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Abstract: Haloalkane dehalogenase (DhaA) catalyzes the hydrolysis of halogenated compounds
through the cleavage of carbon halogen bonds. However, the low activity, poor environmental stabil-
ity, and difficult recycling of free DhaA greatly increases the economic cost of practical application.
Inspired by the organic–inorganic hybrid system, an iron-based hybrid nanocomposite biocatalyst
FeHN@DhaA is successfully constructed to enhance its environmental tolerability. A series of charac-
terization methods demonstrate that the synthesized enzyme–metal iron complexes exhibit granular
nanostructures with good crystallinity. Under optimized conditions, the activity recovery and the
effective encapsulation yield of FeHN@DhaA are 138.54% and 87.21%, respectively. Moreover, it not
only exhibits excellent immobilized enzymatic properties but also reveals better tolerance to extreme
acid, and is alkali compared with the free DhaA. In addition, the immobilized enzyme FeHN@DhaA
can be easily recovered and has a satisfactory reusability, retaining 57.8% of relative activity after five
reaction cycles. The results of this study might present an alternative immobilized DhaA-based clean
biotechnology for the decontamination of organochlorine pollutants.

Keywords: haloalkane dehalogenase; immobilization; organic–inorganic hybrid system; catalytic
activity; decontamination

1. Introduction

Haloalkane dehalogenase (EC3.8.1.5 DhaA) is a kind of hydrolytic enzyme which can
catalyze the cleavage of carbon–halogen bonds in halogenated compounds [1]. DhaA was
first found in autotrophic Flavobacterium GJ10 [2]. Since then, it has been excavated in
marine bacteria, pathogens and archaea [3,4]. Haloalkane dehalogenase has attracted much
attention because of its unique catalytic mechanism and extensive substrate specificity,
which not only has important theoretical value, but also has crucial biotechnology and
environmental significance in practice [5,6]. At present, it has been used in the recovery
of by-products from chemical processes [7], the bioremediation of toxic environmental
pollutants [8], the decontamination of chemical warfare agents [9], as a biosensor for envi-
ronmental pollutants [10], and for protein labeling and cell imaging for protein analysis [11].
However, its large-scale applications are limited due to low catalytic activity, sensitivity to
environmental factors, and poor reusability [12].
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In recent years, the immobilization of DhaA on some support materials, such as epoxy
resin ES-103B [13], meso-cellular foam [14], arabinogalactan [15], inulin [16], mesoporous
silica [17], and A502Ps resin [18], has provided a general approach to improve the stability
of the DhaA. However, the relative activity of these immobilized enzymes is lower than
that of free enzymes, mainly due to the mass transfer limitation and conformational
change [17]. The same phenomenon is also common in other traditional immobilization
techniques [19,20]. Therefore, it is a priority to develop new enzyme immobilization
materials and techniques with higher catalytic activity and stability.

In the third millennium, researchers used a series of new nanostructured materials as
enzyme carriers to solve the problem of enzyme activity [21]. Recently, Ge et al. reported a
mild and direct co-precipitation approach to obtain a hybrid nanomaterial with interesting
flower-like structures [22]. This fascinating nanocomposite structure can be simply syn-
thesized by adding proteins to the metal ion solution, which has attracted considerable
research attention. The synthesis process is environmentally friendly and has no toxic
by-products. In addition, hybrid nanoflowers have a high surface area–volume ratio, which
reduces the mass transfer limitation among enzymes, substrates and products [23,24]. Most
importantly, compared with free enzymes, hybrid nanoflowers have higher activity, bet-
ter stability, good reusability and great application potential [25]. The superior catalytic
performance of hybrid nanoflowers means that they have widespread application, with
distinct operational fields including industrial biocatalysts, biomedical, and environmen-
tal bioremediation [26]. For example, the lipase-Cu3(PO4)2 hybrid nanoflower has been
applied to the synthesis of biodiesel efficiently [27], the DNA hybrid nanoflower has been
applied for single-excitation multiplexed imaging and traceable targeted drug delivery [28],
and laccase-Cu3(PO4)2 hybrid nanoflowers have been applied for decolorizing dyes in
wastewater [29].

Despite the progressive nature of the immobilization approach, the immobilization
of DhaA by self-assembly coprecipitation has not been studied before. In this study,
a variety of inorganic components are designed to synthesize DhaA inorganic hybrid
nanocomposites and the preparation process is further optimized. The synthesized hybrid
nanocomposites are characterized by field-emission scanning electron microscopy (FE-SEM,
JSM-7800F, Tokyo, Japan), an X-ray diffractometer (XRD, D2 PHASER, Brook AXS Ltd.,
Berlin, Germany) and Fourier transform infrared spectroscopy (FT-IR, Thermo Scientific
Nicolet iS5, Waltham, MA, USA). In addition, the stability and catalytic activity of immobi-
lized enzymes are also studied to explore their potential in practical application. This study
provides a new proof of concept for improving the activity of immobilized DhaA.

2. Results and Discussion
2.1. Expression and Purification of DhaA

E. coli BL21 (DE3) cells which were transformed with the recombinant plasmid pET28a-
DhaA exhibited a high expression level of recombinant proteins. As shown in Figure 1, an
obvious accumulation of the expressed protein band was observed at about 37 kDa through
10% SDS-PAGE analysis, which was consistent with the predicted relative molecular weight.
Lane 3 in the gel showed a clear target protein band, indicating that a relatively pure DhaA
was obtained, which was beneficial to our next immobilization study.
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Figure 1. SDS-PAGE profiling of DhaA. Lane 1: crude lysate; Lane 2: marker; Lane 3: purified DhaA
(37 kDa).

2.2. Preparation of Metal-DhaA Hybrid Nanocomposites

As we know, the properties and morphology of hybrid nanoflowers are affected by
many factors, including metal ions, enzyme concentration, pH value, buffer concentration,
and incubation time [23,24]. In order to find out the best dynamics of immobilized DhaA,
the above preparation conditions were optimized.

2.2.1. The Effects of Metal Ions

In general, hybrid nanoflowers prepared by self-assembly co-precipitation can greatly
increase the enzyme activity of metal enzymes, such as laccase [30], horseradish peroxi-
dase [31], amylase [32], urease [33], and organophosphorus hydrolase [34]. Moreover, there
are many reports about the increase in non-metallic enzyme activity in hybrid nanoflow-
ers, such as lipase [35] and glucose oxidase [36]. DhaA is a non-metallic enzyme; thus,
we expect that the immobilized enzyme prepared by suitable metal ions can improve its
activity. Therefore, we investigated the effects of seven common metal ions as inorganic
carriers on the activity recovery (AR) and encapsulation yield (EY) of immobilized DhaA.
As shown in Figure 2, the EY of each metal-immobilized enzyme increased with the metal
ion concentration, and the EY of Co2+, Fe3+, Zn2+ and Al3+ reached more than 80%. How-
ever, the AR was mostly reduced, which might be due to the inhibition of enzyme activity
caused by the excessive concentration of metal ions [37]. The average AR of Co2+ and
Al3+ hybrid nanocomposites could obtain about 60%. Surprisingly, the AR of Fe3+ hybrid
nanocomposites could reach more than 90%, while the AR of other metal ions (Cu2+ for
18%, Mn3+ for 7%, Ni2+ for 19%, and Zn2+ for 15%) was seriously inhibited. Therefore,
iron-based DhaA hybrid nanocomposites (FeHN@DhaA) were selected as the research goal
of this work.

Figure 2. Effects of metal ions on EY (A) and AR (B) of immobilized enzymes.
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2.2.2. The Effects of Enzyme Concentration

The effect of DhaA concentration (0.01–0.18 mg/mL) on the AR and EY of FeHN@DhaA
was investigated (Figure 3A). With the increase in DhaA concentration, the AR of FeHN@DhaA
increased at first and then decreased. When the enzyme concentration reached 0.07 mg/mL,
the AR was 106.38 ± 1.15%. In addition, with the elevation of DhaA concentration, the
EY of FeHN@DhaA decreased gradually. The reason might be that the enzyme would act
as a “glue” in the process of self-assembly, sticking the nanocrystals of metallophosphate
together [25]. When the enzyme concentration was too low, the bonding effect was weak,
which made the structure of nanoflowers loose and the enzyme loading of the whole
immobilized system was minimal. When the enzyme concentration was relatively high, the
crystal structure became very dense, and the whole system was in a state of overload [25].
The mass transfer efficiency in the reaction process was affected, and the AR decreased.

Figure 3. Synthetic process of immobilized enzyme. Effects of DhaA concentration (A), pH value (B),
PB buffer concentration (C), and incubation time (D) on EY and AR of immobilized enzymes.

2.2.3. The Effects of pH

The different pH values will change the charge of the enzyme, thus affecting the inter-
action between the components in the immobilized synthesis system and the morphology
and properties of the final product [38]. Therefore, we investigated the effect of the pH
values from 5 to 9 on the preparation of FeHN@DhaA. As shown in Figure 3B, the AR and
the effective EY of FeHN@DhaA were 124.21 ± 0.20% and 71.82 ± 2.90% after incubation at
pH 8.0, respectively. However, the EY was 94.11 ± 3.05% at pH 5.0, and the enzyme AR was
only 53.17 ± 3.73%. The possible reason is that in the case of low pH, protonation will make
the enzyme positively charged, preventing the interaction between enzyme molecules and
metal ions [39]. In the case of high pH, there is a strong repulsion between negatively
charged enzyme molecules, which is also not conducive to the formation of metal hybrid
nanoflowers [39].
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2.2.4. The Effects of PB Buffer Concentration

In order to explore whether the buffer concentration would affect the immobilization
efficiency, the formation of FeHN@DhaA was evaluated in different concentrations of PB
buffer. As illustrated in Figure 3C, the FeHN@DhaA synthesized with the concentration of
PB buffer in 20 mM had the highest AR with 124.20 ± 0.25%, and the EY was 97.71 ± 2.33%.
When the concentration of PB buffer was higher than 20 mM, the EY and AR showed a
downward trend. This is consistent with the results reported by Ke et al., in which the im-
mobilization effect of Ca3(PO4)2-lipase hybrid nanoflowers in PB concentration 20 mM was
the highest, and the relative activity was 308% compared to the free lipase [40]. Generally,
the formation of a hybrid nanoflower structure is incomplete with a low concentration of
PB when embedded with excess metal phosphate with a high PB concentration.

2.2.5. The Effects of Incubation Time

In previous studies, it has been reported that the synthesis of hybrid nanoflowers
experienced three steps: nucleation, condensation, and assembly into flower-like struc-
tures [22]. We investigated the effect of the incubation time (12–72 h) on the preparation
of FeHN@DhaA. As shown in Figure 3D, the AR and the effective EY of FeHN@DhaA
were 124.19 ± 4.68% and 85.02 ± 4.14% after incubation for 72 h, respectively. However,
the synthesis of FeHN@DhaA showed better results (138.54 ± 0.44% and 87.21 ± 2.14%)
when the incubation time was 60 h. Therefore, a reaction time that was too long also had an
adverse effect on the AR. The nucleation of the metal phosphates and the in situ precipita-
tion of the formed nanoparticles dominated the synthesizing proportion of enzymes in the
hybrid nanoflowers significantly, thus destroying the enzymatic activity of the immobilized
enzymes [24].

2.3. Characterization of FeHN@DhaA

The prepared FeHN@DhaA was fully characterized by SEM, EDX, FT-IR and XRD to
validate our design of immobilized DhaA. As shown in Figure 4A–C, the freeze-dried inor-
ganic carrier, DhaA powders, and FeHN@DhaA were imaged via SEM in order to clearly
illustrate the morphology of FeHN@DhaA. No significant hybrid nanostructures were
detected among the DhaA powders or the inorganic carrier particles, while FeHN@DhaA
exhibited granular nanostructures. The reason why it was different from the typical
nanoflower structure may have been the cooperative influence of Fe3+ and the specific
organic component DhaA. The dispersed nanoparticle structure of FeHN@DhaA increased
the specific surface area, which may be the reason for the increase in enzyme activity after
immobilization. In addition, the nucleation sites formed by metal ions in the protein region
also affected the functional properties of the immobilized enzyme [41]. The fragment trans-
formation method can predict the binding sites of metal and enzyme proteins based on the
sequence and structural information contained in the target protein fragments [42]. Based
on the structural information of DhaA, we used the method of fragment transformation to
predict the potential nucleation sites for Fe3+ in the crystal structure of DhaA (PDB: 4E46)
during mineralization. Figure 4D showed the metal binding residues according to the
scoring criteria and selected the amino acids whose normalized scores were higher than 1.9.
These values were higher than the threshold of the method, which ensured the prediction
accuracy of the binding sites.
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Figure 4. FE-SEM images of DhaA powder (A), inorganic carrier (B), and immobilized DhaA (C).
Predicted residues involved in biomineral nucleation are presented as yellow spheres for Fe3+;
the images were created using Pymol 2.2 (D). EDX elemental mapping of the immobilized DhaA
(all elements, C, N, O, P, and Fe) (E).

EDX analysis was utilized to characterize FeHN@DhaA composition. As shown in
Figure 4E, the presence of carbon (C) and nitrogen (N) was attributed to DhaA protein, and
the existence of phosphorus (P) and iron (Fe) was due to the inorganic phosphate carriers.
These results further confirm the successful preparation of DhaA–iron phosphate hybrid
nanocomposites.

As shown in Figure 5A, FT-IR spectroscopy provided direct evidence for the formation
of DhaA–inorganic hybrid nanocomposites. The FT-IR spectra of inorganic carriers and
FeHN@DhaA showed the same diffraction peak at 600–650 cm−1 and 950–1100 cm−1,
such as P–O and O=P–O, which were assigned to the vibration of PO4

3− (Figure 4B). The
wide and strong band at 2800–3000 cm−1 was attributed to –CH2 and –CH3. The bands at
950–1100 cm−1 and 2800–3000 cm−1 were weakened after immobilization. More impor-
tantly, the characteristic peak of FeHN@DhaA at 1540 cm−1 corresponded to the N–H bend-
ing vibrations (amide II band), which was not observed in the control inorganic carriers.
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Figure 5. FT-IR spectra of inorganic carrier and immobilized DhaA (A); XRD patterns of inorganic
carrier and immobilized DhaA (B).

In order to further investigate the crystal structure of FeHN@DhaA, XRD analysis was
performed on the products in the range of 10–90◦. The XRD pattern of the synthesized
iron phosphate carriers and FeHN@DhaA is shown in Figure 5B. All the diffraction peaks
in the XRD spectrum of FePO4 were in good agreement with FePO4·2H2O, as indexed
by the JCPDS X-ray powder diffraction file of No. 33-0667. This demonstrated that good
crystallinities of FeHN@DhaA were formed, and the inorganic composition of FeHN@DhaA
was FePO4·2H2O.

2.4. Optimum Reaction Temperature and pH

The temperature and pH of the surrounding environment has significant effect on the
activity of enzymes. In this study, bis (2-chloroethyl) ether was used as the substrate to
determine the optimal reaction conditions. Figure 6A revealed the temperature profiles
of the free and immobilized DhaA. There was no difference in the optimum temperature
between the free and immobilized DhaA: both were 40 ◦C. In addition, the relative activity
of the immobilized enzyme FeHN@DhaA was always higher than that of the free enzyme,
especially at 20–40 ◦C. Similarly, FeHN@DhaA maintained higher enzyme activity than
free DhaA in the pH range of 6.0–9.5 (Figure 6B). It is worth noting that the relative activity
of FeHN@DhaA was always 1.4–2-fold higher than that of free enzymes in the pH range of
6.0–8.0. Overall, the wider temperature and pH range of immobilized enzymes could be
attributed to the chelating effect between DhaA molecules and metal phosphate nanoparti-
cles, which enhance the rigidity of DhaA and prevent the denaturation of proteins under
extreme conditions, as described previously [43]. Therefore, the excellent performance of
the immobilized enzyme FeHN@DhaA shows that it could be a promising candidate for
the decontamination of organochlorine pesticides in the environment (industrial effluent).

Figure 6. Optimum temperature (A) and pH (B) of free and immobilized DhaA.
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2.5. Stability and Reusability of FeHN@DhaA

The stability and reusability of biocatalysts in relation to environmental factors are
important indicators to evaluate their practical application [44]. In this work, the stability
of FeHN@DhaA in relation to temperature, pH and storage properties was investigated
and the reusability of FeHN@DhaA was further explored with five consecutive reactions.

As shown in Figure 7A, a thermal stability test was conducted at different temperatures.
As can be seen, the relative activity of FeHN@DhaA was obviously higher than that of the
free enzyme from 20 ◦C to 35 ◦C. The relative activity of the immobilized enzyme decreased
after more than 40 ◦C. The reason for the poor thermal stability of the immobilized enzyme
might be due to the trivalent iron-based hybrid nanocomposites, which are different from
the divalent metal ions selected by most hybrid nanoflowers as the inorganic components.
The stability of FeHN@DhaA was 1.4-fold higher than that of the free enzyme at 40 ◦C
(optimum reaction temperature), which indicated that it still has some practical application
potential. In fact, the catalytic reaction of FeHN@DhaA was an acid-producing reaction,
and improving its acidic stability was of more significance for the enzymatic reaction.
As shown in Figure 7B, the relative activity of FeHN@DhaA was maintained at more
than 50% in the range of pH 4.0–9.0. In addition, the relative activity of the immobilized
enzyme FeHN@DhaA in the range of pH 4.0–5.0 was always twice as high as that of the
free enzyme. Therefore, the resistance of FeHN@DhaA to acidic conditions was more
suitable for the actual catalytic reaction process of DhaA. Compared with the previously
reported immobilized DhaA [15,18], FeHN@DhaA showed stronger pH stability. A possible
explanation is that phosphate can confine the enzyme in the nanostructure, resulting in
the increased rigidity of the enzyme to cope with conformational changes and avoid the
inactivation and denaturation of the enzyme in an adverse environment [45].

Figure 7. Thermal (A), pH (B) and long-term storage (C) stability of free and immobilized DhaA.
Reusability of immobilized DhaA (D).
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To examine the prepared FeHN@DhaA in terms of superiority, the residual enzyme ac-
tivity was determined under standard assay conditions. As shown in Figure 7C, the relative
activity of the free enzyme was 26.25 ± 0.16% after storage for half a month at room tem-
perature. However, the immobilized enzyme FeHN@DhaA still remained at 45.6 ± 1.23%
of its initial activity under the same conditions. These results clearly demonstrate that the
immobilization of DhaA into iron phosphate hybrid nanocomposites improves storage sta-
bility and has great potential in industrial application. Hence, the reusability performance
of FeHN@DhaA was assessed by five consecutive cycles. As shown in Figure 7D, relative
activity gradually decreased with an increasing number of cycles. However, even in the
fifth cycle, FeHN@DhaA retained a relative activity of 57.85 ± 2.42%. The gradual and
insignificant decline in relative activity may be due to the partial FeHN@DhaA deformation
and deactivation during the reaction with the substrate, and/or the partial leakage of the
biocatalyst during continuous washing and separating operations [44,46]. Reusability is
one of the essential advantages of immobilized DhaA compared with the free form, as this
can reduce cost in practical applications.

3. Materials and Methods
3.1. Materials

Bis (2-chloroethyl) ether was purchased from Shanghai Pesticide Research Center
(Na2HPO4, NaH2PO4, CuSO4, CoSO4, MnSO4, and Fe2(SO4)3). All the other reagents
(analytical grade) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Mercuric thiocyanate and ferric ammonium sulfate were obtained from the
Research Institute of Chemical Defense (Beijing, China).

3.2. Purification of Recombinant DhaA

Recombinant E. coli BL21 (DE3) harboring the pET28a-DhaA construct was cultured
in 40 mL terrific broth (TB) medium containing kanamycin at 37 ◦C. The strain was incu-
bated at 37 ◦C with 200 rpm until the optical density (OD) was achieved 1.8 at 600 nm
(MAPADA, UV-3200, Shanghai, China), followed by incubation with 0.4 mM isopropylthio-
β-galactoside (IPTG) at 20 ◦C with shaking at 200 rpm for 22 h. The cells were harvested
through centrifugation at 12,000 rpm for 20 min at 4 ◦C. The cells were then lysed by
sonication and centrifuged again at 12,000 rpm for 10 min to separate soluble from insolu-
ble proteins. Purification was accomplished using 5 mL HisTrap FF affinity column (GE
Healthcare). The column was equilibrated with a buffer A (25 mM Tris, 20 mM imidazole,
and 500 mM NaCl, pH 7.4) and then loaded with the crude enzyme buffered at pH 7.4. The
column was washed with buffer A of up to 5 column volumes to wash out any unbound
protein. The purified protein was then eluted using linear gradient (20–500 mM imidazole)
elution with buffer B (20 mM Tris, 500 mM imidazole and 500 mM NaCl, pH 7.4). The
eluted sample was further used for SDS-PAGE (10%) and activity analysis. The purified
enzymes were then stored at 4 ◦C for use in further experiments.

3.3. Enzymatic Activity Assay

The enzymatic activities of the free and immobilized DhaA samples were measured by
a modified colorimetric assay [14]. In brief, 10 mM bis (2-chloroethyl) ether was incubated
with the free and immobilized DhaA samples in 0.1 mM Gly-NaOH buffer (pH 8.0) at 40 ◦C
for 20 min. The reaction was arrested by the addition of 30% (v/v) nitric acid (20 µL) to
200 µL of the reaction system, followed by the addition of 55 µL of mercuric thiocyanate
and 110 µL of ferric ammonium sulfate. After mixing and standing for 10 min, 200 µL was
added to the 96-well plate, and the absorbance at 460 nm was measured by an enzyme
labeling instrument. One unit of enzyme activity was defined as the amount of the enzyme
that could release 1 µmol of chloride ion per minute. The calculation formula for the specific
activity of DhaA was as follows:

S =
CV
TM

(1)
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where S (U/mg) is the specific activity of DhaA, C (µM) is the concentration of chloride
ion, V (L) is the total volume of the mixture, T (min) is the reaction time, and M (mg) is the
total mass of the enzyme.

3.4. Preparation of Metal–DhaA Hybrid Nanocomposites

The hybrid nanocomposites were synthesized as previously described with some
modifications [22]. Briefly, 0.01–0.18 mg/mL DhaA samples were mixed with 1.2–3.6 mM
metal salt solution in 2 mL phosphate buffer (PB, 10–120 mM, pH 5.0–9.0) to optimize
the condition for the synthesis of hybrid nanocomposites. After gently shaking for 5 min,
the sample was further incubated at 4 ◦C for 12–72 h. Subsequently, the prepared hybrid
nanocomposites were collected by centrifugation at 10,000 rpm for 10 min and washed
three times with deionized water.

The encapsulation yield (EY) of DhaA in the hybrid nanocomposites was investigated
using the Bradford assay method. The EY was calculated according to the following equation:

EY =
Immobilized amount of DhaA
Total amount of DhaA used

× 100% (2)

In addition, the activity recovery (AR) test of the hybrid nanocomposites was also
carried out and calculated as follows:

AR =
overall specific activity of immobilized DhaA

initial specific activity of free DhaA
× 100% (3)

3.5. Characterization of Metal–DhaA Hybrid Nanocomposites

Scanning electron microscopy (SEM), energy dispersive X-ray (EDX) analysis and
mapping were performed on a JSM-7800F instrument to scan the hybrid nanocomposites
to identify the surface morphology and analyze the structure under accelerating voltage
3 kV. The freeze-dried inorganic carrier and DhaA powders were used as references. The
crystal structure of the hybrid nanocomposites was analyzed using X-ray diffraction (XRD,
D2 PHASER, Brook AXS Ltd., Berlin, Germany) with a light pipe power of 2.2 kW, a scan
range of 10–90◦, and a scan step width of 0.2 for the Cu target. The free DhaA powders
and hybrid nanocomposites were ground to 200 mesh before detection. Fourier infrared
spectroscopy (FT-IR) was employed to identify significant functional group peaks. The
measurements were obtained by using the KBr pressed-pellet method. Each sample was
scanned at a range of 4000–400 cm−1 wavenumbers.

3.6. Effects of pH and Temperature

The effects of pH and temperature on free and immobilized DhaA were evaluated
by measuring the activity in different pH values (pH 6.0–9.5) and different temperatures
(25–60 ◦C). The activity detection method was described above, taking the maximum
activity as 100%. By testing the EY, the content of free and immobilized DhaA was consistent.
Thermal stabilities of free and immobilized DhaA were studied by measuring the residual
activities of the DhaA after incubation at 20–80 ◦C for 40 min. pH stabilities of free and
immobilized DhaA were evaluated by measuring the residual activities of the DhaA after
incubation at pH value from 4.0 to 9.0 for 40 min. The determination method of enzyme
activity after incubation was as described above, taking the maximum activity of free DhaA
as 100%.

3.7. Storage Stability and Reusability of Free and Immobilized DhaA

The determination of storage stability was that the free enzyme and immobilized en-
zyme were incubated at room temperature for 3 weeks. The same amount of samples were
taken out every 3 days to determine the residual enzyme activity. The residual activities of
the resultant samples were assayed as described above. The activity of the DhaA samples
at day 0 was set as 100%. To test the reusability of the immobilized DhaA, the catalytic
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reaction was repeated for five cycles. After one reaction, the hybrid nanocomposites were
separated from the reaction mixture by centrifugation (10,000 rpm, 5 min) and washed
three times with deionized water. The recovered hybrid nanocomposites were immediately
used for the next reaction measurement. The absorption of the supernatant at 460 nm for
the first measurement was set as 100%.

3.8. Statistical Analysis

All data in our experiments were derived from three parallel experiments and the
average and standard deviation of the replicates were calculated. Statistical significance was
determined by an analysis of variance (ANOVA) using Prism 5 (GraphPad Software Inc.,
San Diego, CA, USA). All experimental values are presented as mean values ± standard
deviations. The value of p < 0.05 was considered as a significant difference.

4. Conclusions

To sum up, by adjusting the synthesis conditions, we developed an innovative biocat-
alyst with iron-based DhaA hybrid nanocomposites through a simple and green biomin-
eralization approach. Based on organic–inorganic hybrid technology, the immobilized
DhaA could effectively increase the enzyme activity of DhaA. FeHN@DhaA showed an
effective encapsulation yield and activity recovery of and 87.21% and 138.54%, respectively.
Compared with the free DhaA, FeHN@DhaA had a wider temperature and pH application
range. Moreover, the storage stability of FeHN@DhaA at room temperature was signifi-
cantly higher (p < 0.05) than that of the free enzyme. More importantly, the immobilized
enzyme exhibited efficient reusability by retaining 57.85% of relative activity in the fifth
reaction cycle. Therefore, this activity-enhanced immobilized DhaA can be considered as a
potentially useful tool in practical applications for the cleaning of halogenated compounds
in contaminated soil, water and other environments.
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