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Abstract: Planococcus sp. S5, a Gram-positive bacterium isolated from the activated sludge is known
to degrade naproxen in the presence of an additional carbon source. Due to the possible toxicity
of naproxen and intermediates of its degradation, the whole cells of S5 strain were immobilized
onto loofah sponge. The immobilized cells degraded 6, 9, 12 or 15 mg/L of naproxen faster than the
free cells. Planococcus sp. cells immobilized onto the loofah sponge were able to degrade naproxen
efficiently for 55 days without significant damage and disintegration of the carrier. Analysis of
the activity of enzymes involved in naproxen degradation showed that stabilization of S5 cells in
exopolysaccharide (EPS) resulted in a significant increase of their activity. Changes in the structure
of biofilm formed on the loofah sponge cubes during degradation of naproxen were observed.
Developed biocatalyst system showed high resistance to naproxen and its intermediates and degraded
higher concentrations of the drug in comparison to the free cells.
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1. Introduction

In recent years more attention has been paid to the presence of various medicines in the natural
environment. One of them is naproxen (2-(6-methoxy-2-naphthyl)propionic acid) which belongs to the
group of polycyclic Non-Steroidal Anti-Inflammatory Drugs (NSAIDs). This drug is not metabolized
in human body and the sewage treatment plants are not adapted to its utilization. Therefore, naproxen
has been releasing into the natural environment in an unchanged form for over 40 years. Due to its
continuous accumulation in the environment, naproxen is now one of the most frequently detected
drug in surface and drinking water (concentration in the range 0.01–2.6 µg/L) [1–3].

The most efficient methods for naproxen removal from the environment are based on the
physicochemical processes. However, the biggest disadvantage of these methods is generation
of products with greater toxicity than the drug itself and formation of free radicals that directly
damage biological structures [3–6]. The use of microorganisms in naproxen utilization brings many
benefits. Bioremediation is based on the capabilities of selected microorganisms for accumulation,
transformation, detoxification or degradation of pollutants. This technology is environmentally
friendly, cheap and effective [7–9].

During application of microbial cells in bioremediation processes, extremely important is their
immobilization. It allows increasing microbial degradation capacity, extends viability and catalytic
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activity of cells introduced into bioremediation systems as well as increases the chances of microbial
cells survival and adaptation to changing environment. In immobilization process, microbial cells are
trapped in polymeric gels (entrapment, encapsulation) or on the surface of various carriers (adsorption,
electrostatic or covalent binding on the surface). However, the main disadvantages of immobilization
are: limitation of diffusion, leakage of cells into the medium or lowering their catalytic functions
depending on the binding compounds used. Recently, immobilization based on the natural ability of
some microorganisms to biofilm formation on the surface of various carriers is gaining more attention.
Through the existence of many microenvironments in the biofilm, cells are less vulnerable to changing
environmental conditions. Created in this way stable matrix is also characterized by a high degree of
heterogeneity in which microbial cells are protected against anti-bacterial agents and bacteriophages
and are able to degrade contaminants at higher concentrations [8,10,11].

From an economic point of view, the carrier and the procedure for immobilization of
microorganisms should be cheap. Therefore, natural and organic carriers are widely used in
bioremediation processes [8,12]. These biodegradable and biocompatible supports are characterized
by hydrophilic surface on which many functional groups are located. Among these natural carriers,
particular attention is paid to the group of lignocellulolistic plant materials. One of them is loofah
sponge derived from the dry mature fruit of Luffa aegyptiaca, grown in most subtropical and tropical
regions. This sponge is composed of an open network of fibres that form the skeleton of the fruit. The
main advantages of this material are its high porosity, low price, non-toxicity, simple application and
operation technique and high mechanical resistance [13–15].

The present work is a continuation of studies on bacterial degradation of NSAIDs. Our previous
study showed the ability of Gram-positive Planococcus sp. S5 to catalyse naproxen degradation under
cometabolic conditions [2]. The aim of this study was to investigate the effect of immobilization of
Planococcus sp. S5 cells on the loofah sponge on degradation processes. The degradation capacity of
the developed biocatalyst at various concentrations of naproxen and its reusability were examined.
To investigate how immobilization affected degradation activity of S5 strain, the activity of enzymes
involved in naproxen utilization was examined. Additionally, visualization of biofilm formed on the
surface of the carrier and its changes during drug degradation was performed. This is the first report
about degradation of naproxen by immobilized bacterial cells. Moreover, the results of these studies
enable evaluation of potential application of tested strain in bioremediation systems.

2. Results and Discussion

2.1. Immobilization of Planococcus sp. S5 on Loofah Sponge

The natural ability of some microorganisms to colonize surface of porous materials is a key
feature for efficient immobilization. At the beginning, process of cells attachment to the surface is
reversible and cells may be easily removed from the carrier by washing. In the second phase, cells
which synthesize extracellular polymeric substances bind to the surface of the carrier with such a
force that more invasive process is needed to remove them. Taking into consideration stability of the
constructed biocatalyst, it is desirable that the formed biofilm should be strongly bound to the carrier.
This feature depends on the species of the microorganism and the type of the surface. Additionally,
selection of proper conditions of immobilization can improve the quality of biofilm [16–18]. To verify
the quality of biofilm formed by S5 strain, which corresponds to its catalytic functions, its physiological
state was evaluated by determination of its ability to hydrolyse fluorescein diacetate by non-specific
esterases produced by alive bacterial cells (total enzymatic activity). This assay was chosen due to its
simplicity, short incubation time (1 h) and possibility of spectrophotometric determination of the data.
What is more important, the test used is correlated with other bacterial indicators such as an amount
of biomass or adenosine triphosphate (ATP) and the oxygen consumption [19,20].

Selection of the optimal conditions for immobilization of the whole bacterial cells by their
adsorption on the surface is an extremely important in designing of biocatalyst systems. Due to
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the diversity of bacteria, optimization should be carried out for each immobilized strain. Strain
Planococcus sp. S5, which was isolated from the activated sludge from a sewage treatment plant
in Bytom Miechowice (Poland), was able to degrade aromatic compounds like salicylate, benzoate,
hydroxybenzoate and dihydroxybenzoate and phenol [21,22]. However, this is the first report regarding
its immobilization and one of a few on the ability of biofilm formation by bacteria from Planococcus
genus [23].

Procedure of Planococcus sp. S5 immobilization on the loofah sponge through its adsorption
on the surface was developed by optimizing each parameter to obtain the highest amount and
enzymatic activity of immobilized microorganisms. Immobilization of S5 cells on the loofah sponge
was the most effective in mineral salts medium (pH 7.2), in the presence of glucose and manganese
salt, during bacteria incubation with shaking (90 rpm) at 30 ◦C. The effect of the growth phase on
immobilization process was also observed. The best results were obtained for a culture at stationary
phase. Immobilization of S5 strain was also more efficient during the osmotic stress caused by a higher
concentration of NaCl (19 g/L) and at high number of cells in the medium (initial OD600 equal to 1.2)
(Figure S1).

It has been proven that limitation of carbon source in the medium stimulates biofilm formation by
Bacillus subtilis by activating the Spo0A transcription factor [24]. This mechanism enables survival and
proliferation of bacteria during nutrient deficiency at which growth in the form of planktonic cells
is impossible. On the other hand, Staphylococcus aureus and Staphylococcus epidermidis form biofilms
only when glucose is present in the medium because it is necessary for the synthesis of adhesins [25].
Therefore, since S5 strain is not spores producing bacterium [21], efficient immobilization in the
presence of glucose probably resulted from synthesis of adhesins which are involved in attachment of
cells to the carrier. Bacteria of genus Planococcus are known to be moderately halophilic [26–28]. Recent
research [23] shows that osmotic stress favours the formation of biofilm by Planococcus rifietoensis
by increasing production of exopolysaccharides (EPS), which additionally improves water holding
capacity at higher salt concentrations.

The developed method of S5 strain immobilization on the loofah sponge resulted in
0.0191 ± 0.0022 g of Planococcus sp. S5 cells (dry mass) immobilized on each loofah cube, able
to hydrolysis of 23.88 ± 1.06 µg of fluorescein diacetate during 1 h (total enzymatic activity) (Figure 1).
Results for fluorescein diacetate hydrolysis and fluorescein adsorption by unimmobilized loofah cubes
were not statistically significant.
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2.2. Naproxen Biodegradation

2.2.1. Biodegradation of Different Concentration of Naproxen

Naproxen (2-(6-methoxy-2-naphthyl)propionic acid)) belongs to the propionic acid derivatives
family. Due to the presence of two aromatic rings, naproxen biodegradation is more difficult than
monocyclic NSAIDs. Only a few strains (mainly white-rot fungi) are known to possess enzymatic
systems which enable them to acquire carbon and energy from naproxen [29,30]. Biodegradation of
naproxen by bacterial strains is a process that is being explored. However, none of the known bacterial
strains—Planococcus sp. S5 [2], Bacillus thuringiensis B1(2015b) [31], Stenotrophomonas maltophilia
KB2 [32], Pseudomonas sp. CE21 [33]—are able to use naproxen as the sole carbon source. First study
about naproxen biodegradation by strain Planococcus sp. S5 [2] revealed that the addition of glucose
which was readily available source of carbon and energy resulted with complete biodegradation of the
drug. However, due to the negative effect of naproxen on the total enzymatic activity of free S5 cells,
the degradation of the drug at a concentration of 6 mg/L lasted 38 days (data not published). For this
reason it was decided to carry out the immobilization process.

Loofah sponge due to the relatively large surface area and chemical composition (cellulose,
hemicellulose, lignin) shows good sorption properties. However, making the loofah sponge capable
of sorption of hydrophobic substances (like naproxen) requires subjecting it to a cooking process
with NaOH to increase its hydrophobicity and to create available vacant sites [34,35]. For this reason,
the loofah sponge in this study has not been subjected to a cooking process with NaOH to limit its
sorption capacity. Another important factor that needed to be consider in biodegradation studies
with immobilized cells by adsorption of the surface is accumulation of xenobiotics in biofilm. This
phenomenon is related to the sorption properties of exopolysaccharides (EPS). While the sorption of
positively-charged compounds by EPS is more efficient due to anionic nature of biofilm, sorption of
anionic organic molecules is limited due to electrostatic repulsion [36].

There was no changes observed in drug concentration during incubation with sterile
non-immobilized carriers, which confirms lack of the naproxen adsorption capacities by prepared
in that way loofah sponges. Naproxen was also not detected in the biofilm formed onto the loofah
sponges by Planococcus sp. S5. Obtained results demonstrated that loss of the drug from the medium
during biodegradation experiments was caused only by immobilized cells of Planococcus sp. S5.

To investigate whether the immobilization onto the loofah sponges affected the degradation
capacity of Planococcus sp. S5, biodegradation of various concentrations of naproxen (6, 9, 12 or
15 mg/L) by immobilized cells with respect to non-immobilized cells was tested (Figures 2 and 3).

Observation of the efficiency of the naproxen cometabolic biodegradation conducted by free
cells of Planococcus sp. S5 showed that they were able to degrade naproxen in concentration 6, 9 and
12 mg/L respectively in 38, 44 and 62 days. Biodegradation of the highest tested concentration of
the drug (15 mg/L) stopped after biodegradation of 29% of naproxen (Figure 2a). Obtained results
shows that the free cells of S5 strain were able to complete cometabolic naproxen biodegradation at a
concentration up to 12 mg/L. Higher drug concentrations showed inhibitory effects on free cells of the
S5 strain. Immobilization of Planococcus sp. S5 cells onto the loofah sponges resulted in a significant
acceleration of the naproxen cometabolic biodegradation. It was observed a complete biodegradation
of 6, 9, 12 and 15 mg/L of naproxen respectively after 17, 32, 43 and 53 days (Figure 2b).
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Figure 2. Cometabolic degradation of 6, 9, 12 and 15 mg/L naproxen by (a) free cells of Planococcus
sp. S5; (b) cells of Planococcus sp. S5 immobilized onto the loofah sponge. Data presented as
mean ± standard deviation of three replicates.

In order to evaluate changes in the course of the biodegradation process, the rate of naproxen
biodegradation was calculated (Tables 1 and 2). Biodegradation rates by free cells of S5 were statistically
different (Test T, p ≥ 0.05) than by immobilized cells. During the biodegradation of naproxen by
free cells, in the initial phase the slower drug degradation was observed, independently of the
drug concentration (average 6.3 ± 3.4 µg/h). After 29 days twice faster biodegradation of the drug
(12.0 ± 4.5 µg/h) was observed that lasted until the end of biodegradation (Table 1). Designation of the
naproxen biodegradation rates by immobilized cells of S5 strain revealed its almost linear and constant
course (12.1 ± 4 µg/h) (Table 2). Interestingly, there was no significant difference between naproxen
biodegradation rates by the immobilized cells and by free cells during faster drug degradation phase
(Test T, p ≥ 0.05). This situation was most likely caused by the fact that cells in the biofilm exhibit
characteristics of the stationary phase (altered genetic expression profile and slower growth) [37].
Confirmation of this hypothesis is the fact that the phase of faster naproxen degradation by free cells
of Planococcus sp. S5 occurred when cells entry into the stationary phase (data not published).

Table 1. Naproxen degradation rates by free cells of Planococcus sp. S5. Data presented as a mean ±
standard deviation of three replicates.

Period [Day–Day] Average Naproxen Degradation Rate [µg/h]

6 mg/L 9 mg/L 12 mg/L 15 mg/L

0–3 9.8 ± 2.2 6.6 ± 0.6 6.4 ± 1.1 5.7 ± 0.9
3–7 4.8 ± 2.2 7.3 ± 1.7 5.8 ± 1.0 5.0 ± 1.7
7–11 1.3 ± 0.5 5.3 ± 2.5 1.2 ± 0.5 7.6 ± 0.2

11–14 2.6 ± 1.4 7.7 ± 1.5 1.7 ± 2.6 8.1 ± 1.9
14–21 3.0 ± 0.4 2.5 ± 0.4 6.4 ± 1.5 7.4 ± 0.1
21–27 6.5 ± 1.4 4.5 ± 1.7 6.4 ± 0.5 3.8 ± 0.6
27–29 19.6 ± 3.3 19.2 ± 6.0 11.5 ± 4.6 5.5 ± 1.2
29–34 11.9 ± 0.9 10.6 ± 1.4 9.2 ± 1.5 0.1 ± 1.9
34–38 8.2 ± 1.6 18.4 ± 1.3 19.6 ± 0.6 1.0 ± 3.2
38–41 11.4 ± 0.5 10.1 ± 0.7 0.6 ± 7.3
41–44 10.3 ± 0.6 6.7 ± 1.1 −2.2 ± 4.9
44–47 8.9 ± 5.1 1.3 ± 3.8
47–50 5.5 ± 4.0 1.2 ± 4.0
50–54 11.4 ± 0.9 −1.3 ± 3.7
54–58 12.8 ± 1.1 −0.7 ± 2.4
58–62 7.8 ± 2.0 1.0 ± 1.9
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Table 2. Average naproxen degradation rates by immobilized cells of Planococcus sp. S5. Data presented
as a mean ± standard deviation of three replicates.

Period [Day–Day] Average Naproxen Degradation Rate [µg/h]

6 mg/L 9 mg/L 12 mg/L 15 mg/L

0–4 11.2 ± 1.2 20.7 ± 8.6 16.1 ± 6.7 13.9 ± 0.6
4–8 13.9 ± 0.9 10.1 ± 1.4 18.0 ± 14.6 10.5 ± 2.5
8–13 15.8 ± 1.1 12.9 ± 1.8 13.2 ± 5.4 13.4 ± 4.2

13–17 18.2 ± 1.7 6.4 ± 2.4 10.1 ± 1.2 10.0 ± 1.4
17–21 11.6 ± 3.0 9.4 ± 0.9 10.0 ± 1.0
21–25 15.0 ± 5.8 12.0 ± 4.8 4.6 ± 4.2
25–29 7.6 ± 3.9 5.1 ± 0.6 9.7 ± 5.6
29–32 8.7 ± 4.2 6.4 ± 2.9 13.1 ± 5.6
32–36 11.5 ± 1.7 10.8 ± 6.0
36–39 17.4 ± 4.8 9.4 ± 4.3
39–43 7.3 ± 2.4 13.0 ± 2.5
43–46 19.0 ± 2.8
46–49 17.7 ± 0.6
49–53 14.6 ± 2.2

It is known that one of the most important parameters that can significantly affect the
biodegradation process is initial substrate concentration. Analysis of the patterns and correlations
between the time of incubation, naproxen concentration and biodegradation rate shows that free
cells of Planococcus sp. S5 were capable of the fastest biodegradation of naproxen at the lowest dose.
With increasing drug concentration the rate of naproxen biodegradation was decreased (Figure 3a).
Obtained results indicated that during decomposition of naproxen, accumulation of metabolites
occurred, which negatively affect free cells of S5 strain and caused increasing difficulties with its total
degradation. Therefore, biodegradation of the highest dose of naproxen (15 mg/L) ended with 29%
efficiency most likely due to the critical level of inhibitory or toxic metabolites. Recently, more attention
has been focused on the antibacterial activity of certain NSAIDs or their derivatives [38,39]. Although
the mechanisms of this process are not known, one study found that vedaprofen, bromfenac and
carprofen—by binding to polymerase α subunit—inhibit the proliferation of E. coli, A. baylyi, S. aureus
and B. subtilis cells [39]. Inhibitory effect of naproxen on the ammonia oxidizing bacterium (AOB)
Nitrosomonas europaea was observed by Wang et al. [40]. They revealed that naproxen at concentration
of 10 µM significantly inhibits nitrile production by AOB by affecting membrane integrity of the cells,
while exposure on the drug in concentration of 1 µM did not influences AOB cells. To reveal possibility
of antibacterial activity of naproxen or its intermediates on Planococcus S5 cells more research should
be attempted.

No correlation between analysed variables was observed for the immobilized cells. Degradation
proceeded with the same trend regardless of the initial naproxen concentration (Figure 3b). Obtained
results indicated good adaptation of immobilized S5 cells to the presence of higher concentrations of
naproxen. Lack of the lag phase and concentration-independent drug biodegradation course suggests
that formed biofilm reduced the sensitivity of the cells to naproxen and its intermediates. Due to the
good sorption properties and the limited diffusion in the extracellular biofilm matrix, immobilized
microorganisms have limited contact with xenobiotics, which are transported to the cells at a constant,
slower rate. This mechanism allows the immobilized cells to biodegrade higher concentrations of
impurities, without causing toxic effects [41]. Thus, the immobilized cells of Planococcus sp. S5 onto the
loofah sponge have a promising potential to use them for the bioremediation of naproxen-contaminated
sites. In addition, lack of the toxic effect of naproxen and its metabolites on immobilized cells allowed
them to utilize higher concentrations of the drug compared to the free cells.



Catalysts 2018, 8, 176 7 of 17

Catalysts 2018, 8, x FOR PEER REVIEW  7 of 16 

 

 
(a) 

 
(b) 

Figure 3. Naproxen (6, 9, 12 and 15 mg/L) biodegradation rate by (a) free cells of Planococcus sp. S5; 
and (b) immobilized on loofah sponges cells of Planococcus sp. S5; presented as patterns and the 
relationships among the time of incubation, naproxen concentration and biodegradation rate. 

2.2.2. Stability and Degradation Capacity of the Developed Whole-Cell Biocatalyst System 

The stability during long-term operations is a crucial factor for practical application of 
immobilized biocatalysts. To test reusability of Planococcus sp. S5 cells immobilized on the loofah 
sponges, the efficiency of naproxen biodegradation in subsequent cycles has been determined. In the 
presence of fresh sterile mineral salts medium in each cycle, immobilized cells were able to complete 
drug degradation in 3 repetitions (Figure 4). The first and the second dose of naproxen were utilized 
within respectively 17 and 15 days. In the next cycle it was observed deceleration of the degradation 
efficiency (21 days) while in the 4th cycle, the biodegradation ended after decomposition of 27% of 
the drug. However, cells of Planococcus sp. S5 immobilized on loofah sponges demonstrated the 
ability to efficient naproxen biodegradation for 55 days. After the end of the experiment, no 
significant damage and disintegration of the loofah sponges was observed, which confirms its high 
mechanical resistance [14].  

 
Figure 4. Cycles of 6 mg/L naproxen degradation by immobilized Planococcus sp. S5 on the loofah 
sponge. Data presented as a mean ± standard deviation of three replicates. 

Evaluation of the biodegradation rate during each cycle shows not significant differences in the 
first 3 cycles of naproxen biodegradation amounting 14.8 ± 3.0, 16.0 ± 6.9 and 11.4 ± 3.9 µg/h 

Figure 3. Naproxen (6, 9, 12 and 15 mg/L) biodegradation rate by (a) free cells of Planococcus sp.
S5; and (b) immobilized on loofah sponges cells of Planococcus sp. S5; presented as patterns and the
relationships among the time of incubation, naproxen concentration and biodegradation rate.

2.2.2. Stability and Degradation Capacity of the Developed Whole-Cell Biocatalyst System

The stability during long-term operations is a crucial factor for practical application of immobilized
biocatalysts. To test reusability of Planococcus sp. S5 cells immobilized on the loofah sponges, the
efficiency of naproxen biodegradation in subsequent cycles has been determined. In the presence of fresh
sterile mineral salts medium in each cycle, immobilized cells were able to complete drug degradation
in 3 repetitions (Figure 4). The first and the second dose of naproxen were utilized within respectively
17 and 15 days. In the next cycle it was observed deceleration of the degradation efficiency (21 days)
while in the 4th cycle, the biodegradation ended after decomposition of 27% of the drug. However,
cells of Planococcus sp. S5 immobilized on loofah sponges demonstrated the ability to efficient naproxen
biodegradation for 55 days. After the end of the experiment, no significant damage and disintegration of
the loofah sponges was observed, which confirms its high mechanical resistance [14].
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Evaluation of the biodegradation rate during each cycle shows not significant differences in the
first 3 cycles of naproxen biodegradation amounting 14.8 ± 3.0, 16.0 ± 6.9 and 11.4 ± 3.9 µg/h
respectively (Table 3, Figure 5). Only during the first cycle it was observed increasing rate of
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drug degradation. The second and third cycle, however, were characterized by slowing down
biodegradation rate, while the last one proceeded unstable (Table 3). It is suggested that one of
the reasons why immobilization extends the catalytic activity of cells is to ensure the stability of cell
membranes and adequate permeability [41].

Table 3. Average biodegradation rate of 6 mg/L naproxen by immobilized cells of Planococcus sp. S5 in each
cycle. Data presented as a mean ± standard deviation of three replicates. Different letters (a, b, c) indicate a
statistically significant difference between biodegradation rates during subsequent cycles (p ≥ 0.05).

Period [Day–Day] Average Naproxen Degradation Rate [µg/h]

I Cycle II Cycle III Cycle IV Cycle

0–4 11.2 ± 1.2 a

4–8 13.9 ± 0.9 b

8–13 15.8 ± 1.1 b

13–17 18.2 ± 1.7 c

17–21 23.2 ± 1.8 a

21–25 16.8 ± 0.7 b

25–29 17.4 ± 0.2 b

29–32 6.7 ± 0.1 c

32–36 15.0 ± 3.8 a

36–39 8.9 ± 1.4 b

39–43 9.6 ± 1.2 b

43–46 18.2 ± 2.0 a

46–49 12.3 ± 2.4 ab

49–53 8.3 ± 1.8 b

53–55 3.8 ± 3.5 a

55–58 8.5 ± 3.2 b

58–61 6.8 ± 0.1 ab

61–64 3.5 ± 1.7 a

64–67 3.9 ± 1.0 a

67–70 3.3 ± 1.9 a

70–73 −4.2 ± 2.5 c
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The ability of immobilized cells of Planococcus sp. S5 to carry out the biodegradation of naproxen
in several cycles indicates the possibility of their use in bioremediation. However, to study their
behaviour in such systems it is necessary to conduct pilot studies.

2.3. The Influence of Immobilization on Enzymes Activity

The process of biodegradation of naproxen by white rot fungi is much better understood than
by bacteria [29,42–44]. One of the proposed mechanisms demonstrates naproxen demethylation
carried out by cytochrome P-450 [32]. The reaction product, 6-desmethylnaproxen appeared during
biodegradation of naproxen by the Planococcus sp. S5 strain. Domaradzka et al. [2] showed that
some enzymes involved in the degradation of polycyclic aromatic hydrocarbons were active during
cometabolic (with glucose) biodegradation of naproxen by free cells of Planococcus sp. S5. The activity
of phenol monooxygenase, naphthalene dioxygenase, hydroxyquinol 1,2-dioxygenase and gentisate
1,2-dioxygenase was demonstrated.

A typical degradation pathway of aromatic compounds by bacteria is the initial hydroxylation
followed by the ring cleavage [45]. The first step in degradation of naphthalene (the derivative of
which is naproxen) is the hydroxylation of C1 and C2 catalysed by naphthalene dioxygenase [46]. It
was suggested that this enzyme is responsible for hydroxylation of C7 and C8 of naproxen. Moreover,
on the base of the activity of phenol monooxygenase additional hydroxylation was proposed. Formed
trihydroxylated derivative probably is cleaved by hydroxyquinol 1,2-dioxygenase [2]. One of the
most important steps in catabolism of naphthalene is its conversion to salicylate, which bacterial
pathway has been well described. The most important part of the catabolism of salicylate is direct ring
cleavage by salicylate 1,2-dioxygenase or gentisate 1,2-dioxygenase (in case salicylate transformation
to gentisate by monooxygenase). The salicylate transformation products are next introduced into the
tricarboxylic acid cycle [47–49].

Because the immobilization of bacterial cells may change the xenobiotic degradation pathway,
the activity of enzymes that are involved in naproxen degradation were examined. This phenomenon
is related to the change in the gene expression profile that occurs during the formation of the biofilm
and can be related to the type of carrier surface [50,51].

The activities of O-demethylase, aromatic monooxygenase (with phenol or naproxen as a
substrate), naphthalene dioxygenase, gentisate 1,2-dioxygenase and salicylate 1,2-dioxygenase were
compared. As is shown in Table 4, the activity of all analysed enzymes was observed, both in free and
immobilized cells. Obtained results showed that the naproxen biodegradation pathway in immobilized
S5 cells probably did not change markedly. Significant changes, however, were observed in the values
of activity (Table 4). As expected, during the slower degradation phase of naproxen (15th day), free
S5 cells were characterized by the lowest activity of enzymes associated with drug degradation. At
the same time, the enzymatic activity of immobilized cells was about 2 times higher in the case of
O-demethylase, aromatic monooxygenase (with phenol as a substrate), naphthalene dioxygenase
and salicylate 1,2-dioxygenase. Interesting increase in the activity of aromatic monooxygenase (with
naproxen as a substrate, 10 times higher) and gentisate 1,2-dioxygenase (4 times higher) was observed
in the immobilized cells. However, due to the methodology for determining the activity of aromatic
monooxygenase (determination of reduced nicotinamide adenine dinucleotide - NADH oxidation),
it is not excluded that more of the enzymes belonging to the class of oxidoreductases are involved
in the degradation of naproxen by immobilized cells of Planococcus sp. S5. A higher gentisate
1,2-dioxygenase activity may have been caused by the increase of its participation (in relation to
salicylate 1,2-dioxygenase) in the drug biodegradation due to immobilization.

Due to the non-statistically different biodegradation rate of naproxen by free cells in the phase of
faster drug degradation and immobilized cells, it was suspected that the enzymatic activity of these
systems would also not be different. However, according to the analysis (Table 4), the activity of all
analysed enzymes was higher in the immobilized cells. Higher activity of enzymes associated with the
biodegradation of naproxen in immobilized cells confirms that the sensitivity to the drug of cells in the



Catalysts 2018, 8, 176 10 of 17

developed biocatalyst was reduced. For that reason, the significant acceleration of its biodegradation
was observed.

Table 4. Specific activity of enzymes involved in naproxen degradation under cometabolic conditions
by immobilized and non-immobilized Planococcus sp. S5. Different letters (a, b, c) indicate a statistically
significant difference between activity of enzymes from free and immobilized cells (p ≥ 0.05).

Enzyme

Specific Enzyme Activity
(U/mg protein)

Free Cells Immobilized Cells
15th Day15th Day 35th Day

O-demethylase 412.84 ± 48.53 a 737.16 ± 55.81 b 1051.84 ± 65.57 c

Aromatic
monooxygenase (Phe) 13.06 ± 0.83 a 27.14 ± 2.40 b 31.55 ± 1.18 c

Aromatic
monooxygenase (Npx) 14.78 ± 1.28 a 65.17 ± 3.59 b 123.71 ± 12.39 c

Naphthalene
dioxygenase 8.16 ± 0.82 a 10.71 ± 2.23 a 15.73 ± 1.80 b

Gentisate
1,2-dioxygenase 52.95 ± 2.90 a 122.26 ± 9.44 b 203.03 ± 18.55 c

Salicylate
1,2-dioxygenase 388.26 ± 11.12 a 520.38 ± 24.60 b 714.87 ± 71.58 c

2.4. Changes in Biofilm Formed Onto the Loofah Sponge during Naproxen Degradation

Visualization of bacterial biofilm in high resolution using SEM (Scanning Electron Microscopy)
is one of the best methods to determine the biofilm structure. Preparation of samples for analysis
by SEM involves the fixation of their structures (using glutaraldehyde and osmium tetraoxide),
dewatering, drying and covering with a conductive layer. However, due to the fact that the structure
of EPS (which stability is dependent on the presence of water) often collapses during dewatering
and drying, identifying certain structures in biofilm sometimes is problematic [52]. The procedure
of sample preparation very often leads to the creation of artefacts. One of them, especially at higher
magnifications, is the appearance of EPS as fibres or granularity and not as a gel structure surrounding
the cells [53]. However, the advantage of this visualization method is the possibility of determining
the distribution of microorganisms and changes in the biofilm structure caused by specific factors.
Considering the identical preparation of samples for analysis, demonstration of changes in the biofilm
structure in relation to the state of biofilm before exposure to a specific factor reduces the probability
of incorrect image analysis.

Loofah sponge which was used as a carrier for immobilization, observed in SEM revealed its
multidirectional highly fibrous network and porous surface with a small protuberances (Figure 6a)
which was a suitable place for the attachment of microorganisms.

After immobilization of Planococcus sp. S5 cells through the adsorption on the surface (lasting
72 h), accumulation of cells covered with an extracellular matrix (Figure 6b) was observed. Flat biofilm
formed on the loofah sponges had the form of irregular rods of different lengths (Figure 6b) and
appeared in aggregates.

When the first and the second dose of naproxen (6 mg/L) have been degraded (respectively 17th
and 36th day of incubation), immobilized loofah sponges were observed in SEM to reveal changes
in biofilm structure during naproxen biodegradation. After complete degradation of the first dose of
naproxen, a more diversified and intense colonization of the carrier was observed (Figure 6c). There
was present formation of the connections between aggregates (Figure 6c) and new fibrous extracellular
matrix-like structures. When the second dose of naproxen was degraded, surface of loofah sponges
was completely covered by biofilm formed by Planococcus sp. S5 (Figure 6d). A decrease in the amount
of aggregates in relation to the newly formed structures was observed.
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In the presence of toxic substances bacteria trigger different protective mechanisms. One of them
is the secretion of large amounts of EPS, which will create a protective layer for cells. At the same time,
by forming clusters, the cells reduce the contact surface with the toxin-containing environment [54].
Due to the problematic utilization of naproxen by free S5 cells (especially in the first phase of
degradation), increased tolerance of immobilized cells appears to be the result of the accumulation of
large amounts of extracellular substances in the biofilm. The same defence mechanism was observed by
Ma et al. [55] against to immobilized bacteria from activated sludge during biodegradation of phenol.
They showed that with the increase in the amount of toxic phenol nol photodegradation products,
the number of microbial cells in the biofilm decreased. On the other hand, the amount of secreted EPS
was increasing, which resulted with a lack of differences in the phenol biodegradation way.
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Figure 6. Scanning electron microscopy (SEM) micrographs of unimmobilized loofah sponge (a),
biofilm formed by Planococcus sp. S5 cells onto loofah sponge before naproxen degradation (b), after
decomposition of the first dose of naproxen (6 mg/L) (c) and the second dose of the drug (6 mg/L) (d).

3. Materials and Methods

3.1. Bacterial Cultures Cultivation

Isolated from activated sludge Gram-positive strain Planococcus sp. S5 described by Łabużek et al. [21]
was used. Proliferation of S5 cells was carried out in the nutrient broth (BBL) at 30 ◦C on a rotary shaker at
130 rpm. After 72 h of incubation bacterial cultures were centrifuged (5000 rpm, 15 min), washed twice
with mineral salts medium [56] and resuspended in the same medium. Prepared bacterial suspensions
were used as an inoculum for immobilization and control non-immobilized cells experiments.
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3.2. Carrier Preparation for Immobilization

The first step in the preparation of the loofah sponges (York, Bolechowo, Poland) for
immobilization was drying them in a desiccator to establish constant weight and cutting out fragments
weighing 0.15 g. Obtained cubes were washed according to Iqbal et al. [14] and sterilized (121 ◦C,
1.2 atm) two times at an interval of 24 h.

3.3. Immobilization Procedure

Cells of S5 strain were immobilized through the adsorption on the surface of loofah sponge.
Immobilization was conducted in 250 mL Erlenmeyer flasks, which contained 0.75 g of the carrier and
100 mL of the mineral salts medium (pH 7.2) with Planococcus sp. S5 cells (optical density at 600 nm
equal to 1.2; Genesys 20, Thermo Scientific). Medium was supplemented with glucose (0.5 g/L), NaCl
(10 g/L) and MnSO4 (0.01 g/L). Flasks were incubated with shaking (90 rpm), at temperature of 30 ◦C.
After 72 h of incubation, loofah sponges with immobilized bacteria were rinsed with aqueous solution
of NaCl (0.9%) to remove unbound microorganisms and used for biodegradation experiments.

3.4. Characterization of Immobilized Loofah Sponges

Dry mass of the immobilized bacteria was obtained by comparing the dried weight of immobilized
carrier (105 ◦C, 2 h and stored in a desiccator) with unimmobilized carriers incubated and dried under
the same conditions. Enzymatic activity of biofilm formed onto loofah sponge was measured as follow
(modified method proposed by Jiang et al. [19]): immobilized carrier (1 cube) was added to 8 mL
of phosphate buffer (pH 7.6) and incubated for 15 min on the orbital shaker (130 rpm, 30 ◦C). After
pre-incubation, 0.1 mL of FDA (Sigma-Aldrich, St. Louis, MO, USA) (4.8 mmol L−1) was slowly
injected directly into middle of the carrier and incubated in the dark on the orbital shaker (130 rpm,
30 ◦C) for 1 h. Fluorescence intensity in the liquid was measured spectrophotometrically at 490 nm
(Genesys 20, Thermo Scientific, Waltham, MA, USA). Concentration of fluorescein was calculated on
the basis of a standard curve.

3.5. Biodegradation Experiments

Naproxen decomposition was conducted in 500 mL Erlenmeyer flask containing 250 mL of
the mineral salts medium [56] and 10 pieces of the loofa sponge colonized by bacteria. Each flash
was supplement with naproxen (Sigma-Aldrich, USA) to obtain a final concentration of 6, 9, 12 or
15 mg/L and at every 3 days with glucose (0.5 g/L, POCH, Gliwice, Poland) and incubated with
shaking (130 rpm) at 30 ◦C. The control cultures contained non-immobilized cells of Planococcus sp.
S5 were also prepared. For estimation of naproxen accumulation in the biofilm the drug extraction
with modified Huerta et al. protocol was performed [36]. Loofah sponges with immobilized bacteria
were cut into small pieces and placed in 15 mL falcon tube with 10 mL of mixture of citric buffer
(pH 4) and acetonitrile (1:1, v/v, Sigma-Aldrich, USA). Mixtures were subsequently sonicated 3 times
for 10 min and centrifuged (15,000 rpm, 20 min). Obtained supernatants were analysed by HPLC
and naproxen concentrations were calculated based on a standard curve prepared with extraction
mixture. Determination of naproxen adsorption on the carrier was conducted by incubation sterile
loofah sponges (1.5 g) with 250 mL of MSM medium supplemented with naproxen (6 mg/L) and
glucose (0.5 g/L) in 500 mL Erlenmeyer flasks. Medium samples were taken every 24 h for 7 days and
analysed by HPLC to determine naproxen concentration.

3.6. Determination of Naproxen Concentration

Decomposition of naproxen was monitored by HPLC (Merck HITACHI, Darmstadt, Germany)
equipped with a LiChromospher® RP-18 column (4 × 250 mm), liChroCART® 250-4 Nucleosil 5 C18
and a DAD detector (Merck HITACHI). Medium samples from each flask were taken at 3 days period
and centrifuged (14,000 rpm, 20 min). Naproxen identification and quantification in the supernatant
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was done by following the protocol proposed by Wojcieszyńska et al. [32]. The mobile phase consisted
acetonitrile and 1% acetic acid (50:50 v/v) with a flow rate of 1 mL/min and column temperature was
23 ◦C. The detection wavelength was set at 260 nm. Naproxen was identified by way of comparison of
HPLC retention time (2.41 min) and ultraviolet-visible spectra with those of the external standards. To
determine the abiotic degradation of naproxen, uninoculated controls were prepared.

3.7. Enzyme Assay

After 15 days of incubation (additionally free cells after 35 days), free and immobilized cells of
Planococcus sp. S5 were separated from the medium by centrifugation (4500× g for 15 min at 4 ◦C).
The release of immobilized cells from the carrier was carried out by vortexing. The obtained pellet
was washed with 50 mM phosphate buffer (pH 7.0), disrupted by sonication (6 times for 15 s) and
centrifuged at 9000× g for 30 min at 4 ◦C. Obtained crude extract was used for the measurement of
enzyme activities.

The activity of O-demethylase was determined by measuring the loss of vanillic acid (λ = 260 nm)
with the use of the HPLC method [57]. In order to determine monooxygenase activity (with phenol or
naproxen as a substrate), NADH oxidation (ε340 = 6220/M cm) was measured spectrophotometrically [58].
The naphthalene dioxygenase, gentisate 1,2-dioxygenase and salicylate 1,2-dioxygenase activity was
measured spectrophotometrically by the formation of cis,cis-dihydrodiol (ε262 = 8230/M cm) [46],
maleylpyruvate (ε330 = 10,800/M cm) [49] and 2-oxohepta-3,5-dienedioic acid (ε283 = 13,600/M cm) [48],
respectively. Protein concentration was determined using the Bradford method [59]. One unit of enzyme
activity was defined as the amount of enzyme required to generate 1 µmol of product per minute.

3.8. Scanning Electron Microscopy

To observe the structure of biofilm formed onto the loofah sponges and its changes
during naproxen biodegradation, samples for Scanning Electron Microscopy were prepared. For
this examination, unimmobilized and immobilized loofah sponges before and after naproxen
biodegradation were collected from the medium and prepared as follows: fixation in 3% glutaraldehyde
(24 h), in 1% osmium tetroxide (3 h), dehydration with ethanol (30, 50, 70, 80, 90, 95 and 100%, each for
10 min), drying by lyophilisation and covering with gold. Samples were observed in high-resolution
electron microscope JSM-7100F TTL LV (JEOL, Tokio, Japan).

3.9. Statistical Analysis

All experiments were performed in at least three replicates. The values of the efficiency of
naproxen biodegradation and enzymes activities were analysed by STATISTICA 12 PL software
package. Statistically significant differences and similarities have been demonstrated by the t-test or
the Least Significant Differences (LSD) test (p ≥ 0.05).

4. Conclusions

Ability of some bacterial strains to form a biofilm on the surface of various materials is a key
element for efficient immobilization process. By optimizing each parameter of the immobilization
procedure, a biocatalyst that is characterized by increased naproxen biodegradation capacities has
been developed. Immobilized cells of Planococcus sp. S5 strain on the loofah sponge, compared to the
free cells, were able to faster biodegradation of naproxen added at higher doses. Additionally, due to
the maintenance of full catalytic activity for 3 cycles (55 days), immobilized onto the loofah sponge S5
cells, show promising potential in their application in bioremediation systems. Analysis of the effect
of immobilization on the activity of enzymes associated with naproxen biodegradation showed that
it caused a significant increase in the activity of all examined enzymes. The significant increase in
the efficiency of the naproxen biodegradation by immobilized S5 cells was most probably caused by
the synthesis of large amounts of EPS, which by sorption and limitation of the substrates diffusion
increased the tolerance of the strain to the drug.
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