temperatures. As shown in Fig. 10(b), free PVAase lost 90% of its
original activity over six days. However, the PVAase hybrid nano-
flower only lost 10% of its original activity under the same condi-
tions, confirming the hybrid nanoflowers had superior tolerance
to room temperature storage. In addition, reusability of the hybrid
nanoflower was studied since the reuse efficiency is one of the key
factors for immobilized enzymes application. It was found that the
PVAase hybrid nanoflower only lost 10% of its original activity after
8 cycles (Fig. 11(a)). The slight decrease of PVAase activity might
be attributed to the little leakage of PVAase caused by the separat-
ing and washing processes [26,39]. Furthermore, deformation in
the morphology of PVAase hybrid nanoflower was not observed
under SEM after eight cycles (data no shown), suggesting that the
PVAase hybrid nanoflowers had excellent reusability and mechan-
ical stability, which may facilitate the PVA degradation during a
continuous operation. To test this hypothesis, PVA degradation
efficiency of PVAase samples was tested. Total PVA degradation
efficiency of the hybrid nanoflower reached 86.2%, whereas crude
PVAase was only 46.5% (Fig. 11(b)), indicating that the hybrid
nanoflowers had ability to degrade PVA continuously.
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Fig. 10. Stability of PVAase hybrid nanoflowers. (a) Thermostabil-
ity, (b) storage stability.

CONCLUSIONS

PVAase-Cu,(PO,), hybrid nanoflower was successfully synthe-
sized using crude PVAase from Bacillus niacini, and used for PVA
degradation. Analysis of SEM, TEM, XRD, and FTIR showed that
the PVAase-Cu,y(PO,), hybrid composites had good flower-like
morphology. The morphology and activity of hybrid nanoflower
could be regulated by changing PVAase concentration, Cu** con-
centration, and incubation time. The resultant PVAase hybrid nano-
flower exhibited high thermostability and storage stability compared
with free PVAase. Furthermore, the hybrid nanoflower had excel-
lent reusability and PVA degradability, indicating its potential ap-
plication in PVA degradation.
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